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ARTICLE INFO ABSTRACT

Keywords: Myocardial ischemia-reperfusion injury (MIRI) is a major cause of heart failure, driven by oxidative stress,
Myocardial ischemia-reperfusion injury inflammation, and rapid loss of cardiomyocytes. Traditional therapies for MIRI remain limited, largely due to
Nanomaterials poor cardiac targeting and an absence of real-time diagnostic capabilities. Recently, various nanomaterials (NMs)
g?;;z?;mmamry therapy have been extensively developed and applied to achieve more precise and effective treatment of MIRI, owing to

their favorable biosafety and functional tunability. This review comprehensively summarizes the latest research
progress on functional NMs in diagnostic imaging and therapeutic interventions for MIRI. In the context of
diagnostic imaging, in vitro nano-biosensors enable the early detection of MIRI biomarkers, while NM-enhanced
imaging modalities provide high diagnostic precision at the in vivo level and support real-time therapeutic
guidance. Therapeutically, NMs can be leveraged as direct antioxidative agents, vehicles for targeted gene
therapy, and platforms for combination regimens including gas therapy, stem cell therapy, and circadian rhythm
modulation, to enhance myocardial repair. By synthesizing these advancements, this review provides conceptual
and technological insights that could guide the future of nanomedicine-enabled precision cardiovascular care.

Cardiac tissue repair

1. Introduction

Myocardial injury, encompassing conditions such as acute myocar-
dial infarction (AMI) and procedure-related ischemic damage (e.g.,
percutaneous coronary intervention (PCI)-induced injury), continues to
be a major contributor to global morbidity and mortality [1]. Among
these, myocardial ischemia-reperfusion injury (MIRI) presents a partic-
ularly critical and paradoxical challenge: while timely reperfusion is
essential to restore blood flow and salvage ischemic myocardium, it also
initiates a cascade of deleterious processes that exacerbate tissue dam-
age. Besides, intracellular calcium overload can disrupt ionic homeo-
stasis and promote hypercontracture, protease activation, and
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mitochondrial injury [2]. Excess calcium further induces an opening of
the mitochondrial permeability transition pore, a pivotal event that
dissipates mitochondrial membrane potential, impairs adenosine
triphosphate (ATP) synthesis, and activates necrotic and apoptotic
pathways [3]. In parallel, the abrupt oxygen supply during reperfusion
triggers a burst of reactive oxygen species (ROS), aggravating oxidative
damage to lipids, proteins, and DNA, thereby amplifying mitochondrial
dysfunction [4]. Beyond classical necrosis and apoptosis, regulated cell
death modalities such as pyroptosis, a caspase-1-driven inflamma-
tion-promoting pathway, and ferroptosis, characterized by iron overload
and lipid peroxidation, have also been implicated in the loss of car-
diomyocytes (CMs) during MIRI [5-7]. These processes are closely

** Corresponding author. School of Chemistry and Materials Science, Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences,

Hangzhou, 310024, PR China.

E-mail addresses: zehua.liu@helsinki.fi (Z. Liu), mma@mail.sic.ac.cn (M. Ma).

Peer review under the responsibility of KeAi Communications Co., Ltd

1 J.L. and M.S. are co-first authors and contributed equally to this manuscript.

https://doi.org/10.1016/j.smaim.2025.12.003

Received 11 October 2025; Received in revised form 18 December 2025; Accepted 26 December 2025

Available online 29 December 2025

2590-1834/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:zehua.liu@helsinki.fi
mailto:mma@mail.sic.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.smaim.2025.12.003&domain=pdf
www.sciencedirect.com/science/journal/25901834
http://www.keaipublishing.com/en/journals/smart-materials-in-medicine/
https://doi.org/10.1016/j.smaim.2025.12.003
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.smaim.2025.12.003

J. Liet al

intertwined with an intense inflammatory response involving immune
cell infiltration, cytokine release, and endothelial cell (EC) dysfunction,
all of which further impair myocardial recovery and contribute to
adverse cardiac remodeling [8]. Despite progress in revascularization
techniques and pharmacotherapy, MIRI remains a major clinical
obstacle and a key driver of the long-term burden of ischemic heart
disease [9].

Accurate diagnosis and real-time monitoring of MIRI progression are
critical for effective therapeutic decision-making. Nonetheless, tradi-
tional imaging modalities often suffer from limited sensitivity, less
specificity, and poor spatiotemporal resolution [10,11]. The discovery
of intrinsically functional nanomaterials (NMs), such as cerium oxide
(CeO3) nanoparticles (NPs), manganese oxide (MnO), gold nano-
clusters, and superparamagnetic iron oxide NPs (SPIONs), has signifi-
cantly enhanced the diagnostic precision of MIRI through integration
with advanced imaging techniques (e.g., computed tomography (CT),
fluorescence imaging (FI), photoacoustic imaging (PAI), magnetic
resonance imaging (MRI), etc.) [12-16]. These NMs offer multimodal
imaging potential, while concurrently participating in oxidative stress
regulation as well as inflammation regulation. In particular,
nano-biosensing technologies have recently been developed to detect
dynamic biochemical signals, such as ROS, inflammatory cytokines, and
cardiac biomarkers with high sensitivity and selectivity as well as spatial
resolution [17-19]. These biosensors may enable an earlier yet precise
readout of myocardial pathology, suggesting their considerable promise
for real-time monitoring of ischemic heart diseases. Though diverse
biosensor platforms have been primarily evaluated in myocardial
infarction (MI) models, they share overlapping pathophysiological fea-
tures with MIRI, particularly in terms of oxidative stress and inflam-
matory responses. This commonality provides valuable mechanistic
insights and technical references for the development of diagnostic
strategies targeting reperfusion injury. These diagnostic advances also
establish the basis for imaging-guided therapeutic strategies, in which
pathological information feeds directly into spatiotemporally matched
treatment decisions.

From a therapeutic perspective, current approaches for MIRI include
mechanical reperfusion techniques, ischemic conditioning strategies,
and advanced interventional procedures [20-22]. On the other hand,
pharmacological agents (e.g., antioxidants, anti-inflammatory drugs)
still face challenges such as insufficient cardiac targeting, narrow ther-
apeutic windows, poor bioavailability, systemic toxicity, and a lack of
real-time diagnostic feedback. Extensive clinical trials investigating
candidates like cyclosporine, TRO40303, and elamipretide have failed
to demonstrate consistent cardio-protection or acceptable safety in
large-scale populations [23-25], partly due to pharmacokinetic con-
straints such as low myocardial accumulation and rapid systemic
clearance [26,27]. Emerging therapeutic modalities, such as gene ther-
apy, microRNA (miRNA) modulation, stem cell transplantation, and
exosome-based treatments, offer great promise [28-30], yet their clin-
ical translation is hindered by inefficient delivery and a hostile ischemic
microenvironment, compromising therapeutic viability [31,32]. Func-
tional NMs offer a compelling solution by not only enhancing cargo
delivery efficiency but also directly participating in therapeutic path-
ways, including ROS scavenging, mitochondrial protection,
anti-apoptotic effects, and immune modulation. Recent studies have also
identified circadian rhythm as a crucial regulator of MIRI susceptibility
and nanomedicine efficacy [33-35]. Chrono-pharmacological analyses
suggest that the therapeutic outcome of NMs is significantly influenced
by biological timing, thus demanding chrono-synchronized material
design [36]. By integrating intrinsic bioactivity with time-controlled
release, these NMs can achieve spatiotemporal precision aligned with
endogenous cardiac rhythms.

Importantly, the boundary between diagnosis and treatment is
becoming increasingly blurred. Functional nanoplatforms enable diag-
nostic imaging to guide, monitor, and personalize therapeutic in-
terventions, thereby enhancing overall therapeutic efficacy and
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minimizing off-target effects. The convergence of intrinsically functional
NMs with imaging, biosensing, catalytic medicine, gas therapy, and
circadian modulation heralds a transformative shift toward precision
cardiovascular nanomedicine [37-40].

The primary objective of this review is to highlight recent advance-
ments in the application of intrinsically functional NMs for MIRI
theranostics (Fig. 1). Unlike traditional nanocarriers that primarily act
as passive drug delivery tools, this review highlights NMs with intrinsic
functionalities. These include advanced imaging capabilities, such as
magnetic resonance and optical fluorescence, along with a range of
therapeutic effects, including anti-oxidative and anti-inflammatory ac-
tivities, efficient cytoplasmic delivery, and anti-apoptotic properties. We
systematically summarize the application of in vitro nano-biosensors for
an earlier detection of MIRI, along with the integration of NMs and
diverse imaging modalities to further broaden diagnostic precision in
MIRI models. Different types of imaging platforms, such as CT, FI, PAI,
and MRI can significantly improve diagnostic accuracy and facilitate
real-time, imaging-guided interventions. Moreover, we explored the
therapeutic strategies enabled by these multifunctional NMs: (1) the
application of nanozymes for direct therapy of MIRI, (2) strategies for
enhancing targeted gene therapy, with a focus on biomimetic membrane
modifications and (3) combined delivery of intrinsically multifunctional
NMs with complementary technologies, such as gas therapy, stem cell
therapy, and circadian rhythm to further complement myocardial tissue
repair process. This review aims to provide a conceptual and techno-
logical framework for the future development of smart NMs with built-in
functionalities for precision cardiovascular therapy.

2. Diagnostic imaging of MIRI based on NMs

NMs have revolutionized the detection and imaging of myocardial
injury, encompassing conditions such as MIRI and MI, by offering un-
precedented precision, sensitivity, and multi-scale resolution. Intrigu-
ingly, unique physical and chemical features of NMs, including tunable
size, high surface-area-to-volume ratio, and versatile surface chemistries
may help develop highly responsive contrast agents, molecular probes,
and biosensing platforms [41,42]. Through the encapsulation or
conjugation of functional moieties, such as metallic ions, magnetic NPs,
and fluorescent dyes, NMs can appreciably enhance imaging perfor-
mance across diverse modalities, including CT, FI, PAl and MRI [43-45].
In addition to the applications of NMs for in vivo imaging, they are also
being increasingly applied as in vitro biosensing platforms, thereby
enabling an earlier yet point-of-care detection of cardiac biomarkers
with high sensitivity and selectivity [46]. These technologies comple-
ment imaging-based strategies by facilitating rapid biochemical assess-
ment of myocardial injury in clinical or perioperative settings. A unique
advantage of NMs is their ability to be functionalized with targeting li-
gands to detect MIRI-related biomarkers, such as cardiac troponins,
ROS, and inflammation-related adhesion molecules. This allows active
localization to the injured myocardium alongside enhanced spatial and
pathological specificity [47]. This molecular targeting may not only
facilitate high-contrast imaging of infarcted tissue but may also help
detect initial molecular alterations prior to structural remodeling [48]. It
is noteworthy that most of the diagnostic nanoplatforms utilized in MI
models can also be applicable or adaptable to MIRI contexts, in part, due
to the shared biomarker profiles and pathophysiological mechanisms
underlying ischemic cardiac events. Further, the inherent modularity of
nanoplatforms provides a seamless bridge toward theranostics—-
wherein diagnostic and therapeutic functions are integrated into a single
system. These approaches hold considerable promise for personalized
management of myocardial injury as discussed in the following sections.

2.1. Invitro nanoscale biosensor

Earlier yet accurate detection of myocardial injury is central to an
effective clinical intervention and prognosis. Of emerging diagnostic
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Fig. 1. An overview of multifunctional NMs for MIRI diagnosis and treatment.
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strategies, in vitro nanoscale biosensors have garnered increasing
attention due to their high sensitivity, rapid response, and adaptability
to the point-of-care settings. These platforms, often integrating NMs (i.
e., noble metal NPs, carbon-based nanostructures, two-dimensional (2D)
materials, etc.) exhibit high surface area-to-volume, enhanced electron
mobility, and tunable biocompatibility [46,49,50]. These characteristics
enable ultrasensitive detection of trace-level cardiac biomarkers,
including Cardiac Troponin I (cTnl), Cardiac Troponin T (cTnT), Crea-
tine Kinase-Myocardial B (CK-MB), and myoglobin [51-53]. Unlike
conventional immunoassays or clinical biochemistry techniques,
nano-biosensors offer unique advantage of real-time, multiplexed, and
miniaturized detection systems, and they can be additionally tailored for
an early-stage diagnosis as well as continuous monitoring [54,55].
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Further, by engineering nanointerfaces for selective molecular recog-
nition, these sensors can achieve high specificity even in complex bio-
logical milieu (e.g., serum, whole blood, etc.) [56]. The integration of
electrochemical, optical, or piezoelectric transduction mechanisms
further broadens the diagnostic efficacy of nano-biosensors. In this
section, we will highlight contemporary advances in the design and
application of in vitro nano-biosensors for myocardial injury, with
particular emphasis on the role of NMs in improving the analytical
performance of biosensors. To illustrate the translational prospect of
these platforms in cardiovascular diagnostics, we will describe the
representative sensing strategies, detection principles, and signal
amplification methods.

Among various nano-biosensor platforms, electrochemical strategies
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Fig. 2. Sensing architectures and performance for cardiac biomarker detection. (A) Schematic diagram of SiNW-FET biosensor functionalized with anti-cTnI anti-
bodies for label-free detection. (B) Sensor's response to cTnl under varying phosphate buffered saline (PBS) conditions, highlighting improved sensitivity in low-ionic-
strength buffers; LOD: 5 pg/mL. (C) Log-scale transfer curves (ID-VG and IG-VG) of the fabricated devices. (D) Output characteristics (ID-VD) of HCNW-FETs. (E)
Device characterization: (a) Optical image of HCNW-FET chip with 32 sensors; (b) On-chip Ag/AgCl pseudo-reference electrode; (c¢) SEM image of 50 nm-wide
honeycomb nanowire array. Reprinted with permission from Ref. [58]. (F) Schematic illustration of the dual-amplification strategy combining SDA, CRISPR/Cas12a,
and MoS,-based signal modulation. (G) Fluorescence signal comparison, demonstrating the enhanced amplification of the integrated SDA-Casl2a system. (H)
Quantitative analysis: fluorescence spectra and corresponding calibration curve for miR-499 detection. Reprinted with permission from Ref. [62].
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remain widely adopted, thanks to their high signal fidelity, simplicity,
and compatibility with portable systems. For instance, the sensor
developed by He et al. integrated porous metal-organic frameworks
(MOFs) with conductive reduced graphene oxide (rGO), which provided
a substantial electroactive surface area and facilitated efficient electron
transfer [57]. The introduction of chitosan not only enhanced the sta-
bility of the sensing film but also significantly improved its capacity for
the immobilization of specific antibodies against cTnl. This biosensor
achieved a limit-of-detection (LOD) 0.008 ng/mL with a linear range of
0.01-50 ng/mL, demonstrating excellent specificity and reproducibility
for cTnl detection in human serum samples, thereby underscoring its
significant potential for application in complex biological matrices.
Similarly, an advanced yet highly sensitive strategy for cTnl detec-
tion utilized a honeycomb nanowire (HCNW) architecture-based silicon
nanowire field-effect transistor (SINW-FET) platform [58]. This periodic
structure enhanced channel width and introduced multiple conduction
pathways, enhancing both the sensing surface area and electrical per-
formance. Anti-cTnl monoclonal antibodies were covalently immobi-
lized on the NW surface, enabling selective capture of cTnl. Upon
binding, negatively-charged cTnl molecules induce surface charge
modulation and alter the carrier concentration in the channel. This
change in conductance arises from a field-effect, where the local electric
field generated by biomolecular interactions governs charge transport.
This mechanism enables label-free, real-time, and highly specific
detection of c¢Tnl with enhanced sensitivity (Fig. 2A). The SINW-FET
achieves peak sensitivity in the sub-threshold regime (Fig. 2B), where
even trace levels of cTnl result in pronounced current shifts. This
enhanced sensing performance is primarily due to the reduced ionic
strength of the surrounding environment, which weakens Debye
screening effect; the latter refers to the tendency of ions in the solution to
shield or “mask” electric charges on molecular surfaces. Under low-salt
conditions, this shielding is minimized, allowing the electrical signals
from surface-bound cTnl molecules to more directly influence the sen-
sor's channel conductance. However, this reliance on low ionic strength
may pose challenges for direct clinical application, as physiological
fluids such as serum or whole blood typically exhibit high ionic strength
(~150 mM), which can significantly attenuate sensor response due to
enhanced Debye screening. Recent literature has emphasized this limi-
tation, identifying it as a key bottleneck in the translational application
of FET-based biosensors [59]. To circumvent this limitation, different
types of strategies have been proposed, including the dilution or
desalting of samples, as well as surface functionalization with poly-
ethylene glycol (PEG)-based coatings or the application of short-chain
affinity ligands (i.e., aptamers). These approaches can help minimize
the effective Debye length and preserve sensing performance in complex
matrices [60]. Moreover, buffer optimization studies suggest that in-
termediate ionic strengths (e.g., ~50 mM) may provide a practical
compromise between biological compatibility and detection fidelity
[61]. These approaches represent promising directions to enhance the
clinical robustness of SiNW-FET biosensors. More importantly, the
SiNW-FET enabled rapid (within 1 min), label-free detection using as
little as 1 pL of sample, and achieved a remarkably low LOD (5 pg/mL)—
well below the clinical threshold for diagnosing AMI (Fig. 2C). The
conductance response curves further revealed a distinct dose-dependent
behavior across a wide dynamic range (0.01-100 ng/mL), with optimal
signal resolution under low ionic strength (0.01 x PBS) conditions due
to reduced Debye screening (Fig. 2D). The physical implementation of
the sensor was shown through a top-down view of the chip layout with
multiple integrated FETs, an on-chip silver/silver chloride (Ag/AgCl)
pseudo-reference electrode, and a scanning electron microscopy (SEM)
image of the HCNW array composed of ~50 nm-wide individual NW
(Fig. 2E). This design supports robust microfabrication, intense signal
amplification, and seamless integration with microfluidic components.
Collectively, the platform exhibited high sensitivity and selectivity,
which was also validated using C-Reactive Protein (CRP) and
Alpha-Fetoprotein (AFP) interference testing, illustrating its
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considerable promise for point-of-care cardiac (PoC) diagnostics.

In the context of MIRIL nucleic acid biosensors also represent a
promising approach for early detection of miRNAs. Li et al. developed a
sensitive biosensor by integrating CRISPR/Cas12a (clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 12a) with molybdenum disulfide (MoS;) nanosheets for the
detection of miR-499, a cardiac-specific microRNA relevant to cardiac
injury [62]. This system employs a dual-amplification strategy: the
miR-499 target first initiates strand displacement amplification (SDA)
and generates numerous Protospacer adjacent motif (PAM)-containing
double-stranded DNA amplicons, which subsequently activates the
trans-cleavage activity of Cas12a to cleave fluorophore-labeled single--
stranded DNA reporters. MoS, nanosheets act as efficient fluorescence
quenchers, suppressing the background noise via pi-pi (n—n) stacking
(Fig. 2F). Upon Casl2a activation, short DNA fragments are released
from the MoS; surface, resulting in significant fluorescence recovery and
enabling sensitive detection (Fig. 2G). The assay achieves a broad linear
range (0.1-13.33 nM) and a low LOD of 381.78 pM within 30 min
(Fig. 2H), demonstrating high specificity and reliable recovery in the
human serum. This rapid, isothermal, and antibody-free method offers
considerable potential for point-of-care diagnostics in MIRI.

Beyond extensively studied nano-biosensor modalities, a range of
complementary strategies has emerged to enrich the diagnostic toolkit
for myocardial injury. For instance, Shanmugam et al. developed a
flexible electrochemical sensing array based on gold/zinc oxide (Au/
Zn0) nanostructured electrodes that enabled the simultaneous detection
of ¢Tnl, cTnT, and myoglobin (Mb) with high specificity and minimal
signal interference partly due to the uniform electrical performance
across multiplexed sensor arrays and distinct antibody functionaliza-
tion. The platform achieved LOD as low as 1 pg/mL for each biomarker,
with negligible cross-reactivity and consistent baseline impedance be-
tween sensor elements [63]. Similarly, Liu et al. reported an indium
oxide (Iny03) nanoribbon-based FET biosensor fabricated via shadow
mask lithography, which enabled rapid and ultrasensitive detection of
cTnl and B-type natriuretic peptide (BNP) (LOD: 0.24 pg/mL; response
time <1 min) [64]. For optical sensing, Yola et al. constructed a fluo-
rescence sensor incorporating boron nitride (BN) quantum dots
embedded within a molecularly imprinted polymer matrix, achieving
high selectivity, reusability, and an LOD of 3 pg/mL [65]. Collectively,
these approaches demonstrate the versatility of NM-enabled platforms,
which range from electrochemical and field-effect to optical systems, in
improving sensitivity, multiplexing, and assay speed. Despite consider-
able promise of NM-based biosensors, challenges such as NMs repro-
ducibility, signal drift in complex biological samples, and poor
integration with clinical workflows continue to impede the translation.
Therefore, alternative approaches, such as scalable NMs synthesis, sur-
face stabilization, and system-level integration may help circumvent
these limitations and help realize the clinical potential of
nano-biosensors in PoC cardiovascular diagnostics.

2.2. NM-mediated diagnostic imaging of MIRI

Nano-enabled imaging constitutes a cornerstone in the precise
diagnosis of MIRI. Leveraging their intrinsic physicochemical proper-
ties, such as tunable size and high surface area-to-volume ratio, NMs
serve as versatile scaffolds for engineering high performance contrast
agents and probes across different types of imaging modalities including
CT, FI, PAIL, and MRI [66,67]. A pivotal advancement lies in the active
targeting capability of nano-enabled sensors conferred through the
conjugation of NMs with ligands specific to MIRI biomarkers (e.g.,
cTnTs, ROS) [68]. These nano-enabled sensors may not only help ach-
ieve high-contrast imaging of injured myocardium but they may also
enable the detection of molecular-level alterations preceding structural
damage. Moreover, the inherent modularity of NMs may provide a direct
pathway toward integrated theranostics, where diagnostic imaging and
targeted therapy are unified within a single platform [69]. In this
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section, the specific implementations of nano-enabled platforms for CT,
FI, PAI, MR, and multimodal imaging are systematically summarized.
Additionally, a comparative overview of representative NM-based
platforms and their key performance metrics, such as spatial resolu-
tion and targeting specificity, across all imaging modalities is provided
in Table 1.

2.2.1. NMs for enhanced CT imaging

CT, such as coronary CT angiography (CTA), is routinely used in
clinical cardiology to non-invasively visualize coronary anatomy and
assess vascular patency. Owing to its excellent anatomical resolution
and rapid acquisition speed, CT plays an important role in diagnosing
ischemic heart disease and evaluating myocardial injury [83-85]. While
traditional CT contrast agents, e.g., iodinated compounds offer good
short-term enhancement, they face challenges including the lack speci-
ficity, rapid clearance from the circulation, and risk of nephrotoxicity,
which restrict their utility for targeted or prolonged cardiac imaging
[86,87]. In contrast, NM-based imaging agents, particularly gold NPs
(AuNPs) may offer both improved imaging quality as well as enhanced
contrast intensity. Most importantly, owing to a facile functionalization
method, Au NPs enable targeted labeling of specific ligands, which can
additionally facilitate the recognition of NPs by specific cell types or
pathological tissues within the heart, thus improving imaging specificity
and reducing systemic toxicity [88].

Accurate longitudinal tracking of macrophages (M®s) in myocardial
injury has long been hampered by a central mechanistic challenge: NPs
leakage from labeled cells and undesired re-uptake by endogenous
phagocytes, which obscures whether imaging signals truly reflect M®s
infiltration or merely redistributed particles. To address this issue, re-
searchers have developed a glucose-modified, zwitterion-anchored gold
NPs system (AuNPs-zwit-glucose) that integrates two design elements:
(1) Glucose transporter (GLUT)-1-mediated endocytosis through surface
glucose capping (Fig. 3A), and (2) lysosomal de-glycosylation that
leaves a zwitterionic-only shell, effectively preventing secondary uptake
after initial release (Fig. 3B) [89]. This structure enables rapid yet effi-
cient M®s labeling within 4 h without impairing cell viability or cyto-
kine secretion. Functionally, labeled M®s display strong and
dose-dependent CT attenuation, with Hounsfield Units scaling linearly
with both extracellular labeling concentration and intracellular gold
content (Fig. 3C-F). In a mouse MI model, this nanoplatform enables
non-invasive CT visualization of Md®s infiltration into infarcted
myocardium, where signal intensity was progressively increased from
day 4 to day 9 post-injection (Fig. 3G). Moreover, zwitterionic surface
coatings can significantly reduce non-specific protein adsorption and
NPs aggregation, thereby enhancing colloidal stability and extending
systemic circulation time [90]. These properties contribute to the sus-
tained intracellular retention of AuNPs within M®s and reduce signal
loss due to extracellular leakage or redistribution. However, the tracking
stability of AuNPs-zwit-glucose beyond 9 days yet remains to be deci-
phered. Since NPs-biomembrane interactions, intracellular fate, and
immune-mediated clearance can vary substantially across biological
systems [91], it is imperative to study long-term (>14 days) bio-
distribution, degradation behavior, and batch-to-batch reproducibility
of AuNPs-zwit-glucose to fully validate this platform for longitudinal
MIRI imaging.

Owing to the high spatial and temporal resolution of CT, a major
challenge in regenerative imaging remains effective in vivo tracking of
therapeutic agents at the cellular and subcellular levels. To circumvent
this limitation, extracellular vesicles (EVs) — particularly exosomes
have emerged as promising natural nanocarriers due to their ability to
modulate inflammatory responses, enhance angiogenesis, and facilitate
tissue repair in injured myocardium [92]. Nonetheless, poor electron
density and nanoscale size (30-100 nm) of EVs impede direct visuali-
zation with conventional CT imaging. Gong et al. employed
glucose-labeled AuNPs for modification of mesenchymal stromal cells
(MSC)-derived exosomes (MSC-Exo) (Fig. 3H) [71]. The modification of
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NPs with glucose increased their uptake through GLUT-1-mediated
transport, ensuring minimal disruption to membrane integrity and
avoiding vesicle aggregation. Upon intramyocardial injection into a
mouse model of MI, micro-CT imaging at 4 h post-injection revealed a
distinct radiopaque signal confined to the infarcted myocardium
(Fig. 3I), indicating efficient retention of gold NPs (GNP)-labeled
MSC-Exo in the infarcted myocardium. The signal was sustained and was
additionally expanded at 24 h (Fig. 3J), with minimal off-target distri-
bution in other organs, i.e., liver, spleen, and kidney. This non-invasive
imaging platform may enable real-time, high-resolution tracking of
exosomal therapeutics in vivo, thereby offering valuable insight into the
biodistribution and retention of NPs in vivo, which may also have im-
plications for the development of exosome-based personalized therapies
for cardiac tissue repair.

Therefore, the integration of AuNP-based CT molecular imaging
enables precise and quantitative tracking across multiple biological
scales—from inflammatory cells such as M®s to EVs like exosomes. This
strategy not only enhances imaging sensitivity and temporal resolution
but also provides critical mechanistic insights into the dynamic pro-
cesses of cell migration and therapeutic agent distribution during
myocardial repair.

2.2.2. NMs for enhanced FI

FI, with its real-time and high-resolution advantages, has demon-
strated significant value in clinical diagnosis as well as treatment of
ischemic heart disease. While FI may not match the spatial resolution or
tissue penetration of modalities, such as CT or MRI, the safety profile of
FI makes it a suitable modality for long-term or live-cell tracking studies
[93]. Furthermore, the development of fluorescent molecular probes,
which can specifically bind to myocardial injury markers may provide
additional information for the detection and spatial localization of
damaged myocardium, facilitating the early diagnosis and assessment of
myocardial injury [94].

Recent advancements in NM-based imaging have provided valuable
insights into oxidative stress during MIRI. Luo et al. developed a near-
infrared (NIR) light-activated dual-responsive nanoprobe for the
simultaneous and controllable detection of hydrogen polysulfide (H2S;)
and sulfur dioxide (SO2) in MIRI models (Fig. 4A) [95]. The probe
exhibited high sensitivity for SO, with a linear detection range of
0.1-50 pM and a detection limit of 0.24 pM (Fig. 4B). In HeLa cells, the
probe quantitatively tracked endogenous SO, and HjS; levels under
metabolic modulation, showing distinct fluorescence responses
(Fig. 4C). In an H9C2 CMs model of MIRI, the probe revealed a signifi-
cant upregulation of both species, which was markedly attenuated by
the ferroptosis inhibitor Fer-1 (Fig. 4D). Consistent with cellular find-
ings, in vivo fluorescence quantification in mouse cardiac tissues
confirmed elevated signals in I/R-injured myocardium; the intensity was
increased approximately by 32 % compared to controls, and partial re-
covery upon Fer-1 treatment (Fig. 4E). This NIR-light-activatable
nanoprobe enables quantitative, spatiotemporally resolved monitoring
of redox dynamics during reperfusion, thereby offering a promising tool
for the elucidation of oxidative stress in MIRI. Similarly, Zhang et al.
developed a NIR ratiometric nanoprobe for real-time monitoring of
ONOO™~ during myocardial reperfusion (Fig. 4F) [96]. The probe
demonstrated high sensitivity with a detection limit of 0.085 pM
(Fig. 4G). In a rat MIRI model, it quantitatively revealed that antioxidant
drugs delivered via the nanoprobe effectively suppressed ONOO™ burst
during reperfusion (Fig. 4H). When administered as free drugs to ac-
count for pharmacokinetics, the probe further showed that drug half-life
critically determined in vivo efficacy, with atorvastatin and resveratrol
exhibiting sustained antioxidative effects, unlike carvedilol (Fig. 4I).
This work highlights the utility of NIR nanoprobes for real-time evalu-
ation of antioxidative therapies and the importance of pharmacokinetics
in MIRI treatment.

A major limitation of FI is its restricted tissue penetration. Upcon-
version NMs (UCNMs) address this by converting NIR light into visible



J. Liet al

Smart Materials in Medicine 7 (2026) 13-43

Table 1
Summary of functional NMs for MIRI imaging.
Category Name Spatial Resolution Signal Intensity Contrast Persistence Target Specificity Ref.
NMs for CNA35-AuNPs  Molecular imaging at ~0.3 mm  Significantly increased, Prolonged intravascular High specificity to collagen in [70]
enhanced CT resolution enables precise scar myocardial scar regions enhancement (142-160 myocardial scar tissue; minimal
imaging delineation in thick myocardial ~ reached up to ~220 HU at HU) sustained up to 6 h off-target signal
walls (1-2 mm) 6 h post-injection
Gold NPs- Nominal resolution of 7.5 pm Gold NPsdetectedat4hand  Exosomes retained in the High MI retention; minimal off- [71]
labeled with micro-CT scanner expanded by 24 h post- myocardium for up to 24 h,  target accumulation in liver/
exosomes injection with limited distribution in  spleen/kidney
other organs
AuNPs-zwit- / Strong CT signal at 6 h, Longer blood circulation Signal mainly in infarct zone, [72]
glucose sustained up to 24 h in and selective accumulation ~ minimal in liver/spleen/lung
infarct area in infarct M®s
NMs for Yb/Tm/ Confocal imaging at 50 pm NIR (830 nm) emission >7 days retention in Fl localized in myocardial tissue, [73]
enhanced FI GZO@SiO, scale intensity 1 ~12 x vs. myocardium post-injection ~ minimal off-target signals
uncoated UCNPs of 6 mg/kg
(upconversion NPs)
DPNPs / Bright FL under confocal Maintained signal during Selective accumulation in HeLa [74]
imaging; stable signal in cellular uptake and cells, low background signal
vitro imaging (up to 24 h)
NMs for Fluorescent In-plane resolution: T2 hypointensity* in infarct ~ Imaging performed 24 h Accumulation of labeled [75]
enhanced MRI  iron oxide NPs 100 x 100 pm; slice thickness: zones due to labeled post-injection, signal monocytes/M®s in infarct area
0.5 mm monocyte infiltration present in infarct region
GCD-PEG-QK / Significant T2-weighted Signal detectable at 24 h, Selective binding to VEGFR [76]
hypointensity in infarctarea  correlating with VEGFR overexpressed in infarct
at 24 h post-injection targeting and accumulation ~ myocardium
NMs for CREKA-ICG- System resolution: ~300 pm PA signal in infarct region 1 Enhanced signal Selective fibrin binding in [77]
enhanced PAI LIP NPs 3.2 x vs. control at 3 h post- maintained from 0.5 h to infarcted myocardium, minimal
injection 6 h, peaking at ~3 h off-target signal
AS-1/S NCs / NIR-II PA signal intensity Signal detectable from 1 h Accumulation in infarct [78]
2.1 x in infarct area vs. to 24 h, peak at 12 h myocardium, minimal in liver/
control at 12 h post- spleen
injection
OPN@PFP- / PA signal 1 3.4 x in fibrotic ~ Signal maintained from 1 h  Selective binding to osteopontin [79]
DiR NPs myocardium vs. control at to 24 h, with peak at 8 h in fibrotic regions
8 h post-injection
HI@PSeP- PACT: Organ/Tissue level; NIR signal increase of Peak signal intensity at 8 h  Selective accumulation in [69]
IMTP FI: Cellular level ~32 %; post-injection, providing a ischemic myocardium via IMTP-
PA signal increase of 40 %  multi-hour imaging cTnl interaction, with minimal
in MIRI region window off-target retention in major
organs
NMs for IMTP-Fe304- MRI: In-plane 156 pm; MRI T1 signal 1 23.6 % at All modalities showed Specific fibrin binding in [80]
enhanced PFH NPs FI: Cellular level (ex vivo 4 h, persists to 24 h; stable enhancement from infarcted myocardium with
multimodal histology) NIRF: Strong signal at 1hto24h,peakat4h minimal off-target signal
imaging infarct zone at 4 h;
FI: Clear ex vivo signal in
infarct myocardium
CNA35-GNR/ MR In-plane 140 pm; slice MRI T1 signal 1 27.3 % in All modalities show Selective binding to type I [81]
PFP@NPs thickness 0.7 mm; fibrotic myocardium at 6 h; enhancement from 1 h to collagen in fibrotic myocardium,
PAIL: ~300 pm PAlsignal 1 3.1 x at6 h; 24 h, peak around 6 h minimal off-target accumulation
NIRF signal localized and
bright at fibrosis site
SCIO-ICG- MPI: ~1 mm voxel size; MPI signal in infarct zone 1 MPI and FIsignals persisted ~ Specific to ferroptosis-associated ~ [82]

CRT-CPPs NPs

MRI: In-plane 140 pm

3.5 x vs. baseline at 6 h;
MRI T2* signal | due to iron
accumulation;

FI: Strong NIR signal in I/R
myocardium

from1hto24h,peakat6h

iron overload in ischemia-
reperfusion myocardium

Note: NMs, nanomaterials; HU, Hounsfield units; NIR, near-infrared light; MI, myocardial infarction; FI, fluorescence imaging; CT, computed tomography; CNA35, a
peptide for targeting collagen fibers; AuNPs-zwit-glucose, AuNPs-zwitterionic-glucose; Yb/Tm/GZO@SiO3, Yb/Tm/Ga-doped ZnO@SiO,; DPNPs, Boc-Tyr-Trp
dipeptide-based NPs.

PA, photoacoustic imaging; VEGFR, vascular endothelial growth factor receptor; NIR-II, second near-infrared window; “t 2.1 X ” indicates that the NIR-II PA signal
intensity in the infarct area was 2.1 times higher than that in the control area at 12 h post-injection; GCD-PEG-QK, Gadolinium-doped carbon dots conjugated with
polyethylene glycol and QK peptide; CREKA-ICG-LIP NPs, Cysteine-arginine-glutamic acid-lysine-alanine-conjugated indocyanine green-loaded lipid NPs; AS-1/S
NCs, Au-Se core-shell nanocomposites modified with ischemic myocardium-targeting peptide and mitochondria-targeted antioxidant peptide; OPN@PFP-DiR NPs,
Osteopontin-targeted, perfluoropentane/DiR co-loaded PLGA NPs.

IMTP, ischemic myocardium-targeting peptide; cTnl, cardiac troponin I; NIRF, near-infrared fluorescence; MPI, magnetic particle imaging; MRI, magnetic resonance
imaging; PACT, photoacoustic computed tomography; CNA35-GNR/PFP@NPs, a peptide for targeting collagen fibers-modified Au NPs/perfluoropentane lipid NPs;
SCIO-ICG-CRT-CPPs NPs, the NPs which are consisting of superparamagnetic cubic iron oxide nanoparticles (SCIO NPs) conjugated with indocyanine green (ICG),
TfR1-targeting peptides (CRT), and cell-penetrating peptides (CPPs); IMTP-Fe304-PFH NPs, ischemic myocardium-targeted peptide-Fe3O4—perfluorohexane NPs;

HI@PSeP-IMTP, Hesperadin and ICG assembled in PLGA-Se-Se-PEG-IMTP.
19
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Fig. 3. Gold NPs-assisted CT imaging of cell and exosome distribution in infarcted myocardium. (A) Schematic diagram for the synthesis of AuNPs-zwit-
glucose via surface hydrolysis. (B) Proposed uptake mechanism of NPs in M®s, involving intracellular hydrolysis and exposure of the zwitterionic surface. (C, D)
In vitro CT imaging of AuNPs-zwit-glucose: (C) CT images at varying concentrations; (D) linear correlation between Hounsfield units (HU) and concentration of NPs.
(E, F) CT imaging of M®s labeled with AuNPs-zwit-glucose: (E) CT images of cell pellets at increasing NPs concentrations; (F) corresponding linear increase in HU
values. (G) In vivo CT imaging shows progressive signal enhancement in infarcted myocardium at day 4, 6, 7, and 9 after injection of AuNP-labeled M®s (white
arrows). Reprinted with permission from Ref. [89]. (H) GNP-labeled exosomes separated from free NPs via density gradient ultracentrifugation (exosome sample vs.
GNP-only control). (I, J) Micro-CT at 4 h (I) and 24 h (J) post-injection shows sustained cardiac retention of GNP-labeled MSC-Exo in the infarcted heart with minimal

off-target distribution. Reprinted with permission from Ref. [71].

emission. Li et al. developed core-shell nanostructures composed of a
silica-coated, gallium-doped ZnO core and an ytterbium (Yb)-enriched
shell, which significantly improved light absorption and energy-transfer
efficiency [73]. Under NIR illumination, these NPs produced bright red
fluorescence in the myocardium, with detectable signals persisting for
up to 7 days post-injection, highlighting their potential for longitudinal
in-vivo imaging.

Besides UCNMs, alternative FI strategies have emerged through
innovative NMs design. Sivagnanam et al. reported zinc-coordinated
tyrosine-tryptophan (Tyr-Trp) dipeptide NPs, which displayed strong
fluorescence in the visible light range [74]. These peptide-based NMs
combine excellent photostability with physiological compatibility,
maintaining stable emission across a broad pH range and at tempera-
tures for up to 75 °C. The resistance of these peptide-based NMs to
photobleaching enables real-time tracking of cellular processes within
the dynamic cardiac microenvironment. Fluorescent NMs have also
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been leveraged for molecular diagnostics of cardiac injury. For instance,
Anju et al. engineered antibody-functionalized gold nanoclusters as a
highly sensitive fluorescence immunosensor for cTnl detection [97].
This system exploits the unique fluorescence of gold nanoclusters
alongside a quenching-recovery mechanism, allowing precise biomarker
quantification. These NM-based immunosensors meet the pressing
clinical need for rapid and accurate cardiac biomarker detection.
These collective advances in fluorescent NMs technology have
appreciably widened the capability of myocardial imaging and di-
agnostics. By improving signal stability, extending imaging duration,
and increasing detection sensitivity, fluorescent materials may help
overcome limitations associated with cardiac FI. Moreover, these NMs
can also be integrated with existing imaging modalities, which can
provide a more comprehensive assessment of myocardial injury as well
as repair processes, potentially transforming both research and clinical
practice in cardiovascular medicine. Future developments in this field
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of HyS,, and SO, in MIRI. (B) Linear fluorescence response of the probe to SO, (NaySO3), showing high sensitivity. (C) Endogenous SO2/H,S, levels in HeLa cells
under metabolic stimulation (Cys, GSH + NaS»03, LPS). (D) Fluorescence intensity changes in H9C2 cells during I/R injury and after Fer-1 treatment. (E) In vivo
fluorescence quantification in mouse hearts showing elevated SO»/H,S, in I/R and recovery with Fer-1. Reprinted with permission from Ref. [95]. (F) Schematic of a
ratiometric nanoprobe for real-time ONOO™ imaging and drug evaluation in I/R hearts. (G) Linear detection of ONOO™~ with a limit of 0.085 pM. (H) Time-course
fluorescence ratio (Fyors/Fcy3) in rat hearts after treatment with antioxidant-loaded nanoprobes. (I) Pharmacokinetic influence on drug efficacy revealed by fluo-
rescence ratio after free drug administration. Reprinted with permission from Ref. [96].

may focus on further improving tissue penetration depth and developing
multifunctional probes capable of simultaneous imaging and therapeu-
tic delivery.

2.2.3. NM:s for enhanced PAI

PAI is a novel multimodal imaging technique that combines optical
contrast with ultrasound (US) penetration depth, demonstrating unique
advantages for precise diagnosis and treatment of ischemic heart disease
[98]. In recent years, the introduction of NMs has brought revolutionary
breakthroughs to this technology. Nanoprobes, with their tunable opti-
cal properties, excellent biocompatibility, and active targeting capabil-
ities, have significantly enhanced the imaging sensitivity and specificity
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of PAI [99,100]. Zhang et al. developed a fibronectin-targeted NPs
system to enhance PAI for the non-invasive detection of ischemia injured
area [77]. The NPs incorporate indocyanine green (ICG), which exhibits
strong absorption in the NIR region. The NPs effectively encapsulate and
protect ICG from degradation, thereby extending its circulation time in
vivo and enhancing PAI performance. Using a MIRI model, the NPs
demonstrated targeted accumulation in the ischemia injured area as
well as diagnosis with a PA signal. In addition, these NPs were
surface-functionalized  with  fibronectin-targeting  pentapeptide
sequence, e.g., cysteine-arginine-glutamic acid-lysine-alanine (CREKA),
which enabled specific binding to fibronectin-rich tissues in the
myocardial ischemia area. Fibronectin, an extracellular matrix (ECM)
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protein is expressed following myocardial injury and plays a pivotal role
in cardiac repair by enhancing vascular permeability as well as facili-
tating the migration of fibroblasts.

A recently developed theranostic nanoprobe, designated HI@PSeP-
IMTP, integrates targeting, self-reporting, and combination therapy for
MIRI (Fig. 5A and B) [69]. The nanoprobe was constructed from a
ROS-responsive polymer core crosslinked via diselenide bonds and
conjugated with an ischemic myocardium-targeting peptide (IMTP). The
core is co-loaded with the CaMKIIS inhibitor hesperadin (a therapeutic
agent) and the NIR dye indocyanine green (ICG). Fig. 5B depicts its
functional mechanism: upon accumulation in the ischemic heart, local
ROS trigger the release of ICG and hesperadin, enabling real-time
dual-modal imaging (NIR and PAI) of the injury site. Therapeutically,
hesperadin inhibits inflammatory signaling while the diselenide bonds
scavenge ROS, synergistically reducing oxidative stress and inflamma-
tion. This approach significantly reduced key inflammatory markers and
improved cardiac function, demonstrating a targeted, self-monitoring
nanoplatform for MIRI theranostics. This contemporary work aligns
with and extends earlier foundational research focused on nanoplat-
forms with integrated antioxidative properties. Sun et al. designed a
theranostic nanoplatform based on gold-selenium core-shell nano-
composites (AS-1/S NCs) for the treatment of MIRI [78]. The system
consists of gold nanorods coated with a selenium nanoshell and further
functionalized with an IMTP and a mitochondria-targeted antioxidant
peptide (SS31), enabling precision targeting and synergistic antioxidant
activity (Fig. 5C). In vitro, AS- I/S NCs demonstrated potent free radical
scavenging capacity, as confirmed by standard radical scavenging assays
(Fig. 5D). In a rat MIRI model, intravenous administration of AS-I/S NCs
significantly restored cardiac function, evidenced by a marked recovery
of the ejection fraction (EF) (Fig. 5E). These findings indicate that AS-1/S
NCs represent an integrated nanotheranostic platform that combines
targeted delivery, antioxidant protection, and functional cardiac re-
covery for MIRI therapy.

Notably, while AS-I/S NCs exhibit strong NIR-II absorption, the
intrinsic attenuation of PA signals across myocardial depth remains an
important factor influencing full-thickness MIRI assessment. Existing
PAI studies have shown that PA signal intensity may progressively
decrease from the epicardial surface toward the endocardial layer due to
wavelength-dependent optical scattering and acoustic attenuation in
dense cardiac tissue [101]. For instance, fibrin-targeted or ICG-liposome
PA probes demonstrated sufficient contrast to delineate infarcted
myocardium, yet their detectability and signal-to-noise ratio were
noticeably reduced in deeper myocardial regions, reflecting a
depth-related attenuation trend [102]. Therefore, while AS-I/S NCs may
offer superior optical absorption and enhanced PAI performance, further
investigations quantifying PA signal distribution at different myocardial
depths would be crucial to confirm their suitability for full-thickness
MIRI detection.

Herein, the discussed literature demonstrates the capability of NM-
based strategies to significantly enhance PAI for myocardial injury
assessment by overcoming its intrinsic limitations. By integrating mo-
lecular targeting units (e.g., fibronectin-binding or ischemic homing
peptides), these nano-agents can improve the accumulation at diseased
sites, thereby enhancing signal-to-noise ratio and enabling the detection
of earlier and subtler pathological changes. Besides, the incorporation of
contrast agents with high absorption in the NIR window, especially NIR-
11, substantially augments the penetration depth and spatial resolution of
PAIL addressing one of the major constraints of conventional optical
imaging. Co-delivery of multiple therapeutic components, including
anti-oxidative compounds may help the nanoprobe to not only visualize
but also mitigate oxidative stress, thereby showcasing a theranostic
approach from mere diagnosis. Collectively, these nanoscale designs
effectively leverage the high sensitivity and functional imaging capacity
of PAI while compensating for its limitations in depth penetration and
biological specificity, offering a robust and multifunctional tool for the
precise detection and management of MIRI.
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2.2.4. NMs for enhanced MRI

MRI is a non-invasive imaging modality that utilizes strong magnetic
fields and radiofrequency pulses to generate high-resolution anatomical
images. Compared to conventional techniques such as X-ray or CT, MRI
offers superior soft tissue contrast and is particularly advantageous for
imaging organs such as the brain, spinal cord, joints, and heart
[103-105].

Superparamagnetic iron oxide NPs (SPIONs) have emerged as
effective MRI contrast agents due to their strong influence on T2
(Transverse relaxation time) and T2* (effective Transverse relaxation
time). Montet-Abou et al. demonstrated that intravenously injected
fluorescently labeled SPIONS are rapidly cleared from circulation by the
reticuloendothelial system (RES), particularly accumulating in mono-
cytes (MCs) [75]. Following myocardial injury, these SPION-labeled
MCs are passively recruited to the injury site, producing localized
signal hypo-intensity in T2*-weighted MRI. Enhanced contrast is
ascribed to the superparamagnetic nature of SPIONs, which induces
local magnetic field inhomogeneity, accelerates dephasing of transverse
magnetization, and shortens T2/T2* relaxation times. This manifests as
darkened regions in MRI images corresponding to SPION-rich areas,
thereby enabling the imaging of immune cell infiltration.
Co-localization studies with CD68™ Md®s further correlated MRI signal
intensity with immune cell infiltration. This approach enables sensitive,
non-invasive monitoring of immune responses in vivo without altering
cell function, suggesting the potential translational applications of NPs
for inflammation targeting and assessing therapeutic interventions in
cardiovascular disease.

Gd is a widely used MRI contrast agent due to its strong para-
magnetic properties, which facilitate proton relaxation and enhance
signal intensity in T1-weighted imaging [106]. To improve targeting and
biocompatibility of Gd, Li et al. designed a Gd-doped carbon dot
nanoprobe conjugated with a vascular endothelial growth factor (VEGF)
mimetic peptide, termed GCD-PEG-QK [76]. Briefly, Gd>* ions were
encapsulated into the core of carbon dots, which can avoid the leakage
of metal ions and reduce systemic toxicity. The QK peptide can interact
with VEGF receptors, which are highly expressed in ischemic myocar-
dial tissue, thereby helping to increase NP accumulation in the infarcted
region. In vivo MRI confirmed that GCD-PEG-QK can significantly in-
crease signal intensity in the infarcted myocardium compared to the free
Gd-DTPA, especially within 30 min post-injection. The mapping of T1
relaxation time further showed enhanced signal intensity, in part, due to
prolonged circulation and receptor-mediated retention in ischemic tis-
sue. Unlike conventional Gd agents, this NP-based platform integrates
imaging contrast, ischemic targeting, and therapeutic potential within a
single system. The synergy of effective imaging and myocardial repair
highlights the translational potential of nanoprobe for MRI-guided car-
diovascular diagnostics and treatment.

Therefore, the incorporation of nanotechnology has markedly
expanded the functional scope of MRI for MIRI treatment. Nano-scale
contrast agents, including SPIONs and engineered gadolinium com-
plexes can enhance imaging specificity through targeted accumulation
while reduce toxicity risks associated with traditional agents. More
importantly, these platforms may enable visualization of cellular-level
processes in inflammation and integrate real-time imaging with thera-
peutic interventions, thereby elevating MRI from a diagnostic tool to a
theranostic system. This evolution supports deeper mechanistic insight
and personalized management of MIRI through multifunctional, longi-
tudinal monitoring.

2.2.5. NMs for enhanced multimodal imaging

The precise diagnosis of MIRI requires the integration of multidi-
mensional pathological information, including anatomical structure (e.
g., infarct size and cardiac morphology), functional parameters (e.g.,
ventricular motion and ejection fraction), and molecular or cellular
dynamics (e.g., oxidative stress, inflammatory responses, and apoptosis)
[107,108]. Since no single imaging modality can simultaneously
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provide such a comprehensive diagnostic profile, the development of
multimodal imaging strategies has become essential. Recent clinical
data underscore the limitations of single-modality imaging and the
growing need for integrated approaches. In myocardial infarction with
nonobstructive coronary arteries, combining optical coherence tomog-
raphy (OCT) with cardiac magnetic resonance (CMR) identified disease
etiology in 84-100 % of cases, outperforming OCT alone (44 %) and
CMR alone (74 %) [109,110]. Such findings illustrate that no single
modality can fully capture the structural, functional, and tissue-level
complexity of ischemic injury. Multimodal cardiovascular technolo-
gies, including hybrid PET/CT, PET/MRI, and echocardiography-MRI,
further expand diagnostic capacity by integrating anatomical, meta-
bolic, and hemodynamic data [111,112]. However, current multimodal
systems remain limited by resolution mismatch, poor penetration, slow
acquisition, and technical complexity [113]. Their low sensitivity to
early molecular events also restricts timely diagnosis and monitoring
[114].

NMs possess highly tunable surfaces and architectures that enable
the co-loading or conjugation of diverse contrast agents onto a single
platform [115,116]. This multifunctional capacity facilitates the
convergence of complementary imaging signals and supports the
spatially aligned acquisition of physiological and pathological infor-
mation [117]. By leveraging the complementary advantages of various
imaging techniques, such as high soft-tissue resolution of MRI, excellent
temporal and spatial precision of CT, high sensitivity of FI, or opti-
cal-acoustic contrast of PAI, multimodal nanosystems offer a compre-
hensive and unified diagnostic profile. This unified approach enables
clinicians to correlate structural changes with corresponding functional
impairments and molecular-level disturbances, thereby significantly
improving the accuracy and reliability of MIRI assessment. Furthermore,
by incorporating targeting ligands that recognize specific biomolecular
signatures of MIRI (e.g., ROS, adhesion molecules), NM-based multi-
modal platforms can further improve lesion-specific accumulation and
contrast enhancement, thereby supporting earlier detection and more
precise therapeutic monitoring [118].

Recent advances in NM-based contrast agents have further broad-
ened the capability of multifunctional NMs for integrated diagnosis.
Chen et al. developed ischemic myocardium-targeted peptide-conju-
gated SPIONs/perfluorohexane (PFH) NPs (IMTP-Fe304-PFH NPs) for
targeted multimodal imaging of ischemic myocardium via integrating
US imaging, PA, and MRI [80]. In this hybrid NP, SPIONs function as
To-weighted MRI contrast agents and PA signal enhancers due to their
superparamagnetic and optical absorption properties. PFH, encapsu-
lated within the core, undergoes acoustic droplet vaporization under
low-intensity focused US, generating microbubbles that enhance US
contrast. Surface-conjugated IMTP peptides enable active targeting to
hypoxic myocardial tissue, increasing local NP accumulation and
improving imaging specificity. Together, these components synergisti-
cally enhance the sensitivity and accuracy of tri-modal imaging. In
addition, Li et al. synthesized a collagen-targeting nanoprobe
(CNA35-GP@NPs), consisting of Au NRs and PFH-loaded lipid NPs
modified with CNA35 peptides (Fig. 6A) [81]. Au NRs enhanced NIR
absorption and PA signal generation (Fig. 6B and C). Meanwhile, the
high X-ray attenuation of Au led to stronger, concentration-dependent
signal enhancement than iodine-based agents (Fig. 6D and E). In addi-
tion, PFH contributed to US contrast through LIFU-triggered phase
transition. Building upon the aforementioned material design, it is
anticipated that clinicians can readily utilize multiple imaging modal-
ities to assess structural and functional alterations in lesions following
the administration of these multifunctional NPs. Under the multimodal
imaging framework established by Li et al., PAI is prioritized for quan-
titative evaluation of fibrosis given its collagen-specific targeting and
strong histological correlation (Pearson r 0.82). CT provides
anatomical context and spatial localization, while US imaging enables
real-time procedural guidance. Within this hierarchical integration, PAI
acts as the definitive molecular readout, whereas CT and US imaging
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support anatomical correlation and reduce false positives, collectively
enhancing diagnostic accuracy and reliability in detecting myocardial
fibrosis. In another research, Yang et al. designed transferrin
receptor-targeted cubic iron oxide NPs combining magnetic particle
imaging (MPI) and MRI capabilities (Fig. 6F) [82]. The designed NPs
exhibited a linear correlation between MPI signal intensity and infarct
size as validated by triphenyltetrazolium chloride (TTC) staining. These
NPs with multiple imaging capabilities can detect cardiac injury
approximately 48 h earlier than that of the conventional imaging mo-
dalities, thereby offering significant diagnostic advantages for an earlier
intervention. Overall, the aforementioned multimodal imaging nano-
platforms transcend the limitations of single-mode techniques by inte-
grating complementary anatomical, functional, and molecular
information, thereby offering an unprecedented panoramic view of
MIRI.

3. Functional NMs for MIRI therapy

Building upon the advanced imaging and diagnostic nanoplatforms
discussed in Section 2, which enable precise spatial and molecular
characterization of MIRI, we now turn to therapeutic interventions that
leverage these diagnostic insights for targeted treatment of underlying
pathological processes, including oxidative stress, calcium overload, and
inflammatory activation. Although reperfusion restores oxygen supply,
it also initiates a harmful cascade comprising oxidative stress, inflam-
matory activation, apoptotic signaling, and metabolic dysregulation
[119-121]. Conventional small-molecule therapeutics struggle to
effectively modulate these pathological processes due to inherent limi-
tations such as systemic toxicity, poor target specificity, and rapid
clearance. In contrast, the advent of functional NMs represents a para-
digm shift in MIRI treatment. These platforms are specifically engi-
neered to overcome the drawbacks of conventional drugs by offering
enhanced biocompatibility, targeted accumulation, and the ability to
integrate therapeutic and diagnostic functions within a single
platform—a theranostic approach that holds significant promise for
personalizing and optimizing treatment efficacy [122,123]. This section
focuses on a range of therapeutic mechanisms enabled by nanotech-
nology, particularly through the application of functional NMs. Key
approaches include nanocatalyst-based direct intervention in MIRI,
targeted strategies such as NPs-mediated gene delivery and bioinspired
nanotherapeutics, as well as synergistic modalities that integrate
nanotechnology with gas therapy, stem cell therapy, and the regulation
of circadian rhythms.

3.1. Direct treatment: nanozyme therapy

Oxidative stress and inflammation induced by the restoration of
blood flow in MIRI can induce significant damage to CMs [124].
Nonetheless, numerous clinical trials employing conventional
small-molecule antioxidants, such as N-acetylcysteine, have yielded
inconclusive results due in part to the short half-life of these antioxi-
dants, thereby warranting robust yet sustainable anti-oxidative strate-
gies [125]. Other direct treatment modalities, such as photothermal
therapy and radiotherapy/chemotherapy, present distinct advantages
and limitations. Photothermal therapy provides high specificity and
minimal invasiveness albeit that its effectiveness is restricted by less
tissue penetration and potential cytotoxicity concerns of photosensitive
agents [126]. While radiotherapy is effective for deeper tissues, it poses
risks of collateral damage and long-term cardiovascular complications
[127,128].

Conversely, nanozymes have emerged as promising artificial cata-
lysts, which effectively scavenge free radicals via different types of
mechanisms. Nanozymes exhibit catalytic activities similar to natural
enzymes (i.e., superoxide dismutase (SOD), catalase (CAT)), and they
can enhance cellular antioxidant capacity by mimicking enzymatic re-
actions as well as convert free radicals into harmless molecules [129]. In
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addition, high specific surface area of nanozymes promotes efficient
contact with free radicals, thereby enhancing scavenging efficiency
[130]. These properties give nanozymes a distinct advantage over other
direct treatment strategies, offering a more targeted and sustainable
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antioxidant approach with fewer side effects. Consequently, nanozymes
hold broad potential for biomedical applications, especially in contexts
requiring antioxidant and anti-inflammatory responses, such as MIRI
(Table 2 illustrates the typical nanozymes for MIRI therapy).



J. Liet al

Smart Materials in Medicine 7 (2026) 13-43

Table 2
Summary of typical nanozymes for MIRI therapy.
Name Cargo ROS Scavenging Mechanism ROS Concentration Optimal Material Ref.
Concentration
CNP / CNP eliminate ROS via Ce®**/Ge*" redox cycling, 0.5 mM H,0, In vitro: 40 pg/mL CNP; [131]
mimicking antioxidant enzymes In vivo: 0.6 mg CNP
CuCe NPs Copper ions CuCe NPs attenuate ROS via GSH-triggered SOD1 250 pM H,0, In vitro: 2.5 pg/mL CuCe [132]
(Cw) activation and redox homeostasis enhancement NPs
TA-Ce NCs Tannic acid TA-Ce NCs scavenge ROS via Ce>*/Ce** cycling with 20 mM H,0, In vitro: 40 pg/mL TA-Ce [133]
CAT- and SOD-like activities NCs;
In vivo: 2.69 ID%/g
(bioavailability)
CeONZs / CeONZs scavenge ROS via CAT- and SOD-mimetic 100 pM H30o; In vitro: 0.375 pM [134]
activities 200 pM tert-butylhydroperoxide
Mn304@PDA / Mn30,4@PDA nanozyme mimics SOD activity to 200 pM H20-, In vitro: 10 pg/mL [135]
nanozyme catalytically scavenge ROS Mn304@PDA nanozymes
PB-MSCs PB NPs PB nanozymes enzymatically neutralize ROS, enhancing ~ 25 pM-200 pM H,0, In vitro: 200 pg/mL PB [136]
MSC resistance to oxidative stress nanozyme;
In vivo: 50 pg/mice
NP-SOD SOD NP-SOD scavenges superoxide via diffusion-driven 50 pM hypoxanthine; In vivo: 500 U/mL NP-SOD [137]
catalytic dismutation through a porous membrane 0.2 U/mL xanthine oxidase
CVNRs / CVNRs mimic SOD by catalyzing superoxide dismutation, ~ 150 pM homocysteine,5 pM CuCl, In vitro: 20 pg/mL CVNRs [138]
effectively scavenging ROS
PtsaN-C / PtsaN-C scavenges ROS via Pt-N, single-atom catalytic 10 mM Hy0g; In vitro: 1 pg/mL PtsaN-C [139]
sites with multienzyme-like activity 100 ng/mL phorbol myristate acetate
PBNz@PSC PB PBNz@PSC scavenges ROS via enhanced SOD-like 10 mM H,0, Invitro: 1 pg/mL [140]
nanozyme activity and AMPK pathway activation PBNz@PSC
MnMSN-6 Mn2*, Mn** MnMSN catalytically scavenges ROS via Mn?*/Mn**, O3 (60 mmol/L for xanthine and 1 U/  Invitro: 10 pg/mL MnMSN- [141]
suppressing NF-kB to induce anti-inflammatory M®s mL for xanthine oxidase); 6
polarization OH (20 mmol/L H,05 and 20 mmol/
L FeSO4)

Notes: CNP, cerium NPs; CuCe NPs, copper-deposited ceria NPs; TA-Ce NCs, tannic acid—cerium nanocatalysts; CeONZ, cerium oxide nanozymes; PDA, polydop-

amine; PB, Prussian blue.

NMs, nanomaterials; TA-Ce, tannic acid—cerium; NP-SOD, porous NPs-encapsulated superoxide dismutase; CVNRs, cerium vanadate nanorods; PtsaN-C, platinum
single-atom nitrogen—carbon catalyst; MnMSN-6, Mn-loaded mesoporous silica nanozymes; AMPK, adenosine monophosphate-activated protein kinase; NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; Md®s, macrophage.

3.1.1. Cerium-based nanozymes

Cerium, a rare-earth element, exhibits remarkable antioxidative ca-
pacity by catalytically scavenging ROS through a reversible redox cycle
between its Ce®" and Ce** states [142]. Nanoengineering cerium into
cerium-based NPs (Ce NPs) further amplifies this effect by providing a
high specific surface area, which increases the availability of reactive
sites for neutralizing free radicals and other oxidative species [143].

Capitalizing on this foundation, diverse Ce-based NMs with tailored
therapeutic properties have been developed. For instance, Wang et al.
constructed myocardium-targeting TA-Ce nanocatalysts (TA-Ce NCs) via
the self-assembly of tannic acid (TA) and Ce** ions (Fig. 7A) [133].
These TA-Ce NCs effectively alleviated oxidative stress in CMs by
scavenging key ROS, such as superoxide anions (-Oz), hydrogen
peroxide (H203), and hydroxyl radicals (-OH). This effect was primarily
mediated by the Ce*'/Ce** redox couple (Fig. 7B). Consequently,
treatment with TA-Ce NCs reduced infarct size and restored cardiac
function, showing their robust cardioprotective potential. Despite
promising preclinical efficacy of TA-Ce NCs in mitigating MIRI, several
translational challenges must be addressed. A primary obstacle is the
development of a scalable, reproducible synthesis under Good
Manufacturing Practice (GMP) standards, which requires precise control
over critical quality attributes including particle size, Ce>*/Ce*" ratio,
surface ligand density, and long-term colloidal stability—each being a
key determinant of therapeutic performance and safety [144].
Furthermore, while acute toxicity appears limited in rodent models,
comprehensive long-term biosafety assessments are lacking. The meta-
bolic fate, potential chronic accumulation, organ-specific retention, and
immunogenicity of TA-Ce NCs also yet remain to be characterized.
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Preclinical studies are also limited by the use of healthy animal models
that do not recapitulate common clinical comorbidities such as diabetes,
atherosclerosis, and hypertension, all of which can alter the NPs phar-
macokinetics and pharmacodynamics of NPs. Moreover, poor under-
standing between TA-Ce NCs and endogenous antioxidant systems is
also a critical gap. Although TA-Ce NCs exhibit ROS-scavenging activity
through their Ce3*/Ce** redox cycle, their potential synergistic, addi-
tive, or antagonistic interactions with native antioxidant enzymes (e.g.,
SOD, CAT) remain largely unexplored. Elucidating this crosstalk is
essential for rationally integrating TA-Ce NCs into the physiological
antioxidant network without disrupting redox homeostasis [145].

Beyond simple catalysts, more sophisticated nanozymes have been
designed to mimic endogenous antioxidant systems. Hang et al. engi-
neered biomimetic cerium oxide nanozymes (CeONZs) to protect human
pluripotent stem cell-derived CMs (hPSC-CMs) from oxidative damage
[134]. These CeONZs exhibit high biocompatibility, enhanced cellular
uptake due to their ~5 nm size, and sustained ROS-scavenging activity
through redox cycling between Ce®* and Ce**. In MIRI, ROS such as
superoxide anions (Oz) and hydrogen peroxide (Hy05) contribute to
cellular apoptosis, inflammation, and mitochondrial dysfunction. The
CeONZs target these ROS, prevents oxidative damage and cell death,
thereby protecting CMs during MIRI.

In addition, Im et al. synthesized copper-deposited ceria NPs (CuCe
NPs) by anchoring Cu' ions onto the surface of Ce NPs using a mild
reduction process [132]. These NPs release bioavailable copper ions
intracellularly, which function as cofactors to activate the antioxidant
enzyme SOD1. The activated SOD1 effectively catalyzes the dismutation
of superoxide anions (Oz) and hydrogen peroxide (H202), thereby
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Reprinted with permission from Ref. [132].

mitigating oxidative damage. The CuCe NPs also modulated inflamma-
tory pathways, such as STAT1 and STAT6 (signal transducer and acti-
vator of transcription 1 and 6), to alleviate inflammation triggered by
ROS accumulation (Fig. 7C). This dual action of ROS clearance and
inflammation regulation can provide significant cardioprotection in
MIRI (Fig. 7D-F). The combined effect of cerium and copper ions
directly addresses oxidative stress and inflammation, key drivers of
myocardial injury in MIRI.

3.1.2. MOF-based nanozymes
MOFs exhibit remarkable enzyme-mimetic activities owing to their
well-defined porous structures, tunable metal clusters, and functional
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organic ligands [146-149]. These nanozymes primarily mimic CAT,
SOD, and glutathione peroxidase (GPx) through tailored metal-active
sites (e.g., Fe, Mn, Cu, Se, V) and optimized ligand environments
[150-153]. For instance, CAT-like activity involves efficient HyO9
decomposition via both heterolytic and homolytic pathways with low
energy barriers, while SOD-like performance relies on metal redox
couples such as Mn**/Mn*" and Cu®/Cu?t [154-156]. The GPx-like
behavior is enhanced by elements such as selenium (Se) or vanadium
(V) incorporated into the MOF architecture [151-153]. Key factors
governing catalytic efficiency include metal ion identity and valence
state, ligand electronic properties (e.g., nitro (-NO5) or amino (—NH>)
groups fine-tuning electron transfer), pore confinement effects, and
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synergistic interactions in bimetallic systems [157-159]. Such precise
control over active sites and microenvironments enable MOF-based
nanozymes to exhibit high catalytic activity and selectivity, making
them highly promising for biomedical applications including mitigation
of MIRI.

Rational integration of multiple metal sites and precise structural
engineering within MOFs has significantly advanced the design of high-
performance nanozymes for ROS scavenging and therapeutic applica-
tions. For instance, Xiang et al. developed a bimetallic nanozyme, where
copper (Cu) and manganese (Mn) centers acted synergistically to confer
dual SOD- and CAT-like activities, effectively mimicking enzymatic
cascade reactions for enhanced ROS elimination (Fig. 8A and B) [160].
The synergy between the metal centers was maximized at a specifically
optimized Cu:Mn molar ratio of 1:2, which was empirically determined
to possess the highest catalytic activity and theoretically validated by
density functional theory (DFT) calculations to have the most favorable
reaction kinetics. The developed nanozyme exhibited superior catalytic
rate and stability under physiological conditions compared to mono-
metallic analogues, and notably reduced inflammation and mitigated
myocardial injury in a MIRI model. Similarly, Liu et al. constructed a
cascade nanozyme, by embedding platinum (Pt) NPs within a
Mn-functionalized zirconium-porphyrin MOF [161]. The confined
porous structure facilitated efficient substrate diffusion and electron
transfer between active sites, leading to robust dual-enzyme activity and
significantly stronger anti-inflammatory effects as compared to physi-
cally mixed controls.

In addition to classical MOFs, Prussian blue (PB) has emerged as a
promising multifunctional nanozyme. It is a coordination polymer in
which iron ions in different oxidation states are bridged by cyanide li-
gands, creating a redox-active framework. This unique structure enables
the application of PB nanozymes in antioxidant and anti-inflammatory
therapies [59]. Long et al. developed a polysaccharide-coated PB
nanozyme (PBNz@PSC) with enhanced SOD-like activity, effectively
scavenged ROS, promoted M®s polarization from M1 to M2 phenotype,
and improved cardiac function in MIRI models, outperforming con-
ventional therapeutic agents (Fig. 8C-E) [140]. Compared to typical
MOFs, PB nanozymes offer distinct advantages such as facile synthesis,
high aqueous stability, inherent catalytic activity, and excellent
biocompatibility, making them promising candidates for clinical trans-
lation [162].

In conclusion, nanozyme-based therapies, particularly those utilizing
Ce-based and MOF-derived systems, show great promise for mitigating
oxidative stress and inflammation in MIRI. Ce-based nanozymes, such as
TA-Ce NCs and CuCe NPs, leverage the Ce3*/Ce** redox cycle to effi-
ciently scavenge ROS, offering substantial protection against ischemic
damage. In contrast, MOF-derived nanozymes, with their tunable metal
nodes (e.g., Mn, Cu, Fe) and functional organic ligands, provide a ver-
satile platform for mimicking a series of enzymatic activities, including
SOD, CAT, and GPx-like functions, which are often enhanced through
synergistic multi-metal sites. However, despite these advances, several
key challenges remain, including optimizing targeting specificity to the
ischemic myocardium, ensuring long-term safety and efficient metabolic
clearance, and scaling up synthesis for clinical applications. Future
research should prioritize the development of intelligent nanozymes
that are responsive to the local microenvironment, as well as the inte-
gration of multimodal imaging capabilities for theranostic applications.
Moreover, combining multiple catalytic activities within single plat-
forms could enhance therapeutic outcomes. By overcoming these chal-
lenges, nanozyme-based therapies hold significant potential to become
next-generation treatments for MIRI and other oxidative stress-driven
cardiovascular diseases.

3.2. Targeted gene delivery based on NMs

Targeted drug delivery aims to improve therapeutic efficacy while
minimizing side effects by delivering therapeutics precisely to specific
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cell types or tissues [163]. Unlike other NM-based approaches for MIRI,
which broadly focus on mitigating oxidative stress or inflammation
without targeting specific molecular pathways, gene therapy represents
a shift towards precision medicine. Gene therapy allows for the selective
regulation of specific molecular targets within infarcted myocardium,
offering unprecedented precision in treatment [164,165]. Notwith-
standing, the success of gene therapy depends on the development of
advanced NMs capable of efficiently delivering genetic payloads. These
NMs should facilitate crucial processes, including endosomal escape as
well as cytoplasmic release to ensure maximal therapeutic efficacy. By
overcoming these challenges, NM-based gene delivery systems can
significantly enhance the versatility of gene therapy, expanding its po-
tential for cardiovascular applications [166].

Given these considerations, different types of nanocarriers have been
exploited for the sustained and controlled release of genetic materials,
such as lipid NPs (LNPs), dendrimers, and MOFs. [38,167,168]. None-
theless, cardiac-targeted gene delivery systems face unique biological
barriers and design challenges. The dynamic perfusion, dense endothe-
lium, and continuous mechanical activity of heart impede efficient
vehicle accumulation and retention in the infarcted myocardium
[169-171]. Moreover, most of the cardiac cells are terminally differ-
entiated with limited proliferative capacity as well as reduced endocytic
or phagocytic activity, which pose additional barriers for the intracel-
lular delivery of therapeutic agents [172]. Consequently, cardiac gene
delivery systems are often meticulously designed to improve cardiac
targeting and enhance cell transfection efficiency.

Local delivery of NMs is one of the viable approaches to enhance
cardiac accumulation of NMs and overcome limitations associated with
systemic delivery of NPs. Chen et al. developed a conductive micro-
needle patch for the targeted myocardial delivery of microRNA-30d-
loaded zeolitic imidazolate framework-8 NPs (miR-30d@ZIF-8 NPs)
[173]. This strategy leverages the pH-responsive properties of ZIF-8 to
enhance lysosomal escape and protect miRNA from degradation,
significantly improving delivery efficiency. The therapeutic efficacy
stems from dual function of miR-30d to reduce CMs apoptosis as well as
suppress fibrotic remodeling, which may help address key pathological
processes in ML This localized delivery platform represents a significant
advancement in cardiac gene therapy. Meanwhile, Zeng et al. designed
fusogenic coiled-coil peptide modified LNPs, which efficiently trans-
fected induced pluripotent stem cell-derived CMs (iPSC-CMs) than that
of the LNPs [174]. The fusogenic peptide is composed of a pair of
complementary coiled-coil peptides (CPE4/CPK4), conjugated to a
cholesterol moiety via a PEG spacer; cholesterol moieties can promote
cellular uptake of the carrier through an easier incorporation into lipid
membranes as well as LNPs. Consequently, LNP-CPE4/CPK4 can trigger
an efficient fusion between liposomes and cells, bypassing endosomal
entrapment, and improve drug delivery.

As we know, the conventional approaches for localized drug delivery
to the heart typically necessitate highly invasive surgical procedures,
which impose considerable physical trauma and clinical risks on pa-
tients [175]. In contrast, systemic injection into the bloodstream re-
mains the most convenient and non-invasive method for targeted
delivery of genetic material.

Bionic nanomembranes, by mimicking the structure and function of
cell membranes, not only enhance drug targeting capabilities but also
integrate seamlessly with gene therapy to improve the stability and
targeting of gene vectors [176,177]. This is particularly beneficial in the
treatment of MIRI, where bionic nanomembranes demonstrate excellent
synergistic effects. M®s rapidly converge on the site of cardiac injury
following myocardial damage, acting as master regulators that coordi-
nate inflammation, tissue repair, and structural remodeling [178].
Inspired by the natural homing ability and phagocytic activity of M®s,
Lu et al. fabricated a M®s membrane modified with hemagglutinin and
receptor for advanced glycation end products (RAGE), and used it to
coat NPs for small interfering RNA (siRNA) delivery [179]. In addition,
Wang et al. developed M®s -targeting nanocomplexes to co-deliver
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siRNA targeting MOF and miRNA-21 for MIRI therapy. The combined developed platelet-macrophage hybrid membrane-coated nano-
delivery of siRNA and miRNA-21 efficiently silenced target genes, sup- complexes (BSPC@HM NCs) for targeted delivery of Savl siRNA, an
pressed oxidative stress, and polarized M®s toward an upstream inhibitor of the Hippo pathway [181]. The hybrid membrane
anti-inflammatory phenotype [180]. In another study, Zhou et al. enables inflammation homing and microthrombus targeting, guiding the
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nanocomplexes to ischemic myocardium (Fig. 9A). Upon reaching the
acidic microenvironment, the membrane is shed, exposing the
siRNA-loaded core and enhancing transfection efficiency (Fig. 9B-D). In
vivo data showed siRNA release and gene silencing occurred selectively
in the injured myocardium, with minimal activity in other tissues
(Fig. 9G-I). Notably, the non-responsive control (BSPS@HM) failed to
induce transfection despite similar tissue distribution, underscoring that
both the local acidic environment and targeted accumulation are
essential for successful gene delivery and transfection (Fig. 9E-J).
Consequently, BSPC@HM NCs effectively silenced Savl, reduced car-
diomyocyte apoptosis, and promoted myocardial regeneration in MIRI
models.

Machine learning (ML) has emerged as a transformative tool in
material screening. By integrating computational simulations (e.g.,
molecular dynamic simulation (MDS), DFT, etc.) with ML algorithms (e.
g., random forests, graph neural networks, etc.), researchers can rapidly
predict key properties of NMs, including biocompatibility, drug-loading
efficiency, and targeted delivery capability [182-184]. This data-driven
approach can appreciably reduce experimental trial-and-error and
accelerate the development of NP-based gene delivery technologies.
Santos and our team et al. developed a diversity-oriented combinatorial
screening strategy that integrates an automated microfluidics platform
with computational-assisted analysis to systematically optimize
polysaccharide-based nanocarriers for cardiac RNA interference (RNAi)
therapy [185]. Ultimately, a NP formulation composed of the anionic
polysaccharide endosomolytic phosphorylated f-glucan (EEPG) and the
cationic cell-penetrating peptide (CPP) KALA was identified as the
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optimal carrier for targeted gene delivery in myocardial injury
(Fig. 10A-C). This system, designated GIuCARDIA, exhibits efficient
siRNA delivery and robust RNAi silencing in MIRI model, thereby
significantly attenuating cardiac fibrosis and improving cardiac function
(Fig. 10D-I). Thus, this study enhances delivery efficiency by employing
a diversity-oriented combinatorial formulation screening strategy using
an automated microfluidics platform. Through stepwise evaluation,
which includes NPs formation, siRNA encapsulation, biocompatibility,
and gene silencing efficacy, and paired with computational interpreta-
tion, the authors identify optimal cationic-anionic pairings for efficient,
targeted RNA delivery.

In conclusion, targeted gene therapy, offers a promising avenue for
treating MIRI by enabling precise molecular targeting within the
myocardium. The integration of gene therapy with advanced nano-
platforms, such as bionic nanomembranes, further enhances delivery
efficiency, stability, and targeting accuracy. These innovations pave the
way for more effective and personalized treatments for MIRI and other
cardiovascular conditions. However, challenges remain in optimizing
gene delivery systems, ensuring their stability and biocompatibility, and
achieving targeted accumulation in specific cardiac tissues. Addition-
ally, while nanoplatforms have shown potential in enhancing thera-
peutic outcomes, their clinical translation requires overcoming issues
related to scalability, regulatory approval, and long-term safety. Future
efforts should focus on refining NMs design to achieve higher improve
therapeutic index, and minimize immune system interactions. More-
over, the integration of real-time monitoring through advanced imaging
techniques will be crucial in assessing the efficacy of these therapies and
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guiding clinical decision-making.

3.3. Combination therapy

MIRI encompasses intricate pathophysiological pathways. While
advanced monotherapies, such as stem cell therapy, gasotransmitter-
based approaches, and circadian rhythm interventions, demonstrate
considerable mechanistic potential, their translation into clinical prac-
tice remains fraught with substantial challenges. Stem cell therapy is
limited by poor engraftment and transient paracrine effects [186]. Gas
transmitter-based approaches, utilizing molecules such as nitric oxide
(NO), hydrogen sulfide (H»S), carbon monoxide (CO) and hydrogen (Hs)
suffer from extremely short half-lives and a lack of targeted delivery
[187-189]. Besides, circadian rhythm interventions require precise
temporal coordination, which is difficult to achieve in practice [190].
These inherent limitations underscore the inadequacy of singular stra-
tegies in addressing the multifaceted pathology of MIRI.

Nanotechnology provides a sophisticated convergence platform to
systematically overcome these barriers through precise therapeutic
manipulation. By engineering nanocarriers, such as liposomes, poly-
meric NPs, and biomimetic vesicles, key functional advances are real-
ized: (i) Protected and targeted delivery: nanocarriers encapsulate and
shield unstable agents (e.g., stem cell-derived exosomes, gas donors),
enabling site-specific accumulation via surface-modified ligands (e.g.,
peptides targeting ischemic myocardium or activated endothelium),
thereby enhancing local bioavailability while minimizing systemic
exposure [191,192]. (ii) Intelligent  responsive release:
stimuli-responsive nanocarriers can sense pathological microenviron-
ments (e.g., oxidative stress, acidic pH, enzyme overexpression) and
trigger on-demand release of therapeutics, thus converting transient
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bioactivity into sustained, localized effects and improving therapeutic
precision [193,194]. (iii) Multifunctional integration and synergy: The
most distinctive advantage lies in co-delivering multiple therapeutic
agents (e.g., antioxidants, anti-inflammatory drugs, pro-repair factors)
within a single nanoplatform [195]. Recent advances highlight
chrono-nanomedicine, where the efficacy of smart NPs is governed by
circadian rhythms, with optimal myocardial repair achieved through
time-dependent administration contingent upon an intact biological
clock [196]. In this section, we will focus on introducing current
research progress in integrating nanotechnology with the aforemen-
tioned monotherapies for combined treatment of MIRI.

3.3.1. Engineering of NMs-Laden stem cells for MIRI treatment

While gene therapy enables precise modulation of disease-associated
pathways at the molecular level, its capacity to orchestrate compre-
hensive tissue regeneration remains limited. In this regard, stem cell
therapy offers a promising approach for myocardial repair through
cellular replacement and paracrine effects. Stem cells, such as MSCs, can
promote tissue regeneration, reduce inflammation, and improve cardiac
function after myocardial injury. However, the clinical impact of stem
cell-based strategies is often limited by factors such as poor cell survival,
retention, and engraftment within the hostile microenvironment of MIRI
[130,197-200].

To address these challenges, recent studies have explored the com-
bination of stem cells with multifunctional NMs to enhance their ther-
apeutic efficacy for MIRI treatment. One of the major limitations for the
application of stem cells in MIRI is the rapid cell loss caused by the
oxidative stress. Le et al. engineered MSCs by incorporating dopamine-
modified manganese oxide nanozymes (Mn3O4@PDA) with SOD-like
activity [135]. The Mn3O4@PDA effectively scavenged ROS, reduced
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inflammation and enhanced cell survival in an oxidative stress envi-
ronment (Fig. 11A). Furthermore, it also significantly improved the
migration and homing of cells (Fig. 11B). While a direct assessment of
paracrine factor secretion (e.g., VEGF, hepatocyte growth factor (HGF))
remains to be fully elucidated, the enhanced angiogenic and anti-fibrotic
effects observed in vivo, coupled with transcriptomic data indicating a
broadly augmented repair phenotype, strongly suggest a synergistic
potentiation of the native paracrine functions of MSCs (Fig. 11C).

In addition to the advancements in antioxidant nanozyme-
engineered MSCs, other studies have explored different nano-
therapeutic approaches to enhance the efficacy of stem cell therapy in
MIRI. Pan et al. developed Tempol-loaded p-cyclodextrin-based NPs
(TPCD NPs) and further incorporated an HO»-responsive compound,
PBAP, into these NPs (Fig. 11D) [201]. These innovative NPs were used
to engineer MSCs, enhancing their paracrine signaling. For example, it
promotes the secretion of VEGF and HIF-1a (hypoxia-inducible factor
1-alpha), which is crucial for tissue repair and angiogenesis under
oxidative stress conditions (Fig. 11E and F). The engineered MSCs
demonstrated significant resistance to oxidative stress by scavenging
ROS, improving mitochondrial protection, and enhancing their para-
crine activity. Notably, under HyOs-induced oxidative stress, MSCs
treated with TPCD NPs exhibited a marked increase in viability, with cell
survival rising from 18.5 % in untreated MSCs to 79.4 % in TPCD
NP-engineered MSCs, compared to 31.0 % with poly (boronate-ester--
acrylamide) acrylate polymer (PBAP) alone. The combination of TPCD
NPs with MSCs provided a strong protective effect against ROS-induced
cell death, supported by the enhanced antioxidative properties of the
NPs. Furthermore, this engineered MSCs exhibited significantly
improved migration and adhesion capabilities, further boosting their
potential for targeted therapy in ischemic tissues.

Overall, the combination of stem cells with multifunctional NMs
offers a powerful strategy to overcome the limitations of stem cell
therapy for treating MIRI. By enhancing cell survival, reducing oxidative
stress, and improving migration and paracrine signaling, this approach
not only promotes tissue repair and regeneration but also provides a
more effective and targeted treatment compared to gene therapy alone.
The incorporation of NMs into stem cell therapy significantly improves
the stability, retention, and therapeutic efficacy of stem cells in the
injured myocardium, offering a promising avenue for more effective
MIRI treatment and potentially revolutionizing cardiovascular
therapies.

3.3.2. NM-based gas therapy

Gas therapy has emerged as a key focus in modern cardiovascular
treatment, utilizing gaseous species such as NO, HyS, CO, and H,.
Despite the different molecules involved, their therapeutic effects pri-
marily stem from several mechanisms that counteract MIRI. These
include reducing oxidative stress and apoptosis, modulating inflamma-
tion, regulating mitochondrial function and autophagy, and promoting
angiogenesis [202-205]. Gas therapy significantly reduces oxidative
stress and inflammation induced during MIRIL, thus alleviating reperfu-
sion injury [206,207]. When combined with NMs, gas therapy shows
considerable promise in treating MIRL. NMs, modified with
cell-targeting moieties, enhance the bioavailability of gases, improve
retention in ischemic tissues, and prolong release for better therapeutic
outcomes. Additionally, controlled and sustained gas release at the
injury site enables precise regulation of kinetics, minimizing systemic
side effects. Moreover, therapeutics can be co-released with gaseous
species to achieve synergistic effects [208,209]. These advantages make
the combination of gas therapy and NMs a promising approach for MIRI
treatment (Table 3 illustrates the typical strategies combining gas
therapy with functional NMs).

NO is a multifunctional signaling molecule, which plays a pivotal
role in cardiovascular homeostasis by inhibiting platelet adhesion,
modulating cell growth and death, and inducing vasodilation, thereby
protecting cardiovascular system from injury [219,220]. In vivo, NO
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synthesis from L-arginine (L-Arg) is catalyzed by NO synthase (NOS) in
the presence of oxygen (O2) and nicotinamide adenine dinucleotide
phosphate (NADPH) [221]. The dysregulation of NOS activity can
impair endogenous NO production, contributing to various pathological
conditions [222]. Thus, modulating endogenous NOS activity or
administering exogenous NO has emerged as a key therapeutic strategy.
The concentration and release kinetics of NO are critical for its biological
effects. While low concentrations of NO (1-30 nM) can promote vaso-
dilation and angiogenesis through cyclic guanosine monophosphate
(cGMP)-dependent pathways, higher concentrations of NO (~100 nM)
can activate protein kinase phosphorylation, thereby exerting
anti-apoptotic and tissue-protective effects. However, excessive NO
levels (4400 nM) can trigger apoptosis [223]. Therefore, precise control
over NO release is essential for therapeutic applications.

Presently, NO gas inhalation as well as administration of NO pre-
cursors is used in clinical scenarios albeit numerous challenges to ach-
ieve sustained and controlled release of NO in vivo, especially once NO
donors are depleted [224]. To circumvent these limitations, different
types of approaches have been used. Li et al. developed an NOS-like
nanoplatform (NanoNOS) that recapitulated NOS function as well as
catalyzed the constant concentration of NO under physiological condi-
tions plausibly through a three-step mechanism: (i) NADPH oxidation to
generate superoxide anions (Oz); (ii) conversion of superoxide anion
(02) to hydrogen peroxide (Hz02) by SOD-like activity; and (iii)
non-enzymatic oxidation of L-Arg by HyO5 to produce NO [210]. The
administration of NanoNOS significantly suppressed the adhesion of
monocytes to ECs, which was governed by exogenous stimuli, including
oxidative stress and heavy metal ions. Consequently, NanoNOS allevi-
ated myocardial injury. Moreover, the intrinsic photothermal effect of
Au nanorods as well as reaction rate and NO generation efficiency of
NanoNOS were increased with NIR excitation.

NMs based on noble metals may not only act as core platforms for
catalytic reactions but they can also act as protective barriers for the
substrates involved in these reactions. Following MIRI, an excessive ROS
generated in myocardial tissue can oxidize NO to produce peroxynitrite
(ONOO™), thereby further exacerbating myocardial dysfunction [171].
Therefore, it is important to construct a platform capable of generating
NO as well as protecting it from the oxidation. Wang et al. developed
AASP (PCM-modified, L-Arg-loaded, selenium-coated gold nanocages).
Moreover, L-Arg was loaded into PCM for NO release [211]. AASP can
exert dual anti-oxidative and NO-modulating effects by: (i) scavenging
ROS to prevent oxidative damage, (ii) sustaining NO bioavailability
through total nitric oxide synthase (TNOS) activation, and (iii) inhibiting
the conversion of NO to cytotoxic ONOO™. The AASP preserved mito-
chondrial function by regulating the closure of mitochondrial perme-
ability transition pore, maintaining ATP synthesis, and protecting
mitochondrial integrity in CMs (Fig. 12A-C). The AASP conferred syn-
ergistic cardioprotection by concurrently addressing oxidative stress and
NO dysregulation in MIRIL. Xu et al. leveraged platelet membrane-coated
NPs (B-P@PLT) for targeted NO delivery (Fig. 12D) [212]. B-P@PLT NP
can target injured ECs and release NO under US stimulation (Fig. 12E).
Consequently, B-P@PLT NPs promoted ECs function, increased revas-
cularization and enhanced the survival of CMs due in part to the NO
bioavailability at the injury site (Fig. 12F-H).

CO is an endogenous gas signaling molecule with well-recognized
roles in myocardial protection and regeneration. CO exhibits multi-
functional advantageous features, such as immuno-modulation, redox
homeostasis, vasculogenic induction, which render it as an attractive
candidate for MIRI therapy [225]. However, to fully leverage the ther-
apeutic potential of CO as well as minimize its off-target effects and
toxicity, an ideal CO-based therapy should enable site-specific, on-de-
mand release within diseased myocardium. To achieve this, researcher
have developed ONOO ™ -responsive CO donors, which can react with
elevated levels of ONOO™ to activate the release of CO; ONOO™ level is
higher in ischemic MIRI model. For example, Zhang et al. synthesized a
biomimetic CO nanogenerator (M/PCOD@PLGA), which was composed
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Table 3
Summary of typical strategies combining gas therapy with functional NMs.
Category Name Cargo Gas Source Gas Production Efficiency Ref.
NO therapy NanoNOS / (1) NADPH oxidation generates O3} Elevating intracellular NO levels >10-fold in human monocytes [210]
based on (2) O3 dismutation by SOD-like activity yields and ECs
NMs Hy02;
(3) H,0,, oxidizes L-Arg to produce NO
AASP L-Arg NO is enzymatically produced from L-Arg via / [211]
NOS in gold nanocages
B-P@PLT NP BNN6 NO is facilitated by the US-triggered activation = BNNG6 encapsulation in B-P results in a 43.4 % decrease in NO [212]
of BNN6 production relative to unencapsulated BNN6
ZnO NPs Zn3* NO is produced from zinc oxide NPs / [213]
NA@MEV MitoN NO is produced from the amino acid L-Arg, / [214]
catalyzed by NOS
H,S therapy RAPA/JK-1- JK-1 H,S is released from JK-1 in response to the The H,S donor JK-1 demonstrates pH-triggered release, [215]
based on PLGA@PM acidic, inflammatory microenvironment of the generating H,S exclusively in acidic environments (pH 6.5) with
NMs ischemic myocardium negligible release at physiological pH 7.4
JK-1, JK-2 H,S H;S release from JK-1/JK-2 is regulated through ~ Blood analysis revealed significantly elevated H,S levels within [216]
ester bond hydrolysis and modulated by acidic 15 min post-treatment with JK-1/JK-2 (50-100 pg/kg) versus
environments controls
SOD/PAC@CSF G-CSF H,S generation occurs via interaction between M- (1) NO/H,S co-releasing SOD/PAC@CSF showed 5.5-fold higher [76]
Cys monomers and CSE NO output;
(2) Intracellular H,S reached 660.2 nM in treated H9¢c2 cells
CO therapy M/ PCOD585 CO is produced from PCOD585 in response to M/PCOD@PLGA (6 mg/kg) achieved concentrations of [217]
based on PCOD@PLGA ONOO™ 24.05 +1.96 (3 h), 20.44 +1.10 (6 h), and 9.40 + 0.88 pmol/mg
NMs (24 h)
H, therapy H,-PFOB NEs / H,-PFOB NEs can hold up to approximately 6 mM  / [218]
based on of Hy
NMs

Notes: NMs, nanomaterials; ZnO, zinc oxide; BNN6, NO donor compounds; L-Arg, L-arginine; B-P, BNN6-loaded PLGA NPs; PLT NP, platelet membrane-coated NPs;
AASP, PCM-modified, L-Arg-loaded, selenium-coated gold nanocages; PCM, peptide for cardiac muscle targeting; NanoNOS, NOS-like nanoplatform; NA@MEYV, L-
Arg-modified N@MEV (NO-driven nanomotor); MitoN, mitochondrial-targeted ROS-scavenging NADPH mimic; RAPA/JK-1-PLGA@PM, platelet membrane-coated
RAPA/JK-1-PLGA NPs; RAPA, Rapamycin; PLGA, poly(lactic-co-glycolic acid); JK-1, the H,S donor; ECs, endothelial cell; US, ultrasound.

JK-1, JK-2, novel pH-triggered H,S donors; SOD/PAC@CSF, superoxide dismutase/poly(M-Arg-co-M-Cys) @ Granulocyte Colony-Stimulating Factor; M-Cys, N-
mercaptoacryloyl-L-cysteine; G-CSF, Granulocyte colony-stimulating factor; CSE, cystathionine y-lyase; M/PCOD@PLGA, M®s membrane-coated, PCOD585-loaded
Poly(lactic-co-glycolic acid) NPs; PCOD585, the key therapeutic agent; Ho-PFOB NEs, hydrogen-carrying perfluoroocyl bromide nanoemulsions.

of M®s membrane-coated PLGA NPs encapsulating an
ONOO™ -responsive CO donor (PCOD585), which enabled targeted CO
delivery to ischemic myocardium for MIRI treatment [217]. The
PCOD585 allows for the targeted release of CO in response to ONOO™,
especially, in ischemic regions, thereby enhancing the precision of
treatment.

H,S has been shown to exert its protective effect in MIRI through
several mechanisms, including its anti-oxidative effect via ROS scav-
enging and inhibition of oxidative stress for enhanced cell survival [226,
227]. In addition, it possesses pro-vasodilatory effects and enhances
myocardial perfusion to alleviate cardiac burden [228]. HyS further
contributes to myocardial protection by reducing CM loss, partly
through the inhibition of apoptotic signaling pathway [229-231]. Kang
et al. prepared pH-responsive HyS delivery vehicles using
thiophosphorylamide-based HyS donors (JK-1 and JK-2), which can
effectively release HoS under mildly acidic pH conditions and signifi-
cantly reduce infarct size in a MIRI mouse model in vivo [216]. Li et al.
developed a chemotactic nanomotor (SOD/PAC@CSF), which was
fabricated using N-methacryloyl-L-arginine (M-Arg) and N-meth-
acryloyl-L-cysteine (M-Cys) monomers. The SOD/PAC@CSF facilitated
targeted delivery of Granulocyte colony-stimulating factor (G-CSF) to
the ischemic site (Fig. 13A) [76]. A pivotal feature of this nanosystem is
its injury-responsive sequential release of H,S and NO (Fig. 13B and C).
The process is initiated by the overexpressed hydrogen peroxide (H202)
in the reperfused tissue, which reacts with the manganese dioxide
(MnOy) core to trigger a rapid release of HyS (Fig. 13D and E). This
initial HaS burst serves to scavenge the acute oxidative stress. Subse-
quently, the resulting reductive microenvironment promotes the
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continuous release of NO, which acts to ameliorate microcirculation and
suppress the inflammatory response. This orchestrated “H,S-first,
NO-follows” sequence ensures synergistic regulation of the injury
microenvironment (Fig. 13F-H). However, the clinical translation of this
chemotactic nanomotor continues to face significant challenges. For
instance, physiological differences between animal models and human
patients, such as the presence of comorbidities, variability in the
expression of disease-related enzymes (e.g., inducible nitric oxide syn-
thase (iNOS)), and uneven blood flow in ischemic tissues, may
compromise the translational applicability of this nanomotor-based
strategy. The multifunctional nature of the system further complicates
regulatory approval, as it necessitates comprehensive evaluation of its
pharmacokinetics, bio-distribution, immune response, and long-term
toxicity. Overall, addressing these barriers is essential for its successful
clinical advancement.

Hs has been widely reported to exert beneficial effects in animal
models of MIRI, including anti-oxidative, anti-inflammatory, and cyto-
protective effects [232,233]. Nie et al. reported that the Hy inhalation
can significantly improve recanalization rate and cardiac function in an
MIRI model in vivo [234]. In this work, the authors demonstrated that
the therapeutic mechanism of Hy primarily involves the suppression of
inflammasome activation and reduction of pro-inflammatory factor
release, thereby inhibiting pyroptosis. The same group further devel-
oped a Hy-carrying nanoemulsion system, which exhibited higher Hy
loading capacity and biocompatibility [218]. Additionally, by applying
LIFU to trigger the release of Hy in targeted tissues, the precision and
therapeutic effectiveness of the treatment can be enhanced.

It should be noted that while gas signaling molecules, including Ho,
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(red) and effect of NMs Treatment. Reprinted with permission from Ref. [212].

H,S, NO, and CO exhibit distinct advantages for the treatment of MIR],
relying solely on any single gas therapy to modulate the pathological
MIRI microenvironment may be insufficient. Accordingly, intelligent
nanosystems capable of synergistically releasing multiple gases is
emerging as a new research frontier for gas therapy, which may also help
mimic the crosstalk between multiple gas signaling molecules in the

35

physiological settings. The combined delivery of more than one gaseous
molecules can target various MIRI-related pathologies, including
oxidative stress, inflammation, apoptosis, and vascular dysfunction.
Indeed, the combined release of NO and H»S donors has been shown to
improve microvascular formation and regulate inflammatory responses
[76]. Nevertheless, the concurrent delivery of multiple gaseous
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signaling molecules may require further optimizations to achieve
spatiotemporal release kinetics of gases and maximize synergistic ef-
fects. Therefore, further research is required not only to unveil the
biology of the pathological microenvironment but also to develop novel
NMs for the on-demand delivery of various therapeutic gases.

3.3.3. Nanoplatforms combining circadian rhythm for MIRI treatment
Circadian rhythm, an evolutionarily conserved physiological mech-
anism, governs a wide array of physiological, psychological, and
behavioral changes in organisms over a 24-h cycle. Circadian rhythm
regulates critical processes including sleep-wake cycles, hormone
secretion, metabolism, and cardiovascular function [235]. Notably, key
cardiac activities, such as heart rate and blood pressure, exhibit robust
distinct fluctuations. Growing evidence further suggests that the sus-
ceptibility of the heart to I/R injury also varies significantly throughout
the day [236]. These temporal patterns highlight the potential of
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chronotherapy, which involves timing treatments in accordance with
circadian biology, to optimize therapeutic outcomes in MIRI. Tailoring
reperfusion therapy or drug administration to a patient's circadian phase
may enhance efficacy and mitigate injury [35,237], opening a new
dimension for personalized cardioprotective strategies.

The molecular basis for the heart's changing vulnerability lies in the
rhythmic activity of its intrinsic circadian machinery. Key clock com-
ponents act as master regulators, fine-tuning the myocardium's defense
mechanisms across the 24-h cycle [238]. For instance, the transcription
factor KLF15 oscillates to enhance the heart's antioxidant capacity
during specific phases, thereby reducing injury severity [239]. Disrup-
tion of KLF15 eliminates this protective time window. In disease states
such as diabetes, another clock protein, Rev-erba, becomes dysregulated
and can paradoxically exacerbate injury by activating detrimental
pathways [240]. These findings confirm that the circadian system is not
merely a passive timer but an active regulator of myocardial injury and
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repair. This fundamental understanding provides a compelling rationale
for developing therapies that are synchronized with, and even actively
harness, these endogenous circadian rhythms to achieve optimal ther-
apeutic effect.

Building upon this foundation of circadian molecular regulation, the
innovative integration of chronobiology with advanced drug delivery
systems has been pioneered. Zhang et al. developed hybrid NPs based on
polyphenol, HA, resveratrol, oligomeric proanthocyanidins, and an
MMP-responsive component (named as HA-RES-OPC-MMP NMs), that
can operate in harmony with circadian rhythms (Fig. 14A) [196]. The
treatment efficacy was found to be highly time-dependent: administra-
tion at ZT1 (subjective daytime in mice) enhanced myocardial repair
and significantly activated the circadian regulator Sirtl. Conversely, the
delivery at ZT13 (subjective nighttime) reduced Sirtl expression and
impaired regenerative effects (Fig. 14B-E). To further validate circadian
dependence, Perl/2 knockout mice, which display disrupted locomotor
rhythms, were examined. In these arrhythmic mice, the therapeutic
benefit of NPs was nearly abolished, underscoring the essential role of an
intact circadian system in mediating the nanotherapeutic effect
(Fig. 14F-I). This pioneering study exemplifies the emergence of
chrono-nanomedicine as a promising frontier in MIRI treatment.

4. Conclusions and future outlook

This review summarizes recent advances in the application of
intrinsically functional NMs for the diagnosis and treatment of MIRI,
emphasizing their unique potential to integrate real-time pathological
sensing with targeted therapeutic intervention. By unifying imaging and
therapy within single nanoplatforms, functional NMs represent a
promising avenue toward precise, responsive, and personalized man-
agement of ischemic injury. Various imaging modalities, including FI,
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MR, PAI and CT, have each contributed to improved diagnostic accu-
racy. Notably, NM-based nano-biosensors have demonstrated increasing
utility for early detection of pathological cues such as oxidative stress,
inflammatory markers, and cardiac-specific enzymes. This capacity for
real-time insight into disease progression provides a valuable foundation
for imaging-guided therapeutic decision-making. While the clinical
application of multimodal imaging remains in an early developmental
stage, the convergence of multiple imaging techniques within flexible
nanostructures holds strong potential to enhance diagnostic precision in
the future.

On the therapeutic side, intrinsically functional NMs capable of
catalytic ROS scavenging, gas release, gene delivery, and circadian
rhythm modulation have shown great promise in restoring redox bal-
ance, preventing CM loss, and promoting cardiac tissue repair. The se-
lection and prioritization of these therapeutic strategies should be
informed by stage-specific pathological features and the dominant
mechanisms of injury. Singular therapies may be appropriate for early or
late stages of MIRI, while combinatorial regimens, particularly multi-
functional nanoplatforms as outlined in Table 4, are more suitable for
advanced MIRI where oxidative stress, inflammation, and tissue
remodeling coexist. However, each therapeutic approach faces trans-
lational barriers. For example, nanozymes may lack sufficient catalytic
specificity, potentially disrupting physiological redox signaling. Gas-
based therapies require engineered carriers to overcome rapid degra-
dation and to ensure spatial precision. In addition, gene therapies
continue to be limited by delivery inefficiency and concerns regarding
vector safety. Although nanoplatform-enhanced stem cell therapies can
improve cell retention and functional performance, they raise issues
related to long-term biosafety, complex manufacturing requirements
under advanced therapy medicinal product (ATMP) regulations, and
insufficient validation in models of comorbid disease.
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Table 4
Comparison of typical NM-mediated therapeutic strategies for MIRI.

Smart Materials in Medicine 7 (2026) 13-43

Strategy Primary Mechanism

(Post-Reperfusion)

Optimal Therapeutic Phase

Key Advantages Major Limitations/Challenges

Nanozyme therapy Catalytic ROS scavenging via

enzyme mimicry reperfusion

NM-mediated gas
therapy

Controlled release of therapeutic
gases (NO, H,S, Ha, CO)

Hours to days post-
reperfusion

NM-mediated gene
therapy

Targeted nucleic acid delivery to

regulate key genes onset

NM-mediated stem
cell therapy

Enhanced cell retention, survival,
and paracrine function

Immediate to hours post-

Prior to or at reperfusion

24-72 h post-reperfusion

High catalytic stability; broad-spectrum
activity

Off-target effects; long-term biosafety

Spatiotemporally controlled release;
reduced systemic toxicity

Precise dosage control; gas toxicity
risk

High target specificity; potential for
durable effects

Off-target effects; low in vivo
transfection efficiency

Improved targeting and cell viability;
synergistic effects

Long-term fate of engineered cells;
complex manufacturing

Beyond strategy-specific limitations, all nanoplatforms face funda-
mental translational challenges. One major issue is the limited cardiac
enrichment efficiency of nanomedicines, which typically falls below
10 %, significantly constraining their therapeutic potential in MIRI. To
address this, biomimetic strategies such as cell membrane-coated
nanoparticles have been explored to prolong circulation time and
evade immune recognition. However, these platforms still encounter
practical limitations, including complex synthesis processes and poor
batch-to-batch reproducibility. Recent advances in EC-targeted nano-
carriers, which incorporate EC-specific peptides or membrane coatings,
have shown potential to enhance cardiac delivery by promoting trans-
endothelial transport into the ischemic myocardium [241,242]. None-
theless, quantitative data on their delivery efficiency and long-term
stability in clinical settings remain scarce. Furthermore, the in vivo
behavior of nanocarriers is difficult to predict due to dynamic protein
corona formation, heterogeneous target expression, and pathophysio-
logical variability within the ischemic niche. Batch-to-batch variability
in nanoparticle synthesis, affecting properties such as size, charge,
encapsulation efficiency, and surface chemistry, can also alter phar-
macokinetics and therapeutic outcomes. These considerations highlight
the need for stringent manufacturing control, scalable and reproducible
production methods, and more robust in vivo predictive models.

In parallel, Al and ML are poised to revolutionize the development of
nanomedicine for MIRI by enabling a closed-loop workflow that in-
tegrates rational design, diagnostic imaging, and adaptive therapy. ML
models can accelerate the optimization of nanoparticle formulations by
precisely tuning parameters such as size, surface charge, and surface
chemistry to improve cardiac targeting and biodistribution in ischemic
myocardium [243]. While direct applications of deep learning models
such as convolutional neural networks (CNNs) and generative adversa-
rial networks (GANs) in analyzing NP-enhanced cardiac imaging and
MIRI biodistribution patterns are still emerging, their potential is
increasingly recognized. In the near term, these tools are expected to
automate the quantification of myocardial injury and NM localization
from multimodal imaging datasets, transforming qualitative assess-
ments into objective, high-throughput analyses. Looking ahead, as
experimental datasets expand, the integration of AI with functional NMs
will enable iterative feedback loops, wherein imaging outcomes inform
the computational redesign of smarter NPs that, in turn, generate richer
diagnostic data. This synergy is expected to support highly personalized
intervention strategies and reduce reliance on costly or high-radiation
imaging modalities, thereby improving the accessibility and precision
of patient-specific MIRI management.

Finally, while this review has focused on functional NMs in the
context of MIRI, the underlying design principles and therapeutic
frameworks discussed here may also be extended to other ischemia-
reperfusion-related disorders such as cerebral or renal I/R injury.
Continued interdisciplinary collaboration across materials science,
nanotechnology, medicine, and computational modeling will be essen-
tial for the development of smarter, safer, and more adaptive nano-
theranostic systems. These efforts are expected to drive the trans-
formation toward precision cardiovascular and systemic ischemic care.
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