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Abstract

:

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. The successful application of nanomaterials for CVDs needs a detailed understanding of both the disease and targeting moieties.
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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 [1]. CVDs represent an economic burden for low- and middle-income countries as many people die at young age in their active time [2]. 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 [3]. 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 [4]. 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 [5]. Besides the apparent pathophysiology, a variety of clinical investigations predicted that tumor necrosis factor-alpha (TNF-α) 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 β-adrenergic receptors, alterations in the natriuretic hormones, and increased matrix metalloproteinase (MMP) expression are also underlying risk factors [6].



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 [7]. Alternatively, β-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 [8]. Angiotensin-converting enzyme (ACE) inhibitors and angiotensin-II receptor blockers (ARBs) are also prescribed for the treatment of hypertension, congestive heart failure, and myocardial infarction [9]. 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 [10]. On the other hand, severe and chronic cases need highly invasive interventions like coronary artery bypass grafts, percutaneous transluminal coronary angioplasty, and stenting [11].



Right now, the most frequently used CVD diagnostic methods include magnetic resonance imaging (MRI), X-ray computed tomography (CT), electrocardiography (ECG), and echocardiography [12]. 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 [13,14,15,16]. 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 [17,18].



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 [19]. 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 [20]. Likewise, animal studies revealed that implantation of stents results in irritation, allergic reactions, and other significant issues like webbing, causing thrombogenicity [21]. 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 [22,23].



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 [24,25,26]. 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 [27]. 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 [29,30,31]. 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 [32,33,34,35,36], as presented in Figure 1.



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 [37,38]. 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 [39]. Nanosensors and nanomaterials allow for a local or targeted delivery and diagnosis, reduced sheer impact of blood flow, reduction in dose, and prolonged effects [40,41,42]. Disease-specific molecules or proteins can be targeted for treatment approaches by nanomaterials or quantitatively estimated by nanosensors, e.g., specific integrins (ανβ3-integrin, vascular cell adhesion molecule 1-VCAM-1) expressed by atherosclerotic plaques can be exploited as target [43]. Emerging diagnostic tools like in vitro programmable bionanochips (lab-on-chip) are in demand for point-of-care testing [44]. 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 [45]. Moreover, various supraparamagnetic iron oxide NPs (SPIONs) 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.



In continuation of our groups’ efforts related to the synthesis of nanomaterials and investigation of their potential bioapplications [26,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62], we review here published data concerning the most well-known databases regarding different nanomaterial applicability for the diagnosis and treatment of CVDs. Critical points are highlighted in different sections/subsections of this manuscript, as follows below. This review provides 151 related references support the main aspects describing this topic.




2. Diagnosis of CVDs


2.1. Potential Biomarkers of CVDs and Current Clinical Diagnosis Methods


Nowadays, numerous techniques for the diagnosis of CVDs have been introduced, such as ECG, exercise stress test, cardiac immunoassay (CIA), and molecular imaging methods, as shown in Figure 2.



For instance, because the levels of lipoproteins and lipids are well-established indicators of an unhealthy cardiovascular condition, cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) levels are often fully investigated by blood panels [63]. Other biomarkers related to CVDs include interleukin 6 (IL-6), C-reactive protein (CRP), MCP-1, fibrinogen (factor I), cardiac troponins I and T (cTnI and cTnT), B-type natriuretic peptides (BNP and NT-proBNP), D-dimer, and TNF-α [64,65,66]. Autoantibodies are also involved in the process of atherogenesis and were suggested as potential CVD biomarkers [67]. While various biomarkers have been explored and applied for the diagnosis of CVDs, conventional methods also involve expensive and time-consuming blood work analyses. Accurate and valid measures of risk and progression of CVDs are cardiac biomarkers found in human body fluids. They can be quantitatively estimated using different CIAs based on antigen-antibody immunoaffinity. In inflammatory conditions such as atherosclerosis, CRP is a marker molecule that is significantly increased. Cardiovascular morbidity is predicted by CRP levels and elevated CRP levels are associated directly with potential cardiovascular risks. The cTnI and cTnT markers are particularly important biomarkers for the diagnosis of acute MI and for the risk of stratification in acute coronary syndrome. Also, in both acute and chronic states, BNP and NT-proBNP are used as biomarkers to diagnose heart failure. D-dimer is a biomarker of thrombosis, acute aortic dissection, cardiovascular death, and ischemic heart disease [66]. Other non-invasive methods such as ECG may be used instead of relying on blood work to diagnose some symptoms such as arrhythmias which can be closely linked to cardiovascular problems [68].



One of the most commonly used methods for the imaging of multiple CVDs is the use of ultrasounds [69]. The positions of blood clots or irregular circulation may be detected by vascular ultrasounds and echocardiograms [70]. Methodologies such as coronary angiography (CA), MRI, CT, positron emission tomography (PET), and single-photon emission CT (SPECT) may be used for more comprehensive imaging to provide appropriate diagnostic details. Also, techniques such as PET-CT and SPECT-CT are constantly used in order to benefit from several modalities at once [71]. While significant advances in CVD imaging have been made, patients still often need to be given massive amounts of contrast agents, and reports are often misunderstood which can result in a wrong diagnosis [72,73].




2.2. Nanoparticles for the Early Diagnosis of CVDs


In many countries, CVDs are the primary cause of death and accounts for around one-third of all deaths in the world [74]. More effective diagnostics and safe, non-invasive imaging methods are critically needed for use as diagnostic methods to provide detailed information over time about CVDs. Nanotechnology includes structures with nanoscale dimensions, having unique physicochemical properties that render them desirable to improve the current diagnosis methods. Due to their peculiar optical property, electrical property, and excellent biocompatibility, nanomaterials have been extensively applied to CIAs, including electrochemiluminescence (ECL), electrochemistry (EC), and photoelectrochemistry (PEC). All established sensors used in the diagnosis of CVDs are presented in the following paragraphs [75].



Due to their small size, high flexibility, and low cost, field effect transistor-based (FET) sensors have been used in biomedical research [76]. For the identification of cTnT in the field effect transistor (FET) system, Surya et al. [77] used a blend of Co3O4 and AuNPs. By adsorbing its complement biotinylated DNA aptamer on the channel surface, they achieved cardiac troponin T identification. Using this unit, analyses indicated a 250% increase in responsiveness and a detection limit of 0.1 μg/mL.



Due to its high sensitivity and rapid re-response time, EC attracted considerable attention, becoming one of the most promising techniques for diagnosis. In addition, due to their catalytic properties, conductivity, binding affinity, and large surface area, nanomaterials are highly valuable to improve the sensitivity and strength of EC [78]. Many forms of CVD nanosensors include electrochemical impedance where electrode changes induced by charged antigen interactions are reported [79]. For instance, Wang et al. [80] reported an electrochemical impedance spectroscopy (EIS) sensor system (label-free) for extremely sensitive cTnI detection using a modified glass carbon electrode (GCE) AuNPs as a base electrode. The molecular recognition probe was a special peptide (CFYSHSFHENWPS). The charge transfer resistance (Rct) of the biosensor at the time of cTnI binding was logarithmically directly proportionate to the cTnI concentration in the range of 15.5 pg/mL to 1.55 ng/mL with a detection limit of 3.4 pg/mL. In another study, an apta sensor for cMb identification using polyethylene imine (PEI) functionalized thin films of reduced graphene oxide was introduced by Sharma et al. [81]. Acute myocardial infarction (AMI), also known as “heart attack”, is one of the world’s leading causes of death and an important cardiac biomarker—cardiac myoglobin (cMb)—can be used for early AMI diagnosis [82]. As a reducing agent for graphene oxide, PEI, a cationic polymer, was used to provide largely positive charges on the rGO surface and to enable direct adsorption of negatively-charged single-strand DNA aptamers against cMb through electrostatic attraction without any chemical ligand or linking. Through differential pulse voltammetry, the existence of cMb was identified on Mb aptamer-modified electrodes by assessing the actual shift due to direct electron transfer between cMb proteins (Fe3+/Fe2+) and electrodes. Detection limits were of 0.97 pg/mL (phosphate-buffered saline) and 2.1 pg/mL (10-fold-dilute human serum), with a logarithmic cMb concentration linear nature. In a similar study, by developing aptamer sensors for BNP-32 and cTnI, Grabowska et al. [83] reported a systematic method to multianalyte nanostructured materials for cardiac biomarkers. In patients with systemic left ventricular (LV) dysfunction, BNP-32 serves as a possible biomarker of elevated left ventricular-diastolic strain. Also, in AMI patients, an increased level of this protein was seen [84]. For this purpose, with PEI/reduced graphene oxide films, commercial gold-based screen-printed electrodes have been modified electrophoretically. The established sensor had a linear relation in the case of BNP-32 from 1 pg/mL to 1 μg/mL in serum and linearity was observed for cTnI from 1 pg/mL to 10 ng/mL as needed for an early monitoring of CVDs.



Together with fluorescent assays, immunoassays are by far dominant analytical approaches because of their outstanding flexibility and signal enhancement capability. The performance of fluorescence assays has been used with nanomaterials because nanomaterials have a good solubility, low toxicity, and strong binding affinity of biomolecules that can be coupled with various intensive fluorescence amplification materials [85]. A robust nanozyme-linked immunosorbent assay based on graphitic carbon nitride quantum dots (g-C3N4 QDs) has been reported by Miao et al. [86], achieving ratiometric fluorescent and colorimetric dual-modal sensing performance. Detection of cTnI was performed as a proof-of-study demonstration. In another study, Gogoi et al. [87] developed a responsive detection method in the biological fluid (serum) and buffer for cTnT using a nanoplatform based on molybdenum disulfide (MoS2) and NIR-active fluorescent anti-cTnT-labelled carbon dots. In the range of concentrations of 0.1-50 ng/mL with a detection limit of 0.12 ng/mL and a quantification limit of 0.38 ng/mL, a linear behavior was found between the concentration of cTnT and the intensity of fluorescence. Results of the analysis showed that the nanosensor has a coefficient of co-relation of 0.99.



ECL includes electron-transfer reactions that produce excited states and light emissions. ECL may act as a common diagnostic assay to quantify biomarker expression levels because the observed emission intensity in ECL is proportional to the biomarker concentration. Luminol is one of the most important ECL signal enhancers but it displays a weak signal and low solubility. Because of their large specific surface area, ability to functionalize signal amplification materials, conductivity, and surface charge, luminol-functionalized nanomaterials can address the limitations of conventional luminol and greatly increase strength and sensitivity [88]. Dong et al. [89] developed a novel sandwich-style ECL immunoassay to detect NT-proBNP. The method focused on ECL resonance energy transfer (RET) between silver nanocubes covered as the donor by semicarbazide-modified gold NPs (AgNC-sem@AuNPs) and the acceptor is a Ti(IV)-based metal-organic structure of type MIL-125. The assay operated in a concentration range of 0.25 pg/mL to 100 ng/mL with a low detection limit of 0.11 pg/mL at S/N = 3.



Biosensor surface plasmon resonance (SPR) measures changes in the refractive index on the surface of a sensor. Nanomaterials have amplified signals with plasmonic and optical properties, good distribution capacity, and high photostability, thereby enhancing SPR sensitivity [90]. Immunomagnetic separation technology-assisted SPR biosensing was reported by Chen et al. [91] for human cTnI. The platforms for immobilizing capture antibody (cAb) and SPR sensing were used as Au films modified by Au NPs and polydopamine (PDA). The magnetic immune probe was prepared by adding the detection antibody (dAb) to the surface of PDA-coated Fe3O4 NPs for precise capture, magnetic separation, and target analyte enrichment (cTnI) from the samples. The detection limit of cTnI was 3.75 ng/mL, i.e., 320-fold lower than achieved by a sensing strategy based on PDA.



Enzyme-linked immunosorbent assay (ELISA) is a commercialized approach that uses an enzyme-linked conjugate and enzyme substrate to monitor the concentrations of targets via color change of antigen-antibody reactions. The efficiency of the ELISA and below lateral flow assay significantly improved the specific physical properties and biocompatibility of nanomaterials (LFA) [92]. A new type of multimodal ELISA (M-ELISA) based on Au@Pt nanodendrites’ specific properties was developed by Jiao et al. [93], with good quality for the clinical diagnosis for serum samples.



PEC is a valuable screening method since the biological interactions between biomarkers and corresponding recognitions cause a photocurrent shift. PEC sensitivity can be enhanced by nanomaterials due to their low background signal [94]. The split-type liposomal PEC immunoassay system consisting of sandwich immunorecognition, CdS QDs-loaded liposomes (QDLL), and separate TiO2 nanotube electrode release and subsequent capture of QDs was stated by Xue et al. [95]. The proposed method, with cTnI as a goal, achieved an efficient activation of the TiO2 nanotube electrode leading to the generation of a signal in the split-type PEC immunoassay.



Due to their excellent multiplexing performance, high sensitivity, and wide dynamic range, surface-enhanced Raman scattering (SERS) immunoassays show a strong potential for clinical CVD diagnosis. The preparation and attachment of Raman labels was simplified by nanomaterials, thus improving sensitivity [96]. A new signal enhancement SERS platform for cTnI recognition and detection using AuNPs, graphene oxide (GO), and magnetic beads was documented by Fu et al. [97]. cTnI with a good detection limit of 5 pg/mL was selectively detected by the proposed SERS-based immunoassay and a good linearity was obtained in the range of 0.01-1,000 ng/mL. Table 1 summarizes the description of such nanostructures in the diagnosis of CVDs.




2.3. Nanostructures for CVD Imaging


Due to their improved resolution, signal amplification, and simple manipulation, nanomaterials with good bioavailability and flexibility improved the precision and specificity of clinical imaging applications. NPs are ideal for imaging, among other nanomaterials, because of their mobility in both internal and external vascular systems, high surface area to volume ratio, and imaging versatility. These benefits enable them to circulate across low-restricted human bodies and produce functional imaging vehicles as contrast agents when applied in imaging environments, resulting in dramatically improved diagnostic performance [98]. Due to their stability, NPs can be used for RNA detection in intravascular systems. NPs that are injected or ingested and functionalized with detectable molecules can circulate through the human body and target specific RNA for diagnosis. However, because RNA detection involves NPs entering and interacting with cells, the size, shape, morphology, and density of functionalized NPs has to be carefully investigated. In addition, by integrating materials such as photoacoustic, fluorescent, radioactive, paramagnetic, superparamagnetic, electron-dense, light-scattering particles, and multimodal functional groups that are observable by imaging, NPs can serve as nanoscale contrast agents [99,100,101].



Historically, imaging technology has mainly been established for cancer-related applications using AuNPs. AuNPs have successfully been employed in the cardiovascular area utilizing their desirable bioactivity and flexibility [102]. Photoacoustic imaging in which AuNPs can be engaged depend on the thermal changes of nanoagents or tissues when pulsed laser beams are absorbed [103].



A photoacoustic molecular probe based on Au nanoshell targeting VCAM-1 in mice was described by Rouleau et al. [104,105]. Molecular targets may be caused by infections, apoptosis or calcification in the form of CVDs. VCAM-1 is mainly expressed at low levels and its upregulation is a significant marker of chronic inflammation in hearts during the formation of atherosclerotic plaque [104,105]. Ex vivo optical projection microscopy of atherogenic and control mice of the heart and aortas verified the preferential aggregation of nanosensor in atherosclerotic-prone regions in mice, thus verifying the usefulness of the in vivo technique in small animals for clinical studies [104]. In order to provide improved evaluations of atherosclerotic plaque, propidium iodide (sonoporation tracer) can also be paired with ultrasound imaging technology.



Optical coherence tomography (OCT) is another method for cardiovascular imaging using AuNPs. In this methodology, the infrared signal is guided to the target tissue from a broadband coherent light source and an image is built based on the back-scattered light [106,107]. Hu et al. [108] for instance, showed that individual cells suspended in biocompatible fluids may be identified using cardiovascular OCT. Pertinently, the integration of Au nanoshells as intracellular contrast agents with this catheter-based clinical methodology led to a significant increase in the reflected signal generated by individual cells.



MRI is a non-invasive approach that can provide comprehensive vasculature data that is important for the efficient CVD diagnosis [109]. Gd is often used in MRI to produce a positive signal due to its high paramagnetic potential as a T1-weighted contrast agent [110]. SPIONs have also been commonly used as MRI contrast agents [111]. Iron oxide NPs act as T2-weighted contrast agents that produce negative signals, unlike Gd which is a T1 contrast agent. Twin-modal frameworks have been suggested in order to acquire the effects of both T1 and T2 contrast agents. In this context, Qin et al. [112] stated that uniformly distributed Fe3O4/Gd2O3 core@shell NPs were rationally designed and produced successfully for T1-T2 dual-mode contrast agents. For improved hydrophilia and bioactivity, the Fe3O4/Gd2O3 core@shell NPs have been coated with nontoxic 3,4-dihydroxyhydrocinnamic acid (DHCA). T1- and T2-weighted imaging photographs in vivo indicated that FGDA nanocubes have the potential to improve MRI as a dual-mode contrast agent. Figure 3 shows diagnosis methods of CVDs including biomarker detection and bioimaging techniques within the nanotechnology platforms.





3. Applications of Nanomaterials in the Treatment of CVDs


Nanomaterials also play significant roles in the treatment of CVDs [113]. 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 [114,115,116,117,118,119,120,121,122,123,124]. NPs are considered as safe and efficacious platforms for different drugs whose clinical utilities are limited due to their toxicity or unfavorable pharmacokinetic properties. Table 2 and Figure 4 presents common nanomaterials used in CVD application and their common features [40].



3.1. 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 [132].



Dzau and coworkers [133] 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 [134]. 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 [135,136] 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. [137] functionalized liposomes using arginine-glycine-aspartic acid (RGD) to target integrin GPIIb-IIIa 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. [138] 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 [138]. Laing et al. [139] 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. [140] 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. [141] 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-IIIa-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 5 presents functionalized liposomes for targeting the CVDs.




3.2. 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 [142].



Research was performed to immobilize PLGA on a polytetrafluoroethylene film as a material to develop vascular grafts [143]. 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. [144] 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. [135] 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 (PPARγ), 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 6 presents nanodrug delivery systems mediated treatment for acute coronary syndrome.




3.3. 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 [145]. Peters et al. [146] 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 [147,148] 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. [145] 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. [149] 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. [150] 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.




3.4. 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 [151,152]. In this study atherosclerotic rabbits were treated with αvβ3-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 [153]. 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 [154,155].




3.5. 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 AuNPs 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 [156]. 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 [157]. Ghann and coworkers [158] 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.




3.6. 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 [159,160]. 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 [161,162]. Lysine-based dendrimer architectures were also employed against atherosclerosis, with dendritic assemblage in arterial walls resulting in the controlled release and therapeutic delivery of NO [163,164]. 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 [152,163]. Figure 7 presents the general structure of dendrimers.




3.7. 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 [165,166,167]. Garibaldi and coworkers [168] 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.




3.8. 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 [169]. 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 8.



Ferrara and coworkers [170,171] 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. [172] 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. [173] 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.





4. Mechanisms of Nanodiagnosis, Imaging, and Nanotreatment of CVDs


The properties of nanomaterials including the multi-functionality and dual responsive modalities of inorganic (metal-based NPs), organic (polymer-based NPs), carbon-based (graphene), and lipid-based NPs make them promising tools in the field of CVD theranostics. As mentioned earlier, various biomarkers (troponin I, cTnT) have been employed in different diagnosis methods (ECL, EC, PEC, etc.) of CVDs [132,174]. Further improvements have been performed to enhance the efficiency of NPs for CVD detection using such biomarkers.



Electrochemical immunosensors composed of bioreceptor elements (antibodies, DNA, cells, enzymes, etc) have been functionalized on the surface of different NPs to improve their suitability as diagnosis tools. An amperometric sensor for the detection of cTnT using an ionic organic molecule and chitosan-coated AuNPs that analyze the changes in electrical currents caused by oxidation and reduction in biochemical reactions was created for theranostic implementation [175,176]. The nanomaterials used to enhance the ability of chemical biomarker for CVDs diagnosis include, among others, AuNPs, graphene oxide, Co3O4, AgNPs, MOFs carbon dots, and Fe3O4 NPs. The intrinsic ability of NPs for external and internal drug transportation make them ideal carrier systems for imaging in CVDs. Gd.DTPA encapsulation in PLGA or polylactide-PEG NPs was reported to support a prolonged availability of the compound in the blood circulation for early diagnosis and imaging at the disease site [177]. SPIONs have been broadly used as contrast agents in several diagnosis, imaging, and treatment methods. Gd NPs act as T1 contrast agents while Fe3O4 acts as a T2 contrast agent. A combined, dual model system was developed to take advantage of both effects of T1 and T2 contrast agents. Core-shell Fe3O4/Gd2O3 nanocubes were fabricated to overcome the fasle imaging signals during implementation in vivo. Further functionalization of these NPs with an antibody against profilin-1 resulted in effective imaging and targeting of the atherosclerotic plaque in the carotid artery [178]. Coating of iron oxide NPs with gold can also afford protection against electrochemical reactions. Such NPs labeled with 99mTc and coated with annexin V enabled the targeting of apoptotic macrophages for a dual modal detection of vulnerable plaques. Treatment approaches used for clot dissolution include the use of nanovesicles directly targeting and binding to integrin GPIIb-IIIa and P-selectin on activated platelets. Fluorescent imaging was used to monitor the status of clots in the systemic circulation. Apart from thrombolytic agents, several techniques have been used to address thrombosis [177,179]. PLGA NPs encapsulated with small Fe3O4 NPs and perfluorohexane were modified with a CREKA peptide for imaging and thrombolysis. NPs have been also used with larger devices to recanalize the arteries and achieve required features. Stent-coated polymeric NPs loaded with sirolimus were used as very efficient systems for optimal outcomes. A multi-functional bioresorable electronic stent was successfully generated to promote flow sensing, wireless power data transmission, inflammation suppression, and localized drug delivery [177]. Mesoporous silica AuNPs were also integrated for their enhanced efficacy in CVDs in several in vitro, ex vivo, and in vivo settings [180].



The mechanisms of action of these multiple responsive NPs are depicted on Figure 9 showing how their functionalization supports nanotreatment and nanodiagnosis applications at the disease site and how they act as biosensors. Specifically, Figure 9A shows an USPION system functionalized with 99Tc label and annexin V and displaying a phosphotidylserine on their surface for dual modality imaging and to target apoptotic cells at the disease site. The method of implementation serves as a basis for the nanodiagnosis and nanotreatment of CVDs and functionalization/coating further amplifies the theranostic benefits for the diseases.




5. Conclusions, Challenges, and Perspectives


Nanomaterial applications may significantly enhance the number of tools available to clinicians against several life threating diseases such as CVDs. The potential use and efficacy of different nanomaterials including liposomes, CNTs, and polymeric NPs are considered as breakthroughs in a world of conventional materials. New strategies and techniques will emerge with advancements in nanoscience. The predictability of the treatments of CVDs can be further improved and transformed as more promises in nanomaterials are becoming a reality.



Existing medical problems for CVDs include the generation of simple, detailed clinical diagnostic decisions and the regular monitoring of drug responses. Various platforms have been proposed to address such challenges. The specificity and sensitivity of diagnostic devices could be improved by nanosensors. In the diagnostic development of CVDs, biosensor engineering using biomarkers plays a critical role. For multiple disease marker detection and accurate diagnosis of heart disease, the creation of highly specific and responsive biosensor platforms using well-established surface chemistry and nanomaterials is critical. Simultaneous detection of several biomarkers with a single experiment using limited blood sample volumes significantly increases the validity of the system with reduced diagnostic costs in disease stage measurement. Combining existing methods such as microfluidics, proteomics, and polymer science with the discovery of biomarkers and the development of biosensors can also provide miniaturized, easy-to-use, accurate, and cost-effective instruments for biosensing.



While significant advances have been made in nanotechnology for the diagnosis of CVDs, early-stage diagnosis is still difficult because symptoms are unclear and as the level of expression of early-stage cardiac biomarkers is relatively low for detection, making nanotechnological testing still challenging. The sensitivity and specificity of the biomarker is an important concern. Previous research showed that there may be inadequate single markers, leading to a lack of sensitivity and specificity for correct CVD diagnosis. Due to the uncertainty, heterogeneity, and variability of pathogenesis in various populations, it is impractical to have clear diagnosis results using one single biomarker. Additionally, during the development of pathologies, biomarkers may be differently controlled.



The expanded use of nanomaterials in a wide variety of biomedical applications, on the other hand, also raises concerns regarding their toxicity. It is stated that the morphological and physicochemical properties of nanomaterials useful for their biomedical applications play an important role in determining their toxicity in various organs including the liver, kidney, skin, brain, heart, etc. While nanomaterials have significant undesirable side effects in various experimental models, their toxicity may be minimized or eliminated by engineering their surfaces with various types of natural or synthetic polymers or other compounds. While many studies are available focusing on biomedical applications of nanomaterials and on their toxicity, there is still no in-depth information available covering all these aspects.



Finally, more research is needed to highlight the combination of advanced computational methods (e.g., machine learning) capable of developing objective and automated algorithms for large-scale and high-dimensional-multiplexed data analysis, which are intended to greatly enhance the efficiency and accuracy of diagnosis of CVDs in the future.
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Figure 1. Application of nanotheranostics for CVDs. 
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Figure 2. Current diagnosis techniques for CVDs. 
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Figure 3. Diagnosis methods for CVDs. 
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Figure 4. 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. 






Figure 4. 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.



[image: Chemosensors 09 00067 g004]







[image: Chemosensors 09 00067 g005 550] 





Figure 5. Functionalized liposomes with targeting ligands (PEG, antibodie, apartmers, proteins, carbohydrates). 
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Figure 6. 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. 
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Figure 7. Schematic representation of dendrimers. 
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Figure 8. 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. 
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Figure 9. Mechanisms of nanodiagnosis, imaging, and nanotreatment of CVDs. (A) Mechanistic nanocarrier-based approach for the diagnosis and treatment of cardiomyocytes in CVDs with enhanced sensitivity against the cardiobiomarker. (B) Application of the biosensor approach to detect cardiac markers in CVD patients’ blood where the sensor uses biocatalysts such as DNA, enzymes, cell, antibody to detect specific cardiobiomarkers. 
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Table 1. Summary of some nanostructures in diagnosis of CVDs.
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	Detection Methods
	Nanostructures
	Limit of Detection
	Biomarkers
	Refs.





	Field effect transistor-based (FET)
	Co3O4, AuNPs
	0.1 μg/mL
	cardiac troponin-I (cTnI)
	[77]



	Electrochemistry (EC)
	reduced graphene oxide
	0.97 pg/mL
	cardiac myoglobin (cMb)
	[82]



	Fluorescence immunoassay
	molybdenum disulfide (MoS2), carbon dots
	0.12 ng/mL
	cTnI
	[87]



	Electrochemiluminescence (ECL)
	semicarba-zide-modified AuNPs, AgNPs, MOFs
	0.11 pg/mL
	N-terminal pro-B-type natriuretic peptide (NT-proBNP)
	[89]



	Surface plasmon resonance (SPR)
	AuNPs, Fe3O4 NPs
	3.75 ng/mL
	cTnI
	[91]



	Enzyme-linked immunosorbent assay (ELISA)
	Au@Pt nanodendrites
	0.34 ng/mL
	cTnI
	[93]



	Photoelectrochemistry (PEC)
	CdS quantum dots (QDs), TiO2 nanotubes
	0.5 pg/mL
	cTnI
	[95]



	Surface-enhanced Raman scattering (SERS)
	AuNPs, graphene oxide (GO), magnetic beads (MB)
	5 pg/mL
	cTnI
	[97]
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Table 2. Category and features of nanodrug carriers for the treatment of CVDs.
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	Type
	Structures
	Methods of Drug Loading
	Advantages
	Limitations
	Refs.





	Liposomes
	lipid bilayers
	chemical/physical encapsulation
	non-toxic, biocompatible, non-immunogenic
	low stability, leakage
	[19,125]



	Polymeric NPs
	nanospheres, nanocapsules/polymer-based NPs with lipophilic core
	chemical/physical encapsulation
	no leakage, stable
	systemic toxicity
	[126,127]



	Metal nanomaterials
	NPs, nanorods, nanowire
	physical encapsulation
	magneto-optical response characteristics and antibacterial property
	toxicity, hard to degrade
	[128]



	Polymeric micelles
	core shell structure formed by self-assembly
	chemical/physical encapsulation
	easy preparation, highly stable
	low stability, depolymerization after dilution
	[129]



	Inorganic non-metallic nanomaterials
	same size with adjustable pore size
	physical encapsulation
	large surface area, stable size, high drug loading
	low rate of biodegradation
	[130,131]
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