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Abstract: Cardiovascular and related diseases (CVRDs) are among the most prevalent chronic
diseases in the 21st century, with a high mortality rate. This review summarizes the various
nanomedicines for diagnostic and therapeutic applications in CVRDs, including nanomedicine for
angina pectoris, myocarditis, myocardial infarction, pericardial disorder, thrombosis, atheroscle-
rosis, hyperlipidemia, hypertension, pulmonary arterial hypertension and stroke. Theranostic
nanomedicines can prolong systemic circulation, escape from the host defense system, and de-
liver theranostic agents to the targeted site for imaging and therapy at a cellular and molecular level.
Presently, discrete non-invasive and non-surgical theranostic methodologies are such an advancement
modality capable of targeted diagnosis and therapy and have better efficacy with fewer side effects
than conventional medicine. Additionally, we have presented the recent updates on nanomedicine
in clinical trials, targeted nanomedicine and its translational challenges for CVRDs. Theranostic
nanomedicine acts as a bridge towards CVRDs amelioration and its management.

Keywords: atherosclerosis; cardiovascular disease; personalized therapy; pharmaceutical nanomedicine;
targeted delivery

1. Introduction

Cardiovascular is aword combining “cardio” implying the heart and “vascular” means
blood vessels. CVRDs are chronic disorders of the heart and the vascular systems such
as arteries, veins, and blood capillaries. CVRDs include both cardiovascular diseases and
cardiovascular related diseases such as angina pectoris, myocarditis, myocardial infarction,
pericardial disorder, thrombosis, atherosclerosis, hyperlipidemia, hypertension, pulmonary
arterial hypertension, stroke, etc. [1]. Altogether, CVRDs are the leading causes of mortality
and morbidity in developed countries, owing to their sedentary lifestyles [2]. Furthermore,
obesity and diabetes, and related disorders, are linked with CVRDs, hence becoming a
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comorbid relation. Furthermore, a complication such as coronary artery obstruction is
among the number one causes of death in adults that lead to thrombus plagues in the
intima of the arterial wall, mainly in the carotid artery [3]. Cardiovascular diseases are
prevalent in high-income countries such as the United States of America, but they have
also become global issue. In 2016, a report demonstrated that 62.5 and 12.7 million people
died due to cardiovascular diseases in India and America, respectively. Out of these deaths,
most causes for deaths were observed as ischemic heart disease and stroke, and likely more
will be in the future if serious actions are not taken [4].

The latest milestone in the treatment of CVRDs is the surgical implantation of coro-
nary stents, which will be helpful in atherosclerosis and other coronary artery diseases.
However, other medical managements of CVRDs rely on conventional medications such
as beta-blockers, diuretics, hypolipidemic drugs, etc. The conventional medicines for
the management of CVRDs are non-targeted drug delivery systems that can produce
some potential side effects and toxicities. Developing targeted nanomedicine for CVRDs
can minimize or eliminate these associated problems. Additionally, integrating targeted
nanomedicine with diagnostic agents can detect and deliver the drug to the targeted site
and provide a better understanding of the disease and its treatment processes [5]. For ex-
ample, macrophages play a key role in the development and progression of atherosclerosis.
Hence, designing targeted theranostic nanomedicine for imaging and targeted therapy of
macrophage-associated pathological processes in the CVRDs [6]. Surgical implants suffer
from critical problems such as infection at the implantation site, blood clots, and damage
to blood vessels, whereas beta-blockers slow down the heartbeat and reduce the force of
contraction, leading to the heart’s adaptation to a slower speed if taken regularly. Suddenly
stopping medication of the beta-blocker increases the risk of a heart attack. Diuretics have
the inherent disadvantages of triggering body ionic imbalances, such as lower sodium and
potassium levels. Therefore, newer, safer, and more effective treatment modalities need
to be developed to diagnose and treat CVRDs. The emerging theranostic nanomedicine
modalities recently developed for diagnosing and treating CVRDs include nanoparticles,
liposomes, metallic nanovesicles, etc. [7]. Therapeutic agents in theranostic nanomedicine
include, synthetic or semisynthetic drugs, peptides, protein and genomic materials [8]. In
contrast, commonly used diagnostic agents in theranostic nanomedicine include fluorescent
dye [9] or quantum dots (optical imaging) [10], superparamagnetic iron oxide nanoparti-
cles (magnetic resonance imaging) [11], radioactive nucleoid (nuclear imaging) [12] and
heavy elements such as iodine [13] for computed tomography. Quantum dots possess
numerous advantages over organic dye that include higher signal intensity, brightness, and
photostability. In recent decades, nanomedicines have taken the world by storm for their
application in the diagnosis and treatment of cancer. Researchers have recently emphasized
theranostic aspects of nanomedicines on other illnesses and diseases such as CVRDs [14].

In addition, targeted nanomedicines are gaining momentum in the medical field be-
cause of their advancement in specificity-based therapy through targeting cells and cellular
components. Targeted approaches have created advanced nanomedicine platforms for
drug targeting and disease diagnosis at a nanoscale level [15]. Conventional treatments
have lower efficacy, elevated systemic side effects, and a shorter drug half-life. For instance,
an endogenous substance called urokinase acts as a thrombolytic agent. It is often used
in various CVRDs, such as strokes, adjunctive therapy after angioplasty of an occluded
artery, pulmonary embolism, etc. However, it has a major drawback of having a short
half-life, which requires continuous administration to achieve a proper therapeutic win-
dow. Furthermore, it has been shown to cause excessive bleeding elsewhere in the body
because it prevents platelets from aggregating properly to form blood clots under normal
conditions. The use of urokinase encapsulated in a nanoformulation during targeted deliv-
ery was shown to result in an increase in half-life associated with a decrease in systemic
toxicity, according to the findings [16]. Theranostic nanomedicine has demonstrated its
potential role in diagnosing and treating the disease in preclinical studies. However, new
advancement in drug delivery and diagnosis have been developed but still remains in
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their infancy stage for clinical application. Nanoparticulate and biological interaction are
the key challenges associated with the clinical translation of theranostic nanomedicine.
When a nanoparticle interacts with biomaterials, its possible toxicity or incompatibility
might cause problems such as immunoreaction, inflammation, and other disorders. The
harmful effects of nanomedicines are highly reliant on numerous aspects such as size,
zeta-potential, and solubility. Hence, preclinical studies in numerous animal models will
be helpful for addressing this issue. Additionally, academic research laboratories develop
theranostic nanomedicine on a modest scale, focusing on emerging scientific and tech-
nological advancements. They are frequently aware of the technical obstacles that the
industry faces while commercializing techniques. Increased coordination between labs and
pharmaceutical industries is required to narrow this gap [17].

This review summarizes the use of different theranostic nanomedicines for diagnos-
tic and therapeutic purposes in CVRDs. The past and ongoing clinical trials, including
emerging techniques such as artificial intelligence, gene therapy, tissue engineering, etc.,
that have been utilized as a subsidiary tools, were also discussed. Additionally, the review
provides a glimpse of challenges associated with the theranostic nanomedicine therapy
of CVRDs.

2. Diagnostic Application of Targeted Nanomedicine in CVRDs

Early detection of any disease is the key to any treatment, as the higher progression
of conditions can be fatal and life-threatening. Hence, with advancements in the medical
field, nano-scaled contrasting agents have been employed in the early diagnosis of CVRDs.
Contrasting agents such as quantum dots have mainly been used to capture fluorescence
tomography images. Additionally, diagnostic agents such as 18F-crosslinked iron oxide
(18F CLIO) are used for radioactive scans such as PET, SPECT, etc. In a few diagnoses,
gadolinium chelated with diethylenetriamine pentetic acid (Gd-DTPA), iron oxide nanopar-
ticles in magnetic resonance imaging (MRI) [18], gold or iodine-based nanoparticles in
computed tomography (CT) imaging [19], gold nanoshells in optical coherent tomography,
and colloidal nanobeacons in photoacoustic tomography have been reported [20]. There are
also other multimodal techniques have been used, such as copper-CLIO in MRI, positron
emission tomography (PET), and near-infrared fluorescence (NIRF) [7,21].

2.1. Quantum Dot-Based Imaging of CVRDs

In one study, a very stable CT-targeted contrasting agent was developed with lisinopril
as the targeting ligand, and was further incorporated into citrate-coated gold nanoparticles.
The results showed an image of the heart and lung regions indicating the targeting of an
angiotensin-converting enzyme (ACE), which was overexpressed in cardiac and pulmonary
fibrosis. It was reported that the developed nanoprobes would be very useful tools for
monitoring cardiovascular pathophysiology using CT imaging. Furthermore, in vivo stud-
ies in mice depicted that lisinopril-thioctic acid conjugated nanoparticles are accumulated
specifically in the lungs and heart due to higher density ACE receptors after intravenous
administration and produced stable X-ray CT images of the lungs and heart [22]

2.2. Magnetic Nanoparticles-Based Imaging of CVRDs

The polymeric nanoparticles that carry contrasting agents are safer and better alterna-
tives for producing high-resolution images than free contrasting agents. The developed
targeted nanocolloids have demonstrated promising in vitro MRI contrast agents due to
their higher relaxivity and detection sensitivity than non-targeted nanocolloids [23]. Ad-
ditionally, with advanced technologies, medical devices are programmed for the rapid
diagnosis of CVRDs. Bio-nanochips, made up of nanonets and quantum dots, produce
results in minutes [24]. As diagnosis is emphasized in early biomarkers detection, it is
necessary to identify biomarkers involved in CVRDs. These biomarkers include troponins,
creatine k muscle/brain, B-type natriuretic peptide, myeloperoxidase, apolipoproteins,
myoglobin, low-density, and high-density lipoprotein [25]. Furthermore, biomarkers were
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targeted by paramagnetic/fluorescent micellar nanoparticles in the ischemic or reperfused
mouse model. Micellar nanoparticles were found to diagnose the onset of acute my-
ocardial infarction by detecting the overexpressed extracellular matrix metalloproteinase
inducer [26].

Currently, with the help of molecular imaging and MRI at the nanoscale, a non-invasive
technique of diagnosis has been developed. This MRI allows better photon penetration
in a specific nanometer range and the scattering of beams of light can be diminished to
show better clarity with heightened sensitivity at detection [27]. Utilizing this technol-
ogy, imaging of cardiomyocyte apoptosis incorporating magneto-optical nanoparticles can
produce high-resolution in vivo images [28]. In a similar study, the diagnosis of cardiomy-
ocyte apoptosis was made with annexin-labeled nanoparticles and it was observed that
a low level of apoptosis in the myocardium indicated a healthy heart and the elevated
apoptotic levels of cardiomyocytes revealed the heart abnormality. In conclusion, this
study suggested developing a nanoplatform for cardiac diagnosis and developing novel
anti-apoptotic heart failure therapies [29,30].

In atherosclerosis, various molecular imagining techniques have been reported, such
as intravital microscopy, nanoparticle-enhanced molecular MRI, multicolor spectral CT,
and fluorescence imaging; further quantification of blood vessel wall inflammation has also
been imaged by PET. Many of these imaging techniques mentioned above are currently
undergoing clinical trials [31]. Other cellular targets used as biomarkers in atheroscle-
rosis include macrophages, cell adhesion molecules (CAMs), lipids such as low-density
lipoprotein (LDL), high-density lipoprotein (HDL) and fibrin. Furthermore, increases in
angiogenesis have been observed at the initial stages of atherosclerotic plaque formation,
which serves as a good target for diagnosis. In one study, angiogenesis was evaluated by
targeting a molecule called αvβ3 integrin, and it was visualized using an MRI scan [32].
In some studies, imaging techniques of thrombosis have been accomplished using atomic
force microscopy through sizes of the thrombotic clots. This tool offers better resolution
and clarity at a lesser range of 1 nm. In addition to this, it enabled the analysis of platelet
activities and their points of activation in conjunction with the analysis of proteins involved
in thrombosis [33]. In the early 2000s, the diagnosis of a thrombotic clot in vivo was also
made by an MRI scan in canine models. It was fabricated with anti-fibrin monoclonal anti-
bodies in conjunction with lipid-encapsulated perfluorocarbon nanoparticles comprising
gadolinium-chelate as a targeting agent [34]. In another study, ultra-small superparam-
agnetic iron oxide nanoparticles in conjunction with fucoidan were reported to diagnose
arterial thrombi by MRI visualization. Surface plasmon resonance imaging demonstrated
that targeted nanoparticles binds to immobilized P-selectin in vitro. All intraluminal hypo-
signals detected by MRI after injection targeted the nanoparticle, whereas none could be
identified with non-targeted nanoparticles [35].

2.3. Radio-Imaging of CVRDs

Similarly, ligand-targeted 19F perfluorocarbon nanoparticles have been used to visual-
ize and examine unstable in vivo atherosclerotic lesions. In this study, the nanoformulation
includes an exquisite contrast agent for the paramagnetic property. The formulation con-
sisted mainly of lecithin encapsulated liquid perfluorocarbon with a massive amount of
chelated gadolinium, which was located within the bounding lipid. The targeting property
of formulated particles with distinct monoclonal antibodies showed nanoparticles localiza-
tion for the MRI signal amplification in imaging areas with minor or no opposing blood
pool signal [36].

3. Therapeutic and Theranostic Applications of Targeted Nanomedicine in CVRDs

Nanocarriers are loaded with therapeutic agents which are directly transported to the target
site, either by passive or active targeting. For passive targeting, the nanomedicine reaches the
target site employing highly perfusable cells. In active targeting, the nanomedicine is conjugated
with site-specific molecules or cell-specific targeting ligands [15,37]. A study was carried out
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with liposome-encapsulated amiodarone showing better therapeutic efficacy with lesser side
effects in hypotension. This is an excellent example of how nanoformulation of cardiac drugs
can aid in better therapy of CVRDs [38]. Moreover, liposomal vesicles containing surface charge
due to their compositions can also be utilized for molecular targets. For example, cationic
lipid such as dioleoylphosphatidylethanolamine (DOPE) were used to prepare liposomes that
carried a positive charge and showed a greater affinity towards negatively charged targets such
as nucleic acids, tumor cells, intestinal mucosa, etc. [39]. Different targeting approaches for
nanocarrier-based therapy for cardiovascular and cardiovascular related diseases are presented
in Tables 1 and 2.

Table 1. Different targeted/theranostic approaches of nanomedicine for CVDs.

Diseases/CVRDs Drug/Nanocarrier Targeted Areas Treatment Time
Tested Doses and
Route of
Administration

Inferences Ref.

Angina pectoris Ivabradine/Polymeric
nanoparticles

Funny channels of
SA-node 3 days 1.54 mg/kg, 2 mL;

oral

Increased
permeability;
anti-anginal effects
lasted for 3
consecutive days.

[40]

Angina pectoris Verapamil/NLCs
α-adrenergic
receptors of
myocardial cells

24 h -
Prolonged drug
release; higher
cellular uptake.

[41]

Myocarditis
Iron metal/nanoparticle,
Materials
InstituteLavoisier-89

Artery endothelial
and smooth
muscle cells

24 h -

Shown
anti-inflammatory
effect and reduced
chemokine CXCL8.

[42]

Myocardial
infarction Magnetic nanoparticles

Extracellular
matrix—
Metalloproteinase
inducer

- 50 mg/Kg i.v.

In vivo visualization
and regression of
acute myocardial
infarction.

[26]

Myocardial
infarction

miR199a-3p/macrophage
membrane coated
nanoparticles

IL-1β, -6, and
tumor necrosis
factor alpha
(TNF-α)

2 weeks 2.0 mg/kg; i.v.

Reduction in
inflammatory cells
and increased cell
proliferation
abilities.

[43]

Myocardial
infarction

Pioglitazone/Poly (lactic
acid/glycolic acid)
nanoparticles

Peroxisome
proliferator-
activated
receptor-gamma
(PPARγ)

3 days 1.0 mg/kg; i.v.

Suppression of
Ly6Chigh

inflammatory
monocyte and
inflammatory gene
expression.

[44]

Myocardial
infarction

Oleate adenosine
prodrug-atrial natriuretic
peptide/Lipid
nanocarriers

Natriuretic peptide
receptors of
ischemic heart

48 h 1 mL per rat; i.v. Reduction in infract
size. [45]

Myocardial
infarction

Salvianolic acid
B-ginsenoside Rg
1/Lipid-polymer hybrid
nanoparticles

αvβ3 integrin
receptor 3 days

Sal B: 10 mg/kg,
PNS: 10 mg/kg;
i.v.

Reduction in infract
size. [46]

Myocardial
infarction

Radix Ophiopogonis
polysaccharide/Mono
polyethylene glycol

Hypoxic tissues of
the heart 4 days 4 µmol/kg; i.v.

Increased drug
accumulation in the
infarcted
myocardium.

[47]

Heart failure ATTPCD bioactive
nanoparticles

Pulmonary
circulation-
mediated heart
targeting

12 to 48 h 50 mg/kg

Prevention of heart
failure and imaging
of heart and vital
organ.

[48]

Thrombosis
Streptokinase/Liposome-
encapsulated &
microencapsulated

Plasminogen 2 h 6000 IU/kg; i.v.
Lesser cases of
occlusions were
observed.

[49]
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Table 1. Cont.

Diseases/CVRDs Drug/Nanocarrier Targeted Areas Treatment Time
Tested Doses and
Route of
Administration

Inferences Ref.

Thrombosis

Streptokinase/platelet-
derived
Microparticles—inspired
nanovesicles

Plasminogen Overnight 30 mg/kg; i.v.
Relieving
thrombolytic
payload.

[50]

Thrombosis

D-phenylalanyl-L-prolyl-
L-arginyl chloromethyl
ketone/Semipermeant
perfluorocarbon core
nanoparticles

Thrombin 1 month - Inactivates thrombin. [51]

Thrombosis tPA/Chitosan magnetic
nanoparticles Fibrin clot 2 h 150 µL; i.v. Increased efficacy of

drug. [52]

Thrombosis

Recombinant tissue
plasminogen activa-
tor/magnetofluorescent
nanoparticle

Thrombus clot 1 h 14 mg/kg; i.v.
Exhibits theranostic
capabilities and high
affinity towards clot.

[53]

Thrombosis
Fibrin targeted
H2O2-responsive
nanoparticles

Fibrin 3 min 24 µg/kg i.v.
Image obstructed
vessels and inhibit
thrombus formation.

[54]

NLCs: Nanostructured lipid carriers; IL: Interleukin; tPA: Tissue plasminogen activator.

Table 2. Different targeted/theranostic approaches of nanomedicine for CVRDs.

Diseases/CVRDs Drug/Nanocarrier Targeted Areas Treatment Time
Tested Doses and
Route of
Administration

Inferences Ref.

Atherosclerosis
Andrographolide/PEG-
poly(propylene sulphide)
micelles

NF-κB signaling
pathway 30 days 45 µg/g micelle,

2 µg/g; andro i.v.
Increased delivery
efficiency. [55]

Atherosclerosis Prednisolone/Liposomes Atherosclerotic
macrophages 10 days 1.5 mg/kg; i.v.

No
anti-inflammatory
effect seen.

[56]

Atherosclerosis

IL-10/Arginylglycyl
aspartic acid conjugated
pluronic-based
nanocarriers

Atherosclerotic
plaques 1–3 weeks 1.05 mg of NC

with 5 µg IL10; i.v.

Could inhibit the
progression of
atherosclerotic
plaques.

[57]

Atherosclerosis Fumagillin/Paramagnetic
nanoparticles

Endothelial αvβ3
integrin 2–4 h 1.0 mL/kg; i.v.

Quantification and
inhibition of
angiogenesis.

[58]

Atherosclerosis PLGA nanoparticles
plaque-targeted
peptides PP1 and
cRGD

6 h -

Diagnosis and
therapy of advanced
atherosclerotic
plaques.

[59]

Hyperlipidemia Simvastatin/chitosan NPs HMG-CoA
reductase enzyme 16 weeks 10 mg/kg; Oral Increased

hypolipidemic effect. [60]

Hyperlipidemia
Lovastatin/Hyaluronic
acid-reconstituted
high-density lipoprotein

Atherosclerotic
lesions 8 weeks 2 mg/kg; i.v

Greater
atheroprotective
efficacy.

[61]

Hyperlipidemia
N-hexanoylsphingosine
or 17-β-
estradiol/Nanoemulsions

MAPK enzyme 24 h -
Greater
anti-proliferative
activity.

[62]

Hyperlipidemia

Copper/Zinc superoxide
dismutase/Poly-L-lysine
(PLL50)-polyethylene
glycol block co-polymer

Central nerves 9 days
130–150 U
CuZnSOD activity;
ICV injection

Stabilized
angiotensin-II-
dependent
hypertension.

[63]

Hyperlipidemia
Human vasoactive
intestinal peptide
(VIP-α)/Liposomes

Cognate receptors
of vascular smooth
cells

6 h 0.5 mL; i.v
Potent vasodilation
and lowers systemic
arterial pressure.

[64]
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Table 2. Cont.

Diseases/CVRDs Drug/Nanocarrier Targeted Areas Treatment Time
Tested Doses and
Route of
Administration

Inferences Ref.

Hyperlipidemia Isradipine/Invasomes

L-type calcium
channels of
vascular smooth
muscle and
myocardium

24 h Transdermal flux
Improved the
antihypertensive
activity.

[65]

Pulmonary
arterial
hypertension

Fasudil/Liposomes Rho-kinase
receptors 4 weeks 3 mg/kg;

intratracheal

Prolonged
vasodilatory effect
for three hours.

[66]

Pulmonary
arterial
hypertension

Imatinib/Polylactide-
glycolide
nanoparticles-fluorescein
isothiocyanate

Platelet–derived
growth factor
receptors

3 weeks
1 mg/kg;
intratracheal
instillation

Sustained
antiproliferative
effects.

[67]

Stroke

rtPA/Polysaccharide-
poly(isobutylcyanoacrylate)-
fucoidan
nanoparticles

P-selectin 30 min 2.5 mg/kg; i.v.
Thrombus density
reduced to one-third
of its original sizes.

[68]

Stroke
Urokinase anti-fibrin
monoclonal antibodies/
Perfluorocarbon
nanoparticles

Fibrin clot 2 h 2 mL/kg; i.v.
Alternative to
reconstituted-Tissue
plasminogen
activator.

[69]

PEG: Poly(ethylene glycol); IL-10: Interleukin-10; MAPK: Mitogen-activated-protein-kinase; rtPA: Recombinant
tissue plasminogen activator.

3.1. Nanomedicine as a Drug Delivery System for Cardiovascular Diseases
3.1.1. Nanomedicines for Angina Pectoris

Angina pectoris is a health condition occurring when an insufficient supply of oxy-
genated blood reaches the myocardial tissues. A potassium channel opening drug-like
nicorandil is given in the case of angina pectoris. Polymeric nanofibers containing nico-
randil were developed using the electrospinning method that utilizes Vitamin B12 and a
mixture of hyaluronic acid and polyvinyl alcohol as polymeric ingredients, which counter
the adverse consequences associated with the oral administration of nicorandil. The phar-
macokinetics study suggested that polymeric nanofibers have a longer plasma half-life of
3.7 h than the marketed preparation of nicorandil with a 0.99 h plasma half-life. This may
be due to the greater therapeutic absorption of developed nanofibers and their sustained
release characteristics. After sublingual delivery of nicorandil, the histopathology exami-
nation found no signs of mucosal ulcers [70]. This condition can occur concurrently with
obstructive coronary artery disease or myocardial hypertrophy. Additionally, it was found
that low oxygen levels can lead to ischemia of the heart [71].

When angina occurs, patients feel a sharp pain in their chest, shoulder, neck, arm,
and back due to blocked or narrowed arteries that deprive the blood supply to their
cardiac muscles [40]. There are two types of angina pectoris: the classic form of anginaand
stable angina. The other is a variant form of angina or unstable angina or prinzmetal’s
angina. In some cases, it occurs when the patient is engaging in physical activities resulting
in increased cardiac workload, i.e., the classic form of angina. In the variant form of
angina, attacks can occur even when the patient is at complete rest without physical
activity [72]. Conventional treatments include the administration of low-cost nitrates such
as nitroglycerin. However, it is short-lasting and undergoes the first-pass metabolism.
Hence, longer-acting nitrates such as isosorbide dinitrate have been used in treatment [73].
It was found that drugs such as ivabradine in tablet form lowered the heart rate, but their
pharmacokinetic property were poor. A study reported that ivabradine was loaded in
polymeric nanoparticles and the oral bioavailability and the half-life of ivabradine were
improved. It was reported that the first-pass metabolism of ivabradine was reduced by the
enzyme cytochrome P450 3A4 (CYP3A4) [40].
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In another study, verapamil was used with low bioavailability and a high first-pass
effect. Verapamil is a calcium channel antagonist, and it is very efficacious in managing
hypertension, angina pectoris, and other diseases. However, low bioavailability and low
cellular uptake were reported as the drawbacks of this drug. In non-targeted management
of angina pectoris, a study was reported where verapamil-dextran was incorporated in
nanostructured lipid carriers. Furthermore, in vitro cellular uptake in Caco-2 cells was
increased by ~2.47-fold compared to non-formulated free verapamil. The results showed an
enhanced cellular uptake of verapamil [41]. Mostly anti-anginal drugs effectively control
angina, but they have low bioavailability, e.g., nicorandil. These drugs are good vasodilators
that act on potassium (K+) ATP channel opening. Researchers have incorporated nicorandil
into various nanocarriers to overcome this drawback of low bioavailability. One such
carrier was reported, i.e., a biocomposite polymeric nanofiber of nicorandil, which was
delivered sublingually to reduce mucosal ulceration and successfully improvethe oral drug
bioavailability [70].

Minimal advancement was observed for active targeting therapy in angina pectoris.
A study was reported with cardiomyocyte-enabled targeting by radiofrequency ablation
in rats. This study showed the targeting effect of amiodarone hydrochloride (ADHC)
loaded liposomes with the help of radiofrequency ablation. They found that the ADHC
concentration in the heart was 4.1-fold higher in the case of ADHC liposomes after 20 min
post-injection [74]. Other potential targets reported for managing these cardiovascular
diseases include carnitine-palmitoyltransferase-1 (CPT-1), carnitine-palmitoyltransferase-2
(CPT-2), carnitine-acylcarnitine translocase, gamma-butyrobetaine hydroxylase, etc. These
inactivated targets were found to change the process of fatty acid oxidation into glucose
oxidation, which modified the overall cardiac workloads [75].

3.1.2. Nanomedicines for Myocarditis

Inflammation is an act of the body’s defense mechanism, arising due to various factors
such as virulent or bacterial attack, physical agents, excess ROS generation, hypoxia, etc.
The nanomedicines have an edge over inflammation therapy as their small size can be
engulfed by inflammatory cells such as macrophages. It can either cause inhibition of
the expression of inflammatory modulators or act as genosensors [55,76,77]. Additionally,
various approaches to facilitate nanocarriers for myocarditis were attempted such as ligand
decoration to mimic natural cell adhesion molecules (CAMs), anti-vascular cell adhesion
molecule, lymphocyte function-associated antigen-1, anti-oxidized low-density lipoprotein
receptor, etc. CAMs act as a biomarker of inflammation that is overexpressed and in-
creased with immune cellular adhesion. Macrophages, as well as leukocytestarget inflamed
endothelium irrespective of the injury. Hence, carriers that mimic biological molecules
tend to trail after leukocyte tropism and precisely deliver cargo to the diseased area [77].
Other inflammatory targets are chemokine; these are minute chemotactic cytokines whose
roles facilitate the recruitment of white blood cells to inflamed tissues. They are of vari-
ous types, such as CCL2/CCR2 chemokine, which give rise to monocyte inflammatory
recruitment in atherosclerosis and infarcted heart. Lipidic nanoparticles were reported
with a small interfering RNA against C-C chemokine receptor type 2 (CCR2) that reduced
inflammatory monocyte recruitment and overall inflammation in ischemia and atheroscle-
rosis [78]. Another chemokine being targeted is interleukin 8 (CXCL8), over-expressed in
inflamed conditions by the endothelial cells. Furthermore, iron metal-organic framework
nanoparticles known as materials institute lavoisier-89 or nanoMIL-89 have shown an
anti-inflammatory effect by reducing chemokine CXCL8 from human pulmonary artery
endothelial cell lines. The microscopic cellular uptake study confirmed the internalization
and packaging of nanoMIL-89 in endocytic vesicles and suggested their transfer to daughter
cells during mitosis [42,78].
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3.1.3. Nanomedicines for Myocardial Infarction

Ischemia in myocardial cells happens when there is less oxygen supply in the blood
from coronary blood flow, which leads to myocardial infarction. It is also known as a heart
attack that leads to heart muscle injuries. When ischemia stops and blood oxygen level
becomes normal, all abnormal behavior will drastically cease. However, if the oxygen
level does not return to normal within an hour or so, it will lead to myocardial necrosis. If
ample blood flow is returned within 15 min, myocardial infarction will cease to exist, but
the myocardial cells will take time for normal function [42,79]. At myocardial infarction,
inflammatory responses are one step behind, with releases of cytokines and leukocytes
in the area. The higher production of tumor necrosis factor-alpha (TNF-α), interleukin-1
(IL-1), and interleukin-6 (IL-6) have been linked with myocyte death, myocardial injury
and the healing processes, whereby blocking all these factors can lead to therapeutic ac-
tion. Nanoparticles containing miR199a-3p were engulfed in membranes from engineered
macrophages with TNF-αR, IL-1βR and IL-6R that contributed to cardiomyocyte cell pro-
liferation. This engineered macrophage was administered intravenously in Balb/c mice
that had been subjected to hypoxic conditions. The finding was a reduction in inflamma-
tory cells in the infarcted region and increased cell proliferation abilities [43]. Another
instance of targeting inflammatory monocytes/macrophages is using a PPARγ agonist-like
pioglitazone in the myocardial injury site. It was encapsulated in bioabsorbable poly (lactic-
co-glycolic acid) (PLGA) polymeric nanoparticles, which were taken up by monocytes and
macrophages via phagocytosis. This dramatically enhanced the accumulation of PLGA
nanoparticles in the ischemia-reperfusion myocardium through enhanced permeability
of blood vessels in adult male C57BL/6J mice. Additionally, previous studies suggested
that free pioglitazone has no efficacy when administered via a different route, such as the
intraperitoneal route. Pioglitazone nanoparticles were found to suppress the production
of Ly6Chigh inflammatory monocyte and inflammatory gene expression in the myocardial
ischemia-reperfusion hearts.

Additionally, it has been shown to decrease the mortality rate by 37% compared to the
saline-treated group by 58% in a myocardial infarction survival study on mice [44]. Specific
peptides have also been shown to inhibit the synthesis of reactive oxygen species (ROS),
reduce the inflammatory response, and stimulate angiogenesis. Adenosine peptide was
used as a prodrug along with synthesized atrial natriuretic peptide, which was loaded
into lipid nanocarriers to manage myocardial infarction. Additionally, size and tissue
distribution in ischemic myocardium were seen in Sprague Dawley rats after subsequent
intravenous injections. They exhibited more promising results than their non-nanocarrier
counterparts. It was found that half-life of the nanoencapsulated adenosine was 3.4 h longer
than free adenosine [45]. Growth factors that stimulate angiogenesis were encapsulated
in nanocarriers loaded hydrogel for sustained delivery. The developed ployglutamic acid
complex VEGF nanomedicine has more than 99% encapsulation efficiency and sustained
vascular endothelial growth factor (VEGF) release up to 35 days after incorporation into a
biocompatible hydrogel. The nanoencapsulated VEGF was delivered to the targeted area
in a constant way to achieve angiogenesis of ischemic myocardial cells [80].

Traditional medicines have also found their way into the nano-medicinal field in a new
context, e.g., traditional Chinese medicines. Natural compounds used such as salvianolic
acid B and ginsenoside Rg 1 in the accurate and well-combined ratio were proven to be
working well with improving myocardium structure and ventricular function compared to
their counterparts. These two compounds were incorporated into a lipid-polymer hybrid
nanocarrier with an arginyl-glycyl-aspartic acid (RGD) peptide ligand as the targeting
ligand for integrin αvβ3 of activated endothelial cells. Furthermore, in vivo infarct therapy
study depicted that RGD functionalized nanoparticles reduced the infarct size by ~1.85-fold
compared to the free drug [46]. Similarly, insertion peptide was demonstrated to be utilized
as a targeting moiety in the region of low extracellular pH. An insertion peptide acted as
an unstructured peptide in the peripheral lipid layer; however, it started insertion in a
slightly acidic medium. In a targeting efficacy study, fluorescent dyes and fluorescently
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labeled liposomes coated with this pH-sensitive peptide were utilized as imaging agents.
The low pH insertion peptide-coated liposomes were reported with many benefits, such
as drug transport moiety to risky zone [81]. Nanosized particles undergo various risk
of opsonization by macrophages and other scavenger cells. To overcome this natural
phenomenon, the surface of the nanoparticles was attached with single or additional
polyethylene glycol (PEG) chains covalently to a drug moiety by the process of PEGylation.
Alternatively, the opsonization of nanosized radix ophiopogonin polysaccharide was seen
as a natural fructan with a special anti-myocardial ischemic activity. In addition, it showed
an affinity to accumulate in the heart of myocardial ischemia-induced rats owing to the
enhanced permeability and retention (EPR) effect. The mono-PEGylation of this fructan
was carried out and showed enhanced therapeutic effects such as increased vascular
proliferation, better delivery of the drug to the nonperfused necrotic zone, and lower
morbidity rate in rats [47]. Paul et al., recently developed a nano-complex formulation
for myocardial therapy that had graphene oxide and vascular endothelial growth factor
along with pro-angiogenic gene. It was observed that low modulus methacrylated gelatin
(GelMA) could effectively transport a nanocomplex of polyethyleneimine (PEI) linked with
graphene oxide (fGO). Furthermore, the VEGF pro-angiogenic gene was investigated for
myocardial treatment using injectable hydrogels. In an in vivo study in the rat model a
significant increment in the myocardial capillary density at the periinfarct injection site and
reduction in the scar area were observed in the myocardial infarcted heart compared to the
control group [82].

3.1.4. Nanomedicines for Pericardial Disorder

A few pericardial disorders have been classified under conditions such as excessive
proliferation and stent restenosis after open-heart surgery. They are caused by the insertion
of a drug eluting stent (DES) and inflammation of the double-walled pericardium. The
former disorder was studied and tackled using patches that elude rapamycin nanoparticles
in a sustained manner. It was found that this pericardial patch reduced the thickening of
endothelial cell proliferation after open-heart surgery and stent restenosis [83]. Similarly,
after the cardiac operation, the usage of supramolecular polymeric hydrogel for post-
surgical care of the pericardial covering was studied for effective wound healing [84].

3.1.5. Anti-Thrombotic Nanomedicines

Thrombosis obstructs the flow of blood, leading to ischemia and myocardial infarc-
tion. It happens when an injury occurs at the atherosclerotic plaque, triggering platelet
aggregation at the luminal site, resulting in rapid thrombus growth along with the devel-
opment of a fibrin network that stabilizes platelet-rich thrombus [85,86]. Thrombus lysis
can be induced by thrombolytic agents such as tissue-type plasminogen activator (tPA)
that activate plasmin. Additionally, a serine protease could dissolve fibrin contained in
clots [87]. An earlier study achieved accelerated thrombolysis in rabbits using streptokinase
encapsulated in liposomes with water-soluble polymers. The occlusions were reduced
with liposomal formulation than free streptokinase with multiple episodes of reocclusion
and subsequent reperfusion. Compared to free streptokinase (74.9 ± 16.9 min.), drug
encapsulated liposomes (19.3 ± 4.6 min.) and water-soluble polymers (7.3 ± 1.6 min.) have
shown lesser reperfusion times [49]. The lipid bilayer vesicles are derived from a platelet
bound with active integrin GPIIb-IIIa, P-selectin, GPIb-type receptors, thrombospondin,
and C-X-C type chemokine and thrombin receptors. Specifically, these platelet-derived vesi-
cles can be directed to the thrombus via binding to active platelet integrin GPIIb-IIIa and
P-selectin. The chain reaction causes the vesicle to destabilize and relieves the thrombolytic
payload that was activated by the clot-relevant enzyme, i.e., phospholipase-A2 [50]. The
principles involved in nanoparticles mediated targeted therapy of CVRDs are presented in
Figure 1. Targeted liposomal nanocarriers have been exploited with RGD peptide deco-
ration that employs a higher affinity towards active platelet integrin GPIIb-IIIa receptors.
RGD peptide ligand inactivates integrins GPIIb-IIIa, thus platelet adhesion and aggregation
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were prevented [88,89]. Conformation constraint of peptides such as cyclic RGD which
was reported with liposomes that bonded to activated platelets considerably more than
linear RGD-liposomes [90]. Semi-permeant perfluorocarbon core nanoparticles having
D-phenylalanyl-L-prolyl-L-arginyl chloromethyl ketone as a targeting moiety have been re-
ported to inactivate thrombin. The thrombin is a promoter of procoagulant factors synthesis,
leading to endothelial disruption, coagulation, inflammation, and plaque expansion [51].
Another chitosan-coated magnetic theranostic nanoparticle encapsulating tissue plasmino-
gen activator was developed by employing superparamagnetic properties. It ensures that
the activity was altered externally by utilizing a magnetic field gradient. Furthermore,
magnetization was discontinued once the magnetic field was deactivated. Overall this
formulation has proven its efficacy as it requires only one-fifth of the regular dose of tPA
to produce its thrombolytic activity [52]. In addition to this, a newer thrombus-targeted
fibrinolytic agent was developed with theranostic and multifunctional properties. The
study was based on crosslinked dextran-coated iron oxide (CLIO) nanoparticles with re-
combinant tissue plasminogen activator (r-tPA) conjunction that targets fibrin and activated
factor XIII. It was reported to show theranostic capabilities and a high affinity towards
clots; hence exhibiting its multipurpose tag [53]. To conserve the integrity of the blood
vessels, generally, a thrombus (blood clot) forms in wounded blood vessels. It reduces
the blood flow resulting in the death of cells fed by the arterial blood flow, which is a
principal cause of various life-threatening cardiovascular disorders. Recently, Kang et al.,
developed fibrin-targeted theranostic nanoparticles that thrombosed blood vessels and
simultaneously inhibit thrombus formation. The developed nanoformulation decreased
the synthesis of tumor necrosis factor-alpha (TNF-α) and soluble CD40 ligand (sCD40L)
in stimulated platelets. Additionally, it prevented the production of H2O2, suggesting
its inherent antioxidant, anti-inflammatory, and antiplatelet action. They selectively at-
tacked the obstructed thrombus in an animal model of ferric chloride (FeCl3)-induced
carotid thrombosis and significantly increased the fluorescence/photoacoustic signal. The
tirofiban-loaded nanoparticles were used at a concentration of 80 µg/kg in mice. They
showed 10 and 7 folds higher bleeding time and blood loss, respectively which confirmed
the significant suppression in thrombus development (Figure 2A) [54]. Research trends
and available preclinical and clinical data suggested that theranostic nanomedicines are
promising candidates for imaging and treatment of cardiovascular diseases.

3.2. Nanomedicine Approach in Cardiovascular-Related Diseases
3.2.1. Anti-Atherosclerotic Nanomedicines

Atherosclerosis is a condition that arises because of the excess accumulation of low-
density lipids in the intima of arteries, forming hardened plaques. The main trigger of this
chronic condition is an excess concentration of cholesterol (CH) in the blood that results
in an alteration of arterial endothelial permeability that leads to lipids migration from the
blood to the arterial wall [92]. The pathophysiology of atherosclerosis and thrombosis
is depicted in Figure 3. Studies have revealed that inflammation and oxidative stress
play a vital part in the aggravation of atherosclerosis. A conventional, poorly soluble
anti-inflammatory agent, i.e., andrographolide, which inhibits the nuclear factor (NF)-κB
signaling pathway, was loaded in PEG-poly(propylene sulphide) micelle and delivered
passively to the drug target. It was found that the amphiphilic nanomicelle drug delivery
and its efficacy were increased [55]. In some studies, anti-inflammatory classes of drugs
such as steroidal drugs were used locally to treat atherosclerotic lesions. For example,
glucocorticoids such as prednisolone may cause adverse effects such as dyslipidemia,
glucose intolerance and hypertension if used systemically. It was minimized with the usage
of nanoencapsulated prednisolone for targeted delivery at the atherosclerotic lesion. A
similar study was carried out by another group of scientists where prednisolone phosphate
was encapsulated in long circulating liposomes and showed the anti-inflammatory property
of prednisolone but gave an insight into atherosclerotic imaging and diagnosis. The
developed prednisolone liposomes have improved pharmacokinetics compared to the free
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drug in human control clinal trial [93]. In another report, prednisolone phosphate-loaded
long-circulating liposomes were developed and were shown to increase the therapeutic
outcome within two days of treatment that lasted for a week. Usually, anti-inflammatory
agents are given weeks or months in advance to patients to reduce inflammation. Here,
they developed a formulation that quickly reduced atherosclerotic inflammation [56].
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Figure 1. Schematic illustration of different principles involved in nanoparticles mediated therapy for
CVRDs: (1) liposomal vesicle decorated with RGD and EWVDV peptide for targeting the GPIIb/IIIa
and P-selectin receptors present on activated platelets for inhibiting thrombus formation, respec-
tively, (2) verapamil encapsulated nanostructured lipid carrier shows higher cellular uptake and
inhibit L-type calcium channel consequently antagonize α-adrenergic receptor, (3) iron-based porous
metallic nanoparticles shows uptake by pulmonary arterial endothelial and smooth muscle cell,
(4) 17-β estradiol and C6-ceramide loaded nanoemulsion inhibits VSMC proliferation, supports EC
proliferation and cease restenosis, (5) andrographolide loaded self-assembled (PEG-PES) ROS respon-
sive micelles render benefit of ROS generation associated with atherosclerosis therapy, (6) PPACK
and urokinase decorated perfluorocarbon nanoparticle targets the coagulation cascade and inhibits
thrombus formation, (7) PPAR-γ agonist containing PLGA nanoparticles that interacts with PPAR-γ
receptors present on macrophages and provides cardio-protection in myocardial infarction.
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Figure 2. Theranostic nanomedicine for diagnosis and therapy of cardiovascular and related diseases.
(A) A schematic representation of FTIAN as a fibrin targeted and H2O2 responsive nanoparticles as
theranostic for thrombosed vessel. Reproduced with permission from ref [54], scheme 1 (ACS® 2017).
(B) Ex vivo fluorescence imaging of the aortas at different time points after mice received tail vein
injections of AF750-SCR loaded nanomedicines. Reproduced with permission from ref [91] Figure 6.
(ACS®, 2019). (C) Schematic illustration of in vivo targeting of the injured myocardium via inhalation
of TPCD NPs. Reproduce with the permission from ref [48], Figure 1. (Ivyspring® 2021). fBAP:
Fluorescent dye-conjugated boronate antioxidant polymer; FTIAN: Fibrin targeted imaging and
antithrombotic nanomedicine; CREKA: Pentapeptide Cys-Arg-Glu-Lys-Ala; FeCl3: Ferric chloride;
DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PEG: Poly ethylene glycol; NPPs: Non
targeted polyplexes; TPPs: Targeted polyplexes; TPCD: A ROS scavenging material.
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Figure 3. Pathophysiology of atherosclerosis. (A) The normal arteriole wall can be seen with fewer
lipids in circulation. (B) Accumulation of lipids, foam cells, and macrophages leads to atherosclerotic
plaque formation. (C) The latter stage of atherosclerosis leads to thrombus formation and necrosis in
the plaque core which leads to different complications such as thrombosis and stroke.

Anti-inflammatory agent Interleukin-10 (IL10) is used in the treatment of clinical
diseases such as rheumatoid arthritis, inflammatory bowel disease, psoriasis, chronic
hepatitis C and atherosclerosis. However, direct administration of IL10 is not recommended
for various reasons, due to severe side effects, such as a reduction in platelet count, transient
neutrophilia, monocytosis, and lymphocytopenia and poor in vivo stability (shorter half-
life and rapid clearance). Therefore, a study was conducted for targeted delivery in which
IL-10 was encapsulated in chitosan nanoparticles, and cyclic arginine-glycine-aspartic acid
(cRGD) peptide was used as a targeting ligand. The result showed an increase in the
half-life of IL-10 with better serum concentration and a slower clearance rate than free IL-10.
Furthermore, the result showed reactive oxygen species (ROS) such as superoxide anion
(O2•−) to form peroxynitrite (ONOO-) was up-regulated at the atherosclerotic plaque site,
which acted as a significant marker for macrophages to infiltrate for atherogenesis [57].
In another study, anti-inflammatory IL-10 was targeted at atherosclerosis plaque using
liposomes in conjugation with cRGD. The results showed a lowering of ROS level and the
inflammation factor, i.e., TNF-α in RAW 264.7 cells [94].

In addition to the inflammation process, elevated angiogenesis is a typical process
in atherosclerosis. The angiogenic expansion increases plaque size, bleeding and lesion
instability. An antiangiogenic agent such as fumagillin was combined with αvβ3 integrin-
targeted paramagnetic nanoparticles to quantify and inhibit angiogenesis in atherosclerotic
plaque in hyperlipidemic rabbits [58]. Moreover, genetic therapies have been developed
using nanomedicine loaded with coding or non-coding genetic materials such as DNA
or RNA for targeted delivery. In atherosclerosis, genetic materials such as microRNAs
(miR-33, miR-21, miR-143, miR-145) were used to target myocardial smooth muscles, which
reduced the production and accumulation of low-density lipids [95]. In another study, two
diverse peptide sequences of miRNA inhibitors were incorporated into polyelectrolyte
complex micelles. The first peptide, arginine-glutamic acid-lysine-alanine (REKA) was
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loaded into a micellar system and targeted atherosclerotic lesions in a mouse model. In
contrast, the second peptide, valine-histidine-proline-lysine-glutamine-histidine-arginine
(VHPKQHR), was recognized through phage display and targeted vascular endothelial
cells via the VCAM-1 [96].

Furthermore, Mlinar et al., reported a VCAM-1 targeted delivery using self-assembled
peptide amphiphilic micelles with a targeting peptide N-terminal cysteine (CVHPKQHR),
and utilized cyanine 7 near-infrared dye as the labeling agent at near-infrared spectrum.
It was observed that targeted micelles have higher binding and accumulation efficiency
to murine aortic endothelial cells compared to non-targeted micelles. It showed profound
theranostic activity at various stages of atherosclerotic plaque development [97].

Recently, 3-D nanoparticles are gaining momentum as nanocarriers available for medi-
cal imaging, ocular fluid replacement, blood replacement and liquid breathing, including
the potential for targeted delivery, e.g., perfluorocarbon-based carriers containing perfluoro-
chemicals in the core of the lipid encapsulated emulsion. This has been extensively studied
to diagnose ruptured plaque and treated with drugs followed by angioplasty [98,99].
Atherogenesis is the leading cause of cardiovascular-related disorders that endanger global
health due to structural changes and malfunctions of the endothelium. Regrettably, a
practical approach for treating atherosclerosis is still distant from meeting clinical needs.
The significant aspects that facilitate the formation of atherosclerosis are dyslipidemia
and chronic inflammatory processes. The amplification of the pro-atherosclerotic compo-
nent’s monocyte chemotactic protein 1 (MCP-1) and interleukin-6 (IL-6) was observed in
plaques. Recently, Wu et al., designed a CD36 antibody-modified small interfering RNA
(siRNA) nanoformulation based on the mPEG-PAsp-(g-PEI) vector for atherosclerosis treat-
ment. In vitro and in vivo experiments showed that the produced siRNA nanoformulation
targeted macrophages, and decreased CD36 activity, prevented IL-6 and MCP-1 overex-
pression. Subsequently, developed nanoformulation lowered foam cell production and
relieved atherosclerotic pathology. Ex vivo fluorescence imaging of the aortas at different
time points after mice received tail vein injections of AF750-SCR loaded nanomedicines
Figure 2B [91].

Macrophages have displayed a crucial role in the development and progression of
atherosclerosis and their local inflammatory responses. As macrophages are key immune
cells present in the plaques, their number increases during atherosclerosis progression. Re-
searchers have shown an interest in targeting the macrophages to attenuate the atheroscle-
rotic progression and stabilizing the existing plaques. Recently, Zang et al., reviewed
various nanoparticles for the passive and active targeting of macrophages in atherosclerosis.
Passive targeting was achieved by using nanocarriers such as PLGA, magnetic nanoparti-
cles, redox-sensitive micelles, β-cyclodextrin, etc., whereas active targeting was achieved by
functionalization of the targeting ligand to the nanoparticle surface that includes mannose,
folate, cRGD, ferritin, macrophage targeting peptide, hyaluronan and platelet membrane,
etc. Passive targeting has improved the stability, controlled the release and prolonged
the action of loaded therapeutics. In contrast, targeting has eliminated the toxicity associ-
ated with pure drug and non-targeted nanomedicine due to the site-specific release of the
loaded therapeutics [100]. Nahrendorf et al., designed a magnetofluorescent theranostic
nanoparticle labeled with PET tracer 64Cu for the imaging of inflammatory atherosclerosis.
It was observed that after 24 h of intravenous administration of the labeled nanoparticles
in mice with a low level of apolipoprotein E depicted high plaque load in computed to-
mography imaging. Furthermore, PET-CT and MRI studies suggested that the developed
nanoparticle was capable of directly detecting macrophages in the atherosclerotic plaques
64Cu-TNP-based PET-CT imaging of the atherosclerotic mice model [101].

In a study, Gao et al., developed theranostic nanoparticles containing Fe3O4 and
perfluoropentane with surface functionalization of plaque-targeted peptides (PP1) and
cRGD for ultrasound/magnetic resonance imaging and ultrasound-assisted atherosclerosis
treatment. The developed nanoparticles were efficiently able to target scavenger receptor-A
(SR-A) and glycoprotein (GP) IIb/IIIa expressed on macrophages and activated platelet by
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binding through PP1 and cRGD, respectively. MPmTN and Fe-PFP-PLGA NPs represent
targeted and nontargeted nanoparticles, respectively. Thus, the developed nanoparticle
promotes macrophages apoptosis and the breakdown of the activated platelet; the same
was confirmed in an in vivo study. Figure 4 illustrates in vivo targeted imaging of the
aortic arch (B), isolated arterial lumen (C and D) and atherosclerotic plaque (F) by using
developed nanoparticles [59]. Hence, theranostic nanomedicines have depicted promising
outcomes in preclinical studies for detecting and treating atherosclerosis.

3.2.2. Anti-Hyperlipidemic Nanomedicines

Hyperlipidemia is a condition in which serum lipids rise to an abnormal level. Lipids
such as fatty acids, CH, CH esters, phospholipids, and triglycerides pose a risk in CVDs. It
is a well-known fact that hyperlipidemia is one of the significant causes of atherosclerosis
and atherosclerotic plaque, arousing conditions such as stroke, myocardial infarction and
peripheral vascular disease. The higher lipid concentration in the blood leads to the risk of
contracting atherosclerosis [102]. The harmful nature of lipids depends on their fatty chain
structure and size. For example, low-density lipoproteins (LDL), triglycerides (TG) and
very-low-density lipoproteins (VLDL) have smaller chain structures, sizes and molecular
weight. It has been found that an increased level of these low molecular weight lipoproteins
causes hyperlipidemia [103]. One study observed that ingestion of chitosan nanoparticles
could induce a hypolipidemic effect in rats due to the better cholesterol-binding capacity of
chitosan nanoparticles compared to chitosan supplements [104]. The chitosan nanoparticles
were loaded with hypolipidemic agents such as poorly soluble statins. The simvastatin
loaded in chitosan nanoparticles produced a synergistic hypolipidemic effect due to solu-
bility enhancement in acidic pH, increasing the drug’s absorption and bioavailability. In
addition, chitosan nanoparticles provided a sustained release by binding to mucus with
self-swelling and gel formation [60].

Moreover, HDL is a cardioprotective agent due to its ability to facilitate reverse choles-
terol transport and hinder inflammation at the plaque site. Therefore, the overall reduction
in atherosclerotic plaque and its vulnerability were observed [105]. Besides this, recon-
stituted HDL (rHDL) was synthesized to mimic the endogenous form of HDL. It was
composed of phospholipids, apolipoproteins, triglycerides, free cholesterol and rHDL,
which were fitted with targeting ligands to evade reuptake by the liver and facilitated by
scavenger receptor class B type I, which are overexpressed in the plaque region. Further-
more, hyaluronic acid and lovastatin-loaded nanoformulations were made with rHDL as
a targeting ligand at atherosclerotic lesions. It was found that incorporating hyaluronic
acid into the formulation leads to a high affinity towards the CD44 gene, which was
over-expressed at the atherosclerotic plaque. Overall, the study showed the efficacy of
formulations on atherosclerosis [61].

Long-chain unsaturated fatty acids or polyunsaturated fatty acids (PUFAs) are also
known for their cardioprotective properties. These essential fatty acids are α-linolenic acid,
long-chain ω-3 eicosapentaenoic acid, and docosahexaenoic acid [106]. Nanoemulsions
loaded with synthetic short-chain ceramides, i.e., N-hexanoylsphingosine or 17-β-estradiol,
significantly inhibited human arterial vascular smooth muscle cell migration and prolif-
eration. It was observed that either alone could not elicit such activity as observed in
combination. The observed anti-proliferative activity may lead to advanced restenosis
therapy [62]. In one study, statin was incorporated with omega-3 fatty acids and engulfed in
a nano lipid carrier (NLC) which formed micelles in the intestinal tract. This enables better
absorption of statin, while omega fatty acid inhibits VLDL, CH, and TG production, lower-
ing lipids in the biological system. Furthermore, developed NLC improved the HDL level
(150 mg/dL) compared to the marketed formulation of the atorvastatin in the in vivo ani-
mal models [103]. Subsequently, PUFAs such as α-linolenic acid, docosahexaenoic acid and
eicosapentaenoic acid have been incorporated into gold nanoparticles (AuNPs). This study
was performed to increase the HDL concentration in the blood circulation. In vivo study in
the obese rat suggested that PUFAs and PUFAs incorporated AuNPs have increased ~1.2-
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and 1.6-fold-higher HDL, respectively, compared to the control group [107]. A new class
of nanocarrier was developed by researchers with antioxidant polymer cores, while the
outer layer was decorated with scavenger receptors targeting amphiphilic macromolecules.
A polyphenolic compound was chosen because of its hypolipidemic, anti-inflammatory
as well as antioxidative properties. For this, ferulic acid-based poly (anhydride-ester)
nanoparticles were taken to inhibit the uptake of elevated levels of oxidized LDL and to
normalize ROS in macrophages. An increase in the anti-oxidizing compound will produce
a negative impact. Hence, nanoparticles were used to minimize this drawback and provide
cardio-protective properties. This targeted system can decrease the development of foam
cells in atherosclerotic and hyperlipidemic patients [108].

3.2.3. Anti-Hypertensive Nanomedicines

Hypertension is a chronic condition that causes a rise in blood pressure from normal
blood pressure to an elevated blood pressure of 140/90 mm Hg. At this level, hypertension
for a prolonged duration can cause irreversible damage to organs and increases morbidity
and mortality. It was found that patients suffering from arterial hypertension have an
escalated cardiac output or systemic vascular resistance, or both. The former is commonly
seen in younger patients, i.e., cardiac output is high. While the latter is often seen in older
patients, i.e., elevated systemic vascular resistance and stiffness of the vasculature [109].
The diagnosis of arterial hypertension has been of great interest. Studies have also been
carried out at a genetic level called geneosensors. It was reported that theranostic DNA-
AuNPs nanocomplexes were prepared and evaluated to detect hypertension at intron 16
of the ACE gene [110]. Many hypotheses are based on hypertension linked with excess
ROS generation in the central nervous system. Researchers have developed chemically
distinct nanoformulation complexes to curb Angiotensin-II-dependent hypertension. These
were equipped with copper/zinc superoxide dismutase protein, called nanozymes [63].
Additionally, administration of vasoactive intestinal peptide (VIP), a therapeutic peptide
in humans, causes potent vasodilatory effects and lowers the systemic arterial pressure.
However, in free form, it is easily hydrolyzed. To prevent hydrolysis, it was encapsulated
in long circulating sterically stabilized liposomes that stabilize the molecule in alpha-helix
conformation, which favored conformation for peptide–receptor interactions for improved
VIP bioactivity [64]. Other delivery systems for hypertensive drugs have been developed,
e.g., transdermal delivery of hypertensive drugs was developed using invasomes contain-
ing phospholipids, ethanol and terpenes. An in vivo study demonstrated that developed
invasomes could reduce elevated blood pressure by 20% compared to the control isradipine.
This could be due to the higher permeability of the isradipine from invasomes through
rat skin [65]. One conventional method of controlling hypertension was performed by
administering ACE-I inhibitors orally. Most drugs in this category are effective for a few
hours and require quarterly administration. These drugs need a controlled delivery system
that may be achievable using nanocarriers. The developed formulation was found to
produce a long-term inhibitory effect on the ACE receptor (~22 h), whereas free captopril
had an inhibitory effect for up to 30 min [111]. Hence, carvedilol was administered by
loading it with solid lipid nanoparticles (SLN) which increased its bioavailability by de-
creasing the first-pass effect. The oral bioavailability of N-carboxymethyl chitosan coated
carvedilol-loaded SLN and control SLN was 3.16 ± 0.16-fold and 1.46 ± 0.11-fold higher
than plain carvedilol [112]. Hence, the above studies have suggested that nanomedicine is
capable of management, treatment and diagnosis of hypertension.
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Figure 4. Illustrated in vivo targeting and imaging ability of Fe-PFP-PLGA nanoparticles and
MPmTNs. In vivo imaging (A) time duration of the experiment, (B) aortic arch, (C,D) isolated
arteries lumen, (E) isolated organs and (F) atherosclerotic plaque. (G,H) contrast to noise ratio and
(I) % normalized enhancement of aortic plaques at different time point (** p < 0.01). Reproduced with
permission from ref [59], Figure 6. (American Chemical Society® 2021).
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3.2.4. Nanomedicines for Pulmonary Arterial Hypertension (PAH)

Pulmonary arterial hypertension (PAH) is a disorder in which the cross-sectional
area for blood flow towards the lung is restricted [113]. PAH is identified by increased
vasoconstriction and destruction of the precapillary arterioles. PAH leads to heart fail-
ure due to the chronic elevation of the pulmonary arterial pressure, which is fatal to the
patient. PAH is often accompanied by other lung disorders such as asthma and chronic
obstructive pulmonary disease (COPD) [114,115]. Conventional drug therapy for PAH
typically includes prostacyclin agonists, endothelin receptor antagonists and nitric oxide
promoters. However, the downfalls of these traditional drugs are that they have a short
half-life, instability, and require a high efficacious dose. Additionally, due to their non-
targeting mechanism, high chances of adverse systemic side effects have been observed
in conventional PAH therapy [116]. A potent vasodilator such as sildenafil was used to
change the hemodynamic in the pulmonary arteries for the betterment of the patients.
The half-life was increased by encapsulating sildenafil with PLGA. It was observed that
reduction in the pulmonary hemodynamics (pulmonary artery pressure and pulmonary
vascular resistance index) for control sildenafil was ~90–120 min, whereas ~240 min for
sildenafil PLGA nanoencapsulation [117]. A comparative study between NLCs versus
SLNs for the drug sildenafil was evaluated in vitro on the A549 cell line and in vivo in rats.
Due to the controlled release nature of lipid carriers, a subtle change in vascular tone over
time was observed, which provided a milder effect [118]. Another nanocarrier, MIL-89
was formulated for sildenafil and showed promising vasodilatory activity. Furthermore,
advanced studies are required to assess the best-suited nanocarriers for sildenafil [119].
Endogenous compounds such as prostacyclin were found to be effective vasodilators. They
are released in blood vessels and binds to specific receptors such as cytosolic peroxisome
proliferator-activated receptors (PPAR) and IP receptors. Once bound to these receptors,
it activates and causes vasodilation with reduced thrombosis, vascular remodeling, and
inflammation. However, prostacyclin drugs are limited as they need to be injected and
can cause discomfort and infection at the injection site. Additionally, it causes other un-
desirable effects such as systemic hypotension, flushing, jaw pain, and nausea [120]. In
some studies, prostacyclin and its analogs were formulated for controlled release utilizing
lipid-based carriers. The controlled release was observed in the case of iloprost-loaded
liposomes projecting high stability during aerosolization [121]. Secondly, plain and PE-
Gylated transferrin-conjugated liposomes demonstrated a high level of stability after the
nebulization process [122]. Similarly, it was observed that liposomes were acceptable by
pulmonary tissues as they easily dissolved in the pulmonary fluid and served as surfactants
when administered through the inhalation route. A controlled release nanoformulation
loaded with fasudil for inhalation was developed using liposomes as a nanocarrier. The
developed nanocarrier was demonstrated to have a longer vasodilatory effect up to 3 h [66].
Another potent vasodilator with anti-proliferative and anti-coagulant properties such as
NO was formulated in hydrogel-like polymeric nanoparticles for releasing NO. It was
found to cause systemic (aorta) and pulmonary vessel relaxation without viability on pul-
monary artery smooth muscle cells [123]. In another study, an anticancer drug known as
imatinib (PDGF-receptor tyrosine kinase inhibitor) was found to have antiproliferative and
proapoptotic activity. Currently, this drug is not approved for PAH therapy, but researchers
are trying to suppress its side effects, which are outweighed by its usefulness. For example,
imatinib was encapsulated in a PLGA-based nanocarrier with fluorescein isothiocyanate
(FITC) and in vivo assessment was performed on monocrotaline (MCT) induced PAH in
rats. The result showed sustained antiproliferative effects and the dose was proposed as
similar for the treatment of cancer to prevent undesirable side effects. Additionally, the
result showed that the single intratracheal administration of phosphate-buffered saline
and FITC nanoparticles elevated the right ventricular systolic pressure (RVSP) to 2.69 and
2.60 fold, respectively, as compared to control [67]. Heart failure is a significant medical
and public-health issue that necessitates efficient heart failure treatment. Liu et al., recently
developed a non-invasive nanotherapeutic delivery system by inhalation to alleviate heart
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failure. They prepared a ROS scavenging material (TPCD) that was then turned into anti-
oxidative and anti-inflammatory nanoparticles (i.e., TPCD nanoparticles). A multilayered
targeted TPCD nanoparticle was developed by decorating it with a mitochondrial-targeting
ligand. In mice, bronchial deposition of inhaled TPCD nanoparticles was investigated.
The in vivo effectiveness was assessed in mice with doxorubicin (DOX)-induced cardiomy-
opathy. Furthermore, the loading of peptide Ac2-26, an antioxidative, anti-inflammatory
and pro-resolving nanotherapy was produced. The internalization of TPCD nanoparticles
in cardiomyocytes and scavenging surplus ROS were found to reduce DOX-triggered
oxidative stress and cell damage. TPCD nanoparticles were deposited in the heart of mice
after passing through the vascular endothelium membranes in the lungs. On the other
hand, the inhaled nanoparticles substantially prevented DOX-triggered heart failure in
mice. Additionally, the targeted nanoparticles were significantly improved the heart target-
ing, uptake efficacy, and mitochondrial localization potential with enhanced therapeutic
benefits (Figure 2C) [48]. Thus, studies have demonstrated the potential application of
nanomedicine for the theranostic application in PAH.

3.2.5. Nanomedicines for Stroke

An ischemic stroke is caused by a cardiac embolism in the blood vessels that travel
to the brain. Ischemic stroke is a condition caused by abrupt loss of blood circulation
to a portion of the cerebral tissue, often caused by thrombosis and embolism, leading to
irreparable damage to neurological tissues and loss of motor function [124,125]. Anticoagu-
lants are preferred therapy for the prevention of cardio-embolism recurrence. Hence, stroke
therapy must begin before a cerebral infarct; hence, the early diagnosis of cardio-emboli is
required [124,126]. Other treatments for stroke include neuroprotectives, small molecule
thrombolytics, sonothrombolysis, perfluorocarbon nanoparticles and fibrinolytic nanopar-
ticles [125]. The small molecule thrombolysis therapy must involve tPA administration,
which transforms plasminogen into active plasmin. However, the risk of tPA outweighs
its benefit [127]. Therefore, researchers have reported r-tPA loaded into polysaccharide-
poly(isobutyl cyanoacrylate) nanoparticles functionalized with fucoidan on its surface for
targeted therapy of thrombus. After investigation, the thrombus density was reduced to
one-third of its original sizes in mice showed a more significant percentage of reduction in
thrombus size [68]. Additionally, fibrin-specific thrombolytic agents, namely urokinase-
loaded perfluorocarbon nanoparticles, alleviated acute cerebral ischemia by reducing 40%
of clot volume after 30 min of administration. It was also proposed to be an alternative to
r-tPA with significant vascular constraint, a simple administration protocol and lessenzyme
exposure [69]. In one study, nitroxide radicals encapsulated in nanocarriers were effectively
accumulated in the infarct region, leading to higher availability and higher free radical
scavenging properties [128]. In another study, cerium oxide nanoparticles (CNP) demon-
strated the potential to reduce cerebral ischemia and provided neuroprotection. In the
rodent stroke model, the PEG coated CNP was used in the concentration of 0.5–0.7 mg/kg
bodyweight, which showed a decrease in 50% of brain infarct compared to the control [129].
Recently, Xu et al., developed a bioengineered theranostic nanoplatelet for targeted delivery
of r-tPA and neuroprotectant (ZL006e) for the treatment of ischemic stroke. Tat-peptide
was used as a targeting agent that was cleaved by upregulated thrombin and promoted
the targeted release. The in vivo animal study in the rat demonstrated 63 and 72% lower
ischemia area and ROS by targeted nanoplatelets than free drug. In vivo neuroprotective
activity, targeted thrombolytic and blood stream recovery of the developed nanoplatelets
are presented in Figure 5 [130]. The developed nanomedicine modalities were able to
address the challenges such as (i) gap between the prevention and therapy (ii) risk fac-
tors (iii) personalized therapy and (iv) need of first line treatment and personalized care
of CVRDs.
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4. An Update: Nanomedicine in Clinical Trials for CVRDs

Clinical trials for nanoparticles based on the intervention of CVRDs were searched at
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“dendrimers”, “polymeric nanoparticles” etc. The better-advanced search combination
keywords such as “cardiovascular diseases”, “vascular disease” or individual CVRDs
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disorders were also used. The results suggested that nanoparticles were helpful for visual-
ization of inflammation and diagnosis of acute CVRDs using MRI. Additionally, prevention
of restenosis and plasmonic photo-thermal therapy of atherosclerotic plaques were ob-
served [131]. Many trials are still in their initial phases. However, few have completed their
clinical trials using iron oxide nanoparticles. SineremTM is the contrasting agent in MRI that
uses ultrasmall superparamagnetic iron oxide (USPIO) particles that were clinically shown
to increase accumulation in macrophages surrounding the inflamed plaques [132]. More-
over, asymptomatic patients were also kept under clinical observation [133]. A comparative
study was performed and the differences between symptomatic and asymptomatic patients
were observed for the number of quadrants and signal peaks [134]. Similarly, USPIO
used in MRI scans was helpful in the detection of inflammation-induced during acute
myocardial infarction in the primary clinical experiment [135]. Some approval of clinical
trials were made to mitigate inflammatory atherosclerosis employing good manufactur-
ing practice (GMP) grade liposomes containing prednisolone phosphate [136]. The first
clinically studied liposomal prednisolone in inflammatory atherosclerosis was found to
have a better pharmacokinetic profile in humans without any anti-inflammatory effect.
Instead, it paved the way for imaging-assisted technology [93]. A clinical trial involving
multiple interventions and plasmonic photothermal theranostic treatment was observed in
atherosclerotic subjects. The subjects were divided into groups and each group was given
one intervention of silica gold nanoparticles which were bioengineered on artery patch or
silica-gold iron-bearing nanoparticles and attached with micro-bubbles for target delivery.
Lastly, stem cells were compared using magnetic navigation and stent implantation systems.
The trial was carried out for a year and resulted in significant regression of atheroma size
in silica gold plasmonic photothermal therapy. The clinical outcome showed a significantly
minor risk of cardiovascular death in nano group 91.7% compared to other group, i.e., ferro
group and stenting control group 81.7% and 80%, respectively [137]. Novel compound, i.e.,
LABR-312, is undergoing clinical trial on subjects with coronary narrowing to decrease the
risk of restenosis. This trial involved the methodology of the biorest liposomal alendronate
with stenting study (BLAST) that evaluates the safety and efficacy of this compound. Re-
sults were highly acknowledged in proinflammatory state subjects suffering from diabetes
mellitus [138].

5. Latest Developments in Targeted Nanomedicines for CVRDs

A milestone in advanced therapy for CVRDs will be the involvement of artificial
intelligence to keep up with the fast pace advancement of cancer therapy, which involves
the application of nanomedicine in conjunction with artificial intelligence [139]. In recent
gene therapy, a virion genetic carrier was utilized to treat myocardial infarction. It was
used to transport genetic material to the infarct site and transport stem cells to cardiomy-
ocytes for regeneration and repair [140]. Other cardiomyocyte generation therapies include
stem cell therapy, which involves the application of mesenchymal stem cells that showed
promising results in the treatment of CVRDs. However, the engraftment of stem cells into
cardiomyocytes has proved to be a challenging feat due to inefficient cell binding. The cell
binding capacity was enhanced with externally triggered targeted drug delivery incorpo-
rating a magnetic field. Furthermore, numerous studies utilizing magnetically targeted
nanoparticles include ferumoxytol and superparamagnetic oxide nanoparticles incorpo-
rated with human-derived and rat-derived mesenchymal stem cells, respectively [141,142].
In one study, cellular regeneration of cardiomyocytes was enhanced by insulin-like growth
factor-1 incorporated into biotinylated peptide nanofibers [143].

Other nanomedicines that exhibit potential for future therapies are aptamers, DNA
oligonucleotides and exosomes that transport protein, mRNA, and miRNA [144]. An-
other direct method of cardiac fibroblast reprogramming has been reported, including
the encapsulation of microRNAs in PLGA-polyethyleneimine nanocarriers. Hence, these
nanospheres provided alternative non-viral gene delivery and therapy [145,146]. Tissue en-
gineering is another advanced technique employed in tissue regeneration and cellular repair.
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Biodegradable nanopolymers were employed in cardiac tissue engineering in implantable
artificial blood vessels, injectable gels, and cardiac patches. Synthetic nanopolymer-made
scaffolds can act like outer layer cells texture, mechanical, and electrical properties of
cardiomyocytes, which can be used alternatively in the infarcted area, to stimulate car-
diovascular tissue growth [147]. Other studies suggested a different pathology of CVRDs,
i.e., the relationship between gut microflora andCVRDs development, indicating a better
understanding and potentially newer targets for CVRDs. A commonly used and exten-
sively researched compound such as curcumin was formulated to achieve active targeting
in CVRDs and showed improved cardioprotective properties due to its anti-inflammatory
attributes [148]. In the past few decades, coronary stents have been clinically used, and their
modified and advanced versions, such as drug-eluting stents (DES), have been reported.
The DES was incorporated with a nanoparticle drug that provided a targeting therapy at
the insertion site. In coronary stent, various anti-proliferators such as imatinib mesylate,
pitavastatin, paclitaxel, clodronate and lisinopril were associated, which prevented the
proliferation of VSMC. These anti-proliferators were delivered via nanocarriers from the
coronary stents, which prevented restenosis [149–151].

Although nanoparticles have a lot of promise for treating atherosclerosis, there are
still some difficulties in translating them into clinical practice. The lack of animal research
to translate them into clinical trials for human treatment is a serious challenge, which
could be attributed to the fact that animal models cannot accurately mimic atherosclerotic
progression in humans. The long-term stability and effectiveness of nanomedicine must be
thoroughly assessed.

6. Challenges in the Translation of Nanomedicine for CVRDs

The concept of active targeting in nanomedicine has proven to be a challenging feat in
treating CVRDs. It has a complex etiology and pathophysiology, and many intricate mech-
anisms are behind CVRDs [152]. Moreover, the small dimension of nanocarriers created a
nuisance when being opsonized by macrophages. Nanomedicines are identified as foreign
objects that are quickly engulfed and inactivated by the mononuclear phagocyte system,
preventing them from concentrating in targeted cells and tissues. PEGylation of nanocarri-
ers solved this problem by utilizing PEG on the surface of nanocarriers. PEGylation inhibits
opsonization and phagocytosis, increasing its plasma life span [153]. However, regardless
of its benefits, PEGylation may have some limitations in the form of a triggered immune
system that causes antibody production that binds to PEG and increases its clearance at a
fast pace [154].

Since pre-clinical and clinical trials occupy a lengthy period, nanomedicine launch-
ing into the marketing sector is at a snail pace [155]. In light of the regulatory bodies,
nanomedicine has been categorized in similar categories to other formulations in regard to
pre-clinical and clinical trials when it requires FDA approval, i.e., Investigational New Drug
(IND) and New Drug Application (NDA) [156]. Ongoing regulatory and newer generation
gaps have made uneven progress in marketing newer nanomedicine [157]. The safety issue
is another concern in the clinical application of nanomedicine. Specific shapes of nanocarri-
ers, such as cylindrical tubes of carbon nanotubes have raised safety concerns and toxicity
issues. For instance, carbon nanotubes were found to be producing mesothelioma, which
was similar to asbestos induced carcinogenesis. Similarly, 1.4 nm gold nanoparticles are
toxic, whereas 15 nm gold nanoparticles are nontoxic. Additionally, in some studies silver
and iron oxide nanoparticles have been found to be toxic both in vitro and in vivo. The
harmful effects of these nanoparticles are mainly due to the generation of reactive oxygen
species, disruption of cellular components and immunological reactions [158]. Nonetheless,
the evaluation of toxicity profiles of nanomedicine has been a challenge, specifically with
in vivo assessment and long-duration toxicity studies [159,160]. Nanomedicine approved
by the FDA or under clinical trials for diagnosis or therapy of CVRDs is presented in
Table 3.
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Table 3. List of nanomedicine approved by FDA or presently in clinical trial for diagnosis or therapy
of CVRDs.

Drug/Nanocarrier Clinical Trial Types Purpose Indications Benefits Ref.

USPIONPs N/A Diagnostic Atherosclerotic
plaque

Noninvasive method of
imaging carotid atheroma. [132–134]

USPIONPs N/A Diagnostic Acute myocardial
infarction

Noninvasive method of
imaging inflammatory
myocytes.

[135]

Prednisolone phos-
phate/liposomes

Randomized,
placebo-controlled study Therapeutic Inflammatory

atherosclerosis
Benefiting image assisted
technology [136]

Silica-AuNPs
Multi-center,
observational, open-label,
three arms study

Therapeutic Atherosclerosis

Application of novel
invasive Plasmonic
photothermal therapy
using near-infrared laser
irradiation.

[137]

LABR-
312/Liposomes

Prospective, randomized,
multicenter, double-blind,
placebo-controlled trial

Therapeutic Atherosclerosis

Much more effective in
subjects with
proinflammatory state,
such as diabetes mellitus
and high baseline
monocyte count.

[138]

TriCor/Nanocrystals FDA approved Therapeutic Hyperlipidemia Tablets for oral use is
available. [161]

USPIONPs: Ultrasmall super paramagnetic iron oxide nanoparticles; AuNPs: Gold Nanoparticles.

7. Future Perspective

In the near future, a breakthrough in targeted nanomedicine concerning CVRDs will be
witnessed in the global health sector. Non-invasive diagnostic and therapeutic treatments
will lead to better patient compliance and a non-surgical approach. Furthermore, better
advancement in cellular regeneration in the myocardial infarcted area may be available
to study cellular growth. This process requires sophisticated targeted nanocarriers incor-
porating stem cells into the affected area. Modification of genes may also be seen as an
alternative treatment. Nanomedicines will carry genetic material in the targeted genetic
sequence in myocardial cells or vessels. With external stimuli being applied, such as a
change in pH or utilizing a magnetic field, controlled and sustained targeted nanomedicine
can be achieved with good feedback from in vitro and in vivo studies.

Other advancements in artificial intelligence will have a predictive outcome and will
be in silico methods of nanomedicine evaluation. Additionally, better improvement in
the solubility profile of drugs using nanomedicines will lead to better efficacy of low
soluble drugs. Safety and efficacy are essential in the acceptance and clinical application of
theranostic nanomedicine in CVRDs. Such progression will lead to a lower mortality rate
in CVRDs. Moreover, theranostic nanomedicine for CVRDs will be approved and will soon
reach the global market for efficacious therapy.

8. Conclusions

Nanomedicines can transport drugs, active moieties, and genetic materials through
passive and active targeted delivery mechanisms. Advancements in nanomedicines
have paved a better way for the therapy of acute and chronic CVRDs. Further de-
velopment in molecular imaging will boost the diagnostic and theranostic efficacy of
nanomedicines. Mainly, clinical aspects must be focused on for speedier approval of ther-
anostic nanomedicine. As many CVRDs are interrelated, the causative source must be
thoroughly understood, and discoveries of newer targets could be lifesaving. Polypharmacy
in CVRDs can cause undesired side effects; a targeted and prolonged effective medication
is required in the future for such multifaceted diseases. Atherosclerosis and myocarditis
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are the most prevalent CVRDs requiring a proper and suitable diagnostic mechanism for
their treatment and mitigation. Hence, theranostic nanomedicines can provide a controlled
and targeted form of diagnosis and therapy for CVRDs with minimal side effects.

Author Contributions: Conceptualization and design: N.M., V.P., A.K.M. and M.S.M.; writing-
original draft preparation: N.M., V.P. and A.K.M.; writing-review and editing: N.M., V.P., A.K.M.,
M.R., S.M., H.A.M., M.A., A.A., A.M.M. and M.S.M.; project administration: M.S.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Indian Institute of Technology (BHU), Varanasi,
India and the Ministry of Education (MoE), Government of India, for providing Scholarships.

Conflicts of Interest: The authors state no conflict of interest. The authors alone are responsible for
the content and writing of the paper.

References
1. Gupta, A.S. Nanomedicine approaches in vascular disease: A review. Nanomedicine 2011, 7, 763–779. [CrossRef] [PubMed]
2. Passaro, F.; Testa, G.; Ambrosone, L.; Costagliola, C.; Tocchetti, C.G.; di Nezza, F.; Russo, M.; Pirozzi, F.; Abete, P.; Russo, T.; et al.

Nanotechnology-based cardiac targeting and direct cardiac reprogramming: The betrothed. Stem. Cells Int. 2017, 2017, 4940397.
[CrossRef]

3. Ambesh, P.; Campia, U.; Obiagwu, C.; Bansal, R.; Shetty, V.; Hollander, G.; Shani, J. Nanomedicine in coronary artery disease.
Indian Heart J. 2017, 69, 244–251. [CrossRef] [PubMed]

4. Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin,
E.J.; Benziger, C.P.; et al. Global burden of cardiovascular diseases and risk factors, 1990–2019: Update From the GBD 2019 Study.
J. Am. Coll. Cardiol. 2020, 76, 2982–3021. [CrossRef] [PubMed]

5. Pala, R.; Anju, V.T.; Dyavaiah, M.; Busi, S.; Nauli, S.M. Nanoparticle-mediated drug delivery for the treatment of cardiovascular
diseases. Int. J. Nanomed. 2020, 15, 3741–3769. [CrossRef]

6. Chen, W.; Schilperoort, M.; Cao, Y.; Shi, J.; Tabas, I.; Tao, W. Macrophage-targeted nanomedicine for the diagnosis and treatment
of atherosclerosis. Nat. Rev. Cardiol. 2022, 19, 228–249. [CrossRef]

7. Godin, B.; Sakamoto, J.H.; Serda, R.E.; Grattoni, A.; Bouamrani, A.; Ferrari, M. Emerging applications of nanomedicine for the
diagnosis and treatment of cardiovascular diseases. Trends Pharmacol. Sci. 2010, 31, 199–205. [CrossRef]

8. Sonali; Viswanadh, M.K.; Singh, R.P.; Agrawal, P.; Mehata, A.K.; Pawde, D.M.; Narendra; Sonkar, R.; Muthu, M.S. Nanotheranos-
tics: Emerging strategies for early diagnosis and therapy of brain cancer. Nanotheranostics 2018, 2, 70–86. [CrossRef]

9. Rampazzo, E.; Genovese, D.; Palomba, F.; Prodi, L.; Zaccheroni, N. NIR-fluorescent dye doped silica nanoparticles for in vivo
imaging, sensing and theranostic. Methods Appl. Fluoresc. 2018, 6, 022002. [CrossRef]

10. Schroeder, K.L.; Goreham, R.V.; Nann, T. Graphene quantum dots for theranostics and bioimaging. Pharm. Res. 2016, 33,
2337–2357. [CrossRef]

11. Dadfar, S.M.; Roemhild, K.; Drude, N.I.; von Stillfried, S.; Knüchel, R.; Kiessling, F.; Lammers, T. Iron oxide nanoparticles:
Diagnostic, therapeutic and theranostic applications. Adv. Drug Deliv. Rev. 2019, 138, 302–325. [CrossRef] [PubMed]

12. Choudhury, P.S.; Gupta, M. Differentiated thyroid cancer theranostics: Radioiodine and beyond. Br. J. Radiol. 2018, 91, 20180136.
[CrossRef] [PubMed]

13. Eilsberger, F.; Pfestroff, A. Theranostics in thyroid cancer. PET Clin. 2021, 16, 375–382. [CrossRef] [PubMed]
14. Mulder, W.J.; Fayad, Z.A. Nanomedicine captures cardiovascular disease. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 801–802.

[CrossRef]
15. Muthu, M.S.; Singh, S. Targeted nanomedicines: Effective treatment modalities for cancer, AIDS and brain disorders. Nanomedicine

2009, 4, 105–118. [CrossRef]
16. Piras, A.M.; Chiellini, F.; Fiumi, C.; Bartoli, C.; Chiellini, E.; Fiorentino, B.; Farina, C. A new biocompatible nanoparticle delivery

system for the release of fibrinolytic drugs. Int. J. Pharm. 2008, 357, 260–271. [CrossRef]
17. Singh, D.; Dilnawaz, F.; Sahoo, S.K. Challenges of moving theranostic nanomedicine into the clinic. Nanomedicine 2020, 15,

111–114. [CrossRef]
18. Zhang, F.; Huang, X.; Qian, C.; Zhu, L.; Hida, N.; Niu, G.; Chen, X. Synergistic enhancement of iron oxide nanoparticle and

gadolinium for dual-contrast MRI. Biochem. Biophys. Res. Commun. 2012, 425, 886–891. [CrossRef]

http://doi.org/10.1016/j.nano.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21601009
http://doi.org/10.1155/2017/4940397
http://doi.org/10.1016/j.ihj.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28460774
http://doi.org/10.1016/j.jacc.2020.11.010
http://www.ncbi.nlm.nih.gov/pubmed/33309175
http://doi.org/10.2147/IJN.S250872
http://doi.org/10.1038/s41569-021-00629-x
http://doi.org/10.1016/j.tips.2010.01.003
http://doi.org/10.7150/ntno.21638
http://doi.org/10.1088/2050-6120/aa8f57
http://doi.org/10.1007/s11095-016-1937-x
http://doi.org/10.1016/j.addr.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30639256
http://doi.org/10.1259/bjr.20180136
http://www.ncbi.nlm.nih.gov/pubmed/30260232
http://doi.org/10.1016/j.cpet.2021.03.007
http://www.ncbi.nlm.nih.gov/pubmed/34053581
http://doi.org/10.1161/ATVBAHA.108.165332
http://doi.org/10.2217/17435889.4.1.105
http://doi.org/10.1016/j.ijpharm.2008.01.035
http://doi.org/10.2217/nnm-2019-0401
http://doi.org/10.1016/j.bbrc.2012.07.168


Pharmaceuticals 2022, 15, 441 26 of 31

19. Singh, P.; Pandit, S.; Mokkapati, V.; Garg, A.; Ravikumar, V.; Mijakovic, I. Gold nanoparticles in diagnostics and therapeutics for
human cancer. Int. J. Mol. Sci. 2018, 19, 1979. [CrossRef]

20. Pan, D.; Pramanik, M.; Wickline, S.A.; Wang, L.V.; Lanza, G.M. Recent advances in colloidal gold nanobeacons for molecular
photoacoustic imaging. Contrast Media Mol. Imaging 2011, 6, 378–388. [CrossRef]

21. Mehata, A.K.; Dehari, D.; Gupta, A.; Rabin, D.C.; Miya, A. Multifunctional liquid crystal nanoparticles for cancer therapy. Curr.
Nanomater. 2021, 6, 4–16. [CrossRef]

22. Ghann, W.E.; Aras, O.; Fleiter, T.; Daniel, M.C. Syntheses and characterization of lisinopril-coated gold nanoparticles as highly
stable targeted CT contrast agents in cardiovascular diseases. Langmuir 2012, 28, 10398–10408. [CrossRef] [PubMed]

23. Pan, D.; Caruthers, S.D.; Senpan, A.; Yalaz, C.; Stacy, A.J.; Hu, G.; Marsh, J.N.; Gaffney, P.J.; Wickline, S.A.; Lanza, G.M. Synthesis
of NanoQ, a copper-based contrast agent for high-resolution magnetic resonance imaging characterization of human thrombus. J.
Am. Chem. Soc. 2011, 133, 9168–9171. [CrossRef] [PubMed]

24. Christodoulides, N.; Pierre, F.N.; Sanchez, X.; Li, L.; Hocquard, K.; Patton, A.; Muldoon, R.; Miller, C.S.; Ebersole, J.L.; Redding,
S. Programmable bio-nano-chip technology for the diagnosis of cardiovascular disease at the point-of-care. Methodist Debakey
Cardiovasc. J. 2012, 8, 6–12. [CrossRef] [PubMed]

25. Honikel, M.M.; Lin, C.E.; Probst, D.; La Belle, J.T. Facilitating Earlier Diagnosis of Cardiovascular Disease through Point-of-Care
Biosensors: A Review. Crit. Rev. Biomed. Eng. 2018, 46, 53–82. [CrossRef] [PubMed]

26. Cuadrado, I.; Piedras, M.J.; Herruzo, I.; Turpin Mdel, C.; Castejón, B.; Reventun, P.; Martin, A.; Saura, M.; Zamorano, J.L.;
Zaragoza, C. EMMPRIN-targeted magnetic nanoparticles for in vivo visualization and regression of acute myocardial infarction.
Theranostics 2016, 6, 545–557. [CrossRef]

27. Pan, D.; Caruthers, S.D.; Chen, J.; Winter, P.M.; SenPan, A.; Schmieder, A.H.; Wickline, S.A.; Lanza, G.M. Nanomedicine strategies
for molecular targets with MRI and optical imaging. Future Med. Chem. 2010, 2, 471–490. [CrossRef]

28. Sosnovik, D.E.; Schellenberger, E.A.; Nahrendorf, M.; Novikov, M.S.; Matsui, T.; Dai, G.; Reynolds, F.; Grazette, L.; Rosenzweig,
A.; Weissleder, R.; et al. Magnetic resonance imaging of cardiomyocyte apoptosis with a novel magneto-optical nanoparticle.
Magn. Reson. Med. 2005, 54, 718–724. [CrossRef]

29. Chen, H.H.; Josephson, L.; Sosnovik, D.E. Imaging of apoptosis in the heart with nanoparticle technology. Wiley Interdiscip Rev.
Nanomed. Nanobiotechnol. 2011, 3, 86–99. [CrossRef]

30. van Tilborg, G.A.; Vucic, E.; Strijkers, G.J.; Cormode, D.P.; Mani, V.; Skajaa, T.; Reutelingsperger, C.P.; Fayad, Z.A.; Mulder, W.J.;
Nicolay, K. Annexin A5-functionalized bimodal nanoparticles for MRI and fluorescence imaging of atherosclerotic plaques.
Bioconjug. Chem. 2010, 21, 1794–1803. [CrossRef]

31. Mulder, W.J.; Jaffer, F.A.; Fayad, Z.A.; Nahrendorf, M. Imaging and nanomedicine in inflammatory atherosclerosis. Sci. Transl.
Med. 2014, 6, 239sr231. [CrossRef] [PubMed]

32. Chen, W.T.; Shih, T.T.; Chen, R.C.; Tu, S.Y.; Hsieh, W.Y.; Yang, P.C. Integrin αvβ3-targeted dynamic contrast-enhanced magnetic
resonance imaging using a gadolinium-loaded polyethylene gycol-dendrimer-cyclic RGD conjugate to evaluate tumor angiogene-
sis and to assess early antiangiogenic treatment response in a mouse xenograft tumor model. Mol. Imaging 2012, 11, 286–300.
[PubMed]

33. Karagkiozaki, V.C.; Logothetidis, S.D.; Kassavetis, S.N.; Giannoglou, G.D. Nanomedicine for the reduction of the thrombogenicity
of stent coatings. Int. J. Nanomed. 2010, 5, 239–248. [CrossRef]

34. Flacke, S.; Fischer, S.; Scott, M.J.; Fuhrhop, R.J.; Allen, J.S.; McLean, M.; Winter, P.; Sicard, G.A.; Gaffney, P.J.; Wickline, S.A.; et al.
Novel MRI contrast agent for molecular imaging of fibrin: Implications for detecting vulnerable plaques. Circulation 2001, 104,
1280–1285. [CrossRef] [PubMed]

35. Suzuki, M.; Bachelet-Violette, L.; Rouzet, F.; Beilvert, A.; Autret, G.; Maire, M.; Menager, C.; Louedec, L.; Choqueux, C.; Saboural,
P.; et al. Ultrasmall superparamagnetic iron oxide nanoparticles coated with fucoidan for molecular MRI of intraluminal thrombus.
Nanomedicine 2015, 10, 73–87. [CrossRef]

36. Morawski, A.M.; Winter, P.M.; Yu, X.; Fuhrhop, R.W.; Scott, M.J.; Hockett, F.; Robertson, J.D.; Gaffney, P.J.; Lanza, G.M.; Wickline,
S.A. Quantitative “magnetic resonance immunohistochemistry” with ligand-targeted (19)F nanoparticles. Magn. Reson. Med.
2004, 52, 1255–1262. [CrossRef]

37. Mehata, A.K.; Viswanadh, M.K.; Priya, V.; Muthu, M.S. Dendritic cell-targeted theranostic nanomedicine: Advanced cancer
nanotechnology for diagnosis and therapy. Nanomedicine 2020, 15, 947–949. [CrossRef]

38. Takahama, H.; Shigematsu, H.; Asai, T.; Matsuzaki, T.; Sanada, S.; Fu, H.Y.; Okuda, K.; Yamato, M.; Asanuma, H.; Asano, Y.; et al.
Liposomal amiodarone augments anti-arrhythmic effects and reduces hemodynamic adverse effects in an ischemia/reperfusion
rat model. Cardiovasc. Drugs Ther. 2013, 27, 125–132. [CrossRef]

39. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S.Y.; Sood, A.K.; Hua, S. Advances and challenges of liposome assisted drug delivery.
Front. Pharmacol. 2015, 6, 286. [CrossRef]

40. Sharma, V.; Dewangan, H.K.; Maurya, L.; Vats, K.; Verma, H. Rational design and in-vivo estimation of Ivabradine Hydrochloride
loaded nanoparticles for management of stable angina. J. Drug Deliv. Sci. Technol. 2019, 54, 101337. [CrossRef]

41. Khan, A.A.; Abdulbaqi, I.M.; Abou Assi, R.; Murugaiyah, V.; Darwis, Y. Lyophilized hybrid nanostructured lipid carriers to
enhance the cellular uptake of verapamil: Statistical optimization and in vitro evaluation. Nanoscale Res. Lett. 2018, 13, 323.
[CrossRef] [PubMed]

http://doi.org/10.3390/ijms19071979
http://doi.org/10.1002/cmmi.449
http://doi.org/10.2174/2405461506666210118114851
http://doi.org/10.1021/la301694q
http://www.ncbi.nlm.nih.gov/pubmed/22702239
http://doi.org/10.1021/ja201918u
http://www.ncbi.nlm.nih.gov/pubmed/21599030
http://doi.org/10.14797/mdcj-8-1-6
http://www.ncbi.nlm.nih.gov/pubmed/22891104
http://doi.org/10.1615/CritRevBiomedEng.2018025818
http://www.ncbi.nlm.nih.gov/pubmed/29717677
http://doi.org/10.7150/thno.13352
http://doi.org/10.4155/fmc.10.5
http://doi.org/10.1002/mrm.20617
http://doi.org/10.1002/wnan.115
http://doi.org/10.1021/bc100091q
http://doi.org/10.1126/scitranslmed.3005101
http://www.ncbi.nlm.nih.gov/pubmed/24898749
http://www.ncbi.nlm.nih.gov/pubmed/22954145
http://doi.org/10.2147/ijn.s7596
http://doi.org/10.1161/hc3601.094303
http://www.ncbi.nlm.nih.gov/pubmed/11551880
http://doi.org/10.2217/nnm.14.51
http://doi.org/10.1002/mrm.20287
http://doi.org/10.2217/nnm-2020-0032
http://doi.org/10.1007/s10557-012-6437-6
http://doi.org/10.3389/fphar.2015.00286
http://doi.org/10.1016/j.jddst.2019.101337
http://doi.org/10.1186/s11671-018-2744-6
http://www.ncbi.nlm.nih.gov/pubmed/30324291


Pharmaceuticals 2022, 15, 441 27 of 31

42. Al-Ansari, D.E.; Mohamed, N.A.; Marei, I.; Zekri, A.; Kameno, Y.; Davies, R.P.; Lickiss, P.D.; Rahman, M.M.; Abou-Saleh, H.
Internalization of metal-organic framework nanoparticles in human vascular cells: Implications for cardiovascular disease
therapy. Nanomaterials 2020, 10, 1028. [CrossRef] [PubMed]

43. Xue, Y.; Zeng, G.; Cheng, J.; Hu, J.; Zhang, M.; Li, Y. Engineered macrophage membrane-enveloped nanomedicine for ameliorating
myocardial infarction in a mouse model. Bioeng. Transl. Med. 2021, 6, e10197. [CrossRef] [PubMed]

44. Tokutome, M.; Matoba, T.; Nakano, Y.; Okahara, A.; Fujiwara, M.; Koga, J.I.; Nakano, K.; Tsutsui, H.; Egashira, K. Peroxisome
proliferator-activated receptor-gamma targeting nanomedicine promotes cardiac healing after acute myocardial infarction by
skewing monocyte/macrophage polarization in preclinical animal models. Cardiovasc. Res. 2019, 115, 419–431. [CrossRef]
[PubMed]

45. Yu, J.; Li, W.; Yu, D. Atrial natriuretic peptide modified oleate adenosine prodrug lipid nanocarriers for the treatment of myocardial
infarction: In vitro and in vivo evaluation. Drug Des. Devel. Ther. 2018, 12, 1697–1706. [CrossRef]

46. Qiu, J.; Cai, G.; Liu, X.; Ma, D. α(v)β(3) integrin receptor specific peptide modified, salvianolic acid B and panax notoginsenoside
loaded nanomedicine for the combination therapy of acute myocardial ischemia. Biomed. Pharmacother. 2017, 96, 1418–1426.
[CrossRef]

47. Yao, C.; Shi, X.; Lin, X.; Shen, L.; Xu, D.; Feng, Y. Increased cardiac distribution of mono-PEGylated Radix Ophiopogonis
polysaccharide in both myocardial infarction and ischemia/reperfusion rats. Int. J. Nanomed. 2015, 10, 409–418. [CrossRef]

48. Liu, C.; Chen, L.; Ma, Y.; Hu, K.; Wu, P.; Pan, L.; Chen, H.; Li, L.; Hu, H.; Zhang, J. Pulmonary circulation-mediated heart
targeting for the prevention of heart failure by inhalation of intrinsically bioactive nanoparticles. Theranostics 2021, 11, 8550–8569.
[CrossRef]

49. Leach, J.K.; O’Rear, E.A.; Patterson, E.; Miao, Y.; Johnson, A.E. Accelerated thrombolysis in a rabbit model of carotid artery
thrombosis with liposome-encapsulated and microencapsulated streptokinase. Thromb. Haemost. 2003, 90, 64–70. [CrossRef]

50. Pawlowski, C.L.; Li, W.; Sun, M.; Ravichandran, K.; Hickman, D.; Kos, C.; Kaur, G.; Sen Gupta, A. Platelet microparticle-inspired
clot-responsive nanomedicine for targeted fibrinolysis. Biomaterials 2017, 128, 94–108. [CrossRef]

51. Palekar, R.U.; Jallouk, A.P.; Myerson, J.W.; Pan, H.; Wickline, S.A. Inhibition of thrombin with PPACK-nanoparticles restores
disrupted endothelial barriers and attenuates thrombotic risk in experimental atherosclerosis. Arterioscler. Thromb. Vasc. Biol.
2016, 36, 446–455. [CrossRef] [PubMed]

52. Chen, J.P.; Yang, P.C.; Ma, Y.H.; Wu, T. Characterization of chitosan magnetic nanoparticles for in situ delivery of tissue
plasminogen activator. Carbohydr. Polym. 2011, 84, 364–372. [CrossRef]

53. McCarthy, J.R.; Sazonova, I.Y.; Erdem, S.S.; Hara, T.; Thompson, B.D.; Patel, P.; Botnaru, I.; Lin, C.P.; Reed, G.L.; Weissleder, R.;
et al. Multifunctional nanoagent for thrombus-targeted fibrinolytic therapy. Nanomedicine 2012, 7, 1017–1028. [CrossRef]

54. Kang, C.; Gwon, S.; Song, C.; Kang, P.M.; Park, S.C.; Jeon, J.; Hwang, D.W.; Lee, D. Fibrin-targeted and H2O2-responsive
nanoparticles as a theranostics for thrombosed vessels. ACS Nano 2017, 11, 6194–6203. [CrossRef] [PubMed]

55. Wu, T.; Chen, X.; Wang, Y.; Xiao, H.; Peng, Y.; Lin, L.; Xia, W.; Long, M.; Tao, J.; Shuai, X. Aortic plaque-targeted andrographolide
delivery with oxidation-sensitive micelle effectively treats atherosclerosis via simultaneous ROS capture and anti-inflammation.
Nanomedicine 2018, 14, 2215–2226. [CrossRef]

56. Lobatto, M.E.; Fayad, Z.A.; Silvera, S.; Vucic, E.; Calcagno, C.; Mani, V.; Dickson, S.D.; Nicolay, K.; Banciu, M.; Schiffelers,
R.M.; et al. Multimodal clinical imaging to longitudinally assess a nanomedical anti-inflammatory treatment in experimental
atherosclerosis. Mol. Pharm. 2010, 7, 2020–2029. [CrossRef] [PubMed]

57. Kim, M.; Sahu, A.; Hwang, Y.; Kim, G.B.; Nam, G.H.; Kim, I.S.; Chan Kwon, I.; Tae, G. Targeted delivery of anti-inflammatory
cytokine by nanocarrier reduces atherosclerosis in Apo E(-/-) mice. Biomaterials 2020, 226, 119550. [CrossRef]

58. Winter, P.M.; Neubauer, A.M.; Caruthers, S.D.; Harris, T.D.; Robertson, J.D.; Williams, T.A.; Schmieder, A.H.; Hu, G.; Allen, J.S.;
Lacy, E.K.; et al. Endothelial alpha(v)beta3 integrin-targeted fumagillin nanoparticles inhibit angiogenesis in atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2103–2109. [CrossRef]

59. Gao, B.; Xu, J.; Zhou, J.; Zhang, H.; Yang, R.; Wang, H.; Huang, J.; Yan, F.; Luo, Y. Multifunctional pathology-mapping theranostic
nanoplatforms for US/MR imaging and ultrasound therapy of atherosclerosis. Nanoscale 2021, 13, 8623–8638. [CrossRef]

60. Selvasudha, N.; Koumaravelou, K. The multifunctional synergistic effect of chitosan on simvastatin loaded nanoparticulate drug
delivery system. Carbohydr. Polym. 2017, 163, 70–80. [CrossRef]

61. Liu, L.; He, H.; Zhang, M.; Zhang, S.; Zhang, W.; Liu, J. Hyaluronic acid-decorated reconstituted high density lipoprotein targeting
atherosclerotic lesions. Biomaterials 2014, 35, 8002–8014. [CrossRef] [PubMed]

62. Deshpande, D.; Janero, D.R.; Amiji, M. Engineering of anω-3 polyunsaturated fatty acid-containing nanoemulsion system for
combination C6-ceramide and 17β-estradiol delivery and bioactivity in human vascular endothelial and smooth muscle cells.
Nanomedicine 2013, 9, 885–894. [CrossRef] [PubMed]

63. Savalia, K.; Manickam, D.S.; Rosenbaugh, E.G.; Tian, J.; Ahmad, I.M.; Kabanov, A.V.; Zimmerman, M.C. Neuronal uptake of
nanoformulated superoxide dismutase and attenuation of angiotensin II-dependent hypertension after central administration.
Free Radic. Biol. Med. 2014, 73, 299–307. [CrossRef] [PubMed]

64. Onyüksel, H.; Séjourné, F.; Suzuki, H.; Rubinstein, I. Human VIP-alpha: A long-acting, biocompatible and biodegradable peptide
nanomedicine for essential hypertension. Peptides 2006, 27, 2271–2275. [CrossRef]

http://doi.org/10.3390/nano10061028
http://www.ncbi.nlm.nih.gov/pubmed/32471187
http://doi.org/10.1002/btm2.10197
http://www.ncbi.nlm.nih.gov/pubmed/34027086
http://doi.org/10.1093/cvr/cvy200
http://www.ncbi.nlm.nih.gov/pubmed/30084995
http://doi.org/10.2147/DDDT.S166749
http://doi.org/10.1016/j.biopha.2017.10.086
http://doi.org/10.2147/ijn.S73462
http://doi.org/10.7150/thno.61875
http://doi.org/10.1055/s-0037-1613600
http://doi.org/10.1016/j.biomaterials.2017.03.012
http://doi.org/10.1161/ATVBAHA.115.306697
http://www.ncbi.nlm.nih.gov/pubmed/26769047
http://doi.org/10.1016/j.carbpol.2010.11.052
http://doi.org/10.2217/nnm.11.179
http://doi.org/10.1021/acsnano.7b02308
http://www.ncbi.nlm.nih.gov/pubmed/28481519
http://doi.org/10.1016/j.nano.2018.06.010
http://doi.org/10.1021/mp100309y
http://www.ncbi.nlm.nih.gov/pubmed/21028895
http://doi.org/10.1016/j.biomaterials.2019.119550
http://doi.org/10.1161/01.ATV.0000235724.11299.76
http://doi.org/10.1039/D1NR01096D
http://doi.org/10.1016/j.carbpol.2017.01.038
http://doi.org/10.1016/j.biomaterials.2014.05.081
http://www.ncbi.nlm.nih.gov/pubmed/24947229
http://doi.org/10.1016/j.nano.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23473744
http://doi.org/10.1016/j.freeradbiomed.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24924945
http://doi.org/10.1016/j.peptides.2006.03.003


Pharmaceuticals 2022, 15, 441 28 of 31

65. Qadri, G.R.; Ahad, A.; Aqil, M.; Imam, S.S.; Ali, A. Invasomes of isradipine for enhanced transdermal delivery against
hypertension: Formulation, characterization, and in vivo pharmacodynamic study. Artif. Cells Nanomed. Biotechnol. 2017, 45,
139–145. [CrossRef]

66. Gupta, V.; Gupta, N.; Shaik, I.H.; Mehvar, R.; McMurtry, I.F.; Oka, M.; Nozik-Grayck, E.; Komatsu, M.; Ahsan, F. Liposomal
fasudil, a rho-kinase inhibitor, for prolonged pulmonary preferential vasodilation in pulmonary arterial hypertension. J. Control.
Release 2013, 167, 189–199. [CrossRef]

67. Akagi, S.; Nakamura, K.; Miura, D.; Saito, Y.; Matsubara, H.; Ogawa, A.; Matoba, T.; Egashira, K.; Ito, H. Delivery of imatinib-
incorporated nanoparticles into lungs suppresses the development of monocrotaline-induced pulmonary arterial hypertension.
Int. Heart J. 2015, 56, 354–359. [CrossRef]

68. Juenet, M.; Aid-Launais, R.; Li, B.; Berger, A.; Aerts, J.; Ollivier, V.; Nicoletti, A.; Letourneur, D.; Chauvierre, C. Thrombolytic
therapy based on fucoidan-functionalized polymer nanoparticles targeting P-selectin. Biomaterials 2018, 156, 204–216. [CrossRef]

69. Marsh, J.N.; Hu, G.; Scott, M.J.; Zhang, H.; Goette, M.J.; Gaffney, P.J.; Caruthers, S.D.; Wickline, S.A.; Abendschein, D.; Lanza,
G.M. A fibrin-specific thrombolytic nanomedicine approach to acute ischemic stroke. Nanomedicine 2011, 6, 605–615. [CrossRef]

70. Singh, B.; Garg, T.; Goyal, A.K.; Rath, G. Development, optimization, and characterization of polymeric electrospun nanofiber: A
new attempt in sublingual delivery of nicorandil for the management of angina pectoris. Artif. Cells Nanomed. Biotechnol. 2016, 44,
1498–1507. [CrossRef]

71. Gorlin, R. Pathophysiology of cardiac pain. Circulation 1965, 32, 138–148. [CrossRef] [PubMed]
72. Prinzmetal, M.; Kennamer, R.; Merliss, R.; Wada, T.; Bor, N. Angina pectoris. I. A variant form of angina pectoris; preliminary

report. Am. J. Med. 1959, 27, 375–388. [CrossRef]
73. Fuchs, R.M.; Becker, L.C. Pathogenesis of angina pectoris. Arch. Intern. Med. 1982, 142, 1685–1692. [CrossRef] [PubMed]
74. Zhuge, Y.; Zheng, Z.F.; Xie, M.Q.; Li, L.; Wang, F.; Gao, F. Preparation of liposomal amiodarone and investigation of its

cardiomyocyte-targeting ability in cardiac radiofrequency ablation rat model. Int. J. Nanomed. 2016, 11, 2359–2367. [CrossRef]
[PubMed]

75. Rupp, H.; Zarain-Herzberg, A.; Maisch, B. The use of partial fatty acid oxidation inhibitors for metabolic therapy of angina
pectoris and heart failure. Herz 2002, 27, 621–636. [CrossRef] [PubMed]

76. Brusini, R.; Varna, M.; Couvreur, P. Advanced nanomedicines for the treatment of inflammatory diseases. Adv. Drug Deliv. Rev.
2020, 157, 161–178. [CrossRef]

77. Molinaro, R.; Boada, C.; Del Rosal, G.M.; Hartman, K.A.; Corbo, C.; Andrews, E.D.; Toledano-Furman, N.E.; Cooke, J.P.; Tasciotti,
E. Vascular inflammation: A novel access route for nanomedicine. Methodist Debakey Cardiovasc. J. 2016, 12, 169–174. [CrossRef]

78. Noels, H.; Weber, C.; Koenen, R.R. Chemokines as therapeutic targets in cardiovascular disease. Arterioscler. Thromb. Vasc. Biol.
2019, 39, 583–592. [CrossRef]

79. Detry, J.M. The pathophysiology of myocardial ischaemia. Eur. Heart J. 1996, 17 (Suppl. G), 48–52. [CrossRef]
80. O’Dwyer, J.; Murphy, R.; Dolan, E.B.; Kovarova, L.; Pravda, M.; Velebny, V.; Heise, A.; Duffy, G.P.; Cryan, S.A. Development of a

nanomedicine-loaded hydrogel for sustained delivery of an angiogenic growth factor to the ischaemic myocardium. Drug Deliv.
Transl. Res. 2020, 10, 440–454. [CrossRef]

81. Sosunov, E.A.; Anyukhovsky, E.P.; Sosunov, A.A.; Moshnikova, A.; Wijesinghe, D.; Engelman, D.M.; Reshetnyak, Y.K.; Andreev,
O.A. pH (low) insertion peptide (pHLIP) targets ischemic myocardium. Proc. Natl. Acad. Sci. USA 2013, 110, 82–86. [CrossRef]
[PubMed]

82. Paul, A.; Hasan, A.; Kindi, H.A.; Gaharwar, A.K.; Rao, V.T.; Nikkhah, M.; Shin, S.R.; Krafft, D.; Dokmeci, M.R.; Shum-Tim, D.;
et al. Injectable graphene oxide/hydrogel-based angiogenic gene delivery system for vasculogenesis and cardiac repair. ACS
Nano 2014, 8, 8050–8062. [CrossRef] [PubMed]

83. Bai, H.; Lee, J.S.; Chen, E.; Wang, M.; Xing, Y.; Fahmy, T.M.; Dardik, A. Covalent modification of pericardial patches for sustained
rapamycin delivery inhibits venous neointimal hyperplasia. Sci. Rep. 2017, 7, 40142. [CrossRef] [PubMed]

84. Stapleton, L.M.; Steele, A.N.; Wang, H.; Lopez Hernandez, H.; Yu, A.C.; Paulsen, M.J.; Smith, A.A.A.; Roth, G.A.; Thakore, A.D.;
Lucian, H.J.; et al. Use of a supramolecular polymeric hydrogel as an effective post-operative pericardial adhesion barrier. Nat.
Biomed. Eng. 2019, 3, 611–620. [CrossRef] [PubMed]

85. Priya, V.; Viswanadh, M.K.; Mehata, A.K.; Jain, D.; Singh, S.K.; Muthu, M.S. Targeted nanotherapeutics in the prophylaxis and
treatment of thrombosis. Nanomedicine 2021, 16, 1153–1176. [CrossRef]

86. Zenych, A.; Fournier, L.; Chauvierre, C. Nanomedicine progress in thrombolytic therapy. Biomaterials 2020, 258, 120297. [CrossRef]
87. Varna, M.; Juenet, M.; Bayles, R.; Mazighi, M.; Chauvierre, C.; Letourneur, D. Nanomedicine as a strategy to fight thrombotic

diseases. Future Sci. OA 2015, 1, Fso46. [CrossRef]
88. Srinivasan, R.; Marchant, R.E.; Gupta, A.S. In vitro and in vivo platelet targeting by cyclic RGD-modified liposomes. J. Biomed.

Mater. Res. A 2010, 93, 1004–1015. [CrossRef]
89. Gupta, A.S.; Huang, G.; Lestini, B.J.; Sagnella, S.; Kottke-Marchant, K.; Marchant, R.E. RGD-modified liposomes targeted to

activated platelets as a potential vascular drug delivery system. Thromb. Haemost. 2005, 93, 106–114. [CrossRef]
90. Huang, G.; Zhou, Z.; Srinivasan, R.; Penn, M.S.; Kottke-Marchant, K.; Marchant, R.E.; Gupta, A.S. Affinity manipulation of

surface-conjugated RGD peptide to modulate binding of liposomes to activated platelets. Biomaterials 2008, 29, 1676–1685.
[CrossRef]

http://doi.org/10.3109/21691401.2016.1138486
http://doi.org/10.1016/j.jconrel.2013.01.011
http://doi.org/10.1536/ihj.14-338
http://doi.org/10.1016/j.biomaterials.2017.11.047
http://doi.org/10.2217/nnm.11.21
http://doi.org/10.3109/21691401.2015.1052472
http://doi.org/10.1161/01.CIR.32.1.138
http://www.ncbi.nlm.nih.gov/pubmed/14314484
http://doi.org/10.1016/0002-9343(59)90003-8
http://doi.org/10.1001/archinte.1982.00340220105018
http://www.ncbi.nlm.nih.gov/pubmed/7052007
http://doi.org/10.2147/IJN.S98815
http://www.ncbi.nlm.nih.gov/pubmed/27313453
http://doi.org/10.1007/s00059-002-2428-x
http://www.ncbi.nlm.nih.gov/pubmed/12439634
http://doi.org/10.1016/j.addr.2020.07.010
http://doi.org/10.14797/mdcj-12-3-169
http://doi.org/10.1161/ATVBAHA.118.312037
http://doi.org/10.1093/eurheartj/17.suppl_G.48
http://doi.org/10.1007/s13346-019-00684-5
http://doi.org/10.1073/pnas.1220038110
http://www.ncbi.nlm.nih.gov/pubmed/23248283
http://doi.org/10.1021/nn5020787
http://www.ncbi.nlm.nih.gov/pubmed/24988275
http://doi.org/10.1038/srep40142
http://www.ncbi.nlm.nih.gov/pubmed/28071663
http://doi.org/10.1038/s41551-019-0442-z
http://www.ncbi.nlm.nih.gov/pubmed/31391596
http://doi.org/10.2217/nnm-2021-0058
http://doi.org/10.1016/j.biomaterials.2020.120297
http://doi.org/10.4155/fso.15.46
http://doi.org/10.1002/jbm.a.32549
http://doi.org/10.1160/TH04-06-0340
http://doi.org/10.1016/j.biomaterials.2007.12.015


Pharmaceuticals 2022, 15, 441 29 of 31

91. Wu, T.; Xiao, H.; Lu, L.; Chen, Y.; Wang, Y.; Xia, W.; Long, M.; Tao, J.; Shen, J.; Shuai, X. Polymeric Vector-Mediated Targeted
Delivery of Anti-PAK1 siRNA to Macrophages for Efficient Atherosclerosis Treatment. ACS Biomater. Sci. Eng. 2019, 5, 4455–4462.
[CrossRef] [PubMed]

92. Bergheanu, S.C.; Bodde, M.C.; Jukema, J.W. Pathophysiology and treatment of atherosclerosis: Current view and future
perspective on lipoprotein modification treatment. Neth. Heart J. 2017, 25, 231–242. [CrossRef] [PubMed]

93. van der Valk, F.M.; van Wijk, D.F.; Lobatto, M.E.; Verberne, H.J.; Storm, G.; Willems, M.C.; Legemate, D.A.; Nederveen, A.J.;
Calcagno, C.; Mani, V.; et al. Prednisolone-containing liposomes accumulate in human atherosclerotic macrophages upon
intravenous administration. Nanomedicine 2015, 11, 1039–1046. [CrossRef]

94. Panth, N.; Paudel, K.R.; Parajuli, K. Reactive oxygen species: A key hallmark of cardiovascular disease. Adv. Med. 2016,
2016, 9152732. [CrossRef] [PubMed]

95. Gadde, S.; Rayner, K.J. Nanomedicine meets microRNA: Current advances in RNA-based nanotherapies for atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2016, 36, e73–e79. [CrossRef] [PubMed]

96. Kuo, C.H.; Leon, L.; Chung, E.J.; Huang, R.T.; Sontag, T.J.; Reardon, C.A.; Getz, G.S.; Tirrell, M.; Fang, Y. Inhibition of
atherosclerosis-promoting microRNAs via targeted polyelectrolyte complex micelles. J. Mater. Chem. B 2014, 2, 8142–8153.
[CrossRef] [PubMed]

97. Mlinar, L.B.; Chung, E.J.; Wonder, E.A.; Tirrell, M. Active targeting of early and mid-stage atherosclerotic plaques using
self-assembled peptide amphiphile micelles. Biomaterials 2014, 35, 8678–8686. [CrossRef] [PubMed]

98. Lanza, G.M.; Winter, P.M.; Caruthers, S.D.; Hughes, M.S.; Cyrus, T.; Marsh, J.N.; Neubauer, A.M.; Partlow, K.C.; Wickline, S.A.
Nanomedicine opportunities for cardiovascular disease with perfluorocarbon nanoparticles. Nanomedicine 2006, 1, 321–329.
[CrossRef]

99. Xu, W.; Jambhulkar, S.; Ravichandran, D.; Zhu, Y.; Kakarla, M.; Nian, Q.; Azeredo, B.; Chen, X.; Jin, K.; Vernon, B.; et al. 3D
Printing-enabled nanoparticle alignment: A review of mechanisms and applications. Small 2021, 17, e2100817. [CrossRef]

100. Zang, X.; Cheng, M.; Zhang, X.; Chen, X. Targeting macrophages using nanoparticles: A potential therapeutic strategy for
atherosclerosis. J. Mater. Chem. B 2021, 9, 3284–3294. [CrossRef]

101. Nahrendorf, M.; Zhang, H.; Hembrador, S.; Panizzi, P.; Sosnovik, D.E.; Aikawa, E.; Libby, P.; Swirski, F.K.; Weissleder, R.
Nanoparticle PET-CT imaging of macrophages in inflammatory atherosclerosis. Circulation 2008, 117, 379–387. [CrossRef]
[PubMed]

102. Jain, K.S.; Kathiravan, M.K.; Somani, R.S.; Shishoo, C.J. The biology and chemistry of hyperlipidemia. Bioorg. Med. Chem. 2007,
15, 4674–4699. [CrossRef] [PubMed]

103. Sreedhar, R.; Kumar, V.S.; Bhaskaran Pillai, A.K.; Mangalathillam, S. Omega-3 Fatty Acid Based Nanolipid Formulation of
Atorvastatin for Treating Hyperlipidemia. Adv. Pharm. Bull. 2019, 9, 271–280. [CrossRef] [PubMed]

104. Zhang, H.L.; Tao, Y.; Guo, J.; Hu, Y.M.; Su, Z.Q. Hypolipidemic effects of chitosan nanoparticles in hyperlipidemia rats induced
by high fat diet. Int. Immunopharmacol. 2011, 11, 457–461. [CrossRef]

105. Patel, S.; Drew, B.G.; Nakhla, S.; Duffy, S.J.; Murphy, A.J.; Barter, P.J.; Rye, K.A.; Chin-Dusting, J.; Hoang, A.; Sviridov, D.; et al.
Reconstituted high-density lipoprotein increases plasma high-density lipoprotein anti-inflammatory properties and cholesterol
efflux capacity in patients with type 2 diabetes. J. Am. Coll. Cardiol. 2009, 53, 962–971. [CrossRef]

106. Serini, S.; Cassano, R.; Trombino, S.; Calviello, G. Nanomedicine-based formulations containing ω-3 polyunsaturated fatty acids:
Potential application in cardiovascular and neoplastic diseases. Int. J. Nanomed. 2019, 14, 2809–2828. [CrossRef]

107. Abdel-Rahman, M.A.; Hamad, H.; Eltamany, E.H.; Al-Sherbini, A.-S. The synthesis and characterization of gold nanoparticles
with polyunsaturated oils contribute to hypolipidemic and anti-obesity activities in vivo. Egypt. J. Chem. 2020, 63, 4205–4216.
[CrossRef]

108. Chmielowski, R.A.; Abdelhamid, D.S.; Faig, J.J.; Petersen, L.K.; Gardner, C.R.; Uhrich, K.E.; Joseph, L.B.; Moghe, P.V. Athero-
inflammatory nanotherapeutics: Ferulic acid-based poly(anhydride-ester) nanoparticles attenuate foam cell formation by
regulating macrophage lipogenesis and reactive oxygen species generation. Acta Biomater. 2017, 57, 85–94. [CrossRef]

109. Taylor, D.A. Hypertensive Crisis: A Review of Pathophysiology and Treatment. Crit. Care Nurs. Clin. N. Am. 2015, 27, 439–447.
[CrossRef]

110. Rolim, T.; Cancino, J.; Zucolotto, V. A nanostructured genosensor for the early diagnosis of systemic arterial hypertension. Biomed.
Microdevices 2015, 17, 3. [CrossRef]

111. de Azevedo Mde, B.; Tasic, L.; Fattori, J.; Rodrigues, F.H.; Cantos, F.C.; Ribeiro, L.P.; de Paula, V.; Ianzer, D.; Santos, R.A. New
formulation of an old drug in hypertension treatment: The sustained release of captopril from cyclodextrin nanoparticles. Int. J.
Nanomed. 2011, 6, 1005–1016. [CrossRef]

112. Venishetty, V.K.; Chede, R.; Komuravelli, R.; Adepu, L.; Sistla, R.; Diwan, P.V. Design and evaluation of polymer coated carvedilol
loaded solid lipid nanoparticles to improve the oral bioavailability: A novel strategy to avoid intraduodenal administration.
Colloids Surf. B Biointerfaces 2012, 95, 1–9. [CrossRef] [PubMed]

113. Fancher, I.S.; Rubinstein, I.; Levitan, I. Potential strategies to reduce blood pressure in treatment-resistant hypertension using
food and drug administration-approved nanodrug delivery platforms. Hypertension 2019, 73, 250–257. [CrossRef] [PubMed]

114. Mosgoeller, W.; Prassl, R.; Zimmer, A. Nanoparticle-mediated treatment of pulmonary arterial hypertension. Methods Enzymol.
2012, 508, 325–354. [CrossRef]

http://doi.org/10.1021/acsbiomaterials.9b01076
http://www.ncbi.nlm.nih.gov/pubmed/33438411
http://doi.org/10.1007/s12471-017-0959-2
http://www.ncbi.nlm.nih.gov/pubmed/28194698
http://doi.org/10.1016/j.nano.2015.02.021
http://doi.org/10.1155/2016/9152732
http://www.ncbi.nlm.nih.gov/pubmed/27774507
http://doi.org/10.1161/ATVBAHA.116.307481
http://www.ncbi.nlm.nih.gov/pubmed/27559146
http://doi.org/10.1039/C4TB00977K
http://www.ncbi.nlm.nih.gov/pubmed/25685357
http://doi.org/10.1016/j.biomaterials.2014.06.054
http://www.ncbi.nlm.nih.gov/pubmed/25043572
http://doi.org/10.2217/17435889.1.3.321
http://doi.org/10.1002/smll.202100817
http://doi.org/10.1039/D0TB02956D
http://doi.org/10.1161/CIRCULATIONAHA.107.741181
http://www.ncbi.nlm.nih.gov/pubmed/18158358
http://doi.org/10.1016/j.bmc.2007.04.031
http://www.ncbi.nlm.nih.gov/pubmed/17521912
http://doi.org/10.15171/apb.2019.031
http://www.ncbi.nlm.nih.gov/pubmed/31380253
http://doi.org/10.1016/j.intimp.2010.12.015
http://doi.org/10.1016/j.jacc.2008.12.008
http://doi.org/10.2147/IJN.S197499
http://doi.org/10.21608/EJCHEM.2020.21510.2280
http://doi.org/10.1016/j.actbio.2017.05.029
http://doi.org/10.1016/j.cnc.2015.08.003
http://doi.org/10.1007/s10544-014-9911-z
http://doi.org/10.2147/ijn.S18999
http://doi.org/10.1016/j.colsurfb.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22463845
http://doi.org/10.1161/HYPERTENSIONAHA.118.12005
http://www.ncbi.nlm.nih.gov/pubmed/30624988
http://doi.org/10.1016/b978-0-12-391860-4.00017-3


Pharmaceuticals 2022, 15, 441 30 of 31

115. Vachiéry, J.L.; Tedford, R.J.; Rosenkranz, S.; Palazzini, M.; Lang, I.; Guazzi, M.; Coghlan, G.; Chazova, I.; De Marco, T. Pulmonary
hypertension due to left heart disease. Eur. Respir. J. 2019, 53, 1801897. [CrossRef]

116. Segura-Ibarra, V.; Wu, S.; Hassan, N.; Moran-Guerrero, J.A.; Ferrari, M.; Guha, A.; Karmouty-Quintana, H.; Blanco, E. Nanothera-
peutics for treatment of pulmonary arterial hypertension. Front. Physiol. 2018, 9, 890. [CrossRef]

117. Beck-Broichsitter, M.; Hecker, A.; Kosanovic, D.; Schmehl, T.; Gessler, T.; Weissmann, N.; Ghofrani, H.A.; Kissel, T.; Seeger, W.;
Schermuly, R.T. Prolonged vasodilatory response to nanoencapsulated sildenafil in pulmonary hypertension. Nanomedicine 2016,
12, 63–68. [CrossRef]

118. Nafee, N.; Makled, S.; Boraie, N. Nanostructured lipid carriers versus solid lipid nanoparticles for the potential treatment of
pulmonary hypertension via nebulization. Eur. J. Pharm. Sci. 2018, 125, 151–162. [CrossRef]

119. Mohamed, N.A.; Abou-Saleh, H.; Kameno, Y.; Marei, I.; de Nucci, G.; Ahmetaj-Shala, B.; Shala, F.; Kirkby, N.S.; Jennings, L.;
Al-Ansari, D.E.; et al. Studies on metal-organic framework (MOF) nanomedicine preparations of sildenafil for the future treatment
of pulmonary arterial hypertension. Sci. Rep. 2021, 11, 4336. [CrossRef]

120. Mitchell, J.A.; Ahmetaj-Shala, B.; Kirkby, N.S.; Wright, W.R.; Mackenzie, L.S.; Reed, D.M.; Mohamed, N. Role of prostacyclin in
pulmonary hypertension. Glob. Cardiol. Sci. Pract. 2014, 2014, 382–393. [CrossRef]

121. Kleemann, E.; Schmehl, T.; Gessler, T.; Bakowsky, U.; Kissel, T.; Seeger, W. Iloprost-containing liposomes for aerosol application in
pulmonary arterial hypertension: Formulation aspects and stability. Pharm. Res. 2007, 24, 277–287. [CrossRef] [PubMed]

122. Gessler, T.; Seeger, W.; Schmehl, T. Inhaled prostanoids in the therapy of pulmonary hypertension. J. Aerosol Med. Pulm. Drug
Deliv. 2008, 21, 1–12. [CrossRef] [PubMed]

123. Mohamed, N.A.; Ahmetaj-Shala, B.; Duluc, L.; Mackenzie, L.S.; Kirkby, N.S.; Reed, D.M.; Lickiss, P.D.; Davies, R.P.; Freeman,
G.R.; Wojciak-Stothard, B.; et al. A New NO-Releasing nanoformulation for the treatment of pulmonary arterial hypertension. J.
Cardiovasc. Transl. Res. 2016, 9, 162–164. [CrossRef] [PubMed]

124. Arboix, A.; Alió, J. Cardioembolic stroke: Clinical features, specific cardiac disorders and prognosis. Curr. Cardiol. Rev. 2010, 6,
150–161. [CrossRef]

125. Wang, J.; Zhang, Y.; Xia, J.; Cai, T.; Du, J.; Chen, J.; Li, P.; Shen, Y.; Zhang, A.; Fu, B.; et al. Neuronal PirB upregulated in cerebral
ischemia acts as an attractive theranostic target for ischemic stroke. J. Am. Heart Assoc. 2018, 7, e007197. [CrossRef]

126. Lanza, G.M.; Marsh, J.N.; Hu, G.; Scott, M.J.; Schmieder, A.H.; Caruthers, S.D.; Pan, D.; Wickline, S.A. Rationale for a nanomedicine
approach to thrombolytic therapy. Stroke 2010, 41, S42–S44. [CrossRef]

127. Bonnard, T.; Gauberti, M.; Martinez de Lizarrondo, S.; Campos, F.; Vivien, D. Recent advances in nanomedicine for ischemic and
hemorrhagic stroke. Stroke 2019, 50, 1318–1324. [CrossRef]

128. Nagasaki, Y. Nitroxide radicals and nanoparticles: A partnership for nanomedicine radical delivery. Ther. Deliv. 2012, 3, 165–179.
[CrossRef]

129. Kim, C.K.; Kim, T.; Choi, I.Y.; Soh, M.; Kim, D.; Kim, Y.J.; Jang, H.; Yang, H.S.; Kim, J.Y.; Park, H.K.; et al. Ceria nanoparticles that
can protect against ischemic stroke. Angew. Chem. Int. Ed. Engl. 2012, 51, 11039–11043. [CrossRef]

130. Xu, J.; Wang, X.; Yin, H.; Cao, X.; Hu, Q.; Lv, W.; Xu, Q.; Gu, Z.; Xin, H. Sequentially site-specific delivery of thrombolytics and
neuroprotectant for enhanced treatment of ischemic stroke. ACS Nano 2019, 13, 8577–8588. [CrossRef]

131. Cicha, I.; Chauvierre, C.; Texier, I.; Cabella, C.; Metselaar, J.M.; Szebeni, J.; Dézsi, L.; Alexiou, C.; Rouzet, F.; Storm, G.; et al.
From design to the clinic: Practical guidelines for translating cardiovascular nanomedicine. Cardiovasc. Res. 2018, 114, 1714–1727.
[CrossRef] [PubMed]

132. Trivedi, R.A.; Mallawarachi, C.; JM, U.K.-I.; Graves, M.J.; Horsley, J.; Goddard, M.J.; Brown, A.; Wang, L.; Kirkpatrick, P.J.;
Brown, J.; et al. Identifying inflamed carotid plaques using in vivo USPIO-enhanced MR imaging to label plaque macrophages.
Arterioscler. Thromb. Vasc. Biol. 2006, 26, 1601–1606. [CrossRef] [PubMed]

133. Sadat, U.; Howarth, S.P.; Usman, A.; Tang, T.Y.; Graves, M.J.; Gillard, J.H. Sequential imaging of asymptomatic carotid atheroma
using ultrasmall superparamagnetic iron oxide-enhanced magnetic resonance imaging: A feasibility study. J. Stroke Cerebrovasc.
Dis. 2013, 22, e271–e276. [CrossRef] [PubMed]

134. Howarth, S.P.; Tang, T.Y.; Trivedi, R.; Weerakkody, R.; U-King-Im, J.; Gaunt, M.E.; Boyle, J.R.; Li, Z.Y.; Miller, S.R.; Graves, M.J.;
et al. Utility of USPIO-enhanced MR imaging to identify inflammation and the fibrous cap: A comparison of symptomatic and
asymptomatic individuals. Eur. J. Radiol. 2009, 70, 555–560. [CrossRef]

135. Alam, S.R.; Shah, A.S.; Richards, J.; Lang, N.N.; Barnes, G.; Joshi, N.; MacGillivray, T.; McKillop, G.; Mirsadraee, S.; Payne, J.; et al.
Ultrasmall superparamagnetic particles of iron oxide in patients with acute myocardial infarction: Early clinical experience. Circ.
Cardiovasc. Imaging 2012, 5, 559–565. [CrossRef] [PubMed]

136. Lobatto, M.E.; Calcagno, C.; Otten, M.J.; Millon, A.; Ramachandran, S.; Paridaans, M.P.; van der Valk, F.M.; Storm, G.; Stroes,
E.S.; Fayad, Z.A.; et al. Pharmaceutical development and preclinical evaluation of a GMP-grade anti-inflammatory nanotherapy.
Nanomedicine 2015, 11, 1133–1140. [CrossRef] [PubMed]

137. Kharlamov, A.N.; Tyurnina, A.E.; Veselova, V.S.; Kovtun, O.P.; Shur, V.Y.; Gabinsky, J.L. Silica-gold nanoparticles for atheroprotec-
tive management of plaques: Results of the NANOM-FIM trial. Nanoscale 2015, 7, 8003–8015. [CrossRef]

138. Banai, S.; Finkelstein, A.; Almagor, Y.; Assali, A.; Hasin, Y.; Rosenschein, U.; Apruzzese, P.; Lansky, A.J.; Kume, T.; Edelman, E.R.
Targeted anti-inflammatory systemic therapy for restenosis: The Biorest Liposomal Alendronate with Stenting sTudy (BLAST)—A
double blind, randomized clinical trial. Am. Heart J. 2013, 165, 234–240.e231. [CrossRef]

http://doi.org/10.1183/13993003.01897-2018
http://doi.org/10.3389/fphys.2018.00890
http://doi.org/10.1016/j.nano.2015.08.009
http://doi.org/10.1016/j.ejps.2018.10.003
http://doi.org/10.1038/s41598-021-83423-6
http://doi.org/10.5339/gcsp.2014.53
http://doi.org/10.1007/PL00022055
http://www.ncbi.nlm.nih.gov/pubmed/17211729
http://doi.org/10.1089/jamp.2007.0657
http://www.ncbi.nlm.nih.gov/pubmed/18518827
http://doi.org/10.1007/s12265-016-9684-2
http://www.ncbi.nlm.nih.gov/pubmed/26960567
http://doi.org/10.2174/157340310791658730
http://doi.org/10.1161/JAHA.117.007197
http://doi.org/10.1161/STROKEAHA.110.598656
http://doi.org/10.1161/STROKEAHA.118.022744
http://doi.org/10.4155/tde.11.153
http://doi.org/10.1002/anie.201203780
http://doi.org/10.1021/acsnano.9b01798
http://doi.org/10.1093/cvr/cvy219
http://www.ncbi.nlm.nih.gov/pubmed/30165574
http://doi.org/10.1161/01.ATV.0000222920.59760.df
http://www.ncbi.nlm.nih.gov/pubmed/16627809
http://doi.org/10.1016/j.jstrokecerebrovasdis.2012.06.015
http://www.ncbi.nlm.nih.gov/pubmed/22841932
http://doi.org/10.1016/j.ejrad.2008.01.047
http://doi.org/10.1161/CIRCIMAGING.112.974907
http://www.ncbi.nlm.nih.gov/pubmed/22875883
http://doi.org/10.1016/j.nano.2015.02.020
http://www.ncbi.nlm.nih.gov/pubmed/25791805
http://doi.org/10.1039/C5NR01050K
http://doi.org/10.1016/j.ahj.2012.10.023


Pharmaceuticals 2022, 15, 441 31 of 31

139. Wilson, B.; Km, G. Artificial intelligence and related technologies enabled nanomedicine for advanced cancer treatment.
Nanomedicine 2020, 15, 433–435. [CrossRef]

140. Yan, C.; Quan, X.J.; Feng, Y.M. Nanomedicine for Gene Delivery for the Treatment of Cardiovascular Diseases. Curr. Gene Ther.
2019, 19, 20–30. [CrossRef]

141. Vandergriff, A.C.; Hensley, T.M.; Henry, E.T.; Shen, D.; Anthony, S.; Zhang, J.; Cheng, K. Magnetic targeting of cardiosphere-
derived stem cells with ferumoxytol nanoparticles for treating rats with myocardial infarction. Biomaterials 2014, 35, 8528–8539.
[CrossRef] [PubMed]

142. Huang, Z.; Shen, Y.; Sun, A.; Huang, G.; Zhu, H.; Huang, B.; Xu, J.; Song, Y.; Pei, N.; Ma, J.; et al. Magnetic targeting enhances
retrograde cell retention in a rat model of myocardial infarction. Stem Cell. Res. Ther. 2013, 4, 149. [CrossRef] [PubMed]

143. Davis, M.E.; Hsieh, P.C.; Takahashi, T.; Song, Q.; Zhang, S.; Kamm, R.D.; Grodzinsky, A.J.; Anversa, P.; Lee, R.T. Local myocardial
insulin-like growth factor 1 (IGF-1) delivery with biotinylated peptide nanofibers improves cell therapy for myocardial infarction.
Proc. Natl. Acad. Sci. USA 2006, 103, 8155–8160. [CrossRef] [PubMed]

144. Mittal, R.; Jhaveri, V.M.; McMurry, H.S.; Kay, S.S.; Sutherland, K.J.; Nicole, L.; Mittal, J.; Jayant, R.D. Recent treatment modalities
for cardiovascular diseases with a focus on stem cells, aptamers, exosomes and nanomedicine. Artif. Cells Nanomed. Biotechnol.
2018, 46, 831–840. [CrossRef] [PubMed]

145. Muniyandi, P.; Palaninathan, V.; Mizuki, T.; Maekawa, T.; Hanajiri, T.; Mohamed, M.S. Poly(lactic-co-glycolic acid)/polyethylenimine
nanocarriers for direct genetic reprogramming of microRNA targeting cardiac fibroblasts. ACS Appl. Nano Mater. 2020, 3,
2491–2505. [CrossRef]

146. Mohammadi Nasr, S.; Rabiee, N.; Hajebi, S.; Ahmadi, S.; Fatahi, Y.; Hosseini, M.; Bagherzadeh, M.; Ghadiri, A.M.; Rabiee,
M.; Jajarmi, V.; et al. Biodegradable nanopolymers in cardiac tissue engineering: From concept towards nanomedicine. Int. J.
Nanomed. 2020, 15, 4205–4224. [CrossRef]

147. Witkowski, M.; Weeks, T.L.; Hazen, S.L. Gut microbiota and cardiovascular disease. Circ. Res. 2020, 127, 553–570. [CrossRef]
148. Salehi, B.; Del Prado-Audelo, M.L.; Cortés, H.; Leyva-Gómez, G.; Stojanović-Radić, Z.; Singh, Y.D.; Patra, J.K.; Das, G.; Martins,
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