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of growth factors or other molecules that may reduce intimal
hyperplasia and thrombosis [reviewed in detail in (Yin et al.,
2014) and (Adeel and Sharif, 2016)].

As a wider range of stent materials and therapeutics become
available with different dosage kinetics, stent selection may be
tailored to an individual patient’s needs, in order to deliver the
most beneficial dosage of a specific therapeutic(s) to the diseased
location for a precise duration.

NANOPARTICLE-MEDIATED DRUG
DELIVERY FOR RESTENOSIS
PREVENTION

For minor atherosclerotic lesions, targeted drug delivery via
nanoparticles may be a less invasive option than stents or vascular
grafts. Nanoparticles have been used clinically for targeted drug
delivery to cancerous tumors [reviewed in (Brannon-Peppas and
Blanchette, 2012)]. For atherosclerosis, many nanoparticles are
in clinical trials to aid in imaging and diagnosing lesions. These
specialized nanoparticles may be visible with imaging techniques
such as MRI, and others may deliver contrast agents directly to
the diseased site [reviewed in (Palekar et al., 2015)]. Here, we will
focus on nanoparticles that are in development for the delivery
of therapeutics to heal atherosclerotic lesions or prevent their
progression.

Nanoparticle Design
The success of any nanoparticle-mediated treatment is
determined by the nanoparticles’ ability to reach their target,
typically following intravenous injection, and to provide the
optimal dose of drug over a sustained period. These qualities are
determined by the nanoparticle size (Walkey et al., 2012; Tan
et al., 2013), surface properties (Walkey et al., 2012), particle
geometry (Tan et al., 2013), shear stress and flow rate in the

blood vessel (Klingberg et al., 2015), and drug release kinetics
(Panyam and Labhasetwar, 2004). Many different materials have
been used for fabricating drug-eluting nanoparticles, including
synthetic polymers [reviewed in (Wang et al., 2016)], lipoproteins
[reviewed in (Damiano et al., 2013; Harisa and Alanazi, 2014)],
lipids (Shiozaki et al., 2016), and metals (Weakley et al., 2011).
Different materials and design criteria may be needed depending
on the type of drug to be released, and the intended target of the
nanoparticle.

In addition to material considerations, the nanoparticle
targeting mechanism must be considered (Figure 3). After
injection, nanoparticles face several barriers to reaching their
target. They may be uptaken by macrophages, distribution
may be limited by blood flow, pressure gradients, or cellular
internalization [reviewed in (Blanco et al., 2015)]. Thus,
developing an effective targeting mechanism may increase
nanoparticles’ ability to reach their intended target. Direct
application via balloon angioplasty can be used, although
intravenous injection is more common. Nanoparticles may
naturally accumulate in atherosclerotic lesions, due to increased
endothelial permeability at the diseased site, a process known as
passive targeting (Duivenvoorden et al., 2014). This is the most
common approach for nanoparticles targeting atherosclerotic
lesions. Measuring the exact percent targeting efficiency of
nanoparticles in vivo is challenging, as nanoparticles rapidly
distribute throughout the body. Still, it is often possible to use
labeled nanoparticles to measure relative concentration in select
organs. For example, van der Valk et al. (2015) reported that
75% of plaque macrophages contained nanoparticles after IV
injection with passive targeting. Still, it is unknown what fraction
of injected nanoparticles remain in the body. Some materials
can alternatively be taken up by macrophages or monocytes in
the bloodstream, which may then accumulate in atherosclerotic
plaque (Katsuki et al., 2014). Others may be magnetically guided
to the diseased site (Chorny et al., 2009). Alternatively, active

FIGURE 3 | Mechanisms of nanoparticle delivery. Nanoparticles can be delivered directly to the lesion site by balloon angioplasty (A), they can be targeted using
conjugated antibodies that target specific surface markers on the lesion (B), or they can passively diffuse into the lesion due to increased endothelial permeability (C).
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targeting may be used, where nanoparticles are conjugated with
antibodies targeting specific proteins that are overexpressed at
sites of vascular injury, such as collagen IV (Fredman et al., 2015),
E-selectin (Ma et al., 2016), vascular cell adhesion molecule 1
(VCAM-1) (Nahrendorf et al., 2006), CD36 (Nie et al., 2015),
and αvβ3 integrin (Winter et al., 2008). These active targeting
systems may improve nanoparticles ability to reach their target.
For example, the collagen IV targeting system described in
Fredman et al. (2015) compared nanoparticle accumulation in
the liver, spleen, and aorta, and found that 70% of measured
particles were in the aorta. In addition, nanoparticles activated by
elevated shear stresses have been developed. Regions of luminal
narrowing caused by atherosclerosis, restenosis, or thrombosis
experience elevated levels of shear. Thus, nanoparticles that
release therapeutics when exposed to high shear stresses may
be effective for targeting atherosclerotic lesions or intimal
hyperplasia (Korin et al., 2012). Nanoparticle design is further
reviewed in Blanco et al. (2015).

Therapeutics for Nanoparticle-Mediated
Delivery
Since atherosclerosis is a very complex disease, combinations
of drugs or growth factors may be required for effective
treatment. Therapeutics targeting inflammatory cells, SMC
proliferation, thrombosis, and dysfunctional endothelial cells
have all shown promise in pre-clinical or clinical studies. HMG
Co-A reductase inhibitors (known as statins) are widely used for
systemic prevention of atherosclerosis, due to their pleiotropic
effects on cholesterol levels, SMC proliferation, inhibition of
inflammation, and promotion of endothelial health (Liao, 2005).
Statins have also been shown to stabilize and reverse advanced
atherosclerotic plaques in animals, but only at high doses
that are not approved for humans (Bea et al., 2002; Johnson
et al., 2005). Thus, the targeted delivery of higher doses via
nanoparticles may be able to reverse lesion progression without
the harmful effects of systemic delivery (Winter et al., 2008;
Zago et al., 2013; Duivenvoorden et al., 2014; Katsuki et al.,
2014; Alaarg et al., 2017). A recent study compared the effects
of simvastatin delivery via intravenously injected nanoparticles
fabricated from Polyethylene glycol (PEG)-ylated polymeric
micelles, high-density lipoproteins (HDL), and PEGylated
lysosomes on advanced atherosclerotic lesions, with the goal
of decreasing inflammation by reducing macrophage burden
(Alaarg et al., 2017). They found that PEGylated polymeric
micelles yielded greater reductions in macrophage burden in
advanced atherosclerotic plaques. This may be due to their slower
release of simvastatin and better ability to target macrophages
than the other nanoparticle types. This highlights the importance
of optimizing nanoparticle design and release kinetics for
maximum drug effectiveness.

Other molecules that target inflammation have also shown
promise in pre-clinical studies, including interleukin 10 (IL-10)
(Kamaly et al., 2016), steroids (Lobatto et al., 2015), and the
proresolving peptide Ac2-26, a protein that mimics the effects of
annexin 1 (Fredman et al., 2015). van der Valk et al. (2015) tested
IV injected, passive targeting, prednisolone-loaded liposomal
nanoparticles in a clinical study. While the nanoparticles had

shown promise in previous rabbit models (Lobatto et al.,
2015), they did not reduce inflammation in human lesions
(van der Valk et al., 2015). This may be due to the short-term
(10 days) nature of the study. The authors were also unable
to verify that the nanoparticles were accumulating in lesions.
In the future, nanoparticles that can be imaged may enable
lesions to be both visualized and treated at the same time, and
alleviate uncertainty over whether they are reaching their target.
Additionally, the lack of observed benefit in clinical studies may
be due to differences in atherosclerotic plaque formation in
animals compared to humans. Rabbits, like many small animals,
will not form plaque without a high-cholesterol diet. This results
in much higher cholesterol levels than are typically seen in
humans, and lesions that are more fatty and inflammatory that
human atherosclerotic plaques (Cullen et al., 2003; Yanni, 2004).
Mice are also commonly used, but require genetic manipulation
in addition to diet changes to develop plaque lesions (Calara
et al., 2001). Because small animals have similarly sized cells to
humans but much smaller blood vessels, there are fewer cells
involved in vessel function and plaque formation, which may
affect disease progression. These animals also have considerable
genetic homogeneity compared to humans, making it challenging
to replicate the large patient-to-patient variability typically seen
in humans (Cullen et al., 2003).

Chemotherapeutic agents have been studied as potential
atherosclerosis treatments due to their potent anti-proliferative
effects. Intravenously injected lipid nanoparticles loaded with the
drug carmustine successfully decreased lesion area by reducing
SMC proliferation, secretion of inflammatory factors, and
macrophage burden in rabbits (Daminelli et al., 2016). Shiozaki
et al. (2016) recently published a pilot clinical study where
cholesterol-rich non-protein nano-emulsion (LDE) particles,
which resemble low-density lipoproteins, were loaded with
paclitaxel oleate. When delivered systemically via intravenous
injection, the nanoparticles were able to reduce total plaque in
patients, though the difference was not significant (Shiozaki et al.,
2016).

Due of the complexity of atherosclerosis, the release
of multiple factors with different targets may provide a
greater benefit than one factor alone. Zhu et al. (2017)
designed bilayered poly(lactide-co-glycolide)/poly(vinyl alcohol)
(PLGA/PVA) nanoparticles loaded with VEGF-encoding plasmid
DNA and paclitaxel. Plasmid DNA encoding genes for growth
factors and other proteins can enable upregulated production
of a particular molecule without additional stimuli. This system
is designed to first increase VEGF production and heal the
endothelial layer, and then inhibit SMC proliferation. Results
were promising in a rabbit model, where histological analysis
showed endothelialization and decreased stenosis after 28 days
in animals treated with the bilayered nanoparticles, delivered via
angioplasty balloon (Zhu et al., 2017). Using plasmids to induce
growth factor production in cells may also help address concerns
over growth factor stability and reduce the risk of potentially
toxic growth factor burst releases. SiRNA and microRNA are also
potential therapeutics for treating atherosclerosis. Ma et al. (2016)
utilized intravenously injected polymer nanoparticles to deliver
microRNA to enhance endothelial function and reduce lesion
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