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Abstract: Atherosclerosis, a pathological process propelled by inflammatory mediators
and lipids, is a principal contributor to cardiovascular disease incidents. Currently, drug
therapy, the primary therapeutic strategy for atherosclerosis, faces challenges such as poor
stability and significant side effects. The advent of nanomaterials has garnered considerable
attention from scientific researchers. Nanoparticles, such as liposomes and polymeric
nanoparticles, have been developed for drug delivery in atherosclerosis treatment. This
review will focus on how nanoparticles effectively improve drug safety and efficacy, as
well as the continuous development and optimization of nanoparticles of the same material
and further explore current challenges and future opportunities in this field.
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1. Introduction
Cardiovascular diseases (CVDs) are the leading cause of non-communicable disease-

related deaths, accounting for approximately 17.9 million lives lost annually [1,2]. The
primary cause of many cardiovascular disorders is believed to be atherosclerosis (AS),
an inflammatory and lipid-driven pathological condition that significantly contributes
to the incidence of cardiovascular diseases [3]. Initially, substantial lipid accumulation
occurs on the arterial walls, which is then oxidized by reactive oxygen species (ROS) to
form low-density lipoproteins (ox-LDL) [4]. Ox-LDL causes damage to endothelial cells,
triggering a cascade of inflammatory responses. Additionally, ox-LDL can induce arterial
wall inflammation by binding to Toll-like receptors (TLRs), a class of pattern recognition
receptors (PRRs) that are widely expressed and elicit pro-inflammatory signals [5]. Finally,
under the sustained effect of inflammation, a large number of macrophages accumulate and
phagocytose the oxidized lipids, becoming foam cells (Figure 1). This process contributes
to the formation of plaques, which can obstruct the blood vessels [6,7]. In addition, the
collagen content within plaques decreases throughout the atherogenic process, increasing
the risk of plaque instability, resulting in plaque rupture and subsequent thrombosis.

Currently, the surgical treatment of atherosclerosis mainly includes percutaneous coro-
nary intervention [8] and coronary artery bypass grafting [9]. However, these procedures
carry the risk of postoperative complications, highlighting the importance of drug therapy
as the predominant treatment. Statins such as simvastatin and atorvastatin are the main
drugs in the treatment of AS, which function by inhibiting HMG-CoA reductase, a key
enzyme involved in cholesterol synthesis, thereby reducing the accumulation of lipids
within plaques. Nevertheless, these medications can cause serious side effects in humans,
including myalgia, myositis, and gastrointestinal adverse effects [10]. Gene therapy rep-
resents an emerging therapeutic approach by delivering nucleic acids into cells to silence
target genes [11]. While gene therapy has garnered attention from scientific researchers,
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challenges remain, such as the poor stability of genes in vivo is and the ineffective uptake
by cells [12–15]. Notably, the significance of early prevention and real-time detection of
atherosclerosis is growing due to the inconspicuous nature of early atherosclerosis forma-
tion as well as the abruptness of late plaque rupture. However, existing technologies for
atherosclerosis prevention and diagnosis are inadequate, with diagnostic techniques often
failing to detect the early stages of the disease. Consequently, there is an urgent need to
investigate new methods for early detection and prevention strategies of AS.
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based drug that has been marketed in Europe, is employed to treat hypercholesterolaemia 
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Figure 1. The process of foam cell formation. The accumulation of lipids at blood vessels destroys
vascular endothelial cells, causing them to release inflammatory factors that induce the body’s
immune cells (macrophages, monocytes, and neutrophils) to accumulate toward them. Macrophages
reach the lipid accumulation and phagocytose large amounts of lipids, forming foam cells.

Nanotechnology, as a potent tool in cargo delivery for disease treatment, diagno-
sis, and prevention, offers several advantages over conventional therapeutic methods [7].
(i) Targeted delivery: Due to the endothelial dysfunction and increased vascular leakage at
the disease site, a similar “EPR effect” occurs at the plaque. Nanocarriers designed with
appropriate sizes or engineered by modifying targeting peptides and utilizing biomimetic
membranes can passively or actively target the plaque for responsive drug release, offer-
ing extended cycle times, enhanced biosafety, and improved therapeutic efficacy [16–19].
(ii) Improved solubility, stability, and bioavailability. For example, Inclisiran, an siRNA-
based drug that has been marketed in Europe, is employed to treat hypercholesterolaemia
via semi-annual injections. The nano-delivery system significantly reduces the frequency
of dosing compared to other available drugs [20]. (iii) Combination therapies: Combining
different drugs delivered into the plaque via carriers can be more effective than monother-
apy because different drugs can work synergistically with one another, offsetting each
other’s limitations, resulting in advantages such as enhanced efficacy, reduced frequency
of dosing, lower overall administered doses, and improved safety. (iv) Multifunctionality:
Nanoparticles can be designed to carry multiple functionalities, such as drug delivery,
imaging, and targeting, all within a single system. Researchers have developed numerous
highly sensitive diagnostic nanomedicines, alongside combined diagnostic and therapeutic
nanomedicines, which have yielded promising results.
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Currently, numerous reviews have summarized relevant nanoparticles for the treat-
ment of AS, yet there is a paucity of systematic discussions regarding nanocarrier drug
delivery for AS. Consequently, this review aims to summarize and categorize the diverse
nanoplatform into four main groups based on their unique properties: lipid nanoparticles,
polymer nanoparticles, inorganic nanoparticles, and biomimetic nanoparticles. The focus
will be on exploring how these nanoparticles enhance the safety and efficacy of drugs, as
well as the continuous development and optimization of nanoparticles (Figure 2) made
from the same materials.

J. Funct. Biomater. 2025, 16, x FOR PEER REVIEW 3 of 39 
 

 

imaging, and targeting, all within a single system. Researchers have developed numerous 
highly sensitive diagnostic nanomedicines, alongside combined diagnostic and therapeu-
tic nanomedicines, which have yielded promising results. 

Currently, numerous reviews have summarized relevant nanoparticles for the treat-
ment of AS, yet there is a paucity of systematic discussions regarding nanocarrier drug 
delivery for AS. Consequently, this review aims to summarize and categorize the diverse 
nanoplatform into four main groups based on their unique properties: lipid nanoparticles, 
polymer nanoparticles, inorganic nanoparticles, and biomimetic nanoparticles. The focus 
will be on exploring how these nanoparticles enhance the safety and efficacy of drugs, as 
well as the continuous development and optimization of nanoparticles (Figure 2) made 
from the same materials. 

 

Figure 2. Therapeutic and diagnostic applications of nanoparticles in the management of athero-
sclerosis. 

2. Lipid-Based NPs 
Lipid nanoparticles, predominantly composed of lipids such as cholesterol and phos-

pholipids, stand as the most extensively researched delivery system for AS. This category 
encompasses two primary types: liposomes and high-density lipoprotein nanoparticles 

Figure 2. Therapeutic and diagnostic applications of nanoparticles in the management of atherosclerosis.

2. Lipid-Based NPs
Lipid nanoparticles, predominantly composed of lipids such as cholesterol and

phospholipids, stand as the most extensively researched delivery system for AS. This
category encompasses two primary types: liposomes and high-density lipoprotein
nanoparticles [7,21–23]. Owing to the “like dissolves like” principle, lipid nanoparticles
can easily cross the cell membrane, thereby significantly enhancing their cellular uptake.
This inherent advantage renders lipid nanoparticles a favored option within the realm of
nano-delivery systems.

2.1. Liposomes

Liposomes, as lipid-based spherical vesicular systems, are characterized by a lipophilic
bilayer situated between two hydrophilic layers [24]. This unique structure enables them
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to encapsulate hydrophobic agents within the lipid bilayers and enclose hydrophilic agents
within the central aqueous compartment, thereby protecting the agents from degrada-
tion [25]. Liposomes are notably taken up by cells, which helps to prevent the engulfment
of the encapsulated drugs by the mononuclear phagocytic cell system. This process extends
the circulation time of drugs in the human body, significantly improves the distribution of
small molecule drugs in vivo, and promotes the accumulation of drugs in plaques through
the “EPR” effect [7,26]. For instance, Venkatraman et al. developed PEGylated liposomes to
deliver the anti-inflammatory drug fluocinolone acetonide (FA). In vivo pharmacokinetics
studies demonstrated that the half-life of these liposomes was approximately three times
longer than that of free FA, thereby significantly improving the pharmacokinetics of FA.
Therapeutically, PEGylated liposomes effectively reduced the number of inflammatory
macrophages compared to free FA [27] and they aggregated notably towards the plaque,
which could be a beneficial aspect for targeted therapy.

In addition to small molecule drugs, liposomes are also widely used in gene delivery
therapy for AS. Ho et al. developed PEGylated cationic liposomes for the delivery of
miR-146a, a microRNA known to inhibit the inflammatory response. The results indicated
that the miR-146a-lipo group significantly improved the stability and transfection efficiency
of miR-146a, therapeutically reducing endothelial and smooth muscle cell activation, pro-
inflammatory cytokine release, and foam cell formation compared to the free miR-146a
group [28]. This suggests that the PEGylated cationic liposomes are a promising vehicle for
enhancing the therapeutic effects of miR-146a in the context of inflammatory diseases.

The active targeted modification of liposomes may enhance their accumulation within
plaques, whichrepresents a promising approach to improving the therapeutic efficacy of AS.
Slütter et al. developed DSPE-PEG2000-Lyp-1 liposomes for the delivery of an LXR agonist
(GW3965). These liposomes incorporate LYP-1-targeting peptides, which selectively targets
foam cells. Flow cytometry analysis showed a higher uptake of targeted liposomes by foam
cells compared to nontargeted liposomes, with little difference between the two uptakes by
macrophages. In addition, the proportion of positivity in foam cells was about four times
higher for targeted liposomes than for nontargeted liposomes (Figure 3a,b) [29]. This sug-
gests that modifying the targeting peptide indeed improves the targeting of liposomes and
enhances their uptake efficiency by foam cells. Jo et al. also developed a similar targeting
liposome (VHPK-CCL-anti-miR-712) to deliver anti-miR-712. Results from isolated arterial
trees showed that VHPK-CCL-anti-miR-712 significantly inhibited plaque area in mice and
that targeted liposomes showed a greater decrease in plaque area compared to untargeted
liposomes (Figure 3d) [30]. This is a good indication of the need for targeting.

The excessive production of neutrophil extracellular traps (NETs) by neutrophils has
been linked to the progression of atherosclerosis and the rupture of plaques, with neu-
trophil elastase, a protease released by neutrophils, playing a pivotal role in the formation
of NETs [31,32]. The cRGD peptide, which binds to the integrin αvβ3, is selectively ex-
pressed on the surfaces of diseased endothelial cells, macrophages, and neutrophils [33,34].
In response to this, Su et al. designed a cRGD peptide-modified neutrophil-hitchhiking
liposome (cRGD-SVT-Lipo) to deliver the neutrophil elastase inhibitor sivastigmine sodium
(SVT). The potential of cRGD-SVT-Lipo in inhibiting NET release and neutrophil elastase
activity was investigated by the authors, who used phosphatidyl myristate (PMA) to stim-
ulate the production of NETs by neutrophils and performed inhibition experiments. The
results of the inhibition assay showed that the cRGD-SVT-Lipo group effectively inhibited
the formation of NETs to a certain extent and significantly reduced the activity of neu-
trophil elastase compared with the free SVT group (Figure 3c,e) [35]. Moreover, given that
E-selectin is overexpressed on endothelial cells, Li et al. engineered E-selectin-binding
peptide-modified liposomes (T-AC-Lipo) to specifically target endothelial cells and deliver
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atorvastatin calcium (Ato) and curcumin (Cur) to retard atherosclerosis progression [36,37].
Notably, the T-AC-Lipo group minimized plaque area compared to non-targeted lipo-
somes [38]. In summary, with the addition of targeted peptides, liposomes are better able
to deliver drugs to macrophages, foam cells, endothelial cells, etc., at the plaque, and the
therapeutic effect of the drugs is greatly enhanced.
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Figure 3. (a) Representative MFI plots of targeted versus untargeted liposomes in different cells
(macrophages, foam cells). Reprinted from Ref. [29]. (b) Mean fluorescence intensity of targeted and
nontargeted liposomes in macrophages and foam cells and percentage of positive cells detected by
flow cytometry after 2 h of incubation. Graphs show means + SD of three independent experiments;
* p < 0.05 comparing foam cells to macrophages; # p < 0.05. Reprinted from Ref. [29]. (c) CLSM
images of neutrophils releasing NET after 4 h incubation with different SVT preparations on the
basis of PMA, which was used as a positive and negative control, and PBS. Nuclei are shown in red
and NETs in green. Scale bar = 20 µm. Reprinted with permission from Ref. [35]. Copyright 2023
Elsevier. (d) Atherosclerosis models were constructed in ApoE−/− mice by ligating the left carotid
artery (LCA) and feeding them with a high-fat diet for 2 weeks. The mouse was sacrificed after the
treatment and the arterial tree was dissected for bright-field imaging and assessment of histologic
findings. Reprinted from Ref. [30]. (e) Quantification of neutrophil elastase activity in supernatant
after incubation of different SVT preparations with positive neutrophils. Data shown in mean ± SD
(n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 are considered as significant differences. Reprinted
with permission from Ref. [35]. Copyright 2023 Elsevier.
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Aside from targeted peptide technology, biological targeting has seen significant ad-
vancement. It is known that macrophages selectively phagocytose apoptotic vesicles from
apoptotic cells, mainly due to the increased expression of phosphatidylserine (PtdSer) on
the surface of these vesicles [39]. Based on this phenomenon, Ogawa et al. developed
PtdSer-modified liposomes encapsulating a peptide-ICG2 (P-ICG2-PS-Lipo). The authors
found that mouse macrophages showed higher uptake in PS-targeted liposomes com-
pared to non-targeted liposomes [40]. Building on these studies, Zhang et al. introduced
DSPE-PEG2000-cRGDfK based on phosphatidylserine (PtdSer) modification to form a
novel liposome (AP-Lipo) for the delivery of pioglitazone (PIO). The authors examined
the levels of inflammatory factors in the AP-Lipo group and observed a significant de-
crease in the levels of IL-1β, IL-6 and TNF-α, which are characteristic M1-type cytokines.
Therapeutically, compared to the PIO group, the AP-Lipo group showed several beneficial
effects: it significantly increased the number of M2 macrophages, decreased the num-
ber of M1 macrophages, lowered the levels of inflammatory factors, and increased the
amount of collagen [41]. These findings suggest that the PtdSer-modified liposome not only
targets specific cell types but also modulates the immune response and promotes tissue
repair, potentially offering a more effective strategy for treating atherosclerosis and related
inflammatory diseases.

Interventional therapy is one of the main treatments for cardiovascular disease, with
in-stent restenosis (ISR) following bare-metal stent implantation posing a major clinical
challenge. To address this issue, Joner et al. employed a liposomal delivery system
for prednisolone phosphate, a steroid drug that can inhibit the proliferation of smooth
muscle cells in atherosclerosis, to inhibit in-stent restenosis. Notably, the liposomal group
demonstrated a significantly reduced percentage of stenosis (22.5 ± 4.4%) compared with
the control group (31.0 ± 8.4%) [42].

In the context of atherosclerosis formation, the application of vaccines for prevention
holds promise for better outcomes. Negatively charged liposomes, known for their ability to
induce humoral immune responses, have emerged as an effective adjuvant delivery system
in vaccine formulations, thereby enhancing vaccine efficacy [43]. Sahebkar et al. developed
negatively charged liposomes to deliver the immunogenic fusion protein PCSK9-tetanus
(IFPT), which targets the low-density lipoprotein receptor (LDLR) that regulates low-
density lipoprotein plasma levels [44]. The researchers vaccinated hypercholesterolaemic
mice and studied them over time. Analysis of antibody titres showed that the L-IFPTA+
vaccine stimulated a sustained humoral immune response against the PCSK9 peptide
and that anti-PCSK9 antibody titres were maximal at 8 weeks. This was accompanied
by a significant 42% reduction in LDL-C levels. This showed the potential of negatively
charged liposomes to deliver the vaccine. The consensus in immunology is that helper T1
(Th1) CD4+ T cells are proatherosclerotic, whereas regulatory T cells and B cells (Tregs and
Bregs) are protective against atherosclerosis [45–49]. Evidence from animal and human
studies confirms that on a high-fat diet, Treg numbers are reduced or immunosuppressive
Treg function is impaired and transformed into pro-atherosclerotic immune cells [50].
Slütter et al. employed negatively charged liposomes (DSPG-lipo) loaded with low-density
lipoprotein-derived peptide antigen peptide ApoB1003500-3514 (p3500) to induce antigen-
specific regulatory T cells (Tregs). The in vivo pharmacodynamic results showed that the
DSPG-p3500 group produced many positive effects compared with the control group: (I) a
significant increase in the number of Treg with minimal production of pro-inflammatory
factors; (II) a significant reduction in plaque area by about 50% and a significant increase
in collagen content; and (III) no significant change in body weight of the mice in the
different groups [41]. This suggests that DSPG-p3500 has a good safety profile and that the
significant increase in collagen content serves to stabilize the plaques and greatly reduce
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the risk of plaque rupture. These findings suggest that negatively charged liposomes
hold great promise for future research and development in the prevention and treatment
of atherosclerosis.

2.2. High-Density Lipoprotein (HDL) NPs

High-Density Lipoprotein (HDL), which predominantly consists of phospholipids and
the protein apolipoprotein A1 (apoA-1), plays a crucial role in atherogenesis by facilitat-
ing reverse cholesterol transport, thereby preventing excessive cholesterol accumulation
in macrophages. Therefore, HDL nanoparticles have a wide range of applications in
atherosclerosis (Table 1). HDL exists within the body mainly in two structural forms:
discoidal and globular. Discoidal HDL (d-HDL) features a phospholipid bilayer, while
spherical HDL (s-HDL) consists of a monophospholipid layer and a hydrophobic core [51].
D-HDL is primarily secreted by the liver with subsequent cholesterol uptake and then
interacts with plasma lecithin cholesterol acyltransferase (LCAT), which converts d-HDL to
s-HDL, which is subsequently translocated to the liver for excretion [52].

HDL possesses a natural targeting advantage because of the mediation of a specific
high-affinity clearance receptor BI class (SR-BI) [52,53]. Being an endogenous molecule,
HDL can evade phagocytosis by the reticuloendothelial system (RES) [54,55], which plays
a key role in the immune response and removal of foreign object. Wu et al. developed
two types of HDL particles (TA-d-rHDLs and TA-s-rHDLs). The results of in vitro release
experiments showed an increase in the release rate of TA-d-rHDLs from 29.23 ± 2.16%
to 43.32 ± 1.67% after the addition of LCAT, which would lead to drug leakage in vivo.
Moreover, TA-s-rHDLs were more targeted. This suggests that s-rHDLs are more suitable
for drug delivery [52]. Based on the advantages of s-rHDL, Chen et al. developed globular
recombinant high-density lipoproteins (s-rHDL) to deliver exogenous GM3. Notably, the
therapeutic effect of the low-dose GM3-s-rHDL group was on par with that of the high-dose
free GM3 group [22], suggesting s-HDL improves the therapeutic efficacy of GM3 and
enhances its biosafety profile.

Compared to spherical recombinant HDL (d-s-HDL), discoidal recombinant HDL (d-r-
HDL) is easier to bind to other materials due to its structure. Liu et al. introduced hyaluronic
acid-ferrocene (HA-FC), where HA is used to improve specificity and responsive release
can be achieved by FC due to the presence of large amounts of ROS in the plaques [56–58].
d-r-HDL interacts with the HA-FC-formed host–guest interaction, thus creating a ROS-
responsive nano-assembly (HA-Fc/NP3 ST) nanoplatform for delivery of simvastatin (ST).
In vivo pharmacodynamics demonstrated a 53% reduction in plaque size, a 63% reduction
in plaque lipid deposition, a 52% reduction in serum levels of the inflammatory factor IL-6,
a 59% reduction in TNF-α, and a 48% reduction in CCL2 compared to controls [59]. This
demonstrated the great potential of d-r-HDL in combination with other materials.

Table 1. HDL-based NPs developed for atherosclerosis treatment.

Year Group HDL Animal Model Key Findings Ref.

2018 Chen sHDL-T1317 ApoE−/− mice
(1) sHDL itself serving as both a drug carrier and cholesterol acceptor and the
LXR agonist (T1317) mediating upregulation of ABC; (2) sHDL minimizing the

adverse side effects of T1317 in the liver.
[38]

2019 Liu LOV-s-rHDL ApoE−/− mice
(1) LOV-s-rHDL formulated in a 10:1 (LOV:s-rHDL) ratio showed the best

synergistic effect; (2) showed a significant reduction in plaque area and
MMP levels.

[40]

2020 Dhar T1T2-MM-HDL-NP BALB/c mice (1) Both mitochondria-targeting and MMR-targeting surface functionalities;
(2) MRI and therapeutic effects. [43]

2021 Chen GM3-rHDL ApoE−/− mice (1) pH-responsive release effect; (2) by using GM3-rHDL nanoparticles, low
doses of exogenous GM3 can still maintain similar anti-atherosclerotic efficacy. [44]

2022 Liu HA-Fc/NP3

ST nanoassemblies
Male wild-type
C57BL/6 mice

(1) HA targeting; (2) ROS response resulted in smaller carrier size;
(3) HA-Fc/NP3 ST resulted in a significant decrease in plaque area,

inflammatory factor levels compared to the saline group.
[42]
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3. Polymer NPs
Polymer nanoparticles have emerged as traditional nanocarriers due to their high

modularity and amphiphilic character, which enables them to encapsulate hydrophobic
drugs effectively. Their versatility has led to their widespread application across various
fields. In this section, we will focus on how polymeric nanoparticles can improve drug
delivery efficiency as well as safety.

3.1. Polymer Micelles

Polymeric micelles are unique structures characterized by a hydrophobic core and a
hydrophilic crown, which allows them to self-assemble into nanoparticles when exposed
to certain conditions [7]. Their ability makes them particularly useful in the study and
treatment of atherosclerosis, where they have been widely investigated for their potential
to improve drug delivery and target specific areas of the disease. The excessive uptake of
ox-LDL by macrophages through scavenger receptors (SRs) is one of the causes of atheroge-
nesis. To address this problem, Moghe et al. developed glycoskeletal-polyethylene glycol
micelles (AMPs), which mimic the hydrophobic properties of ox-LDL and competitively
bind to SRs to impede ox-LDL uptake. Notably, the inhibition of ox-LDL was shown to be
85% in the AMPs group compared to the control group, indicating the significant efficacy of
glycoskeletal-PEG micelles in inhibiting ox-LDL absorption [60]. Additionally, Moghe et al.
also employed AMP-encapsulated ferulic acid derivatives to form micelles (1cM-PFAG),
which significantly inhibited ox-LDL uptake and reduced ROS levels compared to the
free ferulic acid group [61]. This competitive micelle highlights the importance of micelle
structure and provides new directions for researchers.

Gene therapy continues to receive increasing attention from researchers. Research has
indicated that nucleotides in a polymeric state can bind to SA receptors on macrophages [62].
Choi et al. demonstrated that nanoparticles coated with DNA could be selectively targeted
to macrophages present in plaques [63]. To improve the delivery efficiency of LOX-1
siRNA, Li et al. ingeniously combined and assembled DNA oligonucleotides with ROS-
responsive rapamycin prodrugs into micellar PAP-SNAs to deliver LOX-1 siRNA. Notably,
in vivo pharmacodynamics showed a 27.5% and 23.3% reduction in plaque area for free
Rap and free LOX-1 siRNA, respectively, and a 15.7% and 14.3% reduction for RAP-
SNA and LOX-1/RAP-SNA, respectively [64]. This indicated that PAP-SNAs enhance the
therapeutic effect of nucleic acids. Due to the great potential of polyelectrolyte composite
micelles in delivering gene drugs, Tirrell et al. developed polyelectrolyte composite micelles
specifically designed to target inflammatory endothelial cells, with the aim of delivering
miR-92a inhibitors to exert anti-inflammatory and antioxidant effects. Importantly, plaque
area was substantially reduced in the polyelectrolyte composite micelle group compared
to the free miR-92a inhibitor [65]. Thus, polymeric micelles can effectively deliver nucleic
acids and enhance their therapeutic efficacy.

During the process of atherogenesis, chronic inflammation triggers the overproduction
of reactive oxygen species (ROS), including OH−, H2O2, and O2− , in the inflamed tissues.
Consequently, various polymeric micelles with ROS-sensitive structures, such as thioketal
group, ferrocene, and peroxalate ester, have been employed for ROS-responsive drug-
targeted delivery [66,67]. For example, Chen et al. developed ROS-responsive polymeric
micelles to deliver curcumin. The authors self-assembled polymeric micelles (HASF@Cur
micelles) by combining hydrophobic ferrocene, containing ROS-responsive thioketal link-
ages, with hydrophilic hyaluronic acid. In vitro drug release experiments demonstrated that
the cumulative release of the drug increased with rising H2O2 concentrations (Figure 4a).
This showed that HASF@Cur micelles are ROS-responsive and may be released respon-
sively at plaques in vivo. In vivo pharmacodynamics revealed that HASF@Cur micelles
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produced smaller lesion sizes and exhibited greater efficacy compared to free curcumin
(Figure 4b) [68]. This suggests that ROS-responsive polymeric micelles enhance the thera-
peutic efficacy of the drug. Zhang et al. developed HA-coated ROS-responsive polymeric
micelles (SHPEMs), which exhibit ROS-responsive effects through peroxalate bonding.
Mice treated with SHPEMs had reduced plaque area, and a more pronounced decrease in
ROS levels compared to free drug [69].

The researchers conducted further investigations on polymer micelles with inte-
grated diagnostic and therapeutic properties. For example, Wang et al. utilized the
amphiphilic polymer PMPC-PMEMA (PMM) micelles to deliver prednisolone (Pred),
an anti-inflammatory drug, conjugated to a two-photon AIE fluorophore (TPP), where the
TPP exhibited an ROS-responsive function. The TPP@PMM group effectively inhibited
the expression of three inflammatory factors, TNF-α, IL-1β, and MPO, and significantly
reduced plaque areas compared with the free Pred group. Notably, after 6 h treatment with
TPP@PMM in ApoE−/− mice, fluorescent signals of nanoparticles in the plaques could be
observed from different depths (Figure 4c,d) [70]. Wang et al. improved PMPC-PMEMA
polymer micelles by introducing erythrocyte membranes, which increased the retention of
lipid-specific fluorophores (LFPs) at plaques. Ex vivo aortic fluorescence results showed
faster aggregation in atherosclerotic lesions in the RBC/LFP@PMMP group compared to
the LFP@PMMP group (Figure 4e,f) [71]. This suggests that RBC membranes can improve
the retention time of nanoparticles in plaques.

To quantitatively compare the efficacy of lipid-based nanoparticles and polymeric
nanoparticles in atherosclerosis therapy, Alaarg et al. synthesized three types of nanopar-
ticles for the delivery of simvastatin: high-density lipoprotein nanoparticles ( [S]-HDLs),
polymeric micelles ( [S]-PMs), and liposomes ( [S]-LIPs) and compared the differences
among these formulations. The authors labeled these nanoparticles with 89Zr post-injection
to assess their in vivo pharmacokinetics and organ accumulation. In vivo pharmacokinetics
showed that [S]-PMs and [S]-LIPs exhibited prolonged circulation in the bloodstream for
over 24 h compared to [S]-HDLs, with residual ID/g in the blood at approximately 10%
and 1%, respectively. All three nanoparticles predominantly accumulated in the spleen
and liver, with similar uptake in aortic plaques (~1.5–2% ID/g). Notably, macrophages
within the plaques exhibited the highest uptake of [S]-PMs and the lowest uptake of [S]-
LIPs, suggesting polymeric micelles may be more readily endocytosed by macrophages.
Treatment of ApoE−/− mice with [S]-PMs and [S]-HDLs resulted in a significant reduction
in macrophage numbers in aortic plaques compared to the free simvastatin group, whereas
the [S]-LIP group showed no significant difference [72]. Consequently, [S]-PMs exhibited
the most favorable properties among the tested delivery methods, including the longest
circulation time, the greatest ability to target plaque macrophages, and the highest reduc-
tion in macrophage numbers. Further research is required to delineate the characteristics of
various nanoparticle types, thereby enabling informed decisions regarding the selection of
appropriate treatments in AS therapy.
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Figure 4. (a) ROS-sensitive drug releases in vitro. Data are shown as the mean ± SD (n = 3);
* p < 0.05. Reprinted with permission from Ref. [68]. Copyright 2019 Elsevier. (b) Corresponding
percentage of mean lesion positive staining. Data are shown as the mean ± SD (n = 4); * p < 0.05,
** p < 0.01. Reprinted with permission from Ref. [68]. Copyright 2019 Elsevier. The projection image
of atherosclerotic plaque recognized under two-photon CLSM (c) and the confocal images of the
plaque (d) at various imaging depths. The scale bar was 200 µm. Reprinted with permission from
Ref. [70]. Copyright 2020 John Wiley and Sons. (e) Ex vivo fluorescent images and (f) quantitative data
of LFP@PMMP and RBC/LFP@PMMP in aortas (n = 6). Reprinted with permission from Ref. [71].
Copyright 2021 American Chemical Society ** p < 0.01; *** p < 0.001.
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3.2. PLGA NPs

Among various nanomaterials, poly (lactic acid-glycolic acid) (PLGA) is an FDA-
approved biodegradable and biocompatible copolymer with a long half-life. Thus, PLGA
nanoparticles can be used to improve the hydrophobicity, efficacy, and high toxicity
of drugs.

The anti-inflammatory and antioxidant properties of curcumin (Cur) give it great
potential in the field of atherosclerosis, but it shows poor water solubility and low bioavail-
ability [73,74]. Kumar et al. developed PLGA nanoparticles for the delivery of curcumin
(Cur) and a natural bioaugmenter, Bioperine (Bio), which increased the bioavailability
of Cur. The nanoparticle group significantly reduced NF-κB, CCL2/MCP-1, CD-36 and
STAT-3 activity as well as lowered cholesterol levels compared to the control group [75].
The anti-inflammatory drug colchicine (COL) is not commonly used in clinical treatment
due to its severe toxic side effects. Chen et al. developed targeted PLGA nanoparticles
(VHPK-PLG A@COL) for the delivery of colchicine (COL) [76]. H&E staining showed
no significant histologic changes in the major organs of the mice. Clinical biochemical
analyses showed that mice had normal levels of alanine aminotransferase (ALT), alanine
aminotransferase (AST), glutamate aminotransferase (CRE), and urea nitrogen (BUN), indi-
cating that the biological functions of the liver and kidney were not affected by systemic
administration of the nanoparticles [77].

Imaging agents such as lipid-based staining dyes have safety issues in vivo and are
not sensitive enough for more accurate and specific imaging [78]. Zeng et al. employed
PLGA nanoparticles (PLGA-DiD-BODIPY) to deliver a lipophilic carbonyl cyanine dye
(DiD) and a lipid staining dye (C1-BODIPY 500/510-C12). Researchers fed a high-fat diet to
apolipoprotein E knockout (ApoE−/−) mice to establish an animal model of obesity. After
injection of PLGA NP containing DiD/BODIPY, adipose tissue was harvested and imaged
for live cell imaging using confocal microscopy imaging, which demonstrated the ability of
DiD/BODIPY to specifically image pro-inflammatory macrophages in vivo with the help
of PLGA [79].

PLGA nanoparticles are also effective in improving the safety of drugs, thus enhancing
their clinical application. PLGA has bioadhesive properties with the mucosa of the gastroin-
testinal tract and thus can cross the intestinal epithelium via paracellular and transcellular
pathways, thereby enhancing drug absorption in the blood circulation [80,81]. Wang et al.
utilized PLGA nanoparticles in order to enhance the oral bioavailability of Lovastatin (LV),
and subsequently introduced L-arginine (LA) to further stabilize the PLGA NP formulation.
The results showed that the average plasma concentration of LV in C57BL/6 mice was
as high as 117.5 ± 56 ng mL−1 after 6 h of oral administration, which was higher than
that of free LV at 26.16 ± 23 ng mL−1 [82]. This suggests that PLGA enhances the oral
bioavailability of the drug.

PLGA nanoparticles can serve as drug-eluting scaffolds (DESs) to inhibit in-scaffold
restenosis (ISR) due to their high biocompatibility and biosafety. Li et al. developed platelet
membrane-encapsulated poly(lactic acid-glycolic acid) (PLGA)/rapamycin (Rapa) com-
posite nanoparticles (PNPs) to PLA (PLA) scaffolds to inhibit in-scaffold restenosis. H&E
staining revealed that after one month, the mean neointimal area was significantly reduced
in the PNP group (1.19 ± 0.1 mm2) compared to the PLA group (2.01 ± 0.1 mm2). Similarly,
the mean neointimal stenosis ratios were lower (22.89% ± 1.08%) in the PNP group com-
pared to the PLA group (34.44% ± 1.08%), underscoring the substantial inhibitory effect of
PNP on stent restenosis [83].

Due to the modifiable nature of PLGA, researchers have introduced targeting agents,
enzyme reactants, and biofilm technology to increase the functionality of PLGA nanoparti-
cles. Liu et al. capitalized on the high expression of histatin K (CTSK) in plaques to develop
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PLGA-PEG nanoparticles (T/R NPs) targeting integrin αvβ3 and CTSK response for the
delivery of rapamycin (RAP). The authors found that the T/R NP group demonstrated
a prolonged blood retention time compared to the unmodified PLGA nanoparticle (NP)
group, significantly enhancing the duration and therapeutic effect of RAP treatment [84].
Karami et al. developed monocyte membrane-encapsulated PLGA nanoparticles for the
delivery of the anti-inflammatory drug Gliclazide (GL). Notably, they observed a greater
reduction in plaque area and inflammation levels in the NG group, which included mono-
cyte membranes, compared to the NP group without monocyte membranes [85]. Cao et al.
introduced macrophage membranes on PLGA to improve specific imaging of IR780. The
results of ex vivo aortic vascular imaging showed that IR780 fluoresced more significantly
at plaques with the help of PLGA nanoparticles encapsulating macrophage membranes [86].
PLGA can be modified with multiple materials to better enhance drug activity as well as
safety. Modified PLGA nanoparticles have great potential in the treatment of AS.

3.3. Other Polymer NP

β-Cyclodextrin (CD), composed of seven (α-1,4-)-linked glucose units with a hy-
drophobic inner lumen, is ideally suited for encapsulating hydrophobic drugs. Notably, its
lumen size is well matched to the size of the cholesterol molecule, enabling it to effectively
remove cholesterol from plaques, thus slowing down the progression of atherosclero-
sis [87,88]. Poly(β-cyclodextrin) (pCD) has been reported to exhibit a superior affinity
for hydrophobic molecules [89,90]. Building upon this, Zhang et al. developed poly-β-
cyclodextrin (pCD) nanoparticles (pCD/pBM-SNA) to reduce cholesterol levels within
plaques. To prevent cyclodextrin uptake from circulating cholesterol, the authors used
dextran sulfate (DS) grafted benzimidazole (pBM) as a pH-sensitive switch, in which
benzimidazole (pBM) was encapsulated in the cavity and released in the plaque microenvi-
ronment to clean the cavity. To test the pH-responsive behavior of the nanoparticles, the
authors conducted the hemolysis and the relative solubility of pCD and pCD/pBM-SNA to
cholesterol crystals at different pH values (pH 7.4, 6.5, 5.5, and 4.5). The results showed a
significant decrease in the solubility capacity and the hemolysis rate of pCD/pBM-SNA at
pH 7.4 and 6.5 compared to pCD alone (Figure 5a,b). Furthermore, pCD/pBM-SNA and
pCD showed equal solubility and hemolysis rates at pH 5.5 and 4.5. This suggests that
pBM acts as a pH regulatory switch that can turn on only in weakly acidic environments.
In ApoE−/− mice, pCD/pBM-SNA was effective in reducing plaque area and cholesterol
crystal content [91].

To further optimize the polycyclodextrin nanoparticles, Wu et al. introduced macrophage
membrane (MM) and dopamine (DA) on the surface of polycyclodextrin (pCD) to form
MM@DA-pCD, which was subsequently used to deliver methotrexate (MTX) to induce
cholesterol efflux and inhibit foam cell formation. The MM@DA-pCD@MTX possesses
multifaceted functions: pCD and MTX work in tandem to address lipid accumulation, with
pCD removing the cholesterol crystals and MTX enhancing lipid efflux from foam cells.
The results of ORO staining of isolated aorta showed that the plaque area was 24.87% and
7.99% in the control and free MTX groups, and 2.49% in the MM@DA-pCD@MTX group
(Figure 5c). In addition, cholesterol image analysis showed that the aortic cholesterol depo-
sition rate was 9.94% in the control group, and the deposited cholesterol was significantly
reduced to 7.98% and 6.23% in the MTX and DApCD@MTX NP groups, respectively [92].
This suggests that the therapeutic effect of the free drug was indeed enhanced with the
help of polycyclodextrin nanoparticles.

Polydopamine nanoparticles are known for their tunability and biocompatibility, and
pH-responsive properties that enable drug release under acidic conditions [93]. Wang
et al. developed anti-CD47-modified polyethylene glycol-polydopamine nanoparticles
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(IBR@PDA-PEG-AntiCD47 (PIP-CD47)) to deliver ibrutinib (IBR) and reduce inflammation
at the plaque site. The in vitro drug release assay showed that the cumulative drug release
rate of the PIP-CD47 group reached 74.6% within 72 h at pH = 5.4, which was significantly
higher than the release rate at pH = 7.4. In response to pH, plaque area was reduced in the
polydopamine nanoparticle group compared to the control group, as were the levels of
inflammatory factors (IL-1, TNF-α, IL-6) [94].
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Figure 5. (a) Hemolysis of pCD and pCD/pBM-SNA at different pH values (pH 7.4, 6.5, 5.5, and 4.5).
Reprinted with permission from Ref. [91]. Copyright 2021 American Chemical Society. (b) Relative
capacity of CC solubilization of pCD and pCD/pBM-SNA at different pH values (pH 7.4, 6.5, 5.5,
and 4.5). Data points represent mean ± SD (n = 3). * p < 0.05, *** p < 0.001. Reprinted with permission
from Ref. [91]. Copyright 2021 American Chemical Society. (c) After treatment of ApoE−/− mice
with different reagent groups (control, free MTX, DA-pCD@MTX, MM@DA-pCD@MTX), the aorta
was isolated and stained with ORO, micrographs of ORO-stained aorta, and their quantitative results
(n = 5). * p < 0.05, *** p < 0.001, and n.s., no significance. Reprinted with permission from Ref. [92].
Copyright 2024 American Chemical Society. (d) The different reagents were incubated with foam
cells for 4h and then subjected to mild photothermal therapy (irradiation of cells for 10 min (808 nm,
1.0 W/cm2)), followed by fluorescent live/dead cell images. Live cells presented green fluorescence,
and dead cells showed red staining. Scale bar: 25 µm. Reprinted from Ref. [95].
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In the context of atherosclerosis, photothermal therapy (PTT) aims to induce foam
cell apoptosis to reduce lipid levels in plaque by photothermal heats. Wu et al. developed
bone bridging protein-coupled polydopamine (PDA-OPN) nanoparticles to facilitate mild
PTT. Fluorescent live/dead cell image results showed that the survival rate of foam cells
in the PDA-OPN group remained above 88% after 808 nm laser irradiation (Figure 5d).
This indicates that it can indeed function without harming the cells. Oil red O staining
experiments showed that the plaque area in the PDA-OPN+ laser group (11.3%) was smaller
than that in the control group (24.9%), and the collagen content in the PDA-OPN+ laser
group (37.0%) was larger than that in the control group (22.2%) [95]. The rise in collagen
content indicates more stable plaques, which laterally suggests that PDA-OPN NPs can
treat AS in the context of improving plaque stability.

Poly (beta amino ester) (PBAE),has attracted tremendous attention as a gene delivery
vehicle due to its (I) easy surface modification for targeted delivery, (II) ease of synthesis,
(III) ability to escape endosomal entrapment, (IV) biodegradability via hydrolytic cleavage
of ester groups, (V) low cytotoxicity, and (VI) structural diversity [96,97]. Based on the ease
of synthesis and structural diversity of poly (beta amino ester), Jo et al. developed a series
of poly (beta amino ester), of which formulations containing 50% C6-K and 50% C6-H
(C6-KH polymers) were the most effective in delivering nucleic acids. Subsequently, C6-KH
polymers were selected as carriers for the delivery of anti-microRNA-712 (anti-miR-712)
to inhibit atherosclerosis. Notably, the levels of miR-712 were decreased with the help
of poly (beta amino ester) nanoparticles compared to the control group [98]. Increased
levels of inflammation have been reported to stimulate overexpression of VCAM-1, thereby
promoting the accumulation of circulating monocytes at the plaque site [99,100]. Therefore,
Lehoux et al. developed VHPK-targeting peptide-modified branched poly (beta amino
ester) nanoparticles (NP-VHPKs) to deliver a plasmid encoding IL-10, which ultimately
reduced VCAM-1 expression and plaque inflammation levels [101].

4. Inorganic NPs
Inorganic nanoparticles predominantly include metal oxide nanoparticles and non-

metal oxide nanoparticles, such as mesoporous silica nanoparticles, iron oxide nanoparti-
cles, and selenium oxide nanoparticles. This section will provide an in-depth exploration
of these distinct inorganic nanoparticles in the treatment of AS.

4.1. Metal Oxide NPs
4.1.1. Iron-Based NPs

Plaque instability poses a risk of plaque rupture and thrombosis, which can lead
to myocardial infarction (MI) and stroke [102]. The unpredictable nature of plaque rup-
ture underscores the necessity for real-time monitoring of changes at atherosclerotic sites.
Therefore, the quest for innovative diagnostic methodologies to detect atherosclerosis has
gained urgency.

Iron oxide nanoparticles have emerged as highly promising contrast agents for clinical
applications due to their unique magnetic properties, adjustable relaxation rates, high
biocompatibility, and facile surface functionalization [103,104]. Iron oxide nanoparticles
typically produce negative image contrast due to T2/T2* shortening. Negative image
contrast cannot be separated from potential artifactual areas created by signal offset at tissue
interfaces, hemorrhages, or water–fat interfaces. T1 shortening avoids this phenomenon
by producing positive image contrast [105]. In order to improve iron oxide nanoparticles,
Gao et al. developed novel ultra-small iron oxide nanoparticles (Fe3O4-Cy) as T1 contrast
agents. The relaxation rate measurements showed that the longitudinal relaxation rate (r1)
of Fe3O4-Cy was 3.52 mM−1 s−1 and the transverse relaxation rate (r2) was 16.84 mM−1 s−1,
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and the r2/r1 ratio was 4.78, which indicated that Fe3O4-Cy was a T1 contrast agent.
In vivo T1 MRI showed a gradual enhancement of the signal emanating from the plaque
site within the aortic wall over time, reaching a maximum at 48 h after injection [106].
This suggests that Fe3O4-Cy is capable of comprehensive plaque imaging and dynamic
assessment of its long-term behavior. Whittaker et al. modified magnetic iron oxide
nanoparticles (DCION) to develop dual-contrast iron oxide nanoparticles with T1/T2
properties. MRI results show that DCION can shorten T1 relaxation time and shorten T2
relaxation time (Figure 6a). This suggests its potential as a dual positive/negative contrast
agent. Reflectance, fluorescence, and superimposed images of damaged carotid arteries
showed that DCION2(+) binds strongly and specifically to thrombus but not to normal
carotid arteries [107]. This modification of iron oxide nanoparticles solved the limitations
of iron oxide nanoparticles to some extent and greatly improved their imaging accuracy.

In addition to changing T2-type iron oxide nanoparticles into T1 contrast agents, the
researchers improved the imaging ability of iron oxide nanoparticles by adding targeting
agents, combining them with other imaging agents, and other methods. Huang et al.
introduced a near-infrared imaging agent (Cy7) to develop macrophage membrane-coated
Fe3O4-Cy7 nanoparticles (Fe3O4-Cy7@M2 NPs). The researchers fed mice with a high-fat
diet to form an early lesion model, followed by NIR imaging and MRI experiments. The
NIR and MRI results showed that Fe3O4-Cy7@M2 NPs were more likely to accumulate at
the lesion site compared to Fe3O4-Cy7 NPs (Figure 6b,c) [108]. Side by side, macrophage
membranes effectively enhanced the imaging of iron oxide nanoparticles. Zhang et al.
also combined MRI with fluorescence to develop CD40-Cy5.5 superparamagnetic iron
oxide nanoparticles (CD40-Cy5.5-SPIONs). Remarkably, the fluorescence signals in the
CD40-Cy5.5-SPION group were significantly concentrated at the plaque site and the MRI
signals in the carotid artery wall were stronger in the mice compared with those in the
control group (Figure 6d,e), which may have been due to the high expression of CD40
in the diseased endothelial and macrophages [109]. Therefore, the combination of iron
oxide with a variety of materials is also a new direction for the future. Fan et al. uti-
lized the phenomenon that ferricyanide particles with different surface modifiers have
different affinities for macrophages to improve the ability to target macrophages. A large
number of blue-stained particles were observed in Raw264.7 cells treated with dopamine
group (Zn0.4Fe2.6O4-NH2) for 2 h, whereas fewer blue-stained particles were observed in
the 3,4-dihydroxyhydrocinnamic acid group (Zn0.4Fe2.6O4-COOH) and phosphorylated
polyethyleneglycol group (Zn0.4Fe2.6O4-PEG) showed fewer blue-stained particles. This
suggests that macrophages prefer to phagocytose the dopamine group, showing side
by side that the above theory is correct. In vivo MRI showed an increase in the plaque-
to-muscle contrast-to-noise ratio (CNR) over 5–20 min in all three groups, with a much
greater increase in the dopamine group than in the other two groups [110]. In addition,
the cell survival rate was higher than 80% in all three groups in the concentration range of
0–200 µg/mL, which indicated that the three groups had a good safety profile. In summary,
all three groups were able to perform T1-enhanced MRI of atherosclerotic plaques, with the
dopamine group having the best results.
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4.1.2. Metal Nano-Enzymes

It has been reported that certain metals can be synthesized as nanoenzymes for treating
oxidative stress and inflammatory diseases [111–113]. Studies indicate that elevated levels
of ROS in plaques increase the production of ox-LDL, thereby promoting plaque forma-
tion [114]. Therefore, metal nanoenzymes have potential for the treatment of atherosclerosis.
Du et al. developed HA-encapsulated cerium dioxide nanoenzymes (HA-CeO2 NPs) to
scavenge ROS, demonstrating SOD-mimetic and catalase-mimetic activities. HA-CeO2 NPs
exhibited superior SOD-mimicking activity and significantly reduced ROS levels by WST-8
assay and ROS scavenging assay. Notably, they also possessed self-repair capabilities
to sustain ROS depletion. HA-CeO2 NPs reduced aortic plaque area by approximately
two-thirds and significantly lowered LDL levels in vivo [115].

To further improve the effectiveness of cerium dioxide nanoenzymes in scavenging
ROS, Qu et al. introduced gadolinium to prepare a gadolinium-doped CeO2 (Gd/CeO2)
nanoenzymes. Chemical doping such as gadolinium was reported to increase the level of
structural defects in cerium dioxide nanoenzymes to enhance their catalytic activity against
ROS. The authors added different levels of gadolinium to the cerium dioxide nanoenzymes,
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and the results showed that the percent Gd content increased from 0% to 7.5%, the CAT-like
activity of Gd/CeO2 increased from about 50% to about 70%, and the SOD-like activity
increased from about 40% to about 75%. It is demonstrated that Gd does enhance the
activity of cerium dioxide nanoenzymes. Therapeutically, ex vivo ORO staining of the
aorta showed that the Gd/CeO2 group significantly reduced the plaque area, decreased
the level of inflammatory factors, and increased the collagen content compared to the
PBS group [116]. Gadolinium poses a serious risk of toxicity, for which the researchers
performed live/dead staining experiments, which showed that the gadolinium/cerium
dioxide group had very low toxicity to normal endothelial cells and normal macrophages,
with a cell survival rate of more than 80%.

In addition to being able to scavenge ROS, some metal nanoenzymes can be used as
imaging agents for magnetic resonance imaging (MRI). Wang et al. chose the T1 contrast
agent PCN-222(Mn) (MOF) as a metal nanoenzymes for delivering curcumin (Cur). The
MRI in vivo imaging results showed that MOF has good MRI ability. Notably, the interac-
tion of MOF with Cur significantly reduced the plaque area, with the Cur/MOF@DS group
showing the greatest reduction in plaque area [117]. In conclusion, metal nanoenzymes
with imaging capabilities can synergise with drugs while delivering them to reduce plaque
area and are expected to provide early monitoring through MRI applications.

4.1.3. Other Metal Oxide NPs

Abnormal protein phosphorylation and glucose levels contribute to the development
of AS and advancements in detection methodologies and tailored therapeutic treatments
are important to effectively address these pathogenic elements. Tang et al. developed a
Zr-MOF metal framework (PCN-224) for the delivery of iodine (I3-)-Rhodamine B (RhB),
which leverages the specific recognition capabilities of Zr (IV) for phosphorylation sites
and I3–RhB for glucose. The fluorescence intensity of I3–RhB@PCN224 increased and
demonstrated a positive correlation with the concentration range when the nanoparticles
were placed in different concentrations of phosphate and glucose. Subsequent detection of
fluorescence changes in mouse serum showed that significantly increased levels of glucose
and phosphate in the model group compared to normal mice [118]. Similarly, to detect
changes in phosphoproteins, Wang et al. exploited the specific interaction between live
Zr (IV) and phosphate groups and added porphyrin to reduce background noise and to
improve sensitivity [119].

Exogenous gasses, such as hydrogen sulfide (H2S) and oxygen (O2), have been re-
ported for the treatment of AS. However, their clinical application is hindered by potential
side effects, including drug instability and rapid release within the body, which may lead
toxicity [120–122]. Shen et al. developed DATS-loaded MOC-68-doped polyethylene glycol-
ized MnO2 nanoparticles (DATS⊂MOC68@MnO2@PEG, DMM), wherein MOC-68 serves
as a gas donor carrier for H2S-releasing DATS small-molecule drugs, and MnO2 participates
in a Fenton-like reaction with H2O2 to release O2. In vitro release experiments and cellular
experiments showed a significant release of H2S and O2 in the presence of H2O2 at pH = 6.5
from DMM. The treatment of DATS and DMM effective inhibited plaque enlargement in
ApoE−/− mice and ex vivo ORO staining revealed DMM could significantly reduce the
plaque area [123].

4.2. Non-Metallic Inorganic NPs
4.2.1. Mesoporous Silica NPs

Mesoporous silica nanoparticles can improve the effectiveness and safety of drugs
due to their good biocompatibility, large pore area and small size, and high drug loading
capacity [124–126]. For instance, Li et al. developed mesoporous silica nanoparticles
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(MSNs@anti-IL-1β) for the delivery of neutralizing antibodies against interleukin-1β (anti-
IL-1β). Compared to the anti-IL-1β group, MSNs@anti-IL-1β group exhibited a more
significant reduction in plaque area and better biosafety profile—both of them had similar
efficacy in reducing inflammatory factors [127]. In another study, Lu et al. constructed
mesoporous silica nanoparticles (IL-1Ra@Cu-MSNs) to deliver copper ions and an IL-1
receptor antagonist (IL-1Ra) to address the problem of hepatic damage of anti-inflammatory
agent copper ions (Cu2+) and the short half-life of the IL-1Ra. In vitro and in vivo studies
showed that IL-1Ra@Cu-MSNs greatly reduced the inflammatory response, plaque area,
and macrophage infiltration compared to the Cu-MSNs and IL-1Ra groups, highlighting
the enhanced therapeutic effect of mesoporous silica [128]. In conclusion, the exceptional
properties of mesoporous silica nanoparticles make them a promising candidate for future
applications of AS.

The modification of responsive and targeting agents on the basis of mesoporous silica
nanoparticles is of increasing interest. Hyaluronidase and hyaluronic acid (HA), which
can target macrophages, have been reported to be overexpressed in plaques. Therefore,
Wang et al. developed enzyme-responsive and macrophage-targeting mesoporous silica
nanoparticles (SIM@HA-MSN) to address the need for targeted the delivery of simvastatin
(SIM). In vitro drug release assays showed a substantial enhancement in the 48-h release
rate of SIM upon hyaluronidase exposure. Furthermore, the uptake rate of the HA-MSN
was higher than that of the MSN group in LPS-stimulated macrophages while the uptake
decreased with the addition of free HA pretreatment, suggesting the targeting efficacy of
HA in promoting MSN internalization [129]. On the basis of hyaluronan response, Kim
et al. utilized the fact that diseased macrophages overexpress CD9 protein to develop
CD9 antibody-modified and hyaluronidase-responsive mesoporous silica nanoparticles
(CD9-HMSN@RSV) for the delivery of resuvastatin (RSV), which resulted in significantly
reduced cholesterol levels and plaque area compared to free RSA [130].

During the formation of atherosclerotic plaques, the microenvironment becomes
mildly acidic due to inflammatory effects, which presents an effective strategy for drug
release [131]. Wang et al. exploited the weak acidic response of Schiff base bonds to
develop pH-responsive and CD44-targeted dendritic mesoporous silica nanoparticles (H-
CuS@DMSN-N=C-HA) for the delivery of anticoagulant drug heparin (Hep) and the
photothermal therapeutic agent copper sulfide (CuS). Under 980 nm NIR laser irradiation,
the nanoparticles showed a faster and higher increase in temperature with increasing
power density and concentration and the photothermal conversion efficiency was 19.57%.
A pH-dependent drug release rate of H-CuS@DMSN-N=C-HA was observed for 72 h, with
a significant increase in release rate with decreasing pH. Compared to the free Hep group,
the H-CuS@DMSN-NQC-HA group exhibited reduced plaque areas, with further reduction
observed under NIR irradiation [132]. Wang et al. also developed pH-responsive magnetic
mesoporous silica nanoparticles (MMNS@AT-CS-DS) for the delivery of atorvastatin (AT)
and photothermite (Fe3O4). The selective photothermal effect and release of AT at plaques
in response to pH resulted in a significant decrease in plaque area under the synergistic
effect of both [133].

4.2.2. Quantum Dot NPs

Quantum dot nanoparticles are of interest in atherosclerosis research due to their
unique optical properties [134–136]. Recently, Smith et al. developed dextran-mimicking
quantum dots (Q-Dex) to target macrophages for plaque imaging. Encouragingly, Q-Dex
exhibited a higher concentration in plaques and provided clearer imaging at the plaque site
compared to dye-labeled Dex probes. However, the insufficient penetration depth of visible
light emitted by QD limits its in vivo imaging applications [137]. To address this issue, Yu
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et al. developed macrophage-derived microvesicle (MMV)-encapsulated dual-emission
ZAISe/ZnS quantum dots (ZAISe/ZnS@BSA@MMV), which have visible and infrared light
emission sites at 530 nm and 660 nm. Compared to the control, ZAISe/ZnS@BSA@MMV
exhibited enhanced accumulation in the plaques in both visible and infrared light [138].

Quantum dots, when combined with other imaging techniques, enhance the accuracy
of in vivo imaging. Li et al. introduced MRI by combining carbon quantum dots with
superparamagnetic iron oxide. In vivo MRI and fluorescence imaging showed clearer
imaging [139]. The excellent gene-loading ability of graphene nanoparticles has attracted
the attention of researchers. Zhu et al. combined graphene with quantum dots to form
graphene quantum dots (GQDs) to deliver microRNA223. In view of the low toxicity
and modifiability of graphene quantum dots, Jiang et al. engineered a multifunctional
nanoparticle by initially encapsulating atorvastatin (AT) within graphene oxide quantum
dots (GOQDs). This complex was subsequently enveloped in a hybrid membrane derived
from macrophage and erythrocyte membranes. Finally, hyaluronic acid (HA) was inte-
grated into this hybrid membrane to yield HA-M@AT@GP. In vitro and ex vivo biological
experiments showed a significant decrease in ROS levels and ox-LDL levels, a significant
decrease in plaque area, and a significant increase in collagen in diseased macrophages in
the HA-M@AT@GP group compared with the free AT group [140].

4.2.3. Other Non-Metallic Inorganic NPs

Selenium nanoparticles with low toxicity and high biocompatibility demonstrate
remarkable versatility in modification [141,142]. Furthermore, selenium element is in-
volved in the body’s antioxidant and anti-inflammatory processes. Chen et al. developed
mannose-modified selenium nanoparticles (MSeNP@CIP) for the delivery of calpain in-
hibitory peptide (CIP). The calpain-inhibiting peptide inhibits calpain, thereby increasing
ABCA1 activity and enhancing cholesterol efflux. MSeNP@CIP&DiR exhibited stronger
fluorescence intensity at the plaque compared to SeNP@CIP&DiRa and the greatest re-
duction in plaque areas were observed in the MSeNP@CIP group compared to the other
groups [143].

Diselenides show powerful functions such as catalyzing the production of NO gas and
producing anti-inflammatory and antioxidant capabilities [144]. Selenium and polyphenols
have been reported to have coordinated antioxidant efficacy; therefore, Wang et al. devel-
oped polyphenol diselenide nanoparticles (CASes). The CASe group showed a stronger
H2O2 scavenging capacity than the other single-drug groups, and that H2O2 was almost
completely scavenged at a concentration of 50 µg/mL in the CASe group. In vivo pharma-
codynamics showed a greater decrease in plaque area and ROS levels in the CASe group
compared to the single-drug group [145].

Carbon nanocages have received much attention from researchers due to their high
drug loading capacity and low toxicity [146]. Cui et al. developed chitosan carbon
nanocages (CS-CNCs@Ce6/DS) modified with dextran sulfate (DS) to deliver Chlorin
e6 (Ce6). The authors first performed loading rate (LR) and encapsulation rate (EE) mea-
surements, and ultraviolet-visible (UV-vis) spectroscopy showed that LR and EE were
26.1 ± 2.7 and 71.9 ± 3.4 wt%, respectively, which were much higher than those of con-
ventional nanoparticles (liposomes, etc.). This indicates that carbon nanocages have high
drug-carrying capacity. Dissection of ApoE−/− mice under PTT and PDT therapies re-
vealed that the CS-CNCs@Ce6/DS group showed the largest decrease in plaque area and
H&E staining showed no significant abnormalities in major organs (heart, liver, etc.) [147].
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5. Biomimetic NPs
This technology uses cells such as leukocytes, erythrocytes, macrophages, and platelets

to participate in the preparation of nanoparticles and assist in drug delivery. This tech-
nology improves the safety and efficacy of the drug by increasing the targeting of the
nanoparticles and prolonging the circulation time of the nanoparticles. (Table 2). Therefore,
we will mainly discuss this technology in the following sections.

Table 2. Recent research on the use of biomimetic nanocarriers.

Year Group Biomimetic NP Animal Model Key Findings Ref.

2019 Wang RBC/RAP@PLGA ApoE−/− mice (1) RBC membranes allow nanoparticles to evade phagocytic system,
resulting in long half-life in circulation; (2) good safety. [71]

2020 Xie MNC@M-ST/AP ApoE−/− mice (1) Leukocyte membrane endows nanoparticles inflammatory tropism. [72]

2020 Ge P-Lipo ApoE−/− mice
(1) Platelet membrane makes nanoparticles inflammatory tropism; (2)

mixture of platelet membrane and liposome makes dosage of
membrane lower.

[73]

2021 Wang MM/RAPNPs ApoE−/− mice (1) Good biocompatibility and safety; (2) nanoparticles avoid
phagocytosis and have targeting. [74]

2021 Liu PM-PAAO-UCNPs partial carotid ligation
surgery mouse model

(1) Platelet membrane makes nanoparticles inflammatory tropism; (2)
teffect of PDT on

atherosclerotic plaque via reactive oxygen species (ROS)-induced
apoptosis and regulated lipid metabolism.

[75]

2021 Li RBC/LFP@PMMP ApoE−/− mice
(1) RBC membranes allow nanoparticles to evade phagocytic system; (2)
drug release in plaque through ROS response bond; (3) integration of

diagnosis and treatment.
[56]

2022 Zhang KPF@MM-NPs ApoE−/− mice

(1) KPF@MM-NPs treatment significantly reduced the inflammatory
response of proliferating macrophages, which was associated with a
decrease in key pro-inflammatory cytokines and re-polarization from

M1 to M2 phenotype.

[76]

2022 Wang aCD47@PMSN ApoE−/− mice
(1) Cell membrane coating prolongs particle circulation by evading
immune recognition; (2) significantly reduces atherosclerotic plaque

area and stabilizes plaque.
[77]

2022 Yu PCZ@PB NCs ApoE−/− mice
(1) Synergistically regulates ROS levels and inflammation, and

effectively inhibits foam cell formation; (2) specifically clustered at
plaque.

[67]

5.1. Erythrocyte Membrane NPs

Red blood cells are the cells that grant nanoparticles immune evasion and longevity in
circulation [148,149]. In a specific study, Wang et al. engineered erythrocyte membrane-
coated poly(lactic-co-glycolic acid) (PLGA) nanoparticles (RBC/RAP@PLGA) for the de-
livery of rapamycin (RAP). In vivo pharmacokinetics showed that the total retention of
RBC@PLGA and DiD@PLGA nanoparticles in the blood was approximately 31% and 17%
at 24 and 48 h after injection, respectively (Figure 7a). Fluorescence imaging of isolated
aorta showed significant aggregation of RBC/DiD@PLGA in atherosclerotic plaque areas
(Figure 7b) [150]. Erythrocyte membrane technology does improve the long circulation
time of nanoparticles and their retention in plaques. Akrami et al. also delivered anti-
inflammatory microsome glibenclamide using a similar approach. H&D staining showed
that the erythrocyte membrane-encapsulated PLGA nanoparticles group showed an ap-
proximate 13.24-fold reduction in plaque area (Figure 7c) and a 2.1-fold reduction in the
total number of foam cells (Figure 7d) as compared to the positive control group [151].
Probucol (PU) is a promising anti-atherosclerotic drug, but its difficult absorption in the
gastrointestinal tract and insufficient bioavailability have led to its poor therapeutic ef-
ficacy [152,153]. Zeng et al. also utilized a similar method to deliver PU. In terms of
pharmacokinetics, the terminal elimination half-life (t1/2z) of RP-PU was significantly bet-
ter than that of PU. This suggests that the vector significantly increases the bioavailability
of PU. In terms of treatment, RP-PU is more effective than PU in reducing plaque area and
ROS level [154]. Therefore, erythrocyte membranes seem to enhance the effectiveness of
drugs in the treatment of atherosclerosis.
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The combination of erythrocyte membranes with other materials is increasingly show-
ing great potential [155–159]. For example, Sun et al. combined erythrocyte membranes
with platelet membranes to form erythrocyte–platelet membrane-encapsulated nanopar-
ticles ([RBC-P]NPs) for the delivery of anti-CXCR2 antibodies (CXCR2 is a receptor for
activated platelets to attract circulating monocytes). The hybrid membrane has both inflam-
matory tropism and long-circulating capacity [149,158,160]. Confocal fluorescence imaging
showed optimal targeting of [RBC-P]NPs to activated monocytes compared to RBCNPs.
Targeting was indeed improved after the fusion of platelet membranes. Therapeutically,
anti-CXCR2 [RBC-P]NP-treated mice had a 41% reduction in plaque area (Figure 7e) and
a 51% reduction in Mac2+ macrophage content (Figure 7f) compared with controls [161].
This suggests that hybrid membranes have great potential.
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Figure 7. (a) Pharmacokinetic studies of RBC/DiD@PLGA and DiD@PLGA in C57BL/6 mice, (n = 5).
Reprinted from Ref. [150]. (b) Ex vivo fluorescence images of the aorta. Reprinted from Ref. [150].
Results of estimated values of surface area of plaque endothelial area (c) and percentage (d) of total
foam cells (n = 3). * p < 0.05, *** p < 0.001 and **** p < 0.0001. Reprinted with permission from Ref. [151].
Copyright 2023 Elsevier. Aortic root (AR) lesion size (e) and measurements (f) of Mac2+ areas in AR
lesions, (n = 6). ** p < 0.01. Reprinted with permission from Ref. [161]. Copyright 2023 Elsevier.
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The change from low to high shear stress in the body plays an important role in the
formation of atherosclerosis, and it is often at sites of high shear stress that atherosclerosis
tends to occur [162,163]. So, Li et al. introduced dual-responsive dendrimer molecules
(SA PAM) to form du-al-responsive dendrimer nanoparticles (SA PAM@RBCs) on the
basis of erythrocyte membranes. To investigate whether there is a shear stress response
in SA PAM@RBC, the authors developed an in vitro shear microfluidic circulatory system
for in vitro shear stress response experiments. The experimental results showed that at
100 dynes/cm2, the green fluorescence signal of SA PAM was significantly attenuated and
the green/red fluorescence ratio was significantly decreased. This demonstrated that SA
PAM could be shed from erythrocytes in large quantities. This proved its massive shedding
from RBCs in large quantities. Meanwhile, at 20 dynes/cm2, its green fluorescence and
red fluorescence co-localized and the green/red fluorescence ratio was consistent with
that of the control [156]. This suggests that in healthy blood vessels, it does not release. In
conclusion, the combination of erythrocyte membranes and other nanomaterials to achieve
passive and active targeted delivery is one future trend.

5.2. Platelet Membrane NPs

Damaged vessels during atherogenesis stimulate platelet adhesion and enrichment,
suggesting that platelet membranes have natural targeting advantages in addition to the
functions of erythrocyte membranes [164,165]. So, platelet-related technologies have great
potential. For example, Liu et al. performed cellular uptake experiments in order to assess
the targeting properties of platelet membranes. The results showed that in foam cells, the
nanoparticle group with encapsulated platelet membrane showed a strong red fluorescent
signal whereas the group without platelet membranes showed almost no red fluorescent
signal in foam cells [166]. Platelet membrane-encapsulated nanoparticles with specific
inflammatory targeting have great potential in the treatment of atherosclerosis.

Commonly used therapeutic and monitoring agents have problems in vivo such as
insufficient bioavailability, hydrophobicity, severe adverse effects, and poor targeting, while
biofilm technologies (platelet membranes, etc.) can improve their bioavailability, biosafety,
targeting, etc. [7,167] Wang et al. also took advantage of the natural targeting properties
of platelet membranes by encapsulating mesoporous silica nanoparticles within them to
deliver anti-CD47 antibodies. The results of oil red O staining showed that com-pared with
the control group (46.7 2%), the plaque area of aCD47, aCD47@MSN, and aCD47@PMSN
decreased to 43.5 ± 2.1%, 41.6 ± 1.6%, and 16.6 ± 1.7%, respectively [168]. Fontana et al.
utilized the platelet membrane wrapping technique to deliver the hydrophobic drug cur-
cumin (Curc) (Curc@Lignin@TA@PL). The results of cytotoxicity experiments showed that
NPs remained safe for normal macrophages at concentrations up to 50 µg mL−1 [169]. Liu
et al. also delivered photoresponsive NO prodrugs (RBT-NO) using the platelet membrane
wrapping technique, which releases NO for endothelial repair at the plaque site. The H&E
slice results showed that the control group had signs of thrombosis, such as thickening of
the vessel wall, smaller lumen, and thickening of the intima, whereas the treatment group
had a regular arrangement of the vessel wall tissue and a significant improvement in throm-
bus accumulation [170]. Fu et al. designed ROS-responsive nanoparticles (PGA@PMP)
coated with platelet membranes to enhance the tar-geting efficiency of photoacoustic π

probes and the immunomodulatory complex GWAS. Notably, PGA@PMP can induce an
increase in the number of M2 macrophages as well as regulatory T (Treg) cells to rebuild
the immune microenvironment [171].

Gene therapy has attracted more and more attention from scientific researchers, but
there are problems such as low delivery efficiency and the poor stability of genes [172]. Liu
et al. utilized platelet membranes wrapped around nanobubbles and assisted ultrasound-
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targeted microbubble disruption (UTMD) to deliver Nox2 siRNA (PNBs-siNox2). No-
tably, in vivo pharmacodynamics demonstrated a significant reduction in plaque area to
31.80 ± 2.32% (p < 0.05) in the PNBs-siNox2 group compared to the PBS group, and a
significant reduction in plaque area to 19.78 ± 1.45% (p < 0.05) in the PNBs-siNox2 + US
group [173]. Platelet membrane technology protects the gene drug well so that it can function.

5.3. Macrophage Membrane NPs

Macrophages play a vital role in the various stages of atherosclerosis (formation–
expansion–necrosis) [174–176]. Depending on their phenotype and function, macrophages
can generally be divided into M1 (pro-inflammatory) and M2 (anti-inflammatory)
types [177]. M1 macrophages have been reported to migrate to the inflammation site
by targeting VCAM1 and ICAM1, which are overexpressed on inflamed blood vessels and
activated smooth muscle cells [177–180]. Thus, Wu et al. constructed an M1 macrophage
membrane-encapsulated nanomedicine (MM@CD-PBA-RVT) to deliver Resveratrol (RVT).
The researchers first performed uptake experiments with normal macrophages. Flow
cytometry analysis showed that the calculated fluorescence uptake of CD/DiD was approx-
imately 1.2-, 8.3-, 2.6-, and 20-fold higher than that of MM@CD/DiD at 0.5, 1, 2, and 4 h,
respectively [181]. This suggests that M1 macrophage membranes have a great advantage
in immune escape. Wu et al. used a similar approach to deliver methotrexate (MTX), using
macrophage “homing” delivery to significantly promote cholesterol efflux to reduce the
cholesterol burden on macrophages [182]. Cheng et al. coated macrophage membrane
(MM) onto the surface of rod-shaped Au-ZnO schottky junction to form nano-particles
(AuZnO@MM) to effectively alleviate the progress of atherosclerosis. The ORO staining re-
sults showed that the Au-ZnO@MM group had the lowest mean percentage of plaque area
of 7.07% (Figure 8a), which was much lower than that of the control group (16.83%) [183].

Foam cells accumulate excess lipids and then form apoptotic cells (AC), which ulti-
mately trigger secondary necrosis and chronic inflammation. Studies have shown that
upregulation of CD47 receptors on the surface of apoptotic cells inhibits the removal and
exocytosis of this cell during apoptosis [184]. Guo et al. used macrophage membranes
to form ZARMs to deliver drugs that inhibit CD47. CD47 immunofluorescence staining
showed that the ZARMs group had the lowest CD47 red fluorescence signal, and Caspa-
se-3 immunofluorescence showed a gradual decrease in the number of apoptotic cells
(Figure 8b) [185]. This suggests that apoptotic cells are indeed removed by decreasing
CD47 levels. CD47 blockers promote macrophage uptake of apoptotic cells after excessive
blockade of CD47, which increases the cholesterol burden on macrophages, leading to the
formation of cholesterol crystals (CCs) and CD47 blockers are currently associated with
side effects such as anemia [184,186,187]. Lee et al. developed chimeric antigen receptor
macrophages (CAR-Ms), which target and phagocytose anti-phagocytic apoptotic cells
expressing CD47. Subsequently, the authors attached modified HPβ-CD lipid nanoparticles
(β-CD LNP) to the surface of CAR-M to form CAR-M/β-CD LNP. Anti-CD47 CAR-M clears
apoptotic cells. Phagocytosis experiments showed 6.42 ± 1.15% and 16.3 ± 8.81% of M1
CAR-Ms partaking in full and partial engulfment, respectively, compared to 4.59 ± 0.66%
and 6.37 ± 1.39% of M1 control macrophages engaged in such processes (Figure 8c–e).
CAR-T macrophages efficiently phagocytosed apoptotic cells and showed a 2.39-fold and
2.03-fold increase in Abca1 and Abcg1 expression, respectively [188]. CRT-M showed great
potential in the treatment of AS.

In addition to its targeting properties, M2-type macrophages have anti-inflammatory
effects of their own. Consequently, Zhang et al. fused the M2 macrophage membrane
with lipopeptide (DOPE-pp-HBSP) to form mixed nanovesicles (MLPNVs) for the delivery
of simvastatin (ST). In terms of treatment, plaque area was significantly reduced and
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much smaller in the ST@MLP NVs group compared to the free ST group. In addition, the
level of pro-inflammatory factors released by macrophages in plaques in the MLPNVs
group decreased [175]. This suggests that M2 macrophage membranes reduce the level of
inflammatory factors and make drug treatment more effective. Furthermore, macrophage
membranes have shown good results in delivering diagnostic imaging nanoparticles [189].
To further improve their targeting, Xiang et al. combined platelet membranes (PMVs)
with macrophage-derived extracellular vesicles (M2EVs) to form P-M2EV membranes to
deliver miR-99a-5p, an miRNA that inhibits foam cell formation. Inverted fluorescence
microscopy showed a significantly higher uptake of P-M2EV by foam cells than M2EV, and
flow cytometry demonstrated these results. Reacting to the treatment, the P-M2EV group
significantly inhibited foam cell formation in vitro and significantly reduced plaque area
in vivo [190].
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5.4. Leukocyte Membrane NPs

Leukocytes and neutrophils are cells involved in the inflammatory process in vivo, and
they target inflammation by binding to vascular cell adhesion molecule 1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1) on inflamed endothelial cells [191,192]. Based
on this property, leukocytes and neutrophils have potential in the treatment of AS. Chu et al.
used neutrophil membranes to deliver the zeolitic imidazolate framework-8 (ZIF-8) “core”
(AM@ZIF@NM) encapsulating microRNA-155. Confocal fluorescence images showed
strong red fluorescence in the Cy5-AM@ZIF@NM group in inflammatory endothelial cells
and weak red fluorescence in the Cy5-AM@ZIF@NM group in normal endothelial cells. Ex
vivo imaging showed significantly higher fluorescence in isolated aortic tissue from mice
with Cy5.5-AM@ZIF@NM NPs compared to the Cy5.5-AM@ZIF@NM NPs group. This
showed that neutrophil membranes are inflammation-targeted [191]. In conclusion, the
incorporation of leukocyte membranes enhanced the targeting ability of the nanoparticles,
thereby concentrating more drugs onto the plaques and improving the efficacy.

Except for the delivery of therapeutic agents, Xie et al. developed a leukocyte mem-
brane encapsulating simvastatin (ST) and adsorbing targeted apolipoprotein A-I-mimicking
4F peptide (AP) to deliver Fe3O4 magnetic nanoclusters (MNCs) (MNC@M-ST/AP). The
authors established an in vitro Transwell migration assay and both CLSM imaging and
time-dependent ICP measurements showed that the MNC@M-AP+LPS group displayed
higher foam cell uptake efficiency and migration capacity than the MNC@M+LPS group,
suggesting a further increase in leukocyte membrane targeting in the presence of AP. T2-
weighted MRI and ex vivo fluorescence imaging validated the targeting performance of the
MNC@M-ST/AP group, and mice treated in the MNC@M-ST/AP group showed the most
pronounced T2-weighted signals and average fluorescence intensity in the plaque region.
In terms of in vivo treatment, compared to the PBS group, Aortic lesion area was reduced
by 72.3 per cent in the MNC@M-ST/AP group [193]. Combining other nanomaterials with
leukocyte membranes can further enhance the therapeutic effect of nanoparticles, and thus
has great potential.

6. Summary and Perspective
Atherosclerosis, a chronic disease regulated by immune and lipid metabolic processes,

significantly contributes to cardiovascular disease. Currently, many drugs used to treat
atherosclerosis exhibit low efficacy and pronounced side effects. With steady advancement
in nanocarrier technology, nanoparticles are now leveraged to enhance the delivery and
efficiency of drugs and diagnostic agents. Due to endothelial dysfunction and increased
vascular leakage, the atherosclerotic microenvironment produces a situation similar to a
tumor that exhibits EPR-like profiles. The nano-delivery systems, through specific design
and functional modification, can achieve precise positioning and sustained release of
drugs at AS lesion sites, thereby improving treatment outcomes and reducing systemic
adverse reactions.

Up to now, only a few nanoparticles have been reported in clinical trials for human
use. For example, Van der Valk et al. employed long-circulating PEG liposomes to deliver
prednisolone to patients with atherosclerosis. The circulating half-life (t1/2) of these PEG
liposomes was 7 to 15 times longer that of free prednisolone. Additionally, 75% of the
macrophages isolated from patient plaques contained liposomes. DCE-MRI results showed
that LN-PLP does not decrease the kinetic parameter Ktrans, which suggests no significant
improvement in arterial wall permeability. Lipid levels and inflammation levels did not
exhibit a significant change either before or after treatment [194]. Additionally, Khar-
lamov et al. employed silica–gold nanoparticles to perform plasma photothermal therapy
(PPTT) on patients. Compared to conventional stents interventions, patients treated with
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PPTT exhibited a reduction in atherosclerotic plaque volume and necrotic cores, enhanced
coronary vasodilatation, and decreased cardiovascular mortality [195]. Nanoparticles are
exhibiting extensive utility in atherosclerosis management for humans through diverse
applications such as targeted drug delivery, advanced medical imaging, anti-inflammatory
interventions, biomimetic therapies, and stimuli-responsive treatments. This versatility will
introduce novel strategies and methodologies for the treatment of AS in humans, despite
the numerous challenges that hinder the clinical translation of nanoparticles.

Additionally, artificial intelligence (AI) is being employed to transform traditional
nanoparticle design methods, which typically rely on time-consuming and expensive trial-
and-error processes. In the field of cardiovascular research, the application of AI is expected
to significantly enhance the design efficiency, therapeutic efficacy, and safety of nanopar-
ticles [196–199]. Specifically, AI in the design of cardiovascular disease nanoparticles can
be summarized from the following aspects: (i) Data-driven material selection: AI can
analyze extensive biomedical data to predict the physicochemical properties of different
materials, such as the stability, biocompatibility, and ability of nanoparticles to penetrate
biological barriers. This will assist researchers in selecting the most suitable materials,
thereby improving the performance of nanoparticles. (ii) Optimization of synthesis pro-
cesses: AI can predict outcomes under different synthesis conditions, thereby identifying
the most effective synthesis pathways. This approach can increase the yield and purity of
nanoparticles while reducing production costs. (iii) Surface functionalization guidance: AI
can predict the binding capabilities and biological activities of different ligands, thereby
guiding the surface functionalization of nanoparticles to enhance their targeting capabili-
ties and therapeutic effects. (iv) Toxicity and biodistribution assessment: AI can analyze
extensive experimental data and clinical research to predict the behavior of nanoparticles
in the body, including their toxicity and biodistribution, ensuring their safety and efficacy.

Hybridized nanoparticles can combine the properties of different materials and utilize
the advantages of different materials to improve drug delivery efficiency. Sanchez-Gaytan
et al. used apolipoprotein-coated PLGA nanoparticles to form novel HDL-like nanoparticles
(PLGA-HDL). Significant cholesterol efflux capacity of PLGA-HDL was observed in all
cell lines. NIRF imaging of isolated aortas showed that DiR-labeled PLGA-HDL was
predominantly concentrated at plaques, and in addition, at the cellular level, PLGA-HDL
co-localized with macrophage (CD68+) staining in plaques [200]. This suggests that PLGA-
HDL enhances the accumulation of nanoparticles in macrophages in plaques, providing a
delivery platform for subsequent encapsulated drugs.

Lu et al. used a polyethyleneimine (PEI) condensed core for electrostatic adsorption
of anti-miR155, followed by wrapping an ApoA-1-modified lipid bilayer coating around
the outer layer to form polymer–lipid hybrid high-density lipoprotein mimetic nanoparti-
cles (PEI/HNPs). ApoA-1 in the outer coating resulted in approximately 2.1-fold higher
macrophage uptake of PEI/HNPs compared to non-targeted PEI/Lipo. qRT-PCR detected
significantly lower miR155 expression in vitro in the PEI/HNP group compared to the
PEI group. The results of intracellular ROS levels and cholesterol efflux showed that the
PEI/HNP group significantly reduced ROS levels and had the strongest cholesterol efflux
ability [201]. This suggests that hybridized nanoparticles can take advantage of the strengths
between different nanoparticles to improve drug delivery and therapeutic efficiency.

However, there are still challenges to overcome.
Firstly, atherosclerosis usually occurs at sites of high arterial blood flow and in high

shear environments, and nanoparticles are easily damaged, leading to uneven or prema-
ture drug release, thereby affecting the treatment outcome. Additionally, nanoparticles
have a short circulation time in the blood and are easily cleared by the immune system,
making it difficult to effectively reach the lesion site. So, to fix this, researchers often en-
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capsulate nanoparticles with biological membranes such as red blood cell membranes and
macrophage membranes to maintain their stability in high shear environments. At the same
time, by optimizing the chemical structure and surface functionalization of nanoparticles,
such as introducing pH-sensitive or oxidative stress-responsive groups, their targeting and
therapeutic specificity in specific pathological environments can be further enhanced.

Secondly, there are biocompatibility and safety issues. Although nanodelivery systems
have many advantages, their long-term safety and biocompatibility still require further
research. Some nanomaterials may cause immune or toxic reactions, affecting the treatment
outcome. Liposomes with a positive charge are susceptible to recognition by immune cells
(macrophages, etc.), potentially triggering inflammation within the body. Utilizing neutral
lipids or ionizable lipids to construct liposomes may serve as an effective solution to address
these concerns. In addition, both HDL nanoparticles and liposomes face the challenge of
premature leakage in vivo, which underscores the need for heightened attention to the
off-target distribution of drugs. This can lead to adverse side effects, necessitating careful
consideration of drug delivery strategies to minimize these risks.

The in vivo safety of inorganic nanoparticles is a critical consideration in their applica-
tion as therapeutic agents. These nanoparticles, such as iron oxide nanoparticles, exhibit
limited biodegradability, which raises concerns about their long-term persistence in the
body to induce toxic reactions and immune responses. Furthermore, the intricate metabolic
pathways of these materials are not well understood, complicating the assessment of their
potential toxicity. It is imperative that future research focuses on delineating the in vivo
behavior and degradation pathways of these nanoparticles to ensure their safe and effective
use in therapeutic applications.

The in vivo toxicity of polymeric nanoparticles is primarily associated with their
material composition. Cationic materials, for instance, have the propensity to stimulate
the immune system and ultimately activate inflammation. Additionally, materials that are
poorly degradable can pose metabolic challenges in vivo and may induce apoptosis, thereby
contributing to toxicity. It is also noteworthy that materials may interact with proteins
in vivo or be affected by changes in pH or temperature, which may result in structural
or material alterations. Furthermore, the in vivo stability of the polymeric micelles is a
concern, as they may dissociate prematurely at low concentrations, potentially affecting
their therapeutic efficacy.

Bionanoparticles possess the capability to evade the immune system and avoid bind-
ing to serum protein, thereby preventing nanoparticle aggregation. However, the use
of exogenous cell membranes in vivo can lead to pitfalls, such as immune stimulation.
Moreover, there are safety concerns related to the encapsulation of nanoparticles using cell
membrane technology, necessitating careful consideration and further research to mitigate
potential risks. Recently, carrier-free nanoparticles have garnered significant attention
from researchers due to their high drug loading capacity and ease of preparation. These
advantages make them particularly promising in the treatment and diagnosis of AS. High-
density lipoprotein (HDL) nanoparticles have a natural advantage in the treatment of
atherosclerosis, and there is a need to take full advantage of other nanocarriers in the future
and combine their structural properties with those of HDL nanoparticles.

Thirdly, there is the question of how to weaken the barriers to clinical applications of
nanoparticles in AS. The primary barriers to the clinical translation of most nanoparticles in-
clude challenges in large-scale industrialization, in vivo toxicity issues, suboptimal in vivo
metabolism, and insufficient in vivo stability [202,203]. For example, liposomes face limita-
tions due to their low encapsulation efficiency and instability, while the preparation process
of polymer nanoparticles is often complex, hindering large-scale production. Inorganic
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nanoparticles exhibit toxicity issues and lack biodegradability, and the intricate preparation
of biomimetic nanoparticles similarly prevent their large-scale industrialization.

Regulatory barriers are a major obstacle to the clinical translation of nanotechnology.
Nanoparticles, as multi-component structures, necessitate meticulous analysis under Good
Manufacturing Practice (GMP) conditions and the establishment of reproducible manu-
facturing processes to guarantee consistent product quality. This complexity presents a
challenge for regulatory approval, as established criteria for evaluating nanoparticle-based
drugs are often lacking or insufficient. To navigate this challenge, it is advisable to collabo-
rate closely with regulatory authorities from the early stages of development to meet the
necessary requirements and expedite the development process.

Scalability emerges as another pivotal barrier in the translation of nanotechnology from
the laboratory to large-scale manufacturing. The process of nanomedicine manufacturing
usually involves several complex steps, and subtle changes in the preparation process
may significantly affect their physicochemical properties (e.g., size, shape, composition,
crystallinity, drug loading, drug release, surface functionality, etc.). The transition must
be executed without compromising the quality and uniformity of the nanoparticles, a
task that is inherently complex that requires meticulous attention to detail and robust
manufacturing techniques.

Clinical translation of nanoparticles is an expensive and time-consuming process.
The complexity of the dosage form design during preparation can increase the cost and
time of preparation. Over-regulation may be necessary to ensure the safety and quality
of nanoparticles, whereas over-regulation can increase the cost of obtaining regulatory
approval and/or consume a significant portion of the patent life. From a commercial
perspective, most pharmaceutical companies do not currently have a good grasp of the
necessary infrastructure required for commercial development of nanoparticles, and these
require significant cost and time to build a basic framework.

The carrier-free nanoparticles can reduce reliance on complex equipment and high-
cost materials, thereby lowering the overall cost. Moreover, during the development of
atherosclerosis, large amounts of ROS and enzymes such as hyaluronidase are produced
at plaque sites. Researchers have developed a series of responsive nanosystems based
on these characteristics, achieving good results. As plaque sites contain large amounts
of lipids, lipid-specific probes have shown great potential in diagnosing atherosclerosis,
providing significant imaging effects and characteristic fluorescence in lipid-rich cells. In
addition, combining different response modalities is also an effective approach.

Last but not least, nanocarriers face many biological challenges that still need to be
worked out. One of the major challenges encountered by nanocarriers is the immune
response, which can be significantly influenced by the surface charge of the nanoparticles.
Specifically, positively charged nanoparticles may induce phagocytosis by immune cells,
potentially leading to inflammation. To mitigate this issue, it is imperative to utilize
nanoparticles with a neutrally or negatively charge, employ biomimetic cell membrane
technology, or modify the nanoparticles with PEG. These strategies are aimed at reducing
the immunogenicity and enhancing the biocompatibility of nanocarriers, thereby enhancing
their therapeutic efficacy and safety.

Off-target effects are a significant concern in nanocarrier-based drug delivery. To
address this issue, researchers have introduced pH- and ROS-responsive materials for selec-
tive drug release in plaques. Additionally, the researchers have modified the nanoparticles
by incorporating targeted peptides to increase their uptake by relevant cell types, such as
macrophages and foam cells, which are prominent in atherosclerotic plaques. Furthermore,
the modification of nanoparticles with mimetic cell membranes (e.g., platelet membranes,
macrophage membranes) or high-density lipoproteins has been pursued to promote their
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targeted accumulation at the plaque site, thereby enhancing the therapeutic specificity and
reducing off-target effects.

The stability of nanocarriers in the physiological environment is crucial for effective
drug delivery. Researchers have focused on modifying their surface, such as through the
application of polyethylene glycol (PEG), which creates a steric barrier, making it chal-
lenging for conditioning proteins and other blood components to adhere to liposomes,
thereby improving their circulatory stability. Additionally, the introduction of surfactants
like poloxamer and sodium dodecyl sulfate has been explored to strengthen nanoparti-
cle stability.

For polymeric micelles, their poor stability in vivo can lead to premature drug leakage.
This instability is exacerbated when micelles are diluted in vivo to concentrations below
their critical micelle concentration (CMC), causing them to dissociate. Consequently, the
selection of micelles with a low CMC is a critical factor in ensuring their stability and
efficacy. Researchers have explored the incorporation of additional forces, such as π-π
stacking, hydrogen bonding, and host–guest complexation, in conjunction with hydropho-
bic interactions. These strategies aim to create a more robust and stable micelle structure,
thereby improving their performance in drug delivery applications.

Animal models for the investigation of AS need to be reconsidered. Current studies in
AS primarily utilize ApoE−/− or Ldlr−/− mouse models. However, these mouse models
contain inherent discrepancies with human physiology, such as rarely seen ApoE defects
and dissimilar immune systems. Moving forward, the development of animal models with
closer similarity to humans is necessary to facilitate more effective clinical translation.

As research progresses, we can anticipate a future where nanotechnology will play a
pivotal role in reducing the incidence and severity of atherosclerotic cardiovascular diseases,
ultimately leading to better patient outcomes and a healthier population.
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Nat. Rev. Dis. Primers 2019, 5, 56. [CrossRef]
7. Chen, J.; Zhang, X.; Millican, R.; Sherwood, J.; Martin, S.; Jo, H.; Yoon, Y.S.; Brott, B.C.; Jun, H.W. Recent advances in nanomaterials

for therapy and diagnosis for atherosclerosis. Adv. Drug Deliv. Rev. 2021, 170, 142–199. [CrossRef]
8. Lorentzen, L.G.; Hansen, G.M.; Iversen, K.K.; Bundgaard, H.; Davies, M.J. Proteomic Characterization of Atherosclerotic Lesions

In Situ Using Percutaneous Coronary Intervention Angioplasty Balloons—Brief Report. Arterioscler. Thromb. Vasc. Biol. 2022, 42,
857–864. [CrossRef] [PubMed]

9. Head, S.J.; Borgermann, J.; Osnabrugge, R.L.J.; Kieser, T.M.; Falk, V.; Taggart, D.P.; Puskas, J.D.; Gummert, J.F.; Kappetein, A.P.
Coronary artery bypass grafting: Part 2–optimizing outcomes and future prospects. Eur. Heart J. 2013, 34, 2873–2886. [CrossRef]
[PubMed]

10. Cerqueira, N.M.F.S.; Oliveira, E.F.; Gesto, D.S.; Santos-Martins, D.; Moreira, C.; Moorthy, H.N.; Ramos, M.J.; Fernandes, P.A.
Cholesterol Biosynthesis: A Mechanistic Overview. Biochemistry 2016, 55, 5483–5506. [CrossRef]

11. Mäkinen, P.; Ruotsalainen, A.; Ylä-Herttuala, S. Nucleic Acid–Based Therapies for Atherosclerosis. Curr. Atheroscler. Rep. 2020, 22,
10. [CrossRef] [PubMed]

12. Lu, Y.; Thavarajah, T.; Gu, W.; Cai, J.; Xu, Q. Impact of miRNA in Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2018, 38,
e159–e170. [CrossRef]

13. Huang, X.; Liu, C.; Kong, N.; Xiao, Y.; Yurdagul, A.; Tabas, I.; Tao, W. Synthesis of siRNA nanoparticles to silence plaque-
destabilizing gene in atherosclerotic lesional macrophages. Nat. Protoc. 2022, 17, 748–780. [CrossRef] [PubMed]

14. Liu, Y.; Chen, X. Macrophage-Targeted Gene Therapy to Improve the Atherosclerotic Plaque Stability. Matter 2020, 3, 621–622.
[CrossRef]

15. Gadde, S.; Rayner, K.J. Nanomedicine Meets microRNA: Current Advances in RNA-Based Nanotherapies for Atherosclerosis.
Arter. Thromb. Vasc. Biol. 2016, 36, e73–e79. [CrossRef]

16. Yuanyuan, G.; Fujun, W.; Sunli, W.; Xinhua, L.; Yu, H.; Miao, X.; Xiaoer, W.; Wangshu, Z.; Tingting, Y.; Yuehua, L.; et al.
Endothelium-targeted NF-κB siRNA nanogel for magnetic resonance imaging and visualized-anti-inflammation treatment of
atherosclerosis. Biomaterials 2024, 314, 12289.

17. Anqi, W.; Kai, Y.; Weishen, Z.; Genpei, Z.; Xinxin, Z.; Lei, W. Targeted delivery of rapamycin and inhibition of platelet adhesion
with multifunctional peptide nanoparticles for atherosclerosis treatment. J. Control. Release 2024, 376, 753–765.

18. Mengying, C.; Tianxiang, Y.; Hong, W.; Lai, J.; Qiaoling, H.; Fanzhu, L. Biomimetic nanoparticles co-deliver hirudin and
lumbrukinase to ameliorate thrombus and inflammation for atherosclerosis therapy. Asian J. Pharm. Sci. 2024, in press.

19. Tao, Y.; Lan, X.; Zhang, Y.; Fu, C.; Liu, L.; Cao, F.; Guo, W. Biomimetic nanomedicines for precise atherosclerosis theranostics. Acta
Pharm. Sin. B 2022, 13, 4442–4460. [CrossRef] [PubMed]

20. Lamb, Y.N. Inclisiran: First Approval. Drugs 2021, 81, 389–395. [CrossRef] [PubMed]
21. Hossaini, N.S.; Huang, X. Nanotechnology for Targeted Therapy of Atherosclerosis. Front. Pharmacol 2021, 12, 755569. [CrossRef]

[PubMed]
22. Rong, T.; Wei, B.; Ao, M.; Zhao, H.; Li, Y.; Zhang, Y.; Qin, Y.; Zhou, J.; Zhou, F.; Chen, Y. Enhanced Anti-Atherosclerotic Efficacy of

pH-Responsively Releasable Ganglioside GM3 Delivered by Reconstituted High-Density Lipoprotein. Int. J. Mol. Sci. 2021, 22,
13624. [CrossRef] [PubMed]

23. Cheng, G.; Conghui, L.; Qian, C.; Yan, W.; Cheryl, H.T.K.; Qingfu, W.; Beibei, X.; Simon, M.Y.L.; Ruibing, W. Cyclodextrin-mediated
conjugation of macrophage and liposomes for treatment of atherosclerosis. J. Control. Release 2022, 349, 2–15.

24. Shah, S.; Dhawan, V.; Holm, R.; Nagarsenker, M.S.; Perrie, Y. Liposomes: Advancements and innovation in the manufacturing
process. Adv. Drug Deliv. Rev. 2020, 154–155, 102–122. [CrossRef] [PubMed]

25. Xing, H.; Hwang, K.; Lu, Y. Recent Developments of Liposomes as Nanocarriers for Theranostic Applications. Theranostics 2016,
6, 1336–1352. [CrossRef]

26. Flores, A.M.; Ye, J.; Jarr, K.U.; Hosseini-Nassab, N.; Smith, B.R.; Leeper, N.J. Nanoparticle Therapy for Vascular Diseases. Arter.
Thromb. Vasc. Biol 2019, 39, 635–646. [CrossRef] [PubMed]

27. Darwitan, A.; Wong, Y.S.; Nguyen, L.T.H.; Czarny, B.; Vincent, A.; Nedumaran, A.M.; Tan, Y.F.; Muktabar, A.; Tang, J.K.; Ng, K.W.;
et al. Liposomal Nanotherapy for Treatment of Atherosclerosis. Adv. Healthc. Mater. 2020, 9, e2000465. [CrossRef]

28. Ho, D.; Lynd, T.O.; Jun, C.; Shin, J.; Millican, R.C.; Estep, B.K.; Chen, J.; Zhang, X.; Brott, B.C.; Kim, D.W.; et al. MiR-146a
encapsulated liposomes reduce vascular inflammatory responses through decrease of ICAM-1 expression, macrophage activation,
and foam cell formation. Nanoscale 2023, 15, 3461–3474. [CrossRef]

https://doi.org/10.3390/biom8030080
https://www.ncbi.nlm.nih.gov/pubmed/30142970
https://doi.org/10.1161/CIRCRESAHA.118.313591
https://www.ncbi.nlm.nih.gov/pubmed/30653442
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1016/j.addr.2021.01.005
https://doi.org/10.1161/ATVBAHA.122.317491
https://www.ncbi.nlm.nih.gov/pubmed/35443792
https://doi.org/10.1093/eurheartj/eht284
https://www.ncbi.nlm.nih.gov/pubmed/24086086
https://doi.org/10.1021/acs.biochem.6b00342
https://doi.org/10.1007/s11883-020-0826-2
https://www.ncbi.nlm.nih.gov/pubmed/32034521
https://doi.org/10.1161/ATVBAHA.118.310227
https://doi.org/10.1038/s41596-021-00665-4
https://www.ncbi.nlm.nih.gov/pubmed/35121853
https://doi.org/10.1016/j.matt.2020.08.009
https://doi.org/10.1161/ATVBAHA.116.307481
https://doi.org/10.1016/j.apsb.2022.11.014
https://www.ncbi.nlm.nih.gov/pubmed/37969739
https://doi.org/10.1007/s40265-021-01473-6
https://www.ncbi.nlm.nih.gov/pubmed/33620677
https://doi.org/10.3389/fphar.2021.755569
https://www.ncbi.nlm.nih.gov/pubmed/34867370
https://doi.org/10.3390/ijms222413624
https://www.ncbi.nlm.nih.gov/pubmed/34948420
https://doi.org/10.1016/j.addr.2020.07.002
https://www.ncbi.nlm.nih.gov/pubmed/32650041
https://doi.org/10.7150/thno.15464
https://doi.org/10.1161/ATVBAHA.118.311569
https://www.ncbi.nlm.nih.gov/pubmed/30786744
https://doi.org/10.1002/adhm.202000465
https://doi.org/10.1039/D2NR03280E


J. Funct. Biomater. 2025, 16, 2 31 of 38

29. Benne, N.; Martins Cardoso, R.; Boyle, A.L.; Kros, A.; Jiskoot, W.; Kuiper, J.; Bouwstra, J.; Van Eck, M.; Slütter, B. Complement
Receptor Targeted Liposomes Encapsulating the Liver X Receptor Agonist GW3965 Accumulate in and Stabilize Atherosclerotic
Plaques. Adv. Healthc. Mater. 2020, 9, e2000043. [CrossRef] [PubMed]

30. Kheirolomoom, A.; Kim, C.W.; Seo, J.W.; Kumar, S.; Son, D.J.; Gagnon, M.K.J.; Ingham, E.S.; Ferrara, K.W.; Jo, H. Multifunctional
Nanoparticles Facilitate Molecular Targeting and miRNA Delivery to Inhibit Atherosclerosis in ApoE–/– Mice. ACS Nano 2015, 9,
8885–8897. [CrossRef] [PubMed]

31. Wang, Y.; Wang, C.; Li, J. Neutrophil extracellular traps: A catalyst for atherosclerosis. Mol. Cell. Biochem. 2024, 479, 3213–3227.
[CrossRef]

32. Monti, M.; De Rosa, V.; Iommelli, F.; Carriero, M.V.; Terlizzi, C.; Camerlingo, R.; Belli, S.; Fonti, R.; Di Minno, G.; Del Vecchio, S.
Neutrophil Extracellular Traps as an Adhesion Substrate for Different Tumor Cells Expressing RGD-Binding Integrins. Int. J. Mol.
Sci. 2018, 19, 2350. [CrossRef]

33. Finney, A.C.; Stokes, K.Y.; Pattillo, C.B.; Orr, A.W. Integrin signaling in atherosclerosis. Cell. Mol. Life Sci. 2017, 19, 2350. [CrossRef]
34. Monti, M.; Iommelli, F.; De Rosa, V.; Carriero, M.V.; Miceli, R.; Camerlingo, R.; Di Minno, G.; Del Vecchio, S. Integrin-dependent

cell adhesion to neutrophil extracellular traps through engagement of fibronectin in neutrophil-like cells. PLoS ONE 2017, 12,
e0171362. [CrossRef]

35. Shi, Y.; Dong, M.; Wu, Y.; Gong, F.; Wang, Z.; Xue, L.; Su, Z. An elastase-inhibiting, plaque-targeting and neutrophil-hitchhiking
liposome against atherosclerosis. Acta Biomater. 2023, 173, 470–481. [CrossRef] [PubMed]

36. Chang, K.H.; Zal, T.; Basyal, M.; Ostermann, L.; Muftuoglu, M.; Mak, P.Y.; Jia, Y.; Tao, W.; Zal, M.A.; Fogler, W.E.; et al. Co-
Targeting E-Selectin/CXCR4 with GMI-1359 Facilitates AML Stem Cell Mobilization and Protects BM Niches from Anti-Leukemia
Therapy. Blood 2021, 138, 3348. [CrossRef]

37. Boutry, S.; Laurent, S.; Elst, L.V.; Muller, R.N. Specific E-selectin targeting with a superparamagnetic MRI contrast agent. Contrast
Media Mol. Imaging 2006, 1, 15–22. [CrossRef] [PubMed]

38. Li, X.; Xiao, H.; Lin, C.; Sun, W.; Wu, T.; Wang, J.; Chen, B.; Chen, X.; Cheng, D. Synergistic effects of liposomes encapsulating
atorvastatin calcium and curcumin and targeting dysfunctional endothelial cells in reducing atherosclerosis. Int. J. Nanomed. 2019,
14, 649–665. [CrossRef] [PubMed]

39. Bagalkot, V.; Badgeley, M.A.; Kampfrath, T.; Deiuliis, J.A.; Rajagopalan, S.; Maiseyeu, A. Hybrid nanoparticles improve targeting
to inflammatory macrophages through phagocytic signals. J. Control. Release 2015, 217, 243–255. [CrossRef]

40. Narita, Y.; Shimizu, K.; Ikemoto, K.; Uchino, R.; Kosugi, M.; Maess, M.B.; Magata, Y.; Oku, N.; Ogawa, M. Macrophage-targeted,
enzyme-triggered fluorescence switch-on system for detection of embolism-vulnerable atherosclerotic plaques. J. Control. Release
2019, 302, 105–115. [CrossRef] [PubMed]

41. Wu, Y.; Zhang, Y.; Dai, L.; Wang, Q.; Xue, L.; Su, Z.; Zhang, C. An apoptotic body-biomimic liposome in situ upregulates
anti-inflammatory macrophages for stabilization of atherosclerotic plaques. J. Control. Release 2019, 316, 236–249. [CrossRef]

42. Joner, M.; Morimoto, K.; Kasukawa, H.; Steigerwald, K.; Merl, S.; Nakazawa, G.; John, M.C.; Finn, A.V.; Acampado, E.; Kolodgie,
F.D.; et al. Site-specific targeting of nanoparticle prednisolone reduces in-stent restenosis in a rabbit model of established atheroma.
Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1960–1966. [CrossRef] [PubMed]

43. Zamani, P.; Momtazi Borojeni, A.A.; Nik, M.E.; Oskuee, R.K.; Sahebkar, A. Nanoliposomes as the adjuvant delivery systems in
cancer immunotherapy. J. Cell. Physiol. 2018, 233, 5189–5199. [CrossRef]

44. Ragusa, R.; Basta, G.; Neglia, D.; De Caterina, R.; Del Turco, S.; Caselli, C. PCSK9 and atherosclerosis: Looking beyond LDL
regulation. Eur. J. Clin. Investig. 2021, 51, e13459. [CrossRef] [PubMed]

45. Chen, J.; Xiang, X.; Nie, L.; Guo, X.; Zhang, F.; Wen, C.; Xia, Y.; Mao, L. The emerging role of Th1 cells in atherosclerosis and its
implications for therapy. Front. Immunol. 2023, 13, 1079668. [CrossRef] [PubMed]

46. Taleb, S. Inflammation in atherosclerosis. Arch. Cardiovasc. Dis. 2016, 109, 708–715. [CrossRef]
47. Ait-Oufella, H.; Lavillegrand, J.; Tedgui, A. Regulatory T Cell-Enhancing Therapies to Treat Atherosclerosis. Cells 2021, 10, 723.

[CrossRef] [PubMed]
48. Baardman, J.; Lutgens, E. Regulatory T Cell Metabolism in Atherosclerosis. Metabolites 2020, 10, 279. [CrossRef]
49. Kobiyama, K.; Ley, K. Atherosclerosis. Circ. Res. 2018, 122, 1675–1688. [CrossRef] [PubMed]
50. Ley, K. Fortified Tregs to fight atherosclerosis. Cardiovasc. Res. 2021, 117, 1987–1988. [CrossRef]
51. Chen, J.; Zhang, X.; Millican, R.; Creutzmann, J.E.; Martin, S.; Jun, H. High density lipoprotein mimicking nanoparticles for

atherosclerosis. Nano Converg. 2020, 7, 6. [CrossRef] [PubMed]
52. Zhang, W.; He, H.; Liu, J.; Wang, J.; Zhang, S.; Zhang, S.; Wu, Z. Pharmacokinetics and atherosclerotic lesions targeting effects of

tanshinone IIA discoidal and spherical biomimetic high density lipoproteins. Biomaterials 2013, 34, 306–319. [CrossRef] [PubMed]
53. Guo, Y.; Yuan, W.; Yu, B.; Kuai, R.; Hu, W.; Morin, E.E.; Garcia-Barrio, M.T.; Zhang, J.; Moon, J.J.; Schwendeman, A.; et al. Synthetic

High-Density Lipoprotein-Mediated Targeted Delivery of Liver X Receptors Agonist Promotes Atherosclerosis Regression.
EBioMedicine 2018, 28, 225–233. [CrossRef] [PubMed]

https://doi.org/10.1002/adhm.202000043
https://www.ncbi.nlm.nih.gov/pubmed/32329226
https://doi.org/10.1021/acsnano.5b02611
https://www.ncbi.nlm.nih.gov/pubmed/26308181
https://doi.org/10.1007/s11010-024-04931-3
https://doi.org/10.3390/ijms19082350
https://doi.org/10.1007/s00018-017-2490-4
https://doi.org/10.1371/journal.pone.0171362
https://doi.org/10.1016/j.actbio.2023.11.020
https://www.ncbi.nlm.nih.gov/pubmed/37984628
https://doi.org/10.1182/blood-2021-153661
https://doi.org/10.1002/cmmi.87
https://www.ncbi.nlm.nih.gov/pubmed/17193596
https://doi.org/10.2147/IJN.S189819
https://www.ncbi.nlm.nih.gov/pubmed/30697048
https://doi.org/10.1016/j.jconrel.2015.09.027
https://doi.org/10.1016/j.jconrel.2019.03.025
https://www.ncbi.nlm.nih.gov/pubmed/30936020
https://doi.org/10.1016/j.jconrel.2019.10.043
https://doi.org/10.1161/ATVBAHA.108.170662
https://www.ncbi.nlm.nih.gov/pubmed/18688017
https://doi.org/10.1002/jcp.26361
https://doi.org/10.1111/eci.13459
https://www.ncbi.nlm.nih.gov/pubmed/33236356
https://doi.org/10.3389/fimmu.2022.1079668
https://www.ncbi.nlm.nih.gov/pubmed/36685487
https://doi.org/10.1016/j.acvd.2016.04.002
https://doi.org/10.3390/cells10040723
https://www.ncbi.nlm.nih.gov/pubmed/33805071
https://doi.org/10.3390/metabo10070279
https://doi.org/10.1161/CIRCRESAHA.118.313816
https://www.ncbi.nlm.nih.gov/pubmed/30359201
https://doi.org/10.1093/cvr/cvab103
https://doi.org/10.1186/s40580-019-0214-1
https://www.ncbi.nlm.nih.gov/pubmed/31984429
https://doi.org/10.1016/j.biomaterials.2012.09.058
https://www.ncbi.nlm.nih.gov/pubmed/23069716
https://doi.org/10.1016/j.ebiom.2017.12.021
https://www.ncbi.nlm.nih.gov/pubmed/29361501


J. Funct. Biomater. 2025, 16, 2 32 of 38

54. Zhang, X.; Huang, G. Synthetic lipoprotein as nano-material vehicle in the targeted drug delivery. Drug Deliv. 2017, 24, 16–21.
[CrossRef]

55. Corbin, I.R.; Chen, J.; Cao, W.; Li, H.; Lund-Katz, S.; Zheng, G. Enhanced Cancer-Targeted Delivery Using Engineered High-
Density Lipoprotein-Based Nanocarriers. J. Biomed. Nanotechnol. 2007, 3, 367–376. [CrossRef]

56. Cheraga, N.; Ye, Z.; Xu, M.; Zou, L.; Sun, N.; Hang, Y.; Shan, C.; Yang, Z.; Chen, L.; Huang, N. Targeted therapy of atherosclerosis
by pH-sensitive hyaluronic acid nanoparticles co-delivering all-trans retinal and rapamycin. Nanoscale 2022, 14, 8709–8726.
[CrossRef] [PubMed]

57. Lee, G.Y.; Kim, J.; Choi, K.Y.; Yoon, H.Y.; Kim, K.; Kwon, I.C.; Choi, K.; Lee, B.; Park, J.H.; Kim, I. Hyaluronic acid nanoparticles
for active targeting atherosclerosis. Biomaterials 2015, 53, 341–348. [CrossRef]

58. Shen, M.; Li, H.; Yao, S.; Wu, X.; Liu, S.; Yang, Q.; Zhang, Y.; Du, J.; Qi, S.; Li, Y. Shear stress and ROS-responsive biomimetic
micelles for atherosclerosis via ROS consumption. Mater. Sci. Eng. C 2021, 126, 112164. [CrossRef] [PubMed]

59. He, J.; Zhang, W.; Zhou, X.; Xu, F.; Zou, J.; Zhang, Q.; Zhao, Y.; He, H.; Yang, H.; Liu, J. Reactive oxygen species (ROS)-responsive
size-reducible nanoassemblies for deeper atherosclerotic plaque penetration and enhanced macrophage-targeted drug delivery.
Bioact. Mater. 2022, 19, 115–126. [CrossRef]

60. Lewis, D.R.; Petersen, L.K.; York, A.W.; Ahuja, S.; Chae, H.; Joseph, L.B.; Rahimi, S.; Uhrich, K.E.; Haser, P.B.; Moghe, P.V.
Nanotherapeutics for inhibition of atherogenesis and modulation of inflammation in atherosclerotic plaques. Cardiovasc. Res.
2016, 109, 283–293. [CrossRef] [PubMed]

61. Chmielowski, R.A.; Abdelhamid, D.S.; Faig, J.J.; Petersen, L.K.; Gardner, C.R.; Uhrich, K.E.; Joseph, L.B.; Moghe, P.V. Athero-
inflammatory nanotherapeutics: Ferulic acid-based poly(anhydride-ester) nanoparticles attenuate foam cell formation by
regulating macrophage lipogenesis and reactive oxygen species generation. Acta Biomater. 2017, 57, 85–94. [CrossRef] [PubMed]

62. Suzuki, K.; Doi, T.; Imanishi, T.; Kodama, T.; Tanaka, T. Oligonucleotide aggregates bind to the macrophage scavenger receptor.
Eur. J. Biochem. 1999, 260, 855–860. [CrossRef] [PubMed]

63. Zhang, L.; Tian, X.Y.; Chan, C.K.W.; Bai, Q.; Cheng, C.K.; Chen, F.M.; Cheung, M.S.H.; Yin, B.; Yang, H.; Yung, W.; et al. Promoting
the Delivery of Nanoparticles to Atherosclerotic Plaques by DNA Coating. ACS Appl. Mater. Interfaces 2018, 11, 13888–13904.
[CrossRef]

64. Guo, Y.; Qin, J.; Zhao, Q.; Yang, J.; Wei, X.; Huang, Y.; Xie, M.; Zhang, C.; Li, Y. Plaque-Targeted Rapamycin Spherical Nucleic
Acids for Synergistic Atherosclerosis Treatment. Adv. Sci. 2022, 9, e2105875. [CrossRef] [PubMed]

65. Zhengjie, Z.; Chih-Fan, Y.; Michael, M.; Myung-Jin, O.; Jiayu, Z.; Jin, L.; Ru-Ting, H.; Devin, L.H.; Tzu-Pin, S.; David, W.; et al.
Targeted polyelectrolyte complex micelles treat vascular complications in vivo [Medical Sciences]. Proc. Natl. Acad. Sci. USA 2021,
118, e2114842118.

66. Zhang, Y.; Jiang, C.; Meng, N. Targeting Ferroptosis: A Novel Strategy for the Treatment of Atherosclerosis. Mini-Rev. Med. Chem.
2024, 24, 1262–1276. [CrossRef] [PubMed]

67. Burtenshaw, D.; Kitching, M.; Redmond, E.M.; Megson, I.L.; Cahill, P.A. Reactive Oxygen Species (ROS), Intimal Thickening, and
Subclinical Atherosclerotic Disease. Front. Cardiovasc. Med. 2019, 6, 89. [CrossRef]

68. Hou, X.; Lin, H.; Zhou, X.; Cheng, Z.; Li, Y.; Liu, X.; Zhao, F.; Zhu, Y.; Zhang, P.; Chen, D. Novel dual ROS-sensitive and CD44
receptor targeting nanomicelles based on oligomeric hyaluronic acid for the efficient therapy of atherosclerosis. Carbohydr. Polym.
2019, 232, 115787. [CrossRef]

69. Mu, D.; Li, J.; Qi, Y.; Sun, X.; Liu, Y.; Shen, S.; Li, Y.; Xu, B.; Zhang, B. Hyaluronic acid-coated polymeric micelles with hydrogen
peroxide scavenging to encapsulate statins for alleviating atherosclerosis. J. Nanobiotechnol. 2020, 18, 179. [CrossRef] [PubMed]

70. Ma, B.; Xu, H.; Zhuang, W.; Wang, Y.; Li, G.; Wang, Y. ROS Responsive Nanoplatform with Two-Photon AIE Imaging for
Atherosclerosis Diagnosis and “Two-Pronged” Therapy. Small 2020, 16, 2003253. [CrossRef] [PubMed]

71. Ma, B.; Xu, H.; Wang, Y.; Yang, L.; Zhuang, W.; Li, G.; Wang, Y. Biomimetic-Coated Nanoplatform with Lipid-Specific Imaging
and ROS Responsiveness for Atherosclerosis-Targeted Theranostics. ACS Appl. Mater. Interfaces 2021, 13, 35410–35421. [CrossRef]

72. Alaarg, A.; Senders, M.L.; Varela-Moreira, A.; Pérez-Medina, C.; Zhao, Y.; Tang, J.; Fay, F.; Reiner, T.; Fayad, Z.A.; Hennink, W.E.;
et al. A systematic comparison of clinically viable nanomedicines targeting HMG-CoA reductase in inflammatory atherosclerosis.
J. Control. Release 2017, 262, 47–57. [CrossRef] [PubMed]

73. Shi, Z.; Huang, J.; Chen, C.; Zhang, X.; Ma, Z.; Liu, Q. Lipid nanoparticles encapsulating curcumin for imaging and stabilization
of vulnerable atherosclerotic plaques via phagocytic “eat-me” signals. J. Control. Release 2024, 373, 265–276. [CrossRef] [PubMed]

74. JB, V.K.; Ramakrishna, S.; Madhusudhan, B. Preparation and characterisation of atorvastatin and curcumin-loaded chitosan
nanoformulations for oral delivery in atherosclerosis. IET Nanobiotechnol. 2017, 11, 96–103.

75. Pillai, S.C.; Borah, A.; Le, M.N.T.; Kawano, H.; Hasegawa, K.; Kumar, D.S. Co-Delivery of Curcumin and Bioperine via PLGA
Nanoparticles to Prevent Atherosclerotic Foam Cell Formation. Pharmaceutics 2021, 13, 1420. [CrossRef]

76. Zhu, Y.; Fang, Y.; Wang, Y.; Han, D.; Liu, J.; Tian, L.; Xu, M.; Wang, Y.; Cao, F. 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,
1530–1543. [CrossRef]

https://doi.org/10.1080/10717544.2017.1384518
https://doi.org/10.1166/jbn.2007.053
https://doi.org/10.1039/D1NR06514A
https://www.ncbi.nlm.nih.gov/pubmed/35673987
https://doi.org/10.1016/j.biomaterials.2015.02.089
https://doi.org/10.1016/j.msec.2021.112164
https://www.ncbi.nlm.nih.gov/pubmed/34082967
https://doi.org/10.1016/j.bioactmat.2022.03.041
https://doi.org/10.1093/cvr/cvv237
https://www.ncbi.nlm.nih.gov/pubmed/26472131
https://doi.org/10.1016/j.actbio.2017.05.029
https://www.ncbi.nlm.nih.gov/pubmed/28522412
https://doi.org/10.1046/j.1432-1327.1999.00233.x
https://www.ncbi.nlm.nih.gov/pubmed/10103016
https://doi.org/10.1021/acsami.8b17928
https://doi.org/10.1002/advs.202105875
https://www.ncbi.nlm.nih.gov/pubmed/35344289
https://doi.org/10.2174/0113895575273164231130070920
https://www.ncbi.nlm.nih.gov/pubmed/38284727
https://doi.org/10.3389/fcvm.2019.00089
https://doi.org/10.1016/j.carbpol.2019.115787
https://doi.org/10.1186/s12951-020-00744-w
https://www.ncbi.nlm.nih.gov/pubmed/33287831
https://doi.org/10.1002/smll.202003253
https://www.ncbi.nlm.nih.gov/pubmed/33078569
https://doi.org/10.1021/acsami.1c08552
https://doi.org/10.1016/j.jconrel.2017.07.013
https://www.ncbi.nlm.nih.gov/pubmed/28700897
https://doi.org/10.1016/j.jconrel.2024.07.027
https://www.ncbi.nlm.nih.gov/pubmed/39019087
https://doi.org/10.3390/pharmaceutics13091420
https://doi.org/10.1021/acsbiomaterials.3c01518


J. Funct. Biomater. 2025, 16, 2 33 of 38

77. Tang, J.; Li, T.; Xiong, X.; Yang, Q.; Su, Z.; Zheng, M.; Chen, Q. Colchicine delivered by a novel nanoparticle platform alleviates
atherosclerosis by targeted inhibition of NF-κB/NLRP3 pathways in inflammatory endothelial cells. J. Nanobiotechnol. 2023, 21,
460. [CrossRef]

78. Li, J.; Wang, K.; Pan, W.; Li, N.; Tang, B. Targeted Imaging in Atherosclerosis. Anal. Chem. 2022, 94, 12263–12273. [CrossRef]
79. Li, Y.; Du, Y.; Xu, Z.; He, Y.; Yao, R.; Jiang, H.; Ju, W.; Qiao, J.; Xu, K.; Liu, T.; et al. Intravital lipid droplet labeling and imaging

reveals the phenotypes and functions of individual macrophages in vivo. J. Lipid Res. 2022, 63, 100207. [CrossRef] [PubMed]
80. Pang, H.; Huang, X.; Xu, Z.P.; Chen, C.; Han, F.Y. Progress in oral insulin delivery by PLGA nanoparticles for the management of

diabetes. Drug Discov. Today 2022, 28, 103393. [CrossRef]
81. Zeb, A.; Gul, M.; Nguyen, T.; Maeng, H. Controlled release and targeted drug delivery with poly(lactic-co-glycolic acid)

nanoparticles: Reviewing two decades of research. J. Pharm. Investig. 2022, 52, 683–724. [CrossRef]
82. Wijaya, A.; Wang, Y.; Tang, D.; Zhong, Y.; Liu, B.; Yan, M.; Jiu, Q.; Wu, W.; Wang, G. A study of lovastatin and L-arginine co-loaded

PLGA nanomedicine for enhancing nitric oxide production and eNOS expression. J. Mater. Chem. B 2021, 10, 607–624. [CrossRef]
83. Li, Y.; Zhang, B.; Liu, X.; Wan, H.; Qin, Y.; Yan, H.; Wang, Y.; An, Y.; Yang, Y.; Dai, Y.; et al. A bio-inspired nanoparticle coating for

vascular healing and immunomodulatory by cGMP-PKG and NF-kappa B signaling pathways. Biomaterials 2023, 302, 122288.
[CrossRef] [PubMed]

84. Fang, F.; Ni, Y.; Yu, H.; Yin, H.; Yang, F.; Li, C.; Sun, D.; Pei, T.; Ma, J.; Deng, L.; et al. Inflammatory endothelium-targeted and
cathepsin responsive nanoparticles are effective against atherosclerosis. Theranostics 2022, 12, 4200–4220. [CrossRef]

85. Karami, Z.; Mehrzad, J.; Akrami, M.; Hosseinkhani, S. Anti-inflammation-based treatment of atherosclerosis using Gliclazide-
loaded biomimetic nanoghosts. Sci. Rep. 2023, 13, 13880. [CrossRef] [PubMed]

86. Zhu, Y.; Xu, Y.; Han, D.; Zhang, X.; Qin, C.; Liu, J.; Tian, L.; Xu, M.; Fang, Y.; Zhang, Y.; et al. Scavenger receptor-AI targeted
theranostic nanoparticles for regression of atherosclerotic plaques via ABCA1 modulation. Nanomed. Nanotechnol. Biol. Med. 2023,
50, 102672. [CrossRef] [PubMed]

87. Wang, X.; Mehta, S.; Bongcaron, V.; Nguyen, T.; Jirwankar, Y.; Maluenda, A.; Walsh, A.P.G.; Palasubramaniam, J.; Hulett, M.;
Srivastava, R.; et al. Cyclodextrin-loaded nanobubbles reduce cholesterol and atherosclerosis in vivo. Eur. Heart J. 2023, 44,
ehad655-3257. [CrossRef]

88. Wang, Y.; Gao, H.; Huang, X.; Chen, Z.; Kang, P.; Zhou, Y.; Qin, D.; Zhang, W.; Liu, J. Cyclodextrin boostered-high density
lipoprotein for antiatherosclerosis by regulating cholesterol efflux and efferocytosis. Carbohydr. Polym. 2022, 292, 119632.
[CrossRef] [PubMed]

89. Hyeonjeong, J.; Jihoon, K.; Yeong, M.L.; Jinhwan, K.; Hyung, W.C.; Junseok, L.; Hyeongmok, P.; Youngnam, K.; In-San, K.;
Byung-Heon, L.; et al. Poly-paclitaxel/cyclodextrin-SPION nano-assembly for magnetically guided drug delivery system. J.
Control. Release 2016, 231, 68–76.

90. Namgung, R.; Mi Lee, Y.; Kim, J.; Jang, Y.; Lee, B.; Kim, I.; Sokkar, P.; Rhee, Y.M.; Hoffman, A.S.; Kim, W.J. Poly-cyclodextrin and
poly-paclitaxel nano-assembly for anticancer therapy. Nat. Commun. 2014, 5, 3702. [CrossRef] [PubMed]

91. Zhang, Y.; Gong, F.; Wu, Y.; Hou, S.; Xue, L.; Su, Z.; Zhang, C. Poly-β-cyclodextrin Supramolecular Nanoassembly with a
pH-Sensitive Switch Removing Lysosomal Cholesterol Crystals for Antiatherosclerosis. Nano Lett. 2021, 21, 9736–9745. [CrossRef]
[PubMed]

92. Zhu, L.; Zhong, Y.; Yan, M.; Ni, S.; Zhao, X.; Wu, S.; Wang, G.; Zhang, K.; Chi, Q.; Qin, X.; et al. Macrophage Membrane-
Encapsulated Dopamine-Modified Poly Cyclodextrin Multifunctional Biomimetic Nanoparticles for Atherosclerosis Therapy.
ACS Appl. Mater. Interfaces 2024, 16, 32027–32044. [CrossRef]

93. Battaglini, M.; Emanet, M.; Carmignani, A.; Ciofani, G. Polydopamine-based nanostructures: A new generation of versatile,
multi-tasking, and smart theranostic tools. Nano Today 2024, 55, 102151. [CrossRef]

94. Wang, H.; Zhao, R.; Peng, L.; Yu, A.; Wang, Y. A Dual-Function CD47-Targeting Nano-Drug Delivery System Used to Regulate
Immune and Anti-Inflammatory Activities in the Treatment of Atherosclerosis. Adv. Healthc. Mater. 2024, 13, e2400752. [CrossRef]
[PubMed]

95. Tu, S.; Ren, W.; Han, J.; Cui, H.; Dai, T.; Lu, H.; Xie, Y.; He, W.; Wu, A. Polydopamine nanoparticle-mediated mild photothermal
therapy for inhibiting atherosclerotic plaque progression by regulating lipid metabolism of foam cells. Regen. Biomater. 2023, 10,
rbad031. [CrossRef]

96. Zhang, J.; Cai, X.; Dou, R.; Guo, C.; Tang, J.; Hu, Y.; Chen, H.; Chen, J. Poly(β-amino ester)s-based nanovehicles: Structural
regulation and gene delivery. Mol. Ther.-Nucleic Acids 2023, 32, 568–581. [CrossRef] [PubMed]

97. Sadeqi Nezhad, M. Poly (beta-amino ester) as an in vivo nanocarrier for therapeutic nucleic acids. Biotechnol. Bioeng. 2022, 120,
95–113. [CrossRef] [PubMed]

98. Dosta, P.; Tamargo, I.; Ramos, V.; Kumar, S.; Kang, D.W.; Borrós, S.; Jo, H. Delivery of Anti-microRNA-712 to Inflamed Endothelial
Cells Using Poly(β-amino ester) Nanoparticles Conjugated with VCAM-1 Targeting Peptide. Adv. Healthc. Mater. 2021, 10,
2001894. [CrossRef]

https://doi.org/10.1186/s12951-023-02228-z
https://doi.org/10.1021/acs.analchem.2c02644
https://doi.org/10.1016/j.jlr.2022.100207
https://www.ncbi.nlm.nih.gov/pubmed/35398040
https://doi.org/10.1016/j.drudis.2022.103393
https://doi.org/10.1007/s40005-022-00584-w
https://doi.org/10.1039/D1TB01455B
https://doi.org/10.1016/j.biomaterials.2023.122288
https://www.ncbi.nlm.nih.gov/pubmed/37677917
https://doi.org/10.7150/thno.70896
https://doi.org/10.1038/s41598-023-41136-y
https://www.ncbi.nlm.nih.gov/pubmed/37620556
https://doi.org/10.1016/j.nano.2023.102672
https://www.ncbi.nlm.nih.gov/pubmed/37044196
https://doi.org/10.1093/eurheartj/ehad655.3257
https://doi.org/10.1016/j.carbpol.2022.119632
https://www.ncbi.nlm.nih.gov/pubmed/35725197
https://doi.org/10.1038/ncomms4702
https://www.ncbi.nlm.nih.gov/pubmed/24805848
https://doi.org/10.1021/acs.nanolett.1c03664
https://www.ncbi.nlm.nih.gov/pubmed/34748340
https://doi.org/10.1021/acsami.4c04431
https://doi.org/10.1016/j.nantod.2024.102151
https://doi.org/10.1002/adhm.202400752
https://www.ncbi.nlm.nih.gov/pubmed/38794825
https://doi.org/10.1093/rb/rbad031
https://doi.org/10.1016/j.omtn.2023.04.019
https://www.ncbi.nlm.nih.gov/pubmed/37200860
https://doi.org/10.1002/bit.28269
https://www.ncbi.nlm.nih.gov/pubmed/36266918
https://doi.org/10.1002/adhm.202001894


J. Funct. Biomater. 2025, 16, 2 34 of 38

99. Kohs, T.C.L.; Olson, S.R.; Pang, J.; Jordan, K.R.; Zheng, T.J.; Xie, A.; Hodovan, J.; Muller, M.; McArthur, C.; Johnson, J.; et al.
Ibrutinib Inhibits BMX-Dependent Endothelial VCAM-1 Expression In Vitro and Pro-Atherosclerotic Endothelial Activation and
Platelet Adhesion In Vivo. Cell. Mol. Bioeng. 2022, 15, 231–243. [CrossRef]

100. Sun, C.; Alkhoury, K.; Wang, Y.I.; Foster, G.A.; Radecke, C.E.; Tam, K.; Edwards, C.M.; Facciotti, M.T.; Armstrong, E.J.; Knowlton,
A.A.; et al. IRF-1 and miRNA126 modulate VCAM-1 expression in response to a high-fat meal. Circ. Res. 2012, 111, 1054–1064.
[CrossRef] [PubMed]

101. Distasio, N.; Dierick, F.; Ebrahimian, T.; Tabrizian, M.; Lehoux, S. Design and development of Branched Poly(ß-aminoester)
nanoparticles for Interleukin-10 gene delivery in a mouse model of atherosclerosis. Acta Biomater. 2022, 143, 356–371. [CrossRef]

102. Stefanadis, C.; Antoniou, C.; Tsiachris, D.; Pietri, P. Coronary Atherosclerotic Vulnerable Plaque: Current Perspectives. J. Am.
Heart Assoc. 2017, 6, e005543. [CrossRef] [PubMed]

103. Zhang, H.; Liu, X.L.; Fan, H.M. Advances in magnetic nanoparticle-based magnetic resonance imaging contrast agents. Nano Res.
2023, 16, 12531–12542. [CrossRef]

104. Pellico, J.; Ellis, C.M.; Davis, J.J. Nanoparticle-Based Paramagnetic Contrast Agents for Magnetic Resonance Imaging. Contrast
Media Mol. Imaging 2019, 2019, 1845637. [CrossRef] [PubMed]

105. Lee, N.; Hyeon, T. Designed synthesis of uniformly sized iron oxide nanoparticles for efficient magnetic resonance imaging
contrast agents†. Chem. Soc. Rev. 2011, 41, 2575–2589. [CrossRef] [PubMed]

106. Zhang, R.; Lu, K.; Xiao, L.; Hu, X.; Cai, W.; Liu, L.; Liu, Y.; Li, W.; Zhou, H.; Qian, Z.; et al. Exploring atherosclerosis imaging
with contrast-enhanced MRI using PEGylated ultrasmall iron oxide nanoparticles. Front. Bioeng. Biotechnol. 2023, 11, 1279446.
[CrossRef]

107. Hang, T.T.; Zhen, L.; Christoph, E.H.; Gary, C.; Shaohua, Z.; Jathushan, P.; Karen, A.; Xiaowei, W.; Karlheinz, P.; Andrew, K.W.
Molecular imaging of activated platelets via antibody-targeted ultra-small iron oxide nanoparticles displaying unique dual MRI
contrast. Biomaterials 2017, 134, 31–42.

108. Zou, L.; Zhang, Y.; Cheraga, N.; Abodunrin, O.D.; Qu, K.; Qiao, L.; Ma, Y.; Hang, Y.; Huang, N.; Chen, L. M2 Macrophage
Membrane-Camouflaged Fe3O4-Cy7 Nanoparticles with Reduced Immunogenicity for Targeted NIR/MR Imaging of Atheroscle-
rosis. Small 2023, 20, 2304110. [CrossRef] [PubMed]

109. Wu, Q.; Pan, W.; Wu, G.; Wu, F.; Guo, Y.; Zhang, X. CD40-targeting magnetic nanoparticles for MRI/optical dual-modality
molecular imaging of vulnerable atherosclerotic plaques. Atherosclerosis 2023, 369, 17–26. [CrossRef] [PubMed]

110. Wen, L.; Fu, X.; Zhang, H.; Ye, P.; Fu, H.; Zhou, Z.; Sun, R.; Xu, T.; Fu, C.; Zhu, C.; et al. Tailoring Zinc Ferrite Nanoparticle
Surface Coating for Macrophage-Affinity Magnetic Resonance Imaging of Atherosclerosis. ACS Appl. Mater. Interfaces 2024, 16,
13496–13508. [CrossRef] [PubMed]

111. Lin, X.; Dong, Q.; Chang, Y.; Shi, P.; Zhang, S. Transition-metal-based nanozymes for biosensing and catalytic tumor therapy.
Anal. Bioanal. Chem. 2024, 416, 5933–5948. [CrossRef]

112. Pietrzak, M.; Ivanova, P. Bimetallic and multimetallic nanoparticles as nanozymes. Sens. Actuators B Chem. 2021, 336, 129736.
[CrossRef]

113. Zhang, X.; Lin, S.; Liu, S.; Tan, X.; Dai, Y.; Xia, F. Advances in organometallic/organic nanozymes and their applications. Coord.
Chem. Rev. 2020, 429, 213652. [CrossRef]

114. Kattoor, A.J.; Pothineni, N.V.K.; Palagiri, D.; Mehta, J.L. Oxidative Stress in Atherosclerosis. Curr. Atheroscler. Rep. 2017, 19, 42.
[CrossRef] [PubMed]

115. Wang, S.; Zhang, J.; Li, W.; Chen, D.; Tu, J.; Sun, C.; Du, Y. Hyaluronic acid-guided assembly of ceria nanozymes as plaque-
targeting ROS scavengers for anti-atherosclerotic therapy. Carbohydr. Polym. 2022, 296, 119940. [CrossRef] [PubMed]

116. Gao, Y.; Liu, S.; Zeng, X.; Guo, Z.; Chen, D.; Li, S.; Tian, Z.; Qu, Y. Reduction of Reactive Oxygen Species Accumulation Using
Gadolinium-Doped Ceria for the Alleviation of Atherosclerosis. ACS Appl. Mater. Interfaces 2023, 15, 10414–10425. [CrossRef]
[PubMed]

117. Lv, F.; Fang, H.; Huang, L.; Wang, Q.; Cao, S.; Zhao, W.; Zhou, Z.; Zhou, W.; Wang, X. Curcumin Equipped Nanozyme-Like
Metal−Organic Framework Platform for the Targeted Atherosclerosis Treatment with Lipid Regulation and Enhanced Magnetic
Resonance Imaging Capability. Adv. Sci. 2024, 11, 2309062. [CrossRef] [PubMed]

118. Wen, N.; Li, J.; Zhang, W.; Li, P.; Yin, X.; Zhang, W.; Wang, H.; Tang, B. Monitoring the Progression of Early Atherosclerosis Using
a Fluorescence Nanoprobe for the Detection and Imaging of Phosphorylation and Glucose Levels. Angew. Chem. Int. Ed. Engl.
2023, 62, e202302161. [CrossRef] [PubMed]

119. Zhang, W.; Li, J.; Zhao, N.; Li, P.; Zhang, W.; Wang, H.; Tang, B. Ratiometric fluorescence biosensor for imaging of protein
phosphorylation levels in atherosclerosis mice. Anal. Chim. Acta 2022, 1208, 339825. [CrossRef]

120. Sharma, B.R.; Kanneganti, T. NLRP3 inflammasome in cancer and metabolic diseases. Nat. Immunol. 2021, 22, 550–559. [CrossRef]
121. Yue, L.; Gao, Y.; Han, B. Evaluation on the effect of hydrogen sulfide on the NLRP3 signaling pathway and its involvement in the

pathogenesis of atherosclerosis. J. Cell. Biochem. 2018, 120, 481–492. [CrossRef] [PubMed]

https://doi.org/10.1007/s12195-022-00723-1
https://doi.org/10.1161/CIRCRESAHA.112.270314
https://www.ncbi.nlm.nih.gov/pubmed/22874466
https://doi.org/10.1016/j.actbio.2022.02.043
https://doi.org/10.1161/JAHA.117.005543
https://www.ncbi.nlm.nih.gov/pubmed/28314799
https://doi.org/10.1007/s12274-023-6214-9
https://doi.org/10.1155/2019/1845637
https://www.ncbi.nlm.nih.gov/pubmed/31191182
https://doi.org/10.1039/C1CS15248C
https://www.ncbi.nlm.nih.gov/pubmed/22138852
https://doi.org/10.3389/fbioe.2023.1279446
https://doi.org/10.1002/smll.202304110
https://www.ncbi.nlm.nih.gov/pubmed/37806756
https://doi.org/10.1016/j.atherosclerosis.2023.02.008
https://www.ncbi.nlm.nih.gov/pubmed/36863196
https://doi.org/10.1021/acsami.3c17212
https://www.ncbi.nlm.nih.gov/pubmed/38449094
https://doi.org/10.1007/s00216-024-05345-2
https://doi.org/10.1016/j.snb.2021.129736
https://doi.org/10.1016/j.ccr.2020.213652
https://doi.org/10.1007/s11883-017-0678-6
https://www.ncbi.nlm.nih.gov/pubmed/28921056
https://doi.org/10.1016/j.carbpol.2022.119940
https://www.ncbi.nlm.nih.gov/pubmed/36087989
https://doi.org/10.1021/acsami.2c20492
https://www.ncbi.nlm.nih.gov/pubmed/36802486
https://doi.org/10.1002/advs.202309062
https://www.ncbi.nlm.nih.gov/pubmed/38696653
https://doi.org/10.1002/anie.202302161
https://www.ncbi.nlm.nih.gov/pubmed/37072376
https://doi.org/10.1016/j.aca.2022.339825
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.1002/jcb.27404
https://www.ncbi.nlm.nih.gov/pubmed/30246263


J. Funct. Biomater. 2025, 16, 2 35 of 38

122. Liang, D.; Wu, H.; Wong, M.W.; Huang, D. Diallyl Trisulfide Is a Fast H2S Donor, but Diallyl Disulfide Is a Slow One: The
Reaction Pathways and Intermediates of Glutathione with Polysulfides. Org. Lett. 2015, 17, 4196–4199. [CrossRef] [PubMed]

123. Li, D.; Chen, J.; Lu, Y.; Yan, X.; Yang, X.; Zhang, F.; Tang, Y.; Cao, M.; Wang, J.; Pan, M.; et al. Codelivery of Dual Gases with
Metal-Organic Supramolecular Cage-Based Microenvironment-Responsive Nanomedicine for Atherosclerosis Therapy. Small
2024, 20, 2402673. [CrossRef] [PubMed]

124. Porrang, S.; Davaran, S.; Rahemi, N.; Allahyari, S.; Mostafavi, E. How Advancing are Mesoporous Silica Nanoparticles? A
Comprehensive Review of the Literature. Int. J. Nanomed. 2022, 17, 1803–1827. [CrossRef] [PubMed]

125. Sobia, N.; Arslan, M.; Irsah, M.; Afifa, S.; Muhammad, M.K.; Yasmeen, J.; Bilal, A.; Maryam, A.; Asma, M.; Muhammad, A.; et al.
Multifunctional mesoporous silica-based nanocomposites: Synthesis and biomedical applications. Mater. Chem. Phys. 2022, 285,
126132.

126. Huang, P.; Lian, D.; Ma, H.; Gao, N.; Zhao, L.; Luan, P.; Zeng, X. New advances in gated materials of mesoporous silica for drug
controlled release. Chin. Chem. Lett. 2021, 32, 3696–3704. [CrossRef]

127. Pu, H.; Yao, M.; Wu, Z.; Xu, Z.; Cui, C.; Huang, R.; Shafiq, M.; Li, W.; Lu, X.; Li, B. Regulation of the macrophage-related
inflammatory microenvironment for atherosclerosis treatment and angiogenesis via anti-cytokine agents. Nano Res. 2022, 15,
7342–7354. [CrossRef]

128. Zhaoyu, W.; Zhijue, X.; Hongji, P.; Weimin, L.; Junchao, L.; Zhen, Z.; Xinwu, L.; Kaili, L.; Bo, L. Degradable co-delivery
nanoplatforms for inflammation-targeted therapy against atherosclerosis. Appl. Mater. Today 2021, 25, 101214.

129. Song, K.; Tang, Z.; Song, Z.; Meng, S.; Yang, X.; Guo, H.; Zhu, Y.; Wang, X. Hyaluronic Acid-Functionalized Mesoporous Silica
Nanoparticles Loading Simvastatin for Targeted Therapy of Atherosclerosis. Pharmaceutics 2022, 14, 1265. [CrossRef] [PubMed]

130. Pham, L.M.; Kim, E.; Ou, W.; Phung, C.D.; Nguyen, T.T.; Pham, T.T.; Poudel, K.; Gautam, M.; Nguyen, H.T.; Jeong, J.; et al.
Targeting and clearance of senescent foamy macrophages and senescent endothelial cells by antibody-functionalized mesoporous
silica nanoparticles for alleviating aorta atherosclerosis. Biomaterials 2021, 269, 120677. [CrossRef]

131. Naghavi, M.; John, R.; Naguib, S.; Siadaty, M.S.; Grasu, R.; Kurian, K.C.; van Winkle, W.B.; Soller, B.; Litovsky, S.; Madjid, M.; et al.
pH Heterogeneity of human and rabbit atherosclerotic plaques; a new insight into detection of vulnerable plaque. Atherosclerosis
2002, 164, 27–35. [CrossRef] [PubMed]

132. Liu, S.; Zhao, Y.; Shen, M.; Hao, Y.; Wu, X.; Yao, Y.; Li, Y.; Yang, Q. Hyaluronic acid targeted and pH-responsive multifunctional
nanoparticles for chemo-photothermal synergistic therapy of atherosclerosis. J. Mater. Chem. B 2021, 10, 562–570. [CrossRef]
[PubMed]

133. Huaqiang, F.; Li, H.; Fanzhen, L.; Binbin, H.; Huijie, L.; Zhixin, H.; Yue, S.; Weimin, Z.; Xiaolei, W. Dual-responsive Targeted
Atherosclerosis Therapy through a Multi-effective Nanoplatform with Anti-inflammatory, Lipid-regulating and Autophagy.
Chem. Eng. J. 2022, 454, 140067.

134. Singh, P.K.; Singh, S.; Sachan, K.; Verma, V.; Garg, S. Recent Development and Advancement in Quantum Dots in Pharmaceutical
and Biomedical Fields for the Delivery of Drugs. Curr. Nanosci. 2023, 20, 425–435. [CrossRef]

135. Nair, A.; Haponiuk, J.T.; Thomas, S.; Gopi, S. Natural carbon-based quantum dots and their applications in drug delivery: A
review. Biomed. Pharmacother. 2020, 132, 110834. [CrossRef]

136. Babu, L.T.; Paira, P. Current Application of Quantum Dots (QD) in Cancer Therapy: A Review. Mini-Rev. Med. Chem. 2017, 17,
1406–1415. [CrossRef] [PubMed]

137. Deng, H.; Konopka, C.J.; Prabhu, S.; Sarkar, S.; Medina, N.G.; Fayyaz, M.; Arogundade, O.H.; Vidana Gamage, H.E.; Shahoei,
S.H.; Nall, D.; et al. Dextran-Mimetic Quantum Dots for Multimodal Macrophage Imaging In Vivo, Ex Vivo, and In Situ. ACS
Nano 2022, 16, 1999–2012. [CrossRef]

138. Yu, Q.; Li, J.; Zhang, X.; Yang, S.; Zhou, P.; Xia, J.; Deng, T.; Yu, C. Dual-Emission ZAISe/ZnS quantum dots for Multi-level
Bio-Imaging: Foam cells and atherosclerotic plaque imaging. J. Colloid Interface Sci. 2022, 629, 399–408. [CrossRef] [PubMed]

139. Shen, M.; Jiang, H.; Li, S.; Liu, L.; Yang, Q.; Yang, H.; Zhao, Y.; Meng, H.; Wang, J.; Li, Y. Dual-modality probe nanodrug delivery
systems with ROS-sensitivity for atherosclerosis diagnosis and therapy. J. Mater. Chem. B 2023, 12, 1344–1354. [CrossRef]
[PubMed]

140. Peidong, Y.; Aziguli, M.; Hongyan, Z.; Anning, Y.; Jialong, F.; Shengchao, M.; Bin, L.; Yideng, J. Targeting and promoting
atherosclerosis regression using hybrid membrane coated nanomaterials via alleviated inflammation and enhanced autophagy.
Appl. Mater. Today 2022, 26, 101386.

141. Huang, Z.; Rose, A.H.; Hoffmann, P.R. The role of selenium in inflammation and immunity: From molecular mechanisms to
therapeutic opportunities. Antioxid. Redox Signal. 2012, 16, 705–743. [PubMed]

142. Chen, G.; Yang, F.; Fan, S.; Jin, H.; Liao, K.; Li, X.; Liu, G.; Liang, J.; Zhang, J.; Xu, J.; et al. Immunomodulatory roles of selenium
nanoparticles: Novel arts for potential immunotherapy strategy development. Front. Immunol. 2022, 13, 956181. [CrossRef]
[PubMed]

https://doi.org/10.1021/acs.orglett.5b01962
https://www.ncbi.nlm.nih.gov/pubmed/26301500
https://doi.org/10.1002/smll.202402673
https://www.ncbi.nlm.nih.gov/pubmed/38844996
https://doi.org/10.2147/IJN.S353349
https://www.ncbi.nlm.nih.gov/pubmed/35498391
https://doi.org/10.1016/j.cclet.2021.06.034
https://doi.org/10.1007/s12274-022-4366-7
https://doi.org/10.3390/pharmaceutics14061265
https://www.ncbi.nlm.nih.gov/pubmed/35745836
https://doi.org/10.1016/j.biomaterials.2021.120677
https://doi.org/10.1016/S0021-9150(02)00018-7
https://www.ncbi.nlm.nih.gov/pubmed/12119190
https://doi.org/10.1039/D1TB02000E
https://www.ncbi.nlm.nih.gov/pubmed/34982089
https://doi.org/10.2174/1573413719666230517111856
https://doi.org/10.1016/j.biopha.2020.110834
https://doi.org/10.2174/1389557517666170315125504
https://www.ncbi.nlm.nih.gov/pubmed/28302038
https://doi.org/10.1021/acsnano.1c07010
https://doi.org/10.1016/j.jcis.2022.08.134
https://www.ncbi.nlm.nih.gov/pubmed/36088689
https://doi.org/10.1039/D3TB00407D
https://www.ncbi.nlm.nih.gov/pubmed/38230621
https://www.ncbi.nlm.nih.gov/pubmed/21955027
https://doi.org/10.3389/fimmu.2022.956181
https://www.ncbi.nlm.nih.gov/pubmed/35958612


J. Funct. Biomater. 2025, 16, 2 36 of 38

143. Hui, Y.; Chang, L.; Yanjun, W.; Meng, Y.; Jiarun, H.; Yuhan, X.; Qinjie, L.; Peter, R.H.; Zhi, H.; Tianfeng, C. Atherosclerotic
plaque-targeted nanotherapeutics ameliorates atherogenesis by blocking macrophage-driven inflammation. Nano Today 2021, 42,
101351.

144. Qu, B.; Yuan, L.; Li, J.; Wang, J.; Lv, H.; Yang, X. Selenium-containing polyurethane with elevated catalytic stability for sustained
nitric oxide release. J. Mater. Chem. B 2018, 7, 150–156. [CrossRef] [PubMed]

145. Zhang, L.; Zhou, L.; Wang, K.; Shang, T.; Liu, Y.; Wang, Y.; Zhao, Y.; Huang, N.; Luo, R.; Li, X.; et al. GPx-like phenolic-amine
nanoparticles with onion peel-off model for constantly generative anti-inflammation and anti-oxidation capability. Chem. Eng. J.
2024, 488, 150290. [CrossRef]

146. Liu, J.; Gao, J.; Zhang, A.; Guo, Y.; Fan, S.; He, Y.; Yang, K.; Wang, J.; Cui, D.; Cheng, Y. Carbon nanocages-based nanozyme as
an endogenous H2O2-activated oxygenerator for real-time bimodal imaging and enhanced phototherapy of esophageal cancer.
Nanoscale 2020, 12, 21674–21686. [CrossRef]

147. Liu, J.; Zhou, B.; Guo, Y.; Zhang, A.; Yang, K.; He, Y.; Wang, J.; Cheng, Y.; Cui, D. SR-A-Targeted Nanoplatform for Sequential
Photothermal/Photodynamic Ablation of Activated Macrophages to Alleviate Atherosclerosis. ACS Appl. Mater. Interfaces 2021,
13, 29349–29362. [CrossRef] [PubMed]

148. Gao, M.; Liang, C.; Song, X.; Chen, Q.; Jin, Q.; Wang, C.; Liu, Z. Erythrocyte-Membrane-Enveloped Perfluorocarbon as Nanoscale
Artificial Red Blood Cells to Relieve Tumor Hypoxia and Enhance Cancer Radiotherapy. Adv. Mater. 2017, 29, 1701429. [CrossRef]

149. Zhang, H. Erythrocytes in nanomedicine: An optimal blend of natural and synthetic materials. Biomater. Sci. 2016, 4, 1024–1031.
[CrossRef] [PubMed]

150. Wang, Y.; Zhang, K.; Qin, X.; Li, T.; Qiu, J.; Yin, T.; Huang, J.; McGinty, S.; Pontrelli, G.; Ren, J.; et al. Biomimetic Nanotherapies:
Red Blood Cell Based Core–Shell Structured Nanocomplexes for Atherosclerosis Management. Adv. Sci. 2019, 6, 1900172.
[CrossRef]

151. Karami, Z.; Akrami, M.; Mehrzad, J.; Esfandyari-Manesh, M.; Haririan, I.; Nateghi, S. An anti-inflammatory Glyburide-loaded
nanoghost for atherosclerosis therapy: A red blood cell based bio-mimetic strategy. Giant 2023, 16, 100206. [CrossRef]

152. Zheng, W.; Huang, R.; Jiang, B.; Zhao, Y.; Zhang, W.; Jiang, X. An Early-Stage Atherosclerosis Research Model Based on
Microfluidics. Small 2016, 12, 2022–2034. [CrossRef] [PubMed]

153. Rong, Q.; Yan-zhi, L.; Cong, C.; Yi-ni, C.; Mao-mao, Y.; Lu, X.; Bing, H.; Xu, J.; Wen-wen, S.; Yu-nan, W.; et al. G5-PEG PAMAM
dendrimer incorporating nanostructured lipid carriers enhance oral bioavailability and plasma lipid-lowering effect of probucol.
J. Control. Release 2015, 210, 160–168.

154. Liang, X.; Li, H.; Zhang, A.; Tian, X.; Guo, H.; Zhang, H.; Yang, J.; Zeng, Y. Red blood cell biomimetic nanoparticle with
anti-inflammatory, anti-oxidative and hypolipidemia effect ameliorated atherosclerosis therapy. Nanomedicine 2022, 41, 102519.
[CrossRef] [PubMed]

155. Zhong, Y.; Qin, X.; Wang, Y.; Qu, K.; Luo, L.; Zhang, K.; Liu, B.; Obaid, E.A.M.S.; Wu, W.; Wang, G. “Plug and Play” Functionalized
Erythrocyte Nanoplatform for Target Atherosclerosis Management. ACS Appl. Mater. Interfaces 2021, 13, 33862–33873. [CrossRef]
[PubMed]

156. Shen, M.; Yao, S.; Li, S.; Wu, X.; Liu, S.; Yang, Q.; Du, J.; Wang, J.; Zheng, X.; Li, Y. A ROS and shear stress dual-sensitive bionic
system with cross-linked dendrimers for atherosclerosis therapy. Nanoscale 2021, 13, 213–227. [CrossRef]

157. Qin, X.; Zhang, K.; Qiu, J.; Wang, N.; Qu, K.; Cui, Y.; Huang, J.; Luo, L.; Zhong, Y.; Tian, T.; et al. Uptake of oxidative stress-
mediated extracellular vesicles by vascular endothelial cells under low magnitude shear stress. Bioact. Mater. 2021, 9, 397–410.
[CrossRef] [PubMed]

158. Sun, D.; Chen, J.; Wang, Y.; Ji, H.; Peng, R.; Jin, L.; Wu, W. Advances in refunctionalization of erythrocyte-based nanomedicine for
enhancing cancer-targeted drug delivery. Theranostics 2019, 9, 6885–6900. [CrossRef]

159. Nguyen, P.H.D.; Jayasinghe, M.K.; Le, A.H.; Peng, B.; Le, M.T.N. Advances in Drug Delivery Systems Based on Red Blood Cells
and Their Membrane-Derived Nanoparticles. ACS Nano 2023, 17, 5187–5210. [CrossRef]

160. Dehaini, D.; Wei, X.; Fang, R.H.; Masson, S.; Angsantikul, P.; Luk, B.T.; Zhang, Y.; Ying, M.; Jiang, Y.; Kroll, A.V.; et al.
Erythrocyte–Platelet Hybrid Membrane Coating for Enhanced Nanoparticle Functionalization. Adv. Mater. 2017, 29, 1606209.
[CrossRef]

161. Huang, R.; Zhang, L.; Li, X.; Liu, F.; Cheng, X.; Ran, H.; Wang, Z.; Li, Y.; Feng, Y.; Liang, L.; et al. Anti-CXCR2 antibody-coated
nanoparticles with an erythrocyte-platelet hybrid membrane layer for atherosclerosis therapy. J. Control. Release 2023, 356, 610–622.
[CrossRef] [PubMed]

162. Gao, X.; Zhang, T.; Huang, X.; Huan, X.; Li, Y. Impact of rise and fall phases of shear on platelet activation and aggregation using
microfluidics. J. Thromb. Thrombolysis 2024, 57, 576–586. [CrossRef]

163. Molloy, C.P.; Yao, Y.; Kammoun, H.; Bonnard, T.; Hoefer, T.; Alt, K.; Tovar-Lopez, F.; Rosengarten, G.; Ramsland, P.A.; van der
Meer, A.D.; et al. Shear-sensitive nanocapsule drug release for site-specific inhibition of occlusive thrombus formation. J. Thromb.
Haemost. 2017, 15, 972–982. [CrossRef]

https://doi.org/10.1039/C8TB02264J
https://www.ncbi.nlm.nih.gov/pubmed/32254959
https://doi.org/10.1016/j.cej.2024.150290
https://doi.org/10.1039/D0NR05945E
https://doi.org/10.1021/acsami.1c06380
https://www.ncbi.nlm.nih.gov/pubmed/34133141
https://doi.org/10.1002/adma.201701429
https://doi.org/10.1039/C6BM00072J
https://www.ncbi.nlm.nih.gov/pubmed/27090487
https://doi.org/10.1002/advs.201900172
https://doi.org/10.1016/j.giant.2023.100206
https://doi.org/10.1002/smll.201503241
https://www.ncbi.nlm.nih.gov/pubmed/26890624
https://doi.org/10.1016/j.nano.2022.102519
https://www.ncbi.nlm.nih.gov/pubmed/35038590
https://doi.org/10.1021/acsami.1c07821
https://www.ncbi.nlm.nih.gov/pubmed/34256560
https://doi.org/10.1039/D1NR05355H
https://doi.org/10.1016/j.bioactmat.2021.10.038
https://www.ncbi.nlm.nih.gov/pubmed/34820579
https://doi.org/10.7150/thno.36510
https://doi.org/10.1021/acsnano.2c11965
https://doi.org/10.1002/adma.201606209
https://doi.org/10.1016/j.jconrel.2023.02.036
https://www.ncbi.nlm.nih.gov/pubmed/36898531
https://doi.org/10.1007/s11239-024-02968-1
https://doi.org/10.1111/jth.13666


J. Funct. Biomater. 2025, 16, 2 37 of 38

164. Huilcaman, R.; Venturini, W.; Fuenzalida, L.; Cayo, A.; Segovia, R.; Valenzuela, C.; Brown, N.; Moore-Carrasco, R. Platelets, a Key
Cell in Inflammation and Atherosclerosis Progression. Cells 2022, 11, 1014. [CrossRef] [PubMed]

165. Li, Q.; Huang, Z.; Pang, Z.; Wang, Q.; Gao, J.; Chen, J.; Wang, Z.; Tan, H.; Li, S.; Xu, F.; et al. Targeted delivery of platelet
membrane modified extracellular vesicles into atherosclerotic plaque to regress atherosclerosis. Chem. Eng. J. 2022, 452, 138992.
[CrossRef]

166. Ma, Y.; Ma, Y.; Gao, M.; Han, Z.; Jiang, W.; Gu, Y.; Liu, Y. Platelet-Mimicking Therapeutic System for Noninvasive Mitigation of
the Progression of Atherosclerotic Plaques. Adv. Sci. (Weinh.) 2021, 8, 2004128. [CrossRef] [PubMed]

167. Zhou, J.; Niu, C.; Huang, B.; Chen, S.; Yu, C.; Cao, S.; Pei, W.; Guo, R. Platelet Membrane Biomimetic Nanoparticles Combined
With UTMD to Improve the Stability of Atherosclerotic Plaques. Front. Chem. 2022, 10, 868063. [CrossRef]

168. Chen, L.; Zhou, Z.; Hu, C.; Maitz, M.F.; Yang, L.; Luo, R.; Wang, Y. Platelet Membrane-Coated Nanocarriers Targeting Plaques to
Deliver Anti-CD47 Antibody for Atherosclerotic Therapy. Research 2022, 2022, 9845459. [CrossRef]

169. Fontana, F.; Molinaro, G.; Moroni, S.; Pallozzi, G.; Ferreira, M.P.A.; Tello, R.P.; Elbadri, K.; Torrieri, G.; Correia, A.; Kemell, M.; et al.
Biomimetic Platelet-Cloaked Nanoparticles for the Delivery of Anti-Inflammatory Curcumin in the Treatment of Atherosclerosis.
Adv. Healthc. Mater. 2024, 13, e2302074. [CrossRef]

170. Chai, Y.; Shangguan, L.; Yu, H.; Sun, Y.; Huang, X.; Zhu, Y.; Wang, H.Y.; Liu, Y. Near Infrared Light-Activatable Platelet-Mimicking
NIR-II NO Nano-Prodrug for Precise Atherosclerosis Theranostics. Adv. Sci. 2024, 11, 2304994. [CrossRef]

171. Ma, B.; Chen, Z.; Xu, H.; Sun, S.; Huang, C.; Li, G.; Zhang, W.; Shang, M.; Wang, Y.; Fu, G. Biomimetic Targeting Nanoplatform for
Atherosclerosis Theranostics Via Photoacoustic Diagnosis and “Hand-In-Hand” Immunoregulation. Adv. Funct. Mater. 2024, 34,
2311305. [CrossRef]

172. Li, Y.; Tian, R.; Xu, J.; Zou, Y.; Wang, T.; Liu, J. Recent developments of polymeric delivery systems in gene therapeutics. Polym.
Chem. 2024, 15, 1908–1931. [CrossRef]

173. Hu, X.; Zhao, P.; Zhang, J.; Zhu, Y.; Zhou, W.; Hong, K.; Sun, R.; Wang, Y.; Lu, Y.; Liu, Y. Ultrasound-assisted biomimetic
nanobubbles for targeted treatment of atherosclerosis. Nanomed. Nanotechnol. Biol. Med. 2023, 51, 102682. [CrossRef]

174. Sha, X.; Dai, Y.; Chong, L.; Wei, M.; Xing, M.; Zhang, C.; Li, J. Pro-efferocytic macrophage membrane biomimetic nanoparticles for
the synergistic treatment of atherosclerosis via competition effect. J. Nanobiotechnol. 2022, 20, 506–522. [CrossRef] [PubMed]

175. Guo, L.; Miao, Y.; Wang, Y.; Zhang, Y.; Zhou, E.; Wang, J.; Zhao, Y.; Li, L.; Wang, A.; Gan, Y.; et al. Biomimetic Macrophage
Membrane and Lipidated Peptide Hybrid Nanovesicles for Atherosclerosis Therapy. Adv. Funct. Mater. 2022, 32, 2204822.
[CrossRef]

176. Li, Y.; Che, J.; Chang, L.; Guo, M.; Bao, X.; Mu, D.; Sun, X.; Zhang, X.; Lu, W.; Xie, J. CD47- and Integrin alpha4/beta1-Comodified-
Macrophage-Membrane-Coated Nanoparticles Enable Delivery of Colchicine to Atherosclerotic Plaque. Adv. Healthc. Mater. 2022,
11, e2101788. [CrossRef] [PubMed]

177. Chen, Y.; Hu, M.; Wang, L.; Chen, W. Macrophage M1/M2 polarization. Eur. J. Pharmacol. 2020, 877, 173090.
178. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.; Mardani, F.; Seifi, B.; Mohammadi, A.;

Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. J. Cell. Physiol. 2018, 233,
6425–6440. [CrossRef]

179. Huang, X.; Wang, L.; Guo, H.; Zhang, W. Macrophage membrane-coated nanovesicles for dual-targeted drug delivery to inhibit
tumor and induce macrophage polarization. Bioact. Mater. 2022, 23, 69–79. [CrossRef] [PubMed]

180. Tang, W.; Yang, Y.; Yang, L.; Tang, M.; Chen, Y.; Li, C. Macrophage membrane-mediated targeted drug delivery for treatment of
spinal cord injury regardless of the macrophage polarization states. Asian J. Pharm. Sci. 2021, 16, 459–470. [CrossRef] [PubMed]

181. Qu, K.; Zhong, Y.; Zhu, L.; Mou, N.; Cao, Y.; Liu, J.; Wu, S.; Yan, M.; Yan, F.; Li, J.; et al. A Macrophage Membrane-Functionalized,
Reactive Oxygen Species-Activatable Nanoprodrug to Alleviate Inflammation and Improve the Lipid Metabolism for Atheroscle-
rosis Management. Adv. Healthc. Mater. 2024, 13, 2401113. [CrossRef]

182. Zhu, L.; Li, H.; Li, J.; Zhong, Y.; Wu, S.; Yan, M.; Ni, S.; Zhang, K.; Wang, G.; Qu, K.; et al. Biomimetic nanoparticles to enhance the
reverse cholesterol transport for selectively inhibiting development into foam cell in atherosclerosis. J. Nanobiotechnol. 2023, 21,
307. [CrossRef]

183. Cheng, J.; Pan, W.; Zheng, Y.; Zhang, J.; Chen, L.; Huang, H.; Chen, Y.; Wu, R. Piezocatalytic Schottky Junction Treats Atheroscle-
rosis by a Biomimetic Trojan Horse Strategy. Adv. Mater. 2024, 36, e2312102. [CrossRef]

184. Kojima, Y.; Volkmer, J.; McKenna, K.; Civelek, M.; Lusis, A.J.; Miller, C.L.; Direnzo, D.; Nanda, V.; Ye, J.; Connolly, A.J.; et al.
CD47-blocking antibodies restore phagocytosis and prevent atherosclerosis. Nature 2016, 536, 86–90. [CrossRef] [PubMed]

185. Yao, Y.; Chen, H.; Barkat, A.; Liao, F.; Xiao, Y.; Zhao, Z.; Liu, L.; Wang, W.; Ma, J.; Fu, C.; et al. A Zombie Macrophage-Based
“Trojan horse” Enhances the Effect of Efferocytosis Through Immune Regulation for Atherosclerosis Treatment. Adv. Funct. Mater.
2024, 34, 2315034. [CrossRef]

186. Yin, C.; Heit, B. Cellular Responses to the Efferocytosis of Apoptotic Cells. Front. Immunol. 2021, 12, 631714. [CrossRef]

https://doi.org/10.3390/cells11061014
https://www.ncbi.nlm.nih.gov/pubmed/35326465
https://doi.org/10.1016/j.cej.2022.138992
https://doi.org/10.1002/advs.202004128
https://www.ncbi.nlm.nih.gov/pubmed/33898191
https://doi.org/10.3389/fchem.2022.868063
https://doi.org/10.34133/2022/9845459
https://doi.org/10.1002/adhm.202302074
https://doi.org/10.1002/advs.202304994
https://doi.org/10.1002/adfm.202311305
https://doi.org/10.1039/D4PY00124A
https://doi.org/10.1016/j.nano.2023.102682
https://doi.org/10.1186/s12951-022-01720-2
https://www.ncbi.nlm.nih.gov/pubmed/36456996
https://doi.org/10.1002/adfm.202204822
https://doi.org/10.1002/adhm.202101788
https://www.ncbi.nlm.nih.gov/pubmed/34786845
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1016/j.bioactmat.2022.09.027
https://www.ncbi.nlm.nih.gov/pubmed/36406251
https://doi.org/10.1016/j.ajps.2021.03.005
https://www.ncbi.nlm.nih.gov/pubmed/34703495
https://doi.org/10.1002/adhm.202401113
https://doi.org/10.1186/s12951-023-02040-9
https://doi.org/10.1002/adma.202312102
https://doi.org/10.1038/nature18935
https://www.ncbi.nlm.nih.gov/pubmed/27437576
https://doi.org/10.1002/adfm.202315034
https://doi.org/10.3389/fimmu.2021.631714


J. Funct. Biomater. 2025, 16, 2 38 of 38

187. Ford, H.Z.; Zeboudj, L.; Purvis, G.S.D.; Ten Bokum, A.; Zarebski, A.E.; Bull, J.A.; Byrne, H.M.; Myerscough, M.R.; Greaves, D.R.
Efferocytosis perpetuates substance accumulation inside macrophage populations. Proc. R. Soc. B Biol. Sci. 2019, 286, 20190730.
[CrossRef] [PubMed]

188. Chuang, S.T.; Stein, J.B.; Nevins, S.; Bekta, C.K.; Cho, H.K.; Ko, W.; Jang, H.; Ha, J.; Lee, K.B. Enhancing CAR Macrophage
Efferocytosis Via Surface Engineered Lipid Nanoparticles Targeting LXR Signaling. Adv. Mater. 2024, 36, 2308377. [CrossRef]
[PubMed]

189. Huang, X.; Lin, C.; Luo, C.; Guo, Y.; Li, J.; Wang, Y.; Xu, J.; Zhang, Y.; Wang, H.; Liu, Z.; et al. Fe3O4@M nanoparticles for
MRI-targeted detection in the early lesions of atherosclerosis. Nanomedicine 2021, 33, 102348. [CrossRef] [PubMed]

190. Xie, L.; Chen, J.; Hu, H.; Zhu, Y.; Wang, X.; Zhou, S.; Wang, F.; Xiang, M. Engineered M2 macrophage-derived extracellular
vesicles with platelet membrane fusion for targeted therapy of atherosclerosis. Bioact. Mater. 2024, 35, 447–460. [CrossRef]

191. Liu, Y.; He, M.; Yuan, Y.; Nie, C.; Wei, K.; Zhang, T.; Chen, T.; Chu, X. Neutrophil-Membrane-Coated Biomineralized Metal–
Organic Framework Nanoparticles for Atherosclerosis Treatment by Targeting Gene Silencing. ACS Nano 2023, 17, 7721–7732.
[CrossRef]

192. Thayse, K.; Kindt, N.; Laurent, S.; Carlier, S. VCAM-1 Target in Non-Invasive Imaging for the Detection of Atherosclerotic Plaques.
Biology 2020, 9, 36. [CrossRef] [PubMed]

193. Wu, G.; Wei, W.; Zhang, J.; Nie, W.; Yuan, L.; Huang, Y.; Zuo, L.; Huang, L.; Xi, X.; Xie, H. A self-driven bioinspired nanovehicle
by leukocyte membrane-hitchhiking for early detection and treatment of atherosclerosis. Biomaterials 2020, 250, 119963. [CrossRef]
[PubMed]

194. van der Valk, F.M.; van Wijk, D.F.; Lobatto, M.E.; Verberne, H.J.; Storm, G.; Willems, M.C.; Legemate, D.A.; Nederveen, A.J.;
Calcagno, C.; Mani, V.; et al. Prednisolone-containing liposomes accumulate in human atherosclerotic macrophages upon
intravenous administration. Nanomedicine 2015, 11, 1039–1046. [CrossRef]

195. Kharlamov, A.N.; Tyurnina, A.E.; Veselova, V.S.; Kovtun, O.P.; Shur, V.Y.; Gabinsky, J.L. Silica-gold nanoparticles for atheroprotec-
tive management of plaques: Results of the NANOM-FIM trial. Nanoscale 2015, 7, 8003–8015. [CrossRef] [PubMed]

196. Zhang, J.; Han, R.; Shao, G.; Lv, B.; Sun, K. Artificial Intelligence in Cardiovascular Atherosclerosis Imaging. J. Pers. Med. 2022, 12,
420. [CrossRef]

197. Gudigar, A.; Nayak, S.; Samanth, J.; Raghavendra, U.; Ashwal, A.J.; Barua, P.D.; Hasan, M.N.; Ciaccio, E.J.; Tan, R.; Rajendra
Acharya, U. Recent Trends in Artificial Intelligence-Assisted Coronary Atherosclerotic Plaque Characterization. Int. J. Environ.
Res. Public Health 2021, 18, 10003. [CrossRef] [PubMed]

198. de Alencar Morais Lima, W.; de Souza, J.G.; García-Villén, F.; Loureiro, J.L.; Raffin, F.N.; Fernandes, M.A.C.; Souto, E.B.; Severino,
P.; Barbosa, R.D.M. Next-generation pediatric care: Nanotechnology-based and AI-driven solutions for cardiovascular, respiratory,
and gastrointestinal disorders. World J. Pediatr. 2024. [CrossRef] [PubMed]

199. Soroudi, S.; Jaafari, M.R.; Arabi, L. Lipid nanoparticle (LNP) mediated mRNA delivery in cardiovascular diseases: Advances in
genome editing and CAR T cell therapy. J. Control. Release 2024, 372, 113–140. [CrossRef] [PubMed]

200. Sanchez-Gaytan, B.L.; Fay, F.; Lobatto, M.E.; Tang, J.; Ouimet, M.; Kim, Y.; van der Staay, S.E.M.; van Rijs, S.M.; Priem, B.; Zhang,
L.; et al. HDL-Mimetic PLGA Nanoparticle To Target Atherosclerosis Plaque Macrophages. Bioconjug. Chem. 2015, 26, 443–451.
[CrossRef] [PubMed]

201. Lu, J.; Zhao, Y.; Zhou, X.; He, J.H.; Yang, Y.; Jiang, C.; Qi, Z.; Zhang, W.; Liu, J. Biofunctional Polymer–Lipid Hybrid High-
Density Lipoprotein-Mimicking Nanoparticles Loading Anti-miR155 for Combined Antiatherogenic Effects on Macrophages.
Biomacromolecules 2017, 18, 2286–2295. [CrossRef] [PubMed]

202. Hua, S.; de Matos, M.B.C.; Metselaar, J.M.; Storm, G. Current Trends and Challenges in the Clinical Translation of Nanoparticulate
Nanomedicines: Pathways for Translational Development and Commercialization. Front. Pharmacol. 2018, 9, 790. [CrossRef]
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