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Advances in Atherosclerosis Theranostics Harnessing Iron
Oxide-Based Nanoparticles

Shi Wang, Hongliang He,* Yu Mao, Yu Zhang,* and Ning Gu*

Atherosclerosis, a multifaceted chronic inflammatory disease, has a profound
impact on cardiovascular health. However, the critical limitations of
atherosclerosis management include the delayed detection of advanced
stages, the intricate assessment of plaque stability, and the absence of
efficacious therapeutic strategies. Nanotheranostic based on nanotechnology
offers a novel paradigm for addressing these challenges by amalgamating
advanced imaging capabilities with targeted therapeutic interventions.
Meanwhile, iron oxide nanoparticles have emerged as compelling candidates
for theranostic applications in atherosclerosis due to their magnetic
resonance imaging capability and biosafety. This review delineates the current
state and prospects of iron oxide nanoparticle-based nanotheranostics in the
realm of atherosclerosis, including pivotal aspects of atherosclerosis
development, the pertinent targeting strategies involved in disease
pathogenesis, and the diagnostic and therapeutic roles of iron oxide
nanoparticles. Furthermore, this review provides a comprehensive overview of
theranostic nanomedicine approaches employing iron oxide nanoparticles,
encompassing chemical therapy, physical stimulation therapy, and biological
therapy. Finally, this review proposes and discusses the challenges and
prospects associated with translating these innovative strategies into
clinically viable anti-atherosclerosis interventions. In conclusion, this review
offers new insights into the future of atherosclerosis theranostic, showcasing
the remarkable potential of iron oxide-based nanoparticles as versatile tools in
the battle against atherosclerosis.
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1. Introduction

Cardiovascular disease stands as the pre-
dominant cause of morbidity and mor-
tality on a global scale, with its etiol-
ogy closely intertwined with atherosclerosis
(AS).[1] Atherosclerosis is recognized as a
chronic and progressive inflammatory ail-
ment marked by the accumulation of lipids,
deposition of fibrous elements, and calcifi-
cation within the inner linings of arterial
vessels.[1b] Serving as the primary patho-
logical foundation for coronary artery dis-
eases, the development of atherosclerotic
lesions significantly contributes to plaque
rupture, ensuing thrombosis, and conse-
quently, the onset of critical cardiovascu-
lar events, including myocardial infarction,
acute coronary syndromes, sudden cardiac
death, stroke, and other severe cardiovascu-
lar complications.[2] As a result, early diag-
nosis and effective treatment of atheroscle-
rosis assume paramount importance in re-
tarding disease progression and averting
the emergence of life-threatening cardio-
vascular conditions.

At present, clinical strategies for the di-
agnosis and management of atherosclerosis
face numerous limitations and challenges.
From a diagnostic perspective, current

clinical screening techniques for atherosclerosis primarily en-
compass methods like transesophageal echocardiography, in-
travascular ultrasound, computed tomography angiography, and
carotid magnetic resonance imaging (MRI).[3] However, these
traditional approaches proved less effective in early disease de-
tection, failing to identify atherosclerosis before the manifesta-
tion of overt clinical symptoms, and primarily offering anatom-
ical and physiological information.[4] On the therapeutic front,
the conventional approach for atherosclerosis involves medical
treatment. Common medications for atherosclerosis encompass
lipid-lowering drugs, antiplatelet agents, vasodilators, and oth-
ers. Nevertheless, their clinical utility is hampered by side ef-
fects and limited bioavailability, resulting from their lack of speci-
ficity in atherosclerosis management.[5] Furthermore, late-stage
atherosclerosis, often accompanied by myocardial infarction or
thrombus rupture, necessitates surgical interventions like stent-
assisted therapies and coronary artery bypass surgery.[6] While
these surgical interventions significantly reduce disease-related
mortality, they also entail potential complications such as in-
flammation and thrombosis.[7] Therefore, substantial efforts are
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Figure 1. Illustrative overview of therapeutic strategies in IONP-based theranostics for atherosclerosis.

being devoted to the development of diagnostic and therapeu-
tic approaches for atherosclerosis that prioritize both safety and
efficacy.

The rapid advancement of nanotechnology has ushered in the
era of nanomedicine, offering novel tools and avenues for the
treatment and diagnosis of diseases. Over the past decade, exten-
sive research has focused on nanomaterials as versatile agents,
playing critical roles as imaging contrast agents, therapeutic
agents, and nanocarriers to drive significant breakthroughs in
disease therapy and diagnosis.[8] Notably, theranostic nanoplat-
forms have garnered widespread recognition for their ability
to seamlessly integrate multiple functions, including targeting,
imaging, and therapy, within a single nano-system.[9] Among
the diverse array of nanomaterials, iron oxide nanoparticles
(IONPs) have emerged as intensive subjects of study for con-
structing theranostic nanoplatforms, attributed to their excep-
tional magnetic properties, size controllability, adaptable size
and shape, and ease of surface modification.[10] Superpara-
magnetic iron oxide nanoparticles (SPIONs) are broadly uti-
lized in MRI, hyperthermia, targeted drug delivery, and other
fields.[11] Importantly, SPIONs have been approved by the Food
and Drug Administration (FDA) for biomedical applications, at-
testing to their biological safety.[12] In the context of combat-

ing atherosclerosis, iron oxide-based nanoparticles primarily fo-
cus on two key aspects. First, they enhance the sensitivity of
MRI for early atherosclerosis diagnosis and the differentiation
of various stages of atherosclerotic plaques by targeting diverse
atherosclerosis-related molecules or cells. Second, they function
as efficient drug carriers, facilitating the delivery of therapeu-
tic agents and thereby enabling the development of innovative
treatment modalities such as ultrasound therapy, photothermal
therapy (PTT), photodynamic therapy (PDT), and combination
therapy.[8b,13]

In this comprehensive review, we begin by providing a concise
overview of the pathological transformations pivotal to the pro-
gression of atherosclerosis and then summarize primary active
targeting strategies of atherosclerosis-related to the application of
IONPs. Subsequently, we introduce and analyze the realm of iron
oxide nanoparticles and their indispensable role in atherosclero-
sis. The focus of this review then shifts to a systematic explo-
ration of IONP-based theranostic nanomedicine for atherosclero-
sis, categorized according to therapeutic strategies, as depicted in
Figure 1. These strategies include chemical therapy, physical
stimulation therapy, and biological therapy. Finally, this re-
view not only concludes the potential prospects but also dis-
cusses the inherent challenges in the application of IONP-based
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Figure 2. Schematic illustration of the development and pathological characteristics of atherosclerosis. ECs, endothelial cells; ox-LDL, oxidized low-
density lipoprotein; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; MCP-1, monocyte chemotactic protein-1;
M-CSF, macrophage colony-stimulating factors; VSMCs, vascular smooth muscle cells; IFN-𝛾 , interferon-𝛾 ; IL-1𝛽, interleukin-1𝛽; TNF-𝛼, tumor necrosis
factor-𝛼; MPO, myeloperoxidase; VEGF, vascular endothelial growth factor.

nanomedicine for atherosclerosis theranostics, guiding future re-
search directions.

2. Overview of Atherosclerosis and Iron Oxide
Nanoparticles

2.1. Overview: Pathophysiology of Atherosclerotic Development

The development of atherosclerosis is a multifaceted and con-
tinuous process characterized by a series of intricate physio-
logical events. These events include endothelial dysfunction,
lipoprotein deposition, monocyte migration and differentiation,
inflammatory responses, angiogenesis, plaque formation, and ul-
timately, the potential for plaque rupture, leading to thrombo-
sis or stenosis.[14] Typically, atherosclerosis tends to manifest in
arterial branches or curvatures characterized by turbulent blood
flow and low shear stress.[15] Currently, there is a profound un-
derstanding of the pathological progression of atherosclerosis, as
shown in Figure 2, which can be categorized into three distinct
stages: early, intermediate, and advanced.

The initial stage of atherosclerosis is characterized by en-
dothelial dysfunction as a primary trigger, which leads to in-
creased permeability to lipoproteins. Subsequently, circulating
low-density lipoprotein (LDL) particles, breach the endothe-
lial layer and accumulate in the subendothelial matrix, trans-
forming into oxidized LDL (ox-LDL).[16] Meanwhile, endothe-
lial cells (ECs) become stimulated and activated, upregulat-
ing the expression of inflammatory cytokines, leucocyte adhe-

sion molecules, chemokines, etc., thereby facilitating mono-
cyte recruitment. Among these molecules, P-selectin, inter-
cellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and monocyte chemotactic protein-1
(MCP-1) play pivotal roles in the transendothelial migration of
monocyte.[17] Upon entering the intima space, monocytes are
regulated by macrophage colony-stimulating factors(M-CSF) and
undergo differentiation into macrophages. These macrophages,
along with vascular smooth muscle cells (VSMCs), engage in the
phagocytosis of ox-LDL, ultimately resulting in foam cell forma-
tion. Foam cells constitute a significant portion of the early fatty
streak and serve as a hallmark of early atherosclerosis.[1b,18]

The emergence of the necrotic core and fibrous cap signi-
fies the second stage of atherosclerosis. During this phase, in
response to damaging stimuli, VSMCs transition from a qui-
escent contractile phenotype to a synthetic phenotype, driving
the proliferation and migration of VSMCs into the intima un-
der the facilitation of growth factors like vascular endothelial
growth factor (VEGF).[19] Furthermore, VSMCs in the synthetic
state secrete extracellular matrix components such as intersti-
tial collagen, elastin, and proteoglycans. These elements collab-
oratively form a fibrous cap that envelopes the atherosclerotic
plaque, shielding it from rupture.[20] Conversely, the necrotic core
concealed by the fibrous cap consists of cholesterol, cellular de-
bris, and diminished supportive collagen.[18c,21] As the accumu-
lation, apoptosis, and necrosis of foam cells, the necrotic core
gradually expands, accordingly rendering the plaque increasingly
vulnerable.[22]

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (3 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

In the advanced stage of atherosclerosis, vulnerable plaques
exhibit distinct characteristics, including a large necrotic core, a
thin fibrous cap, and continuous exposure to a pro-atherogenic
milieu.[23] These plaques are particularly prone to rupture
due to neovascularization and constant erosion from hemo-
dynamic forces, causing the necrotic core exposed to the
bloodstream.[13a,23] Afterward, this exposure triggers a coagula-
tion process, activating platelets to recruit and aggregate at the
rupture site, eventually leading to thrombosis.[24] More severely,
thrombosis can give rise to complications such as ischemic car-
diopathies, myocardial infarction, or stroke due to vessel obstruc-
tion. In unfortunate instances, the thrombus may detach from
the arterial wall and become lodged in a distal vessel, posing a
significant threat to overall blood circulation and blood supply to
various organs.[1b,23,25]

2.2. Targets of Atherosclerosis Related to the Application of Iron
Oxide Nanoparticles

The development of atherosclerosis reveals that ECs, monocytes,
macrophages, VSMCs, platelets, and even cellular molecules ac-
tively engage in numerous critical processes and occupy consid-
erable roles. Consequently, they are commonly employed as tar-
get cells or molecules for imaging diagnosis and active targeting
therapy in the various stages of atherosclerosis.[26] This section
superficially summarizes the main active targeting strategies of
atherosclerosis-related to the application of Iron Oxide Nanopar-
ticles (Figure 3b).

2.2.1. Targeting ECs

ECs emerge as primary targets due to their crucial role in the
early stages of atherosclerosis. In targeting ECs, cell adhesion
molecules like VCAM-1, ICAM-1, and P-selectins, which are over-
expressed on the ECs’ surface, have proven to be both commonly
utilized and effective molecular targets.[27] VCAM-1, an adhesion
molecule prominently expressed on activated ECs, plays a critical
role in recruiting leukocytes to the vascular endothelium. It ex-
hibits a high affinity and interacts specifically with leukocytes,
primarily through its recognition and binding to the 𝛼4𝛽1 inte-
grin glycoprotein abundantly expressed on the surfaces of leuko-
cytes and macrophages. As such, VCAM-1 has been employed
as a biomarker for identifying abnormal ECs. The anti-VCAM-1
antibody conjugated to IONPs has been proven effective in iden-
tifying atherosclerotic plaques in the ApoE−/− mouse model by
MRI.[28] Previous research has also demonstrated that IONPs
coated with leukocyte or macrophage membranes, or function-
alized with targeted peptides (such as the VHPKQHR peptide),
which shares homology with 𝛼4𝛽1 integrin, can effectively target
ECs within atherosclerotic plaques.[29]

2.2.2. Targeting Macrophages

During the mid-to-advanced stages of atherosclerosis, a com-
plex interplay of cellular physiological activities and related

biomolecules takes place within the plaque site. Among these,
macrophages, being the most abundant and central cells within
atherosclerotic plaques, offer a rich array of targets and biomark-
ers for plaque targeting.[16a,30] These include scavenger recep-
tors such as scavenger receptor type AI (SR-AI) and CD36,[31]

receptors overexpressed on activated macrophages like folate
receptors, mannose receptors, and transferrin receptor 1,[32]

inflammatory components such as CD44 receptors and IL-
6 cytokines,[33] as well as biomarkers associated with M1
macrophages such as CD68 receptors and MARCO,[34] among
others. It’s worth noting that specific interactions have been iden-
tified in the application of IONPs, such as PP1’s affinity for bind-
ing with SR-AI.[35] In addition, IONPs modified with hyaluronic
acid can target macrophages due to their interaction with the
macrophage surface receptor CD44.[36] Inflammatory biomark-
ers further include myeloperoxidase (MPO), a heme peroxidase
whose oxidative products contribute to the development of vul-
nerable plaques and can be targeted by 5-hydroxytryptamine. The
study of a novel multimodal imaging agent based on SPIONs,
targeting active MPO, has revealed that active MPO-targeted
nanoparticles might function as an approach for detecting vul-
nerable atherosclerotic plaques.[37]

2.2.3. Targeting VSMCs

Expanding beyond macrophages, the dynamic changes in
VSMCs, including their phenotype transition, proliferation, and
migration characteristics, further broaden the scope and pos-
sibilities for active targeting in atherosclerosis by focusing on
molecules related to VSMCs. Profilin-1, a multifunctional actin-
binding protein known for its role in inducing VSMC mi-
gration and participating in vascular remodeling, has demon-
strated specific targeting potential for VSMCs through con-
jugation with a profilin-1 antibody (PFN1).[38] Moreover, var-
ious integrin receptors, including 𝛼𝜈𝛽1 and 𝛼𝜈𝛽3, are ex-
pressed on vascular cells. The researchers have applied specif-
ically targeted peptides to match the functional domains of
𝛼𝜈𝛽3, such as the RGD and SVVYGLR sequences, to target
atherosclerosis.[39]

2.2.4. Targeting Platelets

Platelets are involved in the process of atherosclerosis lesions
through the interaction with lipids, leukocytes, ECs, and VSMCs.
Especially, they are the key mediator for plaque rupture and
erosion, thrombosis, and plaque healing.[40] Platelet receptors
are potential targets for atherosclerosis, including integrin gly-
coprotein (GP) IIb/IIIa, GPVI, thrombin receptors, etc.[41] GP
IIb/IIIa highly expressed on the surface of activated platelets
can bind with fibrinogen, and further promote platelet aggrega-
tion. The cRGD peptide is highly adhesive to the GP IIb/IIIa
complex and has emerged as the targeting ligand coupling
with IONPs to target platelets at the plaque site in some re-
ported studies.[35] Additionally, the platelet-specific collagen re-
ceptor GPVI, mediating platelet activation, adhesion, and aggre-
gation, has been studied as a promising antiplatelet target for
atherosclerosis.[42]
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Figure 3. a) Schematic representation of theranostic nanomedicine for atherosclerosis. b) Target marker molecules and binding ligands for atheroscle-
rosis Theranostics. c) Diverse IONP-based theranostic nanoplatforms for atherosclerosis targeting, imaging, and treatment. Representative image of
IONPs. Reproduced with permission.[60] Copyright 2018, American Chemical Society. Image of MRI (up) and MM-HDL NPs (TEM and figure in bi-
ologic therapy). Reproduced with permission.[61] Copyright 2020, American Chemical Society. Image of solid lipid nanoparticles (TEM and figure in
chemical therapy). Reproduced with permission.[62] Copyright 2016, American Chemical Society. Image of CeO2- Fe3O4@LDH nanocomposites (TEM
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2.2.5. Other targets

Beyond the cell-centered targeting strategies mentioned earlier,
researchers have explored and developed additional approaches,
such as targeting neovascularization or the extracellular matrix in
the application of IONPs.[16a,43] Numerous biomarkers, including
VEGF, 𝛼𝜈𝛽3, and hypoxia-inducible factors, participate in neo-
vascularization, making them potential targets for plaque visu-
alization and treatment.[44] The extracellular matrix, enriched in
collagen, serves as a critical component of the fibrous cap, pri-
marily responsible for maintaining its structural integrity. Con-
sequently, several studies centered on IONPs have focused on
stabilizing plaques by delivering nanomedicines targeted to type
IV collagen.[45]

2.3. Iron Oxide Nanoparticles and Their Application in
Atherosclerosis

Iron oxide nanoparticles (IONPs) represent a crucial category
of magnetic nanomaterials, including notable varieties such as
magnetite (Fe3O4), hematite (𝛼-Fe2O3), maghemite (𝛾-Fe2O3),
and mixed ferrites. Due to their superparamagnetic properties,
high biocompatibility, and distinctive catalytic attributes, IONPs
have emerged as promising diagnostic and therapeutic agents
across a wide spectrum of diseases.[46]

In the realm of medical imaging, IONPs have been extensively
investigated as MRI contrast agents. They can modulate signal
intensity by altering the relaxation properties of hydrogen pro-
tons in surrounding tissues, thereby enhancing tissue differen-
tiation and contrast.[47] Traditionally, IONPs with high T2 rela-
tivity have been employed for T2-weighted MRI, leading to dark-
ened contrasts in regions where they accumulate.[48] However,
this approach poses limitations, as it may result in false-positive
detections due to potential confusion between lesions and bleed-
ing, calcification, or metal deposition.[46a,49] Consequently, IONP-
based T1 contrast agents, providing bright contrasts, have been
developed to mitigate these limitations.[50] Furthermore, there
has been substantial research into the realization of simultane-
ous T2/T1 and bi- or tri-modal imaging, made achievable by ei-
ther surface conjugation with secondary imaging components for
positron emission tomography (PET), single-photon emission
computed tomography (SPECT), computed tomography (CT),
near-infrared fluorescent (NIRF) imaging, photoacoustic imag-
ing (PAI), or ultrasound (US) imaging[46a,51] or ion doping (e.g.,
Gd, Mn, Au), as shown in Figure 3c.[52]

In general, IONPs tend to be phagocytosed by macrophages
upon entry into the bloodstream, potentially allowing them

to accumulate at inflammatory sites, such as atherosclerotic
plaques.[53] However, this phagocytosis can lead to rapid nanopar-
ticle metabolism in the body, potentially limiting their effective-
ness. Hence, the surface functionalization of IONPs holds im-
mense significance in extending their blood circulation time and
improving bioavailability. This can be achieved through various
means, including coating them with natural and synthetic poly-
mers like polyethylene glycol (PEG) and dextran,[54] or envelop-
ing them in cell membranes such as erythrocyte membranes.[55]

Surface modification is essential for preventing nanoparticle
agglomeration in biological fluids. Additionally, the nanoparti-
cle surface influences protein absorption, resulting in the for-
mation of a protein corona that significantly impacts immune
system clearance. Research by Stepien et al. elucidated how
the biodistribution and degradation time of IONPs with dis-
tinct surface coatings (e.g., PEG or glucose) vary in vivo and
in vitro, underscoring the role of surface coating and protein
corona absorption in nanoparticle biodegradation and clearance
rates.[56] In another study, Hu et al. compared the blood cir-
culation time between PEGylated nanoparticles and erythrocyte
membrane-coated nanoparticles, highlighting the superior cir-
culation half-life of erythrocyte-mimicking nanoparticles.[57] Fur-
thermore, polymer coatings can provide surface reactive sites,
such as carboxyl, amino, or thiol groups, for attaching other
protective or functional molecules, imparting new character-
istics such as pH-sensitivity or thermo-sensitivity.[58] Further-
more, IONPs can function as potential therapeutic agents, or
encapsulate therapeutic agents (e.g., clinical drugs, biopharma-
ceutical macromolecular drugs, photosensitizers) within mate-
rials to construct multifunctional theranostic nanoplatforms for
atherosclerosis. For nanoplatforms delivery, the surface of IONPs
can be equipped with ligands to facilitate specific interactions
and enhance their active targeting to atherosclerosis-related sites,
as discussed in section 2.2.[51,59] Alternatively, magnetic fields
can guide IONP-based nanoparticles to their target locations, en-
abling controlled drug release.[51]

So far, the research on theranostic applications of IONPs
has predominantly centered around cancer, with compara-
tively less attention directed toward atherosclerosis. Moreover,
in the context of atherosclerosis, a greater proportion of arti-
cles have concentrated on the diagnostic capabilities of IONP-
based nanoparticles, often delineating diagnostic and therapeutic
applications separately. Consequently, IONP-based theranostic
nanoplatforms have somewhat occupied a secondary position in
this context. Thus, a comprehensive review of IONP-based ther-
anostic nanomedicine in the context of atherosclerosis is both
timely and pertinent, and the relevant literature is summarized
in Table 1.

and figure in chemical therapy). Reproduced with permission.[63] Copyright 2019, American Chemical Society. Image of Au-coated IONP. Reproduced
with permission.[64] Copyright 2009, American Chemical Society. Image of Fe-PFH-PLGA/CS-DS NPs. Reproduced with permission.[65] Copyright 2019,
American Chemical Society. Image of SPECT-CT. Reproduced with permission.[66] Copyright 2018, American Chemical Society. Image of PET. Reproduced
under terms of the CC-BY license.[67] Copyright 2021, The Authors, Published by American Chemical Society. Image of NIRF (up) and MRI (down). Repro-
duced under terms of the CC-BY license.[68] Copyright 2022, The Authors, Published by MDPI, Basel, Switzerland. Image of NIRF (down) and nanoparticle
figure in chemical therapy. Reproduced under terms of the CC-BY license.[38] Copyright 2019, The Authors, Published by Informa UK Limited, trading
as Taylor & Francis Group. Image of US and PAI. Reproduced under terms of the CC-BY license.[69] Copyright 2021, Published by Wiley-VCH. Image of
physical stimulation therapy. Reproduced with permission.[70] Copyright 2022, American Chemical Society. Image of nanoparticles in biologic therapy.
(middle) Reproduced with permission.[71] Copyright 2016, Elsevier B.V. (right) Reproduced with permission.[72] Copyright 2020, Elsevier Ltd.
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3. Iron Oxide Nanoparticles-Based Theranostic
Nanomedicine Utilizing Therapeutics-Based
Therapy

In the context of cancer treatment, chemotherapy typically refers
to the use of chemical drugs for tumor management.[88] However,
in this review, the term “chemical therapy” is employed to dis-
tinguish it from cancer chemotherapy. This distinction encom-
passes the use of both organic chemical small molecule drugs
and inorganic nanoparticles as therapeutic agents. The category
of organic chemical small molecule drugs includes traditional
therapeutic medicines and natural active compounds. Within the
realm of atherosclerosis treatment, chemical therapy has gained
extensive attention and significance. It now occupies a central
role, particularly with the advent of drug nanocarriers and their
rapid development and application. Chemical therapy, rooted in
theranostic nanomedicine centered on IONPs, exhibits remark-
able potential for addressing atherosclerosis.

3.1. Traditional Medicines

In clinical practice, drug therapy stands as one of the most preva-
lent methods for managing atherosclerosis, particularly playing
a pivotal role in the early and intermediate stages of the dis-
ease. Various drugs find widespread clinical use in atheroscle-
rosis treatment, including lipid-lowering medications (e.g., sim-
vastatin, rosuvastatin, atorvastatin, probucol, fenofibrate),[89]

antiplatelet agents (e.g., aspirin, cilostazol, dipyridamole, clopi-
dogrel), vasodilators (e.g., hydralazine, sodium nitroprusside,
captopril, diltiazem),[90] and others such as antiangiogenic drugs,
anti-inflammatory agents, and immunosuppressants.[91]

3.1.1. Immunosuppressants

Rapamycin serves as an effective and specific inhibitor of the
mammalian target of rapamycin (mTOR), disrupting the forma-
tion of foam cells by blocking mTOR activation, thereby imped-
ing atherosclerosis progression.[91d] To enhance the therapeutic
efficacy, Zhang et al. ingeniously coupled the profilin-1 antibody
(PFN1, which actively targets vascular smooth muscle cells) with
superparamagnetic iron oxide nanoparticles, subsequently incor-
porating rapamycin and Cy5.5. This innovative approach resulted
in the development of dual-mode imaging nanoparticles with
therapeutic potential against atherosclerotic plaques (Figure 4a).
The study demonstrated that these nanoparticles could effectively
locate atherosclerotic plaques through passive penetration and
specific targeting of vascular smooth muscle cells in ApoE−/−

mice, observable through NIRF and in vivo MRI. The MRI im-
ages taken before and 24 h after NP injection (Figure 4b) high-
lighted a prominent increase in carotid artery wall thickness and
plaque formation in the PFN1-CD-MNPs group compared to the
control group. Subsequently, the nanoparticles exhibited a rapid
release of rapamycin in the acidic atherosclerotic microenviron-
ment, facilitated by pH-sensitive cyclodextrin, effectively inhibit-
ing atherosclerotic lesion development (Figure 4c, d).[38]

In a similar study, conducted by Chen et al., IONPs and ra-
pamycin were encapsulated within liposomes and further mod-

ified with a fluorescent reagent. These nanoparticles were inge-
niously equipped with a targeting peptide, VHPKQHR (VHP),
enabling specific recognition and binding to VCAM-1 on en-
dothelial cells (Figure 4e). The results demonstrated the synthe-
sized theranostic’s efficacy in serving as an excellent label for
MRI and fluorescence bimodal imaging of atherosclerosis, show-
casing its promising potential for early diagnosis (Figure 4f,g).
Furthermore, this theragnostic exhibited remarkable therapeu-
tic efficacy against early-stage atherosclerosis, achieving sim-
ilar therapeutic effects with lower doses of rapamycin. This
outcome was attributed to the enhanced stability and bioavail-
ability of rapamycin facilitated by the nano-drug delivery system
(Figure 4h,i).[68]

3.1.2. Antiangiogenic Drugs

Angiogenesis within the atherosclerotic plaque plays a piv-
otal role in plaque development. Neovascularization within the
plaque leads to the leakage of erythrocytes and inflammatory me-
diators into the plaque’s core, setting off a cascade of events that
promote plaque instability.[91b] Research has indicated that an-
tiangiogenic therapy can effectively promote plaque stabilization
and prevent further intraplaque hemorrhage by pruning and nor-
malizing neovascularization within the plaque.[92] In a study con-
ducted by Winter et al. in 2006, an 𝛼𝜈𝛽3-targeted SPION was
used in a rabbit model of atherosclerosis. This approach facili-
tated the detection of early atherosclerosis through MRI, the de-
livery of an antiangiogenic drug (fumagillin) for treatment, and
the quantitative monitoring and assessment of neovasculariza-
tion responses. The study’s results revealed that after 7 days of a
single treatment, rabbits treated with fumagillin-loaded nanopar-
ticles exhibited fewer microvessels in the aorta compared to con-
trol rabbits.[39b]

Subsequent research delved into the duration of the antian-
giogenic effect of these nanoparticles. The findings indicated
that the 𝛼𝜈𝛽3-targeted fumagillin nanoparticles could reduce
neovascular signals by 50% to 75% within 1 week and main-
tain this effect for up to 3 weeks. Moreover, when researchers
combined fumagillin with atorvastatin, they discovered that the
addition of atorvastatin extended the antiangiogenic effect of
fumagillin to more than 8 weeks. This achievement marked
a significant and sustained impact on anti-angiogenesis.[39a]

These results underscore the potential of targeted nanosystems,
integrating imaging functionality and therapeutic drugs. Such
systems not only enable the monitoring of targeted drug delivery
to specific cells and tissues but also provide valuable insights
into the patient’s response to treatment. Given the prevalence of
polypharmacy in current clinical applications, the feasibility of
combining two or more drugs can be considered when designing
nanosystems for drug delivery. This approach, drawing from
clinical medication experience, may yield promising synergistic
therapeutic effects. However, it is essential to explore and validate
these novel combination therapeutic strategies through more
in-depth investigations.

3.1.3. Anti-Inflammatory Agents

At present, anti-inflammatory agents have been proved promis-
ing in the treatment of atherosclerosis. However, few clinical
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Figure 4. a) Schematic illustration of RAP@Fe3O4-PDA-CD-PEG-PEI-Profilin-1-Cy5.5 nanoparticles. b) Representative in vivo MR images of ApoE−/−

mice with PFN1-CD-MNPs. c,d) NIRF of the aorta and general ORO staining of the carotid artery after 2 months of various treatments. Reproduced
under terms of the CC-BY license.[38] Copyright 2019, The Authors, Published by Informa UK Limited, trading as Taylor & Francis Group. e) Schematic
illustration of the synthesis of theranostic liposomes Rap/ Fe3O4@VHP-Lipo by self-assembly. f) The fluorescence distribution in vivo for mice with three
different treatments. g) The fluorescence enrichment of the aorta from three different mice groups. h) The treatment effectiveness testing of fluorescence
imaging for mice from three different groups injected with Rap/ Fe3O4@VHP-Lipo for 2 months. i) MRI T2 mapping sequence imaging to detect the
treatment effect of mice in three different groups with different treatments for 2 months. Reproduced under terms of the CC-BY license.[68] Copyright
2022, The Authors, Published by MDPI, Basel, Switzerland.
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anti-inflammatory drugs have been applied in the theranostic
of atherosclerosis based on IONPs. An illustrative study by Ma-
tuszak et al. involved the development of superparamagnetic
iron oxide nanoparticles conjugated with dexamethasone phos-
phate (SPIONs-DEAX, an anti-inflammatory glucocorticoid) and
its assessment in a rabbit model of atherosclerosis. Nevertheless,
SPIONs-DEAX did not yield the anticipated anti-inflammatory
therapeutic effects. But noticeably, the data demonstrated their
biocompatibility and precise targeting capabilities.[73] The study
harnessed the superparamagnetic properties of IONPs to guide
drug enrichment at the plaque site using a magnetic field—
a technique known as magnetically controlled drug targeting
(MCDT).[93] The successful accumulation of these nanoparticles
within the area of arterial injury in vivo provided valuable ev-
idence that magnetically-targeted drug delivery could serve as
an effective platform for transporting drugs to afflicted arteries.
Consequently, maximizing the effectiveness and controlled mo-
bility inherent to magnetically controlled drug delivery becomes
paramount, emphasizing the need for strategic design in nano-
drug delivery systems applied to atherosclerosis theranostics. Re-
garding the anti-inflammatory effect of atherosclerosis, many
other studies, except clinical anti-inflammatory drugs, have been
reported and shown good prospects. However, the related explo-
ration based on clinical anti-inflammatory drugs with IONPs’
nanotheranostic is also expected.

3.2. Natural Medicines

While conventional drugs like statins and rapamycin are widely
used and effective in preventing and treating atherosclerosis,
mounting evidence suggests that long-term usage of these drugs
may lead to serious adverse reactions. Therefore, there is an
urgent need to discover alternative drugs with a higher safety
profile.[94] Natural medicines have gained increasing attention
in recent years due to their excellent biosafety and broad ther-
apeutic effects against various diseases.[95] Importantly, numer-
ous scientific studies have highlighted the significant potential
of natural medicines in treating atherosclerosis by exerting anti-
inflammatory, antioxidant, and anti-apoptotic effects on vascu-
lar endothelial cells, etc. Consequently, several IONP-based ther-
anostic platforms for delivering natural medicines have been
developed and demonstrated remarkable anti-atherosclerotic
effects.

3.2.1. Inhibit Platelet Activation and Aggregation

One such example is prostacyclin (PGI2), a naturally occurring
bioactive lipid known for its pharmacological properties in in-
hibiting platelet aggregation. Multiple studies have illustrated the
atheroprotective potential of PGI2, attributed to its ability to in-
hibit platelet activation and aggregation, as well as regulate lipid
peroxidation.[96] For instance, Oumzil et al. introduced a novel
approach involving nucleoside-lipid insertion to synthesize sta-
ble solid lipid nanoparticles (SLN) loaded with iron oxide parti-
cles and natural active drugs, as depicted in Figure 5a. Their in-
vestigation evaluated the inhibitory effects of prostacyclin-loaded
SLN on platelet activation and aggregation, offering a promising

avenue for the development of innovative theranostic tools tar-
geting atherosclerosis.[62]

3.2.2. Anti-Inflammatory and Antioxidant

Besides their antiplatelet effects, most of the reported natural
medicines possess anti-inflammatory and antioxidant properties,
thereby exhibiting multi-targeted anti-atherosclerotic properties.
These natural medicines encompass a diverse array of com-
pounds, including alkaloids, glycosides, flavonoids, terpenes,
quinones, and polyphenols.[97] Among them, 𝛼-tocopherol, a
highly prevalent and potent form of vitamin E found in nature,
is known for its exceptional natural antioxidant properties.[98] A
noteworthy study by Bonnet et al. involved the design of oil-in-
water nano-emulsions (NEs) loaded with 𝛼-tocopherol and SPI-
ONs. These NEs were further modified with polyethylene gly-
col and functionalized with the target ligand P3, a fully human
scFv-Fc antibody. This innovative approach led to the develop-
ment of a multifunctional therapeutic and diagnostic tool tailored
for atherosclerosis. The outcomes of this study demonstrated the
nanoparticles’ capability for in vivo targeting of atherosclerotic
plaques in ApoE−/− mice. Moreover, the in vivo behavior of these
nanoparticles could be accurately monitored over time, offering
a promising avenue for molecular imaging to guide more per-
sonalized approaches to atherosclerosis treatment, as depicted
in Figure 5b–d. The research solely examined the nanoparticles’
capacity to scavenge reactive oxygen species in vitro, without as-
sessing their effectiveness in treating atherosclerosis in vivo.[74]

Polyphenols, like protocatechuic acid (PCA), which is a major
anti-inflammatory metabolite of complex polyphenols, often suf-
fer from limitations such as poor water solubility, low bioavail-
ability, and low stability, hindering their application as therapeu-
tic agents.[99] To address this issue, Anghelache et al. developed
dextran-coated magnetic nanoparticles (MNPs) loaded with PCA.
These MNPs could not only utilize their magnetic properties to
guide the nanomedicine to the target but also enhance the anti-
inflammatory efficacy of PCA by improving its cellular uptake
and internalization.[54a]

3.2.3. Anti-Atherosclerosis Effect of Natural Chemotherapeutic
Agents

Natural medicines often exhibit multifunctionality and can
be employed for a wide range of diseases. Several natural
chemotherapeutic agents, owing to their antioxidant capacity, can
serve as anti-atherosclerotic agents. For instance, curcumin is
one such agent. In a recent study, Qiu et al. designed a mul-
tifunctional nanoparticle system loaded with curcumin for the
treatment of atherosclerosis. This research encapsulated SPIONs
and curcumin within amphiphilic polymer DSPE-PEG. Subse-
quently, they coupled VCAM-1 and Cy5.5 to this system via
amidation reactions, forming a theranostic nanoplatform with
dual-modal imaging capabilities (MRI and fluorescence imag-
ing) and targeted treatment for atherosclerosis.[75] Furthermore,
paclitaxel, a natural anticancer drug known for its antiprolifer-
ative and immunomodulatory effects, has shown effectiveness
in alleviating atherosclerotic lesions by inhibiting macrophage
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migration, vascular smooth muscle cell hyperproliferation, and
intimal invasion in a rabbit model of atherosclerosis.[100] Thus,
Dong et al. constructed a theranostic nanoparticle (UP-NP-C11)
loaded with ultrasmall superparamagnetic iron oxide (USPIO)
and paclitaxel, using a polymer-lipid hybrid. They also conjugated
it with C11, a polypeptide targeting collagen IV, for simultane-
ous MRI and atherosclerosis treatment. The results revealed that
UP-NP-C11 exhibited superior in vivo MRI capabilities and more
significant therapeutic effects in rabbit atherosclerosis compared
to UP-NP and commercially available USPIO + paclitaxel.[45c]

Collectively, the newly designed IONPs-based nanosystems can
serve not only as in vivo imaging probes but also as carriers for
delivering natural medicines to inflammatory tissues, thereby in-
creasing bioavailability and treatment efficiency. This approach
offers a promising avenue for the molecular imaging and tar-
geted therapy of atherosclerosis, attributed to its established
specificity and high safety profile. Furthermore, it can potentially
be applied to the treatment of other inflammatory diseases.

3.3. Inorganic Nanoparticles

Excessive production of reactive oxygen species (ROS) stands as
a prominent contributor to the progression of various inflamma-
tory diseases, including atherosclerosis.[101] Thus, targeting ROS,
mitigating oxidative stress, and modifying the inflammatory mi-
croenvironment within plaques emerge as crucial strategies in
atherosclerosis treatment. An array of anti-ROS drugs, such as
natural antioxidants, has been extensively investigated and ap-
plied, as discussed in the preceding section. Additionally, numer-
ous metal nanozymes exhibit exceptional superoxide dismutase
mimetic activity and catalase mimetic activity, effectively scaveng-
ing ROS during chronic inflammation.[102]

Presently, the ROS-scavenging potential of cerium oxide
(CeO2) nanoparticles (NPs) in the context of inflammatory dis-
eases has garnered substantial support from several studies.[103]

Within the domain of atherosclerosis, researchers have har-
nessed the synergy of CeO2 NPs and superparamagnetic iron
oxide nanoparticles to engineer a variety of versatile theranos-
tic nanoplatforms. One such innovation was introduced by Wu
et al., who synthesized a novel theranostic nanoparticle compris-
ing an IONPs core and a CeO2 NPs shell. This hybrid nanopar-
ticle offered both diagnostic capabilities, through IONPs fa-
cilitating MRI, and therapeutic functionalities, via CeO2 NPs
imparting anti-ROS effects. Figure 5f illustrates the potential
mechanism underpinning the remarkable regenerative antioxi-
dant properties of CeO2 NPs: the conversion between Ce3+ and
Ce4+ on the nanoparticle surface allows them to scavenge su-
peroxide radicals.[104] Moreover, it has been established that the
Ce3+/Ce4+ ratio significantly influences the anti-ROS efficacy of
the nanoparticles.[76] Furthermore, various reliable multifunc-
tional nanocomposites have been devised to deliver both IONPs
and CeO2 NPs, boasting extended in vivo circulation times and

providing abundant attachment sites for further modifications,
such as the addition of targeting ligands. Liu et al. selected the lay-
ered double hydroxides (LDHs), biodegradable 2D layered nano-
materials with exceptional biocompatibility, to serve as a carrier.
They ingeniously loaded both IONPs and CeO2 NPs onto the sur-
face of LDHs through electrostatic interactions, as illustrated in
Figure 5e. The outcome demonstrated that these nanocarriers
could extend the half-life of CeO2 NPs and IONPs in vivo with-
out compromising the antioxidant capacity of CeO2 NPs or the
efficacy of MRI signal detection in macrophages.[63]

In a separate investigation, Wu et al. embarked on the devel-
opment of chitosan nanococktail theranostic materials, meticu-
lously assembling IONPs and CeO2 NPs with chitosan. This as-
sembly was achieved through two distinct mechanisms: electro-
static self-assembly and ionic gelation.[77] A standout feature of
this study is its adept utilization of independently synthesized
and modified IONPs and CeO2 NPs as two modular compo-
nents within a versatile theranostic nanoplatform. This modu-
lar design affords flexibility for adapting the nanoplatform to fu-
ture applications and requirements while permitting facile ad-
justment of the loadings for each module. Consequently, this
approach offers a promising blueprint for crafting a theranos-
tic nanoplatform tailored for delivering inorganic nanoparticles
with inherent antioxidant capabilities alongside imaging agents.
Furthermore, the relatively straightforward synthesis process of
the nanococktail theranostic nanoplatform lends itself to advan-
tages in terms of scalability and clinical translation Nevertheless,
it is crucial to underscore that the MRI and anti-inflammatory
therapeutic effects observed in these nanoplatforms, which inte-
grate IONPs and CeO2 NPs, necessitate validation through fur-
ther in vivo studies employing atherosclerosis models. More-
over, the potential augmentation of targeted therapeutic effects,
enhancement of detection sensitivity, and optimization of phar-
macokinetic profiles can be explored by incorporating targeting
molecules into these nanoplatforms to refine their performance.
Furthermore, as for the above theranostic nanosystem, the advan-
tage of inorganic nanoparticles lies in their flexibility regarding
structure, size, and shape regulation, which allows for precise de-
sign and optimization.[105] The metal nanozymes can obtain su-
perior catalytic efficiency through regulating synthetic methods,
while IONPs can also acquire more suitable and excellent prop-
erties according to the requirement of the application.

4. Iron Oxide Nanoparticle-Based Theranostic
Nanomedicine Using Physical Stimulation Therapy

Physical stimulation therapy encompasses the application of spe-
cific physical stimuli externally, such as light, magnetic fields, ul-
trasound, etc. These stimuli act on materials possessing distinct
physicochemical properties, including photosensitizers, pho-
tothermal materials, magnetothermal materials, and sonosensi-
tizers, which accumulate at the disease site within the body. The

Figure 5. a) Schematic illustration of prostacyclin-loaded SLN for image-guided Therapy. Reproduced with permission.[62] Copyright 2016, American
Chemical Society. b–d) Atheroma targeting and in vivo MRI ability of the nano-emulsion platform modified with a fully human scFv-Fc antibody. Repro-
duced under terms of the CC-BY license.[74] Copyright 2021, The Authors, Published by MDPI, Basel, Switzerland. e) Schematic diagram of the structure
and theranostic function of CeO2- Fe3O4@LDH nanocomposites. Reproduced with permission.[63] Copyright 2019, American Chemical Society. f) Mech-
anism of ROS Scavenging by CeO2 NPs. Reproduced with permission.[104] Copyright 2023, American Chemical Society.
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goal is to induce therapeutic effects, such as the generation of
ROS for cell eradication, the precise ablation of diseased tissues
through controlled temperature elevation, and the initiation of
programmed cell death. Currently, physical stimulation therapy
stands as an indispensable modality in atherosclerosis treatment,
with diverse strategies emerging to harness its potential. This
section offers an overview of theranostic nanoplatforms based
on IONPs employing physical stimulation therapy for address-
ing atherosclerosis. These strategies encompass photodynamic
therapy, photothermal therapy, magnetic hyperthermia (MHT),
and ultrasound therapy.

4.1. Photodynamic Therapy

Phototherapy, a burgeoning medical treatment characterized by
spatiotemporal selectivity and non-invasiveness, encompasses
both photodynamic therapy (PDT) and photothermal therapy
(PTT) (Figure 6a).[106] Nowadays, PDT finds extensive applica-
tions in cancer,[107] antimicrobial,[108] anti-inflammatory,[109] and
anti-atherosclerotic therapies.[110] The basic therapeutic mecha-
nism of PDT unfolds as follows: a photosensitizer, upon accu-
mulation within specific tissues or cells, undergoes alteration
when exposed to an appropriate light wavelength, typically near-
infrared (NIR). This interaction triggers a reaction with oxygen
molecules, generating reactive oxygen species (ROS) like hy-
droxyl radicals (·OH), superoxide radical anions (·O2−), and sin-
glet oxygen (1O2). Ultimately, these ROS induce cell apoptosis,
cell necrosis, or autophagic cell death via oxidative damage,[107a]

as depicted in Figure 6b.[111]

The theranostic nanosystems of atherosclerosis combining
IONPs with PDT have been reported. Among them, the prin-
cipal role of PDT in atherosclerosis therapy involves the gener-
ation of ROS, leading to extensive cell death in plaque regions
where photosensitizers are sufficiently concentrated,[110a] while
IONPs usually function as imaging agents and/or nanocarri-
ers. Precise delivery of adequate photosensitizer doses to the
plaque site is crucial for achieving favorable treatment outcomes
in PDT for atherosclerosis. Conjugating photosensitizers with
nanocarriers or targeting agents can substantially enhance ther-
apeutic effects and reduce side effects arising from nonspecific
photosensitizer localization. In 2006, McCarthy et al. developed
a nanosystem with combined diagnostic and therapeutic func-
tionalities by covalently attaching a potent photosensitizer, 5-(4-
carboxyphenyl)−10,15,20-triphenyl-2,3-dihydroxychlorin (TPC),
to crosslinked dextran-coated iron oxide (CLIO) nanoparticles
possessing macrophage-targeting properties. They also incorpo-
rated a near-infrared fluorophore into the system. This nanoplat-
form was capable of MRI and near-infrared fluorescence imag-
ing, exhibited a high macrophage uptake rate, and effectively
induced apoptosis in mouse and human macrophages under
light exposure while demonstrating no toxicity in the absence of
light.[78]

The performance of the photosensitizer also significantly in-
fluences PDT’s therapeutic effectiveness. As for the nanoa-
gent, CLIO-TPC, the conjugation of the photosensitizer to the
polymer-coated nanoparticles faced challenges due to its nonpo-
lar nature, resulting in reduced stability. To enhance the over-
all phototoxicity and stability of the nanoagent, McCarthy et al.

developed a novel hydrophilic photosensitizer (THPC) based on
meso-tetra(m-hydroxyphenyl) chlorin, which was then coupled
with CLIO nanoparticles. This new photosensitizer exhibited a
threefold higher loading on CLIO nanoparticles compared to
TPC. Significantly, the synthesized nanoagent remained stable in
suspension for up to 1 year. Moreover, a hind paw edema model
experiment demonstrated that CLIO-THPC had lower skin pho-
totoxicity compared to the conventional photosensitizer chlorin
e6. The imaging and therapeutic effects of the nanoagent were
validated in cellular experiments and studies on ApoE−/− mice.
RAW 264.7 cells that engulfed CLIO-THPC underwent substan-
tial abnormal cell death upon irradiation with a 650 nm laser.
In ApoE−/− mice studies, the results indicated that CLIO-THPC
could efficiently localize to carotid atherosclerotic plaque sites
in vivo and induced significant apoptosis of macrophages. This
study underscores the potential of PDT for achieving targeted fo-
cal macrophage ablation to stabilize plaques. It also highlights
the substantial value of combining PDT with multimodality
imaging detection, leveraging IONPs and other imaging agents
to create a theranostic nanoplatform. However, it’s worth not-
ing that this study utilized an exposed carotid artery in a murine
model for imaging and treatment, which is constrained by the
depth of light penetration. Therefore, there is an expectation to
identify longer-wavelength photosensitizers (>750 nm) to im-
prove light penetration into tissues for noninvasive detection and
PDT in deeper vascular systems.[79]

Alongside the photosensitizers mentioned above, IONPs can
connect with other photosensitizers like indocyanine green
(ICG) to obtain supreme photosensitive performance (Figure 6g).
Alongside targeting strategies, the concept of activatable photo-
sensitizers has recently emerged as a means to minimize dam-
age to surrounding healthy tissues during PDT (Figure 6c,d).
This approach has seen extensive exploration in the context of
tumor PDT. For instance, certain photosensitizers are adminis-
tered into the body in an inactive form. Upon reaching the tumor
site, they are activated by specific conditions, such as proteolytic
enzymes or pH conditions present within the tumor microen-
vironment, before they can exert their normal functions.[112] In
the treatment of atherosclerosis, there has been significant re-
search into designing responsive therapeutic strategies tailored
to the unique physiological environment at the plaque site. These
strategies encompass various stimuli-responsive approaches, in-
cluding responses to ROS, enzymes (e.g., matrix metallopro-
teinases, hyaluronidases, cathepsin), pH changes, and shear
stress.[5] Consequently, greater attention can be directed toward
developing innovative activatable photosensitizer molecules de-
signed to respond to the specific environmental conditions of
atherosclerotic plaques. This can lead to safer and more effective
PDT outcomes.

4.2. Photothermal Therapy

Much like PDT, PTT presents an appealing approach for
treating atherosclerosis, such as the ablation of inflammatory
macrophages within plaques, and notable research progress has
been achieved (Figure 6e).[113] In atherosclerosis, this method
involves the delivery of a photothermal agent to a plaque site,
where the agent absorbs the laser energy and transforms it
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into thermal energy, resulting in localized heating and cell ab-
lation(Figure 6a).[8b,106] Meanwhile, the therapeutic effect is con-
fined solely to the disease area where the photothermal agent
is present and where the laser is focused. Consequently, PTT
offers a high degree of spatiotemporal selectivity.[114] Moreover,
the radiation wavelength used to excite the photothermal ma-
terial is longer than PDT, enabling deeper penetration into bi-
ological tissues while causing less harm to neighboring cells and
tissues.

4.2.1. IONPs Modified with Photothermal Materials Serving as
Photothermal Agents

IONPs can be combined with various photothermal materi-
als to create nanoparticles that possess both magnetic and
NIR absorption properties. Examples of photothermal ma-
terials include gold-based nanomaterials,[64,115] molybdenum
sulfide,[116] carbon-based materials,[117] Prussian blue,[118] and
copper sulfide.[119] For instance, Ma et al. developed primary
iron oxide nanoparticles with a thin gold coating and assembled
them into stable ≈30 nm nanoclusters using dextran as a sta-
bilizer. These nanoclusters exhibited MRI and NIRF detection
capabilities, targeted macrophages, and enabled efficient PTT
for atherosclerosis. Their small size and dextran coating facili-
tated uptake by dextran receptor-containing macrophages, allow-
ing for high NIRF contrast in the aortic imaging of atheroscle-
rotic rabbits. Moreover, results from both cellular experiments
and animal models indicated that macrophages in atherosclerotic
plaques could selectively take up the theranostic nanoclusters
and be eliminated by subsequent laser irradiation (Figure 6h).[64]

However, further in-depth and comprehensive experiments are
needed to fully evaluate and confirm the therapeutic effects of
these nanoclusters in vivo.

4.2.2. IONPs Serving as Photothermal Agents

IONPs themselves can serve as photothermal agents without re-
quiring modification with gold or other photothermal materi-
als. The photothermal conversion capability of IONPs has been
extensively documented, and its application in PTT has been
explored. Shen et al. developed Fe3O4 nanoparticles stabilized
with carboxymethyl chitosan and demonstrated their exceptional
photothermal effect and ability to ablate disease cells through
photothermal therapy. Under NIR laser irradiation, these Fe3O4
nanoparticles rapidly generated heat, elevating the temperature
from ≈25 °C to ≈80 °C in just ≈5 min. Importantly, the dif-
ference in their NIR photothermal heating capability compared
to that of HAuNS under the same conditions was not signifi-

cantly pronounced.[120] Additionally, Chu et al. synthesized var-
ious shapes of Fe3O4 magnetic nanoparticles, including spheri-
cal, hexagonal, and wire-like nanoparticles, all of which exhibited
robust photothermal effects induced by NIR laser irradiation.[121]

Furthermore, Shen et al. conducted a study that investigated the
impact of the aggregation state of Fe3O4 nanoparticles on their
photothermal effect. It was found that clustered Fe3O4 nanopar-
ticles exhibited higher NIR light absorption compared to individ-
ual Fe3O4 nanoparticles, resulting in more efficient temperature
elevation and enhanced cell eradication.[122]

In the context of atherosclerosis, ferrite nanoparticles, a sub-
type of IONPs extensively studied for their photothermal prop-
erties and mechanisms, have been employed to develop thera-
nostic nanomedicine due to their MRI capabilities and suitability
for PTT applications. Yang et al. engineered a manganese ferrite
(MnFe2O4)-encapsulated nanoparticle with multimodal imaging-
guided functionality and stable photothermal performance for
targeted imaging and therapy of neovascularization at atheroscle-
rotic plaque sites. This theranostic nanomedicine featured 3 nm
MnFe2O4 NPs loaded within a biocompatible PLGA polymer,
serving dual roles as an imaging agent for MRI T1 and photoa-
coustic imaging (PAI), as well as a therapeutic agent for PTT.
Moreover, an anti-VEGFR2 antibody, ramucirumab (Ram), was
conjugated to the surface of poly (lactic-co-glycolic acid (PLGA)
shells to specifically target atherosclerotic neovasculature. Fur-
thermore, liquid perfluorohexane (PFH), a phase-transition ma-
terial capable of generating gas microbubbles via optical droplet
vaporization, was included to enable ultrasound (US) imaging
in vivo. Thus, the nanomedicine enabled multimodal imaging
using MRI, PAI, and US imaging. In a study conducted using
a rabbit-advanced atherosclerotic plaque model, the theranostic
nanomedicine exhibited remarkable multimodal imaging capa-
bilities for rabbit femoral plaques, with an evident targeting ef-
fect. Meanwhile, the results of experiments in vivo confirmed the
significant efficacy of PTT guided by PFH@PLGA/Mn Fe2O4-
Ram NPs. This included the induction of neovascular endothelial
cell apoptosis, a reduction in neovessel density, and ultimately
the stabilization of rabbit plaques. Importantly, the results also
verified its substantial therapeutic biosafety. Collectively, these
findings suggest that PFH@PLGA/MnFe2O4-Ram is a promis-
ing photothermal nanoagent for safely and effectively inhibiting
angiogenesis in atherosclerosis.[80] However, it is essential to ad-
dress the challenge of limited tissue penetration of light irradi-
ation in PTT, especially for deep-seated vascular lesions. There-
fore, further exploration and development of innovative strate-
gies are needed to overcome this limitation and enhance the effi-
cacy of PTT in treating atherosclerosis. Moreover, due to the sim-
ilarity between PDT and PTT, combining these two strategies for
the treatment of atherosclerotic plaque is also a way to improve
the therapeutic effect at present (Figure 6f).

Figure 6. a) Schematic illustration of phototherapy. Reproduced with permission.[106] Copyright 2020, Elsevier B.V. b) Schematic diagram of cell death by
PDT. Reproduced with permission.[111] Copyright 2020, Elsevier B.V. c) Activatable photosensitization responds to H2S. Reproduced with permission.[123]

Copyright 2018, American Chemical Society. d) Activatable photosensitization responds to pH change. Reproduced with permission.[124] Copyright
2016, American Chemical Society. e) Schematic illustration of PTT in the treatment of atherosclerosis. Reproduced with permission.[125] Copyright
2021, American Chemical Society. f) Schematic illustration of sequential photothermal/photodynamic ablation for activated macrophages. Reproduced
with permission.[126] Copyright 2021, American Chemical Society. g) Near-infrared thermal imaging images of PBS, ICG, Fe3O4, and Fe/ICG@HA after
irradiation with an 808 nm laser. Reproduced with permission.[127] Copyright 2022, American Chemical Society. h) Small multifunctional nanoclusters
and their capability of PTT. Reproduced with permission.[64] Copyright 2009, American Chemical Society.
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4.3. Magnetic Hyperthermia

Unlike photothermal therapy, which relies on light stimu-
lation, magnetic hyperthermia (MHT) harnesses the conver-
sion of externally applied high-frequency magnetic fields into
thermal energy using magnetic nanomaterials for disease
treatment. MHT offers advantages such as deep tissue pene-
tration and reduced toxicity, making it an appealing therapeu-
tic option.[128] Notably, IONPs, which are clinically approved
MRI contrast agents, are commonly employed as hyperthermia
agents in MHT. This dual functionality allows IONPs to pro-
vide diagnostic insights by enabling their visualization and dis-
tribution tracking in vivo via MRI, thereby facilitating guided
MHT.[129]

IONP-based multifunctional nanoplatforms have shown sig-
nificant promise in advancing the treatment of atherosclerosis,
with an intriguing study conducted by Chandramouli et al. offer-
ing notable insights. In this study, superparamagnetic iron ox-
ide nanoparticles (SPIONs) were actively targeted to atheroscle-
rotic plaques using an external magnetic field. Under the in-
fluence of an alternating-current magnetic field, these SPIONs
rapidly oscillated, generating substantial heat. This dual mech-
anism led to the reduction of plaque hardness due to tran-
sient thermal expansion and facilitated the removal of atheroscle-
rotic plaque from the vessel wall by controlled SPION-induced
abrasion.[81]

However, it is essential to recognize that a single therapeu-
tic modality may often be insufficient to effectively address
atherosclerosis. Therefore, combining therapies, a highly effec-
tive strategy in the current treatment landscape of various dis-
eases should be considered.[130] IONPs, when coupled with or-
ganic or inorganic compounds, have demonstrated remarkable
outcomes in terms of stability, targeting capability, biocompat-
ibility, and imaging. As such, they are recognized as promis-
ing nanomaterials for mediating drug delivery. A recent study
conducted by Fang et al. exemplifies the potential of IONP-
based nanosystems for achieving multi-effective treatment of
atherosclerosis by combining magnetic hyperthermia and chem-
ical therapy (Figure 7). In this study, a dual-targeted nanoplat-
form (MMSN@AT-CS-DS) was designed to offer diagnostic and
therapeutic effects, as well as MRI capabilities. The core of the
nanosystem consisted of magnetic mesoporous silica nanopar-
ticles (MMSN), which served as therapeutic agents mediat-
ing magneto-thermal conversion and inducing macrophage au-
tophagy in atherosclerotic plaques. This magneto-thermal effect
was achieved through local heating, opening the thermosensitive
cation channel TRPV1 in macrophages and triggering protective
autophagy. Consequently, this led to a reduction in lipoprotein
accumulation and the deceleration of atherosclerosis progres-
sion. Furthermore, the MMSN core was modified with chitosan
and dextran, serving as a nanocarrier (MMSN-CS-DS) loaded
with atorvastatin, a widely-used lipid-lowering drug. The release
of atorvastatin was contingent on specific conditions, includ-
ing elevated temperature and low pH, which are typically found
in the plaque microenvironment. Finally, the MMSN core had
the additional function of MRI, providing valuable information
to guide magnetic hyperthermia therapy. The targeting strategy
of the nanoplatform was dual-responsive, involving biological
targeting (SR-A, recognized by DS on the surface of activated

macrophages) and pH-targeting (leveraging the low pH environ-
ment within plaques). The study conducted in the ApoE−/− mice
model demonstrated impressive results, with the MMSN@AT-
CS-DS + AMF group showing the most significant therapeutic
efficacy against atherosclerosis. This work by Fang et al. under-
scores the tremendous potential of IONPs in the theranostics of
atherosclerosis.[82]

Beyond their use in combination with chemotherapy, IONPs
can serve as versatile tools for both photothermal therapy (PTT)
and magnetic hyperthermia (MHT). When subjected to the dual
stimulation of an alternating magnetic field and near-infrared
(NIR) laser irradiation, their heating effect can reach two to five
times that achieved through single stimulation, yielding unprece-
dented heating capabilities.[131] PTT and MHT, as the primary
modalities of thermotherapy, each have their own set of advan-
tages and limitations. For instance, PTT is constrained by the
limited penetration ability of laser light and is not well-suited
for treating deep-seated lesions. In contrast, MHT boasts excel-
lent tissue penetration capabilities and can be employed without
depth constraints. However, MHT’s heat production rate falls sig-
nificantly behind that of PTT.[132] Therefore, the strategic combi-
nation of MHT and PTT effectively complements their strengths
and weaknesses, yielding superior therapeutic outcomes. To put
it differently, this combination allows for the achievement of
equivalent or even more robust therapeutic effects compared
to each modality on its own, all while minimizing damage to
healthy tissues, owing to lower iron doses, manageable mag-
netic fields, and laser power doses. Recent studies have developed
magneto-photothermal hybrids based on IONPs or Iron-based
nanoparticles used for the ablation of diseased tissues, some of
which have been researched in cardiovascular diseases (Figure
8).[133] Nanoparticle-based combination therapy involving PTT
and MHT has demonstrated remarkable potential in address-
ing deep-seated arterial inflammation, showcasing superior ef-
ficacy in eradicating inflammatory infiltrating macrophages, and
subsequently inhibiting the formation of atherosclerotic lesions
and arterial stenosis.[134] It is anticipated that future theranostic
nanoplatforms based on IONPs will increasingly adopt this strat-
egy for treating atherosclerosis.

4.4. Ultrasound Therapy

Ultrasound is widely regarded as a safe external physical
stimulus, characterized by its non-invasiveness, lack of toxi-
city, and absence of radiation contamination.[135] Besides ul-
trasound imaging, noninvasive ultrasound therapy, attributed
to its superior tissue penetration capabilities compared to
light-based stimulation and its capacity to minimize adverse
effects on surrounding healthy tissues, has undergone ex-
tensive basic and preclinical research in the context of car-
diovascular diseases, spanning ischemic heart disease, heart
failure, myocarditis, arrhythmias, and hypertension, resulting
in notable advancements.[136] Among these, two ultrasound-
targeted therapies—sonothrombolysis and ultrasound-mediated
flow augmentation or sonoperfusion, have progressed into clin-
ical trials.[137] In atherosclerosis, the theranostic nanosystems of
IONPs associated with ultrasound therapy have been investigated
and reported.
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4.4.1. Ultrasound Therapy through Acoustic Droplet Vaporization
Effect

Acoustic droplet vaporization (ADV), one of the unique physi-
cal effects contributing to the therapeutic utility of ultrasound in
vivo,[138] involves the process where nanoscale droplets experi-
ence regular variations in internal pressure in response to exter-
nal acoustic pressure, ultimately transitioning into microbubbles
when the internal pressure falls below the external pressure.[139]

During this ADV process, the ultrasonic waves induce a sequence
of dynamic actions within the droplets, including oscillation, ex-
pansion, contraction, and even rupture of tiny bubbles within the
liquid. These events lead to specific chemical reactions and bio-
logical effects, with a crucial consequence being the disruption
of cellular ultrastructure, ultimately inducing apoptosis and po-
tentially enhancing thrombus dissolution.[83,140]

Presently, the realization of ADV relies on liquid fluoro-
carbons, such as perfluorohexane (PFH) and perfluoropentane
(PFP). These fluorocarbons can be encapsulated within nanocar-
riers, facilitating targeted delivery to disease sites for noninvasive
treatment when stimulated by ultrasound. Moreover, they serve
a dual purpose by offering diagnostic capabilities as ultrasound
contrast agents. Ye et al. devised a nanoparticle formulation en-
capsulating PFH and IONPs within a PLGA matrix, further mod-
ified with chitosan (CS) and dextran sulfate (DS). The nanopar-
ticles exhibited an affinity for scavenger receptor type A (SA-R)
on macrophages at atherosclerotic plaques, resulting in their in-
ternalization and subsequent induction of apoptosis through the
ADV effect during LIFU irradiation (Figure 9a). Furthermore,
this multifunctional nanoparticle enabled bimodal imaging via
magnetic resonance and ultrasound (Figure 9b). Upon irradia-
tion with low-intensity focused ultrasound (LIFU) at a power den-
sity of 4 W cm−2, ultrasound signals were successfully detected in
both B-mode and contrast mode. The results also showed promi-
nent in vivo targeting and therapeutic effects (Figure 9c).[65] In a
similar vein, Hou et al. loaded PFH and IONPs into biocompat-
ible PLGA-PEG-PLGA nanoparticles, which were then surface-
modified with DS to achieve targeted delivery. The introduction
of DiR further endowed these nanoparticles with near-infrared
fluorescence (NIRF) imaging capabilities, culminating in the de-
velopment of a theranostic nanoplatform (FPD@CD NPs) tai-
lored for vulnerable plaques. Notably, the study meticulously
investigated and observed the effects of LIFU-induced ADV at
varying power intensities on macrophages in depth. The results
indicated varying degrees of macrophage damage under differ-
ent LIFU power intensities (ranging from 0 to 4 W cm−2), show-
ing that 2.5 W cm−2 was the optimal power intensity for LIFU
treatment. Furthermore, in animal experiments, FPD@CD NPs
exhibited substantial in vivo NIRF/MR imaging capabilities and
active targeting efficiency. Following 20 days of LIFU treatment
at a power of 2.5 W cm−2, the experimental group demonstrated
a significant reduction in plaque area and a remarkable 49.4% de-
crease in vascular stenosis, underscoring the significant potential

of LIFU as a means to address vulnerable plaques and mitigate
acute cardiovascular events.[83]

In addition to its role in targeting macrophages to mitigate
plaque rupture, therapeutic ultrasound can also be directed to-
ward activated platelets in erosion-prone plaques, thus promot-
ing platelet breakdown and contributing to the stabilization of
these vulnerable lesions. Gao et al. ingeniously devised a mul-
tifunctional pathology-mapping theranostic nanoplatform based
on Fe3O4 and PFP, aptly named MPmTN. This innovative plat-
form possesses the unique ability to simultaneously target two
distinct types of vulnerable plaques: rupture-prone plaques char-
acterized by chronic inflammation and macrophage infiltration,
and erosion-prone plaques typified by platelet deposition and
thrombosis. Importantly, MPmTN exerts corresponding thera-
peutic effects on both plaque types. Specifically, MPmTN effi-
ciently homes in on rupture-prone plaques by leveraging the
binding specificity of coupled PP1 to SR-A. Simultaneously, it ac-
cumulates within erosion-prone plaques through the high adhe-
sion of cRGD peptides to the surface receptor GP IIb/IIIa com-
plex, which is abundantly expressed on activated platelets. Fur-
thermore, the ADV effect triggered by therapeutic ultrasound
serves a dual purpose: it induces macrophage apoptosis, result-
ing in an anti-inflammatory effect, while also exerting an an-
tiplatelet function that disrupts thrombus formation. The throm-
bolytic effect and anti-atherosclerosis effect of the dual-targeting
nanotheranostic based on IONPs are convincingly validated by
experimental results (Figure 9d–f).[35]

The studies described above highlight the immense poten-
tial of combining IONPs and ultrasound for the theranos-
tic treatment of atherosclerotic plaques, particularly vulnerable
plaques. In this approach, ultrasound serves both as the treat-
ment modality and the imaging strategy, while IONPs primar-
ily function as potent magnetic resonance contrast agents. This
dual-functionality of IONPs compensates for the limitations of
ultrasound imaging, allowing for more effective guidance of the
treatment process.

4.4.2. Sonodynamic Therapy

Another compelling strategy for atherosclerosis treatment in-
volving ultrasound is the utilization of nanocarriers loaded with
sonosensitizers, enabling sonodynamic therapy (SDT) in the
presence of ultrasound. SDT, originating from photodynamic
therapy (PDT), leverages sonosensitizers to produce ROS when
stimulated by ultrasound, ultimately leading to the destruction of
lesional cells. Most of the photosensitizers used in PDT can also
serve as sonosensitizers in SDT, and the therapeutic principles of
the two modalities are analogous. Yao et al. introduced an inno-
vative strategy for achieving hematoporphyrin monomethyl ether
(HMME)-mediated sonodynamic therapy to combat pathological
angiogenesis. The researchers developed a theranostic nanoplat-
form that encapsulated manganese ferrite (MnFe2O4), HMME

Figure 7. a) Schematic illustration of MMSN@AT-CS-DS NPs for multi-effective treatment of atherosclerosis. b,c) Characterization of MMSN-CS-DS
in magnetocaloric effect, including heating curves (b) and in vitro temperature raising (c). d–f) The levels of TNF-𝛼, IL-6, and IL-1𝛽 in blood serum
from different mouse groups. g) Therapeutic efficacy in atherosclerotic mouse. ORO staining of the aortic roots and aortic arches from different mouse
groups. Reproduced with permission.[82] Copyright 2022, Elsevier B.V.
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(a representative sonosensitizer), and PFP within PLGA shells.
This nanoplatform was further modified with an anti-VEGFR-
2 antibody, ramucirumab (Ram). This antibody played a dual
role—it bound to VEGFR-2, inactivating VEGF-mediated down-
stream signaling pathways to inhibit neovascularization, while
also conferring active targeting capabilities to the nanoparticles,
allowing them to specifically target aortic endothelial cells. When
these theranostic nanoagents were injected into atherosclerotic
rabbits and exposed to low-intensity focused ultrasound (LIFU)
irradiation, multimodal imaging involving MRI, PA, and US
modalities could be performed. This real-time imaging pro-
vided invaluable guidance for plaque treatment. MRI, with its
exceptional soft-tissue resolution and 3D structural imaging ca-
pabilities, was complemented by PAI, an emerging technique.
PAI, enhanced by HMME and manganese ferrite, effectively dis-
tinguished between neovessels and mature microvasculature.
Representative histopathological staining of plaque sections after
28 days of SDT treatment in atherosclerotic rabbits demonstrated
the substantial benefits of this targeted nanoparticle-mediated
SDT approach. It significantly suppressed intraplaque hemor-
rhage and inflammation, inhibited plaque neovascularization,
and ultimately enhanced plaque stability. This work showcases
promising results of SDT in combating plaque inflammation and
neovascularization, offering an excellent example of the synergis-
tic effects achievable through the combination of physical stimu-
lation therapy and pharmacotherapy (Figure 10).[69]

5. Iron Oxide Nanoparticle-Based Theranostic
Nanomedicine through Biologic Therapy

Biologic therapy encompasses a wide range of approaches involv-
ing biological macromolecules, such as proteins, nucleic acids,
antibodies, as well as living cells and their derivatives, and even
biomimetic nanostructures, for the treatment of various diseases.
This field has gained immense popularity and holds significant
promise as a versatile therapeutic technique with broad appli-
cations. What sets biological therapies apart and makes them
particularly appealing in clinical practice is their tendency to ex-
hibit lower toxicity and a greater potential for achieving com-
plete disease remission compared to conventional physical or
chemical approaches. In this section, we provide an overview of
IONP-based theranostic nanomedicine employed in atheroscle-
rosis treatment through biological therapy. This primarily en-
compasses HDL mimics, gene therapies, cytokine-mediated ther-
apy, and various other biological treatment strategies.

5.1. HDL-Mimics: Atherosclerosis Theranostics with
HDL-Inspired Nanoparticles

In recent years, there has been a growing interest in the use
of high-density lipoprotein (HDL)-mimicking nanoparticles as

a promising strategy for diagnosing and treating atheroscle-
rosis. Natural HDL, composed primarily of a core containing
cholesteryl esters and triglycerides, enveloped by phospholipids
(PL) and apolipoprotein A1 (apoA1), is renowned as a “vascu-
lar scavenger.”[141] HDL has been found to prevent endothelial
dysfunction and facilitate reverse cholesterol transport (RCT),
thereby inhibiting the formation of foam cells and ultimately de-
livering remarkable anti-atherosclerotic effects.[142]

Due to the remarkable anti-atherosclerotic properties exhib-
ited by natural HDL, there has been continuous progress in
the development of HDL-mimicking nanoparticles (NPs). These
drug-free HDL mimics possess biocompatibility, prolonged cir-
culation, and biodegradability, offering inherent therapeutic
and targeting capabilities for atherosclerosis. Furthermore, they
can serve as carriers for loading diagnostic agents such as
Gd, Au, quantum dots, and IONPs, enhancing their imaging
capabilities.[143] For instance, in 2008, Mulder et al. introduced
hydrophobic ligand-capped Au nanoparticles, FeO nanoparticles,
and quantum dots to replace the hydrophobic core of HDL. This
innovation allowed for the creation of HDL-mimicking nanopar-
ticles with unique multimodal imaging abilities, including CT,
MRI, or fluorescence imaging.[144] HDL-mimicking NPs loaded
with IONPs have also been explored as theranostic agents for
atherosclerosis, offering both imaging guidance and targeted
therapy. Nandwana et al. developed high-density lipoprotein-like
magnetic nanostructures (HDL-MNS), comprising a diagnos-
tic core (Fe3O4 nanoparticles) and a shell composed of phos-
pholipids and apoA1, mimicking the surface composition of
natural HDL. In terms of imaging, HDL-MNS enabled non-
invasive MRI detection and early diagnosis of macrophage-rich
and cholesterol-rich atherosclerotic lesions, providing higher
contrast than commercial T2 contrast agents like Ferumoxytol.
In therapeutic applications, HDL-MNS were capable of inter-
nalizing within macrophages, binding to cholesterol, and in-
ducing cholesterol efflux, similar to the action of natural HDL.
Importantly, these nanostructures demonstrated biocompatibil-
ity. While this study showcased the potential application of
HDL-MNS in atherosclerosis theranostics, further confirmation
through in vivo experiments is warranted.[84]

In a subsequent study by Banik et al., a magnetic dual-targeted
HDL-mimicking NP was designed and evaluated through in vivo
imaging and therapeutic efficacy studies in animal models. These
HDL-mimicking NPs featured an IONP core and surface modifi-
cations with mannose and triphenylphosphonium bromide. This
design enabled them to target plaques through specific binding
to mannose receptors on the surface of M2 macrophages and
internalize within these macrophages. Additionally, the NPs tar-
geted mitochondria in macrophages via triphenylphosphine, as
illustrated in Figure 11a. MRI results revealed the deposition of
nanoparticles mainly in the heart and aorta upon injection into
mice, leading to enhanced MRI contrast and highlighting their
targeting and diagnostic potential (Figure 11b). Moreover, the

Figure 8. a) Schematic illustration of the synthesis process and measurement setup of Magneto-Photothermal hybrids based on IONPs. b) Comparison
of thermal properties of MHT, PTT, and DUAL. c) Schematic illustration of Magneto-Photothermal therapy. Reproduced with permission.[133a] Copy-
right 2023, American Chemical Society. d) Schematic diagram of MHT and PTT applying Iron-based NPs in thrombolytic therapy. Reproduced with
permission.[133c] Copyright 2021, American Chemical Society. e) Schematic illustration of MHT and PTT based on Iron-based nanoparticles in arterial
inflammation therapy. Reproduced under terms of the CC-BY license.[133b] Copyright 2019, The Authors, Published by Elsevier Ltd.
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Figure 9. a) Schematic illustration of the preparation and ADV effect of Fe-PFH-PLGA/CS-DS NPs. b) US images of the B mode and contrast mode of
Fe-PFH-PLGA/CS-DS NPs in vitro. c) Effects of targeting and treatment in vivo shown by MRI. Reproduced with permission.[65] Copyright 2019, American
Chemical Society. d) Schematic illustration of ultrasound-triggered phase transition of MPmTN via the US. e) Schematic of the antithrombotic effect by
ADV and the thrombolytic effect of MPmTN in vitro. f) Anti-atherosclerosis effect of MPmTN in vivo. Reproduced with permission.[35] Copyright 2021,
Royal Society of Chemistry.
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Figure 10. a) Schematic illustration of the synthetic process and corresponding theranostic functionality for PFP–HMME@PLGA/MnFe2O4–Ram
nanoplatform in multi-effective treatment of atherosclerosis. b) In vivo MRI images of rabbit femoral plaque after injection of different nanoparticles.
c) In vivo ultrasound imaging images of rabbit femoral plaque after injection of different nanoparticles. d) Representative histopathological staining
of plaque sections presented the treatment outcomes of atherosclerotic rabbits. e) In vivo PA imaging of the rabbit femoral plaques after injection of
indicated NPs at different time points. Reproduced under terms of the CC-BY license.[69] Copyright 2021, Published by Wiley-VCH.
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HDL-mimicking NPs demonstrated pro-cholesterol efflux func-
tionality in both in vitro and in vivo experiments, underscoring
the importance of mitochondrial targeting for effective lipid re-
moval in vivo (Figure 11c–e).[61]

The combined approach of using HDL-mimicking nanoparti-
cles (NPs) along with IONPs demonstrates remarkable in vivo
biocompatibility, holding great promise for potential clinical
translation. To further enhance the overall therapeutic efficacy of
these nano-formulations, it is possible to load anti-atherosclerotic
drugs into the HDL-mimicking NPs. Previous studies have ex-
plored the delivery of pitavastatin using HDL-mimicking NPs for
targeted atherosclerosis treatment, showcasing a dual effect of in-
hibiting cholesterol deposition and enhancing exocytosis for ef-
fective plaque regression.[145] However, these studies did not ad-
dress the incorporation of IONPs for diagnostic purposes. There-
fore, the utilization of HDL-mimicking NPs for the simultane-
ous delivery of drugs and imaging agents, creating a safe and
efficacy-enhanced theranostic nanoplatform, remains a promis-
ing avenue in atherosclerosis research. This approach warrants
further attention and investment to fully realize its potential in
the field of atherosclerosis theranostics.

5.2. Harnessing Gene Therapy for Atherosclerosis Treatment

Gene therapy, a prospective technique, has been the subject of
numerous preclinical studies and clinical trials due to its broad
applicability across various diseases.[146] Compared to the lim-
ited and non-specific effects of current lipid-regulating medica-
tions, gene therapy can offer a specific and enduring treatment
approach for atherosclerosis, allowing the regulation of specific
genes in particular cells and the modification of pathological con-
ditions associated with these genes.[147] This section focuses on
gene therapy combined with IONPs in the field of atherosclerosis
theranostics.

5.2.1. Gene Therapy Mediated by Viral Vectors

Effective gene delivery is pivotal for safe and efficient gene ther-
apy. It relies on dependable nanocarriers and precise targeting.
Viral vectors, a well-established technology, have been conven-
tionally used for efficient gene transfection into cells.[146a] In a
novel approach, Vosen et al. introduced magnetic lentiviral vector
complexes (LV/MNPs) for gene therapy, as illustrated in Figure
12a. They initially compared two distinct magnet configurations
for lentiviral transduction, selecting the more efficient magnet
configuration A for subsequent experiments (Figure 12b). By har-
nessing the interaction between core-shell IONPs and a magnetic
field, LV/MNPs were propelled along blood vessels and lodged at
specific endothelial sites. Consequently, under blood flow condi-
tions, LV/MNPs were transduced into endothelial cells, stimulat-
ing the overexpression of eNOS and VEGF in these cells. This
led to the restoration of endothelial function and enhancement

of vascular health, ultimately contributing to the prevention and
alleviation of atherosclerosis (Figure 12b,c).[71] Furthermore, the
use of IONPs may provide imaging and tracking capabilities, fur-
ther enhancing targeting and treatment precision.

5.2.2. Gene Therapy Mediated by siRNA

RNA interference (RNAi)-based gene silencing therapy has
gained prominence, especially following the FDA’s approval
of the siRNA drug (patisiran) in 2018.[148] In a study focused
on small interfering ribonucleic acid (siRNA) delivery to
macrophages, Jia et al. introduced a novel approach utiliz-
ing polyethyleneimine (PEI)-coated superparamagnetic iron
oxide nanoparticles (PEI-SPIONs) as nanocarriers for siRNA
delivery. This system aimed to safeguard the integrity and
stability of siRNA during delivery while enabling visualiza-
tion and imaging guidance. PEI, a cationic polymer, forms
nanoparticles by electrostatically binding to the strongly nega-
tively charged siRNA, thereby preventing siRNA degradation
in vivo. The efficiency of PEI-SPIONs in mediating siRNA
transfection was demonstrated in both RAW264.7 cells and
primary macrophages. The inherent phagocytosis of SPIONs
by macrophages contributed to effective siRNA transfection by
PEI-SPIONs, resulting in high transfection efficiency. Addi-
tionally, the nanocarrier possessed MRI capabilities due to the
presence of SPIONs, offering diagnostic insights.[85] These find-
ings suggest that PEI-SPIONs represent a straightforward and
efficient siRNA delivery platform for the theranostic treatment of
atherosclerosis, with a specific focus on targeting macrophages.
While several nanocarriers for siRNA delivery have been
reported, such as lipid nanoparticles,[149] exosomes,[150] chi-
tosan nanoparticles,[151] cyclodextrin nanocomposites,[152]

HDL-mimicking nanoparticles,[145] poly (𝛽-amino ester)
nanoparticles,[153] hyaluronan-based nanosystems,[154] and
cerium oxide nanowires,[155] the majority concentrate solely on
atherosclerosis therapy without integrating suitable imaging
strategies. This oversight hinders the real-time monitoring of
drug delivery in vivo and the assessment of disease progression.
Real-time monitoring, facilitated by imaging capabilities, can aid
in tailoring drug dosages for individual patients and enabling
flexible dosage adjustments to enhance therapeutic efficacy
while reducing the potential for toxicity.[156] In the context of
atherosclerosis, it is imperative and promising to explore the
amalgamation of effective nanocarriers, along with IONPs
known for their superior MRI capabilities, for the co-delivery of
siRNAs, fostering further research in the realm of theranostics.

5.3. Cytokine Therapy: Harnessing the Power of
Anti-Inflammatory Biologics

Cytokines hold an essential role in the inflammatory response
associated with atherosclerosis, making cytokine-mediated ther-
apy a compelling avenue for anti-inflammatory biological

Figure 11. a) Schematic representation of different components and actions of HDL-mimicking NPs. b) MRI images of coronal slices from BALB/c mice
injected with T1-MM100-HDL-NPs. c) In vitro comparison of the cholesterol efflux property of indicated groups. d) In vitro comparison of the antioxidant
properties of indicated groups. e) Lipid reduction profiles of BALB/c mice after being treated with MM-loaded nanostructures for 24 h. Reproduced with
permission.[61] Copyright 2020, American Chemical Society.
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intervention.[157] Anti-inflammatory cytokines, such as IL-10,
have been harnessed to exert an atheroprotective effect through
the nanotheranostic based on IONPs. Interleukin-10 (IL-10), a
versatile anti-inflammatory cytokine, inhibits the production of
inflammatory mediators by activated immune cells, thus mitigat-
ing inflammation within atherosclerotic lesions.[158] Kim et al.
encapsulated IL-10 as a therapeutic agent alongside IONPs as
an imaging agent within cRGD peptide-coupled pluronic-based
nanocarriers (NCs). These NCs were directed to atherosclerotic
plaque sites through the binding of cRGD peptides to 𝛼v𝛽3 inte-
grin, which is overexpressed in intraplaque neovascularization.
Subsequently, IL-10 was released to exert its anti-inflammatory
effects. In vitro experiments revealed a release profile character-
ized by an initial burst followed by sustained release, with no im-
pairment in the ROS scavenging capabilities of IL-10 due to the
presence of NCs. Furthermore, nanocarrier encapsulation signif-
icantly improved the pharmacokinetic properties of IL-10, result-
ing in an extended serum half-life for the cytokine. In terms of in
vivo therapeutic effects, IL10-NC treatment substantially reduced
aortic root plaque area in mice and decreased levels of IL-1𝛽, a
representative proinflammatory cytokine within plaques, thereby
promoting the resolution of inflammation (Figure 12d–g).[72]

However, it is important to note that this study did not assess
the in vivo imaging effects of IONPs.

Numerous strategies have been devised for visualizing inflam-
mation, enabling more precise and controlled anti-inflammatory
treatments for atherosclerosis. IONPs can be ingeniously cou-
pled with various polymers to create ROS-responsive activat-
able contrast agents or combined with different contrast agents
for multimodal imaging.[159] These approaches contribute to
the realization of precise image-guided cytokine-based anti-
atherosclerotic therapy. In addition, targeting prominent pro-
inflammatory cytokines like IL-1𝛽, IL-6, and TNF-𝛼, mono-
clonal antibodies with anti-inflammatory properties, such as
tocilizumab,[160] infliximab,[161] and adalimumab,[162] have also
shown promise in reducing the incidence of cardiovascular
events. Their application with IONPs is also worth exploring in
atherosclerosis.

5.4. Other Therapeutic Strategies

Among the diverse biologic therapies investigated to enhance car-
diovascular health, cell transplantation has emerged as a promi-
nent avenue, with particular emphasis on the pivotal roles of ad-
ventitial cell proliferation and migration in vascular endothelium
repair.[163] Wei et al. leveraged SPIONs to label endothelial pro-
genitor cells, which were subsequently transplanted into a rab-
bit model of atherosclerosis. This innovative approach aimed to
promote vascular repair and regeneration, guided by real-time
MRI. In comparison to conventional endothelial progenitor cell
transplantation, this method offers the potential for noninvasive

dynamic monitoring of the treatment process. It enables the op-
timization of the cell transplantation window and provides valu-
able feedback, positioning it as a promising theranostic strategy
for atherosclerosis.[86]

In another innovative study, Cohen’s group harnessed the
anti-inflammatory properties of apoptotic cells to develop li-
posomes containing iron oxide nanoparticles. These liposome
nanoparticles, by presenting phosphatidylserine on their sur-
face, mimicked apoptotic cells and transmitted death sig-
nals to macrophages. Upon recognition and phagocytosis by
macrophages, these liposomes effectively inhibited the release
of pro-inflammatory cytokines while promoting the secretion
of anti-inflammatory cytokines. Additionally, these liposomes
exhibited pro-angiogenic effects in a rat model of acute my-
ocardial infarction and were trackable via in vivo MRI.[87]

This multifaceted approach holds promise as it combines anti-
inflammatory and pro-angiogenic effects while enabling nonin-
vasive imaging for therapeutic guidance.

6. Challenges and Prospects: Navigating the Path
Ahead

In this comprehensive review, we have embarked on an in-depth
exploration of the recent strides made in theranostic nanoplat-
forms centered around iron oxide nanoparticles (IONPs) for the
treatment of atherosclerosis. Our examination has been metic-
ulously framed within the context of three distinct therapeutic
strategies: chemical therapy, physical stimulation therapy, and bi-
ological therapy. Over the past decade, IONPs have emerged as a
compelling instrument, not only for the diagnosis but also for the
treatment of atherosclerosis. Their allure in this context is under-
pinned by the escalating fascination with magnetic nanoparticles
in the realm of disease diagnosis and therapeutic intervention.
Additionally, the intrinsic attributes of magnetic nanoparticles,
such as their inherent propensity to congregate at lesion sites and
their ready uptake by macrophages, seamlessly align with the in-
tricate pathophysiology of atherosclerosis.

Within the panorama of theranostic nanomedicines that we
have scrutinized, IONPs assume the pivotal role of exceptional
magnetic resonance contrast agents. This role is nothing short
of indispensable for the real-time tracking of nanomedicine dis-
tribution and therapeutic efficacy. It furnishes a vital feedback
mechanism that empowers the fine-tuning of treatment doses
and schedules, ushering in the era of personalized medicine.
Beyond their role as mere imaging agents, IONPs contribute
an additional layer of versatility as reliable nanocarriers. They
stand as stalwart transporters for an extensive array of ther-
apeutic agents, encompassing clinical drugs, natural bioac-
tive molecules, nanozymes, photosensitizers, phase-change ma-
terials, nucleic acids, and cytokines. Their manifold advan-
tages encompass impeccable biocompatibility, facile surface

Figure 12. a) Schematic diagram of the radially symmetric transduction of LV/MNP complexes. b) Comparison between magnet configuration A (three
images above) and magnet configuration B (three images below) in circumferential lentiviral transduction. c) Immunofluorescence staining of aortic
comparing overexpression of VEGF in indicated groups. Reproduced with permission.[71] Copyright 2016, Elsevier B.V. d) Schematic diagram of the
structure of IL10-NC. e,f) Oil red O (ORO) staining of plaque and quantitative analysis showing the role in promoting plaque regression of IL10-NC. g)
Immunofluorescence staining of pro-inflammatory cytokine IL-1𝛽 showing the role in promoting inflammation resolution of IL10-NC. Reproduced with
permission.[72] Copyright 2020, Elsevier Ltd.
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Figure 13. The future challenges and uncharted territories for the development of IONP-based Atherosclerosis Theranostics.

modification, a rich assortment of synthesis methodologies, and
the capacity for scalable production. Profiting from their mag-
netic targeting prowess, IONPs guarantee the efficient con-
veyance of therapeutic payloads to the site of affliction, thereby
amplifying the therapeutic endeavor. The allure of IONPs doesn’t
stop at their role as carriers or imaging agents; their photother-
mal and magnetothermal properties cast them as potential ther-
apeutic agents in photothermal therapy (PTT) and magnetother-
mal therapy (MHT), opening new horizons for multifaceted in-
terventions in atherosclerosis.

As we stand on the precipice of an exciting era in atheroscle-
rosis theranostics, it is imperative to acknowledge the challenges
that await and to chart a course for the future. While the poten-
tial of iron oxide-based nanoparticles in diagnosing and treating
atherosclerosis is undeniable, the journey ahead is not without
hurdles. Here, in our quest for innovation and improvement, we
must acknowledge the challenges and uncharted territories that
lie ahead (Figure 13).

6.1. Combination Therapy

Combination therapy stands as a beacon of potential in the realm
of therapeutic interventions, recognized for its capacity to ele-
vate treatment outcomes. However, the landscape of IONP-based
theranostic nanomedicines has witnessed a relatively measured
exploration of this avenue. This nuanced engagement with com-
bination therapy can be attributed to several factors that merit
consideration:

6.1.1. Intricacies of Nanoplatform Integration

At the heart of the challenge lies the intricate task of seam-
lessly integrating therapeutic and diagnostic functionalities
within nanoplatforms. This intricate fusion has the poten-
tial to introduce complexities into the synthesis, characteriza-
tion, and pharmacokinetics of nanomedicines. The multifaceted
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nature of these systems necessitates meticulous attention to
detail.

6.1.2. Striving for Efficiency

Effective combination therapies should be characterized by max-
imal therapeutic efficiency achieved through minimal compo-
nents. This efficiency-driven approach underscores the impor-
tance of leveraging multifunctional molecules that can fulfill
multiple roles within the nanoplatform. Such molecules can
streamline the complexity of nanosystems while preserving their
therapeutic efficacy.

6.1.3. Innovative Strategies

To navigate the complexities and intricacies inherent in the
convergence of therapeutic and diagnostic functions, innovative
strategies are imperative. These strategies should seek to strike a
harmonious balance between the multifaceted nature of nanosys-
tems and the imperative of achieving therapeutic efficacy. The de-
velopment of novel approaches and multifunctional molecules is
essential in this pursuit.

6.2. Precise Targeting

Achieving precision targeting is paramount in the endeavor to
concentrate nanomedicines precisely at the hallowed grounds
of atherosclerotic plaque sites. While single-ligand targeting has
showcased promise within the controlled confines of in vitro ex-
perimentation, its translation to in vivo applicability confronts
formidable biological barriers that demand innovative solutions.
Here, we delve into the complexities of precision targeting and
the strategies that offer a glimpse into its attainment:

6.2.1. Overcoming Biological Barriers

The formidable biological barriers that guard atherosclerotic
plaque sites pose a significant challenge to the success of tar-
geting strategies. To overcome these hurdles, one promising ap-
proach is the fusion of a cell membrane coating with a targeting
ligand. This ingenious stratagem capitalizes on the cell’s natural
camouflage, allowing the nanomedicine to navigate biological de-
fenses with greater finesse.

6.2.2. Multifaceted Ligand Deployment

Another avenue to enhance precision targeting involves
the strategic deployment of multiple ligands on the sur-
faces of nanomedicines. This multifaceted approach equips
nanomedicines with an arsenal of targeting mechanisms,
increasing their chances of breaching the biological barri-
ers. By orchestrating the concerted efforts of diverse ligands,
nanomedicine can augment its accumulation at plaque sites,
enhancing its therapeutic impact.

6.2.3. Unlocking Multimodal Targeting

Precision diagnosis of atherosclerotic plaques at various stages
emerges as a promising vista. This can be achieved by orches-
trating the targeting of diverse markers or multiple targets on
the same cellular canvas. Multimodal targeting strategies en-
able the nanomedicine to discern the nuanced characteristics of
plaques, facilitating their precise diagnosis across different stages
of atherosclerosis.

6.3. Long-Term Safety and Efficacy

The pursuit of IONP-based theranostic nanomedicines is under-
pinned by a commitment to patient safety and long-term efficacy.
As these innovative nanosystems progress toward clinical appli-
cation, several considerations and challenges must be addressed:

6.3.1. Comprehensive Long-Term Studies

Rigorous and comprehensive long-term studies are indispens-
able to assess the safety and efficacy of IONP-based theranos-
tic nanomedicines. These studies should span extended periods,
tracking the fate of nanoparticles within the body. It is essential
to monitor potential adverse effects, evaluate nanoparticle clear-
ance pathways, and gain insights into their long-term behavior
in various tissues.

6.3.2. Chronic Exposure and Toxicity

Persistent exposure to nanoparticles raises legitimate concerns
necessitating thorough examination. Although short-term stud-
ies have showcased the commendable biocompatibility of IONPs,
their long-term behavior and effects may deviate. It is impera-
tive to conduct comprehensive assessments to gauge the poten-
tial accumulation of nanoparticles within organs or tissues and
to ascertain any related toxicities, as these factors are pivotal in
ensuring long-term safety.

6.3.3. Immunogenic Responses

Comprehending the immunogenic responses triggered by
IONP-based nanomedicines is of paramount importance. The
immune system’s reaction to nanoparticles can evolve, possibly
giving rise to unforeseen responses or sensitization. Therefore, a
thorough exploration of immunogenicity dynamics and the for-
mulation of strategies to mitigate adverse immune reactions are
essential.

6.3.4. Patient-Specific Considerations

Acknowledging the potential variability in patient responses to
IONP-based theranostic nanomedicines is pivotal. Customiz-
ing treatment plans and monitoring strategies to accommodate
these individual differences forms an integral component of the
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long-term safety and efficacy framework. The sustained safety
and effectiveness of these nanosystems are likely to require an it-
erative refinement process. As data accumulates and insights sur-
face from clinical applications, nanoplatforms can be fine-tuned,
and safety profiles can be further improved.

6.4. Biodegradability and Clearance

The mechanisms of excretion and the biodegradability for
nanoparticles are highly concerned by regulatory bodies and
could significantly impact the preclinical and clinical develop-
ment of nanotheranostics. Especially for IONPs, the potential
side effects of themselves and their biodegradation products
make evaluating their biodegradability and understanding their
clearance pathways in vivo an indispensable aspect and a central
challenge. This section briefly discusses the following aspects:

6.4.1. Biodistribution and Clearance Mechanism of Iron
Oxide-Based Nanoparticles

According to previous research, most IONPs administered sys-
temically are mainly absorbed by the mononuclear phagocytic
system (MPS), and accumulate in the liver and spleen. IONPs are
taken up into Kupffer cells of the liver sinusoid and macrophages
of the splenic red pulp through endocytosis.[164] Their biodegra-
dation mechanism is thought to be analogous to the metabolism
of ferritin. After being internalized by cells, IONPs are digested
by lysosomal enzymes to release iron ions. Subsequently, excess
iron ions are regulated by various clearance mechanisms in vivo,
stored or utilized.[165] Furthermore, research has also shown that
when the iron content of the body exceeds the available apofer-
ritin, it tends to form small insoluble aggregates in liver cells
and slowly release iron ions.[166] Additionally, another metabolic
pathway is direct and rapid excretion through the kidneys, but
this usually requires the particle size of nanoparticles to be be-
low 10 nm.

6.4.2. Balancing the Design and Demand

Many factors can affect the biological distribution and degrada-
tion of IONPs or IONPs-based nanotheranostics, including size
and shape, surface charge, coating molecules, targeting and ad-
ministration approaches, etc.[167] These factors are carefully con-
sidered to design and optimize the biodistribution and metabolic
pathways of nanoparticles. Notably, although rapid elimination is
a safer and simpler strategy, many nanomedicines are designed
to obtain a longer circulation time, accumulate in diseased tis-
sues, and gradually degrade, which is also reflected in many con-
verted clinical drugs.[168] This indicates that nanotheranostics de-
veloped for clinical conversion need to optimize degradation and
clearance rates to match retention time with the actual demand.

6.4.3. Performing the Cohort Study

With the development of tools such as data mining and deep
learning, studying and analyzing a large amount of research data

on the biodegradation and clearance of IONPs to obtain pre-
dictive results on the biological metabolic pathways of designed
nanoparticles may be a potential method. For example, based on
the three dimensions of IONPs properties (such as size, shape,
surface characteristics, etc.), disease type and stage, and animal
species, existing results are stratified, and a model that can pre-
dict the metabolic parameters of IONPs is established through
continuous optimization. For clinical applications, this method
contributes to optimizing the design of nanoparticles and select-
ing appropriate administration frequencies and doses, to mini-
mize the potential harm caused by IONPs and their biodegrada-
tion products. Achieving this idea is established on the data of
a large number of experimental cohort studies, so at this stage,
more experiments on the in vivo degradation and clearance of
IONPs are worth promoting and encouraging.

6.5. Clinical Translation and Regulatory Challenges

The translation of theranostic nanosystems from promising pre-
clinical results to clinical reality presents multifaceted challenges
and requires a concerted effort from various stakeholders. Here,
we delve into the intricacies of clinical translation and the reg-
ulatory landscape, acknowledging the hurdles and opportunities
they encompass:

6.5.1. Navigating Regulatory Pathways

The journey from preclinical research to clinical trials and even-
tual FDA approval is akin to breaching a formidable citadel. Ther-
anostic nanosystems, with their multifaceted nature, introduce
complexities that demand careful consideration. Conventional
regulatory frameworks must evolve to encompass the conver-
gence of diagnostics and therapeutics within a single nanoplat-
form. Establishing a nuanced regulatory framework that bridges
these domains is paramount.

6.5.2. Comprehensive Evaluation

The inherent complexity of theranostic nanosystems, compris-
ing multiple components with intricate physical and chemi-
cal profiles, necessitates meticulous characterization and com-
prehensive evaluations. These evaluations encompass biocom-
patibility assessments, potential immunogenic responses, and
the specter of adverse effects. Establishing independent and all-
encompassing evaluation criteria for nanoparticle biosafety is an
urgent need, especially in the realm of composite nanosystems.

6.5.3. Innovation Crucible

The crucible of innovation beckons in the domains of nanoparti-
cle design, therapeutic efficacy, and biosafety assessments. Con-
tinued innovation is indispensable in propelling nanomedicine
closer to its tryst with clinical realization. Novel approaches to en-
hance therapeutic efficacy, improve targeting precision, and mit-
igate potential risks will be pivotal.
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6.5.4. Collaborative Efforts

The successful clinical translation of theranostic nanosystems
necessitates close collaboration among scientists, clinicians, reg-
ulatory authorities, and policymakers. Interdisciplinary coopera-
tion can align their efforts to create a streamlined approval pro-
cess. Ongoing dialogue and information sharing can help in
crafting flexible regulatory strategies that accommodate the dis-
tinct characteristics of theranostic nanosystems.

6.5.5. Compliance and Pioneering

Straddling the boundary of diagnostics and therapeutics neces-
sitates both compliance with existing regulations and the pio-
neering of new ones tailored to the distinctive characteristics of
these nanosystems. Ensuring adherence to established regula-
tory guidelines while actively participating in the creation of novel
frameworks is a formidable but essential task.

6.6. Cost and Accessibility

The considerations of cost and accessibility are central factors
in determining the real-world impact and adoption of theranos-
tic nanosystems. To ensure that these advanced treatments con-
tribute meaningfully to healthcare, several key aspects must be
addressed:

6.6.1. Cost-Effective Manufacturing

Developing cost-effective manufacturing processes for theranos-
tic nanosystems is imperative. Innovative techniques, economies
of scale, and efficient production methods should be explored
to reduce production costs. Collaboration between academia, in-
dustry, and regulatory bodies can facilitate the development of
streamlined and affordable manufacturing processes.

6.6.2. Affordability for Patients

Making theranostic nanosystems financially accessible to pa-
tients is essential. Strategies such as price regulation, insurance
coverage, and subsidies can help alleviate the financial burden
on individuals. Additionally, partnerships between pharmaceuti-
cal companies and healthcare providers can lead to cost-sharing
models that enhance affordability.

6.6.3. Global Accessibility

Ensuring global accessibility to theranostic nanomedicines is a
paramount goal. Addressing disparities in access between devel-
oped and developing regions is essential. International collabora-
tions, technology transfer initiatives, and partnerships with orga-
nizations dedicated to global health equity can help bridge these
gaps.

6.6.4. Resource Allocation

Healthcare systems and policymakers should allocate resources
strategically to integrate theranostic nanomedicines into stan-
dard care pathways. Investments in research, infrastructure, and
workforce training are necessary to build the foundation for their
effective utilization.

6.6.5. Health Economics Research

Conducting health economics research is critical to evaluat-
ing the cost-effectiveness of theranostic nanosystems. Analyz-
ing their long-term benefits, including reduced hospitalization
and improved patient outcomes, can provide evidence to support
their inclusion in healthcare budgets.

6.6.6. Regulatory Incentives

Regulatory agencies can play a role in incentivizing the devel-
opment and affordability of theranostic nanosystems. Expedited
approval processes, fast-track designations, and orphan drug sta-
tus for specific applications can encourage innovation and cost-
conscious development.

6.6.7. Public-Private Partnerships

Collaborations between public and private sectors can drive af-
fordability and accessibility. Joint initiatives that combine gov-
ernment funding, industry expertise, and academic research
can accelerate the development and deployment of theranostic
nanomedicines.

6.6.8. Education and Awareness

Educating healthcare providers, policymakers, and the public
about the benefits and cost-effectiveness of theranostic nanosys-
tems is essential. Robust communication and awareness cam-
paigns can help garner support and foster understanding.

In conclusion, theranostic nanoplatforms anchored in IONPs
hold immense promise in the realm of atherosclerosis diagnosis
and treatment. They are the vanguard of personalized medicine,
offering the potential for enhanced therapeutic outcomes and
real-time monitoring of disease progression. As we continue to
explore and refine these nanosystems, addressing the challenges
and limitations we have illuminated will be the crucible in which
their full potential is unlocked. These challenges, formidable
though they may be, are stepping stones on our path to harness-
ing the transformative power of theranostic nanosystems. We are
poised at the threshold of a new era in atherosclerosis theranos-
tics, where science, innovation, and clinical application converge
to redefine patient care and well-being.

Acknowledgements
S.W. and H.H. equally contributed to this work. This work was supported
by the National Natural Science Foundation of China (No. 82202321,
61821002, and 51832001); National Key Research and Development Pro-
gram of China (No. 2022YFF0710800); and The Natural Science Founda-
tion of Jiangsu Province (Grants No BK20222002).

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (31 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Conflict of Interest
The authors declare no conflict of interest.

Keywords
atherosclerosis, iron oxide nanoparticles, nanomedicines, theranostics

Received: November 1, 2023
Revised: February 6, 2024

Published online: February 17, 2024

[1] a) C. W. Tsao, A. W. Aday, Z. I. Almarzooq, C. A. M. Anderson,
P. Arora, C. L. Avery, C. M. Baker-Smith, A. Z. Beaton, A. K.
Boehme, A. E. Buxton, Y. Commodore-Mensah, M. S. V. Elkind, K.
R. Evenson, C. Eze-Nliam, S. Fugar, G. Generoso, D. G. Heard, S.
Hiremath, J. E. Ho, R. Kalani, D. S. Kazi, D. Ko, D. A. Levine, J.
Liu, J. Ma, J. W. Magnani, E. D. Michos, M. E. Mussolino, S. D.
Navaneethan, N. I. Parikh, et al., Circulation 2023, 147, e93; b) S.
Jebari-Benslaiman, U. Galicia-Garcia, A. Larrea-Sebal, J. R. Olaetxea,
I. Alloza, K. Vandenbroeck, A. Benito-Vicente, C. Martin, Int. J. Mol.
Sci. 2022, 23, 3346.

[2] a) A. Mantovani, S. Ballestri, A. Lonardo, G. Targher, Dig. Dis. Sci.
2016, 61, 1246; b) P. Libby, G. Pasterkamp, F. Crea, I. K. Jang, Circ.
Res. 2019, 124, 150; c) E. Falk, M. Nakano, J. F. Bentzon, A. V. Finn, R.
Virmani, Eur. Heart J. 2013, 34, 719; d) C. Banerjee, M. I. Chimowitz,
Circ. Res. 2017, 120, 502.

[3] W. Sugamata, T. Nakamura, M. Uematsu, Y. Kitta, D. Fujioka, Y.
Saito, K. Kawabata, J. E. Obata, Y. Watanabe, K. Watanabe, K.
Kugiyama, J. Cardiol. 2014, 64, 179.

[4] J. Chen, X. Zhang, R. Millican, J. Sherwood, S. Martin, H. Jo, Y. S.
Yoon, B. C. Brott, H. W. Jun, Adv. Drug Deliv. Rev. 2021, 170, 142.

[5] Y. Song, H. Jing, L. B. Vong, J. Wang, N. Li, Chin. Chem. Lett. 2022,
33, 1705.

[6] C. J. Rice, S.-M. Cho, A. Taqui, N. Z. Moore, A. M. Witek, M. D. Bain,
K. Uchino, Neurosurgery 2019, 85, 656.

[7] T. Hu, J. Yang, K. Cui, Q. Rao, T. Yin, L. Tan, Y. Zhang, Z. Li, G. Wang,
ACS Appl. Mater. Interfaces 2015, 7, 11695.

[8] a) L. C. Ou, S. Zhong, J. S. Ou, J. W. Tian, Acta Pharmacol. Sin.
2021, 42, 10; b) T. Dai, W. He, C. Yao, X. Ma, W. Ren, Y. Mai, A.
Wu, Biomater. Sci. 2020, 8, 3784; c) I. Cicha, S. Lyer, C. Alexiou, C.
D. Garlichs, Nanotechnol. Rev. 2013, 2, 449; d) W. Zhu, Z. Q. Wei,
C. Han, X. S. Weng, Nanomaterials 2021, 11, 3346; e) Z. F. Pei, H.
L. Lei, L. Cheng, Chem. Soc. Rev. 2023, 52, 2031; f) J. Y. Wang, Y. Fu,
Z. H. Gu, H. Pan, P. Y. Zhou, Q. Gan, Y. Yuan, C. S. Liu, Small 2023,
20, 2303773; g) X. Y. Wong, A. Sena-Torralba, R. Alvarez-Diduk, K.
Muthoosamy, A. Merkoçi, ACS Nano 2020, 14, 2585; h) K. Guo, N.
Y. Xiao, Y. X. Liu, Z. M. Wang, J. Toth, J. Gyenis, V. K. Thakur, A.
Oyane, Q. T. H. Shubhra, Nano Mater. Sci. 2022, 4, 295; i) E. K. Lim,
T. Kim, S. Paik, S. Haam, Y. M. Huh, K. Lee, Chem. Rev. 2015, 115,
327; j) C. Wei, Z. Y. Jiang, C. C. Li, P. F. Li, Q. R. Fu, Adv. Funct. Mater.
2023, 33, 2214655; k) H. Y. Huang, J. F. Lovell, Adv. Funct. Mater.
2017, 27, 1603524; l) P. S. Zhang, Y. Y. Li, W. Tang, J. Zhao, L. H.
Jing, K. J. McHugh, Nano Today 2022, 42, 101335; m) C. Y. Tay, M. S.
Muthu, S. L. Chia, K. T. Nguyen, S. S. Feng, D. T. Leong, Adv. Funct.
Mater. 2016, 26, 4046; n) W. B. Jiao, T. B. Zhang, M. L. Peng, J. B.
Yi, Y. He, H. M. Fan, Biosensors-Basel 2022, 12, 38; o) Y. Wang, K.
Zhang, X. Qin, T. H. Li, J. H. Qiu, T. Y. Yin, J. L. Huang, S. McGinty,
G. Pontrelli, J. Ren, Q. W. Wang, W. Wu, G. X. Wang, Adv. Sci. 2019,
6, 1900172; p) Y. Wang, K. Zhang, T. H. Li, A. Maruf, X. Qin, L. Luo,
Y. Zhong, J. H. Qiu, S. McGinty, G. Pontrelli, X. L. Liao, W. Wu, G.
X. Wang, Theranostics 2021, 11, 164; q) X. Qin, K. Zhang, J. Qiu, N.

Wang, K. Qu, Y. Cui, J. Huang, L. Luo, Y. Zhong, T. Tian, W. Wu, Y.
Wang, G. Wang, Bioact. Mater. 2022, 9, 397; r) A. Maruf, Y. Wang,
T. Y. Yin, J. L. Huang, N. Wang, C. Durkan, Y. H. Tan, W. Wu, G. X.
Wang, Adv. Healthcare Mater. 2019, 8, 1900036.

[9] G. Lin, M. Zhang, Acc. Chem. Res. 2023, 56, 1578.
[10] Y. Yang, Y. Liu, L. Song, X. Cui, J. Zhou, G. Jin, A. R. Boccaccini, S.

Virtanen, Trends Biotechnol. 2023, 41, 1471.
[11] a) S. M. Dadfar, K. Roemhild, N. I. Drude, S. von Stillfried, R.

Knuchel, F. Kiessling, T. Lammers, Adv. Drug Deliv. Rev. 2019, 138,
302; b) R. Jin, B. Lin, D. Li, H. Ai, Curr. Opin. Pharmacol. 2014, 18,
18; c) A. P. Khandhar, R. M. Ferguson, H. Arami, K. M. Krishnan,
Biomaterials 2013, 34, 3837; d) E. A. Périgo, G. Hemery, O. Sandre,
D. Ortega, E. Garaio, F. Plazaola, F. J. Teran, Appl. Phys. Rev. 2015, 2,
041302. e) C. Tassa, S. Y. Shaw, R. Weissleder, Acc. Chem. Res. 2011,
44, 842.

[12] A. S. Thakor, J. V. Jokerst, P. Ghanouni, J. L. Campbell, E. Mittra, S.
S. Gambhir, J. Nucl. Med. 2016, 57, 1833.

[13] a) X. Zhang, F. Centurion, A. Misra, S. Patel, Z. Gu, Adv. Drug Deliv.
Rev. 2023, 194, 114709; b) X. Bao, Y. Mao, G. Si, L. Kang, B. Xu, N.
Gu, Nano Res. 2023, 16, 12453.

[14] R. Pala, S. Pattnaik, S. Busi, S. M. Nauli, Pharmaceutics 2021, 13,
348.

[15] a) J. Y. Huang, K. Zhang, R. L. Du, W. L. Liu, H. J. Zhang, T. Tian,
Y. Z. Wang, G. X. Wang, T. Y. Yin, Genes & Diseases 2023, 10, 1956.
b) K. Qu, C. H. Wang, L. Huang, X. Qin, K. Zhang, J. H. Qiu, G.
X. Wang, APL Bioeng. 2023, 7, 036104; c) T. H. Li, J. H. Qiu, T.
T. Jia, Y. M. Liang, K. Zhang, W. H. Yan, Z. J. Hou, S. W. Yang, L.
S. Liu, W. H. Xiong, Y. K. Chen, G. X. Wang, Genes Dis. 2022, 9,
1701.

[16] a) S. Zhang, Y. Liu, Y. Cao, S. Zhang, J. Sun, Y. Wang, S. Song, H.
Zhang, Adv. Mater. 2022, 34, 2110660; b) J. L. Witztum, D. Steinberg,
Trends Cardiovasc. Med. 2001, 11, 93.

[17] a) C. L. Ramos, Y. Q. Huo, U. S. Jung, S. Ghosh, D. R. Manka, I. J.
Sarembock, K. Ley, Circ. Res. 1999, 84, 1237; b) P. da Costa Martins,
J. J. Garcia-Vallejo, J. V. van Thienen, M. Fernandez-Borja, J. M. van
Gils, C. Beckers, A. J. Horrevoets, P. L. Hordijk, J. J. Zwaginga, Arte-
rioscler. Thromb. Vasc. Biol. 2007, 27, 1023.

[18] a) K. J. Moore, I. Tabas, Cell 2011, 145, 341; b) K. J. Moore, M.
W. Freeman, Arterioscler. Thromb. Vasc. Biol. 2006, 26, 1702; c)
K. Sakakura, M. Nakano, F. Otsuka, E. Ladich, F. D. Kolodgie, R.
Virmani, Heart Lung Circ. 2013, 22, 399.

[19] M. O. J. Grootaert, M. R. Bennett, Cardiovasc. Res. 2021, 117, 2326.
[20] P. Z. P. Sherif F Louis PhD, Exp. Clin. Cardiol. 2010, 15, 75.
[21] L. P. Bao, Y. K. Li, S. X. Deng, D. Landry, I. Tabas, J. Biol. Chem. 2006,

281, 33635.
[22] a) M. F. Linton, V. R. Babaev, J. S. Huang, E. F. Linton, H. Tao, P. G.

Yancey, Circ. J. 2016, 80, 2259; b) X. Shi, J. Gao, Q. S. Lv, H. D. Cai, F.
Wang, R. D. Ye, X. F. Liu, Front. Physiol. 2020, 11, 56; c) N. X. Chen,
K. D. O’Neill, S. M. Moe, Kidney Int. 2018, 93, 343; d) S. E. New,
C. Goettsch, M. Aikawa, J. F. Marchini, M. Shibasaki, K. Yabusaki, P.
Libby, C. M. Shanahan, K. Croce, E. Aikawa, Circ. Res. 2013, 113, 72.

[23] J. F. Bentzon, F. Otsuka, R. Virmani, E. Falk, Circ. Res. 2014, 114,
1852.

[24] L. Badimon, G. Vilahur, J. Intern. Med. 2014, 276, 618.
[25] B. Thanvi, T. Robinson, Postgrad. Med. J. 2007, 83, 95.
[26] a) W. Li, K. M. Gonzalez, J. Chung, M. Kim, J. Lu, Biomater. Sci. 2022,

10, 5459; b) K. S. Kim, C. G. Song, P. M. Kang, Antioxid. Redox. Signal
2019, 30, 733.

[27] a) C. Hu, K. Peng, Q. Wu, Y. Wang, X. Fan, D.-M. Zhang, A. G.
Passerini, C. Sun, Theranostics 2021, 11, 5605; b) Y. Luo, J. Feng,
Q. Xu, W. Wang, X. Wang, Circ. Res. 2016, 118, 944; c) J. Noonan,
S. M. Asiala, G. Grassia, N. MacRitchie, K. Gracie, J. Carson, M.
Moores, M. Girolami, A. C. Bradshaw, T. J. Guzik, G. R. Meehan, H.
E. Scales, J. M. Brewer, I. B. McInnes, N. Sattar, K. Faulds, P. Garside,
D. Graham, P. Maffia, Theranostics 2018, 8, 6195.

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (32 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[28] K. Thayse, N. Kindt, S. Laurent, S. Carlier, Exp. Biol. Med. (Basel)
2020, 9, 368.

[29] a) W. Xu, S. Zhang, Q. Zhou, W. Chen, Artif. Cells Nanomed. Biotech-
nol. 2019, 47, 2440; b) Y. Zhong, X. Qin, Y. Wang, K. Qu, L. Luo, K.
Zhang, B. Liu, E. Obaid, W. Wu, G. Wang, ACS Appl. Mater. Interfaces
2021, 13, 33862.

[30] W. Chen, M. Schilperoort, Y. Cao, J. Shi, I. Tabas, W. Tao, Nat. Rev.
Cardiol. 2022, 19, 228.

[31] a) S. F. Nie, J. Zhang, R. Martinez-Zaguilan, S. Sennoune, M. N.
Hossen, A. H. Lichtenstein, J. Cao, G. E. Meyerrose, R. Paone, S.
Soontrapa, Z. Y. Fan, S. Wang, J. Controlled Release 2015, 220, 61; b)
H. Y. Shu, Y. Z. Peng, W. J. Hang, J. L. Nie, N. Zhou, D. W. Wang,
Cardiovasc. Res. 2022, 118, 115; c) J. J. Liu, B. Zhou, Y. L. Guo, A. M.
Zhang, K. Yang, Y. He, J. B. Wang, Y. S. Cheng, D. X. Cui, ACS Appl.
Mater. Interfaces 2021, 13, 29349.

[32] a) H. Yang, C. Liu, Y. J. Wu, M. Yuan, J. R. Huang, Y. H. Xia, Q. J.
Ling, P. R. Hoffmann, Z. Huang, T. F. Chen, Nano Today 2022, 42,
101351; b) H. L. He, Q. G. Han, S. Wang, M. M. Long, M. Zhang, Y.
Li, Y. Zhang, N. Gu, ACS Nano 2023, 17, 14555.

[33] a) Q. Ma, S. J. Wu, L. Yang, Y. H. Wei, C. Y. He, W. S. Wang, Y. X. Zhao,
Z. J. Wang, S. W. Yang, D. M. Shi, Y. Y. Liu, Z. M. Zhou, J. F. Sun, Y.
J. Zhou, Adv. Sci. 2023, 10, 2202416; b) J. H. He, W. L. Zhang, X. J.
Zhou, F. F. Xu, J. H. Zou, Q. Q. Zhang, Y. Zhao, H. L. He, H. Yang, J.
P. Liu, Bioact. Mater. 2023, 19, 115; c) J. Hartman, W. H. Frishman,
Cardiol. Rev. 2014, 22, 147.

[34] a) Y. Wang, Y. Zhang, Z. Wang, J. Zhang, R. R. Qiao, M. Xu, N. Yang,
L. Gao, H. Qiao, M. Gao, F. Cao, Biomaterials 2019, 219, 119378; b)
G. Chinetti-Gbaguidi, S. Colin, B. Staels, Nat. Rev. Cardiol. 2015, 12,
10.

[35] B. Y. Gao, J. S. Xu, J. Zhou, H. Zhang, R. Yang, H. Wang, J. B. Huang,
F. Yan, Y. Luo, Nanoscale 2021, 13, 8623.

[36] a) G. Y. Lee, J. H. Kim, K. Y. Choi, H. Y. Yoon, K. Kim, I. C. Kwon, K.
Choi, B. H. Lee, J. H. Park, I. S. Kim, Biomaterials 2015, 53, 341; b)
S. H. Nasr, A. Tonson, M. H. El-Dakdouki, D. C. Zhu, D. Agnew, R.
Wiseman, C. Q. Qan, X. F. Huang, ACS Appl. Mater. Interfaces 2018,
10, 11495.

[37] W. Tong, H. Hui, W. T. Shang, Y. Q. Zhang, F. Tian, Q. Ma, X. Yang,
J. Tian, Y. D. Chen, Theranostics 2021, 11, 506.

[38] S. H. Zhang, W. Xu, P. Gao, W. L. Chen, Q. Zhou, Artif. Cells
Nanomed. Biotechnol. 2020, 48, 169.

[39] a) P. M. Winter, S. D. Caruthers, H. Zhang, T. A. Williams, S. A.
Wickline, G. M. Lanza, JACC Cardiovasc. Imaging 2008, 1, 624; b)
P. M. Winter, A. M. Neubauer, S. D. Caruthers, T. D. Harris, J. D.
Robertson, T. A. Williams, A. H. Schmieder, G. Hu, J. S. Allen, E. K.
Lacy, H. Zhang, S. A. Wickline, G. M. Lanza, Arterioscler., Thromb.,
Vasc. Biol. 2006, 26, 2103.

[40] a) C. Baaten, M. Nagy, W. Bergmeier, H. M. H. Spronk, P. E. J. van
der Meijden, Eur. Heart J. 2023, 45, 18; b) H. Nording, L. Baron, H.
F. Langer, Atherosclerosis 2020, 307, 97.

[41] L. Wang, C. J. Tang, Int. J. Mol. Sci. 2020, 21, 9760.
[42] K. Metzger, S. Vogel, M. Chatterjee, O. Borst, P. Seizer, T.

Schönberger, T. Geisler, F. Lang, H. Langer, J. Rheinlaender, T. E.
Schäffer, M. Gawaz, Biomaterials 2015, 36, 80.

[43] a) B. Van der Veken, G. R. Y. De Meyer, W. Martinet, Expert Opin.
Ther. Targets 2016, 20, 1247; b) C. Gialeli, A. Shami, I. Goncalves,
Curr. Opin. Lipidol. 2021, 32, 277.

[44] a) S. A. Dabravolski, V. A. Khotina, A. V. Omelchenko, V. A. Kalmykov,
A. N. Orekhov, Int. J. Mol. Sci. 2022, 23, 931; b) Z. J. Li, Q. Wang, H.
S. Jing, X. H. Luo, L. F. Du, Y. R. Duan, ACS Appl. Nano Mater. 2021,
4, 11554.

[45] a) G. Fredman, N. Kamaly, S. Spolitu, J. Milton, D. Ghorpade, R.
Chiasson, G. Kuriakose, M. Perretti, O. Farokzhad, I. Tabas, Sci.
Transl. Med. 2015, 7, 275ra20; b) G. Voicu, C. A. Mocanu, F. Safciuc,
M. Anghelache, M. Deleanu, S. Cecoltan, M. Pinteala, C. M. Uritu,

I. Droc, M. Simionescu, I. Manduteanu, M. Calin, Mater. Today Bio
2023, 20, 100620; c) Y. M. Dong, H. W. Chen, C. Chen, X. F. Zhang,
X. Tian, Y. Y. Zhang, Z. Shi, Q. Liu, J. Biomed. Nanotechnol. 2016, 12,
1245.

[46] a) Z. Zhao, M. Li, J. Zeng, L. Huo, K. Liu, R. Wei, K. Ni, J. Gao, Bioact.
Mater. 2022, 12, 214; b) D. Liu, H. L. He, F. Kong, Y. X. Cao, F. C.
Zang, M. Ma, N. Gu, Y. Zhang, Nano Today 2022, 47, 101689; c) F.
Kong, H. Bai, M. Ma, C. Wang, H. Xu, N. Gu, Y. Zhang, Nano Today
2021, 37, 101106; d) J. Y. Sheng, Y. Liu, H. Ding, L. Y. Wu, L. Liu,
G. X. Si, Y. Shen, F. Yang, N. Gu, Adv. Healthcare Mater. 2023, 12,
2301232; e) X. Liu, Y. Li, Y. X. Sun, B. Chen, W. X. Du, Y. H. Li, N.
Gu, Biomaterials 2022, 290, 121862; f) J. Li, Y. Zhang, Z. C. Lou, M.
X. Li, L. Cui, Z. R. Yang, L. J. Zhang, Y. Zhang, N. Gu, F. Yang, Small
2022, 18, 2201123; g) M. X. Li, J. Li, J. P. Chen, Y. Liu, X. Cheng, F.
Yang, N. Gu, ACS Nano 2020, 14, 2024; h) S. Yan, K. Hu, M. Zhang,
J. Y. Sheng, X. Q. Xu, S. J. Tang, Y. Li, S. Yang, G. X. Si, Y. Mao, Y.
Zhang, F. M. Zhang, N. Gu, Bioact. Mater. 2023, 19, 418; i) N. Gu,
Z. H. Zhang, Y. Li, Nano Res. 2022, 15, 1.

[47] K. X. Vazquez-Prada, J. Lam, D. Kamato, Z. P. Xu, P. J. Little, H. T. Ta,
Arterioscler. Thromb. Vasc. Biol. 2021, 41, 601.

[48] Z. H. Zhao, Z. J. Zhou, J. F. Bao, Z. Y. Wang, J. Hu, X. Q. Chi, K. Y.
Ni, R. F. Wang, X. Y. Chen, Z. Chen, J. H. Gao, Nat. Commun. 2013,
4, 2266.

[49] Y. Bao, J. A. Sherwood, Z. Sun, J. Mater. Chem. C 2018, 6, 1280.
[50] M. Jeon, M. V. Halbert, Z. R. Stephen, M. Q. Zhang, Adv. Mater.

2021, 33, 1906539.
[51] J. Talev, J. R. Kanwar, Semin. Thromb. Hemost. 2020, 46, 553.
[52] C. C. Lu, P. L. Dong, L. Pi, Z. J. Wang, H. X. Yuan, H. Y. Liang, D. G.

Ma, K. Y. Chai, Langmuir 2019, 35, 9474.
[53] M. E. Kooi, V. C. Cappendijk, K. Cleutjens, A. G. H. Kessels, P.

Kitslaar, M. Borgers, P. M. Frederik, M. Daemen, J. M. A. van
Engelshoven, Circulation 2003, 107, 2453.

[54] a) M. Anghelache, M. Turtoi, A. R. Petrovici, A. Fifere, M. Pinteala, M.
Calin, Pharmaceutics 2021, 13, 1414; b) M. Qin, M. J. Xu, D. Huang,
Y. Wei, Y. F. Meng, W. Y. Chen, Prog. Chem. 2020, 32, 1264.

[55] C. Wang, X. Q. Sun, L. Cheng, S. N. Yin, G. B. Yang, Y. G. Li, Z. Liu,
Adv. Mater. 2014, 26, 4794.

[56] G. Stepien, M. Moros, M. Pérez-Hernández, M. Monge, L.
Gutiérrez, R. M. Fratila, M. d. las Heras, S. Menao Guillén, J. J.
Puente Lanzarote, C. Solans, J. Pardo, J. M. de la Fuente, ACS Appl.
Mater. Interfaces 2018, 10, 4548.

[57] C.-M. J. Hu, L. Zhang, S. Aryal, C. Cheung, R. H. Fang, L. Zhang,
Proc. Natl. Acad. Sci. USA 2011, 108, 10980.

[58] N. Elahi, M. Rizwan, Artif. Organs 2021, 45, 1272.
[59] A. H. Lu, E. L. Salabas, F. Schuth, Angew. Chem., Int. Ed. Engl. 2007,

46, 1222.
[60] Z. Nemati, J. Alonso, I. Rodrigo, R. Das, E. Garaio, J. Á. García, I.

Orue, M.-H. Phan, H. Srikanth, J. Phys. Chem. C 2018, 122, 2367.
[61] B. Banik, B. Surnar, B. W. Askins, M. Banerjee, S. Dhar, ACS Appl.

Mater. Interfaces 2020, 12, 6852.
[62] K. Oumzil, M. A. Ramin, C. Lorenzato, A. Hémadou, J. Laroche, M. J.

Jacobin-Valat, S. Mornet, C.-E. Roy, T. Kauss, K. Gaudin, G. Clofent-
Sanchez, P. Barthélémy, Bioconjugate Chem. 2016, 27, 569.

[63] Y. Liu, Y. Wu, R. Zhang, J. Lam, J. C. Ng, Z. P. Xu, L. Li, H. T. Ta, ACS
Appl. Bio Mater. 2019, 2, 5930.

[64] L. L. Ma, M. D. Feldman, J. M. Tam, A. S. Paranjape, K. K. Cheruku,
T. A. Larson, J. O. Tam, D. R. Ingram, V. Paramita, J. W. Villard,
J. T. Jenkins, T. Wang, G. D. Clarke, R. Asmis, K. Sokolov, B.
Chandrasekar, T. E. Milner, K. P. Johnston, ACS Nano 2009, 3,
2686.

[65] M. Ye, J. Zhou, Y. X. Zhong, J. Xu, J. X. Hou, X. Y. Wang, Z. G. Wang,
D. J. Guo, ACS Appl. Mater. Interfaces 2019, 11, 9702.

[66] M. Liang, H. Tan, J. Zhou, T. Wang, D. Duan, K. Fan, J. He, D. Cheng,
H. Shi, H. S. Choi, X. Yan, ACS Nano 2018, 12, 9300.

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (33 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[67] J. Pellico, I. Fernandez-Barahona, J. Ruiz-Cabello, L. Gutierrez, M.
Munoz-Hernando, M. J. Sanchez-Guisado, I. Aiestaran-Zelaia, L.
Martinez-Parra, I. Rodriguez, J. Bentzon, F. Herranz, ACS Appl.
Mater. Interfaces 2021, 13, 45279.

[68] C. Huang, W. Huang, L. Zhang, C. Zhang, C. Zhou, W. Wei, Y. Li, Q.
Zhou, W. Chen, Y. Tang, Pharmaceutics 2022, 14, 1083.

[69] J. T. Yao, Z. W. Yang, L. D. Huang, C. Yang, J. X. Wang, Y. Cao, L. Hao,
L. Zhang, J. Q. Zhang, P. Li, Z. G. Wang, Y. Sun, H. T. Ran, Adv. Sci.
2021, 8, 2100850.

[70] Z. Cao, G. Yuan, L. Zeng, L. Bai, X. Liu, M. Wu, R. Sun, Z. Chen, Y.
Jiang, Q. Gao, Y. Chen, Y. Zhang, Y. Pan, J. Wang, ACS Nano 2022,
16, 10608.

[71] S. Vosen, S. Rieck, A. Heidsieck, O. Mykhaylyk, K. Zimmermann, C.
Plank, B. Gleich, A. Pfeifer, B. K. Fleischmann, D. Wenzel, J. Con-
trolled Release 2016, 241, 164.

[72] M. Kim, A. Sahu, Y. Hwang, G. B. Kim, G. H. Nam, I. S. Kim, I. C.
Kwon, G. Tae, Biomaterials 2020, 226, 119550.

[73] J. Matuszak, B. Lutz, A. Sekita, J. Zaloga, C. Alexiou, S. Lyer, I. Cicha,
Int. J. Nanomed. 2018, 13, 8443.

[74] S. Bonnet, G. Prévot, S. Mornet, M.-J. Jacobin-Valat, Y. Mousli, A.
Hemadou, M. Duttine, A. Trotier, S. Sanchez, M. Duonor-Cérutti, S.
Crauste-Manciet, G. Clofent-Sanchez, Int. J. Mol. Sci. 2021, 22, 5188.

[75] P. D. Qiu, Y. H. Xu, Am. J. Transl. Res. 2021, 13, 4026.
[76] Y. Wu, Y. Yang, W. Zhao, Z. P. Xu, P. J. Little, A. K. Whittaker, R. Zhang,

H. T. Ta, J. Mater. Chem. B 2018, 6, 4937.
[77] Y. Wu, R. Zhang, H. D. N. Tran, N. D. Kurniawan, S. S. Moonshi, A.

K. Whittaker, H. T. Ta, ACS Appl. Nano Mater. 2021, 4, 3604.
[78] J. R. McCarthy, F. A. Jaffer, R. Weissleder, Small 2006, 2, 983.
[79] J. R. McCarthy, E. Korngold, R. Weissleder, F. A. Jaffer, Small 2010,

6, 2041.
[80] Z. W. Yang, J. T. Yao, J. X. Wang, C. Zhang, Y. Cao, L. Hao, C. Yang,

C. J. Wu, J. Q. Zhang, Z. G. Wang, H. T. Ran, Y. Tian, Biomater. Sci.
2021, 9, 5652.

[81] S. Chandramouli, S. Sanjana, S. Swathi, in 5th International Confer-
ence on Biomedical Engineering in Vietnam, (Eds: V. Toi, Ed., T. P.
Lien), Springer, Cham 2015.

[82] H. Fang, L. Huang, F. Lv, B. Hu, H. Liu, Z. Huang, Y. Sun, W. Zhou,
X. Wang, Chem. Eng. J. 2023, 454, 140067.

[83] J. X. Hou, J. Zhou, M. Q. Chang, G. C. Bao, J. Xu, M. Ye, Y. X. Zhong,
S. L. Liu, J. R. Wang, W. Zhang, H. T. Ran, Z. G. Wang, Y. Chen, D. J.
Guo, Bioact. Mater. 2022, 16, 120.

[84] V. Nandwana, S. R. Ryoo, S. Kanthala, K. M. McMahon, J. S. Rink,
Y. Li, S. S. Venkatraman, C. S. Thaxton, V. P. Dravid, Chem. Mater.
2017, 29, 2276.

[85] N. Jia, H. A. Wu, J. L. Duan, C. X. Wei, K. X. Wang, Y. Zhang, X. H.
Mao, J. Visualized Exp. 2019, 144, e58660.

[86] H. X. Wei, T. T. Tan, L. Cheng, J. P. Liu, H. Y. Song, L. Li, K. Zhang,
Mol. Med. Rep. 2020, 22, 4992.

[87] T. Harel-Adar, T. Ben Mordechai, Y. Amsalem, M. S. Feinberg, J. Leor,
S. Cohen, Proc. Natl. Acad. Sci. USA 2011, 108, 1827.

[88] N. Behranvand, F. Nasri, R. Z. Emameh, P. Khani, A. Hosseini, J.
Garssen, R. Falak, Cancer Immunol. Immunother. 2022, 71, 527.

[89] a) S. O. Almeida, M. Budoff, Trends Cardiovasc. Med. 2019, 29, 451;
b) K. Tsujita, S. Sugiyama, H. Sumida, H. Shimomura, T. Yamashita,
K. Yamanaga, N. Komura, K. Sakamoto, H. Oka, K. Nakao, S.
Nakamura, M. Ishihara, K. Matsui, N. Sakaino, N. Nakamura, N.
Yamamoto, S. Koide, T. Matsumura, K. Fujimoto, R. Tsunoda, Y.
Morikami, K. Matsuyama, S. Oshima, K. Kaikita, S. Hokimoto,
H. Ogawa, P.-I. Investigators, J. Am. Coll. Cardiol. 2015, 66,
495.

[90] a) I. Cavallari, D. A. Morrow, M. A. Creager, J. Olin, D. L. Bhatt, P. G.
Steg, R. F. Storey, M. Cohen, B. S. Scirica, G. Piazza, E. L. Goodrich,
E. Braunwald, M. S. Sabatine, M. P. Bonaca, Circulation 2018, 137,
684; b) E. R. Gonzalez, Clin. Ther. 1998, 20, B18.

[91] a) B. Doyle, N. Caplice, J. Am. Coll. Cardiol. 2007, 49, 2073; b) R. K.
Jain, A. V. Finn, F. D. Kolodgie, H. K. Gold, R. Virmani, Nat. Clin.
Pract. Cardiovasc. Med. 2007, 4, 491; c) M. Back, G. K. Hansson,
Nat. Rev. Cardiol. 2015, 12, 199; d) A. V. Poznyak, V. N. Sukhorukov,
A. Zhuravlev, N. A. Orekhov, V. Kalmykov, A. N. Orekhov, Int. J. Mol.
Sci. 2022, 23, 1153.

[92] R. J. Petrovan, C. D. Kaplan, R. A. Reisfeld, L. K. Curtiss, Arterioscler.,
Thromb., Vasc. Biol. 2007, 27, 1095.

[93] S. Y. Wang, X. X. Guo, L. L. Ren, B. Wang, L. X. Hou, H. Zhou, Q. C.
Gao, Y. Gao, L. H. Wang, Ultrason. Sonochem. 2020, 67, 105188.

[94] a) K. A. Antons, C. D. Williams, S. K. Baker, P. S. Phillips, Am. J. Med.
2006, 119, 400; b) H. X. Y. Duan, Q. Zhang, J. Liu, R. L. Li, D. Wang,
W. Peng, C. J. Wu, Pharmacol. Res. 2021, 168, 105599.

[95] a) C. H. Zhao, S. Li, J. H. Zhang, Y. Y. Huang, L. Q. Zhang, F. Zhao, X.
Du, J. L. Hou, T. Zhang, C. J. Shi, P. Wang, R. L. Huo, O. L. Woodman,
C. X. Qin, H. Y. Xu, L. Q. Huang, Pharmacol. Ther. 2020, 216, 107698;
b) S. Yuan, Y. Li, J. Li, J. C. Xue, Q. Wang, X. T. Hou, H. Meng, J. X.
Nan, Q. G. Zhang, Front. Pharmacol. 2022, 13, 892790; c) L. Fusar-
Poli, L. Vozza, A. Gabbiadini, A. Vanella, I. Concas, S. Tinacci, A.
Petralia, M. S. Signorelli, E. Aguglia, Crit. Rev. Food Sci. Nutr. 2020,
60, 2643; d) Sauraj, S. U. K., V. Kumar, R. Priyadarshi, P. Gopinath,
Y. S. Negi, Carbohydr. Polym. 2018, 188, 252.

[96] E. Arehart, J. Stitham, F. W. Asselbergs, K. Douville, T. MacKenzie, K.
M. Fetalvero, S. Gleim, Z. Kasza, Y. Rao, L. Martel, S. Segel, J. Robb,
A. Kaplan, M. Simons, R. J. Powell, J. H. Moore, E. B. Rimm, K. A.
Martin, J. Hwa, Circ. Res. 2008, 102, 986.

[97] X. Y. Song, X. M. Wang, D. Y. Wang, Z. Z. Zheng, J. Li, Y. L. Li, Front.
Pharmacol. 2022, 13, 998944.

[98] M. G. Traber, Adv. Nutr. 2021, 12, 1047.
[99] M. L. Matos-Hernandez, E. J. Caro-Diaz, J. Nat. Prod. 2022, 85, 1665.

[100] R. C. Maranhao, E. R. Tavares, A. R. Padoveze, C. J. Valduga, D. G.
Rodrigues, M. D. Pereira, Atherosclerosis 2008, 197, 959.

[101] a) A. J. Kattoor, N. V. K. Pothineni, D. Palagiri, J. L. Mehta, Curr.
Atheroscler. Rep. 2017, 19, 42; b) U. Forstermann, N. Xia, H. G. Li,
Circ. Res. 2017, 120, 713.

[102] a) R. F. Li, X. Y. Hou, L. R. Li, J. C. Guo, W. Jiang, W. J. Shang, Front.
Bioeng. Biotechnol. 2022, 10, 920213; b) Q. Wang, C. Q. Cheng, S.
Zhao, Q. Y. Liu, Y. H. Zhang, W. L. Liu, X. Z. Zhao, H. Zhang, J. Pu, S.
Zhang, H. G. Zhang, Y. Du, H. Wei, Angew. Chem., Int. Ed. Engl. 2022,
61, 202201101; c) S. Zhao, Y. X. Li, Q. Y. Liu, S. R. Li, Y. Cheng, C. Q.
Cheng, Z. Y. Sun, Y. Du, C. J. Butch, H. Wei, Adv. Funct. Mater. 2020,
30, 2004692; d) H. Hu, H. Huang, L. L. Xia, X. Q. Qian, W. Feng,
Y. Chen, Y. H. Li, Chem. Eng. J. 2022, 440, 135810; e) Y. H. Zhang,
W. L. Liu, X. Y. Wang, Y. F. Liu, H. Wei, Small 2023, 19, e2204809;
f) Z. Y. Chen, P. Chen, Y. Y. Zhu, J. Y. Qian, X. W. Huang, W. Zhang,
H. Zhang, Q. Mo, Y. T. Lu, Y. J. Zhang, Adv. Funct. Mater. 2023, 33,
2370163; g) Y. Xu, Y. Luo, Z. Weng, H. Xu, W. Zhang, Q. Li, H. Liu,
L. Liu, Y. Wang, X. Liu, L. Liao, X. Wang, ACS Nano 2023, 17, 18732.

[103] a) S. M. Hirst, A. S. Karakoti, R. D. Tyler, N. Sriranganathan, S. Seal,
C. M. Reilly, Small 2009, 5, 2848; b) M. Y. Li, J. Liu, L. Shi, C. Zhou,
M. Z. Zou, D. Fu, Y. Yuan, C. D. Yao, L. F. Zhang, S. M. Qin, M. D.
Liu, Q. Cheng, Z. Wang, L. Wang, Bioact. Mater. 2023, 25, 95.

[104] Y. Gao, S. H. Liu, X. C. Zeng, Z. X. Guo, D. Chen, S. Z. Li, Z. M. Tian,
Y. Q. Qu, ACS Appl. Mater. Interfaces 2023, 15, 10414.

[105] Q. W. Liu, A. Zhang, R. H. Wang, Q. Zhang, D. X. Cui, Nano-Micro
Lett. 2021, 13, 154.

[106] N. Tejwan, A. K. Saini, A. Sharma, T. A. Singh, N. Kumar, J. Das, J.
Controlled Release 2021, 330, 132.

[107] a) U. Chilakamarthi, L. Giribabu, Chem. Rec. 2017, 17, 775; b) X. S.
Li, J. F. Lovell, J. Yoon, X. Y. Chen, Nat. Rev. Clin. Oncol. 2020, 17,
657; c) G. Li, P. Li, Q. Jiang, Q. Zhang, J. Qiu, D. Li, G. Shan, Acta
Materia Medica 2023, 2, 96.

[108] P. Wu, X. Liu, Y. Duan, L. Pan, Z. Sun, H. Chu, C. Zhu, B. Liu, Acta
Mater. Med. 2023, 2, 260.

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (34 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[109] a) D. Yetkin, T. Ince, F. Ayaz, Photodiagn. Photodyn. Ther. 2022, 39,
102963; b) Q. Y. Ding, T. F. Sun, W. J. Su, X. R. Jing, B. Ye, Y. L. Su, L.
Zeng, Y. Z. Qu, X. Yang, Y. Z. Wu, Z. Q. Luo, X. D. Guo, Adv. Health-
care Mater. 2022, 11, 2102791.

[110] a) S. Houthoofd, M. Vuylsteke, S. Mordon, I. Fourneau, Photodiagn.
Photodyn. Ther. 2020, 29, 101568; b) S. G. Rockson, presented at
Conference on Lasers in Surgery – Advanced Characterization, Thera-
peutics, and Systems X, San Jose, CA, January, 2000.

[111] P. Zhang, G. Wu, C. M. Zhao, L. Zhou, X. J. Wang, S. H. Wei, Colloids
Surf. B Biointerfaces 2020, 194, 111204.

[112] a) S. F. Yan, J. C. Chen, L. Z. Cai, P. Xu, Y. X. Zhang, S. J. Li, P. Hu,
X. Y. Chen, M. D. Huang, Z. Chen, J. Mater. Chem. B 2018, 6, 6080;
b) Y. J. Yang, Y. F. Zhang, R. Wang, X. Rong, T. Liu, X. Xia, J. L. Fan,
W. Sun, X. J. Peng, Chin. Chem. Lett. 2022, 33, 4583; c) W. H. Zhai,
Y. K. Zhang, M. Liu, H. Zhang, J. Q. Zhang, C. H. Li, Angew. Chem.,
Int. Ed. Engl. 2019, 58, 16601.

[113] a) X. Wang, X. Y. Wu, J. B. Qin, K. C. Ye, F. L. Lai, B. Li, G. J. He, X.
W. Lu, D. J. L. Brett, I. P. Parkin, ACS Appl. Mater. Interfaces 2019,
11, 41009; b) X. Peng, J. C. Liu, B. Li, G. Q. Guan, W. L. Zhang, X.
J. Huang, Y. S. Chen, R. J. Zou, X. W. Lu, J. Q. Hu, Nanoscale 2019,
11, 20324; c) X. Zhang, J. C. Liu, X. R. Yang, G. J. He, B. Li, J. B. Qin,
P. R. Shearing, D. J. L. Brett, J. Q. Hu, X. W. Lu, Nanoscale 2019, 11,
12723.

[114] J. Estelrich, M. Busquets, Molecules 2018, 23, 1567.
[115] Y. Hu, Y. Q. Zhou, N. N. Zhao, F. S. Liu, F. J. Xu, Small 2016, 12,

2459.
[116] J. Yu, W. Y. Yin, X. P. Zheng, G. Tian, X. Zhang, T. Bao, X. H. Dong,

Z. L. Wang, Z. J. Gu, X. Y. Ma, Y. L. Zhao, Theranostics 2015, 5, 931.
[117] a) J. Meng, X. J. Chen, Y. Tian, Z. F. Li, Q. F. Zheng, Chemistry 2017,

23, 17521; b) M. Zhang, W. T. Wang, Y. J. Cui, X. H. Chu, B. H. Sun,
N. L. Zhou, J. Shen, Chem. Eng. J. 2018, 338, 526.

[118] B. Du, X. H. Cao, F. F. Zhao, X. J. Su, Y. H. Wang, X. S. Yan, S. N. Jia,
J. Zhou, H. C. Yao, J. Mater. Chem. B 2016, 4, 2038.

[119] a) Q. H. Feng, Y. Y. Zhang, W. X. Zhang, Y. W. Hao, Y. C. Wang, H.
L. Zhang, L. Hou, Z. Z. Zhang, Acta Biomater. 2017, 49, 402; b) Z. J.
Wang, W. J. Yu, N. Yu, X. Li, Y. R. Feng, P. Geng, M. Wen, M. Q. Li,
H. J. Zhang, Z. G. Chen, Chem. Eng. J. 2020, 400, 125877.

[120] S. Shen, F. F. Kong, X. M. Guo, L. Wu, H. J. Shen, M. Xie, X. S. Wang,
Y. Jin, Y. R. Ge, Nanoscale 2013, 5, 8056.

[121] M. Q. Chu, Y. X. Shao, J. L. Peng, X. Y. Dai, H. K. Li, Q. S. Wu, D. L.
Shi, Biomaterials 2013, 34, 4078.

[122] S. Shen, S. Wang, R. Zheng, X. Y. Zhu, X. G. Jiang, D. L. Fu, W. L.
Yang, Biomaterials 2015, 39, 67.

[123] L. Wu, Y. Sun, K. Sugimoto, Z. Luo, Y. Ishigaki, K. Pu, T. Suzuki, H.-Y.
Chen, D. Ye, J. Am. Chem. Soc. 2018, 140, 16340.

[124] H. Horiuchi, R. Kuribara, A. Hirabara, T. Okutsu, J. Phys. Chem. A
2016, 120, 5554.

[125] X. Li, R. Wu, H. Chen, T. Li, H. Jiang, X. Xu, X. Tang, M. Wan, C. Mao,
D. Shi, ACS Appl. Mater. Interfaces 2021, 13, 30930.

[126] J. Liu, B. Zhou, Y. Guo, A. Zhang, K. Yang, Y. He, J. Wang, Y. Cheng,
D. Cui, ACS Appl. Mater. Interfaces 2021, 13, 29349.

[127] X. Y. Sun, Y. Xu, Q. K. Guo, N. Wang, B. Wu, C. Zhu, W. Zhao, W. L.
Qiang, M. Zheng, Langmuir 2022, 38, 1360.

[128] S. S. Laha, N. D. Thorat, G. Singh, C. I. Sathish, J. B. Yi, A. Dixit, A.
Vinu, Small 2022, 18, 2104855.

[129] S. A. Sankaranarayanan, A. Thomas, N. Revi, B. Ramakrishna, A. K.
Rengan, J. Drug Deliv. Sci. Technol. 2022, 70, 103196.

[130] a) M. H. Li, W. B. Bu, J. Ren, J. B. Li, L. Deng, M. Y. Gao, X. L. Gao,
P. J. Wang, Theranostics 2018, 8, 693; b) J. Pan, P. Hu, Y. D. Guo, J.
N. Hao, D. L. Ni, Y. Y. Xu, Q. Q. Bao, H. L. Yao, C. Y. Wei, Q. S. Wu,
J. L. Shi, ACS Nano 2020, 14, 1033; c) C. Dai, C. M. Wang, R. Z. Hu,
H. Lin, Z. Liu, L. D. Yu, Y. Chen, B. Zhang, Biomaterials 2019, 219,
119374; d) H. Xu, P. Y. She, Z. Y. Zhao, B. X. Ma, G. C. Li, Y. B. Wang,
Adv. Mater. 2023, 35, 2300439.

[131] A. Espinosa, R. Di Corato, J. Kolosnjaj-Tabi, P. Flaud, T. Pellegrino,
C. Wilhelm, ACS Nano 2016, 10, 2436.

[132] a) E. Cazares-Cortes, S. Cabana, C. Boitard, E. Nehlig, N. Griffete,
J. Fresnais, C. Wilhelm, A. Abou-Hassan, C. Menager, Adv.
Drug Delivery Rev. 2019, 138, 233; b) S. Nikazar, M. Barani,
A. Rahdar, M. Zoghi, G. Z. Kyzas, ChemistrySelect 2020, 5,
12590.

[133] a) K. M. Shen, Y. F. Yan, Z. G. Xue, S. Wu, J. X. You, L. X. Li, W. S. Lew,
ACS Appl. Nano Mater. 2023, 6, 13330; b) J. Liu, X. Guo, Z. Zhao, B.
Li, J. Qin, Z. Peng, G. He, D. J. L. Brett, R. Wang, X. Lu, Appl. Mater.
Today 2020, 18, 100457; c) Y. Zhang, Y. Liu, T. Zhang, Q. Wang, L.
Huang, Z. Zhong, J. Lin, K. Hu, H. Xin, X. Wang, ACS Appl. Mater.
Interfaces 2021, 13, 24453.

[134] J. C. Liu, X. Guo, Z. Zhao, B. Li, J. B. Qin, Z. Y. Peng, G. J. He, D. J.
L. Brett, R. H. Wang, X. W. Lu, Appl. Mater. Today 2020, 18, 100457.

[135] Y. Zhu, Y. Y. Liu, K. Khan, G. Arkin, A. K. Tareen, Z. J. Xie, T. Z. He,
L. L. Su, F. J. Guo, X. S. Lai, J. F. Xu, J. L. Zhang, Mater. Today Adv.
2023, 17, 100330.

[136] T. Liu, J. Shi, Y. Fu, Y. Zhang, Y. Bai, S. He, W. Deng, Q. Jin, Y. Chen,
L. Fang, L. He, Y. Li, Y. Yang, L. Zhang, Q. Lv, J. Wang, M. Xie, Trends
Cardiovasc. Med. 2022, 33, 431.

[137] T. Porter, P. Zeng, F. Xie, Curr. Cardiol. Rep. 2021, 23, 133.
[138] Z. Y. Zhao, Q. Saiding, Z. W. Cai, M. Cai, W. G. Cui, Mater. Today

2023, 63, 210.
[139] O. D. Kripfgans, J. B. Fowlkes, D. L. Miller, O. P. Eldevik, P. L. Carson,

Ultrasound Med. Biol. 2000, 26, 1177.
[140] Y. X. Zhong, Y. Zhang, J. Xu, J. Zhou, J. Liu, M. Ye, L. Zhang, B. Qiao,

Z. G. Wang, H. T. Ran, D. J. Guo, ACS Nano 2019, 13, 3387.
[141] T. F. Luscher, U. Landmesser, A. von Eckardstein, A. M. Fogelman,

Circ. Res. 2014, 114, 171.
[142] a) R. Kuai, D. Li, Y. E. Chen, J. J. Moon, A. Schwendeman, ACS Nano

2016, 10, 3015; b) J. Chen, X. X. Zhang, R. Millican, J. E. Creutzmann,
S. Martin, H. W. Jun, Nano Converg. 2020, 7, 6; c) E. Eren, N. Yilmaz,
O. Aydin, H. Y. Ellidag, Open Biochem. J. 2014, 8, 100.

[143] a) C. Jung, M. G. Kaul, O. T. Bruns, T. Ducic, B. Freund, M. Heine, R.
Reimer, A. Meents, S. C. Salmen, H. Weller, P. Nielsen, G. Adam, J.
Heeren, H. Ittrich, Circ. Cardiovasc. Imaging 2014, 7, 303; b) Y. Kim,
F. Fay, D. P. Cormode, B. L. Sanchez-Gaytan, J. Tang, E. J. Hennessy,
M. M. Ma, K. Moore, O. C. Farokhzad, E. A. Fisher, W. J. M. Mulder,
R. Langer, Z. A. Fayad, ACS Nano 2013, 7, 9975; c) J. C. Frias, K.
J. Williams, E. A. Fisher, Z. A. Fayad, J. Am. Chem. Soc. 2004, 126,
16316.

[144] D. P. Cormode, T. Skajaa, M. M. van Schooneveld, R. Koole, P.
Jarzyna, M. E. Lobatto, C. Calcagno, A. Barazza, R. E. Gordon, P.
Zanzonico, E. A. Fisher, Z. A. Fayad, W. J. M. Mulder, Nano Lett.
2008, 8, 3715.

[145] C. P. Jiang, Z. T. Qi, W. H. He, Z. T. Li, Y. Q. Tang, Y. B. Wang, Y. L.
Huang, H. J. Zang, H. Yang, J. P. Liu, J. Controlled Release 2019, 308,
71.

[146] a) Y. Liu, X. Y. Chen, Matter 2020, 3, 621; b) N. Kong, W. Tao, X.
Ling, J. Q. Wang, Y. L. Xiao, S. J. Shi, X. Y. Ji, A. Shajii, S. T. Gan, N. Y.
Kim, D. G. Duda, T. Xie, O. C. Farokhzad, J. J. Shi, Sci. Transl. Med.
2019, 11, eaaw1565; c) B. K. Wacker, N. Dronadula, J. W. Zhang,
D. A. Dichek, Arterioscler., Thromb., Vasc. Biol. 2017, 37, 316; d) F.
Arabi, V. Mansouri, N. Ahmadbeigi, Biomed. Pharmacother. 2022,
153, 113324.

[147] S. Qu, R. F. Liu, N. S. Zhang, Y. X. Xu, X. L. Yue, Z. F. Dai, Nano Today
2022, 45, 101514.

[148] H. Gao, R. Y. Cheng, H. A. Santos, View 2021, 2, 20200111.
[149] A. Kheirolomoom, C. W. Kim, J. W. Seo, S. Kumar, D. J. Son, M. K.

J. Gagnon, E. S. Ingham, K. W. Ferrara, H. Jo, ACS Nano 2015, 9,
8885.

[150] T. Bu, Z. L. Li, Y. Hou, W. Q. Sun, R. X. Zhang, L. B. Zhao, M. Y. Wei,
G. D. Yang, L. J. Yuan, Theranostics 2021, 11, 9988.

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (35 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[151] M. A. Nguyen, H. Wyatt, L. Susser, M. Geoffrion, A. Rasheed, A. C.
Duchez, M. L. Cottee, E. Afolayan, E. Farah, Z. Kahiel, M. Cote, S.
Gadde, K. J. Rayner, ACS Nano 2019, 13, 6491.

[152] C. W. Li, Y. Dou, Y. D. Chen, Y. T. Qi, L. L. Li, S. L. Han, T. T. Jin, J. W.
Guo, J. H. Chen, J. X. Zhang, Adv. Funct. Mater. 2020, 30, 2002131.

[153] P. Dosta, I. Tamargo, V. Ramos, S. Kumar, D. W. Kang, S. Borros, H.
Jo, Adv. Healthcare Mater. 2021, 10, 2001894.

[154] C. Y. Hou, H. Bai, Z. J. Wang, Y. H. Qiu, L. L. Kong, F. F. Sun, D. D.
Wang, H. Yin, X. L. Zhang, H. B. Mu, J. Y. Duan, Carbohydr. Polym.
2018, 195, 339.

[155] W. Gao, Y. J. Zhao, X. Li, Y. H. Sun, M. Cai, W. H. Cao, Z. H. Liu, L.
L. Tong, G. W. Cui, B. Tang, Chem. Sci. 2018, 9, 439.

[156] Z. W. Zhang, F. L. Zhou, G. L. Davies, G. R. Williams, View 2022, 3,
20200134.

[157] P. M. Ridker, Circ. Res. 2019, 124, 437.
[158] J. E. Devries, Ann. Med. 1995, 27, 537.
[159] X. P. Zhang, X. Y. Liu, Y. X. Guo, F. G. Wu, View 2021, 2, 20200025.
[160] N. Sarioglu, F. B. Sunay, A. H. Yay, O. Korkut, F. Erel, A. A.

Hismiogullari, M. Kose, B. Yalcin, Turk. J. Med. Sci. 2021, 51, 2741.
[161] F. O’Neill, M. Charakida, E. Topham, E. McLoughlin, N. Patel, E.

Sutill, C. W. M. Kay, F. D’Aiuto, U. Landmesser, P. C. Taylor, J.
Deanfield, Heart 2017, 103, 766.

[162] A. Langkilde, L. C. Olsen, P. Saetrom, F. Drablos, S. Besenbacher,
L. Raaby, C. Johansen, L. Iversen, PLoS One 2016, 11,
e0167437.

[163] K. F. Cui, X. Ma, L. Yu, C. Jiang, C. Fu, X. J. Fu, X. F. Yu, Y. J. Huang, S.
Y. Hou, C. F. Si, Z. G. Chen, J. Yu, J. R. Wan, J. Wang, Mol. Neurobiol.
2016, 53, 4387.

[164] L. Gu, R. H. Fang, M. J. Sailor, J.-H. Park, ACS Nano 2012, 6, 4947.
[165] Q. Feng, Y. Liu, J. Huang, K. Chen, J. Huang, K. Xiao, Sci. Rep. 2018,

8, 2082.
[166] R. Weissleder, D. D. Stark, B. L. Engelstad, B. R. Bacon, C. C.

Compton, D. L. White, P. Jacobs, J. Lewis, Am. J. Roentgenol. 1989,
152, 167.

[167] J. Nowak-Jary, B. Machnicka, Int. J. Nanomed. 2023, 18, 4067.
[168] a) G. B. Toth, C. G. Varallyay, A. Horvath, M. R. Bashir, P. L.

Choyke, H. E. Daldrup-Link, E. Dosa, J. P. Finn, S. Gahramanov,
M. Harisinghani, I. Macdougall, A. Neuwelt, S. S. Vasanawala, P.
Ambady, R. Barajas, J. S. Cetas, J. Ciporen, T. J. DeLoughery, N. D.
Doolittle, R. Fu, J. Grinstead, A. R. Guimaraes, B. E. Hamilton, X. Li,
H. L. McConnell, L. L. Muldoon, G. Nesbit, J. P. Netto, D. Petterson,
W. D. Rooney, et al., Kidney Int. 2017, 92, 47; b) P. J. Gawne, M.
Ferreira, M. Papaluca, J. Grimm, P. Decuzzi, Nat. Rev. Mater. 2023,
8, 783.

Shi Wang earned her Bachelor of Science degree in biomedical engineering from Southeast University
in 2022. She is presently dedicated to her Master’s program, which commenced under the guidance
of Professor Hongliang He at Southeast University in September 2022. Her research primarily centers
on the development and synthesis of multifunctional iron-based nanomaterials tailored for the dual
purposes of imaging and treating atherosclerosis.

Hongliang He at Southeast University specializes in innovative nanomedicine design, particularly for
vascular diseases, with a strong focus on atherosclerosis. As a principal investigator, he consistently
secures funding from prestigious organizations like the National High-level Talent Youth Program,
the National Natural Science Foundation of China, and the American Heart Association Postdoctoral
Fellowship. He has a notable portfolio of over 40 published papers in renowned journals, including
influential publications in Science Advances and ACS Nano. His dedication to cardiovascular health
earned him the American Heart Association Young Investigator Travel Award in 2017 and 2018.

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (36 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Yu Mao obtained his Ph.D. from Southeast University’s School of Biological Science and Medical
Engineering in 2022. Following his doctoral studies, he assumed the role of an assistant research
fellow at Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School.
His research endeavors are dedicated to the preparation, formation mechanisms, and biomedical
applications of high-performance iron-based nanomaterials, with a particular emphasis on iron oxide
nanoparticles.

Yu Zhang, a professor at Southeast University’s School of Biological Science and Medical Engineer-
ing, also serves as Party Committee Secretary. Prof. Zhang’s research spans micro and nanomaterials,
focusing on nano-enzymes, point-of-care testing, molecular imaging, and cancer research. He has
an impressive publication record and holds multiple patents, national standards, and international
testing methods. Prof. Zhang has received several awards for his scientific and technological achieve-
ments and leads/participates in numerous research projects, including those funded by the National
Natural Science Foundation of China, innovation research groups, national projects, and key research
and development programs.

Ning Gu is a distinguished Professor currently affiliated with Nanjing University, where he continues
to make significant contributions to the field. Professor Gu’s remarkable achievements have been
recognized through various accolades, including the prestigious Cheung Kong Scholars Program
awarded by the Ministry of Education of China and the National Science Fund for Distinguished Young
Scientists. Furthermore, his exceptional contributions to the field have led to his appointment as an
academician of the Chinese Academy of Sciences and a fellow of both the Chinese Society of Micro-
Nano Technology and the American Academy of Medical and Biological Engineering.

Adv. Sci. 2024, 11, 2308298 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308298 (37 of 37)

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Advances in Atherosclerosis Theranostics Harnessing Iron Oxide-Based Nanoparticles
	1. Introduction
	2. Overview of Atherosclerosis and Iron Oxide Nanoparticles
	2.1. Overview: Pathophysiology of Atherosclerotic Development
	2.2. Targets of Atherosclerosis Related to the Application of Iron Oxide Nanoparticles
	2.2.1. Targeting ECs
	2.2.2. Targeting Macrophages
	2.2.3. Targeting VSMCs
	2.2.4. Targeting Platelets
	2.2.5. Other targets

	2.3. Iron Oxide Nanoparticles and Their Application in Atherosclerosis

	3. Iron Oxide Nanoparticles-Based Theranostic Nanomedicine Utilizing Therapeutics-Based Therapy
	3.1. Traditional Medicines
	3.1.1. Immunosuppressants
	3.1.2. Antiangiogenic Drugs
	3.1.3. Anti-Inflammatory Agents

	3.2. Natural Medicines
	3.2.1. Inhibit Platelet Activation and Aggregation
	3.2.2. Anti-Inflammatory and Antioxidant
	3.2.3. Anti-Atherosclerosis Effect of Natural Chemotherapeutic Agents

	3.3. Inorganic Nanoparticles

	4. Iron Oxide Nanoparticle-Based Theranostic Nanomedicine Using Physical Stimulation Therapy
	4.1. Photodynamic Therapy
	4.2. Photothermal Therapy
	4.2.1. IONPs Modified with Photothermal Materials Serving as Photothermal Agents
	4.2.2. IONPs Serving as Photothermal Agents

	4.3. Magnetic Hyperthermia
	4.4. Ultrasound Therapy
	4.4.1. Ultrasound Therapy through Acoustic Droplet Vaporization Effect
	4.4.2. Sonodynamic Therapy


	5. Iron Oxide Nanoparticle-Based Theranostic Nanomedicine through Biologic Therapy
	5.1. HDL-Mimics: Atherosclerosis Theranostics with HDL-Inspired Nanoparticles
	5.2. Harnessing Gene Therapy for Atherosclerosis Treatment
	5.2.1. Gene Therapy Mediated by Viral Vectors
	5.2.2. Gene Therapy Mediated by siRNA

	5.3. Cytokine Therapy: Harnessing the Power of Anti-Inflammatory Biologics
	5.4. Other Therapeutic Strategies

	6. Challenges and Prospects: Navigating the Path Ahead
	6.1. Combination Therapy
	6.1.1. Intricacies of Nanoplatform Integration
	6.1.2. Striving for Efficiency
	6.1.3. Innovative Strategies

	6.2. Precise Targeting
	6.2.1. Overcoming Biological Barriers
	6.2.2. Multifaceted Ligand Deployment
	6.2.3. Unlocking Multimodal Targeting

	6.3. Long-Term Safety and Efficacy
	6.3.1. Comprehensive Long-Term Studies
	6.3.2. Chronic Exposure and Toxicity
	6.3.3. Immunogenic Responses
	6.3.4. Patient-Specific Considerations

	6.4. Biodegradability and Clearance
	6.4.1. Biodistribution and Clearance Mechanism of Iron Oxide-Based Nanoparticles
	6.4.2. Balancing the Design and Demand
	6.4.3. Performing the Cohort Study

	6.5. Clinical Translation and Regulatory Challenges
	6.5.1. Navigating Regulatory Pathways
	6.5.2. Comprehensive Evaluation
	6.5.3. Innovation Crucible
	6.5.4. Collaborative Efforts
	6.5.5. Compliance and Pioneering

	6.6. Cost and Accessibility
	6.6.1. Cost-Effective Manufacturing
	6.6.2. Affordability for Patients
	6.6.3. Global Accessibility
	6.6.4. Resource Allocation
	6.6.5. Health Economics Research
	6.6.6. Regulatory Incentives
	6.6.7. Public-Private Partnerships
	6.6.8. Education and Awareness


	Acknowledgements
	Conflict of Interest
	Keywords


