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Abstract—This paper reviews the current state of the art for
coronary stent materials and surface coatings, with an emphasis
on new technologies that followed on from first-generation bare
metal and drug-eluting stents. These developments have been
driven mainly by the need to improve long term outcomes,
including late stent thrombosis. Biodegradable drug-eluting
coatings aim to address the long term effects of residual durable
polymer after drug elution; the SYNERGY, BioMatrix, and
Nobori stents are all promising devices in this category, with
minimal polymer through the use of abluminal coatings.
Textured stent surfaces have been used to attached drug
directly, without polymer; the Yukon Choice and BioFreedom
stents have some promising data in this category, while a
hydroxyapatite textured surface has had less success. The use of
drug-filled reservoirs looked promising initially but the NEVO
device has experienced both technical and commercial set-
backs. However this approach may eventually make it to market
if trials with the Drug-Filled Stent prove to be successful. Non-
pharmacological coatings such as silicon carbide, carbon, and
titanium-—nitride-oxide are also proving to have potential to
provide better performance than BMS, without some of the
longer term issues associated with DES. In terms of biological
coatings, the Genous stent which promotes attachment of
endothelial progenitor cells has made good progress while gene-
eluting stents still have some practical challenges to overcome.
Perhaps the most advancement has been in the field of
biodegradable stents. The BVS PLLA device is now seeing
increasing clinical use in many complex indications while
magnesium stents continue to make steady advancements.
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INTRODUCTION

Since the introduction of the first stainless steel devices
in 1987, the materials used for coronary stents have
evolved and diversified rapidly. In the drive to obtain a
share of what was becoming a vast and growing market,
manufacturers invested heavily in research and develop-
ment to gain continuous product differentiation and
improvements. Materials and surface technologies have
been central to all of these developments. This review
presents some of the more recent and on-going activities
in terms of the many technologies used and the pre-clin-
ical or clinical data being obtained. The clinical drivers
behind earlier developments have been previously
reviewed.”' This current assessment concentrates more
on new and evolving devices and technologies rather than
those that already have wider regulatory approvals.

While progressive improvements in stent materials,
design, and coatings has resulted in exceptionally low
failure and re-intervention rates, the issue of late stent
thrombosis (LST) remains. Though LST has been
widely associated with drug-eluting stents, it has also
been argued that this may be due to use of these de-
vices in increasingly challenging anatomies and patient
sub-sets,* where the use of earlier designs or bare
metal devices would not have even been considered. It
is however generally accepted that LST is associated
with poor endothelialization of devices after implan-
tation.”! The cause of this poor healing has not been
precisely elucidated, though the role of polymeric
drug-eluting coatings has been widely challenged in
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light of their potential to elicit localized inflammatory
responses.'>" However, it has also been argued that
these polymer coatings themselves are not inherently
thrombogenic and that factors such as strut thickness
and device malapposition are more significant in terms
of causing blood flow disruptions.’® Detailed bench
studies of contemporary drug-eluting stents, with
permanent polymer coatings, have shown that while
coating defects do exist, these are not significantly
exacerbated by device over-expansion as is often pro-
posed.” In any event, while recognizing that correla-
tions between coating characteristics and long term
thrombogenic events are largely speculative, there is a
drive within the industry to reduce or eliminate per-
manent polymers.>> The use of biodegradable drug-
eluting coatings and methods for attaching drug with
no polymer carrier are therefore being widely
explored. Similarly, the belief that long term outcomes
may be further improved by eliminating the device
altogether is driving extensive development in the
fields of biodegradable polymeric and metallic stents.

It is also notable that as the use of DES has leveled
off, and bare metal stents are seeing wider than ex-
pected usage, many of the traditional factors relating
to platform stent materials are likely to be again in the
spotlight. For example, high strength materials to
provide thinner struts and passive surfaces, that do not
leach metal ions, are both still important issues.

SURFACE COATING TECHNOLOGIES

Biodegradable Drug-Eluting Coatings

This will be the first step away from durable polymer
layers and already there has been a number of sub-
stantial developments, though with varying success.
The JACTAX stent (Boston Scientific Corp.) has mi-
crodots of biodegradable polymer (polylactide) plus
paclitaxel applied to the abluminal surfaces of the de-
vice. With each microdot less than 1 um thick, the
overall polymer content is orders of magnitude less
than utilized in the equivalent Taxus device. The
polymer was designed to fully release the drug in
60 days and be absorbed in 4 months. While studies
showed the device to be safe and effective, the failure to
demonstrate improved strut endothelialization com-
pared to Taxus,”>?* has ultimately proven to a major
hindrance to further development of the concept. The
BioMatrix stent (Biosensors International) also con-
tains polylactide, but in this instance it is a continuous
abluminal coating, with the Biolimus A9™ drug. The
biodegradable layer is 11 um thick and designed to be
fully resorbed within 6-9 months. Optical Coherence
Tomography (OCT) has been used to compare strut
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coverage of this device vs. a Cypher stent.” Interest-
ingly, while the BioMatrix device showed improved
coverage at 9 months, both stents had similar coverage
at 24 months. Longer term data would be needed to
ascertain if the superior early performance of the
BioMatrix device translates to a long term clinical
benefit, with reduced LST. The Nobori stent (Terumo
Corp.) similarly has an abluminal polylactide layer with
Biolimus A9™. However as the stent pattern and
coating processes are different, a study has also been
undertaken to compare this device against Cypher.*
Endothelialization was not specifically assessed, but at
9 month follow-up both devices were deemed similar
with respect to safety and efficacy. The primary end-
point was freedom from target vessel failure (TVF), a
composite of cardiac death, myocardial infarction and
target vessel revascularization. A study with 5 year
follow-up showed favorable outcomes compared to
conventional DES but still showed more thrombus
formation than BMS.*

Polymer-Free Drug Elution: Textured Surfaces

The concept of attaching drugs to stent surfaces
without the use of either permanent or resorbable
polymers is an attractive progression on existing drug
carrier approaches. The challenge is to obtain and
adequate drug load with a controlled and extended
release; sudden burst release has hampered a number
of initial efforts. One of the concepts that has pro-
gressed most in this regard is the Yukon Choice stent
(Translumina GmbH) which has a microporous sur-
face for direct drug attachment. The drug is applied to
this surface using a custom coating machine, just prior
to implantation. A number of promising trials have
been completed where this rapamycin-eluting Yukon
device has compared well to conventional DES for
restenosis rates and re-intervention.**** However these
trials have not been of sufficient durations to ascertain
if the device has an influence on LST. Furthermore, a
number of studies have also failed to demonstrate non-
inferiority for the Yukon device, including a recent
study comparing against Taxus Liberté in patients with
diabetes mellitus. Again, the duration of 9 months in
this study is insufficient to gain insight to any long
term benefits with regard to LST or late catch-up.'®
However a 5-year follow-up has demonstrated equiv-
alency for long-term safety and efficacy of the two
devices in a randomized trial.*®

A variant of the microporous surface is also being
incorporated into the BioFreedom stent (Biosensors
International), shown in Fig. 1. In this device, the
surface is textured predominantly only on the ablu-
minal faces, with the Biolimus A9™ drug applied di-
rectly to this, via a solvent coating process during
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FIGURE 1. BioFreedom DES system: a microscopic view of
the stainless steel BioFlex Il stent, which has a proprietary
surface treatment resulting in a selectively microstructured
abluminal surface for loading with drug. (Reprinted with per-
mission from Ref. 1 Copyright 2010 by Wolters Kluwer Health,
Inc.).

device manufacture.”* While pre-clinical studies have
shown reduced neointima formation with the
BioFreedom device, it is also noted that the stent struts
showed delayed re-endothelialization compared to an
equivalent (polished) BMS.”® Thus the contribution of
the drug itself to delayed endothelialization and the
potential for late thrombosis is still a question for all
drug-eluting devices. However the device is progressing
well through clinical trials, with recent 2 year data
showing outcomes comparable to Taxus Liberté, with
neither device being associated with stent thrombosis.®
Enrollment is a US Investigational Device Exemption
(IDE) feasibility trial has also commenced.’

Another polymer-free concept that has been exten-
sively explored is that of textured hydroxyapatite
coatings to retain the drug. A sirolimus—lipid mixture
is embedded into the porous hydroyapatite with full
elution expected within 3 months. It is also expected
that the hydroxapatite carrier would be fully resorbed
by approximately 12 months—while this has been
demonstrated in pre-clinical studies, it is not evident
that this has been verified in humans. Results from the
initial Vestasync I Trial showed promising safety and
efficacy at 9 months follow-up.'® Data from the larger
Vestasyne II Trial was also positive,'” however com-
mercial issues appear to have hindered further pro-
gress, with the original developer (MIV Therapeutics
Inc) no longer trading.

Polymer-Free Drug Elution: Drug-Filled Reservoirs

Commercial issues and decisions may also be play-
ing a role in how long the concept of drug-filled
reservoirs may take to reach the market. This
approach was initially pioneered by Conor MedSys-
tems with the original CoStar stent having laser-cut

drug-filled reservoirs along the struts. The concept
cannot be considered as a truly polymer-free approach,
as the drug (paclitaxel) is still mixed with a
biodegradable (PLGA) polymer. However the overall
area and duration of contact between the tissue and
polymer is therefore substantially reduced compared to
conventional DES. Initial data was sufficiently
promising to prompt the acquisition of Conor
MedSystems by Cordis, though the device subse-
quently failed to show non-inferiority against Taxus®’
and development of this iteration ceased. Cordis did
however develop a new generation of the concept as
shown in Fig. 2; a different stent design with modified
ductile hinges, a change of the drug to sirolimus and
use of only partially filled reservoirs to reduce direct
contact between the polymer—drug mixture and the
vessel wall. An initial study showed superiority for this
NEVO device against Taxus Liberté at 6 months, with
lower late loss for the NEVO device.” Again, long
term data would be essential but it is also noted that
while two cases of probable stent thrombosis were
reported for Taxus Liberté, none were observed for
NEVO. Though, a 1-year OCT follow-up showed the
NEVO stent trending to a higher neointimal response
compared to Xience.”' In any event, despite the good
prospects for this technology, Cordis canceled the
project as they announced their withdrawal from the
coronary stent market in 2011."> It will be interesting
to see if the technology is licensed out from Cordis or if
similar concepts are further developed.

The Janus Flex stent (CID SpA) also contains
reservoirs, though of a different design. This device
contains deep abluminal reservoirs running for longer
distances along the struts; the struts are locally wider
to compensate for this.®> This device also has the un-
ique feature of being carbon coated i.e., over the bare
metal surface, before loading of the drug. Carbon
coated stents have been available for several years,
with the Carbostent from Sorin Biomedica (sister
company of CID) being the most popular. It is pro-
posed that the carbon surface is less thrombogenic
than bare metal; the device has also been successfully
used for interventions after acute myocardial infarc-
tion, where stent thrombosis can be a major compli-
cation.*’” The reservoirs of the current Janus Flex
device are loaded with Tacrolimus, thus providing
both a thromboresistant carbon coating to Iuminal
surfaces of the devices and drug elution directly into
the tissue at the abluminal faces. However, the per-
formance of this device has been somewhat mixed. In a
registry comparing the Janus stent against Cypher, the
Janus stent had worse clinical outcomes at
24 months.”” Though in a study with dual anti-platlet
therapy (DAT) for durations of only 2 and 6 months,
the device was proven to be safe and effective at
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Ductile hinge

Reservoirs

Bridge element

FIGURE 2. (a) NEVO open-cell design. Multiple laser-cut reservoirs hold a blend of PLGA and sirolimus in mechanically stable
stent struts. Sigmoidal bridge elements connect the circumferential strut rings. (b) Drawing shoes a detailed view of the filled
reservoirs. (c) Scanning electron micrograph of a reservoir. (Reprinted with permission from Ref. 55 Copyright 2010 by Wolters

Kluwer Health, Inc.).

12 month follow-up.'® As is often noted, this still
provides little insight to late thrombotic events.

The Drug-Filled Stent (DFS) technology currently
being developed (Medtronic) is a progression on these
initial reservoir concepts. In this design, the stent struts
are a tubular configuration, with a hollow core; small
access holes connect the inner core to the outside
surface. Drug is loaded in the inner core and diffuses
out through the holes into the vessel wall. Initial ani-
mal studies are showing promising results with the
ability to control drug release rates at levels similar to
Resolute device allowing for controlled, polymer-free
drug elution over a desired period of time directly into
the arterial wall to potentially avoid chronic inflam-
mation and adverse vascular responses. Medtronic
have just recently announced plans to commence
clinical trials using this technology.**

Non-pharmacological Stent Coatings

While drug-eluting coatings have been the focus of
extensive development for several years, work has also
been progressing steadily with a number of non-phar-
macological solutions to address device restenosis.
These have seen some renewed interest recently as
potential alternatives to drug-eluting devices, yet
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potentially providing superior performance to bare
metal stents. Silicon carbide is one these materials and
has been investigated for several years. It is proposed
that the semi-conductor nature of the coating reduces
inflammatory and thrombogenic responses. Early re-
sults failed to demonstrate a benefit over stainless steel
devices.”® A more recent study in patients with acute
coronary syndrome (ACS) showed low rates for major
events and re-interventions, despite the potentially
higher risk of thrombosis in this group.’ This Proki-
netic stent (Biotronik) may also be benefiting from
improved designs with thinner struts, compared to
earlier coated devices. A drug-coated version is also
available which elutes sirolimus from a biodegradable
PLLA matrix. It is proposed that once drug elution
and coating degradation is completed, the silicon car-
bide surface continues to offer protection against any
potential late thrombotic events. A multi-centre clini-
cal trial on this device has commenced and will include
follow-up out to 5 years.'” Biotronik recently an-
nounced completion of enrollment in the Bioflow-IV
study,” which aims to verify the efficacy and safety of
the Orsiro Hybrid Drug-Eluting Stent (DES) from
Biotronik. The quality and efficacy of Orsiro has al-
ready been confirmed by the trials Bioflow-1, Bioflow-
IT and Bioflow-III, which demonstrated the safety and
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TiNOX 1
FIGURE 3. (a) Control segment with normal three-layer ves-
sel structure. (b) Stented segment (uncoated control) with
severe neointimal hyperplasia showing near obliteration of
lumen. (c) Stented segment (coated with TINOX 1) with mini-
mal neointima hyperplasia. (d) Stented segment (coated with

TiNOX 2) with mild hyperplasia. (Reprinted with permission
from Ref. 80 Copyright 2001 by Wolters Kluwer Health, Inc.).

efficacy of Orsiro. The Bioflow-IV study is the first
prospective, randomized, controlled, global multi-
center study to compare the TVF rate of Orsiro DES
and Abbott Vascular’s Xience Prime/Xpedition DES
in a non-inferiority setting with the primary endpoint
of TVF at 12 months.

The potential benefits of passive surfaces like carbon
and silicon carbide have long been considered in the
context of metal allergies; specifically the ability of
these coating to reduce the release of metal ions from
stent surfaces. Since publication of an initial study
suggesting a link between metal allergies and resteno-
sis,?” there have been several debates, but little clinical
evidence implicating metal ion release. However with
the realization that bare metal stents will retain a
substantial share of the market, there is some renewed
interest in passive coated devices. A recent study has
again shown a link between the allergic response to
nickel and in-stent restenosis.®’

Similar to the carbon and silicon carbide coated
stents, the Titan devices (Hexacath), with a titanium—
nitride-oxide coating have been steadily proving their
worth as bare metal alternatives to DES. The long-
established biocompatibility of titanium and titanium
oxide is the basis for these coatings—it is debatable
that the nitride component contributes much to the
positive outcomes. Several studies have now been
published showing reduced neointimal response, as

illustrated in Fig. 3. Five-year follow-up in a study
comparing the Titan 2 device against Taxus has shown
lower rates of MI, MACE and stent thrombosis for
Titan 2.°* The titanium-nitride-oxide devices also
required shorter anti-platelet therapy treatments. Data
has also been recently published showing positive
outcomes at 9-month follow-up in a diabetic popula-
tion—where risk of stent thrombosis would have been
higher."* However longer duration follow-ups would
be needed to fully assess this outcome. While the de-
vices may not offer superiority to DES in terms of late
loss or binary restenosis rates,’” they do appear to
offer an alternative to DES in some situations.

Biological Stent Coatings

As understanding of the biological interactions
between the stent and the in vivo arterial environment
increased, a number of device improvement efforts
concentrated on optimizing and exploiting these bio-
logical responses—without the use of pharmaceutical
coatings. Avoiding the use of drug compounds that
have a cytostatic or cytotoxic effect on neointimal
tissue could provide better stent endothelialization. In
addition it is proposed that attraction of circulating
endothelial progenitor cells (EPCs) to the stent surface
would further enhance re-endothelialization. The
Genous stent (OrbusNeich) has been one of the most
widely explored devices in this regard. This device is
coated with a polysaccharide matrix containing anti-
human CD34+ antibodies that are directed against
the human CD34 antigen, which is a cell surface
marker found on circulating EPCs. The mechanism by
which this coating promotes attraction of EPCs and
enhances device endothelialization has been demon-
strated in a recent human arteriovenous shunt study;
inspection of devices showed less strut coverage and
the presence of thrombogenic deposits on a bare metal
device compared to the Genous stent.*” While a
number of clinical studies have been performed, results
have been mixed. A single-centre pilot study compar-
ing the Genous against Taxus, in patients with a high
risk of restenosis, showed a higher rate of re-inter-
vention, at 1 year, for the Genous device—though
Taxus had more stent thromboses.* Two year follow-
up did show less of a difference in re-intervention
between the two devices® but the results of further
studies are awaited. Interestingly, a dual therapy ver-
sion of the device is now in trial; this combines an
abluminal dose of sirolimus with the EPC capture
technology.”® While this may have the potential to
provide a balance of pro-healing and anti-proliferative
effects, it does however seem to a complex approach.
The novel stent (Combo Dual Therapy stent;
OrbusNeich, Fort Lauderdale, FL, USA) combining
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CD34 antibody technology with the anti-proliferative
agent, sirolimus, and a biodegradable polymer coating
has recently been approved for use in Europe.

Although there has been significant benchside and
pre-clinical research conducted in the area of gene-
eluting stents (GES), to date there is no clinical data on
these stents. In pre-clinical models, several different
genes have been delivered successfully to the blood
vessel wall (e.g. nitric oxide synthase, vascular
endothelial growth factors, TIMP-3) with accelerated
re-endothelialization and reduction of neointima for-
mation post-stenting, at present significant hurdles
remain to clinical translation of gene-eluting
stents.>*%%6%7 The key issue in the development of
GES is final step sterilization of the device without
inactivating the gene. Secondary issue is related to the
identification of a suitable and acceptable vector for
carrying gene into the vascular cells. For vascular gene
delivery in general, third generation adenovirus and
adeno-associated virus have shown promising results
but they remain unacceptable for clinical use.” Lipo-
some may provide an alternative as a non-viral vector
but lacks cell-specificity.®” At present the development
of GES faces significant challenges especially devel-
opment of an ideal vector, optimization of gene elution
profile and end process sterilization. We believe further
research in the area of gene-eluting stents is required
before its translation into clinical medicine.

STENT SUBSTRATE TECHNOLOGIES

Bare Metal Stent Materials

Considering that biodegradable drug-eluting coat-
ings will result in an in vivo return to bare metal sur-
faces, there is likely to be renewed interest in the
characteristics of bare metal devices—both surface and
mechanical performance aspects. Cobalt—chromium
alloys have provided higher strength and therefore
have enabled reduced strut profiles compared to earlier
generation stainless steel devices. While some stainless
steel stents are still available, the shift to cobalt—
chromium is nearly complete. One exception to this
has been the introduction of a new platinum—chro-
mium alloy in the Taxus Element stent (Boston Sci-
entific Corp).* This alloy offers an improved balance
of strength and radiopacity, enabling thinner strut
designs. In addition to the paclitaxel-eluting device, an
everolimus-eluting version of the stent has also been
successful.”? Both these devices have utilized a per-
manent polymer for drug elution. With future designs
aiming to avoid permanent polymers, the reduced le-
vels of iron and nickel (due to the addition of plat-
inum), may also be a benefit in the context of metal
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ions and potential allergic responses. The bare metal
version of the stent is currently in trial, while promising
results are also being obtained for a version with a
biodegradable PLGA everolimus-eluting coating.!' In
the first successful U.S. pivotal trial of a bioabsorbable
polymer stent, the Boston Scientific SYNERGY™
Everolimus-Eluting Bioabsorbable Polymer Platinum
Chromium Coronary Stent System met its primary
endpoint in this non-inferiority study, which evaluated
the 1-year rate of target lesion failure (TLF). The key
findings for the SYNERGY Stent from the EVOLVE
IT Trial 1 year data included that at 12 months, the
TLF rate was 6.4% per protocol (p = 0.0003 for non-
inferiority) and 6.7% for intent-to-treat (p = 0.0005
for non-inferiority). Stent thrombosis (ST) was rare,
with Definite or Probable ST occurring in only 0.4% of
patients through 1 year and with no definite ST oc-
curred after 24 h. The HOST-ASSURE randomized
trial also showed the platinum—chromium and ever-
olimus stent to be comparable to the zotarolimus-
eluting cobalt—chromium device.>®

BMS have approximately 30% lower rates of
restenosis compared to plain balloon angioplasty.'”
Although many efforts have been made to further re-
duce restenosis by modification of bare stent design
and materials, thinning of stent struts has been the
only proven modification capable of reducing
restenosis of BMS.**37 There is no clear evidence of a
difference between DES and BMS in the risk of stent
thrombosis following unplanned disruption of
DAPT.*® Although thinner strut designs are desirable
to achieve superior deliverability, such new generation
stents may have compromised longitudinal strength.
Longitudinal compression/crushing or a ‘“‘concertina
effect” appears to be related to guide catheter com-
pression or stent catching during re-crossing of a sub-
optimally deployed stent. Procedural technique with
optimal post-dilatation has a major impact on the
occurrence of longitudinal stent deformation and
overall frequency of this event remains low.?¢#"-¢!
Initial reports were mainly associated with the Promus
Element device, but it has also been observed on the
Endeavor, BioMatrix and Taxus stents.*!

Polymeric Biodegradable Stents

There is general agreement that stents are needed
only for a limited duration after implantation and
that the scaffold is unnecessary and potentially dis-
advantageous beyond the initial period of healing
and remodeling. Long term effects can include re-
duced re-endothelialization, thrombogenicity, local
inflammatory responses and mechanical mismatch
due to local stiffening of the vessel. The concept of
biodegradable devices is therefore attractive, though
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IvVuUs
Mean Lumen area at Baseline 6.25+1.20
Mean Lumen area at 6M
Mean Lumen area at 2Y

6.0611.15
6.58+1.50

ocT Difference P-value
7.19+1.34 -0.93 <0.001
5.9811.45 0.083 0.55
5.81+1.59 0.76 <0.001

FIGURE 4. Corresponding intravascular ultrasound (IVUS) and optical coherence tomography (OCT) images from baseline (BL),
6 months and 2 years. OCT gives better resolution of strut integration within the tissue. (Reprinted with permission from Ref. 56

Copyright 2012 by Wolters Kluwer Health, Inc.).

raises many technological and clinical challenges be-
yond those of conventional stents. One of the earliest
devices developed was the Igaki-Tamai stent (Kyoto
Medical Planning Co Ltd) which is made from poly-
L-lactic acid (PLLA).”” This was the first fully
bioresorbable stent to be implanted in humans, with
complete degradation taking 18-24 months. While
early trials have been promising and the device did
receive CE marking, it has not been widely com-
mercialized. Perhaps the need to warm the device to
50 °C during deployment (to improve expansion and
reduce recoil) has hindered interest.

Most progress with clinical trials and commercial-
ization has been with the BVS stent (Abbott Vascular).
This device is also made from a PLLA material and in
addition is coated with a more rapidly degrading layer of
poly-p,L-lactic acid (PDLLA) for elution of everolimus.
Similar to the Igaki-Tamai device, degradation of the
BVS stent is primarily based on hydrolysis of the poly-
mer back-bone. While results of the initial trial were
promising it highlighted the challenges with both acute
and late recoil with such biodegradable devices. A sec-
ond generation of the device was designed to improve
the scaffolding behavior and prolong mechanical sta-
bility, while not delaying overall absorption, which is
approximately 2 years.”® Though no major improve-
ments in acute recoil have been observed, OCT studies at
12 months have shown an absence of late recoil with
resorption initiated.®’ Figure 4 illustrates IVUS and

OCT images of the stent at different time points. While
larger trials are underway, the device has already
obtained the CE Mark. With 3- and 5-year data now
available, further trials are exploring use of BVS in more
complex lesions and patient categories.*

Also in development is the ReZolve stent (REVA
Medical Inc) which is made from a tyrosine polycar-
bonate. Uniquely, this biodegradable structure also
incorporates iodine molecules, which impart an im-
proved level of radiopacity to the device, compared to
other absorbable polymers. The stent has a slide-and-
lock mechanism which leads to significantly improved
radial strength compared to most polymers and also
prevents acute and late recoil. The device has gone
through a number of iterations to optimize polymer
chemistry and the locking mechanism.”* The improved
version (ReZolve2) is a lower profile and sheathless
version of the first-generation ReZolve scaffold that
offers significantly improved deliverability. It provides
an approximate 30% increase in scaffold strength to
provide increased support to significant coronary ar-
tery lesions before being resorbed by the body. A total
of 112 patients have been enrolled in the clinical trial
RESTORE-II for ReZolve2 to provide the data needed
to apply for European CE Marking and an update on
data from these patients will be presented at the
EUROPCR course in Paris in May 2015.

REVA Medical, Inc. announced recently that it has
positioned the Company to fast-track the development
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FIGURE 5. SEM images of the evolution of a Fe-35 Mn stent: (a) initial machined minitube, (b) laser-cut minitube, (c) annealed
laser-cut minitube, and (d) descaled stent. (Reprinted with permission from Ref. 29 Copyright 2013 by Elsevier.).

of its breakthrough “thin-strut” fully bioresorbable
scaffold family, Fantom. The Fantom scaffold is made
from a single piece of REVA’s proprietary high per-
formance desaminotyrosine polycarbonate polymer.
Fantom is intended to halve the strut thickness of
ReZolve without a decrease in radial strength. Thinner
scaffold dimensions greatly improve deliverability and
healing response, each of which can help to ensure
broader adoption. Fantom maintains REVA’s unique
attributes of X-ray visibility and a single inflation to
expand the device that competitive polymer scaffolds
do not offer. Recent early results from the initial clin-
ical feasibility trial have been deemed successful with
no adverse events.®

Metallic Biodegradable Stents

Metallic biodegradables offer the possibility of higher
initial radial strength and reduced recoil compared to
many of the biodegradable polymer devices. Magne-
sium has been investigated for several years now, with
work on the AMS stent (Biotronik), made from mag-
nesium alloy WE 43, having progressed significantly.
While initial trials demonstrated safety, it was also
established that devices were degrading too fast; this
resulted in early loss of radial force and associated vessel
recoil, leading to high re-intervention rates.'’ Improve-
ments have therefore focused on prolonging the dura-
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tion for mechanical stability and scaffolding. These
changes include a modified stent design, a modified
magnesium alloy and improved surface passivation.”’
This device is coated with a biodegradable polymer and
paclitaxel mixture. The drug-eluting absorbable metal
scaffold (DREAMS-1) which eluted paclitaxel (0.07 ug/
mm?) for the first 3 months was tested in the BIO-
SOLVE-1 study showing good safety (one case of MI, no
death, and no stent thrombosis) and efficacy at
12 months. The 2-year clinical outcomes presented at
EuroPCR 2013 showed 6.8% TLF, including two cases
of clinically driven TLR and one target vessel ML.>” A
new optimized device DREAMS-2 has a six-crown, two-
link design, 150 um strut thickness, radiopaque marker
at both ends, and a thin PLLA-based carrier to deliver a
more potent anti-proliferative drug (sirolimus).
DREAMS-2 is currently being tested in the BIO-
SOLVE-II study (n = 120) to get the data needed to
apply for CE mark; enrollment for this study has just
recently been completed.® It is interesting to note that
there is a vast array of research underway worldwide
relating to improved magnesium alloys and surface
treatments to control degradation rates; a successful
outcome is therefore most likely.

The possibility of using iron as a biodegradable
device material has also been explored for some time,
though overall this approach has not progressed as far
as magnesium alloys. Initial pre-clinical trials have
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shown that while mechanical properties are in a suit-
able range, the iron devices were corroding too
slowly.>® Thus much effort has since focused on con-
trol of material composition and microstructure to
obtain increased degradation rates.**® Work with an
iron—manganese alloy has progressed well; promising
in vitro degradation rates have been obtained and
prototype stents have been made.”® Many standard
processing techniques can be applied as illustrated in
Fig. 5. It will be interesting to see animal in vivo data
for these devices.

SUMMARY AND FUTURE DIRECTION

Table 1 presents an overview of the technologies
and devices reviewed here. Considering that current
commercial devices have indeed high levels of safety
and efficacy, this is an impressive array of technologies
aimed at eliciting further improvements. With most of
these efforts focused on LST, the challenges to devel-
opers are immense, considering the low numbers and
long durations involved, as well as some uncertainty
about underlying mechanisms and contributory fac-
tors. It is therefore not surprising that one of the first
notable observations is that several programs have
now stopped, despite early promise and large invest-
ment. New technologies with complex processes and
many variables are being used in an equally complex
and variable biological environment—uncertain or
undesirable outcomes are inevitable. It is also noted
that many of the devices are truly in early development
with only relatively short-term clinical data avail-
able—data out to 5 years will be needed to assess
benefits in terms of LST.

Of all the technologies reviewed, biodegradable
drug-eluting coatings certainly look to be well posi-
tioned to see wider use in the coming years, though the
full benefits remain to be determined in different clin-
ical settings. Several of the polymer-free drug-elution
approaches have been abandoned, though techniques
based on microtextured surfaces may still prove
attractive. Reservoir-based concepts have not fared
well to-date, for both commercial and technical rea-
sons. Biodegradable devices have many challenges to
overcome—both polymeric and metallic—but the
polymeric BVS device is certainly gaining momentum
and showing good data. Metallic biodegradable de-
vices need much more development and data, with
magnesium being the most likely to see regular use in
the long term. Devices with carbon, silicon carbide or
titanium—nitride-oxide coatings are proving to be of
value in certain niche segments, while devices utilizing
biological coatings will require much more funda-
mental and applied development work.
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