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Atherosclerosis is a chronic and metabolic-related disease that is a serious threat to human health.
Currently available diagnostic and therapeutic measures for atherosclerosis lack adequate efficiency
which requires promising alternative approaches. Nanotechnology-based nano-delivery systems allow for
new perspectives for atherosclerosis therapy. Surface-modified nanoparticles could achieve highly
effective therapeutic effects by binding to specific receptors that are abnormally overexpressed in athero-
sclerosis, with less adverse effects on non-target tissues. The main purpose of this review is to summarize
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the research progress and design ideas to target atherosclerosis using a variety of ligand-modified nano-
particle systems, discuss the shortcomings of current vector design, and look at future development
directions. We hope that this review will provide novel research strategies for the design and development
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1. Introduction

1.1 Pathological properties and immunological mechanisms
in atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arter-
ial wall caused by abnormal blood lipids. Hypertension and
high blood cholesterol levels were thought to be the primary
factors affecting the pathogenesis of atherosclerosis, but new
research demonstrated that disease progression is also regu-
lated by innate and adaptive immune responses.® In
addition, inflammatory processes also play an important role
in all stages of disease progression.””

Pathological studies show that atherosclerosis mainly
occurs in the turbulent areas of blood flow in the arterial
wall,® while in laminar flow areas, the incidence of plaque is
very low.” Arterial endothelial dysfunction at the site of athero-
sclerosis allows low-density lipoprotein (LDL) particles to pass
through the endothelial layer and accumulate in the intima.
Oxidized LDL nanoparticles activate the CD36 receptor on macro-
phages and form complexes with TLR4 and TLR6 receptors,
leading to NF-kB activation and chemokine expression.
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of nanotherapeutics targeting atherosclerosis.

Chemokines stimulate immune cell infiltration into the intima.
Then atherosclerotic plaque begins to develop and macrophages
engulf more and more LDL particles to form foam cells,® which
are prone to apoptosis and eventually necrosis. Smooth muscle
cells begin to synthesize extracellular matrix components (e.g.,
proteoglycans, collagen) that constitute the plaque scaffold and
fibrous cap covering, increasing the overall plaque size. At the
same time, co-occurring cholesterol crystals within macrophages
induce interleukin-1-beta (IL-1f) synthesis, thereby enhancing
the inflammatory state within the plaque. Interactions with other
plaque-infiltrating immune cells—neutrophils, T and B lympho-
cytes, and dendritic cells—lead to plaque instability and rupture,
clinically manifesting as acute coronary syndrome.”"°

Numerous innate immune cells, including macrophages,
dendritic cells (DCs), and monocytes, etc., are associated with
atherosclerosis progression.' At vascular sites of atherosclero-
sis, lipoproteins and chemokines (CCR2) accumulate suben-
dothelially and trigger the influx of monocytes into the vessel
wall. Monocytes differentiate into macrophages and monocyte-
derived DCs that can present antigens to T cells."> Monocyte-
derived macrophages initiate uptake and clearance of lipopro-
teins, resulting in the formation of lipid-rich foam cells."® The
production of foam cells further triggers a cascade of inflam-
matory cytokines and chemokines, leading to the infiltration
and activation of pro-atherosclerotic immune cells. When
inflammatory macrophages accumulate, they increase the pro-
duction of molecules encoding MHC class II, Fcy receptor I
(also known as CD64), costimulatory molecules CD80 and
CD86, and proinflammatory cytokines such as IL-6, tumor
necrosis factor (TNF) and IL-1p. For dendritic cells, conven-
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tional DCs (cDCs) and plasmacytoid DCs (pDCs) have been
detected in atherosclerotic lesions.* ¢DCs take up antigens in
the vessel wall and activate draining lymph nodes or spleen
antigen-specific naive T cells in atherosclerotic lesions, and
maturation of plaque DCs in the presence of Toll-like receptor
(TLR) agonists, risk-related ligands, and proinflammatory cyto-
kines may favor pro-atherosclerosis. Similarly, in lesions with a
necrotic core, CLEC9A-dependent sensing of necrotic cells by
CD8a+ DCs promotes atherosclerosis by inhibiting the pro-
duction of anti-inflammatory IL-10."

Adaptive immunity is a key regulator of atherosclerosis.'®
Studies have demonstrated that the role of MHC class II-
mediated activation of CD4+ T cells by various APCs and the
role of CD4+ TH cell subsets in atherosclerosis.’” At the same
time, CD8+ T cells and lipid antigen-specific natural killer T
cells and y8 T cells also play an important role in atherosclero-
sis. Studies have shown that CD8+ T cells accumulate in the
aorta of atherosclerotic mice. Interferon-gamma, perforin, and
granzyme B produced by CD8+ T cells promote vascular inflam-
mation and lesion growth through apoptotic cell lysis.'®*°

1.2 Current status of atherosclerosis treatment

At present, the primary treatment for atherosclerosis in clinical
practice is lifestyle changes, such as healthy diet and exercise,
followed by medicine or surgery. Clinical treatment drugs
mainly include hypolipidemic drugs (statins), cholesterol
absorption inhibitors (ezetimibe), angiotensin-converting
enzyme (ACE) inhibitors (Captopril),  beta-blockers
(Propranolol) which may lower blood pressure and antiplatelet
drugs such as aspirin to prevent blood from clotting and clog-
ging arteries. These drugs can delay the progression of athero-
sclerosis. In addition, some new therapeutic targets are also
being investigated, such as activators of peroxisome prolifera-
tor-activated receptor (PPAR), and endoglin receptor, etc.”**!
However, for the atherosclerotic plaque area, these drugs
cannot specifically accumulate on the plaque site, cannot
specifically prevent plaque rupture and plaque elimination,
and may also bring systemic side effects. Therapeutic drugs
exhibit off-target effects and fail to achieve effective thera-
peutic concentrations at tolerable doses. For example, rosiglita-
zone (PPARy agonist), has anti-inflammatory and anti-athero-
sclerotic effects, but has also shown to cause weight gain,
edema and fluid retention, and increased risk of heart
failure.>>** The side effects of edema are mainly caused by the
off-target effects of PPARy, which leads to enhanced reabsorp-
tion of sodium and water in the kidney.** Statins (HMG-CoA
reductase inhibitors) inhibit the synthesis of cholesterol by the
liver and at the same time reduce the level of LDL in the blood
circulation, thereby producing cardio protection and reducing
the mortality of coronary heart disease. However, statins
cannot relieve the local oxidative damage and inflammation of
atherosclerosis.”> Moreover, satins have narrow therapeutic
indications with severe systemic side effects. Although anti-
cytokine antibodies and cytokine secretion inhibitors can
reduce the inflammatory response that leads to atherosclero-
sis, they lack tissue specificity that can cause toxic side effects
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in clinical use.?® The suboptimal efficacy of these conventional
therapies further demonstrates the urgent need to develop
alternative effective treatment strategies for atherosclerosis.

1.3 Nanotechnology-based drug delivery

Nanotechnology has brought major advances in the diagnosis
and treatment of diseases, and the attractiveness of these
nanoparticles for medical purposes is based on their impor-
tant and unique properties, such as their large surface-to-mass
ratio, their quantum properties, and their ability to adsorb and
carry substances such as drugs, probes, nucleic acids (e.g,
mRNA, siRNA) and proteins. Nanoparticles can be composed
of organic materials such as lipids,>”>° polymers,**° metallic
or inorganic materials such as iron oxides,’”*' gold** and
silicon,” or a combination of these materials. The fabrication
of nanoparticles can be precisely controlled, which allows
them to vary in size, and to control their shape, surface
charge, stability, and various other properties, ultimately
affecting their in vivo behavior.** The mode of administration
or disease biology,”> heterogeneity between lesion sites may
also influence the delivery efficiency of nanoparticles.*®
Despite the influence of these factors, their delivery efficiency
can be increased through the modification and optimization
of nanoparticles. Furthermore, nanoparticles exhibit high
surface area-to-volume ratios, allowing the use of surface coat-
ings for modification with various molecules. This has special
implications for interactions with cells. Among different nano-
medicine applications, nanoparticle-based drug delivery has
been the most widely explored. Advantages include, but are
not limited to, improved pharmacokinetics of drugs and
enable therapeutic use of drugs with certain disadvantages,
such as low water solubility, poor bioavailability, poor tissue
specificity, rapid metabolism, or severe side effects.””

In the field of cardiovascular therapy, the advent of nano-
technology-based drug delivery brings new hope for improving
the treatment of atherosclerosis as nanoparticles can solve the
solubility problems plaguing most developed drugs, can also
protect the encapsulated payloads from being recognized and
eliminated by opsonization, thereby significantly prolonging the
circulation time of the delivered drugs, as well as can enhance
the targeting efficiency to diseased tissues based on EPR
effects.*®*® However, the plaque site of the peripheral athero-
sclerotic area is small and the blood flow in the blood vessel is
large, making it difficult for the nanoparticles to stay in the
lesion site in large quantities and therefore posing a dilemma
for the clinical use of nanoparticles. Fortunately, the active
nano-drug delivery system based on ligand modification can
specifically target the lesion, improving the treatment efficiency
of drugs and reducing toxic side effects. Nanoparticles even
eliminate plaque at the cellular level by modulating the
response of leukocytes or macrophages to plaque accumulation.

Therefore, the ligands that recognize pro-inflammatory cell
surface proteins expressed in early stages of atherosclerosis
can provide an excellent opportunity to construct targeted
nanodrug delivery systems as inflammatory cells are recruited
in this process.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2bm00660j

Published on 15 8 2022. Downloaded on 2024-06-25 6:23:55.

Biomaterials Science

2. Surface-modified multifunctional
nanoparticles for atherosclerosis
2.1 Cell adhesion molecules (CAMs)

Cell adhesion molecules (CAMs) play an important role in
inflammatory cell recruitment and mediate cam-based ligand
internalization, thus having significant implications for the
targeted delivery of nanoparticles. Intercellular cell adhesion
molecule-1 (ICAM-1) is a member of CAM immunoglobulin
superfamily glycoproteins. Icam-1 is usually expressed in the
lumen of endothelial cells and is significantly upregulated
approximately 20-50 times after local inflammation.
Immunohistochemical analysis showed that ICAM-1 was also
strongly expressed in atherosclerotic vascular cells, thus
demonstrating its role in disease progression. Some peptides
have been shown to specifically target [CAM-1.>""" Based on
this property, cyclo(1,12)PenITDGEATDSGC (cLABL) peptide
was used to target nanoparticles to the monolayer of vascular
endothelial cells (HUVEC), where intercellular adhesion mole-
cule-1 (ICAM-1) expression was significantly upregulated.>® In
this study, poly (pr-lactate-coglycolic acid) nanoparticles conju-
gated with polyethylene glycol and cLABL rapidly bound to
HUVEC. Specific resistance experiments further demonstrated
that the binding of nanoparticles is specifically mediated by
the binding of surface peptides to ICAM-1 on HUVEC.
Compared with untargeted PLGA-PEG nanoparticles, targeted
nanoparticles are rapidly endocytosed and transported to lyso-
somes to a greater extent. This experiment demonstrates that
cLABL peptide-mediated nanoparticles targeting ICAM-1 even-
tually lead to therapeutic agents targeting inflammatory sites
where ICAM-1 expression is upregulated.®

Similar to ICAM-1, the vascular cell adhesion molecule
(VvCAM-1) is also a candidate target for the design of targeted
delivery of nanoparticles.”>®> VCAM-1 is a transmembrane
protein, a member of the immunoglobulin super-family,
expressed by endotheliocytes and other cell types under stimu-
lation of cytokines like IL-4, IL-1p, and TNF-a. In particular,
VCAM-1 has been investigated because it is scarcely expressed
by healthy endothelium while it is rapidly upregulated in
damaged and lesion-predisposed vascular regions.”®>*

The researchers prepared targeted liposomes containing
DSPE-PEG2000-maleimide® and carried out a coupling reac-
tion with the terminal cysteine-SH of the targeting peptide
VHPKQHRGGSKGC. The authors confirmed the binding of tar-
geted liposomes to TNF-a-stimulated endothelial cells with
high expression of VCAM-1 through flow cytometry and fluo-
rescence microscopy. They also proved that the binding of acti-
vated cells was higher than that of non-activated cells and that
it can be completely blocked by pre-incubating the soluble
recombinant VCAM-1 protein. This experiment further demon-
strates the guiding effect of targeting peptides on nano-
particles. Similarly, Kheirolomoom et al. used this peptide to
develop a new type of cationic lipid particle for the delivery of
anti-miR-712 drugs.®® The targeting properties of the nano-
particles were tested on immortalized TNF-a-stimulated

This journal is © The Royal Society of Chemistry 2022
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murine endothelial cells (iMAEC). It was observed via fluo-
rescence microscopy that compared with non-targeted lipid
particles and unstimulated cells; the amount of targeted lipid
particles accumulated in the stimulated cells significantly
increased. Most importantly, the targeting particles only
induced a significant reduction in the expression of
miRNA-712 in activated cells. The results of frontal confocal
imaging of the carotid artery endothelium showed that the
accumulation of nanoparticles in the intimal layer of the
VCAM-1 area overexpressing in ApoE™~ mice was significantly
increased.

In addition to being used to deliver therapeutic drugs,
various strategies have been investigated using nanoparticles
for imaging purposes based on high affinity peptides targeting
VCAM-1. Through a modified phage display method, Several
VCAM-1 binding peptides were identified by Kelly et al. and a
peptide with the sequence VHSPNKK was discovered.®’ Using
peptides, the authors developed a targeted imaging system
cyanine dye (CLIO-Cy5.5) composed of labeled cross-linked
iron oxide NP. Through in vitro analysis, the specificity of tar-
geted nanoparticles for endothelial cells was found to be
higher than that for macrophages. In addition, there is evi-
dence that CLIO-Cy5.5 can target inflamed tissues. This nano-
system was also tested on ApoE~'~ mice and was detected by
magnetic resonance imaging (MRI) in vivo. These detected
in vivo changes in MR signal proved the cumulative accumu-
lation of nanoparticles in atherosclerotic lesions. Based on
this work, the authors also showed the capability of detecting
early atherosclerotic lesions in young mice and of targeting
human VCAM-1 in ex vivo human carotid endarterectomy
specimens.®?

2.2 Integrin

Integrins, molecules also implicated in atherosclerosis, are
heterodimeric glycoproteins constituted by the non-covalent
association of an a- and a p-subunit, with molecular masses
ranging from 100 to 160 kDa.*® Studies have shown that blood
vessels around newly formed plaques also show increased
expression of avp3 integrin. Because of this, integrin can
provide nutrients to developing atherosclerotic plaques,
promote intraplaque hemorrhage, and is therefore considered
both a target for diagnostic probes and a potential
therapeutic.®*®® Imaging techniques targeting avB3 integrins
have been used in experimental studies of atherosclerosis.
Synthesis of lipid-coated perfluorooctyl bromide-cored NPs
loaded with large amounts of lipophilic Gd chelates and com-
plexed with non-peptide avp3 covalently bound to PEG distear-
oylethanolamine derivatives body is functionalized and has
targeting atherosclerosis ability. These NPs were shown to
target the abdominal aorta of atherosclerotic rabbits in vivo.®”
Furthermore, the researchers conducted studies to develop
anti-angiogenic treatment regimens based on theragnostic
avp3-targeted fumagillin nanoparticles. These nanoparticles
were able to reduce the neovascularization signal by 50% to
75% at 1 week and maintain this effect for 3 weeks. However,
atherosclerotic rabbits treated with statins alone had no anti-
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Fig. 1 AP-Lipo in situ upregulates anti-inflammatory macrophages for atherosclerosis regression. (A) AP-Lipo selectively targeted to the activated
vascular endothelial cells by the interaction between cRGDfK and avp3 integrin. (B) AP-Lipo entered atherosclerotic plaques through enhanced per-
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1 macrophages due to the “eat-me” signal of PtdSer. (C) AP-Lipo generated

anti-inflammatory response by increasing M2 macrophages polarization or increasing the M2 macrophages number in atherosclerotic plaques.

Adapted with permission from ref. 73. Copyright (2019) Elsevier.

vascular effects at 8 weeks. This experiment further proves that
integrin-modified nanoparticles can improve the therapeutic
efficiency of drugs for atherosclerosis.®®

RGD is another excellent targeting moiety that activates
endothelial cell integrin avp 3 and has proven successful for
imaging angiogenesis in numerous preclinical settings.®
Based on the RGD peptide, the researchers developed a new
radiotracer 99mTc-labeled RGD peptide (99mTc-IDA-D-[c
(RGDfK)],) and used it for single-photon detection of glioblas-
toma via emission computed tomography (SPECT) imaging.”®
This formulation has a high specific integrin-binding affinity
compared to other reported RGD monomer-based
formulations.”"”? Similar to imaging tumor angiogenesis, this
radiotracer is expected to efficiently image new blood vessel-rich
atherosclerotic plaques and demonstrate better imaging per-
formance. On this basis, Zhang’s team also used cRGDfK
peptide to prepare apoptotic body-mimetic liposomes (AP-Lipo)
for the selective delivery of PPARy agonist pioglitazone (PIO)
into atherosclerotic macrophages, by upregulating anti-inflam-
matory M2 macrophages while minimizing the side effects of
PPARYy agonists (Fig. 1). After intravenous injection, the cRGDfK
peptide modified on AP-Lipo can specifically bind to the integ-
rin avP3 receptor of activated vascular endothelial cells in ather-
osclerotic plaques, promoting its penetration into the plaque.”

2.3 Collagen

Collagen in atherosclerotic lesions can also serve as a target
for atherosclerotic plaques. Studies have shown that collagen
type IV is abundant in blood vessels and is easily exposed
when tissue permeability increases due to the formation of
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atherosclerotic plaques.”*”> More importantly, as atherosclero-

sis progresses, the amount of type IV collagen increases in
atherosclerotic plaques.”® Studies have shown that collagen
type IV targeting peptides are effective ligands for nano-
particles targeting atherosclerosis.””””® Farokhzad’s group syn-
thesized Col IV peptide-conjugated targeting polymers by con-
jugating the targeting peptide KLWVLPK to PLGA-PEG-Mal
using maleimide chemistry via the free thiol of the C-terminal
GGGC linker (Fig. 2).”” They used the nanoparticles to target
the delivery of the anti-inflammatory cytokine interleukin 10
(IL-10) to atherosclerotic plaques. In vitro and in vivo studies
showed that the most potent nanoparticle, Col-IV IL-10 (NP22),
significantly alleviated acute inflammation in a self-limited
peritonitis model and was shown to be more effective than
IL-10. Furthermore, Col-IV IL-10 nanoparticles prevented the
formation of vulnerable plaques by increasing fibrous cap
thickness and reducing advanced necrotic cores in a lesion
model in high-fat-fed LDL™~ mice. These results demonstrate
the efficacy and pro-resolution potential of this targeted modi-
fication of nanoparticles for controlled delivery of potent IL-10
cytokines for the treatment of atherosclerosis. They also used
this targeted nanoparticle to deliver Ac2-26 peptides to treat
inflammatory responses.”® In addition to type IV collagen, the
change of type I collagen composition is also an important
indicator of plaque progression, which is related to the thick-
ness of the fibrous cap, plaque stability and atherosclerotic
injury. In this study, Chen et al. developed high-density lipo-
protein particles using type I collagen-binding peptide GKWH
[CTTKFPHHYC] for magnetic resonance imaging (MRI) in
mouse models.*

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Targeted anti-inflammatory NP design and application to the resolution of inflammation in atherosclerotic plaques. (a) Col-IV IL-10 NP
(NP22) identified from screening 24 formulations was fabricated by nanoprecipitation using a glass microfluidic rapid-mixing chip. The NPs were
formed in a single self-assembly step and consisted of a blend of NH2-PLGA-NH2, PDLA-PEG-OMe, PLGA-PEG-Col IV, and IL-10 in addition to b-
(+)-glucosamine hydrochloride as an IL-10-stabilizing additive and cryoprotectant. (b) The targeted NPs can enter plaques via leaky endothelial junc-
tions and bind to exposed collagen IV (Col IV) and release their therapeutic inflammation-resolving IL-10 payload within the plaque over time, result-
ing in increased efferocytosis, an increase in cap size, and a decrease in necrotic core size (orange arrows). Adapted with permission from ref. 77.
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2.4 Fibrin

Fibrin is a major component of thrombi that form on the
surface of atherosclerotic plaques.®! Fibrin accumulates within
atherosclerotic lesions and contributes to the growth of
thrombi and may also reflect the inflammatory state of athero-
sclerosis.?” Therefore, the presence of fibrin in mature plaques
becomes a specific marker for the targeted delivery of imaging
and anticoagulant agents to the site of atherosclerotic lesions.
Holger's group uses peptide Ac-RWQPCPAESWT-Cha-
CWDPGGGK-NH,, containing the fibrin binding motif
RWQPCPAESWT-Cha-CWD prepared peptide modified Iron
Oxide Nanoparticle-Micelles (FibPep-ION-Micelle) platform for
in vivo, non-invasive imaging of fibrin in preclinical disease
models of thrombus-related pathologies and atherosclerosis.®*
Previous studies have shown that pentapeptides cysteine-argi-
nine-glutamine-lysine-alanine (CREKA) screened by phage
display can bind to plasma protein clotting plaques in blood
vessels. The Erkki team then used the peptide to develop
modular multifunctional micelles that targeted atherosclerotic
plaques in ApoE~'~ mice (Fig. 3).** Experimental results showed
that fluorescent-labeled micelles bind to the entire surface of
the plaque, especially concentrated in the shoulder of the
plaque, which is prone to rupture. The results also showed that
targeted micelles could enrich anticoagulant leeches in plaques
compared with untargeted micelles. These experimental results
further demonstrate that fibrin-modified nanoparticles can
effectively improve its targeting ability to arteriosclerosis.

To increase treatment efficiency, combination nanothera-
pies have also been explored. Wang et al., used CREKA peptide
to prepare ROS-responsive self-assembling prodrug micelles for
co-delivery of simvastatin, o-Tocopherol and ticagrelor.
Simvastatin is conjugated to an a-tocopherol polyethylene glycol
derivative via a ROS-responsive cleavable thioketal bond to form
a simvastatin nanoprodrug (TPTS). TPTS has both hydrophilic
and hydrophobic components, and it self-assembled into nano-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Construction of modular multifunctional micelles. (A) Individual
lipopeptide monomers are made up of a DSPE tail, a poly (ethylene
glycol) (PEG2000) spacer, and a variable polar head group (X) of CREKA,
FAM-CREKA, FAM, N-acetylcysteine, Cy7, or hirulog. The monomers
were combined to form various mixed micelles. (B) The 3D structure of
FAM-CREKA/Cy7/hirulog mixed micelle. Adapted with permission from
ref. 84. Copyright (2009) PNAS.

particles. A fibronectin targeting drug delivery system (TPTS/
C/T) was further constructed using CREKA peptide to synergisti-
cally deliver ticagrelor to atherosclerotic plaque sites, which
achieved efficient anti-inflammatory activity in an ApoE™~
mouse model with excellent atherosclerosis therapeutic efficacy
and a promising biosafety profile.®®

2.5 Chemokine receptor

Atherosclerosis is an inflammatory disease characterized by
enhanced immune activity and the accumulation of lipid-rich
plaques. The activation of endothelial cells within the arterial
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wall secretes monocyte chemoattractant protein 1 (MCP-1, also
known as Called CC chemokine ligand 2) that binds to the CC
chemokine receptor CCR2.%%%” Aggregated monocytes differen-
tiate into macrophages, leading to further tissue damage by
secreting more cytokines, chemokines, and toxic oxygen and
nitrogen free radicals.®® Mononuclear cell accumulation in the
arterial wall was observed in fatty streaks, one of the earliest
visible lesion features in human and experimental athero-
sclerosis. In an ApoE-knockout mouse model of atherosclero-
sis, monocyte accumulation is continuous and proportional to
disease progression. Therefore, CCR2-based monocyte target-
ing is also a strategy for the diagnosis and treatment of
atherosclerosis.*>°® To construct monocyte-targeting peptide
amphiphile micelle (PAM), the CCR2-binding motif (residues
13-35) of MCP-1(YNFTNRKISVQRLASYRRITSSK), was used to
modify the PAM. The results demonstrate that MCP-1 PAMSs
can bind to monocytes in vitro and that MCP-1 PAMs can
detect and differentiate between early and late atherosclerotic
aortas (Fig. 4).>" Therefore, MCP-1 PAMs are promising and
safe novel nanoparticles capable of monitoring the progression
of atherosclerosis. We believe that the nanoparticles can also
be further used for atherosclerosis treatment.

Besides CCR2, chemokine receptor 5 (CCR5) has been
reported as an active participant in late atherosclerosis and as
a prognostic biomarker of plaque stability.”>** It is also widely
studied as a  potential receptor for targeting
atherosclerosis.””™®” To develop nanoparticles targeting athero-

A Peptide iy

Hydrophobic tail

Scrambled PAM

B MCP-1 PAM
¥

Fig. 4 Design and structure of MCP-1 PAMs. (A) Schematic depicting
PAM self-assembly. PAs consist of a di-stearoyl hydrophobic tail (two
18-carbon chains) and a PEG spacer that was conjugated to the MCP-1
peptide that corresponds to the CCR2-binding motif (residues 13-35),
scrambled peptide, or the Cy7 fluorophore. Fluorescently labeled, mixed
micelles consisted of peptide-containing and Cy7-labeled amphiphiles
in a 90:10 molar ratio. (B) Representative TEM images of MCP-1 PAMs
(L) and scrambled PAMs (R). Both micelles are spherical in shape with a
diameter on the order of 10 nm. Adapted with permission from ref. 91.
Copyright (2015) Wiley.
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sclerosis, the researchers chose the p-Alal-peptide T-amide
(DAPTA) peptide as the targeting ligand for the CCR5 receptor.
A Dbiocompatible polymethylmethacrylate core/polyethylene
glycol shell amphiphilic comb nanoparticles were prepared
and labeled with **Cu (**Cu-DOTA-DAPTA) for CCR5-targeted
imaging in an ApoE™~ injury model. ®*Cu-DOTA-DAPTA tracer
showed specific PET imaging of CCR5 in ApoE™'~ mice.
Compared with the sham-operated model, the targeted nano-
particles had higher accumulation in the lesioned model.
Competitive PET receptor blockade studies further confirmed
the specific uptake of nanoparticles for the CCR5 receptor.””

2.6 Scavenger receptor B1

Class B1 scavenger receptors (SR-B1) are membrane
glycoproteins.”®®® As cell surface receptors, they can recognize
different ligands to participate in different biological
functions'*®'°! including endocytosis, phagocytosis, adhesion,
and signal transduction. SR-BI exhibits broad ligand specificity
and also recognizes low-density lipoproteins (LDLs),'”* oxi-
dized LDLs,'® and very low-density lipoproteins.'®*'% Studies
have shown that SR-BI plays an important role in high-density
lipoprotein (HDL) metabolism.'**'%” SR-BI can bind to HDL
and mediate selective lipid uptake.’®”'°® As an endogenous
particle, HDL is mainly composed of phospholipids and
amphiphilic a-helical apolipoprotein A-I (ApoA-I)."°%''® The
structure of HDL provides new opportunities for the transport
of cholesteryl esters and lipophilic compounds including
drugs.""®""" The limited sources of endogenous HDL and the
complicated extraction process restrict its widespread use.
Therefore, reconstituted HDL nanoparticles (rHDL NPs)
become ideal candidates in vitro.'*>*** In 2003, the Nissen et al.
group validated the anti-atherosclerotic efficacy of rHDL NPs
in acute coronary patients,"'> laying a solid foundation for
their use in the treatment of anti-arteriosclerosis.

Inspired by this study, the researchers started the research
about rHDL NPs as a drug delivery system and expected to
further intensify the efficacy of atherosclerosis treatment by
exploiting the synergistic effect of therapeutic drugs with
rHDL NPs.''®''” For example, Mulder’s group reported an
injectable rHDL NPs that delivers statins to atherosclerotic
plaques (Fig. 5).'*® In this research, they identified the anti-
inflammatory effect of statin loading rHDL in vitro and showed
that this effect is mediated through inhibition of the mevalo-
nate pathway. They also intravenously injected statin-rHDL
nanoparticles in a mouse model with atherosclerosis (apolipo-
protein E knockout) and demonstrated that they could
accumulate in atherosclerotic lesions. Finally, they demon-
strate that a three-month low-dose statin-rHDL regimen
(15 mg kg™ simvastatin, 10 mg kg™' ApoA-1, 2 injections/
week) effectively inhibits plaque inflammation progression,
while a one-week high-dose regimen (60 mg kg™ simvastatin,
40 mg kg~ ' ApoA-1, 4 injections per week) significantly
reduces inflammation in advanced atherosclerotic plaques.
This experiment demonstrates that statin-rHDL represents a
novel and potent atherosclerotic nanotherapy that directly
targets plaque inflammation.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic representations of the nanoparticle formulations and
in vitro efficacy data (a) schematic representation of dual gadolinium
and fluorescent dye (Cy5.5, DiO, DiR) labeled statin containing reconsti-
tuted high-density lipoprotein ([Gd-dye-S]-rHDL), statin containing
rHDL ([SI-rHDL), and rHDL. Negative staining transmission electron
microscopy (TEM) images of each of the aforementioned particles
showed the typical disk-like morphology. The circular shapes are nano-
particles viewed enface, while the striped configurations are rouleaux of
nanoparticles viewed from the side. Adapted with permission from ref.
118. Copyright (2014) Springer Nature.

Studies have shown that drugs in rHDL are prone to
leakage in the circulation because of lecithin cholesterol acyl-
transferase-induced remodeling (LCAT), a phenomenon that
reduces the amount of drug delivered to the lesion. To deliver
more drug into target cells for improved efficacy, some
researchers employed a dual ligands-modification strategy to
improve the targeting efficiency of nanoparticles. In addition
to ApoA-1 ligand targeting, lovastatin (LT)-loaded d-rHDL was
concurrently coated with arachidonic acid (AA), 20-carbon
chain with four double bonds and negative charge."'® Studies
have shown that with the increasing amount of AA modifi-
cation, AA-LT-d-tHDL has a lower reactivity with LCAT, allow-
ing it to significantly reduce the LCAT-induced drug leakage
behavior and effectively inhibit the formation of macrophage-
derived foam cells. The main reason why rHDL can bind to
macrophage-derived foam cells is that foam cells overexpress
SR-BI that can specifically recognize rHDL and take rHDL into
foam cells through endocytosis."**'*" However, in vivo experi-
ments in mice demonstrated that rHDL NPs may still accumu-
late in the liver because SR-BI is also overexpressed in
hepatocytes.'>>"*>* Therefore, in order to reduce the uptake of
rHDL-encapsulated drugs by the liver and actively increase the
accumulation of drugs in atherosclerotic lesions, researchers
attempted to modify rHDL with hyaluronic acid (HA).'*
Because HA is a ligand for CD44, the CD44 receptor is highly
expressed in inflammatory sites such as atherosclerosis. Based
on this, the researchers selected lovastatin (LT) as the model
drug and further constructed HA-modified rHDL loaded with

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Schematic diagram on preparation methods and atherosclerotic
lesion targeting property of HA-LT-rHDL. Adapted with permission from
ref. 125. Copyright (2014) Elsevier.

LT (HA-LT-rHDL) (Fig. 6)."*® The nanoparticles would reduce
liver recognition by shielding SR-BI with HA coating, thereby
prolonging the circulation time in the blood, and then mas-
sively accumulating in atherosclerotic lesions through CD44-
mediated targeting. Once across the endothelium, HA is
degraded by the abundant hyaluronidase (HAase) within the
plaque,'*® which then exposes drug-loaded rHDL, and finally,
foam cells endocytose rHDL into the cell via SR-BI on the
surface.

In addition to delivering chemical drugs, the researchers
also designed dual-targeted nanoparticles for co-delivery of
chemical drugs and gene drugs. On the basis of previous
studies, they constructed PLGA as the core and coated it with a
lipid bilayer by electrostatic adsorption as the inner layer and
apolipoprotein A-I (apoA-I) as the macrophage-targeted middle
layer, hyaluronic acid (HA)-DOPE as the outermost layer tar-
geted by endothelial cells. The co-delivery of LOX-1 siRNA and
Atorvastatin through the dual-targeted nanoparticles can
synergistically act on plaque regression by preventing lipid
deposition and accelerating intracellular lipid removal.'*’

3. Discussion and clinical translation
challenges

In order to improve the targeting efficiency of nanoparticles in
atherosclerotic sites, researchers designed various ligand-

modified targeting nanoparticles by taking advantage of the
physiological properties of highly expressed receptors in the
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lesion site. In this review, we summarize the design ligand
modification strategies for targeting nanoparticles based on
the current design of atherosclerosis-targeting nanoparticles
(Table 1). We summarize the design ofligand modification
strategies for atherosclerosis-targeting nanoparticles. We can
clearly see that the currently used ligands are all concentrated
in polypeptides, which boasts inherent biocompatibility and
biodegradability, providing additional advantages for bioma-
terials. Unlike antibodies, peptides are small enough in mole-
cular weight to fit into shallow or hydrophobic binding
pockets without compromising specificity or affinity. The tar-
geting ability is enhanced by attaching multiple polypeptide
molecules to a single nanoparticle compared to antibodies
with larger molecular weights.'”® What's more, unlike pro-
teins, peptides that do not exist in nature can be synthesized
in the laboratory using liquid or solid-phase synthesis
methods. The versatility of chemical design is achieved
through changing amino acid sequence or primary structure.
In addition, the development of random peptide libraries
selected for interaction with specific epitopes by phage display
technology is another research strategy.'*’

Although these polypeptide-modified nanoparticles can
effectively improve the targeting efficiency, there are differ-
ences among them. For example, studies have evaluated the
targeting ability of both RGD peptides and collagen IV target-
ing peptides. In this experiment, cRGD or collagen IV targeting
(Col 1V-tg-) modified pluronic nanocarriers containing iron

View Article Online
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oxide nanoparticles (IONPs) were prepared. The ability to target
atherosclerotic plaques was evaluated in an apolipoprotein
E-deficient (Apo E™7) mouse model. The results suggest that
cRGD-based targeting is more effective than Col IV-tg-peptide in
the early stages of atherosclerosis.** In addition, compared to
other targeting peptides, apolipoprotein A-I also has anti-
inflammatory properties and promotes reverse cholesterol trans-
port, which clears cholesterol from lipid-rich macrophage foam
cells to the liver for elimination.'*""*** This characteristic makes
the rDHL nanoparticles composed of apolipoprotein A-I have
great potential for clinical translation. The impact of different
ligands on the delivery efficiency of nanoparticles needs further
investigation, and the differences of current targeting
approaches also provide more stringent requirements for
further optimizing the design of nanoparticles.

Even with promising results in preclinical studies, many
development hurdles arose for atherosclerosis-targeted nano-
medicines, limiting their success in clinical translation.
Among the various hurdles, the first is the large-scale pro-
duction of targeted nanoparticles as it faces continual issues
such as multi-step preparation which poses challenges to the
reproducibility of its preparation.’**™** In the process of clini-
cal translation, we also need to understand atherosclerosis is a
long-term chronic disease. Long-term repeated intravenous
administration is not ideal and is likely to result in poor com-
pliance, yielding obstacles to impede the clinical translation.
In addition, alternative effective delivery strategies including

Table 1 Modified nanoparticles for the treatment of cardiovascular diseases

Receptor
targeted Ligand Type of nanomedicine Drug loaded Ref.
Cell adhesion cyclo(1,12)PenITDGEATDSGC Poly(pr-lactic-co-glycolic acid) None 53
molecules (cLABL) nanoparticles (PLGA)
(CAMSs) VHPKQHRGGSKGC Cationic lipoparticles Anti-miR-712 60
VHSPNKK Iron oxide nanoparticles Cy5.5 61
Integrin Peptidomimetic vitronectin Paramagnetic nanoparticles Gd chelates 67
antagonist
avp3-Integrin antagonist Iaramagnetic nanoparticles Fumagillin 68
IDA-D-[c(RGDfK)], 99 e-IDA-D-[c(RGDfK)], 99Me 70
cRGDfK Apoptotic body biomimic liposome Pioglitazone (PIO) 73
Collagen KLWVLPK Col-IV IL-10 nanopartcles Interleukin 10 77
GKWH[CTTKFPHHYC] High density lipoprotein Gadolinium 80
diethylenetriaminepentaacetate-bis
(stearylamide) (Gd-DTPA-BSA)
Fibrin Ac-RWQPCPAESWT-Cha- Iron Oxide Nanoparticle-Micelles Iron oxide 83
CWDPGGGK-NH2 (FibPep-ION-Micelle)
CREKA Micelles Carboxyfluorescein, hirulog peptide 84
CREKA Micelles Simvastatin, a-tocopherol and ticagrelor 85
Chemokine MCP-1 Peptide amphiphile micelle Cy7 91
receptor (YNFTNRKISVQRLASYRRITSSK)
p-Alal-peptide T-amide (DAPTA) Polymethylmethacrylate core/ %Cu 97
peptide polyethylene glycol shell amphiphilic
comb nanoparticles
Scavenger Apolipoprotein A-1 Reconstituted HDL nanoparticles Simvastatin 118
receptor B1 (rHDL)
Apolipoprotein A-I and rHDL Lovastatin 119
arachidonic acid (AA)
Apolipoprotein A-I and hyaluronic rHDL Lovastatin 125
acid (HA)
Apolipoprotein A-I and hyaluronic ~ PLGA LOX-1 siRNA and Atorvastatin 127

acid (HA)
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local or oral drug delivery platforms are needed to complement
the intravenous injections.’®® For instance, one study investi-
gated the self-assembled oral nanoparticles of chitosan (CS)
and aspartic acid (PAA) loaded with (—)-epigallocatechin
gallate (EGCG), which reduced the gastrointestinal side effects
of EGCG and improved the efficacy of oral EGCG for the treat-
ment of atherosclerosis in rabbits."*’

Second, although nanoparticles have been proven safe in
preclinical studies, further research is needed on the specific
metabolic pathways and metabolites of nanomaterials. For
example, some inorganic materials such as silicon,"*®"*°
gold,®*" and iron'**'** cannot be metabolized in the body,
so there is a risk of nephrotoxicity. Therefore, novel designed
nanoparticles should be rigorously evaluated before conduct-
ing human studies.

Third, there is also the issue of the adaptability of targeting
ligands and highly expressed receptors at the lesion site.'**'*>
When targeting vascular endothelial cells, it is difficult to
avoid the aggregation of nanocarriers in the pulmonary vascu-
lature and the hepatic reticuloendothelial system. Although
nanoparticles can be modified with PEG or HA to reduce the
uptake of nanoparticles by the liver,"** this strategy makes it
difficult to avoid the uptake of nanoparticles in the lung,
which has been reported to account for 30% of the endothelial
surface in vivo and receives the entire cardiac output.'**'*
Therefore, when designing atherosclerosis-targeting nano-
particles, differences in cell surface expression molecules in
other organs need to be assessed in detail to avoid off-target
effects. For this issue, the intracellular signaling pathways at
the lesion site should also be further elucidated, which is ben-
eficial for screening new molecular markers to better target
the lesion site. For example, new ligands that effectively bind
these targets can be rapidly discovered using advanced phage
display technology."*®'*® Thus, highly specific, non-immuno-
genic, and small-sized ligands, including peptides and pepti-
domimetics, are used in the transformation of them into
nanocarriers, leading to the development of more selective
and efficient nano-drug delivery systems.

Moreover, further elucidation of the underlying functional
mechanisms of nanoparticles is required in future studies,
such as strategies regarding the mechanisms of interaction
between immune cells and nanoparticles and especially
regarding the fate of nanoparticles and their components after
deposition in atherosclerotic lesions and the impact on
immune cells.’>**** Such research is expected to help con-
struct nanoparticles for targeted delivery to obtain specific
responses and future studies are needed to improve the clini-
cal outcomes of targeted therapy.

4. Conclusion

In recent decades with the development of nanotechnology,
nanoparticle-based drug delivery systems have emerged as a
powerful platform for improving the treatment and diagnosis
of atherosclerosis. Although nanoparticles can significantly

This journal is © The Royal Society of Chemistry 2022
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improve the in vivo circulation time, tissue targeting, and
reduce toxic and other side effects of drugs, atherosclerotic
blood flow is large, the flow rate is fast, and the retention
capacity of nanoparticles in the lesion site is poor, resulting in
low drug delivery efficiency. We know that the surrounding
environment for atherosclerotic lesions also undergoes signifi-
cant biological changes, such as high expression of inflamma-
tory factors and receptors, which are significantly different
from surrounding healthy tissue, thus providing a basis for
the design of targeted nanoparticles. This article summarizes
the current specific receptors based on atherosclerosis and the
targeted nanoparticles designed based on the biology of these
receptors. These studies solved the bottleneck of nanoparticle-
mediated drug entry into atherosclerosis to an extent, realized
the targeted drug delivery at the lesion site, and effectively
improved the efficacy of the treatment of atherosclerosis.
Although these reported nanoparticles exhibit satisfactory pre-
clinical findings, it will be challenging to translate the findings
of these studies into possible work. Future research needs to
focus on enhancing its safety, stability, and efficacy in vitro
and in vivo. At the same time, we should also pay attention to
atherosclerosis as a systemic disease and the treatment plan
combining nanoparticles with gene therapy and monoclonal
antibody to further improve the treatment efficiency. We
believe that these strategies will open new horizons for the
treatment of atherosclerosis.
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