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1|Introduction    

Cardiovascular Diseases (CVDs) continue to represent the leading cause of mortality worldwide, accounting 

for more than 17 million deaths annually and imposing an immense global health and socioeconomic burden 

[1]. Despite substantial advancements in conventional treatment modalities  such as pharmacotherapy, 

angioplasty, and coronary artery bypass grafting,  these approaches often fail to achieve optimal therapeutic 
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Abstract 

Cardiovascular Diseases (CVDs) remain the leading cause of mortality worldwide, posing substantial public 

health and economic burdens despite remarkable progress in modern medicine. Conventional pharmacological 

and surgical interventions often lack tissue specificity, resulting in systemic side effects and suboptimal 

therapeutic efficacy. In recent years, nanotechnology has emerged as a promising platform for the diagnosis and 

treatment of CVDs, enabling targeted drug delivery, enhanced bioavailability, and controlled release of 

therapeutic agents. Various classes of nanoparticles, including lipid-based, polymeric, metallic, and biomimetic 

systems, have been engineered to deliver drugs, genes, or imaging agents directly to diseased cardiovascular 

tissues. These nanocarriers can be tailored to recognize specific molecular markers or respond to pathological 

stimuli, thereby improving selectivity and therapeutic precision. Despite encouraging preclinical outcomes, 

several barriers continue to hinder clinical translation, such as limited biocompatibility data, immune system 

clearance, manufacturing scalability, and stringent regulatory requirements. This review provides an up-to-date 

overview of nanoparticle-based targeted therapies in cardiovascular medicine, highlighting current design 

strategies, therapeutic applications, and remaining challenges. It also discusses future perspectives and 

translational considerations to advance the development of safe and effective cardiovascular nanotherapeutics. 
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  outcomes due to nonspecific drug biodistribution, limited targeting efficiency, and undesirable systemic side 

effects [2]. 

In recent decades, the concept of targeted therapy has garnered growing attention in cardiovascular medicine 

as a means to overcome these limitations. By selectively directing therapeutic agents to diseased tissues or 

cells, targeted delivery systems aim to enhance pharmacological efficacy, reduce off-target toxicity, and 

improve overall patient outcomes [3]. 

Among emerging biomedical technologies, nanotechnology has shown exceptional promise in revolutionizing 

cardiovascular therapeutics. Nanoparticle-based delivery systems provide nanoscale platforms for 

encapsulating, stabilizing, and releasing bioactive compounds in a controlled, site-specific manner [4]. These 

engineered nanocarriers exhibit tunable physicochemical properties,  including particle size, surface charge, 

morphology, and composition  that can be precisely modified to optimize blood circulation time, cellular 

internalization, and accumulation at pathological cardiovascular sites [5]. 

Furthermore, surface functionalization with specific targeting ligands  ,such as monoclonal antibodies, 

peptides, or nucleic acid aptamers, enables active recognition of molecular markers associated with 

atherosclerotic plaques, inflamed endothelium, or ischemic myocardium, thereby achieving greater 

therapeutic selectivity [6]. A growing body of preclinical evidence supports the potential of nanoparticle-

mediated strategies for managing primary cardiovascular conditions, including atherosclerosis, myocardial 

infarction, and ischemia-reperfusion injury [7]. 

Nevertheless, despite these promising developments, the clinical translation of cardiovascular 

nanotherapeutics remains limited. Key challenges include biological safety and long-term biocompatibility, 

recognition and clearance by the immune system, manufacturing scalability, reproducibility, and the lack of 

standardized evaluation protocols [8]. 

This review, therefore, aims to provide a comprehensive overview of recent advances in nanoparticle-based 

targeted cardiovascular therapy. It summarizes the current design principles, therapeutic applications, and 

biological considerations, while highlighting significant translational barriers and future opportunities for the 

clinical implementation of next-generation cardiovascular nanomedicines [9]. 

2|Types of Nanoparticles Used in Targeted Cardiovascular Therapy 

Nanoparticles are the cornerstone of targeted cardiovascular nanomedicine, providing platforms for precise 

drug delivery, enhanced bioavailability, and controlled release. Over the past decade, a wide variety of 

nanoparticle systems have been engineered, each exhibiting distinct physicochemical properties and 

biomedical functions. The optimal selection of nanoparticle type depends mainly on the therapeutic objective, 

physicochemical characteristics of the active agent, and the biological microenvironment of the target 

cardiovascular tissue. The following sections summarize the significant classes of nanoparticles currently 

under investigation for targeted cardiovascular applications. 

2.1|Lipid-Based Nanoparticles 

Lipid-based nanoparticles, including liposomes, Solid Lipid Nanoparticles (SLNs), and Nanostructured Lipid 

Carriers (NLCs), are among the most extensively investigated systems owing to their structural similarity to 

biological membranes and their excellent biocompatibility (Fig. 1) [10], [11]. Their amphiphilic nature allows 

for the encapsulation of both hydrophilic and hydrophobic drugs, while their lipid bilayer structure provides 

superior protection against premature degradation. Furthermore, the surface of lipid nanoparticles can be 

functionalized with targeting ligands such as peptides, antibodies, or small molecules to facilitate selective 

accumulation in atherosclerotic plaques or ischemic myocardium. Recent developments have also focused on 

stimuli-responsive lipid carriers, capable of releasing therapeutic payloads in response to pH, temperature, or 

enzymatic changes within diseased cardiovascular tissues. 
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Fig. 1. Lipid-Based nanoparticles for targeted cardiovascular delivery. 

2.2|Polymeric Nanoparticles 

Polymeric nanoparticles, synthesized from natural or synthetic polymers such as Poly(Lactic-co-Glycolic 

Acid) (PLGA), Polylactic Acid (PLA), Polycaprolactone (PCL), and chitosan, offer high chemical stability and 

the ability to provide sustained and controlled drug release Fig. 2 [12],  [13]. Their biodegradability and tunable 

composition make them suitable for long-term therapeutic delivery. Moreover, stimuli-responsive polymeric 

nanoparticles can alter their structure or release kinetics in response to environmental cues (e.g., pH, redox 

potential, or enzymatic activity), enabling precise spatiotemporal control over drug delivery at pathological 

cardiovascular sites. 

 

Fig. 2. Polymeric nanoparticles for controlled and stimuli-

responsive cardiovascular delivery. 

2.3|Metallic Nanoparticles 

Metallic nanoparticles, such as Gold (AuNPs), Silver (AgNPs), and Iron Oxide nanoparticles (Fe₃O₄), exhibit 

unique optical, magnetic, and plasmonic characteristics that render them multifunctional tools for 

cardiovascular therapy and diagnostics Fig. 3 [14],  [15]. Their ability to convert electromagnetic energy into 

heat has led to applications in photothermal and magnetothermal therapy, while their high surface-to-volume 

ratio enables efficient drug or gene conjugation. Additionally, iron oxide nanoparticles have been used as 

Magnetic Resonance Imaging (MRI) contrast agents, enabling noninvasive visualization of atherosclerotic 

lesions and thrombotic regions. 
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Fig. 3. Metallic nanoparticles for cardiovascular theragnostic. 

2.4|Biomimetic Nanoparticles 

Biomimetic nanoparticles represent a new generation of smart nanocarriers designed to replicate biological 

behavior through surface coating with cell-derived membranes or biomolecules Fig. 4 [16],  [17]. Examples 

include nanoparticles camouflaged with Red Blood Cell (RBC), platelet, or leukocyte membranes, which 

enable immune evasion, prolonged systemic circulation, and enhanced homing to sites of vascular 

inflammation or myocardial injury. This biomimicry provides an effective strategy to overcome the limitations 

of synthetic nanomaterials by integrating natural recognition capabilities with engineered drug-delivery 

functions. 

 

Fig. 4. Biomimetic nanoparticles for immune evasion and 

targeted cardiovascular delivery. 

2.5|Hybrid Nanostructures 

Hybrid nanostructures combine the advantages of multiple nanomaterial classes into a single multifunctional 

platform (Fig. 5) [18],  [19]. Typical examples include polymer lipid hybrid nanoparticles, metal–polymer 

composites, and biomimetic metallic hybrids. These architectures synergistically integrate biocompatibility, 

structural stability, and targeting specificity, enabling simultaneous imaging, therapy, and real-time monitoring 

often referred to as theranostics. Hybrid nanoparticle systems hold tremendous potential for addressing the 

multifaceted pathophysiology of CVDs by enabling the co-delivery of drugs, genes, or imaging agents within 

a single nanosystem. 
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Fig. 5. Hybrid nanostructures for multifunctional cardiovascular therapies. 

3|Mechanisms of Targeting in Nanotherapeutics for Cardiovascular 

Diseases 

A critical challenge in cardiovascular nanomedicine is achieving precise and efficient delivery of therapeutic 

agents to the diseased or injured tissue while minimizing systemic exposure and off-target toxicity. 

Nanoparticles employ diverse targeting strategies to enhance local drug accumulation and improve therapeutic 

efficacy. These strategies can be broadly classified into passive, active, stimulus-responsive, and magnetic 

targeting mechanisms. 

3.1|Passive Targeting 

Passive targeting exploits the inherent pathological features of diseased cardiovascular tissues. Injured or 

inflamed areas often exhibit enhanced vascular permeability and impaired lymphatic drainage, facilitating the 

extravasation and retention of nanoparticles, a phenomenon commonly referred to as the Enhanced 

Permeability and Retention (EPR) effect [20],  [21]. The size, shape, and surface chemistry of nanoparticles 

are critical determinants of their ability to penetrate vessel walls and preferentially accumulate at the target 

site. This strategy is particularly relevant in atherosclerotic plaques, ischemic myocardium, and regions of 

vascular injury where microvascular leakage is prominent. 

3.2|Active Targeting 

Active targeting involves functionalizing nanoparticle surfaces with specific ligands, such as monoclonal 

antibodies, peptides, aptamers, or small molecules, that selectively bind receptors expressed on target cells 

[22],  [23]. In cardiovascular applications, these receptors are frequently present on endothelial cells, 

macrophages, or other immune/inflammatory cells residing within the diseased tissue. Such ligand-receptor 

interactions enhance nanoparticle retention, facilitate cellular internalization, and increase localized 

therapeutic concentrations, thereby improving treatment efficacy while reducing systemic side effects. 

3.3|Stimuli-Responsive Targeting 

Stimuli-responsive nanoparticles are engineered to respond to specific microenvironmental cues within 

pathological tissues, including acidic pH, oxidative stress, enzymatic activity, or hypoxia [24],  [25]. Upon 

encountering these stimuli, nanoparticles undergo conformational or chemical changes that trigger controlled 

and site-specific drug release, enabling precise delivery of therapeutic agents directly to the lesion site. This 

strategy effectively minimizes off-target effects and enhances therapeutic selectivity. 
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  3.4|Magnetic Targeting 

Magnetic targeting utilizes Magnetic Nanoparticles (MNPs) guided by external magnetic fields to achieve 

localized drug accumulation [26],  [27]. By directing MNPs toward diseased vascular or myocardial tissue, this 

approach increases nanoparticle retention, enhances cellular uptake, and improves therapeutic outcomes. 

Magnetic targeting can also be combined with imaging modalities, such as MRI, enabling theranostic 

applications for simultaneous diagnosis and therapy. 

3.5|Integrative Targeting Approaches 

Recent advances suggest that combining multiple targeting strategies, for example, passive accumulation with 

active ligand-mediated recognition or stimuli-responsive release, can synergistically enhance the precision, 

efficacy, and safety of cardiovascular nanotherapeutics. Such integrative approaches hold significant promise 

for overcoming current limitations in drug delivery and maximizing clinical outcomes. 

4|Cutting-Edge Applications of Targeted Nanoparticle Therapy in 

Cardiovascular Diseases 

Targeted nanoparticle-based therapies have emerged as innovative and transformative strategies for the 

management of CVDs, enabling precise delivery of therapeutic agents directly to injured or diseased tissues. 

By concentrating treatment at the site of pathology, these approaches enhance therapeutic efficacy while 

minimizing systemic exposure and off-target side effects, thereby providing significant advantages over 

conventional pharmacological and surgical interventions. The primary applications of targeted nanoparticles 

in cardiovascular medicine are summarized below. 

4.1|Atherosclerosis Treatment 

Nanoparticles can selectively accumulate in atherosclerotic plaques, facilitating the targeted delivery of anti-

inflammatory, antioxidant, and lipid-modulating agents [28], [29]. Localized therapy reduces plaque 

inflammation, mitigates oxidative stress, and promotes plaque stabilization, ultimately lowering the risk of 

acute cardiovascular events such as myocardial infarction and ischemic stroke. Functionalization of 

nanoparticles with ligands targeting macrophages or endothelial cells further enhances therapeutic precision. 

4.2|Myocardial Regeneration 

In myocardial infarction and other cardiac injuries, nanoparticles act as carriers for drugs, growth factors, or 

gene therapy constructs that promote tissue repair and regeneration [30], [31]. These nanocarriers can 

stimulate angiogenesis, enhance cardiomyocyte proliferation, and modulate local inflammatory responses, 

thereby supporting functional heart recovery and improving post-infarction remodeling. 

4.3|Gene and Ribonucleic Acid Therapies 

Nanoparticles provide an efficient platform for targeted delivery of genetic material, including DNA, Small 

Interfering Ribonucleic Acid (siRNA), and micro Ribonucleic Acid (miRNA), to specific cardiac cell 

populations. This targeted gene modulation enables precise correction of the pathological molecular pathways 

implicated in CVDs, offering personalized, highly specific therapeutic interventions. Nanoparticle-mediated 

delivery also protects nucleic acids from degradation and enhances cellular uptake, overcoming significant 

limitations of conventional gene therapy approaches. 

4.4|Theranostics 

Theranostic nanoparticles, which combine therapeutic and diagnostic functionalities, enable simultaneous 

drug delivery and real-time imaging [30],  [31]. This dual capability enables clinicians to monitor treatment 

responses in real time, adjust therapeutic regimens, and optimize patient outcomes. Theranostic strategies are 
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  particularly valuable for tracking plaque regression, myocardial repair, and vascular remodeling, providing a 

comprehensive approach to precision cardiovascular medicine. 

5|Challenges and Limitations in Targeted Nanoparticle Therapy for 

Cardiovascular Diseases 

Despite the promising potential of targeted nanoparticle-based therapies in cardiovascular medicine, several 

critical challenges must be addressed before widespread clinical translation can be achieved. 

5.1|Safety and Nanoparticle Toxicity 

A major concern in the clinical implementation of nanoparticle therapies is their safety profile. Depending on 

their size, composition, and surface characteristics, nanoparticles can elicit unintended toxicological effects. 

For example, certain biodegradable polymeric nanoparticles have been reported to disrupt endothelial 

function and provoke inflammatory responses, potentially exacerbating cardiovascular pathology [32]. 

Additionally, systemic accumulation of nanoparticles in organs such as the liver, kidneys, and spleen raises 

concerns regarding long-term toxicity and biocompatibility. Therefore, comprehensive in vivo and in vitro 

evaluations are essential to thoroughly assess safety and ensure patient protection during prolonged 

treatments [33], [34]. 

5.2|Stability and Controlled Drug Release 

Maintaining nanoparticle stability in the dynamic cardiovascular environment and achieving precise, 

controlled release of therapeutic agents at the target site remain significant challenges. Fluctuations in blood 

flow, enzymatic activity, and local pH can affect nanoparticle integrity and drug release kinetics. Development 

of smart or stimuli-responsive nanoparticles that release their payload exclusively in pathological tissue is a 

major focus of current research, aiming to maximize therapeutic efficacy while minimizing off-target effects 

[35], [36] . 

5.3|Precise Targeting and Tissue Penetration 

Achieving selective accumulation of nanoparticles within diseased cardiovascular tissue is impeded by 

multiple biological barriers. Nanoparticles must evade immune clearance mechanisms and traverse intact 

endothelial barriers to reach target lesions, such as atherosclerotic plaques or ischemic myocardium. The 

dense extracellular matrix and fibrotic tissue surrounding pathological sites further restrict nanoparticle 

penetration, limiting delivery efficiency. Innovative targeting ligands and surface modifications are critical to 

enhance homing, tissue infiltration, and therapeutic outcomes [37],  [38]. 

5.4|Scalability of Production and Cost 

Translating laboratory-scale nanoparticle formulations to industrial-scale production poses technical and 

economic challenges. Ensuring batch-to-batch reproducibility, stability, and functional consistency is 

complex, while the use of expensive raw materials and sophisticated synthesis protocols contributes to high 

manufacturing costs. These factors may hinder the accessibility and affordability of nanoparticle-based 

therapies for cardiovascular patients [39], [40]. 

5.5|Ethical and Regulatory Considerations 

The novelty of nanomedicine introduces unique ethical and regulatory challenges. Current regulatory 

frameworks for nanoparticle-based therapies are evolving, and comprehensive guidelines for evaluating safety, 

efficacy, and long-term outcomes are still lacking. Collaboration among scientists, clinicians, and regulatory 

authorities is essential to establish standardized testing protocols, ensure responsible clinical implementation, 

and address public concerns regarding nanotechnology applications [41], [42]. 
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  6|Future Perspectives in Targeted Nanoparticle Therapy for 

Cardiovascular Diseases 

Recent advances in nanoparticle technology and their biomedical applications have opened new avenues for 

treating CVDs. With improvements in targeting specificity, physicochemical stability, and the development 

of smart nanocarriers, nanoparticle-based therapies are expected to achieve higher efficacy, enhanced safety, 

and reduced systemic side effects. 

6.1|Multifunctional Nanoparticles and Theranostics 

A prominent future direction involves multifunctional nanoparticles capable of co-delivering multiple 

therapeutic agents or integrating diagnostic and therapeutic functionalities, a strategy commonly referred to 

as theranostics [43], [44]. These advanced platforms enable real-time monitoring of therapeutic responses, 

facilitating personalized and adaptive treatment regimens tailored to individual patient needs. 

6.2|Stimuli-Responsive and Smart Nanoparticles 

The development of stimuli-responsive nanoparticles that respond to specific biological cues, such as pH, 

temperature, oxidative stress, or enzyme activity, is anticipated to enhance further targeting precision [45], 

[46]. Such smart systems can achieve selective drug release at pathological sites, minimizing off-target toxicity 

and maximizing therapeutic efficacy 

6.3|Integration with Artificial Intelligence and Bioinformatics 

The integration of nanoparticle technology with cutting-edge computational tools, including Artificial 

Intelligence (AI) and bioinformatics, is poised to transform cardiovascular therapeutics [47], [48]. AI-driven 

algorithms can analyze large datasets derived from patient profiles and nanoparticle behavior to optimize 

nanoparticle design, predict therapeutic outcomes, and support clinical decision-making, thereby accelerating 

the translation of nanomedicine into practice. 

6.4|Enhancing Biocompatibility and Safety 

Ongoing efforts are focused on improving biocompatibility and reducing potential toxicity through surface 

modifications, the use of biodegradable materials, and precise control over particle size and morphology [49], 

[50]. Ensuring long-term safety is essential not only for regulatory approval but also for widespread patient 

acceptance of nanoparticle-based therapies. 

6.5|Translational and Collaborative Strategies 

Interdisciplinary collaboration among engineers, biologists, clinicians, and regulatory experts is critical to 

accelerate the translation of nanoparticle therapies from the laboratory to clinical settings. Establishing 

standardized protocols for preclinical evaluation, scalable manufacturing, and regulatory compliance will 

support the successful integration of nanomedicine into cardiovascular care [51], [52]. 

7|Ethical and Regulatory Considerations in Targeted Nanoparticle 

Therapy for Cardiovascular Diseases 

The rapid advancement of nanotechnology in cardiovascular medicine introduces complex ethical and 

regulatory challenges that must be addressed to ensure the safe, responsible, and equitable implementation of 

these therapies. Patient safety remains the foremost priority; therefore, comprehensive evaluation of the 

potential risks and benefits of nanoparticle-based interventions is essential before clinical translation. 
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  7.1|Data Privacy and Informed Consent 

The rise of personalized nanomedicine, which often relies on genomic and biomarker data, has heightened 

concerns about data privacy and patient confidentiality. Robust legal frameworks are required to protect 

patient information, and informed consent procedures must clearly communicate the potential benefits and 

risks of nanoparticle-based treatments. 

7.2|Regulatory Standards and Global Harmonization 

Regulatory requirements for the production, characterization, and clinical evaluation of nanoparticles differ 

widely across countries, creating challenges for global approval, manufacturing, and adoption. Organizations 

such as the FDA, EMA, and WHO are actively developing guidelines; however, regulatory frameworks are 

still evolving and must be continuously updated to keep pace with technological advancements. Standardized 

protocols for preclinical testing, quality control, and safety assessment are critical for facilitating clinical 

translation. 

7.3|Environmental and Ecological Considerations 

Public concerns regarding the environmental impact of nanoparticles, including their long-term persistence 

and bioaccumulation, necessitate responsible policymaking and transparency from researchers and 

manufacturers. Integrating environmental risk assessments into the development and production pipeline is 

essential to mitigate potential ecological hazards and ensure sustainable nanomedicine practices. 

7.4|Ethical Dilemmas and Social Equity 

Ethical challenges include equitable access to potentially expensive nanoparticle therapies, the risk of misuse 

of nanotechnologies, and the imperative for clear communication to prevent public misinformation. 

Collaborative engagement among scientists, clinicians, ethicists, regulatory bodies, and patient advocacy 

groups is crucial to formulate fair, transparent, and socially responsible policies. 

8|Conclusion 

Targeted nanoparticle-based therapies represent a revolutionary approach in cardiovascular medicine, offering 

unprecedented opportunities for precision, efficiency, and multifunctionality in treatment. Throughout this 

review, we have highlighted the unique physicochemical properties of various nanoparticle platforms, 

including lipid-based, polymeric, metallic, biomimetic, and hybrid systems  that enable site-specific delivery of 

therapeutic and diagnostic agents to diseased cardiovascular tissues. Such precision enhances therapeutic 

efficacy, reduces systemic toxicity, and opens the door to personalized treatment strategies tailored to 

individual patient needs. 

The mechanisms of targeting, including passive accumulation, active ligand-mediated targeting, stimuli-

responsiveness, and magnetic guidance, have demonstrated the ability to overcome traditional barriers in 

cardiovascular therapy, such as poor drug bioavailability and off-target effects. Additionally, emerging 

theranostic and multifunctional nanoparticles allow for simultaneous imaging and therapy, enabling real-time 

monitoring of treatment responses and adaptive interventions, which are crucial for optimizing patient 

outcomes. 

Despite these promising advancements, several critical challenges remain. Nanoparticle toxicity, immune 

clearance, limited tissue penetration, production scalability, regulatory hurdles, and ethical considerations pose 

significant obstacles to clinical translation. Addressing these issues requires comprehensive preclinical 

evaluation, standardization of manufacturing protocols, and interdisciplinary collaboration among scientists, 

clinicians, engineers, and regulatory authorities. Moreover, integrating emerging technologies such as AI and 

bioinformatics could optimize nanoparticle design, predict therapeutic efficacy, and streamline decision-

making in clinical practice. 
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  Looking forward, the future of targeted nanoparticle therapy lies in the development of smart, stimuli-

responsive, and multifunctional nanoplatforms with enhanced biocompatibility, safety, and adaptability. Such 

systems are expected not only to improve treatment outcomes for prevalent cardiovascular conditions, 

including atherosclerosis, myocardial infarction, and ischemia-reperfusion injuries, but also to pave the way 

for precision cardiovascular medicine that accounts for patient-specific pathophysiology, genetic background, 

and risk profiles. 

In conclusion, while significant progress has been made, realizing the full clinical potential of nanoparticle-

based cardiovascular therapies requires continued technological innovation, robust clinical evaluation, ethical 

oversight, and consideration of global accessibility. By overcoming current limitations and integrating 

multidisciplinary expertise, targeted nanoparticle therapy is poised to transform cardiovascular care, offering 

safer, more effective, and highly personalized treatment options that could significantly reduce morbidity and 

mortality worldwide. 
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