
Article https://doi.org/10.1038/s41467-025-68024-5

Intranasal blood-brain barrier bypass
enables sequential mitochondria-targeted
bioengineered nanolamellar system for
ischemic stroke therapy

Yue Yin1,2, Zixuan Li1,2, Weijie Shu1,2, Hening Liu1,2, Zihan Wang1,2, Cong Fu1,2,
YuanboZhu1,2, Xuejing Li1,2, Yi Zhang1,2, Bei Lv1,2, ZixuanWang1,2,QiaoqiaoZhao1,2,
Dan Liu 3 , Lu Tang 4 & Wei Wang 1,2

Mitochondrial damage constitutes the central pathological mechanism of
cerebral ischemia-reperfusion (I/R) injury. Targeted delivery of antioxidants to
mitochondria and the phenotype polarization of glial cells holds great promise
for effective treatment. However, the blood-brain barrier (BBB) remains a
major obstacle, causing insufficient drug accumulation in neuronal mito-
chondria. Here,wedevelop abioengineerednanolamellar system (MM@BPPF)
by coating microglia-mitochondria hybrid biomembrane onto black phos-
phorus nanosheets (BP NSs) loaded with polymetformin (PolyMet) and fin-
golimod hydrochloride (FTY720). Microglia membrane facilitates
inflammation-directed targeting to the injured brain regions, while mito-
chondria membrane confers homotypic targeting to mitochondria. Mean-
while, BP NSs, PolyMet, and FTY720 act sequentially to restore mitochondrial
function of neuronal cells and modulate microglial polarization. Intranasal
administration enables MM@BPPF to bypass the BBB, substantially improving
brain-targeting efficiency. This work not only offers an innovative sequential
targeting strategy for mitigating I/R injury but also presents a potential para-
digm for treating other central nervous system disorders.

Ischemic stroke (IS), a cerebrovascular disease triggered by stenosis or
occlusion of cerebral blood vessels, is the second leading cause of
adult mortality worldwide1–3. Although current treatment strategies,
including thrombolytic therapy, mechanical thrombectomy, and neu-
roprotection, can partially alleviate symptoms, these therapeutic
methods often fail to fully restore neurological function and may lead
to ischemia-reperfusion (I/R) injury4–6. Oxidative stress and inflamma-
tory storms are the primary contributors to I/R injury, with mito-
chondrial damage in neurons constituting the central pathological

mechanism. As the core source of neuronal energy, mitochondria are
highly susceptible to hypoxia and reoxygenation, which disrupts the
mitochondrial respiratory chain, leading to electron leakage and
excessive production of mitochondrial reactive oxygen species
(mtROS). The accumulation of mtROS directly impairs mitochondrial
function, leading to reduced adenosine triphosphate (ATP) produc-
tion, disrupted calcium homeostasis, and accelerated neuronal apop-
tosis and necrosis7. Moreover, damaged mitochondria release various
damage-associated components such as mitochondrial DNA (mtDNA),
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which trigger a potent inflammatory response and further exacerbate
neuronal death8. Beyond direct neuronal damage, the excessive gen-
eration of mtROS and inflammatory mediators during I/R injury
induces the transition of microglia into the pro-inflammatory M1
phenotype9. As the resident immune cells of the central nervous sys-
tem (CNS), microglia undergo dynamic phenotypic transitions fol-
lowing IS10. Specifically, M1 microglia secrete pro-inflammatory
cytokines that aggravate brain injury and impede functional recovery,
whereas M2 microglia exert neuroprotective and reparative
functions11. Given the spatiotemporal complexity of this pathological
progression, the on-demand administration of antioxidants and glial
polarization modulators is proposed to achieve optimal therapeutic
efficacy. However, pervious studies have indicated that the simulta-
neous delivery of antioxidants and anti-inflammatory agents results in
poor efficacy because these therapeutics are intended to work at dif-
ferent stages of ischemic injury12. Therefore, developing innovative
drug delivery platforms capable of targeting mitochondria and mod-
ulating microglial polarization in a sequential mode represents a pro-
mising therapeutic strategy for ischemic stroke treatment.

Black phosphorus nanosheets (BP NSs), a novel two-dimensional
nanomaterial composed of wrinkled honeycomb layers of phosphorus
(P) atoms, have garnered significant attention across various fields due
to their exceptional reactive oxygen species (ROS)-scavenging cap-
ability, anti-inflammatory property, and ability to regulate mitochon-
drial morphology and functions13–15. Notably, the layer-packed
structure of BP NSs facilitates rapid electron transfer, while their ele-
mental composition enables fast oxidative interactions, culminating
the formation of P-O bonds. This unique mechanism allows BP NSs to
efficiently scavenge excess ROS, highlighting their potential as effec-
tive antioxidants16–18. Upon chemical interaction with ROS, BP NSs
degrade into non-toxic phosphorus oxides, underscoring their
superior biocompatibility.More importantly, phosphate ions (PO4

3−), a
degradation product of BP NSs, play a crucial role in biomineralization
and can react with intracellular calcium to mitigate calcium overload
caused by mitochondrial dysfunction19. Furthermore, the negative
charge and corrugated surface structure of BP NSs render them highly
suitable as drug delivery vehicles20. Collectively, these properties
position BP NSs as a promising nanoplatform for modulating multiple
pathological hallmarks of IS and restoring mitochondrial function.
AMP-activated protein kinase (AMPK) is a key endogenous defensive
molecule that plays a pivotal role in the response to harmful stimuli
during cerebral IS. Activation of AMPK promotes the secretion of anti-
inflammatory cytokines and facilitates the reprogramming of micro-
glia from pro-inflammatory M1 phenotype to neuroprotective M2
phenotype21. Metformin, a well-known AMPK activator widely used in
the treatment of type 2 diabetes, has been reported to reduce infarct
volume and alleviate neurological deficits by inhibiting neuronal
apoptosis, promoting mitochondrial biogenesis, and stimulating
angiogenesis after stroke attack22. In our previous work, we synthe-
sized a cationic polymer, polymetformin (PolyMet), which inherits
the therapeutic properties of metformin by covalently linking
chitosan with dicyandiamide through an addition reaction23–25.
Thus, we aimed to further investigate whether the combination of
PolyMet and BP NSs could exert synergistic therapeutic effects in IS
treatment. Additionally, fingolimod hydrochloride (FTY720), an anti-
inflammatory agonist of the sphingosine 1-phosphate receptor (S1PR),
has been reported to promote microglial polarization from the M1
phenotype to the M2 phenotype, suggesting its potential neuropro-
tective effects in IS26. Moreover, FTY720 is reported to elevate ATP
levels, maintain calcium homeostasis, regulate mitophagy, facilitate
mitochondrial biogenesis, and restore normal mitochondrial mor-
phology and function through S1P-S1PRs axis and the activation of the
signal transducer and activator of transcription 3 (STAT3)27,28. Building
on these findings, we further explored the therapeutic potential of
FTY720 in IS treatment.

Nevertheless, the BBB poses a significant challenge by impeding
drug penetration into the brain parenchyma, thereby constraining the
therapeutic efficacy of cerebral IS treatments29–31. In recent years,
intranasal administration has emerged as a promising alternative
option for CNS disease treatment32–34. Following intranasal delivery,
bioactive agents can be absorbed through the nasal mucosa and
transported directly to the brain via the olfactory and trigeminal nerve
pathways20. Compared to gastrointestinal delivery and intravenous
administration, intranasal delivery effectivelybypasses the BBB, avoids
first-pass metabolism and gastrointestinal exposure, thus serving as a
preferred route for intracerebral drug delivery35,36. Additionally,
bioengineered strategies have been increasingly employed to
camouflage nanoparticles (NPs), imparting them with unique physi-
cochemical and biological properties, such as enhanced biocompat-
ibility, prolonged systemic circulation time, and innate targeting
capabilities37–40. For instance, cloaking NPs with microglia membrane
(MicM) facilitates preferential recruitment to cerebral infarct regions
due to the strong affinity between microglia and the inflamed endo-
thelial cells of the ischemic brain41,42. Meanwhile, membrane derived
from subcellular organelles (e.g., mitochondria, endoplasmic reticu-
lum) retains specific homotypic targeting proteins, enabling precise
subcellular localization andmodulation43. Therefore, fusingMicMwith
mitochondria membrane (MitM) to create a hybrid biomembrane
coating represents a promising strategy for achieving sequential tar-
geting. By virtue of this design, the bioinspired nanoplatform can first
selectively accumulate in cerebral infarct regions and subsequently
localize within damaged neuronal mitochondria, thereby enhancing
therapeutic precision and efficacy.

On this basis, our work reported a bioengineered nanolamellar
system (MM@BPPF) designed to ameliorate I/R injury by sequentially
targeting IS lesions and neuronal mitochondria, while modulating
neuroinflammation through themicroglial phenotypic transition from
M1 to M2 state. To be more specific, this bioengineered nanolamellar
system was constructed using hybrid nanovesicles composed of MitM
and MicM, which further encapsulated BP NSs loaded with the AMPK
activator PolyMet and the microglia regulator FTY720 (Fig. 1A). The
combination of FTY720 and PolyMet with BP NSs facilitated the co-
delivery of antioxidants and glial polarization agents, establishing a
sequential therapeutic strategy mediated by the rapid ROS respon-
siveness of BP NSs and the distinct intracellular targets of the loaded
agents. BPNSs functioned as potent antioxidantswhile simultaneously
exerting anti-inflammatory, calcium-regulating, and angiogenesis-
promoting effects. PolyMet and FTY720 exhibited synergistic anti-
stroke mechanisms via modulating microglial phenotype and alle-
viating neuroinflammation. By incorporating a hybrid biomembrane
coating, BP-based nanolamellar system acquired biomimetic proper-
ties that facilitated the co-targeting of neuronalmitochondria through
multiple “self-marker” proteins expressed on both MitM and MicM. In
vitro studies demonstrated that MM@BPPF effectively traversed the
olfactory epithelium, penetrated the deep layers of H2O2-exposed
neuronal spheroids, and co-localized within the mitochondria of
damaged neurons. Consequently, MM@BPPF efficiently scavenged
excessivemtROS, alleviated calciumoverload, restored energy supply,
and ultimately rescued neurons by restoring mitochondrial function.
Following intranasal administration, MM@BPPF bypassed the BBB,
avoided systemic adverse effects, and selectively accumulated in the
mitochondria of neurons within ischemic brain regions. As a result,
infarct volume, brain edema, andneuronal apoptosiswere significantly
attenuated in middle cerebral artery occlusion/reperfusion (MCAO/R)
rats, accompanied with improved neuronal regeneration and recov-
ered cognitive function. Further investigations revealed that the
therapeutic effects of MM@BPPF were mediated not only through
scavenging excess ROS, restoring mitochondrial function, and sup-
pressing neuroinflammation, but also by remodeling the ischemic
microenvironment via microglial polarization and enhanced
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angiogenesis (Fig. 1B).Overall, this bioengineerednanolamellar system
presents an innovative sequential mitochondrial targeting strategy for
neuronal repair following IS andholds significant therapeutic potential
for treating other CNS disorders via coordinated neuroprotection and
brain remodeling.

Results
Synthesis and characterization of MM@BPPF
In this work, MM@BPPFwas prepared according to the scheme shown
in Fig. 1A. Firstly, bulk BP was exfoliated into BP NSs using the liquid-

phase exfoliation method as previously described44,45. Next, PolyMet
and FTY720 were loaded onto BP NSs by electrostatic reaction to
acquire BPPF. Subsequently, MitM andMicMwere extracted and fused
into a hybrid membrane (MM) according to the reported protocol46,47.
Finally, MMwas repeatedly co-extrudedwith BPPF to functionalize the
surface of BPPF, eventually forming the bioengineered nanolamellar
system (MM@BPPF).

The morphologies of BP NSs were observed using transmission
electron microscopy (TEM). As shown in their TEM image, BP NSs
exhibited a two-dimensional nanosheet structure with a sharp edge

Intranasal
administration

Layered
BP NS

Ca3(PO4
3-)2

Pro-inflammatory
cytokines

Fig. 1 | Schematic illustration of the study design. A Fabrication process of MM@BPPF. B Underlying neuroprotective mechanisms of MM@BPPF in IS therapy.
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(Fig. 2A). In addition, X-ray diffraction (XRD) results revealed that the
peaks of the prepared BP NSs were consistent with those of the stan-
dard BP crystal, with no evidence of new crystal lattice formation
(Fig. 2B)48. Moreover, X-ray photoelectron spectroscopy (XPS)
demonstrated the existence of characteristic peaks corresponding to
P-P bond at 129.63 eV and P-O bond at 132.93 eV in BP NSs (Fig. 2C).
Taken together, these findings confirmed the successful preparation of
BP NSs. To achieve synergistic pharmacological effects, both the

cationic polymer PolyMet and the cationic anti-inflammatory agonist
FTY720 were simultaneously physiosorbed onto the anionic BP NSs49.
TEM images of BPPF showed that its lamellar structure was less clear
compared tonakedBPNSs, indicating the interaction between PolyMet,
FTY720, and BP NSs (Fig. 2D). Scanning electron microscopy (SEM)
images and elemental mapping in Fig. 2E further evidenced an increase
in nitrogen content from 0.57% in BP NSs to 3.91% in BPPF, validating
the successful integration of both therapeutic agents onto BP NSs.
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To impart ischemic tissue and mitochondrial targeting cap-
abilities to the nanolamellar system, BPPF was further camouflaged
with MM composed of MicM from BV2 cell and MitM from PC12 cells.
The MitM and MicM were extracted and co-extruded with BPPF to
fabricate the MM@BPPF. As the TEM images clearly revealed, the MM
successfully adhered to the surface of the BPPF (Fig. 2F). The average
hydrodynamic diameters of BP NSs, BPPF, and MM@BPPF were
approximately 127, 180, and 224 nm in average, respectively (Fig. 2G
and Supplementary Fig. 1). The stepwise increase in particle size fol-
lowing drug loading and cell membrane encapsulation confirmed the
successful assembly process of MM@BPPF. Meanwhile, the observed
variations in zeta potential measurements aligned with each mod-
ification step (Fig. 2H). Furthermore, UV–vis absorption of MM@BPPF
presented typical absorption peaks of PolyMet at 234nm (Fig. 2I)50.
Moreover, the essential proteins on the MitM and MicM were char-
acterizedbywesternblotting assay. As shown in Fig. 2J, EHD2andMito-
fusion, the key proteins involved in mitochondrial targeting and
penetration, were retained on MitM and MM@BPPF43. Chemokine C-
X3-C motif receptor 1 (CX3CR1) and transmembrane protein 119
(TMEM119) were reported to be the crucial proteins of microglia
responsible for signaling and recruitment. Importantly, TMEM119 is
specifically expressed on microglia and plays a vital role in regulating
microglial function. The presence of both CX3CR1 and TMEM119 on
MicM and MM@BPPF implicated that the functional properties of
MicM were preserved on the bioengineered nanoplatform51,52. Mean-
while, Förster resonance energy transfer (FRET) study was conducted
to verify themembrane fusion process. MicMwas added into DiD- and
DiI-labeled MitM in an increased ratio. DiI and DiD were respectively
served as fluorescence donor and acceptor, when they are in close
distance, the fluorescence energywill transfer fromdonor to acceptor.
As the weight ratio of MicM to MitM increased, fluorescence intensity
at 565 nm gradually increased, while the fluorescence at 663 nm cor-
respondingly declined, demonstrating the successful membrane
fusion between MitM and MicM (Fig. 2K)46. The release profiles of
FTY720 and PolyMet were assessed using UV–vis spectroscopy in
environments simulating cerebral ischemic regions (pH 6.7) and nor-
mal physiological environment (pH 7.4). The results revealed that
around 84% of FTY720 and 66% of PolyMet were released at pH 6.7,
demonstrating efficient drug release behaviors under ischemic lesion-
mimicking conditions (Fig. 2L). Conversely, under normal physiologi-
cal conditions, FTY720 and PolyMet displayed minimal cumulative
release rates, with only 18.94 ± 2.69% and 16.49 ±0.97%, respectively
(Supplementary Fig. 2). Hydrodynamic diameter and polydispersity
index (PDI) measurements indicated that no obvious changes were
observed within 144 h (Supplementary Fig. 3). These results demon-
strated the pH-responsive property of MM@BPPF alongside its stabi-
lity under physiological environment. Furthermore, hemolysis study
showed that the hemolysis ratio was less than 5% when the con-
centrationofMM@BPPFwas<800μg/mL, demonstrating the superior
biosafety of MM@BPPF during blood circulation (Fig. 2M)53.

Overproduction of ROS, such as superoxide anions (O2•
−) and

hydrogen peroxide (H2O2), is a hallmark of oxidative stress and con-
tributes to neuronal apoptosis and damage in IS. Therefore, scaven-
ging excessive ROS is a potential strategy to alleviate I/R injury54. BP

NSs exhibit unique redox properties due to the rapid electron transfer
and P-O bond oxidative reaction induced by their layered structure
(Fig. 2N). Therefore, BP NSs process catalase (CAT)-like activity and
superoxide dismutase (SOD)-like activity through oxidizing H2O2 and
consuming hydroxyl radicals (•OH) and O2•

−55. In this context, the ROS
scavenging ability of MM@BPPF was investigated using the widely
adopted antioxidant activity assays including the 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH•) assay and the 2,2′-azino-bis (3-ethyl-
benzthiazoline-6-sulfonic acid) radical ion (ABTS•+) assay56. As illu-
strated, the free-radical-scavenging ability of MM@BPPF was
concentration-dependent, achieving ROS removal efficiencies of
82.92% in the DPPH• assay and 83.47% in the ABTS•+ assay at BP NSs
concentration of 125μg/mL (Fig. 2O, P). Additionally, the •OH
scavenging ability was determined by UV–vis spectroscopy at a
wavelength of 510 nm. MM@BPPF exhibited strong •OH scavenging
activity, removing approximately 90% of •OH at BP NSs concentration
of 125μg/mL (Fig. 2Q). Moreover, to explore the release profiles of
PolyMet and FTY720 in mitochondria, MM@BPPF was dispersed in a
pH 8.0 solution with or without 1.0mM H2O2 to simulate the mito-
chondrial environment in normal cells and oxidatively stressed cells,
respectively. As shown in Supplementary Fig. 4, only 4.8% and 4.17% of
FTY720 and PolyMetwere released fromMM@BPPF in pH8.0 solution
without H2O2 at 2 h, whereas more than 81.34% of FTY720 and 66.74%
of PolyMet were released at 2 h when exposure to 1.0mM H2O2,
respectively, indicating the strong ROS-responsive capacity of BP NSs
that promoted nanocarrier degradation and allowed subsequent drug
release. This markedly distinct drug release behavior between pH 8.0
condition with and without 1.0mM H2O2 ensured the specific and
rapid release of antioxidant within the mitochondria of oxidatively
stressed cells following IS. Collectively, these results confirmed the
potent antioxidant activity of MM@BPPF and highlighted its great
potential for I/R injury treatment.

In vitro penetrability and targeting ability
In nose-to-brain delivery, the existence of physiological barriers in
the nasal cavity limits the efficiency of drug delivery32. To monitor
the permeability of MM@BPPF to the olfactory epithelium, a human
nasal epithelial cell (HNEpC)-based cellular barrier model was
established to mimic the transport of BP NSs and MM@BPPF in
olfactory epithelium (Fig. 3A)20. Notably, both groups achieved effec-
tive permeability across the HNEpC monolayer, with MM@BPPF
exhibiting a permeability rate of 77.00% and BP NSs showing a rate of
68.71% (Fig. 3B). Besides, to investigate the cellular binding interac-
tions of this design, different formulations were labelled with Cy5
and the bEnd.3 cell membrane was tracked with DiO. Then, cells were
treated with different formulations for 30min and observed under
confocal laser-scanning microcopy (CLSM). As shown in Fig. 3F, there
was a clear co-localization of DiO and Cy5 fluorescence in cells
treated with MM@BP-Cy5. In particular, this signal was stronger in
MM@BP-Cy5-treated cells when compared to cells incubated with
Mic@BP-Cy5 and Mit@BP-Cy5, suggesting an enhanced binding
affinity of MM@BP-Cy5 to endothelial cells. Therefore, these findings
indicated that MM@BPPF could effectively cross the nasal mucosal
barrier. Next, the cellular uptake behavior of different formulations

Fig. 2 | Synthesis and characterization of MM@BPPF. A TEM image of BP NSs,
scale bar: 200nm. The TEM image was representative data from 3 independent
experiments. B XRD spectrum, and C XPS spectrum of BP NSs. D TEM image of
BPPF, scale bar: 200nm. The TEM image was representative data from 3 inde-
pendent experiments. E SEM image and elemental mapping of BP NSs and BPPF.
The SEM images and elemental mapping images were representative data from 3
independent experiments. F TEM image ofMM@BPPF, scale bar: 200nm. TheTEM
image was representative data from 3 independent experiments. G Hydrodynamic
diameters, andH zeta potentials of BP NSs, BPPF, andMM@BPPF. IUV–vis spectra
of BP NSs, FTY720, PolyMet, and MM@BPPF. J Western blotting assay of MicM,

MitM, and MM@BPPF. The immunoblots image was representative data from 3
independent experiments.K FRET assay of the fusion of MicM andMitM. L In vitro
cumulative drug release manners of FTY720 and PolyMet from MM@BPPF at pH
6.7. M Hemolysis test of MM@BPPF in different concentrations. N Schematic
illustration of the ROS scavenging mechanism of BP NSs. Quantitative analysis of
O DPPH, P ABTS, and Q •OH scavenging ability of MM@BPPF. The data represent
themeans ± SD, n = 3 independent experiments in (G,H, L,M,O–Q). Statistics: one-
wayANOVAwith Tukey’smultiple comparison test (M). Sourcedata are providedas
a Source Data file.
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in oxygen and glucose deprivation/reoxygenation (OGD/R)-induced
PC12 cells was analyzed using CLSM and flow cytometry (FCM).
Apparently, cells treated with membrane-coated BP-Cy5 exhibited
stronger Cy5 fluorescence than those treated with BP-Cy5, with
MM@BP-Cy5-treated cells showing the highest fluorescence intensity,
indicating the improved cellular internalization of prepared NPs
(Fig. 3C, D). Consistently, FCM quantitative analysis corroborated
these findings as well (Supplementary Fig. 5).

The poor penetration of drugs into the brain parenchyma, espe-
cially in ischemic-hypoxia areas after blood reperfusion, is one of the
major challenges in the treatment of I/R injury57. Although MM@BP-
Cy5 demonstrated superior nasal mucosal barrier permeability and
efficient cellular uptake in OGD/R-induced PC12 cells, the penetration
ability of various BP-based NPs was further evaluated in a 3D neuro-
sphere model. Initially, 3D neurospheres were exposed to H2O2 treat-
ment to mimic the oxidative stress conditions, followed by incubation

Fig. 3 | In vitro penetrability and targeting ability of MM@BPPF. A Schematic
illustration of BPNSs andMM@BPPF transport across the HNEpCmonolayer in the
transwell model. B Quantitative analysis of the ability of BP NSs and MM@BPPF to
cross the nasal mucosal barrier (The data represent the means ± SD, n = 3 inde-
pendent experiments). C Flow cytometric quantification of PC12 cells subjected to
OGD/R after incubationwith BP-Cy5,Mic@BP-Cy5,Mit@BP-Cy5, andMM@BP-Cy5.
D Cellular uptake behavior of various Cy5-labeled NPs in PC12 cells subjected to
OGD/R, scale bar: 10μm. The CLSM images were representative data from 3 inde-
pendent experiments.ECLSM images scanned inZ-stackmode of 3Dneurospheres
treated with Cy5-labeled NPs, scale bar: 100μm. The CLSM images were

representative data from 3 independent experiments. F Binding interaction
betweenDiO-stained bEnd.3 cells and Cy5-labeled NPs, scale bar: 20μm. The CLSM
images were representative data from 3 independent experiments. G Co-
localization experiment of mitochondria and Cy5-labeled NPs in PC12 cells, scale
bar: 20μm. The CLSM images were representative data from 3 independent
experiments. H Co-localization experiment of lysosome and MM@BP-Cy5 in PC12
cells, scale bar: 20μm. The CLSM images were representative data from 3 inde-
pendent experiments. I Fluorescence intensity of 3D neurospheres at the depth of
200μm. Source data are provided as a Source Data file.
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with different NPs for 2 h. Next, the penetration depth of Cy5-labeled
NPs was examined by CLSM. Clearly, the fluorescence intensity of
membrane-camouflaged NPs was significantly higher than that of BP-
Cy5 at equivalent depths. Among the Mit@BP-Cy5, Mic@BP-Cy5, and
MM@BP-Cy5 groups, MM@BP-Cy5-treated neurospheres displayed
the strongest Cy5 fluorescence with the deepest penetration. CLSM
images revealed that MM@BP-Cy5 fluorescence was extensively dis-
tributed throughout the 3D neurospheres, suggesting the inherent
mobility of this bioengineered nanolamellar system and its strong
penetration capability into the deep cerebral ischemic-hypoxic areas
(Fig. 3E and I)58,59. This phenomenon could be explained by the innate
chemotactic properties of MicM toward inflammatory regions and the
subcellular homotypic targeting ability of MitM, collectively enabling
MM@BP-Cy5 to achieve deep and efficient penetration within the 3D
neurospheres.

At the early stage of reperfusion, the rapid increase in blood
oxygen levels in the infract area triggered ROS release, leading to
subsequent ischemic brain injury60. Mitochondria, as a kind of crucial
organelle, provide almost 80% of cellular energy via oxidative phos-
phorylation and are considered to be a major source of ROS. There-
fore, co-localization of NPs and mitochondria is essential for ROS
scavenging and neuro-restoration. The in vitro mitochondrial target-
ing ability of different NPs was evaluated by tracking mitochondria
(Mito tracker-labeled, green) and NPs (Cy5-labeled, red) in PC12 cells.
As highlighted by CLSM images, Mit@BP-Cy5 and MM@BP-Cy5 were
effectively taken up by PC12 cells and exhibited pronounced mito-
chondrial targeting, as evidenced by the perfect overlap of Mito
tracker and Cy5 signals (Fig. 3G). In addition, lysosomes in PC12 cells
were stained with commercial Lyso-tracker to examine the co-
localization of MM@BP-Cy5. As the CLSM images suggested, red
fluorescence from MM@BP-Cy5 was consistently observed in the
cytoplasm. Notably, the overlap of red and green signals peaked at 2 h
post-incubation and decreased by 6 h, indicating effective endocytosis
followed by intracellular trafficking of MM@BP-Cy5 within PC12 cells
(Fig. 3H). Since NPs can be engulfed by the mononuclear phagocyte
systemandcleared from thebody, various kinds of cellmembranes are
extracted to cloak the NPs to facilitate immune evasion. Hence, the
cellular uptake of NPs by RAW264.7 macrophage cells were analyzed
using CLSM and FCM. A strong fluorescence signal was detected in BP-
Cy5-treated cells, whereas the Cy5 signal was significantly diminished
in cells treated with membrane-coated NPs, demonstrating the strong
immune escape ability of biomimetic NPs (Supplementary Fig. 6).
Overall, the above evidence indicated that MM@BP-Cy5 could effec-
tively traverse the nasal mucosal barrier, target and penetrate PC12
cells exposed to OGD/R, and specifically accumulate in neuronal
mitochondria.

In vitro therapeutic efficacy of MM@BPPF
First, an OGD/Rmodel of PC12 cells was established in vitro tomimic I/
R injury using the previously reported method11. Then, a series of
experiments were designed to evaluate the neuroprotective effect of
different NPs in cellular level. Cell viability following different treat-
ments was initially assessed byMTT assay and live/dead staining assay.
As indicated by CLSM images, OGD/R treatment induced the most
apparent cell death with the brightest red fluorescence representing
PI, confirming the successful establishment of the OGD/Rmodel. After
treatment with BP-based formulations, the signal of red fluorescence
decreased significantly, while green fluorescence, indicating Calcein-
AM markedly enhanced compared to the OGD/R group. Notably,
almost all cells were rescued after MM@BPPF treatment (Fig. 4A).
Meanwhile,MTT analysis revealed that BPNSs treatment increased the
viability of PC12 cells to 50.07%. Moreover, BPF and BPPF treatments
elevatedPC12 cell viability to 64.31% and76.45%, respectively, implying
a synergistic effect between FTY720 and PolyMet. As expected, cells
treated with MM@BPPF exhibited the highest viability and minimal

cell damage (Fig. 4B). Afterward, the apoptosis of cells was determined
by Annexin V/PI double staining assay and TUNEL staining. The
apoptosis rate ofMM@BPPF-treated cells dropped to 7.47%,whichwas
much lower than that of the OGD/R treatment group (74.56%) (Fig. 4C,
D). In addition, the intensity of the green TUNEL fluorescence was the
weakest in MM@BPPF-treated cells (Fig. 4E). Therefore, FCM analysis
and CLSM images consistently verified that MM@BPPF provided the
most effective protection against cell apoptosis induced by OGD/R
among all treatment groups. Overproduction of ROS is one of the
major factors contributing to I/R injury after stroke attack, and the
level of ROS is highly related to cell apoptosis61,62. Therefore, to eval-
uate the neuroprotective effect of the designed NPs, the intracellular
ROS level in OGD/R-exposed PC12 cells was assessed using the DCFH-
DA probe via CLSM and FCM analysis. As shown in Fig. 4F, a clear ROS
signal was observed in PC12 cells subjected to OGD/R, indicating that
the OGD/R condition dramatically increased ROS level and induced
oxidative stress. Compared to the OGD/R condition, BP NSs, BPF, and
BPPF treatments demonstrated notable ROS scavenging effects, as
evidenced by a reduction in ROS intensity to varying degrees. In
addition, FCM quantification confirmed that MM@BPPF exhibited the
most effective ROS elimination capacity, suggesting its superior neu-
roprotective efficacy (Fig. 4G and Supplementary Fig. 7). Furthermore,
given that lactate dehydrogenase (LDH) is rapidly released upon cell
membrane damage, we measured LDH level to evaluate the cell
membrane integrity63. Compared with the OGD/R group, LDH leakage
was dramatically decreased after MM@BPPF treatment, returning to
levels comparable to control group, indicating that MM@BPPF could
effectively mitigate OGD/R-triggered cellular damage (Fig. 4I). Finally,
cell migration ability after different treatments was assessed using
woundhealing assay. PC12 cells subjected toOGD/R showed negligible
migration during the observation period, whereas MM@BPPF treat-
ment significantly improved cell migration, which achieved a migra-
tion rate of 68.88% after 24 h, highlighting the superior
neurorestorative function of MM@BPPF (Fig. 4H and Supplemen-
tary Fig. 8).

In vitro neuroprotective mechanisms of MM@BPPF
The findings above revealed that MM@BPPF could effectively localize
tomitochondria and function as an antioxidant to reduceROS levels in
the OGD/R model. To further explore the mechanisms underlying
MM@BPPF in regulating mitochondrial function, a series of experi-
ments were investigated accordingly. To begin with, the morphonol-
ogy of mitochondria in OGD/R-challenged PC12 cells after BP NSs and
MM@BPPF treatments were observed by bio-TEM. According to the
bio-TEM images, the mitochondria were severely swollen and disin-
tegrated under OGD/R condition. However, BP NSs treatment appar-
ently restored mitochondrial morphonology, indicating its favorable
neuroprotective effects. Encouragingly,MM@BPPFdisplayed superior
mitochondrial protection capability probably owing to the active tar-
geting ability conferred by the MicM and MitM (Fig. 5A). In addition,
excessive ROS can cause oxidative damage to mtDNA, leading to a
decrease inmitochondrialmembrane potential (MMP)64. Thus,MMP is
considered as an indicator of mitochondrial activity. Inspired by the
superior ROS scavenging ability of BP-based formulations, theMMP of
cells after various treatments was detected by JC-1 probe65. According
to CLSM images, BP NSs, BPF, BPPF, and MM@BPPF treatments sig-
nificantly improved the MMP of PC12 cells, as evidenced by the
increased redfluorescence anddecreased greenfluorescence (Fig. 5B).
Quantitative analysis demonstrated that JC-1 aggregates incells treated
with BP NSs and MM@BPPF were significantly higher than those in
OGD/R group (Supplementary Fig. 9). Besides, the MMP gradient
generated by the electron transport chain can catalyze the synthesis of
intracellular ATP, which is an important indicator of mitochondrial
energy supply66. Therefore, we assessed the intracellular ATP levels in
PC12 cells after treatments with different NPs using an ATP assay kit.
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Apparently, oxidative stress induced by the OGD/R condition drama-
tically reduced ATP levels. Of note, treatment with BP NSs, BPF, and
BPPF raised ATP levels by 1.39-, 1.98-, and 2.63-fold, respectively,
compared to the OGD/R group. Noticeably, MM@BPPF treatment
elevated ATP levels to the highest level, showing no significant dif-
ference in comparison to control group (Fig. 5F). Meanwhile, intra-
cellular calcium levels were measured via FCM using Fluo-8 AM probe.
As mitochondria and endoplasmic reticulum serve as major cellular
calcium reservoirs, and their damage often results in significant

calcium overload, which is a key consequence triggered by oxidative
stress67. According to FCM assessment, the OGD/R condition sig-
nificantly induced calcium overload, affecting 43.6% of the cells. In
contrast, treatment with BP NSs, BPF, BPPF, and MM@BPPF reduced
the percentage of calcium-overloaded cells to 13.69%, 11.99%, 7.56%,
and 4.73%, respectively (Fig. 5C and G). Meanwhile, previous studies
have reported that non-toxic PO4

3−, a degradation production of BP
NSs in physiological environment, is a critical component of biomi-
neralization that can react with abundant free Ca2+. Therefore, the

Fig. 4 | In vitro therapeutic efficacy of MM@BPPF. A Calcein-AM (live) and PI
(dead) staining of PC12 cells subjected toOGD/R after different treatments. Normal
PC12 cells were used as control, scale bar: 50μm. B Cell viability of OGD/R-induced
PC12 cells after different treatments by MTT assay. C FCM plots of Annexin V/PI-
stained PC12 cells subjected to OGD/R after different treatments, and D their
quantitative analysis. E TUNEL staining of PC12 cells subjected to OGD/R after
different treatments, scale bar: 50μm. The CLSM images were representative data
from3 independent experiments.FDetectionof ROS levels in PC12 cells exposed to

OGD/R after different treatments, scale bar: 20μm, and G their flow cytometric
quantification. The CLSM images were representative data from 3 independent
experiments. H Wound healing assay of PC12 cells subjected to OGD/R after dif-
ferent treatments. The images were representative data from 3 independent
experiments. I LDH levels in PC12 cells exposed to OGD/R after different treat-
ments. The data represent the means ± SD, n = 3 independent experiments in
(B,D, I). Statistics: one-way ANOVAwith Tukey’s multiple comparison test (B,D, I),
*p <0.05, **p <0.01, ****p <0.0001. Source data are provided as a Source Data file.
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interaction between PO4
3− and Ca2+ could promote the removal of

overloaded intracellular calcium, potentially indicating the effective-
ness of MM@BPPF in maintaining mitochondrial function.

Among various cell types involved in intercellular crosstalk during
IS and I/R injury (e.g., endothelial cells, perivascular neurons, micro-
glia, etc.), microglia are themost sensitive to environmental stress and
canbe rapidly activated and recruited to ischemic regions immediately
after stroke onset68. Therefore, we further evaluated the in vitro ther-
apeutic effects of different formulations on microglia subjected to
OGD/R. According to our findings, MM@BPPF significantly rescued
OGD/R-induced BV2 cells, as evidenced by elevated cellular uptake,
reduced cell apoptosis, increased ROS scavenging, and improved
mitochondrial dysfunction (Supplementary Fig. 10). In addition, M1-
like microglia release pro-inflammatory cytokines and promote oxi-
dative stress during IS, facilitating neuronal injury and thus exacer-
batingneuroinflammation69. In contrast,M2-likemicroglia alleviate the
inflammatory microenvironment and prevent neuronal injury by
secreting anti-inflammatory cytokines. Thus, regulating microglial
polarization represents a promising approach to prevent the

deterioration caused by ischemic storke70. Moreover, ROS scavengers
have been reported to polarize M1-like microglia into M2 type71.
Therefore, an OGD/Rmodel in BV2 cells was established to investigate
the polarization effect of different formulations in vitro. The pro-
inflammatory marker CD16/32 and the anti-inflammatory marker
CD206 were stained by immunofluorescence to indicate microglial
polarization after treatments with different BP-originated NPs. As
revealed by CLSM images, OGD/R condition significantly increased the
expression of CD16/32 marker on BV2 cells, suggesting a pro-
inflammatory ischemic environment induced by oxidative stress.
Concurrently, all treatments using BP-based NPs exerted anti-
inflammatory capacity, as verified by the attenuated green fluores-
cence of CD16/32 and strengthened red fluorescence of CD206.
Notably, MM@BPPF treatment caused the most effective BV2 polar-
ization, illustrating the best microglial modulatory effects (Fig. 5D, E
and Supplementary Fig. 11). Inspired by the outstanding microglial
polarization capability ofMM@BPPF, inflammatory cytokines secreted
by OGD/R-induced BV2 cells after different treatments were detected
by ELISA technology. As shown in Fig. 5H, BP-based formulations

Fig. 5 | InvitroneuroprotectivemechanismsofMM@BPPF. ABio-TEM imagesof
ODG/R-induced PC12 cells after different treatments, scale bar: upper: 2μm, down:
500 nm. N normal, D damaged. The bio-TEM imageswere representative data from
3 independent experiments. B CLSM images of MMP detection in OGD/R-induced
PC12 cells after different treatments. The CLSM images were representative data
from 3 independent experiments. C Intracellular calcium detection in OGD/R
model of PC12 cells after different treatments. D Immunofluorescence staining of
CD16/32 (M1-like microglia marker), and E CD206 (M2-like microglia marker) in
OGD/R-exposed BV2 cells after different treatments, scale bar: 50μm. The immu-
nofluorescence staining images were representative data from 3 independent

experiments. F ATP concentration in PC12 cells exposed to OGD/R after different
treatments. G Quantitative analysis of intracellular calcium levels in OGD/R model
of PC12 cells after different treatments.H Pro-inflammatory cytokines levels in BV2
cells exposed to OGD/R after different treatments. I Schematic illustration of
MM@BPPF inhibitionofmtROSand regulation ofmitochondrial function. The data
represent the means ± SD, n = 3 independent experiments in (F–H). Statistics: one-
way ANOVA with Tukey’s multiple comparison test (F–H), *p <0.05, **p <0.01,
****p <0.0001, n.s. no statistical significance. Source data are provided as a Source
Data file.
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markedly suppressed the secretion of pro-inflammatory cytokines
such as TNF-α, IL-1β, and IL-6. Particularly, MM@BPPF treatment
reduced the levels of these pro-inflammatory cytokines in BV2 cells to
nearly those observed in normal cells. Altogether, these results indi-
cated the favorable anti-inflammatory and neuroprotective effects of
MM@BPPF in the context of acute IS (Fig. 5I).

In vivo brain distribution and mitochondria targeting ability
Intranasal administration has been recognized as an effective drug
delivery approach to the brain due to improved brain distribution,
decreased off-target distribution in major organs, and most impor-
tantly, the ability to bypass the BBB32. To determine the brain dis-
tribution of BP-based formulations after intranasal administration, we
monitored the fluorescence signal in the brains of MCAO/R rats fol-
lowing intranasal administration of BP-Cy5, Mic@BP-Cy5, Mit@BP-
Cy5, and MM@BP-Cy5. As Fig. 6A illustrated, the Cy5 signal could be
observed in the nasal cavity in each group ofMCAO/R rats. After 2 h of
administration, Cy5 signal was detected in the brain regions of
Mic@BP-Cy5,Mit@BP-Cy5, andMM@BP-Cy5-administered rats. These
fluorescence signals reached their peaks at 4 h and then gradually
declined during subsequent observation periods. In contrast, only
weak fluorescence was observed in the brain after administration with
naked NPs (BP-Cy5). Interestingly, Mic@BP-Cy5 presented more effi-
cient brain delivery of therapeutics comparable toMit@BP-Cy5, which
might be attributed to the heightened sensitivity of microglia after
acute IS. Notably, the in vivo fluorescence signal in the brain region of
rats administered with MM@BP-Cy5 was sustained at a high level and
was significantly stronger than that observed in other groups
throughout the entire monitoring period, which was 4.27, 2.65, and
1.76 times as high as that of BP-Cy5, Mit@BP-Cy5, and Mic@BP-Cy5
groups, respectively, suggesting improved brain targeting efficiency
(Fig. 6B). Subsequently, major organs were harvested from each rat at
24 h, and their brains were sectioned into five slices for imaging using
the in vivo imaging system (IVIS). Quantitative fluorescence intensity
of the brain tissues in MM@BP-Cy5 group was 11.09-fold, 4.67-fold,
and 1.47-fold higher than that in BP-Cy5, Mit@BP-Cy5, Mic@BP-Cy5
groups at 24 h post-stroke, respectively, suggesting the preferential
accumulation ofMM@BPPF in brain regions (Supplementary Fig. 12A).
Noteworthily, the functionalmodificationofBPNSsbyMitMandMicM
enhanced their specific targeting ability to cerebral infarct regions, as
evidenced by the prominent fluorescent signal distributed in the
ischemic hemispheres (Fig. 6C). To further confirm the specific accu-
mulation of MM@BP-Cy5 in ischemic hemisphere, brain tissues from
MCAO/R rats administrated with different formulations was subjected
to immunofluorescence staining of intercellular cell adhesion
molecule-1 (ICAM-1). As Supplementary Fig. 12B illustrated, an evident
green fluorescence signal was observed in the ischemic hemisphere,
indicating that reperfusion significantly enhanced the expression of
ICAM-1.Meanwhile, compared tonormalhemisphere, NPspreferred to
accumulate in ischemic hemisphere, as evidenced by the stronger red
fluorescence. Besides, the intensity of red fluorescence representing
MM@BP-Cy5 in ischemic brain was more apparent compared to bare
BP-Cy5, indicating that MM had a strong affinity toward inflamed
vascular endothelial cells. Therefore, these findings implicated that
MM@BP-Cy5 possessed precise targeting ability to localize within the
ischemic hemisphere. Additionally, we explored the in vivo brain entry
pathway following intranasal administration by observing the dis-
tribution of MM@BP-Cy5 in the nasal cavity and along the trigeminal
nerve. The images of nasal cavity clearly showed that Cy5 fluorescence
distributed within the olfactory nerves across the sagittal plane, con-
firming the potential neuronal transport of MM@BPPF (Supplemen-
tary Fig. 13A). Moreover, as shown in Supplementary Fig. 13B, Cy5
fluorescence in the MM@BP-Cy5 group was clearly distributed across
the trigeminal nerve, suggesting that MM@BP-Cy5 was effectively
transported to the brain via the trigeminal nerve.

Subsequentially, we evaluated the cellular and subcellular tar-
geting efficiency of MM@BP-Cy5. Firstly, the brain of MCAO/R rats
after intranasal administration was sliced and the sections were co-
stained with markers for neurons (NeuN+) and microglia (Iba-1+) to
study the distribution of different formulations in these cells (Sup-
plementary Fig. 14). The images of ischemic hemisphere showed that
MM decoration markedly increased the overlap between the red
fluorescence of Cy5 and the green fluorescence of neurons in com-
parison to bare BP group or single membrane coating group. Addi-
tionally, clear co-localization of Cy5 fluorescence was observed in
small clusters within microglia. These results indicated that MM-
decorated nanoplatform could effectively target both neurons and
microglia within ischemic lesion. More importantly, the homologous
membrane camouflage was anticipated to facilitate the accumulation
of NPs in mitochondria. To verify this, brain tissues from each group
were immunofluorescently stained with anti-hsp60 antibody, a key
indicator of mitochondria, to validate the co-localization of NPs with
mitochondria. Apparently, strong yellow fluorescence was observed in
brain sections from MM@BP-Cy5-administered rats, indicating that
MM-cloaked NPs exhibited superior mitochondrial co-localization
efficiency (Fig. 6D). Collectively, the above results demonstrated that
intranasal delivery of BP-based NPs after MM decoration not only
enhanced their distribution in ischemic regions post-stroke, but also
improved their accumulation in mitochondria, offering a promising
therapeutic strategy in treating I/R injury based on mitochondrial
function regulation (Fig. 6E).

Finally, to monitor the in vivo circulation time of different BP-
based formulations, the fluorescence signal of plasma at various time
points post-administration was evaluated via IVIS (Supplementary
Fig. 15A). Both fluorescence images and quantitative analysis showed
that BP-Cy5 was promptly eliminated from the blood circulation fol-
lowing intranasal administration. Comparatively, BPNSsmodifiedwith
biomimetic membranes displayed noticeable fluorescence signals in
blood samples collected at 12 h and 24 h, suggesting that membrane
camouflage effectively prolonged the systemic circulation of the
encapsulated cargos in vivo (Supplementary Fig. 15B).

In vivo therapeutic efficiency and neuroprotective effects
Building on the preferrable targeting capability of MM@BPPF, we
further investigated its in vivo therapeutic and neuroprotective effects
based on MCAO/R rat model as described previously11. First, we vali-
dated that nasal delivery represented as a superior approach com-
pared to intravenous administration for the treatment of IS as
discussed in detail in the Supplementary Results (Supplementary
Fig. 16). Next, rats were randomly divided into six groups, including a
sham-operated group and five treatment groups. Rats in treatment
groups received intranasal administration of saline, BP NSs, BPF, BPPF,
and MM@BPPF according to the predefined treatment schedule
(Fig. 7A). Laser speckle imaging was firstly applied to directly visualize
the focal cerebral blood flow (CBF) at different time points after dif-
ferent treatments. As shown in Fig. 7B, the CBF remained stable in the
sham-operated group. However, the CBF declined dramatically after
MCAO operation without remarkable recovery after saline treatment.
Evidently, different BP-based treatments facilitated the restoration of
bloodstream to varying degrees. Among them, MM@BPPF treatment
led to themost rapid and pronounced therapeutic effect, restoring the
CBF to a level nearly equivalent to that of sham-operated group after
24 h of reperfusion (Fig. 7D). Furthermore, the infarct volume was
measured by triphenyl tetrazolium chloride (TTC) staining (Fig. 7C).
Remarkably, MM@BPPF treatment markedly attenuated cerebral
infarction, as evidenced by the extensive red TTC staining observed in
their brain sections. Besides, quantitative analysis demonstrated that
BP NSs treatment significantly alleviated I/R injury after IS attack,
reducing the infarct volume from 38.19% in saline group to 23.63%
(Fig. 7E). This therapeutic effect might be resulted from the
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Fig. 6 | Evaluation of in vivo brain distribution and mitochondrial targeting
ability ofMM@BPPF. A In vivo imaging of the head ofMCAO/R rats after different
nasal administrations, and B their corresponding quantitative fluorescence inten-
sity analysis (The data represent the means ± SD, n = 5 biological replicates. Sta-
tistics: one-way ANOVAwith Tukey’smultiple comparison test, *p <0.05, **p <0.01,
***p <0.001, ****p <0.0001, n.s. no statistical significance). C Ex vivo imaging of
major organs and brain sections at 24 h post-nasal administration. Heheart, Li liver,

Sp spleen, Lu lung, Ki kidney, Br brain.D Fluorescence images of Cy5 distribution in
IS regions and co-localization assay with mitochondria, scale bar: 20μm. White
arrow: co-localization of Cy5 and anti-hsp60. The fluorescence images were
representative data from 5 rats. E Schematic illustration of the mitochondrial tar-
geting ability of NPs after nasal administration. Source data are provided as a
Source Data file.
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antioxidant properties of BPNSs. Additionally, the further reduction in
infarct volume following BPF and BPPF treatments highlighted the
synergistic therapeutic effect of PolyMet and FTY720. Cerebral edema
is a hallmark commonly associated with acute IS due to intravascular
blockage and disruption of the BBB. To assess the extent of cerebral
edema after different treatments, brain water content was measured
by the dry-wet method. Obviously, saline-treated rats showed a sig-
nificant increase in brain water content, reaching 88.86%, which was
1.23 times as high as those receiving MM@BPPF treatment (Supple-
mentary Fig. 17). In addition, the survival rate of MCAO/R rats was
prolonged during a two-week observation period inMM@BPPF group,
suggesting its preferable therapeutic performance in mitigating I/R
injury (Supplementary Fig. 18). Similar conclusions were drawn from
H&E and TUNEL staining of brain sections. Specifically, H&E staining
images revealed that compared to sham-operated group, saline-
treated rats showed severe structural damage in their cerebral
infarct area, which was characterized by neuron loss, tissue dis-
organization, and vacuolization (Fig. 7G). However, MM@BPPF treat-
ment largely preserved the brain tissue architecture of rats suffered
fromMCAO/R, closely resembling that of normal brain tissue, thereby

validating the potent therapeutic effectiveness of this designed
bioengineered nanolamellar system in reversing the pathological
alterations causedby cerebral IS.Meanwhile, theminimalgreenTUNEL
fluorescence further confirmed the superior performance of
MM@BPPF in preventing cell apoptosis and relieving neuronal injury
(Fig. 7F andH).Collectively, all thesefindings demonstrated the potent
therapeutic efficacy of intranasally administered MM@BPPF in the
treatment of I/R-associated damage in vivo.

The antioxidant properties of BP-basedNPs in infarct lesions were
further investigated by detecting ROS level. As expected, MCAO/R
operation triggered extensive cerebral ROS production, as indicated
by the intense ROS signal. After different treatments with BP-based
formulations, the ROS levels in brain decreased to varying extents
(Fig. 8A). Significantly, afterMM@BPPF treatment, ROS levels dropped
to 11.28% of those observed in saline-administered group, implying the
excellent ROS scavenging ability of this designed nanoplatform (Sup-
plementary Fig. 19).Malondialdehyde (MDA)plays an important role in
affecting the mitochondrial respiratory chain complex and regulating
the activities of key enzymes within mitochondria, and the amount of
MDA reflects the extent of cell membrane damage and cell death72.

Fig. 7 | In vivo therapeutic efficiency after different treatments in MCAO/R
rat model. A Treatment schedule of MCAO/R rats. B Laser speckle images of
MCAO/R rats at different time points following intranasal administration of various
NPs, and D their quantitative analysis. C TTC staining images of brain tissues har-
vested fromdifferent groups after different treatments. E Infarct volumemeasured
by Image J software basedonTTC staining images.FMeanfluorescence intensity of
TUNEL after different treatments.GH&E-stained brain tissues ofMCAO/R rats after

different treatments, scale bar: 100μm. The H&E staining images were repre-
sentative data from 5 rats.H TUNEL-stained brain tissues ofMCAO/R rats, scale bar:
50μm. The TUNEL staining images were representative data from 5 rats. The data
represent the means ± SD, n = 5 biological replicates in (D–F). Statistics: one-way
ANOVA with Tukey’s multiple comparison test (E, F), **p <0.01, ***p <0.001,
****p <0.0001. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-68024-5

Nature Communications |          (2026) 17:760 12

www.nature.com/naturecommunications


Therefore, we measured MDA levels in MCAO/R rats to indirectly
assess the oxidative damage in brain tissues. As depicted in Fig. 8B,
treatments with BP-based formulations inhibited the production of
MDA to varying degrees, amongwhich,MM@BPPF treatment reduced
the amount of MDA to the lowest level. Additionally, SOD is a crucial

enzyme that protects mitochondria from oxidative damage and
maintains normalmitochondrial functions by catalyzing ROS and lipid
peroxides73. As demonstrated in Fig. 8D, SOD levels in brain of MCAO/
R rats treated with MM@BPPF were significantly restored, signifying
effective recovery of this key antioxidative enzyme in brain.

Fig. 8 | In vivo neuroprotective effects after different treatments in MCAO/R
rat model. A ROS levels in ischemic brain lesions after different treatments, scale
bar: 100 μm. B MDA content in ischemic brain lesions after different treatments.
C NeuN immunofluorescence staining in non-ischemic and ischemic regions after
different treatments, scale bar: 100μm. D SOD content in ischemic brain lesions
after different treatments. E Nissl staining of ischemic brain sections in cortex and
hippocampus after different treatments, scale bar: upper: 100μm, down: 50μm.
Green arrow: normal Nissl body. Red arrow: abnormal Nissl body. The Nissl staining

images were representative data from 5 rats. F Heatmap of proinflammatory
cytokine levels detected by ELISA in ischemic brain tissue after different treat-
ments. G CD31 immunofluorescence staining in ischemic regions after different
treatments, scale bar: 50μm. The CD31 immunofluorescence staining images were
representative data from 5 rats. The data represent themeans ± SD, n = 5 biological
replicates in (B, D). Statistics: one-way ANOVA with Tukey’s multiple comparison
test (B,D), *p <0.05, **p <0.01, ****p <0.0001, n.s. no statistical significance. Source
data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-68024-5

Nature Communications |          (2026) 17:760 13

www.nature.com/naturecommunications


Collectively, these results confirmed that MM@BPPF could attenuate
oxidative stress by scavenging free radicals, thus alleviating cellular
damage. Next, the neuron-specific nuclear protein marker NeuN was
stained to visualize neuronal apoptosis (Fig. 8C). Comparedwith saline
treatment, almost 80% of neurons in ischemic area survived after
MM@BPPF treatment (Supplementary Fig. 20A). Meanwhile, the per-
centages of surviving neurons in ischemic area increased progressively
in BP NSs, BPF, and BPPF treatment groups, reaching 25.91%, 41.55%,
and 54.90% of neurons, respectively. Notably, the number of surviving
neurons in non-ischemic regions remained at the same level across all
treatments, suggesting that MM@BPPF selectively targeted the cere-
bral ischemic lesions to regulate damaged neurons without exerting
additional therapeutic effects on non-ischemic regions (Supplemen-
tary Fig. 20B). Next, brain sections from MCAO/R rats after different
treatments were analyzed with Nissl staining to assess the functional
status of neurons through evaluating the morphology and abundance
of Nissl vehicles in the cortex and hippocampus (Fig. 8E). The results
showed that the Nissl vehicles after sham operation and MM@BPPF
treatmentmaintained ahomogenous and intact vesicle shape,whereas
a large number of Nissl vehicles were atrophied in saline group.
Comparatively, the number of normal Nissl vehicles (green arrow)
obviously increased after the intranasal application of different NPs,
withMM@BPPF showing themost potent effect, whichpreserved over
91.88% of normal Nissl bodies in the cortex and 91.26% in the hippo-
campus, respectively. These findings demonstrated the effectiveness
of designed nanolamellar system to alleviate neuronal necrosis and
deformation in ischemic hemispheres (Supplementary Fig. 21). Pre-
vious studies have reported that BP NSs have a broad angiogenesis-
promoting effect with significant therapeutic benefits in treating
myocardial infarction and wound healing74,75. Moreover, metformin
has also been reported to enhance angiogenesis in ischemic brain
regions of MCAO/R rats76. Based on these facts, we investigated whe-
ther MM@BPPF retained this pro-angiogenic capability by performing
CD31 immunofluorescence staining, which is a key indicator of nascent
brain microvascular endothelia cells (Fig. 8G). Visually, CD31 expres-
sion was dramatically upregulated following BP NSs and BPPF treat-
ments, suggesting the efficacy of BP NSs and PolyMet in promoting
blood vessel regeneration. Consistently, quantification of the fluores-
cence intensity in the ischemic regions revealed a significant increase
after BP NSs and BPPF treatments compared to saline group (Supple-
mentary Fig. 22). Among various NPs, MM@BPPF showed the best
performance in increasing cerebral vascular density, further confirm-
ing the precise targeting ability of this bioengineered nanolamellar
system. Finally, ELISA was used to quantify the levels of pro-
inflammatory factors in ischemic brain tissue after different treat-
ments. Consistent with the in vitro results, the levels of TNF-α, IL-1β,
and IL-6were significantly increased afterMCAO/R surgery, suggesting
an inflammatory cytokine storm induced by MCAO/R. Notably,
MM@BPPF treatment diminished the levels of these cytokines
approaching to those of the sham-operated group, illustrating the
potent effect of MM@BPPF in relieving neuroinflammation (Fig. 8F).

In vivo evaluation of neuroprotective mechanisms
To explore the in vivo neuroprotective mechanisms of prepared NPs,
we first observed the morphology of mitochondria after different
treatments using bio-TEM. As shown in Fig. 9A, after sham operation,
mitochondria possessed normal morphology with a dense cristae
structure without disintegration. In contrast, severe swelling with
sparse cristae and vacuolization was clearly observed in the mito-
chondria distributed in the ischemic cerebral region of MCAO/R rats.
Apparently, mitochondrial damage was reversed after BP NSs and
MM@BPPF treatments, resulting in attenuated edema and well-
preserved cristae structures, confirming the strong mitochondrial
protective effect ofMM@BPPF. In addition,weassessed the regulatory
effect of different treatments on microglia polarization by

immunofluorescence staining of Iba-1 (a general microglia marker),
CD16/32 (a typicalM1-likemicrogliamarker), and CD206 (a typical M2-
like microglia marker). As Fig. 9B, C illustrated, Iba-1 expression was
significantly increased in saline group compared to sham-operated
group, indicating the activation of microglia in response to I/R injury.
Strikingly, BP-based treatments, particularly MM@BPPF, led to an
apparent shift of microglia phenotype from M1-like into M2-like phe-
notype. The proportion of CD16/32-positive cells decreased to 17.99%,
9.42%, 5.35%, and 1.40% after BP NSs, BPF, BPPF, and MM@BPPF
treatments, respectively (Fig. 9F). Conversely, the number of CD206-
positive cells exhibited an increasing trend after different treatments,
reaching 1.35, 1.54, 2.35, 7.32 times of that in saline group after BP NSs,
BPF, BPPF, and MM@BPPF treatments, respectively (Fig. 9G). These
results clearly demonstrated that both unmodified BP NSs and func-
tionalized BP NSs could effectively promote microglial polarization
from M1 phenotype to M2 phenotype, thereby exerting significant
cerebroprotective effect. Furthermore, immunocyte infiltration in the
ischemic hemisphere after different treatments was analyzed by FCM.
CD45high peripheral monocytes/macrophages (Mo/MΦ) was identified
by staining CD11b+ myeloid cells with anti-CD45 antibody77. As shown
in the FCMplots, the percentageofMo/MΦ in cerebral brain tissuewas
prominently decreased after MM@BPPF treatment, suggesting that
the neuroinflammation was dramatically alleviated using our designed
treatment strategy (Fig. 9D and H). Similarly, macrophage, another
important immunocyte related to neuronal injury, was also evaluated.
In line with microglia, macrophages that accumulate in brain micro-
environment can be categorized into two distinct types: one is pro-
inflammatory phenotype, the other is anti-inflammatory phenotype78.
M1-like macrophage aggravates brain inflammation by releasing pro-
inflammatory factors, whileM2-likemacrophagemitigates brain injury
by secreting anti-inflammatory cytokines. With the aim to evaluate the
shifting of macrophage phenotype induced by our designed nanola-
mellar system, cerebral ischemic tissues after different treatments
were analyzed by co-immunofluorescence staining of CD86 (M1-like
macrophage marker) antibody and CD206 (M2-like macrophage
marker) antibodyusing FCM79. As FCMresults revealed, treatmentwith
BP-based formulations markedly decreased the proportion of M1-like
macrophage while increased the number of M2-like macrophage
(Fig. 9E). The ratio of CD206+ cells/CD86+ cells increased from 0.15 in
saline-treated group to 0.40, 0.60, 0.80, and 1.21 in BP NSs, BPF, BPPF,
and MM@BPPF-treated groups, respectively (Fig. 9I). The gating stra-
tegies of immunocytes were presented in Supplementary Fig. 23.
Taken together, these facts confirmed that MM@BPPF treatment
effectively modulated the phenotypes of both microglia and macro-
phage, thereby reprogramming the inflammatory cerebral micro-
environment and protecting neuronal cells from I/R injury.

In vivo evaluation of neurological function and biocompatibility
To assess the neurological and spatial cognitive function of MCAO/R
rats after different treatments, the Morris water maze (MWM) test
and the swimming trajectories of rats were recorded on day 11
(Fig. 10A). Evidently, rats receiving saline exhibited disorientation
and erratic swimming patterns, confirming that MCAO/R surgery
severely impaired their learning ability and spatial cognitive
function. Encouragingly, rats treated with various NPs were able to
successfully locate the submerged platform, demonstrating that their
learning ability and spatial memory could be effectively rescued after
performed treatments (Fig. 10B). Statistically, rats treated with
MM@BPPF exhibited the shortest escape latency, which was 10.22
times shorter than those received saline treatment (Fig. 10C). More-
over, MM@BPPF-treated rats spent more time on the target
quadrant after platform removal compared to saline-treated rats,
with their path length being the longest among all treatment groups
(Fig. 10D). In addition, saline-treated rats crossed the removed plat-
form least frequently, while rats receiving MM@BPPF treatment
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crossed the platform more often (Fig. 10E). These findings verified
that treatment with our designed nanoplatform could effectively
restore the locomotor ability and cognitive functions of MCAO/R
rats. Additionally, to further explore the long-term effects of
different therapeutics on cognitive dysfunction in rats after IS attack,
MWM test was also carried out 20 days after MCAO/R operation.
Both learning and memory tests illustrated that rats receiving
MM@BPPF treatment performed the best among all treatment
groups (Supplementary Fig. 24). Finally, the behavior status of
MCAO/R rats was assessed by the modified neurological severity
score (mNSS), Bederson score, and Longa score (Fig. 10F and

Supplementary Fig. 25). These neurological deficit scores were
noticeably improved following treatment with various NPs compared
to the saline group, suggesting that BP-based NPs played a vital role in
the recovery of neurological and motor functions after I/R injury.

To evaluate the biosafety and biocompatibility of different for-
mulations, saline, BP NSs, BPF, BPPF, andMM@BPPF were intranasally
administered to healthy rats. First, open-field tests were performed to
investigate whether different treatments affected the locomotor
activity and anxiety-like behavior of the rodents. As shown in
Fig. 10G–I, the running routes of the rats across different treatments
were similar, with no significant difference in their total running

Fig. 9 | In vivo evaluationof neuroprotectivemechanisms ofMCAO/R rats after
different treatments. A Bio-TEM images ofmitochondria in IS regions of MCAO/R
rats after different treatments, scale bar: 500μm. The bio-TEM images were
representative data from 5 rats. B Iba-1 and CD16/32 immunofluorescence staining
to determine M1-like microglia levels in MCAO/R rats after different treatments,
scale bar: 50μm. The immunofluorescence staining images were representative
data from5 rats.C Iba-1 andCD206 immunofluorescence staining to determineM2-
like microglia levels in MCAO/R rats after different treatments, scale bar: 50μm.
The immunofluorescence staining images were representative data from 5 rats.
D FCM plots of Mo/MΦ in ischemic brain tissue of MCAO/R rats after different

treatments. E FCM plots of M1-like macrophage and M2-like macrophage in
ischemic brain tissue after different treatments. Quantitative analysis of F CD16/32
and G CD206 immunofluorescence levels in MCAO/R rats after different treat-
ments. H Quantitative analysis of Mo/MΦ in ischemic brain tissue of MCAO/R rats
after different treatments. I Quantitative analysis of the ratio of M2-like to M1-like
macrophages in ischemicbrain tissueafter different treatments. Thedata represent
the means ± SD, n = 5 biological replicates in (F–I). Statistics: one-way ANOVA with
Tukey’s multiple comparison test (F–I), *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001. Source data are provided as a Source Data file.
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distance and average speed. In addition, the serum biochemical mar-
kers of rats, including alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), creatinine (CRE), uric acid (UA), and blood urea
nitrogen (BUN), were performed to determine the blood compatibility
of various NPs. According to the detected results, no significant dif-
ference was observed in these parameters (Fig. 10J). Moreover, major
organs including heart, liver, spleen, lung, and kidney, were harvested
for H&E staining. As illustrated, no obvious pathological alterations
were observed in their main organs after different treatments (Sup-
plementary Fig. 26). In conclusion, the above investigations confirmed

that the designed bioengineered nanolamellar system exhibited
desirable biosafety and biocompatibility in vivo.

Molecular mechanisms of MM@BPPF treatment
To further explore the molecular mechanisms underlying MM@BPPF
treatment for I/R injury, whole genome RNA-sequencing was per-
formed on the ischemic brain tissues from rats subjected to sham
operation, or treated with saline, BP NSs, and MM@BPPF. As shown in
Supplementary Fig. 27A, 1844 differentially expressed genes (DEGs)
were detected between sham-operated and saline-treated groups

Fig. 10 | In vivo evaluation of neurological function and biocompatibility of
rats after different treatments. A Schematic illustration of MWM test.
BRespective swimming path of rats indicating their learning andmemory ability by
MWMtest.C Escape latencyof rats after different treatments 11 days afterMCAO/R.
D Path length at target quadrant of rats after different treatments 11 days after
MCAO/R. E Crossing times of the removed platform of rats receiving different
treatments 11 days after MCAO/R. F The mNSS score of rats receiving different
treatments 11 days after MCAO/R. G Running routes and their heatmap of healthy
rats after different treatments determined by open-field test.H Total distance, and

I average speed of healthy rats after different treatments determined by open-field
test. J Serum biochemical markers analysis of healthy rats after different treat-
ments. Box plots show themedian (center line), 25th to 75th percentiles (bounds of
the box), and minimum to maximum values (whiskers). The data represent the
means ± SD, n = 6 biological replicates in (C–F), n = 5 biological replicates in (H–J).
Statistics: one-way ANOVA with Tukey’s multiple comparison test (C–F, H–J),
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, n.s. no statistical significance.
Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-68024-5

Nature Communications |          (2026) 17:760 16

www.nature.com/naturecommunications


using VENN/UpSetR analysis, while the number of DEGs between
MM@BPPF and saline groups increased to 4420, indicating that
MM@BPPF treatment substantially modulated the expression of dif-
ferential genes in ischemic brain tissue of MCAO/R rats. As shown by
the volcano plots and histogram, 2402 detected genes (red dots) were
upregulated, and 2018 detected genes (green dots) were down-
regulated in MM@BPPF group compared with saline group (Supple-
mentary Fig. 27B, C). To further elucidate the relevant pathways
involved in MM@BPPF treatment, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis was performed to compare saline-
treated group with the other treatment groups. As Supplementary
Fig. 27D revealed, in comparison to sham-operated group, MCAO/R
surgery enriched theDEGs associatedwithmitochondrial damage- and
inflammation-related signaling pathways (red star), including NF-κB
signaling pathway, TNF signaling pathway, TGF-β signaling pathway,
and apoptosis pathway, indicating that mitochondrial damage and
inflammatory responses were significantly activated following MCAO/
R operation. Notably, MM@BPPF treatment enrichedDEGs involved in
the calcium signaling and VEGF signaling pathways, further confirming
its potential to alleviate overloaded intracellular calcium and promote
angiogenesis, which were consistent with the therapeutic effects
observed both in vitro and in vivo (Supplementary Fig. 27E). Gene
Ontology (GO) analysis revealed that MM@BPPF treatment mainly
impacted on biological progress related to nervous system develop-
ment, ion transport, neurondifferentiation, and thepositive regulation
of neuron projection biological processes, as compared to saline
treatment, implying that the neuroprotection effect could be effec-
tively improved by our designed NPs (Supplementary Fig. 27F). Fur-
thermore, the cluster heat map of genes associated with oxidative
stress, mitochondrial function, inflammation, and apoptotic biological
progressions verified that these biological processes were strongly
modulated by MM@BPPF treatment in the context of IS (Supple-
mentary Fig. 27G). Additionally, gene set enrichment analysis (GSEA)
indicated that MM@BPPF treatment was closely associated with the
activation of PPAR signaling pathway, which has been implicated to
govern angiogenesis, apoptosis, and inflammation (Supplementary
Fig. 27H)80–82. Besides, GSEA also revealed that MM@BPPF treatment
might regulate ROS level through peroxisome-related pathway com-
pared to saline treatment (Supplementary Fig. 27I)83,84. Collectively,
these transcriptomic findings elucidated the molecular mechanisms
underlying the neuroprotective effect of MM@BPPF and further sup-
ported its potential as a promising therapeutic strategy for IS
management.

Discussion
In conclusion, we successfully designed and fabricated a bioengi-
neered nanolamellar system derived from biomembrane-cloaked BP
NSs, featuring mitochondrial targeting capability, potent antioxidant
capacity, and microglial reprogramming potential for the treatment
of cerebral I/R injury. This innovative design enabled efficient
traversal of the nasal mucosal and deep penetration into brain tissue
for effective neuronal internalization. Leveraging these features,
MM@BPPF exhibited exceptional ROS scavenging ability, anti-
inflammatory activity, and most importantly, the capacity to amelio-
rate mitochondrial dysfunction, as evidenced in vitro using OGD/
R-exposed PC12 cells. Upon nasal administration, MM@BPPF treat-
ment effectively targeted the cerebral ischemic brain tissues and
further accumulated within the neuronal mitochondria of MCAO/R
rats, thereby largely mitigating oxidative stress, attenuating neuronal
damage, restoring mitochondrial function, alleviating inflammatory
cascade, reprogramming microglial phenotypes, and promoting
angiogenesis. As a result of these synergistic effects, MCAO/R rats
treated with MM@BPPF showed improved spatial learning and
memory performance, as along as with enhanced neurological
scores, suggesting a successful rescue of ischemia-induced

neurological deficits. Transcriptomic analysis further revealed that
the neuroprotective mechanisms of MM@BPPF were closely linked
to pathways involved in mitochondrial damage and inflammation.
Overall, this study presents a potentially transformative therapeutic
strategy by integrating BP-based formulations with biomimetic
modification through intranasal delivery. This approach not only
offers a powerful therapeutic option for cerebral I/R injury treatment
through overcoming the challenges of BBB, but also holds great
potential as a versatile nanoplatform for combating a broad range of
CNS disorders.

Although the proposed strategy in this work presents distinctive
advantages for I/R injury treatment, several limitations necessitate
further investigation in the future. First, the therapeutic efficacy of
intranasal administration has been significantly diminished by muco-
ciliary clearance, enzymatic degradation in the respiratory epithelium,
and the relatively limited area of olfactory epithelium compared to the
entire nose mucosal surface area. These obstacles appeal the devel-
opment of mucoadhesive delivery systems that improve adherence
and tissue penetration. Secondly, the competition for spatial niches in
the brain between peripheral immune cells and resident microglia
warrants an investigation into the dynamic interactions between the
CNS and infiltrating immune cells. Current study primarily focuses on
the regulation of microglia polarization, while peripheral immune
cells, such as neutrophils, macrophages, and lymphocytes, sub-
stantially affect the functional outcomes of IS by secreting inflamma-
tory cytokines and producing neurotrophic factors and synaptic
regulatory molecules around of the injured brain. Additional investi-
gation into techniques that enhance dynamic interactions between
immune cells and microglia demonstrates significant potential for
improving post-stroke rehabilitation. Furthermore, the connections
between the microglial subcluster and neural stem/precursor cells
require persistent focus, as they constrain the neurogenic repair
response following a stroke. Ultimately, the prevention of secondary
stroke recurrence and associated injury still presents obstacles. Sta-
tistical analysis indicated that approximately 25% of first-time patients
encountered a recurrent stroke within five years, resulting in sig-
nificant secondary neurodegeneration. The current treatment strategy
focuses mainly on improving outcomes post-stroke, whereas future
research is expected to focus on preventing vascular reocclusion and
minimizing stroke recurrence.

Methods
Ethical Statement
SD rats (250 × g ± 10 × g, male) were purchased from Huachuang Sino
Biological Technology Co., Ltd. (Jiangsu, China) and housed at
24 ± 2 °C with 55 ± 5% humidity under normal 12 h light/dark cycle. All
animal experiments were performed in compliance with National
Institute of Health Guidelines for the Care and Use of Laboratory
Animals and was approved by the Ethics Committee of China Phar-
maceutical University (Ethics Code: 2024-10-004).

Materials
Bulk BPwaspurchased fromKunming BlackPhosphorusNanomaterial
Technology Co., Ltd. (Kunming, China). Fingolimod (FTY720) hydro-
chloride was purchased from MedChemExpress (MCE) Co., Ltd.
(Shanghai, China). Metformin hydrochloride and dicyandiamide were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Tris-magnesium buffer, 4′,6-diamidino-2-phenylindole (DAPI),
Hoechst 33342, Calcein-AM/PI detection kit, Mito tracker, Lysosome
tracker, JC-1 detection kit, and ATP assay kit were purchased from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). Annexin V-FITC/
PI detection kit was purchased from Elabscience Co., Ltd. (Houston,
USA). ROS detection kit was purchased from Biosharp Biotechnology
Co., Ltd. (Beijing, China). Thefluorescence-labelled antibodies used for
immunocyte infiltrations: Elab Fluor® Violet 450 Anti-Mouse CD45
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Antibody (Elabscience, E-AB-F1136Q, FC, not diluted); APCAnti-Mouse/
Human CD11b Antibody (Elabscience, E-AB-F1081E, FC, not diluted);
FITC Anti-Mouse F4/80 Antibody (Elabscience, E-AB-F0995C, FC, not
diluted); PE/Cyanine7 Anti-Mouse CD86 Antibody (Elabscience, E-AB-
F0994H, FC, not diluted); PE Anti-Mouse CD206/MMR Antibody
(Elabscience, E-AB-F1135D, FC, not diluted).

Preparation of BP NSs and BPPF
BP NSs were obtained by a liquid exfoliation method as described
previously44. Briefly, 15.0mg bulk BPwas dispersed in 15.0mL acetone.
Then, the dispersion was sonicated in an ice bath for 24 h and subse-
quently centrifuged at 1531 × g for 1min. The supernatant was cen-
trifuged at 16674 × g for 20min, and the precipitate was washed three
times with deoxygenated ultrapure water to remove acetone.
Accordingly, the BP suspension was obtained.

BPPF was prepared by loading FTY720 and PolyMet onto BP NSs.
Briefly, 1mg BP NSs, 0.375mg FTY720, and 0.375mg PolyMet were
dispersed in 5mL deoxygenated ultrapure water and stirred at room
temperature in the dark for 12 h. After centrifugation at 13780 × g for
15min, the precipitate was washed three times with deoxygenated
ultrapure water and then re-dispersed in water for further use.

Preparation of MM@BPPF
MM@BPPF were prepared according to the following producers.
Firstly, MicM and MitM were prepared according to reported
protocols43,85. Briefly, BV2 cells were resuspended in ice-cold Tris-
magnesium buffer (pH 7.4, 0.01M Tris containing 1mM MgCl2) at a
concentration of 2.0 × 107 cells/mL and lysed overnight at 4 °C. These
cells were then mixed with 1M sucrose to a final concentration of
0.25M. The suspension was further centrifuged at 2000× g, 4 °C for
10min. The supernatant was then collected and further centrifuged at
12,000 × g, 4 °C for 30min. After two washes with ice-cold 0.25M
sucrose, MicM was obtained and stored at −80 °C for further use.
MitM were obtained by first extracting the mitochondria using a
mitochondrial extraction kit and then lysing the mitochondria.
Specifically, PC12 cells were collected and resuspended in mitochon-
dria extraction regent A containing PMSF (1mM). After 15min of
incubation in an ice bath, the cells were disrupted by homogenization
for 20 times in a glass homogenizer of appropriate size. Next, the
mixture was centrifuged at 4 °C, 600× g for 10min. The supernatant
was collected and further centrifuged at 4 °C, 11,000 × g for 10min to
collect mitochondria. The precipitate was resuspended with lysis
buffer and then centrifuged at 4 °C, 100,000× g for 70min to obtain
the MitM. The prepared MitM was lyophilized and stored at −80 °C
for further use.

Secondly, MM@BPPF were prepared by co-extrusion of MM and
BPPF46. TheMicM solutionwas added equally to theMitM solution and
then sonicated at 37 °C, 80W for 5min to obtain the MM. The MM
solution and BPPF were then mixed and extruded using a liposome
extruder (Avestin, Canada) to produce MM@BPPF.

Free-radical-scavenging capability of MM@BPPF
The free-radical-scavenging ability of MM@BPPF was determined by
DPPH assay, ABTS assay, and •OH assay using UV–vis spectroscopy.
Briefly, for the DPPH assay, 0.04mg/mL of DPPH solution was mixed
with 5.0mL of different concentrations of MM@BPPF and then incu-
bated for 30min. Finally, the absorbance at 519 nm was measured by
UV–vis spectroscopy.

For the ABTS assay, equal volumes of ABTS solution (7.4mmol/L)
and potassium persulfate solution (2.6mmol/L) were mixed and
allowed to react for 24 h in the dark to produce ABTS•+. The solution
was then diluted 12 times with PBS buffer for further reaction with
MM@BPPF. MM@BPPF solution and ABTS•+ solution was then mixed
with equal volumes and incubated for 10min. Finally, the absorbance
at 734 nm was measured by UV–vis spectroscopy.

The •OH assay was performed according to the instructions of the
•OH scavenging assay kit. The absorbance at 550nm was measured to
evaluate the amount of •OH.

Cell culture
Rat adrenal pheochromocytoma cell line PC12, murine macrophage
cell line RAW264.7, murine microglia BV2 cells, and murine brain-
derived endothelial cell line bEnd.3 were purchased from the Institute
of Biochemistry and Cell Biology, Shanghai Institute of Biological Sci-
ences, Chinese Academy of Sciences. Human nasal epithelial cells
(HNEpC) were obtained from Procell (Wuhan, China). All of these cells
were cultured in DMEM medium containing 10% fetal bovine serum
(FBS) with 100U/mL penicillin and 100mg/mL streptomycin.

Transport of MM@BPPF through a HNEpC cell monolayer
The permeability of BP NSs andMM@BPPFwas determined according
to the published method20. Firstly, HNEpC cells were seeded in the
upper chamber at a density of 5 × 105/cm2 to establish a monolayer.
Subsequently, 0.3mL DMEM containing BP NSs or MM@BPPF was
added to the donor side and 1.0mL DMEMmedium was added to the
recipient side. After 2 h incubation, the upper chamber solution was
collected and the concentration of BP NSs was determined using a
UV–vis spectrometer. The permeability of BP NSs and MM@BPPF was
then calculated using the following equation:

Permeability ð%Þ= C0 � CS

C0
× 100%

where c0 and cs refer to the initial and post-incubation concentrations
of BP NSs and MM@BPPF, respectively.

Mitochondria and lysosome colocalization assay
PC12 cells subjected to OGD/R were seeded in confocal dishes and
incubated with BP-Cy5, MitM@BP-Cy5, MicM@BP-Cy5, and MM@BP-
Cy5 for 6 h. The cells were washed with PBS and stained with Mito
Tracker at 37 °C. The nucleus was then stained with Hoechst 33342 for
10min. Then, the staining solution was replaced with fresh medium.
Finally, the cells were visualized under the CLSM. For lysosome co-
localization analysis, the cells incubated with MM@BP-Cy5 for differ-
ent time periodswere stainedwith LysosomeTracker. The distribution
of NPs, mitochondria, and lysosomes was analyzed using Image J
software.

Permeation ability in 3D cellular spheroids
3D cellular spheroids of PC12 cells were prepared using the previous
method with modifications57. First, 60μL low melting point agarose
(1%) was added into 96-well plate and cooled and solidified at room
temperature. Then, 1.0 × 103 PC12 cells were added into each well. The
cells were cultured for 3 days to form 3D cellular spheroids. The
medium was replaced every day. Afterward, FBS-free DMEM medium
containing different formulations with H2O2were added into eachwell
and incubated for 2 h. After washing with PBS, the spheroids were
placed on confocal dishes and scanned by the CLSM.

In vitro neuroprotective effects
The evaluation of cellular neuroprotective effects was performed in
the OGD/R model by using PC12 cells and BV2 cells. After OGD/R for
4 h, the cells were cultured with different formulations for 24 h. The
treated cells were then incubated with ROS probe (DCFH-DA) and
TUNEL probe to further determine the level of cellular ROS and degree
of cell apoptosis. For calcium detection, the cells were harvested and
stained with Fluo-8 AM, followed by FCM for quantitative analysis.
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Detection of mitochondrial function
First, the structure of mitochondria was observed by bio-TEM. Briefly,
PC12 cells subjected to the OGD/R model were treated with different
formulations for 24 h. The cells were thenwashed three timeswith PBS
and pre-fixed with 2.5% glutaraldehyde for 5min at room temperature.
The cells were then collected using a cell scraper. The mixture was
centrifuged at 106 × g for 3min. Next, the supernatant was removed
and replaced with fresh 2.5% glutaraldehyde to fix the cells for 30min
at room temperature. Finally, the samples were stored at 4 °C and
subjected to bio-TEMdetection. TodetectMMP, PC12 subjected to the
OGD/R model were seeded in confocal dishes and treated with dif-
ferent formulations for 24 h. The cells were then incubated with JC-1
solution at 37 °C for 20min. Afterward, the cells werewashed with JC-1
buffer. Finally, the cells were observed under the CLSM. The ATP level
after different treatments was determined according to the instruc-
tions of the ATP assay kit.

Establishment of MCAO/R rat model
A MCAO/R model was established by using male rats according to
published protocol3. Briefly, rats were anaesthetized during the
experimental periods. Then, the right common carotid artery (CCA),
external carotid artery (ECA), and internal carotid artery (ICA) of the
rats were exposed and isolated. Next, the blood flow to the CCA was
occluded with a slipknot, and the ECA was cut with a small incision at
the distal end. The blood flow from the right middle cerebral artery
was then blocked by carefully inserting the silicon-coated nylon
monofilament (0.26mm in diameter) into the ICA. After 120min of
occlusion, the silicon-coated nylon monofilament was removed to
achieve reperfusion. Rats in the sham-operated group received the
same procedures as above except for occlusion.

Therapeutic efficacy in the MCAO/R rat model
MCAO/R rats were randomly divided into sham-operated, saline, BP
NSs, BPF, BPPF, andMM@BPPF groups. After 2 h of reperfusion, 20μL
of differently prepared formulations were administered intranasally to
the rats under anesthesia. CBFwasmeasured at different times using a
Full Field Laser Perfusion Imager (SIMBFI-ZOOMPro, Simopto, China).
Then, the rats in each groupwere sacrificed. The brains from these rats
were sectioned for TTC staining, H&E staining, TUNEL staining,
immunofluorescence staining, immunohistochemical staining, and
bio-TEM observation86.

In vivo immunocyte infiltrations
Ischemic brain tissues from MCAO/R rats after different treatments
were harvested and prepared for single cell suspensions. The cells
were then washed with PBS and centrifuged at 231 × g for 5min at 4 °C,
followed by cell lysis with red blood cell lysis buffer. Next, the cells
were collected and counted at a density of 1 × 106 cells. The sample
from each group was resuspended with 200μL PBS and stained with
the corresponding antibodies for 20min. Finally, the stained cells were
collected, resuspended, and detected by FCM.

Neurological behavior assessment
To assess the neurological impairment, the learning and memory
abilities of MCAO/R rats after different treatments were evaluated
using the MWM test. Briefly, the rats were placed in a circular pool
200 cm in diameter and 50cm in height filled with water at 25 ± 1 °C.
For the learning phase from day 7 to day 11, a platform was placed in
the first quadrant and the rats were put into the pool from the third
quadrant. The time and distance the rats took to reach the platform
were recorded. For the memory ability test, the platform in the first
quadrant was removed and the swimming path and times of rats to
cross the platform were recorded.

RNA sequencing
Brain tissuewas collected and sent to Huada Company (BGI Genomics,
Shenzhen, China) for RNA extraction and sequencing, and Dr. Tom
Multi-omics Data mining system (https://biosys.bgi.com) was used for
the following analysis and data mining.

Statistical analysis
All the experimental data was analyzed as mean± S.D. The data were
analyzed through One-Way ANOVA with a Tukey’s test in multiple
groups, and the statistical significance was expressed as *p <0.05,
**p <0.01, ***p <0.001, ****p < 0.0001, n.s. no statistical significance. All
data were analyzed with GraphPad 8.0 software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting of this study are pre-
sented in the article and Supplementary information files. Source data
are provided with this paper. Sequence data that support the findings
of this study have been deposited in NCBI Sequence Read Archive
(SRA) with the BioProject accession: PRJNA1279262. Source data are
provided with this paper.
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