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Abstract

Vascular stent is tubular shaped medical device designed to treat occluded circulatory or digestive systems by opening the
blocked vascular sites. Originally stents were made of bare metals, such as stainless steel and cobalt—chromium alloys, due
to their inherent corrosion resistance and good mechanical properties. Damage of intimal layer during expansion of stent,
however, have caused neointimal hyperplasia resulting in in-stent restenosis which is one of main complications of vascular
stent treatment. Drug-eluting stents (DESs) were introduced to alleviate this restenosis by local delivery of anti-proliferative
drugs to the implanted or inserted site. The DES systems have been developed over the years by making changes in its main
component, namely, drug, polymeric coating layer and expandable scaffold. Nevertheless, late thrombosis caused by drugs
themselves and polymeric coating layer still remains as a serious problem of DES systems. Numerous studies, therefore,
consistently focus on more advanced DES systems to solve the current issues. In this mini review article, we cast an opinion
on how to improve the potential of DES system by means of (i) summarizing the history of DES system developed so far

and (ii) updating current advances for the future generation of DES system.
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Introduction

Stent was named after British dentist Charles T. Stent who
invented stent in the late nineteenth century. Originally,
stent was a plastic compound material invented to impress
patient’s mouth (Hedin 1997). Today, stent is a common
name for tubular-shaped medical devices that aim for the
patency of blocked or narrowed vascular and non-vascular
vessels (Shaikh et al. 2013). The stents are classified into
two major categories depending on their application site.
One is vascular stent and the other is non-vascular stent.
Between those two categories of stents, vascular stents are
used for opening of important blood vessels, including coro-
nary artery, peripheral blood vessel and cerebrovasculature
(Shaikh et al. 2013).
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The early coronary artery stent was called bare metal
stent (BMS) because it was made of pure metal, such as
stainless steel, cobalt—chromium (Co—Cr), nickel-titanium
(Grabow et al. 2010) or platinum—chromium alloys (Jorge
and Dubois 2015) without additional chemical treatments.
Those BMSs were designed to be expended in the blocked
site using ballooning device or self-expandable using shape
memory property (Grabow et al. 2010). Unlike balloon angi-
oplasty, after stent implantation, stent remains in the blood
vessel and can endure the radial stress from the blood vessel
wall. Therefore, stent implantation significantly reduced risk
of initial restenosis by recoil of the blood vessel wall (Haude
et al. 1993). Compared to coronary artery bypass grafting,
there was no differences in the death, stroke and myocardial
infraction rates between bypass grafting and stent groups,
while stent was about 3000 USD cheaper than bypass graft-
ing (Meraj et al. 2015). The long-term result of stent implan-
tation, however, worse than that of bypass grafting. Accord-
ing to lots of comparison studies, the number of patients who
required a secondary revascularization was 4—7 times higher
in stent group than bypass grafting group (Meraj et al. 2015).
During the expansion of stent, endothelial surface which
is located inner most part of blood vessel is damaged and
inflammatory process is triggered. Cytokines and growth
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factors produced by inflammatory cells activate the smooth
muscle cells (SMCs) proliferation and migration through
the denuded endothelium. These overly proliferated SMCs
leads to neointimal hyperplasia resulting in in-stent reste-
nosis (Bhatia et al. 2004; Kornowski et al. 1998; Welt and
Rogers 2002), as shown in Fig. 1. To reduce in-stent reste-
nosis, drugs are frequently prescribed frequently with BMS
implantation (ten Berg et al. 2001).

Drug-eluting stent (DES) of which surface is coated with
drug-loaded layer have been introduced to alleviate the in-
stent restenosis caused by BMS implantation. After the first
DES was commercialized in the early of 2000s, there have
been extensive development in the DES field as summarized
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Fig. 1 Mechanisms of in-stent restenosis after BMS placement; a
diseased artery before intervention, b endothelial denudation by stent
placement, ¢, d leucocyte recruitment infiltration and smooth muscle

@ Springer

Mac-1 (CD11b/CD18)

== |

)
GP lib/llla_ GP Iba ~

in Table 1. The commercialized DESs usually contain pacli-
taxel (PTX), as an anti-cancer drug, or limus family drugs,
as anti-proliferative drugs (Meraj et al. 2015; Stefanini and
Holmes 2013). Those drugs prevent neointimal hyperpla-
sia by inhibiting the mechanism of proliferation of SMCs.
Although DESs significantly reduced the in-stent restenosis
problem, it also caused another problem, i.e. late thrombo-
sis (Joner et al. 2006). The inherent toxicity of those anti-
proliferative drugs on endothelial cells delays the healing of
endothelial layer and inflammatory reaction by remaining
polymer coating layer lead to thrombosis (Joner et al. 2006),
the rate of that is higher in DES group than BMS group
(Stone et al. 2007).
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Table 1 Summary of commercialized and future generations of DES

Classification Molecule Delivering material Substrate material Commercial Note References
Product
First generation Sirolimus Poly(ethylene-co-  Stainless steel Cypher™ Puranik et al. 2013
DES vinyl acetate)
(PEVA)/Poly(n-
butyl meth-
acrylate) (PBMA)
Paclitaxel Poly(styrene-b- Stainless steel Taxus® Puranik et al. 2013
isobutylene-b-
styrene) (SIBS)
Second generation  Zotarolimus Phoshprylcholine ~ Co-Cr Endeavor® Puranik et al. 2013
DES PO
Everolimus PBMA/ Co-Cr Xience VIM Akin et al. 2011
poly(vinyliden
fluoride-co-hex-
afluoropropylene)
(PVDE-HFP)
Third generation Biolimus A9 Poly(L-lactic acid) ~ Stainless steel Nobori® Kadota et al. 2012
DES (PLLA)
Everolimus Poly(p-lactic acid) PLLA Absorb Ernst and Bulum
(PDLA) 2014
Polymer-free Tacrolimus Stainless steel Janus™ Laser machined Puranik et al. 2013
reservoir
Biolimus A9 Stainless steel BioFreedom Micro-textured Abizaid and Costa
reservoir 2010
Future generation PLLA/Mg(OH), PLLA/Mg(OH), Anti-inflammatory  Kum et al. 2013;
bioresorbable Kum et al. 2014a;
scaffold and coat-  Kum et al. 2014b
ing material
Sirolimus Poly(p, L-lactic Stainless steel Strong coating Bedair et al. 2014
acid) (PDLLA)/ layer via nano-
PLLA coupling
Sirolimus PDLA/dopamine-  Co-Cr Dual coating Kim et al. 2016
mediated
hyaluronic acid
(HA-DA)
NO Liposome/poly- Co-Cr Layer-by-layer Elnaggar et al. 2016
L-lysine/HA-DA coating
NO/Paclitaxel ~ Phosphonoacetic Co-Cr Dual coating Gallo and Mani
acid 2013
VEGF/HGF Heparin/HA-DA Co-Cr Choi et al. 2016
SDF-1a Heparin-dopamine  Co—Cr Endothelial Kang et al. 2015
progenitor cell
homing
CD34/Sirolimus PLLA/poly(lactic-  Stainless steel Combo Dual therapy stent  Lee et al. 2016

Aktl siRNA

co-glycolic acid)
(PLGA)

Polyethyleneimine
(PEI)/HA

Co-Cr

Gene-eluting stent

Che et al. 2012

Therefore, many studies still focus on how to ameliorate
these shortcomings of existing DES system or to develop
new strategies for advanced DES systems. In this respect, we
aim to briefly summarize the development history of DES up
to now and update current advances for the future-generation

coronary stent or advanced DES systems.

Historical review of DES system

DES systems are composed of three major components; (1)
anti-proliferative drug for inhibiting over proliferation of
SMCs, (2) polymeric coating layer for controlled release of
anti-proliferative drugs and (3) scaffolds for bearing radial
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stress by blood vessel wall or shear stress from flow of flu-
ids, as shown in Fig. 2. The properties of each component
of DES are criteria for classifying the generation of DES
systems.

First generation DES

The first generation of DES had stainless steel-based scaffold
and durable polymer coating layer which could elute anti-
proliferative drugs, namely sirolimus (SRL) and PTX. The
first clinical trial of DES was made using Cypher™, manu-
factured by Cordis Corporation (Rensing et al. 2001), which
was approved by US Food and Drug Administration (FDA)
in 2003 (Moses et al. 2003). The Cypher™ has dual coating
layer on 316L stainless steel scaffold. The dual coating layer
of Cypher™ is composed of SRL-incorporated PEVA base
layer and PBMA top layer for release rate control. From
this coating layer, 80% of loaded SRL was released within
4 weeks and 100% within 6 weeks (Puranik et al. 2013).
After 1 year, PTX-eluting Taxus® from Boston Scientific
was approved by FDA (Puranik et al. 2013). The Taxus®
has a triblock copolymer, poly(styrene-b-isobutylene-b-sty-
rene) (SIBS) coating layer for eluting PTX in a controlled
manner. Because there was no top coating layer, Taxus® is
supposed to show relatively more initial burst release com-
pared to Cypher™. The initial burst release from Taxus®
was controlled by adjusting drug loading amount and the
dose of released drug was reasonable for preventing SMCs
proliferation (Acharya and Park 2006). In the randomized
clinical trial, both first-generation DES groups demonstrated
significant reduction in in-stent restenosis rate compared to
BMS group (Moses et al. 2003; Stone et al. 2004). When
those two first-generation DES was compared to each other,
there was no difference in risk of death rate, while Cypher™
showed superiority in the reduction of restenosis and revas-
cularization treatment than Taxus®. Those first-generation

Fig.2 Schematic diagram of
major components of classical
DES systems

DESs, however, showed long-term safety problem, i.e. late
thrombosis which occurred after 1 year of stent treatment,
and the rate of it was even higher than that in BMS group
(Park et al. 2006; Stone et al. 2007). The one reason of
late thrombosis is toxicity of the anti-proliferative drugs.
Those drugs inhibit proliferation of cells by blocking cell
cycle. Because it does not have cell specificity, growth of
endothelial cells also is affected and re-endothelialization is
delayed by eluted drugs (Finn et al. 2005; Joner et al. 2006).
In addition, inflammatory reaction by remaining polymeric
coating layer was pointed out as another possible reason
of late thrombosis (Finn et al. 2005; Wilson et al. 2009).
Those durable polymers are not toxic to cells, however, their
hydrophobicity are responsible for adhesion of inflammatory
activated monocytes (Heze-Yamit et al. 2008). The second-
generation DESs were, thus, introduced to ameliorate of
drawback of the first-generation DESs.

Second generation DES

The second-generation DES has been developed by modi-
fying all three major components of first-generation DES
systems to reduce its late thrombosis rate which was consid-
ered the critical problem of first-generation DES (Puranik
et al. 2013). For drug, PTX and SRL were replaced with
other limus family drugs, such as zotarolimus and everoli-
mus, which have less toxicity than PTX and SRL. The anti-
proliferative mechanisms of zotarolimus and everolimus are
basically same as that of SRL, in which inhibit cell cycle
by blocking G1/S transition. Also more biocompatible
and hydrophilic polymers were introduced as drug-eluting
coating materials to alleviate inflammatory reaction from
remaining coating layer. Furthermore, mechanical property
and radio-opacity were improved by using Co—Cr alloys
as scaffold materials. The enhanced mechanical properties
of stent also allowed thinner stent strut, which is another

Aanti-proliferative drug

ex) PTX, SRL, everolimus, zotarolimus,
/ Biolimus A9,...
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advantage of second-generation DESs. Thinner stent strut
can reduce blood fluid stagnation or recirculation that results
in early thrombosis (Collet et al. 2016) and time required to
be covered with endothelial cell layer (Puranik et al. 2013).

Endeavor® stent from Medtronic is zotarolimus-eluting
stent which was approved by FDA in 2008 (Puranik et al.
2013). Thin phosphorylcholine (PC)-based coating layer
could elute 95% of loaded zotarolimus within 15 days
(Bridges and Cutlip 2009). The PC which has zwitterionic
nature demonstrated good biocompatibility as well (Bridges
and Cutlip 2009). Xience V™ from Abbott is another sec-
ond-generation DES which could elute everolimus. Everoli-
mus was loaded into biocompatible copolymers, composed
of PBMA and PVDF-HFP and 80% of the everolimus was
released out within 30 days (Akin et al. 2011). The hydro-
philic polymer (PDVF-HFP) was selected for better biocom-
patibility of the abluminal side of stent (Puranik et al. 2013).
Xience V™ stent was also approved by FDA in 2008. In the
clinical trial, Xience V™™ demonstrated similar or less risk
than first-generation DESs, while Endeavor® showed higher
risk of revascularization (Stefanini and Holmes 2013). Reso-
lute™ is modified zotarolimus-stent which has similar clini-
cal risk as everolimus-eluting stent (Stefanini and Holmes
2013).

Third generation DES

In the third-generation DES system, extensive modification
of each component DES has been proceeded. For reducing
inflammatory reaction from remaining coating layer, previ-
ously used durable polymers were replaced with biodegrad-
able polymer (Akin et al. 2011). Bio-absorbable materials,
such as magnesium alloys or biodegradable polymers were
studied as alternative scaffold materials of stainless steel
and Co—Cr alloys (Akin et al. 2011; Ernst and Bulum 2014).
Also, Biolimus A9, an improved limus family, was used for
commercialized third-generation DES (Wiemer et al. 2017).

BioMatrix® by Biosensor International, which has been
renamed as Nobori® by Terumo (Japan) after license trans-
fer, has poly(L-lactic acid) (PLLA)-based coating layer was
designed for eluting Biolimus A9 and eventually being
resorbed within 6-9 months (Akin et al. 2011; Kadota et al.
2012). The clinical trial using the Nobori® stent is currently
in progress. For 5-year clinical trial, Nobori® stent showed
superior result than PTX-eluting Taxus stent (Chevalier
et al. 2015). Furthermore, from the 3-year result, Nobori®
stent was not inferior compared with everolimus-eluting
stent (Natsuaki et al. 2015). Absorb stent from Abbott is
a polymeric scaffold-based DES which is supposed to be
degraded completely after implantation. The scaffold of
Absorb, composed of PLLA, was coated with everolimus-
loaded poly(p-lactic acid) (Ernst and Bulum 2014). Those
lactide-based polymers decompose into carbon dioxide and

water via Krebs cycle after degradation (Akin et al. 2011)
and demonstrated better biocompatibility than conventional
durable polymers (Busch et al. 2014). The Absorb was not
inferior to second-generation stent Xience in clinical trial
(Ellis et al. 2015). Based on this result, the Absorb was
approved by FDA recently (Sorrentino et al. 2017).

Although it has not yet been commercialized, there was
effort to develop anti-thrombotic drug-eluting stent using
curcumin with biodegradable polymeric coating layer.
Curcumin is known to its ability to inhibit proliferation of
SMCs by arresting GO/G1 phase (Chen and Huang 1998)
and thrombosis by preventing aggregation of platelet (Shah
et al. 1999). Curcumin was loaded onto stent surface using
poly(lactic-co-glycolic acid) (PLGA) as a form of simple
film (Pan et al. 2007) or nanoparticle (Nam et al. 2007). The
released curcumin from stent effectively inhibited platelet
aggregation and fibrinogen adsorption suggesting its poten-
tial anti-thrombotic ability (Pan et al. 2007).

Polymer-free DES

A lot of efforts have been made to exclude drug-eluting poly-
meric coating layers because they have been considered as
one of potential risks of late thrombosis caused by inflam-
matory reaction. One of methods for drug delivering without
coating the stent with polymers is to make drug reservoir.
Janus stent is first commercialized and CE-marked DES
using the reservoir (Puranik et al. 2013). The drug reservoir
was fabricated on stent strut using laser and tacrolimus, a
limus-family drug was loaded into the reservoir. BioFree-
dom manufactured by Biosensors International had micro-
textured surface on 316L stainless steel-based substrate. The
micro-texture was prepared by microabrasion technique and
Biolimus A9 was loaded on the surface (Abizaid and Costa
2010). In comparison with polymer-based DES system, res-
ervoir-based DES, however, showed inferior clinical trial
results. Only the BioFreedom is known to demonstrate bet-
ter clinical result than polymer-based DES systems (Chen
et al. 2015). Therefore, enormous efforts to improve res-
ervoir-based DES system are still required. More recently,
in order to make the drug reservoirs, other nanofabrication
techniques such as anodic oxidation (Porta-i-Batalla et al.
2016) and ion-beam erosion have been also tried in the labo-
ratory scale (Park et al. 2016).

Future perspectives of DES

The third-generation DES system, represented by biode-
gradable polymer-based drug carrier have shown alleviated
long-term inflammation compared with durable polymers by
being resorbed out. However, the biodegradable polymers
used in third-generation DES systems also caused chronic
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inflammation (Anderson 2001; Bostman and Pihlajaméki
2000). In this chapter, we will review recent advances for
alternative or advanced DES systems which have further
reduced late restenosis caused by chronic inflammation or
can promote healing of blood vessel itself.

Stent containing anti-inflammatory Mg(OH),

Polylactide (PLA)-based biodegradable polymers, including
PLLA, PDLLA and PLGA are currently extensively investi-
gated as a drug-eluting layer (Mani et al. 2007; Zhang et al.
2013) and bioresorbable scaffold in the DES field (Zhang
et al. 2013). These polymers are completely degraded in
human body by Krebs cycle (Dunne et al. 2000), but also
known to cause chronic inflammation (Anderson 2001;
Bostman and Pihlajaméki 2000) which might result in late
restenosis (Virmani et al. 2002). During the degradation by
hydrolysis, PLAs decompose into short chain polymers or
monomer lactic acid which decrease pH of environment (Liu
et al. 2006; Sung et al. 2004). Weak mechanical properties
are another shortcomings of PLA-based polymer when it is
used as scaffold (Chen et al. 2009). PLAs are significantly
weaker than stainless steel or Co—Cr alloys. Thick strut,
therefore, is essential for polymer stent for bearing enough
radial force. However, because thick strut is another cause
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of thrombosis (Collet et al. 2016), the PLA should be rein-
forced for thinner strut thickness.

One of the easiest ways to reinforce polymeric material
is to make combination with mechanically stronger sub-
stances, namely ceramics or metals. Magnesium hydroxide,
Mg(OH),, is a basic ceramic substance which can answer
the purpose of reinforcing polymer matrices but also neu-
tralizing the acidic byproducts from biodegradable polymers
(Fig. 3a) (Kum et al. 2013). Mg(OH),, a major component
of antacid, is easily degradable in acidic environment while
it is not in the pure water (Dong et al. 2011). Unlike biode-
gradable polymers, degradation of Mg(OH), rather increase
pH of surrounding environment. Mg ion, one of degradation
product, is also bio-resorbable (Saris et al. 2000). Effect of
size and shape of Mg(OH), nanowhisker on physicochemi-
cal, mechanical and biological properties of PLLA matrix
was recently studied (Kum et al. 2014a). Mg(OH), nanorod
and nanoplate were respectively prepared by hydrothermal
and precipitation method in various sizes (150 and 350 nm
for nanorod; 60 and 300 nm for nanoplate) and then com-
posited with PLLA matrix without post treatment. Acceler-
ated degradation test at 80 °C revealed that incorporation
of Mg(OH), could neutralize media successfully when
Mg(OH), content was 30 wt%. The neutralizing effect was
not dependent on its shape while small particle was slightly
effective than larger one. The in vitro biological properties

Nanocoupling &
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................................................
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-
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Fig. 3 Examples of strategy for future generation of DES system. a Anti-inflammatory biodegradable coating or substrate, b nanocoupled strong
coating layer, ¢ NO delivery and d EPC capturing stent. Reprinted with permission from RSC Publishing, Elsevier, and John Wiley and Sons
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in terms of cytotoxicity and inflammatory responses were
evaluated using U937 cells. The cytotoxicity was not
dependent on the amount of nanoparticle while increas-
ing the amount of 60 nm Mg(OH), nanoplate increased
the inflammatory response of U937 cells. Considering pH
neutralization, cytotoxicity and inflammatory response, the
optimal Mg(OH), content in the PLLA matrix was 30 wt%
for both shapes. Mg(OH), nanorod was much more effective
in increasing elastic modulus of PLLA film than Mg(OH),
nanoplate. The effectiveness of Mg(OH), nanorod is seems
to be related with its crystal growth toward [001] direction.
In the meantime, tensile strength and elongation of PLLA
matrix decrease as Mg(OH), content irrespective of its shape
or size. It was due to weak interfacial compatibility between
Mg(OH), and PLLA matrix. For mechanical stability, the
interfacial compatibility, therefore, was improved by modify-
ing Mg(OH), particle surface with organic substance (Kum
et al. 2014b). Surface of Mg(OH), particle prepared by
hydration of MgO particle was decorated with either L or D
type of oligolactide and then composited with PLLA matrix.
Both L- and p-lactide-grafted Mg(OH), were effectively
neutralize the pH of media when they were incorporated
more than 20 wt% in the matrix and the resulting enhanced
cell viability and reduced inflammatory response were also
observed. Mechanical properties of Mg(OH),-incorporated
PLLA composite, however, were highly dependent on the
graft types. It was observed that tensile strength and elastic
modulus of PLLA was improved dramatically when it was
incorporated with p-lactide-grafted Mg(OH), which can
form stereocomplex with L-type PLA substrate while the
incorporation of L-lactide-grafted Mg(OH), only improved
elastic modulus. The formation of stereocomplex between
PLLA and p-lactide make higher crystallinity of the matrix
which is responsible for its mechanical properties (Tsuji and
Ikada 1999). These findings suggested that late inflamma-
tory response and thicker strut thickness of polymeric bio-
degradable stents due to their acidic degradation products
and weaker mechanical properties than metal-based stent
could be solved by incorporating surface-modified Mg-based
ceramic particles.

Stent with strong coating layer

Improvement of adhesion stability between coating layer and
strut surface is another important strategy which can reduce
thrombosis by DES implantation. The interface between
polymer coating layer and metallic substrate is basically
not compatible with each other due to their definitely dif-
ferent physical and chemical properties. Stress during the
stent expansion and irregular degradation under physiologi-
cal condition makes polymer to be cracked or even delami-
nated from the stent surface (Bedair et al. 2014). And the
defect on the polymer coating layer may cause uncontrolled

release of drug resulting side effects (Hwang et al. 2005).
Thus, Cypher stent also used base poly(p-xylylene) coating
layer (Choi et al. 2011) and some attempts to improve the
interfacial stability still have been made using polymeric
brushes, such as diazonium and methacrylated derivatives
(Levy et al. 2009; Shaulov et al. 2009). The improvement of
biodegradable coating layer stability was investigated using
nanobrushes composed of similar chemistry to coating layer
(Bedair et al. 2014; Choi et al. 2011), as shown in Fig. 3b.
Because the thickness of base buffer layer is in nanoscale
this technique was named ‘nanocoupling’. For this, 4 nm of
L-lactide oligomer layer was grafted on O, plasma-treated
stainless steel surface by ring opening polymerization and
then PLGA containing SRL was coated on it by electrospray-
ing method. The adhesive strength of nanocoupled coating
layer was more than doubled compared to that of PLGA
coated on bare or plasma-treated stainless steel (Choi et al.
2011). Formation of stereocomplex can be used to improve
the nanocoupling technique. The PLLA brush was grafted
on Co—Cr alloy surface and then PDLLA incorporated with
SRL was coated on PLLA graft using ultrasonic spray coat-
ing. The PDLLA layer with nanocoupling demonstrated
higher stability than that coated on other unmodified groups.
After 6 weeks of in vitro degradation test, the nanocoupled
coating layer showed relatively smoother surface without
cracking or pitting. Moreover, when it was applied in real
stent, the nanocoupled coating layer was more stable than
the coating layer on unmodified one, suggesting the nano-
coupling method would be useful method for enhancing the
stability of coating layer in DES system (Bedair et al. 2014).

The use of base layer is also applicable to dual coating.
A lot of DES studies have tried dual or multiple coatings for
delivery multiple drugs (Lim et al. 2016, Su et al. 2013).
One example of dual coating techniques is that drug is eluted
only one side of stent (either luminal or abluminal side) by
covering each side with different materials. As previously
mentioned, anti-proliferative drug eluted from DES can not
only prevent proliferation of SMCs but also delay the re-
endothelialization (Joner et al. 2006). Thus, it would pro-
mote the re-endothelialization if the abluminal side of stent
that contacts blood vessel wall elutes anti-proliferative drug
and the luminal side of stent is coated with biocompatible
materials which can provide preferable environment for
endothelial cells. Coating of dopamine-mediated hyaluronic
acid (HA-DA) and PDLA containing SRL on luminal and
abluminal sides of stent was one example of this concept
of dual coating (Kim et al. 2016). First, the both sides of
Co—Cr stent was coated with HA-DA and then only ablu-
minal side was coated with PDLA. PDLA coating layer was
stable because HA-DA layer acted as base buffer layer. There
was no cracking or delamination after ballooning the stent.
The in vivo test using pig demonstrated that blood vessel
expanded by dual coating stent had wider lumen area and

@ Springer



160

C-M.Han et al.

reduced inflammatory response than that with BMS after 4
weeks of implantation.

Nitric oxide-eluting stent

Nitric oxide (NO)-eluting stents which can selectively pre-
vent the proliferation of SMCs and promote the growth of
endothelial cells have emerged as new platforms of DES.
NO, generated by endothelial NO synthase (eNOS) in
healthy blood vessel endothelium, is known to maintain
patency and homeostasis of blood vessel (Sharif et al. 2012).
The NO maintain the homeostasis of blood vessel by sup-
pressing proliferation of SMCs, antherogenesis, and aggre-
gation of platelet and dilating the blood vessel (Sharif et al.
2012). It was also reported that insufficient concentration of
NO around implanted stent caused restenosis and thrombosis
(Elnaggar et al. 2016). Thus, there have been several stud-
ies which focused on stent releasing NO or eNOS. One of
the most studied NO donor is N-diazeniumdiolate (NONO-
ate), which generates two equivalents of NO molecule under
physiological conditions through hydrolysis (Naghavi et al.
2013). For the effective delivery of NO donor, liposomes
are utilized (Elnaggar et al. 2016). Liposomes have been
used as drug delivering vehicles due to their sustained
releasing ability and similar bilayer structure to cell mem-
brane (Malam et al. 2009; Voinea and Simionescu 2002).
The delivery of NO using liposome successfully reduced
arterial wall thickening in the rabbits (Huang et al. 2009).
Study of prolonged release of NO, however, are still lacking.
Recently, layer-by-layer (LBL) methods showed its utility in
the prolonged NO releasing system (Elnaggar et al. 2016).
In the LBL technique, multiple different coating layers were
coated on substrate one by one (Hammond 2010; Thierry
et al. 2003). The structure and composition of the coating
layer by LBL technique can be controlled easily and accu-
rately. On the HA-DA-coated Co—Cr substrate, (Z)-1-[N-
(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-
1,2-diolate (DETA NONOate)-incorporated liposome and
poly-L-lysine were coated through the LBL technique, as
shown in Fig. 3c. While the NO-releasing period by the
conventional direct coating method was a few hours, the
NO was released for up to 5 days when the DETA NONO-
ate was coated using LBL technique was used. The hydro-
philic LBL surface, whose water contact angle was 20°, also
effectively prevented adsorption of fibrinogen compared
to relatively hydrophobic Co—Cr surface (water contact
angle =65°). On the LBL surface, viability of endothelial
cell increased and that of SMC decreased. It was observed
that NO-eluting stent group had wider lumen area than BMS
group due to reduced thrombosis in the in vivo animal test
using pig (Elnaggar et al. 2016). The NO delivery using
DETA NONOate was also combined with anti-proliferative
drug, PTX (Gallo and Mani 2013). After coating the whole
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side of stent with phosphonoacetic acid, abluminal side of
stent was coated with PTX by spraying and luminal side
of stent was coated with DETA NONOate using mandrel.
However, the release of PTX and NO was too fast, thus,
modification of the coating method for sustained release of
those molecules would be required. Recently, Joung and his
coworkers reported effectiveness of supported lipid bilayer
(SLB) tethered on titanium (Ti) surface as another NO donor
delivering method. The tethered SLB (TLB) was formed by
rupturing liposome composed of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine (DOPS) onto surface-treated Ti surface.
The lipophilic NO donor 10-nitrooleate (OA-NO,) was eas-
ily incorporated into TLB membrane and NO was released
out for few hours. The released NO successfully inhibited
growth of SMCs while it has endothelial cell compatibility
similar to that of bare Ti (Elnaggar et al. 2016).

Biomolecule-eluting or decorated stent

Vascular endothelial growth factor (VEGF) is one of the
most extensively investigated growth factors in the stent
because it is known to promote angiogenesis by regulat-
ing endothelial cell proliferation (Poh et al. 2010). Hepato-
cyte growth factor (HGF) is another endothelium-specific
growth factor which affects migration, proliferation and cap-
illary-like structure formation of endothelial cells (Harada
et al. 2002). Meanwhile, a heparin, one of components of
extracellular matrix, have been widely used in biomedical
applications due to its anti-coagulant property (Clowes and
Karnowsky 1977). Heparin strongly interacts with growth
factors which have heparin binding domains (Awada et al.
2014). Growth factors, thus, could be loaded easily on to
metallic substrate when heparin was coated on it using car-
riers like HA-DA (Choi et al. 2016). The HA-DA coating
itself resulted in enhanced growth of endothelial cells than
bare metal surface which was further enhanced by heparin
coating. The expression of CD31 and capillary formation of
the endothelial cells were upregulated on the VEGF-loaded
surface than other surface. The HGF did not strongly pro-
mote tubule formation or CD31 expression of endothelial
cells than VEGF, however, it induced more upregulated con-
nexin-43 gap junction protein expression (Choi et al. 2016).

Stromal cell derived factor-1a (SDF-1a) is a chemokine
which affects homing, mobility and recruitment of stem or
progenitor cells (Abbott et al. 2004; Lau and Wang 2011).
Endothelial progenitor cells are involved in neovasculariza-
tion due to its potent differentiation ability into endothelial
cells (Asahara et al. 1997). Moreover, endothelial progenitor
cells can be incorporated into damaged arteries and help
to promote re-endothelialization (Kong et al. 2004a). Like
other growth factor systems, the SDF-1a could be loaded
onto Co—Cr alloy substrate using heparin-dopamin coating
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system (Kang et al. 2015). The loaded SDF-1a was released
out up to 4 weeks without any initial burst. Migration assay
was carried out using fibrin gel where the endothelial pro-
genitor cells were distributed homogenously. When Co—Cr
substrate was placed on the cell-laden fibrin gel, the cells
were settled down after 7 days. On the other hand, during the
same time period, cells migrated toward the SDF-1a releas-
ing substrate even against the gravity (Kang et al. 2015).

Cell capturing using anti-CD34 antibody is another
method for healing blood vessel using endothelial pro-
genitor cells. CD34 is a common marker that is abundantly
found on endothelial progenitor cell (EPC) surface (Mar-
ketou et al. 2014). The development of cell capturing stent
was begun at around the same time as first generation DES
(Sethi and Lee 2012). Genous™ manufactured by Orbus-
Neich is most widely studied EPC capturing stent in clinical
trials. Its surface was coated with anti-human CD34 anti-
bodies using polysaccharide (Beijk et al. 2010; Garg and
Serruys 2010), as shown in Fig. 3d. A lot of animal studies
have demonstrated that Genous™ successfully accelerated
re-endothelialization, but was not effective in inhibition of
intimal hyperplasia (van Beusekom et al. 2012). It might
because anti-CD34 antibody response not only with EPCs
but also smooth muscle progenitor cells (van Beusekom
et al. 2012). In this regard, COMBO dual therapy stent by
OrbusNeich is modified version of Genous™, which was
designed to capture EPCs and to inhibit SMC proliferation
simultaneously by coating luminal and abluminal sides with
anti-CD34 antibody and SRL-loaded biodegradable poly-
mer, respectively (Lee et al. 2016). In a 3-year clinical trial
on 61 patients, significant late neointima regression was
observed on COMBO dual therapy stent, which has never
been reported in other mono therapy DES systems (Lee et al.
2016). On the other hand, other specific markers for captur-
ing EPCs have been suggested such as vascular endothelial
cadherin (Lim et al. 2011), endoglin (Cui et al. 2014) and
CD133 (Sedaghat et al. 2013). However, they did not reveal
major improvement of re-endothelialization yet. Our group
applied anti-CD146 antibody to capture circulating EPCs
and silicon nanofilament to increase surface area and coat-
ing efficiency (unpublished). Silicon nanofilament-coated
stents with anti-CD146 antibody enhanced cell capturing
rate, in vivo re-endothelialization and inhibited neointimal
formation in porcine coronary artery.

Gene, a molecular unit of heredity (Tebas et al. 2014),
has ability to regulate cell function, which allows it to
be widely studied in the regeneration field (Naldini 2015;
Rios et al. 2011). Recently, gene-eluting stent has been
considered as one of the next generation of coronary stents
which can overcome the inherent shortcoming of current
DES systems, delayed re-endothelialization. Some small
interfering RNAs (siRNA) or messenger RNAs (mRNA)
are known to inhibit proliferation of SMC specifically

without affecting endothelial cells. These RNAs can be
eluted effectively using polymeric materials as DES (Che
et al. 2012). Aktl is an important signaling system that can
intermediate PI3K pathway (Vara et al. 2004). The eluted
siRNA successfully downregulated in vitro SMC prolif-
eration. Moreover, in vivo animal test using rabbit dem-
onstrated siRNA-eluting stent significantly reduced ISR
rate compared with BMS (Che et al. 2012). Gene-eluting
stent also accelerated re-endothelialization by delivering
plasmid DNA that can encode human VEGF-2 (Walter
et al. 2004). This plasmid DNA eluting stent reduced 60%
of cross-sectional arterial narrowing compared to PC-
coated stent. Gene-eluting stent also alleviated neointi-
mal thickening by inhibiting inflammatory mediators such
as monocyte chemoattractant protein-1 and nuclear fac-
tor kB (Ohtani et al. 2006). Negatively charged genes are
delivered by bulk-immobilizing (Fishbein et al. 2013), sur-
face-immobilizing (Jin et al. 2008) or forming nanocom-
plex with positively charged polymers (Che et al. 2012).
Although gene-eluting stents have showed positive in vivo
animal testing results, clinical trials are still lacking.

Endothelium mimicking stent which had high interfa-
cial compatibility with metallic substrate and NO eluting
ability for accelerated re-endothelialization was developed
using self-assembled peptide-based matrix (Andukuri
et al. 2014). Two peptide amphiphiles (PA) which respec-
tively had endothelial cell adhesive ligand (YIGSR) and
polylysine NO donor were prepared and then mixed in
a 9:1 ratio. This endothelium mimicking nanomatrix
showed superior adhesion stability which were examined
by applying shear stress using bioreactor system and bal-
loon expansion test. There was no noticeable defect on
the coating layer after testing compared to untested one.
The uniformly distributed HUVEC on stent surface after
7 days of incubating confirmed the biocompatibility of
the endothelium mimicking coating layer. The 4 weeks
of in vivo testing using rabbit revealed that neointimal
layer which even thinner than stent strut was observed on
endothelium mimicking coating layer. Direct delivery of
endothelial cells is another method to mimic the endothe-
lium. Several strategies have been proposed to deliver the
endothelial cells using magnetic particles (Polyak et al.
2016) and catheter (Kong et al. 2004b; Werner et al. 2003).
However, these devices have some limitation which needs
additional instrument to successfully deliver the cells. Our
group designed cell-derived extracellular matrix coated
stents which has synergistic effects of stable cell adhe-
sion and suppression of SMC proliferation (unpublished).
Direct delivery of endothelial progenitor cells using
extracellular matrix coated stents showed acceleration of
in vivo re-endothelialization and successful inhibition of
neointimal formation.
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Conclusions

The numerous efforts to make better DES systems, have
allowed DES to be commercialized and used dominantly
in the stent treatment these days. DES system has been
evolved by modifying its components to resolve inherent
weaknesses including the toxicity of the anti-proliferative
drug and the remaining of polymeric coating layer which
can cause immune reaction, inflammation and the conse-
quent late-thrombosis. In the next generation of DES, to
minimize the side effects after stent implantation, numer-
ous strategies have been investigated. Examples of the
strategy are the reduction of inflammation by incorporat-
ing of basic ceramic particle and stabilizing of the coat-
ing layer, and promotion of blood vessel regeneration by
delivering gas and biomolecules or replacing synthetic
polymers with biomimetic substance. A lot of subfields in
the DES technology, however, still needs further improve-
ment. The above strategies have been developed mainly
for the metallic substrate. Therefore, the application to
the bioabsorbable polymeric substrate, which was recently
commercialized, will meet another challenges. While the
vascular DES have made significant progress, progress in
the investigation of non-vascular DES for other organs,
such as biliary duct, trachea, and urethra are still slow.
Because these non-vascular stents have different shape,
size and dose of drugs depending on the target organs,
the optimization of drug delivering strategies should be
adjusted. The efforts are also needed to employ the future
techniques in DES, such as 3D printing, nano-fabrication
and nano/micro-patterning, that will replace conventional
manufacturing methods.
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