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Abstract: Cardiovascular disease (CVD) is a major global health issue with high mortality and morbidity rates. With the advances in
nanotechnology, nanoparticles are receiving increasing attention in diagnosing and treating CVD. Previous studies have explored the
use of nanoparticles in noninvasive diagnostic technologies, such as magnetic resonance imaging and computed tomography.
Nanoparticles have been extensively studied as drug carriers and prognostic factors, demonstrating synergistic efficacy. This review
summarized the current applications of nanoparticles in CVD and discussed their opportunities and challenges for further exploration.
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Introduction

Modern nanoscience and technology are interdisciplinary fields offering innovative disease prevention, diagnosis and
treatment methods.! With a particle size between 1-100nm, nanoparticles possess attractive properties due to their unique
structural characteristics.” Nanoparticles serve as versatile drug carriers capable of detecting drug aggregation within the
body, thereby enabling preliminary assessments of therapeutic efficacy. They also facilitate drug distribution, enhancing
drug deposition on specific biological targets while mitigating systemic toxicity and associated side effects.”~

Moreover, the advancement of nanoparticle design is expected to improve therapeutic efficacy and achieve more
precise applications. For example, liposome nanoparticles can carry drugs with different properties, including hydro-
philic, hydrophobic, and lipophilic compounds. During synthesis, their stability can be tailored by size, surface charge,
and lipid composition.*” Despite these advantages, their utility is constrained by issues such as low drug loading and
suboptimal biological distribution, particularly evident in lipid nanoparticles (LNPs) designed for drug delivery.®’ Recent
developments in polymeric nanoparticles offer potential solutions to these challenges, facilitating the delivery of diverse
payloads.'® For instance, polymeric micelles demonstrate versatility in carrying therapeutic agents ranging from small
molecules to proteins.'! Previous studies indicated that polymeric micelles can directly intervene in the inflammatory
process of coronary artery disease by interacting with inflammatory cells.'> Additionally, inorganic materials such as
gold, iron, and silicon dioxide have been used to synthesize nanostructured materials for various drug delivery and
imaging applications. For example, magnetic iron oxide nanoparticles, composed of magnetite (Fe304) or magnetite
(Fe203), exhibited superparamagnetic properties at specific sizes and can be used as contrast agents and drug delivery
carriers. Different nanomaterials and their characteristic features were summarized in Figure 1.

Nanotechnology holds great promise in the field of cardiovascular disease (CVD). CVD is a significant health concern
that encompasses diseases of the heart, blood vessels, and blood components. The occurrence and development of CVD
are related to a variety of factors, including conventional risk factors (eg, hyperlipidemia, hypertension, diabetes),
unhealthy behaviors (eg, smoking, obesity), and immutable factors (family history).'* In 2020, CVD ranked first in
terms of morbidity and mortality, outpacing cancer and other diseases.'> The treatment of CVD still presents a challenge
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Figure | Schematic about different nanomaterials and their characteristic features. Advancements in three primary classifications of nanoparticles and their characteristic
features. (Created by Figdraw).

due to inadequate drug accumulation at the affected site, requiring high and prolonged dosages that frequently induce
severe adverse effects.'® Moreover, atherosclerotic CVD is a polyvascular disorder, complicating the precise localization
of unstable or rupture-prone plaques prior to the onset of symptoms, such as stroke or myocardial infarction.'” Therefore,
there is an urgent need to investigate biomarkers for predicting risks and monitoring treatments, along with safer and
more effective therapeutic strategies.

Based on the occurrence and development mechanisms of CVD, nanoparticles are mainly applied in the following
categories: diagnosis, treatment, and drug delivery.'® ' For example, a previous study used polymer comb nanomaterials
modified with an anti-C-C motif chemokine receptor 5 (CCR5) peptide and ®*Cu for PET-CT nuclear imaging. This
modification allowed for long cycle times and optimized biodistribution, which can sensitively detect atherosclerotic
(AS) plaque inflammation.”? Meanwhile, nanomaterials can improve the treatment of CVD. Liposomes, biomimics, and
inorganic nanomaterials, such as gold and iron oxides, are currently used for CVD treatment.® Due to the improvement
of nanotechnologies, we reviewed the advances related to nanotechnology in CVD. We also discussed the challenges and
opportunities of nanoparticles in the new era of CVD (Figure 2).

Application of Nanotechnology in CVD Diagnosis

CVDs encompass a spectrum of conditions affecting the heart and blood vessels, including AS, which involves arterial
narrowing and hardening due to lipid and inflammatory plaque buildup. Macrophages, tissue factors, and platelets are
implicated in the initiation and progression of AS and are potential targets for noninvasive diagnostic imaging. In the
early AS stage, foam cells, generated by macrophages through oxidized low-density lipoprotein (ox-LDL) uptake, play
a critical role in plaque formation and inflammation.** Tissue factors and platelets contribute to local coagulation and
thrombosis, exacerbating disease progression. Additionally, platelets influence plaque stability by releasing bioactive
molecules that promote inflammation and vascular smooth muscle cells (VSMCs) proliferation.”> Hence, targeting
macrophages, tissue factors, and platelets using nanoparticles for improved diagnostic technologies holds promise for
early detection and management of CVDs.?

Imaging Diagnosis
Magnetic resonance imaging (MRI) can reveal the accumulation of proinflammatory macrophages. Both superparamag-
netic iron oxide nanoparticles (SPIONs) and gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA) nanoparticles,
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Figure 2 Overview of nanotechnology in CVD. Nanotheranostics combine the functions of diagnosis and treatment and are used in CVD. (A) commonly used nanocarriers
(liposomes, organic polymers, biomimetic particles, and inorganic materials) combine traditional diagnostic and treatment methods. (B) nanoparticles can be injected directly
to prevent or alleviate the onset of atherosclerosis, which is the most common fatal cardiovascular disease. (C) nanoparticles can be used to improve the function of heart
valves, myocardial patches, and vascular stents or directly for in vivo injection. (Created by Figdraw).

Abbreviations: CVD, cardiovascular diseases; SPECT, single photon emission computed tomography; HIFU, high-intensity focused ultrasound; PET, positron emission
tomography; MRI, magnetic resonance imaging; PAl, photoacoustic imaging; CT, computed tomography; Ol, optical imaging.

used as contrast agents, exhibit macrophage loading. Contrast agents composed of SPIONs are readily phagocytosed by
plaque macrophages, leading to signal loss in T2-weighted images and thus enhancing the contrast of arterial wall
plaques.?’ The surface of SPIONs can be modified by adding targeting fragments, such as dextran and osteobridging
protein (OPN), which enables them to bind specifically to corresponding epitopes on the surface of macrophages and
increase aggregation of macrophages in vulnerable plaques in the aorta or carotid arteries.”® For example, Kao et al
encapsulated MCP-1 motifs on the surface of SPIONs to target monocytes in plaques. Vivo aortic images showed an
increase in the degree of darkness in mice chronically fed a high-fat diet, suggesting that MCP-1 motif magnetic
nanoparticles have a potential affinity for AS plaques.*’ Furthermore, Gd-DTPA improved the contrast of T1-weighted
images, and the increased contrast was proportional to the number of macrophages in the plaque. However, the clinical
use of Gd-DTPA may be hindered by its potential to cause nephrogenic systemic fibrosis.*®

In a study by Wei et al, a magnetic nanoprobe (EGFP-EGF1-SPIONs) was constructed to target tissue factors and
specifically detect AS plaques by MRI. The nanoprobe exhibited higher accuracy, better contrast, and better cytocompat-
ibility than typical contrast agents.’' Platelets were closely associated with multiple stages of atherogenesis and
development. Wei’s group coated cell membranes from platelets directly onto synthetic nanocarriers, creating platelet
membrane-coated nanoparticles (PNPs). These PNPs could bind to different components of AS plaques in vivo. During
real-time imaging, an MRI contrast agent to the PNP structure generated sufficient contrast to distinguish plaques.*
Despite limited CVD studies, MRI is advantageous as it is nonionizing, noninvasive, and requires minimal material.
Therefore, it could become an alternative imaging method for preclinical development.*

Computed tomography (CT) is an essential diagnostic tool for CVD due to its high spatial resolution and short
acquisition time.** Hyafil found that iodine-containing nanoparticles with high X-ray attenuation coefficients are
advantageous for identifying proinflammatory macrophages in vulnerable plaques of the coronary arteries and abdominal
aorta. The contrast agent N1177, an iodinated nanoparticle, was rapidly cleared from the bloodstream and accumulated in
macrophage-rich tissues. Enhanced signals can be detected 2 hours after intravenous injection of N1177. N1177-
enhanced CT does not require radiotracer injection.>> However, the low CT sensitivity requires high doses of
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nanoradiographs, and their potential toxicity necessitates further study. Moreover, multicolor CT utilizes differences in
X-ray absorption and scattering by various tissues and materials to reconstruct the internal structure and composition of
an object. This approach can employ gold high-density lipoprotein (HDL) nanoparticles, iodine, and calcium phosphate
to identify multiple CVD biomarkers concurrently. Specifically, it leverages macrophage gold HDL accumulation
imaging and vascular calcium deposition, synergistically contributing to precise diagnostic capabilities.*®

Positron emission tomography (PET) is highly suitable for noninvasive quantitative detection of macrophage-
mediated inflammation in CVD due to its high tissue penetration and sensitivity. The lack of specificity of the
"F_FDG radiotracer for macrophages and its susceptibility to uptake by cardiomyocytes, resulting in false-positive
signals, can be resolved using nanoparticles. '®F-labeled polyglucose and *°Z-labeled nanoparticles have been widely
used to detect proinflammatory macrophages. Moreover, ®*Ga-labeled nanoparticle PET specifically targets CVD-
associated biomarkers, such as VCAMI1, MMR, and LOX1.> However, PET does not provide anatomical information.
Therefore, it is often used combined with MRI or CT. For example, Tu et al used MMP2cNPs as PET-MRI contrast
agents to detect MMP-2 in AS plaques and demonstrated the feasibility of this approach.®®

Owing to its high spatial resolution and lack of radiation-related risks, noninvasive fluorescence imaging is commonly
used to image macrophage-rich vascular lesions. For example, nanoprobes that emit mainly in the near-infrared window
allow deep tissue penetration and have been used to detect macrophages in CVD lesions.”* An ongoing trial
(NCT04237064) evaluates macrophage-targeted photoacoustic imaging (PAI) to distinguish between plaques with
different morphologies. Table 1 summarizes the applications of nanotechnology in the diagnosis of CVD. Table 2

Table | Nanotechnology in CVD Imaging Diagnosis

Methods | Advantages Disadvantages Ref.

MRI I. High spatial resolution Long scan time (>30 min) [29-33]
2. Excellent soft-tissue contrast

CT 1. High spatial resolution Low sensitivity [34-36]
2. Short scan time (<15 min)

PET Extremely high sensitivity I. Low spatial resolution [36,38]

2. Lack of anatomical reference

Pl I. High spatial resolution Limited tissue penetration depth | [39]

2. Short scan time (<5min)

PAI I. Multiple wavelength scan Limited tissue penetration depth | NCT04237064
2

. Short scan time

Abbreviations: CVD, cardiovascular diseases; MRI, magnetic resonance imaging; CT, computed tomography; PET,
positron emission tomography; Fl, fluorescence imaging; PAl, photoacoustic imaging.

Table 2 The Materials of Imaging Nanoparticles for CVD

Nanoparticles Application Location Ref.
SPIONs Act as contrast agents in MRI Plaque macrophages [27-29]
Gd-DTPA Improve the contrast of Tl-weighted MRI images Plaque macrophages [30]
Magnetic Nanoprobe Detect AS plaques by MRI VSMCs with high TF expression [31]
PNPs I. Bind to AS plaques components AS plaque and inflammatory vascular [32]

2. Generate sufficient MRI contrast for real-time | endothelium

imaging
lodine-Containing Identify proinflammatory macrophages in vulnerable | Macrophage-rich tissues [35]
Nanoparticles plaques
8Ga-Labeled nanoparticle Target biomarkers associated with CVD in PET CVD-associated biomarkers like VCAM [37]

and MMR

Abbreviations: CVD, cardiovascular diseases; SPIONSs, superparamagnetic iron oxide nanoparticles; MRI, magnetic resonance imaging; Gd-DTPA, gadolinium diethylene-
triamine pentaacetic acid; VSMCs, vascular smooth muscle cells; TF, tissue factors; Atherosclerotic, AS; PNPs, platelet membrane-coated nanoparticles; CT, computed
tomography; PET, positron emission tomography.
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shows the application/localization of nanomaterials depicted in this section. The development of imaging technology will
likely lead to more robust and comprehensive techniques to improve CVD diagnosis.

Biomarker Diagnosis

Imaging is the gold standard for diagnosing CVD due to its multiple advantages. However, noninvasive nanoparticle-
based diagnostics, such as analyzing clinical samples (eg, blood, saliva, urine), can provide more convenient, rapid, and
inexpensive CVD screening and guide imaging follow-up.

Nanoparticles use magnetic and other physicochemical properties to amplify signals and increase sensitivity, providing an
advantage in detecting CVD-related molecular and cellular biomarkers. Nanomaterials can overcome the challenge of high
background signals in clinical samples and enhance the signal of C-reactive protein (CRP) by adjusting various properties,
including electrochemical, optical, and chemiluminescence.*®** Although CRP is frequently used to predict CVD,*** its
nonspecific nature as a biomarker of inflammation suggests the need to identify new standalone biomarkers or perform
multiplex biomarker assays simultaneously, which leads to the development of nanogold-based microfluidic strategies. This
method could integrate the steps of sample processing, reaction, and detection on a single microchip to achieve high-
throughput, automation, and rapid detection for myoglobin, d-dimers, and CRP levels simultaneously to confirm the diagnosis
of myocardial infarction. Specific immune complexes can be formed independently on adjacent microfluidic tracks, and the
1 mm distance between the tracks allows for the simultaneous detection of up to four different analytes with breakneck speed
and high reproducibility.*® An electrochemical immunosensor was designed to detect cardiac troponin I (cTnl) for the early
diagnosis of acute myocardial infarction. The sensor was ultrasensitive, enzyme-free, and based on a screen-printed gold
electrode (SPGE) modified with graphene quantum dots (GQDs) and gold nanoparticles (AuNPs). The nanoimmunosensor
described in the text demonstrated high specificity for cTnl and could measure analytes using four electrochemical techniques,
making it a promising tool for diagnosing acute myocardial infarction.*’

Plasma has been used to enhance surface Raman scattering for the sensitive measurement of blood auto-antibodies
associated with hypertension and urinary microalbumin, which can indicate vascular or endothelial dysfunction.*®*
Electrochemical methods, such as voltammetry, impedance spectroscopy, and galvanometric analysis, have been used to
detect cardiac troponin, myoglobin, creatine kinase, and CRP. These methods use quantum dots and metal nanomaterials
for direct electron transfer to the sensing analytes.”>* Electrochemical sensors, which can detect biomarkers by detecting
the interaction between biomarkers and sensors, are simple, cost-effective, and accurate. They detect multiple targets
with speed and ultrasensitivity, making them a valuable tool for predicting myocardial infarction in patients. There are
various electrochemical sensors, such as potentiometric and amperometric sensors. Applying magnetic surface-enhanced
Raman scattering (SERS) and biobarcoded particles can facilitate the rapid and sensitive detection of proteins and nucleic
acids, which may help identify new patient populations at an early risk of CVD with appropriate biomarkers.”'

Application of Nanotechnology in the Treatment of CVD
The development of CVD involves various processes, including myocardial injury and inflammation, valvular and structural
problems, and electrical problems. Nanomaterials can enhance the function of other biomaterials to improve their efficiency,

55,56 57,58

efficacy, and durability for use in cardiac patches,”® > heart valves, vascular grafts, stents,” among others. They can

also be used for direct intravenous or intracardiac injections to treat conditions such as ischemia-reperfusion injury.®

Nanostructures That Impact Myocardial Electrophysiology

The myocardium is a functional syncytium composed of cardiomyocytes that can contract and generate force by
initiating and propagating electrical signals. After myocardial injury, the heart requires artificial repair, which can be
achieved through implantable, injectable, and nanofiber or nanopatterned stent cardiac repair materials.®’** These
materials aid in tissue repair.®>** An ideal regenerative biomaterial should mimic the multifunctional structure of native
tissues rather than being monofunctional, which means it should have appropriate electrical conductivity, growth factor
release, cell scaffolding, nonimmunogenicity, mechanical structure, and durability instead of providing mechanical
stability. However, existing biomaterials possess only some necessary physicochemical and structural properties.®*
Nanomaterials can address the limitations of cardiac regenerative medical technologies. They can provide a sustained
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release of growth factors for stem cells and other cells to thrive, target the mechanical stability of the natural
myocardium, and mimic the conductivity of cardiac syncytia.>>>*%3

Gold nanorods formed with albumin electrospun fibers absorb near-infrared light and generate heat to weld functional
heart patches securely and safely to the heart, which complements its excellent conductivity, enables efficient cell-to-cell
electrical coupling, and avoids myocardial damage caused by traditional cardiac patch suturing processes.®> Furthermore,
3D-printed CVD biomaterials are increasingly sought due to their flexibility and precision in manufacturing. To enhance
its performance, nanomaterials can be incorporated into the “ink” of 3D bioprinters to replicate the highly functional

tissue of the human heart, possessing contractile, conductive, and thermal properties.®®

Targets for Heart Valves
The demand for off-The-shelf implantable tissue-engineered heart valves (TEHVs) has increased due to the rising morbidity
and mortality caused by heart valve diseases. Although there has been significant progress in improving the design and
performance of TEHV constructs, creating viable, functional human-implantable TEHV constructs remains challenging.®’
Nanomaterials provide several strategies to enhance heart valve implants’ safety, mechanical strength, and durability.
Nanomaterials can increase valve durability by effectively spatially blocking the interaction of the valve surface with
biomolecules while providing sustained-release therapy, thus reducing calcification and immunogenicity.>>>® Erythrocyte
membrane-based biomimetic nanomaterials are chemically attached to the valve surface, replacing the traditional
glutaraldehyde treatment, which is toxic, immunogenic, and prone to valve degeneration.® The nanocoating covers
the valve surface, and the implant is endothelialized, resulting in improved anticoagulant and anticalcification effects. Jet-
spinning technology rapidly fabricates human-sized valves with high biocompatibility and practical functions by
combining polymeric gelatin-based nanofibers with an extracellular matrix (ECM).®* Other nanotechnologies have
expanded the scope of tissue-engineered valves by developing nano- or microscale porous structures with precise
porosity and texture and controlled topography to deliver growth factors or genes to specific cells. In addition, natural
heart valves have anisotropic mechanical properties. Therefore, anisotropic nanostructures and microstructures can be

fabricated to support the multidimensional biomimetic anisotropy required for proper in vivo function.®>’°

Targets for the Vascular System
Serving as the conduit for oxygen, nutrients, and cells to vital organs and tissues, the pivotal role of the vascular system
has been underscored. Intravascular injection is the primary method of introducing nanomaterials to treat vascular

7273 and endothelial

diseases. The drugs can treat a variety of CVDs, such as lipid dysfunction,”' vascular inflammation,
dysfunction,” either acting on the whole body or through locally targeted delivery using specific nanosurfaces and
structures for imaging or treatment.”>’® Nanomaterials can be delivered targeted, allowing them to carry drugs, increase
payloads, and mitigate adverse effects. They can also improve drugs that were previously discontinued due to severe side
effects or develop new drugs with capability responses. For instance, by combining drugs with nanomaterials, the
stability and bioavailability of drugs can be improved, thereby reducing drug dosage and side effects. Nanomaterials
improve intravascular and intervascular biomaterials, such as nanoengineered scaffolds, prostheses, and grafts.”’ >’

Scaffolds and engineered vascular grafts may contain nanomaterials for sustained and local release of drugs and
growth factors.”® Vascular grafts can be tissue-engineered from major electrospun polymer nanofibers to mimic the
topology, structure, mechanical properties, and biocompatibility of actual blood vessels.””>®7” Furthermore, integrating
3D printing and nanofibers has created tissue-engineered vascular grafts that exhibit comparable mechanics, elastin, and
collagen contents to those of natural blood vessels. This development addresses issues related to thrombosis, immuno-
genicity, infection, and non-compliance with the mechanical properties of natural tissues.>’

Although drug-eluting stents have significantly reduced clinical restenosis rates, they also increase the risk of
advanced thrombosis.”®”® The characteristics of drug-eluting stents related to their release may be undesirable, hindering
the successful use of certain drugs, such as the water-soluble chemotherapeutic drug imatinib.”® Polymeric nanomaterials,
such as poly lactic-coglycolic acid (PLGA), can encapsulate sustained scaffold elution. This is because nanomaterials can
load efficiently and release more slowly than drug-loaded polymer scaffold coatings. Furthermore, they allow drugs such

as imatinib and antiproliferative sirolimus to remain at the scaffold site longer, thus reducing restenosis.”*"*°
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Bionanomaterials, such as exosomes, can promote an anti-inflammatory and pro-angiogenic microenvironment that
contributes to re-endothelialization and the reduction of stenosis. Exosomes derived from mesenchymal stromal cells

7881 and can be eluted from scaffolds to treat ischemia-

(MSCs) exhibit healing properties in myocardial infarction
reperfusion injury.*? Finally, creative strategies can be deployed to maintain the advantages of nanoparticle-coated
continuous drug-release scaffolds over the long term. The stent can repeatedly capture magnetic nanomaterials injected

throughout the body for multiple local treatments each time the drug is depleted.®

Specific Targets

The pathogenesis of CVD involves specific targets, making nanotechnology tailored to these objectives a potentially
universal strategy. Macrophages, pivotal immune cells in AS, can be targeted by nanotechnology to deliver therapeutic
agents like drugs or genes to lesion sites, thereby mitigating inflammation and enhancing plaque stability.”® Additionally,
T, B, and NK cells contribute significantly to AS progression, suggesting nanotechnology’s potential to modulate
immune responses by targeting these cells, thereby theoretically reducing inflammation and promoting plaque
stabilization.* Moreover, miRNAs, small RNA molecules crucial in gene regulation, can be targeted by nanotechnology
to modulate gene expression, potentially mitigating inflammation and promoting plaque stability.**

Macrophage

Macrophages play a crucial role in the progression of CVD, including AS. Monocytes can differentiate into macrophages,
engulf lipids and cholesterol, and form foam cells, which contribute to the development of AS. Studies have shown that
inhibiting monocytes can reduce early AS in mice by reducing foam cell formation, attenuating inflammatory responses,
decreasing lipid deposition, inhibiting VSMC:s proliferation, and promoting plaque stabilization and repair, highlighting the
importance of early detection and treatment targeting macrophages.®> Nanotechnology has emerged as a promising
approach to activating or silencing signaling pathways in macrophages, making it a promising topic in CVD therapy.

Circulating monocytes enter AS plaques and differentiate into macrophages. These macrophages are then activated by
CD4+ T cells through the CD40-CD40L signaling pathway. To address this issue, Lameijer et al designed recombinant
HDL nanoparticles that target tumor necrosis factor receptor-associated factor 6 (CD40-TRAF6). These nanoparticles
inhibit the interaction of CD40-TRAF6 with Ly6Chigh monocytes, thus attenuating the proinflammatory effect.
Transcriptome analysis revealed that one week of nanoimmunotherapy had a significant anti-inflammatory effect by
reducing monocyte migratory capacity.*® Gao et al also developed nanoparticle-mediated mRNAs that selectively
delivered mRNA encoding the anti-inflammatory factor interleukin-10 (IL-10) to macrophages within plaques to promote
the reduction of inflammation in the plaque microenvironment at advanced AS sites. Furthermore, using nanotherapeutic
agents to inhibit the proliferation of proinflammatory macrophages may help stabilize vulnerable plaques.®’

Although nanoparticles show great promise in modulating harmful macrophages, their innate immune system
activation can cause various disorders, requiring further study. Accurately modulating the local immune response is
crucial to minimize potential systemic adverse effects. Furthermore, due to variations in the pathophysiology of AS
between animal models and humans, there is no assurance that the nanotherapies used in preclinical studies will be
efficacious in humans. Additional assessment of the biosafety, toxicity, immunogenicity, and clearance of the nanothera-
pies mentioned above and nanoparticle-based visualizers is necessary.

Other Immune Cells

Several experimental studies have shown the involvement of T cells in the development of CVD. For example, antigens
such as oxLDL, heat shock proteins (HSPs), and peptides from specific pathogens (HIV and HCV) can activate T cells to
release a series of inflammatory factors through the presentation of antigen-presenting cells (APC), promoting inflam-
matory responses and inducing the development of AS.***° Basic experiments have shown that active immunization with
the apolipoprotein B-100 (ApoB-100) peptide P210 reduces the development of CVD in animal models. Hyu et al
wrapped P210 in peptide amphiphile micelles (PAM) to enhance the efficacy of immunotherapy for CVD to protect the
peptide from protease degradation and clearance and increase epitope density. The p210-PAMs were predominantly 15
and 25 nm in size. One week after the injection of P210-PAM, there was a significant increase in CD4+CD25+FoxP3+
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regulatory T cells and CD8+CTLA-4+ T cells, a decrease in CD4+ T cell activity, and a significant decrease in total blood
cholesterol levels. According to the study, P210-PAMs inhibit the proliferative response of P210-specific CD4+ T cells
and the cytotoxic effects of CD8+ T cells, regulate the macrophage phenotype, and significantly inhibit the development
of AS.*° Although nanoparticles-based immunotherapy has effectively treated AS, it is not without risks. Immunotherapy
can cause immune effector cells to be overactivated and release cytokines in large quantities, leading to a cytokine storm,
which can cause symptoms such as capillary leakage and diffuse intravascular coagulation.’’ Furthermore, immunother-
apy can cause organ-specific toxic reactions, such as myocarditis and hepatitis.”> Therefore, further investigation is
necessary for NP-based immunotherapies.

In a preclinical study, Kyaw et al demonstrated that administering apoptotic cells or apoptotic cells mimic liposomes
containing phosphatidylserine (PtdSer) can modulate B cell activity and mitigate AS formation in ApoE—/— mice. This
modulation stimulates Bla cell proliferation, enhances polyreactive immunoglobulin M (IgM) antibody secretion, and
increases anti-inflammatory cytokine production.’® However, specific examples regarding the therapeutic targeting of NK
cells, fibroblasts, cardiomyocytes, and endothelial cells in AS treatment are currently lacking. Future research could
explore the potential of nanomaterials in addressing AS involving these cell types.

miRNA

MicroRNAs (miRNAs) regulate gene expression and play a key role in CVD. Although miRNAs have become a popular
therapeutic target, challenges remain due to their potential off-target effects. Therefore, developing vectors that can be
selectively delivered to the injury site is essential. Kheirolomoom et al designed anti-microRNA-712 encapsulated in
cationic lipoparticles (CCLs) (anti-miR-712), whose surface was modified by VHPK (a targeted peptide consisting of
Valine, Histidine, Proline and Lysine) to target VCAM-1. Optical imaging confirmed the efficient delivery of anti-miR-712
to inflamed mouse aortic endothelial cells, both in vitro and in vivo. The results demonstrated that VHPK-CCL-anti-miR
-712 delivery effectively downregulates miR-712 expression induced by d-flow and restored expression of its target genes,
tissue inhibitor of metalloproteinase 3 (TIMP3), and the kazal motif of reversion-inducing-cysteine-rich protein (RECK) in
endothelial cells. Furthermore, VHPK-CCL anti-miR-712 inhibited atherogenesis at a rate up to 80% lower than none-
ncapsulated miR-712 and did not affect miR-712 expression in other organs.”* Moreover, Dosta et al developed a novel
low-toxicity and high-biocompatible poly beta-amino ester (PBAE) nanoparticle loaded with RNAI, coupled with a VHPK
peptide that targets vascular cell adhesion molecule 1 to deliver anti-miR-712. This drug significantly reduced miR-712
expression in mice while preventing the loss of its target gene (TIMP3).%> Therefore, it can potentially treat dysfunctional
endothelial cells in vascular diseases. Based on this, endothelial cell therapy can treat dysfunctional vascular diseases.

Potential Targets for Future Applications

Besides the targets mentioned above, new therapeutic strategies for CVD are being identified. For example, AS plaques
contain autoantibodies, which connect them to autoimmune diseases.”® However, the initiation of autoantibodies and
their response mechanisms during the pathology of AS remains poorly understood. Lorenzo et al performed single-cell
sequencing and proteomic analyses and found that free mitochondrial aldehyde dehydrogenase four family member Al
(ALDH4A1) levels were significantly elevated in patients with AS. This finding suggested that ALDH4A1 could be
a potential diagnostic marker for AS. The ALDH4A1 antibody has been found to effectively slow the development of AS
in mice, making it a potential therapeutic option for CVD.?° Pi et al also identified the P2RY 12 receptor as a novel target
for AS treatment. This study indicated that administering a P2RY'12 receptor inhibitor (CDL) combined with atorvastatin
(ATV) effectively mitigated the AS process. Furthermore, it ameliorated lipid accumulation and prevented VSMCs-
derived foam cell formation in advanced AS. The mechanism was explored using molecular biology, phosphorylation
proteomics, and other methods. There are three main aspects: In vitro experiments showed that the P2RY 12 receptor
inhibits autophagy, reducing cholesterol efflux and increasing foam cell formation. Moreover, phosphorylated proteomics
revealed that the P2RY 12 receptor can regulate the autophagy signaling pathway through the PI3K-AKT-mTOR pathway.
In addition, in diseased mice, the inhibitor of the P2RY'12 receptor (CDL) can promote autophagy of VSMC through the
PI3K-AKT-mTOR pathway to treat AS.”
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Table 3 Therapeutic Targets for Nanotechnology in CVD

Targets Advantage Ref.

Myocardium and electrophysiology | 1. Non-immunogenic [65,66]
2. Continuous release of growth factors
3. Good electrical conductivity

Heart valves Reduced calcification and immunogenicity [68-70]
Vessels . Increased drug payload [71-82]
. Reduced adverse reactions
. Prolonged drug release
Monocyte-macrophage . Significantly reduced proinflammatory effects [86,87]
Immune cells . Significant reduction in total blood cholesterol | [88-90,93]
. Regulation of macrophage phenotype
miRNA . High efficiency (low dose required) [94,95]

|

2

3

|

2. Stabilized vulnerable plaques
|

2

|

2. Huge potential

Abbreviation: CVD, cardiovascular diseases.

Stent implantation is a highly effective treatment for coronary artery disease; however, it presents several challenges.
One challenge is the potential for endothelial hyperplasia, which can lead to restenosis.”® Therefore, it is crucial to clarify
the mechanism of restenosis and identify therapeutic targets to counteract endothelial hyperplasia, which could improve
the effectiveness of stent-based coronary interventions. Yang et al investigated the mechanism of endothelial hyperplasia
after vascular injury and identified a novel therapeutic target, the noncoding small RNA miR-22. They found that miR-22
can reduce pathological intimal hyperplasia after vascular injury by regulating MECP-2 and EVI-1, thus improving
vascular remodeling and reducing stenosis.”” This study suggested that miR-22 could be used as a drug coating,
providing new possibilities for developing a novel generation of drug-coated scaffolds. We summarized the relevant

targets in Table 3.

Nanotechnology-Based Drug Delivery Systems for CVD

Intravenous Administration
Intravenous administration targets specific cells or receptors by circulating the drug in the bloodstream. For example,
Leuschner et al treated AS with optimized lipid nanoparticles and small interfering RNAs that silenced CCR2 to target
monocytes. In vivo, when intravenously administered, the substance was quickly cleared from the bloodstream and
accumulated mainly in the spleen and bone marrow, targeting monocytes.'’ This treatment showed great potential to
reduce the number of AS plaques and the size of myocardial infarctions after coronary artery occlusion. Also, the effects
of intravenous injection of CeO, nanoparticles on cardiac function and myocardial remodeling after cardiomyopathy
were evaluated. The study indicated this administration effectively suppressed progressive left ventricular dysfunction
and enlargement. Furthermore, the degree of mononuclear macrophage aggregation in cardiomyocytes, tumor necrosis
factor-alpha, and the levels of IL-1p and IL-6 were significantly reduced.'®’ Kim et al developed a nanoencapsulated
drug (CSNP) with a core composed of methyl-B-cyclodextrin (cyclodextrin) and simvastatin. When administered
intravenously, CSNPs interacted with cholesterol to release simvastatin, which removed cholesterol and ultimately
reduced AS plaques.”

Intravenous administration involves the rapid entry of nanomedicines into the venous bloodstream, allowing them to
target specific cells or receptors as they circulate and reach atheromatous plaques. However, the immune system quickly
removes nanoparticles from the circulation, which can reduce their efficacy or duration of effect. Furthermore, it is

crucial to target specific nanoparticles to prevent inadvertent injection of nanomedicines into healthy tissues or cells.'*

International Journal of Nanomedicine 2024:19 hetps: 8839
Dove:


https://www.dovepress.com
https://www.dovepress.com

Tang et al Dove

Localized Administration

Although intravenous administration possesses several advantages, it may not be suitable for treating certain diseases.
For example, it may be ineffective when the drug cannot be localized sufficiently or when a constant concentration is
required for an extended period.' In such cases, localized nanodelivery may be advantageous, particularly when local
cannulation is necessary to prevent restenosis and eliminate blood clots. Vong et al developed a controlled NO-releasing
redox injectable hydrogel (NO-RIG) that scavenged overproduced ROS and modulated local NO expression levels when
intracardially administered. NO-RIG was transformed into a gel in myocardial tissues, evenly distributed, and lasted over
ten days. NO-RIG therapy significantly reduced infarct size and improved cardiac function after myocardial infarction.
Furthermore, it improved angiogenesis, possessing great potential in the prevention and treatment of CVD.'®

Localized injection of proteins into infarcted lesions is a viable option to initiate cardiac regeneration after myocardial
infarction. Qi et al investigated the efficacy of liraglutide loaded onto PLGA-PEG nanoparticles after localized
intramyocardial injection. NP-liraglutide persisted for up to 4 weeks in a rat model of myocardial infarction, and it
was highly influential in enhancing cardiac function, decreasing infarct size, maintaining vessel wall thickness, stimulat-
ing angiogenesis, and inhibiting cardiomyocyte apoptosis.'®* Therefore, intramyocardial administration of NP-liraglutide
can potentially treat myocardial infarction. Somasuntharam investigated the role of localized deoxyribonuclease metal
nanoparticles (AuNPs) injection in treating myocardial infarction by silencing tumor necrosis factor-a (TNF-a). The
study found that this administration resulted in a 50% TNF-a knockdown efficiency, leading to significant anti-
inflammatory effects and improved cardiac function after myocardial infarction.'®> These effects were partly due to
the mode of delivery and gene regulation.

Despite its rapid onset of action and long duration of maintenance, localized administration has certain limitations.
Further studies are required to investigate the chronic effects of localized administration on cardiomyocyte remodeling
and cardiac function. Besides, localized administration may cause an excessive short-term increase in intracardiac drug
concentration, which may damage cardiomyocytes. Thus, it is necessary to conduct more fundamental experiments to
enhance the efficacy and safety of localized administration.

Nanodelivery Systems for Encapsulation

Therapeutic agents can be encapsulated within nanocarriers without chemical modifications, meeting diverse clinical
requirements. For instance, statins, the preferred lipid-lowering drugs, competitively inhibit HMG CoA reductase to
reduce intracellular cholesterol synthesis. Nonetheless, many statins exhibit low bioavailability due to rapid metabolism
and poor water solubility.'® Nanocarriers can effectively enhance their therapeutic efficacy and minimize adverse
effects. Katsuki et al demonstrated that intravenous injection of pitavastatin-incorporated nanoparticles in ApoE (—/-)
mice suppressed AS plaques’ instability and rupture propensity. This effect was attributed to the inhibition of macro-
phage-secreted MCP-1, matrix metalloproteinase-9 and MCP-1-induced monocyte chemotaxis by the pitavastatin-
incorporated nanoparticles.'”” Additionally, Hossaini et al developed a novel hyaluronic acid-atorvastatin (HA-ATV)
conjugate, where the hydrophobic ATV formed the core of nanoparticles (HA-ATV-NPs). HA on the surface of this
nanomedicine selectively bound to CD44 expressed on atherosclerotic plaques, leading to targeted and efficient anti-
inflammatory effects.'® These findings were corroborated by other studies showing that statin nanomaterials could
reduce plaque area in AS animal models.'® However, variations in therapeutic dosage and administration frequency pose
challenges in evaluating and comparing the therapeutic efficacy of different nanocarriers.

In addition, nucleic acid-based therapies, such as antisense oligonucleotides (ASOs) and small interfering RNAs
(siRNAs), have emerged as potential treatments for CVD. However, these therapies still have drawbacks, such as
susceptibility to degradation by RNA enzymes and rapid renal clearance.''®!'"" Many nanomaterials have been used to
deliver RNA, and lipid-based nanoparticles stood out.''? Kheirolomoom et al encapsulated anti-miR-712 in cationic lipid
particles modified with a VCAM-1-binding peptide for targeting. The cationic lipid structure improved miRNA
transfection efficiency. Experiments in an ApoE-/- mouse model showed a significant reduction in the area of the AS
lesion of approximately 43—45% compared to non-targeted nanomaterials and nanomaterials containing mismatched
miRNAs, and no side effects were observed.”® Also, ligating phosphorothioate (PS)-modified microRNA-146a to
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SPION-coated PEG could improve its efficacy by protecting it from nuclease degradation. Vivo experiments showed
a reduction in the expression of genes involved in the NF-kB pathway in the aorta of mice in the treatment group
compared to the control group. Furthermore, the treatment group showed a 30% reduction in the area of AS lesions.'"?
These studies indicated that nanomediated delivery systems could address the significant drawbacks of RNA therapies
and play a crucial role in suppressing critical factors in the development of AS, which could be achieved by prolonging
the circulation time of RNA in vivo through PEGylation of nanoparticles, adding site-specific ligands to improve
specificity, and ensuring that the drug is released at the intended site to minimize off-target effects.

Furthermore, Jiang et al prepared trimethyl chitosan nanoparticles modified with atorvastatin and galactose
(GTANPs) to encapsulate Baf60a siRNA (siBaf60a) and anti-miR-33 pDNA (pAnti-miR-33) for effective synergistic
delivery of statins and nucleic acids. In AS mice lacking ApoE, intravenous administration of GTANPs/siBaf60a resulted
in a synergistic reduction in plasma cholesterol and AS plaque area. Furthermore, oral administration of GTANPs/pAnti-
miR-33 led to a synergistic increase in plasma high-density lipoprotein cholesterol (HDL-C) and anti-inflammatory
cytokine levels, resulting in effective anti-AS outcomes. This study proposed a promising strategy for the synergistic
delivery of statins and nucleic acids to treat AS.'"*

Nanoparticles as Prognostic Factors

Ridker et al conducted a collaborative analysis of patients with or at high risk for AS disease in a multinational CLEAR-
Outcomes trial. The trial randomly assigned 13,970 patients intolerant to statins to a group receiving 180 mg of benzoic
acid orally daily and a matched placebo group. Patients were followed for myocardial infarction, stroke, risk of a four-
component composite event of coronary revascularization or cardiovascular death, and all-cause mortality. Compared to
the placebo group, the bempedoic acid trial group exhibited a 21.6% reduction in the median levels of high-sensitivity
C-reactive protein (hsCRP) and a 21.1% reduction in mean levels of low-density lipoprotein cholesterol (LDL-C) after
six months. The baseline hs-CRP level was significantly associated with major cardiovascular events, cardiovascular
mortality, and all-cause mortality. The highest hsCRP quartile had a hazard ratio (HR) of 1.43 for the primary composite
endpoint and HRs of 2.00 and 2.21 for cardiovascular and all-cause mortality, respectively. Patients with elevated levels
of hsCRP are at a high risk of adverse cardiovascular events, regardless of their levels of LDL-C. Bempedoic acid
demonstrated similar efficacy in reducing the risk of cardiovascular events at all levels of hsCRP and LDL-C. The results
indicated that increasing quartiles of hsCRP and baseline LDL-C levels were inferior predictors.''> Nanomolecules,
combined with inflammation-associated cells such as monocytes/macrophages, can be a powerful prognosticator of AS
by quantifying or localizing residual inflammatory regions or cholesterol.

Outlooks and Conclusions

In recent decades, advancements in understanding the pathophysiological mechanisms underlying CVDs have been
substantial. The rapid progress in nanotechnology has dramatically accelerated research into novel nanomaterials for
diagnosing and treating CVDs, highlighting their increasing importance in clinical practice. Beyond drug delivery,
nanoparticles exhibit therapeutic potential in immune modulation, gene regulation, and tissue regeneration, promising to
alleviate the burden of AS and enhance cardiovascular prognosis. Additionally, exploring miRNA and other molecular
targets has unveiled new avenues for targeted therapies in CVDs.

Despite the substantial promise of nanotechnology, there remains a need for further enhancement in the efficacy of
nanomaterials. For instance, comprehensive studies on the pharmacokinetics and pharmacodynamics of these materials
are essential for selecting optimal compositions and nanostructural designs. Additionally, while current clinical use
indicates acceptable safety profiles for nanoparticles, concerns persist regarding their aggregation and metabolic path-
ways within the body. The metabolism and excretion of nanoparticles in vivo are intricate processes, while some particles
are metabolized by enzymes and eliminated by the immune system, others may accumulate and provoke toxic responses.
Several factors, including size, shape, surface chemistry, concentration, and duration of exposure, influence nanoparticle
toxicity.''® For instance, silica nanoparticles of varying sizes can selectively induce cytotoxic T cells or promote Thl cell
differentiation."'”"''® Furthermore, nanoparticle shape affects cellular interactions through variable contact patterns,
influencing adhesion to VSMCs and potentially exacerbating AS plaque calcification.''™'?® The electrostatic solid
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attraction between nanoparticle surface cations and negatively charged cell membranes facilitates their penetration.
However, this affinity may also cause adverse effects such as membrane disruption, cell lysis, and degranulation of
granulocytes.'?' Surface modifications of nanoparticles alter their interactions with atherosclerosis-related cells. For
example, polyethylene glycol chains can adsorb onto membrane surfaces, activating integrins and downstream inflam-
matory pathways in macrophages.'*?

Strategies to mitigate nanoparticle-induced atherosclerotic effects include optimizing physicochemical and surface
properties such as shape, size, surface charge neutrality or slight negativity. Techniques like surface modification and cell
membrane coating can also help minimize adverse effects.'?® However, current nanoparticle metabolism and toxicity
research remains predominantly animal-based, with a notable absence of clinical case analyses. Addressing nanoparticle
toxicity effectively demands comprehensive research from molecular mechanisms to clinical applications.

In conclusion, this review underscores diverse diagnostic and therapeutic strategies employing nanomaterials tailored
to various aspects of CVDs. Nanotechnology is reshaping the landscape of CVDs diagnosis and treatment, from imaging
contrast agents to precise drug delivery systems, as evidenced by numerous foundational studies and successful clinical
trials. Looking ahead, continuous advancements in nanotechnology and progress in artificial intelligence and precision
medicine hold promise for more accurate disease progression prediction and personalized treatment strategies in CVDs.
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