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Cardiovascular diseases (CVDs) are the world’s leading cause of mortality and represent a large contributor to the costs
of medical care. Although tremendous progress has been made for the diagnosis of CVDs, there is an important need for
more effective early diagnosis and the design of novel diagnostic methods. The diagnosis of CVDs generally relies on
signs and symptoms depending on molecular imaging (MI) or on CVD-associated biomarkers. For early-stage CVDs,
however, the reliability, specificity, and accuracy of the analysis is still problematic. Because of their unique chemical and
physical properties, nanomaterial systems have been recognized as potential candidates to enhance the functional use of
diagnostic instruments. Nanomaterials such as gold nanoparticles, carbon nanotubes, quantum dots, lipids, and polymeric
nanoparticles represent novel sources to target CVDs. The special properties of nanomaterials including surface energy
and topographies actively enhance the cellular response within CVDs. The availability of newly advanced techniques in
nanomaterial science opens new avenues for the targeting of CVDs.
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| 1. Introduction

Cardiovascular diseases (CVDs) are considered a major cause of mortality worldwide. According to the World Health
Organization, CVDs led to the death of about 17.9 million people in 2016, contributing to 31% of total global deaths &I,
CVDs represent an economic burden for low- and middle-income countries as many people die at young age in their
active time . The heart consists of a variety of cells including cardiac fibroblasts, cardiomyocytes, neural cells, and
vascular cells. Any dysfunction or abnormality in these endothelial, smooth, or connective cells results in CVDs &, The
term CVDs encompasses a diverse set of disorders related to the heart which include ischemic heart disease,
cerebrovascular diseases, arrhythmia, Marfan syndrome, thrombosis, pericardial disease, heart failure, stroke, vascular
diseases, and cardiomyopathies 1. Tobacco and alcohol consumption, unhealthy lifestyle, and genetic factors are the
most possible risk factors to develop CVDs. Similarly, elevated blood glucose levels, obesity, and high lipid levels
contribute to secondary underlying risk factors contributing to the progression of CVDs . Besides the apparent
pathophysiology, a variety of clinical investigations predicted that tumor necrosis factor-alpha (TNF-a) plays a key role in
the pathogenesis of cardiac diseases. Cardiac monocytes and macrophages induce biochemical alterations along with
compromised calcium metabolism. A decreased expression of B-adrenergic receptors, alterations in the natriuretic
hormones, and increased matrix metalloproteinase (MMP) expression are also underlying risk factors [,

Current treatment differs, depending on the risk and severity of CVDs. The main focus of all treatment protocols for CVDs
is to improve the blood supply or prevent the pressure being exerted on cardiac walls in order to minimize tissue damage
and capillaries rupture. Statin therapy is the most common option to dissolve the clots and regain endothelial membrane
elasticity in blood vessels. Moreover, aspirin is the most frequently used drug for the secondary prevention of CVDs 4.
Alternatively, B-adrenergic receptor blockers are also prescribed as first-choice treatments for atrial fibrillation and
coronary artery disease but they have been excluded from first-line therapy in the case of hypertension . Angiotensin-
converting enzyme (ACE) inhibitors and angiotensin-1l receptor blockers (ARBs) are also prescribed for the treatment of
hypertension, congestive heart failure, and myocardial infarction . Apart from conventional renin-angiotensin
antagonists, new candidates like sacubitril/valsartan (an angiotensin receptor-neprilysin inhibitor) were investigated as
more promising drugs to reduce the mortality in patients with cardiac failure with low ejection fraction, but clinical trials are
still ongoing 19, On the other hand, severe and chronic cases need highly invasive interventions like coronary artery
bypass grafts, percutaneous transluminal coronary angioplasty, and stenting 21,

Right now, the most frequently used CVD diagnostic methods include magnetic resonance imaging (MRI), X-ray
computed tomography (CT), electrocardiography (ECG), and echocardiography 22, MRI employs radio waves to generate
a 3D image of the heart and is most commonly used to diagnose stroke and atherosclerosis. CT uses X-rays beams to
develop an image of the tissues with its high signal contrast. ECG records the electrical activity of the heart and monitors
chest pain in patients with angina, heart attack, and arrhythmia. Echocardiography uses sound waves to create an image



of the heart to detect cardiac disorders [LSII4ILSI6]  Additionally, advanced molecular imaging (MI) and cardiac
immunoassays (CIAs) are new diagnostic methods to identify cardiac biomarkers (MMP-1, hepatocyte growth factor,
cyclooxygenase 2, monocyte chemoattractant protein 1—MCP-1, tissue inhibitor of MMP-1). MI has been merged with
various other techniques over the past to acquire more reliable and sensitive outcomes with accuracy LA[18],

Despite ongoing progress in pharmacological and clinical treatment, CVDs are still the leading cause of morbidity and
mortality worldwide. The current treatments are not disease-specific and generally lead to organ toxicity. The blood
thinning agents and anti-coagulants may pose serious adverse effects to the heart and limit the optimal dose
administration, which itself remains a serious therapeutic challenge 22, Aspirin is reported to have an increased risk of
bleeding, therefore, international guidelines on primary prevention of CVDs recommend aspirin only if the risk of cardiac
events persist for at least 10 years 29, Likewise, animal studies revealed that implantation of stents results in irritation,
allergic reactions, and other significant issues like webbing, causing thrombogenicity 1. The most commonly employed
X-ray techniques have short imaging window and are limited in the contrast and differentiation of soft tissues, healthy
tissues, and pathological tissues. Also, the diagnosis of CVDs using conventional techniques lacks precision, accuracy,
and early diagnosis because of heterogeneity of CVDs [22123],

Nanomedicine is a convergent discipline that combines the fields of biology, biochemistry, physics, engineering, genetics,
and biotechnology to adjust the treatment and diagnosis of diseases [24[2326] Chronic heart diseases, especially
myocardial infarction, eventually end up with a heart transplant, which may not be feasible, usually because of the
unavailability of donors, autoimmune disorders, and chances of organ rejection. Recently, biomimetic materials based on
nanotechnology gained increased attention for the development of scaffolds 22, These scaffolds are composed of
nanomaterials to provide mechanical, electromagnetic, and physical assistance in tissue repair and regeneration. They
can provide cells via seeding at a site of injury or tissue deterioration to aid tissue functioning and healing 28, Presently,
nanopolymeric-coated biodegradable stents are being explored to resolve the issues with the conventional stents in use.
These novel stents can improve drug release profiles along with a reduction in the platelet adhesion rate. Nanocomposite
polymers including poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and polyhedral oligomeric silsesquioxane
poly-(carbonate-urea) (POSS-PCU) are being used to construct anti-thrombogenic and blood compatible stents [22EAEL],
Nanomedicines of different characteristics and compositions are under extensive research for the treatment of CVDs.
These include polymeric nanoparticles (NPs), silica-based nanoconjugates, micelles, liposomes, niosomes, exosomes,
surface-modified nanostructures, nanofibers, nanotubes, metallic NPs, dendrimers, hybrid nanosystems, poly(ethylene
glycol)-ated (PEGylated) nanospheres, and immunomodified nanoshells B2B3IB4IB5S6] 55 presented in Figure 1.
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Figure 1. Application of nanotheranostics for CVDs.

CVDs may be treated if accurately diagnosed at early stages. Recent trends in nanotechnology also facilitated the
diagnosis of CVDs. Nanoscale contrast agents emerged as multifaceted entities that can diagnose cardiac disorders in
the very initial stages. Nanosensors are advantageous in contrast to conventional diagnostic approaches because they
can incorporate a variety of imaging agents and simultaneously be used to load drugs for active targeting. They allow for a
chelation of multivalent targeting moieties due to increased surface areas. Contrast-enhancing nanostructures for
diagnosis and imaging comprise of fluorescent, paramagnetic, multimodal, light scattering, electron-dense, or radioactive
particles, collectively termed as nanosensors B7[38] Nanosensors provide clinical accuracy and usefulness by the



detection of even single nucleotide polymorphisms (SNPs). Moreover, advancements in diagnosis and imaging using
nanosensors further improved the detection of proteins and biomarkers in CVDs B9, Nanosensors and nanomaterials
allow for a local or targeted delivery and diagnosis, reduced sheer impact of blood flow, reduction in dose, and prolonged
effects 49411142 pisease-specific molecules or proteins can be targeted for treatment approaches by nanomaterials or
guantitatively estimated by nanosensors, e.g., specific integrins (a,Bs-integrin, vascular cell adhesion molecule 1-VCAM-
1) expressed by atherosclerotic plaques can be exploited as target 3. Emerging diagnostic tools like in vitro
programmable bionanochips (lab-on-chip) are in demand for point-of-care testing 4. Another advancement in the
diagnosis of pressure-related diseases is the pressure biosensor. Such a biosensor uses self-oriented nanocrystals in
spatial arrangements to capture micropressure changes on cardiovascular walls. These nanosensors hold optimistic
results in the postoperative recrudescence of deep thrombus ¥2l. Moreover, various supraparamagnetic iron oxide NPs
(SPIONSs) and ultrasmall SPIONs (USPIONs) are showing promising results as contrast agents in clinical trials for CVDs.
As macromolecules are unable to cross cellular biological barriers and have limited availability at diseased sites, targeted
drug, and biologic delivery, along with diagnosis of the cardiac tissues and organelles which need to be further exploited
for a rational treatment of CVDs.

| 2. Applications of Nanomaterials in the Treatment of CVDs

Nanomaterials also play significant roles in the treatment of CVDs 28, Nanomaterial applications are closely related to the
medical research, providing strong alternatives for CVDs. Many new strategies may enhance the efficacy of these
treatments. Progress has been made in the past decades in the application of nanotechnology and nanomaterials for
CVDs 471481[491501[51](52][53][54][55[561(57) NPs are considered as safe and efficacious platforms for different drugs whose
clinical utilities are limited due to their toxicity or unfavorable pharmacokinetic properties. Figure 2 presents common

nanomaterials used in CVD application and their common features 29,

Black in
Artery -

/ Gold nanoparticles

- W ] %
o : e .?’

& Muscie
Damage

Carbon nanotube

Quantum Dots Polymeric nanoparticles

Figure 2. Nanoparticle-mediated drug delivery systems to target CVDs. The systems include magnetic and AuNPs, self-
assembling micelles, liposomes, carbon nanotubes, quantum dots, and polymeric NPs formed via assembly of polymers
containing therapeutic agents.

2.1. Liposomes

There is much interest in developing lipid-based drug delivery systems such as solid lipid NPs, liposomes, and self-
emulsifying systems to target CVDs. The studies demonstrated that drugs encapsulated in liposomes or in lipid
nanocarrier systems can lower the toxicity issues compared with free drug intervention in CVDs. Lipid-based systems
have been explored to deliver biomolecules for vascular abnormalities 281,



Dzau and coworkers B2 showed the efficacy of fusigenic lipids for gene therapy of CVDs. Another study encapsulated
DNA in liposomes with an average diameter of 200 nm where the lipid membrane was modified with proteins of UV-
inactivated hem-agglutinating virus 9. The liposomes attached to plasma membranes within a short time, allowing for
cytostatic gene therapy in models of vascular proliferative diseases. Electrostatic DNA complex with cationic liposomes
has also been explored for vascular disease gene therapy. In some studies, antibodies attached to liposomes were
utilized to actively target fibrinogen, intercellular adhesion molecule-1, and fibrin. This type of liposomes provides a
method for the use of ultrasound-induced cavitation to transport fibrinolytic agent. Dasa and coworkers (€162 developed
peptide liposomal systems with an affinity for cell types present in postmyocardium infarction. They encapsulated the
poly(ADP ribose) polymerase-1 inhibitor AZ7379 in a liposomal system and measured increased bioavailability of AZ7379
at infarct zone 24 h after injection compared with non-liposomal AZ7379. Lestini et al. (83 functionalized liposomes using
arginine-glycine-aspartic acid (RGD) to target integrin GPIIb-1lla receptors on activated platelets. Moreover, surfactant oil
godextran incorporation in the liposomes provided knowledge into the effects of vesicle perturbation on liposome
clearance. This ligand-gated delivery of liposomes highlights the importance of selective targeting in design of effective
targeted delivery system in CVD treatment. van der Valk et al. 84 manipulated liposome-based drug delivery to improve
the risk/benefit ratios of active agents to target atherosclerotic plaques as the very 1st clinical study of prednisolone-
loaded liposomes (PLPs) against atherosclerosis. When tested in humans, PLPs build on pharmacokinetic profiles with
increased plasma half-life of 63 h. Moreover, intravenously infused liposomal NP PLPs (LN-PLPs) appeared in 75% of the
macrophages. The study data concluded on the successful delivery of long circulating liposomes to atherosclerotic plaque
macrophages in patients, showing the value of the approach for the development and imaging-assisted evaluation of
future nanomedicines in atherosclerosis 84l Laing et al. 3 evaluated the thrombolytic effects of tissue plasminogen
activator (tPA) encapsulated in echogenic liposomes (ELIPS) in an in vivo rabbit aorta clot model. Thrombus was studied
in the abdominal aorta and the etiology was imaged before ELIP administration while blood flow velocities were measured
before and after treatment. Ultrasound treatment enhanced the thrombolytic effect of tPA-loaded ELIPs with complete
recanalization rates versus ineffective empty ELIPs, highlighting the effective thrombolytic effects of tPA in vivo via ELIP
loading, while Doppler treatment increased the thrombolytic effects with enhanced and rapid recanalization rates. Zhong
et al. 88 manipulated the bioactive flavonoid substance breviscapine obtained from traditional Chinese medicine against
CVDs. This study used multivesicular liposomes (MVLs) as sustained release system to reduce the frequency of injection
and afford patient compliance. Pharmacokinetics study were performed using MVLs containing breviscapine relative to
traditional liposomes upon intramuscular injection in rats. The results showed increased residence time and drug release
in vitro while absorption in vivo showed good linear correlation, supporting the concept of using MVLs as a sustained
delivery system of breviscapine for CVDs. Huang et al. 2 worked on an injectable delivery system that can selectively
drive thrombolytics to sites of active platelet aggregation, having significant potential for vascular occlusion therapy. The
authors performed surface modification with a conformationally high affinity RGD motif for GPIIb-llla-binding. The
targeting/binding of RGD-modified liposomes was studied by scanning electron microscopy, fluorescence, and flow
cytometry and the attachment of the RGD liposomes was evaluated in a rat model and monitored ex vivo by fluorescence
microscopy. The results revealed the feasibility of changing the binding potential of vascularly targeted liposomes and
platelet targeting using surface-modifying ligands. Figure 3 presents functionalized liposomes for targeting the CVDs.
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Figure 3. Functionalized liposomes with targeting ligands (PEG, antibodie, apartmers, proteins, carbohydrates).



2.2. Polymeric Nanoparticles

The tunable properties of polymeric NPs are the main focus of CVD treatment, having a potential for reabsorption in the
body. Polymeric NPs can be coupled or free floating with another material [681,

Research was performed to immobilize PLGA on a polytetrafluoroethylene film as a material to develop vascular grafts
(69 This approach may be used to deliver specific molecules such as antithrombotic drugs to act against the regular side
effects of thrombosis. Ahadian et al. % developed polymeric nanomaterials for CVD applications using a matrix of
polyester and carbon nanotubes (CNTs) with enhanced electrical conductivity and stability, allowing to stimulate cell-cell
coupling. Matoba et al. 81 investigated polymeric PLGA NPs as a nanodrug delivery system to impact monocyte-derived
inflammation during atherosclerosis. FTIC-loaded PLGA NPs were incorporated in mice after 2 h of plaque rupture, as
noted by flow cytometric analysis of aortic and peripheral leukocytes, with delivery of FITC NPs to peripheral monocytes
and next to aortic macrophages 7 days after injection. This group also developed PLGA NPs encapsulated with
pioglitazone, a clinically approved thiazolidinedione that activates the peroxisome proliferator activated receptor-gamma
(PPARYy), allowing to regulate inflammation in mice in vivo for up to 4 weeks. Pioglitazone NPs significantly reduced the
number of fibrous caps and enhanced the fibrous cap thickness, but orally administered pioglitazone did not affect the
number of fibrous caps thickness or plaque area, showing the efficacy of PLGA NPs as delivery system. Figure 4 presents
nanodrug delivery systems mediated treatment for acute coronary syndrome.
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Figure 4. Nanodrug delivery systems for the treatment of acute coronary syndrome. The Figure presents nanodrug
delivery system (Nano-DDS)-mediated treatments for patients with unstable plaque via (1) intravenous injection and (2)
delivery to circulating monocytes, with (3) therapeutic goals including atherosclerotic plaque stabilization and prevention of
acute myocardial infarction.

2.3. Micelles

Micelles are specialized, efficient carriers for poorly soluble drugs as nanodimensional colloidal particles with a hydrophilic
shell and hydrophobic core. Surface-modified polymeric micelles primarily consist of amphiphilic macromolecules and
have many applications in the areas of drug delivery and theranostics.

Various polysaccharides have been employed to prepare polymeric micelles. PEGylated polycationic block copolymeric
micellar assembly was established to target vascular injury in the rabbit carotid artery for gene delivery 11, Peters et al.
721 demonstrated that a PEG-based lipid micelle system co-encapsulated with a fluorophore as an imaging agent was
capable of delivering an anticoagulant drug at the similar targeting site. Other studies demonstrated the efficacy of PEG-
based lipid micelles with surface-modified scavenger receptor-based antibodies and encapsulated with gadolinium (Gd)
complex to particularly accumulate in atherosclerotic arterial sites. At atherosclerotic aortic sites, Gd-encapsulated
micelles functionalized with anti-CD36 antibodies could reveal macrophages in human atherosclerotic aortic tissues
obtained at autopsy. Ding and colleagues Z2lI74] explored a number of probable micelle-based strategies intended for
improperly functioning endothelia that forms a significant part of thrombotic or atherosclerotic tissues. Their results
showed a significant potential of micellar site-specific delivery and usefulness for the treatment of CVDs. Wennink et al.
[71] worked on the targeted elimination of macrophages by photodynamic therapy as a promising approach to reduce
atherosclerotic plaques. Temoporfin or m-tetra(hydroxyphenyl)chlorin (mTHPC) may be suitable as photosensitizer for
application in atherosclerotic lesions and cancer. In this particular study, mTHPC was loaded in polymeric micelles



developed by the film hydration method using benzyl-PCL-b-methoxy PEG. The authors reported that delivery of mTHPC
in blood plasma from the micelles occurred after 30 min and that accumulation of mTHPC in atherosclerotic lesions of
mice resulted in binding to lipoproteins upon release from the micelles. Future experiments may allow to increase the
stability and accumulation of THPC-loaded Ben-PCL-mPEG micelles to macrophages of atherosclerotic lesions. Yoo et al.
73] developed fibrin-binding, peptide amphiphile micelles (PAMs) by encapsulation the targeting peptide cysteine-arginine-
glutamic acid lysine alanine (CREKA) with two types of amphiphilic molecules containing Gd, the chelator
diethylenetriaminepentaacetic acid (DTPA) as DTPA-bis(stearyl amide) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(PEG)-2000)-DTPA as (DSPE-PEG2000-DTPA). An atherosclerotic mouse model was evaluated
for clot-binding properties in vitro, contrast enhancement, and safety via magnetic and optical imaging. The results of in
vivo imaging and optical studies of the aortas and heart showed the fibrin specificity conferred by the peptide ligand.
Biodistribution studies confirmed that all micelles were cleared via renal clearance and the reticuloendothelial system.
These studies revealed the successful molecular imaging in vitro vs. in vivo for site-specificity and provided a platform for
the detection of thrombosis via contrast-enhancing agents in theranostic applications. Kirana et al. 28 evaluated the
efficacy of artificially developed micelles using naturally developed micelles from pig bile to assess the potential of
inhibitors targeting cholesterol uptake in cultured Caco-2 cells. Overall, pig bile was a convenient and cost-effective
source of micelles for cellular uptake and cholesterol micelle solubility assays that was also efficient to screen potential
cholesterol lowering agents.

2.4. Magnetic Nanoparticles

During the last decades, magnetic NPs have been used at large scale in biomedical applications, including as contrast
agents in immunoassays, MRI, and cell sorting assays. Among them, iron oxide-based magnetic NPs are most commonly
employed due to their lesser saturation magnetization, lower magnetic characteristics, and lower specific loss of power
compared with cobalt (Co) iron (Fe) nanomaterials. NPs such as perfluorocarbon NPs and super magnetic NPs have
been developed for MRI. These particles designed to target specific receptors or epitopes in tissues are near to enter
clinical trials for CVD applications. As angiogenesis is the key part of atherosclerotic plaques, specific recognition of
angiogenesis in early vascular diseases is not possible. However, paramagnetic NPs can spatially locate and measure
atherosclerotic plaques in hyperlipidemic rabbits A8 |n this study atherosclerotic rabbits were treated with oypBs-
targeted paramagnetic NPs including fumagillin and MRI signal assessments of neovascular proliferation within the aortic
wall. Magnetic NPs have physical and biological properties with desirable size distribution, higher magnetic flux density
with increasing penetrability, and an ability to translate magnetic waves to heat energy, being both highly biocompatible
and non-toxic. SPIONs are among most used magnetic NPs and can serves as good nanotheranostics 2. In biomedical
applications, magnetic NPs are template particles (micelles, perfluorocarbon bubbles, lipid vesicles etc.) that may be
modified with paramagnetic elements such as chelated Gd or particles of metals with greater magnetization such as iron
and cobalt. In angiogenesis, integrin v3 is upregulated in the vascular endothelium, leading to the development of
functionalized magnetic NPs with v3-targeting ligands decorated with Gd and the potential use of contrast-enhanced MRI
for CVDs associated with angiogenic vasculature BB,

2.5. Gold Nanoparticles

AuNPs provide suitable carrier systems in the field of nanotechnology, especially to treat CVDs, due to their properties
such as low cytotoxicity, stability, and biocompatibility. They have a broad level of applications in biomedical science
including molecular labeling and drug delivery, with a significant stability in the circulatory system and ability to
decompose in a proper environment once reaching the target site. The large surface area property of AuUNPs allows their
functionalization with a number of biological molecules (ligands) including drugs, proteins, antibodies, and genes.

Work is ongoing for the imaging of CVDs based on the use of AuNPs with applications in atherosclerotic lesions and
inflammation 2. Photothermal therapeutic strategies have been also developed using the properties of Au for the
preparation of vascular drug-encapsulated nanostructures. The following reaction can assist in thermal instability of NPs
to liberate the encapsulated drugs at the respective targeting site. Researchers are working to evaluate the role of
macrophages in vascular lesions and their ability to uptake AuNPs to facilitate contrasting enhanced intravascular
photoimaging of cardiovascular abnormalities. Moreover, AUNPs have also efficient antioxidant properties that may be
usefult to manage CVDs. The photothermal property of AuNPs was employed for plaque specific delivery of such NPs for
the diagnosis of photothermal revascularization of blocked arteries 3. Ghann and coworkers €4 encapsulated lisinopril
as an active agent to develop AuNP-based CT contrast agents. AuNP conjugated with pure lisinopril, reduced thioctic
lisinopril, or thioctic lisinopril were developed through ligand exchange reaction on citrate-coated AuNPs. The higher
stability properties of thioctic lisinopril AuNPs were used to evaluate the targeting of angiotensin converting enzyme (ACE)
using X-ray CT. The images showed high contrast in the region of heart and lungs clearly indicating the targeting of ACE



and overexpression of ACE was related to the development of pulmonary and cardiac fibrosis. This new strategy may
serve as a useful tool to monitor cardiovascular pathophysiology using CT imaging. AUNPs used alone or in combination
may offer large scale treatment and diagnosis approaches in CVDs.

2.6. Dendrimer Nanostructures

Dendrimer nanostructures exhibit tree-like architectures occurring via either the convergent method or divergent method.
Polyamido-amines are most common dendrimers with nitric oxide (NO) as free radical for application in CVDs due to its
prominent relaxing action on vascular smooth muscle B3B8 siRNA-based oligo-arginine conjugated dendritic delivery
systems were used to silence ATIR expression in cardiomyocytes in vitro, showing efficient storage of cardiac functions in
case of ischemic reperfusion injury in rats [BZIB8l |ysine-based dendrimer architectures were also employed against
atherosclerosis, with dendritic assemblage in arterial walls resulting in the controlled release and therapeutic delivery of
NO B399 Biocompatible and functionalized dendritic structures with cyclic RGD peptide containing entrapped 76Be has
been site-specifically applied for PET imaging in mice. Streptokinase-modified dendrimers synthesized with different types
of polymers (PLGA or chitosan or PEG, glycol chitosan) were shown to sustain the delivery of anti-thrombotic agents in
the circulation (8189, Figure 5 presents the general structure of dendrimers.
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Figure 5. Schematic representation of dendrimers.
2.7. Carbon Nanotubes

The architectural assembly of CNTs can be described as molded or wrapped grapheme sheets. The defined structure of
CNTs provides significant physiochemical properties, enhanced surface area, high optical properties, strong mechanical
stability, and enhanced electrical conductivity.

Many studies reported the lack of toxicity of CNTs to deliver a variety of biological active molecules in vitro and in vivo for
use in biomedical fields. For example, application of CNTs to cultured cardiomyocytes was shown to augment their
viability and proliferation and to induce their maturation as reported when evaluating their electrophysiological features,
while these systems can provide support to the endothelial cells in blood vessels for supplying oxygen to the heart muscle
[91]1921[93] - Garibaldi and coworkers 24 explored the potential of CNTs as biocompatible probes for applications in
cardiomyocyte research. The authors reported that highly purified single walled CNTs had no toxic effects on the H9c2(2-
1) rat cell line as seen by an estimation of cell proliferation and viability vs. apoptosis (tryptan blue exclusion, flow
cytometry) and of morphological changes under light microscopy, supporting further work for CVD diagnosis and
treatment.

2.8. Quantum Dots

QDs are nanocrystals semiconductor with an average diameter of 10 nm. They possess size-dependent fluorescent
properties and display different quantized energy levels. As QDs have some limitations regarding the clinical safety since
they were use heavy metals that might cause toxicity or other side effects, recent work was developed to prepare heavy
metal-free QDs that are less toxic 22, QDs of cadmium selenite encapsulated with zinc sulphide were developed over

which polar polymeric biomolecules can be coated for targeted delivery as shown on Figure 6.
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Figure 6. Schematic diagram of QDs. QDs have a core structure of heavy metal that provides fluorescence. The shell
stabilizes the core and polymeric coating direct the targeted or active delivery.

Ferrara and coworkers 2887 explored different possibilities of QDs for stimulation of cell adhesion molecules in targeting
vascular diseases. In this purpose, QDs were functionalized with specific antibodies directed to target specific types of
CVDs. Yan et al. 98 evaluated the vascular toxicity of mercapto-succinic acid-capped CdTe QDs in vitro. The authors
showed that CdTe QDs dose-dependently reduced the viability of human umbilical vein endothelial cells (HUVECS),
indicating CdTe QDs induced significant endothelial toxicity. The results of immunofluorescence and cytometric analyses
revelaed that QDs elicited mitochondrial network fragmentation and significant oxidative stress along with a disruption of
membrane potential, suggesting that exposure to QDs is of significant risk for the development of CVDs. Gilaizik et al. 22
worked on QDs and elaborated optical features with great potential as imaging tools compared with other traditional dyes,
but again systemic toxicity limited their application in vivo. Vascular inflammation is one of the features that take part in
CVDs such as poor prognosis and restenosis with enhanced numbers of monocyte-derived macrophages (MDMs). This
study reported the structural stability, cellular uptake, physiochemical characteristics and biodistribution of MDM-targeted
liposomal QDs (LipQDs) following local intra-luminal intervention of LipQDs in carotid injured rat relative to systemic
intervention and imaging of QDs in the arterial tissues. Compared with free QDs, the LipQDs had versatile properties such
as fluorescent stability, increased accumulation and retention for up to 24 h, and targeting delivery enabling MDM imaging
that may serve for screening purposes in injured arteries.
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