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Active Transport of Biomimetic Cascaded Nanozymes
Across Blood–Brain Barrier to Scavenge ROS and Alleviate
Neuroinflammation Against Cerebral Ischemia Reperfusion
Injury

Yuqi Wu, Jie Xu, Xinxin Wang, Han Li, Fan Wu, Jian Ruan, Dong Chen, Jianpeng Sheng,
Dingcheng Zhu,* Junqiu Liu,* and Baiheng Wu*

The rational design of potent antioxidative agents with active
transport across blood–brain barrier (BBB) is critically required for mitigating
ischemic reperfusion-induced reactive oxygen species (ROS)-mediated
neuroinflammation and neural injury in ischemic stroke therapy. Herein, a
biomimetic nanozyme is engineered by integrating copper and selenium, key
catalytic sites of natural antioxidant superoxide dismutase and glutathione
peroxidase, into mesoporous polydopamine scaffolds (mPDA-Cu/Se), yielding
cascaded enzymatic activities for robust ROS scavenging. This nanozyme is
further functionalized with a BBB-penetrating peptide RVG29 and biocompat-
ible red blood cell membrane (T-mPDA-Cu/Se) for enhanced BBB penetration
and ischemic neuronal tissues accumulation in a transient middle cerebral
artery occlusion rat model, where it effectively mitigates oxidative damage and
neuron apoptosis. T-mPDA-Cu/Se also mitigates neuroinflammation-induced
injury by inhibiting astrocyte activation, microglia pro-inflammatory
polarization, and proinflammatory cytokines secretion, thus achieving
reduced infarct volume and improved neuronal recovery without noticeable
systemic toxicity. Collectively, this study provides a promising neuroprotective
approach against reperfusion-induced neuron injury in ischemic stroke.
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1. Introduction

Ischemic stroke, constituting ≈87% of
strokes, remains a lethal cerebral disease
threatening global health.[1–3] Over 60% of
survivors develop chronic disabilities post-
standard thrombectomy or thrombolysis
treatment, primarily due to secondary cere-
brovascular/neural damage.[4–6] Pathophys-
iologically, hypoxia-reoxygenation induces
mitochondrial electron leakage and a burst
of reactive oxygen species (ROS), such as
hydrogen peroxide (H2O2) and superox-
ide anion (O2

•−), that mediate oxidative
neuronal injury.[7–9] Damage-associated
molecular patterns released from necrotic
neurons potentiate ROS-induced acti-
vation of astrocytes and microglia pro-
inflammatory polarization, triggering
inflammatory cytokine storm.[10,11] These
inflammatory mediators (including ROS
and cytokines) not only amplify oxidative
neuronal damage, establishing a self-
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Scheme 1. Schematic illustration of synthesis and therapeutic mechanism of T-mPDA-Cu/Se for CIRI. a) Cu/Se dual element doped mPDA mimics
SOD and GPx activities, while coating with RVG29 peptide functionalized RBCm enables efficient BBB transverse and accumulation in ischemic brain
regions. b) The nanozyme system alleviates CIRI by scavenging ROS, suppressing astrocyte- and microglia-induced neuroinflammation, and preventing
neuronal apoptosis.

reinforcing neuroinflammatory cycle, but also disrupt blood–
brain barrier (BBB) integrity.[12,13] Although clinically approved
edaravone demonstrates neuroprotection in acute ischemic
stroke through ROS scavenging,[14,15] its utility is constrained by
unsatisfactory pharmacokinetics (9 min half-life) and inefficient
BBB permeability.[16] These limitations underscore the demand
for novel neuroprotectants integrating potent ROS elimination,
high biocompatibility, and enhanced BBB transverse capabilities.

Antioxidant nanozymes exhibit superior stability, tunable
catalytic activity, and cost-effectiveness, with validated ther-
apeutic efficacy against neurodegenerative disorders and
ischemia-reperfusion injuries.[17–22] Cascade nanozymes surpass
a single-activity system in orchestrating antioxidant and anti-
inflammatory responses.[23] However, the BBB poses a major
challenge for achieving sufficient nanozyme accumulation in
ischemic regions.[24,25] Passive translocation across damaged
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ischemic BBB causes limited availability and uncontrollable
distributions,[26,27] and invasive intraventricular injection risks
hemorrhage and pain.[28,29] Consequently, active transport
via cerebral endothelial transcytosis dramatically enhances
BBB permeability with high safety. In addition, conventional
PEGylation strategies reduce reticuloendothelial clearance of
nanozymes to improve bioavailability, but simultaneously in-
hibit their interactions with cerebral endothelia, compromising
BBB traversing. Red blood cell membrane (RBCm) coating
enhances biocompatibility, prolongs circulation, and delivers
membrane-anchored antioxidants (e.g., vitamin E) without
impeding BBB penetration of nanoparticles.[30,31] Therefore,
integrating cascade catalysis and active transport across BBB
within one individual nanosystem remains critical for cerebral
ischemia-reperfusion injury (CIRI) therapy. Studies regarding
CIRI treatments are summarized in Table S1 (Supporting
Information).
Herein, we engineered T-mPDA-Cu/Se, a hierarchical

nanozyme embedding superoxide dismutase (SOD)-mimetic
copper (Cu) and glutathione peroxidase (GPx)-mimetic se-
lenium (Se) within the mesoporous polydopamine (mPDA)
scaffold (Scheme 1a). The ROS produced after reperfusion
was eliminated efficiently by the cascade SOD-GPx catalytic
activities of the nanozymes, demonstrating exceptional neuro-
protection against oxygen-glucose deprivation/reoxygenation
(OGD/R)-induced apoptosis of PC-12 cells. The engineered
nanoplatform combined RVG29 BBB-penetrating peptide with
RBCm coating, achieving targeted ischemic brain accumulation
through receptor-mediated transcytosis while evading immune
clearance. In transient middle cerebral artery occlusion (tMCAO)
rat models, T-mPDA-Cu/Se that was accumulated in ischemic
neuronal tissues efficiently attenuated neuronal oxidative dam-
age, suppressed astrocytic/microglial activation, downregulated
proinflammatory cytokines, and reduced infarct volume, ex-
hibiting superior neuroprotection with biosafety (Scheme 1b).
Given its excellent ROS scavenging and the ability to accumu-
late in the ischemic brain, our biocompatible nanozyme may
lay the foundation for more effective treatment of ischemic
stroke.

2. Results and Discussion

2.1. Preparation and Characterization of the Biomimetic
T-mPDA-Cu/Se Nanozyme

mPDA was employed as the scaffold to integrate cascade enzy-
matic capabilities, leveraging the versatile chemistry of dopamine
and the highly porous structure.[32,33] By optimizing the syn-
thesis conditions (Figure S1, Supporting Information), mPDA
nanoparticles with a uniform particle size of 103.9± 9.3 nmwere
synthesized via an ammonium-catalyzed, Pluronic F127/1,3,5-
trimethybenzene-based microemulsion templating dopamine
polymerization. The Brunauer–Emmett–Teller (BET) analysis re-
vealed a high surface area of 29.3 m2 g−1 and an average pore
diameter of ≈20.8 nm, which are favorable for catalytic load-
ing and substrates diffusion (Figure S2, Supporting Informa-
tion). Cu, the catalytic core of natural SOD enzymes, was in-
corporated into mPDA through chelation coordination with cat-
echol moieties during mPDA synthesis. mPDA-Cu presented

a relatively larger hydrodynamic size of 140.6 ± 9.5 nm and a
zeta potential of −7.8 ± 1.4 mV. Selenodimethanamine, the GPx
mimic, was incorporated to construct mPDA-Cu/Se via Schiff
base reaction or Michael addition.[34] Post-functionalization did
not alter the hydrodynamic size and zeta potential of mPDA-
Cu (Figure S3, Supporting Information). X-ray photoelectron
spectroscopy (XPS) analysis revealed that Cu and Se within
mPDA-Cu/Se closely mimic the active sites of natural SOD
and GPx enzymes (Figure S4, Supporting Information),[35,36]

supporting the rational biomimetic design of our cascade
nanozyme. Transmission electron microscopy (TEM) revealed
well-preserved mesoporous structures (Figure 1a). In addition,
elemental mapping confirmed the homogeneous dispersion of
Cu and Se elements throughout the nanoparticles with their
mass ratios of ≈10.9% and 6.5%, respectively (Figure 1b,c).
These mass ratios closely align with the quantitative concen-
trations determined by inductively coupled plasma mass spec-
trometry (ICP-MS) (Figure S5, Supporting Information), collec-
tively demonstrating the successful fabrication of mPDA-Cu/Se
nanozymes.
To facilitate biocompatible and BBB transverse, mPDA-

Cu/Se was further modified with RBCm and BBB-penetrating
RVG29 peptide. RVG29, a 29-amino acid peptide derived from
rabies virus glycoprotein (RVG), specifically binds nicotinic
acetylcholine receptors (nAChRs) overexpressed on brain en-
dothelial cells, enabling receptor-mediated transcytosis across
the intact BBB.[37] For RVG29 conjugation, DSPE-PEG2000-Mal
served as an amphiphilic linker: its hydrophobic distearoylphos-
phatidylethanolamine (DSPE) domain inserted into RBCm bi-
layer via hydrophobic interactions, while the maleimide group
was covalently conjugated to the thiol group of RVG29.[38] Suc-
cessful synthesis of DSPE-PEG2000-RVG29 was verified by 1H-
nuclear magnetic resonance (1H-NMR) spectroscopy, display-
ing characteristic PEG2000 ethylene glycol signals (𝛿 3.2–3.7
ppm) and RVG29 alkyl proton resonances (𝛿 1.4–2.6 ppm)
(Figure S6, Supporting Information). RBCm was then func-
tionalized with DSPE-PEG2000-RVG29 through simple mix-
ing, followed by co-extrusion with mPDA-Cu/Se at a 1:10
mass ratio to obtain T-mPDA-Cu/Se. The membrane coat-
ing process exploited both the robust adhesion properties
of catechol groups and electrostatic interactions between the
negatively charged membrane surface and amine groups in
polydopamine.
TEM imaging confirmed that T-mPDA-Cu/Se was uniformly

spherical, showing erythrocyte membrane encapsulation with
≈20 nm thickness on mPDA-Cu/Se surfaces (Figure S7, Sup-
porting Information). T-mPDA-Cu/Se showed a narrow hydrody-
namic size distribution (198.2± 3.2 nm) and negative zeta poten-
tial (−17.5 ± 1.2 mV). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis verified preserved mRBC
protein profiles in T-mPDA-Cu/Se (Figure S8, Supporting Infor-
mation). After two-days of storage in PBS or plasma at 4 °C, T-
mPDA-Cu/Se revealed negligible variations in particle size, high-
lighting the colloidal stability for in vivo application (Figure 1f).
To assess long-term biosafety, degradation of T-mPDA-Cu/Se
was evaluated in a simulated oxidative environment (10 mM
H2O2). Progressive degradation was observed after four days of
incubation, indicating favorable metabolic clearance (Figure S9,
Supporting Information).
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Figure 1. Construction and characterization of T-mPDA-Cu/Se. a) HR-TEM and b) corresponding energy dispersive X-ray elemental mappings of mPDA-
Cu/Se, C (blue), N (green), O (red), Cu (yellow), and Se (cyan). c)Mass ratio analyses ofmPDA-Cu/Se obtained by elementalmappings. d)Hydrodynamic
particle sizes of mPDA, mPDA-Cu/Se, and T-mPDA-Cu/Se. e) Zeta potential values of mPDA, mPDA-Cu/Se, and T-mPDA-Cu/Se (n = 3). f) Colloidal
stability of T-mPDA-Cu/Se in PBS and plasma over two days.

2.2. SOD-GPx-Mimicking Cascade Activity of mPDA-Cu/Se

CIRI triggers a burst of ROS, driving lipid peroxidation, mi-
tochondrial dysfunction, and DNA damage. Timely ROS neu-
tralization during the acute phase is critical for restoring re-
dox homeostasis and improving neurological outcomes.[39–41]

The SOD-GPx-mimicking cascade of mPDA-Cu/Se catalyzes
the dismutation of O2

•− to O2 and H2O2, with subsequent
conversion to H2O by GPx. SOD-mimetic activity was eval-
uated via a WST-8 assay, where xanthine/xanthine oxidase-
generated O2

•− reacts with WST-8 to form a water-soluble
formazan.[42] mPDA-Cu/Se suppressed formazan formation in
a concentration-dependent manner (Figure 2a,b), with an IC50

of 250 μg mL−1. This enhanced catalytic efficiency is attributed
to the doped Cu active sites, which lower the activation energy
barrier for O2

•− dismutation, closely mimicking natural SOD
activity.[43]

Natural GPx leverages the Se-containing active sites to re-
duce H2O2 via the glutathione (GSH)-mediated redox cycle.
During the assay, H2O2 oxidizes GSH to oxidized glutathione
(GSSG), while unreacted GSH reacts with 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) to form 5-thio-2-nitrobenzoic acid
anion (TNB). GPx-like activity was quantified bymonitoring TNB
decay kinetics. As shown in Figure 2c, mPDA-Cu/Se exhibited
concentration-dependent GSH depletion, achieving maximal
activity at 1.0 mg mL−1 (Figure S10, Supporting Information).
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Figure 2. Dual-enzymatic activities and kinetics of mPDA-Cu/Se nanozyme. SOD-like activity: a) Time-dependent absorbance changes of formazan dyes
at different concentrations of mPDA-Cu/Se and b) Percentage of inhibition of WST-8 oxidation by O2

•− vs different concentrations of mPDA-Cu/Se. GPx-
like activity: c) Time-dependent absorbance changes of TNB at different concentrations of mPDA-Cu/Se. d) Time-dependent absorbance changes of TNB
at different concentrations of H2O2. e) Reaction rates at different concentrations of H2O2 and f) Lineweaver-Burk plots of GPx activity corresponding
to the variation of GSH concentration.

Steady-state kinetics under varying H2O2 concentrations
(Figure 2d,e) revealed classical Michaelis-Menten behavior.
Linear Lineweaver-Burk analysis determined a Michaelis con-
stant Km of 2.156 mM and a maximum velocity of 15.02
μM min−1 (Figure 2f). Saturation kinetics further confirmed
proportionality between nanozyme activity (0–20 mM H2O2)
and catalytic efficiency, validating its enzymatic fidelity. Overall,
the Cu/Se-integrated cascade nanozyme boosts ROS clearance
via sequential SOD- and GPx-mimicking activities, thereby
strengthening synergistic antioxidant defense beyond sin-
gle component enzyme mimics (Figure S11, Supporting
Information).

2.3. In Vitro Toxicity of T-mPDA-Cu/Se

The aforementioned investigations have elucidated the cascaded
enzyme mimetic capabilities of the mPDA-Cu/Se nanozyme,
demonstrating its robust antioxidant potential. Subsequently, the
viability of T-mPDA-Cu/Se was evaluated in PC12 (rat adrenal
medulla-derived neural model) and bEnd.3 (murine brain en-
dothelial) cell lines to simulate central nervous system and brain
endothelial cells by the CCK-8 assay.[44] Over 90% cells were vi-
able after incubation with T-mPDA-Cu/Se at a concentration of
80.0 μg mL−1 for 16 h in both cell lines (Figure S12, Supporting
Information). Calcein-AM/PI dual staining also confirmed min-
imal acute toxicity of T-mPDA-Cu/Se in both cell lines, as most

cells exhibited green fluorescence (viable cells) at the same incu-
bation conditions (Figure 3a). Flow cytometry quantification via
Annexin V-FITC/PI double staining showed 98.5% of PC12 cells
and 90.6% of bEnd.3 cells were Annexin V-FITC−/PI−, without
noticeable cell apoptosis (Figure 3b). To investigate cellular up-
take characteristics, we performed cellular uptake experiments
on bEnd.3 and PC12 cells using Cy5-labeled T-mPDA-Cu/Se.
Confocal laser scanning microscopy (CLSM) images revealed a
time-dependent increase in uptake by both cell types (Figures
S13 and S14, Supporting Information). To further assess cellu-
lar biosafety, we investigated T-mPDA-Cu/Se nanozyme degra-
dation in PC-12 cells using Bio-TEM. Following 3-day incuba-
tion, nanozyme debris was observed in lysosomes, with obvious
size reduction corroborating degradation (Figure S15, Support-
ing Information). These results collectively demonstrate the sys-
tem’s excellent biocompatibility and suitability for subsequent
applications.

2.4. In Vitro Neuronal Cells Protection of T-mPDA-Cu/Se

Building on confirmed ROS scavenging efficacy and biocom-
patibility of T-mPDA-Cu/Se, we evaluated its antioxidant per-
formance in an in vitro ischemic stroke OGD/R model.[45]

Figure 4a illustrates the experimental timeline where nanozymes
were administered after 4 h hypoxia exposure, followed by 12
h reoxygenation. Intracellular ROS levels were quantified using
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Figure 3. In vitro biocompatibility and apoptosis analysis of T-mPDA-Cu/Se nanozyme. a) Confocal laser scanning microscopy (CLSM) images of PC12
and bEnd.3 cells co-stained with Calcein AM (green, live) and PI (red, dead). b) Flow cytometry apoptosis profiles via Annexin V-FITC/PI dual staining.

2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA) fluores-
cence at a nanozyme concentration of 20.0 μg mL−1. Flow cytom-
etry analysis displayed that OGD/R-treated cells exhibited signif-
icantly elevated intracellular ROS levels vs control (Figure 4b).[46]

All nanoparticles exhibited ROS attenuation capacity, with effi-
cacy ranking as T-mPDA-Cu/Se (75.8%)≈mPDA-Cu/Se (74.4%)
> mPDA-Cu (63.2%) > mPDA (23.1%). Confocal imaging also
verified that T-mPDA-Cu/Se nearly abolished OGD/R-induced
ROS in PC12 cells (Figure 4c,e). Consistent results were observed
in mitochondrial ROS levels, as quantified via Mito-SOX fluores-
cence (Figure 4d,f).
Excessive ROS induces mitochondrial membrane oxida-

tive damage, disrupting mitochondrial membrane potential

(MMP).[47] Loss of MMP triggers mitochondrial permeabil-
ity increase, cytochrome c release into the cytosol, and sub-
sequent apoptotic cascade activation. JC-1 probe was used
to evaluate the MMP changes in PC12 cells subjected to
OGD/R: healthy mitochondria maintained red-fluorescent J-
aggregates of JC-1, while MMP loss shifts emission to green
monomers. OGD/R treatment increased the JC-1 red-to-green in-
tensity ratio, indicating that mitochondrial damage was relieved
(Figure 4g,h).
To validate in vitro BBB permeability, a transwell co-culture

system with bEnd.3 cells (upper chamber) and PC12 cells (basal
chamber) were employed (Figure 4i). 100.0 μg mL−1 of FITC-
labeled nanozymes were introduced into the upper chamber,

Adv. Funct. Mater. 2025, e20000 © 2025 Wiley-VCH GmbHe20000 (6 of 14)
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Figure 4. In vitro evaluation of neuroprotection of T-mPDA-Cu/Se nanozyme by OGD/R model. a) Timeline for the OGD/R experiments to investi-
gate the therapeutic effect of T-mPDA-Cu/Se nanozyme. b) The mean DCF fluorescence intensity was monitored with flow cytometry. c) Quantitative
analysis of DCF fluorescence intensity. d) Histogram illustrating the quantitative analysis of Mito-SOX fluorescence intensity. e) Typical CLSM images
of the DCF fluorescence of Control, OGD/R, OGD/R+mPDA, OGD/R+mPDA-Cu, OGD/R+mPDA-Cu/Se, and OGD/R+T-mPDA-Cu/Se groups with
nanozyme concentrations at 20 μgmL−1. f) Typical CLSM images of mitochondria labeled with theMito-SOX fluorescent probe across treatment groups.
g) Representative CLSM images of PC12 cells labeled with JC-1 fluorescent probe across treatment groups. h) Quantified percentage of JC-1 aggregates
in PC12 cells across treatment groups. i) Schematic illustration of the transwell model used for evaluating nanoparticle transport. j) Quantitative analysis
of the transport efficiency in the transwell model. k) Validation of endothelial barrier integrity via TEER measurement. Statistical analysis was performed
using a one-way ANOVA test followed by Tukey’s multiple comparison analysis. n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 5. In vivo therapeutic evaluation of T-mPDA-Cu/Se nanozyme in tMCAO rats. a) Experimental timeline of tMCAO induction and nanozyme
administration. b) Neurological deficit evaluation by Longa score behavioral tests (n = 5). c) Representative images of TTC-stained brain sections with
ischemic regions in grayish-white and viable tissue in red. d) Quantified cerebral infarct volume of tMCAO rats in each treatment group at 24 h post-
stroke (n = 5). e) Representative H&E staining images of brain tissue and f) quantitative assessment of necrotic cell counts in each group (n = 3). g) In
vivo fluorescence imaging of tMCAO mice treated with Cy5.5-labeled T-mPDA-Cu/Se and h) corresponding time-radiant efficiency analysis of the brain
regions (n = 3). Statistical analysis used a one-way ANOVA test followed by Tukey’s multiple comparison analysis. *p < 0.05, **p < 0.01, and ***p <

0.001.

and transendothelial transport efficiency was quantified by mea-
suring fluorescence of cell culture medium in the basal cham-
ber after 2 h incubation. Figure 4j shows that T-mPDA-Cu/Se
achieved six- to eight-fold higher transport efficiency vs other
groups, confirming RVG29-mediated BBB penetration efficacy.
This enhanced permeability did not damage endothelial integrity,
as TEERmeasurements remained stable (>150Ω cm2) across all
groups (Figure 4k).

2.5. In Vivo Therapeutic Effects of T-mPDA-Cu/Se

The in vivo therapeutic effects were systematically evaluated
using a tMCAO model. As illustrated in Figure 5a, tMCAO
model was established in Sprague–Dawley (SD) rats by insert-
ing a silicone-coated nylon suture into the middle cerebral artery
for 2 h, followed by suture withdrawal and surgical closure to
initiate reperfusion.[17] Nanozyme administration via tail vein

Adv. Funct. Mater. 2025, e20000 © 2025 Wiley-VCH GmbHe20000 (8 of 14)
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injection was synchronized with arterial occlusion to ensure
precise therapeutic intervention timing. Neurological deficits
were quantitatively assessed 24 h post-surgery using the Longa
scoring method.[48] Rats treated with T-mPDA-Cu/Se exhib-
ited significantly lower Longa scores compared to tMCAO
controls, approaching levels observed in sham-operated ani-
mals as shown in Figure 5b. To further characterize motor
function recovery, a beam walking test revealed that tMCAO
rats experienced slipping off the beam for 3–5 times due to
impaired coordination, whereas T-mPDA-Cu/Se treated rats
demonstrated near-normal motor performance with only ≈1 slip
(Figure S16, Supporting Information).[49] Complementary be-
havioral analysis using the adhesive removal test showed that
tMCAO rats required ≈120 s to detach tape from their af-
fected forepaw, while the T-mPDA-Cu/Se treatment reduced this
latency to ≈45 s, confirming attenuated neurological deficits
and enhanced sensorimotor recovery (Figure S17, Supporting
Information).[50]

2,3,5-Triphenyltetrazolium chloride (TTC) staining validated
the neuroprotective efficacy of T-mPDA-Cu/Se, with ischemic re-
gions (grayish-white) in tMCAO rats contrasting sharply against
the red formazan signal in viable tissues (Figure 5c).[51] Treat-
ment with T-mPDA-Cu/Se reduced the cerebral infarct volume
from 44.3 ± 6.4% (untreated tMCAO group) to 18.8 ± 3.7%
(Figure 5d), due to its dual capacity to traverse the BBB and ame-
liorate ischemia-reperfusion induced ROS surges. Histopatho-
logical analysis conducted via hematoxylin-eosin (HE) stain-
ing further corroborated the neuroprotective effects (Figure 5e).
T-mPDA-Cu/Se treatment significantly reduced the number
of necrotic cells (39.7 ± 6.3 cells) showing nuclear pykno-
sis characteristics in the cerebral ischemic region, compared
with the tMCAO group (104.3 ± 3.5 cells) (Figure 5f). Ad-
ditionally, comprehensive safety assessments further validated
the translational potential of T-mPDA-Cu/Se nanozyme sys-
tem. No hemolysis was observed at the therapeutic concen-
tration of 200 μg mL−1 (Figure S18, Supporting Information),
and blood biochemical parameters, including alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) re-
mained within physiological ranges (Figure S19, Supporting
Information). Microscopic examination of major organ tissues
of mice, including heart, liver, spleen, lungs, and kidney, re-
vealed no obvious pathological alterations (Figure S20, Sup-
porting Information), underscoring the systemic biosafety of
T-mPDA-Cu/Se.
To evaluate the brain-targeted delivery, Cyanine 5.5-labeled T-

mPDA-Cu/Se were tracked via in vivo imaging. As demonstrated
in Figure 5g,h, post-injection fluorescence imaging revealedmax-
imal intensity in ischemic brains at 12 h and sustained over 24
h. The brain tissues were excised at 24 h post-injection and ob-
served using the in vivo imaging system. T-mPDA-Cu/Se ex-
hibited a preferential distribution in the ischemic hemispheres
compared to the normal hemispheres, which was attributed to
the damaged BBB in the ischemic regions (Figure S21, Sup-
porting Information). Crucially, the T-mPDA-Cu/Se nanozyme
demonstrated favorable in vivo kinetics with near-complete sys-
temic clearance within 72 h (Figure S22, Supporting Informa-
tion) while sustaining therapeutic efficacy as evidenced by per-
sistently alleviated neurological deficits (Figure S23, Supporting
Information).

2.6. Suppression of Neuroinflammation and Neuronal Apoptosis
by T-mPDA-Cu/Se Nanozyme

CIRI induces massive glial cell activation in the brain, leading
to glial scar formation that impairs endogenous neurorepair.[52]

Immunofluorescence staining of penumbra section revealed that
glial fibrillary acidic protein (GFAP, a mature astrocyte marker)
expression was upregulated to 15.4 ± 1.1% of total cells in tM-
CAO mice, which was significantly attenuated to 1.4 ± 0.2% fol-
lowing T-mPDA-Cu/Se treatment (Figure 6a,b). Microglial polar-
ization analysis demonstrated dramatically reduced CD86+ cells
(pro-inflammatory phenotype) and increased CD206+ cells (anti-
inflammatory phenotype) in T-mPDA-Cu/Se-treated mice com-
pared to tMCAO controls (Figure 6c,d). Quantitative PCR re-
vealed that T-mPDA-Cu/Se significantly decreased mRNA lev-
els of pro-inflammatory cytokine IL-1𝛽 (22.4% of tMCAO) and
IL-6 (25% of tMCAO), but increased anti-inflammatory IL-4
(3.7-fold) and IL-10 (4.8-fold) expression (Figure 6e–h). We fur-
ther quantified cerebral necrosis by using the terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL) assay, a
well-established method for detecting DNA fragmentation via
green fluorescence labeling. tMCAO group exhibited extensive
apoptotic signaling, with 89.9 ± 1.6% of cells displaying fluo-
rescence (Figure 6i,j). Remarkably, T-mPDA-Cu/Se treatment re-
duced apoptotic cell ratios to 15.8± 1.7%, underscoring its capac-
ity to mitigate cell death. These findings, combined with earlier
evidence of inflammatory modulation (reduced GFAP/CD86/IL-
1𝛽/IL-6 levels, and elevated CD206/IL-4/IL-10 levels), confirm
that T-mPDA-Cu/Se efficiently inhibits inflammation and apop-
tosis, exerting comprehensive neuroprotection against CIRI.

3. Conclusion

In summary, this study presents a biomimetic T-mPDA-Cu/Se
nanozyme system engineered to combat CIRI through mitigat-
ing oxidative stress and neuroinflammation. By integrating Cu
and Se into mPDA scaffolds, T-mPDA-Cu/Se exhibits cascade
SOD-GPx-like enzymatic activities, while functionalization with
BBB-targeting RVG29 peptide and RBCm coating enhances BBB
trans and biocompatibility. T-mPDA-Cu/Se mitigated OGD/R-
induced neuronal apoptosis via potent ROS scavenging in vitro.
In tMCAO rat models, T-mPDA-Cu/Se efficiently reduced cere-
bral infarct volume from 44.3% to 18.8%, suppressed apoptosis
from 89.9% to 15.8%, and significantly improved neurological
recovery. Mechanistically, it inhibited astrocyte activation andmi-
croglial pro-inflammatory polarization, modulating cytokine ex-
pression from pro-(IL-1𝛽/IL-6) to anti-inflammatory (IL-4/IL-10)
profiles. Systemic biosafety evaluations confirmed no hepatore-
nal toxicity or histopathological anomalies, underscoring its high
biosafety. By synergistically targeting oxidative stress and neu-
roinflammation without exogenous drugs, this work advances
nanomaterial innovation for clinical neuroprotection, offering a
promising approach to ischemic stroke therapy.

4. Experimental Section
Materials: Pluronic F127 (9003-11-6), dopamine hydrochloride (62-

31-7), 1,3,5-trimethylbenzene (108-67-8), copper sulfate pentahydrate
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Figure 6. Suppression of neuroinflammation and apoptosis by T-mPDA-Cu/Se nanozyme. a) Representative immunohistochemical images of brain
tissue stained with GFAP antibody. b) Quantitative analyses of the number of GFAP-positive cells in the penumbral regions in each treatment group at
24 h post-stroke (n = 3). c) Representative immunofluorescent images stained with CD86 and CD206 antibodies and d) quantitative analyses of the
fluorescent intensity. Relative mRNA transcription of e) IL-1𝛽, f) IL-6, g) IL-4, and h) IL-10 in brain tissue from different groups confirmed by qPCR (n =
3). i) Representative TUNEL staining images of brain tissue from different groups and j) Quantitative analysis of the apoptosis index in the penumbral
regions (n = 5). Statistical analysis used a one-way ANOVA test followed by Tukey’s multiple comparison analysis. *p < 0.05, **p < 0.01, and ***p <

0.001.

(7758-99-8), ammonia solution (1336-21-6), DSPE-PEG2000-MAL (474922-
22-0) were purchased from Sigma-Aldrich (St. Louis, MO, USA). CD 86 an-
tibody (ab238468) and CD 206 antibody (ab300621) were obtained from
abcam (Cambridge, CB, UK). Cell Counting Kit-8 (CCK-8, MA 0218), fluo-
rescein isothiocyanate (FITC, MA0220), 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA, MB4682), and JC-1 (MA0338_A) were procured

from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). 2,3,5-
Triphenyltetrazolium chloride (TTC, G3005) was provided by Beijing So-
larbio Science & Technology Co., Ltd. (Beijing, China). Mitochondrial
ROS fluorescence probe (Mito-SOX Red, HY-D1055), Calcein-AM (HY-
D0041) and RVG29 (115136-25-9) were purchased from Med Chem Ex-
press Biotech Co., Ltd. (Shanghai, China). GFAP antibody (GB 11096) was
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obtained from Servicebio (Wuhan, China). All animal experimental instru-
ments were purchased from Shenzhen Ruiwode Life Technology Co., Ltd.
(Shenzhen, China).

Cells: Murine brainmicrovascular endothelial cells (bEnd.3 cells), and
rat neuronal PC12 cells were obtained from Servicebio (Wuhan, China).
bEnd.3 cells and PC12 cells were cultured in Roswell Park Memorial In-
stitute 1640 medium containing 10% FBS (fetal bovine serum, Biosharp)
and 1% PS (penicillin-streptomycin, Meilunbio) at 37 °C in an incubator
with 5% CO2.

Animals: Male SD rats were purchased from Shanghai Jihui Labo-
ratory Animal Care Co., Ltd. (Shanghai, China). All animal experiments
were approved by the Animal Experiment Ethics Review Committee of
Hangzhou Normal University (Approval No. HSD-20240108-02) and the
“Guidelines for the Care and Use of Laboratory Animals” of the Chinese
Academy of Sciences.

Preparation of mPDA-Cu/Se NPs: The synthesis of mPDA nanopar-
ticles commenced with a well-established protocol. F127 (15 mg) and
dopamine (100 mg) were ultrasonically dispersed in a 50% ethanolic so-
lution (50 mL). To this mixture, 600 μL of 1,3,5-trimethylbenzene was in-
troduced into the flask. The solution was sonicated for 3 min and then
subjected to stirring for 1 h, after which 6 mg of copper sulfate pentahy-
drate was incorporated, and the stirring continued for 1 h, resulting in
a color transition from white to pink. Subsequently, 300 μL of ammonia
solution was introduced to catalyze the reaction. The crude nanoparti-
cles were harvested by centrifugation (×10 000 g,10 min). The removal of
1,3,5-trimethylbenzene and F127 polymer was achieved through ethano-
lic reflux, yielding purified mPDA-Cu NPs. These nanoparticles underwent
lyophilization and were conserved at 4 °C for subsequent utilization. For
the fabrication of mPDA-Cu/Se NPs, 10 mg of mPDA-Cu NPs were dis-
persed in PBS at pH 8.5, to which 1 mg of selenodimethionine was added,
and the mixture was stirred for 3 h. The resulting mPDA-Cu/Se NPs were
lyophilized and stored at 4 °C for future applications. The structural and
morphological characteristics ofmPDA,mPDA-CuNPs, andmPDA-Cu/Se
NPs were examined using TEM and elemental mapping.

RBCm Extraction: RBCm were extracted from male SD rat blood us-
ing a differential centrifugation method. The detailed procedure was as
follows: A 200 g rat was anesthetized with 2.5 mL of 1% pentobarbital
sodium. The abdominal cavity was then opened to collect whole blood
from the abdominal aorta, which was placed into a 10 mL centrifuge tube
containing of EDTA-2Na anticoagulant solution. After centrifugation at
4 °C (×100 g, 20 min), the supernatant was discarded, and the pellet was
resuspended in 1× PBS and allowed to stand in an ice bath for 10 min.
Following another centrifugation to remove the supernatant, five volumes
of 0.25× PBS were added, and the mixture was gently inverted in the ice
bath every tenminutes. After a 2 h incubation, themixture was centrifuged
(4 °C, ×100 g, 10 min), the supernatant was discarded, and the pellet was
washed with 0.25× PBS until the supernatant remained colorless. The iso-
lated RBCmwere stored in 1× PBS, presenting as a transparent, flocculent
film.

Synthesis of the T- mPDA-Cu/Se Nanozyme: 2 mg of RVG29 powder
and 5 mg of DSPE-PEG2000-MAL were dissolved in 5 mL of anhydrous
DMF (N, N-dimethylformamide) and stirred at room temperature for 24
h. The reaction solution was then transferred into a dialysis bag (cutoff
molecular weight of 1000 Da), and after dialysis against pure water for 24
h, the product was freeze-dried to obtainDSPE-PEG2000-RVG29, whichwas
characterized using 1H-NMR spectroscopy. To prepare T-RBCm, 800 μL of
RBCm dispersion (extracted from 1mL of whole blood) was added to 3mL
of PBS containing DSPE-PEG2000-RVG29 (1 mg mL−1). The mixture was
incubated at 37 °C for 24 h. After washing via centrifugation, the purified
T-RBCmwas then incubated with 10 mg of mPDA-Cu/Se NPs at 37 °C and
co-extruded using a hand extruder to yield the T- mPDA-Cu/Se nanozyme.
The loading of RBCm and RVG29 was characterized by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The morphology
and structure of the T-mPDA-Cu/Se nanozyme were observed using TEM.
The stability of the T- mPDA-Cu/Se nanozyme was monitored by measur-
ing the size fluctuations in PBS and plasma over two days.

SOD-Like Activity of mPDA, mPDA-Cu, mPDA-Cu/Se, and T-mPDA-
Cu/Se: The SOD-like activity was assessed utilizing a Total SODActivity

Assay Kit (WST-8, BL903A). WST-8 interacts with O2
•−, which are gener-

ated by the catalytic reaction of xanthine oxidase, to produce water-soluble
formazan dyes. Given that SOD facilitates the dismutation of superoxide
anions, SOD activity is inversely proportional to the formazan dye forma-
tion. The SOD-like activity was quantified by monitoring the oxidation of
WST-8 at 450 nm to form orange-yellow formazan, using a UV–vis spec-
trophotometer.

GPx-Like Activity of mPDA, mPDA-Cu, mPDA-Cu/Se, and T-mPDA-
Cu/Se: GPx activity was determined by its ability to catalyze the reaction
between reduced glutathione (GSH) and hydrogen peroxide (H2O2), re-
sulting in the formation of oxidized glutathione (GSSG). The reaction of
GSH with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) yields a yellow col-
ored 5-thio-2-nitrobenzoic acid anion (TNB). The GPx activity was calcu-
lated by measuring the change in the maximum absorption peak of TNB
at 412 nm. The reaction was conducted at 37 °C in a 500 μL solution con-
taining PBS (pH 7.4, 1.0 mM EDTA), 1.0 mM GSH, and various concen-
trations of the nanozyme dissolved in PBS. After a 3 min incubation at
37 °C, 0.25 mM DTNB solution was added, followed by a further 1 min
incubation. Initiation of the reaction was done by adding 0.5 m-M H2O2.
The activity was ascertained by measuring the decrease in absorbance of
TNB at 412 nm using a UV–vis spectrophotometer.

Cell Culture and Cytotoxicity Assessment: For the in vitro evaluation of
the nanozyme, the PC12 and bEnd.3 cell lines were aerobically cultured
in RPMI-1640 medium enriched with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (PS) solution, under controlled conditions at
37 °C in an atmosphere containing 5% CO2. Cell studies were initiated
utilizing cells that were actively proliferating in the logarithmic phase. The
biocompatibility assessment was performed employing the CCK-8 assay
kit. The cells were inoculated into a 96 well microplate at a seeding den-
sity of 1 × 104 cells per well. After a 24 h adhesion period, the cells were
exposed to a range of concentrations of the preparation (0–80 μg mL−1)
for a 12 h incubation. Subsequently, 10 μL of the CCK-8 reagent was intro-
duced into each well for a further 30 min incubation. The cell viability was
determined by quantifying the absorbance at 450 nm using a microplate
spectrophotometer.

Oxygen and Glucose Deprivation/Reperfusion (OGD/R) Model: To
mimic CIRI in vitro, cells were subjected to an OGD/R regimen. PC12 and
bEnd.3 cells were inoculated into culture flasks at optimal densities and
permitted to adhere for 24 h. The cells were then rinsed three times with
1× PBS and incubated in glucose free RPMI-1640 medium. The cells were
transferred to a hypoxic chamber composed of 95% N2 and 5% CO2, and
maintained under glucose and oxygen deprivation conditions at 37 °C for
24 h. Following the OGD period, the medium was replaced with RPMI-
1640 medium containing elevated levels of glucose to simulate reperfu-
sion, and the cells were returned to a normoxic incubator for an additional
16 h. To investigate the protective effects of the nanozyme on cellular in-
tegrity, cells were treated with PBS, mPDA, mPDA-Cu, mPDA-Cu/Se, and
T-mPDA-Cu/Se, respectively.

Live/Dead Cell Fluorescence Assay: Calcein-AM, a membrane-
permeable dye, was hydrolyzed by esterases within viable cells, resulting
in its retention and the emission of intense green fluorescence. In con-
trast, Propidium Iodide (PI), a membrane-impermeable nucleic acid stain,
penetrates compromised cell membranes and binds to DNA, emitting
red fluorescence. This Calcein-AM/PI dual-fluorescence staining protocol
was utilized to discern cellular viability and mortality, with Calcein-AM
staining live cells and PI staining dead cells. Cells were plated in an
eight well chambered coverglass at a density of 1 × 105 cells per well
and allowed to adhere for 16 h. Following incubation under normoxic
conditions or exposure to OGD/R stress, the cells were treated according
to the experimental groups. Cellular fluorescence was visualized using a
confocal laser scanning microscope (CLSM, Zeiss, LSM-900).

Research on Antioxidants in Cells: DCFH-DA can be intracellularly hy-
drolyzed by esterases into 2′,7′-dichlorodihydrofluorescein (DCFH). This
compound is subsequently oxidized by ROS within the cell, transform-
ing into 2′,7′-dichlorofluorescein (DCF) with a distinctive green fluores-
cence. Therefore, the DCFH-DA ROS Assay Kit was utilized to detect ROS
generation in cells subjected to oxygen-glucose deprivation/reperfusion
(OGD/R). The intensity of DCF fluorescence serves as a direct indicator
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of the intracellular ROS level. Cells were plated in eight well confocal dishes
at a density of 1 × 106 cells per well and allowed to adhere for 24 h. Sub-
sequently, cells from each group were trypsinized, incubated with DCFH-
DA (10 μM) in the dark at 37 °C for 30 min, centrifuged, gently washed
three times with PBS, and resuspended. Intracellular ROS levels in each
group were then quantitatively assessed by flow cytometry (BD Bioscience,
FACSCelesta) at excitation and emission wavelengths of 488 and 525 nm,
respectively.

Assessment of Apoptosis by Flow Cytometry: The Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) double staining apoptosis
detection kit was employed to evaluate cell apoptosis. During early stages
of apoptosis, phosphatidylserine (PS) translocates to the outer leaflet of
the cell membrane and binds to Annexin V. PI stains cells that have lost
membrane integrity during late apoptosis or necrosis. Cells were seeded
in six-well plates at a density of 1 × 106 cells per well and allowed to ad-
here for 16 h. Then the cells from each group were trypsinized, centrifuged,
washed with PBS, and centrifuged twice. Following this, the cells were sus-
pended in buffer provided by the kit, stained with 5 μL of Annexin V-FITC
and 5 μL of PI at room temperature for 15 min, centrifuged, washed with
PBS, and centrifuged once more. The cell apoptosis status was then eval-
uated by flow cytometry (BD Bioscience, FACSCelesta) after resuspension
in the kit’s buffer.

Detection of Mitochondrial Membrane Potential (MMP) After OGD/R Us-
ing Fluorescent Probe JC-1: OGD/R can induce mitochondrial dysfunc-
tion, characterized by a decrease in membrane potential. JC-1 is a fluores-
cent probe specifically designed to detect mitochondrial membrane po-
tential. In cells with high mitochondrial membrane potential, JC-1 aggre-
gates in the mitochondrial matrix and emits red fluorescence. Conversely,
in cells with low membrane potential, JC-1 remains in the cytoplasm and
emits green fluorescence. The transition of JC-1 from red to green fluores-
cence serves as an early indicator of apoptosis. Cells were plated in eight-
well confocal dishes at a density of 1 × 105 cells per dish and allowed to
adhere for 16 h. After that, the medium was aspirated, and 300 μL of JC-1
working solution was added. The cells were then incubated in the dark at
37 °C for 20min. Cellular fluorescence was observed using a confocal laser
scanning microscope (CLSM, Zeiss, LSM-900) to assess MMP.

TranswellModel: The in vitro BBBmodel was established as described.
Briefly, both bEnd.3 and PC12 were first cultured in complete media
(DMEM with 10% FBS and 1% PS) in a flask at 37 °C in a humidified in-
cubator with 5% CO2 to reach confluency before being moved to inserts.
Next, PC12 were seeded on the bottom of the 24-well plates at a density
of 2 × 105 cells cm−2. After 24 h of adhesion, bEnd.3 cells were seeded
onto the upper side of the collagen-coated Transwell PC membrane in-
serts with 0.3 μm pores at a density of 2 × 105 cells cm−2, and the inserts
were placed in 24-well plates containing PC12. The well plates with inserts
were incubated by changing the medium every day in the outer well un-
til cell confluency was reached. It was then considered suitable for BBB
transport studies once the TEER values exceeded 150 Ω cm2, indicating
a sufficiently tight monolayer formation. The nanozymes were added to
the upper chamber of the models to screen the transport profile. After 2
h of incubation, 800 μL aliquots from the basal chamber were collected,
centrifuged, and analyzed via fluorescence spectrophotometry at 695 nm.

Development of a Rodent Model for tMCAO to Emulate CIRI: A
highly controlled rat model of transient cerebral ischemia was estab-
lished through the employment of the suture occlusionmethodology.Male
Sprague-Dawley rats, weighing precisely between 180 and 200 g, were
meticulously chosen and anesthetized. The surgical procedure involved
exposing the common carotid artery (CCA), followed by the careful isola-
tion of the external carotid artery (ECA) and internal carotid artery (ICA).
The CCA was then ligated, and the ECA was clamped with an artery clip to
facilitate the insertion of a customized silicone-coated nylon suture from
the CCA into the ICA, thereby occluding blood flow in the middle cere-
bral artery. The ECA was released simultaneously. After maintaining the
occlusion for a duration of 1.5 h, the nylon suture was gently retrieved to
initiate reperfusion. Tomaintain normothermic conditions throughout the
surgical procedure, a heating pad was utilized. The nanozymes were intra-
venously administered via tail vein injection at a dose of 5 mg k−1g body
weight.

Neurobehavioral Evaluation Post-tMCAO Surgery: A comprehensive
neurobehavioral assessment was conducted on the rats 24 h after surgery,
utilizing a standardized neurological deficit score. The scoring system was
as follows: a score of 0 indicated no deficit, 1 = flexion of the forepaw, 2
= circling to the contralateral side, 3 = falling to one side during loco-
motion, 4 = the absence of spontaneous movement, and 5 = death. Rats
that scored between 1 and 3 were deemed to have undergone successful
surgery and were eligible for subsequent experimental procedures.

Beam Walking Test: A 1 m long, 1.5 cm wide beam platform was con-
structed. Three days prior to tMCAO surgery, animals were trained to tra-
verse the beam until achieving fully autonomous locomotion, with traver-
sal time and number of foot slips recorded. At 24 h post-tMCAO surgery,
beam traversal performance was re-evaluated, with each animal subjected
to three consecutive trials to calculate mean values for traversal time and
slip frequency.

Adhesive Removal Test: The adhesive removal test was a standardized
behavioral assay for evaluating sensorimotor function in rodent models
of neurological disorders. Allow animals to acclimate to the testing cham-
ber for 10 min per day for three days prior to baseline testing. Conduct 3
trials pre-surgery, with inter-trial intervals ≥1 h. Perform tests at 24 h post-
tMCAO surgery. Gently restrain the animal and attach tapes symmetrically.
Record the total time to completely detach both tapes.

Quantification of Infarct Volume Post tMCAO Surgery: Twenty hour
post surgery, the rats were anesthetized with intravenous pentobarbital
sodium and euthanized, following which their brains were carefully ex-
tracted. The brains were then frozen at −20 °C and sectioned into slices
of ≈2 mm in thickness. These sections were immersed in 1% TTC solu-
tion for 30 min to facilitate staining. High-resolution digital images of the
stained sections were captured using a professional camera and analyzed
using ImageJ software. The infarct volume was calculated using the fol-
lowing formula: Infarct volume ratio = [(contralateral non-infarcted area
– ipsilateral non-infarcted area)/contralateral total non-infarcted area] ×
100%.

Immunofluorescence Staining: Twenty hour post-surgery, rats were
anesthetizedwith intravenous pentobarbital sodium, and their brains were
harvested. The brains were frozen at −20 °C, and 10 μm coronal sections
were cut andmounted on glass slides. The slides were incubated overnight
at 4 °C with anti-CD86/CD206 antibodies (1:400) and anti-GFAP antibod-
ies (1:200). Unbound primary antibodies were removed by washing the
slides three times with PBS, followed by incubation with secondary an-
tibodies (1:400) for 2 h at room temperature. DAPI was used as a nu-
clear stain. The slides were observed using a confocal laser scanning mi-
croscope (CLSM, Zeiss, LSM-900) to illustrate the anti-inflammatory ef-
fects. Additionally, for observing apoptosis in the brain, brains were fixed
overnight in 4% paraformaldehyde, paraffin-embedded, sectioned, and
mounted on slides. TUNEL reaction mixture and hematoxylin-eosin stain-
ing were applied, and the slides were observed under the CLSM.

Hemolysis Test: Blood was collected from the abdominal aorta of rats
and placed in anticoagulant tubes. The samples were centrifuged at 3000
rpm for 20 min, and the supernatant was discarded. The red blood cells
(RBCs) were washed by adding double the volume of PBS and centrifug-
ing again until the supernatant was clear. Aliquots of 20 μL of RBCs were
incubated with 1 mL PBS-diluted test nanozyme at 37 °C for 3 h. As neg-
ative and positive controls, 1 mL of PBS and 1 mL of water were mixed
with 20 μL of RBCs, respectively. The samples were centrifuged at 3000
rpm for 15 min, and the absorbance of each supernatant was measured
at 540 nm. The hemolysis rate of each sample was calculated using the
following formula:

Hemolysis rate (%)

= (Sample absorbance − Negative control absorbance) ∕

(Positive control absorbance − Negative control absorbance) × 100%(1)

Biocompatibility Evaluation: To assess the biocompatibility of the
nanozyme, major organs (heart, liver, spleen, lungs, and kidneys) were
harvested from rats under deep anesthesia and stained with hematoxylin
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and eosin (H&E) to observe pathological changes in the tissues. Addi-
tionally, serum was collected from rats in the T-mPDA-Cu/Se and sham
groups after tail vein injection to detect blood biochemical indicators such
as alanine aminotransferase (ALT) and aspartate aminotransferase (AST),
observing the impact of the nanozyme on rats.

Intracranial Fluorescence: The spatiotemporal distribution character-
istics of T-mPDA-Cu/Se nanoparticles in the cerebral parenchyma of is-
chemic stroke model mice were detected using a small-animal in vivo
imaging system (IVIS Spectrum, PerkinElmer). At 24 h post tail vein injec-
tion, animals were sacrificed, and brain tissues were harvested for coronal
cryosectioning (20 μm thickness). Fluorescence signals were acquired un-
der a 695 nm excitation wavelength using the IVIS Spectrum system.

Statistical Analysis: All experiments were repeated at least three times,
and data are presented as mean ± standard deviation (S.D.). Significant
differences between groups were analyzed using one-way ANOVA and
Tukey’s post-hoc test in GraphPad Prism 8.0. A two-tailed P value of <0.05
was considered statistically significant in all cases.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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