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Nanomedicine for Diagnosis and Treatment of
Atherosclerosis

Jingyun Cheng, Hui Huang,* Yu Chen,* and Rong Wu*

With the changing disease spectrum, atherosclerosis has become increasingly
prevalent worldwide and the associated diseases have emerged as the leading
cause of death. Due to their fascinating physical, chemical, and biological
characteristics, nanomaterials are regarded as a promising tool to tackle
enormous challenges in medicine. The emerging discipline of nanomedicine
has filled a huge application gap in the atherosclerotic field, ushering a new
generation of diagnosis and treatment strategies. Herein, based on the
essential pathogenic contributors of atherogenesis, as well as the distinct
composition/structural characteristics, synthesis strategies, and surface
design of nanoplatforms, the three major application branches
(nanodiagnosis, nanotherapy, and nanotheranostic) of nanomedicine in
atherosclerosis are elaborated. Then, state-of-art studies containing a
sequence of representative and significant achievements are summarized in
detail with an emphasis on the intrinsic interaction/relationship between
nanomedicines and atherosclerosis. Particularly, attention is paid to the
biosafety of nanomedicines, which aims to pave the way for future clinical
translation of this burgeoning field. Finally, this comprehensive review is
concluded by proposing unresolved key scientific issues and sharing the
vision and expectation for the future, fully elucidating the closed loop from
atherogenesis to the application paradigm of nanomedicines for advancing
the early achievement of clinical applications.
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1. Introduction

Cardiovascular and cerebrovascular dis-
eases are sweeping the globe and becom-
ing the primary reason of mortality and
morbidity worldwide.[1] Atherosclerosis, the
leading cause of cardiovascular and cere-
brovascular diseases, is a chronic, systemic,
and inflammatory disease, mainly affect-
ing large and medium-sized arteries.[2] It
is particularly common in arteries with low
endothelial shear stress or disturbed blood
flow, such as the site of arterial bends or
bifurcations.[3] The adverse consequences
usually depend on the site of occurrence,
such as the coronary arteries (coronary
artery syndrome), carotid or intracranial ar-
teries (stroke, transient ischemic attack),
renal arteries (renovascular hypertension
or renal dysfunction), and peripheral ar-
teries (cold extremities or claudication).[4]

The common risk factors include hyperlipi-
demia, hypertension, smoking, diabetes,
etc.[5] Atherosclerosis is characterized by
high incidence, disability as well as mortal-
ity rates at present, and changes in modern
diet and exercise habits have given the dis-
ease a trend of getting younger. Therefore,

early detection, diagnosis, and treatment should be the primary
focus.[6]

As for atherosclerotic diagnosis, it mainly relies on ultrasound
(US), magnetic resonance (MR), and computed tomography (CT)
imaging, but they can merely identify advanced lesions, and the
assessment of plaque vulnerability is not accurate enough.[7]

Furthermore, conventional contrast agents are only able to assist
in morphological detections. Therefore, additional alternative
measures are needed to optimize early diagnosis. Besides gen-
eral treatment, atherosclerotic treatment mainly includes the
best medical therapy (BMT) and surgery.[8] On the one hand, the
BMT refers to lipid-lowering, antiplatelet, and antithrombotic
treatments, which should be carefully selected based on the
patient’s condition. Nowadays, statin is mostly recommended to
reduce circulating lipids by upregulating the low-density lipopro-
tein receptor (LDLr) with the assist of apolipoprotein B (ApoB).[9]

However, long-term drug treatment will cause liver damage,
gastrointestinal bleeding, muscle discomfort, and arrhythmia.[10]

On the other hand, if severe stenosis happens, surgical inter-
vention has to be considered, such as endarterectomy, balloon
dilation, or stent implantation.[11] While surgical treatment
requires high demands on the patient’s vital signs and may
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result in postoperative restenosis or bleeding complications.[12]

As a result, there is an urgent need to develop an accurate and
efficient therapeutic method to reduce adverse reactions and
improve treatment performance, which is more conducive to
enhancing patient compliance and improving prognosis.

Nanotechnology integrates knowledge from various interdis-
ciplinary fields including materials science, physics, biology, and
chemistry, and is the result of the combination of modern science
and technology.[13] This technology explores the molecular world
from a nanoscale perspective and has achieved widespread appli-
cation in many fields, such as material engineering, biomedical
science, environmental protection, electronic devices, and plant
science.[14] To date, the rapid development of nanotechnology and
increasing clinical demands have given rise to the emerging in-
terdisciplinary field of nanomedicine, bringing about a profound
paradigm shift.[15] Over the past few decades, a large number of
nanomaterials used for disease diagnosis and/or treatment have
been proposed, and the advantages of nanomaterials have grad-
ually emerged: I) the ultra-small size of nanomaterials provides
a large surface area and more reaction sites;[16] II) the physical
and chemical properties of nanomaterials (e.g., optical, magnetic,
mechanical, and electrical properties) can be regulated by the
controllable composition and structure of the nanomaterials;[17]

III) the size of nanomaterials is much smaller than that of cells,
which makes them easily penetrate through various biological
barriers and have favorable biocompatibility;[18] IV) the enhanced
permeability and retention (EPR) effect promotes passive target-
ing accumulation of nanomaterials in tumors or other pathologi-
cal sites;[19] V) the off-target effect of nanomaterials can be signifi-
cantly reduced by modifying the active targeting ligand.[20] These
characteristics endow nanomaterials with potential value for clin-
ical application.

Based on the continuous development of nanotechnology
and the deepening of pathological research, nanomedicine has
made breakthrough progress in the field of atherosclerosis, pro-
viding opportunities for precise individualized diagnosis and
treatment.[21] In general, atherosclerosis is characterized by ex-
cessive inflammatory burden, endothelial injury, neovasculariza-
tion, and epigenetic abnormalities.[22] According to these abnor-
malities, nanomedicine can be rationally designed and developed
to differentiate these lesions from healthy tissues for subsequent
diagnosis and/or treatment.[23] In response to the problems ex-
isted in traditional imaging methods, the introduction of nano-
materials broadens the timing and scope of disease monitoring,
achieving earlier and more comprehensive diagnosis with greater
precision.[24] Regarding adverse reactions associated with drugs
or surgery, nanomaterials achieve higher drug utilization rates or
further enrich the range of surgical options (such as nanodrug-
coated balloons or stents) through elaborated design.[25] Impor-
tantly, nanomaterials provide the ability to integrate diagnosis
and treatment for atherosclerosis. In the past, diagnosis and treat-
ment were two separate fields. However, the surfaces or interi-
ors of nanomaterials can easily couple with various components,
making it possible to undergo treatment under imaging guidance
or real-time monitoring during treatment.[26] This undoubtedly
promotes ever-greater advances and offers unprecedented solu-
tions for disease exploration.

To provide comprehensive information for researchers in this
field, this review summarizes the pathological basis, develop-

ment process, and corresponding animal models currently used
in preliminary research. We also highlight the inorganic, or-
ganic, and biomimetic nanomaterials applied in the diagnosis
and/or treatment of atherosclerosis and their physicochemical
properties including particle size, shape, and potential. Further-
more, we provide a detailed and comprehensive introduction to
the utilization of nanomaterials in the diagnosis (e.g., MR, CT,
radionuclide, fluorescence (FL), photoacoustic (PA), optical co-
herence tomography (OCT), multi-modal imaging and reported
clinical trials), therapy (e.g., drug delivery, phototherapy, sono-
dynamic therapy (SDT), immunotherapy, gas therapy and re-
ported clinical trials), and theranostic of atherosclerosis in re-
cent years (Figure 1). Besides, we summarize and conclude the
issue on how to establish a biosafety evaluation system for nano-
materials, including but not limited to in vivo distribution and
metabolism assessment, biological evaluation, immunological
evaluation, and toxicology evaluation. Finally, existing challenges
of nanomedicine in the atherosclerotic field are pointed out,
and effective approaches and potential development directions
for each issue are proposed to boost their entry into clinical
practices.

2. Background and Foundation of Nanomaterials
in Atherosclerosis

2.1. Pathological Characteristics

The term “atherosclerosis” originates from “atheroma” and “scle-
rosis,” where “atheroma” represents the atheromatous lesions
formed by necrosis of lipid deposits and “sclerosis” refers to col-
lagen fibrous hyperplasia. Macroscopically, the progression of
atherosclerosis can be divided into four stages, including fatty
streaks, fibrous plaque, atheromatous plaque, and secondary le-
sions. Besides, microscopic observation demonstrated the pres-
ence of endothelial cell damage, infiltration of inflammatory
cells, migration of vascular smooth muscle cells (VSMCs), and
lipid accumulation within the lesion. In this section, we mainly
focus on the pivotal pathological components and progression
within atherosclerosis (Figure 2).

2.1.1. Endothelium

Endothelium, the first barrier in contact with the blood,
is normally in dynamic equilibrium with the various blood
components.[27] A series of irritants such as cholesterol, cigarette
ingredients, hyperglycemia, and local hemodynamic distur-
bances cause endothelial cell dysfunction and impaired anatom-
ical integrity. Increased endothelial permeability provides an op-
portunity for lipid to flow into subendothelial space, which in
turn further activates the endothelium. Endothelial cell adhesion
molecule (ECAM) is highly expressed in risk endothelium asso-
ciated with atherosclerosis. In particular, vascular cell adhesion
molecule 1 (VCAM-1) binds to the very late antigen 4 (VLA-4) on
the monocytes and T cells, while intracellular adhesion molecule
1 (ICAM-1) binds to lymphocyte function-associated antigen 1
(LFA-1) on neutrophils, which mediates the cellular adhesion.[28]

What is more, the up-regulation of P-selectin and E-selectin also
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Figure 1. Schematic illustration of the application of nanomaterials in atherosclerosis, including atherogenesis (covering fatty streaks, fibrous plaque,
atheromatous plaque, and secondary lesions), the representative classification of reported nanomaterials (including inorganic, organic, and biomimetic
nanomaterials), diagnosis (e.g., magnetic resonance (MR), computed tomography (CT), fluorescence (FL), ultrasound (US), and photoacoustic (PA)
imaging) and therapy strategies like drug delivery, phototherapy, sonodynamic therapy (SDT), immunotherapy, and gas therapy. Figure was created with
BioRender.com.

assists in the adherence of blood cells. Furthermore, activated en-
dothelium secretes chemokines such as monocyte chemoattrac-
tant protein 1 (MCP-1), granulocyte-monocyte stimulating factor
(GM-CSF), and interleukin 8 (IL-8) to strengthen the association
of inflammatory cells with the lesion.[29]

2.1.2. Lipoproteins

Lipids in the blood are transported in the form of lipoproteins.
Briefly, a lipoprotein is made up of a single ApoB as well as the
composition of triglycerides and cholesterol in different content.
Whatever the content of the lipid, a lipoprotein with a diame-
ter of less than 70 nm can penetrate the compromised endothe-
lial barrier.[30] Thereby, excess lipoproteins in plasma more eas-
ily enter the subendothelial space in the case of dyslipidemia.[31]

Among lipoproteins, the low-density lipoprotein (LDL) has al-
ready been confirmed to promote atherogenesis.[32] They deposit

in the intima, where without plasma antioxidants, are easily oxi-
dized by reactive oxygen species (ROS) produced by endothelial
cells, macrophages, and VSMCs to proatherogenic and proin-
flammatory oxidized low-density lipoprotein (ox-LDL), which
has explicit associations with clinical atherosclerotic cardiovas-
cular disease.[33] Compared to LDL, ox-LDL is a more influen-
tial atherogenic lipoprotein throughout atherosclerotic formation
and development. It promotes the secretion of various proinflam-
matory cytokines of endothelial cells,[34] damages endothelial
cells, reduces the gene expression of endothelial nitric oxide syn-
thases (eNOS) and nitric oxide (NO) production,[35] and weakens
the self-protective function of the vessel wall. In addition, it binds
to and up-regulates scavenger receptors (SR) on macrophages as
auto-antigen, accelerates the foaming process of macrophages
and chemokines secretion, thereby, further amplifying the in-
flammatory cascade response.[36] What’s more, VSMCs are stim-
ulated to proliferate and migrate from the media, phagocytose ox-
LDL with oxidized LDL receptor 1 (LOX-1), and produce collagen-
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Figure 2. The diagrammatic sketch of the main components and the formation process of the atherosclerotic lesion. Figure was created with BioRen-
der.com.

rich matrix, conferring plaque stability and mediating luminal
narrowing.[37]

2.1.3. Inflammatory Cells

Initially, multiple inflammatory cells respond to the call of the
activated endothelium, and especially circulating monocytes will
recruit (rolling, activation, and arrest) and differentiate into
macrophages in the intima. Monocyte-derived macrophages en-
gulf lipoproteins and switch them to foam cells via the SR, such
as CD36 and scavenger receptors A1 (SR-A1).[38] Subsequently,
foamy macrophages within the plaques secrete various cytokines
such as MCP-1, chemokine receptor 2 (CCR2), chemokine recep-
tor 5 (CCR5), etc. to further recruit bone marrow cells. While in
advanced plaque, macrophage proliferation in situ seems to play
a crucial role.[39] It is noteworthy that the number of macrophages
in vulnerable plaques is three to five times higher than in stable
plaques, hence the enrichment of macrophages becomes an im-
portant indicator of plaque vulnerability.[40] These macrophages
attempt to eliminate or efflux cholesterol to high-density lipopro-
tein (HDL) with cholesterol efflux transporters ATP-binding cas-
sette transporter A1 (ABCA1) and G1 (ABCG1).[41] Unfortu-
nately, the SR won’t down-regulate its expression even though
lipoproteins are already overloaded, so less efficient cholesterol
efflux is observed compared with lipoproteins uptake. The foamy
macrophages keep eating lipoproteins and finally have the inabil-
ity to withstand undue stress and die.[42]

Macrophage apoptosis is beneficial in the early lesions because
normal efferocytosis (refers to the engulfment of cell corpses by
phagocytes) usually clears apoptosis cells in several minutes.[43]

As the disease progresses, macrophage apoptosis and necrosis
increase, while efferocytosis-associated proteins such as milk fat
globule-EGF factor 8 (Mfge8) and Mer receptor tyrosine kinase
(Mertk) are dysfunctional. Massive cell corpses are unable to be

removed by the defective efferocytosis and accumulate within the
plaque to gradually establish, and expand a necrotic core, which
exacerbates plaque instability.[44]

Besides, neutrophils, the most abundant white blood cells, are
also early contributors to plaque and are associated with poor
clinical prognosis.[45] Neutrophils release metalloproteinases
(MMPs) and proteolytic proteins to disrupt the physical barrier
of the endothelium, and deposit chemotactic proteins like cathe-
licidin on the endothelium to promote monocyte recruitment.[46]

After entering subendothelial space, neutrophils further release
myeloperoxidase (MPO), MMPs, elastases, cathelicidin, cathep-
sin G, and ROS, enhancing the oxidative stress levels and plaque
vulnerability.

The bone marrow response is accompanied by the infiltra-
tion of adaptive immune systemic T cells and B cells. T cells
are classified into multitude subtypes, of which CD4+ T cells
are closely correlated with atherosclerotic progression.[47] The T
helper 1 (Th1) cells differentiated from CD4+ T cells are the most
abundant T cell subpopulation in the lesion after antigen pre-
sentation, while the role of other T cell subtypes requires further
confirmation.[48] The investigation of B cells has lagged behind
other cells, and early studies demonstrated that there were signif-
icantly fewer B cells in intimal plaques than in the adventitia.[49]

2.1.4. Vascular Smooth Muscle Cells (VSMCs)

The balance of VSMCs proliferation and death is relevant to
atherogenesis.[50] To repair the injury, VSMCs within the me-
dia will migrate into the intima through the internal elastic
lamina, proliferate and secrete extracellular matrix including
collagen, elastin, and proteoglycan to form a fibrous cap that
prevents plaque rupture and intrude into the arterial lumen.[51]

Over time, the senescence and death (especially apoptosis) of
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Table 1. The advantages, disadvantages, and representative models of different animal models.

Animal models Advantages Disadvantages Representative models

Mice I. Easy availability,
II. high reproductive capacity,

III. controlled conditions,
IV. short experimental periodicity
V. low price

I. Limited plaque lesions,
II. difficult operation because of thin

blood vessels,
III. abnormal inflammation and

immune function.

I. C57BL/6J mice with a Western diet,
II. ApoE-/- mice,

III. LDLr-/- mice,
IV. ApoE/LDLr-/-mice,
V. ApoE3-Leiden mice

VI. ApoE-/-Fbn1C1039G+/− mice
Rats I. Large volume,

II. easy operation
I. No gallbladder,

II. difficult lipid absorption
III. significant physiological differences

to humans

I. Wistar or SD rats with a Western diet,
II. I and vitamin D injection

III. ApoE and/or LDLr-/-mice

Rabbits I. Easy operation,
II. similar anatomical structures and

lipid metabolism to humans,
III. high absorption of cholesterol.

I. High cost,
II. inflammatory and hepatotoxicity,

III. long duration or surgery required

I. New Zealand rabbits with a Western
diet,

II. I and balloon injury surgery,
III. WHHL rabbits

Large animal
models

I. Human-like predilection site,
homologous intimal structure,

I. High cost,
II. long feeding time,

III. small simple size,
IV. large individual differences

I. Porcine model
II. non-human primates

VSMCs contribute to a thin fibrous cap, large necrotic core, and
inflammation activation, which are important features of the
vulnerable plaque sites (mainly the shoulder).[52] In addition, the
loss of VSMCs induces medial atrophy, vascular calcification,
vessel remodeling, and even the formation of aneurysm.[53]

With further studies, much plasticity of VSMCs was demon-
strated that they can convert to other cell phenotypes from con-
tractile phenotype during atherogenesis.[54] Recent evidence sug-
gests that they are derived into a transitional cell called “SEM”
cells with versatility and such “SEM” cells have the potential to
dedifferentiate or differentiate into macrophage-like cells.[55] To
some degree, it explains why some VSMCs possess macrophage
markers and can phagocytose lipoproteins to form VSMCs-
derived foam cells. Another important message is that judging
a certain cell type within plaque barely based on a specific sur-
face marker may be oversimplified.

Although there is no unanimous conclusion about the mech-
anisms of atherosclerotic formation, it is widely accepted that
its internal environment is an intricate inflammation network
in which both innate and adaptive immunity are involved. The
above-mentioned cells play the role of a double-edged sword
as the characteristic components of the atherosclerotic lesions.
Therefore, the stage of disease progression, cellular origin, and
function should be considered comprehensively when develop-
ing therapy strategies.

2.2. Experimental Animal Models

Direct atherosclerotic studies in humans are time-consuming
and difficult to obtain ideal specimens with many uncertain risks
and confounding factors. Therefore, experimental animal mod-
els with similar pathogenesis and clinical manifestations to hu-
man atherosclerosis are needed for alternative studies. Currently,
animals used to construct atherosclerotic models chiefly include
mice, rats, rabbits, pigs, and non-human primates. The modeling

methods cover genetic engineering, high-fat and high-cholesterol
feeding, surgical damaging as well as the introduction of risk fac-
tors (e.g., diabetes or pneumonia). In this section, we discuss the
pros and cons of common experimental animal models and typ-
ical experimental modeling methods (Table 1).

2.2.1. Mice

Mice are the most common experimental animals due to their
easy availability, docile temperament, high reproductive capac-
ity, and controlled conditions. For example, C57BL/6J mice, the
popular strain of atherosclerotic mice, are fed a high-cholesterol
and high-fat diet to mimic the hyperlipidemia environment in
humans. However, in terms of plaque formation, C57BL/6J mice
need a long feeding period and form small plaques, thus genetic
editing is introduced to regulate lipid metabolism. Apolipopro-
tein E knockout (ApoE-/-) mice and LDL-receptor deficient (LDLr-
/-) mice are the most widely applied models since the appear-
ance of genetic editing.[56] Apolipoprotein E (ApoE), an arginine-
rich protein, is found in many lipoproteins (e.g., chylomicron,
chylomicron remnants, VLDL, LDL, and some HDL) and pos-
sesses anti-inflammatory, antioxidant, and anti-atherosclerosis
effects.[57] Generally, ApoE binds to LDLr on hepatocytes to par-
ticipate in the uptake and degradation of lipoproteins by the liver,
clears chylomicron via LDLr-related proteins, engages in reverse
cholesterol transport, and activates fat hydrolases.[58] LDLr is a
multifunctional protein widely distributed on the surface of hep-
atocytes, mediating the entry of plasma LDL into cells, regulating
cholesterol levels, and exerting a hypolipidemic effect. Hence,
the plasma cholesterol level is significantly elevated in LDLr-/-
mice.[59] Although both are suitable for atherosclerotic experi-
ments, it is noteworthy that ApoE-/- mice can generate plaque
with a normal diet, suggesting the difference in atherosclerotic
mechanism between the two models. And in fact, when fed with
a high cholesterol and high-fat diet, ApoE-/- mice exhibit higher
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cholesterol levels in plasma, larger plaque volumes, and greater
necrotic cores compared to LDLr-/- mice, making the former
more widely used.[60] Soon after, the ApoE/LDLr double knockout
(ApoE/LDLr-/-) experimental mice were proposed by Bonthu and
co-workers. Faster lesion formation was observed in this model
and it promised to investigate atherosclerosis with a normal
diet.[61] Additionally, to get closer to human lipid metabolism,
ApoE3-Leiden mice were created with a similar lipoprotein pro-
file to human.[62] Functional ApoE could be detected in ApoE3-
Leiden mice, and the effect of dyslipidemia on disease progres-
sion can be explored separately without the disturbance of in-
flammation compared to ApoE-/- mice.[63]

The above genetically manipulated mice have generally ma-
tured with their own advantages, but still struggle to construct
thrombosis, plaque rupture, and other complex complications.
To address it, the cuff, artery partial ligation or angiotensin II in-
fusion can be performed to artificially induce further endothe-
lial damage and hemodynamic disturbances, thereby accelerat-
ing plaque formation, hemorrhage, and rupture.[64] Another op-
tion is ApoE-/-Fbn1C1039G+/− mice, a mutant heterozygote with
a propensity for fibrin breakage, which develops highly unsta-
ble plaques that rupture spontaneously or even die suddenly.[65]

Combined with a western diet (21% fat and 0.15% cholesterol),
ApoE-/-Fbn1C1039G+/− mice can exhibit characteristic human-like
advanced plaques, which provides the opportunity to contribute
to the research of vulnerable plaque.

2.2.2. Rats

In general, Wistar or SD rats are also needed to establish the
atherosclerotic model. Rats have an absent gallbladder and low
lipid uptake, requiring prolonged feeding with a diet containing
bile salts, thiouracil, high fat, and high cholesterol.[66] High-fat
and high-cholesterol feeding combined with intraperitoneal vita-
min D injection are more popular since it promotes blood cal-
cium absorption to damage the vascular endothelium.[67] How-
ever, no available evidence to support the superiority of rats over
mice. Similarly, to induce hyperlipidemia and atherosclerotic for-
mation, ApoE-/-,[68] LDLr-/-,[69] or double knockout rats[70] were
constructed synchronously. Besides, there are significant phys-
iological differences between rats and humans, thereby, con-
clusions drawn from rats are not necessarily applicable to hu-
mans. Notably, invasive manipulation such as balloon injury,
electroshock injury, and arterial clamping and ex vivo analysis is
more easily achieved in rats due to their volume superiority.

2.2.3. Rabbits

Rabbits, the well-established animal model for atherosclerosis,
possess more similar lipid metabolism to humans than mice.
At present, rabbit models used to study lipid metabolism and
atherosclerosis include rabbits fed with a Western diet, Watan-
abe heritable hyperlipidemic (WHHL) rabbits, and genetically
edited rabbits. First, New Zealand rabbits are usually chosen to
develop the atherosclerotic lesions by 12–16 weeks and establish
advanced plaque for more than 28 weeks with a high choles-
terol diet (0.3%–1%).[71] It is emphasized that rabbits fed with

high cholesterol for a long time are prone to develop inflamma-
tion, hepatotoxicity, and fatty liver, which can incorporate bal-
loon endothelial debridement to shorten the feeding period. Sec-
ond, WHHL rabbits are characterized by more LDLs and fewer
HDLs owing to defective LDLr expression, which is analogous
to human familial hypercholesterolemia and atherosclerosis.[72]

Furthermore, genes involved in lipid metabolism could be intro-
duced into or knocked out from rabbits by gene editing, providing
new insights into the understanding of atherosclerosis.[73] Nev-
ertheless, rabbits are not a substitute for rodents as each rabbit
requires a separate cage space, longer feeding time, and expense,
and they are not inbred and vary widely among individuals. Over-
all, rabbits are more suitable for the studies of hyperlipidemia,
clinical translation of drugs or pre-experiments in large experi-
mental animal models (pigs and monkeys).

2.2.4. Large Animal Models

Small animal models are available for mechanistic exploration
as well as preliminary pharmacological and toxicological studies.
However, in order to apply previous research to the human body
and achieve atherosclerotic diagnosis and treatment, other more
appropriate animal models are needed.[74] The atherosclerotic pig
model is a promising bridging tool, and shares many similari-
ties with human progressive atherosclerosis, including human-
like predilection site, homologous intimal structure, abundant
neovascularization, and internal calcification.[75] Pigs share sim-
ilar omnivorous preferences with humans and possess a cardio-
vascular system of comparable size, making them more suscepti-
ble to the heightened fat content in their diets and corresponding
vascular responses.[76] Existing research manifested that nico-
tine injection combined with balloon injury can rapidly promote
intimal hyperplasia, successfully inducing atherosclerotic pigs
within one month.[77] In addition, exerting extra for pigs PCSK9
gene mutation or somatic nuclear transfer aided by a high-fat diet
is also a kind of promising technique.[78] Besides, the conclu-
sions drawn from non-human primates have high applicability
in humans because of their comparative physiological similarity
to humans.[79] The development of gene editing tools may pro-
vide new approaches and reinforce the similarity between large
animal models and human atherosclerosis.[80] However, working
with large animals is expensive, time-consuming, highly regu-
lated, and requires extremely specialized laboratory skills and a
dedicated experimental site.

Therefore, the use of mouse models is recommended for the
initial exploration of early drug screening, efficacy verification,
mechanism clarification, and safety evaluation. Considering sur-
gical manipulation, plaque imaging manifestation, and prelimi-
nary validation of large animal models, rats, and rabbits may be
better choices. As research progresses and prepares for clinical
trials, conducting verification in large animal models is crucial.

2.3. Material Design

To obtain benign anti-atherosclerosis effects, some general prin-
ciples are supposed to be considered when constructing nano-
materials. Nanomaterials should possess superior bioavailability,
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biocompatibility, stability, permeability, and desirable circulation
time in vivo under physiological conditions, as well as accumu-
late at the target location as much as possible without damaging
the surrounding healthy tissues via passive or active targeting.

2.3.1. Passive Targeting

Passive targeting refers that the nanomaterials being recruited to
the plaque either through the high permeability of the leaky vas-
culature or the phagocytosis by the mononuclear phagocyte sys-
tem (MPS). Similar to cancer, the EPR effect may be informative
due to the abundant neovascularization and abnormal arrange-
ment of endothelial cells within atherosclerosis. However, the
EPR effect remains to be investigated because it is unpredictable
in animal models and the endothelial junctions tend to be stabi-
lized in advanced plaques. Another possibility is that nanomateri-
als are selectively ingested by certain immune cells, which carry a
considerable proportion of the nanomedicines into the plaque.[81]

These two routes allow the nanomaterials to “passively target” the
diseased organ or site, although the specific mechanism is not
completely understood. Notably, it is highly dependent on the
physicochemical characteristics of nanomaterials such as size,
shape, and surface properties.[82]

First, size has a profound impact on the biodistribution, phar-
macokinetics, and half-life of nanomaterials upon intravenous
injection. Nanomaterials whose size are smaller than 10 nm are
easily cleared directly by the kidney, whereas nanomaterials are
preferentially captured by the reticuloendothelial system in the
liver and spleen when their size is larger than 50 nm, and over-
sized nanomaterials (micron-size) are difficult to enter plaque.[83]

It was demonstrated that as the size of nanomaterials increases
in a limited range (from 40 nm to 200 nm), more capture by the
reticuloendothelial system and shorter blood circulation times
were observed. In a comparative study, polyion complex micelles
of different sizes were constructed to evaluate the accumula-
tion at the lesion site in a rat carotid balloon dilation model.[84]

Their work demonstrated that variation in the size of nanomate-
rials influenced their accumulation and therapeutic effects. After
that, the same group further confirmed that resizing nanomate-
rials could adjust their interaction with macrophages in vascular
diseases.[85]

Second, several studies have suggested that the shape of nano-
materials (e.g., spherical, rod, disk, wire, oblate ellipsoids, etc.)
affects the interaction between nanomaterials and cells, circulat-
ing half-life, and margination behavior. Although non-spherical
nanomedicines are more challenging to prepare than spherical
nanomaterials, they seem to be more favored in blood circula-
tion and cell internalization.[86] On the one hand, mononuclear
macrophages in the liver and spleen internalize fewer nonspher-
ical nanomaterials than spherical nanomaterials, thus prolong-
ing the circulating half-life.[87] On the other hand, the curvature
of spherical nanomaterials limits their contact area with the en-
dovascular surface, lowering the tendency of margination and
adhesion.[88] In a plate flow chamber model, rod particles with
high aspect ratios manifested superior adhesive properties in
comparison with conventional spherical particles.[89] Another re-
search aimed to explore the influence of different shape param-
eters on the targeting thrombi function in mice models.[90] Like-

wise, rod nanomaterials are more powerful in terms of targeting
effect, and the influence of shape is much stronger than that of
various targeting peptides. Therefore, nonspherical nanomateri-
als seem to be more suitable as carriers for targeting atheroscle-
rosis. Furthermore, nanomaterials with different shapes exhibit
a preference for various inflammatory cell subpopulations. Re-
searchers designed three types of nanostructures with the same
surface chemical properties, including micelles, polymersomes,
and filomicelles, to investigate the selective uptake of cell sub-
populations by structural morphology differences. The study
indicated that polymersomes were preferentially taken up by
macrophages and DCs in the spleen and lymph nodes with a
longer residence time. Micelles showed superior specificity for
macrophages and DCs in the liver, while filomicelles were pref-
erentially taken up by granulocytes in the blood. In addition, DCs
in atherosclerotic plaques demonstrated a significant preference
for polymersomes.[91]

What is more, the surface property is another crucial aspect
in the design of nanomaterials. For example, the surface charge
affects cellular uptake and blood circulation time. The posi-
tively charged nanomaterials are more readily internalized by
cells compared to their negative or neutral counterparts, prob-
ably due to the interactions with negatively charged sialic acid
groups on the surface of macrophage membrane.[92] The CD36
on macrophages or foam cells can slightly reinforce the in-
ternalization of the negatively charged nanomaterials. In addi-
tion, nanomaterials without surface modification are usually hy-
drophobic and easily cleared by macrophages in the liver and
spleen, hindering the delivery of the nanomaterials. To address
it, hydrophilic polymers like polyethylene glycol (PEG) or am-
photeric polymers are applied to coat the nanomaterials, form-
ing a hydrated shell.[93] This surface coating can additionally
work as an intermediate medium to modify more functional
components into nanomaterials. Notably, nanomaterials are ex-
posed to physiological fluids in vivo and apt to bind proteins or
other biomolecules to form “protein corona”. The charged or
hydrophobic nanomaterials tend to adsorb more proteins and
induce protein denaturation than their neutral and hydrophilic
counterparts.[94] These protein crowns will alter the basic features
of the nanomaterials including targeting performance, biodistri-
bution, immunogenicity, and toxicity and even confer new func-
tions on them.[95]

2.3.2. Active Targeting

Active targeting typically entails attaching specific targeting
agents to the nanoparticle or constructing a stimulus-responsive
smart nanocarrier for effective diagnosis and/or therapy. Com-
pared to passive targeting, active targeting allows higher intra-
lesion localization and fewer side effects in a shorter time, due to
the reduced single dosage and administration frequency.

For one thing, the specific pathological components and
overexpressed molecules during atherosclerotic progression of-
fer properly targeted goals for the active targeting of nano-
materials. Most of these active targeting strategies rely on
the interaction between antigen and antibody as well as lig-
and and receptor. Currently, the active targeting aims of nano-
materials mainly include macrophages,[96] endothelial cells,[97]
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neovascularization,[98] thrombus,[99] and extracellular matrix
proteins.[100]

Macrophage, a kind of phagocyte, acts as one of the most im-
portant cell types in atherosclerosis. The strategy for construct-
ing actively targeted nanomaterials is mainly based on the typ-
ical surface marker (e.g., CD44, CD68, and CD47) and cellular
phagocytic function of macrophage.[101] This function involves
high expression of CD36, SR-A1, LOX-1, mannose receptors,
and phosphatidylserine (PS) receptors. After macrophages en-
gulf lipids, foam cells are formed, and osteopontin (OPN) as well
as ABCA1 are further abnormally expressed. Therefore, existing
literatures have chosen corresponding antibodies, peptides, or
ligands for modification of nanomaterials to achieve active tar-
geting for these types of cells. Activated endothelial cells overex-
press VCAM-1, ICAM-1, P/E-selectin,[102] 𝛼v𝛽3 integrin,[103] and
stabilin-2,[100] thus antibodies or peptides with high affinity to
these biomarkers have been widely applied for active targeting. In
addition, 𝛼v𝛽3 integrin is a promising candidate for the visualiza-
tion or mitigation of neovascularization. In terms of thrombosis,
platelets adhere and network fibrin and red blood cells together to
form aggregates, and several ligands targeting fibrin and platelets
have been developed to detect or competitively inhibit the forma-
tion of thrombus. In addition, the extracellular matrix proteins
involve collagens, elastic fibers, laminins, and glycoproteins.[104]

These ingredients occupy more than half of the plaque area, so
they can be actively targeted to reflect the degree of luminal steno-
sis and plaque stability.

For another, in the pathological transformation of the nor-
mal arterial wall structure, many variations in the lesion compo-
nents occur, specifically the expression of molecules as described
above, the change of the enzyme profile (such as matrix metallo-
proteinases within the atherosclerotic plaque site) and hemody-
namics as well as the local microenvironment (e.g., pH, temper-
ature and oxidative stress).[105] Therefore, it is possible to con-
struct therapeutic or diagnostic systems under specific stimulus-
response based on the differences between the interior of the le-
sion and the normal tissues, thereby mitigating the interference
with normal cells. Representative stimulus-response paradigms
include a localized acidic environment-sensitive chemical bond
breaking,[106] a ROS-responsive drug release, and the transition
between hydrophobic and hydrophilic states mediated by the
lipid microenvironment within the atherosclerotic plaque.[107]

3. Nanomaterials

3.1. Inorganic Nanomaterials

According to the reported literature, inorganic nanomaterials ap-
plied to atherosclerosis can be divided into metallic and non-
metallic nanomaterials.

3.1.1. Nonmetallic Nanomaterials

Nonmetallic nanomaterials such as mesoporous silica and
carbon-based nanomaterials are widely used in atherosclerosis.
Mesoporous silica nanoparticles (MSNs) have a particle size of
10–600 nm and a pore size of 2–50 nm with a large surface

area, unique mesh-like pore structure, regular pore channels,
and adjustable pore size. The adjustable central pore structure
and high loading of cargo facilitate its function as a nanocarrier
to improve the water solubility of drugs and decrease the side
effects.[108] In addition to filling inward as a shell structure, MSN
can also be used as a platform for the growth of other materi-
als (Figure 3a).[109] Besides, carbon-based nanomaterials come
in a variety of shapes and types, and in recent years, a myriad
of novel carbon-based nanomaterials have attracted a lot of at-
tention, such as graphene, carbon nanotubes, nanodiamonds,
and nanodots, etc.[110] Several carbon-based nanomaterials own
unique structures and properties with high photothermal con-
version efficiency and distinct FL effect, which are suitable for
photothermal therapy (PTT), PA imaging, and FL tracing (e.g.,
carbon nanotubes,[111] carbon nanocages,[112] graphene oxide,[113]

and carbon quantum dots).[114]

3.1.2. Metallic Nanomaterials

Gold nanoparticles (AuNPs) are currently the most widely used
metal nanomaterials in the field of nanomedicine and are usually
obtained by the reduction of inorganic acids containing gold in
the presence of stabilizers (Figure 3b).[115] AuNPs have controlled
morphology and such as spheres, nanorods, and nanocages.
AuNPs-based PTT and PA imaging for atherosclerosis are fea-
sible due to the presence of surface plasmon resonance (SPR)
effects, and CT tracing on the basis of AuNPs is possible because
of the large atomic number.[116] Among the metal oxides, iron
oxide with marvelous magnetic properties can be applied to MR
imaging. Cerium oxide (CeO2), cobalt oxide (Co3O4) and man-
ganese oxide (Mn2O3, Mn3O4) nanoenzymes with multienzyme-
like activities are also gaining attention for their ability to scav-
enge ROS and alleviate inflammation.[117] Semiconductor quan-
tum dots (QDs) are excellent fluorescent tracers owing to their in-
trinsic optical characteristics.[118] QDs have high photolumines-
cence quantum yields and photostability, which is promising in
multimodal imaging and theranostic. Transition metal carbides,
nitrides, and carbonitrides (MXene) have a 2D sheet-like struc-
ture with a huge surface area and abundant functional groups,
which can be used as a carrier of many objects (Figure 3c).[119]

Additionally, the light absorption and photothermal conversion
efficiency in the near-infrared region (NIR) of MXene is helpful
for atherosclerotic PA imaging.[120]

3.2. Organic Nanomaterials

3.2.1. Lipid-Associated Nanomaterials

Lipid-associated nanomaterials mainly include liposomes and re-
constituted high-density lipoprotein nanoparticles (rHDL NPs).
Liposomes have a phospholipid bilayer structure, which is com-
posed of components such as cholesterol and phospholipids in
a self-assembly behavior. As an excellent drug delivery vehicle
with high biocompatibility, a wide range of deliverable drugs,
easy surface modification, and controllable drug release, lipo-
somes have been widely used in a variety of disease models.[121]

Similarly, rHDL is composed of endogenous apolipoprotein A-1
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Figure 3. Representative schematic diagrams of typical nanomaterials such as a) MSNs, b) AuNPs and c) MXene. a) Reproduced with permission.[109]

Copyright 2020, Royal Society of Chemistry. b) Reproduced with permission.[115] Copyright 2020, Wiley-VCH. c) Reproduced with permission.[119a]

Copyright 2021, Springer Nature. d) Representative illustration of polymeric nanomaterials (RAP@T/R NPs). Reproduced with permission.[124] Copyright
2022, Ivyspring International Publisher. e) Schematic diagram of biomimetic cell membrane-coated nanomaterials (MM/RAPNPs). Reproduced with
permission.[131] Copyright 2021, Ivyspring International Publisher.

(ApoA-1), phospholipids, cholesterol, and cholesteryl esters in-
herent in the body. Cholesteryl esters act as the hydrophobic core
that can encapsulate hydrophobic substances, and the other com-
ponents act as the hydrophilic surfaces that can carry hydrophilic
components. Particularly, rHDL NPs have anti-inflammatory and
antioxidant effects, and mediate the reverse cholesterol trans-
port in foam cells via ABCA1, ABCG1, and SR-1 to alleviate
the lipid burden, making it especially suitable for atherosclerotic
treatment.[122]

3.2.2. Polymeric Nanomaterials

Polymeric nanomaterials, with diverse structures and composi-
tions, could be fabricated by using natural polymers including
dextran, cyclodextrin and chitosan, as well as synthetic polymers
such as poly(ethylene glycol) (PEG), poly(ethylene imine) (PEI),
Poly-L-lysine (PLL), polyamidoamine (PAMAM) and poly (lactic
co-glycolic acid) (PLGA).[123] They have strong plasticity and can
introduce surfactants with different structures, thereby fulfilling
various changes in biological functions (Figure 3d).[124] On the

one hand, many drug carriers or nanoparticles use polymers as
surface coatings and exist in the form of polymeric micelles. Poly-
meric micelles have high stability and biodegradability and are
apt to reduce phagocytosis of the reticuloendothelial system to
achieve longer blood circulation time. On the other hand, poly-
mers participate in the construction of dendrimers. Dendrimers
are artificial macromolecules with tree-like shapes, which have a
well-defined 3D structure and are usually composed of a core,
polymeric chains, and surface functional groups. The internal
cavity structure assists drug loading, the polymerization algebra
is easy to adjust, and a large number of functional groups on the
surface facilitates molecular coupling, enabling precise control of
size, shape, and function.[125]

3.3. Biomimetic Nanomaterials

In recent years, biomimetic nanomaterials have gained
widespread attention as a novel delivery strategy.[126] These
biomimetic nanomaterials mainly consist of nanoparticles and
external biomimetic components, including biomimetic cell
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membranes, living cells, viruses, and bacteria. They retain
the intrinsic characteristics of nanoparticles while acquiring
extra properties of biological structures (e.g., immune escape,
long circulation, and targeted delivery). Among them, cell
membrane-coated nanoparticles are popular in the treatment
of atherosclerosis and are obtained by co-extrusion methods or
ultrasound methods.

Currently, the BMT used to regulate inflammation and lipids
in atherosclerosis is often limited by the first-pass effect and
local low blood drug concentrations. Biomimetic nanomateri-
als endow nanoparticles with a longer circulation time, lasting
drug release capabilities, and higher drug utilization. This may
be related to the negative charge carried by cell membranes,
which can reduce the rapid adsorption of most positively charged
nanoparticles with cells in the bloodstream. Erythrocyte mem-
branes were developed to encapsulate rapamycin, which took ad-
vantage of natural “don’t eat me” CD47 molecules on the surface
to evade phagocytosis, prolonged the half-life in the bloodstream,
and achieved targeted slow release of drugs across the leaks of
endothelial cells and atherosclerotic microvessels.[127] Addition-
ally, gene editing technology could introduce functional probes
like peptides, proteins, small molecules, etc. into red cells to
achieve functional expansion, however, this section remains to be
studied.[128] Endothelial cell membranes, due to the large num-
ber of self-recognition proteins on the surface, had homologous
targeting ability, making them efficient candidates for targeted
atherosclerosis.[129] According to literature reports, platelets[130]

and macrophages[131] possess positive inflammatory tropism,[132]

which may be another alternative method (Figure 3e). Among
them, nanoparticles coated with macrophage membranes are
more favored. It has been found that the antigens such as the
SR on the surface of macrophages can bind ox-LDL, reducing
the uptake of lipids by macrophages and inhibiting the forma-
tion of foam cells. Moreover, the presence of membrane antigens
sequestered key proinflammatory factors and chemokines, which
was superior to live cell delivery in reducing inflammation within
plaques.[133]

In summary, biomimetic nanomaterials exhibit improved
pharmacokinetics, excellent plaque-targeting ability, and control-
lable engineered design, some of which even have therapeu-
tic effects, providing a promising platform for the treatment of
atherosclerosis.

4. Diagnostic Imaging

For most, before the outbreak of the endpoint event, atheroscle-
rosis is a relatively recessive disease without corresponding overt
characteristics. Once the disease advances, the efficacy of drug
treatment is limited, and the surgical treatment is accompanied
by great damage. Therefore, scientists desperately wish that diag-
nostic tools could fulfill early diagnosis, provide an accurate as-
sessment of atherosclerotic burden, and clarify future risk strat-
ification, which is hard to achieve with conventional imaging
tools and their contrast agents. In recent decades, a variety of
nanoprobes flooded into our horizon as the nanoscale size allows
easier access to the interior of plaque and more intuitive visual-
ization of the pathological process by the EPR effect. Besides, cou-
pled with antibodies, polypeptides, or other targeting ligands, the

nanoprobes can bind specifically to the surface molecules of cer-
tain cells or tissues to evaluate specific mechanisms or processes.
An increasing number of research demonstrated that the appli-
cation of nanoprobes can facilitate drug delivery, reduce dosage,
enhance the ability to anticipate risks, and guide the subsequent
treatment. Obviously, the employment of nanoprobes is opening
a new door in atherosclerotic diagnosis.[134] We summarize the
basic features of nanoprobes for atherosclerotic diagnosis in re-
cent years (Table 2).

4.1. Magnetic Resonance Imaging

MR imaging has been already used to diagnose coronary artery
disease by utilizing nuclear magnetic resonance phenomena of
certain atomic nuclei in tissues. Compared to other modalities,
MR imaging has advantages like higher soft tissue resolution,
deeper tissue penetration, and no ionizing radiation. MR imag-
ing can offer partial information related to the thickness of the
fiber cap, the size of the lipid necrosis core, and hemorrhage
via different imaging sequences. However, low sensitivity, long
operation time, and motion artifacts are the limitations of MR
imaging in the diagnosis of atherosclerosis. The emergence of
nanomaterials can assist in solving the above problems. Para-
magnetic nanomaterials can fulfill precise positioning, improve
sensitivity as well as safety, and obviously distinguish lesions
from healthy tissue. Specifically, paramagnetic gadolinium (Gd)-
based nanoparticles and superparamagnetic iron oxide nanopar-
ticles (SPIONs) are the most common MR imaging nanotracers
in atheroscoerosis.[135]

On the one hand, Gd-based MR contrast agents exhibit
high signal on T1 weighting, which shortens the T1 relaxation
time by affecting the relaxation rate of the surrounding water
protons,[136] but the toxicity of gadolinium ion limits its bio-
logical application.[137] Therefore, Gd chelates have been pre-
pared to improve their biocompatibility, for example, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA) and
diethylene triamine pentaacetic acid (Gd-DTPA).[138] Due to the
specific accumulation of tropoelastin within the plaque, Gd4-
TESMA made up of four Gd (III)-DOTA-monoamide chelate con-
jugated with a tropoelastin-binding peptide (the VVGS-peptide)
was introduced to illustrate the location and size of plaque
through MR imaging tropoelastin.[139] In another research, Gd-
DTPA was incorporated in the CNP, a complex nanoparticle self-
assembled by protamine peptide TPP1880 and low molecular
weight fucoidan LMWF8875, to target P-selectin overexpressed
on the inflammatory endothelial cells surface.[140]

On the other hand, iron oxide nanoparticles-based MR con-
trast agents exhibit low signal on T2 weighting, which short-
ens T2 value by altering the local magnetic field strength and
accelerating dephasing mediated by spin–spin effects. It is re-
ported that very small iron oxide nanoparticles could be engulfed
and enriched by mononuclear macrophages accumulating in in-
flammatory atherosclerosis.[141] To further enhance the targeting
function of SPIONs to plaque, OPN-modified Fe3O4 nanoparti-
cles (Cy5.5-OPN-DMSA-MNPs, named as COD-MNPs) were de-
signed as MR imaging probe to indicate the lesions considering
the overexpressed OPN on foamy macrophages.[142] In another
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Figure 4. a) Schematic route illustration of the synthetic process of hyaluronan-conjugated HA-NWs. b) T2-weighted MR images of the aorta at different
time points after injection of HA-NWs (8 mg Fe per kg body weight). a,b) Reproduced with permission.[144] Copyright 2018, American Chemical Society.
c) Biodistribution of 89Zr-liposomes presented by PET and PET/CT (the upper chart) as well as PET and PET/MR imaging (the lower chart) in healthy
rabbits at different time points after intravenous injection. d) Biodistribution of 89Zr-liposomes presented by PET/CT (the upper) and PET/MR imaging
(the lower) in atherosclerosis rabbits at different time points after intravenous injection. e) MIP from (c) PET/CT and (d) PET/MR imaging on day 0 after
intravenous injection. c–e) Reproduced with permission.[161] Copyright 2020, American Chemical Society.

report, biomimetic nanomaterials were introduced to further im-
prove the dispersibility and biosafety of SPIONs owing their live
cell origin and the mutual recognition of cell surface markers.[143]

In addition, it reported that engineering the morphology of nano-
materials is significant to its targeting function. Hossaini Nasr
and co-workers constructed hyaluronan-conjugated iron oxide
nanoworms (named as HA-NWs) with elongated shapes through
the coprecipitation method to figure out the influence of the
morphology of nanomaterials to MR imaging (Figure 4a). Both
in vitro and in vivo experiments suggested the higher uptake
and lower inflammatory response of HA-NWs than that of HA-
SPIONs. Besides, a series of T2 weighted MR images were pre-
sented via serial MR imaging, indicating the signal intensity of
plaque reduced to 20% after 20 min compared with pre-injection
and kept its level until 120 min after injection (Figure 4b).[144]

Compared to the detection threshold of Gd-based NPs, SPIONs
owed better imaging sensitivity and biosafety with favorable mag-
netic property.[145]

4.2. Computed Tomography Imaging

CT imaging sketches a complete picture of the cardiovascular sys-
tem at high speed and does not suffer from cardiac and respira-
tory artifacts. Additionally, the calcified component inherent in
the plaque will appear as high-density in CT images. Neverthe-
less, it is limited by ionization radiation and is difficult to detect
the early lesions at the cellular level. Based on the photoelectric ef-
fect and the Compton effect, CT contrast agents commonly are el-
ements with a large atomic number such as iodine (I), gold (Au),
bromine (Br), barium (Ba), bismuth (Bi), tantalum (Ta), while
most research on CT nanotracker in atherosclerosis pays atten-
tion to iodine and gold.

After intravenous injection, iodine will be rapidly cleared by
the kidneys, resulting in a limited imaging time window. There-
fore, higher dose needs to be injected in order to realize the de-
sired effect. However, iodine is toxic when in direct contact with
blood or tissue components. To address it, nanoemulsions,[146]
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liposomal,[147] dendrimers,[148] polymeric NPs were prepared
to weaken the direct contact between iodine and biological
components.[149] Extraordinarily, Hyafil et al. designed an iodi-
nated nanotracer for CT imaging called N1177 to perform in-
flammatory macrophages imaging, which consists of ethyl-3,5-
bis(acetylamino)-2,4,6-triiodobenzoate and surfactant.[150] In an-
other research, N1177 was used to identify ruptured plaques.[151]

The median CT value of ruptured plaques was 74 HU, which was
approximately twice as high as that of unruptured plaques (32
HU).

AuNPs have the advantages of controlled shape and size,
high biocompatibility, simple surface modification, and diversi-
fied functions.[152] According to the thrombosis at the local site
of atherosclerotic plaque and thromboembolism at distant sites
due to plaque rupture, fibrin-targeting peptides-loaded AuNPs
were developed to achieve the visualization of thrombus com-
position and the assessment of thrombolytic effect with tissue
plasminogen activator via CT imaging.[153] Besides, as monocytes
play an important role in atherosclerotic pathology, Chhour et
al. first used AuNPs-labeled monocytes for tracing their migra-
tion and recruitment from blood to atherosclerotic plaques by
non-invasive CT imaging.[154] It examined the effect of surface
modification of AuNPs on monocytes with different ligands and
demonstrated that AuNPs with small hydrodynamic diameters
and negative zeta potentials were more accessible to monocytes.
In another research, AuNPs were utilized in combination with
photon-counting CT k-edge imaging,[155] a technique capable of
analyzing the photon energy, reclassifying it to fulfill high spatial
resolution imaging, and preventing confusion from calcifications
in conventional CT images.[156] The researchers adopted an iodi-
nated contrast agent to reflect the lumen structure and AuNPs to
indicate the macrophage burden in the vessel wall to simultane-
ously achieve anatomic and molecular CT imaging.

4.3. Radionuclide Imaging

Radionuclides or radionuclide labeled substances are introduced
into the body to participate in tissue metabolism, emitting nu-
clear rays that can penetrate tissues and be detected noninvasively
by radionuclide imaging from the body surface to reflect specific
pathophysiological processes. The radionuclide imaging modali-
ties can be divided into two types: positron emission tomography
(PET) and single-photon emission CT (SPECT) depending on
the type of radionuclide. Radionuclide imaging allows extremely
high detection sensitivity for metabolism, which belongs to func-
tional imaging. However, the disadvantages include low anatom-
ical resolution and the interference from surrounding tissues,
hence it is generally applied in fusion with MR or CT imaging
to improve anatomical background.

As for PET, NaF could bind to hydroxyapatite in
calcification,[157] and a previous study verified the signifi-
cant accumulation of 18F-NaF in plaque calcification using
Yucatan minipigs as a model.[158] Their results confirmed that
18F-NaF-mediated PET imaging is a valid detection tool for iden-
tifying atherosclerotic calcification. Besides, radionuclides can
directly label the corresponding antibodies, peptides, or ligands
for selective tracing of a particular pathological process with
high accuracy.[159] What’s more, metal positronium nuclides

such as 89Zr, 64Cu, 99mTc, 68Ga, etc. with longer half-life time
have gradually attracted more attention in recent years.[160] In
a report, Lobatto et al. structured 89Zr radiolabeled liposomes
chelated with deferoxamine B, which provided new perspec-
tives related to synergistic drug delivery therapy.[161] It was
observed that the blood pool and vascular-rich organs were
first filled, and over time, the liposomes in the blood pool were
progressively cleared and the mononuclear phagocyte system
was progressively brightened in healthy rabbits (Figure 4c).
Then 89Zr-labeled liposomes were injected into model rabbits,
and when the contrast agent in the normal blood pool sub-
sided, patchy atherosclerosis plaques could be clearly shown
on PET/CT (Figure 4d). PET maximum intensity projections
(MIP) offered a more stereoscopic view of the biodistribution
of the 89Zr-labeled liposomes (Figure 4e). As for 64Cu, here is
another experimentation, Detering and co-workers constructed
CCR5-targeted amphiphilic comb copolymers, denoted as D-Ala-
peptide T-amide (DAPTA-Comb), which were synthesized and
matched with 64Cu as radiolabel with favorable half-life.[162] By
changing the ratio of various copolymers, the physicochemical
state and surface function were precisely controlled.

Regarding SPECT, Liang and co-workers conducted an in-
triguing study in which they isolated and purified natural hu-
man H-ferritin nanocages from Escherichia coli.[163] Chelation of
99mTc with H-ferritin in the presence of N-hydroxysuccinimide
ester MAG3 conferred H-ferritin the ability to be imaged via
SPECT/CT for the quantitative analysis of vulnerable plaque. Sig-
nal intensity analysis was in good agreement with the plaque area
revealed by oil red O staining of the isolated arteries. Gamma
imaging of the isolated arteries was performed to further ver-
ify the presence of plaque much more clearly. In addition, the
high contrast and low background signal of 99mTc-ferritin al-
lowed them not only to indicate the progression of atherosclerotic
plaques but also to be employed as a sensitive tool to monitor the
anti-inflammatory effects.

4.4. Fluorescence Imaging

FL imaging, an emergent imaging technique for noninvasive vi-
sualization, is used for bioanalysis, disease monitoring and drug
distribution thanks to its high sensitivity, low cost, and rapid ac-
quisition and processing of images. It relies on optical materi-
als with light absorption capabilities, especially NIR fluorescent
materials with deeper imaging capabilities and higher signal-
to-noise ratio. Organic small molecule fluorescent dyes (within
a few kDa) such as rhodamine, coumarin,[164] cyanine,[165]

naphthimide,[166] BODIPY,[167] pyrene,[168] indocyanine green
(ICG),[169] etc. with superior optical properties are already used
and make a contribution to multimodality imaging. Addition-
ally, the development of nanomaterials offers new possibilities
for FL detection of atherosclerosis. At present, there are three
feasible approaches including (I) autofluorescence of tissues, (II)
nanomodification of fluorescent dyes, or (III) the construction of
fluorescent nanoprobes.

First, the autofluorescence properties of endogenous com-
plexes such as some lipid components (e.g., insoluble lipid or
ceroid), ox-LDL, collagen, heme, and its metabolites bilirubin can
be employed to reflect compositional changes at different stages
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Figure 5. a) Preparation route of TPE-T-RCN. b) Typical fluorescence images and Oil Red O staining images of the isolated aorta from HFD-fed 4 months
ApoE−/− mice and HFD-fed 4 months C57BL/6 mice under different treatments (intravenous inject normal saline, free NP, anti-CD47 NP). c) Average
fluorescence intensity value (upper) and the percentage of plaque area (lower) of the isolated aortas in every group. *P < 0.05, ***P < 0.001 and ns:
not significant. d) Representative Oil Red O staining images and fluorescence images of human fresh carotid atherectomy specimens after different
treatments (incubate with free NPs or anti-CD47 NPs for 2 h). a–d) Reproduced with permission.[173] Copyright 2022, Wiley-VCH. e) Synthetic route
to OPN Ab/Ti3C2/ICG. f) UV–vis absorption spectra and PA images under excitation wavelengths of 808 nm of Ti3C2 nanosheet (insert picture) with
different concentrations. g) Absorption spectra before and after loading ICG as well as the distinguishable PA intensity of OPN Ab/Ti3C2 and OPN
Ab/Ti3C2/ICG at different excitation wavelengths (inset picture). h) In vivo PA imaging of mice. Mice were divided into four groups: I) atherosclerotic
mice without any treatment, II) atherosclerotic mice i.v. with Ti3C2/ICG, III) healthy mice i.v. with OPN Ab/Ti3C2/ICG, IV) atherosclerosis mice i.v. with
OPN Ab/Ti3C2/ICG. e–h) Reproduced with permission.[120] Copyright 2020, Wiley-VCH.

of atherosclerosis.[170] Besides, functional group substitutions,
surface modification, encapsulation, or optimization of ligands
are able to retain intrinsic properties of FL agents while also im-
proving their bio-imaging applications.[171] Recently, Narita et al.
synthesized a cleavable peptide-ICG2 and encapsulated it into
PS-loaded liposomes, which actively drive them to macrophages
in embolism-vulnerable plaques.[172] These nanotracers under-
gone FL quenching at the existence of peptide linker in nor-

mal conditions. After taken up by macrophages, lysosomal en-
zyme and cathepsin B cleaved the peptide linker and terminated
FL quenching, as a result, the fluorescence signaling was de-
tectable in the deeper tissue. Another attractive research reported
a dicyanomethylene-substituted rhodamine derivative (TPE-T-
RCN), an aggregation-induced emission (AIE) nanoluminogen
to perform atherosclerotic FL imaging (Figure 5).[173] 3D geomet-
ric structures confirmed that it was a D–𝜋–A type AIE lumino-
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gen with tetraphenylethene (TPE) as the electron donor group,
dicyanomethylene unit (CN) as the electron acceptor group, and
thiophene (T) as the 𝜋-conjugate to achieve the optimal pho-
toluminescence quantum yield. TPE-T-RCN was encapsulated
with DSPE-PEG and coupled with CD47 (a “do not eat me” sig-
nal) antibody to form the final FL nanoprobe. After 12 h injec-
tion of FL nanoprobe, the aorta of the experimental and control
mice was excised intactly and performed by FL imaging and oil
red O staining. The plaque areas in the aorta of the atheroscle-
rotic mice were almost identical, whereas the imaging capabili-
ties were totally distinct. What is more, there was a significant
correspondence between FL signal and plaque site in anti-CD47
NPs treated group (Figure 5b-d). Significant accumulation of
FL nanoprobe at the plaque site was observed with immunoflu-
orescence imaging, which was hardly visible in the control
group.

Additionally, nanomaterials with applications in FL imaging
include QDs, AuNPs, carbon-based nanomaterials, upconversion
nanoparticles (UCNPs), etc.[174] Wherein, QDs perhaps are the
most critical nanomaterials, which possess long FL lifetime.[175]

PbS/CdS/ZnS QDs were introduced to identify the ischemic
phase from the inflammatory phase due to their unique FL
brightness and thermal sensitivity.[176] Besides, Deng et al. first
constructed dextran-mimetic and HgCdSe-based QD probes (Q-
Dex) to point the atherosclerotic area.[177]

4.5. Photoacoustic Imaging

PA imaging combines the high resolution of optical imaging
with the deep penetration of acoustic imaging. Principally, ther-
mal expansion caused by absorbers under laser light generates
acoustic waves. PA imaging can detect acoustic waves in tissue
at a depth of several centimeters and overcome the “soft lim-
its” of optical depth.[178] Research in PA imaging focus on pre-
clinical study and aims to optimize imaging systems as well as
algorithms and explores more suitable absorbers. Intravascular
photoacoustic (IVPA), a tool for plaque components imaging,
has been used to identify endogenous absorbers such as lipid,
haemoglobin and collagen. In particular, the chronic deposition
of lipid with its characteristic absorption peaks at 1210 nm in
atherosclerotic plaques could be selected as a biomarker to in-
dicate the accumulation of foam cells and the size of lipid core
within plaque.[179] Not only lipid core size, Cao et al. further ana-
lyze lipid composition to achieve tissue-type characterization via
IVPA.[180]

A safer option is screening the lesion from the body surface
directly, but exogenous absorbers must be introduced to solve
the weakened penetration problem caused by increased detection
distance. For displaying inflammatory cells within the plaque,
Ge et al. constructed a PA contrast agent based on NIR fluores-
cence probe ICG and osteopontin antibody (OPN Ab) co-loaded
Ti3C2 nanosheet (OPN Ab/Ti3C2/ICG) to target inflammatory
foam cells and distinguish the vulnerable atherosclerosis plaque
(Figure 5e).[120] The nanosheet had obvious absorption at 808 nm
in a concentration-dependent manner, and the loading of ICG
further enhanced its PA performance (Figure 5f,g). In vivo exper-
iments demonstrated that OPN Ab/Ti3C2/ICG nanosheet could

develop as a promising candidate which particularly accumulated
in atherosclerotic plaque and achieved noninvasive PA imaging
at the molecule level (Figure 5h). In previous research, Smith
et al. found that single-walled carbon nanotubes (SWNTs) could
specifically target the Ly-6Chi monocytes subpopulation in cir-
culating blood cells.[181] Inspired by it, PEG-coated SWNTs with
long circulation times and favorable photothermal conversion ef-
ficiency were presented by the same group to detect the inflamed
arterial plaque.[111] Similar to this idea, Xie et al. investigated the
PA performance of PBD, a semiconductor nanomaterial with ab-
sorbance in the NIR II, fulfilling a huge hint of resolution.[182]

In this report, PEG was selected to improve the water solubil-
ity of PBD while acting as a bridge to CD36 antibodies, facili-
tating specific PA imaging of foam cells. In addition, a novel ra-
tiometric semiconducting polymer nanoparticle (RSPN) was pro-
posed to reflect the oxidative stress level with an internal PA refer-
ence in ApoE-/- mice complicated with pneumonia from normal
mice, which revealed significant potential for detecting vulnera-
ble plaque via PA imaging.[183]

4.6. Optical Coherence Tomography (OCT)

OCT detects the reflection, scattering, and other signals of bi-
ological tissues by utilizing their light transmission properties,
which are then converted into electrical signals and reconstructed
into images through computer analysis. However, due to the in-
herent limitations of light penetration, it is difficult to detect
atherosclerotic plaques from the body surface, making endovas-
cular imaging necessary. Intravascular OCT is a multifunctional
and high-resolution clinical tool that helps identify the morphol-
ogy of blood vessels and plaques, their internal components,
and plaque vulnerability, and can contribute to investigating the
mechanisms of plaque erosion and healing.[184] However, as the
probe is placed in the bloodstream, the image is distorted by red
blood cells, larger plaques, and thrombotic lesions.

Optical nanoprobes that target specific molecules expressed
during different stages of plaque development can be beneficial
in improving the detection sensitivity of intravascular OCT. By at-
taching to these specific molecules, these probes can provide con-
trast and enhance the visualization of plaque components during
imaging. There have not been many studies on nanomaterials in
this area to date. Au nanoparticles are crucial in providing OCT
signals due to their strong backscattering cross-section.[185] Gold
nanoshells, excited by OCT at 1300 nm, produced clear images
of individual cells, which had been validated in both suspended
and adherent cells.[186] Another study involved infrared emitting
quantum dots (IR-QDs), which also produced sufficient backscat-
tering when excited by a single-line laser OCT at 1300 nm. Ac-
cording to theoretical calculations, the scattering cross-section of
a single IR-QD is nine orders of magnitude smaller than that of
gold nanoshells, which may be due to their significant differences
in volume. However, at equal mass concentrations, the OCT in-
tensity of both was almost the same, and IR-QDs re-emitted light
at 1600 nm, which could be used for additional FL imaging.[187]

From a clinical perspective, the next step is to give these nano-
materials targeting abilities so that specific component imaging
of atherosclerosis can be unlocked.
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4.7. Multimodal Imaging

The various single imaging methods have significantly con-
tributed to the atherosclerotic diagnosis, nevertheless, their in-
trinsic limitations make it difficult to meet the requirements
of resolution, sensitivity, and selectivity at the same time. Mul-
timodal imaging permits us to compensate for shortcomings,
achieve complementary strengths, and obtain much accurate in-
formation at the early diagnosis stage of the disease. Multimodal
imaging, whether fusion imaging (one machine for multiple
technologies) like PET/CT, SPECT/CT and PA imaging or the
combined application of multiple imaging techniques, relies on
imaging probes as vehicles. The small size, large specific sur-
face area, high payload, and intelligent design of the multimodal
imaging nanoprobes allow each probe to carry more substances
and information for the detection by multimodal techniques.

Previously, zinc-doped ferrite nanocomplex was fabricated
to improve the spatial resolution of MR imaging and achieve
MR/CT bimodal imaging, which allowed stronger negative MR
contrast and lower toxicity in comparison with commercial ferrite
nanoparticles.[188] For dual-mode imaging, although MR imag-
ing has already provided high anatomical resolution, it still re-
quires the assistance of a high-sensitivity device. Regarding PEG
as a bridge, a near-infrared fluorochromes-carried and ligand-
attached SPION was designed to target atherosclerotic activated
platelets, which achieved the superimposition of two imaging
elements.[189] Similarly, Wu et al. prepared the mesoporous sil-
ica layer-coated, NIRF dye (IR820)-loaded and PP1 (a foamy
macrophage-targeted peptide)-coupled SPION, noted as PP1-
IO@MS-IR820 (PIMI), to perform MR/FL bimodal imaging.[190]

As for multimodal imaging, to evaluate the inflow of immune
cells, Senders et al. constructed a nanoprobe with bone marrow
cell specificity to perform immunokinetic studies.[81] They inno-
vatively wrapped the perfluoro-crown ether core with the HDL
derivative ApoA-1 and phospholipids, abbreviated as 19F-HDL,
followed by loading 89Zr and cholesteryl BODIPY to perform 19F
MR imaging. The half-life time of 89Zr is 78.4 h, only permitted
high-sensitivity monitoring for 3 days in vivo, while the join of
fluorine core allowed quantitative study for up to 28 d after a sin-
gle injection via 19F MR imaging. Gamma imaging and optical
techniques such as flow cytometry were performed additionally
to study cell subpopulations ex vivo. Besides, 19F MR imaging and
flow cytometry indicated that the intraplaque inflammatory cells
were mainly Ly6Chigh monocytes recruited from the bone marrow
and spleen in the intermediate stage of atherosclerosis, whereas
were mainly the local proliferation of macrophages in the ad-
vanced stage. Additionally, the novel multimodal imaging probe
5-HT-Fe3O4-Cy7 nanoparticles (5HFeC NPs) via FL/CT angiog-
raphy/magnetic particle imaging (MPI) was constructed for the
detection of excessive active MPO and inflammatory conditions
within vulnerable plaque.[191] Regarding SPIONs as the contrast
agent, MPI (a novel tomographic method) greatly reduced the
dose of SPIONs due to their high sensitivity. However, high sensi-
tivity is often accompanied by the loss of spatial resolution, so CT
angiography was selected as the contributor to provide anatomi-
cal information. What’s more, the zero-signal attenuation of MPI
compensated for the problem caused by the limited penetration
depth of FL imaging.

4.8. Clinical Studies of Atherosclerosis Diagnosis in
Nanomedicine

There are some reports on the clinical research of ultra-small
superparamagnetic iron oxide (USPIO) in atherosclerosis. Ini-
tially, the first-generation FDA-approved USPIO contrast agent
Ferumoxtran (Sinerem) was designed for lymph node and tumor
imaging.[192] Subsequently, researchers discovered signal loss in
atherosclerotic plaques, suggesting its potential for atherosclero-
sis imaging and exploration.[193] However, in 2010, its application
was restricted due to liver function damage and was subsequently
withdrawn from the market.

The second-generation USPIO contrast agent Ferumoxytol
(Feraheme) was originally intended as an iron replacement
therapy for treating iron deficiency anemia. Ferumoxytol con-
sists of iron oxide nanoparticle core coated with carboxymethyl
dextran.[194] In atherosclerotic research, it gained attention due
to its ability to accumulate in inflammatory tissue surrounding
atherosclerotic plaques, possibly due to a specific mechanism re-
lated to plaque permeability.[195] The optimal time for evaluating
atherosclerosis was found to be 48 h after injection.[196] Addition-
ally, Ferumoxytol can be used as a non-invasive imaging method
for diagnosing diseases related to coronary artery disease, vascu-
lar inflammation, and heart disease and peripheral artery disease
(PAD).[197]

Overall, for the diagnosis of atherosclerosis, MR imaging plays
a crucial role, often utilizes iron oxide nanoparticles as a core and
obtains certain results in clinical trials. CT imaging relies on el-
ements with high atomic numbers, with gold nanoparticles as a
typical representative, constructing different forms. FL imaging
is diverse in design, but always centers around certain endoge-
nous metabolites, various modified/unmodified small molecule
fluorescent dyes, and materials platforms with fluorescent emis-
sion properties such as UCNPs and quantum dots. Nuclear
medicine imaging relies on labeled radioactive isotopes, while
photoacoustic imaging depends on intrinsic absorption differ-
ences of biological components or material systems with ab-
sorption capacity in the NIR. It is noteworthy that US imag-
ing is still a diagnostic system with a lot of exploration space in
the nanomedicine field for atherosclerosis. The above-mentioned
imaging methods have their own strengths and weaknesses, and
sometimes it is difficult to fulfill synchronous improvement of
sensitivity and resolution. Therefore, the multi-modal imaging
mode for atherosclerosis has emerged to make up for the short-
comings of the single imaging methods and contributes to ob-
tain more comprehensive and accurate information. The multi-
modal imaging modalities are constantly developing and innovat-
ing by preparing diverse multimodal nanoprobes. The targeting
molecules and templates mentioned above also can be further
designed for atherosclerotic treatment.

5. Therapy

The BMT for atherosclerosis includes lowering blood lipids,
anti-hypertension, anti-thrombosis, and anti-platelet treatment,
which needs to be taken for the whole life and may cause sys-
temic side effects, such as liver and kidney damage. If the lesion
is advanced and leads to severe vascular occlusion, surgical
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intervention is required (e.g., stent implantation, intraluminal
endarterectomy, or bypass surgery). Although the above methods
have achieved certain outcomes in clinical practice, it is still ur-
gent to develop new treatment strategies to optimize the existing
treatment protocol. Nanotechnology-based therapeutic systems
are used to finely regulate specific stages of atherosclerotic
development. In this section, we mainly discuss the potential
application of nanosystems in the improvement of atherosclero-
sis including drug delivery, phototherapy, SDT, immunotherapy,
and gas therapy (Table 2).

5.1. Drug Delivery

To further reduce the systemic toxicity of drugs and increase their
circulation time in the body, researchers innovatively introduce
nanocarriers to specifically deliver drugs into the targeted lesions.
Afterward, the research scope extended from traditional drugs to
various small molecule regulators, proteins, cytokines, and gene
components. Besides, nanocarriers have gradually expanded
to liposomes,[198] biomimetic nanomaterials,[199] polymers,[26a]

micelles,[200] mesoporous structures,[201] and metal-organic
framework (MOFs).[202]

Liposomes have been widely used for the delivery of
nanomedicines in various fields due to their nontoxic struc-
tures, excellent biocompatibility, easy biodegradation and the
protective function of drug.[203] Statins have the ability to reg-
ulate lipids, combat inflammation, and stabilize plaque, but
they are lipid-soluble drugs that cannot be directly injected into
veins and the long-term oral administration of statins will im-
pair liver function. Therefore, the group developed a stable sim-
vastatin (STAT)-loaded liposome and verified the excellent abil-
ity of the liposome to promote cholesterol efflux and its anti-
inflammatory properties.[204] Besides statins, Benne et al. pre-
pared LXR agonists-loaded and cyclic peptide Lyp-1-modified li-
posomes in which Lyp-1 can target the gC1q receptor on foam cell
surfaces, and the encapsulation efficiency is close to 100%. Af-
ter internalization, the released LXR agonists upregulated the ex-
pression level of ABCA1 and ABCG1, resulting in a significant re-
duction in plaque burden and inflammatory macrophages.[205] In
addition, liposomes have also been utilized for targeted delivery
of gene regulators such as NLRP3 siRNA which inhibits the for-
mation of inflammasomes and miRNA-146a which restricts NF-
𝜅B inflammation pathway activation.[206] Interestingly, Wu et al.
designed an apoptotic body biomimetic nanoliposome (AP-Lipo)
to deliver drug to the atherosclerotic macrophages with maxi-
mum efficiency to reduce plaque burden.[207] PS and cRGDfK
peptide-coupled DSPE-PEG were inserted into PPAR𝛾 agonist
pioglitazone (PIO)-loaded liposomes, in which PS emitted “eat
me” signal and promoted the phagocytosis of inflammatory
macrophages. The experimental results confirmed that AP-Lipo
significantly induced the phenotypic transition of macrophages
from M1 to M2, increased the proportion of collagen, and stabi-
lized the plaque.

Biomimetic nanoparticles retain partial basic structures and
characteristics of cells, which can be used to wrap nanoparti-
cles, increase biocompatibility, reduce immunogenicity, and im-
prove targeting ability. Considering the inherent adhesion ability
of platelets to damaged endothelium, a platelet membrane-coated

PLGA nano-delivery platform loaded with rapamycin (RAP-PNP)
was designed to target plaques with high drug loading rate up
to 3.55± 0.06%. Compared with free rapamycin, RAP-PNP fur-
ther reduced the area of plaques.[208] In vitro, the binding ca-
pacity of RAP-PNP conferred by platelet membranes was veri-
fied in static conditions and flow-chamber model, respectively,
and the uptake of RAP-PNP by foam cells was significantly en-
hanced. Considering that the extraction of platelet membrane re-
quires a large supply of platelets, a new strategy of fusing platelets
with artificial liposomes was proposed, which greatly improved
the utilization of platelets (Figure 6a,b).[209] In vivo, rapamycin-
loaded and platelet membrane-fused liposomes (RAP-P-Lipo)
were successfully accumulated in the plaques of the atheroscle-
rotic model mice, which was not observed in free liposomes
and was negligible in healthy C57 mice (Figure 6c). Histologi-
cal sections of the aortic valve also showed that the fused struc-
ture had a highly co-localized distribution with collagen, activated
endothelial cells, and macrophages. After eight weeks of treat-
ment, the aortas of mice in each group were obtained for anal-
ysis. The plaque area was significantly reduced, and the burden
of macrophages was relieved, which had statistical significance
both in the gross staining by Oil Red O and in the histologi-
cal sections (Figure 6d–f). Compared with platelets, the inher-
ent inflammatory chemotactic ability of macrophages has also
attracted widespread attention.[210] Sha et al. encapsulated SHP1
inhibitor (SHP1i) into liposome nanoparticles with macrophage
membrane layer, and the membrane structure could compet-
itively bind to ox-LDL and lipopolysaccharide, thereby reduc-
ing anti-inflammatory factors, ROS, and iNOS production. The
loaded SHP1i blocked the CD47-SIRP𝛼 “don’t eat me” signal-
ing pathway, promoting macrophages to engulf apoptotic cells
(efferocytosis).[211] In another report, CD47 plasmid was trans-
fected into macrophages to express a large amount of anti-
phagocytosis protein CD47 to effectively evade phagocytosis by
the reticuloendothelial system. At the same time, endothelin-
1 was used to stimulate macrophages to overexpress integrins
𝛼4/𝛽1 and selectively bind to VCAM-1 on the surface of endothe-
lial cells, delivering potent anti-inflammatory drug colchicine and
providing a new strategy for the application of biomimetic cell
membranes.[212]

Cell-mediated drug delivery aims at using the inherent hom-
ing or chemotactic abilities of live cells to carry nanodrugs to the
site of lesions. A simvastatin acid-loaded dendritic polymer at-
tached to red blood cells (SA PAM@RBCs) was constructed with
95.8 ± 3.1% encapsulation rate and 65.3 ± 2.1% drug loading
rate, which responded to local shear stress and ROS. Briefly, the
drug entered the bloodstream with red blood cells and reached
the atherosclerotic site. Under the local high shear stress, the den-
dritic polymer detached from the surface of the red blood cells,
and a large amount of ROS promoted SA PAM protonation to fur-
ther release SA.[213] In another report, a macrophage-liposome
living cell hitchhiking strategy was proposed innovatively to
achieve precise delivery of 𝛽-cyclodextrin and quercetin.[214] The
host–guest binding of 𝛽-cyclodextrin to adamantane mediated
the attachment of quercetin-loaded liposomes to the surface of
macrophage (Figure 6g). Then the macrophage-liposome conju-
gate entered the plaque depending on the intrinsic inflammatory
chemotaxis of macrophages and released quercetin. The research
indicated that 𝛽-cyclodextrin was stably anchored to macrophages
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Figure 6. a) Illustration for the preparation of RAP-P-Lipo. b) TEM image of RAP-P-Lipo. c) Fluorescent images of the isolated aorta after different
treatments (red: DiD-labeled liposomes, I: PBS group, II: Lipo group, III: P-Lipo group, IV: P-Lipo+C57 Mice group). d) Quantitative analysis of plaque
area as a percentage of the total aortic area. Quantitative analysis of e) the plaque area and f) macrophage content in sections of the aortic valve (n =
6). p < 0.05, ** p < 0.01, and *** p < 0.001. a–f) Reproduced with permission.[209] Copyright 2023, Elsevier. g) Schematic diagram of the macrophage-
liposome conjugate. h) Confocal laser scanning microscope (CLSM) after co-incubation of macrophages with rhodamine-loaded liposomes at different
times. i) FL imaging of aortic slices (blue: DAPI; green: Dox-loaded liposomes; red: DiD-labeled macrophages). j) Quantitative analysis of plaque area
of total area. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. g–j) Reproduced with permission.[214] Copyright 2022, Elsevier.

within 8 h and mediated the binding of macrophages and lipo-
somes within 4 h via the reacting with adamantane (Figure 6h).
After injection into mice, the macrophage-liposome conjugate
showed a significant colocalization with macrophages, indicating
excellent targeting ability for drug delivery (Figure 6i). Quercetin,
as an antioxidant stress drug, could activate the NRF2 pathway,
reduce local ROS levels and inhibit plaque inflammation. In ad-
dition, the 𝛽-CD anchored on macrophages could dissolve choles-
terol and increase lipid efflux. The synergistic effect of quercetin
and 𝛽-cyclodextrin reduced the proportion of the area of aortic
plaques from 34.6% to 8.6% (Figure 6j).

Polymeric nanoparticles have been widely used as promising
candidates for drug delivery due to their variable size, easy sur-
face modification, and controllable drug release. Li et al. estab-
lished cRGD-modified polymeric nanoparticles that specifically
deliver angiogenesis inhibitors pigment epithelium-derived fac-
tor (PEDF) with 91.7 ± 2.6% entrapment efficiency to endothe-
lial cells to stabilize plaques.[215] In addition, the multiple sites
on the surface of the polymer make it easy to construct intelli-
gent responsive delivery systems, which can stably and continu-
ously release loaded drugs under stimulation, thereby effectively
reducing off-target effects.[216] Furthermore, folic acid-modified
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lipid-polymeric nanoparticles encapsulating naringenin (Nrg)
were found to effectively overcome the intestinal mucosal bar-
rier and accumulate in atherosclerotic macrophages to exert an
anti-inflammatory effect.[217]

In addition to the commonly used drug delivery platforms
mentioned above, other nanosystems, such as mesoporous sys-
tems, MOFs, tubular systems, and metal nanoparticles have
also been elaborated for atherosclerotic drug delivery in recent
years.[218] For example, Pu et al. designed a mesoporous silica
system with a pore size of 15.5 nm to deliver anti-IL-1𝛽, which
effectively protected blood vessels, and inhibited VSMC prolif-
eration and inflammatory phenotype transformation.[219] Man-
ganese dioxide (MnO2) was also developed as a mesoporous
structure and added with metal coordination to deliver curcumin,
achieving a loading efficiency of up to 54%.[220] Additionally,
a MOFs structure based on UiO-66 (named RUFI) was con-
structed to co-load rapamycin and interleukin-1 receptor antag-
onists, achieving synergistic therapeutic effects. They regulated
macrophage phenotype, promoted autophagy, and enhanced the
immune regulatory function against atherosclerosis.[221]

5.2. Phototherapy

Phototherapy refers to the process of generating ROS or heat-
ing up under the excitation of the light at a specific wavelength,
converting light energy into chemical or thermal energy to kill
specific cells (e.g., macrophages, and endothelium). For the treat-
ment of atherosclerosis, phototherapy mainly includes photody-
namic therapy (PDT) and photothermal therapy (PTT).

PDT usually refers to the process of promoting the genera-
tion of ROS and inducing chemical damage by photosensitizers
under light irradiation.[222] The previous reports included Ce6-
mediated foam cell autophagy and cholesterol efflux,[223] IR780-
mediated inflammatory cell ablation,[224] and curcumin-induced
VSMC autophagy.[225] To solve the problem of weak penetration
ability of light, Ma et al. incorporated Ce6 into micelles together
with UCNPs to handle atherosclerosis, which activated Ce6 to
produce ROS at 980 nm excitation wavelength. Considering the
affinity of platelets to early atherosclerotic plaques, the nanoparti-
cles were further coated with platelet membranes, named as PM-
PAAO-UCNPs. The in vitro experiments demonstrated that UC-
NPs conferred superior tissue penetration to PM-PAAO-UCNPs
while generating considerable ROS. The in vivo experiments re-
vealed that PM-PAAO-UCNPs-mediated PDT (980 nm, 10 mW,
30 min) significantly reduced plaque volume and lipid area, de-
creased the secretion of pro-inflammatory factors (IL-6 and TNF-
𝛼) and promoted the secretion of anti-inflammatory factors (TGF-
𝛽 and IL-10).[226]

Nanomaterials[227] with high photothermal conversion effi-
ciency can be used to perform PTT, which is the process of
converting light energy into heat energy and inducing physical
damage to eliminate specific pathological components.[228] Peng
et al. designed a ternary semiconductor with up to 43% pho-
tothermal conversion efficiency based on theoretical calculations,
achieving good macrophage ablation effects.[229] In addition, the
light-responsive thermal effect generated a thermophoresis phe-
nomenon, promoting the movement of nanomaterials and drug
release.[218a,230]

Further combining PDT with PTT, Chlorin e6 (Ce6) was
loaded with carbon nanocages and then electrostatic adsorbed
dextran sulfate (DS) to target SR-A on the surface of activated
macrophages, which killed inflammatory macrophages and re-
duced inflammatory factor secretion via PTT/PDT (808 nm (1 W
cm−2)/633 nm (80 mW cm−2), 5 min).[112] However, high tem-
peratures could cause damage to the tissue, hence mild pho-
totherapy has been proposed and gained more recognition in
various inflammatory disease models including atherosclerosis.
This study used polydopamine nanoparticles as the core to gener-
ate photothermal effects with OPN antibody as the targeting com-
ponent. After 10 min of irradiation with the 808 nm laser, mild
PPT was produced to promote fibrosis within the lesion, stabiliz-
ing the plaque without causing damage to the blood vessels.[231]

Intriguingly, a black TiO2 modified with HA and porphyrin was
constructed (denoted as bTiO2-HA-P) to perform mild PTT in
combination with PDT (Figure 7a). Porphyrin, a traditional pho-
tosensitizer, generated singlet oxygen (1O2) to promote foam cells
apoptosis under NIR irradiation, and the black TiO2 nanoparti-
cles with high photothermal conversion efficiency exerted PTT
under 808 nm and 1 W cm−2 for 10 min. This mild PTT upreg-
ulated the expression of ABCA1 to promote cholesterol efflux,
downregulated the LDLr expression to reduce lipid endocytosis,
and eventually reduced foam cell formation, while raising the
temperature to 44.5 °C as well as promoting the expression of
HSP27 to maintain PDT-mediated macrophage apoptosis within
a stable range and reduce the adverse effects of excessive necrosis
and apoptosis (Figure 7b,c).[232]

5.3. Sonodynamic Therapy (SDT)

SDT refers to the production of transient ROS from acoustic sen-
sitizers with the exist of energy by cavitation effect under ultra-
sound excitation.[233] SDT is similar to PDT, but its significant
advantage is the large increase in penetration depth, reaching up
to several centimeters in soft tissues.[13b]

Tian et al. proposed that 5-aminolevulinic acid (ALA)-mediated
SDT (1.5 W cm−2) could alleviate plaque progression in the
early year.[234] Then they explored different intensities of ultra-
sound and the influence on atherosclerosis, the results showed
that high-intensity ultrasound-mediated cell necrosis, while low-
intensity ultrasound-induced cell apoptosis and cell burial of in-
flammatory cells, which was beneficial to alleviate the lesion.
Furthermore, the investigators focused on the action mode of
ALA-mediated low-intensity ultrasound in advanced APOE-/-
atherosclerotic mice. They found that SDT (0.5 W cm−2, 15
min) promoted cholesterol efflux via the PPAR𝛾 pathway and
induced the apoptosis of inflammatory macrophages through
the mitochondrial pathway. While upregulating the expression
of Mertk to promote efferocytosis, which greatly diminished the
inflammatory macrophages as well as the inflammatory burden
within the plaque and rapidly stabilized the atherosclerosis.[235]

Meanwhile, sonosensitizers sinoporphyrin sodium (DVDMS)-
mediated SDT (mice: 0.8 W cm−2, rabbits: 1.5 W cm−2, both 30%
duty factor, 15 min) was used to promote macrophage and en-
dothelial cell apoptosis and inhibit neovascularization.[236] An-
other report indicated that DVDMS-mediated SDT (mice: 0.4 W
cm−2, rabbits: 1.5 W cm−2, 15 min) upregulated PFN1 expression
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Figure 7. a) Schematic diagram of the synthesis process of bTiO2-HA-P and its therapy strategy. b) Temperature curves of bTiO2-HA-p and wTiO2-HA-p
at 808 nm laser (left) and relative HSP27 mRNA level (middle) and protein level (right) after different treatments. c) Representative Oil Red O staining
images after different treatments to assess the lipid burden of foam cells. *p < 0.05. a–c) Reproduced with permission.[232] Copyright 2022, Elsevier.
d) Schematic diagram of HA-HNSs. e) The principle of HA-HNSs-mediated SDT. (f)Viability of macrophages under different treatments (n = 3). *, P <

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. d–f) Reproduced with permission.[241] Copyright 2023, American Chemical Society.

by activating the ROS-Nrf2-PFN1 signaling pathway and pro-
moted transferrin efflux, which reduced iron retention in plaques
and especially in the macrophages.[237]

Another representative sonosensitizer is a natural extract rep-
resented by hydroxysafflor yellow and curcumin. The former in-
duced THP-1 macrophage autophagy and cleared local inflam-
mation in plaque by inhibiting PI3K/Akt/mTOR induction un-
der US irradiation.[238] The sonodynamic effect of curcumin me-
diated THP-1 macrophage clearance by inducing mitochondrial
damage.[239] To further improve the solubility and efficacy of
natural products, a curcumin nanosuspension-mediated SDT
(0.4 W cm−2, 1.0 MHz, 15 min) stabilized with PVPK30 and

SDS was developed to enhance macrophage apoptosis under the
mitochondrial injury pathway and interfere with macrophage
polarization.[240]

In addition, inorganic TiO2 was selected to prevent early
plaque progression due to its narrow bandgap (Figure 7d).
This study combined SDT (0.5 W cm−2, 10 min) with PTT
(0.8 W cm−2, 10 min) by preparing CuS/TiO2 heterostruc-
tured nanosheets (abbreviated as HA-HNSs), which possessed
a better electron-hole separation effect (Figure 7e). The in
vitro results showed that synergistic therapy synergistically
induced macrophage apoptosis and inflammation clearance
(Figure 7f).[241]

Adv. Sci. 2023, 10, 2304294 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304294 (28 of 46)



www.advancedsciencenews.com www.advancedscience.com

5.4. Immunotherapy

With the progressive understanding of atherosclerotic pathol-
ogy, the current view holds that atherosclerosis has a com-
plex immune inflammatory reaction, making immunother-
apy possible.[242] Early acute inflammatory cells are en-
riched in plaque, attracted major contributors (mononuclear
macrophages), and eventually macrophages interacted with neu-
trophils and T cells to maintain inflammation. Immunotherapy
can regulate the intraplaque inflammatory microenvironment
by cutting off or alleviating the cascade response of the inflam-
matory network.[243]

Recently, a nano-immunoplatform named ASPA was re-
ported, which combined shSiglec-1 with PEI-Au NPs by elec-
trostatic adsorption, and it was wrapped with pH-responsive
polyethylenimine-acetylsalicylic acid (PEI-ASA) to regulate the
atherosclerotic inflammatory microenvironment (Figure 8a). In
order to verify the acid-responsive hydrolysis of ASPA and the re-
lease of shSiglec and ASA, physiologically relevant buffers at dif-
ferent PH were used to simulate the in vivo environment, and the
high-performance liquid chromatography (HPLC) and 1H NMR
spectrum were performed after co-incubation. The results indi-
cated that ASA can be released up to 90.2% at pH 5 buffer, but
only 12.8% at pH 7.4 buffer. On the one hand, shSiglec-1 silenced
CD169 on macrophages, blocked the mutual recognition and in-
teraction between macrophages and CD8+ T cells and NKT cells,
and inhibited the lipids antigen presentation, which eventually
reduced the infiltration of inflammatory cells (Figure 8b,c). On
the other hand, the ASA up-regulated peroxisome proliferator-
activated receptor 𝛼 (PPAR-𝛼) and 𝛾 (PPAR-𝛾) (Figure 8d). The
former reduced the inflammatory Th17 cell differentiation and
cooperatively inhibited the expression of inflammatory factors
(Figure 8e). The latter participated in the cholesterol efflux path-
way, decreased the formation of foam cells, and further impaired
the lipid antigen presentation of macrophages (Figure 8f). Fi-
nally, ASPA successfully changed the atherosclerotic immune
microenvironment and turned it from a complex thermal envi-
ronment to a stable cold environment by remodeling various im-
mune cells.[244]

Besides, rHDL is also a promising nano-immunotherapeutic
agent, which can specifically aim at myeloid cells. The re-
searchers used phospholipid DMPC/MHPC and ApoA1 as ingre-
dients to prepare r-HDL on a large scale and loaded it with sim-
vastatin via microfluidic homogenization. Radionuclide imaging
demonstrated high enrichment of r-HDL in the liver, kidney,
spleen, and artery, while flow cytometry results manifested ex-
cellent myeloid targeting ability of r-HDL. After the tail vein in-
jection in ApoE-/- mice on Western diet, the aorta was removed
for analysis, and the results showed that immunotherapy rapidly
attenuated excessive inflammatory cells within the lesion and re-
duced plaque burden.[245]

Collectively, although the reviewed immunotherapies have
achieved significant efficacy, as for the immune system, the
slightest nudge causes the widest chain reaction. Therefore, it re-
quires a deep understanding of cell subsets, surface markers, and
their role in different disease stages. Furthermore, immunother-
apy is expected to achieve high precision in targeting therapies
by modulating the size, surface charge, and ligand of nanoparti-
cles. And now, the paradigm of nanomedicine has shifted from

simply avoiding the immune system to actively engaging with it
in a meaningful way.

5.5. Gas Therapy

Gas therapy is a new treatment modality based on special gas
signal molecules that participate in various physiological regu-
lation of cells and tissues.[246] It has received wide attention in
many fields due to its high efficiency and safety. Currently, the
gases used in the treatment of atherosclerosis are nitric oxide
(NO) and hydrogen (H2). NO, as a special endogenous substance,
can regulate vasodilation, repair endothelial damage, reconstruct
the endothelial barrier, and reduce oxidative stress, but its syn-
thesis is impaired during atherosclerosis. To solve this problem,
one of the methods is directly introducing exogenous NO into
the lesion, and the liposomes, dendrimers, and macromolecu-
lar backbones are candidates as NO carriers. For example, Rink
et al. assembled the NO transporter protein RSON and HDL to-
gether to construct bio-nanoparticles that integrated NO deliv-
ery and lipid regulation, reducing the atherosclerotic burden and
ischemia-reperfusion injury.[247] Similarly, to maintain favorable
NO concentration, a dendrimer nanoplatform carrying 18 NO re-
lease units was constructed to finely modulate the slow release of
NO.[248] Another alternative is delivering NO donor L-arginine
into the atherosclerotic plaques to produce endogenous NO.[249]

Interestingly, the concept of “nanomotor” has been proposed
recently that regarded NO production as a driving force to en-
hance the abilities of nanoparticles for the targeting, reten-
tion, and penetration into atherosclerotic plaques. In this re-
search, carrier-free nanomotor based on trehalose-L arginine-
phosphatidylserine (Tr-Arg-PS) was structured to enable cas-
cade targeting of intraplaque macrophages (Figure 8g). First, L-
arginine reacted with the high levels iNOS as well as ROS in the
microenvironment of plaque and produced NO as driving force
to achieve primary targeting, then relied on the affinity of PS to
macrophages to realize secondary targeting. Motion is the key
behavior of nanomotor. Brownian motion was only observed in
normal RAW264.7 macrophages and HUVEC cells, while signif-
icant displacement of nanomotor for up to 24 h was observed in
LPS-induced inflammation cell models (Figure 8h). The CLSM
results also exhibited significant enrichment of Tr-Arg-PS with
motor structure in inflammatory cells (Figure 8i). After sequen-
tial treatments, the nanomotor repaired the integrity and consis-
tency of the vascular endothelial barrier and presented the well-
aligned endothelium (Figure 8j).[250]

H2, an exogenous gas, has been reported to alleviate oxida-
tive stress, reduce the expression of pro-inflammatory cytokines,
and promote cholesterol efflux from macrophages. However, it is
difficult to directly deliver H2 in the blood circulation, so metal-
lic palladium has been used as a hydrogen carrier as its inter-
stitial void can accommodate hydrogen atoms. Palladium had
been reported to come in a variety of shapes, and Xu et al. con-
structed a palladium nanopocket cube that can load up to 0.12%
hydrogen atoms. The superior hydrogen storage and release ac-
tivated the PPAR-𝛾 pathway, promoted lipid efflux and allevi-
ated atherosclerosis.[251] Attractively, a tetrapod needle-like PdH
nanoparticle was designed to perform living cell delivery depend-
ing on the chemotaxis towards macrophages within the plaque
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Figure 8. a) The diagrammatic sketch of ASPA and the covalent binding of PEI-ASA. b) Typical immunofluorescence images and c) their quantitative
analysis indicating CD8+T cells and NKT cells from the cardiac valve of healthy and atherosclerotic mice under different treatments. d) The results of
PPAR-𝛼, PPAR-𝛾 , and Siglec-1 protein expression. e) The expression of IL-6, IL-1𝛽, and IL-17A in extracted aortas after corresponding treatments. f) The
levels of serum lipids. I: C57 group, II: Apoe-/- group, III: ASPA: 10 mg per kg group, IV: ASPA: 20 mg per kg group. #p < 0.05, ##p < 0.01; *p < 0.05, **p
< 0.01, ***p < 0.001. a–f) Reproduced with permission.[244] Copyright 2022, American Chemical Society. g) Composition strategy of Tr-Arg-PS. h) Motion
trajectories (left) and velocities (right) of TAP nanomotors. i) Confocal laser scanning microscope (CLSM) of cells uptake (red: sample, blue: nucleus,
green: cell membrane). j) Representative microscope images of scratch wound healing assay under different treatments of HUVECs. g–j) Reproduced
with permission.[250] Copyright 2022, American Chemical Society.
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microenvironment. After entering the plaque, H2 was released
from nanoparticle-loaded live cells in several minutes under the
808 nm NIR laser irradiation. In addition, the hydrogen carrier
palladium had nanoenzyme activity to remove ROS in the lesion
and the spike-like structure was able to induce macrophage au-
tophagy, demonstrating significant therapeutic effects.[252]

5.6. Clinical Studies of Atherosclerosis Therapy in Nanomedicine

Although nanomaterials have demonstrated efficacy in animals
with atherosclerosis, there are currently no formally approved
nanomedicines, and only a few have entered clinical trials. Li-
posomes have received broad attention as excellent candidates.
Previous reports on atherosclerosis clinical trials have included li-
posomal nanoparticle encapsulating prednisolone (LN-PLP) and
paclitaxel-associated cholesterol-rich non-protein nanoemulsion
(PTX-LDE). Based on the safety and efficacy validation of LN-
PLP in rabbits, it has been approved for clinical trials.[253] LN-
PLP exhibited a long half-life of 45–63 h, which was 7–15 times
that of free prednisolone. In addition, preoperative injection of
LN-PLP through the brachial vein of patients undergoing arterial
stripping surgery showed targeting of macrophages but lacked
anti-inflammatory efficacy.[254] Another study administered PTX-
LDE to severely atherosclerotic patients every three weeks for six
consecutive weeks. This preliminary study suggested that using
high-dose PTX-LDE (175 mg m-2 body surface area) was safe.
Four out of eight subjects in the experimental group had an
average plaque volume reduction, but this was not statistically
significant.[255] Hence, longer-term observations may be neces-
sary.

In vivo, HDL participates in reverse cholesterol transport, so
the use of rHDL mimetics may be feasible. The first rHDL
(ETC-216) composed of ApoAI Milano and palmitoyl-oleoyl phos-
phatidyl choline (POPC) was associated with a significant reduc-
tion in plaque volume in acute coronary syndrome patients.[256]

However, clinical trials were suspended due to adverse reactions
such as increased neutrophils and decreased lymphocytes. Sub-
sequently, improvements were made to the formula, resulting in
MDCO-216. Results from a single-ascending-dose phase I study
showed that the drug promoted ABCA1-mediated cholesterol
efflux in healthy individuals and stable coronary heart disease
patients.[257] However, in another randomized clinical trial fo-
cused on acute coronary syndrome patients, MDCO-216 (n = 59)
was compared with a placebo (n = 67) while all patients received
statin therapy, and the addition of MDCO-216 did not further
reduce plaque volume.[258] However, MDCO-216 demonstrated
good overall safety and tolerability, leaving room for further ex-
ploration.

CER-001 is composed of ApoAI, dipalmitoylphosphatidylglyc-
erol (DPPG), and sphingomyelin (SPM). Similarly, two clinical
trials investigated the effect of CER-001 on plaque regression in
patients with acute coronary syndrome. The results showed that
neither a low-dose regimen (3 mg kg-1) for up to 10 weeks nor
a dose-escalation approach reduced coronary atherosclerosis.[259]

CSL111 is formed by the combination of native ApoAI and phos-
pholipids. In a randomized controlled trial, short-term adminis-
tration of CSL111 resulted in a statistically significant improve-
ment in plaque characteristic index and coronary artery score,

but there was still no statistically significant regression of plaque
volume.[260] CSL112 is another discoidal rHDL NPs similar to
CSL111.[261] The in vitro experiments have clearly demonstrated
its ability to promote cholesterol efflux and reshape plaque char-
acteristics. Single-dose (NCT01129661) and multi-dose escalat-
ing trials (NCT01281774) have completed phase I clinical trials,
aiming to study the safety, tolerability, and pharmacokinetics of
CSL112.[257] The results of both two trials confirmed that CSL112
administration can increase ApoAI and pre-𝛽1-HDL, but cannot
seem to increase lipids promoting atherothrombotic risk, and
no serious adverse events occurred.[262] In another multicenter
escalating dose trial (NCT02427035), there were no significant
changes in liver and kidney function for all investigators, even in
patients with moderate renal impairment.[263] In addition, three
phase II clinical trials have been completed. First, a single esca-
lating dose trial of CSL112 (1.7 g, 3.4 g, and 6.8 g) was determined
to be well tolerated in stable atherosclerotic patients.[264] Subse-
quently, it was further determined that a dose of 6g of CSL112 was
acceptable in patients with moderate renal impairment.[265] And
regardless of weight, gender, and race, a 6g dose of CSL112 is ben-
eficial for acute myocardial infarction patients.[262a,266] Encour-
aged by these findings, a phase III clinical trial (NCT03473223) is
currently actively being conducted to study the efficacy and safety
of CSL112 in patients with acute coronary syndrome.

Apart from the lipid-based nanomaterials mentioned above,
other types of nanomaterials have also been applied in clinical
trials. A randomized, double-blinded, placebo-controlled clini-
cal trial revealed that the natural compound curcumin micelle
(80 mg once daily for 3 months) can prevent atherosclerosis by
reducing high-sensitivity C-reactive protein in type II diabetic pa-
tients with mild to moderate coronary artery disease (CAD).[267]

Another team developed a silica-gold core-shell nanoparticle
(NANO) for the treatment of atherosclerosis using plasmonic
photothermal therapy (PPTT).[268] The results showed that the
treatment of NANO and PPTT indeed regressed total atheroma
volume (TAV) and reduced mortality, complications, and throm-
bosis. However, the side effects cannot be ignored, such as an
increase in the incidence of defects in erythrocyte membranes in
patients treated with NANO.[269] To improve long-term safety and
efficacy, the lesion preparation such as treated with stent first or
treated with predilution by drug-coated balloon prior to NANO
treatment was found to be beneficial.[270]

Compared to bare metal stents, drug-eluting stents (DES) are
more effective in reducing restenosis and improving blood flow
in patients receiving coronary stent implantation. COBRA PzF
is a thin strut cobalt-chromium alloy stent coated with Polyzene-
F. A single-center clinical trial of 155 stents in 100 patients con-
ducted a one-year follow-up and no acute adverse events were ob-
served, providing an opportunity for further research on COBRA
PzF.[271] However, this was a small-scale clinical trial with no con-
trol group. Subsequently, Maillard et al. conducted a multicenter
prospective study (e-Cobra) including 980 patients aiming to eval-
uate the safety and effectiveness of COBRA PzF in short-term
dual antiplatelet therapy (DAPT) patients. The patients were fol-
lowed up for one year, and only 9% of them had major adverse car-
diovascular events (MACE), and 0.7% of them experienced stent
thrombosis.[272] Furthermore, the team compared the COBRA
PzF stents followed by DAPT for 14 days with FDA-approved DES
followed by guideline-recommended (3-6 months) DAPT ther-
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apy, and found that the former therapy reduced bleeding without
promoting thrombosis.[273] It should be noted that these results
are from small-scale and limited control group clinical trials, so
more research and verification are needed before making any de-
cisions.

6. Theranostic

Combining contrast agents and therapeutic agents in a single
atherosclerosis theranostic nanoplatform can integrate diagnos-
tic, therapeutic, and monitoring functions. It facilitates the di-
agnosis and treatment of diseases, as well as streamlines moni-
toring of disease progression, evaluation of therapeutic efficacy,
and timely adjustment of drug administration strategies, thus
enabling personalized treatments. The development of a multi-
functional theranostic nanoplatform for atherosclerosis is cur-
rently a hot research topic and remains challenging. In this sec-
tion, we mainly discuss how nanomaterials have promoted the
development of theranostic approaches and their current appli-
cations in atherosclerosis recently, with the aim of providing deep
insight into the promotion of theranostic development (Table 2).

MR imaging-based theranostic still relied on gadolinium and
iron oxide, and based on existing reports, they were mostly con-
structed by loading diagnostic probes and therapeutic compo-
nents into the same nanosystem to form theranostic probes.[274]

Interestingly, in one report, an iron oxide-based mito-magneto
(MM) played the significant role of MR imaging, exhibiting favor-
able high contrast. The team directly selected biomimetic HDL
nanoparticles with therapeutic effects to achieve dual-targeted
delivery of contrast agents to macrophages and mitochondria.
This dual-targeting mode achieved molecular-level imaging of
macrophages, reversed cholesterol transport (RCT), and oxida-
tive stress relief targeted at mitochondria.[275]

FL imaging-based theranostic have been found to be rapidly
expanding in the field of cardiovascular disease, and substances
that can produce fluorescence are diverse and easy to modify,
making FL imaging an indispensable part of theranostic.[276]

I In addition to the previously mentioned fluorescence imag-
ing substances, Ru(bpy)3Cl2, a FL molecular probe, was loaded
into mesoporous silica systems along with the SIRT1 activator
SRT1720 and targeted macrophages via coating CD36 antibody.
Real-time monitoring of inflammation cells in plaques was re-
alized while reducing cholesterol content in macrophages by
SRT1720.[277]

Besides, inspired by photosynthesis, a report proposed a
chlorophyll a (Chla)-modified liposome that can produce H2 un-
der NIR light and continuously detect local ROS levels. The core
of the liposome was coupled between lanthanide elements doped
UCNPs and AuNPs via the thioketal-based linker (Figure 9a). On
the one hand, the distance between UCNPs and AuNPs was short
enough for Förster resonance energy transfer (FRET) in a normal
environment. Therefore, the AuNPs (acceptor) were able to ab-
sorb the green upconversion luminescence (UCL) emitted by the
UCNPs (donor) upon 980 nm excitation. When the liposome en-
tered the plaque and monitored the excessive ROS in the lesion,
the linker broken, and the distance between UCNPs and AuNPs
increased. The green UCL (at 550 nm) emitted by the UCNPs
cannot be absorbed by AuNPs, so it achieved in situ detection
of ROS levels. On the other hand, when UCNPs were excited by

980 nm light, it produced red UCL (at 660 nm), which stimu-
lated the photosensitizer Chla into the excited state and provided
excitation electrons to AuNPs, while the citrates on the surface
of UCNPs provided protons, and the protons are reduced to H2
by AuNPs, removing excess ROS (Figure 9b). The experimental
results indicated that the higher the concentration of hydrogen
peroxide (H2O2), the stronger the green fluorescence emitted,
and there was a good linear relationship between them, with-
out affecting the emission of red fluorescence (Figure 9c). At the
same time, gas chromatography was used to measure the release
of H2 under exposure to the infrared laser, and the H2 release
amount gradually increased with the prolongation of irradiation
time (Figure 9d). In vitro, after the irradiation with 980 nm near-
infrared laser, the ROS, pro-inflammatory cytokine IL-1𝛽, and IL6
were significantly reduced. Consistent with the results of detec-
tion kits, FRET technology sensitively evaluated the level of H2O2
in cells. In summary, this report fulfilled the systematic combina-
tion of diagnosis and therapy by ingeniously applying the trans-
fer of electrons and energy between donors and acceptors and the
reduction catalysis of protons.[278]

Another study used exosomes from M2 macrophages to carry
hexyl 5-aminolevulinate hydrochloride (HAL@M2 Exo) by elec-
troporation, fully utilizing the biosynthesis and metabolism of
HAL for atherosclerotic diagnosis and treatment (Figure 9e). The
metabolic intermediate of HAL was protoporphyrin IX (PPIX), a
photosensitizer that emitted red fluorescence to track the lesion.
Next, further biological metabolism occurred, which produced
anti-inflammatory and antioxidant substances carbon monoxide
(CO) and bilirubin. In addition, M2 exosomes had excellent in-
flammatory chemotaxis activity for plaque targeting, and they car-
ried anti-inflammatory factors secreted by M2 macrophages to
further clear local inflammation in the lesion. At the cellular level,
FL imaging and quantitative analysis illustrated the red fluores-
cence emitted by ppIX and the green fluorescence of CO, which
validated the feasibility of theranostic (Figure 9f,g).[279]

US is an ideal device for detecting vascular diseases and is typ-
ically used for the real-time assessment of vascular wall lesions.
Contrast-enhanced ultrasound relies on the intravenous injec-
tion of microbubbles to artificially enhance the contrast of blood,
thereby imaging normal or pathological structures of blood ves-
sels. Inspired by this, microbubble-mediated atherosclerotic ther-
anostic has made significant progress recently.[280] Since inflam-
matory macrophages within the plaque are an important part of
atherosclerotic plaques, PLAG nanoparticles loaded with perflu-
orohexane (PFH) were designed to target macrophages for ul-
trasound imaging. At the same time, low-intensity focused US
(LIFU) was applied to the lesion to induce PFH to undergo a gas-
liquid phase transition. This process was accompanied by a se-
ries of physicochemical reactions known as the acoustic droplet
vaporization (ADV) effect. In the ADV effect, bubbles regularly
oscillated, expanded, contracted, or collapsed, potentially gener-
ated energy, destroyed cells, and promoted macrophage apopto-
sis, which achieved a similar effect to ablation, reversed plaque
progression, and facilitated early diagnosis and intervention of
vulnerable plaques.[281] Similarly, perfluoropentane (PFP) can
also be transformed into gas microbubbles through the ADV ef-
fect. A multifunctional nanoplatform with PFP as a core carrying
sonosensitizer hematoporphyrin monomethyl ether (HMME)
and MR/PA imaging probe MnFe2O4 was constructed to tar-
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Figure 9. Schematic illustration of a) the composition of Lip NP b) and the principles of theranostic under light excitation of Lip NP. c) FL excitation
spectra and linear correlation curve of Lip NP under different concentrations of H2O2 with a NIR laser (980 nm) for 30 min. d) H2 release after irradiation
at different times. a–d) Reproduced with permission.[278] Copyright 2020, Springer Nature. e) Composition strategy of HAL@M2 Exo. FL imaging (left)
and quantitative analysis (right) of f) PpIX and g) CO under different treatments (1. Control 2. M2 Exo 3. HAL 4. HAL@M2 Exo 5. HAL+HO-1 inhibitors
6. HAL@M2 Exo+HO-1 inhibitors, n = 3). e–g) Reproduced with permission.[279] Copyright 2020, Wiley-VCH.

get neovascularization in atherosclerotic plaques. LIFU-mediated
endothelial cell apoptosis achieved complete inhibition of neo-
vascularization, and ultimately, the plaque became stable.[98]

PA imaging-mediated theranostic made tremendous progress
on latest research. A multifunctional and smart nanothera-
nostic agent controlled by pH and ROS dual switches with
accurate cascade targeting ability for damaged endothelial cells,
macrophages, and mitochondria has been proposed as a multi-
channel diagnostic and therapeutic system for atherosclerosis
(Figure 10a). This group innovatively synthesized a novel 𝜋-

conjugated polymer (PMeTPP-MBT) for in vivo PA imaging.
Based on it, they connected the therapeutic components SS-31
peptide and astaxanthin to enable non-invasive early theranostic
of atherosclerosis (named as PA/ASePSD). The maximum pho-
toacoustic absorption peak of PA/ASePSD exists at 830 nm, and
there is a good linear relationship between the signal intensity
and concentration (Figure 10b–d). Briefly, SS-31 peptide was a
versatile mitochondrial-targeting peptide that restored mitochon-
drial function while reduced intracellular ROS and suppressed
the expression of CD36 and LOX-1 receptor on macrophage
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Figure 10. a) Schematic illustration of the composition structure and theranostic strategy of PMeTPP-MBT. b) Photoacoustic absorption spectrum
of PA/ASePSD. c) Photoacoustic images and d) quantitative analysis of PA/ASePSD at different concentrations (n = 3). e) Quantitative analysis of
intracellular Oil red staining and f) the ox-LDL in supernatant under different treatments 3D reconstruction PA images of the aorta and carotid arteries.
g) The expression of various inflammatory factors (TNF-𝛼, IL-6, and IL-10) in macrophages (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001; ns, no
significance. Reproduced with permission.[282] Copyright 2023, Wiley-VCH.

surfaces. Oil red staining and quantitative analysis of foam cells
after treatment with PA/ASePSD revealed a significant decrease
in intracellular lipid content. Consistent with the results of Oil
red, the increase in ox-LDL in the supernatant medium of the
PA/ASePSD group confirmed the synergistic effect of inhibiting
lipid endocytosis and enhancing lipid exocytosis (Figure 10e,f).
Astaxanthin targeted foam cells and enhanced cholesterol efflux
mediated by ABCA/G-1, thereby reducing foaminess. The syn-
ergistic effects of both substances fulfilled lipid management
and anti-inflammatory to atherosclerosis (Figure 10g), and the
introduction of PA imaging provided a new perspective for
atherosclerotic theranostic.[282]

Vascular interventional surgery performs atherosclerotic di-
agnosis and treatment simultaneously in clinical practice, such
as bare metal stents (BMS), drug-eluting stents (DES), and drug-

coated balloons (DCB). However, BMS causes re-narrowing,[283]

DES increases the risk of late thrombosis,[284] and local retention
and permeability of drugs in DCB are unsatisfactory.[285] Nano-
materials for stent and balloon functionalization can enrich the
types of interventional devices in vascular interventional surgery
and improve the aforementioned issues. Inorganic nanomate-
rials such as TiO2 and magnesium fluoride (MgF2) nanofilm
layers have been reported to promote endothelial cell growth and
proliferation with confirmed biocompatibility in animals.[286]

Polymer nanomaterials are promising candidates for organic
stent coatings due to their biodegradability and surface modifi-
ability. Dopamine self-polymerizes in alkaline environments to
form a polydopamine (PDA) film on the stent surface, enhancing
stent corrosion resistance, and promoting endothelial cell prolif-
eration while reducing VSMC proliferation.[287] The breakdown
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of PLGA ester linkages with oligomers and monomers is the
main method for delivering drugs after hydrolysis.[288] Inter-
estingly, Huang et al. designed a NIR-controlled tip-separable
microneedle-loaded balloon with anti-proliferation drugs pacli-
taxel encapsulated in the microneedle tip. A ring laser was placed
in the catheter axis, emitting a NIR laser to heat and melt the
phase-change material lauric acid (LA) when the catheter was
slowly removed from the blood vessel. Then gently withdrawing
the balloon kept the drug delivery tip in the atherosclerotic le-
sion, slowly releasing the drug under the regulation of PLGA and
polycaprolactone (PCL).[289] Additionally, several new polymers
such as chitosan (CS),[290] polycyclodextrin,[291] polyurethane,[292]

and phosphorylcholine[293] are also involved in the application
of nano-coatings. Carbon-based nanomaterials such as carbon
nanotubes and graphene oxide also have some reports due to
their ability to promote cholesterol efflux and photoresponse
performance.[294] Inspired by mussels, biomimetic nanomaterial
coating has carried out some research, in which mussel adhesive
protein is extracted to replace polymer coating and enhance the
adhesion of the coating to the stent.[295] Further modification
of groups on mussel adhesive proteins can connect biological
effect molecules and exert anti-atherosclerosis applications.[296]

Encouraged by the above results, it is believed that nanomaterial
coating stents and balloons provide an alternative theranostic
strategy for patients.

In addition to the above, theranostic for atherosclerosis based
on CT or nuclear medicine had also been reported.[297] For exam-
ple, AuNPs have a high atomic number and are suitable for CT
imaging. Besides, they have a broad and distinct absorption peak
in the NIR and a high photothermal conversion efficiency, which
are capable of photothermal ablation.[298] This multi-functional
theranostic agent can utilize the inherent diagnostic and thera-
peutic properties of a single nanomaterial, greatly enhancing the
utilization and providing innovative ideas for further therapy of
inflammatory diseases.

7. Biosafety

The unique properties and application potential of nanomate-
rials have made nanomedicine a research hotspot in fields like
disease diagnosis, drug delivery, molecular technology, etc. Al-
though many engineered nanomaterials have shown enormous
potential, most of the research for atherosclerosis is in its early
stages, and there are some issues need to be resolved. Unlike
conventional medical drugs, the special physicochemical prop-
erties of nanomaterials may have unpredictable behaviors and
impacts on living organisms. Therefore, the issue of biosafety
should be an important part of nanomedicine research for final
clinical translation.[299]

The biosafety assessment of nanomaterials in atherosclero-
sis involves multiple fields, such as nanotechnology, fluid dy-
namics, pathology, and toxicology, and it is a complex evaluation
process. A comprehensive evaluation method is necessarily re-
quired, which typically includes the followings:

I. In vivo distribution and metabolism assessment of
nanomaterials:[300] The main factors that affect distribution
and metabolism are the characteristics of nanomateri-
als, such as targeting substances, size, potential, shape,

stiffness, and route of administration.[301] The evaluation
typically requires the use of biological imaging techniques
and other biological detection methods. It is worth noting
that when nanomaterials enter the body, they may adsorb
proteins and form a “protein corona,” which slows down
the clearance from the body or mediates special drug de-
livery methods.[302] A literature validated the critical role of
protein corona in atherosclerotic mice. Designed anionic
liposomes interacted with proteins in the serum and formed
a protein corona, in which the complement component C1q
significantly mediated the cellular uptake of liposomes.[121b]

Subsequently, nanomaterials mostly enter tissues or organs
through the bloodstream and are mainly metabolized and
excreted by the liver, kidneys, and lungs.[303] Wang and
co-workers designed spherical MSNs with a diameter of
61.4 nm and found drug accumulation in the liver and
gallbladder at 0.5 and 1 h after intravenous injection respec-
tively, and gradually disappeared after 24 h, suggesting that
the metabolic pathway may be the hepatobiliary system.[277]

In addition, disk-shaped rHDL NPs with a diameter of 23.6
nm were excreted through the hepatobiliary and urinary
systems of atherosclerotic mice.[245] It is consistent with
previous views that small-sized nanomaterials (below 10
nm) are mainly metabolized by the kidneys after glomerular
filtration, large nanomaterials (above 50 nm) are mainly
metabolized by the liver, and medium-sized nanomaterials
(10–50 nm) often exhibit the joint metabolic pattern.

II. Biological evaluation: It is supposed to evaluate the effect of
nanomaterials on body weight, behavior, and mental state
as well as biological molecules such as DNA, RNA, and
proteins. The biological evaluation of nanomaterials needs
to comprehensively consider the different stages of cellular
interactions and tissue transportation, and the content in-
volved is relatively extensive.[304] For the diagnosis and/or
therapy of atherosclerosis, intravenous injection is the most
commonly used method. Nanomaterials often directly inter-
act with blood components therefore it is particularly crucial
to analyze the types, morphology, proportion, and number
of complete blood cells. In addition, Wang et al. designed
a biomimetic red blood cell membrane-coated PLGA nano-
material for a one-month treatment, and regularly moni-
tored the body weight of ApoE-/- mice during the treatment
period. After the treatment, further evaluation of the func-
tion index of vital organs such as the heart, liver, spleen,
lungs, and kidneys was performed to obtain a more com-
prehensive biological assessment. This study demonstrated
the biosafety advantages of biomimetic nanomaterials as
a next-generation drug delivery system for atherosclerotic
management.[127]

III. Immunological evaluation: Nanomaterials that enter the
body may have close contact with the immune system and
cause direct or indirect effects.[305] Immunological evalua-
tion of nanomaterials needs to be started from both in vitro
and in vivo aspects. In vitro evaluation includes co-culturing
the nanomaterials with immune cells to observe their mor-
phology, proliferation, differentiation, and changes in cy-
tokines. The in vivo evaluation mainly involves immune acti-
vation evaluation and immune toxicity evaluation. For exam-
ple, Lameijer and co-workers selected RAW264.7 cells and
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bone marrow-derived macrophages to assess the immuno-
logical safety of rHDL NPs. Nanomaterials were cocultured
with these macrophages and tested immune cell function.
The results indicated that these rHDL NPs did not affect the
expression of chemokine ligand 2 in macrophages, nor did it
affect the immune response of macrophages to lipopolysac-
charide. Further, the expression of cytokine chemokines
such as IL-6, chemokine ligand 2, and TNF-𝛼 were detected
within the normal range after the rHDL NPs were injected
into atherosclerotic mice, and no systemic inflammatory re-
sponse and potential adverse immune effects were observed.
These results demonstrated the great potential of rHDL
NPs as a new-generation nanoplatform for the treatment of
atherosclerosis.[243]

IV. Toxicology evaluation: The toxicology evaluation of nanoma-
terials needs to evaluate toxic effects on cells, various or-
gans, and biological systems, which mainly embraces acute
and chronic toxicity evaluation.[306] Cell culture, biological
slice technology, and blood biochemical detection methods
can assist toxicological evaluation to ensure the safe appli-
cation of nanomaterials. It has been demonstrated that sev-
eral types of nanomaterials for atherosclerosis exhibited low
toxicity both in vitro and in vivo. On the one hand, cell
proliferation, and death assessment is the most common
method in vitro, and in one report, a kind of manganese
ferrite (MnFe2O4)-based nanomaterial at the concentration
of 31.25 μg mL-1 was safe for the growth of RAEC cells.[98]

Another metal element Zr-contained MOFs did not lead to
cytotoxic death at the concentration of 32 μg mL-1 after co-
incubation with cells for 24 h.[221] Comparatively, organic
nanomaterials without metal elements demonstrated supe-
rior results. For instance, a rapamycin-loaded polymer ex-
hibited a safe concentration of up to 300 μg mL-1 at the cel-
lular level.[124] On the other hand, the in vivo toxicity assess-
ments require the observation of blood samples and major
organs (e.g., heart, liver, spleen, lungs, and kidneys). The
above MnFe2O4, MOFs, and polymer all exhibited outstand-
ing biosafety and the blood indices and tissue sections had
no significant differences between the treatment and control
group. In addition, another study on palladium-hydrogen
nanopocket cubes also analyzed serum triglycerides and
HDL in atherosclerotic mice with no significant abnormali-
ties, suggesting that nanomaterials are suitable for biological
application.[251]

It is worth noting that there are remarkable individual dif-
ferences between nanomaterials, and they need to be treated
differently during biological safety evaluation. Although break-
throughs have been made in the application of nanomaterials,
we should not be complacent and need to consider the challenges
they face in terms of biosafety and biocompatibility.[307]

8. Summary and Prospect

In this review, we elaborate on the pathological basis of
atherosclerosis, the characteristics of nanomaterials, the appli-
cations of nanomedicine in atherosclerosis, and the assess-
ment of biosafety, in order to provide useful references for fur-
ther research in this field. The application of nanomedicine

in atherosclerosis involves many pathological processes, such
as inflammatory burden, immune cell infiltration, lipid accu-
mulation, endothelial injury, glycolysis, neovascularization, and
thrombosis. The commonly used nanoplatforms include lipo-
some, micelle, polymer, metallic oxide, AuNP, carbon-based
nanomaterial, QD, membrane-coated biomimetic nanoparticle,
living cell, cell-derived extracellular vesicles, etc. These nanoma-
terials passively target plaques through the EPR effect, or specif-
ically target certain components within plaques through modi-
fied proteins, peptides, and other ligands. On the one hand, the
use of nanomaterials has expanded the imaging range from basic
anatomical imaging to molecular functional imaging, including
MR, CT, FL, radioisotopes, PA, OCT, and multimodal imaging,
enabling early detection of plaques, distinguishing the stable and
vulnerable plaques, and providing more optimized diagnostic
data for the clinic. On the other hand, the methods of atheroscle-
rotic therapy can be roughly categorized into five types, including
drug delivery, phototherapy, SDT, immunotherapy, and gas ther-
apy. It has demonstrated the remarkable abilities of these nano-
materials to inhibit plaque formation. Furthermore, the biosafety
evaluation including in vivo distribution and metabolism assess-
ment, biological evaluation, immunological evaluation, and toxi-
cology evaluation of various nanomedicine for biomedical appli-
cations were thoroughly discussed (Figure 11).

In the past decade, the scientific community has witnessed sig-
nificant breakthroughs in the biomedical applications of nano-
materials. In the field of nanomedicine, cardiovascular diseases
have become the second-largest application branch after cancer.
The term “atherosclerosis” is also appearing more frequently
in the field of nanomedicine. Even though the application of
nanomedicine is still in the research stage, it has demonstrated
fascinating prospects based on the improvement of diagnostic ca-
pabilities, therapeutic effects, and even theranostic assessment.
However, in order to achieve clinical translation and long-run de-
velopment, there is still an urgent need to consider and address
several crucial challenges and issues:

I. The unknown interaction between nanomaterials and bio-
logical systems is a major obstacle to the application of nano-
materials in biomedical fields. Especially for atherosclerosis,
a chronic cardiovascular disease, lesions spread over various
parts of the body including the heart, brain, kidneys, and
limbs. Before targeting the atherosclerotic lesions, nanoma-
terials generally encounter many biological components in
the body and manifest a wide distribution range whether
injected intravenously or orally. Therefore, scientists ought
to conduct more detailed biocompatibility and biosafety as-
sessments, including risk-benefit assessments for blood cir-
culation, distribution, uptake, toxicity, immune activation,
biodegradation, metabolism, and elimination. It is a critical
prerequisite for achieving further clinical translation.

II. Material design for atherosclerosis is cumbersome. An in-
creasing number of reports tend to prepare multifunc-
tional nanomaterials involving various chemical compo-
nents, which may inadvertently increase the complexity of
the nanoparticles. In the field of atherosclerotic theranos-
tic, the complex components also bring unprecedented chal-
lenges to the biocompatibility assessment. For example, re-
searchers cannot accurately evaluate the biological effects of
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Figure 11. Schematic illustration of nanomedicine application (including pathological progress, the classification of nanomaterials, facing challenges
and prospects) in atherosclerosis. Figure was created with BioRender.com.

each component under the premise of control variables, let
alone speculate on the subtle results of interactions between
various components. Thus, material design for atheroscle-
rotic diagnosis and/or therapy should not be a combination
and stacking of complex components but should fully ex-
plore the deeper and multifaceted effects of a certain mate-
rial, subtract components from the material and make each
component have a supportive and constructive relationship
with each other.

III. Nanomaterials need to be improved in production methods.
Atherosclerosis is a highly prevalent chronic disease that
requires long-term administration. However, most existing
nanomaterials are prepared through manual synthesis in
the laboratory and have low yields. These hand-prepared
nanomaterials are often differences between batches includ-
ing material size, yield, drug loading, and other parameters.
Therefore, high-precision and large-scale commercial pro-
duction methods need to be established to enhance the re-
producibility of material parameters and performance, as
well as meet clinical translation and application needs.

IV. The nanomaterial system lacks horizontal comparison. The
number of articles on treating atherosclerosis is increasing
exponentially, and the nanomaterial system is diverse with
most reports claiming significant efficacy. However, there
has been no scientific and systematic evaluation of which
nanomaterial has the optimal effect. According to existing
reports, the pathological composition within atherosclerosis
is uneven and unequal, which may be dominated by lipids,
inflammatory cells, neovascularization, or matrix proteins.
Therefore, the same nanomaterial may exhibit significantly
different effects in different individuals. It is necessary to

compare the functions of nanomaterials based on the patho-
logical types of atherosclerosis, which may be helpful for in-
dividualized diagnosis and treatment of patients.

V. The animal models suitable for studying atherosclero-
sis need to be expanded. Most animal models used in
atherosclerotic research related to nanomedicine are mice
and rabbits. Although models used to simulate human
atherosclerosis (such as ApoE-/- mice, LDLr-/-mice, balloon-
injured rabbits) contribute to understanding the pathophys-
iology of atherosclerosis and validating the emerging thera-
pies to some extent, their pathologic condition differs from
that of the human body. Moreover, large animals such as
pigs and monkeys are costly. Therefore, establishing a ma-
ture atherosclerotic model that is similar to humans is an
urgent problem that needs to be solved.

VI. The contraindications of nanomedicine for the use of
atherosclerosis are still unknown. Generally, patients with
atherosclerosis are often accompanied by other complica-
tions including coronary heart disease, stroke, diabetes, obe-
sity, liver and kidney dysfunction, etc. It is difficult to study
the feasibility and/or contraindications of applying nanopar-
ticles in complex disease populations. Therefore, it may be
possible to identify contraindications of nanomedicine by
constructing an animal model with multiple diseases.

These challenges exactly pose resistance to the development
of nanomedicine to some degree. However, they also drive us
to think further about the direction of our future efforts and
guide us from multiple dimensions to promote the development
and clinical translation of the next wave of nanomedicine in
atherosclerosis theranostics. In addition to solving the above
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obstacles, we must deepen our understanding of atherosclerosis
to make great strides forward through more extensive research.
In the future, as the key scientific issues and technical chal-
lenges related to nanomedicine are resolved, and the preparation
methods and evaluation measures based on multidisciplinary
fields are standardized, it is highly expected that the rapid de-
velopment of nanomedicine can bring sustained innovation to
the diagnosis and treatment of atherosclerosis, breaking further
development constraints. It is believed that in the near future,
we can definitely achieve significant progress and more exciting
breakthroughs in the field of atherosclerosis and even the entire
medical field through nanomedicine.
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