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Abstract: Myocardial infarction (MI) is the leading cause of mortality from cardiovascular diseases. Rapid diagnosis and effective
treatment are critical for improving patient prognosis. Although current diagnostic and therapeutic approaches have made significant
progress, they still face challenges such as ischemia-reperfusion injury, microcirculatory disorders, adverse cardiac remodeling, and
inflammatory responses. These issues highlight the urgent need for innovative solutions. Nanomaterials, with their diverse types,
excellent physicochemical properties, biocompatibility, and targeting capabilities, offer promising potential in addressing these
challenges. Advances in nanotechnology have increasingly drawn attention to the application of nanomaterials in both diagnosing
and treating myocardial infarction. We summarize the pathophysiological mechanisms and staging of myocardial infarction. We
systematically review the applications of nanomaterials in MI diagnosis, including the detection of biomarkers and imaging
techniques, as well as in MI treatment, encompassing anti-inflammatory effects, antioxidant stress, inhibition of fibrosis, promotion
of angiogenesis, and cardiac conduction repair. We analyze the existing challenges and provide insights into future research directions
and potential solutions. Specifically, we discuss the need for rigorous safety assessments, long-term efficacy studies, and the
development of robust strategies for translating laboratory findings into clinical practice. In conclusion, nanotechnology holds
significant promise as a new strategy for diagnosing and treating myocardial infarction. Its potential to enhance clinical outcomes
and revolutionize patient care makes it an exciting area of research with practical applications in real-world clinical settings.
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Introduction
The growing burden of cardiovascular disease (CVD) has become a major public health concern, with CVD-related
deaths surpassing cancer fatalities among individuals under 85 years of age. Among CVDs, myocardial infarction (MI) is
the primary cause of death."* MI results from the irreversible necrosis of cardiac tissue due to ischemia following
coronary artery occlusion. As a dead myocardium cannot regenerate, extensive myocardial damage can lead to cardiac
remodeling, ultimately resulting in heart failure, arrhythmias, and even sudden cardiac death. Therefore, early diagnosis
and timely therapeutic interventions are crucial for saving lives.> The current clinical management of vascular diseases
includes early diagnosis, reperfusion therapies, and pharmacological treatments such as percutaneous coronary interven-
tion (PCI), thrombolytic therapy, and coronary artery bypass grafting (CABQG), all aimed at rapidly restoring myocardial
perfusion.* While reperfusion can salvage myocardial cells, it may also induce further injury, affecting patient prognosis.
Additionally, contrast agents and medications can have side effects on other organs, including bleeding caused by
antiplatelet drugs and nephrotoxicity from contrast media.” Given the complex pathophysiology, there are still limitations
in current diagnostic and therapeutic methods, necessitating the development of faster and more efficient approaches to
diagnose and treat MI.

Nanomaterials, defined as materials with dimensions at the nanoscale (typically 1-100 nm), include various forms
such as carbon nanotubes, nanofibers, nanorods, nanoparticles (NPs), and thin films. These materials are widely used in
MI treatment and diagnosis due to their unique physical and chemical properties, good biocompatibility, low toxicity, and

minimal side effects.® In diagnostics, nanomaterials, owing to their small size and excellent optical, electrochemical, and
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magnetic properties, can serve as biosensors and imaging agents, enabling accurate and sensitive detection of serum
biomarkers and precise localization of infarcted areas.”® For therapeutic purposes, the high surface area-to-volume ratio
and porous structure of nanomaterials allow for flexible drug loading and controlled release, facilitating targeted delivery
and accumulation in lesion sites, thereby enhancing bioavailability.”'® Moreover, nanomaterials exhibit anti-inflamma-
tory and antioxidative properties, contributing to vascular regeneration, improved cardiac function, and enhanced cardiac
repair.' "'

Despite the significant potential of nanomaterials in treating cardiovascular diseases, translating this potential
into clinical applications remains a major challenge. Current comprehensive literature on the specific uses of
nanomaterials for diagnosing and treating MI is limited. This review aims to fill this gap by systematically
summarizing the latest advancements in nanomedicine for MI. For diagnosis, we explore how nanomaterials are
used to detect cardiac biomarkers in blood and imaging techniques, significantly enhancing early detection
sensitivity and specificity. For treatment, we categorize the applications of nanomaterials based on their mechanisms
of action, including anti-inflammatory effects, antioxidant properties, promotion of angiogenesis, inhibition of
fibrosis, and cardiac conduction repair. These approaches offer new avenues to improve patient outcomes in MI.
We also analyze current challenges and propose practical solutions to facilitate the clinical application of nano-

technology in MI management (Figure 1).

Treatment

Diagnosis

Figure | Nanomaterials play a significant role in the diagnosis and treatment of myocardial infarction (Created in Biorender. Ge, Y. (2025) https://BioRender.com/r52z718).
Notes: Nanomaterials have emerged as a promising tool in the diagnosis and treatment of cardiovascular diseases, which are a leading cause of morbidity and mortality
worldwide. These materials significantly lower the detection limits of cardiac biomarkers, enhance the sensitivity and resolution of imaging techniques, and enable the early
identification of at-risk patients. In therapeutic applications, nanomaterials have been explored for their ability to mitigate inflammatory responses, oxidative stress, and
fibrosis, while promoting angiogenesis and cardiac conduction repair.
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The Pathophysiology of Myocardial Infarction

Myocardial infarction (MI) typically occurs based on coronary atherosclerosis, with plaque rupture being a critical event
leading to thrombosis and ultimately the occlusion of the coronary artery.'* The mechanisms of plaque formation and
rupture involve multiple complex biological processes. Vascular cells are exposed to excessive low-density lipoprotein
(LDL). This, along with endothelial activation and/or dysfunction, results in the internalization and accumulation of
lipids within the intima. Prolonged exposure to pathogenic factors, including infections, chronic subclinical inflamma-
tion, hypertension, diabetes, stress, and smoking, can cause endothelial damage. Such damage leads to the overexpression
of adhesion molecules, facilitating the recruitment of circulating immune cells, particularly monocytes. These monocytes
adhere to the endothelium and differentiate into macrophages, which then ingest oxidized LDL (ox-LDL) and transform
into foam cells, contributing to the development of a fibrous cap and a necrotic core. The progression of the necrotic core
creates a hypoxic environment that promotes neovascularization, potentially leading to intraplaque hemorrhage and
increased plaque instability. As atherosclerosis progresses, the number of vascular smooth muscle cells (VSMCs)
decreases, and the apoptosis of foam cells releases active matrix metalloproteinases (MMPs). MMPs degrade the fibrous
cap, increasing the likelihood of plaque rupture and subsequent thrombosis. Intra-arterial thrombosis may also be
accompanied by arterial spasm, further contributing to luminal occlusion.'*'> Following an MI, many cardiomyocytes
die due to severe impairment of coronary blood flow. Even after reperfusion, the myocardium may experience metabolic
disturbances. Additionally, ischemia results in the accumulation of reactive oxygen species (ROS), Ca** overload in
cardiomyocytes, and a series of inflammatory responses. These factors lead to mitochondrial dysfunction and exacerbate
myocardial injury, potentially causing heart failure and arrhythmias.'® In October 2023, the Canadian Cardiovascular
Society proposed a new acute staging system for myocardial infarction based on the severity of myocardial tissue
injury.'” This staging includes four phases: The first phase involves myocardial edema with or without minor myocyte
necrosis. The second phase features myocyte necrosis without microvascular obstruction. The third phase encompasses
myocyte necrosis with microvascular obstruction. The fourth phase is characterized by hemorrhagic myocardial infarc-
tion. These stages, which are not mutually exclusive, collectively reflect the degree of tissue damage.'®

Diagnosis

Cardiac Biomarkers

Serum biomarkers of myocardial injury are specific proteins or enzymes released into the bloodstream following damage
to the heart muscle. These markers play a critical role in the diagnosis of myocardial infarction (MI). The evolution of
these biomarkers has progressed from aspartate aminotransferase (AST) and lactate dehydrogenase (LDH), through
myoglobin (Myo), creatine kinase (CK), and its isoenzyme CK-MB, to cardiac troponin (cTn)."'® Currently, CK-MB, cTn,
and Myo are collectively referred to as the “troika” for MI, and they are essential for diagnosing MI, assessing re-
infarction or the extent of an infarct, and evaluating the severity and risk. Certain microRNAs (miRNAs) found in serum,
which are specifically expressed in tissues, hold promise as novel indicators for diagnosing MI.'® The primary methods
for detecting these biomarkers include enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction
(PCR). However, these techniques suffer from long processing times, low precision, and high costs. Consequently,
various diagnostic methods based on nanomaterials have been developed, enabling rapid and sensitive detection. We
have summarized the research on nanomaterials for detecting cardiac biomarkers and listed their advantages (Table 1).

Cardiac Troponin (cTn)
Cardiac troponins (cTns) are crucial for regulating the contraction of the cardiac sarcomere and consist of three subunits:
troponin T (TnT), I (Tnl), and C (TnC). Among these, cTnl is the most specific and sensitive biomarker for myocardial
injury or necrosis and is considered the best indicator for diagnosing MI.*® After myocardial damage, blood levels of
cTnl begin to rise within 3—4 hours and return to baseline over 6—8 days. Given that the upper reference limit of cTnl in
the serum of healthy individuals is recommended to be as low as 0.03 ng/mL.*’ It is crucial to develop biosensors with
high sensitivity and specificity. One approach involves using nanomaterials to enhance the capture of cTnl.

Mansuriya et al coated graphene quantum dots (GQDs) and gold nanoparticles (AuNPs) onto a gold electrode via
a droplet coating method, followed by immobilizing cTnl antibodies onto the GQD-AuNP composite, to fabricate an
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Table | Researchs on the Application of Nanomaterials in the Detection of M| Biomarkers

Biomarkers Nanomaterials Advantages Ref

cTnl AuNPs@GQDs Economical, rapid, and efficient [20]
Au NPs High reproducibility of results and high sensitivity [21]
Au NPs High stability, high sensitivity, and high specificity [22]
Au nanoclusters High specificity, good stability, and high reproducibility [23]
Ag NPs High stability and sensitivity [24]
HRP-Ab2-Au-COF High stability, excellent selectivity, and good reproducibility [25]

Myo G-C3N4-MoS2@CdS: Mn/ | Good selectivity, high sensitivity, and high specificity [26]
Ab
Metal oxide nanoparticles High selectivity and good reproducibility [27]

cTnl MOCs\ QDs High sensitivity, with high specificity, selectivity, and stability [28]

Myo

CK-MB GNV High precision [29]
CNO/AuNPs/Fe304/Chi High selectivity, good reproducibility, and high stability [30]
Au-NPs Good portability, visualization, and simple sample handling [31]
RCA-Au tetrahedra Ultra-sensitive detection [32]

miRNA-133 AuNPs@G4-SNAzyme Excellent selectivity and anti-interference capability, with good visual [33]

recognition
miRNA-133a miRNA-499 | AuNPs@G4-SNAzyme High anti-interference capability and high sensitivity [34]
miRNA-133a miRNA-499 | G4/MOFzymes Simple method with high sensitivity [35]

Abbreviations: cTnl, cardiac troponin I; Myo, Myoglobin; CK-MB, Creatine Kinase Isoenzyme; GQDs, graphene quantum dots; GNV, gold nanovesicles; CNO, Carbon
nanoonion; RCA, rolling circle amplification; G4, G-quadruplex; MOF, metal-organic framework.

electrochemical (EC) immunosensor with a sensitivity of up to 6.81 pA cm > pg . However, this functionalized sensing
system, which uses both antigens and antibodies, has some limitations, including low recovery rates, multi-step
processing, extended research cycles, high antibody loading and manufacturing costs, and poor stability and performance
at extreme temperatures.”’ Recent studies have demonstrated that liquid crystals (LCs) offer precise, sensitive, and rapid
detection with low interference, and their unique electro-optical properties can be utilized for molecular detection. Zapp
et al developed an electrochemical immunosensor featuring columnar liquid crystal (LCol) and poly(allylamine hydro-
chloride) (PAH)-stabilized gold nanoparticles (AuNPs-PAH), characterized by enhanced c¢Tnl capture through immobi-
lized cTnl antibodies. The interaction between ¢Tnl and the immunosensor showed a linear response from 0.01 to 0.3 ng/
mL, with good reproducibility and high sensitivity.?' Additionally, Lopa et al deposited AuNPs conjugated with
oligonucleotide aptamers onto titanium foil. Upon binding to c¢Tnl, the negatively charged aptamer folds, inducing
charge disturbance and redox reactions of potassium ferricyanide/ferrocyanide (K4[Fe(CN)g]/K;[Fe(CN)g]) in solution,
with the potential change being inversely related to the c¢Tnl concentration.> This represents an improvement over
traditional electroanalytical methods.

NPs can be conjugated with biomolecules that possess specific physical properties, such as through the hybridization
chain reaction (HCR), to amplify signals and enhance sensitivity. Zhu et al developed a method for ¢cTnl detection using
gold nanoclusters (Au NCs) in conjunction with HCR for signal amplification. The Ab2-AuNP-T1 smart probe is
constructed by conjugating a DNA initiator strand (T1) and antibody 2 (Ab2) to AuNPs. in the presence of c¢Tnl,
a sandwich immunocomplex forms, comprising cTnl, antibody 1 (Abl), and the Ab2-AuNP-T1 probe. The initiator
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strand T1 from the Ab2-AuNP-T1 then triggers the opening of the hairpin DNA structures (H1 and H2) that are duplex-
labeled on the Au NCs. This process initiates a series of hybridization events, resulting in the modification of a large
number of Au NCs on the electrode surface. Finally, a strong electrochemiluminescence (ECL) signal is generated due to
the reaction between the modified Au NCs and potassium persulfate (K,S,0g). Under optimal conditions, this method
achieved a detection limit as low as 1.01 fg/mL, with high specificity, stability, and reproducibility.*® Signal enhancement
can also be achieved by employing organic frameworks, which facilitate substrate and product diffusion, significantly
improving reaction efficiency. Luminol is one of the most critical signal enhancers in ECL. Wang et al designed a metal-
organic framework (MOF)-based nanoprobe composed of silver nanoparticles (AgNPs) and luminol, which increased the
ECL efficiency of the luminol system by approximately 115 times. This nanoprobe exhibited an ultra-sensitive detection
limit (LOD) for c¢Tnl of 0.58 fg/mL.24 Additionally, Feng et al prepared a covalent organic framework (COF)-based
probe for cTnl determination. The HRP-Ab2-Au-COF electrochemical signaling probe integrates target recognition and
signal function amplification. The high porosity of the COF allows it to encapsulate a significant amount of horseradish
peroxidase (HRP), thereby significantly amplifying the electrochemical reduction signal. Moreover, the COF demon-

strates excellent biocompatibility, effectively maintaining enzyme activity and stability.?

Myoglobin (Myo)

Myo is present in both cardiac and skeletal muscles. Following a myocardial infarction (MI), Myo levels begin to rise within
approximately 1-2 hours. When cardiomyocytes are damaged, Myo is released into the bloodstream, making it one of the earliest
biomarkers for MI.*® Although the detection of Myo has some early warning value in MI, other non-cardiac-related traumas can
also increase blood Myo levels, resulting in lower specificity.” Ma et al used a photoelectrochemical (PEC) method to detect Myo.
They prepared Mn-doped CdS nanocrystals sensitized 2D/2D heterostructure g-C5N4-MoS,, which served as the photoactive
matrix for a PEC sensing platform. By using anti-myoglobin-labeled CuO conjugates for binding, this method could detect Myo in
the range of 1 pg/mL to 50 ng/mL.%® Additionally, label-free manganese-doped titanium dioxide (TiO,) nanoparticle electro-
chemical sensors have shown the capability for quantitative Myo detection, with a limit of detection (LOD) of 0.22 ng/mL.>’
Some studies have indicated that a dual-biomarker approach, such as simultaneously detecting Myo and ¢Tnl, can enhance
diagnostic value. In 2022, He et al constructed a dual-probe sensor. One probe consisted of mesoporous carbon nanospheres
(MOC) combined with the luminescent material Ru(bpy)32+ and loaded with Myo aptamers on the surface. The other probe,
composed of MoS,, generated an ECL signal in a single potential scan, enabling the simultaneous detection of Myo and cTnl. The
intensity of the ECL signal reflected the concentrations of ¢Tnl and Myo.?*

Creatine Kinase Isoenzyme (CK-MB)

Creatine kinase (CK) is distributed throughout various organs and tissues and is an important enzyme in human energy
metabolism. CK consists of M and B subunits and exists in four forms: CK-BB, CK-MB, CK-MM, and CK-MiM.i. These
isoenzymes are primarily found in skeletal muscle (MM), cardiac muscle (MB), brain (BB), and mitochondria (MiMi).
After the onset of MI, CK-MB begins to rise within 2—4 hours, reaching its peak within 24 hours, and returns to normal
levels within 48—72 hours. The degree of elevation is generally consistent with the size of the infarcted area.*® Pu et al
improved the enzyme-free immunoassay (EFISA) by encapsulating three chromogenic reagents (phenolphthalein, methyl
red, and bromothymol blue) in 3D gold nanovesicles (GNVs) as multiplexing nanoprobes. The loading and release of
these reagents can be controlled by temperature, with a detection limit for CK-MB of 910 pg/mL.?° Adhikari et al
developed a highly sensitive ECL immunosensor based on a series of nanocomposite-modified single-walled carbon
nanotube (SWCNT) screen-printed electrodes. This sensor can detect CK-MB in the range of 10 ng/mL to 50 fg/mL.*
Chen et al designed a DNA hydrogel microfluidic chip-mediated point-of-care testing (POCT) platform for CK-MB
detection. In the presence of CK-MB, the aptamer binds to CK-MB, leading to the dissociation of the hydrogel and the
subsequent release of pre-captured AuNPs. The number of released AuNPs is proportional to the concentration of CK-
MB, with a LOD as low as 0.027 nM.>' Zhang et al proposed a dual-sensitized smartphone colorimetric strategy for CK-
MB detection, combining rolling circle amplification (RCA) coils and Au tetrahedra. This platform has a detection limit
as low as 0.8 pM and performs well in spiked human serum samples.*’
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miRNAs
Currently, smartphone-based strategies are being more widely reported for the detection of clinical serum samples.
Certain miRNAs have emerged as potential biomarkers for myocardial infarction (MI). For example, Sun et al developed
a novel chemiluminescence (CL)-based G-quadruplex/hemin spherical nucleic acid enzyme (SNAzyme) sensing plat-
form. The target miR-133 triggers catalytic hairpin assembly (CHA) amplification. The CHA products are captured on
a 96-well plate, and the chemiluminescent signals are recorded and analyzed using a smartphone. This approach achieved
the visualization of AMI-related miRNAs in patient serum for the first time.>* Lin et al also reported that the SNAzyme
platform, when used with a smartphone, can detect CL-based AMI-related miRNA-133a and miRNA-499. By targeting
miRNA-triggered DNAzyme cleavage on Au-NPs, they generated G-quadruplex/hemin-mimicking HRP-like
SNAzymes. This enabled the detection of miRNAs at concentrations as low as 10 fM in human serum.>* In another
recent development, Lan et al synthesized a hemin-bridged MOF as a functional interface to enhance the payload and
catalysis of G4-DNAzymes. Compared to previous smartphone-based counterparts, this new and simple method
improved the sensitivity of CL imaging by six orders of magnitude and extended the duration by approximately 50
times.>> This biosensor provides a faster and more efficient solution to meet the growing demand for AMI diagnosis.
Recent studies demonstrate that nanomaterials significantly enhance traditional detection methods. Specifically, they increase
the capture efficiency of cardiac biomarkers and exhibit a signal amplification effect, resulting in ultra-low detection limits. These
improvements offer advantages such as high efficiency, accuracy, sensitivity, and specificity. As nanotechnology advances, future
research can focus on developing multiplexed biosensors for rapid and convenient detection of multiple biomarkers.

Imaging

Magnetic resonance imaging (MRI), computed tomography (CT), ultrasound (US) imaging, and photoacoustic (PA)
imaging are commonly used diagnostic techniques in clinical practice. However, these techniques still have certain
limitations. Nanoparticles (NPs) exhibit excellent contrast and optical properties, which can significantly enhance
imaging sensitivity and resolution, facilitating the early and rapid localization of infarcted areas. For this, we have
summarized the research on nanomaterials in myocardial infarction imaging (Table 2).

MRI
MRI is characterized by its non-radiative, multi-parametric, multi-planar, and multi-sequence imaging capabilities, along with
high soft tissue resolution. It can accurately identify at-risk and viable myocardium, assess the reversibility of myocardial

injury, and precisely measure the extent and size of infarction, making it the gold standard for non-invasive imaging of MI.*

Table 2 Researchs on the Application of Nanomaterials in MI Imaging

Imaging | Nanomaterials Advantages Ref
MRI Gd-CDs High longitudinal relaxivity, strong fluorescence, excellent physiological stability, and superior [41]
biocompatibility
GCD-PEG-QK Excellent colloidal stability, strong fluorescence and magnetism, and high biocompatibility [42]
MnO,@BSA High spatial resolution, good molecular relaxivity, high accumulation, and rapid metabolic [43]
clearance
NI1177 Effective target localization, non-inflammatory [44]
AuNPs Stable blood pool enhancement and high specificity [45]
us HNSS Excellent water dispersibility, controllable morphology, low toxicity, and biodegradability [46]
PA CREKA-ICG-LIP NPs | High safety and excellent targeting capability [47]
DNA-Bi,S;NP Excellent biocompatibility, stability, and high photoacoustic imaging performance [48]

Abbreviations: MRI, Magnetic resonance imaging; CT, computed tomography; US, ultrasound; PA, photoacoustic; Gd-CDs, gadolinium-doped carbon dots; GCD-PEG-QK,
PEG-QK-modified gadolinium-doped carbon dots; HNSS, hollow nano-silica structures; ICG, indocyanine green.
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Li et al developed gadolinium-doped carbon dots (Gd-CDs) as MRI contrast agents. Gd-CDs possess strong fluorescence,
good stability, and high biocompatibility. Additionally, Gd-CDs preferentially accumulate in ischemic cardiac tissue through
leaky endothelium, without entering normal myocardial cells. This enables targeted imaging of infarcted regions during the
acute phase of MI.*! Recently, a research team prepared PEG-QK-modified gadolinium-doped carbon dots (GCD-PEG-QK).
Vascular endothelial growth factor (VEGF) receptors are overexpressed in infarcted hearts and specifically bind to the VEGF-
mimicking peptide QK. In an I/R mouse model, mice injected with GCD-PEG-QK showed significant signal enhancement in
the infarcted area. This study was the first to use QK peptide-conjugated nanoprobes as MRI contrast agents for diagnosing
myocardial infarction. Furthermore, in vivo studies demonstrated that GCD-PEG-QK enhanced angiogenic repair and the
protective effects of the QK peptide on I/R-induced myocardial injury by targeting infarcted myocardium and delivering the
QK peptide.** PH-responsive MnO nanocomposites (MnO,@BSA) have also been used for MRI in ML It was found that
MnO,@BSA highly accumulates in the MI region and is rapidly metabolized from the body after systemic injection. With
high-contrast enhancement, it accurately imaged MI in a rabbit model, demonstrating excellent diagnostic performance.*’

CT

CT provides rapid image acquisition, high-resolution details, and the ability to visualize both bone and soft tissues. It can
display coronary artery imaging and is valuable for diagnosing MI.>° Ruptured plaques are characterized by the presence of
numerous macrophages. N1177, composed of iodinated nanoparticles, is selectively engulfed by macrophages. The density
of ruptured atherosclerotic plaques significantly increases 2 hours after intravenous injection of N1177, making it useful for
early detection in MI patients.** Compared to currently used iodine compounds, AuNPs provide better CT contrast and
extended circulation time, allowing for longer imaging durations. This is beneficial for vascular and microvascular system
imaging, where AuNPs can clearly delineate blood vessels.”' Kee et al developed AuNPs integrated with collagen-binding
adhesion protein 35 (CNA35), functionalized to target collagen within myocardial infarct scars in rodents. These AuNPs
enable expanded blood pool enhancement for coronary vascular imaging. Six hours after intravenous administration, AuNP
signals were still detectable in the blood, significantly higher than the half-life of iodine-based drugs.*’

Ultrasound and Photoacoustic Imaging
US is a medical imaging technique that provides real-time images and is considered safe and convenient. US is particularly
suitable for integration with nanoscale platforms due to its unique imaging capabilities.” Li et al designed hollow nano-silica
structures (HNSS) with an internal core made of perfluorocarbon to generate ultrasound contrast. Additionally, they were
conjugated with antibodies targeting hs-cTnl, a well-known marker of myocardial injury, allowing for the detection of MI in
rats via US after intravenous injection of HNSS.*® PA is an emerging biomedical imaging method that can display lesion locations
through the photoacoustic effect, offering non-invasive, high optical contrast, and other advantages.>® Zhang used non-invasive
fibrin-targeting nanoparticles, which accumulated in the injured area in an I/R model. The PA signals from the infarcted area could
then be detected using the ultrasonic transducer of a photoacoustic imaging system.*” Zhao’s team synthesized ultra-small Bi2S3-
NPs using self-assembled single-stranded DNA as a template and used them as imaging probes in myocardial infarction. They
successfully imaged myocardial infarction, demonstrating excellent biocompatibility, stability, and high photoacoustic imaging
performance.*®

Our review highlights the application of nanomaterials in non-invasive imaging. Nanomaterials enhance signal
intensity and detection sensitivity, offering excellent targeting and spatial resolution. Each imaging modality has its
unique advantages and plays a crucial role in MI screening and diagnosis. Future research will focus on multimodal
imaging, integrating multiple imaging modalities to provide comprehensive diagnostic information.

Treatment

The complexity of cardiac repair, involving multiple processes such as inflammatory infiltration, oxidative stress, angiogen-
esis, and fibrosis, has led to the emergence of nanomaterials as novel therapeutic strategies for MI. These strategies aim to
inhibit inflammation, reduce reactive oxygen species (ROS), suppress fibrosis, promote angiogenesis, and restore electrical
conduction. The following section summarizes representative studies on the use of nanomaterials in MI treatment. We have
listed the roles that nanomaterials play in the treatment of MI, along with their advantages (Table 3).
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Table 3 Researchs on the Application of Nanomaterials in the Treatment of Ml

Nanomaterials | Function Advantages Ref
TAK-242-NP Inhibition of TLR4 and inflammatory cell aggregation High specificity and targeting, non-invasiveness, [54]
durability, and good efficacy
PMSN Suppression of pro-inflammatory cytokines Delivered to the lesion site at a sufficiently high | [55]
concentration at the onset of infarction with
minimal side effects
ABT263-PLGA Clearance of senescent cells and suppression of the Low cytotoxicity [56]
NPs expression of pro-inflammatory molecules and matrix-
degrading proteases
pioglitazone-NPs Macrophage polarization Minimal side effects [57]
MSN Production of bilirubin, which acts as an anti-inflammatory Non-invasive, durable, and highly effective with [58]
agent and reprograms macrophages high tissue accumulation
Neu-LP Suppression of intense inflaimmation and modulation of the Excellent safety [59]
immune microenvironment
MNPs\Alg Antioxidant activity and macrophage polarization Excellent biocompatibility, effective site-specific [60]
drug delivery, and good cell retention
CsA@PPTK Reduction of ROS, inhibition of inflammation, reduction of High targeting specificity [61]
apoptosis, attenuation of left ventricular remodeling, and
enhancement of cardiac function
PMN@Met-Mel Alleviation of oxidative stress, regulation of autophagy, Targeted delivery, high bioactivity, excellent [62]
inhibition of apoptosis, and protection of myocardium biocompatibility, low toxicity
CuCe NPs Antioxidant activity, promotion of macrophage polarization, [63]
and increased vascular density
SSSe NPs Mitochondrial protection, reduction of cardiomyocyte Excellent biocompatibility, biodegradability [64]
apoptosis and ferroptosis, reduction of inflammation and
fibrosis, and promotion of angiogenesis
AuNPs Reduction of ROS [65]
AS-I/S NCs Inhibition of ROS production, apoptosis, and fibrosis Excellent safety and biocompatibility [66]
Fe-Cur@TA Inhibition of ROS production and anti-inflammatory effects Efficient and effective cardiac-targeted therapy, [67]
nanozyme enhancing myocardial cell uptake
NO/ Alleviation of calcium overload and inhibition of inflammation | Precise, targeted, and sustained delivery with [68]
H,S nanomotors minimal side effects
Nanomotors Oxygen release Non-invasive [69]
UCCy@Gel Light energy conversion by UCNPs for cyanobacterial Combines preventive and therapeutic functions [70]
photosynthesis to achieve appropriate oxygen release with excellent biocompatibility
CNT Oxygen release, promotion of angiogenesis, and inhibition of | Superior mechanical strength [71]
inflammation
MCN Conversion of harmful substances in the myocardial infarction | No toxic side effects [72]
microenvironment into beneficial substances
Pirfenidone Slow release of pirfenidone to inhibit fibrosis High efficiency and non-toxicity [73]
nanodroplets
(Continued)
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Table 3 (Continued).

Nanomaterials | Function Advantages Ref

GSH-responsive Redox-responsive nanoparticles that inhibit fibrosis Low systemic toxicity [74]

nanoparticle

TDCNfs Blockade of RAS system to inhibit fibrosis [75]

MSN Induction of direct reprogramming of CF into iCM Minimally invasive and biologically safe [76]

LNP Reprogramming of CF into CM Minimally traumatic [77]

LNP-TARID Upregulation of Tcf21 to inhibit fibrosis [78]

CNA35- The intensity of the PA signal is positively correlated with the | Excellent PA Imaging capability [79]

GP@NPs severity of myocardial fibrosis

Alg-P-AAV Promotion of angiogenesis, reduction of ROS, reduction of [80]

hydrogel infarct size, and recovery of cardiac function

bFGF@Nanofiber | Release of bFGF to promote angiogenesis Excellent safety [81]

Supramolecular Delivery of pro-HGF to promote angiogenesis High loading efficiency, long half-life, and non- [82]

Self-Assembled invasive

Nanofibers

CNF Physical and chemical properties No toxic effects [

SGO Physical and chemical properties Excellent biocompatibility [83]

Hynocell Paracrine secretion of SF NO generation, and active No adverse reactions [84]
recruitment to injured vasculature

CHP@Si Physical and chemical properties [85]

hydrogel

CNT cardiac Physical and chemical properties High mechanical performance, shape memory, [86]

patches and high electrical conductivity

MSC@GO Physical and chemical properties Multifunctional electrical conductivity and [87]

hydrogel patch mechanical support

rGO/silk patches | Physical and chemical properties [88]

OPF/GO Physical and chemical properties Good electrical conductivity and surface [89]

hydrogels properties

GelMA-O5/rGO Physical and chemical properties High electrical conductivity [90]

hydrogel

AuNP-HA Delivery of hiPS-CMs [°o1]

hydrogel

Melanin/PVA Physical and chemical properties Good mechanical properties and high electrical [92]

composite conductivity

hydrogel

Abbreviations: PMSN, porous magnetic silica nanoparticle; PLGA, lactic-co-glycolic acid; MSN, silica nanoparticles; Neu-LP, biomimetic liposomes; MNPs, melanin
nanoparticle; PMN, platelet membranes; Met-Mel, metformin-melanin; CNT, carbon nanotube; MCN, melanin-based composite nano-drug; TDCNfs, Telmisartan (Tel)-
doped supramolecular nanofibers; LNP, lipid nanoparticle; CNF, carbon nanofibers; MSC, mesenchymal stem cell; SGO, sericin-functionalized graphene oxide; GO, graphene
oxide; rGO, reduced graphene oxide; OPF, oligo(poly(ethylene glycol) fumarate); HA, hyaluronic acid; PVA, poly(vinyl alcohol); TLR4, Toll-like receptor 4; ROS, reactive
oxygen species; RAS, renin-angiotensin system; bFGF, fibroblast growth factor; CF, cardiac fibroblasts; iCM, cardiomyocyte-like cells; CMs, cardiomyocytes; Tcf2l,
Transcription factor 21; SF, secretory factors; hiPS-CMs, human-induced pluripotent stem cell-derived cardiomyocytes.
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Anti-Inflammatory Effects

Macrophages play a crucial role in regulating immune responses during different stages of MI, including the inflamma-
tory, proliferative (anti-inflammatory), and stabilization phases. In the early stages of MI, macrophages are rapidly
recruited to the infarcted area, where pro-inflammatory M1 macrophages secrete pro-inflammatory cytokines and
proteases, effectively clearing damaged cells from the infarcted region. Subsequently, anti-inflammatory M2 macro-
phages become more prevalent in the later stages of MI, secreting anti-inflammatory cytokines that promote healing and
remodeling of cardiac tissue.”

However, excessive activation of M1 macrophages can lead to cardiomyocyte death, inhibit myocardial regeneration,
and enhance scar formation, resulting in an expanded infarct area.”* Fujiwara et al investigated TAK-242-loaded poly-
(lactic-co-glycolic acid) (PLGA) NPs. TAK-242, a chemical inhibitor of Toll-like receptor 4 (TLR4), was administered
intravenously in a rat model of MI with reperfusion. This treatment inhibited the recruitment of Ly-6 high monocytes to
the heart, reduced circulating HMGB1, NF-kB activation, and the expression of inflammatory factors, thereby decreasing
the infarct size.”® Sulforaphane (SFN) is widely used in the treatment of MI due to its cardioprotective effects and low
toxicity. Zhang et al synthesized porous magnetic silica nanoparticles (PMSNs) and loaded them with SFN. PMSNs
delivered SFN to the infarcted area, where the drug upregulated HSP70 via the Nrf2/HSF1 pathway, exerting
a cardioprotective effect against myocardial injury. This reduced the levels of IL-1B, IL-6, and TNF-a, improving
cardiac function and cell survival without adverse effects.”® Li et al demonstrated that biodegradable PLGA NPs
delivering an anti-senescence drug (ABT263-PLGA) successfully eliminated senescent cells in the hearts of ischemia/
reperfusion injury(IRI) rats. This treatment significantly reduced the activation of JNK and NF-«kB signaling pathways
associated with M1 polarization, promoting the transition from the inflammatory phase to the reparative phase and
mitigating adverse remodeling.”®

M2 macrophages possess anti-inflammatory properties, suppressing fibrosis, inducing cell proliferation, and promot-
ing angiogenesis.”> Therefore, promoting the conversion to M2 macrophages can also inhibit inflammation. Tokutome
et al designed pioglitazone-loaded poly(lactic-co-glycolic acid) NPs. In a mouse model of MI, intravenous injection of
pioglitazone-NPs reduced macrophage recruitment and polarized macrophages toward the healing M2 phenotype,
significantly lowering mortality after MI.>” Neutrophil apoptotic body membranes combined with 5-aminolevulinic
acid hexyl ester (HAL)-loaded mesoporous silica nanoparticles (MSN) were used to prepare neutrophil apoptotic bodies
(eNABs). eNABs actively target macrophages, and the encapsulated HAL initiates the heme biosynthesis pathway,
releasing anti-inflammatory bilirubin upon intracellular release. This further promotes macrophage reprogramming and
enhances the anti-inflammatory effect. In a rat model of MI, intravenous injection of these nanoparticles promoted M2
macrophage conversion and improved cardiac function.”® Chen et al prepared biomimetic liposomes (Neu-LPs) by fusing
liposomes (LPs) with neutrophil membranes. Due to their abundant chemokine and cytokine membrane receptors, Neu-
LPs targeted the infarcted heart, neutralizing pro-inflammatory cytokines, inhibiting M1 macrophage activity, and
promoting the transition of macrophages to the M2 phenotype, thereby promoting angiogenesis through
immunomodulation.’® Zhou et al constructed melanin nanoparticle (MNP)/alginate (Alg) hydrogels using Ca*" cross-
linking. The hydrogels promoted the conversion of M1 macrophages to M2 macrophages, reducing CD86 signaling in
mononuclear macrophages and increasing CD206 signaling. In a rat model of MI, the hydrogels cleared ROS, and the
oxygen produced by the reaction with ROS promoted macrophage polarization toward the M2 phenotype, significantly
enhancing cardiomyocyte survival.®

Studies have shown that nanomaterials target macrophages, inhibiting the accumulation of M1 macrophages and
promoting their conversion to M2 macrophages. This shift reduces the production of pro-inflammatory factors and
mitigates myocardial cell damage. Future research can explore key regulatory nodes to promote the M1-to-M2 transition,
balance the populations of these macrophage subtypes, and enhance myocardial cell repair.

Anti-ROS

Early coronary reperfusion is one of the most effective strategies for treating myocardial infarction (MI). Although
reperfusion therapy can restore blood flow and oxygen supply, it may also result in myocardial ischemia/reperfusion
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injury (IRI) during the treatment process. It is well established that ROS is a central factor in IRL.? Excessive production
of ROS is the primary cause of tissue damage mediated by myocardial IRI. During reperfusion, cardiomyocytes
experience a burst release of ROS and Ca*" overload, leading to excessive opening of the mitochondrial permeability
transition pore (mPTP). The over-opening of mPTP further induces the release of more ROS from mitochondria and
promotes cardiomyocyte apoptosis.”” Therefore, anti-ROS therapy can effectively protect hypoxic and ischemic cells and
reduce the infarct size of the myocardium.”® The application of nanomaterials in anti-ROS therapy for IRI mainly
involves two aspects: scavenging excess ROS and inhibiting ROS generation.

Timely elimination of ROS can effectively alleviate inflammation, tissue damage, and cardiomyocyte death. A team
developed regulatory T cell (Treg) biomimetic nanoparticles (CsA@PPTK) that release CsA in a ROS-responsive
manner. This strongly blocks the over-opening of mPTP, clears ROS, and, through the reprogramming of Treg
generation, increases the ratio of M2 macrophages to M1 macrophages and the oxidative microenvironment, thereby
reducing myocardial fibrosis and left ventricular remodeling.®’ Melanin plays a crucial role in eliminating ROS and
alleviating oxidative stress. Sun et al developed biomimetic nanoparticles (PMN@Met-Mel) that target damaged
myocardium. In a mouse model of MI, this complex reduced oxidative stress, activated the AMP-activated protein
kinase (AMPK) signaling pathway, and regulated the expression of downstream autophagic proteins LC3B and p62. This
enhanced cellular autophagy, maintained mitochondrial homeostasis and function, and protected cardiomyocytes from
ischemic injury.®* Copper-deposited cerium oxide nanoparticles (CuCe NPs) have been found to release copper, which
buffers glutathione depletion and upregulates superoxide dismutase 1 (SOD1). This promotes anti-inflammatory and M2
polarization of macrophages by modulating the signal transducer and activator of transcription 1 and 6 (STAT1 and
STAT6). Additionally, the therapeutic effects of CuCe NPs were confirmed in ischemic vascular diseases, such as
hindlimb ischemia and MI in mouse models. Copper deposition increased perfusion and reduced tissue damage.®® Sun
et al embedded self-sustaining selenium into nanoparticles. These nanoparticles effectively cleared the burst of ROS in
the early stages of MI in mice and converted to glutathione peroxidase 4 (GPx4) for continuous on-demand clearance
during inflammation and fibrosis. This promoted the repair of the endogenous antioxidant system, protected mitochon-
dria, reduced myocardial apoptosis and ferroptosis, inhibited inflammation and fibrosis, and ultimately promoted
angiogenesis in MI tissues.®* Shilo et al incorporated AuNPs into hydrogels containing extracellular matrix (ECM) as
a scaffold material for cardiac cells. The particles on collagen fibers within the hydrogel promote rapid intercellular
electrical signal transmission, enabling functional assembly of cardiac implants. In a mouse ischemia/reperfusion model,
the composite hydrogel showed ROS absorption both in vitro and in vivo. The reduction in ROS levels maintained the
morphology and integrity of cardiac tissue and vasculature, reduced scar size and inflammatory response, and signifi-
cantly prevented the deterioration of cardiac function.®’

Mitochondria, as the core organelles for ROS production, are key targets for inhibiting ROS generation.®® Mitochondrial-
targeted selenium-gold nanocomposites used for photoacoustic (PA) imaging-guided IRI therapy can inhibit ROS-mediated
oxidative damage and regulate mitogen-activated protein kinases (MAPKSs) and phosphatidylinositol 3-kinase (PI3K)/AKT
pathways by suppressing the depletion of mitochondrial membrane potential and restoring ATP synthase activity. This
attenuates IRI in rats.”” Natural polyphenols, such as curcumin, play a role in inhibiting ROS production. Nanozymes,
which combine the advantages of biological enzymes and nanomaterials, including higher catalytic activity and stability than
natural enzymes, have shown promise. Liu et al utilized the strong coordination between Fe3+ and the anti-inflammatory drug
curcumin (Cur) and modified the nanozyme with tannic acid (TA) to synthesize a novel drug-based metal nanozyme, Fe-
Cur@TA. This nanozyme directly targets the inflammatory radical cycle, blocking the vicious cycle of inflammatory radicals,
reducing the infiltration of acute immune cells into the infarct site, promoting M2-like phenotype polarization of macrophages,
inhibiting the secretion of inflammatory cytokines, and enhancing the anti-inflammatory ability of Cur. In mouse and
preclinical beagle dog MI models, Fe-Cur@TA provided effective cardioprotection, improved cardiac function, and mitigated
adverse cardiac remodeling.®’ Inhibiting calcium overload provides another approach to suppress ROS generation.
Recombinant granulocyte colony-stimulating factor (G-CSF) has a direct reparative effect on injured cardiomyocytes, but
its efficacy is limited due to poor cardiac targeting. Li et al recently proposed the concept of “nano-motors”, where the
production of nitric oxide (NO) is considered the driving force for enhancing the targeting, retention, and penetration of
nanoparticles into IRI. NO/H,S nano-motors can highly express ROS/inducible nitric oxide synthase (iNOS) at the IRI site,
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effectively delivering G-CSF to the IRI site. Superoxide dismutase, covalently bound to the outermost layer, reduces ROS at
the IRI site. The synergistic effect of NO and H,S effectively regulates the IRI microenvironment, avoiding the toxicity caused
by high concentrations of a single gas while inhibiting inflammation and relieving calcium overload, thus promoting the
cardioprotective effects of G-CSF.®®

Rapid and sustained oxygen delivery after MI can rescue cardiac cells and restore heart function. Guan et al designed
oxygen-releasing nanoparticles that, when injected either before or after MI, promote oxygen delivery. Exogenous
oxygen enhances the survival of hypoxic myocardial cells by increasing intracellular oxygen levels and promoting
ATP synthesis. Additionally, these nanoparticles stimulated endothelial tube formation, promoted angiogenesis, and
inhibited cardiac fibrosis. The released oxygen reduced tissue inflammation by lowering the density of pro-inflammatory
macrophages and oxidative stress without generating excessive ROS that could damage the tissue.®” Liu et al developed
a nanocarrier loaded with cyanobacteria and encapsulated it in a hydrogel. In a mouse model of MI, the nanocarrier
released photosynthetic oxygen under 980 nm near-infrared (NIR) irradiation, thereby inhibiting M1 polarization of
macrophages and downregulating the expression of pro-inflammatory cytokines such as IL-6 and TNF-a. When the
hydrogel was implanted into the apex of healthy mice and kept in the dark for 2 to 4 hours, the engineered cyanobacterial
system consumed oxygen through respiration, creating a controlled local hypoxic microenvironment. This upregulated
heat shock protein 70 (HSP70) and inhibited the expression of the apoptotic protein caspase-3, thereby preventing
myocardial infarction.”® The integration of nanomaterials with 3D printing platforms to enhance the acceptability of
implants and reconstruct infarcted hearts is a promising research direction. Mehrotra et al used conductive bioink
containing carbon nanotubes (CNTs) to bioprint functional 3D vascularized anisotropic cardiac structures. The study
found that, in addition to releasing oxygen and modulating macrophage phenotypes, these structures have other potential
advantages.”' Liu et al designed a melanin-based composite nano-drug (MCN) to reprogram the microenvironment in
a mouse model of MI. The MCN effectively converts harmful substances (such as H" and ROS) into beneficial states (O,
and H,0). This conversion reduces mitochondrial ROS levels, protects mitochondrial integrity and function, significantly
inhibits cardiomyocyte apoptosis, and greatly reduces inflammation and fibrosis in the infarcted myocardial tissue.”?

Studies have shown that nanomaterials can mitigate oxidative stress through multiple mechanisms, such as scaven-
ging ROS and inhibiting ROS generation pathways. By promoting oxygen generation, nanomaterials improve the cardiac
microenvironment, providing an effective strategy for treating IRI. ROS is known to play a critical role in the
development of hypertension, diabetes, and hypercholesterolemia. Future approaches using nanomaterials loaded with
drugs targeting specific antioxidant pathways may offer additive or synergistic protective effects, further enhancing

cardioprotection.' %

Inhibition of Fibrosis

Following M1, a series of growth factors and cytokines activate cardiac fibroblasts(CFs), leading to their transformation
into myofibroblasts and the development of pathological myocardial fibrosis. Pathological myocardial fibrosis results in
ECM deposition, decreased ventricular compliance, and contractile and diastolic dysfunction, which are risk factors for
sudden death and chronic heart failure. Transforming growth factor-p (TGF-B) induces the transcription of alpha-smooth
muscle actin (a-SMA) by activating the Smad3 signaling pathway. Inhibiting the TGF-f§ pathway can effectively alleviate
fibrosis.'®""'% Copper inhibits fibroblasts, thereby inhibiting fibrosis and promoting recovery of cardiac function.' The
antifibrotic drug pirfenidone (PFD) is a TGF-B1 inhibitor. Using acellular peritoneal matrix-loaded PFD nanodroplets
extends the total release duration of PFD, thereby reducing cardiac fibrosis. Additionally, PFD inhibits the transformation
of CFs into myofibroblasts and reduces the synthesis and secretion of type I and III collagen by these cells.” Ji et al
developed a glutathione (GSH)-responsive nanoparticle platform for the specific delivery of highly effective antifibrotic
drugs to activated CFs in the infarcted region after MI. This targeted delivery system enhances the therapeutic efficacy of
antifibrotic drugs while minimizing systemic toxicity, providing a promising approach for the intervention of cardiac
fibrosis.”* After MI, cardiac overload leads to chamber dilation and increased wall stress, subsequently activating the
renin-angiotensin-aldosterone system (RAAS) and inflammatory responses, which promote the formation and excessive
fibrosis of myofibroblasts.'®> Targeting renin-angiotensin system(RAS) represents a promising therapeutic approach
against fibrosis. Telmisartan (Tel)-doped supramolecular nanofibers (TDCNfs) have good targeting and downstream
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pathway mediation, providing significant protection to damaged myocardium. By reducing apoptosis and inflammation,
enhancing antifibrotic potential, and limiting toxicity, TDCNfs show superior potential in combating adverse cardiac
outcomes following MI.”

Nanoparticle-mediated non-coding RNAs also show considerable potential in treating fibrosis. MicroRNA-mediated
cardiac reprogramming can directly convert fibroblasts into induced cardiomyocytes, showing promise in cardiac
therapy.'*® Researchers have developed FH peptide-labeled mesoporous silica nanoparticles (MSNs) that target damaged
myocardial tissue. These nanoparticles are then encapsulated with neutrophil-mimicking membranes, creating a virus-
mimicking system that carries microRNAs. This system can directly convert fibroblasts into induced cardiomyocytes,
reducing fibrosis.”® Intravenous injection of lipid nanoparticles (LNPs) containing modified mRNA (modRNA) delivered
to damaged myocardium can induce the direct conversion of fibroblasts into cardiomyocytes and reduce myocardial
fibrosis.”” Transcription factor 21 (Tcf21) is recognized as a marker of CFs because it is crucial for fibroblast
development during cardiac development.'®” Long non-coding RNA-TARID (Tcf21 antisense RNA-induced demethyla-
tion LncRNA) activates Tcf21 expression by inducing demethylation of its promoter.'®® Zhu et al demonstrated that
IncRNA-TARID-loaded LNPs upregulated Tcf21 and inhibited its profibrotic differentiation in mouse and pig models of
myocardial infarction.”® Recently, a team developed a collagen-targeted multimodal imaging nanoplatform, CNA35-
GP@NPs, which includes LNPs, encapsulated gold nanorods (GNRs), and perfluoropentane (PFP). In a rat model of
myocardial infarction, CNA35-GNR/PFP@NPs achieved PA, US, and enhanced CT imaging of fibrotic myocardium.
The PA signal intensity was positively correlated with the severity of myocardial fibrosis, making this a promising
method for detecting and treating post-MI fibrosis.””

In summary, nanomaterials enhance drug efficacy by loading antifibrotic agents, improving bioavailability, and
offering precise targeting and biosafety, leading to increased therapeutic effectiveness. Nanomaterials loaded with non-
coding RNAs not only inhibit fibrosis but also promote myocardial cell regeneration and repair, offering promising new
avenues for the treatment of fibrosis. Future developments aim to integrate diagnostic and therapeutic functionalities,
enabling early detection and personalized treatment strategies.

Promotion of Angiogenesis

Angiogenesis at the infarct border following MI is a critical tissue repair process. Therapeutic angiogenesis can restore
blood flow in the early stages of MI, salvage ischemic myocardial tissue, reduce infarct size, and improve patient
prognosis.'® Currently, nanotechnology is being utilized to enhance therapeutic angiogenesis through the development
of nano-drug delivery systems. Some nanomaterials can also directly promote angiogenesis or be used for the fabrication
of artificial blood vessels.

VEGF and fibroblast growth factors (FGFs) play crucial roles in neovascularization. VEGF has a short half-life, and
its direct injection into the myocardium results in rapid enzymatic inactivation, significantly reducing its pharmacological
effect. Therefore, the use of nanomaterials can more effectively target the release of angiogenic factors in the myocardial
infarction area. Wu et al designed an injectable conductive hydrogel (Alg-P-AAV hydrogel) with angiogenic capabilities
by incorporating lignosulfonate-doped polyaniline (PAN/LS) nanorods, adeno-associated virus encoding VEGF (AAV9-
VEGF), and calcium-crosslinked alginate hydrogel as the basic scaffold. After injecting Alg-P-AAV hydrogel around the
infarcted area in rats, it activated the angiogenic pathways involving VEGFR2 and PI3K.*® Basic fibroblast growth factor
(bFGF) has been shown to promote angiogenesis, but its clinical efficacy is limited due to its short biological half-life
and low plasma stability. Wang et al co-assembled bFGF with biocompatible precursor peptide K2 to form bFGF@K2
micelles, which, upon interaction with MMP9, converted into bFGF@Nanofiber. The nanofibers slowly released bFGF in
MI rats, significantly increasing bFGF retention and promoting neovascularization.®' Recently, hepatocyte growth factor
(HGF) has been found to promote angiogenesis by activating the Met receptor. Guo et al used self-assembling peptide
nanofibers to load pro-hepatocyte growth factor (pro-HGF) activators. These nanofibers interact with the f-chain of pro-
HGF in MI, achieving allosteric activation. The nanofibers extended the release time of the activator in MI mice and
significantly promoted neovascularization at the infarct border zone.®

Certain nanomaterials can directly promote angiogenesis, such as CNT, carbon nanofibers (CNF), and graphene oxide
(GO).""*"! Tashakori-Miyanroudi et al synthesized collagen scaffolds with CNF, promoting the formation of vascular
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networks in the rat myocardial infarction area.'' GO specifically induces angiogenesis by regulating the physiological
levels of ROS and the activation of endothelial inducible nitric oxide synthase (iNOS)."'* The chick embryo angiogenesis
assay supports the angiogenic capacity of sericin-functionalized graphene oxide (SGO), demonstrating its ability to
promote vascular development and maturation.® Additionally, certain metal nanoparticles promote angiogenesis, such as
cobalt,'? i

proteins and factors involved in angiogenesis, such as VEGF, fibronectin, angiopoietins, ceruloplasmin, and FGF.''®

cerium,"'* strontium,''> magnesium,''® and copper.!'” For example, copper regulates the activity of several
Copper-induced angiogenesis mechanisms include hypoxia-induced HIF-1 pathway.''® Copper can also activate the
MAPK signaling pathway, leading to increased NO production, thereby promoting angiogenesis.''® Recently, a team
designed artificial hybrid nanoparticles containing copper proteins. These nanoparticles mimic the secretory factors (SF)
released by hypoxic stem cells and catalyze the conversion of NO precursors in plasma, thus promoting NO production
and angiogenesis. In a mouse model of myocardial infarction, the nanoparticles synergistically promoted vascular
regeneration through the combined release of SF and NO.** Copper-loaded milk protein-derived microgels can maintain

homeostasis in the internal environment after MIL.'*°

Moreover, mesoporous silica nanoparticles (MSNs) have shown
great potential in angiogenesis in recent years. Feng et al designed a novel injectable hydrogel to deliver mesoporous
silica (CHP@S1) for myocardial repair. The hydrogel-released CHP@Si promotes the expression of angiogenic factors
eNOS and FGF-2.%°

Promoting endogenous angiogenesis through the direct or indirect delivery of growth factors or cytokines requires
time. Artificial blood vessels can guide blood flow to the infarcted area, similar to CABG. Organic nanofibers, including
PLGA NPs, gelatin shell nanofibers, and polycaprolactone, are used to produce artificial blood vessels, providing a new
approach to artificial angiogenesis.''® However, artificial vascular grafts still have many limitations, such as thrombosis,
vessel rupture, and blood extravasation. There is a need to develop artificial blood vessels with good mechanical
properties, biocompatibility, and antithrombotic capabilities. Further, in vivo experiments are required to demonstrate
the feasibility of tissue-engineered vascular grafts.'?'

In summary, nanomaterials can deliver proteins or drugs that promote angiogenesis to the desired location, exhibiting
excellent stability and targeting. Some nanomaterials can directly stimulate angiogenesis with high efficiency and
minimal toxicity. Additionally, research on using nanomaterials in the fabrication of artificial blood vessels is growing.

Future efforts should focus on optimizing production techniques to minimize the risk of transplant failure.

Cardiac Conduction Repair

When designing biomaterials for the in vivo treatment of myocardial infarction (MI), conductivity is often overlooked.
Conductive biomaterials are used in MI treatment because they can enhance the propagation of electrical signals through
non-conductive scar tissue.'””> AuNPs and carbon-based nanomaterials, such as CNTs and GO, exhibit effective
conductivity and play a crucial role in improving intercellular communication, electrical signal transmission, and anti-
arrhythmic effects.'?**'** Cardiac patch transplantation and intramyocardial injection of biomaterials can alleviate
adverse effects following MI. These treatments improve the function of infarcted hearts by bridging infarcted and
non-infarcted myocardium and restoring myocardial electrical integrity.'*> '’

Conductive cardiac patches use their conductivity to connect healthy myocardium with the infarcted area, thereby
reconstructing damaged cardiac tissue.'*® CNTs are one-dimensional cylindrical nanostructured carbon materials with
high anisotropy and extremely high aspect ratios. Wang et al designed a conductive cardiac patch using elastin, gelatin,
and CNTs, which exhibited high mechanical performance, shape memory, and conductivity. In both rat and mini-pig
models of MI, this patch demonstrated improved electrical conduction and cardiac function.®® Mei et al GO with
mesenchymal stem cells (MSCs) to create a conductive (MSC@GO) hydrogel patch. This patch adheres to the
epicardium, providing strong electrical integration with the infarcted heart and offering mechanical and regenerative
support to the infarcted area. It upregulates the expression of connexin 43 (Cx43) and effectively repairs myocardial
infarction in vivo. In a mouse model of MI, the MSC@GO hydrogel patch reduced apoptosis, promoted Cx43
expression, and enhanced cardiac function, supporting cardiac repair.®’ Anisotropic conductive reduced graphene
oxide (rGO)/silk patches can repair infarcted myocardium by reconstructing the anisotropic electrical microenvironment

1760 https: International Journal of Nanomedicine 2025:20



Ge et al

in the infarcted heart. These patches improve cardiac function, resist ventricular fibrillation, and increase angiogenesis in
the capillary network, thereby alleviating post-infarction myocardial remodeling.®®

Intramyocardial injection of hydrogels incorporating nanomaterials can restore electrical conduction at the site of MI,
maintaining cardiac function and enhancing repair.'*® Zhou et al designed a conductive injectable hydrogel by incorpor-
ating GO nanoparticles into oligo(poly(ethylene glycol) fumarate) (OPF) hydrogels. In vitro, the combination of GO and
OPF hydrogels enhanced cell attachment. In a rat model of MI, the injection of conductive OPF/GO hydrogels into the
infarcted area not only provided mechanical support but also improved Ca®" signal propagation, upregulated Cx43
expression, reduced infarct size, and enhanced neovascularization compared to OPF and PBS groups.* Zhu et al
prepared an injective hydrogel composed of GelMA, oxidized dextran, and rGO. The UCMSCs were encapsulated
within this GelMA/oxidized dextran/rGO hydrogel and then injected into the infarcted myocardium of rats. They
observed that the use of GelMA/oxidized dextran/rGO significantly improved ejection fraction, reduced infarct size,
and enhanced Cx43 expression levels compared to the control group (rGO-free hydrogel).”’ In a study by Hekai Li,
a hydrogel composed of AuNPs and hyaluronic acid (HA) was fabricated. The AuNP-HA hydrogel encapsulated human-
induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs). After permanent ligation of the left anterior descend-
ing coronary artery in mice, the hydrogel was injected into the infarcted myocardium. The AuNP-HA hydrogel improved
the contractile function and electrophysiological activity of hiPS-CMs by promoting the formation of gap junction
protein Cx43 through the integrin/ILK1/p-AKT pathway. Additionally, hiPS-CMs promoted vascular regeneration in the
infarcted area via paracrine effects, exerting a protective effect on the heart.”’ A functional conductive hydrogel was
prepared by combining hydrophilic and biocompatible poly(vinyl alcohol) (PVA) with conductive melanin nanoparticles.
The composite hydrogel, prepared through a simple manufacturing process involving five freeze-thaw cycles, exhibited
satisfactory mechanical properties and conductivity, approaching the mechanical and electrical properties of native heart
tissue. In vitro experiments evaluated its physical properties and biocompatibility, indicating that the introduction of
melanin particles successfully improved the elasticity, conductivity, and cell adhesion of PVA hydrogels. In vivo, the
composite hydrogel enhanced cardiac repair in a rat model of MI by reducing infarct size, slowing ventricular wall
thinning, and promoting angiogenesis.””

In summary, nanomaterials hold significant potential in enhancing electrical conduction, ensuring effective myocar-
dial cell contraction after MI, reducing the incidence of arrhythmias, and promoting heart repair. While cardiac patches
and intramyocardial injection are simple and effective, they are invasive procedures with associated risks. Future research
should explore minimally invasive or non-invasive approaches to improve treatment efficacy further and reduce patient
morbidity.

Current Issues

Nanomedicine shows significant potential in treating cardiovascular diseases, and efficient NPs drug delivery systems are
being developed. However, several challenges remain. As a relatively new field, nanotechnology requires specialized
regulatory guidelines to ensure consistency in the size, shape, chemical composition, and surface charge of NPs.'*°
Compared to conventional chemicals, NPs exhibit higher biotoxicity and more complex toxicological mechanisms, with
cardiotoxicity being a major concern.'*' NPs can affect the normal contraction and relaxation of the myocardium, alter
cardiac hemodynamics, and induce oxidative stress, apoptosis, and inflammatory responses in myocardial cells. These
effects can also disrupt mitochondrial membrane integrity, potentially leading to various serious heart conditions.'*? For
example, zinc oxide (ZnO) NPs produce cytotoxic effects in a concentration- and time-dependent manner, inducing
apoptosis and mitochondrial dysfunction in rat myocardial cells, which affects their normal function.'** Additionally,
NPs have been reported to influence the progression of AS. Polymer NPs, silica (Si) NPs, TiO, NPs, and CNTs have been
found to cause dyslipidemia, foam cell formation, and the expansion of atherosclerotic plaques in vivo.'** To mitigate
nanoparticle toxicity, we have developed a series of strategies that focus on selecting appropriate raw materials and
optimizing the nanoparticles’ size, shape, and surface charge. NPs can be synthesized using biocompatible materials such
as plants, fungi, bacteria, and microalgae. These materials are non-toxic, biodegradable, and renewable, offering
significant advantages. The synthesis of metal NPs using plant parts or their extracts has been demonstrated to be both
effective and environmentally friendly. Various plant metabolites, including terpenoids, flavonoids, sugars, and proteins,
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can actively reduce metal ions to form nanoparticles.'*> For example, Saifuddin et al found that extracts from roots,
stems, leaves, flowers, fruits, and seeds of green plants can reduce Ag+ to stable nano-forms of Ag+0.136 Polyphenols,
a class of naturally occurring secondary metabolites found in fruits, vegetables, and herbs, exhibit a range of pharma-
cological activities, including immunomodulation, intrinsic antioxidant properties, anti-inflammatory effects, and anti-
angiogenic properties. Yu et al utilized phenolic compounds to synthesize nanoparticles for the treatment of MI injury."*’
Alternatively, biodegradable materials, such as PLGA, are also suitable for NP synthesis. When NPs reach target cells,
cellular uptake occurs, releasing the drug while the NPs are degraded.'*® Adjusting the size, shape, and surface charge of
NPs can enhance their safety and efficacy. Nanoparticle size is a critical determinant of cellular uptake efficiency, as it
influences the enthalpy and entropy characteristics that govern adhesion between NPs and cell receptors.'** Smaller NPs
have been shown to exhibit higher cellular uptake efficiency. NPs with diameters less than 10 nm are typically cleared
rapidly by the kidneys, making them suitable for short-term therapy or diagnostics and avoiding long-term retention in
the cardiovascular system.'**'*! The shape of NPs, such as spherical, cubic, or rod-like, also impacts cellular uptake.
Spherical NPs are reported to be more readily taken up by cells compared to other shapes with the same composition, and
they are relatively safer.'*? Positively charged NPs are highly associated with cytotoxicity, and reducing positive charge
can minimize damage to cardiovascular endothelial cells.'*® Optimizing the surface modification of NPs is crucial.
Various coating materials and techniques are available for different types of NPs, including polymer-based, lipid-based,
and inorganic NPs. Coating materials include polyethylene glycol (PEG), polyvinylpyrrolidone (PVP,) PVA, phospho-
choline-based copolymers, and polysaccharides such as dextran and chitosan.'**'*> Recently, Vukoje et al demonstrated
that dextran-coated AgNPs exhibit lower cytotoxicity compared to uncoated AgNPs.'*¢

Moreover, the stability of nanodrugs within the body is crucial. NPs interact with proteins, glucose, and lipids in vivo,
potentially altering their metabolic pathways or affecting their targeting efficiency. One of the most studied interactions is
between NPs and proteins. Upon entering the body, NPs are rapidly coated by surrounding proteins, forming a “protein
corona” on their surface. This protein corona can significantly alter the surface properties of NPs, influencing their
behavior.'*” For example, when covered by proteins, the ligands on the NP surface may become blocked, rendering
targeted ligands ineffective, or the NP-protein complex may be cleared by macrophages.'*® In circulation, these drugs
must resist biological factors such as protein adsorption, immune responses, and enzymatic degradation to maintain their
structure and function. Hemodynamic forces can cause disintegration, leading to microvascular embolism and altering
the uniform distribution of active components, thus impacting the efficacy of nanomedical treatments. Therefore, precise
control of drug release kinetics is essential to ensure that therapeutic molecules are delivered at the right time, place, and
in the appropriate dose.

Lastly, current research primarily relies on animal models, with limited analysis of clinical cases. Disease progression
and pathology in animals often differ significantly from those in humans, making the direct application of animal study
results to human patients challenging. Therefore, translating NP-based therapies into clinical practice remains
a significant challenge.

Conclusion

Nanomaterials offer a promising approach for the diagnosis and treatment of myocardial infarction, including the
detection of biomarkers, imaging, modulation of macrophage inflammation, anti-ROS activity, inhibition of fibrosis,
promotion of angiogenesis, and cardiac repair. These materials can enhance imaging and biosensing capabilities, using
advanced contrast agents and high-resolution imaging technologies for early detection of coronary artery disease.
Furthermore, they enable targeted drug delivery, tissue engineering, and the regulation of inflammation and oxidative
stress, addressing multiple aspects of myocardial infarction pathophysiology. Despite these advances, challenges and
opportunities persist in the delivery, design, and personalized application of NPs for myocardial infarction. Ongoing
innovation and collaboration among researchers, clinicians, and industry partners hold the potential to revolutionize the
management of myocardial infarction and improve patient outcomes.
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