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Cardiovascular diseases (CVDs) are a primary cause of death globally. A few classic and hybrid treatments exist to treat CVDs.
However, they lack in both safety and effectiveness. Thus, innovative nanomaterials for disease diagnosis and treatment are
urgently required. The tiny size of nanomaterials allows them to reach more areas of the heart and arteries, making them ideal
for CVDs. Atherosclerosis causes arterial stenosis and reduced blood flow. The most common treatment is medication and
surgery to stabilize the disease. Nanotechnologies are crucial in treating vascular disease. Nanomaterials may be able to deliver
medications to lesion sites after being infused into the circulation. Newer point-of-care devices have also been considered
together with nanomaterials. For example, this study will look at the use of nanomaterials in imaging, diagnosing, and treating
CVDs.

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of
death worldwide. CVD was responsible for the deaths of

around 18.6 million persons globally in 2019 [1]. Heart dis-
ease and related disorders, such as atherosclerosis, arrhyth-
mia, coronary heart disease, peripheral arterial disease,
rheumatic heart disease, congenital heart disease, deep vein
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thrombosis, and pulmonary embolism, are all caused by
changes in the normal functioning of the heart and its asso-
ciated structures. The major explanation for these reported
ailments is a sedentary lifestyle of living with little or no
physical exercise, which has been identified as the leading
cause of the CVD in humans. Moreover, the lockdown and
work-from-home lifestyle have minimized physical move-
ment, adding more to the sedentary lifestyle. However, vari-
ous options are available for preventing and treating CVDs,
such as regular exercise and physical activity to reduce CVDs
[2]. Other factors aggregating the CVDs include smoking,
hypertension, and hyperlipidemia. However, exercising can
minimize CVD and help reduce the body mass index to nor-
mal [3, 4]. Traditional treatment options include operating
the affected part for thrombosis and placing the artificial
pacemaker for arrhythmia. However, they were adequate to
some extent of the population, but they are associated with
lower patient compliance, including discomfort for a lifetime.
Then, the role of nanotechnology comes into the limelight.
Owing to their small size, they can easily be penetrated inside
the tight junctions. Due to the small size, the surface area of
entities increased, thus providing more comprehensive
options for surface modification and binding. The knowledge
and utilization of innovative technology shall provide a safe
and effective platform for the controlled, targeted delivery
of actives that shall lower the incidences of lipid disorders
and other diseases [5]. Nanomaterials showed the way for-
ward to overcome the limits arising from using conventional
biomaterials [6, 7]. Moreover, new technologies can be
coupled with nanotechnology that will revolutionize the
treatment of CVDs. Many researchers had prepared nano-
materials mimicking the extracellular matrix and accelerat-
ing the healing mechanism [8–10]. The final value of
nanoparticulate imaging media is determined by their phar-
macokinetics and biodistribution. To provide therapeutically
effective tissue imaging, particles must accumulate in target
tissues quickly, with little nonspecific uptake. Importantly,
these pharmacokinetic requirements for image generation
vary by modality. Particles may cause false-positive detection
in ultrasensitive modes. Small changes in nanoparticle (NP)
size, shape, or surface chemistry may often enhance particle
pharmacokinetics, but at a cost. For example, polyethylene
glycol is often added to NP surfaces to enhance circulation
[11]. This speeds up molecule binding and therapeutic deliv-
ery but delays image collecting and bioelimination. Amplifi-
cation of background signals by larger particles with lower
renal clearance [12]. Making nanoparticulate imaging agents
safe and effective may be tricky. Longer circulation times and
slower tissue absorption rates may need longer decay half-
lives, resulting in higher radiation exposure [13–15]. After
imaging for 24 hours, diagnostic NPs must be totally
removed or biodegraded without producing harm or immu-
nogenicity. Renal filtration is the quickest and most direct
way to remove NPs, lowering the danger of biological inter-
actions. Fast renal filtration (4 hours) restricts targeting to
certain organs and NP design [16]. Larger nanoparticles are
retained in MPS organs until broken down into smaller com-
ponents and excreted in bile or urine. This method increases
exposure due to its slowness and inaccuracy. Larger NPs

(250 nm) were cleared quickly in rats, but not in large ani-
mals or humans [17]. Organic or iron nanoparticles that
can be appropriately eliminated or digested have been autho-
rized by the Food and Drug Administration (FDA) [18].
However, despite their increased extravasation rate, tiny mol-
ecules enter tissues more deeply and wash out more rapidly
than larger molecules. The endothelium of healthy, nonfene-
strated endothelium is often too small to allow considerable
extravasation of intermediate-sized NPs, such as those seen
in the sinusoidal capillaries of the liver and spleen, as well
as those found in tumors and areas of inflammation [19,
20]. For this reason, NPs are more prone to collect in the
perivascular gaps of permeable tissues because of their com-
paratively large size. The enhanced permeability and reten-
tion effect (EPR) describes the passive accumulation of NPs
in tissues with higher vascular permeability, and it has been
used in several medicinal and imaging applications [21, 22].
EPR may be beneficial for detecting pathological tissues,
but it is necessary to keep in mind that the effect often occurs
over longer time periods (hours) that may not be suitable for
clinical diagnostic imaging [20]. Because it generates nonspe-
cific background signals that may obscure or confuse desir-
able signals from molecular binding events, EPR-based NP
accumulation is unfavorable for molecular imaging applica-
tions because it inhibits particle removal [12].

Nanomaterials can help in achieving therapeutic func-
tions that are difficult to achieve with traditional biomate-
rials. Nanomaterials can act as a carrier and can travel
through the endothelium of blood vessels also, and they
can interfere with the internalization step involved in the
delivery of preloaded drugs [23–25]. Developed during the
last two decades, there are several distinct types of nanotech-
nologies for biomedicine with their own distinct features and
benefits. Liposomes, NPs, and the application of nanocoat-
ing techniques are all considered nanomaterials. The treat-
ment of disease with nanotechnology is currently being
concentrated on cancer, specifically on curing and diagnos-
ing cancer. However, it is beginning to move to other treat-
ment areas, specifically to managing CVDs. Current
therapies for CVDs are concentrated on restoring normal
blood flow through or around the damaged vasculature
and the avoidance of repeated cardiovascular shocks. Reduc-
tion in subsequent build up and thickness of atherosclerotic
plaques, as well as impacts on exterior elastic membranes
and fibrous and dense calcium volumes, is obtained by statin
treatment [26]. Dual antiplatelet therapy utilizing cyclooxy-
genase inhibitors such as aspirin and P2Y12 inhibitor such
as clopidogrel is first-line treatments for prevention of
CVDs, which seek to minimize clot formation and platelet
aggregation [27]. There is a necessity for improvement in
these therapies, particularly owing to the hazards involved
with taking antiplatelet medication having considerably
unfavorable side effect profiles, and poor patient compliance
[28]. In addition to this, some patients may not react well to
antiplatelet medication, which has a detrimental influence
on their long-term prognosis. Studies have revealed that
individuals who have experienced an acute myocardial
infarction but have a poor response to clopidogrel are at
greater risk of recurrent cardiovascular events during
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follow-up [29]. This underscores the demand for develop-
ments in technology and a potential for nanomedicine. This
review summarizes the key technologies that are being
explored in this field.

2. Why There Is Need for a Nanocardiovascular
Targeting Approach

Restoring normal blood flow and preventing repeated car-
diovascular shocks are the primary goals of current therapy
for CVDs. Statin treatment reduces the growth and thick-
ness of atherosclerotic plaques and the effects on external
elastic membranes and fibrous and dense calcium volumes
[26]. Aspirin and clopidogrel are first-line antiplatelet med-
ications to prevent cardiovascular disease, which attempt to
minimize clot formation and platelet aggregation [27]. It
has been reported that administration of clopidogrel and
aspirin to minor ischemic stroke patients had a lower risk
of major ischemic events in comparison to patients with
aspirin alone [30]. It has also been reported that ethidium
bromide gets bound to calf thymus DNA signal that indi-
cated clopidogrel bisulphate thus displacing ethidium bro-
mide from its binding site of DNA [31]. Moreover, aspirin,
being weaker acid, depresses the availability of clopidogrel
bisulphate in basic media [32]. Antiplatelet therapy has high
detrimental side effect profiles and low patient compliance,
which necessitates improvement in these therapies [33]. In
addition, some patients fail to react effectively to antiplatelet
medication, which severely impacts their long-term progno-
sis. Following an acute myocardial infarction, individuals
who show limited response to clopidogrel are at greater risk
of recurrent cardiovascular events. This finding is consistent
with previous research [29]. This demonstrates the need for
technological improvements and the potential for
nanomedicine.

3. Nanotechnology-Based Approaches

3.1. Liposomes. Liposomes are the uni or multilamellar lipoid
membrane carriers that can entrap both hydrophilic and
lipophilic drugs for the targeted delivery at distant organs.
The spherical shape of the vesicle closely resembles the
structure of the cell membrane. Liposomes are biocompati-
ble, biodegradable, and lower the toxicity arising after
entrapment [34].

In myocardial infarction, reperfusion is an essential step
in restoring the circulation to the ischemic myocardium. An
improper way may lead to reperfusion injury, decreased car-
diac functioning, and scar formation at last. It is a complex
phenomenon and comprises multiplayers such as inflamma-
tory cells and cardiac fibroblasts. Researchers identified
some specific peptides for infarct and border zone using
the in vivo phage display and optical imaging methods
[35]. The cardiomyocytes, endothelial cells, myofibroblasts,
and ckit+ cells were present in border zones of remodeled
infarcts. Researchers prepared site-specific liposomes, i.e.,
cardiomyocyte-specific (I-1) liposomes, for the targeted
delivery of Poly (ADP-ribose) polymerase-1 inhibitor after
myocardial reperfusion. With the use of liposomes, the

AZ7379 (PARP-1 (poly [ADP-ribose] polymerase 1) inhibi-
tor) concentration increased in the border zone at 24 h post-
administration compared to control AZ7379, freely
administered. About a 3-fold increase in inhibitory thera-
peutic efficiency was observed due to entrapment of PARP-
1 inhibitor.

Berberine has also been reported to reduce the negative
impact on cardiac functions after myocardial infarction
[36]. Formulators developed liposomes using ethanol injec-
tion technique using dipalmitoylphosphatidylcholine, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000] (DSPE-PEG2000), and choles-
terol as lipoids and dissolved them in HEPES [(4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid)] buffered saline
and berberine. Macrophages infiltrate into the heart during
and after infarction and cause inflammation [37]. During
this event, the capillary permeability increases. It was
hypothesized that encapsulating the liposomes shall enrich
the berberine. Berberine in the heart tissue shall help to
extravagate by the locally enhanced permeability and thus
improve the local delivery and overall treatment. Practically,
after intravenous administration, the berberine liposomes
got accumulated at infarcted heart tissue after 3 days of myo-
cardial infarction. It was indicating the successful integration
of liposomes for delivery to the target site. Moreover, the
macrophages infiltrated into infarcted heart tissue, suggest-
ing the release of preloaded berberine at the target site by
liposomes and improving the anti-inflammatory response
[38–40].

MicroRNA-21 are short regulatory RNA acting as down-
regulators for gene expression by inhibiting mRNA transla-
tion and promoting mRNA degradation [41]. Many
researchers suggested using microRNA (miRNA) in cardiac
hypertrophy and other associated cardiac disorders [42, 43].
It has been observed that the expression of levels of mir-21
in cardiac cells gets upregulation with oxygen-glucose depri-
vation. Depletion of miR-21 causes the enhancement in
fibroblast activation and promotes the cardiomyocytes
against oxidative stress. Researchers prepared miR-21 lipo-
somes as a promising strategy for treating acute myocardial
infarction [44]. The process of liposomes was chosen owing
to poor stability and insufficient cellular uptake that acted as
a significant hurdle for miR-21. Formulators developed miR-
21 mimics into liposomes modified with the cardiac tropo-
nin T antibody to target the miR-21 to the myocardium.
The liposomes showed enhanced targeting efficiency to hyp-
oxia primary cardiomyocytes. The liposomes were adminis-
tered via the tail vein and got accumulated inside the
ischemic heart. The liposomes improved cardiac functions
and a decrease in infarct size after acute myocardial infarc-
tion and maintained cardiac cells’ viability. Darraji et al. pre-
pared azithromycin’s liposomal preparation to reduce its
cytotoxicity and enhance its immunotherapeutic effi-
cacy [45].

The liposomes were prepared by using the DSPC (dis-
tearoylphosphatidylcholine), DSPG (distearoylphosphati-
dylglycerol), and cholesterol via the thin-film hydration
method. The liposomal formulation showed a reduction in
cytotoxicity and mortality rate by 50% in mice. Also, the
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liposomes decreased the cardiac inflammatory neutrophils
and infiltration of inflammatory monocytes while angiogen-
esis got enhanced. Wei et al. administered Lipo-
prostaglandin E1 (Lipo-PGE1) before primary percutaneous
coronary intervention (PCI), and improvement in myocar-
dial microcirculation in reperfusion injury was observed
[46]. During acute myocardial infarction, damage to the
microvascular is observed, limiting the completeness of tis-
sue perfusion [47]. The intravenous administration of
Lipo-PGE1 causes a decrease in cTFC (corrected thromboly-
sis in myocardial infarction frame count) and increased
myocardial blush grade. After 6 months of follow-up, it
was found that the patients with Lipo-PGE1 have fewer
major adverse cardiac events. Atherosclerosis is a disease
characterized by the deposition of plaque inside the blood
vessels. The extravasation of liposomes to plaque can be car-
ried out using the injured endothelium’s enhanced perme-
ability and retention effect in atherosclerosis. The damaged
vessels have been found to overexpress some molecules that
can target the liposomes and thus permit liposomes’ entry.
The molecules such as vascular cell adhesion molecule 1
(VCAM1), intercellular adhesion molecule-1 (ICAM-1), P-
selectin, E-selectin, and alpha V beta three integrins are gen-
erally found at luminal endothelium or newly formed endo-
thelium. Even the noncellular components of plaques could
also act as the target for liposomal entry [48].

The clinical trial was conducted with liposomes encapsu-
lating the prednisolone for use in atherosclerosis [49]. The
liposomes were found to increase the plasma half-life to 63
hours. The macrophages isolated from iliofemoral plaques
showed appearance in 75% of macrophages isolated. How-
ever, the liposomes were not able to reduce the arterial wall
permeability in infected patients. Later, it was confirmed
that liposomal prednisolone showed accumulation in low-
density lipoprotein receptor knockout mice. The liposome
enhanced the recruitment of monocytes at plaque posi-
tion [50].

The choice of therapeutic drug for treatment has been
under discussion for many years as angiogenesis also consti-
tutes a potential target for the treatment of atherosclerosis
[51]. Fumagillin has been shown to possess antiangiogenic
effects in tumor therapies [52]. Also, the water-soluble ana-
log of Fumagillin, TNP-470, has been shown to lower plaque
growth in the case of atherosclerosis [53]. Pont et al. pre-
pared liposomes of the antiangiogenic drug Fumagillin
derived from Aspergillus fumigatus [54]. Fumagillin is a
selective inhibitor of endothelium cell proliferation and
migration. The liposomes consisted of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1, 2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine-N-7-nitro-2-1, 3-
benzoxadiazol-4-yl (DPPE-NBD),1, 2-dipalmitoyl-sn-gly-
cero-3-phosphoethanolamine-N-biotinyl (DPPE-Biotin),
and Tween 80, and the drug was incorporated using the
thin-film hydration method. The liposomes were labile,
and biotin-phospholipid was attached as conjugation
between biotinylated antibodies via Avidin Bridge. An
antibody-targeted macrophage scavenger receptor B (CD-
36) was attached to the liposome, causing an enhancement
in signals from MRI and fluorescence. Also, the CD-36 is

being a glycoprotein and is present in membranes of macro-
phages. Therefore, the anti-CD36 targets the macrophages
scavenger receptor B facilitating the in vivo imagining in
atherosclerosis plaques. The liposomes showed a reduction
in plaque development by 23.7%. The liposome administra-
tion decreased the fatty streaks that started to appear normal
at 8-20 weeks of administration in mice fed with an athero-
genic diet. Fluorescence imaging and histochemical analysis
reported the accumulation of liposomes. To exploit the role
of macrophages, another group prepared liposomes con-
sisted of decoration of phosphatidylserine and DSPE-
PEG2000 onto the surface of liposome encapsulating pioglit-
azone [55]. Pioglitazone is a peroxisome proliferator-
activated receptor γ agonist for atherosclerosis macrophages.
The surface decorated liposomes showed more penetration
efficiency towards activated vascular endothelial monolayers
and suppressed the inflammatory cytokines in vitro.

Thrombosis is one of the significant contributors to
CVDs. Many antithrombosis drugs have been effective but
showed lower limited efficacy due to lower shorter half-life
in plasma and associated side effects. The liposomes func-
tionalized with cyclic RGD encapsulating urokinase were
found to be effective in thrombosis [56].

The liposomes could bind to activated platelets, and the
in vitro pattern showed a release plateau in 5 h with 60%
release for urokinase. As a result, the dose of urokinase
decreased by 75%, as evidenced by the mouse mesenteric
thrombosis model. Interleukin-10 (IL10) acts to alleviate
the inflammation arising from atherosclerosis plaque, using
cRGD conjugated liposomes and IL10 [57]. The liposomes
with the size of 180nm and PDI 0.14 were prepared. The
liposome administration in vitro showed sustained release
of IL10 and reduced the ROS and NO. The IL-1β and
TNF-α were downregulated with administration in RAW
264.7 cells apart from drug delivery applications; liposomes
have also been utilized in imaging applications. Liposomal
nanoparticles were utilized in positron emission tomography
(PET) [58]. The liposomal NPs were decorated with
Zirconium-89. After 15 days of administration, the positron
emission tomography/computed tomography and PET/MRI
showed their biodistribution and vessel wall targeting in the
rabbit atherosclerosis model. The liposomes showed biodis-
tribution patterns like long-circulating NPs and accumu-
lated in atherosclerosis lesions confirmed by imaging
techniques. Many other researches have been tabulated in
Table 1.

The main advantage of using liposomes for cardiac
applications includes encapsulating and targeting high pay-
load on lipoidal vesicles. However, liposome components’
interaction with the immune system has contributed to the
difficulties encountered during their translation into thera-
peutic application. Antibodies may be produced against
their different components and/or the enclosed payload
when they are subjected to synthetic changes in order to
improve their usability as drug delivery vehicles. According
to Dams et al. [65], repeated injection of PEGylated lipo-
somes has been related with a loss of their long circulating
characteristics and a subsequent clearance from the circula-
tion. The “accelerated blood clearance” (ABC) phenomenon
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is the term used to describe these phenomena. When it
comes to the therapeutic use of PEGylated formulations that
need numerous dosage regimens, the ABC phenomenon is a
significant source of worry. Also, these systems have inabil-
ity to maintain long-term stability, which results in the
release of drugs at an inopportune time. In addition, greater
excipient-to-drug ratios are often needed, making them cost-
lier and less effective than some of the polymer-based sys-
tems available on the market today.

3.2. Nanoparticles (NPs). NPs are characterized by smaller
sizes and can be surface functionalized with new side chains.
Their smaller size presents a large surface area for interac-
tion and binding. The NPs can permeate easily through the
tight junctions, as they can be prepared both as hydrophilic

and hydrophobic. NPs can be conjugated with d- and f-
block elements and targeted from macrophage scavenger
receptors, thus improving the cardiac magnetic resonance
that can help diagnose atherosclerosis [66].

Natural agents such as curcumin can also be entrapped
inside the NPs and targeted to treat Ehrlich ascites carci-
noma cardiac toxicity. The treatment with NPs resulted in
a reduction in volume and tumor cells with a marked
increase in apoptotic cell numbers in ascites fluid. The treat-
ment also decreased the cardiac markers [67].

Cerium oxide, also known as Ceria, has also been
reported to show cardioprotective effects. Pagliari et al.
reported the use of Ceria NPs (nanoceria) in controlling
the ROS-induced cell damage on the cardiac progenitor cells
(CPCs). CPCs are an autologous source of cells and needed

Table 1: Literature view of liposomal preparation for cardiovascular diseases.

Name of
drug/active

Constituents of liposomes
Animal model/

cell lines
Particle
size

Outcome of study References

Ameliorated
sirolimus

Dioleoyltrimethylammonium
propane (DOTAP),

dimyristoylphosphatidylglycerol
(DMPG),

distearoylphosphatidylethanolamine
polyethylene glycol 2000 (DSPE-

PEG)

Balloon injured
rats

100 nm

As with decrease in size of liposomal
vesicles and change in ionic strength
resulted in variation in antirestenosis

efficacy of liposomes

[59]

Human
vascular
endothelial
growth
factor-165

Cholesterol (Chol) + DOTAP
liposome (CD liposome)

Rat heart 50-150 nm

It was observed that the liposomes
caused a reduction in apoptosis and

improvement in angiogenesis. Also, the
study showed gene transfection

efficiency using cyclodextrin liposomes
medicated hVEGF165 gene transfer

[60]

α-Tocopherol
Egg lecithin, cholesterol, sodium

deoxycholate
Sprague Dawley

rats
231:1 ± 6:1

nm

The hydrogels showed a highly porous
structure interconnected throughout
and liposomes distributed uniformly.
The liposomes showed delayed-release

and excellent biocompatibility in
cardiomyocytes. The formulation was
able to resist oxidative stress and

improve the survival of cardiomyocytes

[61]

Indium
Phosphatidylserine and PEG2000;

PEG5000
ddY mice 200 nm

The PEGlyated liposomes showed slow
uptake in comparison to non-PEGylated

liposomes. Also, the in vivo results
showed slower blood clearance in

PEGylated liposomes

[62]

Atorvastatin
calcium and
curcumin

Mal-PEG2000-DSPE and cholesterol
ApoE knockout
(ApoE−/−) mice

190 nm

Targeted liposomes transported
atorvastatin calcium and curcumin to
defective endothelial cells, leading in
synergistic reduction of adhesion

molecules (E-selectin and ICAM-1) and
plasma lipid levels

[63]

Fluocinolone
acetonide

DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine), DPPC, and

DSPC

Apolipoprotein
E-knockout
(ApoE−/−)

mouse model

100 nm

In vivo studies carried out with an
apolipoprotein E-knockout (ApoE−/−)
mouse model of atherosclerosis show

accumulation of liposomes in
atherosclerotic plaques, colocalization

with plaque macrophages, and
antiatherogenic effect over 3 weeks of

treatment

[64]
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microenvironmental conditions for preparing them in
in vitro conditions. Findings showed that CPCs resident in
the heart were quickly exposed to uptake the nanoceria, as
they were present in the cytosol. Even after 7 days, no evi-
dence of encapsulation and particle translocation was seen
and prevented the progenitor cells from hydrogen
peroxide-induced injury and nanoceria acting as an antioxi-
dant [68].

Similarly, mesoporous silica-based nanoparticles pre-
pared showed detection ability for hydrogen peroxide, the
selective drug released and controlled treatment toward
heart failure. The peroxide sensing probes were functional-
ized on the surface for detection and captopril as the drug
was loaded inside the NP. The hydrogen peroxide present
in tissue could react with the probe causing dissociation of
cyclodextrin present on the surface, causing drug release at
the site. This occurs as a turn-on and turn-off mecha-
nism [69].

Researchers prepared inhalable peptide-based calcium
phosphate NPs for the treatment of CVDs [70]. The particles
of <50 nm size, with excellent biocompatibility and biode-
gradability option, allow rapid translocation of NPs from
pulmonary system to the bloodstream and heart, where pep-
tides are released. The rodent model and porcine with dia-
betic cardiomyopathy showed improvement in myocardial
contraction, resulting in everyday functioning. However, this
approach was based on the pathophysiological conditions of
the lungs. Thus, this may affect the persistence of nanoparti-

cles targeted to the myocardium. It has already been
reported that macrophages’ role in inflammation-related
mutations in patients with myocardial infarction [71]. Dur-
ing ischemia, inflammatory macrophages get accumulated
in the arterial wall and heart muscles, causing tissue destruc-
tion and death. Therefore, there is a need to evaluate the
positioning of macrophages to prevent further destruction.
Keliher et al. described the use of 18F-Macroflor (modified
poly glucose nanoparticles with high avidity for macro-
phages). Owing to its smaller size, the NP can be excreted
renally. Macroflor is enriched in cardiac, and plaque macro-
phages can direct the PET signals as evidenced in mouse and
rabbit atherosclerotic plaques. Positron emission tomogra-
phy (PET) imaging helps detect the macrophage population,
while MRI reports the extent of inflammation [72].

Similarly, Nguyen et al. reported enzyme-responsive
NPs for the increased retention and accumulation in the
myocardial infarcted heart via IV injection. The NPs were
designed to respond to enzymatic stimuli (matrix metallo-
proteinases), causing the morphological changes in the dis-
crete NPs into network-like scaffolds (Figure 1). The IV
administration causes enzyme-responsive NPs to circulate
in the bloodstream and reaches the infarcted point in vas-
culature. At the injured site, NPs were found to remain for
about 28 days’ postadministration. Reducing the degree of
polymerization of hydrophilic block and degree of conju-
gation of hydrophilic peptides increased the responsiveness
of NPs [73].

DMSO

1×DPBS
Endogenous
MMP-2/9

hydrophilic
hydrophobic

Enzyme-responsive nanoparticles Systemic delivery model
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Figure 1: (a) Representation of enzyme responsive nanoparticles for use in myocardial infarction. (b) Representation of nanoparticles freely
in the bloodstream and later getting settled at the infarcted vessel. (c) In vitro: responsive and nonresponsive nanoparticles. (d) Responsive
and nonresponsive behavior of nanoparticles on activation. (e) Images of nanoparticle solution after activation. (f) DLS pattern of
nanoparticles after and before activation. Reproduced with permission from reference [73].
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Vascular endothelial growth factor (VEGF) chemically is
a proangiogenic cytokine that promotes neovascularization
in patients’ hearts with ischemic heart. However, VEGF
has a shorter half-life and rapid renal clearance rate. Oduk
et al. [74] prepared VEGF-based nanoparticles (average size
113nm diameter) for repairing the heart after myocardial
infarction. The VEGF was encapsulated in the PLGA NPs,
and increased the exposure time for VEGF (31 days expo-
sure time), improved cardiac functions (after exposure of 4
weeks), protected the heart against the left ventricular
remodeling were its pharmacological actions.

Simdax (levosimendan) is the most common and effec-
tive inotropic agent reported for improvement in myocardial
contractility in heart failure patients [75]. Spivak et al. con-
jugated gold nanoparticles with the Simdax to evaluate the
targeted delivery of the drug and the effect of sonoporation
on nanoparticles [76]. The nanoparticles conjugated with
the Simdax were administered to Wistar rats (chosen as a
model for heart failure with doxorubicin-induced failure).
However, the administration does not induce any changes
in the liver, and no ascites were observed. However, the con-
jugated formulation showed higher hydrothorax reduction,
but no significant difference was observed in recovery. Sono-
poration enhanced the transfer of gold nanoparticles into the
cell, and significant localization was observed in the mito-

chondria region. The work done by other researchers has
been tabulated in Table 2.

A platform for inflammatory macrophage theranostics
was developed by Qin et al. using gold nanorods (Au-NRs)
[82]. Micro-CT (computed tomography) imaging of macro-
phages showed that the signal intensity increased with
increasing concentration. Au-NRs intravenously injected
into Apo E mutant mice elicited a little increase in CT inten-
sity in the inflamed femoral artery. Laser therapy also
increased the temperature of the irritated femoral artery by
up to 50.5°C (808nm). In the femoral artery restonosis,
CD68-stained histology data demonstrated that macro-
phages had been damaged. As a novel theranostic platform
treating atherosclerosis, this nanosystem seems to be non-
toxic and promising. Detection of atherosclerosis might be
improved by using computed tomography agents, such as
gold. CNR (contrast-to-noise ratio) of Au-NPs is greater
than the commercially available iodinated agent Visipa-
queTM [83]. However, CT imaging equipment itself entails
radiation exposure, and numerous scans in a short period
of time are unlikely to be therapeutically feasible.
Radiation-related harm may be reduced in the future by
using more sensitive CT agents. Phosphatidylserine and oxi-
dized cholesterol ester derivative cholesterol-9-
carboxynonanoate nanoparticles were synthesized by

Table 2: Literature overview of nanoparticle-based study done by other researchers, where n.m. is not mentioned.

Active
ingredient

Disease
targeted

Type of nanoparticle
Particle
size

Outcome of study References

Atrial
natriuretic
peptide (ANP)

Ischemic heart
disease

Biodegradable porous silicon (PSi)
nanoparticle

168-
230 nm

ANP-PSi nanoparticles loaded with a
unique cardioprotective small molecule
attenuate hypertrophic signaling in the

endocardium, signifying their
cardioprotective potential

[77]

Vascular
endothelial
growth factor

Ischemic heart
disease

Pluronic F-127 (poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene
oxide) triblock copolymer-based

nanoparticles

n.m.

The VEGF-loaded nanoparticles and
their gel formulation improved heart
functions such as improved ejection

fraction and cardiac output

[78]

Exosomes
Ischemic heart

disease
Fe3O4 core and a silica shell 200 nm

The introduction of a magnetic field
resulted in the accumulation and

cleavage of hydrazone bonds between
acidic pH of injured cardiac tissue,

causing exosomes to release, leading to
a reduction in infarct size and
improved ejection fraction and

angiogenesis

[79]

Atorvastatin
and
rapamycin

Valvular heart
disease

PLGA nanoparticles
99-

103 nm

The modified valves showed a
reduction in levels of TNF-α levels and

increased IL-10. Further results
showed resistance of valves to the

calcification after implantation due to
the release of drugs

[80]

Atrial
natriuretic
peptide (ANP)
and linTT1

Atherosclerotic
plaques

Acetylated dextran
100-

200 nm

The results demonstrated that the
nanosystem has the potential to exploit

the “hitchhike” effect on M2-like
macrophages and thereby improving
the ability of the ANP peptide to target

infarcted hear in a dual-targeting
strategy

[81]
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Bagalkot et al. to target macrophages of the M1 inflamma-
tory phenotype [84].

This nanosystem also includes gadolinium (Gd) and
fluorescein isothiocyanate (FITC) for MRI detection and
optical screening. Noninvasive MR imaging of atherosclero-
tic plaques in ApoE-/- mice was made possible by combining
nanoparticles Gd-FITC-LiLa. Inflammatory adipose tissue
macrophages might potentially be used as a medicine carrier
for them. In order to give a therapeutic anti-inflammatory
effect, this nanocarrier was loaded with rosiglitazone (Rosi).
Atherosclerosis imaging and treatment might benefit from
LiLa NPs, according to the study’s findings. A polyacrylic
acid-coated magnetic nanoparticle conjugated with rtPA
was developed by Ma et al. for use in thrombolysis and
thrombosis diagnosis (PAA-MNP-rtPA). While free rtPA
demonstrated no appreciable thrombolysis in rat right iliac
arteries after 25 minutes of PAA-MNP-rtPA treatment, the
0.2mg/kg dose of PAA-MNP-rtPA could efficiently dissolve
the thrombus [85]. There was no MRI in this trial. MRI con-
trast agents PAA-MNP-rtPA might be tested in follow-up
investigations because of the nanosystem’s iron core. When
Yang and colleagues synthesized core-shell NPs with
Fe3O4 magnetic NPs for thrombolysis, they created a com-
parable NP [86]. For the breaking of blood clots, the NPs
had 276 g of active rtPA per milligram. Magnetic guiding
lowered clot disintegration time from 39:2 ± 3:2 to 10:8 ±
4:2 minutes. In rats, this nanosystem’s biodistribution was
studied using SPECT/computed tomography techniques
(CT). The Fe3O4-PLGA-rtPA/CS-cRGD NP (Fe3O4-PLGA-
rtPA/CS-cRGD) was synthesized by Zhou et al. in another
study, which included the development of the Fe3O4-
PLGA-rtPA nanoparticle with a core of rtPA and an outer
shell of Fe3O4 and poly (lactic-co-glycolic acid) [87].
Fe3O4-PLGA-rtPA/CS-cRGD NPs dissolved clots three
times faster than free rtPA did after 60 minutes of adminis-
tration. Researchers found that CS-cRGD coating did not
alter the MRI signal, and the NPs displayed a significant
T2 signal in the rats’ abdomens with thrombus. The precise
targeting function of Arg-Gly-Asp (RGD) peptides was crit-
ical to the success of therapy and imaging. RGD might bind
to active platelets at thrombus sites as a receptor antagonist
of platelet membrane glycoprotein GP IIb/IIIa [88].

Using tagged mitochondria, Cowan et al. devised a
method of cardioprotection [89]. Iron oxide NPs were used
to identify mitochondria such that they could be detected
by PET, fluorescence imaging, magnetic resonance imaging
(MRI), and micro-CT. As predicted, fluorescence pictures
of iron oxide NPs and Fluorine-18-rhodamine 6G are
attached to mitochondrial amine groups through transmis-
sion electron microscopy. In order to lessen the extent of
the infarct, mitochondrial transplantation was employed in
the ischemic regions to enhance ATP content in the tissues.
The infarct size of the rabbit ischemic hearts was signifi-
cantly reduced following treatment with these tagged mito-
chondria. T2-weighted images of the ischemic left ventricle
showed a strong signal from 18F-R6G-labeled mitochondria.
Signals from the MRI and PET scanners were absent from
the typical right ventricle. Infarct size could be reduced,
and cell loss could be minimized using this method [90,

91]. This strategy might be used to safeguard the heart.
Mitochondria-transplanted hearts exhibited a substantial
decrease in infarct size compared to the control group of
normal hearts. Iron oxide NPs are the most extensively uti-
lized image contrast agents for magnetic resonance imaging
(MRI), which is used to diagnose a variety of CVDs. For
MRI and CT, perfluorocarbon and gadolinium NPs, as well
as gold nanoparticles, have been developed for the detection
of vascular damage and atherosclerosis. Atherosclerosis may
also be seen with photoacoustic imaging agents such as cop-
per sulphide, which provide a strong photoacoustic signal.
Fluorescent dye and polymer are used in another theranostic
device to monitor and evaluate treatment effects in the
ex vivo environment. Because the human body has a far
greater level of fluorescence than cells or mice, fluorescent
drugs are unlikely to be used in clinical studies. Polymeric
NPs can change and resorb in the body, making them prom-
inent in cardiovascular nanomedicine. Oral, cutaneous,
mucosal, or transdermal delivery of these NPs is possi-
ble [92].

PEG, PGA, and PLA are the most often utilized biode-
gradable polymeric nanocarriers (PLA). They are biodegrad-
able because they are readily excreted as CO2. PLGA has
been widely explored as a CVD medication carrier [93].
Both SB431542 and CHIR99021 (model drugs) were given
as dextrancoated nanoparticles to convert fibroblasts into
cardiomyocytes. To administer the medicines, AcDX (aceta-
lated dextran) nanoparticles functionalized with spermine
were used. It is always attractive to reprogramme myofibro-
blasts and fibroblasts into healthy myocytes to replace lost
cardiac cells [94]. The polymeric NPs containing quercetin
increased water solubility and stability. This halted athero-
sclerosis and to boost medication effectiveness and minimize
ROS generation; this antioxidant was encapsulated on PLGA
nanoparticles [95]. Polymeric nanocarriers deliver antipro-
liferative drugs to injured vasculature [96].

ROS plainly damage heart cells and induce thrombosis
(e.g., hydrogen peroxide). They have delayed medication
release and fast blood circulation. As a consequence,
thrombo-occluded vein clots disintegrate faster. These NPs
include antioxidant (glutathione) and anticoagulant (hepa-
rin) properties. Controlled and targeted medication admin-
istration proved efficient in treating vascular disorders in
two hours [97].

Quantum dots (QDs) are semiconductor nanocrystals
with a 10 nm average diameter. They have varying lumines-
cence qualities depending on their size, as well as different
energy levels. There have been recent efforts to create heavy
metal-free QDs that are less toxic since QDs have clinical
safety restrictions due to the usage of heavy metals that
may produce toxicity or other adverse effects [98]. Immuno-
sensors for detecting cardiac myoglobin (cMyo), a signifi-
cant biomarker for the diagnosis of MI, have been
developed by Tuteja and colleagues. An immobilized tem-
plate of GQDs was created by hydrothermally synthesizing
and implanting them on screen-printed electrodes (SPEs).
Finally, SPEs were treated with anti-cMyo antibodies to
detect cMyo more precisely. Compared to the usual
enzyme-linked immunosorbent assay (ELISA) tests,
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modified SPEs showed a broad range of 0.01–100ng mL–1

and a detection limit of 0.01 ng mL–1 (i.e., more than 400-
fold in comparison) [99].

Silica NPs were recently employed to transport adeno-
sine, a prototype cardioprotective drug, into I/R heart tissue
[100]. Silica NPs can generate ROS, which can cause cyto-
kine release and apoptosis [101]. IT injection of silica NPs
raises hs-CRP levels in rats in a size-dependent way, as well
as TNF-a, IL-6, and IL-1 levels. These particles promote
inflammation in the cardiovascular system. After being
exposed to silica nanoparticles, the levels of ET-1, D-dimer,
LDH, and CK-MB rose. Following exposure to these parti-
cles, there was an increase in vascular permeability [102].
Another investigation found a small alteration in cell viabil-
ity and genetic content [103, 104]. When BALB/c mice were
given 10mg/kg polyacrylic acid coated-Fe2O3 NPs, their
heart rate was reduced acutely [104]. Sun et al. investigated
the effect of Fe2O3 and Fe3O4 NPs (0.001–100 g/mL) on
endothelial cells of the heart microvascular. Their findings
demonstrated that these particles had no significant effect
on plasma membrane permeability or inflammatory
markers [102].

Superparamagnetic iron oxide NPs were found in the
heart, lung, kidney, liver, and spleen after subcutaneous
administration [105]. Iron oxide NPs cause oxidative dam-
age due to ROS production. As a result, cytoskeletal disrup-
tion, decreased proliferation, and cell death ensued [106].
On the contrary, using confocal microscopy, it was also
observed that negatively charged superparamagnetic iron
oxide NPs had no significant effect on the actin cytoskeleton
of heart cells while dramatically disrupting the actin cyto-
skeleton of kidney cells.

3.3. Nanofibers. Nanofibers can be defined as fibers with a
small diameter of range 1-1000 nm. The nanofibers can be
employed for cardiac tissue engineering and regeneration
purpose. Many researchers have combined nanofibers with
drug elution or embedded cells for regenerative engineering
and treatment of dilated cardiomyopathy. The human
inducible pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) were cultured on the cardiac patch using
PLGA-based nanofiber scaffolds [107]. The patch showed
>90% parallel alignment with ECM of the animal model
myocardium and showed more calcium cycling. The high
calcium cycling enables the cells to get contracted at a higher
frequency. The presence of actinin and connexin-43 con-
firmed the maturity and terminal differentiation of cardio-
myocytes. Another study also confirmed the use of PLGA
in seeding embryonic stem cell-derived ventricular cardio-
myocytes for regular electrical stimulation and was resistant
to arrhythmogenesis [108].

Wu et al. prepared a 3D cellular anisotropic cardiac
structure for tissue regeneration. The nanofiber yarn is made
of polycaprolactone, silk fibroin, and carbon nanotubes. The
yarn enhanced the cardiomyocyte’s maturation. The three-
dimensional hydrogel provided an environment for endo-
thelialization and shown their potential to be used in 3D car-
diac anisotropy [109].

Ischemia causes gradual loss to ECM, after MI causing
the heart failure later. To combat this, Lakshamanan et al.
prepared a nanofibrous scaffold using poly (l-lactide-co-
caprolactone) (PLCL) and poly (2-ethyl-2-oxazoline)
(PEOz) via electrospinning technique with a diameter of size
500 nm [110]. Due to the presence of both hydrophilic and
hydrophobic polymers, both types of drugs/growth factors
can be entrapped inside the scaffold. The scaffold fiber was
loaded with VEGF and bFGF as the matrix, and their bioac-
tivity towards the human umbilical vein endothelial cells
(HUVECs) was evaluated. The scaffolds showed the release
of growth factors from the matrix activating the signal mol-
ecules for HUVECs. In vivo results showed the initiation of
angiogenesis and mimicked the ECM. Microscopic results
confirmed the structural changes in cell morphology, such
as the formation of lamellipodia and filopodia. Similarly,
for heart failure, cardiac progenitor cells (CPCs), which
can differentiate themselves into various other cell types
such as cardiomyocytes, endothelial cells, and smooth cells,
were immobilized on the 3D culture conjugated with nano-
fiber scaffolds. Scaffold showed environment mimicking the
ECM and improved the differentiation of iPSC-CPCs form-
ing the cardiomyocytes and increased number of cardiac tro-
ponin R positive cells [111].

Congenital heart disease is by birth type of defect causing
failure in the right ventricular of the heart. Researchers
reported the preparation of cardiac patches containing child
c-Kit+ progenitor cells in polycaprolactone nanofibers [112].
The presence of gelatin caused the increase in the metabo-
lism of neonatal and child CPC. The extract collected from
the patch showed a reduction of fibrotic gene expression in
rat cardiac fibroblasts. Also, the extract showed a positive
effect of tube formation of HUVECs, showing the angiogen-
esis nature of the patch. Similarly, Kang et al. reported
immobilization of umbilical cord blood-derived mesenchy-
mal stem cells seeding fibronectin on the polycaprolactone
nanofibers and coating with poly (glycidyl methacrylate)
[113]. The nanofibers stabilized cardiac function and inhib-
ited left ventricle modeling in an animal model with MI. The
scaffold promoted cell elongation and adhesion efficiency
while angiogenesis and mesenchymal differentiation activi-
ties were also reported. The electrocardiogram (ECG)
showed an increase in LV ejection fraction in the animal
group treated. Also, the reduction in the size of MI and
fibrosis was reported with an increase in scar thickness.
PCL-based nanoscaffolds with thymosin β4 coating func-
tionalized with murine-derived cardiomyocytes to improve
cardiac functions were also reported [114].

Silk is one of the older biopolymers and has been exten-
sively used in various medical applications. Researchers
exploited silk fibroin to prepare a PVA/silk fibroin-based
nanofibrous heart patch using an electrospinning technique
with the size of 228nm [115]. The fiber was cross-linked
via glutaraldehyde and prevented its degradation. Due to
the presence of silk fibroin, the mechanical properties got
enhanced with a minimal rate of degradation. The patch
acted as excellent homing material for human cardiac fibro-
blast cells showing good cellular proliferation. Another
group of researchers reported the trilayered patch consisting
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of silk fibroin and PVA forming the middle layer as hydro-
philic while the top and bottom layers were made from
PCL and polylactic acid (PLA) using layer-by-layer technol-
ogy. The patch showed biocompatibility against the human
endothelial cells. SEM results confirmed the property of
endothelial cells to get dispersed and get themselves adhere
to the surface of patch forming endothelial cell layer [116].

Rufaihah et al. reported a nanofiber scaffold made of gly-
cosaminoglycan mimetic peptide, capable of inducing angio-
genesis after MI without any stem cells. Injecting
nanofibrous gels increased VEGF-A expression and deploy-
ment of vascular cells for better cardiac performance [117].
Survival of cardiac performance could be accounted for by
the overexpression of Ang-1 that activates the prosurvival
pathway via interaction with integrin receptors of muscle cells
and promotes survival [118]. Also, the presence of Ang-1 pre-
vented the loss of cardiac myocytes. Overexpression of VEGF
might be a reason for the activation and migration of the car-
diac stem cell population for repairing MI [119].

Shojaie et al. prepared an on-demand drug release-based
patch of gelatin and oligoaniline/PVA via electrospinning
technique [120]. Owing to the hydrophobic nature of aniline
oligomer, the increasing concentration decreased the diame-
ter from 300 to 150 nm. Also, the increase in aniline oligo-
mer increased conductivity, controlled thermal properties,
and sustained drug released with a low degradation rate.
The lower diameter of fibers exposed a high surface area to
surroundings, and degradation is enhanced. However, due
to the presence of oligoaniline, the penetration of media is
restricted and repels the aqueous media, thus lowering the
degradation rate. Work done by other researchers has been
cited in Table 3.

Polyvinyl alcohol (PVA)/chitosan nanofibers electro-
spun using MWCNT-incorporated polyvinyl alcohol
(PVA) were made by Liao et al. Microwave carbon nano-
tubes (MWCNTs) were introduced into PVA and chitosan
fiber blends (160 nm diameter) [126]. MWCNTs (7-15 nm
in diameter) were attached to hydrophobic polycaprolactone
(PCL) sheets and nanofiber meshes by Wickham and col-
leagues using thiophene. Mechanical strength might be
increased without altering mesh shape in this group.
Increased cardiac progenitor cell (CPC) proliferation was
also seen when thiophene-conjugated CNTs were added to
PCL polymers [127].

The alignment, mechanical toughness, and electrical
conductivity of fibers were significantly improved when
CNTs were incorporated into other materials, including gel-
atin nanofibers and poly (glycerol sebacate) (PGS). The car-
diomyocytes were able to beat strongly and synchronized
because to the improved substance. An increase in Cx43
expression and a decrease in the excitation threshold were
achieved by adding CNTs. Aside from that, CNTs enhance
the scaffold’s ability to imitate the left ventricle’s anisotropic
structure [128]. PLGA and CNF composites were studied by
Stout et al. for cardiomyocyte function. They found that
CNFs improved the conductivity and cytocompatibility of
PLGA, which in turn boosted the adhesion and proliferation
of cardiomyocytes. CNFs also boosted the density of cardio-
myocytes (up to 25 : 75 wt percent PLGA:CNFs). The addi-
tion of CNFs of any diameter improved the electrical
conductivity of PLGA/CNF composites [129]. A new inject-
able scaffold for cardiac tissue engineering was developed by
Meng et al. [130] by combining CNFs, self-assembling
rosette nanotubes (RNTs), and poly (2-hydroxyethyl

Table 3: Nanofiber-based approaches for cardiovascular disease treatment.

Name of polymers used Cells/drug entrapped
Diameter
of fiber

Outcome of study References

Molybdenum disulfide,
reduced graphene oxide,
and silk fibroin

TBX18-hiPSCs 450 nm
Scaffolds were able to induce cardiac differentiation and

controlled self-renewal potency
[121]

Silk-fibroin,
superparamagnetic iron
oxide nanoparticles

Mouse embryonic cardiac
cells

250 nm

The presence of silk fibroin supported cardiac
differentiation; upregulation of cardiac genes such as
GATA-4, cardiac troponin T, Nkx 2.5, and alpha-

myosin heavy chain

[122]

Polyethylene
terephthalate/graphene
oxide

Human umbilical vein
endothelial cells

147 ± 38
and 253 ±
67 nm

Improvement in cardiac electroconductivity, the
substrate could support HUVECs; improved cardiac cell

attachment and proliferation
[123]

Poly(l-lactic acid) and
polyurethane

Rat cardiomyoblasts
(H9C2 line), human and

rat cardiomyocytes

178 ± 32
nm to 367
± 66 nm

Prepared nanofibrous mats using solution blow spinning
method; mats showed proliferation activity for reported

cells
[123]

Peptide amphiphile Fractalkine n.m.
Targeted the fractalkine in carotid artery balloon injured
model and showed 4.2-fold enhancement in fluorescence

and increased dose-dependent manner
[124]

Poly(L-lactide-
cocaprolactone)

Fibroblast-derived ECM
500 to
900 nm

Improvement in cell viability, molecular diffusion, and
cell maturation

[124]

Polyvinyl alcohol,
methylacrylate grafted
lignin

Betulinic acid ~1μm
Formulation proved to be noncytotoxic on normal
endothelial cells, inhibited cytokine levels, increased
vasodilators, and prevented myocardial cells from

degeneration

[125]
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methacrylate) (pHEMA) hydrogel. The density of cardio-
myocytes in the pHEMA hydrogel rose when more CNFs
and RNTs were introduced into the matrix. CNFs enhanced
conductivity and surface roughness but decreased tensile
modulus and contact angle when added to composites. Pat-
terns of aligned CNFs (100 nm in diameter) were produced
on the surface of PLGA by Asiri et al. to replicate the anisot-
ropy of the myocardium (50 : 50 PGA:PLA weight ratio).
According to the findings, CNF alignment enhanced the
scaffold’s cardiomyocyte density. Comparing a vertical
(0.1 S/m) and horizontal (0.0025 S/m) conductivity of the
PLGA scaffold with that of genuine heart tissue revealed that
aligning the CNFs improved both the vertical and horizontal
(0.0025 S/m) conductivities.

To imitate the ECM, various synthetic biomaterials were
designed with a nanoscale level of detail. Cardiac tissue may
be formed by using the 3D growth and differentiation of car-
diomyocytes in the NF poly (L-lactic acid) matrix [131].
Structures with varied PCL/PGA proportions in the PCL
and poly glycolic acid NF scaffolds maintained live cells that
expressed the major cell marker proteins of cardiomyocytes,
smooth muscle cells, and endothelial cells (ECs) inside the
subcutaneous tissue of mice [132]. It is generally accepted
that synthetic or biological polymeric biomaterials, like car-
diac patches, may aid cell organization but, owing to their
inherent weak conductivity, restrict the patch’s capacity to
contract, in general. In order to do this, a polymeric patch
must be strengthened or implanted with conductive nano-
particles utilizing several ways [133]. Cardiac tissue engi-
neering scaffolds and patches may be made from electro-
active materials, including polypyrrole, polyaniline, and
polythiophene, which have been shown to be effective. Bio-
compatibility and biodegradability are two of the most
pressing issues that need to be addressed, but the ability of
biomaterials to be changed is also a concern. Since electri-
cally conductive nanostructured materials may be used in
cardiac tissue engineering, additional research is needed to
understand their potential usage [134]. Polymeric nanopar-
ticles may be used to change cardiac patches, but their use-
fulness as drug delivery methods to treat myocardial
infarction must not be overlooked. NPs made from deblock
copolymers of poly (ethylene glycol) and poly (propylene
sulphide) (PPS), loaded with ginsenoside Rg3, have been
shown in a rat ischemia-reperfusion model to enhance heart
function and decrease infarct size by decreasing oxidative
stress, inflammation, and fibrosis [135].

Myocardial ischemia-reperfusion may be treated effec-
tively and efficiently by infusing appropriate dosages of
anti-inflammatory medication (adenosine) into multilayered
scaffolds with cardio-inductive effects on stem cells [136].
There is an improved therapy for reperfusion damage using
polymeric core shell polymeric nucleic acids with adenosine-
core shell polymeric NPs [137]. To improve cardiac scaffolds
after an AMI, polymeric nanoparticles capable of recogniz-
ing particular ECM metalloproteinase have also been
tested [138].

3.4. Carbon Nanomaterials. Carbon being the eternal ele-
ment has shown its good nature in the medical field also.

Carbon not only forms strong bonds but is also nontoxic
to normal cells. Due to its nanoscaling, high thermal con-
ductivity, and high affinity towards interaction with pro-
teins, carbon nanomaterials (CNMs) prepare a 3D
environment for the growth of cardiac cells [125]. CNMs
have also been reported as proliferation, differentiation,
and maturation medium for various cardiac cells [139–142].

Based on novel properties of CNMs, Tashakori et al. pre-
pared CNM-based collagen scaffold for repairing the
myocardial-based injury [143]. The collagen-CNM scaffolds
impregnated into damaged heart tissue were able to improve
the repair of the heart, and no toxic response was visible.
The material also induced neovascularization. Stout et al.
[129] prepared PLGA and carbon nanofiber-based material
for cardiac application. The presence of CNM caused the
increase in conductivity, and cytocompatibility in a dose-
dependent manner also promoted the adhesion and prolifer-
ation of cardiomyocytes.

Ataei et al. [144] used CNMs in the preparation of heart
valves. The researchers functionalized a carbon nanotube
with heparin and combined heparin functionalized carbon
nanotube (HCNT) with plasma-treated polyurethane using
the solvent casting method. The presence of heparin resulted
in surpassing the dispersal and calcification resistance for
CNMs. Also, the addition of CNT to the matrix caused
enhancement in modulus. The initial results with L929 cells
showed no cytotoxicity and were more blood compatible.
The contact angle increased remarkably with the introduc-
tion of OVS. Also, the adhesion increased towards the
L929 fibroblast cells. Similar results were reported for the
platelet adhesion test. Pyrolytic carbon is a common mate-
rial used for biomedical engineering but is prone to micro-
bial attack. Silver nanoparticle (Ag-NP) deposition used
the pulsed laser deposition technique. Ag-NPs have proven
activity against gram-positive and gram-negative bacteria;
thus, the microbial load can be reduced [145].

Ahadian et al. [146] reported the use of CNMs for car-
diac tissue engineering. Researchers combined CNTs with
poly (octamethylene maleate (anhydride) 1,2,4-butanetricar-
boxylate) using UV light as a crosslinker for preparing elas-
tomeric scaffold. With the increase in CNT content, surface
moduli of scaffold increased while bulk moduli decreased.
The decrease in CNT content resulted in a significant reduc-
tion in tissue maturity. The scaffolds also showed coordi-
nated beating with the cardiomyocyte cells. Chitosan is one
of the most reported biopolymers for biomedical applica-
tions. Chitosan has been coupled with carbon nanomaterial
for cardiac tissue engineering. Martins et al. reported the for-
mation of composite scaffolds with carbon nanofibers dis-
persed in chitosan solution. The scaffolds showed a seeding
nature for neonatal rat heart cells; after 2 weeks, the pores
of scaffolds were filled with cells. The presence of carbon
nanofibers caused enhancement in the expression of
cardiac-specific genes required for contraction and electrical
coupling [147].

Hybrid hydrogels of reduced graphene oxide and gelatin
methacryloyl were reported for cardiac tissue engineering
[148]. The hydrogel thus formed has enhanced electrical
conductivity and mechanical properties. The hydrogel
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supported cellular differentiation and proliferation of NIH-
3T3 cells. Also, the cardiomyocytes showed contractility
and a faster heartbeat. The scaffold has a mechanism for
electrical current flow, thus reducing charge distribution
and potential propagation impedance. Work done by other
researchers has been cited in Table 4.

Research by Kaya et al. used an electroconductive hydro-
gel created by reinforcing reduced graphene oxide (rGO)
into an acid-gelatin-poly (ethylene oxide) (PEO) hydrogel
in order to evaluate the kinetics of irbesartan’s drug release.
Angiotensin receptor blockers (ARBs) are used to treat
excessive blood pressure in individuals with CVD. Irbesartan
belongs to this family. Models of irbesartan kinetics from
electroconductive hydrogel are used in this work to mimic
and analyze release kinetics. According to the study, the
hydrogel that contained 20% rGO successfully released irbe-
sartan over the course of 10 days. As a medication carrier for
treating CVDs, this composite demonstrates the effective-
ness of rGO in hydrogel [157]. The release kinetics of diltia-
zem were studied in a work by Sarkar et al. using a drug
carrier membrane made from GO and methylcellulose
(MC). Diltiazem, a calcium channel blocker, is used to treat
arrhythmias and high blood pressure. To ensure effective

and regulated drug release, the researchers in this work used
a GO/MC composite matrix [158].

CNTs functionalized with PEI/polyamidoamine dendri-
mer (PAMAM) were used to deliver miR-503 oligonucleo-
tides to increase angiogenesis during CVD in another
investigation. CNTs have been shown to be effective in deliv-
ering miR-503 and promoting angiogenesis [159]. The use of
CNTs in stent coating has also been shown to inhibit in-
stent restenosis by delivering angiogenic chemicals. Endo-
thelial dysfunction and enhanced smooth muscle cell prolif-
eration surrounding the stent may develop after stent
implantation in the coronary artery. There is an increased
risk of heart attacks and other symptoms as a consequence
of this fast reocclusion of the coronary artery, which may
be connected with recurring heart attacks. Polyacrylic acid
(PAA) coated SWCNT in a fibrin hydrogel containing
angiopoietin-1 and VEGF was designed by Paul et al. to
address this issue. A canine model was used to evaluate the
effectiveness of this mixture. Biohybrid stents like this one
increased reendothelialization, reduced necrosis develop-
ment, and avoided stenosis in the wounded arterial segment
[160]. It has been shown that MWCNTs, GO, and carbon
black can be used as drug transporters in research by

Table 4: Tabulated literature citing carbon nanomaterials for cardiovascular diseases, where n.m. is not mentioned.

Type of carbon
nanomaterial

Name of
polymer

In vivo studies Electrical interpretation Size
Biological

interpretation
References

Carbon quantum
dots (CQD)

Poly glycerol
sebacate;

polycaprolactone
n.m.

The presence of QD, increased
electrical conductivity

376:82 ± 150
nm

1% CQD, decreased
cell viability;

0.5%CQD, persisted
cell viability

[149]

Carbon nanotubes
(CNT)

Polyurethane,
chitosan

H9C2 cells
Increase in electrical

conductivity
n.m.

Biocompatible with
H9C2 cells

[150]

p-
Phenylenediamine
surface-
functionalized
CQD

Silk fibroin/
polylactic acid

Rat
cardiomyocytes

Improved electrical
conductivity among
cardiomyocytes

n.m.
Increased cardiac
marker gene
expression

[151]

Carbon nanotubes
(CNT)

Polyvinyl
alcohol, chitosan

Rat
mesenchymal
stem cells

The presence of large quantities
of CNT, decreased electrical

conductivity

255 ± 3:5 to
307 ± 5:9

nm

Expression of
Nkx2.5, Troponin I,
and β–MHC cardiac
marker increased

significantly

[152]

Carbon nanotubes
(CNT)

Gelatin with
methacrylate
anhydride

Neonatal rat
ventricular
myocytes

Showed apparent spontaneous
electrical conductivity; Beta1-
integrin pathway was involved
in modulation of electrical

impulses

n.m.

Increase in
expression of p-FAK
and RhoA in cardiac

constructs

[153]

SWCNTs Gelatin Rat H9c2 cells n.m. n.m.
Increased expression,
proliferation, and
differentiation

[154]

MWCNTs
functionalized with
carbodihydrazide

n.m.
HL-1

cardiomyocytes
The electrical conductivity of
the scaffold was 0.015 S/cm

166 nm
Improved heartbeat
and cellular viability

[155]

MWCNTs PCL Rat H9c2 cells
Conductivity increased with

PCL content
n.m.

Myoblast cells
showed adherence

for 4 days
[156]
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Renyun et al. According to this research, GO had the largest
loading capacity among the CNMs studied (i.e., there are
additional parameters, such pH and functionalization, that
have a role in the release profile of medication, according
to this research) [161].

Graphene’s toxicity in biological systems is mediated by
its planar dimensions, particle concentration, and surface
characteristics [162, 163]. Long-term graphene exposure
and buildup in cells produces inflammation, lasting genetic
damage, and cell death [164]. The size and dispersion of gra-
phene nanosheets are key challenges that must be addressed
in order to reduce toxicity in a biological system. GO and
hydrophobic graphene generated oxidative stress in the
lungs, while hydrophobic graphene dispersed in pluronic
was biocompatible and evoked no toxicity in vivo, according
to Duch et al. This work emphasised the significance of sur-
face functionalization and dispersion in improving graphene
biocompatibility [165]. Chen et al. used different diameters
of GO (50–200nm, 500nm, and >500nm) at varied doses
(0.1, 1, 10, and 100mg/L) to evaluate their impact on embry-
onic zebrafish development. According to this study, GO at
100mg/L concentration resulted in a longer hatching time
for zebrafish embryos, shorter body length, changes in heart
rate and blood flow, and an increase in apoptotic gene
expression. When the concentration of GO exceeded
10mg/L, the toxicity was not dependent on the size of the
GO [166]. As a result, selecting the size and dosage of CNMs
is critical for their safety and effectiveness in therapeutic
applications.

Conjugating harmless chemical groups or eliminating
reactive functional groups on the surface of graphene-
based composites is commonly used to make them biocom-
patible. The toxicity of SWCNTs and acid functionalized
SWCNTs was assessed in mice using oropharyngeal aspira-
tion in one research. Acid functionalized SWCNTs were
found to promote neutrophil and edoema production in
the lungs in a dose-dependent manner [167]. Because of its
bulky and massive size, CNTs tend to cluster in aqueous
solutions compared to smaller CNMs that can be readily dis-
persed. This is the primary cause of CNM-mediated cell tox-
icity [168].

3.5. Dendrimers. An adequate description of dendrimers’
structure may be found in the Greek word for “tree,” den-
dron, which translates to “branch” [169]. With their multi-
branched, three-dimensional structure, and low
polydispersity, dendrimers are really unusual [170]. Dendri-
mers, as nonviral vectors for therapeutic applications, seem
to have numerous benefits over other nanotechnologies.
They are superior to other viral and nonviral equivalents
because of their high solubility, higher stability, low immu-
nogenicity, and capacity to support the successful transport
of therapeutic molecules, DNA, and RNAs [171]. Due to
the nanoscale environment provided by considerable
branching, the focal core of a dendrimer has been used to
host chemical species. The perimeter of dendrimers may
show a variety of functional groups, enabling them to inter-
act with the surrounding molecular environment and with
other dendrimers. Additionally, the dendrimer’s repeating

units enable the modification and encapsulation of pharma-
cological molecules inside the dendrimer [172].

To prevent atherosclerosis, it has these properties; thus,
it may be crucial [173]. For injured tissue, NO encapsulation
inside dendrimers has been found to be an effective treat-
ment option. Poly (propylene imine) dendrimers have been
shown to successfully release NO, suggesting that they might
be used as drug delivery systems in the future [174].
Attempts have been made to regulate the elevation of
inflammation at specific areas inside injured vasculature
using dendrimers with promise as gene delivery vehicles
for treating CVDs. Dendrimers containing DNA plasmids
have been demonstrated to boost the gene’s survival, stabil-
ity, and vitality in the nucleus indicating that they might
be used as potential therapeutic agents [175].

Overstimulating, the heart and blood vessels may lead to
fibrosis and vascular and cardiac hypotrophy. Overexpres-
sion of angiotensin II, a peptide implicated in the RAAS,
may lead to heart disease and cardiac remodeling. Cardio-
vascular disease may be prevented and treated by the reduc-
tion of its activation. The angiotensin II receptor type 1 is
responsible for the majority of angiotensin II’s harmful
effects (AT1R). To lower AT1R expression in an ischemia-
reperfusion paradigm, PAMAM dendrimers were utilized
as siRNA carriers [176]. Nifedipine has a limited bioavail-
ability in the human body because of its low water solubility
throughout a pH range of 4–13. A pH of 7 improved the
water solubility of nifedipine in amine or ester-
functionalized PAMAM dendrimers G0 to G3. It was found
that the ester functional groups were more effective than the
amine ones on the surface. PAMAM dendrimers may solu-
bilize nifedipine in order to enhance its therapeutic proper-
ties [176].

To combat CVD, researchers have turned to gene ther-
apy, and as a result, several have investigated ways to better
deliver genetic material to the desired locations, as well as
ways to control the upregulation of inflammatory genes
using nanocarriers such as cationic liposomes. Cationic lipo-
somes, like dendrimers, bind polyanionic DNA and deliver it
to cells. Gene transfer into mouse cardiac grafts was studied
using a G5 dendrimer with an ethylenediamine core. X-Gal
labeling revealed a 1000-fold increase in G5 dendrimer
expression in both myocytes and graft filtering cells over
the course of seven to 28 days. Dendrimers were found to
improve plasmid survival rates [177–180].

In the nucleus, dendrimer improved gene stability and
viability. Higher transfection and viability may be achieved
by lowering the charge ratio of DNA to dendrimer [181].
The same was done by Turunen et al., who compared the
transfection efficiency of different lipids and fractured
PAMAM and poly ethylenimine (PEI) dendrimer in vitro
against smooth muscle cells (SMC) as well as endothelial
cells (ECV 304) and chose fractured G6 PAMAM dendrimer
and PEI dendrimer with 25 kDa and 800 kDa for in vivo
studies. They stated that transfection was dependent on
charge ratio and observed that the highest transfection effi-
ciency was shown by fractured dendrimer at charge ratio 6,
and as the charge ratio increased, cell survival rate decreased
for fractured dendrimer as well as PEI dendrimer, but the
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survival rate was higher in fractured dendrimer between
both dendrimers. In vivo experiments indicated that β-
galactosidase activity with a broken dendrimer at a charge
ratio of 3 was the most effective transfection method. It
was shown that the transfection effectiveness of PEI and
fragmented dendrimer was greater than that of liposomes
and cationic-plasmid liposomes [182]. Gene transfer and
expression in the mouse vascularized transplant model
may be improved using the G5 EDA core dendrimer. β-
Galactose expression was monitored for 7 to 14 days after
the plasmid pMP6A β-gal expressing β-galactose was com-
bined with dendrimer and perfused into coronary arteries.
They also found a charge ratio of 1 : 20, and serotonin incu-
bation for two hours increased the expression [183]. The
electroporation and DNA/dendrimer combination
improved gene transfer in a mouse heart transplant study
by Wang et al. Electroporation of β-galactosidase reporter
gene and starbust PAMAM dendrimer into live human
myocardium resulted in a 10- to 45-fold increase in gene
expression [184]. By connecting mAb to PAMAM dendri-
mer in tissue that expresses overexpressed adhesion mole-
cule P- and E-selectin on activated endothelial cells, it is
possible to increase the effectiveness of transfection. They
employed avidin and biotin to cross-link anti-E/P selectin
antibody to a premade superfect DNA complex, which was
then used to transfect a reporter gene into the E-selectin-
expressing cells of CHO cells [185].

One disadvantage of dendrimers is that they frequently
have highly charged exteriors due to their high number of
branches at their surface, each with their own surface charge;
this can often result in either a highly cationic or highly
anionic nature, which can lead to toxicity issues if not fully
addressed [186].

3.6. Cell Membrane Coated Particles. As an alternative to
PEGylation, cell membrane coating technology relies on nat-
ural cell membranes to protect manufactured NPs. Coating
NPs with functional membrane proteins on their surface
helps them escape the body’s immune system and prolong
their circulation (better biocompatibility), but it also pro-
vides them with numerous cell-like biofunctions because of
their ability to mimic cell membrane proteins (cell-mimick-
ing properties). Hu et al. were the first to cover PLGA nano-
particles with an erythrocyte membrane [187]. Their work
employed hypotonic medium hemolysis to remove the
RBC membrane, which was then fused with PLGA NPs to
produce RBC membrane camouflaged NPs (RBC-NPs). In
addition, they demonstrated that the RBC membrane pro-
teins were transferred onto PLGA NPs effectively. As a fur-
ther bonus, the RBC membrane-coated NPs remained
stable even after six hours of coculture with HeLa cells. Con-
sequently, a nanoplatform has an exceptional potential to
evade immune clearance, allowing it to remain in the body
for an extended period of time. This nanostructure might
be used as a generally effective medication delivery platform
against CVD if small-molecule medicines are placed into the
inner PLGA core. PLGA NPs encased in RBC membranes
(RBC/RAP@PLGA) have been described by Wang et al.
After treatment with this nanoplatform, the average area

ratio of plaque to vascular lumen dropped from 47.95 per-
cent to 31.34 percent, which was superior to the free medica-
tion group in terms of advancement of atherosclerosis (from
47.95 percent to 42.42 percent) [188].

Platelet membrane-coated PLGA NPs produced by Hu
et al. were the first to show preferential attachment to
injured human and rodent vascular tissue and MRSA252
[189]. With the right loading agents, these platelet
membrane-coated nanoformulations might be used to treat
thrombosis, arterial damage, and sepsis. Platelet
membrane-coated PLGA nanoparticles (PNPs/LBK) were
manufactured by Wang et al. in order to combat the forma-
tion of thrombus [190]. Consequently, PNP/LBK has a
greater potential to target thrombuses while reducing the
danger of hemorrhagic complications.

In the event of a thrombus, a hypoxic environment
increases the formation of ROS and tissue destruction in
the affected area. Platelet membrane-encased argatroban-
loaded polymeric nanoparticles (PNPArg) were recently
produced by Zhao et al. to treat thrombus. An anticoagulant
medication known as argatroban has been shown to have
excellent therapeutic benefits on many thrombotic illnesses,
and the inner core of their method is poly (vanillyl alco-
hol-cooxalate) (PVAX), an H2O2 degradable polymer that
is capable of scavenging excess ROS [191].

Virus-like particles (VLPs) are naturally occurring viral
genome encapsulators. To a growing degree, theranostic
platforms using VLPs are becoming more popular due to
their many advantages over traditional theranostic plat-
forms. Examples of VLP cargo molecules include chemo-
therapeutic medicines, small interfering RNAs (siRNAs),
RNA aptamers, proteins, and other peptides and proteins,
among others [192–194]. A targeting function may be added
to VLPs by genetic engineering. Insertions or extensions of
peptides and proteins may be directly inserted into the main
amino acid sequences of the coat proteins (CPs), allowing
their presentation on either the interior or outer surface of
the VLP [195–197].

Trifunctional SV40-based NPs were produced by Sun
and colleagues to transport Hirulog peptide. Near-infrared
quantum dots (CGNKRTRGC) and cyclic peptides
(CGNKRTRGC) were put into the nanosystem for targeting
the p32 protein on macrophages. NPs that were specifically
targeted by ApoE(-/-) mice produced a fluorescent signal
in the plaques that was three times brighter than that of
untargeted particles. In ApoE knockout mice, SV40 NPs
delivered Hirulog to atherosclerotic plaques. Mice injected
with SV40 NPs had more antithrombin activity in their aor-
tae than those injected with SV40 NPs that were not treated.
Atherosclerosis medication delivery and molecular targeting
will both benefit from this novel kind of NP [198].

4. Challenges for Nanomedicines for CVD

It is impossible to tell how long a nanomaterial has been
present in a biological cell. There is insufficient long-term
evidence to provide an accurate approximation of a defini-
tive response. The possible negative consequences of a for-
eign body inside a live cell are also up in the air at this
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point. The negative impacts of nanomedicines at the cellular
level may express themselves as symptoms at the level of the
patient’s body. However, there is no consistent evidence
available on the biological safety of NPs at the current time.
Although safety guidelines and tests have been created, haz-
ard and risk identification is now done on a case-by-case
basis, rather than in bulk. The chemical composition of the
nanoparticle has the potential to produce direct toxicity
inside a live cell. The chemical structure of the particles
determines the toxicity of nanoparticles. For example, the
toxicity of carbon nanotubes is a direct result of the mechan-
ical structure, size, kind of carbon isotope employed, surface
coating, and relative carbon concentrations of the nanotubes
in question.

The protein corona formation is a major issue in focused
nanomedicine. Once in the bloodstream, the nanocarriers
are opsonized, meaning they are phagocytized by MPS and
subsequently expelled. The protein in question has been
widely investigated for a decade and is called protein corona
[199]. In interaction with biological fluids, proteins create
protein coronas on NPs. The protein corona may influence
the biological destiny of nanocarriers by enhancing mono-
nuclear phagocyte system absorption [200, 201]. Protein
corona has been found to be deleterious to active targeting
techniques as well as MPS absorption [202]. The biological
corona coating reduces the selectivity of the targeted ligand
[203]. For example, following incubation with plasma,
transferrin-modified silica NPs lost their targeting capacity
[204]. Despite considerable attempts, few viable solutions
have been developed to reduce corona-induced mistargeting.
One method involves coating NPs with zwitterionic chemi-
cals. For example, zwitterionic coatings have produced
corona-free Au-NPs [205].

Recent research has demonstrated that iron compounds
may cause ferroptosis, a novel kind of programmed cell
death linked to I/R damage [206]. The Fenton reaction/iron
metabolism leads to excessive ROS generation, resulting in
regulatory cell death [207]. These results question the usage
of iron-based NPs and advice professionals to choose NP
composition carefully. Long-term usage of nondegradable
inorganic NPs requires evaluation of their biological destiny
and safety. The liver proteolytic enzymes may destroy
polymeric-coated Au-NPs. This shows that the NP physico-
chemical qualities may change in vivo, causing unwanted
toxicity, aggregation, or immunological activation. The
altered physical and chemical features of NPs complicate
the inflammatory response of the human immune system,
causing greater unfavorable consequences on the heart fail-
ure process. Thus, additional research on NP biological des-
tiny is required [208].

The nanobiointeraction is one of the primary hurdles in
translating theranostic nanomedicine to clinics. When nano-
medicine interacts with biological material, it may cause
immune reactions, inflammation, or other illnesses. The
hazardous impact of nanoformulations is highly dependent
on size, zeta-potential, and solubility [209]. When nanopar-
ticles enter a biological system, they interact with proteins,
forming a surface “corona.” It also changes their size, stabil-
ity, dispersibility, pharmacokinetics, biodistribution, and

toxicity [210]. Also, several nanoplatforms elicit an immedi-
ate adverse immunological response called complement
activation-related pseudo allergy [211, 212]. Thus, studying
nanomedicines’ physicochemical properties in relation to
pathophysiology and disease heterogeneity is vital. Further-
more, theranostic nanomedicine is not a one-size-fits-all
notion, since therapy differs from person to person [213].
Theranostic nanomedicines are also challenging to synthe-
size in a controlled and repeatable manner. Large-scale
nanoparticle production has poor batch-to-batch repeatabil-
ity, variable physical and chemical properties, and low yield.
Due to the difficulty imposed to pharmaceutical firms, nano-
platforms with arduous and sophisticated production proce-
dures seldom make it into the clinic [213, 214]. Since
theranostic nanoparticles are multifunctional units, more
accurate chemistry, manufacture, and control are required,
coupled with excellent manufacturing practice.

A third key problem is the large gulf between scientists
and regulatory bodies. Many government rules regulate the
commercialization of nanomedicine based on quality con-
trol, manufacturing methods, safety profile, and patent pro-
tection. The lack of clear regulatory and safety requirements
hinders timely and successful theranostics market transla-
tion [215].

Determining the relationship between patient biology
and disease heterogeneity and nanomedicine can help over-
come the biological limitations of nanotheranostics. Before
starting clinical trials, nanoformulations must be thoroughly
tested in several preclinical animal model systems. For treat-
ing and imaging human patient groups, preclinical investi-
gations in animal models are often beneficial [216]. The
early phases of clinical development need the use of nano-
toxicology profiles consisting of standardised laboratory
procedures for assessing patient risk [211, 217]. Noncancer
disorders have normal vascular architecture; thus, develop-
ing nanotheranostics for them is important. Making biomi-
metic NPs that mimic natural cell functions (such as
secretory chemicals, cell surface markers, and extracellular
matrix) has a lot of promise for theranostic use. Using
stimuli-based smart nanoparticles to deliver therapeutic
loads selectively at the site of action may enhance theranos-
tics’ real-world effectiveness. Personalized treatment plans
for illnesses with heterogeneity, malignancy, and adaptabil-
ity may benefit from real-time monitoring and provision of
this kind. Academia is the source of nanoparticle-based
medicinal delivery methods. They often understand the
technological problems encountered by industry in commer-
cializing techniques. To close this gap, increased coordina-
tion between labs and drug firms is needed. GMP
modifications for large-scale theranostic NP production are
required.

5. Future Perspective

The status of nanomaterials is midway. Though nanomateri-
als had been exploited to some extent, some groundbreaking
research is still on its way. The use of three-dimensional
printing is not new in the pharmaceutical world. It has been
used in various applications, such as dosage form
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preparation to complex tissue recreation. It consisted of
bioink (material containing active or cells), printer, and sub-
strate [218]. Ho et al. reported the fabrication of cardiac tis-
sue scaffolds using PCL and CNTs supported the
proliferation of H9C2 cells [156]. Kanawati et al. reported
the fabrication of a heartbeat synchronization device for a
76-year-old patient with congenitally corrected transposi-
tion of the great arteries (ccTGA) [219]. A precise 3D model
with anatomic specification, same as that of the patient body,
was printed. 3D printed heart models can also help under-
stand the patient’s status better and help find the solution
for surgery procedures [220].

Apart from 3D printing, now sensors are also conjugated
as point-of-care devices. Rezaei et al. reported the fabrication
of sandwich-type immunosensor-based carboxylated multi-
walled carbon nanotube for detecting the cardiac Troponin

I. These nanofibers were fabricated in carbon electrode and
utilizer enzyme-labeled amperometric immunoassay and
immobilized horseradish peroxidase enzyme. The detection
limit ranged from 0.5 to 2 ng mL−1 in the case of the average
person, while in the case of an infarcted patient, > 20 ng
mL−1 was the limit [221].

Su et al. reported a wearable device measuring CNT and
polydimethylsiloxane’s electrical impulses based on piezo-
resistance and voltage sensing phenomenon [222]. The
device measured wrist pulse pressure and cardiac electrical
signal based on the change in resistance and pressure with
device sensitivity of 0.01Pa-1. The device can be worn on
the wrist, and ECG signals after physical activity are trans-
mitted using Bluetooth, and data is captured on a mobile
phone and analyzed as an early warning (Figure 2). Due to
regular movement of the heart and associated parts,

ECG electrode
suspended membrane
CNT-PDMS strain sensor
ECG substrate

Cross-section View

Assembled flexible device

Device attached on the wrist

Hypodermis

Blood vessel

Dermis
Epidermis

Flexible device

Figure 2: Schematic of the CNT-PDMS wearable device structure for measurement of wrist pulse pressure and ECG. Here, the ECG signal
was captured by the flexible CNTPDMS ECG electrodes. The shape change of blood vessels during a wrist pulse induced the resistance
change of the CNT-PDMS strain sensor. Reproduced with permission from reference [222].

self-healing

POG hydrogel ECP ECP transplatation ECP for 4 weeks

cardiac repair

revascularization

compress

stretch

Figure 3: Schematic illustration about the tunable self-healing POG1 hydrogel fabrication and its application in myocardial infarction
repair. Reproduced with permission from reference [223].
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extensive wear and tear are observed; these polymer patches
and scaffolds have lower life. To solve this problem, Song
et al. prepared self-healing ionic hydrogel made of poly-
acrylic acid and oxidized alginate (OA)/gelatin (POG) (as
shown in Figure 3) [223]. The hydrogel showed super
stretchability (>500% strain) and compressive strength
(>85% strain). The hydrogel showed more oriented sarco-
meres than the control group after in vivo results showed
robust left ventricular remodeling and restoring heart
functionality.

Initially, percutaneous coronary lumen enlargement was
treated with balloon angioplasty, also known as plain old
balloon angioplasty. Though this technique persisted in the
market for many decades, the risk of abrupt closure and
nondurability and restenosis decreased its trend [224–226].
Later, the metallic stents took their place and shown remark-
able results in improving procedural success, but they were
costly [227–229]. However, they were considered as stan-
dards in their use and rule market for many years. Plastic
stents and metallic stents had similar output; no significant
difference was observed [230]. Later, drug-eluting stents
come into play. A clinical trial comparing metal stents and
drug-eluting stents on patients with antiplatelet therapy
showed drug-eluting stents better with low mortality, MI,
and stroke [231]. In a clinical trial conducted on biodegrad-
able drug-eluting stent containing sirolimus and everolimus,
a total of 1300 patients participated [232]. The stent with
sirolimus elution showed better results due to lower lesions
of the ischemic heart observed. Three-dimensional printing
can also be hyphenated with the stent preparation [233].
Thus, there is still a way ahead in terms of clinical trials
and its usefulness in regular day life.

6. Conclusions

As theranostic agents, nanotechnology and nanomedicine
may be utilized to detect and treat cardiovascular problems.
To distribute drugs to injured regions, small particles act as
nanodevices or nanotransporters. Nanocarriers offer prom-
ise for effective, tailored medicine, and gene delivery that
overcomes challenges of solubility, bioavailability, and other
pharmacokinetic aspects. Many CVDs, treatment choices,
and current medical breakthroughs are discussed in this
paper. It highlights the progress made in the administration
of drugs to cardiovascular tissues with greater precision.
Studies in the lab and in the animal model of several cardio-
vascular nanoformulations have yet to be translated into the
clinic. It handles pharmaceutical scale-up, release efficiency,
important regulatory constraints, and Good Manufacturing
Practice (GMP). In vivo and clinical studies are required to
determine the full effect of nanoparticles on the human body
and cardiac tissues. Future CVD nanocarrier designs and
advancements will require additional investigation. Cardio-
protective characteristics of a number of natural substances
are awaiting further research and clinical translation. Several
challenges hinder the practical application of nanomedicine
in CVDs. Institutional and industrial interests, lack of suffi-
cient infrastructure and skills to prepare patients for treat-
ment, efficient monitoring of patient outcomes, registration

of patients in clinical trials, and country-specific remunera-
tion and cost are among the difficulties. Thus, nanoparticle
translational medicine in CVDs should encompass bioengi-
neers, pharmacists, chemists, biologists, and clinicians.
Future investigation will leverage peptides and antibodies
to detect CVD markers and build personalized nanodelivery
systems. Future nanocardio medicine will research novel
nanosystem clinical implications to promote quality of life.
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