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ABSTRACT

Atherosclerosis, a complicated and chronic inflammatory disorder, is the main cause of various cardiovascular issues, including coronary heart assaults
and strokes. Acute myocardial infarction and stroke can be partially prevented with current clinical measures, such as statin medications, but the risk is
still very high. The concept of combinatorial therapy using both diagnosis and therapeutics through a single platform is known as theranostics. As evi-
dent from pre-clinical and clinical studies, nano-based theranostics are widely used in cancer detection and treatment. Solid lipid nanoparticles (SLNs),
nanostructured lipid carriers (NLCs), and nanoliposomes are examples of synthetic/natural lipid-based delivery systems that have drawn much interest
as nano-scaled drug delivery system due to their potential benefits, which include easy large-scale production, relatively low toxicity, and composition
accessibility. Traditionally, for the study and evaluate the effects of therapy on atherosclerosis, x-ray angiography was used.

Nevertheless, measuring the amount of stenosis brought on by plaques remains the main objective of clinical studies for atherosclerosis. Several
high-risk plaque features, such as a thin fibrous cap, a big necrotic core, macrophage infiltration, neovascularization, and intraplaque bleeding, can
now be investigated using cutting-edge imaging methods. This review summarises nanotheranostic for diagnosing and treating atherosclerosis and

the different strategies for targeting atherosclerotic plaque.
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INTRODUCTION

Atherosclerosis is a chronic inflammatory condition that stems from
the narrowing of arteries. The slow development of atherosclerosis
is caused by plaque formed by blood components such as cholester-
ol, fat, and red blood cells. The accumulation of plaque narrows your
arteries. As a result, the body's essential organ tissues receive less
blood that is rich in oxygen. This narrowing of the arteries is charac-
terized by the deposition of lipids, especially modified lipids such as
oxidized-low density lipoproteins (ox-LDL), which trigger responses
such as macrophage and platelet aggregation in the intima layer of
the blood vessel. This plaque formation makes it difficult for blood

flow. Plaque formation hinders blood flow, posing a challenge [1].
Plaque formation hinders blood flow, posing a challenge [1]. As ath-
erosclerosis progresses, phagocytic cells boost the secretion of ad-
hesion molecules, which leads to heightened production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) [2, 3]. This
process eventually causes the oxidation of low-density lipoproteins
(LDL) within blood vessels, thus aiding in forming foam cells. Mac-
rophages then recognize oxidised low-density lipoprotein (ox-LDL)
within the smooth plaque and become phagocytic cells. Due to the
ongoing loss of smooth muscle cells and lack of collagen fibres in the
fibrous cap [4], this eventually leads to the breakdown of cartilage,
and the ruptured vessel forms a blood clot, leading to thrombosis.

STAGES OF ATHEROSCLEROSIS
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Fig. 1: Different stages of atherosclerosis

The rupture of the plaque may lead to complications such as coro-
nary artery diseases, carotid artery diseases, and stroke [1]. Two
major types of plaque are non-stable or vulnerable and stable.
Asymptomatic, stable plaques have a thick fibrous cap and a lipid
core, whereas susceptible plaques are macrophage-enriched, having
a thin fibrous cap and big necrotic cores with lipids.

It is now widely acknowledged that the atherosclerotic plaques that
cause thrombus formation do not always have the greatest impact

on the vessel's lumen. Nevertheless, measuring the amount of steno-
sis brought on by plaques remains the main goal of clinical studies
for atherosclerosis.

The majority of clinical studies on atherosclerosis indicate the de-
gree of stenosis brought on by the plaque. The initial findings from
angiography and results from randomized controlled trials using
HMG-CoA reductase inhibitors (statins) demonstrated a dissociation
between the degree of stenosis and clinical outcomes. While statins
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significantly lower acute cardiovascular events, they only slightly
reduce stenosis. Statins cause significant alterations in plaque com-
position, yet this does not consistently affect plaque size or the re-
sulting stenosis [5].

Novel imaging techniques are now available to probe all of these traits,
each with advantages and disadvantages of their own. Certain ap-
proaches, such as intravascular ultrasound of the coronary arteries
and ultrasound imaging of the carotid intima-media thickness, are
already being used in clinical settings. Other methods, such as positron
emission tomography (PET) and magnetic resonance imaging (MRI),
have been applied in studies to analyze the chemical characteristics of
carotid artery plaque and may prove useful in clinical settings.

Nanotheranostic aims to implement and further develop advanced
nanotherapeutic strategies, using different nanocarriers for fewer
side effects and better therapeutic effects, such as polymer conju-
gates, nanoparticles of bio-degradable polymers for controlled de-
livery, sustained delivery and targeted co-delivery (diagnostic, ther-
apeutic agents, micelles, dendrimers, liposomes, metallic and inor-
ganic nanoparticles, carbon nanotubes). Nanotechnology, which is
used for diagnosis, treatment, and prevention of disease at the cellu-
lar level, is called nanomedicine. It is also effective in creating a cure
by combining diagnosis and treatment simultaneously [6]. Colloidal
nanoparticles between 10 nm and 1000 nm (1m) in size are
theranostic nanomedicines. These nanoparticles’ macromolecular
materials/polymers absorb, conjugate, entrap, and encapsulate the
diagnostic and therapeutic agents. A few advanced capabilities of
theranostic nanomedicine that can be performed on a single plat-
form include [Controlled/Sustained Release, Targeted delivery,
higher endocytosis transport efficiency, Stimulus-responsive agent
release (also known as smart delivery), and synergetic performance
(e.g.,, combination therapy, siRNA co-delivery)] [7]. Quality perfor-
mances (such as oral administration, evading the multi-drug re-
sistance (MDR) protein, and autism), among others, are multimodali-
ty diagnosis and therapy [8]. In this review, the different targeting
strategies and diagnostic and therapeutic modalities of the nanopar-
ticles for atherosclerotic plaque were discussed.

Peptides, proteins, genetic materials, and hydrophobic organic med-
icines are the therapeutic agents in theranostic nanomedicine. Diag-
nostic agents are widely employed in theranostic nanomedicine in
addition to therapeutic agents. These include agents for optical im-
aging (Quantum Dots or Fluorescent Dyes), magnetic resonance
imaging MRI (superparamagnetic metals, such as iron oxides), nu-
clear imaging (radionuclides), and Computed Tomography (CT)
(heavy elements, such as iodine). When external energy sources
stimulate semiconductor crystals, known as quantum dots, they
release signals. Because they have several benefits over organic
dyes, quantum dots are a common nanomaterial among diagnostic
agents utilized in therapeutic nanomedicine. In addition, quantum
dots have photostable properties, higher absorption coefficients,
great brightness, and extremely strong signals [9].

Theranostic is a cutting-edge medical branch offering customized
therapy based on precise, targeted diagnostic testing. The advantage
of combining diagnostic and treatment in a single agent has acceler-
ated the development of theranostic nanoparticles in recent decades,
even though theranostic research on CVDs is still in its infancy [10].
As aresult, they represent a potent strategy for patient-centred, safe,
and tailored medication.

Search Criteria: The review was constructed using articles from
Elsevier, Pubmed, Science Direct, springer, New England journal of
medicine (NEJM), Scopus, Google scholar within a range of 2000-
2024 using the keywords Atherosclerosis, Cardiovascular diseas-
es(CVDs), lipid nanoparticles, theranostics, images techniques, tar-
geting strategies.

Nanoparticles as prevention and treatment devices
Lipid-based nanoparticles

SLNs, NLCs, and nanoliposomes are examples of synthetic or natural
lipid-based delivery systems that have attracted interest as na-
noscale drug delivery systems due to potential advantages, including
accessibility and size, low toxicity, and ease of formulation.
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Liposomes

Among the lipid-based nanoparticles, liposomes have been the most
studied spherical particles composed of one or more phospholipid
layers. Liposomes can be single, oligo-or multilamellar vesicles de-
pending on their lamellarity. Both hydrophilic and hydrophobic
substances can be incorporated into the lipid layer or core. Lipo-
somes are made of cationic lipids and are likely to be loaded with
polyanions (nucleic acids like DNA and RNA) [11]. The main disad-
vantage of these carriers as drug delivery system is phagocytosis by
macrophages, resulting in biological /physical half-life failure occur-
ring from enzymatic degradation and effective chemical defence,
although liposomes have potential advantages like high bio-
compatibility, minimal immunogenicity, and effective drug protec-
tion due to enzymatic destruction [12, 13]. To overcome such issues,
the surface of liposomes can be modified with organic and semi-
organic polymers, peptides, or antibodies. A common modification
uses a hydrophilic polymer called the biodegradable Poly Ethylene
Glycol (PEG) and the liposome exterior to produce a stealth carrier.

Joner et al. evaluated TRM-484, a novel drug containing predniso-
lone nanoparticles targeting chondroitin sulfate proteoglycans
(CSPGs), aiming to suppress neointimal growth while avoiding sys-
temic side effects. Atherosclerotic rabbits with stents received intra-
venous TRM-484 or controls. TRM-484 localized exclusively at stent
injury sites, significantly increasing in stented arteries within 24 h.
At 1 mg/kg, TRM-484 notably reduced stenosis compared to con-
trols. This targeted approach may offer a cost-effective strategy for
preventing in-stent restenosis by focusing treatment precisely on
injured atherosclerotic areas, potentially enhancing therapeutic
efficacy while minimizing systemic adverse effects [14].

Calin and their group developed a Teijin-loaded Vascular Cell Adhe-
sion Molecule-1 (VCAM-1) directed TSL (target-sensitive liposome),
a CCR-2 antagonist, to target the early inflammation process while
reducing adhesion of monocytes and transmigration, which are
frequent key events in atherosclerosis. An amalgam of DOPA and
DOPE was used to create PEG-stabilized TSLs, and a functionalized
(Mal-PEG-DSPE) phospholipid anchor was attached to the surface of
the liposome to pair with VCAM-1 binding peptide. The study found
that monocyte adherence was more enhanced in targeted TSL when
compared to intact Teijin and non-targeted TSL [15].

Homem de Bittencourt et al. introduced endothelium formulations
targeting lipocardium using cyclopentenone (CP)-prostaglandins
(PG). It was found that male LDL receptor deletion mice responded
better to negatively charged liposomes containing anti-VCAM-1
antibody and PGA-2. Lipocardium has proven to be a reliable meth-
od for cardioprotection due to its effects on anti-proliferative (spe-
cifically pro-apoptotic to foam cells), anti-inflammatory, anti-
lipogenic properties, and cytoprotection through heat shock protein
activation [16]. Hosseini et al. synthesized phosphatidylserine lipo-
somes (PSLs), which inhibited vascular lesion progression by 42%
and reduced macrophage accumulation by 47% in mice. As a result,
PSLs resemble apoptotic cells by activating atheroprotective perito-
neal Bla lymphocytes, and they produce a more specific type of
antibody that subsequently reduces the local inflammation during
atherosclerosis development, called polyreactive IgM [17].

Valk et al synthesized Prednisolone phosphate as an atherosclerosis
treatment encapsulated inside a liposome and covered in polyethylene
glycol (LN-PLP). On analysis, LN-PLP showed enough circulation time to
reach atherosclerotic lesions and accumulate in atherosclerotic plaques
and macrophages. The data highlight the possibility of a vehicle for drug
delivery to atherosclerotic lesions, even though the short-term admin-
istration of LN-PLP to atherosclerotic patients didn’t affect the inflamma-
tion of the arterial wall and its permeability [18].

In addition, liposome-based formulations containing cyclopentenone
prostaglandin (CyPG) and serum-amyloid A (SAA) peptide fragments,
both acting as potent antioxidants, were developed and have shown
significant anti-atherogenic effects in the in vivo study [16, 19].

Solid lipid nanoparticles (SLNs)

SLNs are created as viable options for enhancing biocompatible
colloidal drug delivery system and lipophilic bioactive substances’
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bioactivity and bioavailability [20]. Three basic techniques are used
to create SLNs: homogenization, solventevaporation, and micro-
emulsion. SLNs are produced without synthetic chemicals, making
them a better option than other lipid-based formulations that may
require such chemicals. Moreover, SLNs benefit frominert drug tar-
geting, which means they can be incorporated at the proper spot in
the body without the requirement for specific targeting agents, in-
creasing the concentration of the medication at the vital point. Fur-
thermore, SLNs shield the ingested medicine from chemical break-
down, ensuring the molecule's stability and efficacy until it reaches
its target site in the body [21].

To increase the stability and the biological efficacy of tea polyphe-
nols (TPPs) in CVDs, Kulandaivelu et al. reported using TPP-SLNs.
TPP-SLNs were given orally, and they showed a significant decrease
in various biochemical markers like triglyceride, cholesterol, biliru-
bin, urea, alanine aminotransferase, total protein, aspartate trans-
aminase and alkaline phosphatase. These changes indicate that the
treatment is positively affecting the body, particularly in heart
health (cardioprotective). Furthermore, it was found that encapsu-
lating cardioprotective agents protect SLNs from oxidation. While
encapsulating marrubin in SLNs enhanced its ability to protect the
cells from the harmful effects of Tumor Necrosis Factor-a (TNF-a). It
made it a more effective and potentially safer option as a food addi-
tive or cardioprotective [22].

Paliwal et al. developed Low Molecular Weight Heparin (LMWH)
lipid conjugates. To overcome the limitations of the oral admin-
istration of LMWH for the treatment of vascular disorders, they
were encapsulated in phosphatidylcholine-stabilized biomimetic
SLNs. They reported that the nanoparticle is a safe and effective
way to give the medication orally it increases the bioavailability of
LMWH [23].

Gao et al. also created daidzein iso-flavonoid SLNs to improve their
oral absorption and bioavailability. Compared to regular medicine, it
more effectively enhanced circulation time, decreased myocardial
oxygen use, and reduced coronary resistance [24].

Nano-emulsions

Lipid nano-emulsions (LNE) are small particles made up of liquid
fats, offering a safe and effective way of drug delivery [25]. These
nano-emulsions are considered a good option for delivering drugs
because of their various advantages, such as targeted delivery, sus-
tained release, reduced toxicity, and flexible drug placement, and it
is also suitable for unstable drugs or drugs that are poorly soluble in
water. Therapeutic agents could be reconciled in the oil-water inter-
face or the interior oil phase of the particles [26].

Tavares et al. researched the downgrading of lesions and the in-
flammation process in atherosclerotic rabbits using cholesterol-rich
LNE combined with etoposide. Lesions in the blood vessels and in-
tima width were reduced by 85%, and 50% was observed. Further-
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more, it decreased receptors for lipoproteins, proliferation markers,
and pro-inflammatory factors [27].

Bulgarelli et al. developed di-dodecyl-methotrexate (dd-MTX) nano-
emulsions to research the impacts of abrasion and the expression of
pro-inflammatory and anti-inflammatory factors. There was a reduc-
tion in intimal macrophages (67%) and apoptotic cells (88%), a 65%
reduction in the extent of lesions and a 2-fold increase in the intima-
media ratio. LNE-dd-MTX down-regulated six pro-inflammatory
genes (TNF-a, IL-1f, IL-18, MCP-1, MMP-9, and MMP-12) and up-
regulated other inflammatory genes (TNF-a, IL-1(3, VAP-1, and
CXCL2) in vitro. There was no movement of smooth muscle cells into
the intima [28].

To enhance the anti-atherosclerosis benefits of etoposide-LNE and
methotrexate compared to a single drug, Leite et al. designed a com-
bined therapy. This method offers excellent promise for clinical use
in people with CVDs [29].

Nanostructured lipid carriers (NLCs)

The NLCs are another type of lipidic nanocarrier with numerous
uses as drug delivery systems due to their enhanced drug-loading
capacity, protection, and tiny size. They have a similar formulation to
SLNs, but instead of solid lipids, they use liquid versions [30].

Using a nanoprecipitation/solvent diffusion technique, Zhang et al.
created a drug carrier called Tanshinone 11A-loaded HDL-like NLC
(TA-NLC) [31]. They discovered that TA-NLC can specifically bind to
apolipoprotein A-1(apoA-1) and can effectively reach the target site
without being attacked or excreted from the body. In a separate
study, TA-d-rHDL and TA-s-rHDL(recombinant HDL containing
tanshinone 11A (TA) loaded in discoidal and spherical shapes) were
produced. Although s-rHDL demonstrated more targeted effects,
both NLCs are more effective against atherosclerotic lesions than
normal artery walls [32].

Polymeric nanocarriers

Polymeric nanocarriers are a different class of NPs used for medica-
tion delivery. It comprises a variety of artificial or organic macro-
molecules that come in various shapes, such as polymeric micelles
and solid nanoparticles [33]. Like other nanocarriers, the surface of
NP can be conjugated with various moieties employing the active
functional groups of polymers. The development of polymeric NPs
has specifically made use of biocompatible synthetic polymers like
poly (vinylpyrrolidone), poly-(lactic-co-glycolic acid), poly-(L-
lysine), poly-(malic acid), poly-(L-glutamic acid) and poly-
(aspartame), and natural polymers like cellulose, alginate, gelatin,
and chitosan [34]. Recently, significant effort has been made to cre-
ate polymer-based targeted nanomedicines to effectively treat ath-
erosclerosis. The following is a list of some of the developments.
Different polymers used in the development of nanoparticles are
shown in fig. 2.

Polymers

Natural polymers

Cellulose
Starch

Sodium alginate
Gelatin
Chitosan
Albumin

YV VV V V VY

Synthetic polymers

poly (Vinylpyrrolidone)
poly (Lacticco-glycolic
acid),

Poly (L-lysine),

Poly (malic acid),

poly (L-glutamic acid)
Poly (aspartame)

Y VY

Y V VYV V

Fig. 2: Different polymers are used in the development of nanoparticles
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Poly (lactic-co-glycolic acid)

Poly (lactic-co-glycolic acid) (PLGA) is a biocompatible and biode-
gradable polymer. Multiple compounds, including hydrophilic, hy-
drophobic macromolecules or macromolecules, have been used with
PLGA in various drug delivery systems. They can regulate the release
of medications as PLGA is FDA-approved and used in CVD drug de-
livery studies and other drug delivery investigations. These studies
focus on employing PLGA NPs to deliver the cargo to atherosclerotic
lesions spatially and temporally, and some of their applications are
addressed [35].

To produce paclitaxel-loaded PLGA NPs, Feng et al. used the solvent
extraction/evaporation method using emulsifiers such as d-a-tocopheryl
polyethylene glycol 1000 succinate (TPGS) and Polyvinyl Alcohol (PVA).
Comparing NPs manufactured with TPGS emulsifier to plain medicines
and PVA emulsified NPs after 6 h of cellular absorption revealed higher
drug encapsulation, cytotoxicity, and cellular uptake [36].

In a different study, Golub et al. created an injectable containing
PLGA NPs that were VEGF-encapsulated and had a controlled release
system through a modified double W/O/W emulsion. They then
employed this injectable to stimulate angiogenesis. According to the
study, continuous-release therapy is more effective at treating ath-
erosclerosis than pure vasculogenic protein delivery at lower overall
dosages [37].

By encapsulating PLGA in a lipid/apolipoprotein coating, Sanchez-
Gaytan et al. created synthetic high-density lipoproteins-like nano-
particles (PLGA-HDL-NPs) that interacted cordially with monocytes
and macrophages in the aorta. These PLGA-HDL NPs were stabilized
with the attachment of Apo A-1 to target atherosclerosis plaque
macrophages [38].

Chitosan

Chitosan is another popular natural biocompatible polymer. It is
desirable for drug delivery applications due to its beneficial proper-
ties, including regulated and gradual drug release, improved solubil-
ity, stability, and low toxicity [39].

Yu et al. examined the effects of Chitosan microspheres (COS) on the
stability of atherosclerotic plaque using mice with a condition
known as apolipoprotein E deficiency (apoE-/-). They discovered
that COS therapy could prevent high-fat diet-induced atherosclero-
sis, and further plaque stability in apo E-/-mice was developed.

According to Xiying et al, who also created a DNA vaccine for the
prevention and attenuation of atherosclerosis, chitosan cholesteol
esterase transfer protein nanoparticles (CETP NPs) were completely
able to provoke anti-CETP and slow the process of atherosclerotic
plaque formation in rabbits by controlling the plasma lipoprotein
profile. As a result, they may perform as novel platforms for nasal
drug/vaccine delivery systems [41].

Cellulose

Numerous materials include cellulose, a naturally occurring poly-
mer[cotton, hemp, wood, wheat straw, flax, sugar beet, mulberry,
bark, potato tubers, algae, ramie, cellulose whiskers, and cellulose
nanofibers, are some of the different types of nano-cellulose [42]. A
few distinguishing features of nano-cellulose include its geometrical
dimensions and distinct morphology, crystalline structure, rheology,
liquid crystalline behavior, orientation and alignment, mechanical
reinforcement characters, barrier properties, surface chemical reac-
tivity, lack of/minimal toxicity[43].

Li et al. conducted research employing poly(L-lactic acid) (PLLA)
and cellulose acetate butyrate (CAB) as the vehicle for borneol to
overcome obstacles such as low water solubility and sublimation in
treating CVD. They created a 200-m-long composite film made of
pure PLLA nanofibers and CAB-borneol. Due to their low porosity,
PLLA-CAB nano-fibrous composite nonwoven membranes are a
viable contender and a cutting-edge drug delivery system for CVDs.
Drug analysis for CAB-borneol revealed that 80% of the drug re-
mained in the film, more than 70% of borneol was released in the
case of pure PLLA, and 70% of the drug stayed in the membrane in
the case of PLLA-CAB combination [44].
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Gelatin

Gelatin, because of its biodegradability and biocompatibility, which
is generated from collagen, is frequently employed in pharmaceuti-
cal and medical applications. Gelatin is a good choice for drug deliv-
ery due to its increased physicochemical properties and ease of
modification and cross-linking [45].

Zhang et al. delivered nitric oxide (NO) to vascular cells using gela-
tin-siloxane (GS) NPs to regulate the behavior of the cells and pre-
vent restenosis. After 2 h of GS-NO NP determination utilizing Fouri-
er transform infrared (FTIR) analysis, the human aortic smooth
muscle cells (AoSMCs) were able to internalize the particles. The
new GS-NO-NP inhibited the primary factors contributing to reste-
nosis, such as the excessive proliferation of vascular smooth muscle
cells, by releasing nitric oxide under controlled conditions [46].

Vogt et al. created a nanofibrous matrix with the property of light-
responsive NO release using gelatin. They functionalized the surface
of the matrix with SNAP to achieve a light-controlled release charac-
teristic. They continued by implying that the SNAP could release NO
when exposed to light. Divalent metal ions were also removed,
which improved the gelatin's ability to hold onto NO and created a
finer, more porous structure [47].

Alginate

Alginates are linearly linked 1,4-glycosidic connections between 3-D-
mannuronic acid (M) and a-L-guluronic acid (G) residues. The compo-
sition and sequence of the G and M residues directly affect the charac-
teristics of alginates. The physicochemical properties of alginate make
it a viable drug delivery vehicle, and its advantages for the produc-
tion/encapsulation of numerous pharmaceuticals include non-toxicity,
cost-effectiveness, high availability, biocompatibility, and non-
immunogenicity. Alginate can also be chemically altered to increase
specificity and efficiency in creating tailored nanoparticles [48].

Ruvinov et al. utilized the hepatocyte growth factor (HGF) along with
an injectable alginate matrix possessing heparin-binding capabilities
to make microbeads of affinity-binding alginate for treating ischemic
CVDs. Finally, they discovered it offers excellent delivery and a mi-
lieu for temporary passive tissue repair support [49].

Metal-based nanoparticles

Widely used nano-sized metals have dimensions between 1 and 100
nm, and they can be altered by adding different chemical functional
groups to make it easier for them to be conjugated with different ther-
apeutic and targeted moieties (such as antibodies and aptamers).
Magnetic iron oxide (Fe3 04), gold, and silver nanoparticles, among
other metals, have significantly affected medical sciences [50].

Colloidal gold or a suspension of nano-sized gold particles known as
gold nanoparticles (AuNPs) have a reddish hue for particles less
than 100 nm. However, the morphological shape and other physico-
chemical characteristics of AuNPs determine their properties and
use. The unique optical characteristics of the AuNPs make them an
excellent choice for various biomedical applications, including bio-
imaging [51].

Roma-Rodrigues et al. created peptides and attached them to AuNPs
to selectively interact with the angiogenesis cellular receptors. Fol-
lowing their synthesis, oligoethylene glycol (OEG) was used to func-
tionalize and stabilize the gold nanoparticles before distinct pep-
tides-activator, inhibitor, and scramble were attached to the OEG-
AuNPs. It was discovered that inhibitor peptide-NP significantly
reduced the number of new arterioles that formed around scramble
peptide-NP. In contrast, activator peptide-NP significantly increased
the production of new arterioles and showed that AuNPs have the
potency as effective targeted DDSs, cause neo-vascularization, and
improve CVDs [52].

AgNPs(Silver nanoparticles) are used more frequently in the bio-
medical industry. They comprise Ag particles with nano-sizes rang-
ing between 1 and 100 nm. AgNPs stand out among other nano-
materials for molecular labelling due to their huge effective scatter-
ing cross-section and potential for usage in surface plasmon reso-
nance (SPR) [53].
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When AgNPs (Silver nanoparticles) and rosuvastatin were compared
for their effects on hyperlipidemic rats, Al-Dujaili et al. discovered
that AgNPs significantly reduced endothelin and serum levels of
obestatin compared to rosuvastatin [54].

Shi et al. concluded that AgNPs accelerate the onset of atherosclero-
sis by causing endothelial damage and through activation of IKK/NF-
B; endothelial dysfunction happens in their study of the toxicity and
effects of EC injury [55].

Fe3 04 and Fe2 03, the superparamagnetic and paramagnetic forms
of iron (III) oxide, respectively, are found in nature. Superparamag-
netic metal oxide NPs (SPIONs), with their biocompatibility, ultrafine
size, and magnetic characteristics, are prime candidates for several
biological applications. They have been used in targeted drug admin-
istration, imaging, hyperthermia, gene therapy, stem cell tracking,
molecular/cellular tracking, magnetic separation technologies like
quick DNA sequencing and enhanced resolution contrast agents for
MRI. Inflammation, cancer, diabetes, and atherosclerosis can all be
detected early [56].

To determine the impact of Ultrasmall superparamagnetic iron oxide
(USPIO) nanoparticles on the cardiovascular system and thrombosis,
Nemmar et al. [57] undertook evaluation research. They found that
the administration of USPIO increases plasma PAI-1, induces platelet
aggregation in vitro, and stimulates the prothrombotic effect in the
venules and arterioles in vivo. Moreover, particles raised plasma
levels of troponin-I, LDH (lactate dehydrogenase), and CK-MB isoen-
zyme (creatine phosphokinase-MB), but USPIO lowered prothrom-
bin time (PT) and activated partial thromboplastin time (PTT).
These particles also elevated oxidative stress indicators in the heart,
such as lipid peroxidation, ROS, and superoxide dismutase activity.
Administering USPIO may not be the most effective targeting strate-
gy for treating and diagnosing CVD overall because of its detrimental
effects on thrombosis, DNA integrity, and cardiac oxidative stress.
On the other hand, Xiong et al. [58] suggested Fez O3 NPs as a possi-
bly helpful approach to treat CVD after reporting that Fe; O3 NPs
demonstrate no substantial toxicity on normal cardiomyocytes.

Zheng et al. synthesized Platinum nanoparticles (PtNPs) to function
as antioxidants on microfluidic chips that simulate blood vessels.
Under hyperlipidemic, hyperglycemic, and proinflammatory condi-
tions, these nanoparticles showed superoxide dismutase (SOD)-like
activities, scavenged reactive oxygen species (ROS), and strength-
ened cell-cell junctions. They presented PtNPs as a potential antioxi-
dant carrier representing an exciting new therapeutic option for
vascular disorders, including atherosclerosis [59].

Diagnostic modalities in lipid-based nanotheranostics
Imaging techniques for atherosclerosis diagnosis

Atherosclerosis is a slowly progressing ailment in which blood cells,
fat, cholesterol, and other materials accumulate in the arteries to
create a plaque. This constriction of the arteries lowers the amount
of oxygen-rich blood that reaches the body's essential organs. Tradi-
tionally, clinical studies have concentrated on measuring the amount
of plaque-induced stenosis; however, it is now known that the
plaques that cause thrombus development might not be the ones
that are most invasive on the arterial lumen. Because statins affect
the content of the plaque without appreciably reducing its size or
stenosis, angiograms, and statin studies have shown a dissociation
between the degree of stenosis and clinical results. With potential
clinical uses, novel imaging modalities such as PET, MRI, and ultra-
sound provide insights into plaque characteristics. Other biomedical
imaging techniques include optical imaging, computed tomography,
single-photon emission computed tomography, two-photon excited
fluorescence, and photoacoustic imaging.

Magnetic resonance imaging (MRI)

MRI shows high resolution, and it has no depth limit. Also, it doesn’t
require any radiation and can generate excellent soft tissue contrast
(micrometres). High-risk morphological plaque features such as
intra-plaque hemorrhage (IPH), thin fibrous caps, and large lipid-
rich/necrotic core (LR/NC) can be identified by using MRI. High-
resolution MRI can assess the lumen while assessing the plaque
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burden and differentiating plaque components in a non-invasive and
accurate manner. Thus, it has emerged as the leading non-invasive
imaging modality of atherosclerosis disease [60].

Nandwana et al. developed a magnetic nanostructure resembling
High-Density Lipoprotein (HDL-MNS) for detecting, preventing, and
treating atherosclerosis [61]. Phospholipids and Apo A-1 are coated
with iron oxide magnetic nano-structures to mimic nature. High-
density lipoprotein-MNS has an effective MRI contrast, and these
particles show cholesterol efflux values likely to natural HDL at
4.8%.

(SLN) loaded with Ultrasmall superparamagnetic iron oxides (USPI-
Os) and the medication prostacyclin, created by Ouzmil et al. [62].
This article inhibited platelet aggregation and showed a 2.6-fold
greater MRI contrast than clinically used superparamagnetic agents.

Wu. Y. et al. created aniron oxide nanoparticle by coating cerium
oxide (FeOs3@CeO: NP) and Chit-FeOz@CeO: NP(chitosan nano-
cocktail comprising both CeO2and FeOs) for the clearance of reactive
oxygen species (ROS) in inflamed macrophages [63, 64]. Cerium
oxide is exploited as regenerative anti-ROS capability when Ce shifts
between the Tri valence and tetravalence states. Cerium oxide and
iron oxide were used as effective contrasting agents, and chitosan
was used as a carrier [65, 66].

Another study by Wu Y et al. [67] created nanocomposites employ-
ing layered double hydroxide as carriers containing CeO2 and Fe304
and found that they effectively quenched ROS while producing a
strong MRI signal. Additionally, fumagillin was created and linked to
paramagnetic perfluorocarbon nanoparticles for targeted drug ad-
ministration and improved MRI signals. According to these results,
paramagnetic perfluorocarbon nanoparticles have a lower MRI sen-
sitivity than iron oxide nanoparticles [68].

Fluorescence-based theranostic nanoparticles for atherosclero-
sis

Fluorescent chemicals are another frequently used tool for locating
and identifying atherosclerotic lesions. Inflammatory macrophages
contribute to atherosclerosis by forming plaques, enhancing the
necrosis core, and weakening the fibrous cap. As a result, medicines t
targeting inflammatory macrophages may also be a successful ap-
proach for atherosclerosis [69]. Recent research has demonstrated
the viability of treating inflammatory macrophages with near-
infrared light by activating nano-materials.

Lu and his group created photodynamic selenium nanoparticles (Se
NPs) that target inflamed macrophages by conjugating chitosan (CS)
with Rose Bengal (RB) (the photosensitizer), selenium (Se) and
glutathione (GSH), resulting in RB-CS-GDH as the primary coating
layer. The layer was then recoated with the carbonyl group from
folic acid (FA) and hyaluronic acid (HA) covalently coupled with EDA
to form HA-EDA-FA. HA and FA were ligands to bind CD44 and folate
receptor-B[FR-B] on the surface of the inflamed macrophages. Sele-
nium nanoparticles reduced inflammation by lowering the amounts
of H202 and activated macrophages by converting H202 to O2. Ac-
cording to the study, LDL-stimulated macrophages provide stronger
signals to RB than unstimulated macrophages, and these nanoparti-
cles do not affect the non-active macrophages [70].

Yi et al. loaded chlorin e6 with dextran sulfate deoxycholic acid to
develop a photosensitizer nanomaterial (DS-DOCA). Methyl thiazolyl
tetrazolium (MTT) was used to investigate the cytotoxicity of
Ce6/DS-DOCA-treated nano-material, and the results showed that
after 2 min of laser irradiation, 80% of treated macrophages died
compared to 20% of untreated macrophages [71].

By utilizing curcumin as a photosensitizer and oHA-TKL-Fc named
HASF [oligomeric hyaluronic acid-2’-[propane-2,2-diyllbls (thio)-
diacetic-acl-hydroxymethyl ferrocene] an amphiphilic carrier mate-
rial, a nanomicelle was prepared [HASF@Cur micelles] to lower ROS
in macrophages, Hou et al. created a nanogel. When administered to
atherosclerotic rat models, HASF@Cur produced fewer lesions and
greater fluorescence in macrophages. The fluorescence of curcumin
allowed for the detection of the nanoparticles. According to this
study, curcumin has potential applications as an imaging agent and
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an anti-ROS medication. The research, however, could not provide a
clear explanation of how curcumin affects macrophages [72].

Kosuge et al. (73) created a single-walled carbon nanotube (SWNT)
modified with Cy5.5 dye for performing NIR imaging and photo-
thermal ablation of inflamed cells. Studies have revealed that SWNT
can glow and photothermally destroy vascular macrophages. Ex vivo
thermal ablation tests and confocal imaging demonstrated SWNT's
capacity to induce macrophage death [73].

Marrache et al. and Sun et al. discussed two alternative quantum dot
models separately. They used triphenyl phosphonium [TPP], the Apo
A-1 mimetic 4F peptide (four phenylalanine residues), and the Q-
dot® 705 ITKTM amino PEG Q-dot core to create a synthetic HDL
nanoparticle for detecting and treating atherosclerosis [74]. Target-
ed nanoparticles in ApoE (-/-) mice produced a fluorescent signal in
the plaques that was three times stronger than non-targeted nano-
particles. To transport the hirulog peptide, Sun et al. created a
unique, trifunctional simian virus 40-based nanoparticle [75]. To
target P32 protein on macrophages, the nano-system was also filled
with NIR Q-dots and labeled with cyclic peptides. The resulting SV40
nanoparticles in Apo-E mutant mice were highly selective in their
ability to deliver hirulog to atherosclerotic plaques.

Computed tomography (CT)

In their study, Qin et al. [76] developed Au-nanorods as a basis for
inflammatory macrophage theranostics. Macrophages were ob-
served using micro-CT imaging, and higher concentrations of Au-
nanorod were found to produce more signals. Apo E knockout mice
underwent in vivo heat treatment, and when the drug was adminis-
tered intravenously, there was an improvement in CT power in the
dilated femoral arteries. This suggests that the drug has potential as
an alternative nontoxic therapy for atherosclerosis. Moreover, the
ability of gold computed tomography agents to diagnose vascular
disease was demonstrated. This suggests that the synthesized Au-
nanorods can be useful tools for diagnosing and treating arthritis,
providing new perspectives in the treatment of arthritis [77].

Near-infrared fluorescence imaging

McCarthy et al. [78] developed magnetic fluorescent nanoparticles
for atherosclerosis and inflammatory theranostics. Meso-tetra(m-
hydroxyphenyl) chlorin (THPC) and Alexa Fluor 750 were utilized to
redesign dextran-coated iron oxide nanoparticles, which were then
employed to treat inflammatory cells with near-infrared fluores-
cence phototoxically. Near-infrared imaging experiments showed
that high numbers of macrophages and foam cells could cause THPC-
based nanomaterials to congregate in particular areas. Research
suggests that atherosclerotic vascular disorders might be treated
with this therapeutic nano-material. Atherosclerosis can be treated
using hydrophilic photosensitizers based on magnetic nanoparticles
and  5-(4-carboxyphenyl)-10,15,20-triphenyl2,3-dihydroxychlorin
(TPC) through the induction of macrophage. TPC nanoparticles were
found to kill human macrophages up to 100% in in vitro studies [79].

Photoacoustic-based nanotheranostic particles

Gao et al. attached a monoclonal antibody to copper sulphur to tar-
get the transient receptor potential cation channel. CuS-TRPV1 pro-
vided a significant photoacoustic signal of the heart's vascular sys-
tem during imaging. The atherosclerotic accumulation was dramati-
cally reduced with IV injection of the nano-materials after 12 w [80].

Targeting strategies for atherosclerotic plaques
Passive targeting

Atherosclerosis is a chronic inflammatory disease that initiates with
endothelial cell (EC) activation [81]. Chemical, immunological, and
mechanical interactions in the artery wall trigger this activation,
causing an increase in the expansion of molecules such as VCAM-1,
ICAM-1, E-selectin, and P-selectin [82]. These adhesion molecules
are essential for the differentiation of intimal macrophages and the
adherence of monocytes. The functionalized ECs and the heightened
presence of adhesion molecules enable the passive penetration of
nanoparticles selectively into ECs. The crucial physiological change
facilitating the accumulation of passively targeted NPs is increased
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vascular permeability in the inflamed area. Under normal circum-
stances, endothelial cells act as barriers with tight junctions, main-
taining the body's balance. The EPR effect, resulting from the change
in endothelial cell phenotype, leads to an increased passive accumu-
lation of large-molecular-weight macromolecules and nanoparticles
(NPs) [83]. Recent studies have demonstrated that cyclodextrin NPs
exhibit a buildup in atherosclerotic plaques compared to non-
targeting cyclodextrin molecules [83]. However, this effect has not
been extensively explored in various vascular disorders. The cy-
clodextrin polymer-based NPs, with a diameter of approximately 10
nm, have the advantage of prolonged circulation time and bypass the
renal clearance system, enabling them to aggregate at the site of
atherosclerotic plaques.

On the other hand, the bloodstream rapidly clears cyclodextrin.
These findings suggest that nanoparticle formulations could effec-
tively target the lesion area through a passive targeting strategy,
leveraging phenotypic changes in leaky junctions caused by activat-
ed endothelial cells and the prolonged circulation period of the NPs.
Targets and contrast agents for molecular imaging of atherosclerosis
are shown in table 2.

Active targeting

The buildup of inflammatory, lipid-rich plaques and cholesterol
particles within the arterial walls is known as atherosclerosis, the
main cause of cardiovascular disease. Like the enhanced permeabil-
ity and retention (EPR) effect, these plaques cause inflammation in
the endothelial cells, which increases their susceptibility to leakage.
As a result, nanoparticles (NPs) have great potential for detecting
atherosclerosis and passive medication administration [85]. Based
on the vessel wall permeability, NPs have already shown their po-
tential to target atherosclerotic plaques passively; however, active
targeting is projected to be even more successful at penetrating the
plaque and capturing target cells [86].

Various ligands, such asVCAM-1, monocyte chemoattractant protein-
1 (MCP-1), interleukin-10 (IL-10), and E-selectin, have been em-
ployed in active targeting strategies to combat atherosclerosis. The
main objective is to increase the drugs' delivery and retention time
and reduce inflammation and plaque size. The use of active-targeted
nanoparticles (NPs) has shown promising results with higher accu-
mulation rates within the plaques and considerably extended reten-
tion time, suggesting the potential for improved therapeutic efficacy
[87-91].

Inflamed cells within the plaques have been actively targeted using
hyaluronic acid (HA) nanoparticles. HA plays a crucial role in the
inflammatory process by facilitating interactions with immune cells
[92]. Nano formulated HA can also be a therapeutic agent, showing
promising anti-inflammatory effects [93]. Therefore, HA plays a
pivotal role in achieving the necessary NP size to enable passive
accumulation, actively target specific cells through interactions, and
act as a therapeutic agent with athero protective properties.

An immunoglobulin superfamily glycoprotein, VCAM-1, is expressed
on activated endothelial cells, macrophages, and smooth muscle cells
(SMCs) [94]. Atherosclerotic plaques and inflammation are both
impacted by it. The VHPK peptide (VHPKQHR) has been mostly used
for targeting and imaging atherosclerosis lesions because of its affin-
ity and high specificity to VCAM-1 on the endothelium in the plaque
[95].

Kheirolomoom et al. created lipid nanoparticles incorporating a
VCAM-1 targeted peptide to target the atherosclerosis plaque on ECs
[96]. Using MRI, VHPKQHR peptide-compromised NPs have been
utilized to diagnose atherosclerosis non-invasively. The results indi-
cated that targeting the atherosclerotic plaque with VHPKQHR pep-
tide conjugation may be an excellent strategy, and VHPK-conjugated
Poly (B-amino ester) nanoparticles were utilized to deliver anti-miR-
712 to inflamed endothelial cells, resulting in the downregulation of
plaque development. Nanoparticles showed an increased therapeu-
tic effect in the mouse model where the atherosclerotic plaque was
developed. The conjugation of VCAM-1-targeting peptide was inves-
tigated and proved a promising and efficient strategy against in-
flamed ECs.
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Another active targeting technique is using biomimetic particles to
target atherosclerotic plaque. Rapamycin-loaded NPs [97] with leu-
kosomes with a leukocyte surface membrane were employed to
lessen vascular inflammation. Following rapamycin-loaded with the
leukosomenanoparticle injection, there was a reduction in the num-
ber of proliferating macrophages in the aorta as well as the levels of
MCP-1, IL-1b, and MMP (matrix metalloproteinases) activity. To
generate the magnetic nanoclusters, leukocyte membrane fragments
were utilized, which were then loaded with the anti-inflammatory
medication simvastatin [98]. This study demonstrated the ability of
biomimetic NPs to target atherosclerosis. These nanoparticles
demonstrated an effective anti-atherosclerotic effect by reducing the
amount of inflammation and oxidative stress and encouraging cho-
lesterol efflux.

To create a direct interface between the nanoparticles and activated
endothelial cells, additional biomimetic liposomes were created
utilizing a platelet membrane (platelet-mimetic hybrid liposomes)
[99]. To cling to activated endothelial cells, platelets play a crucial
role in the onset of atherosclerosis. These findings suggested that
platelet membrane fragments and leukocytes can be an effective
targeting method against activated endothelial cells. Platelet-
mimetic hybrid liposomes significantly increased plaque accumula-
tion and plaque penetration.

As previously reported, the cyclic oligosaccharide 2-hydroxypropyl-
cyclodextrin produces higher cholesterol crystal solubility, reducing
atherosclerosis and making cyclodextrin-based NPs a viable targeting
molecule for targeted CVD treatment. Because of the hydrophobic
cavity, Cyclodextrin was employed as a hydrophobic drug carrier to
reduce plaque size and facilitate regression. Simvastatin, a common
cholesterol-lowering medication that lowers the risk of CVDs, was
placed into the hydrophobic cavity of the cyclodextrin. Cargo-
switching after the lipid coating and homogenizing to prepare nano-
particles. At the site of the atherosclerotic plaque, they demonstrated
the ability to swap their cargo, and this boosted the therapeutic effica-
cy at the plaque site because of its selective statin release mechanism.
These findings suggested that cyclodextrin could be employed as a
potential atherosclerotic plaque-targeting substance [100, 101].

Therapeutic modalities in lipid-based nanotheranostics
Anti-inflammatory agents

Many anti-inflammatory drugs have been developed to inhibit
plaque inflammation because macrophage accumulation appears to
be a key event contributing to the buildup of atherosclerotic plaques
within the arterial vessel walls. One of the drug classes is cortico-
steroids, and apart from their poor pharmacokinetic profile, they can
trigger rapid anti-inflammatory responses. Lobatto et al. incorpo-
rated glucocorticoids into long-circulating PEG-liposomes to en-
hance their circulation half-life and enable them to extravasate from
the circulation and accumulate in the atherosclerotic lesions. Their
results showed efficient delivery of these liposomes, with evident
therapeutic efficacy evaluated by FDG-PET/CT within two days,
lasting up to two weeks [102].

Anti-angiogenic agents

Winter et al. developed multifunctional perfluorocarbon NPs to
target the neovascular vasa vasorum of the plaque using a pep-
tidomimetic vitronectin antagonist, and these NPs contain gadolini-
um, which helps for MRI imaging and the anti-angiogenic drug ‘fum-
agillin.” The results showed that paramagnetic NPs loaded with anti-
angiogenic factors can inhibit plaque angiogenesis and reduce size.
At the same time, molecular imaging can be used as a non-invasive
interpretation of therapeutic efficacy [103].

Statins and lipid-lowering agents

In clinical practice, to assess statin treatment in dyslipidemic people
with high risk, in addition to the dose-dependent effects of atorvas-
tatin on carotid plaques, USPIO has been used. The continuation of
high-dose statin treatment for 12 w reduced USPIO uptake in carotid
plaques, while low-dose treatment had no potential effect. Tang et al.
observation is one of the first clinical examples of nanoparticle-
assisted noninvasive imaging for pharmacological therapy evalua-
tion in patients with atherosclerosis [104].
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Thrombolytic drugs

A recombinant tissue plasminogen activator (rtPA) was covalently
conjugated to polyacrylic acid-coated nanoparticles (NPs) by MA et
al. to study the utilization of iron oxide NPs for magnetically targeted
administration of thrombolytic medicines. This tactic runs the dan-
ger of causing the primary adverse impact of a rtPA, intracerebral
hemorrhage, because rtPA selective delivery is not present. The
thrombolytic conjugate demonstrated a five-fold higher efficacy than
free rtPA in the in vivo investigation employing a rat hind limb is-
chemia model [105].

CONCLUSION

The review highlights passive and active targeting mechanisms and
microtargeting tactics in these nanotheranostics. Increasing medica-
tion distribution to lymph nodes, enhancing therapeutic efficacy, and
decreasing off-target effects are the primary objectives of these ap-
proaches. There has been an evolution in the treatment of atheroscle-
rosis due to the therapeutic alternatives available in lipid-based nan-
otheranostics, which include antioxidants, lipid-lowering medicines,
antioxidants, and complex gene treatments. This is a comprehensive
strategy that can both prevent the disease from developing and reduce
its existing impact. It is the physical manifestation of possibility.

ABBREVIATIONS

ROS Reactive oxygen species

RNS Reactive nitrogen species

SLNs Solid lipid nanoparticles,

NLCs Nanostructured lipid carriers

LMWH Low molecular weight heparin

DVT Deep vein thrombosis

PE Pulmonary embolism

PLGA Poly (lactic-co-glycolic acid)

TPGS D-tocopheryl polyethylene glycol 1000 succinate

PVA Polyvinyl alcohol

COS Chitosan oligosaccharides

CNC Cellulose nanocrystals

CNF Cellulose Nanofibrils

NFC Nano Fibrillated Cellulose

BCN Bacterial Cellulose Nanocomposites

SSA Specific surface area

PLLA Poly (L-lactic acid)

CAB Cellulose acetate-butyrate

SNAP S-nitroso-N-acetyl-D-penicillamine

USPIO Ultra-small superparamagnetic iron oxide

PAI-1 Plasminogen activator inhibitor 1

PT Prothrombin time

PTT Partial thromboplastin time

EDA Ethylenediamine

rtPA Recombinant Tissue Plasminogen Activator

HA Hyaluronic Acid

EPR Enhanced Permeability And Retention

SWCN Single-Walled Carbon Nanotube

CT Computed Tomography

HDL-MNS Magnetic nanostructure resembling High-Density
Lipoprotein

CVD Cardiovascular Disease

CETP NPs Cholesteol Esterase Transfer Protein Nanoparticles
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