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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Nanotechnology represents new viable approaches for diagnosis and treatment of cardiovascular diseases, the leading cause of morbidity

and mortality worldwide

- Nanotechnology-assisted biosensing and molecular imaging can improve the sensitivity and specificity in the diagnosis of cardiovascular
diseases

- Nanomaterials enable targeted drug delivery or directly exert therapeutic action for cardiovascular system, based on their physicochemical
properties and surface modification
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Cardiovascular diseases have become the major killers in today’s world,
among which coronary artery diseases (CADs) make the greatest contribu-
tions to morbidity and mortality. Although state-of-the-art technologies
have increased our knowledge of the cardiovascular system, the current diag-
nosis and treatment modalities for CADs still have limitations. As an
emerging cross-disciplinary approach, nanotechnology has shown great po-
tential for clinical use. In this review, recent advances in nanotechnology in
the diagnosis of CADs will first be elucidated. Both the sensitivity and spec-
ificity of biosensors for biomarker detection and molecular imaging
strategies, such as magnetic resonance imaging, optical imaging, nuclear
scintigraphy, andmultimodal imaging strategies, have been greatly increased
with the assistance of nanomaterials. Second, various nanomaterials, such
as liposomes, polymers (PLGA), inorganic nanoparticles (AuNPs, MnO2,
etc.), natural nanoparticles (HDL, HA), and biomimetic nanoparticles (cell-
membrane coating) will be discussed as engineered as drug (chemicals, pro-
teins, peptides, and nucleic acids) carriers targeting pathological sites based
on their optimal physicochemical properties and surface modification poten-
tial. Finally, some of these nanomaterials themselves are regarded as phar-
maceuticals for the treatment of atherosclerosis because of their intrinsic
antioxidative/anti-inflammatory and photoelectric/photothermal characteris-
tics in a complex plaque microenvironment. In summary, novel nanotech-
nology-based research in the process of clinical transformation could
continue to expand the horizon of nanoscale technologies in the diagnosis
and therapy of CADs in the foreseeable future.
INTRODUCTION
Cardiovascular diseases (CVDs) are the leading cause ofmorbidity andmortal-

ity in both the developed and developing world.1,2 With an estimated 17.9 million
deaths annually, CVDs contribute 32% of all global deaths, of which 85% are due
to heart attack or stroke.3,4 Themost common cause of CVDs is atherosclerosis,
a progressive disease involving the deleterious accumulation of lipids and fibrins
within the arterial wall and amaladaptive immune response and dysregulation of
cholesterol metabolism, initiating the formation of atherosclerotic plaques. The
branches off the aortic root, namely, the left and right coronary arteries, supply
oxygen-rich blood to the myocardium. Atherosclerotic lesions in the coronary ar-
teries can cause lumen obstruction and stenosis, resulting in myocardial
ischemia, hypoxia, and even necrosis, known as coronary atherosclerotic heart
diseases or coronary artery disease (CADs).5

In addition to effective control of cardiovascular risk factors, early diagnosis is
crucial to prevent CADs.6 Thanks to innovations in modern technology and the
discovery of related biomarkers, there have been considerable advances in diag-
nosticmethods in clinical practice, such as electrocardiography (ECG) and imag-
ing techniques to evaluate abnormal cardiovascular conditions.7,8 In clinical
treatment, medication can improve the long-term prognosis and prevent acute
cardiovascular events. For example, evidence-based pharmacotherapies such
as b-blockers, lipid-lowering drugs, ACE inhibitors, angiotensin receptor blockers,
and low-dose aspirin are recommended in clinical guidelines for long-term sec-
ondary prevention.9 Moreover, the ischemia caused by thrombotic occlusion in
acute cardiovascular events such as acute myocardial infarction (AMI) can be
rescued by timely recanalization via thrombolytic therapy, stent implantation, or
conventional recanalization surgery such as coronary artery bypass grafting.10

With advances in the understanding of CADs, increasing numbers of clinical ap-
proaches and preclinical studies have continued to be used to prevent or delay
myocardial dysfunction in recent decades. However, the high mortality rates of
ll
CADs and consequent heart failure indicate that the current diagnosis and treat-
ment methods still face great challenges.11

Compared with bulk materials, nanomaterials have a high ratio of surface area
to volume as well as tunable optical, electronic, magnetic, mechanical, catalytic,
thermal, and biological properties, and they can be engineered to have different
sizes, shapes, chemical compositions, surface modifications, and hollow or solid
structures. These properties enable researchers to design novel diagnostic and
therapeutic platforms at the molecular level that can outperform traditional mo-
dalities.12 In this review, based on summarizing the traditional diagnosis and
treatment methods (Document S1), we first introduce the recent advances in
the use of nanomaterials for the accurate diagnosis of CADs. Then, we provide
a brief overviewof the targeting strategies for nanomaterials to specifically recog-
nize pathological sites, followed by a detailed summary of cutting-edge research
on nanomaterial-based drug delivery systems and targeting inhibitors for the
treatment of CVDs.
NANOTECHNOLOGY APPROACHES TO DETECT CADs
Nanotechnology-based approaches to detect CAD biomarkers
The early diagnosis of CADs increases the chance for successful treatment

and potential cure, giving patients better prognoses and extended survival times.
CAD-related biomarkers, such as cardiac troponins (cTns), myoglobin (Myo),
creatinine kinase MB (CK-MB), C-reactive protein (CRP), and a series of miRNAs,
are released into the bloodstream when the heart is damaged or stressed.13

Therefore, one promising approach for the early diagnosis of CADs is to develop
precise, specific, simple, stable, and rapid analyses of blood for such molecules.
Mass spectrometry is frequently used for identifying potential biomarkers of
CADs but is limited by sensitivity and specificity due to the low levels of bio-
markers in human plasma. In view of these reasons, combining nanotechnol-
ogies with biosensors might serve as a promising solution for the diagnosis of
early-stage CADs. The former can provide high-affinity binding to targeted mole-
cules and reduce nonspecific adsorption via surface modification or structure
optimization; the latter consists of two parts: a biological sensing element for
recognizing targets and a transducer for converting data into electrical signals.14

In this article, Tables 1 and S1 summarize biosensing methods for the rapid
detection of important biomarkers with the assistance of nanomaterials.
Protein targets are first sensed by recognition molecules such as antibodies,

aptamers, or molecularly imprinted polymers, and the sensing is then quantita-
tively detected by various methods, including electrochemistry (EC), electroche-
miluminescence (ECL), fluorescent methods (FL), colorimetry, surface-enhanced
Raman scattering (SERS), and surface plasmon resonance technology (SPR).33

Nanomaterialswith excellent optoelectronic properties greatly improve the detec-
tion sensitivity by orders of magnitude.21,34–38 With ZnSnO3 perovskite nanoma-
terial-decorated glassy carbon electrodes, Singh et al. designed a label-free EC
biosensor to detect TnT.39 This method exhibited subfemtomolar detection
sensitivity owing to the ferroelectric property of ZnSnO3. Another similar example
is the use of a gold triangular nanoprism (AuTNP)-based localized SPR biosensor
to monitor cTnT in plasma, serum, and urine. The cTnT assay achieved an atto-
molar (�15 a.m.) limit of detection (LOD),making it at least 50-foldmore sensitive
than other label-free techniques.40 The shape of nanomaterials is another of the
key features to optimize for sensitive detection. El-Safty et al. designed a label-free
SERS sensor composed of 3D silver anisotropic nano-pinetree array-modified in-
dium tin oxide (Ag NPT/ITO) substrates for the detection of Myo.23 Ag NPT/ITO
displayed the highest SERS performance among nanostructure shapes (nanoag-
gregates, nanorods, and nanobranches), which was attributed to the presence of
numerous hotspots, particularly in the junctions between the central rod and side
The Innovation 3(2): 100214, March 29, 2022 1
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Table 1. Nanotechnology-based biosensors to detect biomarkers of CADs

Biomarkers Recognition elements Nanomaterials Methods Linear range LOD
Time
(min) Samples Ref

Cardiac
troponins(cTns)

antibody AuNP-Hep-xGnP DPV 0.050–0.35 ng/mL 0.016 ng/mL 20 whole blood 15

Au NPs@CO-Fs EC 0.5 pg/mL�10 ng/mL 0.17 pg/mL __ whole blood 16

Ag/CoS nanoflawors ECL 0.1 fg/mL� 100 pg/mL 0.03 fg/mL __ human serum 17

GPRu�Au, Au�CNN ECL 10 fg/mL � 10 ng/mL 3.94 fg/mL __ human serum 18

aptamer DNA nanotetrahedron
and MOF

EC 0.05–100 ng/mL 16 pg/mL __ human serum 19

DNA nanotetrahedron
and Fe3O4/PDDA/
Au@Pt

EC 0.01–100 ng/mL 7.5 pg/mL __ human serum 20

AuNPs EC 100 a.m.–10 p.m. 100 a.m. __ PBS 21

MIP boron nitride QDs CV, EIS 0.01–5.00 ng/mL 5 pg/mL __ human plasma 22

Myoglobin antibody Ag NPT/ITO SERS 10 ng/mL � 5 mg/mL 10 ng/mL __ buffer, urine 23

Pt-staining AuNPs colorimetry 5.74–150 ng/mL 5.47 ng/mL __ human serum 24

UCNPs FL-LFA 0.5–400 ng/mL 0.21 ng/mL 10 clinical samples 25

aptamer AuNPs/BNNSs EC 0.1–100 mg/mL 34.6 ng/mL __ human serum 26

CK-MB antibody polypyrrole@Bi2WO6 PEC 0.5–2000 ng/mL 0.16 ng/mL __ human blood 27

Multitargets antibody (cTnI, CRP) TiO2 nanofibrous ELISA 10 pg/mL� 100 ng/mL
1 pg/mL � 100 ng/mL

37 pg/mL
0.8 pg/mL

30 spiked in whole blood 28

aptamer (Myo, cTnI) HsGDY@NDs EIS 10 fg/mL � 1 ng/mL
10 fg/mL � 100 ng/mL

9.04 fg/mL
6.29 fg/mL

__ human serum 29

miRNAs complementary
strands

hollow Ag/Au NS SERS with
CHA

1 fM � 10 nM 0.306 fM __ human blood 30

AuNPs@G4-SNAzyme ECL with
CHA

1 fM � 1 nM 0.4 fM __ human serum 31

G4/MOFzymes CL 10 a.m.–10 p.m. 2.17 a.m. 1 human serum 32

DPV (differential pulse voltammetry); EC (electrochemistry); ECL (electrochemiluminescence); CL (chemiluminescence); PEC (photoelectrochemistry); CV (cyclic vol-
tammetry); EIS (electrochemical impedance spectroscopy); MIP (molecular imprinted polymer); LFA (lateral flow assay); CHA (chain hybridization amplification); SERS
(surface-enhanced Raman spectroscopy); SNAzyme (spherical nucleic acid enzymes).
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arms. Dual-hybrid or multihybrid nanostructure materials can inherit the advan-
tages of multiple structures, successfully achieving signal amplification.17,26,41

Ren’s group proposed an ultrasensitive sandwich-type electrochemical immuno-
sensor with TiO2-PPy-Au as the substratematerial and TB-Au-CO-Fs as signal la-
bels for the quantitative detection of cTnI.16With the help of hybrid nanomaterials
to improve electron transfer, the above sensor showed a linear range from0.5 pg/
mL to 10.0 ng/mL and a low LOD of 0.17 pg/mL. Besides, CdTe@IRMOF-
3@CdTe nanocomposites also enlarge cTnI detection signals (Figure 1A).42

Because of the high surface area to volume ratio, nanomaterials, especially
those with porous structures, are able to load large amounts of recognition ele-
ments (such as antibodies or aptamers) and transducer elements, resulting in
signal cascade amplification.19,23,29,43 Accordingly, Zhang et al. prepared nano-
diamond hybrid hydrogen-substituted graphdiyne (HsGDY@NDs) to fabricate
electrochemical aptasensors for detecting Myo and cTnI (Figure 1B).29 Similar
research was reported by Zhao et al., who synthesized Pd@Au nanocube-doped
three-dimensional porous graphene to establish an ultrasensitive electrochemical
immunosensor for detecting cTnI.45 This nanostructure displayed good capture
capability targeting antibodies and accelerated the electron transfer process on
the electrode surface. Another method to increase of detection sensitivity is to
modify nanomaterials with more signal transducer elements. Ru(bpy)3

2+-loaded
mesoporous silica nanoparticles (RMSNs) constructed according to this principle
showed strong ECL signals, significantly outperforming conventional fluores-
cence detection (>3 orders of magnitude) (Figure 1C).43 Similarly, Zhang et al.
usedmagnetic Fe3O4 nanoparticles as nanocarriers to load large amounts of nat-
ural horseradish peroxidase (HRP), HRP-mimicking Au@Pt nanozymes, and
G-quadruplex/hemin DNAzyme, which generated markedly enhanced EC signals
because of the cocatalytic effects of the various enzymes.20 In addition, the
replacement of bioenzymes with nanozymes could not only ensure high sensi-
2 The Innovation 3(2): 100214, March 29, 2022
tivity but also further improve the repeatability and stability of assays for clinical
samples.19,46

Recently, nanotechnology-based multimodel or multi-target and point-of-
care testing (POCT) assays have emerged for detecting CAD biomarkers,
helping to assess the disease process more accurately, rapidly, and
conveniently.18,24,25,28,44,46–52 Previous studies found that ratiometric ECL could
eliminate environmental interference and allow precise measurement. Yang’s
group prepared AuNP-modified graphitic phase carbon nitride nanosheets (Au-
CNNs) that acted as donors, whichmatched well with the adsorption of acceptor
GPRu-Au (AuNP-loaded graphene oxide/polyethylenimine) and ultimately
showed high stability and a low LOD (Figure 1D).18 In addition, to achieve simul-
taneous detection in different periods of AMI, a microfluidic paper-based device
(mPAD)was designed by Khor et al. to detect glycogen phosphorylase isoenzyme
BB (GPBB, early stage of ischemic myocardial injury within first 4 h), cTnT, and
CK-MB (6 h after the onset of chest pain) (Figure 1E).44 Moreover, due to its
low cost, user-friendliness, time savings, and simplicity, POCT plays an important
role in improving the quality of medical services and meeting the healthcare
needs of remote districts. At present, a series of POCT methods have been de-
signed to detect CAD biomarkers with the help of paper-based or microfluid
portable devices and the signal amplification features of nanomaterials (such
as ZnO nanowires, Au@AgPtNPs, core-shell upconversion nanoparticles, and
TiO2 nanofibers).

24,25,28,47 It has been noted that the time from collecting blood
samples to the readouts of detection results can be less than 20min. Regrettably,
POCT methods currently still have LODs in the ng/mL range, which needs to be
improved further.
In addition to protein biomarkers, noncoding RNAs, especially microRNAs

(such as miR-133a and miR-499), are proposed to be novel biomarkers of
myocardial injury.13 Li’s laboratory has made outstanding contributions in the
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http://www.thennovation.org
http://www.thennovation.org


Figure 1. Schemes of nanotechnology-based biosensors for detection of CADs biomarkers (A) CdTe@IRMOF-3@CdTe nanocomposites to enlarge ECL signals.42 The strong ECL
emission was achieved from isoreticular metal-organic framework (IRMOF) accelerator enriched quantum dots (CdTe), which were applied as an efficient ECL signal tag for trace cTnI
detection. IRMOF allowed for encapsulating large amounts of CdTe, and functioned as a novel coreactant accelerator for promoting the conversion of S2O82� into SO4

C_, further
boosting the ECL emission of CdTe. IRMOF@CdTe-based immunosensor eventually performed a wide response range from 1.1 fg/mL to 11 ng/mL and a very low detection limit (0.46
fg/mL) (copyright American Chemical Society, 2018). (B) HsGDY@NDs-based aptasensors for detecting Myo and cTnI.29 The large surface and porous structure of HsGDY@NDs
could absorb larger amounts of aptamer strands, giving low detection limits of 6.29 and 9.04 fg/mL for Myo and cTnI, respectively (copyright Elsevier Ltd., 2021). (C) Construction of
RMSNs-based ECL-LFI strip for rapid, portable, and sensitive diagnosis.43 The RMSNs-based ECL-lateral flow immunosensor (ECL-LFI) enabled highly sensitive detection of cTnI-
spiked human serum within 20 min at femtomolar levels (z0.81 pg/mL) (copyright Wiley-VCH, 2020). (D) Ratiometric ECL-RET double-model detection of cTnI.18 Based on nano-
materials’ features, a dual-wavelength ratiometric ECL resonance energy transfer (ECL-RET) sensing platform was developed for the detection of cTnI, showing high stability and low
LOD (3.94 fg/mL) (copyright American Chemical Society, 2019). (E) uPAD for multi-target detection.44 With advantages of stability and sensitivity, the nanomaterials, including AuNPs,
AgNPs, and gold urchin NPs, were used as optical labels to provide visible color signals (copyright Elsevier Ltd. 2019). (F) Increase of catalytic activity with G4/MOFzymes for POCT of
target miRNAs.32 The interfaced G4 DNAzymes onMOFs (G4/MOFzymes) were produced by targetingmiRNA-triggered rolling circle amplification (RCA) reactions, which displayed an
about 100-fold higher catalytic activity than those in solution. By using the G4/MOFzyme catalysts in the luminol/H2O2 CL system, sensitive detection of myocardial infarction (AMI)-
related twomiRNAs (low to 1 fM seenwith naked eyes) was achieved in human serumwith a smartphone as a portable imaging detector (copyright American Chemical Society, 2020).
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Table 2. Nanomaterial-based noninvasive molecular imaging for the diagnosis of CADs

Imaging modality Nanoprobes Sizes and shapes
Functions of
nanoprobes Targeting moieties

Targeted
molecules/cells Information provided Ref

MRI Gd-TPP1880/
LMWF8775 CNPs

�240 nm, spheric P-selectin targeting,
cell penetrating, and
Gd-DTPA loading

LMWF P-selectin on activated
ECs and platelets

visualization of
inflammatory
endothelial cells

55

Optical imaging Ag2S-AngII �10 nm spheric NIR-II fluorescence
signals, loading AngII
for high targeting MI in
minutes

AngII AT1R in MI tissues visualization of hearts
damaged after MI and
ischemic myocardial
tissues

56

Nuclear scintigraphy 64Cu-CANF-comb �16 nm, comb-like loading64Cu for PET
imaging, high targeting

CANF NPRC assessing the
pathological function
of NPRC and
vulnerability of
plaques

57,58

PAI PBD-CD36 NPs �50 nm, spheric providing PA signals
and high targeting

CD36 antibody inflammatory cells reflecting the
inflammation levels in
atherosclerotic
plaques

59

Multimodal imaging strategies

PAI/SPECT/CT Pd@Au-PEG-FA �31 nm,
nanosheet-like

providing PAI, SPECT,
and CT signals, high
targeting, low
background

folic acid FR on activated
macrophages

imaging activated
macrophages and
vulnerable plaques

60

PAI/MRI/ultrasound EWVDV-Fe-Ink-
PFH NPs

�387.1 nm, spheric providing PAI, MRI, and
US signals, high
targeting

EWVDV peptide P-selectin on activated
platelets

imaging thrombi 61

OCT/IR IR-QD �5 nm, spheric providing OCT and PL
signals

NA NA NA 62

XEL/MRI XEL-NCs �21.9 nm, spheric providing XEL and MRI
signals, background-
free and turn-on
properties

peptide thrombin monitor thrombosis
progression

63

TPP1880/LMWF8775 CNPs, self-assembled complex nanoparticles with depolymerized low-molecular-weight fucoidan (LMWF8775) and a thermolysin-hydrolyzed prot-
amine peptide (TPP1880); Ag2S-AngII, AngII-functionalized Ag2S nanodots; AngII, angiotensin II; AT1R, angiotensin receptor 1; TfR1, transferrin receptor 1; 64Cu-
CANF-comb, 64Cu labeled, c-atrial natriuretic peptide conjugated polymeric (comb) nanoparticles; NPRC, clearance natriuretic peptide receptor; PBD-CD36 NPs, an
anti-CD36 decorated semiconducting polymer NPs; Pd@Au-PEG-FA, folate-conjugated Pd@Au nanomaterials; XEL-NCs, X-ray luminescent lanthanide-doped scintillator
nanocrystals.
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field of the rapid detection ofmiRNAs related toCADs.30–32,53,54 They synthesized
a hemin-bridged metal-organic framework (MOF) as a functional interface to
boost the payload and catalysis of G-quadruplex (G4) DNAzymes (Figure 1F).32

Compared with previous smartphone-based counterparts, this new facile meth-
odology showed both six orders of magnitude higher sensitivity and an �50-
fold longer duration for CL miRNA imaging.

Overall, nanomaterial-based biosensors provide precise, specific, simple, and
rapid strategies to detect various biomarkers, which will greatly influence the
diagnosis of CADs. However, the clinical transformation of nano-biosensors still
requires extended work.

Nanotechnology-assisted molecular imaging for CAD diagnosis
In this section, we will demonstrate the critical function of nanotechnology in

different imaging strategies and the information on CADs provided by nanomate-
rial-based molecular imaging, as summarized in Tables 2 and S2.

Magnetic resonance imaging. Magnetic resonance imaging (MRI), as a
mainstream noninvasive imaging technique, is suitable for characterizing
abnormal blood vessel walls with plaques and thrombi. Compared with positron
emission tomography (PET) or computed tomography (CT), MRI does not
employ ionizing radiation, unlike ultrasound and optical methods, which cannot
provide deep tissue penetration. MRI also has advantages over PET because
of its much higher spatial resolution (submillimeter).64,65 Benefiting from this
advantage, three-dimensional time of flight (3D TOF) and fast spin-echo (3D
FSE) magnetic resonance angiography imaging were recently utilized to image
carotid atherosclerotic plaques, and the lipid core volume, fibrous cap thickness,
and hemorrhage volume were well determined.66 In addition, with the help of
stress calculations and tissue strength assessment based on multicontrast
MRI and MRI-inflammation imaging, plaque rupture risk potential could be fully
evaluated.67 However, one of the drawbacks of MRI is the much lower sensitivity
4 The Innovation 3(2): 100214, March 29, 2022
of contrast agent detection compared with nuclear techniques. Hence, designing
sensitive and specific probes for abundant accumulation at vessel lesions is crit-
ical for promoting the application of MRI in the diagnosis of CADs. Recently, MR-
dedicated contrast agents, especially Gd-based and iron oxide nanoparticles,
have been explored for the molecular imaging of atherosclerosis and throm-
bosis.68–74 Due to their own characteristics, nanoparticles based onGd or iron ox-
ide show clear contrast effects in T1/T2-weighted MRI. Additionally, ultrasmall
sizes at the nanolevel combined with ingenious surface modifications, including
biocompatible coatings (polymers or cell membranes) and targeting elements
(antibodies, peptides, or ligands), greatly increase the specific accumulation of
MRI nanoprobes in ruptured or rupture-prone lesions and confer a longer circula-
tion time.75 Therefore, these targetedGd-based and iron oxide nanoparticles have
shown that MRI can be performed with sensitivity feasible for the diagnosis of
atherosclerotic plaque formation, major components, and related diseases
such as inflammation, paving the way for future clinical applications.
Recently, Zhang et al. designed highly sensitivemagnetic iron oxide nanocubes

(MIONs) to detect myocardial infarction (MI) via MRI (Figure 2A).76 In experi-
ments, the zwitterionic biodegradable copolymer poly(lactide) polycarboxybe-
taine (PLA-PCB, PP), accompanied by phosphatidylserine (PS), provided superior
colloidal stability, long blood circulation, and a low T2 signal for nanocubes to
overcome the hydrophobic properties and insufficient delivery of MIONs as
MRI contrast agents. PS can bind to PS receptors on the macrophage surface
during early inflammation in MI. Similarly, engineered hybrid metal oxide-peptide
amphiphile micelles (HMO-Ms) were constructed for potential use in MRI of
thrombosis on atherosclerotic plaques.77 The HMO consisted of inorganic, mag-
netic iron oxide cores with organic, fibrin-targeting peptide (CREKA) amphiphiles.
These self-assembled, 20- to 30-nm spherical nanoparticles were found to be
biocompatible with human aortic endothelial cells in vitro and to bind to human
clots three to five times more efficiently than their nontargeted counterparts,
www.cell.com/the-innovation
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Figure 2. Various nanotechnology-based molecular imaging methods (A) PP/PS@MIONs used in MRI imaging of MI.76With external magnetic field-induced targeting and PS tar-
geting, the PP/PS@MIONs nanosystem enhanced the accumulation in infarcted area, showing accurate MRI-based visualization of MI at an early stage. (This is an open access article
distributed under the terms of the Creative Commons Attribution [CC BY-NC] license.) (B) Platelet membrane-coated nanoparticles for magnetic resonance imaging activated
endothelium, collagen, and form cells in plaques.79 Biomimetic PNPs could not only bind to advanced plaques but also probe the pre-atherosclerotic lesions (copyright American
Chemical Society, 2018). (C) T1/T2 dual-modeMRI for detecting thrombus.80 cRGD@MLP-Gd exhibits a T2 contrast enhancement at 1 h after intravenous administration, followed by a
visibly larger T1 contrast enhancement at the thrombus site (copyright Royal Society of Chemistry, 2020). (D) “Off-on” nanoprobe P-ICG2-PS-Lip for optical imaging of macrophages in
vulnerable plaques.81 Note that the peptide-ICG2was optically silent under normal conditions but activated in the presence of the lysosomal enzyme, cathepsin B. The NIRF fluorescent
signal of P-ICG2-PS-Lip was successfully observed at the plaques on the artery walls (copyright Elsevier Ltd., 2020). (E) NIR-II nanoprobe used in optical imaging of MI.56 With the
analysis of time course experiments, the AngII-Ag2S NDs could specifically accumulate at the ischemic myocardial tissues after intravenous injection within a few minutes, which
opens a new avenue toward cost-effective, fast, and accurate in vivo imaging of the ischemic myocardium after AMI (copyright Wiley-VCH, 2020). (F) 99mTC-HFn nanotracer for PET
imaging of vulnerable plaques.82 The specific uptake of 99mTc-HFn in plaques enabled quantitativemeasuring of the vulnerable and early active plaques as well as dynamic changes of
inflammation during plaque progression (copyright American Chemical Society, 2018). (G) OPN/Ti3C2/ICG nanoprobe for accurate PAI of vulnerable plaques.83 OPN/Ti3C2/ICG
possessed enhanced PA performance and high specificity to foam cells in vulnerable atherosclerotic plaques (copyright Wiley-VCH, 2020).
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 offering potential for the early diagnosis of thrombosis in atherosclerosis. Zhou

et al. explored profilin-1 antibody (PFN1)-loaded paramagnetic iron oxide nano-
particles in a complex with low-pH-sensitive cyclodextrin (PFN1-CD-MNPs) for
the MRI of atherosclerosis.78 Due to the specific binding of PFN1 to vascular
smooth muscle cells (VSMCs), the accumulation of PFN1-CD-MNPs in athero-
sclerotic plaques was found via both near-infrared fluorescence (NIRF) ex vivo
and MRI in vivo.

In addition to loading target-specific biomolecules on organic or inorganic
nanoparticles, cell membrane coating and nanoassembly with biomolecules
are also capable of effectively localizing atherosclerotic plaques.55,79,84 Platelets
are involved in different stages of atherosclerosis progression, such as endothe-
lial inflammation and immune cell recruitment. Therefore, platelet membrane-
coated nanoparticles (PNPs) incorporating lipid-chelated Gd were synthesized
by Zhang’s group.79 Live MRI imaging showed that the biomimetic PNPs could
not only bind to advanced plaques but also probe preatherosclerotic lesions (Fig-
ure 2B). Based on the same principle, self-assembled complex nanoparticles
(CNPs) composed of polymerized low-molecular-weight fucoidan (LMWF8775)
and a thermolysin-hydrolyzed protamine peptide (TPP1880) were successfully
prepared for imaging activated or inflamed endothelial cells with P-selectin over-
expression. Compared with free Gd-DTPA, CNPs loaded with Gd contrast agent
showedbetterT1 relaxivity and selectively accumulated in activatedHUVECswith
increased MRI intensity and reduced cytotoxicity.55 Recently, the same principle
was also applied to PP1 peptide-functionalized, glutathione-biomineralized gold/
gadolinium-based nanoparticles (GSH-PP1-Au/Gd-NPs) synthesized by Li et al.84

The PP1 peptides could specifically bind to class AI scavenger receptors (SR-AI)
on foamymacrophages, and GSHmolecules could endow the nanoparticleswith
superior stability, negligible cytotoxicity, and excellent biocompatibility. These
novel nanoprobes integrated T1 signal amplification, precise macrophage target-
ing, and systematic clearance capabilities for the noninvasive characterization of
vulnerable plaques of early-stage atherosclerosis.

To achieve highly accurate CAD diagnosis, researchers have attempted to
combine complementary information obtained from multiple imaging tech-
niques.85 However, differences in the depth of penetration and spatial/time reso-
lution of various imaging devicesmay lead to difficulties and discrepancies when
matching images, resulting in interpretation inaccuracies.86 For this reason, the
development of dual imaging strategies employing a single technique and instru-
mental system would provide significant advantages. Whittaker’s group gener-
ated ultrasmall magnetic dual-contrast iron oxide nanoparticles (DCIONs) by a
high-temperature coprecipitation method, which acted as efficient positive and
negative dual-contrast agents for MRI.87 After tagging with a single-chain anti-
body (scFv), DCIONs could specifically bind to GPIIb/IIIa receptors on activated
platelets. In the presence of scFv-DCIONs, thrombi were highlighted in
T1-weighted imaging by a bright/positive signal and in T2-weighted imaging by
a dark/negative signal generated around their surface. The duality of T1 and T2
conferredMRI stronger contrast and a smaller r2/r1 ratio, which greatly increased
the sensitivity and accuracy of diagnosis. Similarly, cyclic RGD-functionalized lipo-
somes (cRGD@MLP-Gd) encapsulated with Gd-DTPA and SPIO were prepared
by Li’s group (Figure 2C).80 In their experiment, the dynamic T1/T2 dual-mode
property not only made cRGD@MLP-Gd actively bind to thrombi but also poten-
tially enabled the monitoring of rupture-prone atherosclerotic lesions.

Optical imaging. Optical imaging technology has made great improvements
in biomedical research. The prominent features of spatial resolution (micrometer-
range), high sensitivity of (sub)cellular localization, lack of radiation, and cost
effectiveness features make it attractive for the imaging atherosclerotic plaques
and clots.88–91 However, the poor penetration depth of light (from submillimeters
to several centimeters) and undesirable overlap with autofluorescence in plaque
tissues reduce the potential application of optical imaging platforms in the clinic.
Fortunately, NIRF, with reduced tissue autofluorescence background and scat-
tering and enhanced tissue penetration, presents an excitingmethod for the iden-
tification of atherosclerotic lesions at the molecular level.92–94

NIR-1 dyes, with emission peaks in the range of 700–900 nm, have higher
signal-to-background ratios than visible probes.95,96 Functional nanoparticles
(such as polymeric nanoparticles, liposomes, and iron oxide nanoparticles) can
serve as carriers to transportNIR-I dyes to plaque sitesor can bedesignedas acti-
vatedfluorescent “off-on” switches forNIRF imaging of atherosclerotic plaques or
thrombi. Cy5.5-labeled hyaluronan nanoparticles (HA-NPs) were synthesized to
investigate the endothelial barrier integrity and the enhanced permeability and
retention (EPR) effect during atherosclerosis progression in Apoe�/� mice.97
6 The Innovation 3(2): 100214, March 29, 2022
The results showed that HA-NPs first entered the plaque via endothelial junctions,
then distributed throughout the ECM and were eventually engulfed by plaque-
associatedmacrophages. These features enabled HA-NPs to reflect the different
stages of plaque progression during the treatment. Experiments with similar prin-
ciples showed that a multivalent nucleic acid-scavenging nanoprobe (Dex-TO)
synthesized through the conjugation of fluorochrome thiazole orange (TO) and
polymer dextran carrier (40 kDa)was able to identifyMI injury effectivelywith fluo-
rescence reflectance imaging.98 Activatable fluorescent “off-on” probes have
already been designed in recent years for the targeted molecular imaging of pla-
ques and thrombi, which could further reduce the background and increase the
specificity of diagnosis. Ogawa et al. synthesized a fluorescent switch-on nanop-
robe, peptide-ICG2 encapsulated in a phosphatidylserine liposome (P-ICG2-PS-
Lip), for the specific imaging ofmacrophages in vulnerable plaques (Figure 2D).81

Similarly, thrombin-activatable fluorescent peptide (TAP)-incorporated silica-
coated gold nanoparticles (TAP-SiO2@AuNPs) were developed for the direct
imaging of thrombi.99 The TAP-SiO2@AuNPs showed a quenched NIRF signal
under normal conditions due to the excellent quenching effect of SiO2@AuNPs.
In the presence of thrombin in vitro, a 30.31-fold higher NIRF intensity was rapidly
recovered because of the thrombin-specific cleavage of TAP molecules on the
SiO2@AuNP surface. Additionally, TAP-SiO2@AuNPs successfully accumulated
in thrombi by size-dependent capture and clearly distinguished thrombotic le-
sions from peripheral tissues in NIRF/micro-CT imaging.
The emergence and development of new technologies have led to novel

fluorescent nanoparticles emitting in the second NIR window (NIR-II, 1,000–
1,700 nm), which allows NIRF imaging to visualize deep tissues with an unprec-
edented degree of clarity for diagnosis or surgical guidance.100–103 Some novel
biofunctionalized NIR-II nanoparticles, such as quantum dots (QDs),56,104,105 sin-
gle-walled carbon nanotubes (SWNTs),106,107 and rare earth-based upconversion
nanoparticles (UCNPs),108–110 have been reported for the in vivo imaging of
atherosclerosis or AMI, whichwill help to expedite the clinical transition of NIR im-
aging. Although differentiating vulnerable plaques from stable plaques remains
challenging in the clinic, Gao et al. developed highly luminescent, macrophage-
specific core@shell-structured NaGdF4: Yb, Er@NaGdF4 nanoprobes (UCNP-
anti-OPN probe) to visualize vulnerable atherosclerotic plaques.108 The
core@shell structure maximized the contrast-enhancing performance, and the
luminescence intensity of the core was well preserved after surface PEGylation
through the ligand exchange process. In addition, surface PEGylation enabled
the covalent conjugation of antibody-sensing osteopontin (OPN), which is a
secreted biomarker associated with macrophages and foamy macrophages
that can be used to identify vulnerable plaques. This UCNP-anti-OPN nanoprobe
produced different optical signals between vulnerable and stable plaques by
lowering shear stress and oscillatory shear stress, implying that the probe and im-
aging strategy were potentially useful for the precise diagnosis of atherosclerotic
plaques. In a study of MI, Nuria Fernández et al. employed angiotensin II (AngII)-
functionalized Ag2S nanodots (AngII-Ag2S NDs) for NIR-II in vivo imaging of
ischemic myocardium after AMI (Figure 2E).56 This method of fast and precise
localization of ischemic tissues in the myocardium after AMI is needed by clini-
cians as the first step toward accurate and efficient therapy.
Nuclear scintigraphy. Among various imaging technologies, radionuclide-

based molecular imaging has been widely exploited for the diagnosis of
atherosclerosis due to its high sensitivity, quantification, functional detection,
noninvasive nature, and well-established pathways for human translation.111,112

With outstanding capacities, PET shows 2–3 times better spatial resolution
than SPECT and allows the detection of picomolar concentrations of nuclide
agents.113 18F-fluorodeoxyglucose (18F-FDG)-based PET, which can detect
vascular inflammation andmacrophageburden, has been proposedas the nonin-
vasive gold standard for atherosclerotic plaque vulnerability identification.114

However, its limited spatial resolution (�2 mm) and high myocardial metabolic
uptake (resulting in a lack of specificity for atherosclerosis) have restricted the
scope of the clinical application of 18F-FDG PET. In particular, the small size of
vascular plaques requires a higher accumulation of focal, targeted, and specific
18F-FDG. Therefore, radiotracers that are more specific for inflammation and bet-
ter suited for vascular lesion imaging are of intense interest for the sophisticated
characterization of atherosclerosis.
To overcome these shortcomings of existing radiotracers, biofunctional

nanoprobes labeled with radionuclides and targeting elements have been pro-
posed. Liu’s group constructed a poly(methyl methacrylate)-core/polyethylene
glycol-shell amphiphilic comb-like nanoparticle conjugatedwith viralmacrophage
www.cell.com/the-innovation

http://www.thennovation.org
http://www.thennovation.org


Review
inflammatory protein-II (vMIP-II).115 After radiolabeling with 64Cu, the bio-
functional nanoparticles sensitively and specifically detected chemokine recep-
tors in both mouse vascular injury models and atherosclerosis models. In the
process of plaque formation, chemokine receptors are upregulated in macro-
phages.116,117 Thus, the 64Cu-vMIP-II-comb nanoprobe for PET imaging could
be able to identify plaque progression.115 Another successful example was the
bioengineering of natural heavy-chain ferritin (HFn) nanocages radiolabeled
with technetium 99m (99mTc-HFn) for the SPECT/CT imaging of vulnerable
atherosclerotic plaques.82 This focal 99mTc-HFn uptake in vivo was observed in
atherosclerotic plaqueswithmultiple high-risk features such asmacrophage infil-
tration and active calcification and in early active ongoing lesions with intense
macrophage infiltration (Figure 2F). This strategywas superior to the noninvasive
gold standard 18F-FDG and the promising calcification activity imaging agent
18F-NaF due to its high sensitivity and specificity for the quantitative detection
of early plaques. Notably, HFn nanocages exist naturally in humans and are
composed of nontoxic globular proteins (8–12 nm) that do not activate inflam-
matory or immunological responses.118

Apart from targeting macrophages, foam cells (Figure 2G) in plaques, natri-
uretic peptides, and their natriuretic peptide receptors have been largely neglected
as potential targets for the imaging or therapy of atherosclerosis.119 Relevant
research has demonstrated that the clearance receptor (NPRC) acts as a
biomarker for atherosclerosis in both human coronary arteries and animal
models.120 Thanks to that foundation, Pamela K. Woodard et al. conjugated
NPRC binding peptide and C-type atrial natriuretic factor (CANF) to produce
well-defined comb nanoparticles (CANF-comb) for the PET imaging of athero-
sclerosis in a mouse apoE�/�model.57 In that experiment, 25% 64Cu-CANF-
comb could efficiently bind to upregulated NPRC located on atherosclerotic
plaques, exhibiting impressive sensitivity and targeting specificity during the pro-
gression of atherosclerotic plaques. Furthermore, the imaging ability and clinical
transformation potential of 64Cu-CANF-Comb nanoparticles were verified for the
imaging of complex atheromatous plaques in a rabbit double injury-induced
atherosclerosis model and ex vivo human CEA (carotid endarterectomy)
specimens.58

Multimodal imaging strategies. Each single imaging modality possesses its
own unique merits and intrinsic drawbacks. In clinical diagnosis, MRI shows
excellent high spatial resolution but low sensitivity, and NIRF imaging is attractive
due to its high sensitivity, low background, and low cost but has unsatisfactory
tissue penetration depth. PET imaging provides brilliant sensitivity but involves
ion radiation and has only low spatial resolution. Therefore, multimodality fusion
is currently an important trend in imaging technology. The combination of multi-
ple imaging modalities yields complementary diagnostic information and offers
synergistic advantages over a single imaging modality,70,121–126 resulting in
more sensitive and accurate detection of CADs.

The first mentioned multimodal fusion is the nanoparticle-based PET/MRI
dual-modal imaging method,127–131 which displays excellent potential with high
resolution from MRI and deep tissue penetration from PET. Accordingly, Keliher
et al. described a modified polyglucose nanoparticle, 18F-Macroflor, with high
avidity for macrophages, which was enriched in cardiac and plaque macro-
phages to increase PET signals in infarcts or atherosclerotic plaques in mice or
rabbits (Figure 3A).127 These dual-modal imaging datamight provide information
on orthogonal biomarkers that reflect macrophage biology in the future. In addi-
tion to macrophages, myeloid cells also participate in a complex immune
response in ischemic heart disease. Mulder’s group reported an imaging
approach based on myeloid cell-specific and multimodal nanotracers.131 The
nanotracers are derived from high-density lipoprotein with a perfluoro-crown
ether payload (19F-HDL) and labeled with zirconium-89 and fluorophores, which
could allowMRI, PET, and optical imaging simultaneously (Figure 3B). Thismulti-
modality imaging approachwill be a valuable addition to the immunology toolbox,
enabling the dynamic study of complex myeloid cell behavior. Besides, the com-
bination of MRI and optical imaging for dual-modal imaging could effectively
relieve their respective drawbacks: the low sensitivity of MRI and the poor tissue
penetration and spatial resolution of optical imaging (Document S2).108,132–138

A recently emerged biomedical imaging modality is photoacoustic imaging
(PAI), which relies on the broadband acoustic waves generated from the inter-
action between nanosecond pulsed light and photoabsorbers in tissues.139 PAI
shares a common signal detection regimen with ultrasound imaging; therefore,
it could combine high spatial resolution and traditional ultrasound depth pene-
tration from selective optical absorption.140 Different types of nanostructures
ll
have been used to date for the PAI detection of CADs,59 including CuS nanopar-
ticles,141 gold nanocages,142 gold nanorods,143 and graphene oxide.144 Ge and
his colleagues evaluated the feasibility of identifying vulnerable atherosclerotic
plaques at the molecular level in vivo with noninvasive PAI nanoprobes.83

They succeeded in fabricating osteopontin antibody (OPN Ab) and ICG (NIR
fluorescence molecules) coassembled Ti3C2 nanosheets (OPN Ab/Ti3C2/ICG),
which possessed enhanced PA performance and high specificity for foam cells
in vulnerable atherosclerotic plaques (Figure 2G). Moreover, targeted nanoma-
terial-based PA imaging usually coordinates with other imaging techniques,
such as MRI, optical imaging, ultrasound, SPECT, and CT, to achieve more ac-
curate detection of atherosclerotic plaques and thrombosis progres-
sion.60,61,139,145,146 For example, folate-conjugated 2D Pd@Au nanomaterials
(Pd@Au-PEG-FA) were used to image folate receptor-positive activated macro-
phages, a prominent component in advanced vulnerable plaques.60 After injec-
tion of Pd@Au-PEG-FA, strong signals were detected in vivo with SPECT, CT,
and PA imaging in heavy atherosclerotic plaques, which were significantly
higher than those of normal aortas (Figure 3C).
In addition to the above multimodal strategies, other nanomaterial-based

combined schemes for the diagnosis of CADs, including optical coherence to-
mography (OCT)/infrared luminescence (IR) and X-ray-excited luminescence
(XEL)/MRI, have also been reported.62,63,147 For instance, IR-QDs emitting in
the third infrared biological window (1.55–1.87 mm) were synthesized for intra-
coronary OCT/IR multimodal imaging.62 Under single-line laser excitation at
1.3 mm, the IR-QDs could provide simultaneous backscattering contrast and
efficient luminescence at 1.6 mm, which was confirmed in both aqueous sus-
pensions and tissues by using IC-OCT clinical equipment. Recently, Yang’s
group developed thrombin-activatable scintillating nanoprobes for the back-
ground-free NIR-XEL imaging of thrombosis in vivo.63 These nanoprobes
were constructed from bright XEL-emitting lanthanide-doped scintillator nano-
crystals (NCs) and thrombin cleavable dye-peptide conjugates (Figure 3D).
Because the nanoprobes were also compatible with MRI, XEL/MR dual-modal
imaging could be performed to confirm the imaging accuracy and realize the
practical monitoring of thrombosis progression.
In summary, the construction of advanced nanoprobes for molecular imaging

could offer versatile tools for target-specific visualization of the biological pro-
cesses of atherogenesis: inflammatory infiltration, fibrotic response, formation
of vulnerable plaques, and thrombosis. Although great progress has been
made, the clinical translation of nanoprobe-based molecular imaging remains a
challenge. First, the biocompatibility, pharmacokinetics, and safetyof nanoprobes
in vivo should be investigated clearly and deeply. Second, large-scale
manufacturing of nanoprobes with controlled physicochemical properties is
the foundation of promoting their application in the clinic. Third, research on
the fates of nanoprobes in complex plaque microenvironments and biomarkers
of the pathological changes in vulnerable plaques and thrombosiswill continue to
be the focus in the diagnosis and treatment of CADs in the future.
NANOTECHNOLOGY APPROACHES FOR THERAPY OF CADs
In this section, wewill discuss nanotechnology approaches applied in the treat-

ment of CADs based on nanomaterials’ physicochemical property and surface
modification. The nanotechnology’s application in medical tissue engineering
will be given in Document S3 and Figure S1.
Nanomaterials as smart carriers for drug delivery
Generally, smart nanocarriers encapsulate two parts: targeting moieties and

therapeutic drugs. Therefore, targetingmoieties, including peptides, antibodies, li-
gands, and cell membranes, could drive the nanoplatforms to the lesionmicroen-
vironment and target the components of interest (Figure 4). Owing to their high
capacity and easy modification, diverse therapeutic drugs, such as chemicals,
proteins, peptides, and nucleic acids, have previously been loaded into nanocar-
riers. Tables 3 and S3 summarize recently reported nanocarriers to deliver
different drugs in detail.
Nanocarriers to deliver chemical drugs and plant monomers. Small-mole-

cule drugs, such as statins, are widely prescribedmedicines for lowering the risks
of CAD.158 However, systemic delivery of these chemical drugs can potentially
induce dose-dependent adverse effects such as hepatoxicity and myopathy.159

To overcome these issues, various nanocarriers have been synthesized to deliver
small-molecule drugs targeting atherosclerotic plaques or thrombi. The specific
The Innovation 3(2): 100214, March 29, 2022 7



Figure 3. Multimode imaging strategies for specific and accurate detection of atherosclerotic plaques and thrombi (A) Marcoflor nanotracer for PET/MRI to visualize athero-
sclerosis.127 In PET/MRI experiment, 18F-Macroflor PET imaging detected changes in macrophage population size, while molecular MRI reported on increasing or resolving
inflammation (copyright Springer Nature, 2017). (B) 89Zr-19F-HDL nanotracer tomonitor myeloid cell dynamic in atherosclerotic mice with myocardial infarction with PET/MRI.131 With
the 89Zr label, the short-term dynamics and biodistribution of myeloid cells in vivo could be monitored at high levels of sensitivity by PET. Optical imaging could be used to study the
associated cell subsets at a cellular level. The incorporated fluorine core allowed the nanotracer to quantify (by MRI) the myeloid cell dynamics up to 28 days post-injection, which
remedied the physical decay of PET signals. With the integrative strengths of multimodal imaging, in atherosclerotic mice with myocardial infarction, the nanotracer displayed rapid
myeloid cell egress from the spleen and bonemarrow and their accumulation in atherosclerotic plaques and at themyocardial infarct site (*P< 0.05, **P< 0.01 andNS, no significance,
two-sided Mann–Whitney U-test) (copyright Springer Nature, 2020). (C) Folate-conjugated 2D Pd@Au nanomaterials (Pd@Au-PEG-FA) for SPECT, CT, and PA imaging in heavy
atherosclerotic plaques.60 CT helped to restrict the pathological depiction more accurately. With synergistic effects from high sensitivity of SPECT and high resolution of CT, Pd@Au-
PEG-FA produced strong PA signals that could provide structural imaging information of cardiac vasculature with high temporal and spatial precision (copyright Springer Nature,
2020). (D) Thrombin-activatable scintillating nanoprobes for NIR-XEL imaging of in vivo thrombosis.63 Such nanoprobes showed XEL-off originally and enabled robust thrombin-
activated turn-on XEL, which conferred XEL imaging background-free attribute and allowed it for detecting the early thrombosis on the basis of in situ elevated thrombin levels
(copyright Wiley-VCH, 2021).
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Figure 4. Multiple smart nanoplatforms targeting the lesion in the progression of atherosclerosis The surface modification of nanoplatforms via peptides, antibodies, ligands, and
cell membranes could target different cells or components in the plaque to achieve precise delivery of chemicals, proteins, peptides, or nucleic acids and finally release these cargos to
exert therapeutic effects.

Review
accumulation of such drugs at lesions could increase their bioavailability and
therapeutic effects.128,148–150,160–163 Nanoparticles of the bioactive polymer
hyaluronan (HA) with atorvastatin cores (HA-ATV-NPs) were synthesized to
specifically bind with CD44, a cell surface receptor overexpressed on cells in
atherosclerotic plaques.164 TheHA-ATV-NPs exhibited significantly higher anti-in-
flammatory effects on macrophages than ATV alone both in vitro and in vivo.148

Simvastatin was loaded via a core/shell, cargo-switching nanoparticle (CSNP)
composed of methyl-b-cyclodextrin (cyclodextrin, core) and phospholipids (shell)
(Figure 5A).161 Because cholesterol shows a higher affinity for cyclodextrin than
for statins, systemically injected CSNPs could target atherosclerotic plaques,
release statins, and scavenge cholesterol through cargo switching.165 In an in
vivo experiment, CSNP effectively prevented atherogenesis and caused the
regression of established plaques.161 In addition to targeted accumulation,
ll
another major hurdle for the clinical application of nanodrugs is that most nano-
particles are taken up and removed by the reticuloendothelial system (RES)
before reaching the target sites. To better escape RES clearance and achieve
controlled payload release at plaque sites, Gao et al. developed macrophage
membrane-coated reactive oxygen species (ROS)-responsive nanoparticles
(MM-NPs) to encapsulate atorvastatin (MM-AT-NPs).149 This biomimetic drug
delivery system could not only prevent the clearance of NPs from the RES but
also guide NPs to inflammatory tissues, enabling the specific release of atorvas-
tatin after ROS activation. The inflammatory cytokine sequestration effect of the
macrophage membrane further improved the therapeutic efficacy of MM-AT-
NPs in atherosclerosis.149 In addition to lipid-lowering drugs, anti-inflammatory
medicines such as rapamycin and paclitaxel (PTX) can slow the progression of
atherosclerosis through the inhibition of macrophage migration, smooth muscle
The Innovation 3(2): 100214, March 29, 2022 9



Table 3. Novel nanoplatforms for delivery of different drugs to the sites of CADs

Loaded drug Nanoplatforms Disorders
Mechanism of
action

Surface
modifications

Model of use/
animal

Administration
route Ref

Statins atorvastatin HA-ATV-NP atherosclerosis suppression of
inflammation

hyaluronan in vitro; in vivo,
Apoe�/� mice

intravenous
injection

148

atorvastatin Oxi-COS/MM-
AT-nps

atherosclerosis suppression of
inflammation

proteins derived
from macrophages
membrane

in vitro; in vivo,
Apoe�/� mice

intravenous
injection

149

Rapamycin rapamycin PFN1-CD-mnps atherosclerosis suppression of
inflammation

profilin-1 antibody in vitro; in vivo,
Apoe�/� mice

intravenous
injection

78

rapamycin liposome atherosclerosis suppression of
inflammation

membrane protein
from leukocytes

in vivo, Apoe�/�
mice

retro-orbital
injection

150

Traditional
Chinese medicine

Sal B, PNS RGD-S/P-lpns AMI RGD peptide ligand in vivo, SD rats
receiving
experimental MI

intravenous
injection

151

Small molecule
agonists/
inhibitors

SMI 6877002 rHDL NPs atherosclerosis inhibition of
monocyte
recruitment;
suppression of
plaque
inflammation

Apoa-I in vitro; in vivo,
Apoe�/� mice,
cynomolgus
monkeys

intravenous
injection

152,153

Small molecule
agonists/
inhibitors

SNO SNO-HDL NPs atherosclerosis Apoa-I in vitro; in vivo,
Apoe�/� mice

intravenous
injection

154

siRNA siCamk2g G0-C14 PLGA NPs atherosclerosis promotion of
efferocytosis

S2P peptide
(CRTLTVRKC)

in vitro; in vivo,
Ldlr�/� mice

intravenous
injection

155

miRNA miR-145 PAM atherosclerosis promotion of the
contractile VSMC
phenotype

MCP1/CCL2 in vitro; in vivo,
Apoe�/� mice

intravenous
injection

156

miRNA switches miRNA switches mRNA-p5RHH
nanoparticle

restenosis specific inhibition
of the VSMCs and
inflammatory cells

in vitro; in vivo,
C57BL6/J mice
undergoing femoral
artery wire injury

intravenous
injection

157

HA-ATV-NP, hyaluronan-atorvastatin nanoparticle; Oxi-COS/MM-AT-nps, oxidation-sensitive chitosan oligosaccharide nanoparticles of amphiphilic/macrophage mem-
brane-coated and atorvastatin-loaded nanoparticles; PFN1-CD-MNPs, low ph-sensitive cyclodextrin paramagnetic iron oxide nanoparticles conjugated with profilin-1
antibody; Sal B, salvianolic acid B; PNS, panax notoginsenoside; RGD-S/P-lpns, arginyl-glycyl-aspartic acid modified, Sal B and PNS co-loaded lipid-polymer hybrid nano-
particles; SMI 6877002, lipophilic small-molecule inhibitor of the CD40-TRAF6 interaction; rHDL NPs, reconstituted high-density lipoprotein nanoparticles; SNO, S-nitro-
sylated phospholipid, an NO donor compound; SNO-HDL NPs, S-nitrosylated phospholipid (1,2-dipalmitoyl-sn-glycero-3-phosphonitrosothioethanol) assembled with
S-containing phospholipids and apolipoprotein A-I; G0-C14, a cationic lipid–like material; S2P peptide (CRTLTVRKC), a peptide recognizing the macrophage receptor
stabilin-2; PS, phosphatidylserine; PAM, peptide amphiphile micelle; MCP1/CCL2, monocyte chemoattractant protein-1/C-C motif chemokine ligand 2; miRNA switches,
modified mRNA encoding for the cyclin-dependent kinase inhibitor p27Kip1 that contains one complementary target sequence of miR126 at its 50UTR.
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cell proliferation, and neovascularization.166–168 Good and workable solutions
have been proposed to counteract the poor bioavailability and high toxicity of
nanocarriers when taken by mouth.169 One of those solutions was the synthesis
of profilin-1 antibody-modified, pH-sensitive cyclodextrin/SPIONs to encapsulate
rapamycin, which could effectively respond to the inflammation-produced acidic
microenvironment and target VSMCs in atherosclerotic plaques.78 Another was
the conjugation of polypeptide C11 conjugated with polymer-lipid hybrid USPIO
nanoparticles (UP-NP-C11) to load PTX to treat atherosclerotic lesions bymacro-
phage internalization. In this experiment, the polymer-lipid hybrid component
played an important role in achieving biocompatibility and stability in systemic
circulation.170

To help nanocarriers escape the native immune system, different biomimetic
design principles have emerged. Early in the progression of atherosclerosis, acti-
vated endotheliumshowselevated levels of adhesionmolecules and chemokines
and induces the recruitment of leukocytes.171 Therefore, leukocyte-based biomi-
metic nanoparticles named leukosomes can precisely target the inflamed areas
in atherosclerotic lesions.172 Recently, rapamycinwas loaded in leukosomenano-
platforms. These biomimetic nanocarriers significantly inhibited the proliferation
of macrophages and decreased the levels of proinflammatory cytokines, result-
ing in changes in the plaque morphology.150 Another similar study indicated
that macrophage membrane-coated nanoparticles with rapamycin cargos could
also accumulate at activated endothelial cells, followed by effective suppression
of macrophage phagocytosis and atherosclerosis progression in vivo (Fig-
ure 5B).160 In terms of high affinity, platelets display inherent affinity for athero-
sclerotic plaques via different mechanisms, such as adhesion and aggregation.
10 The Innovation 3(2): 100214, March 29, 2022
Based on this, Song et al. developed PNPs encapsulating rapamycin, which could
target atherosclerotic lesions and stabilize atherosclerotic plaques.173 With
higher biocompatibility, EPR, and longer half-life, the red blood cell (RBC) mem-
brane has also been utilized to cloak nanoparticles.174,175 Similarly, RBC mem-
brane-coated PLGA could precisely deliver rapamycin to atherosclerotic plaques
to attenuate the progression of atherosclerosis.162 Compared with systemic de-
livery, local delivery of drugswith nanomaterial assistancewould showbetter clin-
ical effects, which could prevent restenosis after balloon angioplasty and
reduce late adverse events of drug-eluting stents, such as late stent throm-
bosis.163,176–178 Zhang’s group designed a pH-sensitive and ROS-responsive
b-cyclodextrin nanoplatform (Ox-bCD NPs) to deliver rapamycin to inflamed
sites.179,180 These dual-responsive NPs could passively target the injured vascu-
lature and then inhibit the proliferation and migration of VSMCs by releasing
rapamycin. The arterial restenosis rat model experiment showed that after intra-
venous injection, Ox-bCD NPs loaded with rapamycin could effectively attenuate
neointimal hyperplasia. Since then, Zhu et al. designed bilayered nanoparticles
(NPs) with the ability to sequentially release vascular endothelial growth factor
(VEGF)-encoding plasmids from the outer layer and PTX from the core.181 These
bilayered nanomedicines were administered locally via balloon angioplasty to
exhibit rapid endothelial regeneration and inhibition of restenosis.
As research on atherosclerosis advances, molecular inhibitors or agonists

appear as new chemical drugs. It has been reported that monocytes/macro-
phages play an important role in the progression of atherosclerotic plaques,
including the recruitment of monocytes to the vessel wall, the accumulation of
macrophages,182 phenotypic conversion,183 and the secretion of inflammatory
www.cell.com/the-innovation
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Figure 5. Nanocarriers to deliver chemical drugs (A) Cargo-switching CSNP to deliver statins, showing antiatherogenic effects and regression of atherosclerotic plaques. The scale
bar indicates 200 mm (***P < 0.001, one-way ANOVA and Tukey’s multiple comparison test) (copyright American Chemical Society, 2020).161 (B) MM/RAPNP fabrication and its
treatment for atherosclerosis in ApoE�/�mice.160 MM/RAPNP could effectively suppress macrophage phagocytosis and atherosclerosis progression in vivo (**P < 0.01, ***P < 0.001
and ns, no significance) (This is an open access article distributed under the terms of the Creative Commons Attribution [CC BY-NC] license). (C) rHDL-6877002 for reducing plaque
volumes and the number of macrophages.153 Such CD4-TRAF6 blocking nanoimmunotherapy strategy could effectively inhibit monocyte recruitment and decrease plaque inflam-
mation, as well as avoid the immune toxicity. Scale bar, 100 mm (*P < 0.05) (copyright Elsevier Ltd., 2018).

Review
cytokines. Hence, it is promising to attenuate atherosclerosis progression via the
efficient delivery of molecular inhibitors or agonists with nanocarriers to regulate
targeting monocytes/macrophages. By virtue of the natural affinity to macro-
phages, novel reconstituted HDL nanoparticles were fabricated to deliver a
small-molecule inhibitor (SMI 6877002) (Figure 5C).152,153 The results showed
that inhibitors could moderate CD40�CD40 ligand signaling in monocytes and
ll
macrophages by blocking the interaction between CD40 and tumor necrosis fac-
tor receptor-associated factor 6 (TRAF6). Tang et al. established a combinatorial
library of 17 HDL-mimicking hybrid nanoparticles and optimized their physico-
chemical properties to increase the targeting ability of a liver X receptor agonist
(GW3965).184 Among them, the nanoparticle with a POPC-dominant phospho-
lipid composition, a long blood half-life, and a small size of 30 nm was the
The Innovation 3(2): 100214, March 29, 2022 11
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 most favorable and could abolish GW3965’s liver toxicity while remaining effec-

tive on atherosclerotic plaque macrophages.184 With collagen IV targeting ligand
modification, these hybrid nanoparticles further improved the specific accumula-
tion of GW3965 at atherosclerotic lesion sites.185 Compared with the PBS group,
mice administered Col IV-GW-NPs exhibited substantially reduced macrophage
content (�30%) without increased hepatic lipid biosynthesis or hyperlipidemia.
Tetsuya Matoba’s group produced PLGA nanoparticles containing a chemical
inhibitor of TLR4 intracellular domain-TAK-242 or pioglitazone (PPARc
agonist).186,187 The experimental data showed that both nanomedicines could
effectively suppress inflammatory monocyte recruitment, promote the polariza-
tion of macrophages toward the M2 phenotype, and antagonize monocyte/
macrophage-mediated acute inflammation after ischemia/reperfusion injury.
SIRT1, as a molecule linked to the mTOR signaling pathway and autophagy,
has the potential to prevent atherosclerosis.188 To specifically deliver the Sirt1
activator SRT1720 to vulnerable atherosclerotic plaques, novel theragnostic
nanomedicines (NMs) targeting OPN peptides (ICG/SRT@HSA-pept-NMs)
were designed.189 After intravenous injection into atherosclerotic mice, NMs
were found to accumulate substantially at the lesions and achieve antiathero-
sclerotic effects by preventing VSMC phenotypic switching.

The controlled and sustained release ofmetabolic gasmolecules (such as H2S
and NO) by nanocarrier-loaded substrates has therapeutic potential for the
reversal of various cardiovascular pathophysiological processes.154,190–192 A
successful application of gas molecules was the use of mesoporous iron oxide
nanoparticle-loaded diallyl trisulfide as an H2S sustained-release system, with
excellent attenuation of ischemia/reperfusion-induced myocardial injury in a
mouse model.192 According to the same theory, Jonathan et al. synthesized
NO-delivering HDL-like particles (SNO-HDL NPs), which could reduce ischemia/
reperfusion injury in vivo in a mouse kidney transplant model and atherosclerotic
plaque burden in amousemodel of atherosclerosis.154 Traditional Chinesemed-
icine (TCM) has long been an effective complementary and alternative approach
in China to the primary or secondary prevention of cardiovascular disease.193

However, the physicochemical properties of TCMs, including low solubility,
poor stability, and short half-life, limit their widespread clinical application. Fortu-
nately, targeted delivery with nanocarriers such as inorganic metal nanoparticles
and solid-lipid nanoparticles could effectively enhance the solubility and bioavail-
ability of TCM, introducing new opportunities in CVD treatment (Document
S4).151,194–198

Nanocarriers to deliver proteins and peptides. With further understanding
of the pathological mechanisms and etiology of CVDs, coupled with rapid ad-
vances in materials engineering and biological techniques, many researchers
took the opportunity to target atherosclerotic lesions with therapeutic proteins
and peptides through nanoplatform-based drug delivery systems (Document
S5).199–205 For instance, with the assistance of poly(D-lactic acid) (PLA) and
poly lactic-co-glycolic acid (PLGA) polymer NPs, interleukin 10 (IL-10) could be
transported to atherosclerotic plaques via leaky endothelial junctions and bound
to exposed collagen IV.206 Moreover, the targeted NP polymer could provide
controlled release of IL-10, resulting in increased cap size and decreased necrotic
core size.

Nanocarriers to deliver nucleic acids. As an emerging therapeutic strategy,
gene therapy has shown great potential in treating cardiovascular diseases. RNAi
is a gene silencing modality that inhibits the expression of cell-specific genes or
directly degrades their mRNA, showing promising performance in CVD
intervention.207

Small interfering RNA (siRNA) can be utilized to mediate posttranscriptional
regulation by binding to mRNA in a sequence-specific manner.208 However, the
clinical translation of siRNA therapeutics has been limited by several factors,
including cytotoxicity, nuclease degradation and off-target effects, in recent
years.209 Benefiting from recent studies of the high targeting and stability ofmulti-
functional nanocarriers in circulation, siRNA nanomedicines could rapidly pene-
trate disrupted plaque endothelial barriers and downregulate the expression of
target genes locally, attenuating plaque inflammation in lesions.210 The recruit-
ment of arterial leukocytes triggered by adhesion molecules is one of the key
points in the progression of atherosclerosis. To better inhibit recruitment, poly-
meric endothelial-avid nanoparticles encapsulating siRNAs were developed to
simultaneously silence five essential adhesion molecules. With the protection
of the above nanoparticles, the siRNAs could avoid degradation in serum and
help prevent severe complications after acute MI.211 In vivo, the low-molecular-
weight ionizable polymer 7C1 was used to specifically deliver siRNA to the endo-
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thelium to achieve efficient gene silencing in nonhuman primates, moving one
step closer to the clinical translation of RNAi nanotherapy in atherosclerosis.212

Recently, Shi’s group first reported an siRNANP platform targeting the plaque-de-
stabilizing macrophage molecule Ca2+/calmodulin-dependent protein kinase
(CaMKII).155 Compared with control siRNA NPs, atherosclerotic mice treated
with siCamk2gNPs showed decreased CaMKII and increasedMerTK expression
in macrophages, improved phagocytosis of apoptotic cells (efferocytosis),
decreased necrotic core area, and increased fibrous cap thickness. They de-
signed a lipid-polymer delivery nanoplatform to address the limitations of sys-
temic siRNA delivery (Figure 6A): cationic G0-C14 could effectively absorb the
siRNA and enable its escape from late endosomes, whereas PLGA polymer
was used to encapsulate the siRNA/C0-C14 complexes, protect the siRNA
from serum nuclease degradation, and guarantee good biocompatibility. ATP-
responsive nanocarriers to deliver siRNAs to lesions showed better selectivity
and stability in circulation. Jiang et al. synthesized ATP-responsive low-molecu-
lar-weight polyethylenimine (LMW-PEI)-based supramolecular assembly to
deliver SR-A siRNA via energy-dependent endocytosis to knock down SR-A
mRNAand inhibit uptakeof oxidized LDL.213 After that, the samegroup fabricated
amultifunctional core-shell nanoplatformwith SR-A siRNA/catalase/ATP-respon-
sive cationic carrier ternary polyplexes as the core and recombinant HDL modi-
fied with PS as the shell, which dynamically enhanced the targeting of
macrophage CD36 in the plaques by establishing a positive feedback loop via
the reciprocal regulation of SR-A and CD36.214 After 4 weeks of repeated admin-
istration in vivo, positive feedback-enabled accumulation of the nanomedicines in
the atherosclerotic plaques increased by 3.3-fold, resulting in reduced plaque
areas by 65.8% and decreased macrophages by 57.3%.
MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expres-

sion posttranscriptionally by translational inhibition or degradation of target
mRNAs by binding to 30-untranslated regions (UTRs). Given that miRNAs are
involved in multiple pathological processes, they might act as promising targets
in the diagnosis and therapy of CVD progression.216,217 However, miRNA-based
therapies still face enormous challenges because of immune responses, degra-
dation tendencies, off-target effects and toxicity, which could be solved through
recent developments in nanotechnology-based drug delivery systems due to their
high transfection efficacy, good resistance to nuclear enzymes, and flexible
design for specific targeting.218,219 Nguyen et al. developed 150- to 200-nm chi-
tosan nanoparticles (chNPs) via the ionic gelation method with tripolyphosphate
(TPP) as a cross-linker.215 These chNPswere utilized to delivermiR-33mimics to
macrophages and downregulate the expression of its target gene ABCA1 both in
vitro and in vivo, leading to decreased cholesterol efflux to apoA1 and reverse
cholesterol transport (RCT). In contrast, when efflux-promoting miRNAs were
delivered via chNPs, ABCA1 expression and cholesterol efflux into the RCT
pathwaywere improved. This research indicated thatmiRNAs could be efficiently
delivered to macrophages via nanoparticles to regulate ABCA1 expression and
cholesterol efflux (Figure 6B). Furthermore, to make full use of cell surface nano-
engineered technology and the advantages of graphene quantum dots (GQDs),
such as miniature size, biocompatibility, and low cytotoxicity, Zhu’s group devel-
oped amonocyte-C18PGQDs-miR223 nanoplatform.220 In this experiment, disul-
fide bond-linked GQDs-miRNA223 were grafted onto the monocyte membrane
through C18-peptide (C18P) with a hydrophobic end. After entering the interior
of the atherosclerotic plaques, GQDs-miRNA223 were taken up by macrophages
and achieved disulfide linkage cleavage in the lysosome. The releasedmiRNA223
cargos ultimately translocated to the nucleus, resulting in significant degradation
of targetmRNA and relieving plaque burden. Similarly, Deborah et al. synthesized
miR-145micelles targeting C-C chemokine receptor-2 (CCR2), which is highly ex-
pressed on VSMCs. Compared with free miR-145 or PBS, the miR-145 micelles
effectively mitigated atherosclerosis development by inhibiting plaque-propa-
gating cell types derived from VSMCs.156 This experiment indicated that miR-
145 micelles prevented lesion growth by 49% and 35% in early-stage and
mid-stage atherosclerosis, respectively.
Anti-miRNA ormiRNA switches can also be transported to lesions by nanocar-

riers. Biofunctional polymer-lipid hybrid HDL-mimicking nanoparticles (HNPs)
surfacemodified with Apo A1 were designed to load anti-miR155, which showed
antioxidative ability and mediated cholesterol efflux.221 Some studies have
shown that synthetic mRNA can be posttranscriptionally regulated by miRNAs
if miRNA complementary sequences are inserted into the 50 or 30 UTR.222 These
miRNA switches would allow the specific inhibition of the VSMCs and inflamma-
tory cells that drive restenosis while sparing the injured endothelium. Lockhart
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http://www.thennovation.org
http://www.thennovation.org


Figure 6. Nanocarriers for delivering therapeutic nucleic acids (A) Fabrication and silencing efficacy of S2P50-siCamk2g NPs. The lipid-PEG surface was used to stabilize the NPs,
achieve an increased circulating lifetime, and avoid rapid clearance. Besides, the plaque macrophage-targeting peptide (S2P) was incorporated on the lipid-PEG layer, which further
increases the specificity of targeting; treatment of WD-fed Ldlr�/�mice with S2P50-siCamk2g-loaded NPs lowers plaque necrosis and increases lesional efferocytosis. The scale bar
indicates 200 mm (*P < 0.05, one-way ANOVA) (copyright American Association for the Advancement of Science, 2020).155 (B) Schematic illustration of miRNAmimic-loaded chitosan
nanoparticles prepared using the ionic gelation method; in vivo treatment with chitosan nanoparticles containing miR-33 inhibits RCT.215 The injection of miR-33 NP resulted in the
reduction of cholesterol efflux to apoA1 and reverse cholesterol transport (RCT) (*P < 0.05, **P < 0.01, Student’s t test)(copyright American Chemical Society, 2019).
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et al. synthesized p5RHH nanoparticles loaded with the cyclin-dependent kinase
inhibitor p27Kip1 miRNA switch containing the complementary target sequence
of miR-126 at its 50 UTR.157 This cell-selective nanotherapy significantly reduced
neointima formation after wire injury and allowed reendothelialization in vivo, ex-
hibiting potential capacity for treating neointimal hyperplasia, atherosclerosis, and
restenosis.

Nanomaterials themselves act as therapeutic drugs
Ingeniously designed nanomaterials serve as vehicles for the targeted deliv-

ery of different therapeutics to atherosclerotic plaques and thrombi in many
studies. Recent evidence has indicated that nanomaterials with intrinsic antiox-
idative and anti-inflammatory activities are promising next-generation therapies
for the treatment of atherosclerosis, given the critical role of ROS in the patho-
genesis of atherosclerosis and other inflammatory diseases. Hu’s group cova-
ll
lently conjugated the superoxide dismutase mimetic agent Tempol and the
hydrogen peroxide-eliminating compound phenylboronic acid pinacol ester
onto a cyclic polysaccharide b-cyclodextrin (TPCD), which was easily assem-
bled into TPCD NPs and worked as a broad-spectrum ROS-eliminating nanoma-
terial.223 Related research showed that TPCD NPs significantly attenuated ROS-
induced inflammation and cell apoptosis in macrophages by eliminating over-
produced intracellular ROS and effectively inhibited foam cell formation in mac-
rophages and VSMCs by decreasing the internalization of oxidized LDL (Fig-
ure 7A). Antioxidant nanopolymers could also be used in antithrombotic
therapy as a supplement to traditional thrombolytic agents due to fibrin aggre-
gation and the elevated H2O2 level in thrombi. A fibrin-targeted imaging and
antithrombotic nanomedicine (FTIAN) was constructed from NIR fluorescent
dye-linked boronate antioxidant polymers and fibrin-targeting lipopeptides.
This FTIAN could precisely image thrombi and inhibit thrombus formation by
The Innovation 3(2): 100214, March 29, 2022 13



Figure 7. Nanomaterial themselves act as therapeutic drugs (A) Engineering of a broad-spectrum ROS-scavenging TPCD nanoparticle for targeted therapy of atherosclerosis.223

After intravenous administration, TPCD NPs accumulated in atherosclerotic lesions in ApoE�/�mice by passive targeting, significantly inhibited the development of atherosclerosis,
as well as stabilized advanced plaques. Scale bar, 200 mm (*P< 0.05, ***P< 0.001) (copyright American Chemical Society, 2018). (B) CuS-TRPV1 switch for photothermal activation of
TRPV1 signaling to reduce atherosclerotic lesions.141 With the photothermal property of CuS NPs, the TRPV1 channels opened and triggered calcium ions (Ca2+) influx after NIR
irradiation, leading to autophagy activation, cholesterol efflux, and impede foam cell formation (**P < 0.01 for CuS-TRPV1 + Laser vs. PBS, #P < 0.05 for Cap vs. PBS, &P < 0.05 for
CuS-TRPV1 + Laser vs. Cap, Student’s t test) (copyright Springer Nature, 2018).
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scavenging H2O2.
146 In addition to the above polymer nanomaterials, metal-

based inorganic nanomaterials also exhibit antioxidant properties and show
promise for attenuating atherosclerosis progression. Optimal Se intake has
been confirmed to prevent atherosclerosis due to its function of maintaining
redox homeostasis and depressing oxidative stress.224 However, the intricate
Se species and the narrow safety window for Se intake limit the clinical utiliza-
tion of Se supplementation.225 To address the above problems, selenium nano-
particles (SeNPs) were developed, which showed high biological activity and
bioavailability, low toxicity, and controlled release.226,227 In vivo results indicated
that SeNPs significantly reduced the lipid peroxidation level and simultaneously
increased the NO level and the activities of glutathione peroxidase (GPx), super-
oxide dismutase (SOD), and catalase in the serum and liver.228 Another example
is the finding that nanosilver has been an innate antiplatelet property. Nanosilver
can effectively prevent integrin-mediated platelet responses by accumulating
within platelet granules and reducing interplatelet proximity.229 Accordingly,
gold (Au) and silver-gold alloy (Ag-Au) nanoparticles were green-synthesized
as anticoagulant and thrombolytic agents by Ojo et al.230
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Nanomaterial-assisted photodynamic therapy (PDT) and photothermal ther-
apy (PTT) have emerged as promising therapeutic strategies for atherosclerosis
and its related diseases. PDT has three key components: a photosensitizer, light,
and molecular oxygen. To address the notable drawback of the shallow penetra-
tion of the traditional photosensitizer chlorin e6 (Ce6), upconversion nanopar-
ticles composed of photosensitizer Ce6 and silica nanoparticles (UCNP-Ce6)
were developed with enhanced penetration depth. The novel UCNP-Ce6 also ex-
hibited high hydrophilicity, good biocompatibility, and favorable optical properties.
Experimental results demonstrated that UCNP-Ce6-mediated PDT promoted
cholesterol efflux by activating the autophagic process, which occurs in part
through the ROS/PI3K/Akt/mTOR signaling pathway via ROS generation.231

PTT is a minimally invasive, local treatment modality with minimal toxicity. It de-
pends mainly on triggering a photosensitizer by electromagnetic radiation, such
as radio frequency, NIR, or visible light, to convert this energy into heat. The tem-
perature increase via PTT kills the cells in lesions. Copper sulfide NPs conjugated
with transient receptor potential vanilloid subfamily 1 (TRPV1) monoclonal anti-
body (CuS-TRPV1) were designed and worked as a photothermal switch for
www.cell.com/the-innovation
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specific binding to TRPV1 on the surface of VSMCs (Figure 7B). Because of the
photothermal property of CuS NPs, TRPV1 channels opened and triggered cal-
cium ion (Ca2+) influx after NIR irradiation, leading to autophagy activation and
cholesterol efflux and impeding foam cell formation.141 Furthermore, the
research results indicated that CuS-TRPV1 reduced lipid storage and plaque for-
mation in vivo with no obvious long-term toxicity, which suggested that CuS-
TRPV1 has potential as a therapeutic tool to locally and temporally attenuate
atherosclerosis.141 Nanomaterial-mediated PTT for macrophage ablation has
also shown promise in treating atherosclerosis.232,233 Accordingly, semicon-
ductor nanomaterial MoO2 nanoclusters were synthesized and used for the first
time in PTT for inflammatorymacrophage (M4)-mediated atherosclerosis.234 Af-
ter optimizing the amount of nanomedicine and the treatment time, MoO2-medi-
ated PTT exerted the maximum ablation effect on M4 and minimal damage to
endothelial cells without requiring additional target moieties. In animal models,
MoO2-based PTT also showed an excellent therapeutic effect on atherosclerosis
by eliminating M4with no significant side effects. Recently, to improve biosafety
and ameliorate the thrombolytic effect, Yang’s group explored dual-modal photo-
thermal/photodynamic (PTT/PDT) thrombolysis.235 They first fabricated RGD-
modified mesoporous carbon nanospheres with porphyrin-like metal centers
(RGD-PMCS), which could initiate site-specific thrombolysis by hyperthermia
and ROS under NIR laser irradiation. Compared with single photothermal throm-
bolysis, RGD-PMCS-based dual-modal PTT/PDT thrombolysis could greatly in-
crease the efficiency of thrombus breaking (87.9%) and prevent re-embolization
into tiny fragments. This research demonstrated that dual-modal PTT/PDT pro-
vides a rapid, safe, and effectivemethod for thrombolysis. Besides, nanomaterial-
assisted high-intensity focused ultrasound or low-intensity focused ultrasound
recently has been applied in novel thrombolytic strategy (Document S6).236–238
CONCLUSIONS AND PERSPECTIVES
Nanomaterials have been involved in the development ofmore precise biosen-

sors to detect CAD biomarkers because of their size, increased diagnostic sensi-
tivity, and shorteneddiagnostic time. In the future, nano-biosensorsmay beuseful
in portable devices applied in hospitals, households, ambulances, or chest pain
centers. Second, compared with traditional imaging agents, nanomaterial-based
molecular probes can specifically accumulate at atherosclerotic lesions through
modificationwith different targetmoieties on the surface of nanoplatforms. Such
purposive aggregations coupled with the high loading capacity or photoelectro-
magnetic properties of nanomaterials as well as multimodal imaging techniques
will further improve the sensitivity and accuracy of imaging diagnosis in CADs.
Beyond high-resolution imaging, nanotechnology has also taken an active part
in the therapy of CADs (especially vulnerable plaques and thrombi) by different
strategies, such as the repair of injured endothelium, anti-inflammation, antioxida-
tion, and blockage of platelet recruitment.239,240 In most cases, nanomaterials
have served as multifunctional vehicles to deliver various therapeutic drugs,
including chemicals, proteins, peptides, and nucleic acids. These nanocarriers
not only have brilliant specificity endowed by target moieties but also increase
drug bioavailability and protect the drugs from enzymolysis and clearance in
the circulation. Moreover, the natural ROS scavenging and photodynamic or pho-
tothermal properties of nanomaterials still provide direct therapeutic strategies
for CADs and intravascular implants.

Despite all this, nanotechnology has a long way to go from translational med-
icine to clinical application. (1) In clinical diagnosis, novel biomarkers must be
screened for nanomaterial-based biosensors andmolecular imaging approaches
to estimate atherosclerosis progression. (2) In terms of treatment strategy, the
biocompatibility, pharmacokinetics, and safety of nanomaterials in vivo should
be carefully evaluated in both small (such as mice and rabbits) and large animal
models (such as pigs and nonhuman primates) to obtain approval for clinical tri-
als.241 The fates of nanomedicines in complex plaque microenvironments and
the interactions between nanomedicines and various components also need
great attention. (3) Last but not least, the large-scale manufacturing of nanome-
dicines with controlled and stable physicochemical properties should be the key
to the whole industrial operation due to the basic position of nanomedicines in
clinical application.
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