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Abstract

Ischemic stroke is the leading cause of death in China, accounting for approximately one-third of all stroke-associated deaths
worldwide. Currently, thrombolysis is employed for ischemic strokes. However, due to the limited therapeutic window of
thrombolytic agents, most patients do not receive the drug at the right time. Moreover, these agents are associated with risks
of hemorrhage and reperfusion damage. Herein, Angiopep-2 (ANG)-black phosphorus (BP)-resveratrol (RES), a drug-loaded
system, was used to deliver drugs across the blood—brain barrier (BBB). ANG-BP-RES has a uniform size, stable structure,
good photothermal effect, and strong drug release ability under near-infrared (NIR) irradiation and acidic conditions. Further-
more, ANG-BP-RES can efficiently target the brain and improve BBB permeability, exerting a significant therapeutic effect
against ischemic brain injury, especially after NIR irradiation. ANG-BP-RES is also biocompatible and shows minimal toxic-
ity toward cells and tissues. This study offers novel insights into the therapeutic management of ischemic brain injury.
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Graphical abstract
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Mechanism diagram of ANG-BP-RES in treating ischemic stroke through blood—brain barrier (BBB)
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1 Introduction

Cerebrovascular diseases pose a global health challenge
with high mortality and disability rates [1]. These diseases
are divided into ischemic and hemorrhagic events, with
ischemic diseases accounting for over 60% of all cerebro-
vascular diseases [2]. Ischemic brain injury is characterized
by insufficient blood supply to the brain, leading to cerebral
ischemia. Narrowing or occlusion of the carotid, vertebral,
and other cerebral arteries affects the blood supply to the
brain, leading to ischemia, hypoxia, and necrosis of the
brain tissues [3, 4]. Cerebrovascular diseases remain chal-
lenging to treat because most drugs cannot effectively cross
the blood—brain barrier (BBB) [5]. The recombinant human
tissue plasminogen activator (tPA) is the only drug ap-
proved by the Food and Drug Administration to manage
ischemic stroke [6]. However, this drug has a narrow thera-
peutic window, and only 7% of patients meet the therapeu-
tic criteria [4]. Although the latest research has increased
the time window of endovascular treatment to 24 h [7, 8],
many medical centers cannot meet the requirements for
medical equipment and personnel allocation, which limits

@ Springer

- Polypeptide - Ischemic stroke - Blood—brain barrier - Drug deliv-

the beneficiaries. Therefore, prompt use of neuroprotective
therapy alone or in combination to reduce nerve injury will
effectively improve the prognosis of patients and reduce the
burden on society and families. Therefore, novel therapeutic
options and drug delivery systems need to be urgently
developed [9].

Researchers have established various approaches to en-
hance the transport across the BBB, thereby improving the
therapeutic efficacy of drugs in cerebrovascular diseases.
An ideal delivery system should have minimal side effects
and achieve adequate drug concentrations in the brain [10,
11]. A nanodelivery system is a promising approach for en-
hancing drug permeability across the BBB [12-14]. Recent
studies have shown that black phosphorus (BP) nanosheets
have great potential for photothermal therapy, photoacous-
tic imaging, and fluorescence imaging because of their
strong interaction with light [15-17]. The extinction coeffi-
cients, photothermal conversion efficiency, and fluores-
cence quantum yield in the near-infrared (NIR) region of
these BP nanosheets are high [18, 19]. Sun et al. revealed
that BP quantum dots (BPQDs), with an average size of
(2.6+1.8) nm, were rapidly eliminated by the kidneys,
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thereby preventing long-term toxicity [20]. Moreover, cell
experiments showed that the subminiature BPQDs had an
effective photothermal killing effect and good biocompatibil-
ity. Furthermore, Tao et al. [18] showed that BP had a drug
loading capacity of 108%, which was much higher than that
of traditional nanomaterials. BP nanosheets can achieve pre-
cise loading and controlled drug release through response to
light stimuli [21]. BP can also be degraded into phosphate,
a ubiquitous metabolite in the body [22]. Therefore, BP is a
promising material for developing drug delivery systems.
This study investigated the therapeutic effects of resve-
ratrol (RES) delivered using a BP nano-tablet delivery
system [23] in ischemic stroke. Research interest in devel-
oping RES has recently increased due to its extensive bio-
logical activities. RES exerts its therapeutic effects through
its antioxidant [24], anti-inflammatory [25], cardioprotec-
tive [26], and anticancer [27] properties. These effects of
RES have been investigated in various diseases, including
obesity, diabetes, cardiovascular diseases [28], and more re-
cently, nerve protection and regeneration [29]. For example,
RES was shown to mediate nerve regeneration and motor
repair in a rat model of sciatic nerve crush injury [30], prov-
ing its ability to ameliorate spinal cord injury [31]. How-
ever, the clinical applications of RES are limited due to its
low solubility [32], poor stability after exposure to light,
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oxygen, high temperatures, and oxidase enzymes [33], rapid
degradation in the body [34], low activity levels under vari-
ous environmental and physiological conditions [35], and
inability to be metabolized or absorbed by the body [36].

Angiopep-2 (ANG; TFFYGGSRGKRNNFKTEEY), a
novel polypeptide comprising 19 amino acids, acts as a ligand
for low-density lipoprotein receptor-related protein 1 (LRP-1)
on the blood-cerebrospinal fluid barrier (BCSFB) [37].
ANG is derived from the peptide inhibitory protein and
other Kunitz domains of human proteins [38] that can pen-
etrate the brain via endocytosis mediated by LRP-1. ANG
also shows brain-targeting characteristics [38]. Previous
studies have shown that carriers, such as liposomes [39] and
polymer nanoparticles modified by ANG [40], increase
drug permeability across the BBB. Further, Phases 1 and 2
in clinical trials revealed a higher brain intake of drugs de-
livered along with ANG [41, 42]. In summary, ANG can be
used to improve the brain-targeting ability of drugs.

In this study, uniformly-sized low-level BP was prepared
using a liquid phase stripping method. Subsequently, the BP
was modified using ANG to improve its brain-targeting
ability and loaded with RES to construct a brain-targeting
BP drug delivery system (Fig. 1). This study aimed to inves-
tigate the neuroprotective effects of RES against oxidative
damage induced by ischemia—reperfusion in mice.
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Mechanism diagram of ANG-BP-RES in treating ischemic stroke through BBB

Fig. 1 Schematics of the structure of the peptide-modified brain-targeted BP nano-tablet delivery system (ANG-BP-RES) and its mechanism of
anti-ischemic brain injury. Polypeptide-modified BP nanosheets can release drug RES in brain tissue through the blood—brain barrier (BBB) under
the action of ANG, which can inhibit the expression of caspase-3 and TNF-a in brain tissue and the release of LDH and MDA in brain cells,
thus playing a neuroprotective role and producing an anti-ischemic brain injury effect. TNF-o: tumor necrosis factor-a; LDH: lactate dehydroge-

nase; MDA: malondialdehyde; NS: nano-sheet
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2 Materials and methods
2.1 Materials

BP powder and N-methyl pyrrolidone (NMP) were pur-
chased from Nanjing Xianfeng Nanomaterials Technology
Co. (China) and Shanghai Maclean Biochemical Technol-
ogy Co. (China), respectively. RES and heparin sodium
were procured from Anhui Zesheng Technology Co.
(China). ANG (TFFYGGSRGKRNNFKTEEY) and the
fluorescent protein Cy5.5 (Cy5.5-PEG-NH2) were obtained
from Guangzhou Carbon Water Technology Co. (China).
Sodium bicarbonate (NaHCOs3) and disodium edetate
(EDTA-2Na) were from Tianjin Sheng’ao Chemical Re-
agent Co. (China). Anhydrous ethanol was from Tianjin
Windship Chemical Reagent Technology Co. (China).
Physiological saline was purchased from Sichuan Keren
Pharmaceutical Co. (China). Phosphate-buffered saline
(PBS) and the hematoxylin-eosin (H&E) staining kit were
purchased from Beijing Solaibao Technology Co. (China).
Surgical instruments and thread plugs were from Beijing
Surgno Technology Co. (China).

2.2 Synthesis of BP nanosheets

BP nanosheets were prepared using the liquid phase strip-
ping method. Briefly, 0.1 g of BP powder was thoroughly
ground in a mortar and washed using an ultrasonic cleaner
(power: 500 W) for 12 h. During the process, water was
continuously changed to ensure a low-temperature state.
The ultrasonication was continued in a cell disruptor at a
power of 500 W for 1 h. The upper layer of the static sus-
pension was centrifuged at 2000 r/min and 4 °C for 5 min.
Furthermore, the upper liquid layer was centrifuged twice
at 15000 r/min and 4 °C. Finally, the NMP was removed
and replaced with a similar volume of PBS to obtain the BP
suspension.

2.3 Synthesis of BP-ANG

To synthesize BP-ANG, 10 mg of ANG-PEG-NH; was
added to 5 mL of BP/PBS solution (200 pg/mL BP), con-
tinuously stirred for 8 h, and centrifuged at 10000 r/min for
15 min at 4 °C to remove excess ANG-PEG-NH,. After
that, the sample was washed twice with PBS, as previously
described. The residue was redissolved in PBS and stored at
4°C.

2.4 Synthesis of ANG-BP-RES
The BP-ANG solution was constantly mixed with 5 mL of

RES (2 mg/mL ethanol) at room temperature for 24 h.
Then, the mixture was centrifuged at 10000 r/min for
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15 min at 4 °C to remove any free RES. After discarding
the supernatant, the residue was washed twice with PBS.
The precipitated ANG-BP-RES was resuspended in PBS
and stored at 4 °C.

2.5 Synthesis of BP-Cy5.5 and ANG-BP-Cy5.5

Cy5.5-PEG-NH; was used to label BP and BP-ANG for
in vitro and in vivo fluorescence imaging. BP-Cy5.5 and
ANG-BP-Cy5.5 were synthesized by mixing 10 mg of
Cy5.5-PEG-NH; with 5 mL of BP or BP-ANG (200 pg/mL)
formulations, respectively. After stirring the mixture for
8 h, it was centrifuged to remove free Cy5.5-PEG-NH; and
then washed twice with PBS.

2.6 Characterization of BP preparations

The peptide-modified brain-targeted drug delivery sys-
tem, ANG-BP-RES, was characterized using a Malvin
particle size analyzer, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), ultraviolet
and visible spectrum (UV-Vis), and Fourier transform in-
frared spectroscopy (FTIR) to verify whether the BP
nanoparticles were successfully modified and loaded with
RES.

2.7 Invitrodrugrelease study

The ANG-BP-RES solution was placed into dialysis bags
(molecular weight cut off: 14 kDa) and immersed in 100 mL
PBS solutions with different pH values (pH: 5.0, 5.8, and
7.4). To determine the amount of RES released by ANG-
BP-RES, 1 mL of dialysate was collected at different time
points (the dialysis bags were rehydrated after collecting the
dialysate). NIR irradiation was performed under the same
pH conditions (pH: 5.0, 5.8, and 7.4) to study the NIR-
triggered release of RES. Before the dialysis, the solution
was irradiated with an 808-nm NIR laser with a power den-
sity of 1 W/cm? for 10 min. Then, 1 mL of dialysate outside
the dialysis bag was collected at an appropriate time point
to measure the absorbance at 306 nm.

2.8 Measurement of photothermal
performance

Various concentrations (25, 50, 100, and 200 pg/mL) of
PBS, BP, BP-ANG, and ANG-BP-RES solutions were irra-
diated with NIR (808 nm, 1 W/cmz) for 8 min. The
temperature was recorded every 10 s, and the temperature
changes for each group within the first 8§ min were com-
pared. Similarly, these preparations were irradiated
with NIR at different power densities (0.2, 0.5, 1.0, and
2.0 W/cmz) for 10 min, and the temperature was recorded
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every 10 s. The temperature changes in each group were
compared.

To further assess the photothermal performance of an
equivalent quantity of ANG-BP-RES, the BP, BP-ANG,
and ANG-BP-RES solutions were irradiated with an 808-
nm NIR laser with a power density of 1.0 W/em? for five
cycles. During each cycle, the solution was irradiated for
10 min and allowed to cool for 10 min. The maximum
temperature obtained during each cycle was compared
while the temperature variations of the BP, BP-ANG, and
ANG-BP-RES solutions were monitored.

2.9 Evaluation of in vitro cytotoxicity

Human neuroblastoma (SH-SYS5Y) cells were inoculated
into 96-well plates and cultured for 24 h at 37 °C and 5%
CO; to investigate the cytotoxicity of RES, BP, and ANG-
BP-RES. After discarding the old culture medium, 200 pL
of fresh medium was added at different concentrations (0—
200 pg/mL), and the cells were cultured for 24 h. Further, a
blank group and an NIR irradiation group were established.
Cells in the blank control group were co-cultured with PBS
solution, while those in the NIR group were irradiated with
the NIR laser (808 nm, 1 W/cm?) for 5 min before co-
culturing with different concentrations of RES, BP, ANG-
BP-RES, and ANG-BP-RES+NIR (1, 5, 10, 20, 50, 100,
150, and 200 pg/mL).

Following the co-culture, the old medium was replaced
with 200 pL of fresh medium containing 10% fetal bovine
serum. After that, 20 pL of cell counting kit-8 (CCK-8) so-
lution was added to each well, and the solution was vacu-
umed into 96-well plates and cultured in an incubator for
2 h. Subsequently, the enzyme label was added, and the ab-
sorbance was recorded at 450 nm. The blank control group
comprised CCK-8 and culture media without the cells. The
cell viability was calculated using Eq. (1):

A sample —Ablank

1l viability =
Cell viabi 1 Acontrol —Ablank

x100%, (1)
where Agample, Ablank, and Acontrol are the absorbance values
of the sample, the blank group, and the control group,
respectively.

2.10 Invitro assessment of neuroprotection

2.10.1 Determining the appropriate glutamic acid
concentration for modeling

In the model group, SH-SYS5Y cells were first cultured with
100 pL complete medium for 6 h, and then for 18 h with
different concentrations of glutamic acid (1.25, 2.5, 5, 10,
20, and 30 mmol/L). After removing the culture medium,
each well was washed with PBS three times. Then, 100 pL

culture medium containing 10% CCK-8 was added to each
well, and the plates were cultured in a 5% COz-containing
incubator at 37 °C for 2 h. Subsequently, 75 pL of solution
was drawn from each well and transferred into a 96-well
plate. The cell activity at different glutamic acid concentra-
tions was determined using an enzyme-labeled instrument.
The appropriate glutamic acid concentration was selected
for modeling.

2.10.2 Detection of activity changes in nerve cells

In the model group, SH-SYSY cells were cultured with dif-
ferent concentrations (1, 5, 10, 20, 50, and 100 pg/mL) of
RES, BP-RES, BP-RES+NIR, ANG-BP-RES, and ANG-
BP-RES+NIR, and appropriate concentrations of glutamic
acid for 18 h. Cell viability was determined using the CCK-8
assay. The cells in the ANG-BP-RES+NIR group were
stained for alive/dead assay and observed using a laser scan-
ning confocal microscope.

2.10.3 Detection of lactate dehydrogenase (LDH) and
malondialdehyde (MDA) release from nerve cells

SH-SYSY cells were co-cultured with drug solvent for 6 h
and then with 20 mmol/LL glutamic acid for 18 h (model
group). SH-SYSY cells were co-cultured with different con-
centrations (1, 5, 10, 20, 50, and 100 pg/mL of RES, BP-
RES, BP-RES+NIR, ANG-BP-RES, and ANG-BP-RES+
NIR) (administration group). After the co-culture, the re-
lease of LDH and MDA from both groups was detected us-
ing LDH enzyme-linked immunosorbent assay (ELISA)
detection kit and mouse MDA ELISA kit. The results ob-
tained in RES, BP-RES+NIR, ANG-BP-RES, and ANG-
BP-RES+NIR groups were compared in the control group
and model group, respectively, to evaluate the protective ef-
fect of ANG-BP-RES drug delivery system on nerve cells.

2.11 Invitro assessment of BBB permeability

Briefly, bEnd.3 cells were added to the upper chamber (1x
10° per well) of a Transwell plate to form a monolayer. The
in vitro BBB permeability was assessed using Cy5.5, BP-
Cy5.5, BP-Cy5.5+NIR irradiation, ANG-BP-CyS5.5, and
ANG-BP-Cy5.5+NIR irradiation. The culture medium was
replaced every other day, and the transepithelial electrical
resistance (TEER) was checked until it reached 200 Q-cm?.
The upper chamber was filled with 500 mL of Dulbecco’s
modified Eagle medium (DMEM) containing specific
preparations (equivalent to the Cy5.5 concentration) and in-
cubated for 4 h. After that, the cell monolayers were irradi-
ated with an NIR laser (808 nm, 1 W/cmz, 5 min). The
Cy5.5 content in the top chamber was measured by UV-Vis
absorbance at 678 nm, and a standard curve was plotted.
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The level of translocation in the BBB model was deter-
mined using Eq. (2):
Cb_Ca

Permeability =TX 100%, 2)

where C, and C, indicate the concentrations of Cy5.5 in the
upper chamber before and after incubation, respectively.

2.12 Animals

Six- to eight-week-old specific pathogen-free male Kun-
ming mice (weighing (25+5) g) were obtained from the
Animal Center of Xinjiang Medical University. The ani-
mals were housed under appropriate conditions for adapta-
tion with free access to food and water.

2.12.1 Hemolysis experiment

Red blood cell suspension (100 mL) was obtained from the
mice in an Eppendorf tube. The hemolysis experiment was
divided into the following five groups: positive control (wa-
ter), negative control (PBS), RES, BP, and ANG-BP-RES
groups. The concentration of RES, BP, and ANG-BP-RES
groups ranged between 0 and 200 pg/mL. The cell suspen-
sion was incubated at 37 °C for 3 h. Then, 800 pL of PBS
was added to each group, shaken thoroughly, and the super-
natant was collected. The absorbance was measured at
540 nm using an enzyme-labeled instrument. The hemoly-
sis percentage was calculated using Eq. (3):

Aes=Ane 100%, (3)

Hemolysis=
Y A pe—Anc

where Ags is the absorbance value of the experimental solu-
tion, Apc is the absorbance value of the negative control,
and Apc is the absorbance value of the positive control.

2.12.2
study

In vivo fluorescence imaging and biodistribution

The animals were randomly divided into five groups (n=3):
(1) Cy5.5+NIR; (2) BP-Cy5.5; (3) BP-Cy5.5+NIR; (4) ANG-
BP-Cy5.5; (5) ANG-BP-Cy5.5+NIR. The animals were
treated with Cy5.5 (1 mg/kg) and BP (6 mg/kg). After
30 min, all animals except those in Groups (2) and (4)
were irradiated with NIR (808 nm, 1 W/cmz, 5 min) and
subjected to fluorescence imaging at 1, 2, 3, 4, 6, 8, and
24 h following treatment. The primary organs (brain,
heart, liver, spleen, lungs, and kidneys) were harvested
and fluoroscopically examined every 6 h. The fluores-
cence intensity of Cy5.5 (a.u.) was measured using ImageJ
to show the accumulation of nanosheets in these organs,
which was then multiplied by the weight (unit: g) of each
organ.
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2.12.3 Pharmacokinetic studies

2.12.3.1 Ultra performance liquid chromatography
(UPLC) detection of resveratrol

A standard solution of RES was scanned over a wavelength
range of 200-800 nm using an ultraviolet spectrophotom-
eter to determine the maximum absorbance wavelength.
The chromatographic conditions for the mobile phase were
set as follows: acetonitrile:water=35:65; column tempera-
ture, 30 °C; sample volume, 1 pL; flow rate, 0.3 pL/min;
detection wavelength, 306 nm; column, SunFire C;g (5 pm,
150 mmx46 mm).

2.12.3.2 Standard curve of resveratrol

To evaluate the bioavailability of ANG-BP-RES, UPLC
was used to measure the drug concentration in the blood
and tissues at different time points after administration, and
its related pharmacokinetic parameters were calculated. The
stock solution of RES was prepared at 1 mg/mL concentra-
tion by accurately weighing 10 mg of RES and dissolving it
in ethanol in a 10-mL volumetric flask. Furthermore, serial
dilutions were made. The drug concentration gradient in
plasma was 0.064, 0.320, 0.960, 1.280, 1.600, 3.200, and
9.600 pg/mL, and that in tissues was 0.023, 0.092, 0.184,
0.368, 0.738, 1.480, and 2.958 pg/mL. To preserve stability,
the RES solution was prepared in the dark at room tempera-
ture. The peak area (the ordinate A as shown in Figs. S9 and
S10 in the supplementary information) of RES at various
concentrations was calculated and compared with the corre-
sponding drug concentrations in various tissues (Figs. S9
and S10 in the supplementary information) to determine the
equation for the standard curve.

2.12.3.3 Determination of blood and tissue drug
concentrations

The mice were divided into two groups: ANG-BP-RES+
NIR irradiation and RES groups. The mice in the ANG-BP-
RES+NIR group received a tail vein injection of ANG-BP-
RES at a dose of 30 mg/kg, followed by irradiation with an
808-nm NIR laser (1 W/cm?, 10 min). The RES group re-
ceived a tail vein injection of RES (dissolved in normal
saline). Plasma samples (n=6) were obtained at 0.083, 0.25,
0.5, 1,2, 4,6, 8, and 12 h following the respective treat-
ments. Further, tissue samples (n=3) were collected from
the brain, heart, liver, spleen, lungs, and kidneys at 0.25,
0.5, 1,2,4,6, 8, 12, and 24 h after drug treatment. Then,
the RES concentration in all samples was determined using
UPLC. The pharmacokinetic parameters, including (i) the
peak or maximum drug concentration of RES in plasma and
brain tissues (Cmax), (i1) elimination half-life (72), which
represents the time required for the drug concentration to
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decrease by half of the initial concentration after administra-
tion, (iii) area under the concentration—time curve of RES in
plasma or brain tissue (AUCy-s), and (iv) mean residence
time (MRTy_;), were calculated using the DAS (Drug and
Statistics) 3.0 software.

2.12.4 Invivo analysis of the anti-ischemic stroke effect
of ANG-BP-RES

2.12.4.1 Behavioral evaluation

Mouse models of transient middle cerebral artery occlusion
(MCAO) were established and divided into five groups (n=
6): the control (sham operation), model (MCAO modeling),
RES+NIR, ANG-BP-RES, and ANG-BP-RES+NIR (con-
sisting of mice administered with RES+NIR, ANG-BP-
RES, and ANG-BP-RES+NIR, respectively, after MCAO
modeling) groups. The behavioral performance of mice
was observed at 24 h after the operation and assessed ac-
cording to Longa’s [43] scoring standards. The scores
were assigned as follows: O—mice with no neurobehav-
ioral characteristics; 1—mice who could not fully extend
their left forelimb in a prone position; 2—those with left
limb paralysis who were prone to falling to the left while
walking or experienced rear-end collision; 3—mice who
were likely to fall to the left while walking or could not
stand alone and occasionally roll to one side; 4—mice with-
out any obstacles on consciousness and behavior of volun-
tary activities.

2.12.4.2 Measurement of brain water content

The mice were divided into five groups (n=6): the con-
trol, model, RES+NIR, ANG-BP-RES, and ANG-BP-
RES+NIR groups. The mice were decapitated 24 h after
the MCAO modeling and administration. Their brains
were removed and weighed before and after oven drying
at 60 °C for 24 h to obtain the wet and dry weights. The
brain water content in each group was calculated using
Eq. (4):

Brain water Content=%>< 100%, 4)
w
where Cy and Cq denote the weights (unit: mg) of the brain

tissue before and after oven drying, respectively.

2.12.4.3 2,3,5-Triphenyltetrazolium chloride (TTC)
staining

The mice were divided into five groups (n=3), control,
model, RES+NIR, ANG-BP-RES, and ANG-BP-RES+
NIR groups. Twenty-four hours after MCAO modeling and
administration, the hearts of mice were perfused with
normal saline, and the brain tissues were harvested and

dissected. The brain and heart tissues were washed and
stored in a freezer at —80 °C for 30 min. After that, the
brain tissues were evenly cut into five pieces using a cryo-
stat. Subsequently, the brain slices were soaked in 2% TTC
solution and incubated in the dark at 37 °C for 30 min, with
turning every 5 min. After incubation, the tissues were
washed using ultra-pure water and fixed with paraformalde-
hyde for 12 h. Photographs of the tissues were visualized
using the Imagel software.

2.12.44 Immunohistochemical analysis

Mice were divided into five groups (n=3): the control,
model, RES+NIR, ANG-BP-RES, and ANG-BP-RES+
NIR groups. Twenty-four hours after administration of
RES+NIR, ANG-BP-RES, and ANG-BP-RES+NIR, the
hearts of mice were perfused with normal saline, and
their brain tissues were harvested and dissected. The
brain tissues were washed, fixed in 4% paraformalde-
hyde for 24 h, dehydrated, embedded in liquid paraffin,
and then sliced. The brain tissue slices were dyed, dehy-
drated, air-dried, and then observed under a microscope.
The images were analyzed using Imagel. Furthermore,
the cumulative optical density was calculated. The
changes in the levels of caspase-3 and tumor necrosis
factor-o (TNF-a) in each group were compared to evalu-
ate the effect of the BP nanosheets in reducing ischemic
brain injury.

2.13 H&E staining

Male mice were randomly allocated into four groups (n=6):
the control, RES, ANG-BP-RES, and ANG-BP-RES+NIR
groups. All groups except the control group received daily
tail vein injections of 30 mg/kg RES and ANG-BP-RES at
regular intervals. The control group received a tail vein in-
jection of the same volume of PBS. The mice were weighed
daily before drug administration, and the changes in weight
were compared among the groups. The rats were euthanized
after continuous administration of the drugs for one week.
Then, the hearts of mice were perfused with normal saline.
The tissues from the organs were anatomically separated,
fixed, embedded in paraffin, cut into slices, dewaxed,
stained with H&E, and examined under an optical
microscope.

2,14 Statistical analysis

Statistical analysis was performed using SPSS 24.0 soft-
ware. The data were reported as mean+standard deviation.
The independent samples ¢-test was used for comparison be-
tween the two groups. A p-value of <0.05 was considered
statistically significant.
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3 Results and discussion

3.1 Characterization of BP nanosheet
preparation

In this study, a drug delivery system consisting of BP nano-
tablets modified by a polypeptide ANG and loaded with the
therapeutic drug RES was synthesized. This system was
characterized using several experiments to confirm its suc-
cessful preparation. First, the particle size and potential
changes of the prepared samples were measured using a
Malvin particle size analyzer. The results revealed that
the sizes of the BP, polypeptide-modified BP-ANG, and
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drug-loaded ANG-BP-RES nanosheets were (125.249.2),
(200.6+8.5), and (238.4+5.8) nm, respectively (Fig. 2a).
The zeta potential of the BP, BP-ANG, and ANG-BP-RES
nanosheets was (=13.83+0.96), (-17.80+0.54), and
(-21.23+0.37) mV, respectively (Fig. 2b). In contrast with
pure BP nanosheets, the particle size measured by Malvin
particle size analyzer was higher due to the stacking polym-
erization of ANG-BP-RES after drug loading, as did the
electrostatic repulsion between the particles. Subse-
quently, SEM and TEM analysis of the BP nanosheets re-
vealed a layered structure with an average size of approxi-
mately 200 nm (Figs. 2c and 2f). After modification and
drug loading, the size increased slightly due to the drug

e '&m,w
& e =
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P (0] \|

200 nm 200 nm
P _ N
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P N
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Fig. 2 Characterization of nanosheets. Particle size (a) and potential (b) distributions of BP, BP-ANG, and ANG-BP-RES nanosheets. SEM images
of BP (c) and ANG-BP-RES (d, e) nanosheets. TEM diagrams of BP (f) and ANG-BP-RES (g, h). UV full-wavelength scanning images (i) and in-
frared spectrograms (j) of BP, BP-ANG, and ANG-BP-RES. (k) Scanning transmission electron microscopy (STEM) images of BP, BP-ANG,
ANG-BP-RES, and their P, O, and N element mapping. Data are expressed as meanzstandard deviation (n=3), ~"P<0.01, “*P<0.005 vs. BP
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loaded between the lamellae of BP nano-tablets. The lamel-
lar structure of the drug remained unchanged before and af-
ter modification and drug loading (Figs. 2d, 2e, 2g, and 2h;
Fig. S1 in the supplementary information). UV-Vis analysis
revealed the characteristic peaks of ANG and RES in ANG-
BP-RES at 201.6 and 306 nm, respectively (Fig. 2i). The
FTIR results revealed that the characteristic peak of the
C=0 stretching vibration of ANG-BP-RES improved at
1650 cm™! and the absorption bands at 1538 and 1045 cm™
are assigned to the N-H bending vibration and the C-O
stretching vibration, respectively (Fig. 2j). These results
confirm that BP was successfully modified by ANG and
loaded with RES.

Eventually, scanning transmission electron microscopy
(STEM) energy spectrum analysis technology was em-
ployed to evaluate the distribution of P, O, and N elements
in ANG-BP-RES. The results revealed that the BP surface
has no surface coating and contains overlapping P and O
elements, hence confirming its preparation (Fig. 2k; Fig. S2a
in the supplementary information). After polypeptide modi-
fication, P was found to be covered by O in BP-ANG
(Fig. 2k; Fig. S2b in the supplementary information), con-
firming the successful modification of BP by ANG. In
ANG-BP-RES (Fig. 2k; Fig. S2c in the supplementary in-
formation), the bright region (P) was covered by more dark
regions, indicating the increased coverage area of O on P.
Further, the area of P in the O region of ANG-BP-RES was
larger than that of BP, confirming the successful prepara-
tion of the BP-ANG shell—core structure.

3.2 Characterization of the photothermal
performance

Further, we evaluated the UV absorption properties of BP,
BP-ANG, and ANG-BP-RES. The findings showed that the
changes in absorbance (Figs. 3a and 3d; Fig. S3a in the
supplementary information) were minimal after modifica-
tion with peptides and drug loading, but increased over
time. This enables easy oxidation of BP since its surface is
not coated in chemicals (Fig. 3a). After ANG modification,
which slows oxidation and improves the stability of prepara-
tion, the shell-core structure was developed. Therefore, the
addition of ANG and RES might significantly reduce the
decline in absorption value (Fig. 3d), indicating improved
stability of ANG-BP-RES compared to BP.

The BP, BP-ANG, and ANG-BP-RES preparations were
irradiated with an 808-nm NIR laser for 10 min to evaluate
their photothermal performance. The temperatures of these
preparations increased throughout the irradiation process,
reaching peaks of 40.0, 41.0, and 42.6 °C for BP, BP-ANG,
and ANG-BP-RES, respectively, in the first irradiation
cycle (Figs. 3b and 3e; Fig. S3b in the supplementary infor-
mation). The change in peak temperature was recorded after

five repetitions of the photoexcitation (PT) cycle (laser on/
off). After five PT cycles, we found that the peak tempera-
ture of BP, BP-ANG, and ANG-BP-RES decreased from
40.0 to 38.8 °C (Fig. 3b), 41.0 to 40.0 °C (Fig. S3b in the
supplementary information), and 42.6 to 42.4 °C (Fig. 3e),
respectively. The solutions were scanned at 200-800 nm be-
fore and after five cycles of NIR irradiation. Figures 3c and
3f respectively show the UV full-wavelength scanning re-
sults of BP and ANG-BP-RES before and after PT irradia-
tion. It can be seen that the results of UV full-wavelength
scanning of BP after PT irradiation are quite different,
while the overall trend of ANG-BP-RES has not changed.
These results confirm that ANG modification significantly
enhances the photostability of BP nanosheets by minimiz-
ing absorbance degradation. In contrast, the photothermal
performance of ANG-modified BP and its stability im-
proved. At 37 °C, both the photothermal stability and ab-
sorption of ANG-BP-RES were higher, indicating that its
therapeutic benefits might last in the body for long periods.

The highest in vitro drug release from ANG-BP-RES
was achieved at pH=5.8, with a release rate of (52.8+
1.24)% within 24 h (Fig. S5 in the supplementary informa-
tion). In the NIR irradiation group (Fig. 31), the release rate
of ANG-BP-RES was (85.64+3.08)% at pH=5.8 within
24 h. These results confirm that NIR irradiation can stimu-
late ANG-BP-RES to release RES, and this drug release abil-
ity can be further improved at pH=5.8. Additionally, we re-
corded temperature changes of BP, BP-ANG, and ANG-BP-
RES at different powers and concentrations within 10 min.
The results showed that BP possessed excellent photother-
mal properties based on time, concentration, and laser
power (Figs. 3g-3i). Similarly, BP-ANG and ANG-BP-RES
showed good photothermal performances, which are also
dependent on time, concentration, and laser power (Figs. 3j
and 3k; Fig. S4 in the supplementary information).

3.3 Evaluation of neuroprotective effect
in vitro

After co-culturing SH-SYSY cells with different concentra-
tions of RES, BP, ANG-BP-RES, and ANG-BP-RES+NIR,
the CCK-8 assay was performed to evaluate the cellular ac-
tivity. The results revealed that, even at a high drug concen-
tration (200 pg/mL), the cellular activity of each group was
above 75%, confirming its safety (Fig. 4a).

Then, SH-SYSY cells were co-cultured with different
concentrations of glutamic acid (1.25, 2.5, 5, 10, 20, and
30 mmol/L) to explore the suitable concentration of glu-
tamic acid for modeling. Then, the CCK-8 assay was per-
formed. The findings revealed that in the presence of
20 mmol/L glutamic acid, the cell activity was 33.04%,
which was the best modeling concentration (Fig. S6 in the
supplementary information). Glutamate-treated SH-SYS5Y
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Fig. 3 Photothermal performance evaluation of ANG-BP-RES. The following parameters are shown for BP and ANG-BP-RES: (a, d) their
stability in PBS; (b, e) photothermal on/off cycles; (c, f) photothermal stability; and in vitro temperature curves at (g, j) different concentrations,
(h, k) different powers, and (i) different groups after irradiation with an 808-nm NIR laser at a power density of 1.0 W/cm? for 10 min. (1) In vitro
release results of ANG-BP-RES after NIR irradiation. Data are expressed as mean+standard deviation (n=6)

cells were mixed with RES, BP-RES, BP-RES+NIR,
ANG-BP-RES, and ANG-BP-RES+NIR at different con-
centrations (1, 5, 10, 20, 50, and 100 pg/mL). In the
ANG-BP-RES+NIR group, cells exhibited extensive apop-
tosis after modeling (Fig. 4b). However, this apoptotic ef-
fect showed dose-dependent attenuation with increasing
concentrations of ANG-BP-RES (Fig. 4e). Notably, at higher
concentrations (50 and 100 pg/mL), apoptotic cells were
scarcely observed. These findings demonstrate that ANG-
BP-RES combined with NIR irradiation effectively protects
neural cells from apoptosis.
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Cerebral vascular disorders pose a significant human
health challenge due to their complex pathophysiology that
is closely associated with oxygen-free radicals, increased
excitatory amino acid release, intracellular calcium excess,
and other factors [44]. Studies have shown that free radicals
cause ischemic brain damage [45]. After cerebral ischemia,
cell membrane permeability increases, which, in addition to
decreasing the extravasation and activity of LDH in brain
tissues, causes a large influx of calcium ions, resulting in in-
tracellular calcium overload. Besides directly damaging
neurons, it can activate enzymatic reactions, promote free
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radical production, and damage membrane lipids via per-
oxidation, hence exacerbating cell damage [45]. Lipid per-
oxidation comprises a series of free radical reactions on
unsaturated fatty acids, which causes brain tissue damage
through acute cerebral ischemia [46]. Cui et al. [47] discov-
ered that the free radical levels and MDA content increased
in the brains of rats 6 h after cerebral ischemia was induced.
This was apparent 12—24 h after the operation before decreas-
ing. The MDA levels immediately increased 2 min after cere-
bral ischemia, indicating that the free radical levels also in-
creased shortly after ischemia and hypoxia, promoting lipid

skk seokokok

P<0.005, P<0.001

peroxidation. In summary, the release of LDH and MDA
from nerve cells is an important index to evaluate brain
tissue damage. Therefore, we assessed the protective effect
of ANG-BP-RES on nerve cells by detecting the changes in
LDH and MDA release in nerve cells.

The model group included SH-SYSY cells treated with
various concentrations of RES, BP-RES+NIR, ANG-BP-
RES, and ANG-BP-RES+NIR (1, 5, 10, 20, 50, and
100 pg/mL). The results revealed that the LDH and MDA
release was significantly elevated in the model group, but
was suppressed after administration (Figs. 4c and 4d). The
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capacity of the ANG-BP-RES+NIR group to suppress
LDH and MDA release was substantially higher than that
of other groups. Previous studies also indicated that the
peptide-modified brain-focused drug delivery system ANG-
BP-RES can mitigate the effects of ischemic brain damage
by preventing LDH and MDA release from cells.

3.4 Invitro evaluation of BBB permeability

The BBB is important for preventing drugs from entering
the brain [48]. However, regulatory chemicals can be trans-
ported from the blood across the BBB and BCSFB into the
brain. However, due to the inadequate number of channels
and significantly reduced surface area, BCSFB has a less
significant impact on the material exchange between the
brain and blood [49]. Several cell types, including endothe-
lial and peripheral cells, and astrocytes work synergisti-
cally to regulate the permeability of the BBB. A combina-
tion of a tight connection, an adhesive connection, and the
polarity of the top lobe and cavity surface constitute the
gating characteristics of BBB [50, 51]. Therefore, most neu-
roprotective drugs cannot cross the BBB due to their unique
properties, making it difficult to treat nervous system
diseases.

Herein, a Transwell assay was used to model the BBB to
examine the permeability of ANG-BP-RES, a peptide-
modified brain-targeted drug delivery system across the
BBB. In this system, the bEnd.3 cell line is commonly used
to test whether a drug delivery system can cross the BBB in
vitro. The experiment was divided into four groups (n=3):
(1) Cy5.5, (2) BP-Cy5.5+NIR, (3) ANG-BP-Cy5.5, and (4)
ANG-BP-Cy5.5+NIR. Groups (2) and (4) were irradiated
with an NIR laser at 1 W/cm? (808 nm, 5 min). The results
revealed that the permeability of Group (2) was (14.34+
1.08)%, which was 1.11 times higher than that of Group (1)
after 4 h of culture. The permeability of Group (4) reached
(32.47+4.63)%, which was 2.26 times that of Group (3)
(Fig. 5e). These findings indicate that this ANG-modified
BP nano-tablet drug delivery system can improve the per-
meability of the BBB, which was further enhanced after
NIR laser irradiation.

3.5 Invivo fluorescence imaging

The ability of the designed drug delivery system to induce
hemolysis was evaluated before the in vivo investigations.
The results revealed that ANG-BP-Cy5.5 induced minor he-
molysis (5%), making it suitable for intravenous administra-
tion (Fig. S7 in the supplementary information). The differ-
ence between BBB permeability and BP nanosheet brain-
targeting was examined using the fluorescent labeling
method to assess the in vivo brain-targeting capacity of the
BP nanosheets. The mice were divided into five groups (n=
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6): (1) free Cy5.5+NIR, (2) BP-Cy5.5, (3) BP-Cy5.5+NIR,
(4) ANG-BP-Cy5.5, and (5) ANG-BP-Cy5.5+NIR. After
tail vein administration, all animals were subjected to
fluorescence imaging at different time points. No fluores-
cence was detected in the brains of mice in Group (1)
(Fig. 5a; Fig. S8 in the supplementary information).

The fluorescence peaked at 6 h after tail vein injection in
the brain tissue. Subsequently, the mice were dissected 6 h
after injection to examine the fluorescence intensity of each
tissue (Fig. 5b). ANG-modified BP exhibited significantly
higher BBB permeability and brain-targeting ability than
that of other groups. Statistical analysis of the fluorescence
intensity of each tissue revealed that NIR irradiation further
improved its brain-targeting (Figs. Sc and 5d). Additionally,
the fluorescence intensity levels were lower in the heart and
spleen tissues than those in the lung, kidney, and liver tis-
sues. This shows that BP nano-preparation can be readily
captured by related organs of the reticuloendothelial system
before kidney elimination.

3.6 Pharmacokinetic analysis in vivo

Pharmacokinetic analysis was conducted to evaluate the
in vivo performance of ANG-BP-RES. Using the estab-
lished resveratrol plasma standard curve (Fig. S9 in the
supplementary information), we systematically measured
resveratrol plasma concentrations at predetermined time in-
tervals following administration across all experimental
groups. The plasma concentration—time curve showed that
the Cmax value of the RES group was (5.414+0.951) pg/mL
after administration, while that of the ANG-BP-RES+NIR
group was 1.85 times that of the RES group, at (10.037+
1.027) pg/mL (Fig. 6a; Table S1 in the supplementary infor-
mation). The T, of the ANG-BP-RES+NIR group in-
creased to (2.378+0.123) h, which was 1.09 times that of
the RES group. In addition, AUC(_; and MRT(_; of the
ANG-BP-RES+NIR group were 2.23 times and 1.14 times
those of the RES group, respectively. The changes in the
above plasma concentration parameters confirmed that BP
nanosheets were successfully modified by the brain-
targeted peptide ANG, and the bioavailability of RES was
significantly enhanced under NIR irradiation-induced photo-
thermal effects.

Subsequently, based on the resveratrol standard curve for
each tissue (Fig. S10 in the supplementary information), we
quantified the changes in resveratrol concentration across
different tissues at various time points post-administration.
Following intravenous injection, the drug concentration—
time profile in brain tissue was determined (Fig. 6b), and
the corresponding pharmacokinetic parameters were calcu-
lated (Table S2 in the supplementary information). The
drug concentration reached the peak in the RES group
((0.040+0.003) pg/g) 4 h after administration, while in the
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ANG-BP-RES+NIR group, it peaked 6 h after administra-
tion ((0.061+0.002) pg/g). The Cmax of the ANG-BP-RES+
NIR group was approximately 1.53 times that of the RES
group. Further, the 7, of the ANG-BP-RES+NIR group
increased to (3.114+0.364) h, which was 1.11 times that of
the RES group. The AUC(_; and MRT(; of the ANG-BP-
RES+NIR group were 2.10 times and 1.27 times those of
the RES group, respectively. These pharmacokinetic changes
in the brain tissues confirmed that BP nanosheets were
modified by the brain-targeting polypeptide ANG. Under
the photothermal effect of NIR irradiation, more ANG-BP-
RES might enter the brain through the BBB, further enhanc-
ing the therapeutic effect.

Furthermore, the concentration—time curves of other
main tissues were detected (Figs. 6c—6g). The concentration
in the heart, liver, spleen, and lung of the ANG-BP-RES+
NIR group was significantly higher than that of the RES
group, while the concentration in the kidney was lower than
that of the RES group. After BP nanosheets were modified
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by the brain-targeting polypeptide ANG and loaded with
drugs, the drug distribution changed in the body due to the
brain-targeting ability and nano-size of the preparation. The
concentration in the kidney tissues in the RES group was
higher than that in the ANG-BP-RES+NIR group, which
may be because BP nano-preparation was easily captured
by related organs in the reticuloendothelial system before re-
nal elimination, resulting in a decrease in its content in the
kidney tissues.

3.7 Evaluation of anti-ischemic brain injury
in vivo

To assess the anti-ischemic stroke effect, the behavior,
brain water content, and cerebral infarct area of rats in each
group were compared 24 h after drug administration. The
behavioral score showed that compared with the blank
group, the behavior of the model group indicated clear neu-
rological abnormalities 24 h after the operation (Fig. 7a).
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Although the mice in the RES and ANG-BP-RES groups
still exhibited symptoms of neurobehavioral disorders, these
symptoms improved in the RES group compared with the
model group. Further, these symptoms were significantly al-
leviated in the ANG-BP-RES+NIR group. The brain water
content in the blank group was (77.03+£1.25)%, while that
in the ischemic brain tissues of the model group was
(81.67+0.94)%, showing a significant increase 24 h after
the operation (Fig. 7b). Compared with the model group,
the brain water content of the mice in each group was sig-
nificantly reduced, and was (77.72+1.22)% in the ANG-BP-
RES+NIR group, indicating a significantly higher therapeu-
tic effect than that of the other drug groups. The results of

the cerebral infarct area showed that after 24 h of MCAO
reperfusion in mice, the ischemic brain tissue of the model
group had obvious infarction, and the infarct area was
approximately (47.50+1.43)% (Figs. 7c and 7d). Compared
with the model group, the infarct area of mice in each group
was reduced after modeling and administration. The infarct
area of the ANG-BP-RES+NIR group was (15.67+1.58)%,
which was significantly smaller than that of other adminis-
tration groups.

The cytokine TNF-a has several biological functions [52].
It can activate neutrophils to kill pathogenic microorgan-
isms, stimulate monocytes and other cells to produce other
cytokines, such as interleukin (IL)-1 and IL-6, and activate
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B lymphocytes to produce antibodies, which significantly
improves immune suppression, enhancing and protecting
autoimmune function [53]. The TNF-a levels are low in
normal brain tissues to maintain the growth, differentiation,
development, and function of nervous tissues [54]. During
ischemic brain injury, the TNF-a produced by astrocytes,
microglia, and nerve cells can enhance the permeability of
endothelial cells and increase the adhesion function of neu-
trophils, monocytes, and lymphocytes to the surface of vas-
cular endothelial cells, thus changing the permeability of
the BBB and promoting inflammatory cells to enter the ner-
vous tissues [55, 56]. Particularly, TNF-a can enhance its
expression and adhesion to inflammatory cells by increas-
ing the effect of tissue factors and platelet-activating factors
on adhesion receptor molecules [57]. Caspase-3, belonging
to the IL-1P converting enzyme (ICE) family, is a protease
involved in cellular apoptosis [58]. Recently, caspase-3 was
found to be involved in the pathological process of neuronal
injury after cerebral ischemia, establishing its role in cere-
bral ischemia [59]. Accumulating evidence has shown that
caspase-3 is also involved in several biological processes
other than apoptosis [60]. A previous study found that the ex-
pression of caspase-3 in neonatal neural precursor cells in the
subventricular zone of the hippocampus and dentate gyrus in-
creased significantly during recovery from stroke [61]. Al-
though caspase-3 is widely co-located with newly generated
neural stem cells, it shows no signs of apoptosis. Neural pre-
cursor cells were extracted from the subventricular zone
and dentate gyrus of the hippocampus in ischemic mice and
cultured in vitro. The results showed that caspase-3 limited
the self-renewal ability of neural precursor cells but it did
not participate in apoptosis. Subsequent investigations re-
vealed that inhibiting the activity of caspase-3 can enhance
the proliferation and migration of neural precursor cells in
the subventricular zone via suppression of Akt phosphoryla-
tion. This, in turn, leads to increased conversion of newborn
neural stem cells into neurons and restoration of neurologi-
cal function following a stroke. These findings indicate that
caspase-3 is the key molecule that limits the regeneration of
nerves in the brain after a stroke. Overall, this study sought
to investigate the changes in TNF-a and caspase-3 to evalu-
ate the therapeutic effect of ANG-BP-RES on ischemic
brain injury in vivo.

After 24 h of administration, the mice were perfused and
dissected. The changes in caspase-3 and TNF-« in the brain
tissues of each group were detected using immunohisto-
chemistry. The results showed that the average optical den-
sity of TNF-a and caspase-3 in the blank group was 0.152+
0.006 and 0.230+0.002, respectively, while these values in-
creased to 0.252+0.017 and 0.371+0.009, respectively,
after modeling (Figs. 7e—7g; Table S3 in the supplementary
information). After administration, the expression of
caspase-3 and TNF-o was significantly inhibited. In the
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ANG-BP-RES+NIR group, the inhibition of caspase-3 and
TNF-a expression was significantly higher than that of
other groups. In this group, the average optical density of
TNF-a and caspase-3 decreased to 0.156+0.002 and 0.247+
0.005, respectively. These results established that the
peptide-modified brain-targeted BP nano-tablet delivery
system can inhibit caspase-3 and TNF-a expression, exert-
ing an anti-ischemic brain damage effect.

3.8 H&E staining

A nano-drug delivery system, whose diameter ranges be-
tween 1 and 1000 nm, can help deliver targeted drugs to dif-
ferent organisms [62]. Approximately 12000 articles have
been published in the last decade about nano-drug delivery
systems. These studies showed that evaluating the biologi-
cal safety of these systems is crucial before their clinical ap-
plication [63]. The aforementioned experiments confirmed
that this peptide-modified brain-targeted drug delivery
system (ANG-BP-RES) has low cytotoxicity and a slight
hemolytic effect. Therefore, we evaluated the short-term
tissue toxicity of ANG-BP-RES using H&E staining to
verify whether it is worthy of further exploration.

To investigate the tissue toxicity of each component at
the highest dosage, the biological safety of RES, ANG-BP-
RES, and ANG-BP-RES+NIR after continuous injection of
the maximum dosage for one week was investigated. The
results showed that although the maximum dose of PBS,
RES, ANG-BP-RES, and ANG-BP-RES+NIR was injected
daily for one week, there was no obvious inflammatory re-
action in the main tissues of mice (Fig. 8). Additionally, the
mice in each group did not exhibit any weight loss within
one week after continuous administration (Fig. S11 in the
supplementary information). These results suggest that the
drugs in each group have no obvious tissue toxicity.

4 Conclusions

In summary, ANG-BP-RES, a peptide-modified BP
nanoparticle-based brain-targeted drug delivery system was
developed, which can effectively deliver drugs into the
brain through the BBB. It has the advantages of small vol-
ume, high stability, good photothermal effect, and brain-
targeting capability. In vitro and in vivo experiments dem-
onstrated that ANG-BP-RES can inhibit the release of LDH
and MDA in nerve cells. It can also suppress caspase-3 and
TNF-a expression in brain tissues to ameliorate ischemic
brain damage, significantly improving the behavioral disor-
der caused by cerebral ischemia in mice, and reducing the
degree of brain edema and cerebral infarction. Furthermore,
due to its high biocompatibility, it is a promising option for
future clinical applications. Considering the more extensive
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Fig. 8 H&E staining results showing the effect of RES, ANG-BP-RES, and ANG-BP-RES+NIR on various tissues one week after continuous

administration (scale bar: 100 pm)

application of laser technology in various medical fields,
we believe that this new approach of controlled and
brain-targeted release of drugs using BP nanosheets is ideal
for treating and preventing ischemic stroke. This prepara-
tion can also be used as a general carrier for loading drugs
to treat other diseases, making it a new strategy for treating
other brain diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2400176.
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