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Cardiovascular disease (CVD) is a global health concern, presenting significant risks to human health.
Atherosclerosis is among the most prevalent CVD, impacting the medium and large arteries in the
kidneys, brain, heart, and other vital organs, as well as the lower limbs. As the disease progresses, arterial
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obstruction can result in heart attacks and strokes. Therefore, patients with atherosclerosis should
receive accurate diagnosis and timely therapeutic intervention. With the advancements in nanomedicine,
DOI: 10.1039/d4tb00900b researchers have proposed new research strategies and methods for atherosclerosis imaging. This paper

summarizes some current research findings on the use of nanomaterials in diagnosing atherosclerosis
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Introduction

The prevalence of chronic diseases is increasing every year due
to global population growth and changing lifestyles and social
environments, which has an impact on local economies and
health."” More than 500 million people globally suffer from
cardiovascular disease (CVD).> Research has indicated that
while the mortality rate of CVD has significantly decreased
in developed nations like the UK and the prevalence has not
changed significantly over the past ten years, the burden of
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and offers insights for optimizing the imaging applications of nanomaterials in the future.

CVD is increasing in developing nations like China, India, and
Africa, and countries still need to develop effective strategies to
address the challenges posed by CVD.*™®

Atherosclerosis is one of the major contributors to the
development and progression of CVD. The global prevalence
of atherosclerotic cardiovascular disease (ASCVD) has nearly
quadrupled in the past 30 years, highlighting the tight associa-
tion between ASCVD and CVD.’ The pathology of atherosclero-
sis is characterized by the formation of plaques and narrowing
of blood vessels, where unstable plaques are prone to rupture
and hemorrhage, from which intra-plaque material (e.g., cho-
lesterol crystals and inflammatory factors) enters the blood-
stream and thrombus formation occurs, thereby partially or
completely blocking the arteries and decreasing or blocking
the blood supply to the heart, leading to unstable angina or
myocardial infarction.® Atherosclerosis can also cause a loss in
artery flexibility, which can cause an increase in blood pressure,
further harming the heart and blood vessels and eventually
leading to major cardiovascular events.'®'" Thus, the preven-
tion of CVD depends on the early detection and treatment of
atherosclerosis.

Nanomaterials are substances with nano-size particles, and
they are now widely employed in industrial, medicine, energy
and environmental fields, among others. Nanomedicine is an
interdisciplinary research field; a large number of novel nano-
materials are used in research on diagnosis and treatment
of diseases, which offers multiple advantages in the field of
medical science, such as targeting, retention effects, excellent
physicochemical properties, biocompatibility and so on.'*'?
The diagnosis of diseases is of great clinical significance, and
researchers have shown that nanomaterials have considerable
potential to be utilized as probes for biomedical imaging due to
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Fig. 1 Schematic diagram of the review: nanoparticles with different
capabilities for imaging and treatment of atherosclerosis. Created with
https://BioRender.com.
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their advantages of targeted, real-time and dynamic imaging,
high contrast, and multifunctionality for application in ima-
ging techniques such as magnetic resonance imaging (MRI),
computed tomography (CT), and optical imaging, among
others."* Combining nanomaterials with specific ligands, anti-
bodies, or biomembranes enhances the specific recognition
of atherosclerosis by targeting and identifying early stages of
the disease. Nanotechnology offers the advantage of multi-
functionality, allowing nanomaterials with both diagnostic
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and therapeutic functions to facilitate drug delivery and
imaging. Nanomaterials are easily designed and optimized in
terms of size, shape, and properties, offering customization
potential for precision medical treatment in the future.® This
review focuses on the construction of nanomaterials with
applications in imaging and diagnosing atherosclerosis (Fig. 1).

1. Characteristics of atherosclerosis
and the importance of its diagnosis

The development of atherosclerosis is a complex process invol-
ving various risk factors and pathological changes. A compre-
hensive understanding of the characteristics of atherosclerosis
and its pathological changes can help researchers to develop
imaging and therapeutic strategies for this disease.

1.1. Characteristics and pathological changes of
atherosclerosis

Hyperlipidemia, hypertension, aging, obesity, diabetes melli-
tus, and the body’s inflammatory environment all increase the
risk of developing atherosclerosis, which is characterized by
plaque formation and hardening of the blood arteries (Fig. 2A).
It has been investigated that the lower the patient’s adherence
to managing hypertension, the higher the level of cardiovascu-
lar disease risk factors, and the risk of cardiovascular disease
grows with age.'®

Various stimuli such as hypertension, smoking, and hyper-
lipidemia can induce varying levels of damage to endothelial
cells. This leads to adherence of molecules like low-density
lipoproteins (LDLs) and platelets to these dysfunctional cells.
Additionally, damaged endothelial cells release cytokines, pro-
moting monocyte aggregation and adhesion. The monocytes
then migrate to the interstitial space of the endothelial cells
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Fig. 2 Schematic diagram of atherosclerosis characteristics and pathological changes. (A) Vascular features of atherosclerosis. (B) Pathological changes

of atherosclerosis. Created with https://BioRender.com.
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through chemotaxis, differentiate into macrophages, and ingest
oxidized lipids beneath the endothelial membrane via scavenger
receptors on their surface, resulting in the formation of macro-
phage-derived foam cells. Moreover, smooth muscle cells (SMCs)
absorb lipids through lipoprotein lipase (LPL) receptors, forming
SMC-derived foam cells. The accumulation of foam cells contri-
butes to the development of lipid plaques in atherosclerosis
(Fig. 2B).""° Overall, atherosclerosis is a progressive pathological
process involving endothelial cell damage, LDL oxidation, inflam-
mation, monocyte migration, and smooth muscle cell prolifera-
tion, which affect the systemic vasculature and a variety of organs
throughout the body, e.g., affecting the health of hematopoietic
stem and progenitor cells in the bone marrow, decreasing their
regenerative capacity, affecting lymphatic vascularity and function,
and leading to myocardial infarction and stroke.>*"**

1.2. The importance of atherosclerosis diagnosis

By analyzing the autopsy reports of young people between 15
and 34 years of age, it was found that early lesions (e.g, fatty
streaks) and typical lesions of atherosclerosis already existed in
young individuals, which suggests that the development of
atherosclerosis is a long-term process and that its onset and
early stages occur at a young age, implying that we need to
begin to pay attention to and manage cardiovascular health at
an earlier age in order to reduce the risk of cardiovascular
disease in the future, and also puts a higher demand on
diagnostic technologies with higher sensitivity and specificity
for atherosclerosis, which will assist physicians in detecting the
disease in its early stages more quickly and accurately.>®
Nanotechnology can enable targeted imaging of athero-
sclerotic lesions based on pathological changes. For instance,
targeted ligands or modified cell membranes can be used to
specifically detect key cells (such as macrophages and mono-
cytes) and lesion-specific markers (e.g., integrin o, ;) involved
in the atherosclerosis process. Additionally, the environmental
features at the site of an atherosclerotic lesion, such as lipids,
ROS, and inflammation, can be utilized for precise lesion
identification. Furthermore, nanomaterials can passively target
the abnormal vascular permeability in the lesion area due to
their size advantage.** Nanotechnology can enhance the detec-
tion of atherosclerosis through the aforementioned strategies.

2. The rise of imaging nanomaterials

Nanomaterials are rapidly developing, boosting the advancement
of a variety of fields. Nanomedicine has emerged as an important
step in the development of modern medicine, with applications
including cancer imaging and treatment and treatment of CVD,
renal illness, and more, providing novel ideas for disease diag-
nosis and treatment.

2.1. Traditional imaging techniques

Imaging technology plays an important role in disease diag-
nosis, risk assessment, and treatment monitoring. Currently,
invasive coronary angiography (ICA), computed tomography
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angiography (CTA), magnetic resonance angiography (MRA),
positron emission tomography (PET), intravascular ultrasound
(IVUS), optical coherence tomography (OCT), and near-infrared
(NIR) imaging are the main diagnostic techniques used for the
diagnosis of atherosclerosis in clinical settings, but the above
techniques have their advantages and limitations.>>*® ICA is
the gold standard for the diagnosis of coronary artery disease
(CAD), but it is invasive; radiation and contrast media have an
impact on the body, and it is difficult to identify diffuse
stenosis. CTA has high spatial resolution and is less invasive,
but it has a clear requirement for the heart rate and takes time
to process the images. MRI does not have radiation and does
not require contrast media, but it has a longer imaging dura-
tion, is susceptible to motion, and in the case of complex and
irregular blood flow, signal loss may result in the failure to
identify the details of the pathology.?” PET offers high sensitiv-
ity and can be combined with complementary imaging mod-
alities like computed tomography (CT) and magnetic resonance
imaging (MRI); however, it suffers from poor spatial resolu-
tion and can cause interference with myocardial uptake.?®
IVUS enables high-resolution imaging and analysis of plaque
composition. However, it suffers from invasiveness and costli-
ness, along with the potential of calcified plaques to obstruct
ultrasound penetration.? OCT offers the benefits of non-
invasiveness, rapid scanning speed, high resolution, and the
ability to detect atherosclerotic plaque characteristics; however,
it comes with a high cost and demands a relatively high skill
level from operators.>® NIR imaging offers the advantage of
noninvasiveness and can complement the structural infor-
mation obtained from ICA, IVUS, and OCT. Nonetheless, IR
imaging still presents limitations in terms of imaging depth
and susceptibility to interference from blood or biomolecules.
Further validation of NIR imaging in clinical settings is
warranted.*"*>

2.2. The rise of nanotechnology

The size, shape and potential of nanomaterials can be con-
trolled during the synthesis process; the surface modification
of nanomaterials by target molecules, probe markers, or drugs
can be used for precision imaging and therapy to achieve high
biocompatibility, laying the foundation for medical research.**
The properties listed above offer new diagnostic strategies and
considerable potential for the application of nanomaterials in
medicine. Nanomaterials for imaging are now being explored,
showing promising results in CVD, cancer, liver illnesses, and
brain diseases and providing new options for future disease
diagnosis.***° Among them, magnetic nanoparticles have
become a very promising research and application direction
in the field of magnetically guided bioimaging,*® and organic
nanoparticles with near-infrared absorption capacity have been
applied in photoacoustic imaging to successfully improve
imaging quality and treatment efficiency.**

Compared with traditional imaging materials, nanomaterials
with imaging capabilities have the advantages of multifunction-
ality, dynamic monitoring, and realization of interdisciplinary
cooperation and can realize precise diagnosis of atherosclerotic

This journal is © The Royal Society of Chemistry 2024
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diseases and bring innovations in the diagnosis and treatment of
atherosclerosis by identifying and imaging plaques or inflamma-
tory macrophages through their specific targeting capabilities.**

3. Imaging nanomaterials for
atherosclerosis

With the rapid development of nanomaterials, some nanoma-
terials with MRI, PET, PAI and other capabilities have been
successfully constructed and applied in the study of athero-
sclerotic diseases to provide new strategies for precise imaging
and treatment of the diseases. This review summarizes and
briefly describes the following research results (Table 1).

3.1. Nanomaterials with MRI capability

As a non-invasive, radiation-free imaging method for the diag-
nosis of cardiovascular illness, MRI uses magnetic fields and
radio waves to examine the internal structures of the human
body. In MRI, T1- and T2-weighted imaging modes are two
commonly used imaging modes, with T1 imaging displaying
structural features of tissues and T2 imaging identifying tissue
abnormalities such as lesions and edema, and a key measure of
contrast media performance is the relaxation rate (r,).”° Nano-
materials containing magnetic elements such as gadolinium
(Gd) and iron (Fe) are commonly used as MRI contrast
media for research due to their unique physical and chemical
properties.

Ziyue Zu et al.”” synthesized RpMPs by first preparing ultra-
small-sized nanoparticles (MNPs) using the natural polyphenol
melanin and then performing targeted functionalization with
polyethylene glycol (PEG) and a cyclic-Arg-Gly-Asp-p-Tyr-Lys
(cRGD) peptide. After incubation at 40 °C for 4 h, Gd*" could
attach directly to MNPs or RpMPs without the need for addi-
tional chelators to synthesize Gd**-RpMPs and the control
Gd*"-NpMPs. The researchers confirmed the high targeting
efficiency of RpMPs and showed enhanced signal enhancement
by comparing the MRI results of Gd**-RpMPs and control Gd-
DTPA, a paramagnetic contrast media, or Gd>"-NpMPs. Lydia

l. 43

View Article Online

Journal of Materials Chemistry B

Martinez-Parra et al.**

prepared ultrasmall calcium carbonate
nanoparticles containing gadolinium element, and alendro-
nate (for microcalcification targeting) and trimannose (for
inflammation targeting) were modified on the nanoparticles
to construct CC-Aln and CC-Trm, respectively. Gd**-doped
amorphous calcium carbonate nanoparticles were used for
imaging studies of atherosclerotic plaques, and the results
showed that CC-Aln exhibited significant imaging signal
enhancement with better lesion targeting (Fig. 3A). Lingyi
Wen et al.*® synthesized ultrasmall Zn, ,Fe, (O, nanoparticles
using dynamic simultaneous thermal decomposition (DSTD),
which were synthesized by the use of three different ligands,
namely, dopamine (DA), 3,4-dihydroxyhydrocinnamic acid
(DHCA) and phosphorylated polyethylene glycol (PO-mPEG) to
modulate the surface charge of the nanoparticles. Zn, sFe, ¢O4-
NH,, Zn,4Fe,0,~COOH, and Zn, 4Fe, (0,~PEG were finally
synthesized with positive, negative and neutral surface charges,
respectively. The results showed that Zn, sFe, 0, nanoparticles
with different surface charges had higher relaxation rates
compared to Gd-DTPA, a commonly used clinical contrast
medium. Attributed to the high affinity of positive charge
for macrophages, Zn,,Fe, s0,~NH, exhibited the highest
signal intensity among the three nanoparticles, and plaque
lesions could be clearly imaged in 10 minutes (Fig. 3B). Xin
Huang et al.*® synthesized Fe;0, nanoparticles by solvother-
mal synthesis and coated the nanoparticles with a macro-
phage membrane (MM) to provide the ability to target early
atherosclerotic lesions (foam cell formation) and successfully
prepared Fe;O0,@M as well as the control Fe;0,@PEG. The
nanoparticles were spherical in shape, measuring roughly
300 nm, with a significant T2 effect and good biosafety.
In rats with atherosclerosis, Fe;0,@M nanoparticles were
injected through the tail vein, and the results showed sig-
nificant MRI signals in the area of early atherosclerotic
lesions in the aortic root, and the targeting of Fe;O,@M
was confirmed by comparing Fe;0,@M with Fe;0,@PEG
nanoparticles by immunohistochemistry (IHC), demonstrat-
ing the diagnostic potential of Fe;0,@M for early athero-
sclerotic lesions (Fig. 3C).

Table 1 Different functional nanoparticles for diagnostic imaging of atherosclerosis

Year  Author Nanoparticles Target Application Ref.
2023  Ziyue Zu et al. Gd**-RpMPs o3 MRI 43
2023  Lydia Martinez-Parra et al. CC-Aln/CC-Trm Microcalcification/macrophages MRI 44
2024  Lingyi Wen et al. Zn, 4Fe; (04 Nps Macrophages MRI 45
2021  Xin Huang et al. Fe;0,@M Macrophages MRI 46
2017  Edmund J. Keliher et al. '8p-Macroflor Macrophages PET/CT 47
2019  Hyeon Jin Jeong et al. DBCO-MSNs Macrophages PET 48
2016  Carlos Pérez-Medina et al. 89Zr-AI-HDL/*Zr-PL-HDL ~ Macrophages and monocytes PET 49
2016 Hannah P. Luehmann et al.  **Cu-vMIP-II-comb Chemokine receptors PET 50
2021  Mabhsa Gifani et al. SWNT-Cy5.5 Ly-6C" monocytes and foamy macrophages ~ PAI 51
2023  Yuan Ma et al. L-CRP Lipophilic environments and cathepsin B PAI 52
2023  Jun Lu et al PCN@FL HCIO and phosphorylation Fluorescence imaging 53
2023 DiMaetal MeOTTI-PMEA NPs Acidic environment Fluorescence imaging 54
2021  Mangmang Sang et al. CN-PD — Fluorescence imaging 55
2018  Wen Gao et al. CuS-TRPV1 — PAI 56
2024  Qiao Chen et al. pep-CDs Foam cells PAI 57
2020 Guanghao Wu et al. MNC@M-ST/AP Macrophages MRI 58
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In summary, nanomaterials combined with MRI technology
have exhibited excellent imaging capabilities, providing more
ideas for the development of novel MRI clinical application
strategies in the future.

3.2. Nanomaterials with PET capability

PET is a nuclear medicine imaging technique that relies on the
physical properties of positron-emitting nuclides.®® In particu-
lar, radioisotope labeling, such as '°F labelling, is a commonly
used radiolabeling approach that is applied to PET imaging
techniques when combined with biomolecules or compounds.
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Fig. 3 Synthesis process and imaging application of MRI-enabled nanoparticles: (A) CC-Aln and CC-Trm nanoparticles. Copyright 2023 American
Chemical Society. (B) Ultrasmall Zng 4Fe, 04 nanoparticles. Copyright 2024 American Chemical Society. (C) FesO4@M nanoparticles. Copyright 2021
Elsevier.

Edmund J. Keliher et al.*” prepared ultra-small size (5.0 +
0.4 nm) polyglucose nanoparticles (Macroflor), which were
rendered PET imaging capable by *°F labeling, and the nano-
materials showed both macrophage-targeting ability and rapid
metabolism from the kidneys due to their small size and
the polyglucose structure’s macrophage-attracting properties.
Experimental results showed that Macroflor nanoparticles
achieved rapid renal excretion in three different species (mice,
rabbits, and primates), and in mice and rabbits suffering from
atherosclerosis, PET/CT imaging succeeded in '®F-labeled
Macroflor-specific enrichment in the aortic root and arch regions
(Fig. 4A). Hyeon Jin Jeong et al.*® constructed nanomaterials of
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Fig. 4 Synthesis process and imaging applications of PET-enabled nanoparticles (A) F-Macroflor nanoparticles. Copyright 2017, The Author(s).

(B) DBCO-MSN nanoparticles. Copyright 2019 Elsevier.
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DBCO-MSNs (polyethylene glycolized mesoporous silica nano-
particles with azodibenzocyclooctyne), and injected DBCO-
MSNs-RAW into mice following macrophage phagocytosis.
The researchers synthesized the radiolabeled precursor [**F]
fluoropentaethylene glycolic azide ([*®F]2) containing '®F and
an azido group in advance, and injected it into the animals; the
azido group and the intracellular DBCO group underwent
strain-promoted azide-alkyne cycloaddition (SPAAC) reaction.
This reaction was a bioorthogonal reaction, meaning that it did
not interfere with the organism’s own biochemical reactions,
thus ensuring labeling specificity. The researchers performed
PET imaging in animal models of tumors and atherosclerosis,
respectively. Through in vivo '*F labeling, the researchers were
able to effectively track and image the distribution and dyna-
mics of macrophages in tumors and atherosclerotic plaques,
which is expected to lead to early diagnosis of the diseases
(Fig. 4B). Carlos Pérez-Medina et al.*® synthesized disc-shaped
high-density lipoprotein (HDL) nanoparticles by reconstructing
the components, labeled the nanoparticles with #Zr-oxalate as
a radioisotope source via chelator deferoxamine B conjugation
or phospholipid-chelator binding, and constructed ®°Zr-
apolipoprotein A-1 labeled HDL (*°Zr-AI-HDL) and ®°Zr-
phospholipid-labeled HDL (3°Zr-PL-HDL) to realize PET ima-
ging function, respectively. The results showed that the blood
half-life of **Zr-AI-HDL in mice ranged from 1.4 to 2.0 h, while
that of ®Zr-PL-HDL ranged from 1.1 to 2.8 h. In mouse and
rabbit animal models, both HDL nanoparticles could achieve
the targeting of macrophages and monocytes in the plaques,
and the biodistribution of %°Zr-HDL nanoparticles was
observed by PET imaging, especially in the plaque accumula-
tion in lesions. Hannah P. Luehmann et al.”° first synthesized
comb-shaped nanoparticles with amphiphilicity, attached
viral macrophage inflammatory protein-II (vMIP-II) and then
conjugated the ®**Cu radioisotope to form vMIP-II-conjugated
nanoparticles, ultimately constructing the stabilized radio-
labeled complex ®*Cu-vMIP-II-comb nanoparticles. The results
showed that the retention time of ®**Cu-vMIP-Il-comb nano-
particles in the blood was significantly increased compared to
®4Cu-comb, and PET imaging in mice modeled for vascular
damage and atherosclerosis showed that **Cu-vMIP-II-comb
nanoparticles displayed targeted imaging and a better imaging
degree than ®*Cu-comb.

In summary, use of nanoparticles provides a promising
research method for PET imaging.

3.3. Nanomaterials with photoacoustic imaging (PAI)
capability
The principle of PAI, a rapidly emerging biomedical multi-wave
imaging technique, is that the electromagnetic wave energy of
the light absorber is absorbed by the biological tissues and
transformed into thermal energy. The absorber body then
expands and contracts thermally to become an acoustic source,
and signal processing creates a photoacoustic image that
reflects the structure and function of the tissue.®!

Mahsa Gifani et al.>" prepared single-walled carbon nano-
tubes (SWNTs), which were able to be selectively taken up by

This journal is © The Royal Society of Chemistry 2024
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inflammatory Ly-6C™ monocytes and foam cells, and were used
for imaging after coupling with the fluorescent dye Cy5.5
(SWNT-Cy5.5). The nanotubes’ ability to be specifically
enriched in the lesion plaque allowed them to absorb light
energy and convert it into heat when exposed to light. This
caused the local temperature to increase as the nanotubes
appeared to expand thermally, leading to minute vibrations
and producing ultrasonic signals that were picked up by the
detector and translated into images, fulfilling the goal of
imaging the lesion. The breakdown of the fibrous cap by
Cathepsin B (CTB) is an important factor causing the instability
of plaques. Yuan Ma et al.>* combined lipophilic alkyl chains
and hydrophilic CTB substrates onto hemicyanine scaffolds,
using lipids and CTB as two ‘“keys” to unlock photoacoustic
(PA) signaling, and finally succeeded in constructing an L-CRP
probe. In lipid-rich environments, such as foam cells in plaque
regions, lipophilic alkyl chains enabled hemicyanine scaffolds
to disperse and transform into monomers, ultimately realizing
an increase in light absorption, which resulted in a stronger
signal when irradiated with laser light. When the laser pulse
activated the L-CRP probe, it caused thermal expansion of the
surrounding tissue and then this thermal expansion generated
sound waves, which subsequently propagate to the surface of
the tissue. In animal experiments, L-CRP was able to dynami-
cally report intra-plaque CTB levels and closely correlate with
the characteristics of vulnerable plaques, enabling risk strati-
fication of model mice for atherosclerosis. In addition, in
isolated human artery tissues, the L-CRP probe was able to
distinguish between atheromatous and normal vessels, implying
that L-CRP could be used in clinical practice to help diagnose
vulnerable plaques (Fig. 5).

PAI, due to its non-invasive nature and low cost compared to
advanced imaging techniques, combines with nanomaterials to
provide targeted and thus more accurate imaging, thus provid-
ing new strategies for early diagnosis of diseases.

3.4. Nanomaterials with fluorescence imaging capability

Fluorescence imaging is a technique that utilizes fluorescent
probes to perform imaging at specific wavelengths of excitation
light, which has the advantages of being non-invasive and
sensitive, etc. However, conventional fluorophores are prone
to aggregation-induced bursts and background fluorescence
interference. As a solution, researchers have developed nano-
materials that incorporate fluorescent probes capable of
extending their cycling time. These nanomaterials offer versa-
tility, targeting capabilities, and precise imaging characteris-
tics. They can be effectively used for precise imaging and
treatment at various stages of atherosclerosis due to their
unique optical properties.’>?

Jun Lu et al.>® synthesized PCN-224, a metal-organic frame-
work containing Zr(wv), and TCFL, a small-molecule fluorescent
probe containing fluorescein and dimethylthiocarbamate
(DMTC), and then combined the two parts to successfully build
PCN@FL with fluorescence imaging function. Hypochlorous
acid (HCIO) and phosphorylation are involved in the process of
atherosclerosis. The selective recognition of the levels of HCIO

J. Mater. Chem. B, 2024,12, 9144-9154 | 9149
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and phosphorylation was achieved by the specific interaction
between DMTC and HCIO and the interaction between Zr(w)
and phosphate. The fluorescence imaging investigations
revealed that PCN@FL is a useful fluorescence tool for asses-
sing early atherosclerosis (Fig. 6A). Di Ma et al.>* developed a
fluorescent probe MeOTTI with specific aggregation-induced
emission (AIE) properties, loaded with tetraphenylethylene
(TPE) derivatives, which emits strong fluorescence signals in
non-polar environments, such as lipid droplets, or in an
aggregated state, and then encapsulated this probe into pH
responsive polymer micelles to construct MeOTTI-PMEA NPs,
which improved the water solubility and biocompatibility of
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MeOTTI and enabled rapid release of MeOTTI in acidic
environments such as lysosomes in cells. The experimen-
tal results demonstrated that the probe could successfully
label lipid droplets for imaging atherosclerotic lesions
(Fig. 6B). Mangmang Sang et al.>® designed a lipid droplet-
specific fluorescent probe (CN-PD) that achieves rapid intra-
operative plaque imaging by atomizing an aqueous solution
of CN-PD into 3-micrometer-sized microdroplets and then
spraying them in situ on the lesion site, which can be
utilized for rapid intraoperative determination of the lesion
area and can provide a new idea for precise clinical treatment
(Fig. 6C).

Depth (um)

Fig. 6 Synthesis process and imaging applications of fluorescence imaging nanoparticles. (A) PCN@FL nanoparticles. Copyright 2023 John Wiley and
Sons. (B) MeOTTI-PMEA nanoparticles. Copyright 2023 Elsevier. (C) CN-PD nanoparticles. Copyright 2021 American Chemical Society.
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3.5. Nanomaterials for diagnosis and treatment

Researchers have employed nanomaterials to combine imaging
and therapeutic capabilities, creating novel approaches for
clinical atherosclerosis applications.

Transient Receptor Potential Vanilloid 1 (TRPV1), also
known as the capsaicin receptor or vanilloid receptor, is a
heat-sensitive cation channel. Wen Gao et al.’® successfully
constructed CuS-TRPV1 by combining CuS nanoparticles with a
monoclonal antibody against TRPV1. Using near-infrared laser
irradiation, CuS-TRPV1 was able to cause a localized increase in
temperature on the surface of vascular smooth muscle cells,
which resulted in activation of the TRPV1 channel, leading to
the influx of calcium ions into the cells, activation of the AMPK
signaling pathway, an increase in cholesterol efflux, and a
decrease in lipid accumulation in the cells. Visualization of
blood vessels by photoacoustic imaging and real-time monitor-
ing of the therapeutic effect on atherosclerosis are shown in
Fig. 7A. A nanozyme is a new type of nanomaterial that has the
ability to mimic natural enzymes. Qiao Chen et al.’>” synthe-
sized a carbon-dot nanozyme (pep-CDs) with involvement of the
phosphatidylserine (PS)-specific peptide CLIKKPF. The pep-CD
nanozyme had superoxide dismutase (SOD)-like enzyme activity
and could play an anti-oxidative stress role; the CDs could
absorb light energy and convert it into acoustic energy in
response to PAI, thus generating signals in PAI; the specific
recognition of CLIKKPF with PS on the outer surface of foam
cell membranes endowed the nanozyme with targeting ability.
As a new type of nanozyme, pep-CDs could not only effectively
diagnose atherosclerosis through PAI, but also realize the
treatment of atherosclerosis through its antioxidant and anti-
inflammatory effects (Fig. 7B). Guanghao Wu et al.*® used Fe;0,
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magnetic nanoclusters (MNCs) with MRI imaging capabilities
as the core, wrapped the MNCs in macrophage membranes via
electrostatic adsorption to provide the ability to target plaques,
and then embedded the anti-inflammatory drug simvastatin
(ST) and targeting apolipoprotein A-1 mimetic 4F peptide (AP)
on the membranes to construct MNC@M-ST/AP. The results
demonstrated that MNC@M-ST/AP could effectively target early
AS plaques, which showed high signals in MRI imaging and a
considerable reduction in the AS plaque area (Fig. 7C).

Nanomaterials possessing diagnostic and therapeutic prop-
erties exhibit multifunctional characteristics, holding signifi-
cant promise for enabling real-time disease monitoring and
advancing early detection and precise treatment of athero-
sclerosis. However, they also encounter challenges related to
biocompatibility and immunogenicity, necessitating additional
research and optimization.

4. Summary and outlook

Since the introduction of nanotechnology, it has been widely
used in various fields after its cross-fertilization with different
disciplines. Researchers used the advantages of nanomaterials
such as easy modification and small size to design nanomater-
ials with different characteristics, which successfully improved
the efficiency and accuracy of imaging, realized the integration
of atherosclerosis imaging and diagnosis, and provided new
ideas for the development of novel diagnostic modalities for the
disease.®® This paper mainly summarizes the success of nano-
materials with different imaging capabilities in imaging plaque
lesions at the animal level, and it is believed that in the future,
researchers will continue to explore how to further improve the
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Fig. 7 Synthesis, imaging and therapeutic processes of nanoparticles. (A) CuS-TRPV1 nanoparticles. Copyright 2018 The Author(s). (B) pep-CD
nanozyme. Copyright 2023 Wiley-VCH GmbH. (C) MNC@M-ST/AP nanoparticles. Copyright 2020 Elsevier.
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specific distribution, precise imaging, and rapid metabolism of
nanoprobes in vivo by altering the physicochemical properties
of the nanoprobes (e.g., size, shape, surface charge, etc.) and
optimizing the synthesis methods, among other strategies.

New therapeutic strategies offer promise for improving
clinical diagnosis and treatment. Although progress is being
made in the clinical translation of nanomedicines, the current
translation rate remains low.®> The safety of nanomedicines
in vivo poses a significant challenge to their clinical translation.
Other factors include biological barriers in vivo that restrict
nanomedicine efficacy, low reproducibility in nanomedicine
preparation, challenges in achieving mass production, inadequate
regulatory policies, and limited public acceptance of nanomater-
ials, all of which hinder their clinical translation.®®®® Therefore,
future research should explore more multimodal imaging techni-
ques to achieve a more comprehensive analysis of the plaques;
studies need to further determine the distribution and metabo-
lism pathways of nanomaterials and to further clarify the mecha-
nism of nanomaterials to achieve in vivo imaging and treatment;
in the future, the biocompatibility and degradability of nanoma-
terials need to be further improved to ensure their safety in vivo;
and diagnostic strategies for the asymptomatic period of the
disease need to be continuously developed to gain more time
for interventional therapy. In the future, regulatory bodies should
establish clinical translational regulations and guidelines to sup-
port the advancement of nanomaterials. Furthermore, researchers
are encouraged to enhance the reproducibility and production
yields of nanomaterials through optimization of preparation
methods.®>”° The world is currently experiencing a rapid period
of clinical research on nanomedicines, with emerging techno-
logies being continuously updated. Challenges and opportunities
are interwoven, and it is anticipated that more nanomedicines
will be utilized in clinical settings in the future.

In summary, nanotechnology has great potential for research
and translational applications in the diagnosis and treatment of
atherosclerosis. It is expected to develop new approaches for
clinical diagnosis and treatment, to achieve a more comprehen-
sive assessment of the disease and provide patients with more
clinical options.
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