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Abstract

Percutaneous coronary intervention (PCl) is one of the most commonly performed invasive
medical procedures in medicine today. Since the first coronary balloon angioplasty in 1977, in-
terventional cardiology has seen a wide array of developments in PCI. Bare metal stents (BMS)
were soon superseded by the revolutionary drug-eluting stents (DES), which aimed to address the
issue of restenosis found with BMS. However, evidence began to mount against DES, with
late-stent thrombosis (ST) rates being higher than that of BMS. The bioabsorbable stent may be a
promising alternative, providing vessel patency and support for the necessary time required and
thereafter degrade into safe non-toxic compounds which are reabsorbed by the body. This
temporary presence provides no triggers for ST, which is brought about by non-endothelialized
stent struts and drug polymers remaining in vivo for extended periods of time. Likewise,
nano-theranostics incorporated into a bioabsorbable stent of the future may provide an incredibly
valuable single platform offering both therapeutic and diagnostic capabilities. Such a stent may allow
delivery of therapeutic particles to specific sites thus keeping potential toxicity to a minimum,
improved ease of tracking delivery in vivo by embedding imaging agents, controlled rate of therapy
release and protection of the implanted therapy. Indeed, nanocarriers may allow an increased
therapeutic index as well as offer novel post-stent implantation imaging and diagnostic methods for
atherosclerosis, restenosis and thrombosis. It is envisioned that a nano-theranostic stent may well
form the cornerstone of future stent designs in clinical practice.
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Introduction

Percutaneous coronary intervention (PCI) is
currently one of the most commonly performed inva-
sive medical procedures in medicine today[1]. This
procedure is indicated in stenotic coronary arteries,

which is a manifestation of atherosclerosis (Figure
1)[2]. Since the first coronary balloon angioplasty in
1977[3], there has been an ever-growing plethora of
developments and advancements which have led to
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the field of interventional cardiology that we see to-
day[1]. With the implantation of the first expanding
coronary stent reported in 1986[4], otherwise known
as the bare metal stent (BMS) it was quickly estab-
lished soon after that patency rates were considerably
increased with the use of coronary stents in angio-
plasty[5]. In contrast to balloon angioplasty, coronary
stents prevent exceeded distension of the vessel which
may contribute to aneurysm formation[6]. By 1999,
coronary stents were implanted in 84.2% of PCI oper-
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ations[7]. However, in spite of the obvious successes
of these new stents over balloon angioplasty, prob-
lems emerged in the form of neointimal hyperplasia,
which affected 15% to 30% of patients[6, 8-12]. Neoin-
timal hyperplasia is an inflammatory response to the
foreign material of the stent, whereby a whole host of
inflammatory mediators are upregulated to cause the
proliferation of vascular smooth muscle cells which
ultimately culminates in the restenosis of the vessel
lumen|[11].
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Figure |. (A) The progression of atherosclerosis and various therapeutic approaches. Such therapies involve lipid modulation of the blood, decreasing intra-plaque
inflammation, thrombosis and angiogenesis. (B) Pro-healing and anti-restenosis approaches post PCI. Anti-inflammatory and anti-proliferative drug delivery as well as
light-activated ablation, both of which use nanoparticles can be used to prevent restenosis. Nanofibrous scaffolds emulating extracellular matrix and magnetic nanoparticles
delivering endothelial cells can be used to enhance stent strut endothelialization. Copyright © 2013 Elsevier B.V. Reproduced with permission from [2].
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Despite the initial success of BMS in PCI, early
ultrasound studies indicated late restenosis in vessels
with stents compared to those without[10]. In re-
sponse to these concerns, research was propelled to
limit such neoplastic effects with the delivery of
antineoplastic drugs[6]. It was through this that the
revolutionary drug-eluting stent (DES) was con-
ceived[7]. The DES comprises of a metal scaffold sur-
rounded by a degradable drug polymer coating and
with its use, significant reductions in restenosis rates
were seen[13-15]. The demand for DES increased
dramatically and by 2004, 80% of all of all PCIs were
employing this stent[16]. These included the siroli-
mus-eluting CYPHER™ stent (Cordis Corporation)
and the paclitaxel-eluting TAXUS™ stent (Boston
Scientific), which were both known to have dramati-
cally  low  restenosis rates 6  months
post-implantation[17, 18]. However, evidence began
to mount against DES, with studies concluding
late-stent thrombosis (ST) rates being higher than in
BMS[19, 20]. ST has mortality rates of up 30% and is a
potentially fatal complication [21].

Biodegradable stents (BDS) offer a promising
alternative to conventional BMS and DES and it is
perhaps interesting to note that the idea of
semi-permanent absorbable stents were around long
before the emergence of research on in-stent resteno-
sis[22]. These stents provide drug release and vessel
patency until it has healed and the stent then de-
grades into non-toxic compounds. The scaffolds are
required to last from 6 to 12 months to allow the
healing process to take place and thereafter the pres-
ence of the stent cannot provide any advantageous
effects, hence the BDS is the most logical approach for
the fourth stenting revolution[23-26]. The advantages
of the BDS are manifold, with the most key being that
it provides no triggers for ST, which is brought about
by non-endothelialized stent struts and drug poly-
mers remaining in vivo for long periods of time[27].
Other benefits of BDS may include the reduction in
the amount of dual antiplatelet therapy (DAPT), fa-
cilitation of the return of vessel vasomotion, late lu-
minal enlargement, late expansive remodelling and
adaptive shear stress - all due to the lack of perma-
nence of the stent[27]. Furthermore, the use of BDS
allows future surgery or interventions to be per-
formed in vessel areas which have had previous
stenting, should this be warranted[27]. Lastly, the use
of this stent will allow a level of psychological relief of
concern to patients who dislike the idea of having a
foreign material in their bodies for the rest of their
lives[28].

Presently, BDS comes in either a metallic or
polymeric form. There are many different types of
polymer, each of which are made of different compo-

sites, which give them varying degradation times.
One of the most ubiquitous type of polymer is
poly-L-lactic-acid (PLLA) polymer, which is found in
many medical devices, including absorbable sutures,
orthopaedic implants and soft-tissue implants [27, 29].
PLLA has also been studied as DES coating material
and when combined with citric acid-cross-linked gel-
atin, the composite has demonstrated good an-
ti-thrombogenic and drug elution properties (Figure
2)[29]. The use of the BDS however does not come
without its concerns; namely that the polymers offer a
reduced radial force when compared to stainless steel
stents and have a decreased deformability/
ductility[27].

Biodegradable metal stents have also shown
promise, most notably being the magnesium variety
due to their fast degradation time of around 60-90
days[6]. This type of stent has been shown to have low
thrombogenic action and the concentration of magne-
sium released is believed to be minute when com-
pared to the magnesium concentration of plasma at
0.7-1.0 mmol/L[25, 30]. Moreover, magnesium is not
detectable under magnetic resonance imaging (MRI)
or computed tomography (CT), which has important
implications as it means it does not cause the ap-
pearance of artefacts[6]. Nonetheless it is important to
note that, as with the polymeric BDS, there are engi-
neering hurdles in design and testing which much be
overcome, such as reduced deformability or ductili-
ty[6].

There are currently numerous pre-clinical and
clinical trials in place assessing BDS, and initial data
has shown their use to be a definite feasible option[6].
It hoped that in the near-future, they will available for
medical use and in doing so, may be an effective and
superior alternative the current BMS and DES.

As for future stent designs, enhancements and
improvements can be delivered by the use of nano-
particles (NPs) with specific interest in using a
theranostic approach. Theranostics refers to using
technology which has therapeutic and diagnostic po-
tential, whereby it can not only advance knowledge of
a current disease status, but also improve disease
outcomes[31]. The essential benefit of theranostic na-
nomedicine lies in its ability to utilise patient-specific
test outcomes to individualise therapies for better
results, decreased cost and fewer side effects[31]. NPs
have already shown great success in such areas, with
particular mention to molecular imaging (especially
MRI) and drug delivery[31]. We propose that the ap-
plication of theranostic functionality in current stent
designs can potentiate further improvements. Such
advances in stents could include a higher therapeutic
index and easy in vivo monitoring of in-stent drug
delivery. Moreover, it could potentially provide not
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only a non-invasive alternative, but also ultrasensitive
and precise diagnoses of in-stent stenosis and
thrombosis due to enhanced visibility of disease bi-
omarkers[31-35].

Bioabsorbable Stents: Current Status

Presently, there are over 14 different biode-
gradable stents (BDS) which are in preclinical and
clinical testing worldwide[36]. Two of these stent
types are used in clinical practice and have already
attained their Conformité Européenne (CE) mark; the
Absorb Bioresorbable Vascular Scaffold (BVS) (Abbott
Vascular) for coronary artery disease and the
Igaki-Tamai® stent (Kyoto Medical Planning Co.,
Ltd.) for peripheral vascular disease. Many stent
struts are composed of polymers of lactic acid and
specifically of poly-L-lactic acid (PLLA), with fewer
numbers consisting of other types of polymers and
metal alloys. Thus, the BDS can broadly be divided
into polymer or metallic stents, which are discussed
below.

Dissolvable Metallic Stents
The biodegradable or dissolvable metallic stents

consist of either magnesium-based (Mg) or iron-based
(Fe) alloys[26, 37, 38]. The rationale behind using
these particular metals lies in their relatively well
understood toxicity and clearance profiles, which
makes them logical candidates for metallic stent strut
material. Their advantages and limitations are dis-
cussed in Table 1 [26, 39]. These metals are alloyed
with calcium (Ca), zinc (Zn) and manganese (Mn) as
they are well tolerated in the human body. The al-
loying of Fe with other metals is necessary to alter its
ferromagnetism which can reduce MRI compatibility.
As for magnesium, it is alloyed to decrease its degra-
dation rate and increase its ductility and strength[40].
For instance, hot extruded Mg-Ca alloy has an im-
proved strength and ductility combination, with a
tensile strength reaching 240 MPa with 11% elonga-
tion[38]. Presently and to the best of the authors’
knowledge, all but one Mg-based and Fe-based coro-
nary BDS are still undergoing preclinical trials, with
one Mg-based BDS (the DREAMS 1.0 scaffold) having
already entered clinical trials[36, 38]. As for
non-coronary applications, metallic BDS has previ-
ously been studied in the treatment of infrapopliteal
artery lesions[41].

Figure 2. (A) PLLA and citric ac-
id-crosslinked gelatin matrices demon-
strated in pictures and (B) scanning
electron microscope images. Such com-
posites have been used as DES coating material
which  allows  antithrombogenic  and
drug-eluting properties. The composite has
varying ratios of PLLA to citric ac-
id-crosslinked gelatin: 100/0 (a), 80/20 (b),
60/40 (c), 40/60 (d), 20/80 (e), 0/100 (f).
Copyright © 2012 Wiley Periodicals, Inc.
Reproduced with permission from [29].
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As the only bioabsorbable metallic coronary
stent in clinical trials as of yet, the drug-eluting bio-
absorbable magnesium stent, DREAMS 1.0 (Biotronik
SE & Co. KG), has a degradation time of 9-12
months[42]. This Mg-based BDS is evaluated in the
pioneering first-in-man BIOSOLVE-1 trial. In this
prospective study, the DREAMS 1.0 scaffold was im-
planted in 46 patients treated for 47 single de novo
coronary artery lesions and at 12 months, the MACE
rate was found to be 7%, with no cardiac deaths or
scaffold thrombosis[42].

Table I. Advantages and limitations of dissolvable metallic stents
(Fe and Mg alloys are mainly considered).

Advantage Limitation

Relatively well known toxicity and Lack of visibility on angi-

clearance profiles ography

Fast degradation time of around ~ Reduced deformability
60-90 days

Low thrombogenic action Reduced ductility

Biodegradable Polymeric Stents

As well as biodegradable metallic stents, there
are also biodegradable polymeric stents which em-
ploy a wide variety of polymers, such as those made
from lactic acid, glycolic and caprolactone[22, 43-45].
However, by far the most used polymer for BDS is
composed of poly-L-lactic acid (PLLA). PLLA is al-
ready found in many medical items, including dis-
solvable sutures and various implants, and itself has a
degradation time of 12-18 months[27]. Another pol-
ymer used is the polymer-tyrosine derived polycar-
bonate, which is used in the ReZolve® stent (REVA
Medical Inc) and it primarily degrades into
L-tyrosine[6]. Many biodegradable stents have a
degradation time between 12 to 36 months and the
two that are CE marked (first generation Igaki-Tamai
stent and Absorb BVS 1.1) have a degradation period
of 2-3 years[36, 46]. Importantly though, the first
generation Igaki-Tamai stent is no longer used for
human coronary implants since large guide catheters
are needed for insertion and heated contrast agents
are necessary for stent deployment, which could po-
tentially cause damage to the vessel wall[28]. This
stent is now under use peripherally, but preclinical
trials are underway for a second generation
Igaki-Tamai scaffold for coronary application which

o
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employs a smaller catheter for insertion[36]. Thus,
presently the only CE marked coronary stent in on-
going clinical trials is the Absorb BVS.

Absorb Bioresorbable Vascular Scaffold
(BVS)

The Absorb BVS is composed of a PLLA back-
bone and coated with poly-D,L-lactide (PDLLA) and
8.2 ug/mm of everolimus (an anti-proliferative drug)
in a 1:1 ratio[27, 47]. The PDLLA allows release of
everolimus in a controlled manner and by 30 days,
80% of the drug is eluted. Although the stent is radi-
olucent, two platinum radio-opaque markers in each
end allow for clear identification on fluoroscopy and
aids accurate post-dilatation and stent implanta-
tion[48]. Both polymers of the stent eventually de-
grade into lactic acid through metabolism in the Krebs
cycle, a process which takes up to 2 years to com-
plete[47].

Hydrolysis of PLA

Since the BVS employs the PLA family of poly-
mers, it is necessary to understand how such poly-
mers hydrolyse in vivo over time. The hydrolysis oc-
curs through a nucleophilic substitution that is cata-
lysed by either acids or bases, for example by water
catalysis, which causes a chain scission reaction at an
ester bond (Figure 3)[49].

Since the polymer contains one ester bond at
each subunit, chain scission can happen anywhere
along the chain. This hydrolysis of the polymer occurs
via bulk degradation whereby breakdown occurs
throughout the whole polymer as opposed to initial
superficial degradation[50]. Under such circumstanc-
es, the rate of hydrolysis can be predicted using the
Pitt et al third-order kinetics theory which states that
the hydrolysis rate is dependent upon the concentra-
tion water, ester bonds and carboxylic acid end
groups[51]. We are able to deduce the hydrolytic
degradation rate from the slope of the line drawn by
using the equation [52, 53]:

In[Mn(t) / Mn(0)] = -kt

Where: My(t) is the number-average molecular
weight after degradation time ‘t’, M;(0) is the num-
ber-average molecular weight before degradation,
and k is the hydrolytic degradation constant.
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Figure 3. Hydrolytic degradation of the PLA polymer family. Copyright © 2013 Europa Digital & Publishing. Reproduced with permission from [49].
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The degradation of the PLLA scaffold can be
categorised into 3 stages. Firstly, water diffuses into
the scaffold and hydrolyses ester bonds resulting in a
decreased molecular weight. Secondly, there is scis-
sion of amorphous chains linking crystalline areas
whereby scaffold cracks may be observed. Lastly,
polymer chains are able to diffuse out and be de-
graded by the body[49].

Design Specifications of BVS

As well as understanding polymer hydrolysis of
BVS, various design specifications of BVS 1.0 and 1.1
can be appreciated. The first generation of the BVS
(BVS 1.0) consists of repeated circumferential
out-of-phase zig-zag loops joined together by thin
bridges (Figure 4, A and C)[54]. The BVS 1.0 was as-
sessed in the ABSORB Cohort A trial which included
30 patients. This trial revealed the device was safe and
feasible for clinical use, with a 3 year MACE rate re-
maining at a low 3.4%[55]. After the ABSORB Cohort
A trial, various improvements followed such as an
alteration in the processing resulting in a longer du-
ration of radial support, a new in-phase zig-zag de-
sign which permitted uniform vessel support and
allowed everolimus to be applied to the stent more
consistently. Other enhancements included allowance

SRS

d -.._—,

for storage at room temperature, when before it was
necessary for storage below -20 °C and the improve-
ment of stent security to prevent dislodgement. These
enhancements resulted in the newer, second genera-
tion BVS 1.1 (Figure 4 B, D and E) in which important
design aspects are discussed below [49, 54].

Phases of BVS

Many design considerations of the BVS have
been put in place to mimic the traditional metallic
DES, such as those that allow achievement of high
radial strength and flexibility[49]. These stent charac-
teristics are desirable until the vessel has healed, after
which the scaffold has no added benefit and can be a
hindrance for vessel dilatation, for example when
exercising[49]. The scaffold degradation in the BVS
naturally warrants different design criteria to metallic
stents and consequently it can be said that there are
two distinct physiological responses in the two stent
scenarios. This connection between BVS stent phases
and physiological responses is depicted in Figure 5.
The stent phases can broadly be divided into 3 distinct
sections: revascularisation, restoration and finally
resorption.

Figure 4. (A and C) BVS 1.0, the first generation BVS with out-of-phase zig-zag loops and (B, D and E) BVS I.1, the second generation with in-phase
zig-zag loops. (C) The red circular and green outlines demonstrate the unsupported cross sectional areas which are larger in BVS 1.0 than in (D) BVS I.1. (E) lllustration the
newer in-phase zig-zag loops which allow more uniform vessel support and increased consistency of drug application. Copyright © 2013 Nature Publishing Group, a division of
Macmillan Publishers Limited. Copyright © 2013 Europa Digital & Publishing. Reproduced with permission from [54] [49].
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Figure 5. A graphical representation of the 3 BVS (l.1) stent phases. The phases are revascularisation, restoration and resorption which all coincide with various
physiological responses. 80% of everolimus-elution (green curve) occurs within 28 days of implantation and luminal support (red curve) is provided for at least 3 months.

Copyright © 2013 Europa Digital & Publishing. Reproduced with permission from [49].

During the revascularisation phase, the BVS
should emulate metallic stents as closely as possible in
their: good deliverability to the target site, deploy-
ment of scaffold with minimum recoil, drug delivery
at a controlled rate and high radial strength. Good
deliverability of the stent to its necessary site is essen-
tial and scaffold flexibility is important for this to be
achieved. Head to head tests of flexibility between the
ABSORB Cohort B device (which is the BVS 1.1, a se-
cond generation BVS to BVS 1.0) and XIENCE V (a
conventional DES, Abbott Vascular) have indicated
that, in fact, the BVS has greater flexibility at a statis-
tically significant level (Figure 6)[49]. It is important
to note that catheters during testing were kept the
same, so catheter flexibility had no bearing on the
result. As for radial strength, the BVS 1.1 used in the
ABSORB Cohort B trial is similar to that of XIENCE V
and other metallic DES which demonstrates the de-
vice has the appropriate radial strength parameters, as
shown in Figure 7[49]. The second phase of the BVS,
otherwise known as the restoration phase marks the
transition from an actively supporting stent to a more
passive scaffold whereby vasomotion of the vessel is
restored. The final resorption stage starts when PLA is
degraded into lactic acid and is released into the sur-
rounding region, such as tissue and blood.

Clinical Trials of BVS

The abundance of clinical trials dedicated to the
BVS attest to its promise as being the first bioabsorb-
able polymeric stent to be approved by the United
States Food and Drug Administration (FDA). Table 2
summarises the trials of BVS. These clinical trials can
broadly be categorised into comparative stent studies,
whether between the two BVS generations or between
BVS and other stents[56-62] or BVS assessment stud-
ies[47, 63-69].

1.0 1
Less flexible
= i
2
2 06
s
=
= 04
E
2 d
= 2 l
More flexible
0.0 -

ABSORB Cohort B

XIENCE V

Figure 6. The maximum compressive load needed to bend the ABSORB
Cohort B device (BVS I.1) and XIENCE V (a metallic DES), which is an
indication of flexibility. The BVS I.I has greater flexibility at a statistically signifi-
cant level, where p = 0.004. Copyright © 2013 Europa Digital & Publishing. Repro-
duced with permission from [49].
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Figure 7. Acute radial strength of the ABSORB Cohort B device (BVS I.1)

compared to metallic DES such as XIENCE V, Cypher Select and Taxus

Liberte. Data obtained using MSI RX550 radial expansion force gauge. Copyright ©
2013 Europa Digital & Publishing. Reproduced with permission from [49].
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Table 2. A summary of Bioresorbable Vascular Scaffold (BVS) Stent clinical trials.
Author Date Trial name Number of pa- Aim Clinical endpoints Ref
tients
Tanimoto 2007 ABSORB 54 To assess and compare BVS stent recoil is slightly larger, but comparable [62]
etal (total of analyzed acute stent recoil in vivo of to that of cobalt chromium EES suggesting good
SPIRIT FIRST ~ patients from all ~ BVS with cobalt chromium radial strength similar to it.
and II trials trials) EES.
Ormiston 2008 ABSORB cohort 30 To assess the feasibility At 6 month follow up the neointimal area was [67]
etal A trial and safety of the BVS1.0. minimal and low stent area obstruction was ob-
served.
At 1 year post implantation, the rate of MACE was
3.3% and there were no stent thromboses.
This study concludes that the BVS is feasible, with
minimal neointimal hyperplasia and low stent
area obstruction.
Surreyset 2009 ABSORB 30 To assess the safety of BVS Luminal area enlargement was found using OCT  [47]
al using clinical outcomes and intravascular ultrasound between 6 months
and various imaging tech- and 2 years, which was due to a decrease in plaque
niques. size.
At 2 year follow up the BVS was safe with no
cardiac deaths or stent thromboses recorded, and
only one myocardial infarction (non-Q wave).
This study concludes that at 2 years the BVS was
bioasorbed, there was a restoration in vasomotion,
restenosis was prevented and is clinically safe.
Gomez-Lar 2010 SPIRIT FIRST 191 To assess the differences in BVS produces a less marked change in vessel [59]
aetal and II trials (total of analyzed vessel curvature and an-  geometry, with regards to vessel angulation and
patients from all ~ gulation following im- curvature, compared to MPS, suggesting that is it
ABSORB cohort trials) plantation of either MPS ~ more conformable.
B trial everolimus DES Xience V
or BVS1.1
Okamura 2010 ABSORB trials 8 To compare strut distribu- BVS 1.1 has a different longitudinal strut distribu- [60]
etal (cohort A and B) tion in vivo of BVS 1.0 and tion to BVS 1.0, which indicates that the new stent
BVS1.1. as a reduced maximum circular unsupported cross
sectional area (MCUSA).
This study concludes that this may reduce recoil.
Brugaletta 2011 ABSORB trials 60 To compare the polymeric A less reduced DC and NC was observed in cohort [56]
etal (cohort A and B) struts of the first genera- B (Revision 1.1) at 6-month follow up using
tion (Revision 1.0) BVS to  IVUS-VH compared to cohort A (Revision 1.0).
the second generation This study suggests and concludes that the second
(Revision 1.1) BVS. generation BVS is more durable mechanically.
Gomez-Lar 2011 RESOLUTE trial 44 To assess the vessel neoin- BVS showed a similar neointimal response in [58]
aetal (total of analyzed timal response following  terms of amount and distribution to Xience V at 1
ABSORB cohort patients from both implantation of MPS year follow up using OCT.
B trial trials) everolimus DES Xience V
or BVS1.1.
Gomez-Lar 2011 ABSORB trials 24 To assess the difference in Neointimal thickness, neointimal area, luminal [57]
aetal (cohort A and B) neointimal response, bio-  losses, absolute and relative shrinkages were
resorption process and late higher in BVS 1.0 than BVS 1.1 at 6 month follow
shrinkage between BVS 1.0 up.
and BVS 1.1 and using This study concludes that BVS 1.1 has less late
OCT. shrinkage and less neointimal growth when
compared to BVS 1.0 at 6 months, indicating a
difference in stent degradation.
Onumaet 2011 ABSORB trial 147 (total of ana-  To assess and compare the The absolute acute recoil is higher in BVS 1.1 [61]
al (cohort A and B) lyzed patients acute recoil in vivo of BVS compared to Xience V and similar to BVS 1.0, but
from all trials) 1.0 and BVS 1.1 with these differences are not statistically significant.
SPIRIT FIRST Xience V. This study suggests that appropriate vessel sizing,
and II trials pretreatment of stenotic lesions and
post-treatment dilatation may lead to recoil re-
duction.
Surreyset 2011 ABSORB cohort 56 To demonstrate that the Scaffold area stayed unchanged on IVUS and [69]
al B trial early scaffold area shrink- OCT. Radiofrequency backscattering and echo-

age in BVS 1.1 is sustained
and not delayed by a few

genicity of the stent struts decreased. Despite the
scaffold area reduction, pharmacological vasomo-
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months. tion was restored.
Brugaletta 2012 ABSORB cohort 58 To assess the circumferen- No difference found between 6 months and 12 [63]
etal B trial tial healing process of months in relation to the neointima area and neo-
ABSORB BVS (Revision intima mean thickness using OCT, however

1.1) at 6 months and 12

months.

Dudek et al 2012 ABSORB cohort 29 at 6 months

symmetry of the neointima thickness was higher
at 12 months.

This study suggests and concludes that it is possi-
ble to accurately quantify the circumferential
healing process of scaffolds and the formation of a
thick neointima layer can be used as a ‘cap’ to seal
a thin cap atheroma.

To assess the 4 year clinical ID-MACE remained at a low 3.4% without any [65]

A trial outcomes following scaffold thrombosis at 4 year follow up to BVS
27 at 4 years ABSORB BVS implanta-  implantation.
tion.
Sarno etal 2012 ABSORB 30 To assess the During the bioabsorption of BVS there is also [68]

vaso-reactivity of the ves-

re-establishment of both endothelial and

sel and echogenicity of the non-endothelial dependent vasomotion at 2 year

stent at 2 years following

follow up, along with lumen area enlargement.

BVS 1.0 implantation.

Diletti et al 2013 ABSORB cohort 101

To assess the impact of

Similar clinical, angiographic and IVUS outcomes [64]

B trial vessel size in long term seen in small (<2.5mm) and large (>2.5mm) ves-
clinical, angiographic and sels, however positive vessel remodelling and
IVUS outcomes after significant late lumen enlargement seen in smaller
ABSORB BVS implanta-  vessels.
tion.
Mu- 2013 ABSROB-EXTE 672 To assess the incidence of BVS had a 6% incidence of SBO in 435 patients. [66]
ramatsu et ND single arm  (total of analyzed SBO following BVS im- BVS is related to higher incidence of side branch
al trial patients fromall ~ plantation occlusion compared to EES Xience V.
trials)
SPIRIT FIRST

and II trials

Design Considerations of Advanced Na-
noparticles for Theranostics

Theranostics refers to the emerging field of
medical technology which provides the dual func-
tionality of therapy and diagnostics on a single plat-
form. The advantages of nanoparticles offering
theranostics are multi-faceted (Figure 8) and may
greatly improve stents of the future[70]. The scale of
such therapeutic particles (such as those conjugated
with drugs or genes) allow for longer circulation, de-
livery to specific sites, and improved ease of tracking
delivery in vivo by embedding imaging trackers[71,
72]. Moreover, these solutions not only offer a con-
trolled rate of therapy release but also protection of
the implanted therapy itself from pre-mature degra-
dation[71]. Likewise studies have shown an increase
in drug therapeutic index when delivered using
nanocarriers[35].

The use of theranostics nanoparticles (NPs) in
the targeting and imaging of cancer cells have widely
been studied, including malignancies of the lung,
pancreas, breast, ovaries as well as many oth-
ers[73-75]. There has been particular interest in the
last 20 years of nanoparticle delivery to tumour sites
through manipulation of their vascular hyperperme-
ability and abnormal lymphatic drainage[76-80], to

which numerous nanocarriers are utilised currently,
such as those of Abraxane® (Celgene Corporation)
and Doxil® (Janssen Products, LP)[81-84].

There are many classes of theranostic NPs, with
varying sizes and compositions (Figure 9)[85]. Such
devices may be of immense value in stent systems
since they may provide improved therapeutic path-
ways in the treatment of in-stent thrombosis and
restenosis in comparison to current techniques as well
as offer novel post-stent implantation imaging and
diagnostic methods all integrated into a single
theranostic stent platform. Furthermore, the stent can
be considered as an implant, which therefore localizes
the drug delivery (as opposed to systemic drug de-
livery), keeping potential toxicity to a minimum.

Localized Drug Delivery

Various DES using NPs for drug release have
been studied in animal models in order to reduce late
stent thrombosis and restenosis and such preclinical
trials have demonstrated marked success and illus-
trate the potential role for NPs in localizing drug de-
livery in stents. For example, in vivo delivery of
imatinib (an inhibitor of platelet-derived growth fac-
tor receptor through inhibition of receptor tyrosine
kinase) by bioabsorbable polymeric NPs has shown a
50% reduction in in-stent restenosis when compared
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to BMS and fluorescein isothiocyanate (a fluorescent
marker) eluting stents[86]. Likewise significant sup-
pression in restenosis has been achieved in NP elution
of both gene and drug (VEGF gene and paclitaxel)
after 1 month, in comparison to the TAXUS paclitax-
el-eluting stent[87]. Although gene or drug
NP-eluting stents currently remain experimental and
are not yet FDA approved[21], they offer a promising
alternative to conventional drug delivery stent sys-
tems.

Since the BDS aims to circumvent late in-stent
restenosis and thrombosis by eventual degradation of

Targeting ligand &
(e.g. Antibody) —JIf~-

Fluorescent
probe

“»

Ultrasonic(US)

Contrastreagent
(e.g. MRI, Gold
reflection etc.)

Drug payload

Theranostic Formulation

the polymer (or metal) which is proposed to be the
initial trigger, it is possible that NP drug or gene elu-
tion could further effectively suppress such physio-
logical responses. Such NPs, like liposomes, den-
drimers or other forms, with drug or gene cargo may
be designed for attachment to cell specific ligands like
those on platelets or local smooth muscle cells for
targeted delivery. Moreover, controlled delivery may
be achieved through nanoparticle responsiveness to
local cues, in order to maximise delivery at the target
site and minimize systemic adverse effects.

‘.‘ Radionuclide
A

(PET/SPECT)

Drug payload

e

Biodistribution and PK

Figure 8. Depiction of a theranostic nanoparticle. Such multi-functionalized nanoparticles may be used for carrying a drug payload, molecular imaging, drug delivery,
visualisation using fluorescence probes, X-ray imaging, contrast reagents, ultrasonic assistance and specific targeting of ligands. Copyright © 2013 Ivyspring International Publisher.

Reproduced with permission from [70].
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There is an abundant array of NPs used in the
treatment of vascular diseases, including vascular
stenosis, MI and ischaemia of the lower limbs. The
range of NPs used for these purposes can broadly be
divided into various categories (Table 3) such as me-
tallic NPs (such as iron NPs coated with gelatine [88]),
carbon NPs (such as carbon-carbon NPs loaded with
paclitaxel [89]) and polymeric NPs. Polymeric NPs
include core shell NPs [90] (which are essentially
polymeric micelles), poly(D,L-lactide) NPs [91] and
also poly(lactic-co-glycolic) acid (PLGA) NPs encap-
sulating the VEGF gene [92] or pitavastatin [93]. Other
polymeric NPs include poly(ethylene oxide)-modified
poly(epsilon caprolactone) NP, otherwise known as
PEO-PCL NPs, which have demonstrated to signifi-
cantly increase anti-proliferative mechanisms of hu-
man aortic smooth muscle cells (Figure 10) [94]. Other
NPs also exist in the form of liposomes combined with
viral vectors [95, 96], liposomes delivering bisphos-
phonates (Figure 11) [97, 98] and lastly lipoplexes
(cationic lipid and nucleic acid complexes) delivering
the VEGF gene [99].

Many of these NPs have been used to treat vas-
cular stenosis in experimental studies by delivery of
anti-proliferative agents. For example, delivery of
tyrphostins, a selective inhibitor of platelet-derived
growth factor-receptor tyrosine kinase attenuates
smooth muscle cell growth in vivo in swine and ex vivo
in human arterial tissue and in a decreased in-stent

PTX

neointima formation[91, 100].

Table 3. Therapeutic nanoparticles for drug or gene delivery in
vascular diseases.

Nanoparticles Drug or gene of  Treatment of Ref.
delivery
Carbon-carbon NP Paclitaxel Vascular steno-  [89]
sis
Poly(D,L-lactide) Tyrphostins Vascular steno-  [91]
(D,L-PLA) NP sis
Poly(lactic-co-glycolic  VEGF gene Ischaemic lower [92]
acid (PLGA) NP limbs
Pitavastatin [93]
Poly(ethylene ox- Paclitaxel & Vascular steno-  [94]

ide)-modified
poly(epsilon caprolac-
tone) (PEO-PCL) NP
Core shell NP of poly- Doxorubicin

Ceramide sis

Vascular steno-  [90]

ethylene glycol-based sis

block copolymer NP

Liposome Bisphosphonates ~ Vascular steno-  [97,
sis 98]

Cationic lipoplex VEGF gene MI [99]

Haemagglutinating Cis element decoy MI [95]

virus of Japan particles

combined with lipo- Heat shock protein [96]

somes) 70 gene

Iron NP coated with ~ VEGF gene Ischaemic lower [88]

gelatine limbs

Biodegradable
PCL Matrix

PTX or CER

PEO Chains

Figure 10. Paclitaxel (PTX) and Ceramide (CER) chemical structures and a scanning electron micrograph of poly(ethylene oxide)-modified poly(epsilon
caprolactone) NP (PEO-PCL NP). Copyright © 2008 Springer Science+Business Media, LLC. Reproduced with permission from [94].
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Intact artery
FL

FL

Injured artery
BP FL

Figure |1. Microscopy images demonstrating fluorescent liposomal uptake (orange) into vessel walls 24 hours after balloon injury. Lower row is of higher
magnification. Liposomes are taken up following injury and with treatment of liposomal bisphosphonates, the vessel wall size is substantially reduced. L = lumen. FL = fluorescent
liposomes. BP FL = bisphosphonate fluorescent liposomes. Copyright © 2013 Elsevier B.V. Reproduced with permission from [97, 98].

Molecular Imaging Platform

Molecular imaging may be defined as the use of
molecular probes or contrast agents for the purposes
of visualisation of in vivo tissues or pathways[101].
Current molecular imaging modalities include MRI,
CT, single photon emission computed tomography
(SPECT) and positron emission tomography (PET)
and US, with the data of many techniques used con-
comitantly in what is referred to as multimodal im-
aging. For example, PET has been used in conjunction
with MR and CT to combine the increased sensitivity
and specificity of PET with the enhanced anatomical
imaging of MR and CT [102]. Such techniques have
allowed the imaging of various inflammatory markers
using numerous tracers such as 18F-FDG
(2-deoxy-2-18F-fluoro-D-glucose) Figure 12 [102].
There has been a recent surge in interest on the use of
NPs as effective contrast agents, with studies demon-
strating that they are able to current enhance imaging
modalities by allowing for real-time assessment of
drug location and release[103], improving sensitivity
by increasing the contrast-to-noise ratio of surround-
ing tissues[33, 104], and they also have a high contrast
agent payload[105].

Presently, optical coherence tomography (OCT)
is increasingly favoured in coronary artery visualiza-
tion due to its high resolution capabilities and allow-
ance for imaging of various structures such as stent

strut malappositions, post-stent restenoses, assess-
ment of stent endothelialization, atherosclerotic
plaque and thrombus formation[106]. However, OCT
inherently remains an invasive procedure, with the
insertion of an intravascular catheter. Furthermore,
whilst OCT may be FDA-approved, there are a lack of
large-scale studies demonstrating an association be-
tween OCT collected data and clinical outcomes|[106,
107]. Thus, the use of nanoparticles in molecular im-
aging offers a possible non-invasive alternative to
OCT as well as enhancement of current molecular
imaging techniques.

Molecular imaging of cardiovascular diseases
utilises NPs in one of 2 ways. This can be either
through the use of NP contrast agent or the incorpo-
ration of contrast agents into various NPs such as
liposomes and lipoproteins. Many NP devices have
been used in the imaging of CVD and M1, as Table 4
and Figure 13 demonstrate [34]. There have been
numerous iron oxide NPs created, such as super-
paramagnetic iron oxides [108, 109], oxazine fluoro-
phore coated tat—cross-linked iron oxides [110, 111]
(iron oxide NPs cross linked with trans-activator of
transcription protein of HIV, all to which oxazine
fluorophores are conjugated) and monocrystalline
iron oxides [112, 113]. Animal studies in hyperlipi-
daemic rabbits have demonstrated that superpara-
magnetic particles of iron oxide work by accumulat-
ing in atherosclerotic plaques with high levels of
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macrophages (since they are phagocytosed by these
immune cells) causing MRI signal changes [114].
Liposome NPs used for imaging include nanoscale
liposomal iohexol [115] and lipoproteins such as car-

and lastly the NP suspensions are placed into vials for
freeze-drying[118].

Table 4. Nanoparticles used in diagnostic imaging.

boxyfluorescein-labeled apoE-derived incorporated  Nanoparticle Imaging modality Imagingof  Ref
into reconstituted high-density lipoprotein NP [116].  Nanoscale liposomal ~ Computed to- CVD [113]
Lastly, to aid imaging of atherosclerotic plaques  iohexol mography
polymeric NPs are utilised (Figure 14) [117]. Such &f:g’;zg‘;orsgf{eﬂve q MRI cvb [114]
polymeric NPs have been used in hybrid PET/MR incorporateg into recon-
imaging of plaques since they can be radio-labelled  stituted high-density
through conjugation to zirconium-89 and thus allow  lipoprotein
diagnostic testing on therapeutic efficacy[117]. Cross-linked short chain PET/MRI Atheroscle-  [115]
dextran polymer nanpar- rotic plaque
. . ticle
POlymer Nanopartlcle Preparatlons Superparamagnetic iron MRI CVD, MI [107,
Various methods and techniques of polymer NP  oxide 108]
preparations exist. Preparation of PLLA-based mag-  ©Oxazine fluorophore  Microscopic fluo-  MI 109,
netic NPs can be achieved through simple emulsion coated tat-cross-linked rescence imaging 110]
i = X iron oxide and fluorescence
evaporation methods whereby an emulsified mixture reflectance imag-
containing both magnetic and polymer components is ing and
created and consequently evaporated through a rota- ~ Monocrystallineiron  Off-resonance MI (111,
tive evaporator at 100 rpm for about 15 minutes[118]. oxide imaging and im- 112]
. : munospecific MRI
The formed NPs are then separated using a centri-
fuge, thereafter washed to eliminate excess materials
Inflammatory foci
ee"rﬁﬂ?
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Figure

12. Detection of inflammatory foci using PET imaging tracers. The most widely used tracer in PET is considered to be '8F-FDG

(2-deoxy-2-'8F-fluoro-D-glucose). Copyright © 2013 Ivyspring International Publisher. Reproduced with permission from [101].
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Figure 13. Diagram illustrating numerous nanoparticles that may be used
for molecular imaging. PEG: polyethylene glycol. apoAl: apolipoprotein A . Gd:
gadolinium. CE: cholesteryl ester. TG: triglyceride. Copyright © 2010 John Wiley &
Sons, Inc. Reproduced with permission from [34].

Lumen

Figure 14. Dextran polymeric NPs present in various plaques. (A) Im-
munohistochemical stain visualising CDI1b+ myeloid cells. (B) Fluorescence mi-
croscopy of A showing NP presence. (C) Autofluorescence image of B. (D) Immu-
nofluorescence microscopy of CDI Ib under higher magnification. (E) Immunofluo-
rescence microscopy of NPs (see arrows), same image as (D). (F) Images D and E
combined where cells staining positive for CD | Ib show DNP presence inside. Scale
bar =20 um. Copyright: © 2013 American Heart Association, Inc. Reproduced with
permission from [115].

A Hybrid Metallic/Polymeric Bioabsorb-
able Stent?

A dual metallic-polymeric fully bioabsorbable
stent system, with a nano-theranostics at its core may
revolutionise and transform current coronary stenting
procedures. It is envisioned that such a scaffold may
provide the mechanical and radial strength, high col-
lapse pressure and low elastic recoil comparable to
stainless steel stents yet the effective distribution and
time controlled drug release platform which polymers
can offer [119, 120]. Furthermore, a nano-theranostic
stent core may convey numerous clinical and medical
benefits including drug delivery to specific sites thus
reducing systemic adverse effects, protection of drug
cargo which may allow for lower dose administration,
improved ease of nanoparticle tracking and enhanced
imaging of the intravascular site for patient monitor-
ing post implantation[35, 71, 72].

The concept of a dual metallic-polymeric bioab-
sorbable stent has in fact recently been materialised
into the FADES stent by Zorion Medical. This scaffold
hybrid is composed of PLGA and a magnesium alloy

and preclinical trials have indicated complete stent
resorption by 90 days as well as a low inflammatory
markers present during this time period[36]. Howev-
er, the possible disadvantage of a dual metal-
lic-polymeric system lies in the possibility of greater
stent strut thickness, which may convey a reduction in
flexibility.

As for stent nano-theranostics, the paucity in the
literature poses difficulty in ascertaining the current
landscape  in  this  application. = Typically,
nano-theranostics are delivered systemically; there-
fore an implant which encapsulates theranostics in its
core, giving controlled drug release with enhanced
imaging properties could be seen as a more stream-
lined approach to resolving current stenting obstacles,
such as that of late stent thrombosis. In fact, there are
porcine models demonstrating the nano-theranostic
stent as a pioneering platform for delivery of NPs in
targeting CVD[121]. In this study fluorescence mark-
ers of fluorescein-isothiocyanate (FITC) were imbed-
ded into cationic PLGA NPs which were then depos-
ited onto stainless steel stents and implanted into ei-
ther left circumflex or left anterior descending coro-
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nary arteries of domestic male pigs[121]. Significant
FITC fluorescence was observed in neointimal and
medial layers of stented segments just 1 week after
stent deployment, when compared to dip-coated
stents consisting of thin layers of PLGA with FITC
imbedded (Figure 15)[121]. Assessment of FITC-NP
release kinetics was also carried out in vitro using
human smooth muscle cells (SMCs) from the coronary
artery indicating fast uptake and stable presence in-
side the cells for at least 24 hours (Figure 16)[121].
Given the complexities of developing a func-
tional stent, it is envisioned that a paradigm shift to-
wards a nano-theranostic bioabsorbable stent would
be evolutionary rather than revolutionary. We envi-
sion that the initial step towards such a
nano-thernostic stent platform would be the utiliza-
tion of nanoparticles for localized drug delivery, fol-
lowed by eventual nanoparticle imaging through
nano-sized contrast agents. Possible theranostic can-
didates for bioabsorbable stent are shown in Table 5.

A light microscopy

Given the potential seen in PLLA as a material for
bioabsorbable stents, we hypothesize that the
next-generation nano-theranostic bioabsorbable stents
could be made of PLLA dendrimers, with both drug
(e.g. everolimus/ paclitaxel) and diagnostic iron oxide
payload. Indeed, Cao et al demonstrated that PLLA
dendrimers encapsulating drug (specifically doxoru-
bicin) is in fact feasible[122]. Moreover, Maraloiu et al
has also developed a composite magnetic nanovector
made of PLLA /rhenium nanospheres capable of car-
rying MRI contrast agents[123].

Table 5. Possible theranostic candidates for bioabsorbable stent.

Nanoparticles Material Therapeutic Contrast agent

PLLA
PLLA

Dendrimer paclitaxel/everolimus Iron oxide
paclitaxel/everolimus Iron oxide and

rhenium

Nanosphere

fluorescence microscopy

polymer-based FITC-NP-
FITC-eluting stent Eluting stent

polymer-based
FITC-eluting stent

intraluminal
surface

B Expanded view

polymer-based
FITC-eluting stent

stent

Cross-
section

FITC-NP-
Eluting stent

Figure 15. (A) Light and fluorescence microscopic pictures
of stented intraluminal coronary artery segments of the
FITC-NP-Eluting stent and dip-coated FITC stent (poly-
mer-based FITC-eluting stent). Yellow scale bar = | mm. (B)
Expanded image of yellow box in A. Image B reveals distinct
regions of fluorescence which indicate local uptake of FITC-NPs. (C)
Cross-section fluorescence microscopic pictures of
FITC-NP-Eluting stent and dip-coated FITC stent. *Stent
strut region. Copyright © 2013 Elsevier B.V. Reproduced with
permission from [118].

FITC-NP-eluting

http://lwww.thno.org



Theranostics 2014, Vol. 4, Issue 5

529

A

FITC-PLGA NP

Non-encapsulated] Blank PLGA NP

0 L L L [ S | 7 Rl
E + /

5 o A5 m‘\\‘\%“ “‘“‘60 o ® ne b ne

Figure 16. (A) In vitro human coronary artery SMCs visualised using
fluorescence microscopy. Cells were incubated with non-encapsulated FITC,
blank PLGA-NP and FITC-PLGA NP for one hour at a concentration of 0.1mg/ml.
Green indicates FITC fluorescence and red indicates nuclei. FITC-PLGA NP
demonstrates the most fluorescence. (B) In vitro human coronary artery SMCs
incubated with FITC-NP at 0.Img/ml visualized using confocal fluores-
cence microscopy (left image showing XY-axis and right image showing
Z-axis of the left image). (C) Percentage of FITC-NP uptake of SMCs over
a 24 hour period. (D) Cross-section of SMC visualized transmission elec-
tron microscopy. Arrows show FITC-NP uptake. N = nucleus. Copyright © 2013
Elsevier B.V. Reproduced with permission from [118].

Conclusions and Future Directions

Interventional cardiology has witnessed the de-
velopment of many stent devices over the years. With
coronary balloon angioplasty being superseded by
BMS, it was soon established that such stents pose
risks of neointimal hyperplasia. This paved the way
for the revolutionary DES, such as those eluting
paclitaxel or sirolimus and the demand for these

stents increased significantly. However, such systems
were soon presented with the issues of late-stent
thrombosis and restenosis, the rates of which were
proposed to be higher than that of BMS.

Since a stent is required to provide vessel pa-
tency and support for 6 - 12 months, any time there-
after may be said to no longer provide any beneficial
effects. Hence, the BDS system appears to be an intui-
tive approach to the next stenting revolution. This
promising system aims to circumvent the concerns
surrounding current stenting procedures of late-stent
thrombosis and restenosis. Furthermore, benefits of
BDS may include the facilitation of the return of vessel
vasomotion, late luminal enlargement and late ex-
pansive remodelling because of a lack of permanence.
Moreover, the use of BDS allows future interventions
to be performed in vessel areas which have had stents
in place.

Despite the promises offered by bioabsorbable
stents, it is needless to say that many more RCTs
comparing the efficacy of these devices against the
more traditional stents of DES are still required. The
Absorb BVS is the only BDS to obtain a CE mark sta-
tus quo and is still in clinical trials, in comparison to
numerous DES, which are routinely in clinical use
presently. Thus, robust testing of BDS to industrial
standards as well as presently used stenting methods
are required to determine its viability in the scope of
PCL

It is proposed that a nano-theranostic bioab-
sorbable stent could consist of a PLLA polymer stent
strut. This is the most frequently used BDS polymer
available and has a degradation time of around 12 -
18 months. It is necessary that the stent upholds radial
strength values similar to that of metallic stents and
previous studies comparing BDS radial strengths to
that of metallic ones have suggested this is entirely
feasible. NPs such as liposomes, core shell nanoparti-
cles, polymeric NPs or cationic lipoplexes embedded
into stent struts are just a few of the array of NPs that
may be used for controlled and targeted drug delivery
for treating possible stent thrombosis and restenosis.
In fact, experimental data on therapeutic lipo-
some-based stents in vivo has demonstrated increased
endothelialization[124]. The utilisation of iron oxide
NPs in the stent core for precise and real-time moni-
toring of post-stent restenosis, assessment of stent
endothelialization and thrombus formation is envi-
sioned.

The use of NPs in vivo necessitates thorough
toxicology studies to ascertain possible adverse effects
and this field has been coined as nanotoxicology. The
unique sizes of NPs have allowed them to cross cell
membranes and have potential to access many tissues,
which may introduce issues of cytotoxicity and inhi-
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bition of cell proliferation [125]. For example, it has
been proposed that NPs may interfere which the
immune system in ways that may cause immune
suppression or stimulation with possible adverse
immunotoxic effects as well as interactions with
erythrocytes which may result in haemolysis [126,
127]. Thus, comprehensive assessments of chemical
and biological interactions of tissues with NPs are
critical in demonstrating their safety and viability as
long-term medical devices, especially with regards to
stenting technology.

In conclusion, given the likelihood that bioab-
sorbable stents would form the basis of stent designs
in the future, more research into the wuse of
nano-theranostics on bioabsorbable stent platforms
would be of paramount importance and significance.
The use of nano-theranostics in stenting would pro-
vide an incredibly valuable and streamlined single
system, offering both therapeutic and diagnostic ca-
pabilities. Such capacities are manifold, including the
delivery of therapeutic particles to specific sites thus
keeping potential toxicity to a minimum, improved
ease of tracking delivery in vivo by embedding imag-
ing trackers, controlled rate of therapy release, and
protection of the implanted therapy. Furthermore,
nanocarriers may allow an increased therapeutic in-
dex as well as offer novel post-stent implantation
imaging and diagnostic methods for atherosclerosis,
restenosis and thrombosis. It is therefore hoped that a
nano-theranostic stent may greatly enhance the clini-
cal practice of percutaneous coronary intervention in
the future.
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