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Abstract

Atherosclerosis is a typical chronic inflammatory vascular disease that
seriously endangers human health. At present, oral lipid-lowering or anti-
inflammatory drugs are clinically used to inhibit the development of athero-
sclerosis. However, traditional oral drug treatments have problems such as low
utilization, slow response, and serious side effects. Traditional nanodrug de-
livery systems are difficult to interactively recognize by normal biological or-
ganisms, and it is difficult to target the delivery of drugs to target lesions.
Therefore, building a biomimetic nanodrug delivery system with targeted drug
delivery based on the pathological characteristics of atherosclerosis is the key
to achieving efficient and safe treatment of atherosclerosis. In this review,
various nanodrug delivery systems that can target atherosclerosis are sum-
marized and discussed. In addition, the future prospects and challenges of its
clinical translation are also discussed.
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1 | INTRODUCTION

Atherosclerosis is the most common underlying patho-
logical factor for coronary artery disease, peripheral ar-
tery disease and cerebrovascular disease,"* which refers
to the accumulation of fat or fibrous material in the
arterial intima. Over time, this chronic accumulation of
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vascular plaques in the subendothelial layer of the large
and middle arteries makes them increasingly fibrotic,
accumulates calcium minerals and produces calcifica-
tion.>* Advanced atherosclerotic plaques eventually lead
to severe stenosis, restrict blood flow and cause severe
tissue hypoxia, causing harm to human health.>®
Atherosclerotic cardiovascular disease (CVD) includes
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myocardial infarction, strokes, and peripheral artery
disease. Remains the leading cause of vascular disease
worldwide. At present, the treatment of atherosclerosis is
very limited. Although statin lipid-lowering drugs have
achieved certain effects, new therapeutic drugs are still in
urgent need of invention. Therefore, a number of bio-
mimetic nanoparticles have been developed to target
atherosclerotic plaques for diagnosis and treatment.

The classic hypothesis of dyslipidemia is already well
known.”® However, the occurrence and development of
atherosclerosis is not only caused by dyslipidemia. With
the deepening of research, the immune system has been
discovered to play a crucial role in atherosclerosis.*’ In
atherosclerosis, a variety of factors (including immune,
pathogenic, hemodynamic, etc.) stimulate endothelial cell
damage and activation.'”'* Activated inflammatory
endothelial cells highly express a series of adhesion mol-
ecules and chemokines, such as vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM)-1, E-selectin and P-selectin, thereby causing the
recruitment of monocytes in the blood and leading
monocytes to invade and accumulate in the blood vessel
wall.">'* Monocytes ingest the deposited oxidized lipids in
the arterial wall and then differentiate into macrophages
and cause a series of inflammatory reactions, which in
turn lead to the further development of atheroscle-
rosis.">'® In addition, a large number of studies have also
established the role of adaptive immunity in the formation
of atherosclerosis.'’** Human atherosclerotic lesions
contain activated T lymphocytes, which indicate the
activation of adaptive immunity.">** Some T-cell sub-
types, such as type 1 T helper (Th1) cells, accelerate the
development of atherosclerosis, while other subtypes,
such as regulatory T (Treg) cells, appear to alleviate the
progression of atherosclerosis.>"*> Moreover, many basic
experiments, mainly in mice, have strictly demonstrated
the causal role of adaptive immunity in regulating exper-
imental atherosclerosis.'®** These findings, as well as the
study of human atherosclerotic plaques, provide direct
evidence for the development of inflammation and the
immune response in atherosclerosis.

Based on the continuous understanding of the
mechanism of atherosclerosis, a large number of inno-
vative nanobiomaterials have also been continuously
developed for the diagnosis and treatment of atheroscle-
rosis. Especially in the research and development of
biomimetic nanoparticles, various ligands were designed
to modify the surface to give it various biological func-
tions.”*** The designed biomimetic drug delivery systems
exhibited many excellent characteristics, such as solubi-
lizing drugs, increasing the drug half-life period,
improving drug distribution in the body, enhancing tar-
geting, reducing toxicity and side effects, etc.”>*” It has

Key points

e Nano-diagnosis and nano-therapy for athero-
sclerosis are becoming increasingly advanced
and diversifying.

e Development of nanoparticle drug delivery
systems can effectively carry drugs to athero-
sclerotic plaques for achieving targeted
therapies.

e Nanomaterials and nanotechnology have great
potential value in clinical translation and
applications.

great application potential in the field of diagnosing and
treating atherosclerosis.

2 | NANOMATERIALS

Nanomaterials were defined as “natural, incidental or
manufactured material containing particles, in an un-
bound state or as an aggregate or as an agglomerate and
where for 50% or more of the particles in the number size
distribution, one or more external dimensions are in the
size range 1-100 nm.”*® According to the shape and
morphology of nanomaterials, they can be divided into
three dimensions: 0-dimensional (nanoparticles),” 1-
dimensional (nanowires) nanomaterials,® and 2-
dimensional (nanolayers),>> which are smaller than
100 nm in all directions, one axis, or two axes, respec-
tively.>* Nanomaterials have unique physical (minuscule
size, high surface energy, magnetic effects, large specific
surface area, etc.), chemical (high reactivity, catalytic
ability, resistance to corrosion, etc.) and biological prop-
erties (biocompatibility, low immunogenicity, biodegrad-
ability, etc.).”® According to their unique properties and
dimensions, nanomaterials can imitate natural nanoscale
extracellular matrix components and directly deliver bio-
logically active substances. Nanoparticles (NPs) can pass
through cell membranes and help cells absorb protein.
Based on the above considerations, nanomaterials with
natural properties or functionalized with other suitable
features can be constructed and applied in tissue engi-
neering,>* drug delivery,®® bioimaging,*® gene therapy,*’
and other fields (Figure 1).

2.1 | Inorganic nanomaterials

Inorganic nanoparticles include metals, metal oxides,
carbon nanomaterials, etc.>® Their potential for
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FIGURE 1 Schematic illustration of rough classification and structure of partial nanomaterials.

biomedical applications includes but is not limited to
drug and gene delivery, antimicrobial agents, labeling or
imaging in cells and tissues, and applications in diag-
nostic and therapeutic diagnostics.***

2.1.1 | Carbon nanotubes
Carbon nanotubes (1 nm in diameter and 1-100 nm in
length) are carbon-based well-ordered cylindrical mole-
cules that consist of a single layer of carbon atoms (gra-
phene sheet) rolled into a cylinder. The configuration of
carbon nanotubes includes multiwalled or single-walled
configurations or nanotubes interlinked concentrically
that are composed of C60 fullerenes.** Due to their high
surface area, mechanical strength, excellent thermal and
electrical conductivity, and superior thermal and chemical
stability, carbon nanotubes exhibit superiority as non-
polymeric drug carriers, imaging contrast agents, and
biosensors.*>** Carbon nanotubes with hollow tube-like
structures hold molecules via capillary action and
adsorption, and functionalization allows the carbon
nanotubes to conjugate a variety of biomolecules, such as
carbohydrates, proteins, peptides, and therapeutic and
diagnostic devices. Carbon nanotubes provide economical,
powerful and accurate diagnostic and therapeutic value.**
Mahsa et al. combined ultraselective nanoparticle
targeting of Ly-6C™ monocytes and foamy macrophages
with clinically viable photoacoustic imaging (PAI).*> PAI
identified that inflamed atherosclerotic plaques displayed
an 6-fold greater signal than controls (p < 0.001) 6 h after
intravenous injection of ultraselective carbon nanotubes,
with in vivo corroboration via optical imaging. Carbon
nanotubes are useful for the accurate identification and
diagnosis of atherosclerotic lesions. Alyssa et al. developed
a macrophage-specific nanotherapy based on single-
walled carbon nanotubes loaded with a chemical

inhibitor of the antiphagocytic Cluster of differentiation
47(CD47)-Signal regulatory protein alpha (SIRPa)
signaling axis.*® They demonstrated that these single-
walled carbon nanotubes accumulated within the
atherosclerotic plaques, reactivated lesional phagocytosis
and reduced the plaque burden in atheroprone
apolipoprotein-E-deficient mice without compromising
safety, thereby overcoming a key translational barrier for
this class of drugs.

2.1.2 | Metal nanoparticles (metal NPs)

Metal NPs have unique antibacterial properties, catalytic
activity, and immunoregulatory functions. Metal NPs of
precious metals have been widely used in fields of med-
icine, resulting from their abovementioned natural
features.

Magnetic NPs not only have the characteristics of
nanomaterials (such as a large specific surface area, high
coupling capacity and small size) but also have magnetic
responsiveness and superparamagnetic properties, as
they gather and locate in a magnetic field, absorb elec-
tromagnetic waves and produce heat in an alternating
magnetic field.*” Therefore, magnetic nanomaterials
could be used to deliver drugs to specific targets.

Based on the characteristics of magnetic nano-
particles, studies on their imaging in atherosclerosis have
received extensive attention. Magnetic nanoparticles can
target atherosclerotic plaques because they can be taken
in rapidly by macrophages. In predominantly rupture and
rupture-prone human atherosclerotic lesions, accumula-
tion of wultrasmall superparamagnetic iron oxide
(USPIOs) in macrophages results in reduced signal in
magnetic resonance imaging (MRI) in vivo.*® In addition,
some magnetic nanoparticles that are adorned with
certain biomolecules can target plaques by binding to
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biomolecules within the atherosclerotic plaque, such as
ligand-conjugated iron oxide nanoparticles (IONPs) for
MRI of endothelial adhesion molecules (VCAM-1 and P-
selectin).*>°

2.2 | Organic nanomaterials

Organic nanomaterials mainly include polymer nano-
particles and nanomaterials based on natural biological
macromolecules, such as nucleic acid nanomaterials,
protein nanomaterials, and polypeptide nanomaterials.

2.2.1 | Nucleic acid nanomaterials

Nucleic acids (DNA and RNA) are fundamental “mole-
cules of life,” as they play essential roles in gene heredity,
regulation, and expression. More importantly, both of
these molecules have remarkable sequence recognition
capabilities and can be conveniently synthesized with a
nearly infinite number of sequences. All these unique
properties have made DNA and RNA intriguing building
blocks for nanoengineering.

Construction of nucleic acid nanoparticles
Linear DNA lacks complexity and flexibility, and the
algorithmic assembly strategy proposed by Rothemund
et al. catalyzes the production of more sophisticated and
stable nucleic acid structures.”® In addition, DNA origami
nonperiodic two-dimensional architectures, such as
rectangles and squares, presented by Rothermond in
2006,>? can build various large structures instead of tiles
as foundation units.>> Many applications in nano-
medicine and nanorobotics require additional capabil-
ities, such as controlled three-dimensional assembly and
movement. Currently, scientists have attempted to engi-
neer three-dimensional nucleic acid objects. The engi-
neering design of three-dimensional nanostructures of
nucleic acids includes the strategy of origami assembly,>*
piling up multilayer origami structures,’ etc.
Unfortunately, constructing DNA assemblies that are
also functional remains difficult. Relying on the syner-
gistic self-assembly of RNA and DNA, incorporating RNA
is a promising strategy to circumvent this issue’® as RNA
is structurally related to DNA but exhibits rich chemical,
structural and functional diversity; mRNAs carry infor-
mation that directs protein syntheses, and rRNAs fold
and assemble into ribosomes. Ribozymes can catalyze
chemical reactions, aptamers can specifically bind to li-
gands, and microRNAs and interfering RNA (siRNA)
regulate gene activities. This strategy may enable the
assembly of both RNA and DNA into large nano-
structures with multifunctional RNA modalities.

Applications of nucleic acid nanostructures in
atherosclerosis
Regarding the applications of DNA, a few researchers have
applied some kinds of tetrahedral DNA nanomaterials to
encapsulate and dynamically control target. Gao et al.
fabricated a dynamic lysosome-activated tetrahedral DNA
nanobox, completely encapsulating siRNA with greater
resistance to RNase and serum and enabling solid inte-
gration with the vehicle during delivery (Figure 2).>” They
upgraded a tetrahedral nucleic acid nanobox that was
matched with an extended antisense strand of siRNA to
completely embed the cargo siRNA and further perform
encapsulation and protection tasks. However, it is unfor-
tunate that the instability of RNA has made many scientists
flinch away from RNA nanotechnology, though RNA
molecules not only can be designed and manipulated with
a level of simplicity characteristic of DNA but also possess
versatility in structure and function similar to that of pro-
teins. Only a few reports have explored rationally designed
RNA nanoparticles based on the three-way junction (3W1J)
in the field of targeted cancer diagnosis and therapy,
demonstrating promising future applications due to their
thermal stability and molecular-level plasticity.’®
Although its full potential remains to be explored,
nucleic acid nanoengineering is nothing short of revolu-
tionary. The implications of being able to precisely
manipulate the position and orientation of materials at
the atomic level are enormous. It could potentially lead to
a plethora of novel materials and products that can
impact nanoelectronics, aerospace and nanomedicine.>

2.2.2 | Protein-based nanocarriers

In nature, there are abundant protein resources, including
various antibodies and virus capsids, which are both nat-
ural proteins and natural nanomaterials. Nanomaterial
research is essential to proteins because of their excep-
tional characteristics, namely biodegradability, non-
antigenicity, high nutritional value, abundant renewable
sources and extraordinary binding capacity of various
drugs. Protein-based nanostructure studies focus on the
binding of proteins to polymer chains to increase their size
and block the attachment of transporters to the recogni-
tion areas on the surface of nanocarriers for efficient up-
take by cells. Protein-based nanocarriers represent
promising candidates for efficient drug and gene delivery.

Applications of protein-based nanomaterials

The detection of early-stage atherosclerotic plaques has
been the goal of many scholars. Vascular cell adhesion
molecule-targeted protein nanoparticles give us hope. In
vivo experiments with murine atherosclerosis models
indicated that the targeted protein nanoparticles that
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FIGURE 2 Schematic showing nanobox-siR synthesis. Reproduced with permission.

target VCAM-1 were successful in detecting plaques of
various sizes in the descending aorta and the aortic arch.>
Additionally, targeting VCAM-1, the (99 m)Tc-labeled,
anti-VCAM1 nanobody cAbVCAM1-5 could be a new
class of radiotracers for cardiovascular applications.®

Generally regarded as safe (GRAS) drug delivery de-
vices have high nutritional value and are rich in renew-
able resources. Regarding safety, they are metabolizable
in vivo by digestive enzymes into innocuous peptides.
Additionally, protein-based nanoparticles exhibit high
loading capacity of various drugs due to multiple binding
sites present in their molecules. They exhibit a variety of
possible drug loading mechanisms, including electro-
static attractions, hydrophobic interactions, and covalent
bonding. Moreover, protein-based nanoparticles offer
various possibilities for surface modification due to the
presence of functional groups (i.e., carboxylic and amino
groups) on the surface of the nanoparticles, thus enabling
a specific drug targeting to the site of action.®’ For
example, native nanostructured lipoproteins such as low-
and high-density lipoproteins (LDL and HDL) are
powerful tools for the targeted delivery of drugs. Yong-
hong Luo et al. generated a phospholipid-based and high-
density lipoprotein like nanoparticle, miNano. They
found that miNano accumulated in atherosclerotic pla-
ques and colocalized with cholesterol crystals (CCs) and
macrophages in vivo. Administration of miNano inhibi-
ted atherosclerosis and improved plaque stability.®® Lin
Di also proposed that due to the importance and high
prevalence of oxidized LDL (oxLDL)-dependent mecha-
nisms of uptake in atherosclerosis, oxLDL mimetics or
oxLDL-like carriers were particularly interesting for their
use in atherosclerosis.®?

Our research on the application of protein-based
nanomaterials in atherosclerosis is limited, and their

57 Copyright 2022, John Wiley and Sons.

advantages in atherosclerosis have broad application
prospects.

2.3 | Polymeric nanoparticles

Polymeric nanoparticles are capable of loading anti-
bodies, DNA or RNA, allowing particular interactions in
individual targets. The degradation products have no
toxicity, and absorbable parts metabolize with no need
for surgical removal intervention once the agent delivery
is depleted.

On the basis of polymeric nanoparticles, researchers
have further synthesized amphiphilic block copolymer
nanoparticles. Amphiphilic block copolymers are formed
by covalent binding of hydrophobic and hydrophilic
blocks possessing single or multiple groups of hydro-
philic/hydrophobic units. Various types of nanoparticles
are formed by varying the ratio of the hydrophobic/hy-
drophilic blocks. These amphiphilic copolymers offer
several advantages, such as optimal drug solubilization,
particle size, and stability during administration and
transport. Furthermore, amphiphilic block copolymers
are also amenable to functionalization.

2.3.1 | Component substances of polymeric
nanoparticles

Polyethylene glycol (PEG) and poly (lactic-glycolide acid)
(PLGA) are commonly used in the synthesis of polymer
nanoparticles. PEG is a typical polymeric nanoparticle.
Polyethylene glycolized nanoparticles mean that poly-
ethylene glycol is added to the surface of the nano-
particles to provide a hydration layer and space barrier
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around the polymer.®* It reduces nonspecific binding of
serum proteins, prolongs circulation and retention time,
reduces proteolysis and renal excretion,® protects anti-
genic determinants from immune detection, and thus
reduces cellular clearance by the mononuclear phagocyte
system. The combination of lactic acid (LA) with glycolic
acid (GA) results in a copolymer system known as PLGA.
Its polymeric properties, such as its glass transition
temperature (Tg) and degradation rate, can also be fine-
tuned by modifying the LA:GA content ratio.®® PLGA
can be used to load various types of drugs, such as hy-
drophilic or hydrophobic, small or large molecules.®’

2.3.2 | Applications of polymeric
nanoparticles in atherosclerosis

Magnetic resonance contrast agents encapsulated by
polymeric nanoparticles and then cleverly surface-
modified can accumulate better in atherosclerotic lesions
and assist in the diagnosis of atherosclerosis. Marie-Josée
et al. proposed an original targeted contrast agent for
molecular imaging of atherosclerosis. Versatile ultrasmall
superparamagnetic iron oxide (VUSPIO) nanoparticles
enhancing contrast in MRI were functionalized with a
recombinant human IgG4 antibody, rIgG4 TEG4 by tar-
geting human activated platelets.®® High-resolution ex
vivo MRI demonstrated the selective binding of TEG4-
VUSPIO to atheroma plaques. In addition, polymeric
nanoparticles can make drugs safer and more precise to
use. In the study by Emanuela et al., an advanced phar-
maceutical formulation for Rapa administration in which
Rapa was encapsulated in a polymer with a surface
modified with phosphatidylcholine that targeted
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macrophages was designed and optimized to be extem-
poraneously dispersed in a physiological medium, giving
rise to a colloidal dispersion of nanoparticles ready to be
administered in vivo.®

3 | CELL MEMBRANE-COATED
BIOMIMETIC NANOPARTICLES

Biomimetic nanoplatforms are a recent and emerging
strategy that plays an important role in a wide variety of
applications. The different types of membranes used for
coating include membranes from red blood cells, plate-
lets, leukocytes, neutrophils, cancer cells, macrophages,
etc. Membrane-coated nanoparticles indeed mimic
source cells and play an important role in the diagnosis
and treatment of many diseases (Figure 3).

3.1 | Macrophages

Macrophages are phagocytes derived from monocytes, and
their morphology changes with different functional
stages.”® Macrophages are mainly involved in the human
body's innate immunity and eliminate invading patho-
gens.71 In addition, in the adaptive immune response,
macrophages can be used as antigen-presenting cells,
which can present antigens to T cells to activate the
adaptive immune response.”” The promotion and devel-
opment of atherosclerosis is closely related to inflamma-
tion, in which macrophages can respond to chemotactic
signals and migrate to the site of inflammation.”*”* This
chronic inflammation homing ability gives macrophages
great potential as drug delivery vehicles.
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FIGURE 3 Schematic illustration of the design principles and applications of biomimetic nanoparticles for diagnostics and therapy of

atherosclerosis.
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3.1.1 | Mechanism of targeting to
atherosclerotic plaque based on macrophage
membranes

In atherosclerosis, the vascular endothelial cells in the
plaque are in an activated state and highly express the
vascular adhesion molecule VCAM-1. These adhesion
molecules can specifically bind to integrins (integrin a4/
1) on the membranes of circulating monocytes. Through
the VCAM-1/integrin system, circulating monocytes are
recruited into atherosclerotic plaques. Based on this
principle, macrophage membrane-functionalized bio-
mimetic nanoparticles have been designed to attach to
atherosclerotic plaques.

3.1.2 | Diagnosis of atherosclerosis based on
macrophage membranes

In a study of biomimetic nanoparticles for the diagnosis
of atherosclerosis, Xin Huang et al. designed Fe;O, bio-
mimetic nanoparticles coated with a macrophage mem-
brane (Fe;0,@M), which could investigate the imaging
effect on the early lesions of atherosclerosis. The results
show that Fe;0,@M nanoparticles have high biological
safety and can target the early lesions of atherosclerosis.
This was found to be safe and effective in vivo MRI
contrast agent (Figure 4).”°

3.1.3 | Treatment of atherosclerosis based on
macrophage membranes

For atherosclerosis therapy, Yi Wang et al. prepared
macrophage  membrane-functionalized  biomimetic

A

Cell membrane
0) extraction -

() RAW264.7 ())Cell membrane ® Fe,O,NPs

5 VCAM-1

o) Fe,O.@M

nanoparticles loaded with rapamycin (RAP). First,
rapamycin-loaded PLGA nanoparticles (RAPNPs) were
prepared. Then, the macrophage membrane (MM) was
extracted from RAW 264.7 cells to coat the RAPNPs,
forming the drug delivery system MM/RAPNPs.
Compared with RAPNPs or free RAP, MM/RAPNPs could
effectively reduce atherosclerotic lipid deposition and
inhibit the progression of atherosclerosis. Moreover, the
MM/RAPNPs showed a good safety profile and long-term
drug release characteristics in mice.”® These results indi-
cate that macrophage membrane-coated biomimetic
nanoparticles have potential clinical application value for
atherosclerosis therapy (Figure 5).

3.2 | Platelets

Platelets can be thought of as nonnucleated cells released
by megakaryocytes. When the body undergoes an in-
flammatory response due to injury, platelets usually
accumulate at the injury sites and interact with other
blood cells to help stop bleeding and stabilize blood
vessels.”””® Platelets have a small size, their diameter is
approximately 2-4 um, and they are easily activated by
mechanical or chemical stimulation.” Activated platelets
change shape and produce platelet-derived microparti-
cles. Recent studies have shown that platelets have
certain natural targeting properties to surgical wounds,
circulating tumor cells and inflammation sites.*®*! In
addition, platelets have certain immune functions, can
secrete chemokines, and can recruit and activate T cells
and other immune cells to participate in inflammatory
reactions.®>®* All of these factors provide a theoretical
basis for platelets to be used in the preparation of bio-
mimetic nanodrug delivery systems.

0 5 10 15 20

Fe concentration (mg/L)

Y a4p1 integrin

FIGURE 4 Macrophage membrane-based drug delivery system for atherosclerotic diagnosis. (A) Schematic illustration of the

preparation of macrophage membrane-coated Fe;O, nanoparticles (Fe;0,@M) for detecting early lesions of atherosclerosis (foam cells).
(B) T1 and T2 relaxation times of PEG-coated Fe;0, nanoparticles (Fe;0,@PEG) and Fe;0,@M. Reproduced with permission.”> Copyright

2021, Elsevier.



22 1 Smart Medicine

LI ET AL.

A
Scheme of MM/RAPNPSs fabrication

¢
e %o
L‘" RAP._

g
A RS
7 RAPNPs

) Macrophage

L/ Macrophages

"o

Control

membrane (MM)

Free RAP RAPNPs

Atherosclerotic
vessel

MM/RAPNPs
.

MM/RAPNPs
recruitment

Aortic lesions (% of the
total areas)

0-

FIGURE 5 Macrophage membrane-based drug delivery system for atherosclerotic therapy. (A) Schematic of macrophage membrane-
coated rapamycin nanoparticle (MM/RAPNP) fabrication and its treatment for atherosclerosis. (B) Atherosclerotic mice were injected with
DiD-labeled nanoparticles (DiDNPs) and macrophage-coated DiD-labeled nanoparticles (MM/DiDNPs). Representative ex vivo
fluorescence images of DiD fluorescent signals accumulated in the aorta 24 h postinjection. (C) Representative photographs of en face

ORO-stained aortas with different treatments (treated with free rapamycin [Free RAP], rapamycin nanoparticles [RAPNPs] and
macrophage membrane-coated rapamycin nanoparticles [MM/RAPNPs]). (D) Quantitative analysis of the lesion area (n = 5, mean + SD).
*p < 0.01, **p < 0.001 and ns, no significance. Reproduced under terms of the CC-BY license.”® Copyright 2021, The Authors, published

by Ivyspring International Publisher.

3.2.1 | Mechanism of targeting to
atherosclerotic plaque based on platelets
membranes

Platelets play a vital role in the occurrence and accelera-
tion of atherosclerosis.**** Studies have shown that in the
early stages of atherosclerosis, Platelet glycoprotein (GP)
Iba on the platelet membrane can be combined with Von
Willebrand Factor (VWF) expressed by injured vascular
endothelial cells, which allows platelets to be recruited to
atherosclerotic plaques.®*” As atherosclerosis progresses,
vascular endothelial cells are intensely damaged, the
collagen under the endothelium is continuously exposed,
and GP Ia-IIa and GP VI on the platelet membrane can
adhere to atherosclerotic plaques through interactions

with collagen.®” In addition, platelets can express P-
selectin, CD40L and ICAM-2, which can directly interact
with P-selectin glycoprotein ligand-1(PSGL-1), CD40 and
Lymphocyte function-associated antigen 1 (LFA-1) on
inflammatory cells.**°° The presence of these adhesion
molecules allows the platelet membrane to be designed for
targeted therapy and diagnosis of atherosclerosis.

3.2.2 | Diagnosis of atherosclerosis based on
platelets membranes

Inspired by the efficient recruitment of platelets into
atherosclerotic plaques. Xiaoli Wei et al. designed
platelet membrane-coated nanoparticles (PNPs). Then,
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lipid-chelated gadolinium (Gd) was inserted into the lipid
bilayer of the platelet membrane to form the Gd-PNPs.
The ApoE~~ mice were scanned before and 1 h after
administration of Gd-PNPs by T1l-weighted MRI. The
results indicated that the Gd-PNPs could accumulate in
the underlying biology of the targeted regions.”* Gd-PNPs
may have the potential to become a novel targeted
contrast agent that could target atherosclerotic plaques in
clinical diagnosis (Figure 6).

3.2.3 | Treatment of atherosclerosis based on
platelets membranes

For the treatment of inflammatory disease with platelet
membrane-coated biomimetic nanoparticles, Che-Ming J.
Hu et al. successfully extracted the platelet membrane
from human (blood type O) peripheral venous blood. PNP
was designed to adhere to pathogens.”’ The biomimetic
nanoparticles showed good immune targeting properties
and provided a novel approach for disease-targeting de-
livery. Recently, Yanan Song et al. used PNP to deliver the
RAP to atherosclerotic plaques. RAP-PNP has been proven
to have a better targeting ability and a more significant

A

Activated endothelium \

Eotavsl Foam cell

ApoE KO D

RBCNP PNP

OilRedO  PEG-NP

Aortic arch

therapeutic effect than free RAP or RAP-NP.”® Further-
more, Liang Chen et al. developed platelet membrane-
coated mesoporous silicon nanoparticles (PMSN) as a
drug delivery system to target atherosclerotic plaques with
the delivery of an anti-CD47 antibody (CD47@PMSN).
Compared with free anti-CD47 antibody, CD47@PMSN
significantly prevented the necrotic decay of cells but
significantly promoted the efferocytosis of necrotic cells in
the plaques (Figure 7).*

3.3 | Red blood cells

Red blood cells are the largest component of blood cells
and can survive for approximately 70-140 days under
the physiological state in the body.”® The main function
of red blood cells is to transport oxygen and carbon
dioxide.’® In addition, red blood cells adhere to the
antigen-antibody complex through the complement re-
ceptor proteins on the cell surface and carry the com-
plex to the liver and spleen for clearance.”” Since the
red blood cell membrane has unique characteristics, it is
also widely used in the preparation of biomimetic
materials.

PNP targeting

Live imaging

FIGURE 6 Platelet membrane-based drug delivery system for atherosclerotic diagnosis. (A) Schematic illustration of the targeted

delivery of PNPs. PNPs express a variety of surface markers capable of targeting different components of atherosclerotic plaques, including

activated endothelium, foam cells, and collagen. (B) Transmission electron microscopy (TEM) image of bare PLGA cores (left) and PNPs
(right) negatively stained with uranyl acetate (scale bars = 100 nm). (C) Macroscopic fluorescent imaging of aortic arches from ApoE ™/~
mice fed a high-fat western diet after intravenous administration of PEG-coated nanoparticles (PEG-NPs), red blood cell membrane-coated

nanoparticles (RBCNPs), or platelet membrane-coated nanoparticles (PNPs) (white = physical outline, red = nanoparticle). (D) T1-

weighted MRI images of ApoE KO mice before and 1 h after administration of PNP-loaded lipid-chelated gadolinium (Gd-PNPs) (orange

arrows = regions of positive contrast along the aortic arch). Reproduced with permission.”® Copyright 2018, American Chemical Society.
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FIGURE 7 Platelet membrane-based drug delivery system for atherosclerotic therapy. (A) Illustration of platelet membrane-coated
mesoporous silicon nanoparticles targeting plaques to deliver CD47 antibody for atherosclerotic treatment. (B) Accumulation of
mesoporous silicon nanoparticles (MSN) and platelet membrane-coated mesoporous silicon nanoparticles (PMSN) in atherosclerotic

plaques of ApoE~/~

mice observed by Ex Vivo FL Imaging. (C) Tissue sections of atherosclerotic plaques in ApoE~'~ mice injected with

MSN and PMSN (blue: DAPI; red: MSN-RITC and PMSN-RITC (D) Illustration of the platelet membrane-coated mesoporous silicon
nanoparticle fabrication process. (E) Illustration of a platelet membrane-coated mesoporous silicon nanoparticle carrying anti-CD47
antibody (CD47@PMSN) promoting phagocytosis of necrotic smooth muscle cells. Reproduced under terms of the CC-BY license.”
Copyright 2022, The Authors, published by American Association for the Advancement of Science.

3.3.1 | Mechanism of targeting to
atherosclerotic plaque based on red blood cells
membranes

When vasculature supportive tissue intimates were ab-
sent, the formation of leaky vessels and pores (100 nm to
2 um in diameter) was promoted. In addition, the
lymphatic circulation was restricted leading to increased
retention, causing macromolecular substances and parti-
cles to have selective high permeability and retention.”®%
This phenomenon is an enhanced permeability and

retention (EPR) effect, which has been widely studied in
the field of oncology.'*'%* Taking advantage of the EPR
effects, various nanoparticles with complex functions have
been studied for the treatment of cancer.'**™'% In fact, the
EPR effect also exists in atherosclerotic lesions.'**'°” The
leaky endothelium and capillaries in atherosclerotic pla-
ques allow nanoparticles to penetrate the blood vessel wall
and accumulate in pathological lesions.'**'®” Among
them, the red blood cell membrane has been widely used
in nanomedicine research due to its excellent biocom-
patibility, long half-life and wide sources.'**'%
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3.3.2 | Treatment of atherosclerosis based on
red blood cells membranes

Taking advantage of EPR effects in atherosclerosis, Yi
Wang et al. first prepared PLAG nanoparticles loaded with
rapamycin (RAP@PLGA). Then, RAP@PLGA was coated
with red blood cell membranes (RBC/RAP @PLGA).
Compared with RAP@PLGA, RBC/RAP@PLGA showed
better targeting and therapeutic effects without obvious
biological side effects in ApoE~'~ mice (Figure 8).''

4 | HYBRID MEMBRANE-COATED
BIOMIMETIC NANOPARTICLES

4.1 | Liposome hybrid with the cell
membrane

Liposomes are a nanoscale system that has come of age."""
A large number of studies have shown that liposomes can
be used to deliver drugs, vaccines, and contrast agents in
the body.'"? Liposomes are composed of single or multiple
concentric lipid bilayers in a water chamber and
have good biocompatibility and biodegradability."'*™'**
Different from biofilm-drug delivery systems, liposomes
have certain advantages, and they can achieve industrial
mass production. The preparation process was not diffi-
cult, and the source of raw materials was abundant. Due
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to its nonmembrane proteins, the targeting character was
much weaker than that of biofilm drug carriers. There-
fore, by fusing with the biofilm in a certain proportion, the
nanodrug carrier system prepared in this way can com-
plement the advantages of the two.

A systematic study of hybrid erythrocyte liposomes
was reported by Sebastian Himbert et al. in 2020.'*> The
authors fabricated hybrid erythrocyte liposomes by mix-
ing red blood cell membranes with different classes and
various saturation degrees of liposomes and proved that
the hybrid liposomes could encapsulate small mole-
cules.’® In a recent study by Yanan Song et al., a lipo-
some hybrid with a platelet membrane was designed to
form a biomimetic nanoparticle (P-Lipo) for targeting
atherosclerotic plaques. As a drug delivery system, P-Lipo
has been proven to have a promising targeting ability and
enhance the therapeutic effects of rapamycin in ApoE ™/~
mice. In addition, P-Lipo also provides a novel approach
for large-scale production and downstream translation
(Figure 9).''°

4.2 | Exosomes hybridize with the cell
membrane

Exosomes are secretory organelles with a single mem-
brane, and their diameters are approximately 30-200 nm.
They can carry and transport specific proteins, lipids,

RAP Release

Leak
Endothelium

x10°%, (ps”'cmsr')
w

Average radiant efficiency

¢ “Atherosclerotic
Blood Vessels

FIGURE 8 Redblood cell membrane-based drug delivery system for atherosclerotic therapy. (A) Illustrations displaying the preparation
of red blood cell-coated rapamycin nanoparticles (RBC/RAP@PLGA) for the treatment of atherosclerosis. (B) Ex vivo fluorescence images

and (C) quantitative data of fluorescence signals accumulated in the aorta of ApoE™

'~ mice after injection of 5% sucrose (Control), PLAG

nanoparticles loaded with DiD (DiD@PLGA), and red blood cell-coated DiD nanoparticles (RBC/DiD@PLGA). Reproduced under terms of
the CC-BY license."'® Copyright 2019, The Authors, published by John Wiley and Sons.
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nucleic acids and glycoconjugates."'” Exosomes are pro-
duced by sprouting on the plasma membrane and endo-
somal membrane and can transmit messages and
molecules to other cells.'**?° This intercellular vesicle
transport pathway plays an important role in many as-
pects of human health and disease.'***

With the in-depth study of exosomes, in recent years,
many innovative nanopreparations have been continu-
ously developed for the diagnosis and treatment of tu-
mors and inflammation based on research on various
exosomes.'?>'*® For example, Oshra Betzer et al. labeled
mesenchymal stem cell-derived exosomes with gold
nanoparticles (GNPs) for neuroimaging in vivo.'?” Hon-
gzhao Qi et al. fabricated reticulocyte-derived exosomes
with superparamagnetic Fe;O, and antitumor drugs (D-
SMNC-EXOs), which showed promising imaging and
therapeutic effects.*® For myocardial injury treatment
with exosome hybrid cell membranes, Shigi Hu et al. first
integrated platelet membranes and stem cell exosomes
(P-XOs). Compared with mesenchymal stem cell-derived
exosomes (MSC-XOs), P-XOs enhanced cellular uptake
by endothelial cells and cardiomyocytes in injured
vasculature and improved cardiac function in a myocar-
dial infarction model without obvious toxic side

effects.’*® In atherosclerosis therapy, exosome hybrid cell

membranes may become a novel delivery system for
atherosclerotic plaques (Figure 10).

5 | SYNTHETIC NANOPARTICLES
5.1 | Synthesized nanoparticles with
dextran

Dextran is a homopolysaccharide composed of glucose, a
type of polymer with branched glucose, and its molecular
weight ranges from 1 to 2000 kDa. Because dextran has
good stability, biocompatibility, and degradability, it is
widely used in the field of biochemistry research.'**3?

5.1.1 | Mechanism of targeting to
atherosclerotic plaque based on synthesized
nanoparticles with dextran

Atherosclerosis is a chronic inflammation, and C-type
lectin plays a vital role in its occurrence and develop-
ment."** C-type lectins mainly include versican, DNGR1
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FIGURE 10 Exosomes hybrid with platelet membrane-based drug delivery system for cardiovascular disease therapy. (A) Schematic
illustrating the preparation of integrated platelet membrane and stem cell exosomes (P-OXs). (B) Representative ex vivo fluorescence
images showing the distribution of stem cell exosomes (XOs) and P-XOs in the organs of the mouse model of myocardial infarction. Mice
were sacrificed on Day 1. (C) Representative Masson trichrome images showing control (PBS-treated animals), XOs and P-XOs (from left to
right) and the quantification of infarct sizes. Reproduced with permission.’?® Copyright 2021, Elsevier.

(a Dendritic Cell-Specific sensor of tissue damage) and
mincle, which play an important regulatory role in
vascular smooth muscle and macrophage proliferation
and induce proinflammatory mediators.">*"'*> C-type
lectin is often expressed on the surface of macrophages,
and dextran can specifically bind to C-type lectin.'*®
Using this adhesion effect, dextran lays the foundation
for targeting atherosclerotic plaques.

5.1.2 | Diagnosis of atherosclerosis based on
synthesized nanoparticles with dextran

For tracking macrophages, Dong Gil You et al. made fur-
ther improvements on the basis of dextran-encapsulated
superparamagnetic iron oxide nanoparticles (Dex-
SPIONSs). They used a simple coprecipitation method to
prepare dextran sulfate-coated superparamagnetic iron
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oxide nanoparticles (DS-SPIONSs). T2-weighted MRI of the
cells showed that the activated macrophages treated with
DS-SPIONs showed significantly lower signal intensity
than those treated with Dex-SPIONs."*’ To target athero-
sclerotic plaques in vivo, Keiko Tsuchiya et al. conducted
experiments in a rabbit atherosclerotic model. Dextran
and mannan-dextran were used to coat USPIO to prepare
D-USPIO and DM-USPIO. MRI scans showed that DM-
USPIO is better than D-USPIO in the study of athero-
sclerotic lesions in rabbits.'*® These results show that
magnetic IONPs coated with dextran have a good targeting
effect. Based on the modifiable properties of dextran, some
specially modified dextran-coated magnetic IONPs have
better imaging effects. They could be used as potential MRI
contrast agents (Figure 11)."*’

5.1.3 | Treatment of atherosclerosis based on
synthesized nanoparticles with dextran

For atherosclerosis therapy with dextran-coated nano-
particles, Yi Zhao et al. first prepared AT-DXS-LP-rHDL,
which was an atorvastatin calcium (AT) coated with
dextran sulfate (DXS), and the core-shell was also recon-
stituted with high-density lipoprotein (rHDL). Via DXS
with high affinity for scavenging receptor-like AI (SR-AI),
the nanoparticles could deliver drugs to foam cells, and
inflammation could be inhibited by depleting intracellular
cholesterol through apolipoprotein A-I (apoA-I)-mediated
cholesterol efflux.’*® Overall, AT-DXS-LP-rHDL, as a
multifunctional carrier, can not only deliver more drugs to
macrophages but also inhibit the synthesis of oxidized
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FIGURE 11 Synthesized nanoparticles with dextran for atherosclerotic diagnosis (A) (a) Illustration of interactions between tailor-

made double hydrophilic DS-b-poly (glycerol methacrylate) (DS-b-PGMA) and superparamagnetic iron oxide nanoparticles (SPION) and
(b) reaction scheme for the synthesis of DS-b-PGMA copolymer. (B) (a) T2-weighted images of DS-SPIONS at various iron concentrations,
(b) T2 relaxation rate (1/T2) as a function of iron concentration for DS-SPIONS. (C) (a) T2-weighted MR images and (b) relative signal
intensity of RAW264.7 and BAE cells after incubation with nanoparticles. The error bar represents the standard deviation (n = 3).

Reproduced with permission.'*” Copyright 2014, Elsevier.
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low-density lipoprotein (oxLDL) and promote cholesterol
efflux, indicating the antiatherosclerotic effect of the bio-
functional nanocarriers (Figure 12).

5.2 | Synthesized nanoparticles with
antibodies

Because antibodies can bind to a specific protein, this
confers antibody with the ability to target. Taking
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advantage of this property, many nanoparticles synthe-
sized by antibodies are widely used in research.

5.2.1 | Mechanism of targeting to
atherosclerotic plaque based on synthesized
nanoparticles with antibodies

During the development of atherosclerosis, inflammatory
cells such as endothelial cells and macrophages are

AT-LP-rHDL AT-DOX-LP-rHDL

AT-LP-NP

Nucleus

FIGURE 12 Synthesized nanoparticles with dextran for atherosclerotic therapy. (A) Schematic diagram of the preparation procedures
of atorvastatin calcium (AT)-loaded dextran sulfate (DXS)-coated core—shell reconstituted high-density lipoprotein (rHDL), which is
referred to as AT-DXS-L. (B) Schematic illustration of the targeted delivery of AT-DXS-L. Reproduced with permission.'** Copyright 2017,

American Chemical Society.



sz | Smart Medicine

LI ET AL.

activated at the site of inflammation and highly express
specific proteins. However, these proteins were expressed
little or not at all in normal tissues. Therefore, taking
advantage of the specific expression of these inflamma-
tory proteins in the inflammatory site or inflammatory
cells, inflammatory protein antibodies were used to syn-
thesize nanoparticles, which were designed to encapsu-
late imaging molecules or therapeutic drugs for the
diagnosis or treatment of atherosclerosis.

5.2.2 | Diagnosis of atherosclerosis based on
synthesized nanoparticles with antibodies

It has been reported that osteopontin (OPN) is highly
expressed in foam cells.'*® Since foam cells have been
identified as an important component of vulnerable
atherosclerotic lesions, OPN may become a potential
target for vulnerable atherosclerotic plaque imaging.
Hongyu Qiao et al. designed Cy5.5-OPN-DMSA-MNPs
(COD-MNPs), and the core of these nanoparticles was
Fe;0, magnetic nanoparticles (MNPs). The shell was
composed of meso-2,3-Dimercaptosuccinic acid (DMSA),
and the OPN antibody labeled with Cy5.5 was attached to
the surface of the DMSA shell. This nanoparticle enables
not only fluorescence imaging but also MRI. In vitro cell
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experiments showed that the COD-MNPs could specif-
ically recognize foam cells. In vivo animal model studies
have demonstrated that the visualization of vulnerable
plaques can be achieved by intravenous injection of COD-
MNPs.'** The author's study successfully synthesized
antibodies on nanoparticles, which enabled the Fe;O,-
loaded nanoparticles to be effectively targeted to unstable
plaques and provided a new strategy for non-invasive
atherosclerosis imaging (Figure 13).

5.2.3 | Treatment of atherosclerosis based on
synthesized nanoparticles with antibodies

Cluster of differentiation 9 (CD9), as a cell surface
glycoprotein, was found to be highly expressed in human
aortas and coronary arteries, especially in areas of
atherosclerosis.'** For atherosclerosis therapy, Le Minh
Pham et al. designed a drug delivery system termed CD9-
HSMN@RSV. The core of the system was mesoporous
silica nanoparticles (MSNs) loaded with rosuvastatin
(RSV). The shell of the system was constructed with hy-
aluronic acid (HA), poly (L-lysine hydrochloride) (PLL),
and methoxy-poly (ethylene glycol)-block-poly (L-gluta-
mic acid sodium salt) (PGA), and CD9 was embedded
in the surface of the shell. In vivo and in vitro,
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FIGURE 13 Synthesized nanoparticles with antibody for atherosclerotic diagnosis (A) TEM image (a), the histogram of particle size
(b), saturation magnetization curve (c) of DMSA-coated Fe;0, magnetic nanoparticles (DMSA-MNPs), together with 1/T2 plotted against
the concentration of Fe (d) for extracting relaxivity (r2) of DMSA-MNPs and the Cy5.5-OPN-DMSA-coated magnetic nanoparticles (COD-
MNPs) as inserted. (B) Hydrodynamic profiles of the DMSA-MNPs (NP) and the COD-MNPs conjugates (NP-OPN). (C) MR images of

HFD-fed mice acquired at different time points after intravenous injection of different probes for comparison with those that received no

probe injection. The right part of the panel shows the quantitative in vivo T2 signal of the region of interest after intravenous injection of
COD-MNPs or CID-MNPs, *p < 0.05. Reproduced with permission.'*' Copyright 2017, Elsevier.
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CD9-HSMN@RSV showed good targeting ability to effi-  reduced the production of ROS, attenuated the oxidation
ciently transport RSV into foam cells (in vivo) and of LDL and alleviated the secretion of proinflammatory
atherosclerotic plaques (in vitro), which effectively  cytokines.'** This study provides a deeper look at the
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FIGURE 14 Synthesized nanoparticles with antibodies for atherosclerotic therapy. (A) Schematic representation of CD9-
HMSN@RSYV, in which the antisenescence drug rosuvastatin (RSV) was loaded in CD9-modified MSNs coated with hyaluronic acid (HA),
poly(L-lysine hydrochloride) (PLL), and methoxy-poly(ethylene glycol)-block-poly(L-glutamic acid sodium salt) (PGA). The CD9-
HMSN@RSV nanoparticles mitigated atherosclerosis via selective targeting and clearance of senescent cells in atherosclerotic plaques with
high CD9 expression. (B) Schematic illustration of nanoparticles coated with different layers. (C) By labeling the nanoparticles with Cy5.5
to form IgG-HMSN@Cy5.5 and CD9-HMSN@Cy5.5 and ex vivo distribution of IgG-HMSN@Cy5.5 and CD9- HMSN@Cy5.5 in different
organs (including the heart, aorta, lung, liver, kidney, and spleen) isolated from ApoE~/~ mice at 0, 0.5, 6, and 24 h after intravenous
injection. (D) Three representative images of isolated aortas stained with Oil red O following treatment with PBS, RSV, and CD9-
HMSN@RSV. (E) Quantitative analysis of areas with Oil red O staining (n = 6). ***p < 0.001. Reproduced with permission.'** Copyright
2021, Elsevier.
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cellular markers expressed by senescent cells in aortic
plaques and may imply a more precise and effective
strategy to target and mitigate atherosclerosis (Figure 14).

6 | CONCLUSION AND PERSPECTIVES

Currently, with the understanding of the dynamic bio-
logical functions of cells, various types of cells have been
developed in delivery systems for targeted therapeutic
applications, including the diagnosis or treatment of
autoimmune diseases, cancer and infectious diseases.
Compared with traditional diagnostic or therapeutic stra-
tegies, the combination of immunotherapy and cell ther-
apy has achieved greater clinical success.

With the in-depth study of the pathogenesis of
atherosclerosis, diagnostic methods and treatment stra-
tegies are also undergoing innovation. Membrane-based
nanotherapeutics combine the intrinsic properties of
cells and the functional diversity of nanomaterials to
deliver therapeutics with tissue-targeted precision,
providing a new strategy for the diagnosis and treatment
of atherosclerosis. Unlike traditional treatment regimens,
native cell membranes have the ability to target through
interactions between the surface components of native
cell membranes and target cells, so cell membranes have
been used for drug delivery (e.g., rapamycin and statins)
to target atherosclerosis or carry nanoparticles (e.g.,
Fe;0, nanoparticles) to noninvasively locate the site of
atherosclerotic plaque by MRI (Table 1).

TABLE 1 Summary of biomimetic nanoparticles targeting atherosclerosis for diagnosis and therapy.

Active Target
pharmaceutical (protein
Source Nanoparticle platform ingredients Application or cells) Refs
Macrophages Macrophage membrane-coated nanoparticles Fe;0,4 MRI VCAM-1 75
Macrophage membrane-coated nanoparticles Fe;0,4 MRI Osteopontin 141
Macrophage membrane-coated nanoparticles RAP Therapy VCAM-1, 76
SIRPa-R
Modified macrophage membrane-coated nanoparticles Colchicine Therapy VCAM-1, 144
SIRPa-R
Platelets Platelets membrane coated nanoparticles Gadolinium MRI Collagen, 91
macrophage
Platelets membrane coated nanoparticles DiD Fluorescent = vWF, collagen, 145
images fibrin
Platelets membrane coated MSN CD47 Therapy Collagen, 92
macrophage
Red blood Red blood cells membrane coated nanoparticles RAP Therapy Leaky 110
cells endothelium
Hybrid Liposome hybrid with the cell membrane nano-vessels RAP Therapy VWF, collagen 116
TN Exosome hybrid with the platelet membrane nano-vessels Stem cell exosomes Therapy Myocardial 129
gl infarction
Synthetic Dextran sulfate-coated superparamagnetic iron oxide USPIO MRI Foam cells 137
materials nanoparticles
Atorvastatin calcium-loaded dextran sulfate—coated core Atorvastatin calcium Therapy Foam cells 139

—shell reconstituted high-density lipoprotein

@

OPN antibody attached to DMSA coated Fe304
nanoparticles

CD9 antibody attached to HA coated MSN nanoparticles

loaded with rosuvastatin

Fe;0, magnetic MRI
nanoparticles

Osteopontin 141

CD9 antibody Therapy Rosuvastatin 143
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Breakthroughs have also been made in hybrid mem-
brane delivery systems derived from cell membranes.
Hybridization and fusion of liposomes or exosome
membranes with different cell membranes can effectively
improve the utilization of cell membranes and enhance
targeting characteristics. Although they also have certain
limitations, such as the relatively cumbersome prepara-
tion process and the stability to be further improved, this
hybrid fusion membrane still has huge research and
development space and therapeutic potential.

For the drug-delivery system prepared by synthetic
membranes, some specific antibodies are artificially
embedded on their surfaces so that these antibodies can
be effectively targeted to the atherosclerotic plaque site.
This finding also provides new avenues for targeting
atherosclerotic plaques. Since there are far more types of
antibodies than cell membranes, and antibodies can more
precisely bind to specific proteins, this also provides more
ideas and strategies for the preparation of nanodrug de-
livery systems.

Recently, Hydrogel polymeric materials are also
gradually used in the treatment of atherosclerosis.'*’
Unlike traditional intravenous nanomaterials, hydrogels
are subcutaneous injections of drug-loaded hydrogels to
regulate cholesterol efflux and inflammation to inhibit
the pathological progression of atherosclerosis, which
may help develop a promising nanomedicine.

For targeted therapy strategies, Chimeric Antigen
Receptor T-Cell Immunotherapy (CAR-T) therapy is in
the spotlight.'*” Although its clinical application has
made breakthroughs,"*®*? it is difficult to be widely used
in clinical practice due to its technical difficulty and
extremely high cost. The development and preparation of
nanomaterials provide an updated strategy and effective
method for targeted therapy.

Overall, in this review, we highlight the importance of
cell membrane-based delivery systems in atherosclerosis
diagnostic and therapeutic applications and underscore
the importance of multidisciplinary integration, which
indicates the great potential for clinical application with
biomimetic nano-delivery systems.
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