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Purpose: Ischemic stroke is a refractory disease wherein the reperfusion injury caused by sudden restoration of blood supply is the
main cause of increased mortality and disability. However, current therapeutic strategies for the inflammatory response induced by
cerebral ischemia-reperfusion (I/R) injury are unsatisfactory. This study aimed to develop a functional nanoparticle (MM/ANPs)
comprising apelin-13 (APNs) encapsulated in macrophage membranes (MM) modified with distearoyl phosphatidylethanolamine-
polyethylene glycol-RVG29 (DSPE-PEG-RV(G29) to achieve targeted therapy against ischemic stroke.

Methods: MM were extracted from RAW264.7. PLGA was dissolved in dichloromethane, while Apelin-13 was dissolved in water,
and CY5.5 was dissolved in dichloromethane. The precipitate was washed twice with ultrapure water and then resuspended in 10 mL
to obtain an aqueous solution of PLGA nanoparticles. Subsequently, the cell membrane was evenly dispersed homogeneously and
mixed with PLGA-COOH at a mass ratio of 1:1 for the hybrid ultrasound. DSPE-PEG-RVG29 was added and incubated for 1 h to
obtain MM/ANPs.

Results: In this study, we developed a functional nanoparticle delivery system (MM/ANPs) that utilizes macrophage membranes
coated with DSPE-PEG-RVG29 peptide to efficiently deliver Apelin-13 to inflammatory areas using ischemic stroke therapy. MM/
ANPs effectively cross the blood-brain barrier and selectively accumulate in ischemic and inflamed areas. In a mouse I/R injury model,
these nanoparticles significantly improved neurological scores and reduced infarct volume. Apelin-13 is gradually released from the
MM/ANPs, inhibiting NLRP3 inflammasome assembly by enhancing sirtuin 3 (SIRT3) activity, which suppresses the inflammatory
response and pyroptosis. The positive regulation of SIRT3 further inhibits the NLRP3-mediated inflammation, showing the clinical
potential of these nanoparticles for ischemic stroke treatment. The biocompatibility and safety of MM/ANPs were confirmed through
in vitro cytotoxicity tests, blood-brain barrier permeability tests, biosafety evaluations, and blood compatibility studies.
Conclusion: MM/ANPs offer a highly promising approach to achieve ischemic stroke-targeted therapy inhibiting NLRP3 inflamma-
some-mediated pyroptosis.
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Introduction
Ischemic stroke is a significant global public health concern because of its high morbidity, mortality, and disability

rates.' Ischemic stroke occurs when the blood flow to the brain is blocked, leading to a lack of oxygen and nutrients.
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However, when blood flow is restored through reperfusion therapy, a new set of pathological processes known as

ischemia-reperfusion (I/R) injury can occur.* This phenomenon occurs due to the oxidative stress and inflammation that

arise from the reintroduction of oxygen to the ischemic tissue.™® Despite extensive research, stroke has no ideal

alternative treatments, highlighting the urgent need for effective and innovative therapeutic agents.

The shorter active form of apelin, known as apelin-13 (APN), exhibits potent anti-oxidative, anti-apoptotic, and anti-

inflammatory properties via its interaction with the APJ receptor.” ° APN holds significance in diverse physiological
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processes, is present in many tissues and body fluids, and targets different cellular pathways. Studies have demonstrated
the neuroprotective effect of APN on cerebral ischemia-reperfusion (I/R) injury and its ability to mitigate disruption of
the blood—brain barrier (BBB).'? Studies have shown that APN prevents lipopolysaccharide-induced acute lung injury by
inhibiting the NF-«kB pathway and NLRP3 inflammasome activation.'' The APN/APJ system attenuates early brain
injury by suppressing endoplasmic reticulum stress-associated thioredoxin-interacting protein/NLRP3 inflammasome
activation and adenosine monophosphate-activated protein kinase-dependent oxidative stress after subarachnoid hemor-
rhage in rats.'> Nevertheless, the molecular weight of APN (1550.83 g/mol) is greater than that of other neurological
drugs and thus cannot pass through the BBB.'® Studies have revealed that APN does not access an inflammation site
through the BBB, thus failing to maximize its function in rescuing brain injury. Nanomaterial delivery systems can
address some of these challenges, enhance APN’s targeting to inflammation sites in cerebral ischemic injury, and enhance
its in vivo bioavailability.'*'?

Macrophages play a vital role as cellular effectors in inflammation and tissue repair processes, and they possess an
innate ability to migrate towards sites of inflammation.'®'” Macrophage membrane (MM)-camouflaged nanoparticles
have been extensively studied.'®'® Due to the strong intrinsic affinity and targeted delivery efficiency of MM under
various inflammatory conditions, they are a preferred camouflage object for many biomimetic nanomaterial delivery
systems.” Recent research has discovered that manganese dioxide nanoparticles, camouflaged as macrophages, exhibit
neuroprotective effects in acute ischemic stroke. These nanoparticles effectively reduce oxidative stress and modulate the
inflammatory microenvironment, thereby promoting the overall protection of neural tissue.”' Anghelache et al reported
that MM-encapsulated nanoparticles are reliable targeted nanomedicine for treating atherosclerotic inflammation.*
RVG29, a brain-targeting peptide, can modify various carriers to carry bulky substances across the BBB by encapsula-
tion, thereby promoting drug accumulation in the brain.”> RVG29 carries a peptide of RVG29 residues, is derived from
the rabies virus, and can mimic the transient pathway of the rabies virus across the BBB.** It binds specifically to the
nicotinic acetylcholine receptor (nAChR), which is widely present on the surface of neurons and capillary endothelial
cells, allowing RVG29 to cross the BBB efficiently through nAChR-mediated endocytosis.*”> The application of RVG29
demonstrated that brain-targeted drug delivery and drug-carrier modification are safe strategies.”® RVG29-modified drug
carriers act as trans-BBB drug delivery systems for neurological disorders and exhibit a safe and more selective pathway
via nAChR-mediated transcytosis.”” RVG29, polyethylene glycol (PEG) with hydrophilic properties, and distearoyl
phosphatidylethanolamine (DSPE) were coupled to synthesize DSPE-PEG-RVG29.

Given the advantages of MM for targeting an inflammation site and RVG29 for penetrating the BBB, the study
hypothesized that DSPE-PEG-RVG29-targeted, MM-encapsulated APN-loaded poly-lactic-co-glycolic acid-carboxylic
acid (PLGA-COOH) nanoparticles (MM/ANPs) could maintain local drug concentrations for targeted ischemic stroke
therapy, thus inhibiting brain I/R injury. APN was added into PLGA-COOH to form an aqueous solution of APN-PLGA-
COOH nanoparticles. PLGA has been approved by the US Food and Drug Administration and has good biodegradability
and biocompatibility.”® The nanomaterials loaded with the PLGA-APN were camouflaged with MM, modifying the
surface of MM with DSPE-PEG-RVG29. The neuroprotective effects of APN, the inflammatory chemotaxis of MM, and
the brain injury-targeting effects of DSPE-PEG-RVG29 were integrated into a single strategy. We then intravenously
administered these nanoparticles and evaluated their ability to cross the BBB and target sites of inflammation. In
addition, we further evaluated the targeted delivery and release of APN with the aim of enriching APN delivery to the
ischemic site. Finally, we explore the possible targets and pathways of MM/ANPs to achieve precise targeted therapy of
ischemic stroke.

Materials and Methods

Materials

APN was purchased from MCE (Shanghai, China). PLGA-COOH, DSPE-PEG-RVG29, and CY5.5 were purchased from
Ruixi Biological Technology (Xi’an, China). The RAW264.7 cells was purchased from the Haixing Biosciences (Jiangsu,
China). Triphenyltetrazolium chloride (TTC) was purchased from Sigma-Aldrich (St. Louis, MO). MCC950 was
purchased from MCE (Shanghai, China).
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Preparation of MM/ANPs

PLGA was dissolved in dichloromethane, APN was dissolved in water, and CY5.5 was dissolved in dichloromethane.
The three were mixed and sonicated for 1 min before adding polyvinyl alcohol aqueous solution and sonicated again for
1 min. The mixture was stirred for 1 h to remove the dichloromethane and centrifuged at 4000 rpm for 5-10 min to
remove the supernatant. The precipitate was washed twice with ultrapure water and resuspended in 10 mL to obtain an
aqueous solution of PLGA nanoparticles. Subsequently, the cell membrane was dispersed homogeneously and mixed
with PLGA-CCOH at a mass ratio of 1:1 for the hybrid ultrasound. DSPE-PEG-RVG29 was added and incubated for 1
h to obtain MM/ANPs. Cy5.5 was linked to the surface of MM/ANPs for tracing. The nanoparticles were stored at —20°C
for use.

MM Preparation

MM were extracted from RAW264.7 using a membrane protein extraction kit (Beyotime, Jiangsu, China). The kit
instructions were strictly followed to obtain MM. The MM concentration was determined by the bicinchoninic acid
(BCA) protein assay. The MM vesicles were stored at —80°C for subsequent use.

Nanoparticle Characterization

A transmission electron microscope (TEM; Hitachi, Tokyo, Japan) was utilized for observing the morphology of the
MM/ANPs and determining their particle size, polydispersity index (PDI), and zeta potential. The particle size, PDI, and
zeta potential measurements were conducted using a particle sizer and zeta potential analyzer (NanoBook 90Plus PALS;
Brookhaven, Holtsville).

Drug-Loading Efficiency and Encapsulation Efficiency of the Nanoparticles
Fluorescence intensity and high-performance liquid chromatography were used to determine the quantity of APN in MM/
ANPs. The drug-loading efficiency (LE) and encapsulation efficiency (EE) were calculated as shown in Equations 1 and 2:

LE(%) = — Weight ofAP].V in lyophili.zed pow.d.er < 100% 0
Weight of PLGA + weight ofAPN in lyophilized powder

Weight of ANP in lyophilized powder

EE(%) =
(%) Weight of added ANP

x 100% 2

In vitro Release of Nanoparticles

The release rate of APN from MM/ANPs was determined in vitro using the dialysis method. A 2-mg/mL solution of
MM/ANPs was placed inside a disposable dialysis bag (molecular weight: 3.5 kDa; Thermo Fisher Scientific, Waltham,
MA). The release medium used was phosphate-buffered saline (PBS) with a pH of 7.4. The dialysis bag was immersed in
a funnel containing 10 mL PBS and turned with agitation at 37°C. Three sets of individual samples were analyzed per
sample; 1 mL of the release medium was collected for analysis at different timepoints, followed by the addition of 1 mL
of the release medium at 1, 2, 5, 7, 10, 25, and 50 h. We removed 1 mL at a time, replenished it with 1 mL of fresh
release medium, and then determined the APN release profile.

Animal Model

All animal procedures were performed in accordance with the NIH Guide for Care and Use of Laboratory Animals and
was approved by the Animal Care and Use Committee of Shandong Second Medical University (approval
no. 2021SDLA481). Ethical guidelines were followed to ensure the humane treatment of animals, and the experiments
complied with the Laboratory animals—General code of animal welfare. Male C57BL/6 mice weighing 20-25 g and
aged 6-8 weeks were used in the study. These mice were obtained from the Animal Center of Shandong Second Medical
University (Weifang, China) and were housed in a controlled environment with a 12-h light/dark cycle. They had free
access to food and water throughout the experiment. Prior to the surgical procedures, the mice were randomly assigned to
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three groups: sham, middle cerebral artery occlusion and reperfusion (MCAO/R), and MM/ANPs experimental groups.
The mice were anesthetized with 1.5% isoflurane and a midline incision was made at the neck. The right common
external and internal carotid arteries were isolated sequentially. A silicone-coated nylon monofilament was carefully
inserted into the internal carotid artery to induce occlusion. After 60 min of occlusion, the nylon monofilament was
gently removed to restore blood supply, causing ischemia-reperfusion injury. The incision was then closed, and the mice
were placed on an insulating blanket and closely monitored until they regained consciousness. In the MM/ANPs group,
mice received an intravenous injection of a diluted MM/ANPs solution (making the dose of Apelin-13,100 ug/kg)
immediately after the successful modeling of ischemia for 1 h. The MCAO/R and sham groups received an equal volume
of saline (0.9% NaCl) injection instead.

Y-Maze Test

The Y-maze was used to test the spontaneous alternation phenomenon in mice. The Y-maze apparatus had three arms (10
x 40x16 cm) of equal size and length, angled 120° to each other, intersecting in a Y-shape. Before the start of the formal
experiment, the mice were acclimatized to the Y-maze for 2 days; they were allowed to freely familiarize themselves with
all arms for 10 min each day. During the testing phase, the mice were placed at the start of arm A and the gate of arm
C was closed, allowing them to explore freely in arms A and B for only 10 min. After 10 min, the official test starts by
opening the gate of the novel arm (arm C) and letting the mice explore freely in the three arms for 10 min. The entire
experiment was conducted under dim light conditions (50 1x). The number of consecutive times the mice entered arms A,
B, and C in a 10-min period is called an alternation. The total number of repetitions was recorded, and the alternation
percentage was calculated.

Targeting Capability of MM/ANPs In vivo

Brain targeting of nanoparticles was assessed in the mice using an in vivo imaging system (IVIS) (PE IVIS Spectrum;
Perkin Elmer, Waltham, MA). Briefly, sham and MCAO/R mice were injected with saline (0.9% NaCl) via the tail vein;
MM/ANPs mice were injected with the same volume of MM/ANPs via the tail vein. Brain tissues were exposed to the
IVIS for fluorescence measurements 1, 6, and 24 h after drug administration (n = 6 per group). The excitation and
emission wavelengths were 680 and 710 nm, respectively.

Laser Speckle Contrast Imaging

A laser speckle contrast imaging (LSCI) system (RWD, Shenzhen, China) was used to evaluate cerebral blood flow
changes. Mice were anesthetized with 2% isoflurane, and their heads were fixed on a brain stereotactic apparatus (RWD).
The skull was exposed through a midline skin incision on the head. Cerebral blood flow was recorded continuously for 5
min for each mouse.

In vitro Hemolysis Test
Red blood cells isolated from mouse blood were used for hemolysis evaluation by diluting 1 mL of mouse blood with
1.25 mL of NaCl solution (0.9%, w/v) to obtain a whole blood sample; 0.1 mL was obtained and added to the MM/ANPs
solution (5 mL, 2 mg/mL). A solution of red blood cells in 0.9% NaCl served as the negative control, while a solution of
red blood cells in an equal volume of double-distilled water was used as the positive control. The mixtures were
incubated at 37°C for 1 h and subsequently centrifuged at 3000 rpm for 10 min. The supernatant’s optical density (OD)
was then measured at 540 nm using a microplate reader (Thermo Fisher Scientific Multiskan FC) to quantify the
hemoglobin released from the lysed red blood cells. The hemolysis percentage was calculated based on the OD values
measured for each group using Equation 3:

Hemolysis percentage = [(Sample OD — negative control OD)/(Positive control OD — negative control OD)] x100% (3).

Cell Culture and Treatment Protocol
HT22 cells were purchased from Pricella (Wuhan, China). The BV2 and bEnd.3 cell lines were purchased from Haixing
Biosciences (Jiangsu, China). They were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco Laboratories,
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Waltham, MA) supplemented with 10% fetal bovine serum (Tianhang Biotechnology, Zhejiang, China), 1% penicillin,
and streptomycin. The cells were cultured in a constant temperature, humidity, and aseptic incubator at 37°C with 90%
room air and 10% CO,. The medium was replaced every 2—3 days. When the cell density reached approximately 80%,
the cells were digested with 0.05% trypsin and seeded to other plates for subsequent experiments. To establish an
oxygen—glucose deprivation model of HT22 cells, the HT22 cells were cultured in a hypoxic environment of 5% CO,,
0.5% 0O,, and 94.5% N, in glucose-free DMEM (Biosharp, Beijing, China) for 8 h and then reoxygenated for 6 h in
a normal environment after replacement with normal medium. Cells in the control group were cultured under normal
conditions.

In vitro Safety Evaluation

The in vitro cytotoxicity of MM/ANPs was evaluated in HT22, BV2, and bEnd.3 cells using standard methyl thiazole
tetrazolium (MTT) assays. Cells in the logarithmic growth phase were collected by digestion and seeded in 96 wells.
After 24 h of normal incubation, the medium was replaced with fresh medium containing MM/ANPs (0.1, 0.5, 1, 3, and 5
uM) according to the group. Cell viability was tested using the MTT kit after 24 h of incubation. Absorbance was
measured at 450 nm using a microplate reader.

Pathological Staining

Paraffin sections were routinely deparaffinized and hydrated for 0.6% hematoxylin and 1% eosin (H&E) staining
(Solarbio, Beijing, China) or Nissl staining (Solarbio). The main organs of mice were removed, fixed with 4%
paraformaldehyde, then embedded in paraffin for tissue sectioning. The sections were stained with H&E and observed
under a microscope for pathological changes in each group of vital organs.

BBB Assessment in vitro

We used the Transwell system to study the permeability of MM/ANPs through the BBB in vitro. The bEnd.3 cells were
seeded in the upper chambers (0.4 um; Corning, Corning, NY) with 3x10° cells and incubated for 5 days until the upper
compartment cells grew and fused into a monolayer. Free MM/ANPs were added to the upper compartment for 12 h, and
the lower-chamber DMEM was collected and assessed for fluorescent expression using the IVIS.

Western Blotting

After euthanizing the mice with 1.5% isoflurane anesthesia, the right infarcted brain tissue was collected, lysed with
RIPA buffer (1:10, RIPA Lysis Buffer, Solarbio, Beijing, China), and thoroughly homogenized. Protein concentration
was determined using the BCA method. Antibody labeling at the end of gel electrophoresis of each group of proteins.
The primary antibodies used were specific for NLRP3, N-terminus of gasdermin D (GSDMD-N), Caspase-1, Cleaved
caspase-1, ASC, interleukin IL-1p, and pro-IL-1f (all 1:1000; CST, Boston, MA, USA). In addition, IL-18, pro-IL-18
(both 1:1000; Affinity, Jiangsu, China), and APJ (1:1000; Proteintech, Wuhan, China) were also used. Anti-tubulin
(1:4000; Proteintech) was used as a reference standard for protein loading. We then incubated the protein strip in the
secondary antibody dilution at room temperature and analyzed using an Amersham ImageQuant 800 system (Cytiva,
Marlborough, MA).

Immunofluorescence Staining

The mice were sacrificed under heavy anesthesia 24 h after MCAO/R, and the tissues were perfused, collected, fixed,
dehydrated, and sliced according to conventional methods. The coronal sections were boiled in an all-purpose powerful
antigen retrieval solution (Beyotime) and then blocked with 10% goat serum for 20 min. The sections were incubated
overnight at 4°C with primary antibodies caspase-1 and ASC (ABclonal, Wuhan, China), GSDMD (Proteintech), and IL-
1B (Affinity). The membranes were incubated with a secondary antibody (Proteintech). We then incubated the sections
with the corresponding secondary antibodies for 1 h at 37°C, after which the sections were incubated with 4',6-diami-
dino-2-phenylindole (DAPI) for 10 min at room temperature. Images were captured at 400x magnification.
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Blood Test and Enzyme-Linked Immunosorbent Assay

The collected mouse sera were subjected to blood biochemical analysis using a biochemical analyzer (BS-240VET;
Mindray, Shenzhen, China). The IL-18, IL-1B, IL-6, and tumor necrosis factor alpha (TNF-a) levels in mouse serum
were measured using enzyme-linked immunosorbent assay (ELISA) kits (J&L Biological, Shanghai, China).

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad, USA). Independent two-sample t-tests and
one-way ANOVA were used for group comparisons. When ANOVA indicated significance, Tukey’s post hoc test was
applied for pairwise comparisons. Statistical significance was defined as, *p < 0.05, **p < 0.01, and ***p < 0.001,
**#%p <0.0001. Data are presented as mean + standard deviation (SD).

Results
Rational Design and in situ Synthesis of Nanoparticle Preparation and

Characterization of MM/ANPs
This study rationally designed and synthesized MM-coated nanoparticles consisting mainly of PLGA-COOH and DSPE-
PEG-RVG29 to enhance BBB penetration by APN for targeting in ischemic stroke (Graphical Abstract).

MM/ANPs were constructed sequentially by (1) preparation of APN, (2) isolation of MM, (3) camouflage of APN
with MM (Supplementary Figure 1), and (4) targeting peptides DSPE-PEG-RVG29 to MM (Figure 1A).
A nanoprecipitation method was used to prepare the MM/ANPs. The drug LE of APN was 6.2%, and the EE was
64% (Figure 1B), showing that APN was effectively encapsulated into the nanoparticles. The hydrodynamic diameter of
the MM/ANPs was 187 nm. Zeta potential analysis showed a PDI of 0.19 and a zeta potential of —24.02 mV for the MM/
ANPs (Figure 1C).

The cloaking of APN with MM was confirmed through TEM. As shown in Figure 1D, the MM/ANPs presented
a clear core—shell structure. Drug-release experiments showed small leakage of APN; MM/ANPs sustainably release
encapsulated APN in PBS (pH 7.4) at 37°C. The long-term, stable release of APN from MM/ANPs suggests that they are
suitable for sustained release (Figure 1E). Additionally, the samples were further characterized using ultraviolet-visible

spectroscopy (UV-Vis) and fluorescence spectroscopy. The changes in the absorption peak positions and intensities in the
UV-Vis plots indicated the sample composition varied little during the reaction, and the samples had good stability
(Figure 1F). The fluorescence excitation and emission peaks were at 673 nm and 712 nm, respectively, with the greatest
visible peak around the fluorescence wavelength of 710 nm, indicating successful CYS5.5 wrapping (Figure 1G). These
results confirm the successful synthesis of MM/ANPs.

Vitro Cytotoxicity and BBB Permeability

The in vitro cytotoxicity of the MM-coated nanoparticles and their ability to penetrate the BBB were evaluated. The
cytotoxicity of MM/ANPs in HT22, BV2, and bEnd.3 cells were examined using the MTT assay. The MM/ANPs were
diluted to different concentrations with DMEM and then co-incubated with the above three cell types for 24 h. No
significant alterations in cell viability were observed when compared to the control group (Figure 2A-C). The MM/ANPs
exhibited better cytocompatibility. To study the penetration capability of MM/ANPs into the BBB, a Transwell model
was used to simulate the in vitro BBB (Figure 2D). As shown in Figure 2E, MM/ANPs crossed the BBB in vitro. Based
on this result, normal C57BL/6 mice were imaged using the IVIS at different timepoints after injecting MM/ANPs into
the tail vein; fluorescence was visible in the mice brains, demonstrating that nanoparticles can be transmitted through the
BBB in vivo (Figure 2F). These results suggest that MM-coated nanoparticles can pass through the endothelial cells of
the BBB, laying the groundwork for subsequent in vivo experiments.

Targeting Ability of MM/ANPs in Cerebral I/R Injury

The neuroprotective effects of nanoparticles in mice were investigated using an IVIS to confirm the targeting of
nanoparticles in the mouse brain. The fluorescent dye CY5.5 was encapsulated during nanoparticle preparation to
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Figure | Preparation of MM/ANPs. (A) MM/ANPs are synthesized using an APN-PLGA-COOH polymer and DSPE-PEG-RVG29 targeting peptide-modified macrophage
membranes under hybrid ultrasound. (B) Drug LE and EE of MM/ANPs (n = 3). (C) Representative transmission electron microscopy images of MM/ANPs. (D)
Hydrodynamic size, PDI, and zeta potentials of MM/ANPs (n = 3). (E) In vitro drug release profile of MM/ANPs in phosphate-buffered saline at 37°C (n = 6). (F) UV-Vis
spectra of MM/ANPs. (G) Fluorescence measurement curves of MM/ANPs.

facilitate nanoparticle tracking in mice. First, an MCAO/R mouse model was prepared by blocking the middle cerebral
artery.”” MM/ANPs were injected into the tail vein of the MM/ANPs groups after MCAO/R; an equal amount of saline
(0.9% NaCl) was injected into the tail vein of the sham group and MCAO/R group. In vivo imaging of brain tissue was
performed using the IVIS at 1, 6, and 24 h post-injection. As shown in Figure 3A, no fluorescence was observed in the
sham and MCAO/R groups at any time. In contrast, the MM/ANPs group showed obvious fluorescence enrichment
concentrated on the ischemic side of the brain (Figure 3B,C). This result indicates that nanoparticles of MM-encapsulated
brain-targeting peptides can penetrate the damaged BBB to achieve targeted therapeutic effects.

MM/ANPs Alleviate Cerebral I/R Injury

In vivo experiments were designed using the MCAO/R model, prepared after all mice were divided randomly into three
groups. Cerebral blood flow was monitored with LSCI after preparation to evaluate the success of the model preparation
(Figure 4A). The cerebral infarct volume was assessed by TTC staining (Figure 4B). As shown in Figure 4C, the cerebral
infarct volume was significantly reduced in the MM/ANPs group compared to the MCAO/R group. The therapeutic effects of
MM/ANPs were also investigated using H&E staining and Nissl staining. Notably, cells in the ischemic region of the MCAO/
R group showed significant changes in cell morphology: cell volume shrank and cells were sparsely distributed. In contrast,
the cell morphology of the MM/ANPs and sham groups were similar. The Nissl staining showed that the number of Nissl
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Figure 2 In vitro cytotoxicity and blood-brain barrier penetration. (A-C) No significant change was observed in Bend.3, BV2, or HT22 cell viability after 24-hour incubation
with different concentrations of MM/ANPs. (D) Schematic of the Transwell model for assessing the permeability of MM-coated nanoparticles through endothelial cells. (E)
Representative images showing the fluorescence content of different concentrations of MM/ANPs in the lower chamber culture solution using an IVIS. (F) IVIS images of the
brains of normal C57BL/6 mice at different timepoints after tail vein injection of MM/ANPs. Values are expressed as the mean * standard error of the mean (n = 3). There
was no statistical difference between the control group and any of the other groups in graphs A, B, and C, as determined by Tukey’s post hoc test.

bodies was significantly reduced and lighter in color in the MCAO/R group; rescue by MM/ANPs increased the number and
volume of Nissl bodies, consistent with previous findings (Figure 4D). At 24 h reperfusion after MCAO, the degree of brain
edema in the mice was examined using the wet—dry method. The brain water content was significantly greater in the MCAO/
R group than in the sham group; however, a significant improvement was found in the MM/ANPs group (Figure 4E). The
neurological deficit score showed significant improvement in the MM/ANPs group (Figure 4F). In the Y-maze test, the
number of alternations between the three arms was significantly decreased in the MCAO/R group compared to the sham
group. Compared to the MCAO/R group, mice in the MM/ANPs group showed significant improvement in exploration and
cognitive abilities. These results indicated that the spatial learning and memory abilities of the MM/ANPs group were
significantly improved, and the degree of neurological deficits was decreased (Figure 4G and H). After 3 days of reperfusion,
the decreasing of bodyweight in mice compared with MCAO/R group was attenuated with additional MM/ANPs treatment
(Figure 4I). The co-staining assay of the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) and DAPI
co-staining assay in brain sections of MCAO mice revealed that brain tissue apoptosis was significant in the MCAO/R group,
with a significantly higher number of apoptosis-positive cells. In contrast, significantly fewer apoptotic cells were observed in
the MM/ANPs group compared with the MCAO/R group (Figure 4J,K). This finding suggests that treatment with MM/ANPs
effectively prevented the onset of apoptosis and inhibited neuronal damage, thereby reducing further damage induced by
stroke. These results indicate that MM/ANPs have protective efficacy in the MCAO/R mouse model.

MM/ANPs Inhibit Inflammation and Pyroptosis Induced by Cerebral I/R Injury

Ischemic stroke occurs with a series of inflammatory responses.*®*' MCAO/R can lead to the assembly and activation of
the NLRP3 inflammasome.’>*® Therefore, the changes in NLRP3 and its downstream inflammasome proteins and
pyroptosis markers were investigated in mouse brain tissues. Western blotting showed that MCAO/R significantly
activated NLRP3, the junction protein ASC, and the pyroptosis markers caspase-1 and GSDMD-N and upregulated
the release of inflammatory factors. MM/ANPs significantly reversed the upregulation of each protein in the NLRP3

International Journal of Nanomedicine 2024:19 hetps: 9183
Dove:


https://www.dovepress.com
https://www.dovepress.com

Ma et al Dove

El Sham CJ MCAO/R EE MM/ANPs

A B % %k %k %k % %k %k %k % %k %k %k
l1h 6h 24 h *okokok ook ok *ok ok ok
Max 1.5%107- — — —
-~
-
< 1%1074
Sham <
=y
w
S 5%10°-
-
=
=
0_
1h 6h 24h
MCAO/R C BN Sham 3 MCAO/R EE MM/ANPs
» _ * kKK ks ok *okokk
g *kok ok *okok K *ok kK
5 5q il ol x
-
3
®  4-
=~
s &
Q o= 37
-
224
s &
. 5 14
Min E
‘® 0-
= 1h 6h 24h

Figure 3 Brain in vivo imaging after tail vein injection of MM/ANPs in MCAO/R model mice. (A) Representative in vivo images of mice in sham, MCAO, and MM/ANPs
groups were recorded at the indicated timepoints after immediate tail vein injection of MM/ANPs in MCAO, showing significant accumulation of MM/ANPs in the ischemic
region (n = 3). (B) Quantitative analysis of fluorescence intensity in the cerebral ischemic region at different timepoints in each group (n = 3). (C) Fluorescence intensity
ratio of MCAO/contralateral hemisphere in each group of mice. MM/ANPs, macrophage membrane-encapsulated apelin-13-bound nanoparticle; MCAO/R, middle cerebral
artery occlusion/reperfusion. Statistical significance was determined by one-way analysis of variance (Tukey’s multiple comparison test), ****p <0.0001.

pathway; IL-1P and IL-18, which are associated with pyroptosis, were significantly downregulated. In the MM/ANPs
group, the GSDMD-N, a major effector of pyroptosis, was significantly downregulated (Figure 5A and C-J). Thus,
NLRP3-induced pyroptosis was determined to be a major cell death pathway regulated by MM/ANPs in brain I/R injury.
The investigation of the changes in the protein levels of APJ, the receptor for APN, showed that it was significantly
downregulated in the MCAO/R group compared to the sham group; however, rescue of MM/ANPs dramatically
upregulated the APJ levels (Figure 5B and K). These results suggest that MM/ANPs can reach inflammation sites in
MCAO/R mice and release APN and that this salvage effect is achieved by APN binding to the increased levels of APJ.
TUNEL and caspase-1 double-staining suggested that the number of caspase-1-positive cells in the penumbra area
increased 1 day after MCAO/R compared to that in the sham group and that MM/ANPs treatment significantly inhibited
further apoptosis and caspase-1 activation in neuronal cells (Figure 6A). Caspase-1 activity in HT-22 cells was
significantly elevated in the OGD/R group, and MM/ANPs rescue inhibited the activation of caspase-1 (Figure 6B).
Cerebral I/R injury promotes the assembly and activation of NLRP3, triggering pyroptosis.>* The therapeutic mechanism
of MM/ANPs was investigated using immunofluorescence staining for NeuN/caspase-1, NeuN/GSDMD, ASC/caspase-1,
and NeuN/IL-1B colocalization in the penumbra area. Similar to the Western blot results, the APN-loaded nanoparticles
significantly reduced caspase-1, GSDMD, ASC, and IL-1B-positive cells in the penumbra area (Figure 6C—F).
Immunofluorescence staining was performed to detect microglia in ischemic brain tissue.*>*® Compared with the sham
group, the number of microglia was significantly increased on the ipsilateral side of MCAO/R mice; MM/ANPs sig-
nificantly reduced pro-inflammatory microglial activation (Figure 7A). This phenomenon was verified by an ELISA with
mouse sera. Pro-inflammatory cytokines, including TNF-a and interleukins IL-1f3, IL-18, and IL-6, were significantly
upregulated 24 h after I/R injury in the MCAO/R group. In contrast, the pro-inflammatory cytokines in the MM/ANP-
treated group showed different degrees of downregulation and were similar to those in the sham group (Figure 7B-E).
Mitochondrial ultrastructure was observed using TEM. Mitochondrial morphology and integrity were normal in the sham
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Figure 4 In vivo evaluation of the therapeutic effect of MM/ANPs in MCAO/R mice. (A) Laser speckle contrast imaging of cerebral blood flow in mice of different treatment
groups (n = 3). (B) TTC staining and (C) infarct volume of mouse brain in different treatment groups (n = 6). (D) Representative micrographs of H&E staining and Nissl
staining of brain tissues of different treatment groups. (E) Cerebral edema content based on the ratio of dry weight to wet weight 24 hours after MCAQO. (F) Neurological
deficit score (n = 6). (G) Trajectory line graph and trajectory heat map of the Y maze. (H) The percentage of spontaneous exploration of novelty in each group of mice was
measured using a Y-maze test (n = 6). (I) The bodyweight changes of mice 3 days after different treatments (n = 5). (J) Representative images and (K) Quantification of
TUNEL staining in different groups. Values are expressed as the mean * standard error of the mean. Statistical significance was determined by one-way analysis of variance
(Tukey’s multiple comparison test), with **p < 0.01, and ***p < 0.001, ***p <0.0001.
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Figure 5 Changes in brain tissue protein levels in the NLRP3 pathway and APJ in mice from different treatment groups. Representative bands of the Western blot (A-B) and
quantitative analysis of NLRP3 (C), GSDMD-N (D), caspase-| (E), cleaved caspase-| (F), pro-IL-1B (G), IL-1B (H), IL-18 (I), ASC (J), and AP] (K) normalized to tubulin.
Values are expressed as the mean * standard error of the mean. Statistical analyses were performed using one-way analysis of variance (Tukey’s multiple comparison test).
Statistical significance is indicated by *p < 0.05, **p < 0.0, and ***p < 0.001, ****p <0.0001.

group; in contrast, marked mitochondrial swelling, low matrix electron density, and absence of mitochondrial cristae was
observed in the MCAO/R group. However, MM/ANPs treatment restored the mitochondrial cristae and matrix electron
density and thus improved mitochondrial morphology (Figure 7F). These results verified that treatment with MM/ANPs
could manifest neuroprotective effects in treating ischemic stroke by reducing NLRP3 inflammasome pathway activation.

MM/ANPs Positively Regulate SIRT3 to Inhibit NLRP3-Mediated Inflammatory

Responses

We hypothesized that MM/ANPs may inhibit NLRP3-mediated inflammatory response by regulating SIRT3. Western
blot results confirmed that SIRT3 levels decreased in the MCAO/R group compared to the sham group, but treatment
with MM/ANPs significantly upregulated SIRT3 levels. Additionally, the results showed that the NLRP3 inhibitor
(MCC950) did not affect the protective effects of MM/ANPs after MCAO/R, suggesting that SIRT3 acts upstream of
the NLRP3 signaling pathway (Figure 8A—C).
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Figure 6 MM/ANPs reduced the number of pyroptosis cells. (A) The spatial patterns between pyroptosis and apoptosis are shown by TUNEL staining (red) and caspase-|
double staining (green). (B) Detection of caspase-| activity in HT22 cells after oxygen—glucose deprivation injury by colorimetric assay. (C-F) Immunofluorescence staining
for NeuN/caspase- |, NeuN/GSDMD, NeuN/IL- 18, and NeuN/ASC (NeuN-green and GSDMD/caspase-|/IL- |1 B/ASC-red) colocalization showed the neuronal cell pyroptosis
in the infarcted area. Scale bar = 50 um. Values are expressed as the mean * standard error of the mean. Statistical significance was determined by one-way analysis of
variance (Tukey’s multiple comparison test), with ***p <0.0001.

To further verify whether MM/ANPs exert their inhibitory effects on the NLRP3 pathway through SIRT3, we used transgenic
Sirt3-knockout mice to further argue this point. As shown by Western blot, MM/ANPs significantly inhibited the activation of
NLRP3 in the brain tissue of MCAO/R mice, but MM/ANPs did not inhibit the activation of inflammasome in Sirt3-knockout
mice after MCAO/R injury, and the difference was statistically significant (Figure 8D-H). Meanwhile, immunofiuorescence also
demonstrated that the number of SIRT3-positive cells was significantly reduced in the MCAO/R group compared with the sham
group, but treatment with MM/ANPs significantly increased the number of SIRT3-positive cells (Figure 8I). This again suggests
that MM/ANPs can inhibit the activation of inflammasome in cerebral I/R injury and that the inhibitory effect is exerted at least
through SIRT3.
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Figure 7 Treatment with MM/ANPs reduces caspase-l and microglia activation and inflammatory factors production in the brain tissue of MCAO/R in mice. (A)
Representative immunofluorescence images of microglia showed a decrease in the number of microglia in the MM/ANPs group compared to the MCAO/R model. (B-E)
ELISA shows that MM/ANPs significantly reduced the release of inflammatory factors relative to the MCAOI/R group. (F) Ultrastructural changes were examined using
transmission electron microscopy. Representative microphotographs showing mitochondria in different groups. High magnification images from the cropped rectangle are
shown in the lower panel. Arrows indicate varying mitochondrial sizes, whereas arrowheads show mitochondrial swelling and disarrayed cristae. Scale bar = | ym. Values are
expressed as the mean * standard error of the mean. Statistical analyses were performed using one-way analysis of variance (Tukey’s multiple comparison test). Statistical
significance is indicated by ***p <0.0001.

Biosafety Assessment and Blood Compatibility Studies

To assess biosafety and explore the potential side effects of MM/ANPs nanoparticle treatment, an in vitro hemolysis test was
performed with MM/ANPs. Hemocompatibility is an important safety indicator for biomaterials, especially those in direct
contact with blood.>”** As shown in Figure 9A and 9B, MM/ANPs showed no obvious hemolysis in the blood in vitro; their OD
values were not significantly different from those of the negative control group, confirming good biocompatibility. The mice’s
heart, liver, spleen, lung, and kidney were collected 24 h after drug injection for tissue sectioning and H&E staining. No
significant change was found in the organs of the different treatment groups, indicating that MM/ANPs did not cause significant
damage to the organs, as shown in Figure 9C. Blood samples were collected for serum chemistry analyses related to liver and
kidney function. The levels of aspartate aminotransferase, alanine aminotransferase, urea nitrogen, and creatinine were normal in
all groups, suggesting that liver and kidney function were not affected by MM/ANPs treatment (Figure 9D-G). Overall, no
significant side effect or immunotoxicity was observed after treatment with MM/ANPs, suggesting that MM/ANPs are safe for
treating ischemic stroke in mice.

Discussion

Ischemic stroke, a leading cause of disability and mortality globally, is primarily driven by cerebral I/R injury,
characterized by a cascade of pathological events post-blood flow restoration.’® The rapid reinstatement of circulation,
while essential for tissue salvage, paradoxically initiates oxidative stress, inflammatory response, and cellular death
mechanisms, notably pyroptosis. Current therapeutic modalities, primarily thrombolytic agents, offer limited windows of
opportunity and fail to address the ensuing inflammatory onslaught, underlining the imperative for novel intervention
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Figure 9 In vivo safety and blood compatibility studies of MM/ANPs. (A) Hemolysis tests using MM/ANPs. (B) The absorbance of MM/ANPs measured at 540 nm (n = 6).
(C) Representative images of H&E staining of vital organs from different treatment groups. All micrographs are acquired at 200x magnification. (D-G) Biochemical markers
relevant to hepatic and kidney function (n = 6). MM/ANP, macrophage membrane-encapsulated apelin-13-bound nanoparticle. Values are expressed as the mean * standard
error of the mean. Statistical significance was determined by one-way analysis of variance (Tukey’s multiple comparison test), with ***p <0.0001.

strategies. The application of targeted nanoparticles in the treatment of ischemic stroke has shown significant therapeutic
potential. A recent study successfully developed multifunctional ORD@SHp@ANG nanoparticles that effectively
scavenge ROS, protect neurons, and reduce cerebral infarction in ischemic stroke models.*® Another recent study
developed a ceria nanoenzymes synergistic drug-carrying nanosystem targeting mitochondria, providing a promising
strategy for ischemic stroke treatment.*' The study introduces a novel therapeutic strategy using functional nanoparticles,
specifically MM/ANPs, modified with DSPE-PEG-RVG29. These nanoparticles are engineered to traverse the BBB
efficiently, targeting inflammation-inflicted sites in the brain. The design leverages the natural tendency of MM for
inflammatory chemotaxis and the enhanced endocytic capabilities provided by DSPE-PEG-RVG29 modification, facil-
itating targeted delivery to the ischemic brain areas.

These nanoparticles ingeniously exploit the inherent inflammatory chemotaxis of MM and are refined with DSPE-
PEG-RVG29 to enhance BBB penetration and site-specific drug delivery.**** APN, a SIRT3 modulator, is pivotal in
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mitigating the NLRP3 inflammasome-mediated inflammatory cascade and pyroptotic cell death.** Once at the target site,
the controlled release of APN from MM/ANPs plays a crucial role in modulating the pathological process. APN, through
its influence on the SIRT3 pathway, inhibits the assembly and activation of the NLRP3 inflammasome, thus attenuating
the inflammatory response and pyroptosis. These molecular effects are pivotal in preventing the cascade of cellular
events that lead to extensive neuronal damage and loss. The strategic encapsulation within MM not only ensures
a sustained release but also accentuates the therapeutic potency of APN within the neural microenvironment. We have
shown the proficiency of MM/ANPs in traversing the BBB, congregating at injury epicenters, and sequentially dischar-
ging APN to attenuate inflammatory and pyroptotic sequelae. In mouse models of I/R injury, these nanoparticles have
demonstrated a significant amelioration in neural functionality and a decrement in infarct volume, indicative of their
potential to transform stroke outcome paradigms. These findings underscore the therapeutic potential of this nanoparticle
system in specifically targeting and ameliorating the effects of ischemic stroke.

Although the initial results are promising, translating these findings into clinical practice involves overcoming several
challenges. The specificity and efficiency of targeting, long-term stability and release kinetics of APN, potential
immunogenicity of the nanoparticle components, and the scalability of nanoparticle synthesis are critical factors that
need to be addressed. Furthermore, exploring the modulatory effects of APN on other neuroprotective pathways could
unveil additional therapeutic dimensions. Additionally, long-term safety and efficacy studies, pharmacokinetics, and
pharmacodynamics assessments are essential to ensure that these nanoparticles can be safely and effectively used in
human patients.

Conclusion

In this study, we developed a functional nanoparticle (MM/ANPs) delivery system using MM wrapped with DSPE-PEG-
RVG29 peptide to efficiently deliver APN to inflammatory regions for treatment of ischemic stroke. MM/ANPs actively
cross the BBB and target in ischemic—inflammatory regions. This APN-based nanoscale delivery system coated with MM
offers a highly promising approach to achieve ischemic stroke-targeted therapy inhibiting NLRP3 inflammasome-
mediated pyroptosis. The functional nanoparticles strategy in this study provides the possibility for precise targeted
treatment of ischemic stroke.
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