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Abstract: The increasing global prevalence of cardiovascular diseases highlights the urgent need for innovative diagnostic and
therapeutic strategies. Aptamers, small single-stranded nucleic acid molecules with exceptional specificity and affinity for target
biomolecules, have emerged as promising tools for precise diagnostics and targeted therapies. Their selective binding
capabilities provide valuable insights into the molecular mechanisms underlying cardiovascular conditions. When integrated
into nanosystems, aptamers enhance the delivery, bioavailability, and stability of diagnostic and therapeutic agents, addressing
challenges of solubility and degradation. This integration enables more targeted drug delivery, advanced imaging techniques,
and improved therapeutic interventions, ultimately improving the management of cardiovascular diseases. Recent advancements
in aptamer selection methodologies, coupled with their unique three-dimensional structures, have significantly expanded their
application potential in cardiovascular health. By combining aptamers with nanosystems, novel approaches to cardiovascular
disease diagnosis and treatment are emerging, promising enhanced efficacy, safety, and precision. This review explores recent
progress in the development and application of aptamer-based nanosystems in cardiovascular diagnostics and therapies.
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Introduction
Cardiovascular diseases are a major global cause of morbidity and mortality, requiring new diagnostic and therapeutic
approaches. Traditional diagnostic techniques for cardiovascular diseases (CVDs), biomarker assays and imaging, face
sensitivity, specificity, and real-time monitoring challenges. Nanosystems, including nanoparticles, liposomes, quantum dots,
and magnetic nanoparticles, offer solutions by enhancing diagnostic accuracy, targeting precision, and enabling real-time
monitoring." Aptamers, small single-stranded DNA or RNA molecules, offer high specificity and affinity for targets,
presenting significant potential for targeted diagnostic and therapeutic strategies in cardiovascular care. When coupled
with nanosystems, aptamers enhance detection capabilities, allowing for precise interactions with CVD biomarkers.”
Aptamers are commonly conjugated with gold nanoparticles for optical detection, quantum dots for fluores-
cence imaging, and magnetic nanoparticles for MRI, providing improved visualization of cardiovascular abnorm-
alities. Additionally, aptamer-functionalized liposomes and nanocarriers improve the delivery and bioavailability of
diagnostic agents, facilitating more effective detection of biomarkers like troponins, myoglobins, and C-reactive
proteins.” Integrating aptamers with nanosystems improves diagnostic performance by enhancing sensitivity,
lowering detection limits, and enabling real-time monitoring.* This review explores recent advancements in

aptamer-based nanosystems for CVD diagnosis, highlighting their potential to revolutionize diagnostic platforms.
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Cardiovascular Diseases (CVDs) Pathophysiology

CVDs represent a major global health concern, with atherosclerosis being a key contributor to their pathophysiology. The
accumulation of plaques within arterial walls leads to arterial stiffening and narrowing, significantly influencing
conditions like stroke, coronary artery disease, and peripheral vascular disorders. A comprehensive understanding of
the molecular mechanisms underlying atherosclerosis is essential for the development of targeted therapeutic strategies
aimed at mitigating its detrimental effects on cardiovascular health.”> Aptamers, with their high specificity for disease-
related biomarkers, offer significant potential in the diagnosis and treatment of CVDs, including atherosclerosis.
Integrated into nanosystems, aptamers enable targeted drug delivery and precise diagnostics, facilitating early detection
and more effective treatment strategies. This targeted approach enhances personalized care in CVD management,
improving therapeutic outcomes while minimizing side effects.®

Vascular disorders, characterized by endothelial dysfunction and blood vessel abnormalities, pose a significant
challenge to cardiovascular health. Aptamers, as molecular recognition elements, can be engineered to selectively bind
to biomarkers associated with vascular pathology. When incorporated into nanosystems, these aptamers enable targeted
delivery of therapeutic agents or imaging compounds, facilitating personalized treatment strategies for vascular
diseases.” !

Autoimmune cardiomyopathies, where the immune system targets cardiac tissues, introduce an immunological
component to cardiovascular diseases. Aptamers, capable of modulating immune responses, can be integrated into
nanosystems to address the immune-driven aspects of these conditions. This approach enables the development of
targeted therapies that reduce cardiac tissue damage by specifically targeting the autoimmune components of the
disease.'*"? The integration of aptamer-based nanosystems offers a focused, comprehensive approach to cardiovascular
health by addressing various aspects of cardiovascular diseases.'* The precision of aptamers, combined with the
versatility of nanosystems, provides a platform for early diagnosis and personalized treatment.'*'® As research
progresses, this combination is expected to revolutionize cardiovascular medicine, enhancing patient outcomes and
quality of life.

Advances in Aptamer-Based Nanosystems

Nanomaterial-based technologies enhance bioanalysis and biomedicine by enabling early disease detection and improv-
ing drug and gene delivery. Designed for specific sub-cellular interactions, these technologies have the potential to
optimize targeted treatments, improving efficacy and minimizing side effects in clinical applications.'” "

By combining the inherent properties of nanomaterials with the selective recognition capabilities of aptamers, various
effective nanomaterial-aptamer complexes have been developed for diverse applications (Figure 1). Aptamers are
synthesized using combinatorial oligonucleotide libraries, comprising sequences in the range of 1012 to 10715, and
are chemically produced through the in vitro systematic evolution of ligands by exponential enrichment (SELEX).?
Following 6 to 18 rounds of selection, populations containing more than 10”13 distinct sequences are meticulously
screened, enabling the isolation of nucleic acid species that exhibit high specificity for the intended target.”'

Aptamers demonstrate significant versatility, particularly in two key areas. First, their precise binding capabilities
position them as promising tools for biomedical applications, such as drug delivery and the development of novel
therapeutic systems. A notable example is Macugen, an FDA-approved aptamer targeting vascular endothelial growth
factor for the treatment of age-related macular degeneration, which is already in clinical use. Second, aptamers
advancement of biosensors. Once a specific aptamer sequence is identified, it can be produced cost-effectively, with
high purity. Unlike antibodies, aptamers can be chemically modified with various tags, facilitating their tracking,
manipulation, and immobilization on a range of solid substrates.”*> > Aptamer-based nanosystems offer significant
advantages in targeted therapies and biosensors, improving precision and efficacy; however, challenges such as stability,
delivery efficiency, and potential immunogenicity need to be addressed for broader clinical application.'*

Clinical Integration of Aptamer-Based Nanosystems
Nanotechnology has transformative potential across various industries, including electronics, materials science, and
healthcare.”® Aptamer-based nanosystems, due to their unique properties and high specificity, offer significant potential in
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Figure |1 Examples of drug delivery systems that employ aptamers as targeting agents. The figure illustrates various strategies, including aptamer-conjugated nanoparticles,
aptamer-functionalized liposomes, and aptamer-based delivery complexes, highlighting their potential in improving the precision and efficacy of drug delivery. Reproduced
from Gao F, Yin J, Chen Y, Guo C, Hu H, Su J. Recent advances in aptamer-based targeted drug delivery systems for cancer therapy. Front Bioeng Biotechnol. 2022 Aug
16;10:972933. Copyright © 2022 Gao, Yin, Chen, Guo, Hu and Su. Creative Commons Attribution License (CC BY).?

applications as biosensing and targeted drug delivery. Aptamers exhibits strong affinity for specific targets, including
proteins, small molecules, or living cells.?”-*®

Integrating aptamers into nanosystems opens numerous opportunities across various fields like applications in
biotechnology, environmental monitoring, and medicine.”” These nanosystems offer significant advancements in bio-
technology, enabling the development of research tools and therapeutics®® and are valuable in gene regulation, protein
engineering, and the design of targeted therapies due to their ability to selectively target specific molecules.’' >* Targeted
drug delivery through aptamer-based nanosystems represents a promising advancement in addressing the limitations of
conventional chemotherapy, which often leads to non-specificity and collateral damage to healthy tissues. By encapsulat-
ing therapeutic agents in nanoparticles functionalized with aptamers that specifically bind to surface markers on cancer
cells, this approach minimizes adverse effects while enhancing the therapeutic efficacy of the treatment.?*>*3%

Aptamer-based nanosystems, coupled with signal-amplifying components, enable the development of sensitive
biosensors capable of detecting pathogens, contaminants, and disease biomarkers, offering rapid and accurate diagnostics
(Figure 2) for early disease detection.>®* This approach allows for tailored therapeutic interventions, potentially

reducing adverse effects and improving treatment outcomes.*®>°
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Figure 2 Nanotheranostic strategies in cardiovascular diseases. Nanoparticles as liposomes, dendrimers, and metallic nanoparticles, are engineered to simultaneously
deliver therapeutic agents and provide real-time diagnostic imaging capabilities (MRI, PET, fluorescence imaging). These systems enable targeted treatment of
cardiovascular tissues, improved disease monitoring, and early detection of pathologies, thereby enhancing both therapeutic efficacy and diagnostic accuracy in CVD
management. Reproduced from Ramchandani M, Kumari P, Goyal AK. Aptamers as theranostics in cardiovascular diseases. | Nanotheranostics. 2023;4(3):408—428.
Copyright: © 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://cr'eativecommons,org/licenses/by/4.0/).SI

Aptamer-based nanosystems have valuable applications in environmental monitoring, enabling sensitive and targeted
detection of pathogens, pollutants, and toxins in air and water. These systems enhance the speed and accuracy of toxin
detection, contributing to improved environmental health and safety.’>>® Aptamers are a flexible tool with a multitude of
applications since researchers may build them to bind to a wide range of targets. To improve their functionality and
enable uses like medication delivery, imaging, and theranostics (combined therapy and diagnostics), they can also be
functionalized with different nanoparticles.’”>® Aptamer-based nanosystems hold significant potential in medicine and
environmental monitoring, offering targeted drug delivery, sensitive biosensing, and personalized therapies.”® However,
challenges related to stability, scalability, and delivery optimization must be addressed for broader clinical application.

Diagnostic Applications in Cardiovascular Disease

Aptamer-based nanosystems are increasingly utilized for the diagnosis, prognosis, and risk assessment of CVDs,
enabling the identification and detection of specific biomarkers® associated with these conditions. The flexibility of
aptamer design compensates for the drawbacks in their widely used counterparts, antibodies. Typically, antibodies, as
a diagnostic tool, do offer greater sensitivity and selectivity towards target molecules. Nevertheless, their high production
cost and variations in batches pose a limitation to the experiment.®’*** This has resulted in inaccurate test outcomes,
contributing to the widely recognized “reproducibility crisis”.> Despite efforts to reduce their immunogenicity, the
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administration of antibodies carries a high risk of triggering immune responses, thereby limiting their clinical
application.®* Aptamers, on the other hand, present a useful alternative with low manufacturing cost, and their synthetic
nature yields high reproducibility, with reduced batch variations, granting an easy means for large-scale production.®>-%°
Additionally, aptamers offer high level of customizability, with the help of SELEX, to generate aptamers with high
affinity, especially when targeting homologous molecules.®”-*® With the advancements in technological fields, recent
research suggests a systematic way for isolation and production of aptamers with “programmable binding affinities”,*’
which paves way for improved selectivity of aptamers over antibodies. The ability to control aptamer specificity allows
for the neutralization of interfering analytes and modulation of inflammatory immune responses, as demonstrated in
antibody cross-reactivity with homologous targets.”” This cross-reactivity has been identified to be caused by the
complementarity-determining regions intrinsically present in antibodies. Their absence in aptamers automatically
makes them safer for use than antibodies.”"”* The small size and low toxicity of aptamers even when conjugated with
metallic nanoparticles makes them a more suitable alternative than antibodies for use in experimental and clinical
trials.”””7® The development of SOMAmers (slow off-rate modified aptamers) enhances aptamer target diversity by
effectively binding hydrophobic analytes.””-”® The nucleic acid aptamers are coupled with hydrophobic moieties allowing
SOMAmers to show affinity for such chemical compounds.”’

Aptamer-based nanosystems present a promising alternative to antibodies for cardiovascular disease diagnosis,
offering cost-effectiveness, high reproducibility, and customizable specificity.*® Their reduced immunogenicity, small
size, and ability to bind diverse targets enhance their potential for clinical use, though challenges in delivery optimization

persist.®!

Biomarker Detection via Aptamers

Biomarkers have gained prominence as critical indicators for early diagnosis and prognostication of CVDs. A diverse
array of biomolecular entities, including metabolites, nucleic acids (DNA and RNA), proteins, and hormones, serve as
biomarkers. Alterations in the concentration of these molecules, relative to baseline levels, can provide insights into the
presence and stage of disease.® Ongoing research focuses on identifying diverse biomarkers and developing specific
aptamers for their detection. The demand for aptamer-based biosensors, or aptasensors, is growing rapidly, as clinicians
and researchers seck diagnostic tools that offer broad target specificity. These tools are not only capable of detecting
biomolecules like peptides and proteins but also cells and metal ions, addressing the need for accurate and reliable results
across various applications.®>**

Aptamers show considerable promise in biomarker identification for CVDs, offering high specificity and reliability
for detecting various biomolecules. Their integration into aptasensors enhances early detection and diagnostic accuracy in
clinical applications.®>*® This review highlights key CVD biomarkers and their corresponding aptamers or aptasensors,
including troponins, myoglobins, and C-reactive proteins (Table 1 and 2).

Troponin as Biomarker
The development of immunological assays for detecting organ-specific protein markers has made cardiac troponin

106199 Troponin T, troponin I,

a crucial biomarker for the identification and prediction of acute myocardial infarction.
and troponin C, are the three globular proteins that form the Troponin Complex found associated with the regulation of
muscle contraction.''” The cardiac troponin I and T (¢Tnl and c¢TnT) are the most routinely targeted isoforms due to

L2 thys are referred to as the “gold

unique distinction from their complementary skeleton muscle protein isoforms,
standard” for AMI detection.''® Damage to myocardial tissues results in the release of troponin into the bloodstream,
consequently raising the blood-protein concentration within 4—6 hours, and remaining elevated for the next several
days.®

Despite the widespread use of antibody-based ELISA for detecting cardiac troponin I (cTnl), its limit of detection
(LOD), typically around 1-10 ng/mL, restricts its ability to accurately detect low concentrations of ¢cTnl."'* The endeavor
to produce a more sensitive and responsive detection protocol has yielded an assortment of DNA aptamers that target
cTnl. In 2015, 79 bp ssDNA random libraries were screened to find a potential cTnl target. The outcome of this screening

produced several favorable aptamer sequences, namely, TnlApt23, TnlApt19, TnlApt18, TnlAptll. Upon further testing,
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Table | Applications of Aptamer-Based Nanosystems in the Treatment of CVDs

Targets Aptamers Nanoparticles Diseases/Applications References
Myoglobin (Myo) EpCAM- Polyethylene glycol methyl ether- Ischemic heart diseases and Acute myocardial 87,88

DNA block-polylactide-co-glycolide infarction

(PEG-PLGA)
DNA Poly-I-lysine-black phosphorus
(PLL-BP)

Thrombin TBAs Silver nanoparticles (Au-NPs) Heart attacks and Strokes 89,90

TBA,7
Cardiac Troponin Tro4 Gold-conjugated nanoparticles- Acute myocardial infarction, Acute coronary 91-93
I (cTnl) TTCA (Ag-NPs-TTCA) syndromes, and Venous thrombosis

Troé Nanotetrahedrons

Apt.| Nanostructures embedded-

graphdiyne with a hydrogen
substitution (HsGDY)

Creatine Kinase (CK) cpt. 0 - Acute coronary syndrome, Chronic heart failure, and o
hypertension

cptl
Heart-Located Fatty NI3 Silver nanoparticles (Au-NPs) Acute coronary syndrome, Heart failure, and 95.96
Acid Binding Protein NE3 Myocardial infarction
(HFABP)
B-type Natriuretic A8 Propargyl acetic acid and Von Willebrand disease, Atherosclerosis, Stroke, and 7
Peptide (BNP) Al45 polyethyleneimine/reduced Arterial thrombosis

i graphene oxide
C-Reactive Protein CRP-40-17 Graphene oxide (GO) Atherothrombotic, Cardiac death, Ischemic stroke, 7
(CRP) and Myocardial infarction
CRP-62-40
Von Willebrand 41-mer Polyethylene glycol (PEG) Vascular injury, Arterial thrombosis, Atherosclerosis, 98,99
Factor (VWF) DNA Stroke, Hemolytic uremic syndrome, and von
Willebrand disease

BT-200
Factor 1Xa 31-mer Polyethylene glycol (PEG) Vascular thrombosis and Acute coronary syndromes 100

RNA

Table 2 Applications of Aptamer-Based Nanosystems in the Diagnosis of CVDs

Aptamer-Based Nanosystem Target Molecule Diagnostic Application Reference

Aptamer-functionalized gold

nanoparticles

Endothelial cell markers

Detection of endothelial dysfunction in atherosclerosis

101

Aptamer-conjugated silica

nanoparticles

C-reactive protein (CRP)

Detection of inflammation associated with cardiovascular
events

Aptamer-conjugated liposomes Inflammatory cytokines Imaging and monitoring of inflammatory processes in CVDs | '°2

Aptamer-modified magnetic Vascular adhesion Magnetic resonance imaging (MRI) for plaque detection 103

nanoparticles molecules

Aptamer-coated nanoparticles miRNA biomarkers Non-invasive detection of miRNAs for CVD risk assessment | '%¢
105
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it was found that TnIApt23 had the highest affinity in the nanomolar range (2.69 nM) towards c¢Tnl protein.''
Additionally, a rapid colorimetric assay was developed using new and specific aptamer-AuNanoParticles conjugates,
for the detection of Human Cardiac Troponin I. This colorimetric assay was basses on dot blot assay and tolerated an
LOD of 5 ng mL™". Another study selected 2 high-affinity ssDNA aptamers, Apt 3 and Apt 6) and developed a dual-
aptamer sandwich Enzyme-Linked Oligonucleotide Assay Method (ELONA) for detection of cTnl. The LOD offered by
dual-aptamer ELONAwas 0.05 ng mL™"."'® Current research groups are investigating the possibility developing new
versions of aptasensors for ¢Tnl by engineering anti-cTnl aptamers.''” A c¢Tnl aptamer-immobilized screen-printed
carbon electrode was developed to achieve highly sensitive ¢Tnl detection, with a LOD of 1.0 pM (24 pg/mL). Further
improving sensitivity, flat Au-based nanoplates functionalized with anti-cTnl aptamers enabled detection of cTnl at
concentrations as low as 2.4 pg/mL. These advancements demonstrate the potential of cardiac troponin aptamers as
a reliable method for early detection of AML''®

Aptamers targeting cardiac troponin enhance AMI detection sensitivity and precision, offering improved detection
limits compared to conventional antibody-based methods.''® However, challenges like limited stability in complex
biological environments and potential issues with reproducibility and large-scale production need to be addressed for

broader clinical use.'”

Myoglobin in Cardiovascular Diagnostics

A monomeric hemoprotein, myoglobin (Mb) is a single chain polypeptide of around 153 amino-acid molecules, widely
known for its heam group consist of porphyrin ring with central ferrous iron molecule.'** Myoglobin is low molecular
weight protein, and one of the first cardiac biomarkers released into the bloodstream following cardiac tissue damage.
Basal blood concentrations of Mb range from 6 to 85 ng/mL, but within two hours of AMI, levels rise to 70-200 ng/mL,
establishing Mb as a valuable marker for AMI detection.'?!'#?

Studies to develop a probe for an electrochemical biosensor became fruitful in 2014, when Wang et al were able to
successfully generate an anti-Mb aptamer.'>> This opened doors for the detection of Mb, as a biomarker of AMI, in
a target-induced aptamer displacement assay.'>* Continuation of this investigation lead to the creation of an antibody-MB
-aptamer sandwich assay where the aptamer/Mb and antibody/Mb possess different binding interactions resulting in
different binding affinities. This further lead to the development of a polystyrene microplate which was coated with
commercially produced anti-Mb antibodies. The commercially synthesized anti-Mb antibodies were used as capture
agents alongside an invertase-aptamer conjugate, used as a secondary probe, to enhance the indicating signals. Hence, an
antibody-Mb-aptamer sandwich assay was invented as a means to observe and keep track of AMI'® In recent studies
a 72 nucleotide (nt) DNA-based molecule, which represents Mb, it being synthesized to develop a differential pulse
voltammetry-based electrochemical sensor having an LOD of 2.1 pg mL™'.'*® Aptamers targeting myoglobin have
significant potential for detection of AMI, offering improved sensitivity and specificity compared to conventional
methods. However, further optimization of their stability, sensitivity, and integration into practical diagnostic platforms

is needed for broader clinical application.'?’

C-Reactive Protein in Cardiovascular Disease

Produced mainly in the liver, C-reactive protein (CRP) is a 125 kDa pentameric protein synthesized as a result of
inflammation, infection or damage to cells of different organs, including the heart.'*® Therefore, CRP levels are known to
reflect the magnitude of inflammation, despite CRP being a relatively non-specific protein. In normal conditions, CRP
levels are noted to be about <10 pg mL ™" in healthy individuals, whereas in the case of AMI, CRP concentration can
increase to about 200 pg mL™1.'* CRP is used frequently in clinical diagnosis as a biomarker of AMI, as such, there are
a CRP targeting aptamers have been profusely studied and examined.'*° One prominent example if the successful design
and development of 2 RNA aptamers, CRP-80-17, and a truncated CRP-40-17, by using the graphene oxide-SELEX
method."*' OTC Biotech has also played its part in generating aptamers for developing biosensors. One noted example is
a CRP DNA aptamer of 20 nt, which was later used in the signal recognition particle-based detection of CRP using an
antibody-aptamer sandwich that allows a 5 fg mL~' LOD.'*?

International Journal of Nanomedicine 2025:20 https: 2433



Yu et al

Although aptamers have provided a new frontier of clinical diagnosis and their results in trials have been very
promising, aptamer-based diagnostic systems currently require more detailed and extensive research before they can be
used on a broader level, as in the case of antibody-based ELISA testing kits.

Aptamers present several compelling advantages over conventional diagnostic approaches, such as antibody-based
assays (ELISA, Western blot) and molecular probes. Through the SELEX (Systematic Evolution of Ligands by
Exponential Enrichment) process, aptamers are selected for their high specificity and affinity for target biomolecules,
often exceeding the performance of antibodies in terms of binding strength, with affinities in the picomolar to nanomolar
range.'>* This high affinity results in enhanced sensitivity and lower detection limits. In contrast to antibodies, which are
susceptible to instability and denaturation, aptamers exhibit remarkable thermal and chemical stability, retaining their
binding capacity across a broad range of temperatures and pH values. This makes them well-suited for use in demanding
conditions and for long-term storage without loss of efficacy.

Moreover, aptamers are cost-effective and scalable due to their ability to be synthesized through automated solid-
phase chemical synthesis. This process bypasses the need for animal immunization, offering a more reproducible and
economically viable method for large-scale production compared to monoclonal antibodies. The flexibility and versatility
of aptamers further enhance their utility, as they can be easily conjugated to various nanoparticles or incorporated into
diverse detection platforms, such as surface plasmon resonance (SPR), electrochemical sensors, fluorescence resonance
energy transfer (FRET), and lateral flow assays. This versatility facilitates the development of multifunctional biosensors
with superior sensitivity and selectivity. Additionally, aptamers are non-toxic and biocompatible, making them ideal for
both in vitro and in vivo applications, particularly in diagnostic imaging and targeted therapeutic delivery, where safety is
a critical consideration. Finally, aptamers enable rapid, real-time monitoring and label-free detection, offering rapid
response times due to their small size and conformational changes upon target binding, which is essential for point-of-

care diagnostics.'>* 3¢

Therapeutic Applications of Aptamer-Based Nanosystems

Aptamers have shown significant promise in cardiovascular therapeutics, particularly due to their high affinity for
specific target molecules. Their potential as antithrombotic and anticoagulant agents is a key area of research in
combating CVDs. Ongoing clinical trials are assessing aptamers targeting critical components of the coagulation cascade,
including Von Willebrand Factor (vWF), thrombin, and Factor IX, which play essential roles in platelet activation and
clot formation. These targets are implicated in conditions like AMI, coronary artery disease (CAD), acute coronary
syndrome (ACS), and peripheral vascular disease.*’

In order to enable targeted transport, aptamers form conjugates with oligonucleotides, medications, and nanoparticles.
The idea that aptamers function as escort molecules was first put forth by Hicke et al in 2000."** Following this, a great
deal of research has been done on their use in cancer treatment, including immunotherapy and chemotherapy. The
circulatory system can be exploited to provide therapeutic drugs, a minimally invasive technique that has garnered
substantial interest in the cardiovascular realm despite the paucity of research on cardiovascular illnesses. However, the
restricted vascular density or permeability hinders this approach’s effectiveness. To maintain physiological homeostasis,
immune cells such splenic monocytes are mobilized within the microenvironment.'*” Inspired by this phenomenon,
a plethora of studies have documented the application of cell-carrying nanoparticles as dynamic targeting techniques for
the heart. Lipid nanoparticles (LNPs) containing IOX2, which is an inhibitor of hypoxia-inducible factor (HIF)-1a prolyl
hydroxylase-2, have the ability to cling to the outermost layers of monocytes and then dissipate at the sites of injury,

reducing the effects of ischemia-reperfusion (IR) injury on the heart.'*°

A mimetic peptide (MP) was created by imitating
an amino acid sequence found in the CavfB2 cytosolic chaperone’s C-terminal tail. This MP helps restore Caval.2 protein
density at the plasma membrane by specifically targeting the Cavp2 globular domain’s Tail Interacting Domain (TID).
This is especially important when there are aberrant L-type calcium channel (LTCC) densities in the heart. That being
said, it is still unclear how precisely the MP is delivered to heart cells.'*' Cu (I)-mediated click chemistry was used to

142 With its resilience to

connect the mimetic peptide (MP) with Gint4.T within a novel aptamer-peptide chimera.
nucleases and single-stranded RNA (ssRNA) structure, gint4.T shows promise in translation by focusing on the platelet-

derived growth factor receptor-3 (PDGFRp) and obstructing angiogenesis, migration, and cell proliferation.'*® The
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aptamer-peptide conjugates that were developed enable the mimetic peptide (MP) to be internalized into cardiomyocytes,
indicating that the MP is effective in returning the cardiac milieu to normal, which is typified by abnormal intracellular
calcium fluxes that rely on L-type calcium channels (LTCC). Within ventricular cardiomyocytes, the sarcoplasmic
reticulum Ca2+-ATPase 2a (SERCA2a)-phospholamban (PLN) system plays a major role in regulating intracellular
calcium cycling. RNA-Apt30, a phosphorothioate-modified backbone PLN-specific aptamer, was reduced to a 30-
nucleotide oligomer after being obtained by SELEX from a random RNA library. The delivery of RNA-Apt30 into
adult rat cardiomyocytes is made possible by its conjugation to the cell-penetrating TAT peptide, which is aided by
a persistent thiol-maleimide bond. The compound improves cardiac calcium transients and contractility inside these
cells."** Aptamers have been shown to be highly effective in inducing re-endothelialization. They are able to capture
endothelial progenitor cells (EPCs), which they have documented and deployed on stent surfaces. This enhancement
helps to improve the grafts’ hemocompatibility. Moreover, heparin was designed to stick to the dopamine/polyethyle-
neimine coating on the stent surface in order to function as an anticoagulant. In turn, this film was electrostatically bound
with EPC-capturing aptamers, greatly improving the hemocompatibility of vascular implants.'*

Since nanoparticles have unique properties that allow them to be precisely tuned to fulfill therapeutic requirements,
nanomedicine has become a highly researched approach to treating cardiovascular disorders.'*® The size, shape,
composition, surface charge, and flexibility of nanoparticles, when combined with their significant payload and release
capabilities, enable them to outperform existing approaches in terms of solubility, diffusivity, half-life, drug release, and
biodistribution profiles. As a result, the development of a suitable drug delivery system results in therapies based on
nanoparticles that have better and longer-lasting therapeutic efficacy with fewer side effects.'*’” Aptamers, with their
sensor and payload capabilities, are used as in vivo contrast agents in nanoparticle-based systems for diagnostics.
Nanoparticles enhance biomaterial functionality in cardiac patches, vascular grafts, and stents, and aid in ischemia-
reperfusion treatment. Immune system modulation, targeting specific cell subsets, is a promising approach for CVD
148 With regard to
aptamer research, the field of cancer has seen greater nanomedicine research than CVDs. There are a number of reasons

therapy, improving efficacy, reducing drug dosage, and minimizing risks of infection and sepsis.

for this disparity, including funding for research and the excitement and energy created by early clinical trials. This
tendency has been notably influenced by the successful regulatory approval of cancer monotherapies like Abraxane and
Doxil. It is imperative to acknowledge that the knowledge gained in the field of oncological nanotechnology extends
beyond its immediate use. Instead, because the pathophysiology of inflammatory diseases in these two medical domains
is similar, the knowledge gained may inspire novel therapeutic approaches in CVDs.'*® Additionally, the European
Medicines Agency and Food and Drug Administration’s recent approvals indicate the market potential and contemporary
significance of nanomedicines in the treatment of cardiovascular illnesses. Regulatory permission has been granted for
the first nano-drug, Leqvio (inclisiran), which is intended to treat atherosclerotic cardiovascular diseases. Leqvio works
by preventing the liver’s translation of the PCSK9 protein, which lowers levels of low-density lipoprotein cholesterol in
the blood and lessens the risk of CVDs.?

Targeting Thrombin in Cardiovascular Therapy

A study demonstrated the effectiveness of thrombin-binding aptamer-conjugated gold nanoparticles (TBA-Au NPs) in
regulating thrombin activity related to fibrinogen. Due to their cost-effectiveness and ease of fabrication, TBA29-Au NPs
and cTBA29-Au NPs offer promising prospects for treating coagulation disorders. These findings suggest that aptamer-
functionalized nanomaterials can effectively control molecular binding, protein recognition, and enzyme activity in
biomedical applications.'*’ Nanoparticle-based delivery of TBA improves its pharmacokinetics, nuclease resistance, and
enables multivalency by incorporating multiple TBA copies onto a single scaffold. Fluorescent labeling facilitates
tracking and ensures proper folding, enhancing bioactivity and stability. Tris-mTBA, conjugated to Sicastar nanoparti-
cles, effectively and reversibly inhibits thrombin activity toward fibrinogen, demonstrating potential for regulating blood
coagulation in biomedical applications.'>® The enhanced permeability and retention (EPR) effect, commonly utilized in
nanomedicine for anti-tumor therapies, results from the abnormal, permeable vasculature in areas of injury or inflamma-
tion, particularly in tumors with disorganized, leaky capillaries. However, in the heart, the EPR effect is less pronounced,

even following myocardial infarction, posing challenges for nanoparticle-based drug delivery in cardiac applications.'”'
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Just 0.2% of injected fluorescent-labeled PEG-modified nanoparticles were able to reach the infarcted zone, despite the
general consensus that ischemia-reperfusion after myocardial infarction causes the release of cytokines, which in turn
increases local vascular permeability and inflammation.'?

Nanomedicine provides an innovative approach for targeted nanoparticle accumulation through non-traditional
delivery methods. A study using biocompatible and biodegradable calcium phosphate-based nanoparticles to deliver
microRNA to the heart demonstrated specific targeting of cardiomyocytes, with minimal accumulation in other cardiac
cells or organs.'> The biotech startup NanoPhoria is now investing in the development of technologies that will allow
biologics to be delivered directly into cardiomyocytes. The realization of the benefits biomimetic nanoparticles provide
over traditional viral vectors is what is driving this research.'>* Active targeting enhances drug delivery via nanoparticles
in cardiovascular diseases, surpassing passive uptake, with aptamers serving as key ligands for tissue or cell specific
absorption. A notable example is the work of Patrick Hsieh’s group, where aptamers were functionalized on monocytes
to direct nanocarriers precisely to the infarction site, improving targeted delivery.'>!

While the proposed formulation requires further refinement for practical application, the chosen aptamer achieved
a 5% delivery rate of injected nanoparticles to the infarct site, a significant improvement over EPR-based targeting alone.
However, research on using aptamers for drug delivery via nanoparticles remains limited, highlighting the need for more
comprehensive studies in this area. Aptamer-conjugated nanoparticles, like TBA-Au NPs, show promise in modulating
thrombin activity and advancing drug delivery in cardiovascular applications. However, optimizing delivery mechanisms

and improving targeting efficiency remain key challenges, necessitating further research for clinical translation.'>

Nanotheranostics in Cardiovascular Treatment

The ability of nanocarriers to aggregate and target at certain locations makes it possible to deliver therapeutic and
imaging agents at the same time. These agents can be cardiovascular medications labeled with radionuclides or
fluorophores, which provide data on the location of the disease, the kinetics of drug release, and the effectiveness of
the treatment (Figure 3).

Aptamers exhibit high binding affinity and selectivity for a wide range of targets, including large proteins, ions, small
molecules, and living cells. When engineered to target key molecules in the coagulation cascade, factor Xa or thrombin,
aptamers provide a more precise and potentially safer alternative to conventional anticoagulants.”’ Tailored aptamers
targeting specific receptors on endothelial cells can enhance blood flow and induce vasodilation in conditions like
hypertension and atherosclerosis. This targeted approach holds significant potential for alleviating symptoms and may

reduce the need for invasive procedures such as bypass surgery or angioplasty.'>*'>’

Challenges in Aptamer-Based Nanosystems

Optimizing aptamer selection and functionalization for particular cardiovascular targets is a major challenge. The goal of
ongoing research is to optimize the selection procedures in order to increase aptamer specificity and affinity for
cardiovascular targets.'”® Moreover, stability, pharmacokinetics, and biodistribution present difficulties in the transition
of aptamer-based nanosystems from lab to bedside. Many obstacles, including enzymatic degradation and quick
clearance, can jeopardize the stability and effectiveness of aptamer-based nanosystems in the in vivo setting.
Approaches to improve the stability and extend the half-life of aptamer-functionalized nanoparticles are being
researched. The study investigates strategies like surface modifications, encapsulation, and bioconjugation to address
these obstacles and enhance the overall pharmacokinetic profile.'>’

Important factors to take into account for their clinical translation include the immunological response to aptamers
and the possibility of off-target effects. Thorough preclinical research is necessary to assess these nanosystems’ safety
and biocompatibility. A range of modifications have been investigated in recent research to reduce immunogenicity and
improve the overall safety profile of nanosystems based on aptamers.'*” ! Nevertheless, there are issues with aptamer
production’s scalability and affordability for extensive clinical uses. To fulfill the needs of clinical-scale production, it is
imperative to streamline the aptamer synthesis and purification processes. Novel strategies, like cell-based expression

. . . . . 162.1
systems and enzymatic synthesis, are being investigated to overcome these obstacles.'¢*'¢
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Figure 3 This figure depicts the application of aptamers as targeted therapeutic and diagnostic agents in CVDs. Aptamers, selected for their high specificity and affinity for
biomolecular targets, are engineered to bind to specific molecules involved in cardiovascular pathologies, such as endothelial markers, inflammatory cytokines, or platelet
receptors. Reproduced from Di Mauro V, Lauta FC, Modica J, et al. Diagnostic and therapeutic aptamers: a promising pathway to improved cardiovascular disease
management. Basic Transl Sci. 2024;9(2):260-277. © 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. Creative
Commons CC-BY-NC-ND.

Conclusion and Future Perspectives
The integration of aptamers and nanosystems is driving significant advancements in the diagnosis and treatment of
cardiovascular diseases. These diseases, encompassing conditions such as vascular diseases, autoimmune cardiomyopa-
thies, and atherosclerosis, demand precise and tailored therapeutic approaches. Aptamer-based nanosystems leverage the
specificity and affinity of aptamers to target disease-specific biomarkers, troponins, myoglobins, and C-reactive proteins,
enabling more accurate diagnostic imaging and enhanced therapeutic targeting. By conjugating aptamers to nanoparticles
like gold nanoparticles, quantum dots, and magnetic nanoparticles, these systems improve biomarker detection sensitivity
and facilitate targeted drug delivery with minimized off-target effects.

Recent innovations in aptamer-functionalized nanosystems have demonstrated remarkable potential for early disease
detection, with improved limits of detection in the range of picomolar to nanomolar levels for cardiovascular biomarkers.
Additionally, the development of novel aptamer-based biosensors and the use of aptamers in theranostic platforms
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integrating both diagnostic and therapeutic functionalities are paving the way for more personalized, efficient treatment
modalities. Future research is expected to focus on optimizing the stability and scalability of these systems for clinical
application. Additionally, the potential to combine aptamer-based nanosystems with advanced imaging techniques,
magnetic resonance imaging (MRI) or positron emission tomography (PET), could further enhance their clinical
applicability, offering real-time monitoring of disease progression and treatment response.

The future of aptamer-based nanosystems in cardiovascular care also holds promise for the development of advanced
multifunctional platforms that incorporate gene therapy, immune modulation, and personalized medicine. By incorporat-
ing the latest advances in nanotechnology and molecular biology, these systems can be fine-tuned to address the complex,
heterogeneous nature of cardiovascular diseases, thus providing a path toward more effective and targeted interventions.
With ongoing research and development, aptamer-based nanosystems are poised to play a transformative role in precision
medicine, improving patient outcomes through earlier detection, better-targeted treatments, and more individualized care
strategies.
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