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N Drug-eluting stent coatings

Over the past decade, drug-eluting stents (DES) have greatly transformed the field of interventional
cardiology. Generally, three components are included in a DES system: a metal stent platform, a drug
carrier or so called ‘stent coating’ and a drug. As such, stent coating plays an important role in the
performance of DES. This article will review the evolution of stent coatings and their role in the development

of restenosis and thrombosis.
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thrombosis

Over the last decade, stent technology has been
introduced and shown excellent performance
in prevention of occlusion and restenosis when
compared with conventional angioplasty [1.2].
In particular, drug-eluting stents (DES) have
revolutionized the treatment of coronary artery
disease (CAD) in recent years, by significantly
reducing in-stent restenosis (ISR) and the need
for target vessel revascularization (TVR).
However, with the dramatic increase in the
use of DES, stent thrombosis (ST) has become
a major concern, especially late ST (LST) [3].
Since restenosis and thrombosis are caused by
multiple factors, an ideal stent coating includ-
ing drug-vehicle materials and pharmaceutical
agents should not only inhibit thrombus forma-
tion, inflammatory reaction and proliferation of
smooth muscle cells, but also facilitate the pro-
cess of re-endothelialization. This review focuses
on the development of stent coatings and their
impact on restenosis and thrombosis rates.

Overview of coronary stents
CAD continues to be the most common cause
of morbidity and mortality in the western
world. A well known cause of CAD is athero-
sclerosis [4]. Although coronary artery bypass
graft surgery has been proven an effective and
curative approach to CAD, there has been a
steady drive to develop less invasive therapies.
Percutaneous coronary interventions, includ-
ing percutaneous transluminal coronary artery
angioplasty (PTCA) and coronary artery stent-
ing (CAS), are examples of therapies which have
changed the treatment of CAD.

PTCA was first introduced into clinical prac-
tice by Andreas Griintzig in the late 1970s 3).
During PTCA, an expandable balloon catheter
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is inserted into an artery to reach the primary
atherosclerostic plaque or secondary restenotic
lesion, followed by inflation of the balloon to
improve vessel patency and blood flow. However,
this procedure causes injury to the blood vessel,
resulting in vascular elastic recoil, neointimal
proliferation and negative remodeling, often
leading to restenosis, which will again lead to
blockage of the blood and insufficient oxygen-
ation of cardiac tissue. Besides the occurrence
of restenosis, a more severe problem is the col-
lapse of the artery, which may occur during the
PTCA procedure after the deflation of the bal-
loon or even during the recovery period after
the angioplasty. Once this occurs, emergency
coronary artery bypass graft is the only option.
To overcome these issues, CAS technology was
proposed and developed. In CAS, a metallic
stent is crimped onto a balloon catheter and then
placed at the narrowed segment of the artery
with inflation and deflation of the balloon. The
stent functions as a scaffold to expand and sup-
port the artery wall and thus reduce resteno-
sis after balloon angioplasty. In the late 1980s,
Sigwart et al. first reported the successful inser-
tion of bare-metal stents (BMS) into the coro-
nary arteries of eight patients [6]. Over the years,
with the development of several generations, the
adoption of BMS has demonstrated an effective
reduction in restenosis compared with PTCA
alone [12.6] and significant decreases in the rates
of the major adverse cardiac events and death
(7.8]. Nevertheless, 20-30% of patients develop
clinically evident restenosis. ISR has become a
new and significant clinical problem [29]. To
effectively reduce ISR, many investigators have
been developing new solutions to inhibit cell
proliferation by locally delivering antirestenotic
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agents to the diseased arteries where stents are
implanted. A revolutionary solution was the
development of DES in the early 2000s [10,11].
The DES take advantage of both reliable metal-
lic stent platforms and the delivery of an effective
antirestenotic drug. The drug is carried to the
region of injury caused by stenting and delivered
by a thin layer of stent coating on a standard cor-
onary stent, thereby decreasing the rate of ISR.
Taeee 1 shows the four US FDA approved DES.

Current problems in DES: ISR & LST
Alhough DES have represented a major break-
through in the reduction of the incidence of ISR
(12-15], restenosis rates are still unacceptably high
in high-risk patients with small vessels, diabetes
and long segments of diffusely diseased arteries
(30-60% in BMS and 6-18% in DES) [16-18].
Although the detailed mechanism of ISR is still
under investigation, neointimal hyperplasia is
thought to be the main cause. A number of risk
factors for ISR has been recognized, such as stent
material and geometry, lesion and stent length,
stent number, diabetes and female sex [19].
Depending on the time of occurrence, ST
can be classified into four types: acute, sub-
acute, late and very late. Acute ST occurs
between 0 and 24 h following stent implanta-
tion, subacute between 24 h and 30 days, late
between 30 days and 1 year, and very late after
1 year [20]. As such, very late ST is, thus far,
poorly described and it seems that DES increase
the risk of very late ST moderately but signifi-
cantly [20]. For this reason, many authorities
advise that dual antiplatelet therapy should be
continued for longer than one year after DES
implantation. The current guidelines, however,
recommend this therapy for at least one year.
LST is a rare, but severe, complication (0-2%
incidence) and a recent clinical study has shown
it will result in fatal myocardial infarction (MI)
in 45% of patients [21]. Therefore, LST has been
a great concern recently, while acute/subacute
thrombosis can be managed with the use of dual
antiplatelet therapy. The precise mechanism of

LST is still unknown, but it is generally believed
that the combination of delayed endothelializa-
tion due to antiproliferative therapy and persis-
tence of the nondegradable polymer, contribute
to the hypersensitivity reaction, possibly with
some residual active drug that may not have
been eluted [22.23].

Importance of stent coatings

As stated above, ISR remains unacceptably high
in some high-risk patients and LST has been a
major concern associated with current clinical
applications of DES. Therefore, a number of
studies have addressed these problems through
modification of the stent with respect to the
blood and tissue compatibility, including chang-
ing the stent material itself and modifying the
outer layer of the stent surface, aggressive anti-
coagulant and antiplatelet therapies, or antipro-
liferative strategies to inhibit neointimal growth.
While some materials with excellent mechanical
properties have no favorable biocompatibility,
other materials with good biocompatibility are
not suitable for stent production. Thus, modi-
fying or coating different materials on the stent
surface is one of the effective methods to alter
characteristics of the stent surface and improve
the stent’s biocompatibility and hemocompat-
ibility, and hence reduce the occurrence of
thrombosis and restenosis.

Types of stent coatings

There is a variety of stent coatings with differ-
ing performance profiles that have been studied
either in animal studies or clinical trials. The
stent coatings can be broadly classified into three
types: biocompatible coatings, drug-delivery
coatings and polymer-free coatings/surfaces.
Since metallic stent platforms will release ions
after implantation and thus lead to inflammatory
reactions, the initial stent coatings served only as
an ion release barrier, with good compatibility
on the stent surface. These coatings are mostly
inorganic materials that usually have no capac-
ity to carry drugs that may interfere with intima

Company Trade name  Polymer Polymer thickness Platform Strut thickness Drug Drug dose
(um) (pm) (ug/mm)
Cordis, J&)J Cypher® PEVA/PBMA 12.6 316L SS 140 Sirolimus 135/13
Boston Scientific Taxus® SIBS 16 316LSS 132 Paclitaxel 85/12
Abott Xience V® Fluoropolymer 7.6 CoCr 81 Everolimus 56/12
Medtronic Endeavor® PC 53 CoCr 91 Zotarolimus ~ 120/12

CoCr: Cobalt-chromium, PBMA: Poly-n-butyl methacrylate, PC: Phosphorylcholine; PEVA: Polyethylene-co-vinyl acetate; SIBS: Poly(styrene-b-isobutylene-b-styrene);
SS: Stainless steel.
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proliferation induced by artery injury with stent
placement. To conquer this difficulty, biocom-
patible polymer coatings were developed and
have been successfully coated on the stent surface
as a drug carrier, to store and elute pharmaceuti-
cal agents to the lesion site. However, polymer
coatings are considered one of the key factors
that lead to thrombosis. Therefore, a series of
strategies were employed to develop polymer-free
stent coatings/surfaces. Considering the bur-
geoning development of nanotechnology, coat-
ing nanomaterials on the stent surface or modi-
fying the stent surface in nanoscale is a novel
and promising approach. Nanoscale is usually
defined as smaller than 0.1 pm in at least one
dimension, although this term is sometimes also
used for materials smaller than 1 pm. Thus, the
words with a nano- prefix in this paper mean that
the dimension size of the material, the pore, the
pattern, the particle and even the thickness is in
nanoscale. Besides the three types of coatings,
other coatings or strategies are also reviewed.

B Inorganic coatings

Gold

Preclinical studies have shown that gold-coated
stents yielded fewer macroscopic and histo-
pathologic changes in the aorta than stainless
steel stents and those coated with silver, copper,
Teflon® or silicone [24]. In addition, as gold is
a highly radiopaque material, it can be coated
on stainless steel stents to enhance fluoroscopic
visibility. However, human clinical trials relat-
ing to gold coatings were disappointing, as the
gold coating appeared to activate platelets and
caused more neointimal hyperplasia. For exam-
ple, in patients implanted with gold-coated and
uncoated steel stents, 49.7 and 38.1% acquired
ISR and 2.5 and 0.8% experienced thrombosis,
respectively [25]. The results of another clinical
trial also indicated more neointimal tissue pro-
liferation in patients with gold-coated stents.
The trial randomized 204 patients to receive
uncoated (group A; n = 101) or coated (group
B; n = 103) stents. The angiographic mini-
mal luminal diameter was smaller in group B
(1.47 £ 0.57 vs 1.69 £ 0.70 mm; p = 0.04), with
a higher late luminal loss of 1.17 + 0.51 versus
0.82 + 0.56 mm (p = 0.001) [26].

Silicon carbide

Silicon carbide (SiC) is a semiconductor that
was coated on metal stents for an in vitro cir-
culation study. The results of the study have
shown significantly lower platelet and leuko-
cyte adhesion at the surface of the SiC-coated
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tantalum stent compared with stainless-steel
stents, uncoated and heparin-coated tantalum
stents [27]. However, the outcomes of human
clinical trials were not satisfactory. In terms of
clinical and angiographic restenosis rates, it has
been reported there was no superiority of the
SiC-coated stent over a stainless steel stent, after
4.7 + 1.2 months [28]. Further improvement and
evaluation of SiC coating is needed.

Iridium oxide

Hydrogen peroxide has been recognized as a
strong oxidizing agent that can result in inflam-
matory reactions in arteries. Due to the capabil-
ity of iridium oxide to promote the immediate
conversion of hydrogen peroxide into water and
oxygen, iridium oxide has been coated on a 316L
stainless steel stent and has shown encouraging
results in a clinical trial, with improved bio-
compatibility and fast re-endothelialization [29).
However, further evaluation in a randomized
study is needed to confirm the efficacy and
safety of iridium oxide-coated stent. A detailed
investigation into the role of iridium oxide in
the conversion of hydrogen peroxide into water
and oxygen and its impact on restenosis and
thrombosis is also required.

Carbon

In vitro analyses have indicated that stents
coated with ‘diamond-like’ carbon were highly
biocompatible and yielded less platelet activa-
tion, thrombogenicity and metal ion release,
than uncoated stents [30]. Moreover, a 6-month
clinical and angiographic follow-up study has
shown that the carbon coating was able to dra-
matically reduce ST and restenosis in these
relatively high-risk patients [31. However, more
recent studies have shown that carbon-coating
does not provide clinical advantages in compari-
son with BMS 32]. Thus, the performance of
carbon-coating requires further confirmation
from more comprehensive and definitive studies.

Titanium-nitride-oxide

Endothelium-derived nitric oxide plays an
important role in regulating endothelial func-
tion, assisting suppress platelet aggregation,
cellular adhesion to the endothelium and even
inhibiting smooth muscle cell proliferation [33].
It is anticipated that a nitrogen-containing oxide
should have a similar benefit, although there is
no evidence to support this, and it is a promising
way to apply the nitrogen-containing oxide as a
stent coating. The safety of the titanium-nitride-
oxide-coated bioactive stent (Titan2®, Hexacath,
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Paris, France) has been confirmed in unselected
populations [34,35]. Interestingly, bioactive stents
have demonstrated even better outcomes com-
pared with paclitaxel-eluting stents in the real-
world setting of ‘high-risk’ patients and complex
coronary lesions [36], as well as in patients pre-
senting with acute MI (37]. Therefore, it is one
of the few non-DES coatings with its own merit,
which can compete with DES and share a part
of the market.

W Polymer coatings

Polymers are large molecular compounds con-
sisting of repeating structural units, typically
connected by covalent chemical bonds. Other
than the aforementioned coatings, which play
a crucial role in biocompatibility improvement,
polymers bear one more duty — to carry and
locally release therapeutic agents to the injured
area of arteries.

Nonbiodegradable polymers

In the current US market, both the first and
second generations of DES are coated with
nonbiodegradable polymers to control the
drug-eluting profile (Taee 1. In the first genera-
tion of DES, the stent coating of the Cypher®,
a sirolimus-eluting stent (Cordis, NJ, USA)
is a polymer blend of poly(ethylene-co-vinyl
acetate) and poly(n-butylmethacrylate) loaded
with sirolimus, while the coating of the Taxus®,
a paclitaxel-eluting stent (Boston Scientific, MA,
USA) is poly(styrene-b-isobutylene-b-styrene)
loaded with paclitaxel. The clinical outcomes
have shown both DES can significantly reduce
restenosis compared with BMS [12-15]. However,
an increase in the rate of MI and mortality was
reported in patients 18 months to 3 years after
the implantation of Cypher and Taxus [38-41].
In the second generation of DES, stent coatings
of the Xience V®, an everolimus-eluting stent
(Abott Vascular, CA, USA) and Endeavor®, a
zotarolimus-eluting stent (Medtronic Vascular,
CA, USA), are fluoropolymer and phosphoryl-
choline, respectively. Compared with the
BMS, TVR was dramatically reduced by both
Endeavor and Xience V stents [42,43]. It was
reported in the SPIRIT III study, that Xience
V stents can reduce angiographic late loss
without an increase in ST, compared with Taxus
stents [44] and also showed superiority in the
COMPARE trial, with a lower rate of ST and
fewer MIs and TVR [45]. However, Endeavor
stents resulted in a higher incidence of restenosis
than Cypher stents during the ENDEAVOR 111
trial [46]. Never the less, both Endeavor and
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Taxus stents demonstrated an equivalent target
lesion revascularization (TLR) rate in a later trial
(47]. In addition, it is worth noting that there
are no cases of very late ST reported in early
ENDEAVOR trials over 4 years, indicating the
Endeavor stent is safe long-term [48]. However,
the conclusion should be further confirmed by a
follow-up study of greater duration, with a larger
number of patients. PROTECT is one example
of arandomized, open-label trial comparing the
long-term safety of Endeavor and Cypher. The
trial has enrolled 8800 patients, representative of
those seen in routine clinical practice undergoing
elective, unplanned, or emergency procedures
in native coronary arteries in 196 centers in 36
countries. This large, international, randomized,
controlled trial will provide important informa-
tion on comparative rates of ST between two
different DES systems and safety as assessed by
patient-relevant long-term clinical outcomes [49].

Biodegradable polymers

Although some nonbiodegradable polymer-
coated DES claimed to be safe long-term, there
remains caution regarding the inflammatory
response (50]. Thus, biodegradable polymers
are being considered and investigated to store
and deliver drugs. The most commonly used
polymers now are poly(lactic acid) (PLA),
poly(glycolic acid) and their copolymer,
poly(lactic-co-glycolic acid) (PLGA), which
can be fully degraded and metabolized by the
body [s1,52]. A multitude of biodegradable poly-
mer-coated stents are currently in clinical trials.
For example, the Sparrow™ NiTi stent sys-
tem (Surmodics Inc., Eden Prairie, MN, USA)
employs SynBiosys™ biodegradable polymer
PLGA to elute sirolimus [s3); the CE-approved

® stent (Biosensors International,

Biomatrix
Singapore), which was licensed to Terumo
Corporation (Tokyo, Japan) with a new brand
name (Nobori®) in May 2007, releases a siroli-
mus analogue, biolimus A9, from PLA coated
on 316L stainless steel stent platform [54;
both Excel® (JW Medical Systems, China)
and Cura™ (OrbusNeich Medical, Inc., FL,
USA) are PLA and sirolimus-coated stainless
steel stents [55,56]; Conor Medstent™ stent
(Conor Medsystems, CA, USA) uses PLGA
while Infinnium™ stent (Sahajanand Medical
Technologies, India) utilizes PLA to elute
paclitaxel [57-59]. In spite of many promising
preliminary results, the development of biode-
gradable polymers in DES is still a challenge.
On the one hand, the degradation of polymers
is affected by a variety of factors [60] such as
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pH, polymer size, molecular weight, crystal-
linity and so forth, making the profile of drug
release more difficult to control. On the other
hand, the accumulated acidic products from
polymer degradation may lead to significant
inflammatory response of the vessel wall. To
address this issue, Ma ez al. incorporated amor-
phous calcium phosphate nanoparticles (NDs)
into PLGA, in order to neutralize the acidic
environment and thus eliminate the inflam-
matory reaction [61], but this assumption is still
under investigation.

B Polymer-free coatings/surfaces
Microporous surfaces

Yukon™ (Translumina, Hechingen, Germany)
is a typical example of a microporous stent that
elutes sirolimus. The micropore, functioning as
a drug reservoir and thus removing the require-
ment of polymer, is created on the surface of
316L stainless steel stent by mechanical treat-
ment or modification [62,63]. Determined by
a perthometer, the microporous stent surface
has an average roughness of 1.96 + 0.21 pm.
The sirolimus is spray coated on this porous
surface using specific equipment that allows
the entire drug loading process to be com-
pleted within 10 min [62]. Recent clinical data
have demonstrated that the Yukon stent has a
comparable performance with that of Taxus
at 9- to 12-month follow-up [64.65]. However,
compared with Cypher at 3-month follow-up,
the Yukon stent has significantly greater neo-
intimal thickening and stent strut coverage,
which was confirmed by a randomized optical
coherence tomography study [66]. It is probably
due to the Yukon stent’s microporous surface
topography and rapid sirolimus release profile.
However, definitive work is needed to deter-
mine the long-term safety and efficacy of the
Yukon stent.

Microstructured surfaces

Similar to Yukon, the BioFreedom™ stent
(Biosensors International Group, Ltd., CA,
USA) has a selectively microstructured ablumi-
nal surface, texturized by displacing the metal
using a microabrasion process on a 316L stain-
less steel stent platform. A large number of cre-
ated crevices on this microstructured surface,
allows for a high level of drug (Biolimus A9)
adhesion, without an application of polymers.
A recent first cohort of the BioFreedom first-
in-man study in which 75 low risk patients
were randomized to be treated with either
a standard-dose (SD; biolimus A9 225 ng)
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or a low-dose (LD; biolimus A9 112 pg),
BioFreedom or the TAXUS™ Liberté, dem-
onstrated a significant reduction of in-stent late
loss at 4 months, in the two BioFreedom groups
(BioFreedom SD = 0.08 mm vs BioFreedom
LD = 0.12 mm vs TAXUS Liberté = 0.37 mm;
p < 0.0001 and p = 0.002, respectively) [67).

Slotted tubular surfaces

The Optima™ stent developed by Carbostent
and Implantable Devices (CID S.r.l., Saluggia,
Italy) is a slotted tubular multicellular archi-
tecture 316L stainless steel stent. The stent
system provides slots on the abluminal surface
as reservoirs for drug (tacrolimus) loading and
an integrated carbon coating (Carbofilm™)
for reducing the risk of ST ([67]. Similar to
Optima, the Cre8™ stent involves abluminal
reservoir technology that elutes amphilimus,
a combination of sirolimus plus an organic
acid. It also has a bioinducer surface, which
is made of carbon and is intended to optimize
hemocompatibility. The NEXT study, an inter-
national prospective randomized clinical trial,
showed the Cre8 to be statistically superior to
TAXUS Liberté with respect to in-stent late
lumen loss (0.14 mm Cre8 vs 0.34 mm Taxus;
p < 0.0001) [201].

Nanoporous surfaces

Nanoporous stent surfaces are attractive due
to their higher drug loading capacity with
increased surface area and influence on drug
releasing profiles. A nanoporous hydroxy-
apetite (a biocompatible crystalline derivative
of calcium phosphate) coating with 0.3-1 pm
thickness and a porosity of 40—-60% in volume,
has been developed by MIV Therapeutics, Inc.
(Vancouver, BC, Canada) [68]. Impregnated
with a low dose of sirolimus, this nanothin-
microporous hydroxyapatite-coated stent has
shown promising results in both animal stud-
ies and an initial 1-year clinical trial [69]. A
stainless steel stent coated with nanoporous
aluminium oxide is another example of devel-
oping nanoporous stent surfaces. In the process
of manufacturing, a thin layer of aluminum
was coated on the surface of a 316L stainless
steel stent and then the coated stent was anod-
ized to convert the aluminum layer to a porous
aluminum oxide. An early animal study indi-
cated a good vascular compatibility of the stent
with regard to loading and releasing tacrolimus
from the porous structure [70]. However, disap-
pointing results were reported from a subse-
quent animal study, with evidence of particle
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debris shed from the coating contributing to
increased neointimal hyperplasia [71]. Due to
the unsatisfactory clinical performance, further
development of this concept and technology
has been abandoned [72].

NPs

NPs have been extensively applied in various drug
delivery systems, but few studies have reported
the results of stent surfaces coated with NPs.
Recently, an active coating of NPs was success-
fully deposited on the surfaces of metallic stents
via cationic electrodeposition coating technology
and both 77 vitro drug release kinetics and in vivo
feasibility of this NP-eluting stent were charac-
terized and evaluated (73]. The investigators con-
cluded that the NP-eluting stent is a potential
innovative platform exhibiting unique aspects
in vascular compatibility and an efficient drug
delivery system compared with the dip-coated
polymer-eluting stent (73]. Another interesting
NP-mediated drug delivery system is composed
of magnetic NPs loaded with endothelial cells
(ECs) and 304 grade stainless steel [74]. Instead of
being coated directly on stent surface, the PLA-
modified magnetic NPs loaded with ECs were
targeted by a magnetic field gradient towards
the stent surface after injection, which enables
artificial endothelialization and repeated dosing.
Although promising results were reported, fur-
ther evaluation of this method in animal studies
and clinical trials is required, as the idea is still
at the experimental stage.

Nanopatterned surfaces

Surface chemistry and topography are two key
factors for adhesion of proteins and cells, and
thus a specific stent coating with periodic struc-
ture would influence the growth and prolifera-
tion of ECs. It has been reported that a higher
percentage of endothelial coverage on nanoscale
patterns is achieved in comparison to micros-
cale patterns or random nanostructured surfaces
(75]. Therefore, modifying the stent surface with
nanopatterns is a promising approach to enhance
the process of re-endothelialization. However, it
is worthy of noting that submicron (>100 nm in
the lateral scale) titanium surface features pro-
moted higher EC adhesion density compared
with pure nanometer (<100 nm in both the
lateral and vertical scale) surface features [76].

Dual polymer-free DES

The strategy of dual polymer-free DES is to
improve the antirestenotic performance of poly-
mer-free stents by using a second antiproliferative
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agent that inhibits cell growth through a dif-
ferent cell cycle pathway, such as paclitaxel
and sirolimus (77]. In the ISAR-TEST-2 study,
1007 patients were randomized to treatment
with Cypher (n = 335), Endeavor (n = 339), or
a dual polymer-free DES (n = 333) that eluted
sirolimus and the antioxidant probucol [78.79].
The primary end point was binary angiographic
restenosis at 6—8 month follow-up angiography,
which in the dual-DES group (11.0%) was sig-
nificantly lower than that in the Endeavor group
(19.3%:; p = 0.002) but comparable with that in
the Cypher group (12.0%; p = 0.68). Secondary
end points were angiographic in-stent late loss,
TLR, death/MI and ST at 12 months. Similarly,
TLR with dual-DES (6.8%) was significantly
lower than Endeavor (13.6%; p = 0.001) but not
different to that of Cypher (7.2%; p = 0.83). No
differences were observed between stent groups
in terms of death/MI or ST [78]. At 2-year fol-
low-up, there was no differential safety profile
between the three groups. Moreover, the antires-
tenotic efficacy of both dual-DES and Endeavor
remained durable between 1 and 2 years, with
dual-DES maintaining an advantage over the
entire 2-year period [79]. Thus, those findings
suggest dual polymer-free DES is a promising
strategy for the future.

B Other coatings/strategies

Heparin

Due to its anticoagulant properties [80] and
inhibitory effect on arterial smooth muscle cell
proliferation (81,82], heparin has been widely
applied to the surfaces of vascular implants. In
particular, heparin coating of stents has been
proven to be effective and safe [83.84]. However,
other randomized clinical human trials have
shown no differences regarding the rate of
thrombosis and restenosis between heparin-
coated stents and uncoated stents. For instance,
ST and restenosis were 1.9 versus 1.3% and
33.1 versus 30.3%, respectively, in a trial using
heparin-coated and uncoated Jostent® (Jomed
International AB, Helsinghorg, Sweden) [ss]. In
addition, no impact was reported on the angio-
graphic or clinical events by comparing hepa-
rin-coated stents with BMS in the treatment of
stenoses in small coronary arteries [86].

Hyaluronic acid

Hyaluronic acid (HA) is a ubiquitous, non-
sulfated glycosaminoglycan and is widely
distributed in various tissues of the body as
a major component of extracellular matrix.
The HA-coated stainless steel stents and tubes
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have been reported to significantly reduce
the platelet thrombus formation in a baboon
thrombosis model (87]. In addition, compared
with stainless steel stents, HA cross-linking
with N-(3-dimethylaminopropyl)-N"-ethyl
carbodiimide-coated stents had an advanta-
geous inherent antiproliferative effect regard-
ing neointimal formation after local vessel wall
injury (overstretch model) and led to a reduced
inflammatory response in undiseased pig coro-
nary arteries [88]. However, a later animal study
showed different results in which airway stents
coated with a cross-linked derivative of HA
were evaluated in a rabbit airway model of sub-
glottic stenosis [89]. The data suggested that this
HA-derivative-coated stent may help reduce
stenosis in patients without airway injury,
but has no significant advantages on healing
improvement in posttraumatic models [89].

Fibrin

Fibrin is a fibrous protein, produced through
the cleavage of fibrinopeptides from fibrinogen
by thrombin during blood clotting [90]. The
efficacy and safety of a fibrin-film-covered stent
has been evaluated in a porcine coronary injury
model, in which fibrin acted as an excellent bio-
compatible and biodegradable polymeric coating
when incorporated onto metal stents [91]. Since
the fibrin-film provides a complete endoluminal
paving with delivery of antithrombogenic or anti-
proliferative therapy, such a ‘hybrid stent” offers
particular benefit to the arterial injury site by cov-
ering and delivering drugs to the entire lesion
surface [91]. Although the results of animal studies
indicated fibrin is a promising stent coating, the
efficacy and safety of a fibrin-coated stent needs
to be further evaluated in human clinical trials.

ECs

Since EC damage and exposure of subendothe-
lial matrix at the artery injury site is the basis for
both thrombus and neointimal formation [92,93],
it seems reasonable to deliver ECs on stents to
diseased arterial sites for rapid re-endothelializa-
tion and EC proliferation, differentiation and
release of growth factors, which in turn could
inhibit thrombosis and neointimal hyperplasia
[94]. ECs were first seeded on stents and studied
in vitro by Van der Giessen et al. who concluded
that autologous EC-coated stents might protect
against early thrombosis (95]. The outcomes of
some animal studies have also shown enhanced
re-endothelialization and inhibition of neo-
intimal hyperplasia achieved using EC seeding
[96-98]. A recent novel attempt involved seeding
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endothelial progenitor cells (EPCs) on the stent
surface. The results of 77 vitro experiments sug-
gested that on-stent cell delivery of EPCs may
be novel therapeutic devices for re-endotheli-
alization and reduce the risk of LST and ISR
(99]. Genous™ capture R stentand Combo™
bioengineered sirolimus-eluting stents are exam-
ples of such products, developed by OrbusNeich
Medical, Inc. (FL, USA). Genous stent is cov-
ered with monoclonal, antihuman CD34 anti-
bodies to capture EPCs on the luminal surface
of 316L stainless steel R stent BMS. It has been
evaluated in a number of clinical trials includ-
ing HEALING FIM, HEALING II, GENIUS-
STEMI and TRIAS, and appeared effective in
stable patients [s4]. However, a potential short-
coming of this technology is that some unwanted
cells, including smooth muscle progenitor cells,
may also be sequestered resulting in neointimal
proliferation since CD34 + markers used to phe-
notype EPCs are nonspecific [100]. Besides the
EPC-capture coating on the luminal surface,
the Combo stent has an additional abluminal
coating containing a low-dose sirolimus and a
biodegradable SynBiosys polymer. The clinical
evaluation of the Combo stent is underway in
the REMEDEE trial [101]. Nevertheless, further
development of this concept has been limited
by the rapid loss of seeded ECs, the damage of
ECs upon stent expansion and the difficulty of
maintaining EC adherence to the artery wall due
to blood flow [93,94].

Conclusion

In this review, a wide range of stent coating
materials and surface modification methods
were discussed. Particularly, the application
of nanotechnology in stent coatings or surface
modifications is an attractive field of research.
Following the revolutionized development of
DES for the treatment of CAD, stent coatings
play a vital role, undertaking tasks ranging
from enhancing stent biocompatibility to car-
rying drugs or other agents, to improving stent
performance. Hence, the development of stent
coatings including material selection and coating
strategies is a worthy endeavor.

Future perspective

Since stent coating provides a promising
approach for combining mechanical proper-
ties and biocompatibility of different materi-
als, especially in collaboration with emerging
nanotechnology, many attempts have been
made to increase the biocompatibility and
hemocompatibility of coronary stents, to deliver
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effective pharmaceutical agents to inhibit neo-
intimal hyperplasia or to facilitate the growth
and proliferation of ECs. In spite of promising
early results reported on fully biodegradable
polymeric or metallic stents, stent coating is still
an indispensible direction for future research. A
combination of two technologies would be an
option with great promise. However, it remains
a challenge for modern engineering and car-
diology to design an ideal stent once and for
all, with complete elimination of restenosis and
thrombosis. However, with the dramatic devel-
opment and growth of nanotechnology, coat-
ing nanomaterials on stent surface or modifying

stent surface in nanoscale, offers us a valued
and promising research direction in future stent
development.
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The introduction of stent technology has dramatically changed the world of interventional cardiology. Nevertheless, in-stent restenosis

has become a major clinical issue.

The advent of stent coatings has significantly improved the stent performance owing to their enhanced biocompatibility and capacity for

drug delivery.

Although drug-eluting stents have revolutionized the treatment of coronary artery disease, late stent thrombosis has been a great
concern since it may result in a very high rate of fatal myocardial infarction.
While inorganic coatings merely improved stent biocompatibility, polymer coatings function as drug vehicles. However, the persistence
of nondegradable polymers and the acidic products from biodegradable polymers have been considered to be major factors leading to

inflammation and thrombosis.

The advancement of nanotechnology may provide a promising strategy for development of the next generation of drug-eluting stents.
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