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Abstract: Advances in nanotechnology have opened new avenues for precision therapy, personalized medicine, and multifunctional
theranostics in atherosclerosis (AS). This review provides a comprehensive overview of the role of nanoparticles (NPs) in precision
medicine for AS, discussing their applications, challenges, and future prospects. The review first analyzes the current treatment landscape
of AS and outlines potential biological targets for therapy. Various nanocarriers, including organic, inorganic, and hybrid systems, are
evaluated for their therapeutic potential, with a focus on targeted drug delivery, anti-inflammatory therapy, vascular repair, plaque
stabilization, and lipid clearance. Additionally, the review explores NP preparation methods, emphasizing strategies to enhance drug
loading, stability, and controlled release. Finally, the translational challenges of NP-based therapies, including biocompatibility, large-
scale production, regulatory hurdles, and clinical implementation, are critically analyzed. Future directions highlight the importance of
interdisciplinary collaboration and technological innovation in advancing nanoparticle-based precision medicine for AS.
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Introduction

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality worldwide, claiming millions of
lives annually and posing a severe threat to human health.! Both the incidence and mortality of CVDs continue to
rise.” The pathogenesis of CVDs involves complex pathological cascades, including conditions such as
Hypertension, Coronary artery disease, Myocardial infarction, and Heart failure.>* Among these, Atherosclerosis
(AS) serves as the primary pathological basis and a pivotal factor in the intricate interplay of CVDs.” AS is
a systemic, multifactorial chronic disorder of large and medium arteries characterized by atheromatous plaque
formation.®” In AS, low-density lipoprotein (LDL) accumulates beneath the vascular endothelium, undergoing
oxidative modification to form oxidized LDL (ox-LDL). Ox-LDL stimulates endothelial cells to express adhesion
molecules, attracting monocytes that migrate into the intima and differentiate into macrophages. These macrophages
engulf ox-LDL, transforming into foam cells and causing intimal thickening. Endothelial dysfunction triggers
inflammation, promoting smooth muscle cell proliferation and migration, leading to the formation of a fibrous
cap. As the lesion progresses, plaques become prone to rupture, inducing platelet aggregation and thrombosis,
further obstructing blood flow and driving AS development.® !

In recent years, significant progress has been made in the treatment of AS, with pharmacological therapy
remaining the primary approach.'? Current Western medicine treatments typically involve statins, antiplatelet agents,
and antihypertensive drugs.'*>”'° Statins effectively lower LDL levels, slowing plaque formation and progression,
while antiplatelet drugs like aspirin prevent thrombosis.'®'” Traditional Chinese Medicine (TCM) emphasizes
principles like “activating blood circulation and resolving stasis” and “tonifying qi and unblocking collaterals”.
Commonly used herbs, such as Salvia miltiorrhiza (Danshen) and Ligusticum chuanxiong (Chuanxiong), improve
blood circulation, reduce inflammation, and have fewer side effects.'®2° Consequently, TCM is often employed as
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adjuvant therapy to slow disease progression and enhance overall patient health. Both Western medicine and TCM
treatments are associated with adverse reactions, such as hepatotoxicity and nephrotoxicity, due to long-term
medication use. Additionally, the bioavailability of active ingredients remains relatively low, and there are still
limitations in slowing disease progression.”'"** Integrative therapy combining Western drugs and TCM offers new
strategies for AS treatment by leveraging complementary effects. Nevertheless, challenges remain: Western drugs
often lack specificity and pose risks of adverse effects with prolonged use, while the low bioavailability of active
compounds in TCM restricts its effectiveness.>*** Traditional delivery methods for both approaches fail to fully meet
the demands of AS treatment, highlighting the urgent need for innovative drug delivery systems to enhance targeting,
efficacy, and safety.

To address these challenges, nanomedicine has emerged as a promising solution. Nano drug delivery systems
(NDDS), an application of nanotechnology in medicine, encapsulate drugs within nanocarriers to leverage their unique
physicochemical properties. This approach enhances drug targeting, stability, and bioavailability, effectively overcoming
the limitations of traditional delivery systems.”> 2’ Compared to conventional methods, NDDS offers multiple advan-
tages. Nanocarriers can be engineered with precise size and surface modifications to achieve targeted delivery, allowing
selective accumulation at lesion sites and significantly reducing systemic side effects.”® Among various nanotechnolo-
gies, nanoparticles (NPs) are the most extensively studied in the treatment and diagnosis of CVDs. NPs, composed of
drugs and carriers, are small-sized particles known for their ease of synthesis, high tunability, and substantial drug-
loading capacity. By optimizing particle size, surface modifications, and drug-loading strategies, NPs extend drug
circulation time and enhance targeting efficiency to pathological sites.”’>° These properties position NPs as a potent
tool to address the challenges in AS treatment.

The application of NPs in AS treatment holds significant promise, offering a potential pathway for efficient and low-
toxicity therapeutic strategies, and is poised to become an innovative direction for future AS therapy. This review
provides an overview of AS pathogenesis, discusses biological targets for AS treatment, summarizes the types of
nanocarriers used for constructing NPs and their preparation methods, and systematically reviews recent advancements
in the personalized treatment of AS using NPs. Finally, it highlights the challenges and obstacles in the clinical
translation of NPs for AS and presents perspectives on future research in precision medicine.

Current Treatment for Atherosclerosis

AS is a chronic, progressive vascular disease characterized by lipid deposition, inflammatory responses, and fibrous
tissue proliferation in the arterial walls, leading to the formation of atherosclerotic plaques that cause arterial narrowing
and impaired blood flow.>' AS is a major contributor to cardiovascular diseases, including coronary artery disease,
stroke, and peripheral artery disease.’® Effective therapeutic strategies can help slow or halt disease progression and
reduce the risk of cardiovascular events. Currently, the treatment of AS involves a combination of lifestyle interventions,
pharmacological therapies, and interventional procedures.*?

Lifestyle interventions are crucial for early or mild AS patients. A low-saturated-fat and cholesterol diet helps slow
AS progression, while regular aerobic exercise improves cardiovascular health, lowers blood pressure, enhances lipid
metabolism, and increases High-Density Lipoprotein (HDL) levels.** Pharmacological treatment plays a key role in
controlling AS, with common medications including statins, ezetimibe, PCSK9 inhibitors, antiplatelet agents, and
antihypertensive drugs.®® Statins, the first-line treatment, lower Low-Density Lipoprotein Cholesterol (LDL-C) by
inhibiting HMG-CoA reductase and have anti-inflammatory effects that stabilize plaques and reduce cardiovascular
events.**>” Ezetimibe lowers blood lipids by inhibiting intestinal cholesterol absorption,*® and, when combined with
statins, further reduces LDL-C.** PCSK9 inhibitors enhance LDL-C clearance by increasing LDL receptor numbers.*’
Antiplatelet drugs like aspirin and clopidogrel reduce thrombosis risk after plaque rupture.*' Antihypertensive medica-
tions, such as Angiotensin-Converting Enzyme (ACE) inhibitors, ARBs, B-blockers, and calcium channel blockers,
effectively control blood pressure, easing cardiovascular stress and slowing AS progression.*>** For patients with severe
symptoms or inadequate pharmacological control, interventional treatments are effective, though they carry risks of
infection, vessel damage, and restenosis, and cannot cure AS but only relieve symptoms.**
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Key Drug Targets to Treat Atherosclerosis

Biological targets are biomolecules that interact with drugs to produce pharmacological effects. A deep understanding of
AS pathogenesis is crucial for precisely identifying relevant biological targets, which is key to developing effective
treatment strategies.*> AS involves multiple cellular responses and molecular signaling pathways. Therefore, targeting
key pathological mechanisms such as inflammation, lipid metabolism, and endothelial dysfunction provides potential
targets to inhibit plaque formation. Identifying these targets and developing targeted therapies may enable more precise
interventions, advancing the personalized treatment of AS.

Inflammatory Cells

Due to the high abundance of macrophages in plaques and their ability to absorb drugs, macrophages are a common
biological target.*® Macrophages engulf ox-LDL to form foam cells, releasing pro-inflammatory factors and matrix
metalloproteinases (MMPs), which exacerbate local inflammation.*” The most common biological markers for macro-
phages are scavenger receptors, including type A and type B scavenger receptors,*® while apolipoprotein Al-derived
peptides, which mimic LDL, are also common ligands for targeting macrophages.*’ Therefore, inhibiting macrophage
polarization, modulating immune responses, and targeting the inflammatory mediators they secrete can effectively
suppress AS progression.

Endothelial Cells

Endothelial cells play a central role in vascular protection and pathological development. They secrete molecules such as
NO, endothelin-1 (ET-1), Vascular Cell Adhesion Molecule-1 (VCAM-1), Intercellular Adhesion Molecule-1 (ICAM-1),
and vascular endothelial growth factor (VEGF), which regulate vascular tone, permeability, and inflammation.’®>' In
certain curved and branching areas of arterial vessels, the shear stress from blood flow can cause endothelial damage,
leading to the formation of AS plaques. Stimulated endothelial cells in these regions express higher levels of the

aforementioned molecules, promoting vasodilation to restore endothelial function.

Vascular Smooth Muscle Cells

Vascular smooth muscle cells (VSMCs) play a crucial role in AS, with their migration, proliferation, and secretion
significantly influencing plaque formation and stability.”> VSMCs can migrate to the intima and proliferate extensively in
response to various stimuli, secreting extracellular matrix to form the fibrous cap of the plaque, temporarily stabilizing
it.” However, under pathological conditions, VSMCs release pro-inflammatory and proliferative molecules, including
platelet-derived growth factor (PDGF), transforming growth factor-p (TGF-B), and MMPs. These molecules not only
promote cell proliferation and migration but also weaken the stability of the fibrous cap by degrading the extracellular

matrix.>*

Non-Cellular Components

In AS lesions, non-cellular components primarily consist of the extracellular matrix (ECM) and lipid core, collectively
determining plaque stability and progression. The ECM is a highly complex structure composed of collagen, elastin,
hyaluronic acid, fibrinogen, and other macromolecules, with collagen being the most abundant non-cellular component.
As a key structural element of the ECM, collagen regulates cellular responses and contributes to the strength and integrity
of the fibrous cap.”” It provides essential mechanical support to blood vessels, maintaining their structural integrity and
elasticity. Beyond its structural role, collagen interacts with integrins and other cell surface receptors, thereby modulating
the behavior of vascular smooth muscle cells, macrophages, and endothelial cells.’®>” Strategies to mitigate collagen
degradation or pharmacologically enhance its synthesis have shown potential in influencing AS progression. Elastin,
predominantly found in the vascular wall and ECM, is essential for vascular elasticity and compliance.’® Hyaluronic acid
(HA) degradation products act as inflammatory mediators, promoting monocyte infiltration, whereas fibrinogen, a key
plasma coagulation protein, is converted into fibrin upon plaque rupture by thrombin, contributing to thrombus formation
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in conjunction with HA.>® The metabolic dysregulation of these non-cellular components directly impacts plaque
progression and represents a critical therapeutic target for drug delivery in AS treatment.

How Precise Is Advancing Nanomedicine to Treat Atherosclerosis?

NPs have emerged as a research focus in AS treatment and diagnosis due to their unique biodistribution and targeting
capabilities. Comprising drugs and carriers, NPs utilize diverse carrier types, including organic, inorganic, and hybrid
nanomaterials. These carriers can be engineered for specific targeting and biocompatibility, enabling efficient penetration
of AS lesions and demonstrating versatile advantages in AS applications.

Poly (Lactic-Co-Glycolic Acid) Nanoparticles
Poly (lactic-co-glycolic acid) (PLGA), a widely used biodegradable polymer, is renowned for its biocompatibility and
controllable degradation rates, making it a common organic nanocarrier in NPs. It has been approved by the US Food and
Drug Administration (FDA) for medical and pharmaceutical applications.®® In vivo, PLGA degrades into harmless small
metabolites, such as lactic acid and CO,, which are excreted via normal metabolic pathways, minimizing long-term
toxicity risks.*"** PLGA NPs exhibit strong drug encapsulation capabilities, effectively preserving drug activity. Their
surface can be functionalized with targeting molecules (eg, antibodies, peptides) to enable site-specific drug delivery.®®
Additionally, the physicochemical properties of PLGA NPs, such as size, shape, and surface charge, can be tailored to
enhance adhesion and penetration into vascular walls or target cells. This is particularly beneficial for stabilizing AS
plaques, reducing inflammation, and decreasing lipid deposition.®*®3

Tang et al®® developed Vanillic acid-4’-hydroxy-3’-phospho-ketone (VHPK) peptide-modified PLGA nanoparticles
encapsulating colchicine (VHPK-PLGA@COL) using a double emulsion method. Colchicine and PLGA were dissolved
in chloroform as the organic phase, emulsified with an aqueous phase, followed by the addition of VHPK peptide for further
sonication (schematic shown in Figure 1A). In vitro cytotoxicity assays showed cell viabilities of 95.0%, 78.1%, and 91.8%
for the control, colchicine, and VHPK-PLGA@COL groups, respectively. Hemolysis tests further demonstrated that
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Figure | (A) Schematic illustration of VHPK-PLGA@COL preparation. (B) Results of hemolysis testing. (C) In vitro targeting results: stronger red fluorescence from Dil
labeling indicates higher cellular affinity. (D) Fluorescence imaging of major organs ex vivo. (E) Fluorescence intensity of VHPK-PLGA@COL and PLGA@COL targeting AS
plaques, *P<0.05, **P<0.01, **P<0.00| compared with the Control. Adapted with permission from Tang J, Li T, Xiong X, et al. Colchicine delivered by a novel nanoparticle
platform alleviates atherosclerosis by targeted inhibition of NF-kB/NLRP3 pathways in inflammatory endothelial cells. | Nanobiotechnology. 2023;21(1):460. https://creative
commons.org/licenses/by/4.0/.%®
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VHPK-PLGA@COL at various concentrations did not induce hemolysis (Figure 1B), indicating good biocompatibility and
negligible cytotoxicity. To confirm the targeted ability of VHPK peptide-modified NPs, Dil-labeled nanoparticles were
tested on Tumor Necrosis Factor Alpha (TNF-a)-activated HUVECs. VHPK-PLGA@COL exhibited significantly higher
fluorescence signals and adhesion to activated HUVECs compared to unmodified PLGA@COL (Figure 1C). Additionally,
upon intravenous injection into AS mouse models, ex vivo imaging showed lower VHPK-PLGA@COL distribution in
major organs compared to PLGA@COL (Figure 1D) but stronger fluorescence signals in plaques (Figure 1E), highlighting
its potential for targeted AS plaque delivery.

Building on the favorable effects of pioglitazone in AS treatment, Todaro et al®” developed PLGA NPs encapsulating
pioglitazone (PGZ-NPs). They compared the effects of emulsion and nanoprecipitation methods on PGZ-NPs preparation
and optimized the conditions for both. In the emulsion method, pH significantly influenced the particle size and zeta
potential of the NPs, with the optimal pH identified as 6.2. For the nanoprecipitation method, the PLGA concentration
critically impacted the encapsulation efficiency and drug-loading capacity, with the best results achieved at 10 mg/mL.
Another study®® employed PLGA to co-encapsulate curcumin and piperine into dual-drug NPs to inhibit AS foam cell
formation. Fourier Transform Infrared Spectroscopy (FTIR) analysis confirmed the presence of characteristic peaks from
curcumin, piperine, and PLGA, indicating successful drug-polymer integration. The NPs exhibited a particle size of 181
+ 8.63 nm and a Polydispersity Index (PDI) of 0.21 + 0.005, demonstrating good dispersity. In vitro and in vivo
experiments showed that dual-drug NPs had superior efficacy compared to single-drug formulations, suggesting
a synergistic enhancement of therapeutic effects under PLGA encapsulation.

Polyethylene Glycol Nanoparticles

Polyethylene Glycol (PEG), like PLGA, is a biocompatible polymer. Unlike PLGA, which degrades and is excreted from
the body, PEG remains non-degradable and serves as a modifying molecule to extend the circulation time of drugs.® The
ethylene glycol groups in PEG form a hydration layer, enhancing its hydrophilicity and giving PEG-modified NPs an
“invisibility” effect.’’! D-PDMP, a sphingolipid biosynthesis inhibitor, holds promise for AS treatment but is rapidly
cleared from the body, limiting its application. Researchers’? have encapsulated D-PDMP in PEG NPs to overcome this
issue, significantly increasing its in vivo half-life from less than 1 h to 4 h and enhancing its therapeutic effects on AS and
cardiac hypertrophy. In addition to AS treatment, PEG NPs are increasingly used for AS diagnosis. Lee et al”* synthesized
a D-mannose-PEG nanoparticle (MAN-PEG-Ce6) for photodynamic diagnosis of AS. Results showed that MAN-PEG-Ce6
specifically internalized into macrophage-derived foam cells via receptor-mediated endocytosis. After laser irradiation, it
significantly enhanced singlet oxygen production, showing great potential for AS imaging and diagnosis.

Due to the excellent hydrophilicity of PEG, a dual-purpose NP for both diagnosis and therapy has been developed.
Lin et al’* synthesized pH-responsive ST/NCP-PEG NPs by polymerizing benzimidazole with PEG to encapsulate
simvastatin. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) showed that ST/NCP-PEG
exhibited uniform size and spherical shape with an average diameter of 40 nm (Figure 2A). To elucidate its pH-
responsive mechanism, FTIR analysis revealed that the stretching vibration of the imine bond at 1610 cm ™' significantly
decreased when the pH dropped from 7.4 to 5.6, and a peak appeared at 1704 cm ', indicating bond cleavage
(Figure 2B). To verify the targeting effect of ST/NCP-PEG on AS plaques, after intravenous injection of Cy5-labeled
ST/NCP-PEG, clear fluorescence signals were observed in the aortic regions isolated from ApoE—/— mice, indicating
accumulation in the plaque area (Figure 2C and D). To assess its imaging performance, magnetic resonance imaging
(MRI) was performed on 16-week-old ApoE—/— mice, showing a significant signal enhancement in the arterial vessel
wall, indicating the presence of AS plaques (Figure 2E).

Chitosan Nanoparticles

Chitosan, like PLGA and PEG, is a naturally derived polymer with excellent biocompatibility and biodegradability, offering
unique applications in AS treatment.”>’® Its structure contains abundant amino groups that can acquire positive charges in
different pH environments, enabling interactions with negatively charged drug molecules.”””® Chitosan also exhibits adhesion
and sustained release properties, facilitating drug loading and targeted delivery. It not only prolongs drug circulation time but
also interacts directly with cell membranes, enhancing nanoparticle uptake in target tissues.”” Wang et al** modified chitosan
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Figure 2 (A) TEM images of ST/NCP-PEG. (B) FT-IR spectrum of ST/NCP-PEG at pH 5.6 and pH 7.4. (C) Ex vivo fluorescent imaging of the aortas. (D) Quantitative data
analysis of Cy5-labeled fluorescent signals in the aorta, **P<0.01 compared with the control. (E) The MR images in ApoE—/— mice (the region of interest is outlined in the
insert). Adapted with permission from Lin Y, Liu J, Chong SY, et al. Dual-function nanoscale coordination polymer nanoparticles for targeted diagnosis and therapeutic
delivery in atherosclerosis. Small. 2024;20(47):¢2401659. Copyright © 2024 The Authors. All rights reserved.”*

to prepare nanoparticles loaded with mangiferin, with FTIR and 1H-NMR analysis confirming successful encapsulation.
Chitosan-mediated slow drug release followed the Baker-Lonsdale model. Additionally, Du et al®' developed HA-modified
chitosan nanoparticles (HA@GRDb1@CS NPs) to encapsulate ginsenoside Rbl, which exhibited sustained release in PBS at
various pH values. Bioinformatics analysis suggested their potential therapeutic effects on cardiovascular diseases, particu-
larly AS, by regulating targets like STAT3, JUN, and EGFR.

Statins are commonly used inhibitors in the treatment of AS, and nucleic acid drugs have also shown promising
effects in AS clinical research. Jiang et al®**> developed atorvastatin and chitosan NPs for encapsulating siRNA and
33pDNA, aiming for co-delivery of statins and nucleic acids. Atorvastatin NPs (GTANPs) were first prepared via an
amide reaction, then siRNA and 33pDNA were assembled via electrostatic interactions (GTANPs/siRNA). In vitro
release studies showed rapid initial release followed by slower, sustained release (Figure 3A), with no significant
difference between the drug releases, indicating that the carrier’s encapsulation had negligible effect on drug release.
For cellular uptake, GTANPs/siRNA was administered to L02 and RAW264.7 cells, and fluorescence analysis indicated
effective internalization, with stronger fluorescence than other groups (Figure 3B and C), and reduced Baf60a expression
in LO2 cells (Figure 3D). Oil Red O staining of aortic plaques showed that all groups reduced plaque area, with the
GTANPs/siRNA group showing only 7.2% plaque area, and also reducing Baf60a expression in the aorta (Figure 3E-G).
Stability and degradation tests revealed minimal changes in particle size when pH was alternated between 7.4 and 2.0
(Figure 3H), indicating the nanoparticles’ stability and reduced degradation in the gastrointestinal tract.

Zeolitic Imidazolate Frameworks Nanoparticles

In addition to natural polymers, metal-organic frameworks are increasingly used as carriers for NPs. Zeolitic Imidazolate
Frameworks (ZIF-8), a metal-organic framework composed of zinc ions and 2-methylimidazole, features a highly porous
and stable three-dimensional structure.® This framework not only accommodates various drug molecules but also
degrades rapidly in acidic environments, facilitating drug or active substance release, making it suitable for drug delivery
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Figure 3 (A) In vitro release profiles of AVS in PBS. (B) Quantitative analysis of cellular uptake of TANPs/siRNA and GTANPs/siRNA by L02 and RAW264.7 cells,
kP < 0.001, vs the LPS treated RAW264.7 cells after treatment with saline. (C) Typical CLSM images of cellular uptake of GTANPs/siRNA by L02 and RAW264.7
cells. Scale bar represents 10 pm. (D) Western blotting and quantitative analysis of Bafé0a protein levels in L02 cells. (E and F) Representative images and quantitative
analysis of oil red O stained descending aorta, *P < 0.05, *P < 0.01, P < 0.01, and **P < 0.001, vs mice in the saline group. (G) Western blotting and quantitative
analysis of Baf60a protein levels in descending aorta. (H) TEM images of GTANPs/pDNA under various pH conditions. Scale bar represents 200 nm. Reprinted from
Biomaterials, Jiang T, Xu L, Zhao M, et al. Dual targeted delivery of statins and nucleic acids by chitosan-based nanoparticles for enhanced antiatherosclerotic efficacy.
Biomaterials. 280:121324.. Copyright © 2022, with permission from Elsevier.?”

in pathological microenvironments.***> ZIF-8’s pH-sensitive degradation allows rapid drug release in low pH environ-
ments, concentrating drug delivery at acidic lesions like AS plaques.®® Sheng et al®’ developed ZIF-8 NPs loaded with
losartan potassium (LP@ZIF-8) for anti-AS therapy. They found that LP@ZIF-8 activated autophagy to regulate lipid
metabolism and effectively reduced Interleukin-6 (IL-6), Interleukin-1 Beta (IL-1p), and TNF-a levels. Another study88
loaded simvastatin into ZIF-8 and modified it with HA to create self-assembled NPs (SIM/ZIF-8@HA). TEM images
showed that SIM/ZIF-8@HA exhibited narrow, uniform size with a diameter of approximately 200 nm (Figure 4A). ZIF-
8 degraded under acidic conditions, enabling sustained drug release, especially after HA modification, which significantly
enhanced the controlled release (Figure 4B). To assess immune evasion, 1.1°-Dioctadecyl-3,3,3°,3’-
tetramethylindocarbocyanine perchlorate (DiD)-labeled SIM/ZIF-8@HA was incubated with macrophages, and fluores-
cence results indicated that macrophage phagocytosis was time-dependent, with HA modification promoting macrophage
internalization of ZIF-8@HA via CD44-mediated endocytosis (Figure 4C and D). Hemolysis tests showed no hemolytic
activity for SIM/ZIF-8@HA and SIM/ZIF-8, with hemolysis rates of 2.4% and 1.4%, respectively (Figure 4E and F). Oil
Red O staining revealed that SIM/ZIF-8@HA more effectively inhibited AS lesions and reduced plaque lipid accumula-
tion compared to SIM and SIM/ZIF-8 (Figure 4G).
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Liposome Nanoparticles

Liposomes are spherical vesicles formed by phospholipid bilayers, with a structure similar to cell membranes, capable of
encapsulating both hydrophilic and lipophilic drugs.*>*° As one of the earliest studied and applied nanocarriers,
liposomes offer excellent biocompatibility and low toxicity, making them safe for in vivo use. Their unique bilayer
structure protects encapsulated drugs from degradation in the body and enhances targeting through surface modifications,
thereby improving therapeutic precision.”’*? Additionally, liposomes exhibit good controlled drug release, prolonging
circulation time and reducing side effects, particularly suitable for chronic diseases like AS.”> Dhanasekara et al®
synthesized liposome NPs using soybean lecithin, and in vitro uptake experiments showed high binding affinity with
macrophage CD36 receptors, offering potential for AS molecular imaging. Shi et al®> designed Cholesteryl-9-carbox-
ynonanoate-(125I-iron oxide nanoparticle/Curcumin)-lipid-coated nanoparticles (MLNPs), demonstrating that MLNPs
accurately accumulate in unstable plaques and efficiently deliver curcumin to macrophage inflammation sites.
Photodynamic therapy has emerged as a new strategy for AS treatment, with researchers’® using the film dispersion
method to design liposome NPs loaded with Ce6, then covalently crosslinking CD68 antibodies to the liposome surface.
Flow cytometry results indicated that Ce6-loaded liposomes promoted intracellular uptake more effectively under laser

irradiation. Furthermore, CD68-modified liposomes significantly enhanced cellular recognition and internalization. They
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also promoted foam cell autophagy by increasing LC3-I/LC3-II expression and decreasing p62 expression, while
inhibiting migration of mouse aortic smooth muscle cells in vitro.

Albumin Nanoparticles

Albumin, a naturally occurring protein in the body, is non-immunogenic and has a long circulation time in the blood-
stream, making it a promising drug carrier.’” Compared to liposomes, albumin carriers not only stabilize drug loading but
also enable targeted delivery through receptor binding.”®*” Huang et al'®® developed a dextran-bovine serum albumin
conjugate (DB) and used it as an emulsifier to load Ce6, forming albumin NPs (UCNPs-Ce6@DB). Their results showed
that UCNPs-Ce6@DB could recognize and bind to the class A scavenger receptors highly expressed on macrophages,
promoting the uptake of foam cells derived from macrophages in AS and inhibiting the secretion of pro-inflammatory

cytokines. Boada et al'!

developed albumin NPs loaded with rapamycin, characterized by a particle size of 108 £ 2.3 nm
and a zeta potential of —15.4 + 14.4 mV. In vivo studies showed that treatment with these NPs reduced inflammation

levels in mice and suppressed macrophage polarization.

Gold Nanoparticles

In addition to organic materials, inorganic carriers are commonly used in drug delivery due to their superior structural
stability and functional versatility compared to organic carriers.'”” Gold Nanoparticles (AuNPs) have become
a prominent focus in AS research, particularly for imaging and diagnosis, due to their surface modifiability and
photothermal properties.'®"'% In 2016, Li et al'® developed a gold nanoparticle-based imaging probe, Tc-GNPs-
Annexin V, for targeting apoptotic macrophages in AS. The probe, with a uniform size of 30.2 £ 2.9 nm, exhibited
high labeling efficiency and good stability. Computed Tomography (CT) scans of AS gene knockout mice induced by
a high-fat diet showed that the imaging probe accumulated more effectively in apoptotic macrophages with the addition
of targeting molecules. Recently, AuNPs-PEI-siRNA was used for AS plaque targeting in imaging studies. Results
showed that macrophages more readily interacted with AuNPs-PEI-siRNA, and tail vein injection into high-fat diet mice

enhanced AS plaque labeling, with CD40 surface expression being a key targeting factor.'

Silver Nanoparticles

Similar to AuNPs, Silver Nanoparticles (AgNPs) also exhibit optical properties and surface modifiability, with additional
anti-inflammatory and antimicrobial characteristics that provide unique advantages in AS treatment.'”” As a metal
material with enhanced photothermal conversion, AgNPs hold potential for macrophage-mediated hyperthermia treat-
ment of arterial inflammation.'®® However, AgNPs may also exert negative effects on AS treatment by negatively
regulating inflammation and cholesterol uptake, both of which exacerbate AS.'® Therefore, careful control of their
biotoxicity and biocompatibility is required. CpG, a toll-like receptor agonist, is used for AS therapy. Tang et al''®
developed CpG-AgNPs by conjugating CpG to AgNPs, which reduced CpG degradation under the silver carrier, while
leveraging the inherent antioxidant and anti-inflammatory properties of silver. This multifunctional nanomedicine can
simultaneously promote macrophage phagocytosis and repolarization. In an AS mouse model, intravenous injection of
CpG-AgNPs effectively targeted AS plaques, demonstrating therapeutic efficacy and excellent biocompatibility.

Ferric Ferrous Oxide Nanoparticles
Ferric Ferrous Oxide Nanoparticles (Fe3O4 NPs) possess superparamagnetism, allowing precise control under an external

magnetic field. This property enables targeted drug delivery to diseased sites in the bloodstream,''"!!?

reducing side
effects in healthy tissues serve both as a drug delivery carrier and an MRI contrast agent.''® Shen et al''* developnctional
probto H,O, by coupling Fe;O, with citric acid and incorporating H,O,-responsive simvastatin-modified amphiphilic
block copolymers and the targeting molecule ISO-1, forming the drug-loaded micelle PGMA-PEG-ISO-1-Sim@FC
(PPIS@FC). Their study showed that PPIS@FC effectively releases drugs in the plaque’s unique microenvironment, with
in vivo results confirming its targeting ability, MRI, and fluorescence imaging. Additionally, Huang et al''> developed

Rap/Fe;0,@VHP-Lipo, a liposomal ncarrying rapamycin, modified with VCAM-1 on Fe;O,. In vitro studies showed
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superior biocompatibility and targeted collagen-binding characteristics, with MRI imaging performance. In vivo studies
demonstrated its targeting ability in an AS mouse model, effectively treating lipid accumulation in plaques.

Prussian Blue Nanoparticles

Prussian Blue (PB), a prototype of mixed-valence transition metal hexacyanoferrates, is a deep blue pigment. Its structure
consists of divalent and trivalent iron ions connected via cyanide groups, forming a uniform crystalline lattice. This
unique lattice endows PB with exceptional properties, including photophysical, electrochemical, and electrochromic
characteristics.''®!"”

To address the poor targeting of rosuvastatin, Liu et al''® developed PB-based NPs coated with macrophage
membranes (MPR NPs). In vitro experiments demonstrated that MPR NPs effectively inhibited the TLR4/HIF-1o/
NOD pathway, promoted cholesterol efflux, and reduced lipid deposition. In vivo studies in mice confirmed the
therapeutic potential of MPR NPs for AS. In another study, researchers''® encapsulated colchicine within PB NPs,
coated them with HA, and labeled them with Cy5.5, forming col@PBNP@HA. To evaluate its properties, a series of
characterizations were conducted. TEM images revealed cubic structures with dispersed distribution, and compared to
uncoated col@PBNP, col@PBNP@HA exhibited a gray membrane-like structure on the surface, confirming successful
hyaluronic acid modification (Figure 5A). The particle size of col@PBNP@HA was measured as 166.1 £ 0.286 nm
(Figure 5B). To assess ROS-scavenging activity, levels of inflammatory and oxidative stress markers were evaluated.
Results showed col@PBNP@HA reduced malondialdehyde (MDA) levels (Figure 5C) and increased glutathione (GSH)
levels (Figure 5D). Histological staining (HE, Oil Red O, and Masson) of aortic tissue sections was used to assess plaque
regression (Figure SE). HE staining revealed a significant reduction in plaque size, with col@PBNP@HA-treated plaques
exhibiting the smallest necrotic areas. After col@PBNP@HA treatment, Masson staining indicated increased collagen
content. Additionally, immunofluorescence was performed to examine P65 nuclear translocation. As shown in Figure 5F,
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Figure 5 (A) Representative image obtained through TEM showcasing col@PBNP and col@PBNP@HA. (B) Hydrodynamic diameter distribution of col@PBNP and
col@PBNP@HA. (C and D) Quantification of MDA and GSH in macrophages of different groups (**P < 0.01, **P < 0.001, and ***P < 0.0001, compared with the LPS
group. “##p < 0.0001, compared with the LPS + colchicine group). (E) Histopathological examination of the segments from aortic sinuses isolated from atherosclerotic mice
models after various treatments (scale bar = 500 um). (F) Representative images of Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB) immunofluor-
escence staining following the incubation of inflammatory macrophages with colchicine or col@PBNP@HA (scale bar = 50 pm). Adapted with permission from Zhu Y, Fang
Y, Wang Y, et al. Cluster of Differentiation-44-targeting prussian blue nanoparticles onloaded with colchicine for atherosclerotic plaque regression in a mice model. ACS
Biomater Sci Eng. 2024;10(3):1530—1543. Copyright © 2024 American Chemical Society.''?
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P65 was primarily expressed in the cytoplasm of unstimulated cells, whereas LPS-induced inflammatory macrophages
exhibited significant nuclear overexpression of P65, indicating its phosphorylation and translocation to the nucleus to
initiate downstream inflammatory mediator transcription.

Silica Nanoparticles
Mesoporous Silica (SiO,) NPs are characterized by their relatively small pore size, simple fabrication process, and high
drug-loading capacity. Their surface, rich in silanol groups, is highly amenable to modification, offering excellent

biocompatibility. These properties make SiO, NPs a focus of interest in the development of novel nanomedicines.'?* %

Pham et al'®

designed CD9 antibody-modified SiO, NPs, which demonstrated enhanced cellular uptake and reduced levels
of Reactive Oxygen Species (ROS), TNF-a, and IL-6 in in vitro models of oxidized high-density lipoprotein-induced
senescent foam macrophages and endothelial cells, thereby improving cellular viability. Similarly, Ma et al'** leveraged the
properties of SiO, to develop CD44 ligand-modified probes (HA-Gd*O3@MSN) for the identification and diagnosis of AS.
Cell Counting Kit-8 (CCK-8) assays, hemolysis tests, hematoxylin-eosin staining, and blood biochemical analyses
confirmed the excellent biocompatibility of HA-Gd,O3@MSN, while laser confocal microscopy, cellular MRI, flow
cytometry, and immunohistochemistry demonstrated its strong targeting capability. Furthermore, Wang et al'* introduced
a composite SiO, NPs system (CMSN@SRT@Anti) for AS diagnosis and therapy. In vitro studies revealed significant
uptake of CMSN@SRT@Anti by RAW264.7 macrophages and its ability to inhibit macrophage polarization. In vivo
experiments showed that after 4 weeks of treatment, the serum total cholesterol levels, aortic plaque condition, and plaque

area in mice were significantly improved, effectively alleviating AS symptoms.

Composite Hybrid Nanoparticles

Composite hybrid nanomaterials can consist of combinations of organic and inorganic materials or organic-organic
materials. By integrating different materials into a single structure, these composites achieve enhanced stability,
biocompatibility, and multifunctionality. This synergistic effect makes them particularly effective in precision drug
delivery and targeted therapy.'*® Groner et al developed PLGA and PEG-based NPs to improve the bioavailability of
pioglitazone. The NPs had an approximate size of 85 nm, a PDI of 0.15, and an encapsulation efficiency of 55%, as
determined by HPLC. Since pioglitazone targets PPAR-y, an intracellular receptor, macrophage uptake experiments were
conducted to assess the targeting affinity of the NPs. Results showed significant uptake by macrophages, which increased
with the NPs concentration, reaching equilibrium at 150 pg/mL."*” Ye et al'*® prepared an AS treatment and imaging
probe (Fe-PFH-PLGA/CS-DS NPs) by loading dextran sulfate (DS) with PLGA and chitosan as carriers, and adding iron
as a contrast agent. Using Dil labeling, they observed the targeting capability of the NPs in RAW264.7 cells.
Fluorescence results showed strong adhesion of Fe-PFH-PLGA/CS-DS NPs to activated cells. CCK-8 assays indicated
no significant effect on cell viability, suggesting that the carrier materials were safe and reliable.

In addition to combining various materials, extensive research has also focused on coating NPs with biomimetic
membranes to enhance their targeting ability. The biomembrane coating acts like a “biomimetic suit”, improving the
biocompatibility and circulation time of drugs in vivo, thereby enabling multifunctional therapeutic effects.'?’ Li et al'*°
synthesized a novel NPs (PM/Fe;0,@PLGA) by first preparing PLGA polymers loaded with Fez0,4 (Fez04,@PLGA) via
emulsion solvent evaporation, followed by coating with platelet membranes (PM) extracted using a low-osmolarity
centrifugation method, as shown in Figure 6A. DLS results revealed that after coating with PM, the NPs’ diameter
increased from 244.13 nm to 280.33 nm, corresponding to the bilayer membrane thickness, and the zeta potential shifted
from —17.2 mV to —27.3 mV (Figure 6B and C). TEM confirmed the “core-shell” structure of PM/FesO,@PLGA
(Figure 6D). After labeling PM/Fe;0,@PLGA and Fe;0,@PLGA with Dil (1,1’-Dioctadecyl-3,3,3,3’-
Tetramethylindocarbocyanine Perchlorate) and incubating with cells for 4 h, the PM/Fe3O4@PLGA group showed
strong red fluorescence signals on the cell surface, while the non-targeted FezO,@PLGA group only showed green
fluorescence (Figure 6E). To investigate the ability of PM/Fe;O4@PLGA to detect AS plaques, they established an AS
mouse model for MRI, as shown in Figure 6F. MRI of 25 mice revealed an area under the curve (AUC) of 0.954 £ 0.026.
Receiver operating characteristic (ROC) analysis indicated an optimal cutoff of 8493.5, with sensitivity and specificity
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Figure 6 (A) Schematic illustration of the preparation of PM/Fe304@PLGA. (B) Particle size of Fe304@PLGA and PM/Fe304@PLGA measured by DLS. (C) Zeta
potential distribution of Fe304@PLGA and PM/Fe304@PLGA. (D) TEM images of Fe304@PLGA and PM/Fe304@PLGA. (Scale bar = 100 nm). (E) Cell uptake of Dil NPs
and PM/Dil NPs after incubation with foam cells for 4 h. (scale bar = 10 pm). (F). Experiment setup in MRI of the vulnerable atherosclerotic plaque in vivo. (G) ROC curve
showing the performance of different plaques (stable plaque, venerable plaque) in terms of true positive rate and false positive rate. Adapted with permission from Li Y,
Wang Y, Xia Z, et al. Noninvasive platelet membrane-coated Fe304 nanoparticles identify vulnerable atherosclerotic plaques. Smart Med. 2024;3(2):e20240006. © 2024 The
Authors. Smart Medicine published by Wiley-VCH GmbH on behalf of Wenzhou Institute, University of Chinese Academy of Sciences.'*°

both at 88%, indicating that this nanoprobe exhibits excellent diagnostic capability in distinguishing atherosclerotic
plaques. (Figure 6G).

Preparation Methods of Nanoparticles

The preparation method of NPs is a key factor determining their structure and function. Different preparation techniques
directly influence the particle size, morphology, dispersibility, drug-loading efficiency, and stability of NPs, which in turn
significantly impact their therapeutic effectiveness in AS treatment.'’’ Additionally, precise optimization of these
preparation processes allows for fine-tuned control over NPs, enhancing their targeted delivery efficiency and reducing
drug toxicity to normal tissues. Choosing an appropriate preparation method is not only fundamental for achieving the
desired structure and function of NPs but also crucial for advancing precision treatment of AS. Currently, major NPs
preparation methods include emulsion, ultrasonic dispersion, ion gelation, nanoprecipitation, and self-assembly. The
characteristics of each method are summarized and discussed below (Table 1).

Emulsion
Emulsion methods involve dispersing hydrophobic drugs or materials in the aqueous phase to form nanoemulsions,
which are then solidified into NPs by solvent evaporation or coagulation.'*® Emulsions can be classified as oil-in-
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Table | Preparation Methods and Characteristics of NPs Commonly Used for AS Treatment

Methods Principle Advantages Limitations Ref.
Emulsion NPs are formed by solvent evaporation or | Controls particle size, simple Organic solvents used; product [132]
phase transfer, utilizing the stability of the to operate, suitable for may require further purification.
dispersed phase in an oil-water system. encapsulating hydrophobic
drugs.
Ultrasonic dispersion Ultrasonic cavitation disperses particles Simple to operate, suitable May cause degradation of [133]
into NPs. for preparing high- thermosensitive materials and
concentration uneven particle size.
nanodispersions.
lon gelation Gel-like NPs formed through electrostatic | Mild conditions, non-organic Limited applicability, structural [77]
interaction between charged polymers and solvents, suitable for stability affected by environmental
crosslinkers. bioactive molecules. factors.
Nanoprecipitation NPs are formed by solute precipitation in Fast, highly controllable, Poor uniformity of products; some | [134]
a solvent-nonsolvent system. suitable for hydrophobic solvents may have side effects on
drug preparation. the drug.
Self-assembly NPs formed spontaneously through Mild conditions, suitable for Highly influenced by preparation | [135]
molecular interactions. functional design, ideal for conditions, with some
sensitive drugs. intermolecular interactions
difficult to control.

water (O/W) or water-in-oil (W/O), suitable for drugs and carriers with different polarities. Variants of emulsion
methods include the emulsion-evaporation method and double emulsion method. The emulsion-evaporation method
is used for hydrophobic drug nanocarriers, where organic solvent evaporation solidifies the emulsion into particles.
The double emulsion method, used for encapsulating water-soluble drugs, forms a water-in-oil-in-water (W/O/W)
structure to improve encapsulation efficiency.>” Wu et al'*® used the double emulsion method to prepare PLGA
NPs for targeted delivery of chemokine CCR2 to macrophages in AS lesions, achieving a drug encapsulation rate
of 79.37%. Manesh et al'*° employed the emulsion-evaporation method to prepare imatinib-loaded NPs, with
FTIR analysis confirming drug-carrier conjugation and in vitro release studies showing sustained release of

imatinib.

Ultrasonic Dispersion

Ultrasonic dispersion'*° utilizes high-frequency ultrasonic vibrations to break down large particles into nanoscale ones.
The cavitation effect generated by ultrasound in a liquid medium forms numerous tiny gas bubbles, which rapidly
collapse under pressure changes, releasing significant energy to disperse aggregated particles into smaller NPs. This
method is often combined with emulsification, and by controlling the ultrasonic frequency and duration, the size of NPs
can be effectively regulated. Apolipoprotein Al is a recognized biomarker for AS and other cardiovascular diseases,

1"*! used ultrasonic dispersion to synthesize a nanocomposite

making its detection critical for AS diagnosis. Sun et a
material, Ce-MOF@AuNPs, which exhibited high selectivity, good stability, and reproducibility, making it suitable for

AS diagnosis and detection.

lon Gelation

Ion gelation is a method for forming NPs through ionic crosslinking, commonly used to prepare polysaccharide or
protein-based NPs with good biocompatibility, particularly those using chitosan as a carrier.'*? In this process, the
charged polymer solution rapidly crosslinks upon contact with the corresponding crosslinking agent through electrostatic
interactions, forming stable nanogels.'** This method can encapsulate various active molecules, including water-soluble

144
1

drugs and proteins. Nguyen et a used chitosan as a carrier for miRNA delivery via ion gelation, optimizing the
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process to obtain NPs of 150200 nm. Their study showed that miRNA could be effectively delivered to macrophages
via NPs, where it regulated cholesterol efflux to alleviate AS lesions.

Nanoprecipitation

Nanoprecipitation is a method that forms NPs by inducing solute precipitation through the mixing of a solvent and
nonsolvent. Typically, hydrophobic drugs and polymers are dissolved in an organic solvent and then slowly added to an
aqueous or other nonsolvent phase. This sudden decrease in solubility causes the drug and polymer to deposit on the

droplet surface, ultimately forming stable NPs. One study'*

used this method to develop an environmentally friendly
magnetic mesoporous NP, coating Fe;O, with ZIF to enhance its surface area and chemical stability, with potential

applications in AS treatment.

Self-Assembly

Self-assembly is a widely used preparation method in recent years. It relies on non-covalent interactions, such as
electrostatic forces, hydrophobic interactions, and hydrogen bonds, to spontaneously arrange molecules into nanostruc-
tures. This process typically occurs under mild conditions, where amphiphilic molecules with hydrophobic or hydrophilic
groups aggregate in aqueous or organic phases to form stable, multifunctional NPs.'**'*” Wu et al'*® mixed tannic acid
with polyoxylamine in equal proportions and added the mixture to deionized water within a dialysis bag, where NPs
spontaneously formed under stirring. In vitro studies showed that tannic acid NPs inhibited LPS-induced macrophage
inflammation by scavenging ROS, downregulating pro-inflammatory cytokines, and modulating macrophage polariza-
tion. Zhao et al'*® also exploited the self-assembly properties of simvastatin to develop a fibrin-targeted delivery system
for co-delivering simvastatin and ticagrelor. Both in vitro and in vivo experiments demonstrated that the nanoparticle
drug delivery system exhibited good stability, reduced off-target drug leakage, and showed excellent anti-inflammatory
and antioxidant effects for treating AS.

Applications of Nanoparticles in Atherosclerosis Treatment
Targeted Drug Delivery

The core advantage of NPs in drug delivery lies in their targeting ability. On one hand, formulating drugs with carriers
into NPs can reduce drug clearance in the body, prolonging their therapeutic duration.'>® On the other hand, surface
modification with targeting molecules, such as antibodies, ligands, or small molecules, enables specific delivery to AS
lesion sites.'”' This targeted approach reduces drug toxicity to normal tissues, enhances therapeutic efficacy, and
minimizes systemic side effects associated with conventional drug treatments. AS lesions are often deep and difficult
to access, but targeted delivery via NPs not only increases drug concentration at the affected sites but also improves drug
stability in the body.

Bruton’s tyrosine kinase (BTK) has emerged as a novel therapeutic target for AS. Wang et al'>? introduced a poly-
(dopamine)-based nanoparticle drug delivery system to deliver the BTK inhibitor Ibrutinib to AS plaques with active
targeting properties. This system utilizes the pH sensitivity of poly(dopamine) for controlled drug release, while
inhibiting NF-kB pathway activation in B cells and NOD-like Receptor Pyrin Domain Containing 3 (NLRP3) inflamma-
some activation in macrophages within plaques. Li et al'>® designed a biomimetic NP system (MM/MTXNPs) based on
hyaluronic acid and macrophage membranes to deliver methotrexate (MTX), as shown in Figure 7A. TEM imaging
revealed that NPs without macrophage membrane (MTXNPs) were spherical and uniform, whereas MM/MTXNPs
exhibited a clear “core-shell” structure (Figure 7B), with the core being MTXNPs and the shell being the macrophage
membrane. SDS-PAGE showed no protein bands for MTXNPs, but MM/MTXNPs displayed protein bands similar to
total macrophage proteins and macrophage vesicles, confirming successful membrane coating (Figure 7C). After co-
incubating DiD-labeled MM/MTXNPs and MTXNPs with macrophages for 4 h, a reduction in red fluorescence
accumulation was observed in MM/DiDNPs-treated cells compared to MTXNPs, indicating that macrophage membranes
can help NPs evade macrophage phagocytosis (Figure 7D). Cytotoxicity assays showed a gradual decrease in cell
viability as MTX concentration increased (Figure 7E), with cell viability remaining above 80% even at 30 uM MTX, and
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Figure 7 (A) Schematic of MM/MTXNPs fabrication. (B) TEM images of MTXNPs and MM/MTXNPs (the scale bar is 100nm). (C) SDS-PAGE images of membrane proteins
of total macrophage proteins, macrophage vesicles, MM/MTXNPs and MTXNPs. (D) Laser confocal images of uptake of DiDNPs and MM/DiDNPs by macrophages (DAPI-
stained nuclei in blue, fluorescently labeled nanoparticles in red, the scale bar is 20 pm). (E) Cell viability of macrophages after treatment with MTX, MTXNPs and MM/
MTXNPs. (F) Pictures of hemolysis tests including the positive control, negative control, MTXNPs and MM/MTXNPs. (G) Fluorescence intensity of MTXNPs and MM/
MTXNPs circulating in mice at different times. (H) Vascular fluorescence images of MTXNPs and MM/MTXNPs in mice after 24 h of circulation in vivo. Adapted with
permission from Fontana F, Molinaro G, Moroni S, et al. Biomimetic platelet-cloaked nanoparticles for the delivery of anti-inflammatory curcumin in the treatment of
atherosclerosis. Adv Healthc Mater. 2024;13(15):¢2302074."'>*

MM/MTXNPs exhibiting higher viability than MTXNPs. Hemolysis tests revealed significant hemolysis in the positive
control, while MTXNPs, MM/MTXNPs, and negative controls showed no hemolysis, with RBCs deposited at the tube
bottom (Figure 7F). To evaluate in vivo circulation, fluorescence intensity was measured in blood samples from mice
injected with MM/MTXNPs and MTXNPs, showing significantly higher and sustained fluorescence from MM/MTXNPs
for up to 48 h (Figure 7G). Oil Red O staining of aortic tissues post-treatment showed that MM/MTXNPs were the most
effective, with reduced lipid deposition and enhanced drug targeting due to the macrophage membrane coating
(Figure 7H).

Anti-Inflammatory Therapy

Inflammation plays a crucial role in the pathogenesis of AS, as persistent inflammation not only promotes plaque
formation and progression but also increases the risk of plaque rupture and thrombosis. Therefore, targeting inflammation
is a key direction in AS precision medicine. The controlled release property of NPs allows anti-inflammatory drugs to be
continuously released at the lesion site, maintaining therapeutic concentrations and enhancing treatment efficacy.
Curcumin, an effective anti-inflammatory drug for AS, was formulated into NPs with a platelet membrane coating by
Fontana et al.">* The study demonstrated that the NPs exhibited cell compatibility with endothelial cells, smooth muscle
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cells, and immune cells without inducing immune activation. Real-time fluorescence qPCR and ELISA analysis of
endothelial cell-related factors confirmed the anti-inflammatory effects, showing reduced expression of NF-xB,
Transforming Growth Factor Beta 1 (TGF-B1), IL-6, and IL-1B in inflammatory cells. In another study,'>> red blood
cell membrane-coated probucol was used to create biomimetic NPs (RP-PU). In vitro experiments showed good
sustained-release properties and excellent biocompatibility. RP-PU reduced collagen fibers in aortic root sections and
inhibited foam cell formation, decreasing the expression of ICAM-1 and MCP-1, thus delaying lesion development.

Vascular Repair and Regeneration

The goal of vascular repair and regeneration is to restore endothelial integrity, promote neovascularization, and repair
damaged vessel walls, thereby halting or reversing the pathological progression of AS."*° Due to their targeting, efficient
delivery, and multifunctionality, NPs show great potential in vascular repair and regeneration. Endothelial progenitor
cells (EPCs) are associated with the prognosis of CVDs and play a critical role in the development of AS. Wei et al'®’
explored the potential of superparamagnetic iron oxide NPs (USPION)-labeled EPCs for non-invasive monitoring and
evaluated the therapeutic outcomes in an AS rabbit model. The study found that labeled EPCs formed capillary-like
structures, expressing high levels of CD31, CD34, and VEGFR2. Histopathological analysis revealed USPION-stained

EPCs in the vascular lesions of the rabbit model one day post-transplantation.

Stabilizing Plaques and Clearing Lipids

The core pathology of AS is the formation and instability of arterial plaques, with plaque rupture often leading to acute
cardiovascular events. Therefore, stabilizing plaques and clearing lipids have become important therapeutic targets for
AS. NPs can efficiently deliver drugs to plaque sites, reducing the expression of inflammatory cytokines and inflamma-
tion cell infiltration, thereby improving plaque stability.'”® Additionally, surface-modified NPs can specifically target and
clear excess lipids in the vasculature. These NPs can also enhance macrophage lipid clearance, promoting the transfor-
mation of foam cells into anti-inflammatory and lipid-excreting phenotypes, accelerating lipid metabolism within
plaques."™’

Src homology 2 domain-containing phosphatase-1 inhibitor (SHP-1i) is a small molecule inhibitor of the CD47
downstream pathway that mediates macrophage phagocytosis, enhancing the clearance of apoptotic cells and reducing
cholesterol accumulation. Sha et al'®® designed macrophage membrane-coated SHP-1i liposomal biomimetic NPs
(MM@Lips-SHP11i) for lipid clearance in AS. Macrophage membranes were extracted using a low-osmolarity lysis
method, while SHP-1i liposomes were prepared using the film dispersion method, followed by mechanical co-extrusion
to form MM@Lips-SHP1i. MM@Lips-SHP1i had a size of 199.1 nm and a zeta potential of —11.18 mV. UV-visible
spectroscopy confirmed characteristic absorption peaks at 230 nm, 320 nm, and 490 nm for SHP1i, and MM@Lips-
SHP1i retained these peaks, indicating successful encapsulation of SHP1i (Figure 8A—C). The nanoparticles showed
good stability after 7 d in PBS (Figure 8D). Studies revealed that MM@Lips-SHP1i could mitigate the effects of LPS on
macrophages, suppressing inflammation and significantly reducing TNF-a, IL-6, and IFN-y levels (Figure 8E-G).
DCFH-DA fluorescence probes showed that MM@Lips-SHP1i had the lowest green fluorescence, indicating the most
effective ROS inhibition (Figure 8H-I). Additionally, MM@Lips-SHP1i effectively inhibited ox-LDL-induced macro-
phage apoptosis, reducing late and early apoptotic cells to 5.36% and 9.94%, respectively (Figure 8J).

Gene Therapy

Gene therapy, as a strategy targeting the root causes of diseases, can effectively influence the pathogenesis of AS by modifying
or regulating gene expression. NPs provide a protective barrier for gene drugs, preventing degradation in the bloodstream
while enabling efficient accumulation at plaque sites through the modification of specific targeting ligands, such as antibodies
or peptides targeting endothelial cells or macrophages.'®' Additionally, the multifunctional properties of NPs allow for the
combination of gene therapy with other treatment modalities to achieve synergistic effects. Distasio et al'®* designed and
developed branched poly(B-amino ester) NPs containing plasmid DNA encoding Interleukin-10 (IL-10), which were modified
with a specific targeting peptide, VHPK. Their study showed that IL-10-loaded NPs specifically targeted inflamed plaques,

1163

promoting endothelial cell gene transcription and reducing inflammation levels. Bai et al ™ prepared NPs containing
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with the Control. (H) Analysis for mean DCFH-DA fluorescence intensity. (I) Fluorescence images observed the effect of different nanoparticles on ROS generation in RAW264.7
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microRNA-146a oligonucleotides, and their research confirmed that these microRNA NPs could regulate the NF-«B pathway,
targeting A-type scavenger receptors on plaque macrophages and endothelial cells, thereby effectively treating AS.

Multifunctional Integrated Diagnosis and Therapy
The limitations of single therapeutic strategies in addressing the complex pathological mechanisms of AS are increas-
ingly apparent. Multifunctional integrated NPs can combine diagnostic and therapeutic functions by integrating drug
delivery, targeted modification, and imaging, effectively addressing the complex pathology of AS for personalized
diagnosis and treatment. Zhang et al'®* developed a pH-responsive NP coupled with profilin-1 antibody (PFN1) using
the specificity of superparamagnetic iron oxide. Their study showed that these NPs readily bind to vascular smooth
muscle cells and accumulate in plaques to exert anti-AS effects. Ma et al'®® prepared NPs modified with hyaluronic acid
to encapsulate rosuvastatin for AS mouse studies, demonstrating that NPs administration led to plaque regression,
achieving simultaneous therapy and imaging.

The multifunctional integration of NPs is reflected not only in the combination of diagnosis and therapy but also in the
integration of multiple therapeutic functions during the treatment process. Luo et al'® proposed the construction of
polydopamine NPs encapsulating NLRP3 inhibitor (CY-09) and conjugated with anti-CD47 antibodies—DNPC-aCD47
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NPs—to achieve synergistic treatment both intracellularly and extracellularly, thereby restoring macrophage function. Briefly,
DNPC-aCD47 NPs were prepared by stepwise stirring, as shown in Figure 9A, with an average particle size of 320 nm and
a zeta potential of —35 mV (Figure 9B and C). HPLC analysis of CY-09 release in vitro revealed a release rate of 60% within
12 h in PBS (Figure 9D). To investigate the cellular uptake and endocytic pathway of DNPC-aCD47 NPs, Ce6 was
encapsulated in the NPs and detected by flow cytometry. The results showed that the fluorescence intensity increased with
incubation time and DNPC-aCD47 NPs concentration, indicating that DNPC-aCD47 NPs were rapidly and easily absorbed
by macrophages (Figure 9E and F). Co-localization analysis using confocal microscopy after co-incubation with lysosome
probes revealed no significant co-localization, suggesting that DNPC-aCD47 NPs can escape from the lysosome into the
cytoplasm (Figure 9G). In vitro immunofluorescence and WB results showed a reduction in NLRP3 expression, with the
DNPC-aCD47 NPs group exhibiting stronger inhibition (Figure 9H and I). In vivo experiments demonstrated that all drug
treatments reduced AS plaque to varying degrees, with Oil Red O staining showing a significant reduction in necrotic areas of
aortic plaques in the DNPC-aCD47 NPs group (Figure 97J).
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The Future Prospective

Despite significant advances in the application of NPs in precision medicine for AS, clinical translation remains
challenging. A critical concern is the long-term biocompatibility and safety of NPs, which require further in-depth
evaluation.'®” Most studies are still limited to small animal models, and the successful translation of these findings into
clinical practice remains a key hurdle.'®® Biocompatibility, essential for minimizing immune responses and toxicity, is
a major determinant of NPs safety. Insufficient biocompatibility may trigger allergic reactions, tissue damage, or chronic
inflammation. Additionally, the biodegradability of NPs is crucial; ideally, they should undergo enzymatic or metabolic
degradation post-drug delivery to prevent prolonged accumulation and potential toxicity. However, different NP types—
metallic, polymeric, and lipid-based—exhibit varying degradation rates, metabolic pathways, and biocompatibility
profiles. Thus, systematic assessment of NP degradation products is essential to ensure long-term safety in clinical
applications.

The fabrication of NPs requires further optimization to enhance drug loading capacity, stability, and controlled
release, thereby improving clinical applicability. As the manufacturing process directly influences drug encapsulation,
in vivo stability, and therapeutic efficacy, future research should focus on developing more efficient and precise
fabrication strategies. Current techniques face challenges such as limited drug loading, uneven distribution, and
suboptimal release kinetics, hindering clinical translation. Additionally, drug—carrier compatibility issues may further
compromise encapsulation efficiency and therapeutic performance. Stability remains a critical concern, as NPs are
susceptible to aggregation or degradation under physiological conditions, including variations in solvent composition,
temperature, and pH, particularly during circulation. To address this, advanced surface modification techniques, such as
hydrophilic polymer coatings, biomimetic membranes, and stimuli-responsive layers, should be explored to enhance
in vivo stability and biocompatibility. Controlled drug release remains another key area for optimization, as many
existing NPs exhibit either premature or delayed release, limiting therapeutic precision. Emerging strategies, including
stimuli-responsive NPs triggered by pH, temperature, enzymes, or magnetic fields, as well as hybrid carrier systems,
offer promising solutions for on-demand drug delivery.'® However, further refinement is needed to ensure precise drug
release tailored to specific pathological conditions. Future advancements in NPs fabrication should prioritize a balance
between drug loading efficiency, stability, and controlled release. Multidisciplinary collaboration integrating nanotech-
nology, materials science, and pharmaceutics will be essential to overcoming current limitations, ultimately advancing
the clinical application of NPs in precision medicine and personalized therapy.

The challenges faced by nanocarriers are not only technological bottlenecks but also provide new perspectives and
opportunities for researchers. The safety concerns drive scientists to explore innovative biomaterials and intelligent
applications. In the future, the development of biomimetic materials and smart nanocarriers will be key breakthroughs,
such as stimuli-responsive nanocarriers and targeted delivery systems, which can be customized based on the patholo-
gical features of different diseases to meet personalized treatment needs. For example, disease-specific microenviron-
ment-responsive nanoparticles, designed for conditions like low pH or peroxidase activity, can enhance drug targeting
and enable precise release, minimizing damage to healthy tissues.'’*'”" This technological advancement not only offers
new insights for atherosclerosis treatment but also provides important implications for precision treatment of other
diseases, promoting the integration of precision and personalized medicine. Multifunctional nanoplatforms are
a promising research direction,'’? capable of integrating disease diagnosis, treatment, and monitoring, ensuring precise
drug release during imaging and diagnosis, and evaluating therapeutic effects in real-time. Through this integration,
nanoplatforms can play a role in early disease detection and dynamically regulate drug release during treatment, ensuring
more personalized and efficient therapies.'”® The continuous evolution of this technology will pave new paths for
precision medicine and elevate personalized treatment to a higher level.

NPs have opened broad prospects for precision medicine in AS treatment. With the continuous advancement of
nanotechnology, NPs not only enable efficient targeted drug delivery but also integrate imaging and real-time monitoring,
providing more precise solutions for personalized treatment. By improving drug bioavailability, stability, and controlled
release, NPs can maximize therapeutic effects while minimizing impact on healthy tissues, thus reducing side effects. In
the future, with the optimization of nanofabrication technologies and the innovation of multifunctional NPs platforms,
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NPs will become more refined and intelligent in AS treatment. Through biomimetic modifications, adaptive delivery
systems, and intelligent-responsive carriers, NPs are expected to be personalized according to patients’ pathological
characteristics, achieving precise and effective treatment strategies. Moreover, interdisciplinary integration and techno-
logical innovation will further propel the use of NPs in early diagnosis, targeted therapy, and efficacy monitoring of AS,
making them key tools in precision medicine. In summary, the widespread application of NPs is driving a deep shift from
traditional AS treatments to precision medicine, offering safer and more effective solutions to patients and improving
quality of life. As research progresses, nanotechnology is expected to become a breakthrough in AS treatment, advancing
cardiovascular disease therapy into a new era of precision and personalization.
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