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Abstract: Atherosclerosis (AS) is a chronic, inflammatory and systemic disease that seriously threatens human health and is the main
factor leading to the morbidity and mortality of cardiovascular diseases. Autophagy has been regarded as an effective therapeutic strategy
for AS, which can represent an important self-protecting intracellular system that can delivery and capture destroyed organelles and
unnecessary proteins to lysosome for degradation. Thanks to the fast progress of nanotechnology, nanomedicine is widely used to enable,
potentiate, and augment autophagy for promoting the AS-therapeutic efficacy and specificity. This review focuses on discussing the latest
advances in this emerging field, with a particular emphasis on the nanomedicine-enabled/augmented autophagy approach for supporting
the construction of next-generation nanomedicines to effectively trigger autophagy in the treatment of AS. Particularly, the biocompat-
ibility and biosafety of engineering nanomedicine, the current challenges and futural prospects are also summarized in this comprehensive
review, aiming to accelerate future clinical translation of this burgeoning field. It is highly anticipated that future clinical transformation of
nanomedicine can be achieved by inducing autophagic activation based on bioactive nanomaterials.
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Introduction

Cardiovascular and cerebrovascular diseases are rapidly spreading worldwide and have become a leading cause of
morbidity and mortality globally.' Atherosclerosis, the primary reason for cardiovascular and cerebrovascular diseases,
is a chronic, inflammatory and systemic disease, majorly influencing the medium or large-size arteries.*”’ Smoke,
hypertension, hyperlipidemia and diabetes are common risk factors of atherosclerosis occurrence, causing adverse
consequences, including stroke, transient ischemic attack, coronary artery syndrome, renovascular hypertension or
renal dysfunction, cold extremities or claudication, etc.* ' Therefore, early therapeutic intervention of atherosclerosis
is urgent demand due to its current high incidence, morbidity and mortality rate, as well as the trend of younger age
caused by changes in modern diet and exercise habits.

Autophagy is a complex intracellular mechanism that utilizes lysosomes to degrade intracellular substances and is
closely associated with certain metabolic diseases, such as AS.'*'? It is believed that autophagy is involved in decreasing
the accumulation of foam cell in the early stages can inhibit plaque formation, while promoting cholesterol efflux can
reduce inflammation and stabilize plaques in late stages of AS.'*'> Thus, reasonable autophagy activation can efficiently
reduce cardiovascular damage and pro-inflammatory leakage, thus, the regulation of autophagy may be a feasible
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modality for AS mitigation.'®'® Despite the current autophagy-inducing drugs has achieved satisfactory progress in

activating autophagy to mitigate and boycott the atherosclerotic deterioration, long-time drug treatments have usually
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contributed to severe adverse effects, including liver damage, gastrointestinal bleeding, arrhythmia, postoperative rest-
enosis and bleeding complication.'®?® As a result, it is necessary to explore an efficient and accurate approach to improve
the efficiency of autophagic activation while decreasing their adverse reactions.

Advanced nanotechnology has effectively integrated contents among materials science, biology, physics, chem-
istry and other interdisciplinary fields, and is the product of combination of modern technology and science, which
is used to explore the wonderful molecular world from a nanoscale perspective and has shone brightly in various
fields.?' 2 With the fast progress of nanotechnology and the continuous increase of clinical demands, nanomedicine,
a rising interdisciplinary field, has emerged and brought about profound paradigm shift.?’ ' During the past
decades, various kinds of bioactive nanomaterials have been utilized in the treatment of malignant cancers, bacterial
infections, cardiovascular diseases, and inflammatory diseases owing to the distinct advantages, including ultra-small
size with specific surface area, diverse physical and chemical properties, favorable biocompatibility and biosafety,
passive targeting accumulation of the enhanced permeability and retention (EPR) effect and abundant reaction sites
for surface modification.’’ > Hence, nanomedicine-enabled/promoted autophagy can not only compensate for
limitations and defects of traditional therapeutic approach but also augment the therapeutic sensitivity and specificity
for AS.

Intelligently designed and constructed bioactive nanomedicines can efficiently enhance the therapeutic outcome of
atherosclerosis by inducing or augmenting the autophagy, which can result in exquisite concept for AS treatment in the
future. A comprehensive summary and in-depth discussion of the very recent progress made in this emerging field were
provided in this review. First, bioactive nanomaterials can directly trigger or boost autophagy for mitigating athero-
sclerotic plaques via photothermal therapy (PTT), photodynamic therapy (PDT), sonodynamic therapy (SDT), and ion-
interference therapy (IIT). Second, autophagy activated by the intrinsic bioactivity of nanomaterials is also being paid
more attention. Third, other approaches promoting autophagy and their underlying mechanism are also discussed in
depth. Last but not the least, the important issues regarding the current challenges and future prospects of based
nanomedicines will also be emphatically discussed for promoting their clinical translations in the future (Figure 1).
The exact potential mechanism of autophagy enabled by bioactive nanomaterials as summarized in this review will
widely extend the understanding of the association of autophagy with atherosclerotic plaque, which is expected to pave
the avenues for personalized medicines in vulnerable plaque therapy.

Role of Autophagy in Atherosclerosis

Autophagy has been demonstrated to have a significant association with atherosclerosis, as evidenced by the expression
patterns of autophagy-related genes (ARGs).>® A lot of factors within atherosclerosis can effectively induce autophagy,
such as reactive oxygen species (ROS), oxidized low-density lipoprotein (ox-LDL), and inflammatory factors.*’-*® Under
conditions of mild cellular stress, mild adaptive autophagy of vascular cells can be stimulated to enhance cell survival by
clearing damaged proteins and organelles, thereby shielding vascular tissues from the damage of inflammation and
oxidative damage.>® Accumulating research has indicated that the induction of autophagy can effectively reduce the area
of atherosclerotic plaque and maintain the stability of plaque, characterized by decreased levels of lipid accumulation and
pro-inflammatory macrophages, along with elevated contents of collagen, vascular smooth muscle cells (VSMCs) and
anti-inflammatory macrophages within the plaques.*’ However, defective autophagy has also been observed during the
development and deterioration of atherosclerosis, irrespective of the availability of above autophagy stimulators in
plaques. For instance, expression of autophagy markers, such as LC3 and ATG13, is notably higher in aortic endothelial
cells (ECs) with severe atherosclerosis compared to those without atherosclerosis.*!

Intense inflammation and oxidative stress can trigger excessive cell autophagy, resulting in autophagy-dependent cell
death, reduced collagen production, thinning of the fibrous cap, destabilization of plaque, and occurrence of acute
coronary syndromes.*>** Hence, the control of excessive cell autophagy at an early phase is essential to avert
arteriosclerosis and subsequent severe cardiovascular complications. Besides excessive autophagy, inadequate autophagy
is common phenomena and plays a key role in atherosclerosis progression. In advanced lesions with substantial oxidative
stress and inflammatory stimulation, insufficient autophagy fails to manage the excessive stress, ultimately leading to
apoptosis.***> Further investigation into the role of autophagy in atherosclerosis development revealed that ApoE "~

2 https: International Journal of Nanomedicine 2026:21



Chen et al

d
The an

Figure | Summative scheme of nanomedicine-enabled/augmented autophagy to treat atherosclerosis.

mice with smooth muscle cell-specific deletion of Atg7 exhibited accelerated plaque progression following a 10-week
high-fat diet. This was characterized by increased plaque cell death, thicker fibrous caps, enhanced inflammation, and
elevated collagen content.*® Furthermore, the inhibition of autophagy (3-MA, spautin-1, and bafilomycin Al) can
effectively suppress the degradation of contractile proteins and inhibit the hyper proliferation and migration of SMC,
thereby supporting the concept that autophagy could have an important part in the setting of restenosis.*’ The
cytoprotective autophagic response can shift into a maladaptive response, which largely depends on the stage of plaque
progression (Figure 2).* Hence, the dysfunction of autophagy in atherosclerosis aggravates vascular oxidative stress,
inflammation, and plaque necrosis, indicating a mechanism-based strategy to effectively suppress atherosclerosis
progression.

Application of Nanomedicine in Activating Autophagy
Autophagy Activated by Photothermal Therapy (PTT)

Photothermal therapy (PTT) shows promise as a minimally invasive approach with fewer undesirable side effects and
high specificity for treating AS.**>? Promising results from the initial clinical trials (the ANOM-FIM trial;
NCT01270139) demonstrated that plasmonic PTT significantly reduced coronary atherosclerotic plaque burden over
the 12-month follow-up period, highlighting its potential in AS treatment.’> However, only few research has focused on
specifically restoring autophagy in atherosclerosis through PTT effect. Very recently, some significant reports on this hot-
scientific topic have been published. For instance, the coupling of copper sulfide (CuS) nanoparticles to antibodies
targeting TRPV1 (CuS-TRPV1) was devised and developed, which was employed to generate photothermal effects to
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Figure 2 Role of autophagy in atherosclerosis. The dysfunction of autophagy induces endothelial dysfunction, inflammation, and cell death in ECs. The dysfunction of
autophagy exacerbates plaque instability, collagen deposition and foam cells formation in VSMCs. Defective autophagy leads to intracellular lipid accumulation, macrophage
foam cell formation, and induces cellular death in macrophages. Upward arrow indicates excessive autophagy, and downward arrow represents defective autophagy.
Reproduced with permission.45 Copyright 2022, Frontiers Media S.A.

activate autophagy and impede foam cell formation in VSMCs>* (Figure 3a). The conjugation with TRPV1 monoclonal
antibody endowed CuS-TRPV1 with specific binding to TRPV1 on the plasma membrane of VSMCs (Figure 3b), and
meanwhile, photothermal agents, CuS nanomaterials, could absorb near-infrared (NIR) light to produce a local hyperther-
mia within oxLDL-stimulated VSMCs. After readily binding to TRPV1 on the membrane, the open of thermo-sensitive
TRPV1 channels allowed calcium ions (Ca*") influx by means of low-power NIR irradiation for hyperthermia genera-
tion. The increased intracellular Ca** subsequently triggered autophagy activation, improved cholesterol efflux, attenu-
ated lipid accumulation, and impeded foam cell formation within VSMCs and impeded foam cell formation in VSMCs
stimulated by ox-LDL. oxLDL-injured autophagy was significantly rescued by CuS-TRPV1, which was also confirmed
by several autophagy markers: autophagosome formation, up-regulated LC3II expression and downregulated LC3I
expression after photoactivated effects (Figure 3c and d). Furthermore, as shown in in vivo experiments, Oil red
O staining displayed a significant reduction in aortic root lesion areas and in en face prepared aortic arch lesion,
indicating PTT treatment performed the best in targeted limiting atherosclerotic lesion progression in ApoE '~ mice
compared to other groups (Figure 3¢ and f). In addition, Wang et al also developed a dextran sulfate modified hollow
carbon nanospheres (HCN@DS), enabling autophagy activation and stimulating ABCA1-dependent cholesterol efflux by
generating local hyperthermia upon laser excitation, thereby inhibiting the atherosclerosis progression®> (Figure 4).
According to bioactive nanomaterials-enabled photonic hyperthermia after NIR absorption, these results offered evidence
for the activity of hyperthermia to autophagy activation and attracted wide interest in design other PTT-driven autophagic
nanosystems in attenuating and boycotting AS progression. The significant progress in understanding the potential
mechanism of cell autophagy triggered by the hyperthermia effect is useful to promote the strategy of optimization from
the angle of treatment.
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Figure 3 (a) Schematic diagram of CuS-TRPVI switch for photothermal activation of TRPVI signaling to resist the atherosclerosis. (b) Representative imaging flow
cytometry pictures of VSMCs co-incubated with the fluorescein-conjugated CuS-TRPVI or CuS nanoparticles for 2h. Scale bar = 50 um. (c) Representative TEM picture of

autophagosomes in VSMCs after 30 NIR irradiation cycles. Black circles

were added to outline the double-membrane structures of autophagosomes. (d) In vitro Western

blot analysis of LC3II/LC3I ratio in VSMCs after corresponding treatments. *indicating P < 0.05 for CuS-TRPV | vs untreated group, "indicating P < 0.05 for Cap vs untreated
group, and indicating P < 0.05 for Rap vs untreated group. (e and f) Representative pictures of ORO-stained aortic root sections and ORO-stained en face aortic preparation
after different treatments. Reproduced with permission.54 Copyright 2018, Springer Nature.

Autophagy Mediated by Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is a clinically approved therapeutic strategy for specific malignant tumors and inflamma-

tory diseases, which has been an alternative and supplementary approach to traditional radiotherapy and chemotherapy

owing to their distinct advantages, including non-invasiveness, precise spatio-temporal controllability, and minimal side
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Figure 4 Schematic diagram of the HCN@DS preparation and the potential mechanisms of autophagic induction for atherosclerosis treatment. Upward yellow arrows
indicate the increased expression of related protein levels. Downward yellow arrows indicate the decrease of the content of lipid accumulation or macrophage inflammation.
Reproduced with permission.>®> Copyright 2024, American Chemical Society.

effects.’® % The underlying chemical mechanism of PDT involves the delivery of photosensitizers to the lesion areas,
followed by excitation with the light of specific wavelength to produce cytotoxic ROS, thereby inducing the oxidative
stress response.®>  Since ROS, as the major product of PDT, are early inducers of autophagy,®® autophagy induced by
PDT should also be worthy of our exploration. For instance, a UCNPs-Ce6 complex was constructed to induce autophagy
activation via inhibiting PI3K pathways, degrade the lipids into free cholesterol, and benefit the cholesterol efflux®’
(Figure 5a). Intracellular ROS can be efficiently induced by UCNPs-Ce6 under laser irradiation (Figure 5b). In vitro
experiments have found that PDT induced lipid deposition and cholesterol efflux via Oil red O staining and fluorometric
assay (Figure 5c¢ and d). Monodansylcadaverine (MDC) dye staining of autophagosomes demonstrated brighter green
fluorescence of the MDC-positive cells in the PDT group than in the other groups and could be significantly attenuated
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Figure 5 (a) Schematic illustration of UCNPs-Ce6é-mediated PDT for autophagic induction. (b) Flow cytometry analysis of intracellular ROS generation after varied
treatments. (c) Fluorescent images of Dil ox-LDL concentration. Scale bar = 50 um. (d) ORO-stained images of intracellular lipid burden at the appointed times after PDT
stimulation. Scale bar = 50 um. (e) The MDC staining of AVOs after varied treatments. Scale bar = 5 um. (f and g) Western blot analysis of autophagy-related proteins and
PI3K/Akt/mTOR pathway-related proteins after various treatments. Reproduced with permission.®” Copyright 2017, Springer Nature.

by autophagy inhibitor 3-methyladenine (3-MA), which indicated that PDT was responsible for autophagy induction in
macrophage foam cells (Figure 5e). To further investigate the pivotal role of ROS produced by PDT in autophagy
activation, ROS inhibitor, NAC, was found to significantly diminish the ROS production, reverse the effect of PDT on
autophagy-related proteins and suppress the PI3K/Akt/mTOR pathway (Figure 5f and g). Thus, light-excited PDT can
efficiently generate ROS and then initiate autophagy activation and cholesterol efflux to inhibit the progression of AS.
These results have confirmed that PDT-accelerated autophagy features important advantages in AS suppression, which
provides a great promise for broadening the PDT application in AS therapy.

Autophagy Driven by Gas Therapy

Gas therapy is an emerging therapeutic method based on specific gas molecules, such as hydrogen sulfide (H,S), carbon
monoxide (CO) and nitric oxide (NO), playing essential roles in various biological activities with the advantages of low
toxicity, non-resistance, and synergy with other therapies.®®’> Among these specifical gases, H,S, the third critical
biological molecule in the human body, can repair endothelial damage, regulate vasodilation, reconstruct the endothelial
barrier, and decrease oxidative stress, but its synthesis is largely damaged during the atherosclerotic development.”*”* To
solve this tricky issue, one effective modality is directly introducing exogenous H,S donor into the hepatocytes and AS
lesion. For example, a H,S donor incorporated into a thermal-sensitive polymer (UCST) was constructed to generate
produce H,S molecules to mediate hepatocyte autophagy, thereby contributing to reduce plasma triglyceride levels and
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suppress AS progression’> (Figure 6). On the one hand, H,S molecules can scavenge excessive ROS, increase anti-
inflammatory cytokines, regulate macrophage polarization toward M2-like phenotype, and prevent foam cell formation,
thereby performing protective effect to control and even reverse the AS progression.’®’” On the other hand, the
hepatocytes suffer from H,S molecules deficiency, contributing to dyslipidemia and hepatic steatosis, thus accelerating
the formation of foam cells and the deterioration of AS.”” This H,S gas can efficiently induce hepatocyte autophagy to
improve the lipid metabolism and impede the plasma triglyceride levels to promote anti-atherosclerosis efficiency. This
paradigm proves that H,S gas is efficient as autophagic inducers for AS treatment, which creatively transforms the waste
nanomedicine into the valuable asset to boost anti-atherosclerosis treatment.

Autophagy Enhanced by lon Interference Therapy (lIT)

Bioactive ions released/produced from specific nanomaterials play an important role in various physiological processes, such as
pH and osmotic pressure homeostasis, enzyme activity, signaling cascade activation, and biomolecule targeting activity.”* *°
Abnormal distribution or accumulation of these specific ions, regarded as ion-interference therapy (IIT), can influence normal
physiological activities, which have been exploited against malignant cancers and inflammatory disease with high efficiency
and non-drug resistance.®' *> Among bioactive metal ions, zinc ions (Zn>"), as an essential trace element for the human body,

can promote lipid digestion by regulating cellular autophagy.**** Inspired by this, a multifunctional nanomedicine was
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constructed by PLGA nanoparticle as a template to realize the CpG encapsulation through coordination-driven self-assembly
with Zn** and EGCG.* Upon cellular internalization, CEZP nanomedicine experienced intracellular disassembly triggered by
within the plaque, releasing Zn>* to improve lipid degradation by promoting macrophage autophagy®’(Figure 7a). Typical
transmission electron microscopy (TEM) presented increased autophagosomes in both EZP and CEZP treatments (Figure 7b),
and key autophagy-related proteins exhibited that Zn>*-involved interventions (EZP and CEZP group) remarkably elevated the
LC3p/a ratio while reducing p62 expression (Figure 7c—e), which suggested improved macrophage autophagy function was
attributed to Zn>" participation. This paradigm confirms that Zn>"-based nanomodulators are effective as autophagic inducers
for AS therapy through promoting intracellular lipid degradation, which offers distinct formulation design paradigms for IIT-
augmented AS treatments.

Autophagy Initiated by Sonodynamic Therapy (SDT)
SDT refers to the transient ROS generated by acoustic sensitizers with the assistance of cavitation effect and sonoluminescence
effect under US excitation.*® ! Unlike PDT, SDT exerts superior anti-cancer and anti-inflammatory effects on the deep-seated
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diseases, being noninvasive, not expensive, and having a considerable deep penetration, providing a bright future in clinical AS
treatment.”> *® Wu et al has proposed that a rod-like Au-ZnO Schottky Junction nanomedicine could effectively alleviate the
burden of subsistent foamy macrophages via ROS-initiated excessive autophagy and mitochondrial dysfunction, thereby
promoting the apoptosis of foamy macrophages’’ (Figure 8a). As we all know, the cytoplasmic LC3-I is usually converted
into LC3-II by a ubiquitination-like system. At the same time, the autophagy inhibitory protein 1 (P62), as an autophagy
substrate, is also decomposed when autophagy occurs. The Western blotting analysis of LC3-II/LC3-I and P62 expressions in
foam cells was conducted to find that the obviously autophagic activation in the SDT group was presented by the highest LC3-11
/LC3-I ratio and the lowest P62 expression compared with other groups (Figure 8b). In addition, increased autophagosomes
indicated the possibility of autophagic occurring in Au-ZnO Schottky Junction-based SDT (Figure 8c). The considerable foam
cell removing in an apoptotic way could be attributed to the abundant autophagy and mitochondrial dysfunction in macrophages
triggered by SDT from the piezocatalytic therapeutic performance (Figure 8d), which can not only effectively reduce the lipids
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Figure 8 (a) Schematic diagram of fabrication process of biomimetic Au-ZnO@MM Schottky junction construction and its underlying mechanism of autophagic induction
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underlying mechanism of autophagic induction through SDT. Reproduced with permission.97 Copyright 2024, Wiley-VCH.
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and foamy macrophages burden but also provide a valuable avenue for suppressing plaque progression by SDT-inducing
autophagic activity.

Autophagy Enabled/Augmented by Other Approaches
Autophagy Assisted by Targeting Nanocarriers

Although certain therapeutic drugs have been recognized to trigger autophagy induction for attenuating the AS progres-
sion, there are still critical issues in use of those autophagic molecules, such as quick clearance from body circulation,
undesirable off-target effects, and inevitable adverse reactions. The passive/active targeting activities of bioactive
nanocarriers can efficiently increase their cumulation in lesions by taking advantage of the endothelium permeability
in the AS plaques and positive targeting different molecular receptors in the AS inflammatory microenvironment.”® On
this ground, Trehalose-releasing nanogels (TNG) were introduced to extend the circulatory time and increase the
trehalose’s bioavailability.”” The incorporation of Acrylamide was helpful to hydrolyze the ester bond in 6-O-acryloyl-
trehalose units, thereby enabling the continuous release of free trehalose from the nanogels network for autophagy
activation in atherosclerotic lesions (Figure 9a). Owing to the excellent content of covalently bound trehalose (~58%), the
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Figure 9 (a) Schematic diagram of trehalose-releasing nanogels (TNG) for AS management via autophagic activation. (b) The ex vivo fluorescence images of the aorta of
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permission.” Copyright 2023, Springer Nature.
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as-fabricated TNG system possesses satisfactory biostability in serum-enriched medium and has no hemolytic effect on
red blood cells. As presented by fluorescent imaging, Cy5S-TNG displayed a significant tendency to accumulate within the
aortic plaques compared with free Cy5, with an average Region of Interest (ROI) about 1.6 times that of free CyS5
(Figure 9b). In in vivo experiments, TNG group showed a remarkable anti-atherosclerosis effect, and the total plaque area
decreased by approximately 60% after one month of treatments (Figure 9¢ and d). Furthermore, immunofluorescent
staining was performed on LC3 and p62expressions in the atherosclerotic plaque area to investigate the enhanced
autophagy effect of TNG (Figure 9e and f). ApoE ™~ mice treated with TNG showed a pronounced increase in LC3 levels
and decrease in p62 levels than that of free trehalose group, which have confirmed that the synergistic effects of
nanocarriers and trehalose could efficiently promote trehalose accumulation, stimulate autophagy activation, and
decrease plaque areas on constricting AS deterioration.

Moreover, Atorvastatin-loaded graphene oxide quantum dots (GOQDs) encapsulated with hybrid cytomembrane can
increase Atorvastatin accumulation in lesions and initiating autophagy stimulation in AS.'® The multi-loaded self-
assembled nanovesicle systems loaded with trehalose and the (HP-B-CD)/oridonin inclusion complex, which were used
to synergistically drive the autophagosomes formation, suppress foam cell formation, and decrease inflammatory
cytokines release.'”" Furthermore, the self-assembled LOX1-targeted siRNAs nanomicelles with bounding rapamycin/
DNA are designed to stimulate macrophage autophagy in atherosclerosis'**(Figure 10). Taken together, targeting
nanomaterials can exhibit enormously prospective applications for preserving the concentration of therapeutic elements
within atherosclerotic plagues for activating the autophagy and improving therapeutic efficacy, providing a feasible
solution to the low AS-accumulation issues.

Autophagy Enabled by Inherent Bioactivity
As we all know, a series of polypyridiniums compounds with inherent autophagy inducing activity was prepared by
partial quaternization of poly(4-vinylpyridine) (PVP) using alkyl chains of different lengths, which can effectively
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Figure 10 Schematic illustration of fabrication of RAP-grafted DNA conjugate and self-assemblies of RAP-loaded SNA and therapy performance in atherosclerosis via
activating autophagy. Upward arrow suggests the induction of autophagy and downward arrows represent the decreased content of mRNA and LOX-1. Reproduced with
permission.' Copyright 2022, Wiley-VCH.
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connect with functional proteins through combined effects of hydrophobic interactions, ionic, cation-t and hydrogen
bonding.'®® Thus, the polypyridiniums-based biostable complexes can be used to attenuate the AS progression according
to their inherent autophagic activity. The lead polymer P5c was screened from the polypyridiniums library due to the
inherent autophagy-inducing activity, considerable serum stability, and effective cargo proteins delivery. P5c can
sufficiently activate macrophage autophagy and restrain foam cell formation in AS. Both superoxide dismutase (SOD)
and catalase (CAT) encapsulated by P5c nanocomplexes can also down-regulate intracellular ROS, which provided
a multifaceted therapeutic modality to combat AS, addressing both autophagy dysfunctions and over-production ROS
within affected macrophages'®* (Figure 11a and b). Furthermore, the mCherry-GFP-LC3 assay was implemented to
investigate the autophagy-inducing activity of P5c-based nanocomplexes.'>'% When the autophagosomes are fused
with lysosomes to form autolysosomes, the eGFP fluorescence can be partially quenched owing to acidification, while the
mCherry fluorescence remains unchanged. Thus, cells treated with P5c are shown with red puncta dots, while yellow
puncta dots are displayed in chloroquine (CQ), autophagy inhibitor,'"” treated cells, indicating effective autophagy
induction in P5c-stimulated the cells (Figure 11c). In Western blot experiments, the transformation of cytosolic LC3-I to
membrane-bound LC3-II and the degradation of p62 were often regarded as evidence of autophagic induction after P5c
and P5c/S/C treatments (Figure 11d). This paradigm explores that polymer P5c screened from the polypyridiniums
library are effective as autophagic inducers for AS treatment, which provides the distinct inspirations and strategies for

inherent bioactivity of nanomedicine-based autophagic induction for AS attenuation.
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Figure 11 (a and b) Schematic diagram of neutrophil membrane-coated P5c/SOD/CAT nanoparticles (NeuM@P5¢/S/C) synthesis and P5c with autophagy-inducing activity
for AS management in ApoEfl* mice. Red upward and downward arrows represent the increased autophagic clearance and the decreased ROS concentration, respectively.
(c) Typical CLSM images of RAW264.7 cells stained by mCherry-GFP-LC3 after different treatments. (d) The expression levels of LC3-l, LC-3Il and pé62 after different
treatments. Reproduced with permission.I04 Copyright 2024, Wiley-VCH.
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Autophagy Promoted by Special Morphology
Up to now, accumulating evidence has reported there is a close mechanism relationship between morphology of

1087110 a5 well as autophagy activation.'''™''* For instance, specific gold nanopar-

nanomaterials and biological effects,
ticles were designed to modulate the autophagy response in a shape-dependent manner, in which nanosphere morphology
could activate more autophagosome accumulation as compared with the morphology of nanorod.''? In addition, spiky
morphology can drive satisfactory pro-survival autophagy in a composition- and shape-dependent manner.''*''* Rational
design and tuning morphology of bioactive nanomaterials can perform great potential in modulating autophagy for
atherosclerosis management. Inspired by this, a palladium—hydrogen (PdH) with specific morphology nanomedicine was

designed to drive a powerful autophagic response within the atherosclerotic plaque (Figure 12a).''> Bio-TEM images
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Figure 12 (a) Schematic diagram of autophagy activation for treating atherosclerosis as enabled by TN-PdH@Ms. (b) Bio-TEM images of macrophage cells after different
treatments. Yellow arrows indicate autophagosome and autophagolysosome. Scale bar = 1.0 um (c) The expression levels of LC3-I, LC-3Il, ATG3 and p62 after different
treatments. Reproduced with permission.I 15 Copyright 2022, American Chemical Society.

14 https: International Journal of Nanomedicine 2026:21



Chen et al

were used to observe autophagic flux in macrophages after varied treatments. More autophagic vesicles can be found in
TN-Pds and TN-PdHs groups, as compared to control group with few autophagic vacuoles, indicating the unique spiky
morphology of TN-Pds nanomedicine could significantly facilitate autophagosomes formation to a large extent
(Figure 12b). The upregulated LC3II expression and decreased p62 expression were recorded in TN-Pds group, much
stronger than those in Pd NPs group and control group, which was similar to the bio-TEM results (Figure 12¢). After
targeting the plaque based on the chemotaxis towards macrophages, combinatorial engineering of nanomedicines with H,
release under the NIR irradiation, ROS removed by PdH nanoenzyme activity, and strong autophagy activated by distinct
spike-like structure can achieve the desirable therapeutic performance and considerable therapeutic effect on athero-
sclerosis management. This inspired paradigm provides a special paradigm for topology-related biological effects to
perform therapeutic effect in the field of nanomedicine for atherosclerosis therapy.

Discussions

Recent development has uncovered that autophagy induction expands the traditional therapeutic concept and constructs
the critical part in anti-atherosclerosis treatment. The rapid advances of nanobiotechnology improve the emergence of
versatile effective therapeutic approaches for atherosclerosis management. Owing to the developed nanobiotechnology,
the cooperated application with bioactive nanomaterials can effectively improve the therapeutic efficiency and mean-
while make up the recent autophagy-based therapeutic defects and limitations. In addition to the passive accumulation of
enhanced permeability and retention (EPR) effect and the active targeting after surface targeted modification, their
distinct biological activity and physicochemical nature of designed nanomaterials were able to accelerate AS-autophagic
efficiency and specificity, contemporaneously decreasing cytotoxic destroy to normal tissues and organs. Although the
fast progress of nanomedicine-enabled/promoted autophagy-based AS nanotherapies, several critical issues should be
taken into consideration to strengthen the possible clinical transformation of their therapeutic modalities.

Design and Construction of Biocompatible Autophagic Nanomaterials

The occurrence of autophagy can not only attenuate the AS progress but also drive the autophagy in normal tissues/
organs for a long time. Compared with conventional strategies of small molecule-initiating autophagy, advanced
nanomedicine can create a reasonable chance to efficiently transport the optimal dose of autophagic inducers into
atherosclerotic plaques. Despite several certain inorganic nanomaterials themselves are performed to be local sources
for triggering autophagy via external energy fields, cytotoxic metal ions generated by their degradation may inevitably
exert virulence on normal tissues/organs. Besides, some specific organic nanomaterials may also contribute to the
ungratified enrichment in atherosclerotic plaques, which was resulted from the disadvantages of easy degradation and
poor stability in the blood circulation. The following reach target is how to design and construct the bioactive
nanomaterials with excellent physicochemical properties, such as size, shape, stiffness, surface charge and chemical
composition for further increasing the autophagic efficiency while mitigating and relieving their side effects. The rapid
and remarkable development and advancement in the fields of nanomedicine are highly expected to explore and provide
more useful solutions for these important issues.

Surface Modification of Autophagic Nanomaterials

To realize the considerable therapeutic potency accompanied by negligible toxic effects, these fabricated autophagic
nanomaterials should be surface modification for guarantecing satisfactory AS enrichment. Usually, suitable surface
modification of nanomaterials is of high importance for nanomedicine in the diagnosis and therapy. Appropriate surface
engineering can ensure the long-term blood circulation and also escape the phagocytosis of reticuloendothelial system
(RES). It is noted that surface-targeting modification can obtain the high-targeting enrichment of autophagic nanomater-
ials into inflammatory plagues, largely increasing the autophagic-therapeutic efficacy with minimal side effects of
autophagy. Recent surface-modification approaches of designed autophagic nanomaterials have been much less investi-
gated, which need to be devoted more attraction to future studies and research.
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Biosafety/Biocompatibility of Autophagic Nanomaterials

The biocompatibility and biosafety of autophagic nanomaterials play a fundamental part in facilitating the clinical
transformation. Currently, primary explorations have presented the fairly considerable biocompatibility and biosafety
in vitro and in vivo experiments, however, the long-term toxicity and side effects of these specific bionanomaterials have
not been thoroughly explored and discussed. It is noted that the vast majority of autophagic nanomaterials are constructed
based on the inorganic nanoparticles, which has caused there is still a long way to go for their further clinical application.
Hence, more detailed biosafety in vitro and in vivo evaluation of these autophagic nanoinducers should be carried out to
provide credible evidence-based outcomes regarding the biocompatibility and biosafety issues.

Amplifying Nanomedical Applications of Autophagic Nanomaterials

The research of autophagy driven by specific nanoinducers has been widely investigated in anti-atherosclerosis therapy. It
is highly expected that the modality to induce autophagy can be extended to other unexploited therapeutic fields. Apart
from the autophagy-based synergistic nanotherapy, bioactive nanomaterials-inducing autophagic managements are
anticipated to be completely fused with other therapeutic strategies to accelerate the therapeutic potency of autophagy-
based anti-aheroclerosis therapy. It is unfortunate that there still lacks the real-time bioimaging approaches to visibly and
feasibly manifest the induction of autophagy. Hence, some specific autophagic nano-inducer can also function as contrast
agents observed by contrast-enhanced imaging patterns, which is expected to design and to establish the real-time
imaging-guided autophagic anti-atherosclerosis therapy.

Conclusions

As one of the emerging and booming anti-atherosclerosis strategies and interdisciplinary exploration fields, nanomedi-
cine-initiated/promoted autophagy can noticeably enhance anti-atherosclerosis therapeutic efficacy. Meanwhile, the field
of bioactive nanomaterial-initiated autophagy in anti-atherosclerosis is still in the primary stage, thus more efforts of the
related research should be put on benefiting personalized management in mitigating and boycotting atherosclerotic
progress and development. It is firmly believed that anti-atherosclerosis approach based on nanomedicine-inducing
autophagy will make great contributions to advancement of bioactive nanomaterials and achieving possible clinical-
transformation to benefit more cardiovascular patients, as long as these present facing issues and critical challenges are
fully addressed in the future.

Funding
We greatly acknowledge the financial support from National Science Foundation for Young Scientists of China (grant
no. 82302208, 82300283), Medical research project of Jiangsu Provincial Health Commission (grant no. H2023141).

Disclosure
The authors report no conflicts of interest in this work.

References

. Peter L. The changing landscape of atherosclerosis. Nature. 2021;592(7855). doi:10.1038/s41586-021-03392-8

. Maigeng Z, Haidong W, Xinying Z, et al. Mortality, morbidity, and risk factors in China and its provinces, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet. 2019;394(10204):1145-1158.

. Johan LMB, Aldons JL. Atherosclerosis: recent developments. Cell. 2022;185(10). doi:10.1016/j.cell.2022.04.004

Peter L, Julie EB, Lina B, et al. Atherosclerosis. Nat Rev Dis Primers. 2019;5(1). doi:10.1038/s41572-019-0106-z

. Ruizhi H, Junchang Q, Wei F, et al. Lysosomal zinc nanomodulation blocks macrophage pyroptosis for counteracting atherosclerosis progression. Sci
Adv. 2025;11(26). doi:10.1126/sciadv.adu3919

. Liu B, Zhu L, Lei L, et al. Lesional macrophage-targeted nanomedicine regulating cholesterol homeostasis for the treatment of atherosclerosis. Adv
Mater. 2025;2502581; doi:10.1002/adma.202502581

. Yan Z, Yifei Y, Wei Z, et al. Reactive oxygen species scavenging and inflammation mitigation enabled by biomimetic prussian blue analogues
boycott atherosclerosis. J Nanobiotechnology. 2021;19(1). doi:10.1186/s12951-021-00897-2

. Xiaoqi Z, Shanshan J, Simin R, et al. Cardiovascular risk factors and breast cancer incidence in a large middle-aged cohort study. BMC Cancer.
2022;22(1). doi:10.1186/512885-022-09604-2

N —

oo

16 https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1016/j.cell.2022.04.004
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1126/sciadv.adu3919
https://doi.org/10.1002/adma.202502581
https://doi.org/10.1186/s12951-021-00897-2
https://doi.org/10.1186/s12885-022-09604-2

Chen et al

10.

11.

12.
13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

. Neal SP, Rebecca FG. Midlife cardiovascular risk factors, subclinical atherosclerosis, and cerebral hypometabolism. J Am Coll Cardiol. 2021;77

(7):899-901.

William H, Ben L, Paul S, Jane A, Sarah L. Epidemiology of atherosclerosis and the potential to reduce the global burden of atherothrombotic
disease. Circ Res. 2016;118(4). doi:10.1161/circresaha.115.307611

Wei C, Maaike S, Yihai C, Jinjun S, Ira T, Wei T. Macrophage-targeted nanomedicine for the diagnosis and treatment of atherosclerosis. Nat
Rev Cardiol. 2021;19(4). doi:10.1038/s41569-021-00629-x

Munehiro K, Daisuke K. Autophagy in metabolic disease and ageing. Nat Rev Endocrinol. 2021;17(11). doi:10.1038/s41574-021-00551-9
Xianghai L, Judith CS, Ying W, et al. Macrophage autophagy plays a protective role in advanced atherosclerosis. Cell Metab. 2012;15(4).
doi:10.1016/j.cmet.2012.01.022

Jilin F, Tingting Z, Xiaoling T, Mengjie W, Zhichao L, Wei L. Targeting programmed cell death as an innovative strategy against
atherosclerosis: potential of natural compound supplements. Phytother Res. 2025;39(8). doi:10.1002/ptr.70027

Sijian W, Ruolan Y, Miao L, et al. Targeting autophagy in atherosclerosis: advances and therapeutic potential of natural bioactive compounds
from herbal medicines and natural products. Biomed Pharmacother. 2022;155. doi:10.1016/j.biopha.2022.113712

Chungang Z, Jing C, Haroon M, et al. Selective inhibition of PI3K/Akt/mTOR signaling pathway regulates autophagy of macrophage and
vulnerability of atherosclerotic plaque. PLoS One. 2014;9(3). doi:10.1371/journal.pone.0090563

Qingqing X, Xinyu C, Bin C, et al. Macrophage autophagy regulates mitochondria-mediated apoptosis and inhibits necrotic core formation in
vulnerable plaques. J Cell Mol Med. 2019;24(1). doi:10.1111/jcmm.14715

Hongping C, Lihui Z, Shaohua M, et al. FURIN suppresses the progression of atherosclerosis by promoting macrophage autophagy. FASEB J.
2023;37(5). doi:10.1096/1j.202201762RR

. Maarit V, Muriel S, Ileana D, et al. Editor’s choice - follow-up of patients after revascularisation for peripheral arterial diseases: a consensus

document from the European Society of Cardiology working group on aorta and peripheral vascular diseases and the European Society for
Vascular Surgery. Eur J Vasc Endovasc Surg. 2019;58(5). doi:10.1016/j.€jvs.2019.06.017

Connie BN, David P, Jonathan AT, et al. Statin safety and associated adverse events: a scientific statement from the American Heart
Association. Arterioscler Thromb Vasc Biol. 2018;39(2). doi:10.1161/atv.0000000000000073

Xiangang H, Na K, Xingcai Z, Yihai C, Robert L, Wei T. The landscape of mRNA nanomedicine. Nat Med. 2022;28(11). doi:10.1038/s41591-
022-02061-1

Ye Z, Maoyu L, Xiaomei G, Yongheng C, Ting L. Nanotechnology in cancer diagnosis: progress, challenges and opportunities. J Hematol
Oncol. 2019;12(1). doi:10.1186/s13045-019-0833-3

Ryan MW, Shi C, Rachel EL, et al. Harnessing nanotechnology to expand the toolbox of chemical biology. Nat Chem Biol. 2021;17(2).
doi:10.1038/541589-020-00690-6

Jiang O, Angel X, Jun Z, et al. Minimally invasive nanomedicine: nanotechnology in photo-/ultrasound-/radiation-/magnetism-mediated therapy
and imaging. Chem Soc Rev. 2022;51(12). doi:10.1039/d1¢cs01148k

Qi Z, Yibin Y, Jianfeng P. Recent advances in plant nanoscience. Adv Sci. 2021;9(2). doi:10.1002/advs.202103414

Lucia S, Lucia M, Evelyn O, et al. The emerging role of nanotechnology in skincare. Adv Colloid Interface Sci. 2021;293. doi:10.1016/j.
cis.2021.102437

Wei T, Na K, Xiaoyuan J, et al. Emerging two-dimensional monoelemental materials (Xenes) for biomedical applications. Chem Soc Rev.
2019;48(11). doi:10.1039/c8cs00823j

Sangeeta NB, Xiaoyuan C, Marina AD, Twan L. Cancer nanomedicine. Nat Rev Cancer. 2022;22(10). doi:10.1038/s41568-022-00496-9
Xiaoqin Q, Jun Z, Zi G, Yu C. Nanocatalysts-augmented Fenton chemical reaction for nanocatalytic tumor therapy. Biomaterials. 2019;211(1).
doi:10.1016/j.biomaterials.2019.04.023

Zheng Z, Yajun Z, Shuangshuang Z, Li D, Baoding C, Yu C. Nanomedicine-enabled/augmented cell pyroptosis for efficient tumor nanotherapy.
Adv Sci. 2022;9(35). doi:10.1002/advs.202203583

Jingwen G, Zheng Z, Shuangshuang Z, et al. Nanomedicine-induced cell pyroptosis to enhance antitumor immunotherapy. J Mater Chem B.
2024;12(16). doi:10.1039/d3tb03017b

Yuxiao L, Yi C, Cheng Z, Huan W, Yuanjin Z. Nanomotor-derived porous biomedical particles from droplet microfluidics. Adv Sci. 2021;9(4).
doi:10.1002/advs.202104272

Lijiao Y, Zijian Z, Jibin S, Xiaoyuan C. Anisotropic nanomaterials for shape-dependent physicochemical and biomedical applications. Chem
Soc Rev. 2019;48(19). doi:10.1039/c9cs00011a

Yang S, Roy VDM, Xiaoyuan C, Twan L. The EPR effect and beyond: strategies to improve tumor targeting and cancer nanomedicine treatment
efficacy. Theranostics. 2020;10(17). doi:10.7150/thno.49577

Denzil F, Mattias B, Scott A, Ashley IB, Kristian K, Frank C. Overcoming the blood-brain barrier: the role of nanomaterials in treating
neurological diseases. Adv Mater. 2018;30(46). doi:10.1002/adma.201801362

Yuankun C, Ao Z, Shumiao H, et al. Autophagy-related genes in atherosclerosis. J Healthc Eng. 2021;2021(1). doi:10.1155/2021/6402206
Bo-Zong S, Bin-Ze H, Yan-Xia Z, Ding-Feng S, Chong LJAPS. The roles of macrophage autophagy in atherosclerosis. Acta Pharmacologica
Sinica. 2016;37(2). doi:10.1038/aps.2015.87

Lin Z, Guangjie W, Xiaoyan Y, et al. Low density lipoprotein mimics insulin action on autophagy and glucose uptake in endothelial cells.
Scientific Rep. 2019;9(1). doi:10.1038/s41598-019-39559-7

Menghini R, Casagrande V, Marino A, et al. MiR-216a: a link between endothelial dysfunction and autophagy. Cell Death Dis. 2014;5(1).
doi:10.1038/cddis.2013.556

Li H, Huang S, Wang S, et al. Targeting annexin A7 by a small molecule suppressed the activity of phosphatidylcholine-specific phospholipase
C in vascular endothelial cells and inhibited atherosclerosis in apolipoprotein E™/ mice. Cell Death Disease. 2013;4(9). doi:10.1038/
cddis.2013.317

Po-Sheng C, Kuan-Chieh W, Ting-Hsing C, et al. Recombinant thrombomodulin exerts anti-autophagic action in endothelial cells and provides
anti-atherosclerosis effect in apolipoprotein E deficient mice. Scientific Rep. 2017;7(1). doi:10.1038/s41598-017-03443-z

Xiangsheng C, Miaogin S, Mingyu X, et al. GLP-1 treatment protects endothelial cells from oxidative stress-induced autophagy and endothelial
dysfunction. Int J Biol Sci. 2018;14(12). doi:10.7150/ijbs.27774

International Journal of Nanomedicine 2026:21 hetps: 17


https://doi.org/10.1161/circresaha.115.307611
https://doi.org/10.1038/s41569-021-00629-x
https://doi.org/10.1038/s41574-021-00551-9
https://doi.org/10.1016/j.cmet.2012.01.022
https://doi.org/10.1002/ptr.70027
https://doi.org/10.1016/j.biopha.2022.113712
https://doi.org/10.1371/journal.pone.0090563
https://doi.org/10.1111/jcmm.14715
https://doi.org/10.1096/fj.202201762RR
https://doi.org/10.1016/j.ejvs.2019.06.017
https://doi.org/10.1161/atv.0000000000000073
https://doi.org/10.1038/s41591-022-02061-1
https://doi.org/10.1038/s41591-022-02061-1
https://doi.org/10.1186/s13045-019-0833-3
https://doi.org/10.1038/s41589-020-00690-6
https://doi.org/10.1039/d1cs01148k
https://doi.org/10.1002/advs.202103414
https://doi.org/10.1016/j.cis.2021.102437
https://doi.org/10.1016/j.cis.2021.102437
https://doi.org/10.1039/c8cs00823j
https://doi.org/10.1038/s41568-022-00496-9
https://doi.org/10.1016/j.biomaterials.2019.04.023
https://doi.org/10.1002/advs.202203583
https://doi.org/10.1039/d3tb03017b
https://doi.org/10.1002/advs.202104272
https://doi.org/10.1039/c9cs00011a
https://doi.org/10.7150/thno.49577
https://doi.org/10.1002/adma.201801362
https://doi.org/10.1155/2021/6402206
https://doi.org/10.1038/aps.2015.87
https://doi.org/10.1038/s41598-019-39559-7
https://doi.org/10.1038/cddis.2013.556
https://doi.org/10.1038/cddis.2013.317
https://doi.org/10.1038/cddis.2013.317
https://doi.org/10.1038/s41598-017-03443-z
https://doi.org/10.7150/ijbs.27774

Chen et al

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Peipei G, Mingxiao G, Juan D, Jingbin Y, Lei ZJB. Downregulation of microRNA-512-3p enhances the viability and suppresses the apoptosis of
vascular endothelial cells, alleviates autophagy and endoplasmic reticulum stress as well as represses atherosclerotic lesions in atherosclerosis
by adjusting spliced/unspliced ratio of X-box binding protein 1. Bioengineered. 2021;12(2):XBP-1S/XBP-1U. doi:10.1080/
21655979.2021.2006862

Vincenzo M, Micaela G, Vincenzo M, et al. Oxidized LDL attenuates protective autophagy and induces apoptotic cell death of endothelial cells:
role of oxidative stress and LOX-1 receptor expression. Int J Cardiol. 2015;184:152—158. doi:10.1016/j.ijcard.2015.02.007

Lin L, Mu-Xin Z, Lei Z, Dan Z, Chao L, Yun-Lun LJFCDB. Autophagy, pyroptosis, and ferroptosis: new regulatory mechanisms for
atherosclerosis. Front Cell Develop Biol. 2022;9:809955. doi:10.3389/fcell.2021.809955

Audrey S, Hripsime N, Julien F, et al. Mitophagy acts as a safeguard mechanism against human vascular smooth muscle cell apoptosis induced
by atherogenic lipids. Oncotarget. 2016;7(20). doi:10.18632/oncotarget.8936

Mandy OJG, Paula ADCM, Nicole B, et al. Defective autophagy in vascular smooth muscle cells accelerates senescence and promotes
neointima formation and atherogenesis. Autophagy. 2015;11(11). doi:10.1080/15548627.2015.1096485

Li Z, Zhang H, Han J, Chen Y, Lin H, Yang T. Surface nanopore engineering of 2D MXenes for targeted and synergistic multitherapies of
hepatocellular carcinoma. Adv Mater. 2018;30(25):1706981. doi:10.1002/adma.201706981

Lin H, Wang Y, Gao S, Chen Y, Shi J. Theranostic 2D tantalum carbide (MXene). Adv Mater. 2018;30(4):1703284. doi:10.1002/
adma.201703284

Han X, Huang J, Lin H, Wang Z, Li P, Chen Y. 2D ultrathin MXene-Based drug-delivery nanoplatform for synergistic photothermal ablation
and chemotherapy of cancer. Adv Healthcare Mater. 2018;7(9):1701394. doi:10.1002/adhm.201701394

Hu R, Dai C, Wang C, et al. Engineering 2D arsenic-phosphorus theranostic nanosheets. Adv Funct Mater. 2021;31(25):2101660. doi:10.1002/
adfm.202101660

Yin H, Guan X, Lin H, et al. Nanomedicine-Enabled photonic thermogaseous cancer therapy. Adv Sci. 2020;7(2):1901954. doi:10.1002/
advs.201901954

Alexander NK, Anastasiya ET, Vera SV, Olga PK, Vladimir YS, Jan LG. Silica-gold nanoparticles for atheroprotective management of plaques:
results of the NANOM-FIM trial. Nanoscale. 2015;7(17). doi:10.1039/c¢5nr01050k

Wen G, Yuhui S, Michelle C, et al. Copper sulfide nanoparticles as a photothermal switch for TRPV1 signaling to attenuate atherosclerosis. Nat
Commun. 2018;9(1). doi:10.1038/s41467-017-02657-z

Lingjie W, Xiaoqian Z, Hongrong Z, et al. Novel metal-free nanozyme for targeted imaging and inhibition of atherosclerosis via macrophage
autophagy activation to prevent vulnerable plaque formation and rupture. ACS Appl Mater Interfaces. 2024;16(39). doi:10.1021/
acsami.4c08671

Dennis EJGJD, Dai F, Rakesh KJ. Photodynamic therapy for cancer. Nat Rev Cancer. 2003;3(5). doi:10.1038/nrc1071

Ana PC, Pawel M, Michael RH. Photodynamic therapy and anti-tumour immunity. Nat Rev Cancer. 2006;6(7). doi:10.1038/nrc1894

Lihui G, Han W, Xu L, et al. Hydrogen-Bonded organic framework nanoscintillators for X-Ray-Induced photodynamic therapy in hepatocel-
lular carcinoma. Adv Mater. 2025;37(13). doi:10.1002/adma.202417001

Xun G, Peng T, Xiaoting W, et al. Decomposable nanoagonists enable NIR-Elicited cGAS-STING activation for tandem-amplified
photodynamic-metalloimmunotherapy. Adv Mater. 2024;36(21). doi:10.1002/adma.202313029

Yu C, Zhentan L, Dong W. Multifunctional nanoplatform for single NIR laser-regulated efficient PDT/PTT/chemotherapy. Biomacromolecules.
2024;25(2). doi:10.1021/acs.biomac.3¢c01100

Jialun W, Yun Z, Yu C, et al. Three-in-One oncolytic adenovirus system initiates a synergetic photodynamic immunotherapy in
immune-suppressive cholangiocarcinoma. Small. 2023;19(34). doi:10.1002/smll.202207668

Xiaoyan J, Muyue Y, Ying F, et al. A photo-activated thermoelectric catalyst for ferroptosis-/pyroptosis-boosted tumor nanotherapy. Adv
Healthc Mater. 2023;12(24). doi:10.1002/adhm.202300699

Huican D, Meiqi C, Han L, et al. Two-dimensional silicene photodynamic tumor-targeting nanomedicine. Mater Today Bio. 2022;16.
doi:10.1016/j.mtbio.2022.100393

Nancy LO, Rachel LM, Irina B. The role of apoptosis in response to photodynamic therapy: what, where, why, and how. Photochem Photobiol
Sci. 2003;1(1). doi:10.1039/b108586¢g

Jing T, Chuanyu S, Ke X, Changchun W, Jia G. Immobilization of ALA-Zn(Il) coordination polymer pro-photosensitizers on magnetite
colloidal supraparticles for target photodynamic therapy of bladder cancer. Small. 2015;11(47). doi:10.1002/smll.201502131

Michelle A, Michael P, David HK. Apoptotic and autophagic responses to photodynamic therapy in 1c1c7 murine hepatoma cells. Autophagy.
2011;7(9). doi:10.4161/auto.7.9.15865

Xiaobo BH, Hongxia XL, Yueqing QJ, et al. Upconversion nanoparticle-mediated photodynamic therapy induces autophagy and cholesterol
efflux of macrophage-derived foam cells via ROS generation. Cell Death Dis. 2017;8(6). doi:10.1038/cddis.2017.242

Tian-Yu W, Xiao-Yu Z, Fu-Gen W. Antibacterial gas therapy: strategies, advances, and prospects. Bioact Mater. 2022;23. doi:10.1016/].
bioactmat.2022.10.008

Haoyu F, Daoyu Z, Yixuan C, et al. Ultrasound-responsive 4D bioscaffold for synergistic sonopiezoelectric-gaseous osteosarcoma therapy and
enhanced bone regeneration. Adv Sci. 2025;12(22). doi:10.1002/advs.202417208

Jing L, Guangwen C, Luping Q, et al. Activatable sulfur dioxide nanosonosensitizer enables precisely controllable sono-gaseous checkpoint
trimodal therapy for orthotopic hepatocellular carcinoma. Adv Sci. 2024;12(5). doi:10.1002/advs.202409442

Yingyi Z, Xiaolian D, Lili X, et al. Living therapeutics for synergistic hydrogen-photothermal cancer treatment by photosynthetic bacteria. Adv
Sci. 2024;12(1). doi:10.1002/advs.202408807

Jiajia Z, Erbao B, Renwu Z, et al. Self-Assembled aza-boron-dipyrromethene-based H(2)S prodrug for synergistic ferroptosis-enabled gas and
sonodynamic tumor therapies. Adv Sci. 2024;11(30). doi:10.1002/advs.202309542

Sarathi M, Ashley U, Lingyun W, Rui W. Hydrogen sulfide and the pathogenesis of atherosclerosis. Antioxid Redox Signal. 2013;20(5).
doi:10.1089/ars.2013.5324

Sarathi M, Hongzhu L, Ashley U, et al. Decreased endogenous production of hydrogen sulfide accelerates atherosclerosis. Circulation.
2013;127(25). doi:10.1161/circulationaha.113.002208

18

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1080/21655979.2021.2006862
https://doi.org/10.1080/21655979.2021.2006862
https://doi.org/10.1016/j.ijcard.2015.02.007
https://doi.org/10.3389/fcell.2021.809955
https://doi.org/10.18632/oncotarget.8936
https://doi.org/10.1080/15548627.2015.1096485
https://doi.org/10.1002/adma.201706981
https://doi.org/10.1002/adma.201703284
https://doi.org/10.1002/adma.201703284
https://doi.org/10.1002/adhm.201701394
https://doi.org/10.1002/adfm.202101660
https://doi.org/10.1002/adfm.202101660
https://doi.org/10.1002/advs.201901954
https://doi.org/10.1002/advs.201901954
https://doi.org/10.1039/c5nr01050k
https://doi.org/10.1038/s41467-017-02657-z
https://doi.org/10.1021/acsami.4c08671
https://doi.org/10.1021/acsami.4c08671
https://doi.org/10.1038/nrc1071
https://doi.org/10.1038/nrc1894
https://doi.org/10.1002/adma.202417001
https://doi.org/10.1002/adma.202313029
https://doi.org/10.1021/acs.biomac.3c01100
https://doi.org/10.1002/smll.202207668
https://doi.org/10.1002/adhm.202300699
https://doi.org/10.1016/j.mtbio.2022.100393
https://doi.org/10.1039/b108586g
https://doi.org/10.1002/smll.201502131
https://doi.org/10.4161/auto.7.9.15865
https://doi.org/10.1038/cddis.2017.242
https://doi.org/10.1016/j.bioactmat.2022.10.008
https://doi.org/10.1016/j.bioactmat.2022.10.008
https://doi.org/10.1002/advs.202417208
https://doi.org/10.1002/advs.202409442
https://doi.org/10.1002/advs.202408807
https://doi.org/10.1002/advs.202309542
https://doi.org/10.1089/ars.2013.5324
https://doi.org/10.1161/circulationaha.113.002208

Chen et al

75.

76.

71.

78.
79.

80.
81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.
106.

107.

108.

109.

Ren X, Gao D, Liu X, et al. UCST polymeric H2S-Donor fabricated nanomedicine managing atherosclerosis by gas-photothermal therapy
involving a “Turning waste into treasure” strategy. Adv Funct Mater. 2025;35(20):2419295. doi:10.1002/adfm.202419295

Zhen L, Yi H, Ling L, et al. The hydrogen sulfide donor, GYY4137, exhibits anti-atherosclerotic activity in high fat fed apolipoprotein E(-/-)
mice. Br J Pharmacol. 2013;169(8). doi:10.1111/bph.12246

Jiang W, Anqi C, Yajiao Z, et al. Novel H(2)S-Releasing hydrogel for wound repair via in situ polarization of M2 macrophages. Biomaterials.
2019;222. doi:10.1016/j.biomaterials.2019.119398

Kevin JW, Julian CR, Dianne F, Nigel JR. Metalloproteins and metal sensing. Nature. 2009;460(7257). doi:10.1038/nature08300

Claudia A, Ivano B, Gabriele C, Gemma LH, Janet MT. Metal ions in biological catalysis: from enzyme databases to general principles. J Bio/
Inorg Chem. 2008;13(8). doi:10.1007/s00775-008-0404-5

Yu SP, Canzoniero LM, Choi DW. Ion homeostasis and apoptosis. Curr Opin Cell Biol. 2001;13(4). doi:10.1016/s0955-0674(00)00228-3
Chu X, Jiang X, Liu Y, et al. Nitric oxide modulating calcium store for Ca2+-Initiated cancer therapy. Adv Funct Mater. 2021;31(13):2008507.
doi:10.1002/adfm.202008507

Liu Y, Zhang M, Bu W. Bioactive nanomaterials for ion-interference therapy. VIEW. 2020;1(2):e18. doi:10.1002/viw2.18

Zhang M, Song R, Liu Y, et al. Calcium-overload-mediated tumor therapy by calcium peroxide nanoparticles. Chem. 2019;5(8):2171-2182.
doi:10.1016/j.chempr.2019.06.003

Xiaolei W, Christer H, Guanghui C, et al. Zn induces lipophagy via the deacetylation of beclinl and alleviates cu-induced lipotoxicity at their
environmentally relevant concentrations. Environ Sci Technol. 2021;55(8). doi:10.1021/acs.est.0c08609

Jia L, Yiyuan K, Suhan Y, et al. Key role of microtubule and its acetylation in a zinc oxide nanoparticle-mediated lysosome-autophagy system.
Small. 2019;15(25). doi:10.1002/sml11.201901073

Cui T, Hui W, Lina G, et al. Multifunctional nanomedicine for targeted atherosclerosis therapy: activating plaque clearance cascade and
suppressing inflammation. ACS Nano. 2025;19(3). doi:10.1021/acsnano.4c12131

Liu J, Kang Y, Yin S, et al. Key role of microtubule and its acetylation in a zinc oxide nanoparticle-mediated lysosome—autophagy system.
Small. 2019;15(25):1901073. doi:10.1002/sml1.201901073

Mengying H, Ruohui W, Yanjia L, et al. Ultrasound-driven manganese oxide nanocatalyts augment multipronged catalytic tumor therapies by
unleashing mutually enhanced and sustained oxidative strom and ferroptosis. Biomaterials. 2025;326. doi:10.1016/j.biomaterials.2025.123643
Ouyang J, Tang Z, Farokhzad N, et al. Ultrasound mediated therapy: recent progress and challenges in nanoscience. Nano Today.
2020;35:100949. doi:10.1016/j.nantod.2020.100949

Yi Z, Tianhu Z, Meiqi C, et al. Sonoactivated Z-scheme heterojunction for enhanced sonodynamic mitophagy inhibition and triple negative
breast cancer treatment. Adv Mater. 2024;37(4). doi:10.1002/adma.202413601

Min Z, Dandan S, Hui H, et al. Nanosonosensitizer optimization for enhanced sonodynamic disease treatment. Adv Mater. 2024;36(46).
doi:10.1002/adma.202409663

Yaling Z, Wei W, Yao G, et al. Nanosonosensitizers-engineered injectable thermogel for augmented chemo-sonodynamic therapy of melanoma
and infected wound healing. Mater Today Bio. 2023;20. doi:10.1016/j.mtbi0.2023.100621

Kang Z, Jimei W, Zhao W, Qing C, Jibin S, Xiaoyuan C. Ultrasound-Activated theranostic materials and their bioapplications. Angew Chem
Int Ed Engl. 2025;64(22). doi:10.1002/anie.202422278

Yangiu D, Yang Y, Peilai L, et al. Reticular chemistry-enabled sonodynamic activity of covalent organic frameworks for nanodynamic cancer
therapy. Angew Chem Int Ed Engl. 2023;62(20). doi:10.1002/anie.202302146

Hui H, Wei F, Xiaoqin Q, Luodan Y, Yu C, Yuehua L. Emerging nanomedicine-enabled/enhanced nanodynamic therapies beyond traditional
photodynamics. Adv Mater. 2021;33(12). doi:10.1002/adma.202005062

Wenwen Y, Liang C, Luodan Y, et al. Checkpoint blockade and nanosonosensitizer-augmented noninvasive sonodynamic therapy combination
reduces tumour growth and metastases in mice. Nat Commun. 2019;10(1). doi:10.1038/s41467-019-09760-3

Jingyun C, Wengqi P, Yi Z, et al. Piezocatalytic schottky junction treats atherosclerosis by a biomimetic trojan horse strategy. Adv Mater. 202436
(19). doi:10.1002/adma.202312102

Ali M, Yi W, Tieyin Y, et al. Atherosclerosis treatment with stimuli-responsive nanoagents: recent advances and future perspectives. Adv
Healthc Mater. 2019;8(11). doi:10.1002/adhm.201900036

Yuan Z, Ali M, Kai Q, et al. Nanogels with covalently bound and releasable trehalose for autophagy stimulation in atherosclerosis.
J Nanobiotechnology. 2023;21(1). doi:10.1186/s12951-023-02248-9

You P, Mayier A, Zhou H, et al. Targeting and promoting atherosclerosis regression using hybrid membrane coated nanomaterials via alleviated
inflammation and enhanced autophagy. App! Mater Today. 2022;26:101386. doi:10.1016/j.apmt.2022.101386

Li Z, Zhang L, Xue C, et al. Hydroxypropyl-B-cyclodextrin/Oridonin and Trehalose loaded nanovesicles attenuate foam cells formation and
regulate the inflammation. Eur Polym J. 2022;180:111596. doi:10.1016/j.eurpolym;j.2022.111596

Yuanyuan G, Jingcan Q, Qiangian Z, et al. Plaque-targeted rapamycin spherical nucleic acids for synergistic atherosclerosis treatment. Adv Sci.
2022;9(16). doi:10.1002/advs.202105875

Shinji Y. Cation-w interactions in organic synthesis. Chem Rev. 2018;118(23). doi:10.1021/acs.chemrev.8b00377

Liang M, Wang Q, Zhang S, et al. Polypyridiniums with inherent autophagy-inducing activity for atherosclerosis treatment by intracellularly
Co-Delivering two antioxidant enzymes. Adv Mater. 2024;36(46):2409015. doi:10.1002/adma.202409015

Noboru M, Tamotsu Y, Beth L. Methods in mammalian autophagy research. Cell. 2010;140(3). doi:10.1016/j.cell.2010.01.028

Wen Y, Ahmed H, Giovanni T, et al. Inhibition of the autophagic flux by salinomycin in breast cancer stem-like/progenitor cells interferes with
their maintenance. Autophagy. 2013;9(5). doi:10.4161/auto.23997

Mario M, Idil O, Cecilia R, et al. Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy. 2018;14(8).
doi:10.1080/15548627.2018.1474314

Ji W, Hui-Jivan C, Tian H, et al. Physical activation of innate immunity by spiky particles. Nat Nanotechnol. 2018;13(11). doi:10.1038/s41565-
018-0274-0

Cong VT, Wang W, Tilley RD, et al. Can the shape of nanoparticles enable the targeting to cancer cells over healthy cells? Adv Funct Mater.
2021;31(32):2007880. doi:10.1002/adfm.202007880

International Journal of Nanomedicine 2026:21 hetps: 19


https://doi.org/10.1002/adfm.202419295
https://doi.org/10.1111/bph.12246
https://doi.org/10.1016/j.biomaterials.2019.119398
https://doi.org/10.1038/nature08300
https://doi.org/10.1007/s00775-008-0404-5
https://doi.org/10.1016/s0955-0674(00)00228-3
https://doi.org/10.1002/adfm.202008507
https://doi.org/10.1002/viw2.18
https://doi.org/10.1016/j.chempr.2019.06.003
https://doi.org/10.1021/acs.est.0c08609
https://doi.org/10.1002/smll.201901073
https://doi.org/10.1021/acsnano.4c12131
https://doi.org/10.1002/smll.201901073
https://doi.org/10.1016/j.biomaterials.2025.123643
https://doi.org/10.1016/j.nantod.2020.100949
https://doi.org/10.1002/adma.202413601
https://doi.org/10.1002/adma.202409663
https://doi.org/10.1016/j.mtbio.2023.100621
https://doi.org/10.1002/anie.202422278
https://doi.org/10.1002/anie.202302146
https://doi.org/10.1002/adma.202005062
https://doi.org/10.1038/s41467-019-09760-3
https://doi.org/10.1002/adma.202312102
https://doi.org/10.1002/adhm.201900036
https://doi.org/10.1186/s12951-023-02248-9
https://doi.org/10.1016/j.apmt.2022.101386
https://doi.org/10.1016/j.eurpolymj.2022.111596
https://doi.org/10.1002/advs.202105875
https://doi.org/10.1021/acs.chemrev.8b00377
https://doi.org/10.1002/adma.202409015
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.4161/auto.23997
https://doi.org/10.1080/15548627.2018.1474314
https://doi.org/10.1038/s41565-018-0274-0
https://doi.org/10.1038/s41565-018-0274-0
https://doi.org/10.1002/adfm.202007880

Chen et al

110.
111.
112.
113.
114.

115.

International Journal of Nanomedicine

Chen P-M, Pan W-Y, Miao Y-B, et al. Bioinspired engineering of a bacterium-like metal-organic framework for cancer immunotherapy. Adv
Funct Mater. 2020;30(42):2003764. doi:10.1002/adfm.202003764

Shengliang L, Chunqiu Z, Weipeng C, et al. Anchoring effects of surface chemistry on gold nanorods: modulates autophagy. J Mater Chem B.
2015;3(16). doi:10.1039/c5tb00076a

Hualu Z, Xuanqing G, Hongyu L, et al. Gold nanoparticles impair autophagy flux through shape-dependent endocytosis and lysosomal
dysfunction. J Mater Chem B. 2018;6(48). doi:10.1039/c8tb02390e

Ningning M, Peidang L, Nongyue H, Ning G, Fu-Gen W, Zhan C. Action of gold nanospikes-based nanoradiosensitizers: cellular internaliza-
tion, radiotherapy, and autophagy. ACS Appl Mater Interfaces. 2017;9(37). doi:10.1021/acsami.7b09599

Yunjiao Z, Rui S, Lan Z, et al. Harnessing copper-palladium alloy tetrapod nanoparticle-induced pro-survival autophagy for optimized
photothermal therapy of drug-resistant cancer. Nat Commun. 2018;9(1). doi:10.1038/s41467-018-06529-y

Ruizhi H, Chen D, Caihong D, et al. Living macrophage-delivered tetrapod PdH nanoenzyme for targeted atherosclerosis management by ROS
scavenging, hydrogen anti-inflammation, and autophagy activation. ACS Nano. 2022;16(10). doi:10.1021/acsnano.2c03422

Dovepress

Taylor & Francis Group

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

. International Journal of Nanomedicine 2026:21
20 EXinDO


https://doi.org/10.1002/adfm.202003764
https://doi.org/10.1039/c5tb00076a
https://doi.org/10.1039/c8tb02390e
https://doi.org/10.1021/acsami.7b09599
https://doi.org/10.1038/s41467-018-06529-y
https://doi.org/10.1021/acsnano.2c03422
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Role of Autophagy in Atherosclerosis
	Application of Nanomedicine in Activating Autophagy
	Autophagy Activated by Photothermal Therapy (PTT)
	Autophagy Mediated by Photodynamic Therapy (PDT)
	Autophagy Driven by Gas Therapy
	Autophagy Enhanced by Ion Interference Therapy (IIT)
	Autophagy Initiated by Sonodynamic Therapy (SDT)

	Autophagy Enabled/Augmented by Other Approaches
	Autophagy Assisted by Targeting Nanocarriers
	Autophagy Enabled by Inherent Bioactivity
	Autophagy Promoted by Special Morphology

	Discussions
	Design and Construction of Biocompatible Autophagic Nanomaterials
	Surface Modification of Autophagic Nanomaterials
	Biosafety/Biocompatibility of Autophagic Nanomaterials
	Amplifying Nanomedical Applications of Autophagic Nanomaterials

	Conclusions
	Funding
	Disclosure

