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Background: In the microenvironment of atherosclerosis (AS), low-density lipoprotein (LDL) accumulates in injured endothelial
areas and undergoes oxidation, thereby generating oxidized LDL (ox-LDL). The formation of ox-LDL, in turn, not only amplifies
endothelial cell (EC) dysfunction but also triggers macrophage polarization into the pro-inflammatory M1 phenotype. This cascade
results in increased inflammatory cytokine secretion and exacerbated lipid accumulation. Therefore, a dual-targeting strategy aimed at
both ECs and macrophages to inhibit the vicious circle between inflammation and lipids is a promising avenue for AS treatment.
Methods: Simvastatin (SIM)-loaded nanomicelles (PLA-PEG/SIM) were prepared using the thin-film hydration method. Then,
platelet membrane (PM) was coated the nanomicelles via sonication to obtain PM@PLA-PEG/SIM dual-targeting biomimetic
nanoparticles. The morphological features of the nanoparticles were assessed by transmission electron microscopy (TEM).
Cytotoxicity was evaluated using the CCK-8 assay and live/dead cell staining. Their targeting ability toward ECs and macrophages
was assessed by flow cytometry and confocal laser scanning microscopy (CLSM). The biosafety, targeting ability, and therapeutic
efficacy of PM@PLA-PEG/SIM against AS were further validated in ApoE~~ mouse models.

Results: PM@PLA-PEG/SIM effectively reduced the drug toxicity of SIM, exhibiting good biocompatibility. In vitro, cell experiment
results showed that the nanoparticles inhibited foam cell formation, decreased interleukin-6 (IL-6) expression, and increased inter-
leukin-4 (IL-4) and interleukin-10 (IL-10) expression by promoting macrophage repolarization. In vivo, results indicated that the
formulation demonstrated excellent plaque-targeting ability. More importantly, the plaque area and lipid levels in the PM@PLA-PEG
/SIM group were lowest, and plaques were most stable, showing its best therapeutic efficiency.

Conclusion: PM@PLA-PEG/SIM alleviated progression of AS by co-targeting ECs and macrophages to inhibit the vicious cycle between
inflammation and lipids. Our study provides a new strategy for the treatment of the disease by the co-targeting biomimetic nanoparticle.
Keywords: co-targeting, biomimetic nanoparticles, atherosclerosis, endothelial cells, macrophages

Introduction

Atherosclerosis (AS) is a lipid driven chronic inflammatory disease,' and its pathogenesis is fundamentally associated with
dysregulated lipid homeostasis and persistent inflammatory responses.> AS initiates with the damage of endothelial cells (ECs),
which promotes the accumulation of low-density lipoprotein (LDL) particles within the subendothelial space. Furthermore, LDL
particles undergo oxidative modification, forming oxidized LDL (ox-LDL),** which is then internalized by damaged ECs to form
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foam cells,’® further exacerbating the inflammatory response.”” Inflammatory factors secreted by ECs induce polarization of
macrophages into M1 type,'® which then engulf ox-LDL and transform into foam cells. The cascade of inflammatory mediators
released by these cells, amplify ECs injury,'""' further exacerbating endothelial damage and plaque destabilization.'*'> This
reciprocal crosstalk between ECs and macrophages creates a vicious cycle that drives the disease progression, making the two cell
types as the central therapeutic targets. Consequently, a strategy capable of co-targeting both ECs and macrophages to disrupt this
self-sustaining loop represents a promising and innovative direction in AS treatment.

Simvastatin (SIM), a representative therapeutic agent for AS, not only exerts lipid-lowering effects but also demonstrates
significant anti-inflammatory properties.'® However, its clinical application is limited by side effects such as abnormal liver
function, cognitive impairment, and poor targeting ability.'” Nanotechnology offers a promising solution to these challenges.
Various nanoparticles, including dendritic polymers, liposomes, and micelles, have been employed in AS treatment to
enhance therapeutic efficacy and reduce adverse effects. Among these, polymer micelles are widely used due to their ease of
preparation, prolonged retention time, and excellent biocompatibility.'® Both polylactic acid (PLA) and polyethylene glycol
(PEG) are biocompatible biomaterials commonly used as the hydrophobic and hydrophilic segments of micelles,

19

respectively,~ so PLA-PEG could be an ideal nanocarrier that self-assembling with SIM to micelles. Nevertheless,

exogenous nanoparticles face rapid systemic clearance and short circulation time.”® To overcome this, endogenous nano-
particles have been developed as a promising strategy to extend circulation time and evade immune clearance.'*

In recent years, cell membrane-coated nanoparticles have garnered significant attention due to their ability to prolong
circulation time, reduce immunogenicity, and enhance targeted delivery, thereby improving therapeutic outcomes.?*** Hu
et al designed erythrocyte membrane-coated nanoparticles to achieve prolonged circulation. Although these nanoparticles
exhibited a significantly extended half-life, their lack of active targeting capability hindered broader application.”> Our
group designed platelet membrane (PM)-coated curcumin nanocrystals for targeting delivery to injured ECs and
macrophages in myocardial ischemic regions. This strategy significantly alleviated myocardial ischemia-reperfusion
injury by suppressing inflammation and promoting angiogenesis.”® Similarly, at vascular injury sites of AS, platelets
(PLTs) are activated, which could adhere to ECs via interactions between their GPIIb/IIla and endothelial ICAM-1.27°
Furthermore, as a lipid bilayer with the platelet glycoprotein Iba (GPIba), such as GPVI and P-selectin, PM can target
activated macrophages at inflammatory sites.*'** In addition, the half-life of PM-encapsulated nanoparticles in vivo can
be extended to approximately 30 hours.>*** Thus, PM becomes an ideal choice carrier that co-targeting delivery drugs to
ECs and macrophages in the plaque site of AS.>>-¢

To this end, we prepared SIM-loaded polymeric micelles using the amphiphilic copolymer PLA5qg0-PEG34¢9, further
coating the micelles with PM to prepare co-targeting biomimetic nanoparticles (PM@PLA-PEG/SIM) (Scheme 1). This
formulation showed a co-targeted property to ECs and inflammatory macrophages. In vitro results demonstrated that
PM@PLA-PEG/SIM effectively attenuated inflammatory responses, promoted macrophage repolarization toward to the
anti-inflammatory M2 phenotype, and inhibited foam cell formation. In vivo results showed that the biomimetic
nanoparticles reduced plaque formation, increased plaque stability, and modulated lipid metabolism to attenuate disease
progression. We propose a new concept of co-targeting ECs and macrophages to modulate inflammatory responses and

lipid clearance at plaques, providing a potential therapeutic approach for AS.

Methods and Materials

Materials

SIM (purity>98%) was obtained from Aladdin (Shanghai, China). PLA,y90-PEG3400 Was gotten from Ponsure Biological
(Shanghai, China). Cholesterol was purchased from Macklin (Shanghai, China). LPS, Oil Red O (ORO), and
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) were gain from Solarbio Science & Technology
(Beijing, China). CCK-8 was bought from APExBIO (Houston, USA). The Calcein-AM/PI kit was obtained from
Solarbio Science & Technology (Beijing, China). DID was chased from Beyotime (Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM) with Fetal Bovine Serum (FBS) was bought from Gibco (Waltham, USA).
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Scheme | Schematic diagram of the preparation process and therapeutic mechanism of PM@PLA-PEG/SIM. It co-targeted endothelial cells and macrophages to decrease IL-6 and
increase IL-4 and IL-10 to modulate the inflammation at the plaque. In addition, the biomimetic nanoparticles inhibited foam cell formation by promoting cholesterol efflux.

Cell Lines and Animals
Human umbilical vein endothelial cells (HUVECs) and RAW264.7 cells (obtained from the Chinese Academy of
Sciences, Shanghai, China) were maintained in DMEM containing 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin
at 37°C under 5% CO,.

Male apolipoprotein E-deficient (ApoE ") mice (7 weeks old, Chengdu Pharmachem Biotechnology, Chengdu,
China) received a high-fat diet and water freely for two months under standard housing conditions. All animal procedures
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complied with institutional animal welfare guidelines and were approved by the Ethics Committee of Southwest Medical
University (Approval NO.20230809-003). All experimental animal welfare safeguards comply with the Ethical Review
Guidelines for Laboratory Animal Welfare (GB/T 35892-2018). All animals were anesthetized via intraperitoneal
injection of tribromoethanol (mice: 125-240 mg/kg, rats: 300 mg/kg, Dowobio, Shanghai, China).

Synthesis of PLA-PEG/SIM

First, PLA50g0-PEG3499 and SIM (5:1 mass ratio) were dissolved in 2 mL acetone. The solution was dried under reduced
pressure at 50°C to form a film, followed by overnight storage in a vacuum desiccator at room temperature. PLA-PEG
/SIM was prepared by hydrating the film in 6 mL deionized water for 1 h, sonicating at 25°C for 10 min, filtering to
remove unencapsulated drug, and freeze-drying the product for storage.

Preparation of PM@PLA-PEG/SIM

Whole blood was collected from rat hearts into anticoagulated tubes and centrifuged to remove erythrocytes. The
platelet-rich plasma (PRP) supernatant was collected and recentrifuged to obtain a platelet pellet, which was further
washed three times with PBS containing 2 uM prostaglandin E1 and 1 mM EDTA (centrifuging between washes to
prevent PLT activation). The washed PLT pellet was resuspended in PBS and subjected to three freeze-thaw cycles
(—80°C for 10 min, 25°C for 5 min per cycle). The PM precipitate was yielded by subsequent centrifugation. The total
protein concentration of the PM was quantified using the BCA assay. Finally, the PM@PLA-PEG/SIM was prepared by
co-incubating PLA-PEG/SIM and PM at a 1:1 mass ratio (wt: wt), with ultrasonication at 100 W power for 5 min.

Characterization of Nanoparticles

Nanoparticle morphology was characterized by transmission electron microscopy (TEM). Particle size, polydispersity
index (PDI), and zeta potential were measured using a Malvern laser particle sizer (MLPS). The drug loading efficiency
(DLE) and encapsulation efficiency (EE) of PM@PLA-PEG/SIM were determined via ultraviolet-visible (UV—vis)
spectrophotometry (Shimadzu UV-3600Plus, Japan), calculated as follows:

_ Weight of loading SIM

EE(%) =
(%) weight of feeding SIM

x 100%

Weight of loading SIM
Total weighgt of nanoparticles

DLE(%) = x 100%

In vitro Drug Release

Cumulative SIM release from the PM@PLA-PEG/SIM nanoplatform was measured via a dialysis method. Briefly, 2 mL of
PM@PLA-PEG/SIM suspension (containing 1 mg SIM) was loaded into a dialysis bag (molecular weight cutoff: 3500 Da),
which was dialyzed against 40 mL of PBS with 0.5% tween (adjusted to pH 5.4 or 7.4) at 37°C under constant oscillation.
Samples (4 mL) of the external release medium were collected at predetermined time intervals (1, 2, 4, 8, 12, 24, 48 h), further
replacing with an equal volume of fresh medium. The concentration of SIM in the collected samples was determined using
a UV—vis spectrophotometer.

In vitro Cytotoxicity Assay
HUVECs were plated in 96-well plates at 8000 cells per well. Following 24 h incubation, varying concentrations of SIM,
PLA-PEG/SIM, and PM@PLA-PEG/SIM were administered. After an additional 24 h, culture medium was replaced
with 10% CCK-8 solution, and viability was measured at 450 nm via microplate reader. Parallel experiments evaluated
their cytotoxicity to RAW264.7 cells using identical methodology.

The viability of HUVECs was further analyzed using a live/dead kit. Cells seeded in 12-well plates (5 x 10* cells/well)
were incubated for 24 h, then treating with test formulations (16 ng/mL SIM-equivalent) for 24 h. After that, cells were

15708 ‘s International Journal of Nanomedicine 2025:20



Wu et al

stained with Calcein-AM (2 uM), propidium iodide (1.5 mM), and detection buffer (37°C, 15 min), followed by visualizing
with fluorescence microscopy (Olympus, Japan).

Cellular Uptake of PM@PLA-PEG/SIM

The targeting capability of nanoparticles toward LPS-activated HUVECs and RAW264.7 cells was investigated. Cells
were plated at 4 x 10% cells/well in 24-well plates and cultured for 24 h. Following activation with 1 ug/mL LPS, cells
were incubated for 2 h with either PLA-PEG/DID or PM@PLA-PEG/DID nanoparticles (where SIM was replaced by
DID). After fixation with 4% paraformaldehyde (10 min) and nuclear counterstaining with DAPI, cellular uptake was
analyzed by confocal laser scanning microscopy (CLSM, Nikon AX NIS-Elements 5.4, Japan). Quantitative assessment
was performed using flow cytometry (BD Biosciences, USA).

Inhibition of Foam Cell Formation by PM@PLA-PEG/SIM

RAW264.7 cells were plated at 1 x 10° cells/well in 24-well plates and stimulated with 50 pg/mL ox-LDL for
24 h. Various treatments (SIM, PLA-PEG/SIM, PM@PLA-PEG/SIM, 4 ng/mL SIM-equivalent) were administered for
24 h, with the negative control excluded. Cells were fixed in 4% paraformaldehyde (15 min), incubated with ORO
working solution (37°C, 40 min), and rinsed sequentially with 60% isopropanol and distilled water. Lipid accumulation
was assessed by inverted microscopy, and droplet quantification performed using ImageJ software. Total cellular
cholesterol was determined with an assay kit (EallBio, China).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

RAW264.7 cells were seeded in 6-well plates at a density of 2 x 10° cells per well and stimulated with or without LPS for
12 h. Cells were then co-incubated for 24 h with medium containing SIM, PLA-PEG/SIM, and PM@PLA-PEG/SIM.
Intracellular total RNA was isolated and purified using Trizol reagent. 1 ug of RNA was reverse-transcribed into cDNA
using a Mastercycler Nexus PCR amplifier (Eppendorf, Germany). Real-time PCR was performed using a Thermo Fisher
(USA) fluorescence quantitative PCR instrument. Relative mRNA expression was calculated using the 272" method.

HUVECs were analyzed using the identical methodology.

Western Blot Analysis

CD86 and Arg-1 in macrophages was assessed by Western blot. Activated macrophages were treated for 24 h with SIM,
PLA-PEG/SIM, and PM@PLA-PEG/SIM. Cells were lysed on ice using radioimmunoprecipitation assay buffer for
protein extraction. Equal protein amounts were separated by electrophoresis on 10% SDS-PAGE gels (Epizyme, China)
and subsequently transferred to nitrocellulose membranes (Merck Millipore, Germany). After blocking with 5% skim
milk, membranes were incubated overnight at 4°C with primary antibodies against CD86 and Arg-1 (Abmart, China),
followed by incubation with horseradish peroxidase-conjugated secondary antibodies at room temperature for

1 h. Protein bands were visualized using chemiluminescence detection on a luminescent image analysis system (Tanon
5200, China).

Hemolysis Assay

Red blood cells (RBCs) were isolated from ApoE™" mice and prepared as a 2% hematocrit suspension in saline.
PM@PLA-PEG/SIM was added to the suspension at varying concentrations and incubated at 37°C for 3 h to achieve
final concentrations of 50, 100, 200, and 400 pg/mL, respectively. Saline and ultrapure water served as negative and
positive controls, respectively. Following centrifugation (3,000 rpm, 10 min), equal aliquots of supernatant were
transferred to a 96-well plate. Hemoglobin release was quantified by measuring absorbance at 540 nm using
a Varioskan Flash microplate reader (BioTek Cytation 5, USA).

Evaluation of the Targeting Ability of PM@PLA-PEG/SIM
After 12 weeks of high-fat diet feeding, ApoE™" mice received intravenous injections of DID, PLA-PEG/DID, and
PM@PLA-PEG/DID via the tail vein for multimodal imaging. Mice were euthanized at 2, 6, and 24 h post-injection.
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Aortic vessels and major organs (heart, liver, spleen, lung, and kidney) were then harvested. Biodistribution of the
fluorescent formulations was evaluated using a multimodal in vivo imaging system (IVIS Lumina Series III) in
fluorescence imaging mode.

Anti-AS Therapy in Vivo

After 8 weeks of high-fat diet feeding, ApoE "~ mice were randomly divided into four groups (n = 5): (1) saline, (2) SIM,
(3) PLA-PEG/SIM, (4) PM@PLA-PEG/SIM (all at SIM-equivalent doses of 5 mg/kg in 100 uL volume per injection).
All formulations were administered intravenously twice weekly for 4 weeks. Mice were then euthanized, and the aorta
(from aortic root to iliac bifurcation) along with major organs (liver and kidneys) were harvested for histological and
immunohistochemical analysis. Following careful periadventitial tissue dissection and longitudinal opening of aortas,
atherosclerotic plaques were visualized using ORO staining. Plaque areas were quantitatively analyzed using Image]
software.

Histological and Immunohistochemical Staining of the Aortic Root

Continuous 10-pm-thick paraffin sections of the aortic root were prepared from tissue fixed in 4% paraformaldehyde.
These sections were used for histological staining with hematoxylin and eosin (H&E), toluidine blue, and Masson’s
trichrome. Additionally, aortic root sections were immunostained using antibodies against matrix metalloproteinase-9
(MMP-9), CD68, and a-smooth muscle actin (a-SMA) for both immunohistochemical and immunofluorescence analysis.
Plaque regions were analyzed using Imagel software.

Safety Evaluation and in Vivo Lipid Lowering

ApoE™" mice blood samples were collected, allowed to clot at room temperature for 30 min, and then centrifuged at
2500 rpm for 10 min. The resulting serum was immediately analyzed for levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), creatinine (CREA), urea nitrogen (UREA), total cholesterol (CHO), triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C). Finally, major
organs (liver and kidney) were sectioned and analyzed by H&E staining.

Statistical Analysis

All data are presented as mean + standard deviation (SD). Statistical analyses were performed using GraphPad Prism 9
software (GraphPad Software, USA), employing Student’s ¢-test, one-way analysis of variance (ANOVA), and Dunnett’s
multiple-comparison test. Differences were considered statistically significant at P-value < 0.05.

Results

Characterization of Biomimetic Nanoparticles
TEM was used to characterize the morphology, and the results showed that PLA-PEG/SIM nanoparticles were elliptical
(Figure 1A). As illustrated in Figure 1B, the purified platelets were isolated by differential centrifugation. Then, the PM
was prepared using the freeze-thawing method. The PM@PLA-PEG/SIM had a core of PLA-PEG/SIM with the PM as
the outer layer. TEM imaging visually confirmed the successful encapsulation of PLA-PEG/SIM by PM, demonstrating
the synthesis process’s feasibility and effectiveness (Figure 1C).

MLPS was used to analyze the particle size. As shown in Figure 1D, the particle size of PLA-PEG/SIM was approximately
78.31 £ 0.43 nm, and that of PM@PLA-PEG/SIM was approximately 114.47 + 3.29 nm. Compared with the PLA-PEG/SIM,
the particle size of PM@PLA-PEG/SIM increased, indicating that the PM was successfully coated. Additionally, the zeta
potential of PLA-PEG/SIM was —13.27 £ 0.38 mV, with that of PM@PLA-PEG/SIM being approximately —23.93 £2.63 mV.
The EE of PM@PLA-PEG/SIM was determined to be 77.05 + 0.22%, with a DLE of 14.76 + 0.04% (Table 1). CD62 and
CDA42 antibodies on the surface of the PM were detected by WB. As shown in Figure S1, the two protein bands were retained
in the PM and PM@PLA-PEG/SIM groups, suggesting that they preserved the biological function of the PM. Stability
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Figure | Characterization of PM@PLA-PEG/SIM.TEM images depict: (A) PLA-PEG/SIM, (B) PM, and (C) PM@PLA-PEG/SIM (scale bar = 100 nm). Stability of the PM@PLA-
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experiments demonstrated that the preparation maintained a stable particle size and uniform dispersion for one week
(Figure 1D and E). Moreover, the photographs taken on the first and seventh days indicated its favorable stability (Figure S2).

Typically, the microenvironment at an atherosclerotic plaque is acidic.’” The successful release of the drug from the
modified formulation was also crucial for effective preparation. Dialysis bags containing free SIM and PM@PLA-PEG/SIM
were therefore immersed in a buffer solution of pH 5.4 to simulate the microenvironment at the plaque. As shown in Figure 1F,
the release of free SIM single drug was close to 100% within 48 h, which was much higher than that of PM@PLA-PEG/SIM,
indicating that the nanoparticles could enable slow release. At pH 7.4, the release curve of the nanoparticles showed a gradual
increase, demonstrating the absence of burst release.

Safety Evaluation of Nanoparticles

We evaluated the cytotoxicity of PM@PLA-PEG/SIM on HUVECs and RAW264.7 cells using the CCK-8 assay. In
HUVECs (Figure 2A), when the SIM concentration reached 16 pg/mL, the cell viability of both PLA-PEG/SIM and
PM@PLA-PEG/SIM remained above 80%, whereas the viability of the SIM group dropped to 70%. PM@PLA-PEG/SIM
exhibited higher cell viability compared to PLA-PEG/SIM at this concentration. In RAW264.7 cells (Figure 2B), when the
drug concentration increased to 4 pug/mL, the cell viability of the SIM group fell below 70%, while both PLA-PEG/SIM and
PM@PLA-PEG/SIM maintained cell viability above 80%. Furthermore, at a drug concentration of 8 pg/mL, the cell

Table | Characterization of Nanoparticles, Including Particle Size, PDI, Zeta Potential,
Encapsulation Efficiency, and Drug Loading Capacity

Nanoparticles Size (nm) PDI Zeta Potential (mV) | EE (%) DLE (%)
PLA-PEG/SIM 78.31£0.43 | 0.16+0.01 | —13.27+0.38 85.7+3.64 17.861.09
PM@PLA-PEG/SIM | 114.47+3.29 | 0.26+0.02 | —23.93+2.63 77.05£0.22 | 14.76+0.04
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Figure 2 Biocompatibility assessment of PM@PLA-PEG/SIM. (A) Viability of HUVECs exposed to varying concentrations of the formulation (corresponding to SIM
concentrations of 2, 4, 8, 16, and 32 pg/mL). (B) Viability of RAW264.7 cells exposed to varying concentrations of the formulation (corresponding to SIM concentrations of
0.5, 1, 2, 4, and 8 pg/mL). Serum levels of (C) ALT, (D) AST, (E) CREA, and (F) UREA in ApoE '~ mice following different treatments. Data represent mean + SD (n = 5).
(G) Hemolysis rates induced by varying concentrations of PM@PLA-PEG/SIM following incubation with erythrocytes. (H) Representative H&E stained sections of liver and
kidney tissues from ApoE '~ mice after various treatments (scale bar = 200 um).

Abbreviation: ns, not significant.

viability of the SIM group decreased to 40%, and PLA-PEG/SIM also showed reduced viability, but PM@PLA-PEG/SIM
still demonstrated no significant change. These results indicated that PM-modified nanomicelles effectively reduced the
toxicity of SIM. Based on these findings, subsequent experiments were conducted using the biomimetic nanoparticle with
equivalent SIM concentrations of 16 pg/mL and 4 pg/mL. We also confirmed their cytotoxicity through live/dead cell
staining assays. The results were consistent with the CCK-8 assay, demonstrating that PM@PLA-PEG/SIM had the highest

biocompatibility (Figure S3A).

https://doi.org/10.2147/1JN.S558039 International Journal of Nanomedicine 2025:20

15712


https://www.dovepress.com/article/supplementary_file/558039/558039_Supplementary%20Information_1.docx

Wu et al

To evaluate its in vivo safety, we conducted liver and renal function tests on animal serum. The results revealed no
significant differences in ALT, AST, CREA, and UREA levels between the PM@PLA-PEG/SIM group and the saline
group, showing its favorable safety (Figure 2C-F).

A hemolysis assay was performed to assess the biocompatibility of the preparation at concentrations ranging from 50
to 400 ng/mL. Even at the highest 400 pg/mL concentration, the hemolysis rate remained below 5%, indicating its good
biocompatibility (Figure 2G and S3B). Furthermore, histopathological analysis by H&E staining of the liver and kidney
tissues in the saline group or treatment groups showed no significant damage or pathological abnormalities (Figure 2H).
All these results demonstrated the nice biosafety of the biomimetic nanoparticles.

Cellular Uptake Efficiency of Nanoparticles

To evaluate the targeting and internalization abilities, we labeled and prepared PLA-PEG/DID and PM@PLA-PEG/DID
with DID instead of SIM. CLSM results showed that LPS-treated HUVECs effectively internalized PLA-PEG/DID,
which could be attributed to the small particle size of the nanoparticles (Figure 3A). Notably, the activated HUVECs
internalized PM@PLA-PEG/DID significantly more than PLA-PEG/DID, which was related to the targeting property of
PM modification. Meanwhile, we also verified the targeting ability of the nanoparticles to RAW264.7 cells. The results
were the same as those observed in HUVECs, with the activated RAW264.7 cells showing the highest uptake of
PM@PLA-PEG/DID (Figure 3B). Flow cytometry further confirmed these observations (Figure S4A-D). The uptake rate
of PM@PLA-PEG/DID was significantly higher than that of PLA-PEG/DID. The results of flow cytometry were
quantified, and the uptake rates of PM@PLA-PEG/DID and PLA-PEG/DID in HUVECs were 57.06% and 41.82%,
respectively (Figure 3C) while their uptake rates in RAW264.7 cells were 52.83% and 35.34%, respectively (Figure 3D).
The results of CLSM and flow cytometry reveal that PM@PLA-PEG/SIM has excellent targeting ability for
damaged ECs and RAW264.7 cells.

In vitro Anti-Inflammatory Properties of Nanoparticles

The LPS-treated RAW264.7 cells were examined under a microscope for observation and imaging (Figure 4A). It was
observed that LPS-treated cells developed numerous pseudopodia-like extensions and exhibited irregular morphology.
Following treatment, macrophages showed a reduction in pseudopodia number with gradual restoration of round or oval
morphology, where the most pronounced therapeutic effect was observed in the PM@PLA-PEG/SIM group. This
suggests that PM@PLA-PEG/SIM exerts the strongest repolarization effect at equivalent SIM concentrations.

At the conclusion of morphological observations, cellular proteins were extracted and subjected to Western blot analysis
(Figure 4B). The results demonstrated that PM@PLA-PEG/SIM promoted macrophage polarization from M1 to M2
phenotype through downregulation of CD86 expression (Figure S5A) and upregulation of Arg-1 expression (Figure S5B).
Meanwhile, we performed qRT-PCR on another set of macrophage polarization markers, iNOS and CD206. The results
revealed a decrease in iNOS and an increase in CD206, further confirming that PM@PLA-PEG/SIM induces the repolariza-
tion of M1 macrophages to the M2 phenotype (Figure S5C and D). Furthermore, we analyzed inflammatory factor expression
in HUVECs and macrophages using qRT-PCR. The levels of IL-6 in HUVECs displayed a progressive decrease across
treatment groups (Figure 4C), whereas anti-inflammatory factors IL-4 (Figure 4D) and IL-10 (Figure 4E) in RAW264.7 cells
showed obvious increases. PM@PLA-PEG/SIM consistently demonstrated the most significant therapeutic outcomes among
all groups. These collective findings indicate that PM@PLA-PEG/SIM attenuates atherosclerotic progression by promoting
macrophage repolarization and modulating inflammatory responses in both macrophages and endothelial cells.

Inhibition of Foam Cell Formation

Macrophages incubated with ox-LDL exhibited significant lipid accumulation, as illustrated in Figure S6A and B. A reduction in
intracellular lipid content was observed following treatment with various preparations and subsequent staining. The oil red
O staining area was quantified, revealing that foam cells treated with PM@PLA-PEG/SIM displayed the lowest lipid content.
Furthermore, we analyzed the cholesterol content in cells from each group (Figure 4F). Given the critical role of ABCA1 and
ABCGT in cholesterol transport, we assessed their expression levels via qRT-PCR. The observed upregulation of both transporters
indicates that PM@PLA-PEG/SIM enhances cholesterol efflux by promoting their expression (Figure S6C and D). The
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Figure 3 Uptake of PM@PLA-PEG/SIM by HUVECs and RAW264.7 cells. The uptake of PLA-PEG/DID and PLA-PEG/DID by (A) HUVECs and (B) RAW264.7 cells in the
presence or absence of LPS activation was determined by confocal laser scanning microscopy. Scale bar, 50 um. Flow cytometry quantification of uptake of PLA-PEG/SIM and
PM@PLA-PEG/SIM by (C) HUVECs and (D) RAW264.7 cells. Data represent mean + SD (n = 3, **P < 0.001, ***P < 0.0001).

cholesterol content in each treatment group was lower than that in the control group, with the SIM and PLA-PEG/SIM groups
showing comparable levels. Notably, the PM@PLA-PEG/SIM group exhibited the lowest cholesterol content, close to that
of normal cells. This can be attributed to the PM’s targeting capability, which enhances the cellular uptake of PM@PLA-PEG
/SIM. These findings suggest that PM-functionalized biomimetic nanoparticles effectively inhibit foam cell formation by
facilitating lipid removal and promoting cholesterol efflux.

Biodistribution and Atherosclerotic Plaque Targeting Efficiency of Nanoparticles

As shown in Figure 5A and B, after 2 h, weak fluorescence signals could only be observed in the aortic arch in the DID
monotherapy group. In contrast, obvious fluorescence signals could be observed in the aortic arch and abdominal aorta in the
PLA-PEG/DID and PM@PLA-PEG/DID groups. At 6 h after injection, the fluorescence signals of the vessels in all groups
were enhanced, and the fluorescence intensity in the PM@PLA-PEG/DID group was significantly higher than that of the PLA-
PEG/DID group. Over time, the fluorescence intensity in the aorta in all groups showed an initial increase followed by
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Figure 4 Anti-inflammatory effects and inhibition of foam cell formation by PM@PLA-PEG/SIM in vitro. (A) Representative phase-contrast images of LPS-treated RAW264.7
cells after 12 hours (scale bar = 100 um). (B) Expression levels of CD86 and Arg-1 proteins detected by Western blotting. Macrophages treated only with LPS served as
controls. (C-E) Cells were treated with SIM, PLA-PEG/SIM, or PM@PLA-PEG/SIM following LPS stimulation. QRT-PCR analysis of inflammatory cytokine mRNA expression
levels: IL-6, IL-4 and IL-10. Data represent mean + SD (n = 3, *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001). (F) After ox-LDL treatment, the content of cholesterol in
cells under different treatment methods. Data represent mean + SD (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001).

a decrease. The fluorescence signals of the PLA-PEG/DID group in plaque were weakened after 24 h, while those in the
PM@PLA-PEG/DID group were maintained at a high level at all time point. In Figure 5C, Figure S7A and B, the fluorescence
intensity in the liver and kidney of the PM@PLA-PEG/DID group was consistently lower than that of the other two groups at
all time points, which implied that more PM@PLA-PEG/DID could remain in the body for the same duration. These results
suggest that biomimetic nanoparticles prolonged the circulation time and mediated precise targeting of plaques.

Anti-Atherosclerotic Efficiency in Vivo

Following the treatment protocol shown in Figure S8A, high-fat ApoE ™ mice fed for 8 weeks were randomly divided
into 4 groups (n =5 in each group) and administered with saline, SIM, PLA-PEG/SIM, and PM@PLA-PEG/SIM via tail
vein injection twice a week.
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nanoparticles at 2, 6, and 24 h post-injection.

At the end of the experiment, aortic arch specimens were collected for histological analysis. Microscopic examination
revealed significant lipid plaque formation in all cohorts, confirming the successful establishment of the AS animal model
(Figure 6A). In Figure 6B and C, the saline group showed the highest amount of lipid deposition on the vessel wall,
while the plaque area progressively decreased in other treatment groups, with the PM@PLA-PEG/SIM group exhibiting
the smallest plaque area. These results indicate that biomimetic nanoparticles effectively reduced lipid deposition and
prevented vascular stenosis.

We analyzed serum lipid profiles in mice. At equivalent SIM concentrations, PM@PLA-PEG/SIM demonstrated the most
pronounced effects: achieving the greatest reduction in TG (Figure 6D), CHO (Figure 6E), and LDL-C (Figure S8B), along
with the most substantial increase in HDL-C (Figure S8C) compared with other treatments. These findings suggest that they

can effectively modulate blood lipid levels to attenuate AS progression.

Staining of Aortic Root Sections

The necrotic core area closely correlated with plaque progression and disease severity. H&E staining revealed that aortic root
plaques in the model group contained lipid-rich necrotic cores, whereas PM@PLA-PEG/SIM treatment markedly reduced the
necrotic core area (Figure 7A and B). Masson trichrome staining demonstrated increased collagen content per plaque in the
PM@PLA-PEG/SIM group (Figure 7A and C), accompanied by thickened fibrous caps, indicating enhanced plaque stability
post-treatment. Macrophage infiltration directly associates with atherosclerotic plaque formation.*® As we expected, the level
of CD68, a marker representing macrophage infiltration, was significantly reduced after PM@PLA-PEG/SIM treatment
(Figure 7A and D). To evaluate collagen metabolism balance in fibrous caps, we quantified VSMCs and MMP-9. The
biomimetic nanoparticles-treated mice exhibited enhanced VSMC accumulation and suppressed MMP-9 expression in
plaques (Figure 7A, E and F). These collective findings demonstrate dual efficacy of PM@PLA-PEG/SIM in suppressing
the progression of plaque and improving plaque stability.
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Figure 6 PM@PLA-PEG/SIM anti-AS efficiency in vivo. (A) Aortic arch plaques. (B) ORO staining of plaques in the whole aorta after different treatments and (C)
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Discussion
In this study, we developed the co-targeting biomimetic nanoparticles with ECs and macrphages targeting capability. In vitro
drug release assays demonstrated that the formulations exhibited sustained release kinetics while maintaining therapeutic drug
concentrations in systemic circulation. Cellular uptake studies revealed significantly their higher internalization by activated
ECs and macrophages compared to unmodified micelles, validating the feasibility of PM-mediated dual-targeting property.
Polymer micelles are widely utilized owing to their facile preparation, and excellent biocompatibility.'®° Taniguchi et al
demonstrated that intravenously administered micelles (40—100 nm) preferentially accumulated at carotid artery injury sites in
rats through interstitial space deposition, enhanced anti-atherosclerotic efficacy.*® However, only minimal micelles accumu-
late at lesions via passive targeting, as the immune system clears most of them.>' Moreover, rapid arterial blood flow poses
a challenge to the passive targeting of nanoparticles to damaged ECs, making an active targeting strategy essential for AS
treatment. Conventional platelet membrane-coated systems, often primarily leverage P-selectin for targeting activated

International Journal of Nanomedicine 2025:20 hetps: 15717



Wu et al

A HE Masson CD68 MMP-9 a-SMA BT,: -
/ % b *ok Kok
= = *kk
o 3 604 —
£ 5 s
8 - ﬂ ﬂ
m ﬁ |
2 .
[
=
o
& 0 T T T T
o
s R
= & O &
(7] g@ 3
Q\y @3‘?
= C &
E T§~1OG T
(] © *
o ® 75+ *%
w °
o b
< ° 504
a 2 :
_ [
S 254
K]
< <]
2o e s
= & S
Q ) N
(28)8 90\ C‘? @O\‘b
oo f"\y:
— Q\y S
&

O
m

N
(=]

%k 2k %k %k %k 3k %k *k

%k %k %k k

N
o
1
*
*
*
*

[
o
1
-
3]
1

Macrophages (% of plaque area)
o o
] ]
*
*
*
o *
MMP-9 (% of plaque area)
o o
]
o 3]
]

% %k %k

.

[3,]
1
*
*
*
*

% %k
%k %k %k %k

N
o
]
-
o
1

a-SMA (% of plaque area) M

0 T T T T T T T T T
¢ & N < & <
& 2 & & & 2 0\6\@« o & 2 o\g\\& o\(’\é
& & @ 8 & &
v’ » G
&~ & & & @3\)*
& & &

Figure 7 Histochemical analysis of aortic root sections. (A) Representative images of aortic root sections from ApoE™'~ mice subjected to various treatments, stained with
H&E, Masson’s trichrome, CD68, MMP-9, and a-SMA. Scale bar = 200 um. Quantitative assessment of the following parameters relative to total plaque area within aortic
root sections:(B) Plaque area ratio. (C) Collagen area. (D) CDé68-positive macrophage area. (E) MMP-9-positive area. (F) 0-SMA-positive area. Data represent mean + SD
(n =5, *P < 0.05, **P < 0.0, **P < 0.001, ****P < 0.0001).

4142 and these systems show improved site-specific accumulation, but their

endothelium or platelets at thrombotic sites,
targeting scope is largely confined to the vascular endothelium. In contrast, our PM@PLA-PEG/SIM is engineered to
simultaneously target both ECs and macrophages within plaques. This co-targeting capability addresses the critical patho-
physiological crosstalk between these two cell types in atherosclerotic progression, a feature not comprehensively pursue in
previous biomimetic strategies. For example, the erythrocyte-platelet hybrid membrane system (PM/RM@PLGA@P/R)
developed for thrombus therapy-9, which primarily focuses on the thrombotic component. Our in vitro/in vivo analyses
confirmed the enhanced uptake of PM@PLA-PEG/SIM by activated ECs/macrophages and its aortic plaque targeting
compared with unmodified micelles, highlighting the advantages of PM functionalization. Notably, blood biochemistry and
histopathology did not reveal significant toxicity, attesting to the biosafety of the system. Thus, PM-modified micelles could

achieve precisely and safely deliver drugs to plaques.
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Macrophages in AS plaques neighbor and interact with ECs through intercellular crosstalk, jointly driving disease
progression. During endothelial injury, elevated IL-6 binds soluble IL-6R (SIL-6R) to form IL-6-sIL-6R complexes, activating
ECs via gp130 signaling and amplifying IL-6 secretion.***** Furthermore, EC-derived IL-6 stimulates macrophages to release
monocyte chemoattractant proteins, recruiting monocytes to subendothelial spaces for plaque formation,*> and it induces
macrophage LDL receptor expression to accelerate lipid uptake and foam cell generation.*® In addition, IL-6 upregulates
CD44 expression in macrophages, and it further promotes IL-6 secretion through positive feedback.’’ IL-6 secreted by
macrophages through positive feedback can act directly on ECs, inducing an increase in the expression of vascular endothelial
growth factor (VEGF) and C5a receptor and thus promoting the breakdown of VE-calmodulin, leading to an increase in
vascular permeability.**** Modulation of the IL-6 inflammatory axis and promotion of M2 macrophage polarization are not
merely cellular events; they correspond to measurable clinical outcomes. By attenuating IL-6—mediated crosstalk and shifting
macrophages toward to the M2 phenotype, PM@PLA-PEG/SIM contributes to plaque stabilization—reducing necrotic core
size, enhancing fibrous cap integrity, and lowering the risk of plaque rupture. These changes directly translate into decreased
incidence of acute cardiovascular events such as myocardial infarction and stroke.

Plaque stability, as a key to preventing cardiovascular events, is strongly associated with M2 macrophages
polarization.”® Phenotypic analysis shows that M2 macrophages dominate stable plaques, whereas M1 macrophages
prevail in unstable lesions.”' Our results indicated that PM@PLA-PEG/SIM dually modulates macrophage biology: (1)
attenuating inflammation to reduce M1 populations, and (2) promoting M1-to-M2 polarization via downregulation of
CD86 and upregulation of Arg-1. Notably, M2 macrophages enhance vessel maturation, mitigating intraplaque hemor-
rhage to further stabilize plaques.”

Collectively, PM@PLA-PEG/SIM has emerged as a promising therapeutic approach for AS through dual-targeting
modulation of plaque inflammation and lipid metabolism. Co-targeting therapeutic strategies hold significant potential and
can be integrated with other anti-atherosclerotic approaches. For instance, combining PM@PLA-PEG/SIM with anti-
inflammatory biologics may exert synergistic effects, enabling more effective control over atherosclerotic plaque
formation.” However, our findings highlight the potential of PM-functionalized micelles, several limitations should be
acknowledged. Despite the promising results, transitioning this platform to clinical application requires addressing key
challenges. Scalable and reproducible manufacturing of PM presents a hurdle that needs innovative solutions for consistent
quality and yield. Furthermore, although initial biosafety profiles in animal models are favorable, long-term toxicology
studies and rigorous immunogenicity assessment are essential next steps to fully validate the system’s safety profile for
chronic administration in humans.

Conclusion

In this study, the PM@PLA-PEG/SIM system leverages the prolonged circulation and immune-evasive properties of PM
biomimetic coatings to mitigate drug toxicity and enhance targeting. This system demonstrated precise targeting of ECs and
macrophages within atherosclerotic plaques. The treatment effectively reduced plaque area, improved plaque stability via
a significant increase in M2 macrophage polarization, and markedly lowered serum lipid levels. Through co-targeting drug
delivery, these PM-functionalized nanomicelles simultaneously modulated inflammatory responses in both ECs and
macrophages, directly reducing M1 macrophage populations. Furthermore, they promoted cholesterol efflux in macro-
phages and inhibited foam cell formation. Collectively, our findings suggest that co-targeting of ECs and macrophages for
coordinated inflammatory regulation and lipid clearance represents a highly promising therapeutic strategy for AS.
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