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Coronary artery disease (CAD) has been reported to be a major cause of death
worldwide. Current treatment methods include atherectomy, coronary angioplasty (as
a percutaneous coronary intervention), and coronary artery bypass. Among them, the
insertion of stents into the coronary artery is one of the commonly used methods for
CAD, although the formation of in-stent restenosis (ISR) is a major drawback, demand-
ing improvement in stent technology. Stents can be improved using the delivery of DNA,
siRNA, and miRNA rather than anti-inflammatory/anti-thrombotic drugs. In partic-
ular, genes that could interfere with the development of plaque around infected regions
are conjugated on the stent surface to inhibit neointimal formation. Despite their poten-
tial benefits, it is necessary to explore the various properties of gene-eluting stents.
Furthermore, multifunctional electronic stents that can be used as a biosensor and de-
liver drug- or gene-based on physiological condition will be a very promising way to the
successful treatment of ISR. In this review, we have discussed the molecular mecha-
nism of restenosis, the use of drug- and gene-eluting stents, and the possible roles that
these stents have in the prevention and treatment of coronary restenosis. Further, we
have explained how multifunctional electronic stents could be used as a biosensor and
deliver drugs based on physiological conditions

Corresponding Author:
In—Kyu Park
Department of Biomedical Sciences,
Chonnam National University Medical
School, 160 Baekseo—ro, Gwangju
61469, Korea
Tel: +82-61-379-8481
Fax: +82-61-379-8455
E-mail: pik96@chonnam.ac.kr

Key Words: Biosensing Techniques; Coronary Artery Disease; Coronary Restenosis;
DNA; Drug-Eluting Stents

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial
License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Coronary artery disease (CAD) is one of the leading caus-
es of death worldwide." According to the WHO, 17.5 million
people died because of CAD in 2008.2 The major cause for
CAD is atherosclerosis; focal manifestations that hinder
blood flow because of lesions in critical areas of the vas-
culature. Some clinical procedures to treat atherosclerosis
include percutaneous transluminal coronary angioplasty
(PTCA), coronary artery bypass graft (CABG), and stenting.?

In 1964, Dotter and Judkins were the first to attempt an-
gioplasty by implanting first percutaneous coilspring graft
in a dog’s femoral artery.* Later, Andreas Gruntzing devel-
oped a polyvinyl chloride balloon fitted, double-lumen
catheter in 1975 and performed the first angioplasty on hu-
man in 1977. Since then there have been many advance-
ments in percutaneous coronary intervention (PCI), as an
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efficient and frequently performed invasive procedure de-
spite restenosis.” In the 1980s, an invasive method involv-
ing balloon angioplasty was superseded by the develop-
ment of coronary stents.® Coronary stenting along with ag-
gressive antithrombotic and antiplatelet therapies be-
came the most significant treatments, with improved an-
giographic and clinical outcomes.’ Different types of stents
were developed for coronary interventions, such as bare
metal stents (BMS) , drug-eluting stents (DES) with met-
als, DES with biodegradable polymers, DES without a pol-
ymer coating, bifurcation stents, and self-expanding
stents.” During stent implantation, the target vessel is of-
ten injured, and the endothelial cells are denudated.®
Although stenting has become popular and accepted as a
safer strategy because it is less invasive than that of other
angioplasty procedures, postprocedural in-stent reste-
nosis (ISR) remains a drawback.” Implantation of coronary
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stents reduces the rate of restenosis due to balloon angio-
plasty from ~30-60% to 16-44% by the advent of BMS and
then development of DES further reduces it by up to <15%
depending on the lesion.'”” BMS has also been associated
with undesirable effects such as inflammation, thrombo-
genesis, and hyper-proliferation of vascular smooth mus-
cle cells, resulting in ISR.” Even though the occurrence of
ISR has not been completely inhibited by the drugs, the pos-
sibility of ISR is lessened by the development of DES." The
negative clinical outcomes of all treatment procedures ne-
cessitate the urgent need for the development of an alter-
nate procedure for coronary restenosis. As intramuscular
gene delivery is regarded as a reliable approach to treat cor-
onary diseases," the occurrence of ISR could be controlled
by delivering nucleic acids that could down regulate the
proliferation of endothelial cells. In this review, we will dis-
cuss the mechanisms of coronary restenosis and ISR. We
have mainly concentrated on gene-eluting stents which
minimizes the occurrence of ISR with a brief introduction
on DES. Furthermore, we have explained recent multi-
functional electronic stents that could be used as bio-
sensors and drug delivery methods based on physiological
conditions.

MECHANISM OF RESTENOSIS AND ISR

Arterial restenosis has been a major drawback of coro-
nary angioplasty for the past two decades and is a multi-
factorial healing response because of injury caused during
transluminal coronary revascularization that involves
several mechanisms.'? The occurrence of restenosis and
ISR due to angioplasty or stenting follows a similar process
which includes Elastic recoil, Thrombus organization,
Remodeling and Resolution of inflammation.'® Over stret-
ching is caused within an hour after balloon deflation/
stenting, elastic recoil is the phenomenon occurring due to
overstretching of lumen at stent implanted area, which
causes a loss of luminal area of about 4%. However, com-
pared to angioplasty, stenting has reduced elastic recoil
significantly. One of the major factors responsible for ISR
is neointimal formation which occurs three months after
the procedure."* Fibrin and platelet association with neo-
intimal accumulation and neovascularization at the site of
ISR signifies the role of thrombus formation in ISR
promotion. Thrombus organization is caused due to dam-
age/tearing in the endothelial layer which results in medial
dissection induction and exposure to intimal components
such as collagen, fibronectin, etc, leading to deposition and
aggregation of platelets.'” Neointimal formation increases
with little change for the first six months and reduces grad-
ually from the sixth month to three years. Though cell pro-
liferation is considered to be a chronic factor for neointimal
formation, it does not correlate with medial disruption or
with other factors such as the movement of the primary
plaque. Remodeling results in lumen loss of about 40% at
the restenosis lesions."
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PATHOPHYSIOLOGY OF RESTENOSIS AND ISR

Healthy blood vessels consist of three primary layers
such as the tunica intima, tunica media, and tunica
adventitia. The tunica intima is the innermost layer that
is in contact with blood flowing through the artery. The
middle layer or tunica media is composed primarily of
SMC. The tunica adventitia is the outermost layer compris-
ing collagen, and this layer is responsible for the structure
and elasticity of blood vessels."” Removal of an athero-
sclerotic plaque results in platelet activation, adhesion,
and aggregation. Activated platelets then release various
cytokines, growth factors, and chemokines, thereby trig-
gering SMC proliferation, leukocyte recruitment, and co-
agulation cascade activation. SMCs dedifferentiate be-
cause of a phenotypic modification, migrate into the in-
tima, and later form the neointima.' The process of reste-
nosis is similar to that of a wound healing as T cells and
a few B cells are also involved in restenosis.

Although the occurrence of restenosis is highly mini-
mized by stents, the risk of ISR remains a threat, while con-
sidering long-term success.'”” Unlike restenosis, ISR is
mainly caused by neointimal formation alone." The occur-
rence of ISR could be foretold by the characteristics of the
vessels and lesions, such as size, location, calcification, oc-
clusion, and tortuosity.”” Based on the length of restenosis
with respect to stent length, ISR has been relegated into
four types. They have been defined as follows: [1] focal ISR
<10 mm, [2] diffuse (ISR >10 mm; remains within the
stent),”! [3] proliferative (ISR >10 mm; lesion extends out-
side the stent), and [4] occlusive. ISR with greater severity
is categorized as an aggressive ISR.” There are a few varia-
bles that are known to increase the risk of ISR, such as dia-
betes, previous restenosis history, and certain genetic
factors.” Patients who have a positive allergic patch-test
reaction to the stent components are also prone to ISR.**

The growth factors and cytokines involved in the reste-
nosis process are important for the treatment of restenosis.
Smooth muscle cell proliferation involves the action of fi-
broblast growth factor (FGF-2), platelet-derived growth
factor (PDGF) A & B, transforming growth factor p (TGF-p),
and insulin like growth factor-1 (IGF-1) that are produced
by the smooth muscle cells themselves.” In addition, vas-
cular endothelial growth factor (VEGF); monocyte chemo-
attractant protein-1 (MCP-1); interleukin (I1)-1, 6, and 8;
adenosine diphosphate; thrombin; serotonin; and throm-
boxane A2 are also involved in endothelialization and other
processes involved in restenosis.”> The B-integrin mole-
cule, Mac-1 (CD11b/CD18) , which is responsible for the re-
cruitment of monocytes, also plays a role in restenosis,?
and several studies have shown that ISR could be con-
trolled by regulating growth factors.”’

Recent research has shown a higher expression of a large
number of well-known genes in ISR tissue at the time of
re-vascularization in patients with ISR.*® These genes
could be targeted for the suppression of neointimal for-
mation using gene-based methodology, thereby reducing
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the risk of ISR.”” Gene therapy for ISR is comparatively
more effective than drug therapy.

STENT COATING

Drug- and gene-eluting stents require a foundation on
the stent’s surface to incorporate the therapeutic moiety.
Mostly natural and synthetic polymers have been used as
reservoirs for the delivery of drugs/genes. However, the
choice of polymer coating completely depends on the bio-
compatibility, sterility, and immunogenicity of the
polymers.* Polymers used for stent coating can be catego-
rized as either biodegradable or non-biodegradable poly-
mers, as shown in Table 1. As for biodegradable stents, they
are designed to provide temporary structural support for
the vessel wall, and they are completely biodegradable.
They are usually composed of biodegradable polymers such
as polycarbonate and PLA, which can be metabolized in 12
to 18 months. The characteristics of the representative bio-
degradable polymers used for stent coating are discussed
in more detail in the following section.

HYALURONIC ACID (HA)

HA is a highly cyto-compatible and cellular matrix-com-
patible polymer. Hyaluronidase can degrade HA efficiently,
and the degraded product could induce the production of
ECM and formation of blood capillaries.” The proliferation
and migration of endothelial cells could be enhanced by HA,
whereas the proliferation of SMCs was knocked down
through the delivery of Akt siRNA using HA nanoparticles.*

PLGA

PLGA is an FDA-approved biodegradable polymer that
has been used in the medical sciences field. PLGA has the

TABLE 1. Lists of polymers used for stent coating®

capability of releasing hydrophobic drugs and genes at a
controlled rate.® It has been reported that DNA could form
a complex with PLGA nanoparticles that could be efficiently
transfected, and it was expressed only in the stent-coated
region, not in an adjacent stent region or a distal organ.*

PLLA

PLLA is the most studied polymer that degrades over
time. Its biodegradability helps to override poor biocom-
patibility and inflammatory response. PLLA was used as
a coating in biolimus A9-, paclitaxel-, or sirolimus-eluting
stents. It was reported to be effective and safe in both
short-term and mid-term treatments.”" The Igaki-Tamai
stent was made of a PLLA nanofilament with a zigzag heli-
cal design.® The PLLA stent is biodegradable, and its de-
graded products are safe, whereas long-term follow-up is
required to validate its efficacy.

POLYZENE-F

Polyzene-F is a biocompatible polymer that has anti-in-
flammatory, pro-healing, and bacterial resistance properties.
Coating the stent with Polyzene-F reduced the risk of
thrombosis by ensuring low surface thrombogenecity.”
Studies on Polyzene-F coated stents have so far demon-
strated favorable efficacy and safety.*®

DRUG ELUTING STENTS (DES)

A DES treats restenosis and ISR by delivering anti-in-
flammatory, anti-proliferative, anti-thrombogenic, and
immunosuppressant drugs, as well as certain inhibitors to
the site of injury. Drugs delivered using these methods inter-
fere with more than one pathway in the restenosis me-
chanism. Drugs that are used in DES are listed in Table 2.

Polymers

Stents coated

Biodegradable polymers
Poly lactic acid (PLA)
Poly vinyl pyrrolidone (PVP)
Poly lactic-co-glycolic acid (PLGA)
Poly lactic acid-co-caprolactone (PLC)
Poly (L-lactic acid) (PLLA)
Non-biodegradable polymers
Phosphorylcholine (PC)
C10 7 C19 PVP
Parylene C
Poly (ethylene-co-vinyl acetate) (PEVA)
Poly (n-butyl methacrylate) (PBMA)
Poly (styrene-b-isobutylene-b-styrene)

Poly (vinylidene fluoride-co- hexafluoropropylene) (PVDF-HFP)

Supralimus 181 and Infinium 181 stents
Excel stent

Endeavor stents
BioLinx polymer systems

CYPHER™ stent
TAXUS® stent
Xience V® stent
PROMUS

Xience V® stent
Abbott vascular
PROMUS™ element
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TABLE 2. Drugs used for treating restenosis and ISR
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Drugs

Mechanism of action

. . . . . . 37 . . . .
Cytarabine, doxorubicin, vincristine,”’ dalteparin sodium, cyclosporine A, colchines,

. 38 . . 39 . 40 « 141
etoposide,™ sirolimus,” paclitaxel™ and ceramid

Cilostazol, eptifibatide, tirofiba?

Clodronate, pamidronate, alendronate and ISA-13-1*

Tyrphostin (AG-1295 and AGL-2034)
Estrogens,* troglitazone,® tranilast,* valsartan,*” statins,® heparin, hirudin*® and

Fab fragment inhibitor abciximab

Inhibition SMC growth

Antiplatelet agent
Anti-inflammatory agent
PDGF receptor specific drugs
Non specific drugs

TABLE 3. First, second and third generation DES based on the drug loaded®

Stent

Stent material

Drug loaded

Sirolimus eluting stents SES
Cypher (RAVEL, SIRIUS,
SAPPHIRE)

Yukon choice PC (ISAR-TEST 3,
ISAR-TEST 4)
Orsiro stents (ORIENT)

Paclitaxel eluting stent PES
Taxus (ELUTES, TAXUS II,
ASPECT)
Ton (PERSEUS)

JACTAX (JACTAX trail DES)

Everolimus eluting stent
Promus (SPIRIT I and II)

PROMUS element plus
(DUTCH PEERS)
Synergy (EVOLVE, EVOLVE II)

Xience V (SPIRIT III, V and
EXCELLENT)

Absorb BVS (ABSORB Cohort A,
ABSORB Cohort B, ABSORB II,
ABSORB Extend)

Zotarolimus eluting stent ZES

Endeavor (ENDEAVOR I and II)

Resolute (TWENTE RESOLUTE
ALL-Comers RESOLUTE
International)

Resolute Integrity (DUTCH PEERS)

Biolimus A9 eluting stent

Nobori (NOBORI I, NOBORI-JAPAN,

NEXT, COMPARE II)
Biomatrix (LEADERS)

316 L stainless steel bx velocity
stent

Microporous, 316 L stainless steel
stent
Cobalt-chromium stent

316L stainless steel Express 2 stent

316L stainless steel
platinum-chromium alloy
316L stainless steel Liberte stent

L605 cobalt-chromium alloy ML
vision stent

Platinum Chromium alloy stent
Thin platinum-Chromium
L605 cobalt-chromium ML

vision stent
Semicrystalline poly-L-lactic acid

Cobalt-chromium driver stent

Cobalt chromium stent, open-cell
design in a continuous,
sinusoidal-helical pattern

Cobalt chromium stent helically
wrapped and laser fused wire stent

Stainless steel stent

Stainless steel stent

3-layer coating

1. Parylene C base-2 pym

2. Polyethylene vinyl acetate-10 um

3. Poly(n-butyl methacrylate) with sirolimus-6 um

5 um thick coating of Abluminal coating with
poly(lactic acid), shellac and sirolimus

60 pm and 80 pm thick struts coated with
amorphous silicon carbomide coating
and poly-L-lactide with sirolimus.

16 um thick coating of styrene isoprene
butadiene copolymer and paclitaxel
Triblock copolymer containing paclitaxel

Albuminal surface premounted stent coated
with bioabsorbable D-lactic poly(lactic acid)
and paclitaxel.

Coated with poly(n-butyl methacrylate);
poly (vinylidene fluoride-co-hexa
fluoropropylene) and Everolimus

7 um thick Fluoropolymer coating with
everolimus

On the abluminal stent surface bioabsorbable
PLGA is applied with Everolimus

Multilayer of 7.6 um fluoropolymer and
everolimus coating

Poly(d-lactic acid) polymer coating with
everolimus

4.3 um phosphorylcholine coating with 1 um
zotarolimus base coat

6 um thick Biolinux polymer system with
zotarolimus

6 um thick Biolinux polymer system with
zotarolimus

Bioabsorbable poly(lactic acid) coating of
20 pm thickness and biolimus A9

Bioabsorbable PLA polymer applied over
the abluminal surface of stent
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Based on advancements in stent coating and enhancement
in drug elution profile DES, they were categorized as first,
second and third generation DES. The brief summary of
three generations of DES is given in Table 3.

Advancement in the field of nanotechnology created a
new road for the improvement of DES as a controlled drug
delivery system. Today, a DES is fabricated with a polymer
coating that serves as a reservoir for therapeutic agents,
and drugs are delivered using nanoformulations. The two
strategies using nanoparticle DES involve an anti-reste-
nosis strategy and a pro-healing strategy. The former strat-
egy involves the inhibition of SMC proliferation by deliver-
ing anti-proliferative agents or anti-inflammatory agents
to enable the inhibition of the formation of neointimal
lesions. The latter strategy facilitates the re-endotheliali-
zation of Imatinib scaffolding that mimics the extracellular
matrix environment.>

NANOPARTICLE DES

The therapeutic drugs that are delivered using nano-
particles as a carrier for treating restenosis and ISR are dis-
cussed in this section.

PDGF RECEPTOR INHIBITORS

PDGF receptors have a crucial role in the proliferation
of endothelial cells and inhibition of these receptors could
prevent restenosis. In 1996, Banai et al.”” designed AG-
1295-impregnated PLA nanoparticles for intravascular
delivery. AG1295 is a potent PDGF blocker; it can either
inactivate or block the migration and proliferation of SMCs.
They reported that 50% of neointimal formation was in-
hibited in porcine femoral arteries.

In addition, Imatinib mesylate, a PDGF receptor ty-
rosine kinase inhibitor, could also prevent SMC prolifera-
tion by inhibiting the phosphorylation of PDGF receptor j.
Imatinib mesylate-loaded bioabsorbable polymeric nano-
particles were coated on a stent and implanted into the coro-
nary artery of a pig model. Masuda et al.*® reported that im-
atinib mesylate inhibited 50% of neointimal formation and
that mitogen-activated protein kinase activity was ham-
pered. However, it had no effect on inflammation or re-en-
dothelialization.

SIROLIMUS (RAPAMYCIN)

Sirolimus is an immunosuppressive and anti-proliferat-
ive agent®; it was the first drug used on cardiovascular
stents from the Limus family of drugs. It is a macrocyclic
lactone capable of binding to FKBP12 as a cytosolic protein,
and it blocks cell cycle progression at the G1 phase by block-
ing the activation of mMTOR.” The inhibition of mTOR activ-
ity suppresses cytokine-derived T-cell proliferation by ex-
erting its immunosuppressant ability.

Luderer et al.* first evaluated the effects of sirolimus-lo-
aded nanoparticles on restenosis. They developed biodeg-
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radable 250-nm sirolimus-loaded poly (D,L-lactide) (PDLLA)
nanoparticles to prevent restenosis. They used 20-percent
sirolimus-loaded PDLLA nanoparticles with their evident
biphasic release kinetics with a 5-h initial burst release,
and a 30-day sustained release was obtained. This system
prevented restenosis by inhibiting SMC proliferation, al-
though no enhancement in endothelialization was observed.

A post-hoc drug delivery system to coat an already im-
planted stent was designed by Rithel et al.*'; they have cou-
pled rapamycin with superparamagnetic nanoparticles
(MNPs) and confirmed the anti-proliferative properties of
the drug. Drug-containing MNPs were loaded into mag-
netic microbubbles and were deposited at the stent struts
with the help of an external magnet. The products were re-
leased by applying an ultrasound, and dose-dependent in-
hibition of cell proliferation was observed in the MNP-tre-
ated SMC cells. They have reported that it is a promising
strategy for coating an already implanted stent by magnet-
izing the stent in the circulating fluids using an external
magnetic field.

PACLITAXEL

As a non-Limus-family-related drug, paclitaxel has been
widely used because it has an effect on the stabilization of
microtubules, thus resulting in the inhibition of cell divi-
sion at the G0/G1 and G2/M phases."* Paclitaxel is known
to influence the motility, morphology, and migration of
cells between organelles. Bhargava et al.*’ designed a novel
cobalt-chromium stent coated with paclitaxel-loaded po-
rous carbon-carbon nanoparticles, and they evaluated it in
a porcine coronary artery. Interestingly, both the porous
carbon-carbon nanoparticles coating the cobalt-chromium
stent that was loaded with low and medium paclitaxel
doses exhibited significant effects on endothelialization,
neointimal formation, thrombosis, and inflammatory re-
sponses, as compared with the CYPHER stent, which is an
FDA-approved sirolimus-eluting stent (SES). Moreover,
polymeric stents have no significant effect on endotheliali-
zation or neointimal formation, as compared with non-pol-
ymeric stents.

Chorny et al.** used magnetic nanoparticles for the local
delivery of paclitaxel. They hypothesized that release ki-
netics for encapsulated drugs could be significantly altered
by simultaneously using magnetic targeting through in-
duced magnetization with a uniform field. They observed
significant inhibition of SMC proliferation with paclitax-
el-loaded MNPs, as compared with those cells cultured
with non-magnetic drug-loaded NPs, although they showed
a significant localization of MNOs that were delivered lo-
cally to stented arteries using uniform field-controlled tar-
geting, as compared with non-magnetic nanoparticles.
Thus, they proved their hypothesis using uniform field-co-
ntrolled targeting and MNPs, by delivering the drugin a
site-specific manner, and demonstrated a promising strat-
egy for preventing ISR.



PITAVASTATIN (PS)

PS is an HMG-CoA reductase inhibitor and is one of the
most potent drugs among the statins that significantly af-
fects SMC proliferation. Tsukie et al.*’ designed a PS-elut-
ing stent. It attenuates ISR, similar to that of SES. Interest-
ingly, endothelial healing was not delayed by PS-eluting
stents, unlike SES, suggesting that further development
is necessitated to improve the safety and usefulness of the
system.

S-NITROGLUTATHIONE (SN)

SN, a platelet selective donor and potential antithrombotic
nitric oxide donor, is considered to be a restenosis-preventing
agent because of its selective platelet inhibition properties.
Most drugs that treat cardiovascular ailments interfere
with the nitric oxide pathway because nitric oxide is a mul-
tifunctional molecule that could regulate thrombus for-
mation and blood flow.*® Acharya et al.*” studied the effect
of polymer coatings on SN-eluting stents. They reported on
a stent loaded with SN (0.5% w/w) that had an optimal con-
centration of PCL coating 17.5% w/v for prolonged delivery
of SN. They have also reported that PCL was a suitable car-
rier for SN than PLGA and poly (ethylene glycol) (PEG), al-
though further optimization of coating methods would re-
sult in enhanced drug-release kinetics for PCL-coated
stents.

GENE-ELUTING STENTS (GES)

The anti-proliferative drug delivery using DES showed
a significant reduction in restenosis but questions as to its
long term efficacy remain unanswered.*® DES has shown
poor long-term outcomes. It has resulted in incomplete
re-endothelialization due to inappropriate inhibition of en-
dothelial and SMC proliferation by the anti-proliferative
drugs.* This has turned out to be a risk factor for late-stent
thrombosis, demanding a better therapeutic agent. And so,
gene therapy has emerged as an efficient method for ISR
therapy (Table 4 and Fig. 1).

Cardiovascular gene therapy requires a therapeutic gene,

TABLE 4. Summary on therapeutic gene delivered via stent
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a vector to encode the gene, and a carrier to deliver the
vector. Carriers that are considered for vascular gene ther-
apy are double-balloon catheters,” porous and microporous
catheters,” hydrogel catheters,” dispatch catheters,” and
infiltration catheters.”

Endovascular stents are an ideal platform for delivering
genes to injured arteries because of their permanent scaf-
folding structures,’ although new studies should be con-
ducted to help increase stent compatibility for gene deliv-
ery and overcome existing limitations.

For stent design, the coating on the stent surface is cru-
cial as it acts as a reservoir for the therapeutic gene. The
coating has to be biocompatible, and it should not cause any
inflammatory or thrombogenic effects.® After stent im-
plantation, these coatings will be proximal to the circu-
latory system, and their usage as a reservoir is crucial for
maintaining a prolonged local drug concentration. An ideal
coating should possess certain characteristics such as ex-
cellent binding ability, targeted and sustained release, and
sufficient vector capacity for significant transfection.’®
Vectors for transfecting genes could be either viral vectors
such as adenoviruses,” retroviruses,” or non-viral vectors
such as liposomes and polymers.” Naked plasmids® are al-
so transfected without vectors.

PLASMID DNA-ELUTING STENTS

Klugherz et al.?" first reported the successful delivery of
green fluorescent protein (GFP) plasmid DNA into the cor-
onary arteries of a pig using a DNA-eluting stent for car-
diovascular disease treatment. They synthesized a coro-
nary stent coated with a mixture of PLGA and DNA. They
observed the sustained release of DNA and also obtained
a structurally intact and functional DNA sample through-
out their study. One of the major hindrances faced during
this study was the biodistribution of DNA in downstream
coronary sites and distal organs. They also studied the
site-specific delivery of DNA by synthesizing a colla-
gen-coated stent tethered with an antibody. Collagen-coat-
ed stents were conjugated with an adenoviral monoclonal
antibody using covalent bonding, and a replication-de-
ficient adenovirus-encoding GFP was conjugated to the

Therapeutic gene

Outcome

Enhanced reendothelialization and significant inhibition of SMCs. Also, prevented the neointima formation
Inhibited the action of MCP-1 thereby prevented neointima formation. It does not show any effect on endothe-

Proliferation of endothelial cells was inhibited and reendothelialization was accelerated. It does not show the

GFP Successive delivery, high localization and efficient transfection of DNA
VEGF, VEGF + Ang-1
7ND
lial cell proliferation
eNOS
effect on neointima formation
ENTPDase Blocked ADP and causes platelet aggregation
miR21/miR221 Knock down resulted in the reduction of neointima formation
miR 145

Over expression resulted in suppression of neointima formation by targeting cMyc

GFP: green fluorescent protein, VEGF: vascular endothelial growth factor, miR: micro RNA.
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FIG. 1. (A) Coronary artery with restenosis, (B) coronary artery with ISR after stent implantation, and (C) a scheme representing the
mechanisms of gene- and drug-eluting for preventing ISR. This illustration was conceived and drawn by Kamali ML.

antibody. The delivery of DNA to the smooth muscle cells
in a pig artery was obtained with excellent efficiency and
localization. They did not detect any vectors in either the
downstream sites or distal organs during a biodistribution
study. Although they observed occasional tearing in the
collagen coating with deployment, no detachment of the
collagen coating from the stent occurred, and no evidence
of thrombogenesis secondary to hemocompatibility of the
collagen was observed.®

However, the transfection efficiency was low, although
it seemed to be promising. Therefore, in their consecutive
study, they enhanced the transfection efficiency from 1%
to approximately 10% by incorporating denatured collagen
both in vitro and in vivo. It was based on a hypothesis involv-
ing adhesion molecule interaction through an integrin-re-
lated mechanism, as well as changes associated with the
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arterial smooth muscle cells through an actin-related
mechanism.®

Jin et al.** synthesized a coronary artery stent that deliv-
ered plasmid DNA in a site-specific manner. They first re-
ported the synthesis of a coronary artery stent coated with
anti-DNA antibodies to which the plasmid DNA was
bound. The successful delivery of plasmid DNA with a high
efficiency and with a neointimal transfection of about 7%
was achieved, demonstrating that the system could be used
as a cardiovascular gene therapy.

Kim et al.% synthesized a gene-eluting stent that could
deliver plasmid DNA with structural integrity. They de-
signed an HA-coated stent, and plasmid DNA was loaded
onto the surface using ionic interactions in a polyplex for-
mation with polyethyleneimine (PEI) . This system has
been demonstrated to have improved transfection effi-



ciency and biocompatibility. These stents have dual func-
tionality with HA and plasmid DNA, and have shown effi-
ciency against restenosis.

For the gene therapy method, the therapeutic efficiency
and feasibility for the prevention of ISR was enhanced by
coating the gene-eluting stents with dodecylated chito-
san-plasmid DNA nanoparticles (DCDNPs).* The DCDNPs
were used for the local delivery of plasmid DNA into injured
blood vessels over a longer time period. The sizes of the
DCDNPs ranged from about 90 nm to 180 nm and were pre-
pared by spray-coating dodecylated chitosan-plasmid DNA
onto the stent. The target gene was released only in the ar-
terial segment that was directly in contact with the stent,
but not in an adjacent region or a distal organ, suggesting
that coating the stents with DCDNPs is likely to be a reli-
able strategy for preventing ISR.*

VEGF GENE-ELUTING STENTS

The delivery of phosphorylcholic (PC) polymer stents
coated with naked plasmid DNA that encoded human vas-
cular endothelial growth factor (pHVEGF)-2 was studied.®
The results showed a reduction in the formation of neoin-
tima by accelerating re-endothelialization, instead of
inhibition. This was considered an alternative for prevent-
ing restenosis. The VEGF gene was also used in combina-
tion with the angiopoietin-1 (Ang 1) gene to prevent ISR.
The VEGF and Ang-1 genes were loaded into nanoparticles
to deliver the genes to the target site. The stent was de-
signed as a nanohybrid hydrogel-based endovascular stent
in which the therapeutic genes were carried using a fibrin
hydrogel, and it was conjugated to a carbon nanotube coat-
ed onto the stent. The hydrogel acts as a reservoir and deliv-
ers the genes to the target site, thereby enhancing re-endo-
thelialization, whereas carbon nanotubes aid in tuning the
bioactivity of the stent. The results clearly showed en-
hancement in re-endothelialization, attenuation of steno-
sis, and prevention of neointimal formation.”’ Yang et al.®®
developed a PLGA nanoparticle-coated stent containing
VEGF and paclitaxel as a combined therapeutic agent for
ISR. The stent comprised a bilayer of paclitaxel in the inner
core and a PLGA nanoparticle containing VEGF in the out-
er core. After stent deployment, VEGF genes were initially
released, followed by paclitaxel. Thus, at first, endothelial
healing occurred, followed by the inhibition of smooth mus-
cle cell proliferation. The occurrence of ISR was sig-
nificantly reduced, and complete re-endothelialization oc-
curred within 1 month of implantation.

7ND GENE-ELUTING STENTS

The onset of neointimal formation was inhibited by the
delivery of the 7ND gene (cDNA) using a gene-eluting
stent® because the 7ND gene inhibits the action of mono-
cyte chemoattractant protein-1 (MCP-1), which is vital for
neointimal formation, thereby preventing it without any
undesirable effects. Further, it was reported that the 7TND
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did not show any effect on the proliferation of human endo-
thelial cells, suggesting that arterial wall healing would
not be impaired.*

ENOS-ELUTING STENTS

The overexpression of eNOS is known to inhibit the proli-
feration of endothelial cells and accelerates re-endothe-
lialization.” Therefore, it could be utilized in the preven-
tion of ISR. Sharif et al.” first demonstrated that the deliv-
ery of eNOS using gene-eluting stents suppressed ISR and
accelerated re-endothelialization. They used a PC-coated
stent and delivered eNOS using an adenoviral vector. This
may be considered an ideal strategy for managing the ISR
problem. The non-viral delivery of eNOS has also been re-
ported by Brito et al.” The plasmid DNA encoding eNOS
in a lipopolyplex formulation was immobilized on type B
collagen-coated stainless steel stents; upon implantation,
these stents were found to result in efficient transgene ex-
pression, suggesting that ISR could be inhibited and re-en-
dothelialization could be achieved by delivering eNOS us-
ing non-viral vectors. In contrast, Sharif et al.” reported that
the non-viral delivery of eNOS did not reduce restenosis.
They employed liposome-mediated gene delivery and ob-
served that the lipo/eNOS delivered to the injured blood
vessel accelerated re-endothelialization, but it did not in-
hibit neointimal formation, as compared with that of vi-
ral-mediated eNOS delivery.

ENTPDase-ELUTING STENTS

Degradation or blocking of adenosine diphosphate
(ADP) could help in preventing ISR because ADP is known
to be a major factor in platelet aggregation.” This was dem-
onstrated by the local delivery of human placental ectonu-
cleoside triphosphate diphosphohydrolase (pENTPDase)
into diseased coronary arteries through gene-eluting stents
because pENTPDase is an enzyme that could hydrolyze
ADP rapidly and inhibit platelet aggregation, suggesting
that neointimal hyperplasia and ISR were suppressed effi-
ciently using this strategy.”

INTERFERENCE RNA-ELUTING STENTS

Mitra and Agarwal reported that vascular, smooth mus-
cle cells (VSMC) play a major role in ISR.” Medial VSMCs
underwent apoptosis because of injury caused by stent im-
plantation,”® and the repair mechanism involved the coor-
dination of thrombus deposition, leukocyte trafficking to
the stent site, and VSMC mitogenic stimuli.”” ISR resulted
because of dysregulation of the repair mechanism and in-
creased VSMC proliferation.”

After endothelial injury, three microRNAs such as miR-21,
miR-145, and miR-221 are involved in modification of ves-
sel restenosis.” Ji et al.** reported that the intensity of neo-
intimal lesion formation was lessened if the antisense of
miR-21 was knocked down. In addition, they identified an
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enhancement in VSMC proliferation using miR-21 through
Akt and Bcl-2 activation, along with the inhibition of phos-
phate and tension homology deleted from chromosome 10,
which is a common target for silencing miR-21. The
over-expression of miR-145 secondary to carotid balloon in-
jury resulted in the promotion of VSMC marker expression
with a reduction in neointimal formation.?’ Platelet-de-
rived growth factor (PDGF) B is one of the most potent
VSMC mitogens that induces miR-221 upon stimulation;
it also down-regulates cKit and inhibits p27kip1, which in
turn decreases and increases, respectively, SMC prolifera-
tion, thereby contributing to neointimal formation® and
indicating that neointimal formation could be blocked by
the over-expression of miR145 and knockdown of miR-21
and miR-221.

Park and his coworkers developed a system to deliver
miR-145 using a polysorbitol-based osmotically active
transporter (POAST) to treat restenosis.” They designed
a method to coat miR-145 over the stent surface, for which
miR-145 was made into a complex with PSOAT to form
PSOAT/miR-145 nanoparticles (PMN); then, it was immo-
bilized on the heparin/dopamine-conjugated stent surface.
From in vitro studies, the suppression of VSMC prolifera-
tion was evident after delivering miR-145 because of c-Myc
downregulation, as c-Myc is the target gene for miR-145;
heparin/dopamine-conjugated stents have demonstrated
high transfection efficiency with less toxicity.

Similar to microRNAs, short interfering RNA (siRNA)
could also induce RNA silencing and could be used for the
treatment of restenosis. It was also demonstrated to sup-
press restenosis using an Akt1 siRNA-embedded coronary
stent, suggesting that the inhibition of Akt1 protein, which
is responsible for cell proliferation, could reduce cell growth.
Furthermore, a coronary stent, coated with dopamine-con-
jugated HA and Akt1 siRNA, was loaded on the HA surface
using an electrostatic interaction.* It was found that the
delivery of Aktl siRNA suppressed VSMC proliferation,
and downstream Akt1 signaling proteins such as mTOR,
4E-BPI, and p70S6K were also downregulated. The ther-
apeutic efficiency of an Aktl siRNA-loaded HA-coated
stent (ASN/HA) stent was investigated in a rabbit reste-
nosis model with BMS as a control.* Micro-computed to-
mography (micro-CT) imaging confirmed the suppression
of ISR at the stent-implanted region. Vascular growth
around the stent was thin with an ASN/HA stent and an
HA-coated stent that were implanted in an animal model,
however, in a BMS-implant model, thick vascular growth
was observed.

In addition, the ISR area, SMC deposition, and ISR rate
were significantly reduced with the ASN/HA stent, as com-
pared with the BMS stent. Histopathological analysis re-
vealed that neointima hyperplasia was completely absent
in the ASN/HA stent implant model, but BMS demon-
strated neointima formation to a large extent. The neo-
intima suppression by the BMS HA coated stent and the
ASN/HA stent were evaluated after 2 and 4 weeks post
implantation. The thickness and pathology of the stenotic
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FIG. 2. Micro-CT image of a BMS and HA-coated and miR145-load-
ed stents.*®

region were significantly reduced in arteries implanted
with an ASN/HA stent, as compared with BMS- and HA-co-
ated stents.

Verhoeff-Van Gieson staining of the arteries confirmed
the suppression of neointima formation with the ASN/HA
stent, and with a BMS-treated artery, neointima formation
was larger. Similarly, a microRNA 145 nanoparticle-im-
mobilized HA-coated coronary stent (Fig. 2) was also devel-
oped by them for targeting C-Myc protein.® In this system,
disulfide-cross-linked PEI was used as a carrier to trans-
fect miR145. The miR145 was labeled with YOYO-1, a fluo-
rescent dye, which enabled the imaging of miR145 after
transfection. The stents were then implanted into the coro-
nary arteries of a rabbit model. CT imaging and histological
analyses revealed that SMC proliferation was inhibited
and resulted in the prevention of ISR secondary to the re-
lease of miR145. They have observed suppression of neo-
intimal formation, indicating that the RNA interference
strategy is promising for treating ISR.

BIOSENSOR INTEGRATED CARDIOVASCULAR
STENTS

DES was created for treating restenosis and could also
be used as biosensors to monitor blood flow and arterial
pressure. Implantation of cardiovascular stents is known
to cause inflammation and neointimal formation that can
hinder blood flow. Therefore, when DES is implanted in to-
gether with a biosensor to monitor pulmonary artery pres-
sure, the treatment efficacy will be improved. Arterial pres-
sure load is a major problem in other cardiac ailments.
Implanting sensors in the heart and monitoring blood flow
could help in the diagnosis of a variety of cardiac ailments.
Chow et al.*” developed an implantable cardiac monitoring
system that was integrated with a cardiovascular stent.
The system consists of an FDA-approved stent tailored
with a miniature cardiac pressure sensor and wireless
transmitter. In this design, the stent serves as an antenna,
which transmits a quantified absorption to the surround-
ing region using a transmitter with wireless telemetry.
One of the major drawbacks reported in this study was that
the monitoring system was affected by electromagnetic in-
terference secondary to Bluetooth and Wi-Fi devices.

In their subsequent study, Chow et al.*® improved their
system by designing an application-specific integrated cir-
cuit (ASIC) made for wireless telemetry consisting of a volt-



age regulator and radio frequency power component. As a
capacitive sensor, microelectromechanical systems were
packed with ASIC for processing data, and the stent that
was integrated with the system acted as an antenna and
provided structural support. The final device included a ra-
dio frequency-powering component as an optimized, power
transfer feature was implanted on the chip. The ASIC pro-
vided precise and accurate measurements with a sensi-
tivity of 0.5 mmHg.

Recently, Son et al.** designed a novel bioresorbable elec-
tronic stent, integrated with a sensor system and memory
storage devices. The stent was fitted with core shell nano-
spheres loaded with drug and anti-inflammatory nano-
particles; the nanoparticle release was controlled by an ex-
ternal optical stimulus. The flow sensor measures blood
flow and stores the flow pattern in its memory that would
be helpful for follow-up treatment. Anti-inflammatory drug
nanoparticles were released using a reactive oxygen spe-
cies (ROS) scavenging effect where the stent was deployed,
reducing inflammatory responses and inhibiting ISR
occurrence. A temperature sensor regulated hyperthermia
and controlled drug release as a photothermal therapy,
suggesting that future designs of multifunctional stents
could incorporate biosensors and deliver drugs based on
physiological conditions.

FUTURE SCOPE

Coronary artery stents have been widely used to treat
restenosis. However, implantation of coronary stents could
result in ISR (i.e., development of plaque that is secondary
to stent deployment). Using stents, this issue is resolved
by delivering drugs to prevent ISR. A DES was coated with
various non-erodible and biodegradable polymers to ach-
ieve sustained drug release; the polymer coating also
serves as a reservoir for drugs. Drugs such as tyrphostin
AG1295, Imatinib mesylate, paclitaxel, pitavastatin, siro-
limus, and S-nitrosoglutathione that could inhibit the pro-
liferation of smooth muscle cells and thrombosis at the in-
jured site were loaded onto polymeric stents to prevent ISR.
However, because of a lack of understanding of the mecha-
nism of DES and other significant technical hurdles, the
use of DES in clinical practice has been hampered. Over the
last 30 years, many studies have reported on the possible
mechanism of action of stents, thus providing a biological
rationale for their use. This issue pertains to the use of coro-
nary stents as scaffolding for the targeted and sustained
delivery of therapeutic genes. Gene-eluting stents have
been under development for a while and are inherently ca-
pable of providing a permanent solution for ISR. Thus, gene
therapy became an appealing strategy to prevent reste-
nosis and ISR through the delivery of therapeutic genes in-
to the coronary artery. Many studies were conducted on the
delivery of therapeutic genes using balloon catheters and
intravenous injections, although targeted delivery remains
an obstacle for cardiovascular gene therapy. Therapeutic
genes that encode VEGF, MCP-1, eNOS, and pENTPDase
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were delivered using stents and were reported as a promis-
ing strategy to prevent ISR, although significant technical
limitations such as vector development, percutaneous de-
ployment, and gene incorporation still necessitate resolution.
Vector development has also led to the improvement of
gene-eluting stents.

RNA interference technology could also be utilized for
treating restenosis, which is currently not well exploited.
The utilization of RNA interference to treat cardiovascular
diseases is a significant discovery and will be employed in
clinical practice in the near future. Future studies may in-
corporate novel strategies including miRNA- and si-
RNA-eluting stents to treat ISR with the evolution of DNA
technology. Furthermore, multifunctional electronic stents
could be used as biosensors and to deliver drugs or genes
based on physiological conditions, and intravascular MRI
combined with gene-eluting stents would be a promising
treatment to prevent ISR.

CONCLUSION

The development in coronary stents has increasingly
gained researchers’ interest over the past decade because
coronary stent implantation is currently considered a safe
and widely accepted strategy to treat CAD, and it could
treat restenosis resulting from coronary balloon or cathe-
ter implantation. However, a limitation of coronary stents
is ISR that leads to the development of DES. To overcome
ISR, many researchers have studied the delivery of drugs
using a DES to inhibit the proliferation of SMCs, however,
the current therapeutic approaches are still insufficient;
therefore, a new strategy is required to prevent ISR. The
development of gene-eluting stents was a breakthrough
stent technology. The first gene-eluting stent was studied in
the year 2000 for plasmid DNA delivery. An ideal gene-elut-
ing stent should be non-inflammatory, non-thrombotic,
and biocompatible, and it should also facilitate vascular
healing. The development of gene-eluting stents requires
a clear understanding of the molecular mechanisms, cyto-
kines, and growth factors involved in neointimal formation.
Gene-eluting stents are a promising strategy that will be
available for the treatment of restenosis within a few years.
The disadvantages of DES could be overcome by employing
gene-eluting stents. Gene-eluting stents use viral and
non-viral vectors to carry genes to the target site. Plasmids
encode genes with a specific protein that could interfere or
completely inhibit the formation of ISR and have been stud-
ied by many researchers. In this review, we briefly dis-
cussed the current progress in the development of gene-elut-
ing stents. Genes encoding growth factors or cytokines that
are involved in the proliferation of smooth muscle cells
were inserted into a plasmid and directed toward the dis-
eased area using stents, although significant technical
hurdles have to be overcome for use in clinical practice.
Restenosis could also be prevented at the molecular level
by administering either microRNA or siRNA that could di-
rectly inhibit the mRNA involved in the proliferation of vas-
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cular smooth muscle cells, although future studies should
focus on developing microRNA- or siRNA-eluting stents
that could inhibit ISR via more than one pathway. Further-
more, the development of new multifunctional electronic
stents that could be used as biosensors and deliver drugs
or genes based on physiological conditions would be helpful
in the future, and intravascular MRI should be combined
with gene-eluting stents.
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