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Atherosclerosis plaques caused by cerebrovascular and coronary artery disease
have been the leading cause of death and morbidity worldwide. Precise
assessment of the degree of atherosclerotic plaque is critical for predicting
the risk of atherosclerosis plaques and monitoring postinterventional
outcomes. However, traditional imaging techniques to predict
cardiocerebrovascular events mainly depend on quantifying the percentage
reduction in luminal diameter, which would immensely underestimate non-
stenotic high-risk plaque. Identifying the degree of atherosclerosis plaques still
remains highly limited. vNanomedicine-based imaging techniques present
unique advantages over conventional techniques due to the superior
properties intrinsic to nanoscope, which possess enormous potential for
characterization and detection of the features of atherosclerosis plaque
vulnerability. Here, we review recent advancements in the development of
targeted nanomedicine-based approaches and their applications to
atherosclerosis plague imaging and risk stratification. Finally, the challenges
and opportunities regarding the future development and clinical translation of
the targeted nanomedicine in related fields are discussed.
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Introduction

Atherosclerosis is the most frequent pathological substrate underlying ischemic heart
disease or ischemic stroke, which has been a massive public health problem in China
(Yang et al, 2016; Zhao et al, 2019; Libby, 2021). An epidemiology study on
atherosclerotic cardiovascular disease (ASCVD) indicates that acute cardiovascular
events caused by vulnerable plaque rupture show a rapidly and substantially increased
mortality from 11% in 1990 to 25% in 2016 in China (Zhao et al., 2019). Given that
atherosclerosis is a progressive disease that may remain asymptomatic for several years,
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SCHEME 1
Key processes of the atherosclerotic plaque development.

early detection and treatment is the most useful strategy to
prevent an unheralded rupture of atherosclerotic plaque. To
effectively detect the appearances of risk factors of vulnerable
plaques, non-invasive diagnostic modalities which can provide
long-term and reproducible assessment with minimum risk are
critically needed.

Current clinical non-invasive imaging modalities for
stratifying the risk of atherosclerotic plaques include magnetic
resonance imaging (MRI), computed tomography (CT), positron
emission tomography (PET), single photon emission computed
tomography (SPECT), and ultrasound imaging (US), depending
on quantifying the percentage reduction in luminal diameter
(Group et al., 2017). For example, according to the degree of
luminal stenosis, the grade of atherosclerotic plaques is divided
into mild (<50% in stenosis), moderate (50%-69% in stenosis),
and severe (70%-99% in stenosis). Only severe stenosis is
regarded as risk plaque. Nevertheless, a large number of acute
vascular events arise from mild stenosis (<50% stenosis) rather
than severe stenotic plaques (Naghavi et al., 2003). According to a
study reported by Hyafil et al. (2016), there are more than 20% of
carotid arteries with mild stenosis (<50% stenosis) exhibiting
high-risk features of rupture, and about 8%-9% of carotid
arteries with normal lumen size are found to have vulnerable
features. Such nonstenotic vessels without any prior symptoms
are probably the most neglected but risk plaques, causing
unheralded devastating consequences such as stroke or acute
myocardial infarction. In this regard, both the American Society
of Neuroradiology (ASNR) and the European Society of
Cardiology (ESC) propose the risk of carotid vulnerable
plaque rupture should not only be attribute to the degree of
stenosis but also to plaque compositions (Aboyans et al., 2018;
Saba et al, 2018). Consequently, the diagnosis of high-risk
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atherosclerotic plaque, more than stenotic one via the non-
invasive imaging technology, has become an area of intense
research studies. Although plentiful imaging strategies for
exploiting vulnerable features have been developed, it still
remains a huge challenge to provide a more comprehensive
and accurate assessment of high-risk atherosclerotic plaques.
With rapid development in nanotechnology and nanomedicine,
there has been great potency in using nanoparticles for medical
imaging. Nanoparticles are one kind of particles in the range of
1-1,000 nm in size. Owing to the unique properties conferred by their
nano-scale size and modular structure, nanoparticle fabrication can be
precisely controlled, allowing their physical characteristics, such as
shape, size, surface charge, and biodegradability, to be modified as
required (Lobatto et al., 2011). On this basis, nanoparticles can serve as
efficient imaging contrast agents to tremendously enhance imaging
contrast via incorporating or labeling with a great deal of imaging
motifs, including Gd** and Fe’* for MRI; Au for X-ray and CT
imaging; *Cu for PET and "'In for SPECT imaging; fluorophores
and quantum dots for optical imaging (Hu et al., 2020; Shi et al., 2020;
Chen et al, 2021). More importantly, nanoparticles have high a
surface-to-volume ratio, allowing the surface layer to be modified with
antibodies, proteins, peptides, or other ligands which can target single
or multiple receptors overexpressed on the surface/inside of
(Guo et al, 2021). the
nanoparticles can be designed as novel imaging platforms to

atherosclerotic  plaques Therefore,
diagnose atherosclerosis at the molecular level (Guo et al, 2021).
This review aims to provide a fresh perspective on an overview of the
various targeted nanoparticle-enhanced imaging strategies for
vulnerable plaque identification, along with the perspective of their
distinct functions and current challenges in distinguishing the
vulnerable from the stable atherosclerotic plaques, as well as their
performance beyond traditional imaging modalities.
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Key processes in atherosclerosis
development

Atherosclerotic plaques are regarded as a gradual buildup of a
heterogeneous collection of lipids, fibrous tissue, inflammatory cells,
and other materials in the arterial wall. This process involves a series
of specific cellular and molecular events in the arterial lesions, which
can serve as local targeting epitopes for nanoparticles (Shah, 2009;
Magnus et al., 2019), including endothelial cell activation (Andelovic
et al, 2021), inflammation (Soehnlein and Libby, 2021),
angiogenesis (Camaré et al., 2017), apoptosis (van Tilborg et al,
2010), platelet activation, and thrombus (Sanz and Fayad, 2008)
(Scheme 1).

Endothelial cell dysfunction as the
initiating process in atherosclerotic
plaques

Endothelial cells, the inner layer of the arterial wall,
perform a vitally important regulatory function in
controlling the vascular permeability of macromolecules via
dynamic intercellular gaps, intracellular fenestrae, and
vacuolar pathways initiated in endocytic vesicles (Chiu and
Chien, 2011). Endothelial cell dysfunction is a crucial
pathophysiological factor causing atherosclerosis (Tabas
et al., 2007), which results in defective endothelium, creates
the pro-inflammatory state, and increases the expression of
cell adhesion molecules (e.g., intercellular adhesion molecule
1, ICAMI1; vascular cell adhesion molecule 1, VCAMI;
The

further induces neutrophils and monocytes to transmigrate

E-selectin and P-selectin). defective endothelium
into the arterial wall, which would perpetuate the local
inflammatory response by secreting chemokines (Boring
et al., 1998; Nahrendorf et al., 2006; Kwon et al., 2018). As
a result, low-density lipoprotein (LDL) and cholesterol
particles transendothelially penetrate and stay in the
subendothelial space, contributing to the lipid disorder and
exacerbation of inflammation (Tabas et al., 2007). Thus,
endothelial cell dysfunction is regarded as a certain feature
for detection of early or still-reversible atherosclerosis
(Rucher et al., 2019; Tiwari et al., 2021).

Foam macrophages as the progression of
atherosclerotic plaques

After migrating into the arterial vessel wall, monocytes
differentiate into macrophages and further polarize into pro-
inflammatory lesioned macrophage phenotypes, causing the
initially intimal lesion (also called fatty streak) (Moore and
Tabas, 2011). At this stage,
macrophages express scavenger receptors to facilitate the

these  pro-inflammatory
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ingestion of oxidized-LDL cholesterol particles (ox-LDL) and
transformation to foam macrophages. The appearance of
substantial foam macrophages is considered a key feature of
the plaque progression from a stable to unstable stage. The
scavenger receptors, including macrophage scavenger receptor
1 (SR1), CD36 receptor, and lectin-like oxidized receptor (LOX-
1), are thereby supposed to be the ideal markers of plaque
instability (Stoger et al, 2012; Bentzon et al,, 2014). Notably,
in addition to macrophages, vascular smooth muscle cells
(VSMCs) also play a considerable role in foam macrophage
VSMC-derived  foam
(Allahverdian et al, 2014). Consequently, the proteins that

formation, referred to as cells
have direct atherogenic effects on VSMC, for example, an

intracellular actin-binding protein called profilin-1, are
regarded as available targets of foam macrophages for
unstable plaques.

In addition to the accumulation of foam macrophages,
neovascularization is another vital feature of atherosclerosis
progression (Moreno et al, 2006). As atherosclerosis progresses,
the neointimal will become thicker. Once the thickness between the
neointimal and luminal surface exceeds the oxygen diffusion
threshold, local hypoxia and neovascularization will occur. It is
well known that the neovascularization would further promote the
recruitment

pro-inflammatory monocyte and lipoprotein

deposition, exacerbate plaque burden and vulnerability, and

increase intraplaque hemorrhage (Kolodgie et al, 2007;
Combeadiere et al., 2008).
Formation and rupture of vulnerable
plaques

Continuous accumulation of ox-LDL and pro-

inflammatory monocytes gravely amplifies the local storage
of foam macrophages, and inevitably, a portion of apoptotic
foam macrophages cannot be removed by efferocytosis effect
in time. These secondary necrotic foam macrophages
comprise the necrotic lipid core, which is the most
important indicator of the formation of vulnerable plaques,
signifying the stepwise progression of plaques toward a more
vulnerable stage (Virmani et al., 2006; Yurdagul et al., 2020).
To stabilize the fragile plaques, a fibrous cap containing
migrating smooth muscle cells, fibroblasts, as well as
extracellular matrix including collagen will cover the
surface of the necrotic lipid core. Nevertheless, as the
inflammation within the plaque is in progress, the fibrous
cap will become thinner and even break down to cause
thrombotic occlusions and clinical events. Since then, a
large lipid-rich necrotic core, thin-cap fibroatheroma,
neovascularization, thrombus, and serious luminal stenosis
are considered the major features of the vulnerable phenotype
(Sanz and Fayad, 2008). In this regard, both morphological
and pathophysiological imaging information are equally

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.906512

Li et al.

10.3389/fphar.2022.906512

TABLE 1 Diversity of nanoparticles used in imaging of atherosclerotic plaques.

ApoE™" mice fed a high-fat diet; New Zealand White
rabbits underwent double balloon injury of the thoracic

FVB mice with high-fat diet and streptozotocin injections

New Zealand White rabbits underwent double balloon

Nanoparticle platform Imaging Animal model

modality
Polymeric nanoparticles
Polyglucose nanoparticles PET/MRI

and abdominal aorta

Hyaluronan (HA)-ATV MRI ApoE™" mice fed a high-fat diet
nanoparticles
Semiconducting polymer PAI ApoE™" mice fed a high-fat diet
nanoparticles
Biomimic materials
Platelet membrane-based MRI ApoE™" mice fed a high-fat diet
nanocomplexes
Human ferritin cages Fluorescence/

MRI
#mTc-labeled human ferritin ~ PEI ApoE™" mice fed a high-fat diet
cages
HDL nanoparticles MRI ApoE™" mice fed a high-fat diet
Inorganic nanoparticles
USPIO MRI Human
Mesoporous silica-coated iron ~ MRI ApoE™" mice fed a high-fat diet
oxide nanoparticles
Gd complex-containing MRI ApoE™" mice fed a high-fat diet
nanoparticles
Gd inorganic nanoparticles MRI

injury

Gold-coated iron oxide MRI ApoE™" mice fed a high-fat diet

nanoparticles

Au nanoparticles Multicolor CT

injury
Upconversion nanoparticles Fluorescence/
MRI placement
Quantum dot-iodinated oil Fluorescence/CT

nanoemulsion injury

important for non-invasive identification of the plaques with
vulnerable or rupture-prone characteristics.

The and the accompanying
molecular and cellular events aggravating the atherosclerotic

aforementioned  processes

plaque provide a plenty of compelling targets for nanoparticle-
of the
microenvironmental conditions of atherosclerotic lesions, such as
endothelial dysfunction, upregulated adhesion molecules, acidic pH,
hypoxia, neovascularization, and inflammatory, are to some extent

assisted  diagnosis atherosclerosis.  Interestingly,

similar to tumors (Lobatto et al,, 2011). Thus, the key targeting
imaging principle used in a tumor is a promising strategy for
atherosclerosis. For example, analogous to tumors, with the
assistance of an immature lymphatic

drainage system,
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Application

Non-invasively monitoring macrophage biology Keliher
et al. (2017)

Assessing the treatment effect of HA-ATV NP Nasr
et al.(2020)

Evaluating the inflammation level of atherosclerosis Ma
et al.(2021)

Assessing the development of atherosclerosis Wei
et al.(2018)

Imaging atherosclerotic carotid Terashima et al.(2011)

Imaging multiple high-risk features of macrophage
infiltration, active calcification, positive remodeling, and
necrosis Liang et al.(2018)

Assessment of anti-inflammation therapy Duivenvoorden
et al.(2014)

Imaging inflammation level of atherosclerosis Kooi
et al.(2003), Tang et al.(2009), Zheng et al.(2019)

Evaluating the macrophage level of atherosclerosis Wu
et al.(2021)

Evaluating the macrophage level of atherosclerosis Wang
et al.(2019)

MR angiography and atherosclerotic plaque imaging Xing
et al.(2014)

Targeting CD163-expressing macrophages to detect the
state of the atheromatous lesions Tarin et al.(2015)

Quantifying the macrophage burden Cormode et al.(2010)
and Si-Mohamed et al. (2021)

Visualization of vulnerable atherosclerotic plaque
progression Wang et al.(2019)

Visualizing atherosclerotic plaques Ding et al.(2013)

dysfunctional and leaky blood vessels of atherosclerotic plaque
allow the nanoparticles to locally accumulate at the plaque site
through the enhanced permeability and retention (EPR) effect
(Barua and Mitragotri, 2014). However, there are still several
existing intrinsic discrepancies between tumor and atherosclerosis
that should be notified: 1) atherosclerosis is a systemic vascular
disease rather than a focal disease; thus, the plaques may
simultaneously develop at the lumen site with more than one
lesion; 2) a high degree of overlap exists between inflammatory-
related mechanisms involved in atherosclerosis and host defense,
which makes the inflammatory mechanism between lesions and
normal host defense hard to distinguish, increasing the difficulty of
precise targeting. Under these conditions, new targeting strategies to
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specifically and effectively reflect the real plaque biology and
pathophysiology are needed for atherosclerosis imaging.

Mechanistic aspect of nanoparticles
homing to atherosclerotic lesions

Basic principles of nanoparticle-based
imaging strategies

Rapid advances in nanotechnology greatly accelerate the
development of novel nanoparticles for visualization of
high

conventional small molecular contrast agents, engineered

atherosclerotic  plaques at risk. In contrast to

nanoparticles reveal notable advantages in substantially
augmenting the accumulation of imaging contrast at plaques
due to their prolonged blood circulation and EPR effect.
labeled with binding

nanoparticles can specifically target and visualize the key

Moreover, after Dbeing ligands,
processes that aggravate the progression of atherosclerotic
plaques, providing pivotal insights into plaque biology.
Generally, nanoparticle-based contrast agents typically include
a contrast-generating material to provide imaging information,
and a targeting motif with high affinity to target the desired
compositions. Thus, the corresponding imaging strategies can
efficiently combine conventional cross-sectional imaging with
of

nanoparticle-based imaging contrast agents has been explored

molecular imaging together. Nowadays, diversity
to assess the composition of atherosclerotic plaque, quantify the
atherosclerosis burden, and evaluate the efficacy of therapies at

the molecular level (Table 1).

Journey of nanoparticles to
atherosclerotic plaques

Intravenous administration is the most effective delivery
route for systemic vascular diseases. However, nonspecific
clearance from the blood circulation usually occurs before
nanoparticles reach the designed site, resulting in a low
bioavailability of nanoparticles (Barua and Mitragotri, 2014).
One of the pivotal mechanisms responsible for this rapid
clearance is that the administrated nanoparticles usually
absorb opsonin proteins, which can induce the undesired
endocytosis by the mononuclear phagocyte system (MPS, e.g.,
liver and spleen) (Chen et al., 2017; Fleischmann and Goepferich,
2021). To MPS
nanoparticles are engineered to be protected with hydrophilic

evade the recognition and clearance,
polymers [e.g., poly (ethylene glycol) (PEG)] (Zhang et al., 2021)
or biomimetic materials, for example, red blood cell membranes
(Wangetal., 2019), platelet membranes (Wei et al., 2018; Li et al.,
2021), extracellular vesicles (Ma et al., 2020), macrophage-

derived exosomes (Shan et al., 2021), high-density lipoprotein
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(HDL) (Lameijer et al., 2018; Binderup et al., 2019), and protein
nanocages (Terashima et al., 2011; Liang et al., 2018). In addition,
the physicochemical characteristics of nanoparticles such as the
particle size, composition, and surface potential also contribute
to determining the biological fate of nanoparticles. For example,
when the nanoparticle size is comparable to the vascular
fenestration of the liver (50-100 nm) or the inter-endothelial
cell slits of the spleen (200-500 nm), a corresponding serious
liver or spleen accumulation will occur (Maldiney et al., 2014; Du
etal., 2017). A useful example in this term is a study reported by
Song et al. (1998). They fabricated poly (D, L-lactide-co-
glycolide) (PLGA, an FDA-approved material) nanoparticles
with different sizes, showing that the PLGA nanoparticles
with 100 nm size had 3-fold higher endocytosis than
nanoparticles with 275nm size in atherosclerotic plaques
(Song et al., 1998). In a very detailed study, Tang et al. (2016)
demonstrated the phospholipid contained HDL-mimicking
nanoparticles presenting spherical morphology with 30 nm,
exhibiting a notably prolonged blood half-life and optimal
increased accumulation in aortic plaques.

After escaping from the MPS capture, nanoparticles should
penetrate through the leaky vasculature into the vessel wall to
the
permeation pathway of nanoparticles penetrating into plaques

reach the atherosclerotic lesions. Similar to tumors,
is mainly dependent on the disrupted endothelial barrier (Kim
et al,, 2014). However, simply through the permeation pathway,
nanoparticles can only accumulate in the peripheral areas of the
plaque, leading to heterogeneous and inadequate deposition
(Stein-Merlob et al,, 2017). Otherwise, the permeation degree
of nanoparticles may be critically dependent on the integrity of
endothelial junction architecture. But in fact, in some cases, the
endothelial junction architecture would be remodeled and
become integral with the progression of atherosclerotic plaque,
resulting in decreased perfusion of nanoparticles. As an example
reported by Beldman et al. (2019), the group constructed
acid-modified (HA-NPs) to
investigate the permeation of nanoparticles in early and

hyaluronic nanoparticles
advanced plaques in vivo. They found the astonishing results:
as leaky vasculature was the single pathway of nanoparticles to
enter the plaque, the accumulation of HA-NPs in advanced
plaques was about 3-fold lower than that of early counterparts
(Beldman et al.,, 2019). In this paradigm, targeting functionalized
nanoparticles that can enter the plaque lesions by permeation,
and active targeting is particularly advantageous for addressing
these challenges (Barua and Mitragotri, 2014).

Targeting functionalized nanoparticles can be internalized by
a wide range of cell types in the plaque microenvironment.
Therefore, cellular and molecular processes involved in
atherosclerosis are able to serve as local targeting epitopes to
enhance the nanoparticle internalization. For instance, VCAM-1,
a vial component of the leukocyte-endothelial adhesion
molecule, is the most prevalent adhesion molecule in
atherosclerosis (about 82%) (Thayse et al., 2020). Given that
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TABLE 2 Diversity of current ligand—receptor systems.

10.3389/fphar.2022.906512

Process Target Ligand Format Application

Endothelial VCAM-1: vial component of the VHSPNKK Peptide Detection of activated endothelium of

disorder leukocyte—endothelial adhesion cascade atherosclerotic lesions with MRI and
that correlated with the extent of optical imaging Kelly et al.(2005) and
exposure to atherosclerotic risk factors Michalska et al.(2012)

VCAM-1 VHPKQHR Oligopeptide Detection of atherosclerotic plaques by
MRI and optical imaging dual-model
Nahrendorf et al.(2006)

VCAM-1 Cyclical (NNSKSHT) Cyclic peptide Detection of early and advanced
atherosclerotic lesions in ApoE™~ mice
by MRI Michalska et al.(2012)

VCAM-1 scFvmycam.1 Single-chain Potential theranostic nano-delivery

antibody systems to downregulate VCAM-1
expression and longitudinally evaluate
therapeutic efficacy Wang et al.(2018)

ICAM-1: mediators of leukocyte Anti-ICAM-1 single-domain antibodies (sdAb)  Antibody Combination of morphological and

migration from the blood vessel into the biological biomarkers to identify

endothelium and intima. atherosclerotic plaques using real-time
intravascular bimodal IVUS-NIRF
imaging catheter Bertrand et al. (2019).

ICAM-1 Anti-ICAM-1 antibody Antibody Early detection of atherosclerotic
plaques by CT imaging Danila
et al.(2009). Detection of
atherosclerotic plaques and assessment
of inflammation-related ICAM-1
expression by MRI Paulis et al.(2012)

ICAM-1 NNQKIVNLKEKVAQLEA Garnacho Peptide —

et al.(2012)

CD81: a ubiquitously expressed Anti-CD81-antibody Antibody Early detection of atherosclerotic

tetraspanin upregulated in the plaques by MRI Fei et al.(2015)

endothelium of atherosclerotic plaques in

human artery protein

Bovine aortic endothelial cells (BAECs): CLWTVGGGC Thapa et al.(2008) Peptide —

specific to aortic endothelial cells

activated by TNF-alpha and LPS

Inflammatory Monocyte C-C chemokine ligand 2 YNFTNRKISVQRLASYRRITSSK Peptide Detecting and discriminating various
cells (CCR2): overexpression on the surface of stages of atherosclerosis Chung
monocyte chemoattractant protein-1 et al.(2014)

Monocyte C-C chemokine receptor 5 ASTTTINYT Peptide Imaging the expression of the

(CCRb5): an active participant in the late CCRS5 receptor with PET/CT in a wire-

stage of atherosclerosis injury-induced ApoE™~ model
Luehmann et al.(2014)

Macrophage scavenger receptor 1 Anti-MSR1 (anti-CD204) monoclonal rat anti-  Antibody Assessment of macrophages content in

(MSR1): macrophages play key roles in ~ mouse antibody atherosclerotic plaque using MRI in

atherosclerosis progression vivo Amirbekian et al.(2007)

CD36: a class B macrophage scavenger Haic-D-2MeTrp-D-Lys-Trpe-D-Phe-LysNH2 Peptide Elicits macrophage-to-feces reverse

receptor which play an important role in cholesterol transport in a manner

oxidized lipoprotein uptake. dependent on CD36 expression Bujold
et al.(2013)

CD36 Anti-CD36 antibody Antibody MR detection and characterization of
atherosclerosis plaque Lipinski
et al.(2009)

Lectin-like oxidized low-density Anti-LOX-1 antibodies Antibody In vivo MR imaging of atherosclerosis

lipoprotein receptor 1: mediate the plaque Wen et al.(2014)

pathologic effects of oxLDL in

atherosclerotic lesions

Scavenger receptor Al (SR-AI): LSLERFLRCWSDAPAK Peptide MR detection and characterization of

overexpresses on foamy macrophages high-risk atherosclerosis plaque Wang

surface et al.(2019). Imaging of high-risk
plaque in ApoE™~ mice with T, and T,
* mapping Wu et al.(2021)
(Continued on following page)
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TABLE 2 (Continued) Diversity of current ligand—receptor systems.

Process

Angiogenesis

Thrombus

Target

Apo A-I mimic

Apolipoprotein E (apoE)

Folate receptor beta (FR): specifically
expresses on activated macrophages

Phospholipid phosphatidylserine (PS):
exposed on apoptotic cells, activated
platelets, and activated macrophages

Matrix metalloproteinases (MMPs):
activated cells in inflamed atherosclerotic
plaques (e.g., macrophages, smooth
muscle, and endothelial cells) produce
MMPs. The concentrations under
pathological stress and correlation with
plaque vulnerability.

MMPs

Cathepsin K: exhibits the highest
capability to degrade components of the
extracellular matrix

a5 Integrins

Fibrin: a major constituent of a clot

Fibrin

Fibrin and thrombin
Thrombin

Activated factor XIII (FXIIIa)

Membrane glycoprotein Ilb/IIla (GPIIb/
IIIa) receptor

GPIIb/IITa

Ligand

18A: DWLKAFYDKVAEKLKEAF37pA: DWL
KAFYDKVAEKLKEAFPDWLKA
FYDKVAEKLKEAF

LRKLRKRLLR

Folic acid (FA)

Annexin V

P947: Gly-Pro-D-Leu-D-Ala-NHOH

GGPRQITAG

Abz-HPGGPQ-EDN2ph Deguchi et al.(2006)
and Lecaille et al.(2003)

Vitronectin

GPRPP

Anti-fab” fragment

Humanized monoclonal antibody fragment
specific for the D-dimer region of cross-linked
fibrin

YQCPYGLCYIQ

Cleavable ligand: KKLVPRGFibrin- targeting
ligand: GPRPPGGS[Lys(TMR)]GC
Gly-D-Phe-Pip-Arg-Ser-Gly-Gly-Gly-Gly-
Lys-Cys

N;3QEQVSPLTLLK,4

(D-Tyr)-Apc-Gly-Asp (Apc: S-aminopropyl-L-
cysteine)

(D-Tyr)-Amp-Gly-Asp (Amp: 4-
amidinophenylalanyl

Format

Peptide

Peptide

Small molecular

Protein

Peptide

Peptide

Peptide

Protein

Peptide

Antibody

Antibody

Peptide

Peptide

Peptide

Peptide

Peptide(cyclic)

Peptide(cyclic)

10.3389/fphar.2022.906512

Application

Comparison of the cholesterol efflux
effect of two different apo A-I
mimicking nanoparticles and
assessment of their distribution and
targeting ability in vivo imaging
Cormode et al. (2009).

Detection of intraplaque macrophages
that are associated with plaque
vulnerability Wei et al.(2010)

Delivery system for targeting
chronically activated macrophages in
atherosclerosis plaque Rollett

et al.(2012)

Delivery superparamagnetic contrast
agents to sites containing apoptotic
cells for atherosclerosis plaque imaging
Smith et al.(2007). Evaluation of
atherosclerotic plaque vulnerability by
MRI van Tilborg et al.(2010)

Detection and characterization of the
matrix metalloproteinase (MMP)-rich
atherosclerotic plaques Ouimet

et al.(2012)

Evaluation of the atherosclerotic
plaques with activatable NIRF imaging
Deguchi et al.(2006)

Noninvasive assessment of
angiogenesis in early atherosclerosis,
for site-specific delivery of
antiangiogenic drug and for
quantitative follow-up of response
Neubauer et al.(2006)

Visualization of the venous
thromboembolism and pulmonary
embolism in vivo by PET imaging
Aruva et al.(2006)

Detection of thromboembolic events
Macfarlane et al.(2009)

Assessment of suspected deep vein
thrombosis Douketis et al. (2012).

Detection of thrombus by MRI
Overoye—Chan et al. (2008).

Detection of the stage of thrombosis in
cardiovascular diseases Ta et al.(2018).

Imaging of thrombin activity in vivo
Jaffer et al.(2002)

In vivo imaging of FXIIIa activity for
detection of acute thrombi Jaffer
et al.(2004)

In vivo thrombus imaging Lister-James
et al.(1996)

In vivo thrombus imaging Lister
et al.(1997)
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TABLE 2 (Continued) Diversity of current ligand—receptor systems.

Process

Target

Ligand

CRGDC

N-methyl-L-arginyl-glycyl-L-aspartyl Mousa

et al.(1993)

Cyclo(D-Val-NMe-Arg-Gly-Asp-Mamb) Harris

et al.(1996)
Anti-GPIIb/IITa scFv

Other targets IL-4 receptor CRKRLDRNC
Stabilin-2: expression on macrophages, CRTLTVRKC
smooth muscle cells, and endothelial cells
TABLE 3 Various non-invasive imaging modalities.
MRI CT PET
Advantages ® High spatial ® High spatial High sensitivity
resolution (pm) resolution (um)  (pmol/L)
® Excellent soft-tissue ® Short scan time
contrast (5-15 min)
® High tissue ® High tissue
penetration depth penetration
depth
® 3D
reconstruction
Disadvantages ® Long scan time ® Low sensitivity =~ ® Low spatial

Imaging agents

Morphological

characterization of

vulnerable plaque in

clinical

resolution (mm)

® Low sensitivity ® Lack of ® Lack of
specificity anatomical
reference
® Lacking specificity
® Iron oxide ® Jodinated ® “F-, ¥7r-, “Ga-
nanoparticles nanoparticles labeled
nanoparticles
® Gd-containing ® Au
nanoparticles nanoparticles
® Endothelial Calcification Lipid
permeability
® Intraplaque
hemorrhage
® Inflammation activity
® Neovascularization
® Thrombosis
08
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Format Application

Peptide(cyclic) Identification of atherothrombosis and
vulnerable plaques Klink et al.(2010)

Peptide(cyclic) —

Peptide(cyclic)  —

scFv Targeted simultaneously T; and T»-
weighted imaging of thrombosis Ta
et al.(2017)

Peptide Detection of atherosclerotic with near-
infrared fluorescence imaging Park
et al.(2008)

Peptide Homing to endothelial cells,
macrophages, and smooth muscle cells
of atherosclerotic plaques in Ldlr’—
mice Lee et al.(2011)

Ul FI PAI
Short scan time ® High spatial ® Multiple

(5-15 min)

resolution (pm)

wavelength scan

® Short scan time

Low spatial
resolution (mm)

Lack of anatomical
reference

Lack of specificity

Limited tissue
penetration depth

Microbubbles

Nanobubbles

Neovascularization

® High sensitivity
(pmol/L)

® Short scan time
(1-5 min)

Limited tissue
penetration depth

® Fluorescein-
labeled
nanoparticles

® Upconversion
nanoparticles

® Quantum dot

(5-15 min)

Limited tissue
penetration depth

® Au nanoparticles

® Near infrared
dye-labeled
nanoparticles
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the expression of VCAM-1 is correlated with early vulnerable
plaque, Kelly et al. (2005) developed magnetofluorescent
nanoparticles modified with the VCAM-1-targeted peptide
(VHSPNKK) MRI of
atherosclerotic lesions. Benefiting from the high affinity of the
VCAM-1-targeted  peptide, of
atherosclerotic lesions were detected in in vivo MRI and

for and fluorescence imaging

activated  endothelia
fluorescent imaging. Compared with the VCAM-1 monoclonal
antibody, VHSPNKK peptide exhibited 12-fold higher target-to-
Another VCAM-1-targeting peptide
(NNSKSHT) was reported to be conjugated on ultra-small

background  ratios.
superparamagnetic iron oxide nanoparticles (USPIOs) for the
detection of early and advanced atherosclerotic lesions in
ApoE™ mice (Michalska et al, 2012). The corresponding
MR that the VCAM-I-overexpressed
endothelial cells were visualized in vivo with the targeting

images  showed
USPIOs. Certainly, in addition to the adhesion molecules,

other ligand-receptor systems related to macrophages,
annexin V, protease activity, angiogenesis, thrombosis, fibrin,
and platelets have also been comprehensively investigated, as

described in Table 2.

Nanoparticles for molecular diagnostic
imaging

In this section, we discuss the applications of nanoparticles
for assessing vulnerable plaques by clinical and preclinical
imaging technologies and emphasizing on how to improve the
delivery efficiency and enhance the imaging contrast of
nanoparticles. The relative advantages and limitations of each
imaging modality for plaque detection are first compared and
described in Table 3.

Magnetic resonance imaging

Due to its depth, high

temporospatial resolution, and excellent soft tissue contrast,

unlimited penetration

MRI is regarded as one of the most prevailing imaging
modalities for clinic and pre-clinic research studies (Gong
et al, 2021). From an atherosclerotic plaque imaging
MRI  exhibits
compared with other imaging modalities. That is, MRI can

perspective, incomparable  superiority
be used with or without contrast agents to measure the
luminal stenosis degree and crudely characterize vulnerable
features by integrating multiple parameters into a single
session, including the features of intraplaque hemorrhage,
inflammation activity, intraplaque neovascularization, and
thrombosis (Hatsukami et al., 2000; Saam et al., 2005;
Hartog et al, 2012; Kim et al., 2017). Despite well-
appreciated advantages, the inherent limitations of MRI,
such as low sensitivity and inevitable image quality
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degradation, still severely hamper their applications in early
detection and risk stratification of vulnerable plaque. In
addition to that, the interpretations of MR signal patterns
often highly rely on the radiologists’ expertise and experience,
which may reduce the reproducibility or consistency of
diagnostic results, impairing long-term monitoring of the
atherosclerosis progression. In this regard, molecular MRI
that can detect biological processes at the molecular level
shows great potential to assess the plaque vulnerability. Given
that most of vulnerable plaque targets are located in deep
organs (e.g., aorta and coronary artery) with an extremely low
with  high
sensitivity and specificity may be particularly suitable to be

concentration (nanomolar), nanoparticles
used as reliable contrast agents in molecular MRI.
Generally, the most commonly used nanoparticles for
molecular MRI are categorized into T,-shortening agents
based on iron oxide materials and T;-shortening agents
based on Gd Both of

nanoparticles can be modified to facilitate the uptake by

chelates. of these categories
specific cells, or fabricated with moieties with high affinity
to the desired target molecules, thereby enhancing the local
MR signals of interest components. To date, although the
majority of nanoparticles for molecular MRI are still in the
experimental phase, the commercial dextran-protected
USPIOs, which are highly water-soluble with a particle size
of 30-50 nm, have been used as the clinical T, contrast agents
for human atherosclerotic plaque identification. As shown in
human studies, the commercial USPIOs can be engulfed by
macrophages in vivo with high efficiency, producing a
detectable focal signal loss in MRI in proportion to the
degree of atherosclerotic plaque inflammation. Thus, the
USPIO-enhanced molecular MRI has been used to quantify
the macrophage burden of plaque (Tang et al., 2008; Tang
et al, 2009) and evaluate the rupture-prone plaques in
patients (Morishige et al., 2010). These studies provided
strong evidence of using nanoparticles to qualitatively and
quantitatively evaluate plaque progression or vulnerability on
the basis of nanoparticle deposition. Encouraged by the
superb performance in clinical applications, the USPIOs
with similar physicochemical properties are conjugated
with various targeting moieties in animal models to expand
their research studies on the identification of vulnerable
components more precisely. An interesting example in this
sense is a study by Wu et al. (2021), where they developed
PP1 peptide-functionalized magnetic mesoporous silica
nanoparticle (MSNP)-based bimodal imaging agents (PIMI)
for the sensitive and specific assessment of macrophage
burden in plaque in ApoE™~ mice (Figure 1). PP1 was a
peptide possessing targeting and antagonist ability to SR-AI
scavenger receptors expressed on foamy macrophages (Segers
et al., 2012) and could assist nanoparticles to highlight the
plaque inflammation as reported in their preliminary study
(Wangetal., 2019). As a result, PIMI exhibited a higher foamy
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FIGURE 1

(A) Schematic illustration of PIMI. (B) TEM image and (C) elemental mapping images (Fe, Si, and O) of PIMI. (D) T,-weighted pseudo-color
images after PIMI and IMI nanoparticle injection. (E) Relative MR signal intensity drop of aortic plaques at different time points. (F) Coronal R2* map of
aorta. (G) Correlation of fitted curves between aortic R2* changes and nanoparticle deposition. (H) Dual-modal MR, NIRF imaging, and Prussian blue
staining of plaques induced by 10 or 20 weeks of HFD. Scale bars: 50 um (Copyright permission from Elsevier) (Wu et al.,, 2021).

macrophage  deposition and  remarkable  contrast

enhancement of plaque in T,-weighted and T,* mapping
with  the  MSNP
PP1 modification, suggesting that the active targeting

imaging ~ compared without
strategies have great potential to discriminate the plaque
inflammation with more sensitivity. On that basis, the
research group further revealed that PIMI-enhanced MRI
enabled precisely identifying the anatomic localization of
foam macrophage-rich plaques in the aortic arteries,
improving the characterization of plaque inflammatory
activity, and monitoring the inflammatory process from an
early to advanced stage of atherosclerosis. The results
provided the convictive evidence for the feasibility of
nanoparticle-assisted plaque risk stratification.
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Unlike T, contrast agents producing “dark” MR signals, Gd-
based T; contrast agents usually generate “bright” MR signals to
augment the contrast of target tissue, which are usually preferred
in clinical applications in terms of clarity. However, limited by
the resolution, identification of some the plaque microstructures
such as the fibrous cap by MRI remains challenging. Owing to the
critical role in the vulnerable plaque identification, several
used Gd
nanoparticles to further assess the integrity of the fibrous

research  groups have complex-containing

cap. For instance, Ramirez-Carracedo et al. (2018) published
an example of extracellular matrix metalloproteinase-inducer
targeting  imaging  using  gadolinium  paramagnetic
nanoparticles for the detection of MMP expression levels in

plaque, showing reliable imaging of enzymatic changes related
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(A) Schematic illustration of PNPs targeting different components of atherosclerotic plaques. (B) Macroscopic fluorescent imaging of aortic
arches from wild-type (WT) or ApoE KO mice fed on a high-fat western diet after intravenous administration with PEG-NPs, RBCNPs, or PNPs
(white = physical outline, red = nanoparticle). Oil Red O staining was used to confirm the presence of plaque for ApoE KO mice (image is
representative). (C) Particle size of PNPs and Gd-PNPs in water or PBS (n = 3, mean + SD). (D) Surface zeta potential of bare PLGA cores, PNPs,

and Gd-PNPs (n = 3, mean + SD). (E) TEM image of Gd-PNPs (scale bar = 100 nm). (F) In vitro T;-weighted signal of Gd-PNPs. (G) Bright field image of
aortic arch from ApoE~""mice stained with Oil Red O confirmed the presence of atherosclerotic plaque. (H) T;-weighted MR images of ApoE™"~ mice
before and 1 h after administration with Gd-PNPs (orange arrows = regions of positive contrast along the aortic arch) (Copyright permission from the

American Chemical Society) (Wei et al., 2018)

to the fragility of the fibrous cap (Ramirez-Carracedo et al.,
2018). In another study, Wei et al. reported that gadolinium
biomimetic nanoparticles could be used to visualize the risk of
plaque and the vascular wall susceptible to plaque formation
(Figure 2) (Wei et al, 2018). The gadolinium biomimetic
nanoparticles with the particle size of ~100nm were
constructed by coating the Gd-inserted platelet membrane on
the prepared PLGA cores (Gd-PNPs). Due to the platelet
membrane expressing a variety of surface markers, Gd-PNPs
were observed to significantly enhance the contrast of plaque

regions with endothelial dysfunction, fatty lesions, and collagen-
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contained fibrous cap in vivo, demonstrating their utilities of
indicating the early plaque formation and unstable plaque
transformation.

Computed tomography

CT is considered a robust imaging technique for plaque
identification in clinical trials. It can provide images to
present the anatomic structure details of the coronary
artery with short acquisition time, as well as enable post-
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(A) Summary of the synthesis procedure of the agents. (B) TEM image of particle uptake. (C) T;-weighted MR images of the aorta of ApoE
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mice

pre- and 24 h post-injection with Au-HDL, and the corresponding confocal microscopy images. (D) Ex vivo sagittal CT images of the aortas of mice
injected with Au-HDL, Au-PEG, and saline (Copyright permission from the American Chemical Society) (Cormode et al., 2008)

processing of cross-sectional scans to render three-

(3D)
information. CT contrast relies on the intrinsic X-ray

dimensional imaging with improved visual
absorption of tissues, which means the tissues with higher
exhibit a higher

[Hounsfield units (HU)]. From the plaque characterization

density usually X-ray attenuation
perspective, CT reveals a superior performance in the
context of diagnosing coronary calcium deposits, and the
yielded calcium score has predictive value for future
cardiovascular disease events (Hecht, 2015; Akyuz, 2020).
Calcification can elevate mechanical wall stress and
predispose the microfractures of plaque, having been
regarded as a marker of accelerated atherosclerosis
(Kataoka et al., 2012). Nevertheless, about three-quarters
of all plaques are noncalcified. Because the X-ray attenuation
of soft tissues is not sensitive enough, the vulnerability of
such noncalcified plaques is difficult to be diagnosed from
CT imaging. To highlight vulnerable components, CT
contrast agents are usually used. Clinically approved CT
contrast agents are small-molecular iodinated agents based
on a tri-iodinated benzene ring with much higher X-ray

attenuation than soft tissue (e.g., iohexol and iodixanol).
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However, the small molecular iodinated agents may be
rapidly eliminated from the blood circulation in a matter
of minutes after intravenous injection. In addition, CT
suffers from low sensitivity to contrast agents, demanding
high dosages of iodinated contrast agents to obtain clear CT
images, which would cause potential renal toxicity and latent
iodine hypersensitivity in specific patient populations. In
this sense, nanoparticles allowing long-time circulation and
enhanced delivery efficiency may be the new generations of
CT contrast agents for high-performance plaque imaging.
Given that increased macrophage population in plaques
has been regarded as a key feature of vulnerable plaques,
Hyafil et al. designed the iodinated nanoparticulate contrast
agent (N1177) for macrophage density imaging (Hyafil et al.,
2007).N1177 exhibited an average diameter of 259 nm, which
consisted of ethyl-3,5-bis(acetylamino)-2,4,6-triiodobenzoate
in an amphiphilic tri-block copolymer. N1177 was deemed to
be absorbed by macrophages in blood circulation and then
infiltrated
macrophage-rich region. By analyzing the results, they

into plaque, allowing for imaging of the

concluded that the atherosclerotic plaques with more than
20% of macrophage area could be identified in CT with an
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(A) TEM of gold nanoparticle. (B) /n vitro photon-counting CT images of tubes containing Au nanoparticles (4 mg/ml), iomeprol (4 mg/ml), or
calcium phosphate (1,800 HU). (C) Images show noncalcified plaque with strong circumferential enhancement and mean wall concentration of
4.5 mg/ml of Au nanoparticles. (D) Images show calcified plague with strong enhancement within and around the calcified area and mean wall
concentration of 2.74 mg/ml of Au nanoparticles. (E) Box-and-whisker plot shows quantitative analysis of mean Au concentration found in the
whole atherosclerotic rabbit abdominal aortic wall before injection and 2 days after injection. (F-=J) Photon-counting CT images of atherosclerotic
rabbit aorta before and 2 days after injection of gold nanoparticles. 2D, two-dimensional. 3D, three-dimensional (Copyright permission from the

Radiological Society of North America) (Si-Mohamed et al., 2021).

enhancement higher than 13.3 HU. On this basis, Ding et al.
fabricated PEGylated lipids and stabilized the quantum dot-
iodinated oil nanoemulsion platform for targeting
visualization of plaque macrophages with combined CT
and fluorescence imaging, which further confirmed the
feasibility of evaluating the risk of plaque by imaging of
macrophages (Ding et al., 2013).

In addition to

nanoparticles consisting of high atomic number elements

iodinated nanoparticles, inorganic
(e.g., Au, bismuth, tantalum, and ytterbium), which can
provide improved X-ray attenuation than commercial
iodine at CT energy ranges, received significant preclinical
attention. Additionally, the density of the inorganic
nanoparticles is much higher than that of iodine-based
agents and can payload more contrast-generated elements.
For example, Wang et al. (2016) reported an Au-based CT
contrast agent with a cylinder shape (160 nm in length and
120 nm in width) could carry a payload of 7.7 x 10° Au atoms
per each nanoparticle. Of those, Au nanoparticles may be the
most popular inorganic nanoparticles used in CT, since the
elemental Au has almost three times greater X-ray
attenuation per unit weight than that of iodine (Kim
2007). In a landmark study in the field, Mulder

developed the HDL mimicking nanoparticles by

et al.,
et al.
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incorporating Au nanoparticles for imaging macrophage
expression in plaques in mice with CT (Figure 3)
(Cormode et al., 2008). The prepared Au nanoparticle-
based CT contrast agent was 9.6 nm in overall diameter,
with superior attenuated X-rays at a rate of 1.5 times that of
clinically used contrast agents (Omnipaque). Because HDL
was the key protein to remove cholesterol from macrophages
in plaques, more visible bright spots at the plaque lesion were
observed in the group of Au-HDL nanoparticles compared
with Au-PEG. Then, the same research group expanded upon
the use of Au-HDL on multicolor CT for a more
sophisticated by distinguishing the
Au the
iodine (indicating the stenosis of
and Ca;(PO4), (indicating the
2010). CT

imaging is a powerful technology developed in the past

characterization
of
macrophage burden),

spectral imaging elemental (indicating
atherosclerotic plaques),

calcification) (Cormode et al, Multicolor
decade that allows to simultaneously identify several
accumulations of contrast materials by separating the
transmitted X-rays into multiple energy bins (de Weert
2006; Shinohara et al., 2008; Wehrse et al., 2021).

Distinguishing multiple contrast material types in CT

et al.,

signifies the opportunity for more precise delineation

between  vulnerable components

phagocytosed by
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(A) Synthesis and radiolabeling scheme of 18F-Macroflor. PET/MRI on (B) dynamic light scattering measurement of purified nanoparticle. (C)
Size-exclusion chromatogram of purified labeled and unlabeled nanoparticles. (D) Representative PET/CT images of several experiments in ApoE/
and wild-type control mice after IV Macroflor injection. PET scale bar is in kBg/ccn %4 14. (E) Three-dimensional rendering derived from PET/CT in the

ApoE/mouse shows the PET signal in red (arrows). (F) In vivo standard uptake values (SUVs) for aortic roots of wild-type and ApoE/mice (n

Ya

5-7 per group, unpaired t-test). (G) Ex vivo gamma count reports percent injected dose per gram aortic tissue. (H) Correlation of (C, D) for individual
wild-type (black) and ApoE/mice (gray), counts per minute (CPM). (1) PET/MR images obtained in rabbits with atherosclerosis and (J) control rabbits.
(K) Standard uptake values (SUVs) in the infrarenal aorta after Macroflor injection in control rabbits, rabbits with intermediate and full aortic balloon
infrarenal aorta denudation. (L) Autoradiography of the abdominal aorta in a control rabbit and a rabbit with atherosclerosis after Macroflor injection,
representative images of 12 autoradiography exposures (n ¥4 4 per group) (M) Ex vivo gamma counting and (N) aortic SUV in infrarenal aorta of the
same rabbits 2 days before Macroflor injection. (O) Correlation of 18F-FDG with Macroflor in vivo PET signal. (P) Cardiac PET images with respective

agents. (Copyright permission from Springer Nature) (Keliher et al.,, 2017).

with  different between

nanoparticles deposition and high attenuating tissue. An

nanoparticles elements, or
impressive study by Douek et al. revealed the feasibility of
combination of Au nanoparticles and the most advanced
CT

characterize the macrophage burden within calcified

multicolor technology (photon-counting CT) to
atherosclerotic plaques (Figure 4) (Si-Mohamed et al,,
2021). Au nanoparticles with a mean hydrodynamic
diameter of 18 nm that could be engulfed by macrophage
in vivo were used as the CT contrast agents. Multicolor CT
images revealed the distribution of Au nanoparticles in the
aortic wall was clearly separated from the calcified region at
the area of plaque. Transmission electron microscopy and
inductively coupled plasma optical emission spectrometry
analyses confirmed the results of Au-specific imaging

findings.
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Position emission tomography and single
photon emission computed tomography
imaging

PET and SPECT are the nuclear imaging techniques that
require radiotracers to quantitatively detect molecular targets
within picomolar concentrations, which have been applied in
recent years to quantify pathological processes occurring within
the arterial system (Tarkin et al., 2014; Tawakol et al., 2017).
¥F-fluorodeoxyglucose (**F-FDG) is the most commonly used
radiotracer in clinic. Because '*F-FDG can easily be taken up by
the glucose transporter, it has been regarded as the metabolic
marker to indicate the increased metabolic activity of
macrophages and vascular inflammation (Tawakol et al,
2006). In addition to that, ®*Ga-DOTATATE and °Ga-
PENTAXIFOR have also been recently introduced as the
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(A) Representative coronal aortic fused PET/MR images for **F-FDG (3 h) (left), °®®Ga-MMR (2 h) (middle) and **F-NaF (1.5 h) (right), and (B)
representative T,W-MRI (left) and DCE-MRI (right) images from healthy and atherosclerotic rabbits (on high-fat diet for 4 months or 8 months, n >
3 per group). (C) Cardiac PET/MR images of the respective tracers and associated aorta-to-heart ratios in rabbits with atherosclerosis (8 HFD). (D)
Aortic sections taken from healthy control subjects and atherosclerotic rabbits (4 HFD or 8 HFD) and stained with H&E and RAM-11
(macrophages). *p < 0.05; **F-FDG versus ®*F-NaF: #p < 0.05; **p < 0.01 (Copyright permission from Elsevier) (Senders et al., 2018).

PET imaging agents in patients for their specificity to
macrophages and CXCR4 receptors, respectively (Thackeray
et al., 2015; Bozkurt et al., 2017). However, several intrinsic
limitations of PET/SPECT remain challenges for precise
characterization of vulnerability of atherosclerotic plaque.
The major disadvantage of this imaging modality is the poor
spatial resolution, which makes the quantification of arterial
activity to be influenced by signal “spill out” (signal loss to
surrounding tissue or signal) or “spill in” (signal added from
(Tarkin 2014). Other
disadvantages are the non-specificity and rapid clearance of

neighboring  structures) et al,
radiotracers, rendering imaging of the coronary arteries
particularly challenging due to avidly nonspecific uptake
(Lobatto et al., 2011). In addition to that, PET or SPECT
cannot provide anatomical information, which requires them
to combine with CT or MRI for the anatomical reference
(Tarkin et al.,, 2014; Cheng et al., 2015). Therefore, for the

sophisticated characterization of atherosclerotic plaques,
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increasing plaque targeting ability and improving the signal-
to-noise ratio are of intense significance for radiotracers.

To
nanoparticles that can be labeled with radionuclides or

overcome these  aforementioned  limitations,
targeting elements in a controlled manner have been proposed
to serve as valuable tracers for PET/SPECT. For example,
Beldman et al. (2017) wused *Zr-labeled hyaluronan
nanoparticles (*Zr-HA NPs) for combined PET/MR imaging,
in which the *Zr-HA NPs showed enhanced accumulation in
atherosclerotic macrophages, proving a feasible strategy to
imaging the local inflammatory activity. In another study, an
important vulnerable feature of necrotic lipid core within plaques
was successfully visualized on SPECT/CT imaging by using the
*mTc-labeled annexin V-modified hybrid gold nanoparticles
(®mTc-GNPs-Annexin V) as the radiotracers (Li, et al., 2016).
In an impressive study of nanoparticle application in PET plaque
imaging, Keliher designed '*F-labeled polyglucose nanoparticles

("*F-Macrins) to visualize inflammation in atherosclerotic plaque
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FIGURE 7

(A) Two-dimensional ultrasonography images of the abdominal aorta of rabbits in different groups. (B) SonoVue ultrasonic contrast images of

the abdominal aorta of rabbits in different groups. (C) ICAM-1-targeted nano ultrasonic contrast images of the abdominal aorta of experiment rabbits
in different groups. Five rabbits in each group: control group; week-4 group; week-8 group; week-12 group; week-16 group. The intima-media
membrane and the plaque on the wall were indicated by the arrows (Copyright permission from Springer Nature) (Li et al., 2021).

and ischemic myocardium in mouse and rabbit models. Owing to
the Macroflor’s high avidity for macrophages, imaging patterns
of "®F-Macrins can be used to detect the changes in macrophage
population size and indicate the increasing or resolving
inflammation with plaque (Figure 5) (Keliher et al., 2017).
Moreover, in order to optimize the pharmacokinetics profile
of '*F-Macrins to match with the rapid radioactive half-life of '*F
(*8F, T/, = 110 min), the authors shrank the size of '*F-Macrins
to a mean particle diameter of 5.0 + 0.4 nm. The markedly
smaller size facilitated the rapid pharmacokinetics profile and
favorable macrophage uptake of '*F-Macrins, providing new
opportunities for "*F in nanomedicine.

In another study, Medina et al. synthesized several kinds
of radionuclide-labeled nano-scaled antibodies (termed
nanobody: *‘Cu-VCAM-1, **Cu-LOX-1, **Cu-MMR, and
8Ga-MMR),
multiparametric PET/MRI imaging (Figure 6) (Senders

and used them as radiotracers for
et al., 2018). The purpose of the study was to investigate
whether the combination of molecular PET, T,-weighted-
MRI, and DCE-MRI can be used to comprehensively
this
multiparametric imaging approach was executed as follows:
first, **Cu-VCAM-1, **Cu-LOX-1, and **Cu-MMR were used

to characterize the endothelial dysfunction and macrophage

evaluate atherosclerosis progression. Specifically,

burden of plaque and inflammatory activity; then **Ga-MMR
was integrated with T,-weighted-MRI and DCE-MRI on a
clinical PET/MRI system to simultaneously investigate vessel

wall morphology and atherosclerotic plaque activity;
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meanwhile, "F-FDG-PET and '®F-NaF-PET were carried
out to study atherosclerosis progression. In this study, the
nanobodies were shrunk from 150 KD to 10~5 KD. Owing to
the rapid pharmacokinetics profile and high affinity to
plaques, these nanobodies tremendously facilitated the
imaging of the vessel wall and the highlight of vulnerable
components, which could be used for comprehensive
estimation of overall plaque activity or precise analysis of
the specific vascular segment. In this regard, this study
to be
customized as clinically available contrast agents to facile

provided a valuable example of nanoparticles

the noninvasively monitoring of atherosclerosis progression.

Ultrasound imaging

US is a mature clinical imaging technology for vascular
diseases. Due to their limitations of insufficient penetration,
low spatial resolution, and insensitivity, contrast agents such
as microbubbles (MBs) or other acoustically active micro- or
nanobubbles (NBs) are usually required (Alphandéry, 2022).
MBs or NBs are often filled with gases in the internal core;
thus, they can create differences between the location sites
and the surrounding tissues in echogenicity patterns,
increasing ultrasound resolution and allowing visualization
of targeted plaque composition. The most unique advantages
of US are the low-cost and fast imaging in real-time, which
means that rapid molecular imaging of atherosclerosis with
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(A) Diagram of targeted MBy;;s. (B) Representative bright-field micrographs of targeted MBs and MB 4 bound to stimulated bEend.3 cells (40 ng/
mUTNF-q; scale bar = 10 pym). (C) Representative color-coded ultrasound images after injection of various kinds of MBs at the 10-week feeding time,
and (D) the quantitative analysis of ultrasound signal intensities. (E) Representative color-coded images from four groups after injection of MBys, and
(F) the quantitative analysis of ultrasound signal intensities. Scale bar = 1 mm. (G) Representative H&E images and quantitative analysis of intima-
media thickness of ascending aorta sections from ApoE™" mice-fed atorvastatin or placebo in their daily hypercholesterolemic diets for 8 weeks.
Scale bar = 50 ym. *p < 0.05. (H) Representative color-coded images of ascending aorta and quantitative analysis of signal intensities generated from
adherent MBys or MB g Scale bar = 1 mm *p < 0.05 (Copyright permission from the Ivyspring International Publisher) (Fei et al., 2018).

portable and relatively inexpensive imaging technology may
be possible in future. Furthermore, from a research
perspective, molecular US is an ideal tool for rapid and
non-invasive evaluation of the process of atherosclerotic
plaque, especially in the early stages.

For example, in a study of the atherosclerotic non-human
primates’ model, MBs targeting P-selectin (MBP) and VCAM-1
(MBV) had been cobducted to evaluate the earliest stages of
endothelial inflammatory changes prior to carotid intimal
thickening (Chadderdon et al.,, 2014). In another study, Yang
et al. (2016) sought to explore the feasibility of the ICAM-1
antibodies decorated with NBs (nano-ultrasonic contrast agent)
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to evaluate the degree of inflammatory injury at different stages
in the atherosclerotic rabbits (Figure 7) (Li et al., 2021). They
found that ICAM-1-targeted ultrasonic nanobubbles could
specifically interact with the endothelium with upregulated
of ICAM-1, of
atherosclerotic inflammation. Histological verification showed

expression enabling specific imaging
that the imaging intensity and imaging time window of ICAM-1-
targeted ultrasonic nanobubbles had a stronger positive linear
correlation with the severity of inflammation than that of MBs.
The author supposed the possible reason may be that the NBs
could be quickly endocytosed into cells after adhering to the

targeted cells, while the endocytosis of MBs was much more
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(A) Schematic diagram and (B) TEM images and size histograms of the UCNP-anti-OPN probe. (C) Schematic diagram for showing the varied
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injection of the UCNP-anti-OPN probe. (E,F) Histological analyses and quantified data of the different plaque regions upon various staining (*p <
0.05) (Copyright permission from the American Chemical Society) (Qiao et al., 2017).

difficult because of their large size. Thus, the MBs in the targeted
sites would fade rapidly. In addition to that, the author
mentioned that the inadequate binding rate of ICAM-1
antibody to NBs might affect the targeting and imaging
efficiency in large arterial vessels that had high blood shear
stresses. To address this issue, scholars had attempted to
utilize the external force [e.g., acoustic radiation force (Liu
et al, 2012) and magnetic field force (Wu et al, 2011)] or
enhance the amount of targeting motifs to improve the
targeting ability of ultrasonic contrast agents (Weller et al.,
2005). Recently, Zheng et al. (2019) developed triple-targeted
(MBs) (VCAM-1/ICAM-1/P-selectin-targeted
MBy;s) to improve the targeted MB adhesion efficiency at the

microbubbles
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early stage when there was no obvious plaque in the lumen
(Figure 8) (Fei et al., 2018). The polymeric sLex ligand was used
to mimic the migration behavior of leukocytes during the
development of plaque, while the antibodies of VCAM-1 and
ICAM-1 were used to target VCAM-1, ICAM-1, and P-selectin,
resulting in a nearly 3-fold higher binding number than the
dual-/single-targeted MBs in the ApoE™~ mice.

Optical imaging

Non-invasive optical imaging technologies, such as optical

fluorescence and bioluminescence imaging, have experienced
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(A) Schematic illustration of CS-RSPN for reliable ratiometric photoacoustic imaging of O,™. (B) Selective response' PA690/PA80O ratios of
RSPN. (C) Scheme of RSPN for photoacoustic imaging of atherosclerotic plaques and administration procedure (n = 3). (D) 3D PA image of plaque-
bearing mice before and after injection of RSPN. Excitation: 690 nm. Aorta regions are depicted by dotted circles. (E) PA images after injection of
RSPN of healthy mice, plaque-bearing mice, and plaque-bearing mice complicated with pneumonia. Data are shown as mean + SD (n = 3)
Aorta regions are depicted by dotted circles. (F-1) Normalized PA690 and PA80O0 of healthy mice, plaque-bearing mice, and plaque-bearing mice
complicated with pneumonia (two-tailed Student's t test, *p < 0.05, **p < 0.01). (Copyright permission from the American Chemical Society) (Ma

et al,, 2021).

an incremental improvement in preclinical biomedical emission  spectra, fluorescence lifetime, molecular

imaging due to their high spatial resolution, outstanding
sensitivity, fast acquisition, and cost-effectiveness. More
importantly, their
simultaneous visualization of multiple molecular epitopes,

multispectral ~ potential  allows
providing a great opportunity for characterization of
several vulnerable features with high throughput. Generally,

optical contrast is generated by detecting fluorophore
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resonances, or photoacoustic waves. However, due to the
limited penetration depth of light and the undesirable
overlap with autofluorescence of plaque tissues, the non-

invasive optical imaging of atherosclerotic plaque,
especially located in deep organs such as the aorta or
coronary artery, has been seriously confined. In this

context, optical contrast agents that enable enhanced tissue
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penetration and reduced tissue autofluorescence background
are of intense interest for the sophisticated characterization of
atherosclerosis.

Near-infrared fluorescent (NIF) probes, with emission peaks
in the range of near-infrared windows, can provide higher signal-
to-background ratios than visible probes (Hu et al., 2018). NIF
nanoparticles can be obtained from loading NIR dyes on/in
nanoparticles, or fabricating synthetic = upconversion
nanoparticles, carbon-based nanoparticles, or semiconductor
quantum dots (QDs), having been broadly explored to probe
vulnerable markers at the molecular level. For instance, specific
NIF imaging of macrophages in vulnerable plaques was
based

phosphatidylserine liposomes with 180 nm (Narita et al,

demonstrated on indocyanine  green-labeled
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2019). Cy5.5- or Cy7-decorated glycol chitosan nanoparticles
had been used as MMR probes to specifically image thin-cap
fibroatheroma within high-risk plaques (Kim et al., 2016). In a
representative study of upconversion nanoparticle-based
vulnerable plaque imaging, Qiao et al. (2017) reported that
NIF NaGdF,:Yb,Er@NaGdF,
(UCNPs)

macrophage specific receptor osteopontin (UCNP-anti-OPN)

upconversion nanoparticles

conjugated with antibodies against foamy
were used to fluorescently image pro-inflammatory foamy
macrophages (Figure 9). The prepared UCNP-anti-OPN is
electroneutral and highly monodispersed with an average size
of 18.3 nm. Based on the fact that foamy macrophages are richer
in vulnerable plaques than those in stable plaques, the UCNP-

anti-OPN can distinguish rupture-prone plaques from those of
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stable ones by probing the expression of osteopontin,
demonstrating the NIF nanoparticles’ potential and feasibility
in fluorescence imaging of atherosclerosis. Remarkably, the NIR-
IT optical imaging (NIR-II, 1,000-1,700 nm), developed in the
past decade, has shown great promise to provide biological
structures and process information of vessels with a higher
signal-to-background ratio, deeper penetration ability, and
higher resolution, because tissues in the longwave region
become partially transparent as their extinction coefficient are
minimized (Wang et al., 2021). For example, Zhang et al. (2021)
developed a novel human single-chain variable fragment (scFv)
antibody with functionalized NaNdF,@NaGdF, nanoparticles to
quantify the (OSE)
atherosclerotic plaques. The OSE level was inversely associated

oxidation-specific epitope level in
with the incidence of carotid atherosclerosis. Taking advantage of
high spatiotemporal resolution and an outstanding signal-to-
background ratio of NIR-II optical imaging, the OSE level within
plaques was correctly identified and the degree of vulnerability
was indirectly evaluated from NIR-II fluorescence imaging
within a short scanning time.

In addition to fluorescence imaging, another recently
emerged optical imaging modality showing great potential

for accurate diagnosis of vulnerable plaque is photoacoustic
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imaging (PAI). PAI can transform the optical energy into
acoustic signals; therefore, it is a highly complementary
modality possessing superiorities in the imaging depth of
ultrasonography and the sensitivity of optical imaging
(Steinberg et al., 2019). Generally, both the endogenous
tissues and exogenous agents with light-absorbing ability
to cause thermal expansion and generate ultrasonic waves
under pulsed laser irradiation can be used for PAIL On that
NIF  dye-labeled
semiconducting

metallic
NIF
nanoparticles are proposed to be exploited as molecular
PA the
atherosclerosis biomarkers. For instance, Ge et al. (2020)

basis, nanoparticles, or

nanoparticles, and organic

contrast agents for targeting imaging
showed the feasibility of screening the critical ingredients
of atherosclerotic plaque at the molecule level in mice by
using the anti-osteopontin antibody (OPN Ab) and NIR dyes
with an ICG-functionalized nanosized platform (OPN Ab/
Ti;C,/ICG) as the PA contrast agents. In another study,
Gifani developed a SWNT-based ultraselective imaging
methodology to precisely and specifically identify
vulnerable plaque by highlighting the regions severely
infiltrated by Ly-6Chi monocytes and foamy macrophages

(Gifani et al., 2021). The results of PAI are highly in parallel
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Chemistry) (Gao et al., 2021).

with the results of high-dimensional flow cytometry studies,
confirming the high selectivity of this SWNT-based PAI
strategy. Due to the predominant sensitivity and signal-to-
background ratio, nanoparticle-enhanced PAI has the
potential to explore more varieties of vulnerable plaques’
indicators which may be easily degradable or have a
shorter half-life. For example, Ma et al. (2021) represented
a fascinating design of the ratiometric semiconducting
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polymer nanoparticles (RSPNPs) to dynamically assess the
0% levels within plaques (Figure 10). O*°" was the critical
substrate for the oxidation of LDL and the synthesis of
inflammatory enzymes, having been regarded as a critical
indicator responsible for the plaque vulnerability. However, it
was difficult to be detected by the conventional clinical
imaging technique due to its extremely short half-life and
low local concentration. In this study, the authors used the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.906512

Li et al.

0**"-responsive molecule (ORM) to capture intraplaque O*°"
to offer robust “turn on” absorption at 690 nm; while the
insensitive semiconducting polymer molecule (OIM) with a
signal at 800 nm was served as an internal photoacoustic
reference. By monitoring the changes in photoacoustic
signals at 690 nm and 800 nm (PA690/PA800), the O*°-
level within plaques could be identified to assess the
rupture risk of atherosclerotic plaques.

Multimodality imaging

The multicomponent nature of nanoparticles offers a
diverse platform to hybrid two or more imaging modalities
the
advantages over any single modality alone (Louie, 2010).

within same nanoparticle to achieve synergistic
Given the high heterogeneity and complexity of plaque
of

atherosclerosis, multimodality imaging that can provide

composition, multifactorial pathophysiology
complementary information from different angles has
brought new perceptions to the fields of high-risk feature
evaluation and the risk plaque identification. Nowadays,
advances in multimodality techniques and imaging contrast
agents have generated great innovations. For instance,
clinically used PET/CT (Kwiecinski et al., 2021) or PET/
MR (Aizaz et al., 2020) imaging is the typical application of
combined imaging profile to yield molecular, functional, and
anatomical information together for a better characterization
of plaques. Motivated by the rapid development of materials
science, multimodal nanoparticles for dual-, tri-, and even
multi-modal combined imaging of atherosclerosis are
undergoing intensive exploration. For example, Wang et al.
(2019) constructed an optical/MR dual-modality imaging
probe (anti-MARCO UCNPs) by conjugating the polyclonal
collagenous structure (MARCO) antibody to the surface of the
prepared upconversion nanoparticles via the condensation
reaction. As the drawback of optical imaging was the limited
tissue penetrance and the lack of anatomical information and
the MRI not being sensitive enough, the optica/MR dual-
modality imaging would generate an efficient imaging with
high sensitivity and high spatial resolution. The imaging
the of
morphological and molecular imaging in visualization of
Ml and identification of
vulnerable plaques. (2021) developed the
multimodal (MRI/PA/US) nanoparticles by encapsulated
manganese (MnFe,0,),
monomethyl ether (HMME), and perfluoropentane (PFP)
into the polylactic acid-glycolic acid (PLGA) shells (Figure
11). After being functionalized with the anti-VEGFR-
2 antibody, the prepared PHPMR NPs could bind to plaque
neovascularization and provide multimodal monitoring in

results demonstrated superiority combined

phenotype macrophages

Yao et al

ferrite hematoporphyrin

real time.
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Treatment monitoring and imaging-
mediated therapeutics

The of
nanoparticles not only facilitates imaging but may also play a

construction well-designed, multifunctional
significant role in assessing the effects of therapies (Lobatto et al,,
2010). Recently, Flores et al. developed a precision-engineered
nanoparticle system (SWNT-SHP1i) that could disrupt CD47-
SIRPa signaling in monocytes and macrophages to promote
apoptotic cell clearance within arteriosclerotic lesions, thereby
preventing atherosclerosis (Flores et al., 2020). The fluorescent
probe Cy5.5 was loaded into the backbone of polyethylene glycol
(PEG)-functionalized single-walled carbon nanotubes (SWNTs) to
confirm the specific selectivity of SWNTs for circulating Ly-6C"
monocytes and macrophages in vitro and in vivo. Cy5.5 enabled
large-scale single-cell RNA sequencing (scRNA-seq) of leukocytes
from SWNT-Cy5.5 to SWNT-SHPli-treated mice’s aortas by
fluorescence-activated cell sorting to assess impacts of chronic
This
experiment greatly expanded the guiding role of fluorescence in

efferocytosis  stimulation on lesioned macrophages.
efficient assessment of molecule-based therapeutics. Specific
targeting of inflammation had the potential to stabilize
vulnerable plaques; thus, to assess the therapy effect via non-
invasive imaging techniques, Maiseyeu constructed self-assembled,
peptide-conjugated nanoparticles (CCTV) which possessed
antagonist properties toward CC chemokine receptor 2 (CCR2)
(Mog et al, 2019). By inhibition of chemotactic migration of
primary monocytes and prevention from CCL2-induced actin
polymerization, CCTV ameliorated NF-xB activation and
the

macrophages. More importantly, as conjugated with gadolinium

downregulated secondary inflammatory response in
or europium cryptates, CCTV enabled targeted MRI or time-
resolved fluorescence imaging of atherosclerosis to reveal the
chronic inflammatory condition, which provided the real-time
imaging information to guide the treatment process (Figure 12). In
another study, Gao et al. (2021) proposed a novel strategy called
“multifunctional pathology-mapping theranostic nanoplatform
(MPmTN)” for the tailored treatment of vulnerable plaques
based on the pathological classification (Figure 13). Specifically,
MPmTN nanoparticles could target rupture-prone or erosion-
prone plaques through specific accumulation mediated by surface-
modified PP1 or cyclic RGD (cRGD) peptides. Under therapeutic
ultrasound (TUS) exposure, perfluoropentane (PFP) inside the
MPmTN would undergo a phase change from nanodroplets to gas
microbubbles and induce good imaging properties for US.
Incorporation of MR contrast imaging materials (Fe;0,) inside
MPmTN NPs enabled accurate imaging of the two different
vulnerable plaques. In addition to the inducible acoustic effects
under TUS, MPmTN NPs could also achieve apoptosis of
macrophages and disaggregation of activated platelets on
vulnerable which could further the

therapeutic effects of atherosclerosis. This study provided a

plaques, promote

potential strategy for personalized treatment of vulnerable
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plaques based on their pathological nature and a multimodal
imaging tool for both the risk stratification and assessment of
therapeutic efficacy.

Conclusion and clinical
considerations

Over the past two decades, tremendous progress in
imaging technologies has robustly promoted the research
studies from imaging the existing atherosclerotic plaque in
symptomatic patients to characterizing the asymptomatically
(Tawakol et 2013).
atherosclerosis remains a major public health problem with

vulnerable plaque al., However,
devastating consequences. Nowadays, numerous emerged
the

development of more imaging strategies to characterize

targeted nanoparticles have been involved in
plaque. Through conjugation with target moieties on the
surface, nanoparticles are able to specifically accumulate at
atherosclerotic lesions, providing direct read-out of the
expression or activity of the vulnerable markers at the
molecular level. Such nanoparticle-enhanced molecular
imaging strategies can possibly aid early identification of
vulnerable plaques most likely to cause cute cardiovascular
events and can also help in deciding which therapies are the
best candidates for proceeding to clinical trials.

Although clinically approved nanoparticles are still scarce,
their excellent performances on plaque imaging in preclinical
experiments have opened new avenues for nanomedical
atherosclerosis management. However, rather than directly
diagnosing the vulnerability index of the plaques, presently
reported studies still focus on establishing the relationship
between the imaging patterns and the histological markers of
plaque progression the

accumulated nanoparticles in the plaques. In addition to that,

through quantitatively assessing

the early attempts with the SPIO nanoparticles in activity of
inflammation imaging after myocardial infarction in humans
have been suspended, suggesting the clinical translation of
nanoparticle-based  imaging strategies remains hugely
challenging in this field. Also, there still lacks of a deep
understanding of the interaction between the nanoparticles
and different components in atherosclerotic plaques, and
many biological behaviors of nanoparticles need to be further
explored: 1) physicochemical interactions at the nano-bio
interface should be deeply investigated to optimize the in vivo
biodistribution, pharmacokinetics, cellular uptake, and
intracellular trafficking of nanoparticles; 2) the effects of
nanoparticles’ physicochemical properties, such as the particle
size, surface potential, and morphology, should be fully
researched and optimized to enhance their capability of

escaping MPS capture, extravasation and penetration into
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plaques, targeting efficiency, and subcellular distribution; 3)
the biosafety, toxicity, immunogenicity, and clearance of
nanoparticles should be systematically evaluated to accelerate
their clinical translation.

Notably, the nanotechnology application in cardiovascular
disease is certainly not restricted to the injectable nanoparticulate
described in this review. Nanotechnology also plays a critical role
in tissue engineering, stent design, and early-detection device in
aortic aneurysms, thrombolytic therapy, ablation therapy for
atrial fibrillation, and other cardiovascular disorders.
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