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Preface

Cardiovascular disease is the main cause of mortality globally. About half of all deaths
from cardiovascular diseases are due to coronary artery disease, which results from
narrowing of arteries due to the build-up of plaques, thereby restricting blood flow.
The long-term prognosis for patients is also poor, with up to a third re-hospitalized
within 1 year of initial presentation, at enormous economic cost to healthcare systems
worldwide.

The development of angioplasty to re-open vessels, coupled with stent deploy-
ment to avoid restenosis, was a major innovation in improving patient outcomes in
the 1980s. Engineering cardiovascular stents further to improve physical properties
such as radial strength or corrosion resistance, enhance biocompatibility, or delay
thrombosis while allowing healing to proceed, has been a major focus of cardiology
research over the past three decades. As well as the resultant collection of routine bare
metal stents (BMS) and drug-eluting stents (DES) available on the market, commer-
cially available and in-pipeline devices now also deliver NO and antirestenotic drugs,
are entirely bioabsorbable or biodegradable, or exhibit endothelialization-promoting
coatings.

The aim of this book is to chart the evolution of cardiovascular stents from their
initial emergence as simple, relatively crude bare metal cage structures, through
drug-eluting stents, to multifunctional devices assembled using cutting-edge surface
coating, cell stimulating and biofunctionalization technologies. The book arises from
the European Union Industry-Academia Partnerships and Pathways “EPiCSTENT”
grant which brought together a team of industry- and academia-based partners from
throughout Europe, with synergistic competencies in materials science, protein engi-
neering, cardiology, and manufacturing, to engineer a cardiovascular stent with im-
proved clinical performance for better patient outcomes.

We hope that the book will be of interest and benefit to students studying biomed-
icine, biomedical engineering, materials science, and cardiology in particular, as well
as researchers in the broad fields of interventional cardiology, medical devices, mate-
rials science, and surface engineering. Feedback from readers is welcome.

J.G. Wall
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Overview of cardiovascular
stent designs

C. McCormick
University of Strathclyde, Glasgow, United Kingdom

1.1 Introduction

Coronary heart disease (CHD) is the leading cause of death globally. In Europe, each
year it is responsible for around 1.8 million deaths and it costs the European Union
economies around €60 billion, of which around one third is due to direct treatment
costs, with the remainder associated with informal care costs and productivity losses
[1]. It is characterized by the development of plaque material within the artery wall,
due to atherosclerosis. Ultimately, this leads to a progressive reduction in the lumen
available for blood flow, thereby increasing the risk of ischemia in the surrounding tis-
sue and producing painful episodes of angina. If left untreated, the plaque can become
vulnerable to rupture, with the resultant acute vessel occlusion leading to myocardial
infarction and potentially stroke. Research over recent decades has greatly increased
understanding of the pathophysiology of this condition and revealed potential targets
for therapeutic intervention. Despite the new pharmacological-based treatments and
preventative strategies that such progress has produced, CHD remains a major health
challenge [1].

Depending on the severity and extent of the disease, it may be appropriate to man-
age the condition with conventional drug treatments. Such treatment strategies are
designed to lower the risk of myocardial infarction through improved control of blood
pressure and cholesterol levels. Lifestyle modifications are also recommended as a
means of managing this condition. However, in more advanced forms of the disease
then a revascularization procedure will be performed in order to restore blood flow to
the affected tissue. For many years, this was achieved through the use of a coronary
artery bypass graft (CABG) operation and this remains the gold standard treatment,
particularly in those patients with multivessel disease or complex lesions in major
vessels [2,3]. While CABG therefore remains a key revascularization treatment; in
recent decades, it has been overtaken in many countries by the use of percutaneous
coronary intervention (PCI). In the United Kingdom, for example, around 92,000 cor-
onary artery revascularizations are currently carried out annually by PCI, compared to
around 17,000 by CABG [4]. There have been various technology developments that
have helped drive this increased use of PCI. This chapter will provide an overview of
the most important of these developments, with particular focus given to innovations
in coronary stent design.

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00001-9
Copyright © 2018 Elsevier Ltd. All rights reserved.



4 Functionalized Cardiovascular Stents

1.2 Percutaneous coronary interventions

1.2.1 Percutaneous transluminal coronary angioplasty (PTCA)

The use of a balloon for percutaneous transluminal coronary angioplasty, PTCA, was
pioneered in the 1970s by Andreas Gruentzig, a German physician. The process involves
delivering a balloon to the site of vessel narrowing via a catheter inserted in a periph-
eral artery, commonly the femoral or radial artery. The balloon is then inflated under
pressure, thus expanding the vessel, restoring lumen size, and hence improving blood
flow. Gruentzig performed the first coronary balloon angioplasty on an awake human
in September 1977, successfully revascularizing a stenotic lesion of the left anterior de-
scending artery. In 1979, he reported the results from the first 50 patients to receive this
treatment [5], with various technical advances in catheter design and materials helping
the technique become increasingly widespread in the decade that followed [6]. However,
while such developments increased the effectiveness of the procedure, it remained limited
by acute vessel closure and elastic recoil in the short term and restenosis in the longer
term. The process of restenosis is thought to be the artery’s response to the severe injury
induced by balloon dilatation. It is characterized by increased smooth muscle cell pro-
liferation and extracellular matrix deposition, leading to progressive luminal narrowing,
and is observed in around one third of patients [7]. In addition to improved catheter de-
sign and deployment techniques, significant research efforts focussed on the investigation
of various pharmacological and radiation-based therapies to reduce restenosis rates [8].
However, such approaches have had limited long-term clinical impact, and high resteno-
sis rates remained a major limitation of PTCA up until the introduction of coronary stents.

1.3 Bare metal stents

It was found that expansion and permanent placement of a mechanical support de-
vice, known as a stent, into the stenosed lesion immediately following balloon angio-
plasty, could reduce acute vessel occlusion and restenosis. This technique was first
performed in man by Sigwart and Puel in 1986, using a self-expanding stainless steel
stent. Shortly afterwards, a study of 25 patients with occlusions of the coronary or
iliac arteries was completed, with no evidence of restenosis observed in either lesion
group observed at 9-month follow-up, thus demonstrating the potential utility of this
device [9]. Since then, improvements in stent design and materials, deployment tech-
nique, delivery methods, and the use of dual antiplatelet therapies have led to a rapid
growth in the use of stenting. Such growth was stimulated by results from a number of
clinical trials, which consistently demonstrated that stent placement leads to reduced
restenosis rates in comparison to balloon angioplasty alone [10-12]. However, while
such reductions in restenosis were welcome, stents did not completely remove this
problem. In fact, it became clear that the use of these devices gave rise to a new healing
response, so-called in-stent restenosis (ISR). While overlapping mechanisms exist,
in-stent restenosis is thought to be a more cellular and proliferative response than bal-
loon angioplasty [13]. Although ISR rates have been found to be highly dependent on
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patient and lesion characteristics, average rates of around 25% of cases following bare
metal stent placement are typically reported [14].

1.3.1 In-stent restenosis

Repeat revascularization of a previously stented atherosclerotic lesion following ISR
is a complex procedure. This complexity and the high number of repeat revasculariza-
tions required meant that ISR represented a significant clinical problem. Consequently,
attention became focussed on the development of strategies to inhibit ISR and thus re-
duce the need for repeat revascularizations [15]. Although the mechanisms underlying
ISR are still not completely understood, it has generally been viewed as a distortion
of the natural healing response to the injury invoked by arterial expansion and stent
placement (Fig. 1.1). This healing process can be viewed as a cascade of events, where
the ultimate product is the development of a neointima consisting of smooth muscle

(C)

® (D)

<~ Smooth muscle cell % Macrophage [0 Stentstrut —— Cytokine release

--- Endothelium ¢ Platelet = Leukocyte —» Growth factor release

Fig. 1.1 Schematic overview of in-stent restenosis, showing key responses to stent
implantation within a diseased coronary artery. (A) Diseased coronary artery with lumen
narrowed by presence of atherosclerotic plaque, (B) stent implementation causes severe injury
to the vessel wall, including endothelial denudation, resulting in platelet adhesion/activation
with recruitment and activation of neutrophils, monocytes, and macrophages, (C) release

of cytokines and growth factors triggers smooth muscle cells to proliferate and migrate
towards the lumen, and (D) mature neointima is formed, comprising smooth muscle cells and
extracellular matrix, covered by a restored endothelium.

Modified trom E.G.P. Welt, C. Rogers, Inflammation and restenosis in the stent era,
Arterioscler. Thromb. Vasc. Biol. 22 (2002) 1769-1776.
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cells and extracellular matrix components [16,17]. The individual processes leading to
neointima formation were well-summarized by Babapulle and Eisenberg [18]. Briefly,
the immediate response to stent insertion is characterized by platelet adhesion and ac-
tivation, with recruitment and activation of neutrophils, monocytes, and macrophages
within the emergent thrombus occurring over the first week or so. This acute phase re-
sponse releases a cocktail of cytokines and growth factors, which in combination with
the vessel injury induced by stent deployment leads to activation of medial smooth
muscle cells. The resulting proliferation and migration of smooth muscle cells towards
the lumen, together with the deposition of extracellular matrix, results in the neointima
formation that is characteristic of ISR. This process of neointima formation stabilizes
after around 4 weeks in animal models [15], with recovery of the endothelium nor-
mally being completed over a similar period. In humans, the responses are thought
to be similar, but occur over a more prolonged period of 3—6 months following the
procedure [19].

There is strong evidence from histological observations in the pig [20] and human
coronary artery [21] that the extent of ISR is closely related to both the severity and the
characteristic features of the balloon and stent-induced injury [22]. Vessel stretch is
thought to be a key determinant of this injury response [23]. Moreover, strut-induced
laceration of the lamina that separate the individual tunica elements of the artery has
also been associated with increased restenosis, which may be a factor driving an in-
creased inflammatory response [24].

In general, strategies designed to overcome ISR have attempted to target many of
the processes within the cascade outlined above. These have ranged from strategies
aimed at reducing the extent of vessel injury, to pharmacological and radiation-based
therapies to minimize the inflammatory and proliferative responses. Our focus in this
chapter is on those developments in stent design that have had the most significant
long-term clinical impact.

1.3.2 Stent platform design

There are numerous design criteria that a coronary stent must meet if it is to fulfill its
function. Paramount among these is that the stent platform must provide mechanical
support to the vessel wall, such that it readily conforms to the curvature of the vessel
following expansion and maintains sufficient radial strength to withstand the forces
being exerted by the arterial wall. In addition, the stent platform should be radio-
opaque to provide the required visibility to ensure optimal sizing and deployment. The
platform must be easily deliverable and have a narrow profile when crimped, such that
it can readily pass through narrow vessels with significant stenoses. Finally, the stent
material should, as far as is possible, be compatible with the blood and surrounding
vascular wall tissue. A wide range of quite distinct stents were developed to meet
these criteria, and through the evaluation of these early-generation devices, it became
quickly apparent that stent platform design and construction were key factors driving
clinical performance [25,26]. Great attention has therefore subsequently been paid to
the optimization of stent materials and platform designs. We will look at some of the
most important developments within this area. The reader is also directed towards a
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number of more comprehensive sources for detailed information on this aspect of stent
design [25,27-29].

1.3.2.1 Stent construction

The first stent implanted in humans was the WALLSTENT [9]. This was a self-
expanding platform, comprising a stainless steel metal mesh structure. Although the
positive results from early clinical studies of this stent provided the stimulus for the
widespread use of stenting we see today, its delivery mechanism was rather cum-
bersome in comparison to other systems that quickly became available. The Palmaz-
Schatz stent overcame some of the practical limitations of the original WALLSTENT
by using an alternative deployment mechanism, through the use of balloon expansion.
Today, nearly all coronary stents are balloon-mounted in this way. Similarly, the slot-
ted tube design of the Palmaz-Schatz stent, which demonstrated greater radial strength
and superior clinical outcomes over the more flexible mesh and coil structures of com-
petitor stents, is reflected in the platforms used in current stents. The further develop-
ment of modular stent platforms has also offered a balance between the flexibility of
coils and the radial strength of slotted-tube designs.

1.3.2.2 Stent geometry

While stent flexibility and radial strength are key features of successful stents, it is im-
portant to recognize that the different geometric configurations employed to achieve
these properties can impact on the clinical performance of the device. This was per-
haps most clearly demonstrated by Rogers and Edelman [30], who showed that stent
geometry was an important determinant of restenosis. In particular, they demonstrated
that increasing the number of strut-strut intersections, while maintaining the stent ma-
terial and surface area constant, led to a proportionate increase in neointimal area. The
reduction in vascular injury score also achieved with the reduced number of strut in-
tersections provided a potential mechanistic explanation for the difference in efficacy
between the two different stent geometries. While the study authors subsequently went
on to show that stent geometry can impact neointima formation independent of vascu-
lar injury [31], several subsequent investigators have demonstrated a link between the
extent of stent-induced injury and the level of restenosis [22,26].

1.3.2.3 Stent strut thickness

Strut thickness has been a key element of stent design, with thinner struts associ-
ated with greater deliverability. However, results from a series of animal and clini-
cal studies also suggested that thinner struts produced lower rates of restenosis [26].
The first clinical study to demonstrate this link was the ISAR-STEREO [32], a study
of 651 patients randomized to receive one of two bare metal stent types (ACS RX
Multilink with strut thickness of 50 pm or ACS Multilink RX Duet with strut thick-
ness of 140 pm). It was found that angiographic restenosis was observed in 15% of
patients who had received the thin strut stent, while this figure increased to 26% in
the thick strut group. Importantly, the relative similarity in geometry between the two
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stent types used in the study suggested that the difference observed was due to strut
thickness. The same group went on to show that the benefits of reduced strut thick-
ness were maintained when the geometry of the two stents test was different, further
demonstrating the important role of strut thickness [33]. Consequently, there has been
a move to the use of stents with minimal strut thickness, with current stents typically
employing metal struts ranging in thickness from around 60 to 100 pm. Any further
reductions in stent strut size will have to be balanced by the need for visibility of the
stent location, and ideally the platform itself, during delivery and deployment in the
affected artery lesion.

1.3.2.4 Stent platform materials

The improvements in stent platform design described above have been greatly fa-
cilitated by developments in materials science. Perhaps of greatest clinical impact
has been the use of metal alloys with greater mechanical strength than the stainless
steel 316L that was used in the majority of early bare metal stent platforms. This
enhanced material strength has been key to achieving the reductions in stent strut
thickness which have helped improve delivery and efficacy of stents in the last decade
[28]. A great many materials have been examined with different mechanical proper-
ties and degrees of biocompatibility [34,35]. These include alloys of nickel-titanium,
cobalt-chromium, magnesium, platinum-iridium, as well as single metal designs of
tantalum, nitinol, iron, and variable grades of stainless steel. Although even some of
the most recently developed stents still use stainless steel, the superior strength and
biocompatibility of cobalt-chromium alloys meant that it is increasingly the preferred
stent platform material. The Multi-Link Vision stent (Abbott Vascular) was the first
such stent to receive FDA approval in the United States and other devices quickly
followed, notably the Driver stent (Medtronic). More recently, Boston Scientific de-
veloped the OMEGA stent, which employs Platinum-Chromium. Generally, the tran-
sition from stainless steel to the use of these more advanced metal alloys has helped
reduce strut thickness and improved deliverability, while maintaining radial strength.

1.4 Drug-eluting stents

While it is important to recognize the contribution that the above innovations in stent
platforms have had, the key technology that has had by far the greatest impact on
reducing ISR has been the development of drug-eluting stents (DES). Indeed, in a
direct comparison between the first-generation Cypher DES (Cordis Corp., Johnson
and Johnson) and a bare metal stent with thinner struts, the Cypher had significantly
lower restenosis [36]. The modifications to stent platforms may therefore be viewed
as incremental evolution, while the development of DES can be more accurately de-
scribed as a revolution in stent design.

It was clear from the multifactorial nature of ISR that there were a great many
biological targets that could be potentially addressed by pharmacological treatment.
However, it was found that pharmacological therapies delivered systemically largely
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failed to deliver on the initial promise shown in animal studies. Aside from generic
difficulties in the interpretation and clinical applicability of results from animal mod-
els [22,37], a significant reason for this failure was that the systemic concentrations
found to be efficacious in animals could not be tolerated in humans. In this context,
extending the function of the stent platform such that it could be used to provide lo-
calized drug delivery, directly to the affected lesion in high concentrations, became a
particularly attractive concept. Positive findings during animal studies were quickly
followed by early clinical trials that demonstrated quite dramatic reductions in rest-
enosis. These new devices, the so-called DES, have since gone on to revolutionize
interventional cardiology. Currently, they are used in the majority of PCI revascu-
larization procedures [38]. However, their performance is limited in certain patient
groups and lesion types. They have not removed the problem of stent thrombosis.
For these reasons, extensive research budgets across academia and industry remain
targeted at the development of enhanced DES. In this section, we will describe the key
features of DES design and examine how it has evolved since the introduction of the
first generation of these devices.

1.4.1 DES design

There are three key components of a DES that together contribute to the overall safety
and efficacy of the device. These are the stent platform, the drug, and the drug de-
livery coating technology (Fig. 1.2). The performance of the device is dependent on
optimization of each of these important aspects in what is a complex multidisciplinary
process [39,40]. As an example of this complexity and how the design of one element
can impact on the performance of another aspect of the device, it has been shown that
there is a relationship between the stent platform configuration and strut thickness and
the drug delivery characteristics of the device [41-43]. Indeed, DES design has been
described as a multidisciplinary success story [39,40].

« Materials science » Engineering

* Engineering « Physiology . Pharmaceutical
+ Advanced + Pharmacology science
manufacturing * Chemistry

« Chemistry

Delivery

Fig. 1.2 Overview of the key features of a DES. Device performance is dependent on
optimization of the relationship between the stent platform, the drug, and the choice of
drug delivery technology. Successful DES design requires contributions from across many
disciplines.
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1.4.2 DES stent platforms

We have shown above how critical certain aspects of the stent platform materials
and design are to the performance of bare metal stents. The same is true for DES.
Generally, the different generations of these devices have made use of the most ad-
vanced bare metal stent platforms available at the time of their development. So, the
first-generation DES, Cypher (Cordis Corp.) and Taxus (Boston Scientific) devices,
employed stainless steel stent platforms with strut thicknesses of around 130-140 pm,
while the development of platforms such as the Driver (Medtronic), Multi-Link Vision
(Abbott Vascular), and OMEGA (Boston Scientific) meant that later-generation DES
had much thinner struts, typically around 80-90 pm. While this trend towards thin-
ner struts was consistent across conventional DES [27], more recent bioresorbable
platforms have required a return to relatively thick struts to ensure sufficient radial
strength [44]. The shape of stent struts has also undergone significant changes as DES
design has developed over the years, with a move away from the rectangular-like struts
used in first-generation devices, which have more angular edges than the more circular
shapes and rounded edges characteristic of latest DES [45].

1.4.3 DES drugs

Our attention now turns towards the drug component of DES. We have seen that the
mechanisms driving ISR and the accompanying neointima formation are numerous. It
was therefore perhaps natural that the search for suitable drugs for use within DES has
yielded a wide and varied range of candidates. It is beyond the scope of this chapter
to detail all of these, and the reader is therefore referred to the following sources for
further information on this aspect of DES design [46,47]. Briefly, notable strategies
included the local release of antioxidants to inhibit the oxidative stress response to
stenting [48]. A particularly promising approach appeared to be the release of endog-
enous molecules, such as prostacyclin [49,50] and nitric oxide [51], which would help
compensate for the absence of the endothelium in the immediate aftermath of stent
implantation. However, the real clinical breakthrough came with the use of the anti-
proliferative drugs, sirolimus and paclitaxel.

1.4.3.1 Sirolimus

The first DES to be implanted in humans was the Cypher stent (Cordis Corp.). The
pharmacological agent in this stent is the macrocyclic lactone, sirolimus. This drug
acts on the mammalian target of rapamycin (mTOR) and has a varied profile of action,
with antibiotic, immunosuppressive, and antiproliferative effects. Its beneficial effects
on restenosis are thought to arise from a combination of its inhibition of the immune
response, through inhibition of T-lymphocyte activation, and perhaps more impor-
tantly through an antiproliferative effect on smooth muscle cells. In a randomized,
double-blind controlled trial, target vessel revascularization rates were 17% in the
bare metal control group, compared to 4% in those patients treated with the Cypher
stent [52]. Such positive outcomes were replicated in subsequent trials, helping make
Cypher the market leader in the early days of DES use. Cordis Corp. went on to
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develop a second-generation sirolimus-eluting stent (NEVO), using a different stent
platform that allowed a more sophisticated drug delivery strategy to be adopted [53],
but they were unable to maintain their market position and withdrew from the stent
market in 2011. Although sirolimus is still used in a small number of DES from other
manufacturers, it has been replaced with the use of limus analogs in the majority of
currently used DES [27,45].

1.4.3.2 Paclitaxel

Paclitaxel has been used as a chemotherapy drug in the treatment of a range of dif-
ferent cancers. Its stabilization of microtubules means that the normal dynamic reor-
ganization of the microtubule network during the interphase and mitosis stages of the
cell cycle is inhibited. Although the precise mechanism(s) by which this drug inhibits
neointima formation is still not completely clear, it is thought that this microtubule
stabilization effect prevents the proliferation of smooth muscles cells, thereby reduc-
ing restenosis. This drug was first used in the Taxus stent (Boston Scientific), one of
the first-generation DES devices. In a key early multicenter, randomized, double-blind
controlled trial of this stent against bare metal controls, the target-lesion revascular-
ization rate was reduced from 11% to 3% [54]. The dramatically improved clinical
outcomes observed in such early trials saw a rapid increase in the use of the Taxus
stent. Paclitaxel is now rarely used within the latest generation of DES, although there
has been increased interest in its use within the drug-coated balloons that are now
emerging.

1.4.4 Late-stent thrombosis and the search for better drugs

While the first generation of DES were a revolutionary step, the development of sub-
sequent generations of these devices is probably best described as a more incremental
process. There were clear commercial factors driving medical device manufactur-
ers, most notably Abbott Vascular and Medtronic at the time, to develop competitor
DES to challenge the early market dominance of Boston Scientific and Cordis Corp.
However, the challenge of late-stent thrombosis (LST) that emerged following the use
of first-generation DES also provided a crucial clinical stimulus to such development.
LST is often fatal [55] and therefore early reports that there was an increased risk
of this condition following the use of first-generation DES raised considerable con-
cern within the cardiology community [56,57]. Although the precise causes of LST
were not well-defined and to some extent uncertainty on this persists, a cessation of
antiplatelet therapy was linked with its occurrence, suggesting that the endothelium
had not completely recovered [58]. Indeed, postmortem studies revealed evidence of
delayed re-endothelialization in patients who had been treated with first-generation
DES [59,60]. Such evidence of delayed recovery of the endothelium following use
of first-generation DES caused the research community to revisit all aspects of de-
vice design, with greatest attention focused on the use of alternative drugs and more
biocompatible drug delivery technologies. It was known from in vitro investigations
that both sirolimus and paclitaxel inhibited human endothelial cell proliferation at the
same concentrations required to inhibit human smooth muscle cell proliferation [61].
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There was also evidence that exposure to both drugs could impair endothelial cell
function. Pig coronary arteries, preincubated ex vivo in paclitaxel, subsequently pro-
duced impaired in vitro relaxation responses to the endothelium-dependent relaxant,
calcimycin [62]. Of more relevance clinically were findings from a series of relatively
small studies, which revealed that patients with an implanted Cypher or Taxus stent
exhibited coronary artery vascular dysfunction [63-65]. As a result, the search began
for alternative drugs that could inhibit smooth muscle cell proliferation while having
no detrimental effect on recovery of a functional endothelium.

1.4.4.1 Limus analogs

Several alternative drug types were investigated and research in these areas continues
to this day. Particular emphasis has been placed on the identification of novel molecular
pathways to allow more targeted inhibition of smooth muscle cells [66,67]. However, li-
mus analogs have emerged as the most common drug type used in the second-generation
DES [27] and they remain dominant in the latest DES designs that are emerging.
Zotarolimus is used in the Endeavour, Resolute and Resolute Integrity DES produced
by Medtronic. This compound has a similar pharmacological profile to sirolimus, with
inhibition of mTOR thought to give rise to its suppressive effect on neointima forma-
tion. Although structurally similar to sirolimus, it is reported that the incorporation of
a tetrazole ring within Zotarolimus provides significantly greater lipophilicity, which
may provide increased partitioning and prolonged retention within the artery [68].
Like Zotarolimus, Everolimus is structurally similar to sirolimus and shares the same
broad mechanism of action [69]. It is used in the Xience-V DES from Abbott Vascular
and the Promus and Promus Element DES (Boston Scientific). Biolimus A9 has been
used in a range of different DES devices, including the BioMatrix and BioFreedom
stents from Biosensors International. Although both drugs have similar potency, the
greatly enhanced lipophilicity of Biolimus A9 may provide advanced pharmacokinet-
ics over sirolimus [70]. While it is therefore clear that each limus analog has potential
advantages over sirolimus, it is difficult to precisely determine whether the improved
performance of these latest DES arises from such mechanistic and pharmacokinetic
benefits, or simply reflects other improvements made to the stent platform and the
drug delivery method. We will now go on to consider the last of these factors in more
detail.

1.4.5 DES drug delivery technologies
1.4.5.1 Drug release profile

The drug release profile is a key factor in the performance of a DES [71]. Release too
little drug and there will be no inhibition of restenosis, while too much drug may result
in unwanted effects, including delayed re-endothelialization. Put simply, the optimal
drug release profile will be one that ensures that the arterial wall concentrations of the
drug are maintained at the therapeutic dose within the target cells for the period re-
quired. In vitro cell culture studies have traditionally been used to identify a therapeutic
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dose, although in vivo dose-ranging studies are ultimately still required [72]. The op-
timal release period for a given drug is likely to be dependent upon the specific pro-
cess(es) within the ISR cascade that it targets [73]. Animal studies have provided an
indication of the temporal nature of the key features within this cascade [15,74]. The
design of DES has involved optimization of the drug release profile based on the pro-
posed mechanism(s) of action of the candidate drug. Therefore, for drugs acting pri-
marily through an antiproliferative effect on smooth muscle cells, prolonged release
profiles that maintain effective drug levels within the artery wall over several weeks
and months were developed. The first generation of stents incorporated drug coatings
to provide such release, with the Cypher Stent releasing sirolimus for up to around
90 days and the Taxus stent releasing paclitaxel for a similar period [73]. Given the
similarity in drug type and mechanism of action, it is therefore not surprising that the
subsequent generations of DES have targeted similar release profiles, although faster
release formulations have also been found to be effective [75]. Recent insights from
computational modeling suggest that there are opportunities for further optimization
of the drug release profile for existing drug types and most certainly for new drugs
currently under investigation [76].

In order to achieve the desired release profile, the biological agent must be bound
to the surface of the stent in some way. Several approaches to this challenge have been
investigated, including polymer- and nonpolymer-based systems and the discussion
below is focused on those that have reached most widespread clinical application. For
more detailed information, the reader is referred to Venkatraman and Boey [73] and to
other chapters within this book that are dedicated to this topic.

1.4.5.2 Polymer-controlled drug release

Permanent polymers
A wide range of polymers have been studied as potential stent coatings, with initial
focus on their potential to confer enhanced biocompatibility before their exploitation
as a means of providing sustained drug delivery was fully realized [77]. The two first-
generation DES utilized permanent polymer coatings, with release of the drug dominated
by diffusion [78]. In the Taxus stent, a coating containing paclitaxel and the copolymer,
poly(styrene-B-isobutylene-B-styrene) (Translute) is applied to the stent to provide sus-
tained paclitaxel release [73]. It is important to note that the majority of drug loaded on
to the Taxus stent is in fact permanently retained within the polymer and is therefore not
released from the stent. In contrast, near-complete release of sirolimus is achieved with
the Cypher stent. The Cypher stent employs a three-layer coating, comprising a base
layer of Parylene C which is first applied to the metal stent to promote adhesion of the
sirolimus containing middle layer [73]. This layer contains sirolimus mixed within a
combination of two co-polymers, polyethylene-co-vinyl acetate and poly-n-butyl meth-
ylacrylate. An outer layer of these two co-polymers, in the absence of drug initially, is
then added to provide an additional means of retarding the initial release.

In the same way that we have seen that commercial considerations and emerging
clinical data provided important stimuli in the search for more effective drugs, these
same factors drove the development of enhanced stent drug delivery approaches.
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Reports of hypersensitivity responses to the polymers used in first-generation devices
were particularly significant in this context [59,79]. Consequently, research efforts
were focused on the development of technologies that would not only provide the op-
timal drug release, the overriding criteria that had motivated the design of the earliest
DES, but would also provide enhanced biocompatibility. Much of the resultant activity
was built on the results of earlier research that sought to improve the biocompatibility
of stents in the period immediately preceding the introduction of DES [28]. In par-
ticular, the use of phoshorylcholine had generated promising results. The biomimetic
nature of this polymer made it an excellent candidate and it was used to provide release
of Zotarolimus from the Endeavour stent (Medtronic) [80]. The fairly rapid release
of Zotarolimus from the phoshorylcholine coating, with drug release occurring over
the first 2 weeks, was thought to be a limitation of this device [81] and so Medtronic
went on to develop a slower release version, the Endeavour Resolute DES. The key
difference being that a new polymer blend, BioLinx, incorporating polyvinyl pyrroli-
done as a carrier layer for the drug, was used to provide the majority of release over a
2-month period [82]. Poly(vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP))
has also been used as the outer polymer carrier layer for Everolimus in order to en-
hance biocompatibility, with this combination being used in Abbott Vascular’s Xience
V [69] and Boston Scientific’s Promus Element DES products [83]. In addition to the
use of alternative permanent polymers, a more fundamental shift in approach quickly
emerged. Many manufacturers increasingly moved towards the use of coatings that
provide controlled drug release over the initial month(s) followed by a return to a bare
metal stent in the longer term. In large part, such strategies were based on the concerns
that prolonged exposure to polymer-coated stents contributed to delayed vessel healing
[84]. Two main approaches have been attempted in this pursuit, with the use of degrad-
able polymer coatings and polymer-free strategies proving particularly successful.

Degradable polymers

Polymers of lactide and glycolide undergo degradation to produce lactic and glycolic
acid, respectively, which can be readily metabolized to nontoxic products within the
body, and therefore represented an attractive alternative to existing nondegradable
polymers [77]. An early investigation by Finkelstein et al. [85] characterized in vitro re-
lease pharmacokinetics of paclitaxel from poly (lactide-co-glycolide) (PLGA)-coated
stents. They were able to produce a variety of release profiles, with variations in the
rate and duration of drug release being controlled by varying the number of layers and
ratios of lactide to glycolide. Moreover, the lead paclitaxel-PLGA coating identified
was found to inhibit neointima formation in an in vivo porcine coronary model of stent
injury. Comparable results were achieved using poly(D,L-lactide-co-glycolide) to re-
lease either paclitaxel or sirolimus over 1 month in vitro [85a]. Polymers of this family
have since made an important contribution to the evolution of DES design and are now
used in many of the latest generation devices. The reader is referred to the following
articles for a more comprehensive description of such developments [28,86]. Briefly,
Poly(p,L)lactide (PDLLA) is the polymer coating used in the BioMatrix (Biosensors
International) and Nobori (Terumo) Biolimus A9 eluting stents. It is also worth not-
ing that these stents were among the first to apply the polymer- drug coating to only



Overview of cardiovascular stent designs 15

the abluminal facing side of the stent, an innovation intended to better target drug
delivery to the artery tissue and achieve more rapid endothelialization. These stents
had a relatively large strut thickness of 120 pm in comparison to the thinner struts
used by competitors. For example, the Synergy stent (Boston Scientific), which uses a
very thin layer of PLGA to provide controlled release of Everolimus, has a platinum-
chromium platform with strut thickness ranging from 74 to 81 pm. Although the use
of such thinner struts may yield additional clinical benefit beyond that potentially
conferred by the use of biodegradable coatings, the second-generation devices de-
scribed thus far have been based on the use of conventional bare metal stent platforms
and broadly traditional coating deposition techniques. Other devices have used novel
stent platforms that facilitate the use of alternative coating techniques. The NEVO
stent (Cordis Corp.) is an example of such approach, where the stent platform design
allows precise loading of the drug and rate-controlling polymer layers within spe-
cially created reservoirs within the stent struts [53]. A variation on this type of hybrid
approach is the Yukon Choice PC (Translumina GmbH). This device is based on the
application of a sirolimus-containing PLA polymer layer to a microporous stainless
steel stent platform, with the application of a Shellac resin topcoat [87]. In contrast
to conventional DES, once degradation of this polymer coating is complete, the stent
presents a microporous surface that is believed to encourage more rapid endothelial-
ization than comparable smooth stent surfaces [88]. Subsequent trials indicated that
this device is associated with similar clinical outcomes as Cypher and Xience stents
at 3 years [89]. Although subtle variations from device to device make teasing out
the relative effect of biodegradable coatings on clinical outcomes difficult to quantify
precisely, a pooled analysis of several large randomized clinical trials found that bio-
degradable polymer-coated DES had improved safety and efficacy when compared
with first-generation durable polymer DES [90]. The extent to which the introduction
of such biodegradable polymers yielded an improvement on other second-generation
durable polymer DES appears to be less clear.

1.4.5.3 Polymer-free DES

While the biodegradable polymer coatings described above represented one approach
for removing concerns over the use of permanent polymer coatings on stents, an im-
portant alternative strategy has saw the development of completely polymer-free DES.
Several such DES have since been developed, with varying degrees of clinical success.
The absence of the polymer means that all such devices must include some other
mechanism to control drug release from the stent surface. This class of DES will be
described in greater detail later on in this book and so only a brief summary is pre-
sented here. Ultimately, the introduction of surface porosity, at macro-, micro-, or na-
noscale, has proved a popular approach to controlling drug release from polymer-free
stent systems [91,92]. Of these approaches, it has been macro- and microporous stent
surfaces that have seen the greatest use clinically. Examples of stents with pores at the
macro level, essentially holes or slotted grooves, include the Janus Tacrolimus-eluting
Carbostent (Sorin Group) and a drug-filled stent system from Medtronic [86]. One of
the first microporous stents to be approved for use was the Yukon stent (Translumina
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GmbH) [75,93]. In this stent, a conventional stainless steel stent platform is sand-
blasted to produce a rough surface finish characterized by the presence of microporous
pits of the order of 1-2 pm in size. These pits are then loaded with drug, usually siro-
limus, by spray-coating to provide controlled drug release. Upon completion of drug
release, it has been suggested by the manufacturers that the microporous rough stent
surface will accelerate re-endothelialization and help reduce restenosis. Certainly, a
trend towards reduced restenosis through the use of microporous surfaces has been ob-
served in one clinical trial of the bare metal version of this device, although the overall
effect was not found to be statistically significant [88]. Another potential advantage
of the Yukon stent is that the drug coating is applied on-site within the catheterization
lab at the time of the stent procedure, thereby allowing for the drug type(s) and dose to
be selected by the cardiologist. However, this approach has had relatively low clinical
uptake, perhaps because there remains a limited understanding of how drug dose and
type should be tailored towards particular lesion types or patients [94]. The drug re-
lease from this stent was also found to be fairly rapid, and in fact, this manufacturer’s
more recent DES now use a more conventional biodegradable polymer coating to slow
drug release [87]. A more recent microporous DES that is showing particularly im-
pressive clinical results is the BioFreedom stent from Biosensors International. Here,
a rough stent surface is created through the use of proprietary micro-abrasion process.
Although this produces a surface finish that appears similar to the Yukon stents, in the
BioFreedom platform the rough finish is applied only to the abluminal surface, thereby
providing potentially more targeted drug delivery to the affected lesion. Whereas the
Yukon stent has generally been used to provide release of sirolimus, the BioFreedom
stent is coated with Biolimus A9. The greater lipophilicity of Biolimus A9 may be an
important factor in the impressive clinical results that have been reported for this stent.
It has demonstrated noninferiority against the Taxus stent, in terms of late lumen loss
measured at year, with all clinical event rates found to be similar between the two stent
types after 5 years [95]. It has recently been shown to be superior to bare metal stents
in the treatment of complex lesions in patients at high risk of bleeding (LEADERS
FREE) [96]. An important aspect of the LEADERS FREE trial was that dual antiplate-
let therapy was withdrawn from both the bare metal and BioFreedom stent groups
after just 4 weeks. The VESTAsync stent (MIV Therapeutics) is a further example
of a microporous stent, with porosity in this case being provided through the use of a
hydroxyapatite surface finish [97]. Our recent modeling studies have shown that the
induction of microporosity alone may in some cases be insufficient to slow drug re-
lease to levels seen with conventional polymer coatings [91]. Indeed, the induction of
nanoporosity and/or changes in the physical characteristics of the drug coating, most
notably modifications to drug solubility, are likely required and we will describe recent
developments in these two areas in more detail in a separate chapter within this book.
Ultimately, research into the development of alternative approaches to polymer-free
drug coatings continues at pace, as evidenced by the continued registration of a variety
of patented technologies in this area [98]. The ongoing interest in the crucial role that
the stent surface plays in the performance of the device is also reflected in the return
to drug-free approaches to stent design that we are now increasingly seeing [86]. It is
also likely that the development of more biocompatible surfaces that promote rapid
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endothelialization will have an important role to play. Stents that can successfully
inhibit neointima formation and promote recovery of a healthy endothelium remain
particularly attractive. Early clinical experience with the Combo stent (OrbusNeich
Medical), which combines conventional sirolimus release with an endothelial progen-
itor cell coating technology, has shown the potential of such approaches [99].

1.5 Bioresorbable stents

The final and latest category of coronary stents that we will now consider is bioresorb-
able stents. These stents have the potential to revolutionize cardiology in a manner
similar to that seen with the original bare metal stents and then DES [100]. While it
would be easy to categorize these devices as a natural response to clinical experience
with more conventional stents, it is important to note that the concept of bioresorbable
stents has actually been around since introduction of the first DES in the early 2000s
[101]. The basic rationale for such stents set out at this time, namely that the stent
should disappear once its main function had been served, remains the same today. That
this concept has clear potential clinical benefits has recently been nicely summarized
by Sotomi et al. [44]. Firstly, there are potential reductions in adverse clinical events
associated with the ongoing presence of polymer and metal materials within the artery
wall. Secondly, there is the possibility that the vessel can recover important functions,
such as the unimpeded vasomotion that is so critical to control of blood flow and pres-
sure. Thirdly, the treated patient can freely undergo future diagnostic investigations
involving MRI without concern. Finally, the stented vessel will remain suitable for
the full range of revascularization strategies should this be required in future, which is
particularly important for younger adult patients and children in particular. There has
therefore been intense research activity across industry and academia into the develop-
ment of bioresorbable stent scaffolds that will provide these benefits. The leading bio-
degradable polymer platform for which there is most clinical data is Abbott Vascular’s
Absorb bioresorbable vascular scaffold (BVS) stent. The main stent platform com-
prises PLLA, with the grade chosen to provide a polymer degradation time in excess
of 2 years. Everolimus is incorporated into a PDLA surface coating in the same way
as the Xience V, to provide diffusion-controlled release. The initial enthusiasm that
greeted the generally positive results from early clinical trials of this stent has now
given way to increasing concern that the long-term results may be inferior to equiva-
lent DES [44]. Indeed, in a recent metaanalysis of seven randomized controlled trials,
comprising 5583 patients, the Absorb BVS had lower efficacy and higher thrombosis
risk than the conventional Everolimus-eluting stent [102]. These safety concerns call
for further research and it is likely that improvements in device design and deploy-
ment procedure will be required if the true potential of these devices is to be realized
[103]. To this end, investigations into the impact of deployment methods on clinical
outcomes with the Absorb BVS have already begun [100]. On the device design side,
several alternative devices are in development, with some already undergoing clinical
trials [44]. A Novolimus-eluting DESolve stent (Elixir Medical Corp.), which uses a
similar polymer and strut thickness to the Absorb BVS, has shown promising clinical
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results at 2-year follow-up [104]. Degradable metallic platforms have also been de-
veloped, with magnesium being one of the most promising materials investigated thus
far. The Magmaris stent (Biotronik AG) comprises a magnesium alloy stent platform,
with elution of sirolimus from an outer coating of biodegradable PLLA [44]. Initial
12-month clinical data on this stent look promising [105], although further longer-term
studies are required. In all approaches described thus far, the desired degradation char-
acteristics are achieved at a potential cost to performance, with the stent strut thickness
needing to be increased up to 150—170 pm in order to provide the required mechanical
strength. This strut thickness is similar to the level used within early BMS and DES
designs and some of the clinical benefits seen with thinner struts may therefore have
been sacrificed within existing bioresorbable stents. Consequently, current research is
focused on the investigation of new materials, processing techniques, and stent config-
urations that can allow strut thickness to be reduced. Such advances are also needed if
deliverability is to be improved, such that it is more comparable to conventional DES.
Current developments in this area are described in more detail by Sotomi et al. [44].

1.6 Summary of current state of the art and future
perspective

We have seen that there have been a great many innovations in stent design in the last
two to three decades, such that the devices now available clinically are quite distinct
from the very early-generation stents. These innovations have helped make stents a
key treatment for advanced forms of coronary heart disease. Globally, it is estimated
that over 6 million stents are implanted into patients each year [38]. Current state
of the art stents that are now most commonly used in clinical practice incorporate
advanced stent platforms, drugs, and coating technologies. It is clear that these devel-
opments have improved clinical outcomes, with the introduction of bare metal stents
and then first-generation DES yielding the greatest positive impacts. However, the
effect of more recent advances appears smaller. Indeed, a recent analysis by Byrne
et al. [38], based on a systematic review of large scale randomized clinical trial data
for CE-approved coronary stents between 2002 and 2013, has shown that median
9- to 12-month target-lesion revascularization rates have fallen from 12.32% with
bare metal stents to 4.34% with so-called early-generation DES (Cypher, Taxus,
Taxus Element and Endeavour), representing a considerable improvement in clinical
performance. However, revascularization rates with new-generation DES (Xience,
Promus and Promus Element, Resolute, Biomatrix, Nobori, Yukon Choice PC and
Yukon Choice (polymer-free)) were found to be 2.91%, a relatively modest improve-
ment considering the vast research budgets that have been spent on the introduction
of these newer devices. The relatively low rates of revascularization with DES do of
course make it difficult to demonstrate further improvement and it is therefore tempt-
ing to conclude that we have reached a plateau in device performance. However, to
do so would be to accept that around 6% of patients will have to return to hospital
for a repeat revascularization within 2 years, with this rate known to be more than
double for patients with multivessel disease and in the more complex lesions that are
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being treated more commonly now [2,3]. Similarly, although the latest DES and dual
antiplatelet strategies have reduced stent thrombosis rates to around 0.5% [38], they
have not completely removed this problem and the high mortality associated with
this condition means that this remains an important clinical challenge. With such a
wide array of advanced stents now available to clinicians and more in development,
there will likely be greater opportunity for clinicians to increasingly tailor their treat-
ments to individual patients. The development of more advanced in silico models has
already enhanced basic understanding of the performance of first-generation DES
that have helped shape the design of existing devices [106]. Further advances in such
modeling may reveal further insights into how stent performance is related to pa-
tient and lesion-specific differences [94] and therefore open up the more personalized
treatment approaches that leading clinicians are increasingly calling for [107,108].
Further, advances in technology will also continue to have an important role to play,
with fierce competition within the stent market providing ongoing stimulus for such
developments. Although recent clinical results from the use of first-generation biore-
sorbable stents have been somewhat disappointing [103], current research into the
development of second-generation versions and better deployment techniques may
yield the improvements originally envisaged [44,100]. Enhanced understanding of
the interactions between the stent surface and the surrounding biological tissue will
also be crucial to the development of better devices, with modified surfaces and more
advanced biologically active coatings likely to be increasingly important features of
stent design in future.
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Fundamentals of bare-metal stents

A.R. Saraf, S.P Yadav
Dr. Babasaheb Ambedkar Technological University, Lonere, India

2.1 Clinical study of bare-metal stents

The historical study of stents into clinical practice suggests that the balloon angio-
plasty method of treatment was the only percutaneous available for atherosclerotic
cardiovascular disease. The primary objective for the introduction of bare-metal stents
(BMS) was to overcome the risk of acute restenosis that is prevailed by the balloon
angioplasty that causes recoil, thrombosis, neointimal (NI) hyperplasia, or construc-
tive remodeling. In 1987, the stent technology was first introduced and since then due
to its high medical impact has constantly progressed from the fundamental bare-metal
stents to the ongoing models of biodegradable stents. The porous and meshed structure
of the stents employs resistance to corrosion materials like Co-Cr alloys, Ni-Ti alloys,
and SS316L. However, while designing the tubular space, it is necessary to consider
the typical diameter of large coronary artery that is generally about 2—-5 mm with a ves-
sel thickness of 0.5—1 mm. The key properties of the designed stents are the following:
They inhibit positive remodeling and vasomotor and also prevent acute recoil due to
porous construction, but simultaneously, it is prone to late thrombosis. The invention
of drug-eluting stents (DES) reduced NI proliferation and also clinical restenosis, si-
multaneously suppressing the smooth muscle cell migration leading to less NI prolif-
eration and restenosis. The better performance of the drug-eluting stents in terms of
increase in the frequency of late stent thrombosis and degradation of drug-containing
polymer in comparison with bare-metal stents (BMS) was also accompanied by the
delayed healing [1].

The principle of biodegradable stents (BDS) is that they lose their scaffolding abil-
ity followed by complete degradation of the stent material making it possible for late
positive remodeling, biological vasomotion, and its growth.

For a particular time instant, the mechanical varsity is unknown of a stent, whereas
the mechanical scaffolding is required for the first 6 months only as negative remod-
eling is limited to this period. It consumes another 6 months for the healing that con-
tains the vessel to be remodeled, which provides the desired degradation rate. The
mechanical strength of the stent should remain constant for the initial 6 months, af-
ter which the gradual degradation and loss in its scaffolding ability is preferred. The
remodeling process terminates at the end of 12 months that concludes with small
traces of stent leftovers [2]. The arterial walls are predicted to be supported by the
biodegradable stents during the process of remodeling beyond which degradation is
preferred due to which the damage of late stent thrombosis is avoided. Also, it is not
obligatory to consider the extended antiplatelet therapy. Igaki-Tamai stent was the first
degradable polymer stent implanted in humans that was raised from poly-L-lactic acid.
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Magnesium (Mg) stents that are degradable are applied for critical limb ischemia,
tracheal, esophageal, etc. Support to mechanical scaffolding and early recoil are the
limitations of balloon angioplasty [3].

2.2 Complimentary manufacturing of bare-metal stents

Manufacturing of biodegradable stents involves either polymers or metals. Polymeric
materials composed of polylactic and polyglycolic acid copolymers or polycapro-
lactone were investigated initially. There are many limitations in the application of
polymers that include high response to inflammation and poor mechanical properties
like lower ultimate tensile strength (UTS), lower Young's modulus, or higher elastic
recoil. In order to attain similar strength from polymer stents, thicker polymeric walls
would be required that in turn increases the risk of side-branch occlusion; also, the
polymer stents consume a longer period for its complete degradation. Iron (Fe)- or
magnesium (Mg)-based stents or bare-metal biodegradable stents have the preferred
mechanical properties for manufacturing of stents [4]. The prominent materials for
stents include iron (Fe) having Young's modulus of 200 GPa with elongation ability of
40% and also SS316L with Young's modulus of 193 GPa and elongation ability of 40%.
The degradation of pure iron stents requires comparatively more time while alloying
the stent with manganese which lead to induction of new lesions due to degraded prod-
ucts in the form of voluminous flakes at the degradation region [5]. Almost 300 cell re-
actions involve manganese in trace amount that exhibits noncarcinogenic property, and
the content of physiological plasma ranges between 0.70 and 1.05 mmol/L, whereas
the threshold of its toxicity lies as low between 2.5 and 3.5 mmol/L. Considering a
large stent with a length of 30 mm with a diameter of 6 mm, the content of Mg would
not exceed 450 mg, which is close to the recommended daily oral intake. Magnesium
has many medical applications, while its high-dose infusion causes recruitment of
collaterals and vasodilation during ischemia [6]. However, its antiarrhythmic prop-
erties considering its depletion lead to the development of atherosclerosis coronary,
vasoconstriction, cardiac arrhythmia, and increase in blood pressure. The mechanical
properties of Mg have similar trends but lower in magnitude as compared with Fe or
SS316L, having the advantage that the complete degradation of its alloys in physio-
logical environment is possible [7]. Additive to the physiological and biocompatibility
advantages, a successful background of Mg in biomedical implants presents it as a
genuine replacement to the traditional stents. Recently, testing of Mg stents in animals
and clinical trials has yielded capable results for replacement [8].

Research on reproducible and controllable time required for degradation has been
worked upon to make it sustainable for regular clinical application. Also, improve-
ments in the production technology and quality of Mg were improved by alloying it.
The microstructure and crystal structure plays an important role while deciding the
corrosive and mechanical properties of a metal. The influence of alloy composition
drastically affects the crystal structure, whereas the process of production and its post
treatment results in its microstructure. It can be concluded that the decisive parame-
ters for the property of the stents are alloying and its processing [9]. The applications
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of bare-metal stents in coronaries are typically used in small children and newborn,
whereas for adults and adolescence children, peripheral stents are employed. Cobalt-
chromium, stainless steel, and platinum iridium are the different stent materials, while
at the site of the stent implantation, polytetrafluoroethylene (e-PTFE) is used for seal-
ing the vessel and treating aneurysms [10]. Coronary stent, typically for the small ves-
sels, is made up of stainless steel that extrudes an external diameter of 1.8 mm, which
is crimped in the section of 1.05mm of the balloon catheter, and its expansion is set
at 3.0mm. Pressure of 10—14 atm is required for a positioned stainless-steel stent that
induces 20% plastic deformation to the strut of the stent [11].

Fig. 2.1 concludes the above effects in the literature of the various properties of stents
both desirable and undesirable in clinical trials in a schematic. After the deployment of
the stents, remodeling of the arterial wall causes mechanical stresses to be induced on
its walls. The time for the process of remodeling consumes 6—12 months and a desired
equilibrium position attained after which the presence of stent is not required. The pres-
ence of stents for a long term leads to chronic inflammation and late thrombosis and also
causes problem of in-stent restenosis. The vessel growth is motorized by the degradation
and the disappearance of the stents avoiding the necessity of adulthood stent dilatation.
The MRI quality is most contributed by the paramagnetic properties of Mg stent without
severe artifacts. In pediatric patients, established treatment for stenotic vessels and vas-
cular malformations is caused by stent implantation. Most often, they are indicated in
patients where balloon dilatation alone fails. Recurrent implantations of stent in pulmo-
nary artery and the aorta of patients are observed in congenital heart disease that employs
different material and sizes depending upon the patient's size and age. The indications
are not given for most of the stents like the efficiency of working of an implanted stent in
pediatric patient and an adult. The stented lesion stenosis with continuing growth of the
patient does not occur in a bare-metal stent. Many stents exhibit constrained potentials for
further expansion; hence, redilation of balloon expandable stents can only be considered
as a possibility [12]. For a patient who is currently in the process of growth along with
the vessel, removal of stents with the help of surgery is very important as it may resemble
long-term effect on the patient specifically in younger-aged patients. The flow pattern of
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Fig. 2.1 Collaboration of clinical trials with mechanical properties.
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the blood up- and downstream is changed by the induction of stents in the vessel due to
the straightening of the vessel, and hence, the vessel growth is impacted by the resulting
wall shear stress [13].

Implantation of stents in the heart valves or tissue patches for the treatment of
stenosis would behave as a carrier of prostheses. Some implants have the possibility
to grow that include decellularized homologous, decellularized xenologous, or liv-
ing tissue-engineered autologous heart. The degradation rate of a degradable stent
grows with the patient, and the implantation of these prostheses can be accomplished
with minimum vessel invasion. The basic advantage of a bare metal over biodegrad-
able stent is its potential to assist growth in pediatrics. Computed tomography (CT)
and magnetic resonance imaging (MRI) are the vital indicators for congenital heart
disease. Mg stents are not highlighted during fluoroscopy because of its low atomic
weight [14]. Cardiac imaging of the stents is easily possible without causing artifact
in CT or X-ray although the implantation process is complicated, which is a huge
advantage to the bare-metal and biodegradable stents.

2.3 Validation of mechanical properties of metals
for bare-metal stent

SS316L or cobalt-chromium (Co-Cr) poses superior mechanical properties as com-
pared with Mg and its alloys although the capacity of plastic deformation is of 2% and
Young's modulus is sufficient about 44 GPa; it appears to restrict the implantation of
stent made up of Mg alloys. The hexagonal close-packed (hcp) crystals leads to less
formability of Mg and its alloys when considered at room temperature as the active
slip system of the crystal lies in the basal plane at room temperature. The normal of
the basal plane is the only axis along which the deformation mechanism of twinning
takes place. However, twinning is subjected to restricted deformation capability that is
contrary to slip. The activation of mechanism is not possible once the whole crystal-
lite undergoes twinning. The crystal structure is completely transformed from hcp to
body-centered cubic (bcc) when alloying Mg with lithium (Li), which results in higher
formability as the slip systems are more activate in bcc materials, and also, less energy
is employed when compared with crystals packed with hcp arrangement.

The design requirements and properties must be satisfied in order to successfully
transfer the stent above the catheter, reducing the restenosis and placing the stent at
appropriate place and the deployment of stent:

1. High radial strength
Radial strength plays a key role in preventing the recoil of stent by providing radial or
structural support to the vessel.
2. Low elastic radial recoil
In order to attain fixed final diameter of the stent to be manufactured when compared
with the host artery diameter, the property of low elastic radial recoil is of importance.
3. Good flexibility
For the proper placement of the stent in the tortuous geometry of blood vessels, good
flexibility of the designed stent is essential in order to place it with the help of a catheter.
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4.

1.
2.
3.
4.

Excellent trackability
The degree of ability of guiding catheter to follow a curved route to place the stent at its
final destination is called its trackability.

It depends on the following:

(i) Low friction between adjacent environment and stent surface

(ii) High flexibility of shaft

Axial twisting of the catheter is minimized due to high axial deformation that is possible
by balancing the above parameters, which are dependent variables on each other, and
hence, a good trackability can be achieved.

Minimal stent profile

During implantation to avoid the unnecessary disturbance of blood flow, it is desirable to
have minimal profile of the stent.

Minimal foreshortening

During the expansion of the vessel, precise placing of the stent is important; hence, it
should possess minimum foreshortening.

Low longitudinal elastic recoil

The undesirable effects of foreshortening and longitudinal recoil cause the shearing of
stent. Denudation of the endothelial cells from the lumen of the vessel is caused during the
expansion of the stent. Hence, low longitudinal elastic recoil is preferred.

Optimum scaffolding

Rupture-free optimal coverage to the vessel to ensure original position is not regained by
plaque. In order to reduce aggressive thrombotic response of the stent material, there should
be minimum contact area between the surface of stent and vessel.

Requirements of stent material are the following:

i. Biocompatibility: Human body must not be caused any adverse reaction or injury by the
material of the stents, and hence, biocompatibility is very essential.

ii. Radiopacity: For delivering the stent at the appropriate position, the property of radi-
opacity is very essential when viewed under fluoroscopic imagining.

iii. Corrosion-resistant: Growth of passive oxide layers on the material of stent must be
critically avoided, for which selected stent material must be corrosion-resistant.

iv. Excellent fatigue properties: The blood flow induces cyclic stresses, and hence, due
to the application of this cyclic load, the possibility of fatigue failure in the material
drastically increases. The selection of the stent material is such that it can withstand a
minimum of 380 million cyclic load means up to 10 years.

The above properties depend upon the following variables:

Selection of material

Cross section and dimensions of the strut

The fabrication method used for stent

Number of axial and circumferential iterating elements and their geometry

2.4 Material selection

Grain size and orientation along with the microstructure and crystal structure have a
major influence on the mechanical properties of metals. The grain size of the metal
decides the stress required to deform it. Grain boundaries in large quantities present
more obstacles for slip; hence, smaller grains result in higher stress requirement and
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more obstacles. The slip rises in materials with hcp structure when the number of
grains increases also dilating the orientation of the crystals. The strength of the mate-
rial increases with loss in its plasticity. The possibility of grain boundary slip is more
likely in case of smaller grain sizes. The plasticity of materials with hcp structure is
mainly caused due to the basal plane orientation, and the preferred deformation di-
rections can accommodate the required orientation of the microstructures. The prepa-
ration of stent precursors employs diverse procedures for its production that include
drawing and extrusion to form wires or tubes [15]. Desired microstructure orientation
can be achieved by controlling the parameters. Along the grain boundaries, the pres-
ence of line-shaped particles can be noticed. Both strength and resistance to corrosion
can be increased by alloying rare earth metal with Mg.

High modulus of elasticity for minimum recoil is considered as the ideal material
for balloon expandable stent accompanied by high strength and allows yield stress.

The ideal material for self-expandable stent should possess a high yield stress and
low elasticity. Thus, characteristics of materials required for stent vary for different
types of stent.

(I) Material for balloon expandable stent are the following:

1. Stainless steel 3161
2. Tantalum
3. Martensitic nitinol
4. Polymers
5. Cobalt alloy

(II) Material for self-expanding stent are the following:
1. Nickel-titanium
2. Nitinol
3. Cobalt alloy
4. Full hard (stainless steel)

2.4.1 Iron and its alloys

The decomposition of proteins, lipids, and DNA mutilation in human body takes place
due to the presence of enzymes in large quantity that primarily consists of iron and pro-
teins. The process of decomposition occurs due to the reactivity of iron and proteins to
the molecules of oxygen-producing species that are reactive Fenton reaction. Also the
transport, reduction of ribonucleotides and dinitrogen, storage and activation of molec-
ular oxygen, etc. in the human body are assisted by the presence of iron in human body.
As the inhibition of metabolic activities is beneficial in proliferation of endothelial cell
in humans, it is very necessary for the involvement of pure Fe for the elution medium
with concentration higher than 50 g/mL regardless of incubation time. Smooth muscle
cell growth seizes with the excessive presence of Fe ions that was reported by an in vi-
tro study. However, in terms of preventing restenosis in stent application, this seizure
can be viewed as positive. A case study up to 18 months on the in vivo implantation
of pure Fe stents on the rabbits of New Zealand with a descending aorta has revealed
optimum results where significant neointimal proliferation, thromboembolic compli-
cations, pronounced inflammatory response, and systemic toxicity were not observed.
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Modulus of elasticity of pure iron that is 211.4GPa is the highest, which is five
times as large as pure magnesium having modulus of elasticity of 41 GPa, whereas
magnesium alloy shows slight improvement in elasticity going up to 44 GPa, while the
modulus of elasticity of SS316L is 190 GPa. However, in terms of in vivo degradation
rate, Fe has been rated very low, which means it consumes considerably large amount
of time for degradation. Implanted device are ideally required to be nonferromag-
netic; however, iron being ferromagnetic in nature constitutes a problem for its prime
motive. Improvements in degradation rates of 0.44 mm/year and superior mechani-
cal properties as compared with SS316L have been observed in newly developed Fe-
based alloys. The technique to convert Fe into antiferromagnetic material by alloying
it with 30-35 wt% of manganese gave it suitable austenitic alloy properties that made
it compatible in the presence of magnetic field, which is produced during MRI acting
as a diagnostic tool leading to the rapid growth and considered to be noninvasive in the
prosthetics of medical imaging.

2.4.2 Magnesium and its alloys

There can be significant increase in the growth and the strength of bones as the bones
have a substantial amount of magnesium present in them that contributes to its com-
position. Stabilization of RNA and DNA is also contributed by the presence of Mg
that is a cofactor for several metabolic enzymes. For a normal adult, the average daily
intake of magnesium is in the range of 300—400 mg that constitutes as the fourth most
abundant cation in human body. In blood plasma, the amount of magnesium can be
tolerated up to a comparatively elevated level of 85-121 mg/L. However, cardiac ar-
rest, muscular paralysis, and hypotension respiratory distress can be caused due to the
presence or increase in the level of Mg excessively. Contrarily, its deficiency leads to
increased incidence of heart disease, susceptibility to oxidative stress, cell membrane
dysfunction, and sometimes cancer. Although these problems due to its overconsump-
tion prove unlikely as efficient, filtration of excretion in the urine with the assistance
of the kidney takes place. Considering the feasibility of implantation in human bodies,
the fabrication process of magnesium and its alloys is considered to be safe and feasi-
ble for the purpose [16]. The involvement of sterilized pure Mg and Mg-Ca alloys has
proved its cytocompatibility in works that includes an Mg-hydroxyapatite composite
test on its application by using derived cells of human bones, indirect contact cytotox-
icity test using L-929 cells, and MG-63 plus RAW 264.7 cells. Different studies on
cytotoxicity studies for Mg alloys were also reported [17].

As the density of magnesium, which ranges between 1.8 and 2g/cm3, is very
near to that of human bones, it proves to be of extreme importance in orthopedic
implant application that is the most targeted zone of utilizing Mg and its alloys in
a supportive nature to the progressing field of biomedics. The degradation of pins
implanted into the rabbit femoral shaft that were manufactured with Mg-Ca alloy
was accomplished within 90 days, which terms the huge success of the implants
made of this alloy and has delivered results in the formation of new bone tissue [18].
The bone cell activation in human body can also have been said to be supported by
the implantation of magnesium stents. Since the rate of corrosion of magnesium is
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very swift, it provides a limitation to its usage in pure form in orthopedic patients
that resembles a passive layer formation rate of 10-200 mm/year having a purity of
99.9% in 3% NaCl. The enhancement of the corrosion resistance has been the cur-
rent most eluding research, and many efforts have been showcased, which include
by incorporating coating of dicalcium phosphate dehydrate (DCPD), by alkali-heat
treatment, and also by alloying.

2.4.3 Stainless steel 316L

The application of SS316L has been noticed as an advantageous material in the man-
ufacturing of stents. SS316L is being prominently used for both bare metals and with
the forecast of a coating material on the metal. The significance of this material lies
under its underlining properties of outstanding resistance to corrosion and optimum
mechanical properties, which assigns its applicability in the stated application. The
most desired quality of fatigue strength is to provide subsistence strength of the ap-
plication of cyclic load; also, the biocompatibility of SS316L biomaterial that offers
good resistance to degradation has preferential selection when compared with the ar-
ray of materials to be used for the fabrication of stents [19]. Being a prominent and a
very enormously developed section of bare-metal stent contributing largely and suc-
cessfully in biomedical applications in the past, stent heart valve, knee cups, fracture
fixation, surgical instruments, etc. have found typical applications of SS316L. Hence,
many manufacturing advances in the process of machining of biocompatible SS316L.
material have been and are consistently been explored recently. SS316L seamless
tubes have been used in the fabrication of 3-D PCM of stent. Ultrasonic cleaning of
the seamless tubes before the manufacturing of the stents removes contaminants like
dirt, oil, and grease, which would affect the precision of machining of the stents [20].
For the manufacturing of stents by the process of photochemical machining, FeCl;
has been considered as the most commonly used etchant for the material removal for
precision applications.

Table 2.1 considers various metal composition for biodegradable metals taking
into account their mechanical properties with SS316L revealing that the mechanical
properties of SS316L is considered to be as a standard reference in developing new
alloys, which consists of metallic biomaterials for most of the used medical grade
alloy. It can be concluded that SS316L has proximity in its mechanical properties
with pure Fe when compared with Mg alloys. This prefers Fe in high-strength ap-
plications, and also, ductility requirements are high such as coronary stents. But the
property of ferromagnetism enables SS316L material to be preferred when compared
with Fe, as the property of ferromagnetism is reduced considerably in SS316L ma-
terial, which enables MRI in the implantation of the stents. Alloying Mg affects and
improves the ductility when compared with most Fe alloys that can be accomplished
by engaging techniques for advanced processing. A typical example of alloying Mg
with slight amount of Li has the ability to modify the crystal structure from hexagonal
to body-centered cubic, producing a significant rise in ductility [21]. However, when
Mg was alloyed with lithium with weight percentage of 8.7, elongation observed was
52% due to which the drop in tensile strength brought it to 132 MPa. Human body can
tolerate the alloy of Mg to a very limited set of metals that include Zn, Ca, and Mn, and



Fundamentals of bare-metal stents 35

Table 2.1 Mechanical properties of bare-metal and biodegradable
stents

Composition
of metal Metall- Density | Magneti- | YS UTS YM
(Wt%) urgy (g/em?) | city (MPa) | (MPa) | (GPA) | e (%)
WE43 Mg Hot 1.84 NF 150 250 44 4
alloy extruded
bar
Mg, 3.7-4.3 Annealed | 7.87 FM 150 210 200 40
Y, 2444 plate
Nd, 0.4-1
Zr, pure FEA
99.8 Fe
SS316L Annealed | 8 NF 190 490 193 40
plate

e, maximum elongation; FM, ferromagnetic; NF, nonferromagnetic; UTS, ultimate tensile strength; YM, Young's mod-
ulus; YS, yield strength.

rare earth elements such as Zr and Y in very small traces can also be utilized. For easy
and optimum regulation of OH and H, gas, a very slow degradation rate is preferred to
allow its generation during degradation. Due to the toxic nature of effects of Zr, Mn,
and Al on human body, caution must be taken while designing Mg alloy to avoid the
release of alloying elements that might prove fatal for the patient. The deficiency of
phosphate source in the human body can easily take place by deportation of aluminum
ions that induce dementia, which binds with the inorganic phosphate consuming the
phosphate source from the human body.

Table 2.2 presents the implantation of stents in animals, and the following con-
siderations were made. Magnesium alloy stents possessed accelerated degradation,
low thrombogenicity, and low-grade response to inflammation and lacked local or
systemic toxicity, which intimate promising future. However, when comparing it with
SS316L stent, the desired exhibition of prolonged degradation is desirable for neointi-
mal proliferation that cannot be observed in Mg and its alloys stents, while continued
studies (3 months) were also required to demonstrate the positive remodeling of VBT
as assistant to stenting [22]. Also supplementary decrease in intimal hyperplasia and
better lumen area was considered to be safe when compared with pure Fe stents. There
is a risk of Parkinsonian syndrome due to alloying of Fe stents with manganese that
can lead to neurotoxicity. The possibility of breast, liver, nasopharyngeal, and lung
cancers is more prone in the presence of Zr as an alloying substance in Fe stents.

As derived from Fig. 2.2, manufacturing of biodegradable stent involves the deter-
mination of three design criteria for developing new alloys that include the following:

(1) Mechanical properties have similar trend and peaks of SS316L.

(2) There should be a fixed balance between the vessel remodeling period of 6—12 months which
must be in close contrast to the degradation rate, and a complete degradation or disappear-
ance of the implant during a reasonable period of time ranging between 12 and 24 months.

(3) During the degradation process, there must be no release of any toxic substances.
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Table 2.2 Biodegradable metallic stents implantation in animal

Metal Site of implantation Conclusions

Fe Rabbits of New Zealand The lack of systemic or local toxicity,
implanted at descending aorta | thrombogenicity was low, response to
for 18 months inflammation was mild, warranty in the

acceleration of degradation

AE21 Pigs implanted at coronary Promising results were exhibited by Mg alloy
artery for 56 days stents; prolonged degradation for a prolonged

period was anticipated

Fe Minipig implanted at In terms of stents of SS316L, similarity was
descending aorta for observed in neointimal proliferation; toxicity
12 months of local or systemic kind was not observed;

increase in the rate of degradation was required

WE43 Minipig or domestic Safety accompanied with less formation of
implanted at coronary artery neointima was observed in Mg alloy stents; in
for 3 months order to verify positive remodeling, there is a

need of long-term studies (13 months)

WEA43 Domestic pig implanted at Intimal hyperplasia was reduced by employing
coronary artery for 28 days VBT as assistant to stenting; also, lumen area
with VBT was improved in comparison with unaided

stenting

[f2 Porcine implanted at coronary | Safe consideration of Fe stents
arteries for 28 days

—— Mechanical integrity (%)
~— Degradation (%)
Remodeling period

100 100

? . \\ 80 __
£ X
g 6o 60 5
= ©
8 40 40 g
c o
g a
g 20 20

=

0 0

0 5 10 15 20
Time for implantation (months)

Fig. 2.2 Design criteria for stent material.

The mechanical properties of iron when compared with Mg and its alloys and SS316L.
were found to be superior in most of its regards. Enhancement in the properties of iron
by thermomechanical treatment and proper alloying is also possible. Transformation of
the magnetic properties of iron, that is, from ferromagnetic to nonmagnetic, is possible
by considering the appropriated alloying element, thus assisting a better compatibility
toward magnetic field produced during the procedure of MRI [23].
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The austenite formation of the element that has the caliber to convert iron into non-
magnetic material was concluded upon extensive choice of manganese as most of other
materials that could be employed to alloy with Fe to reduce its magnetic properties
were toxic in nature, which may have hazardous effects in the degradation process. The
phase diagram of Fe-Mn has been represented in Fig. 2.3. Alloying of iron and nickel
has also been possible; however, the formation of carcinogenic compounds for human
is quite possible with it. The presence of manganese in trace elemental form is very
essential for the survival and proper functioning of the bodies of all mammals. Also
any toxic effect to the cardiovascular system was not reported due to extensive binding
counteract of plasma protein and due to the excessive presence of manganese [24].

The trend shows that the formation of austenitic phase represented by c initializes
when manganese with 15wt% is mixed with martensite (e) that is ~27 wt% of man-
ganese and after which the presence of ¢ should only be prevalent. The phases that
contribute extensively to the nonmagnetic nature are represented by e and ¢ phases that
present the antiferromagnetic properties of Fe-Mn alloys. The analysis was performed
for alloy consisting of 20-35 wt% Mn keeping into view its potential to be evaluated
as biodegradable stent material.

The production of four Fe-Mn alloys with high purity of 99.98% of its elemen-
tal powders was observed that were, namely, Fe-20Mn, Fe-25Mn, Fe-30Mn, and Fe-
35Mn. The fabrication of the high-purity homogenous material that provides porosity
to the alloy that assists in the degradation control of the manufactured component was
prepared with the process of powder metallurgy where the mixtures of powder were
sintered and compacted and in a mixture of Ar 5% H, gas flowing at 1200°C for 3 h.

Application of two-step thermomechanical treatment, so as to obtain aligned poros-
ity accompanied by high density, of sintered pellets included the following:

(a) Resintering cold at 1200°C for 2h after rolling it to reduction in 50% of its thickness fol-
lowed by furnace cooling.

(b) Resintering cold at 1200°C for 2h after rolling it to reduction in 50% of its thickness fol-
lowed by water quenching. The degradation rate was controlled by the aligned porosity that
acted as a physical barrier.

100 —
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Mn content (wt. %)

Fig. 2.3 Phase diagram of binary Fe-Mn system.
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2.5 Finite element analysis of stents

In the finite element analysis of the component, whose prototype model is created
consisting of the desired material and design, analysis of stress is performed to obtain
specific results. Product designing and refinement of the existing design are possible
quite easily with the observation of stress concentration and possible failure points
during fatigue loading and during defined number of cycles. The redefinition of ser-
vice condition leads to modification in existing products, and its structure is quite pos-
sible for the qualification of a product in its desired service conditions. Modification
and optimization of the design parameters can be made with the help of finite element
analysis of the design before the manufacturing and prediction in the failure of the
final product can be made and altered. Figs. 2.4 and 2.5 show the design and meshing
of the cardiovascular stent, respectively.

The feasibility in the simulated service conditions of the designed stent can be ver-
ified easily in the FE tool. The von Mises stresses, radial displacement, and changed
blood flow velocity are critically evaluated, and results are obtained for the same that
are the possible components of failures.

On the deployment pressure of 2atm that in the average pressure acting on the
vessel, in the FEA tool, the results of the static analysis of the stent evaluating the von
Mises stresses were found to be more concentrated in the longitudinal direction at
the central part of the stent. The results obtained are complimentary to the increased
surface area contact of the stent with the arterial at its central part. At the ends of the
stent are observed to have von Mises stresses, while there is an exponential decay of
stresses from the central part toward the edges. Calibration of the radial displacement
is also performed in a similar fashion. During the deployed condition, the maximum
radial displacement is observed to be within the range for the standard deformation
values of the artery. Simulation results of the designed stent for the evaluation of von
Mises stresses and displacement counter are shown in Figs. 2.6 and 2.7.

Fig. 2.4 Designed model of cardiovascular stent.
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Fig. 2.5 Meshing of cardiovascular stent.

Fig. 2.6 FE simulation of von Mises stress distribution in the cardiovascular stent.

Blood flow velocity and buckling displacement are the two most relevant parameter
preferred for the various stenting considerations while performing the dynamic analy-
sis of the stent. Buckling analysis simulation is presented in Fig. 2.8. Circumferential
pressure in the radial direction on the surface of the stent by the arterial wall is exerted
simultaneously to the blood flow within the artery that exerts pressure on the internal
surface of the stents. The pressure exerted at the internal and external wall of the stent
combined with the posture of body in different conditions leads to the exhibition of
buckling of the stents. For the simulation results of the finite element analysis, it was
observed that maximum displacement due to buckling at the interior surface of the
stent occurs where blood flow starts and gradually goes on decreasing in the blood
flow direction along its length and attains a minimum value at the extreme ends.
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Fig. 2.7 FE simulation of radial displacement in the cardiovascular stent.

Fig. 2.8 FE buckling analysis in the cardiovascular stent.

Analysis report of the changes in the pattern in the blood flow reveals that the max-
imum blood flow is at the entry to the stent while a longitudinal directional decay is
observed along the length of the stent. As there is friction along the internal surface of
the stent that obstructs the blood flow, there is significant buckling that is presented in
the simulation results.

The simulation analysis of model is implicated by the designing followed by
the material selection procedure and later stressing the model to ultimate values
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with the help of finite element analysis and collaborating its results with the de-
sired properties of the component. Thus, all these processes are computational
having the feasibility to be redefined and modified design for any failure itera-
tions. The designed stent needs to be checked with its mechanical behavior that
presents the primary aim of this work. Length, width, thickness, and geometric
distributions of each strut, number of struts, radius and length of stent, Poison's
ratio, and Young's modulus of the material are the features that have been consid-
ered for the described study.

The simulated service condition is defined, and the feasibility of the stent
designed has been implicated with finite element analysis in its dynamic con-
ditions. Radial displacement and von Mises stresses are the desired results ob-
tained from FEA.

The compression process has been studied during the static analysis with the help
of von Mises stress and radial displacement. It can be observed from the illustration of
the analysis represented in Fig. 2.6 that at the von Mises stresses are greater in magni-
tude at the curved portion, and it decays when moved away from the curved portion.
The occurrence of such a trend can be easily be compensated at the struts whose com-
pression is the major for the generation of stress in higher magnitude at the connectors
and the curved portion. From Fig. 2.7, it is revealed that the radial displacement is
minimum or can be said to be negligible at the ends of the stent while it increases
exponentially as we move toward the central portion from the edges. The maximum
radial displacement is observed at the center of the stent along its length however the
value of deformation being well within the range for the deployed conditions of the
standard deformation values of the artery. Radial displacement counter of the FE sim-
ulation for the designed stent is shown in Fig. 2.7.

The buckling analysis is very important to be considered when simulating the
model in its dynamic conditions. Buckling causes the production of large deformation
and also leads to failure of structures that is consequence of mechanical instability.
Due to body movements during bending, there is an induction of twist, axial tension,
and outer pressure leading to complex mechanical loading conditions on the veins
and arteries by the application of lumen pressure and tissue tethering. Fig. 2.8 shows
the simulation of buckling analysis. The outer wall of the stents has been acted upon
the radially acting load due to pressure that is exerted upon it. However, this load is
applied to the contact between the walls of the artery and the outer surface of stent.
Also the stent walls are acted upon by an internal pressure in the radially outward
direction due to the flow of blood in the artery. However, buckling is caused due to
the deliverance of varied postures of human body alongside the internal and external
pressure being acted that ultimately leads to the buckling of the stents. Lifestyle, dis-
eases, genetics, diet (high-cholesterol diet), sex, and habits (smoking, drinking, etc.)
are the various factors that have influential effect on the buckling of stents. As the
strength of blood vessels decreases with the increasing age of the patient that causes
atherosclerosis, calcium deposition with arterial wall, blood pressures, and decrease
in strength of blood vessels in old age (after age of 30), it also leads to buckling of
the stents. It also depends upon postangioplasty treatment. The results of the buckling
analysis reveal that the human body condition can be sustained by the stents without
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any collapse. The details of buckling conditions in human body are twisting buckling
(vertebral artery-head rotation, vein grafts, anastomoses, and coronary vessel cardiac
contraction), lumen collapse (arteries stenosis, veins-surface compression, internal
jugular vein catheter insertion, and coronary artery cardiac contraction), kinking (il-
iac arteries and internal carotid arteries), helical buckling(corkscrew collaterals and
vein grafts), and bend buckling (vein retinopathy and vein grafts over length, hyper-
tension, retinal arteries, and carotid artery aging). From the analysis, it is clear that
the stent does not undergo any type of buckling.

2.6 Conclusions

The design and development of bare-metal stents have led to the revolution toward
true biological solutions. The artery needs a mechanical support for its healing and
remodeling that is provided by the bare-metal stents for over a period of time up to
its complete cure. Stainless steel is considered as the elements for such applications
as its mechanical properties and biocompatibility in human body possess ultimate
assets for the application of stents in load bearing. The results of implantation of all
the bare-metal stents including SS316L, iron, and magnesium demonstrate that even
though the degradation rate of these stents is yet to be modified, the simulation and
FEA analysis performed on its modeled structure of these materials have the ade-
quate strength to withstand the load that is dispersed on its walls, which is a major
setback leading to a clear obstruction in the development of alternative material like
polymer. The degradation rate of magnesium was observed to be extremely rapid in
comparison with SS316L eluting it to be used as a biodegradable stent. By altering
the microstructure and composition of the alloying elements, there is a possibility
of controlling the degradation rate of SS316L-, Fe-, and Mg-based stents. However,
while designing the stents and making the righteous choice for its materials factors
such as mechanical stability, reduction on neointimal hyperplasia and degradation rate
must be considered. Modifications in the design of its strut and providing coatings of
noncorrosive materials are the current advancements toward which the present-day
research is concentrated upon. While designing the stents, it was observed that the
radial profiles should be minimum along with adequate deliverability and minimum
tissue contact to acknowledge the sophistication of new stent design. Also altering the
material and its composition has proved to be beneficial by many researchers. The
present-day research is also focused on endothelial repair by inductive scaffolding.
The magnification of flexibility of stents by revolutionized design employing micro-
and nanotechnology for its manufacturing has enhanced the ability of deploying the
stent to its targeted site. Improvisation in blood-contacting properties and accelera-
tion of endothelialization are the capacities under which the recent modifications take
place. However, the scope of further building and modification in the bare-metal stents
is likely to take place, but at the same time, they provide the benchmark for the various
properties of the stents that a designer must keep in mind while designing the new era
stents incorporating all the modifications.
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Development of drug-eluting
stents (DES)
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3.1 First coronary intervention and development
of stents

Coronary angiography was introduced as a diagnostic method for coronary artery
disease in the late 1950s. Although balloon angioplasty was successfully applied to
larger, “peripheral” arteries (mainly femoral and renal) since 1960s, only the devel-
opment of more sophisticated equipment and technique allowed Andreas Grunzig to
perform the first successful balloon angioplasty of a coronary artery in 1977. Thus, a
new (and by far more convenient for the patient) method of coronary revascularization
was introduced, adding another option to already well-established surgical coronary
artery bypass grafting. At first, balloon angioplasty BA was associated with signifi-
cant rate of procedural failure, mainly due to atherosclerotic plaque disruption which
resulted in vessel thrombosis and acute closure. Another problem, more mechanical
in nature, was elastic recoil of the vessel wall shortly after initial dilation. In addition
to that short-term effects, it became clearly visible that in many cases, several months
after the intervention, a new narrowing (restenosis) develops inside the dilated artery.
Restenosis was reported to occur after 20%—40% of cases of initially successful BA
[1]. Several additional techniques: rotational atherectomy (rotablation), Directional
Coronary Atherectomy (DCA), and Excimer Laser Coronary Angioplasty (ELCA),
were developed in 1980s and early 1990s. All of them, however, were not successful
in reducing incidence of restenosis [2,3].

Another innovation was the development of metallic scaffolding stents. Stent im-
plantation definitely reduced the incidence of acute periprocedural complications and
initial failures of angioplasty (acute occlusion and elastic recoil). In most initial stud-
ies, stents also significantly reduced the incidence of restenosis, for example, from
42.1% to 31.6% [4] or even from 32% to 22% (P=.02) [5] when compared to BA. The
first-generation stents, which presently are called bare metal stents (BMS) to distinct
them from more sophisticated modern designs, were, however, associated with some-
what higher incidence of subacute thrombosis and late in-stent restenosis (ISR). The
former has been successfully overcome with more aggressive antiplatelet therapy. ISR
remained an issue especially in some high-risk settings such as narrow vessels, long
lesions, bifurcations, and diabetic patients.

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00003-2
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Initially, to prevent ISR, brachytherapy was used. The method, although moder-
ately effective, had many limitations. It required sophisticated and expensive equip-
ment and special precautions since potentially harmful radioactive materials were
used [6]. Therefore, it was not a treatment modality suited for routine clinical practice.

3.2 Pathophysiology of restenosis

Three different mechanisms are involved in the development of restenosis. The first
one, elastic recoil of arterial wall, occurs usually within hours of the procedure. The
second, negative remodeling, consists of arterial wall contraction and narrowing of the
lumen. It is usually understood as a reaction to injury, related to healing process and
endothelial cells activity [7]. Those processes are successfully eliminated by stent im-
plantation as stiff metal scaffolding makes it impossible for the vessel wall to contract.

In contrast to the above, the third process, neointimal hyperplasia, is the main
mechanism of ISR. Smooth muscle cells migrate from the media into the intima form-
ing a multicellular layer that grows into the vessel lumen. In the first stage of the
process, platelet aggregation and activation occur. In the second stage, inflammatory
cells (macrophages and leukocytes) are attracted to the injury site. They in turn release
growth factors and cytokines which activate smooth muscle cells in the media, causing
them to migrate to the intima and to proliferate. Even when their cell divisions stop
(usually several weeks after injury), the cells continue to produce extracellular matrix
which grows into the vessel lumen causing further narrowing [8].

3.3 Methods of testing stent performance and their
limitations

There are several ways to measure stent performance and to compare different de-
signs. The most obvious laboratory tests (mainly mechanical) may give useful in-
formation on flexibility, radial force, possible deformation, and cell opening for side
branch access. In the next step, animal testing, important information on thrombosis,
vascular healing, and endothelialization can be elicited. These data are relatively easy
to obtain (as large number of stents can be implanted, animals may be sacrificed and
tissue cross sections may be examined). It must be remembered though that there is no
prefect animal model for human atherosclerosis (and subsequently for coronary inter-
vention, vascular healing, etc.). Consequently, the results of animal test may be used
only with caution to draw conclusions about stent performance in humans.

Finally, clinical trials when stents are implanted into human coronary arteries give the
most useful data. There are, however, several parameters that can be measured and used
to judge how well a particular type of stent performs. The most obvious is to measure (by
means of angiography or intravascular modalities such as IVUS) the degree of restenosis,
sometimes also expressed as late lumen loss. Restenosis may be expressed in per cent
of lumen area or as “binary restenosis”—whether less or more than 50% of the lumen is
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taken by the tissue. Even at this stage, the same date may lead to different interpretations
(as, e.g., 30% of lumen loss is twice as much as 15%, but still O in binary terms and
probably clinically insignificant). Clinical events are of more value. The most often used
MACE term (major adverse cardiac event) usually comprises cardiac death, myocardial
infarction and ischemia-driven revascularization, although exact criteria may differ be-
tween investigators. Most clinicians agree that MACE is the best single parameter to be
considered when measuring stent performance. If no difference in MACE is found, some-
times data for only one specific type of event (but usually less clinically significant than
MACE) is used. As stents and intravascular techniques are constantly improved, adverse
clinical events and large differences in measured parameters become less frequent and
very large series of procedures are needed for enough statistical power. Therefore, more
and more often so-called “surrogate endpoints” are used—events or parameters that are
not clinically significant by themselves, but their incidence may reflect the incidence of
clinically important events. One needs also to bear in mind that the largest clinical trials
are sponsored by stent manufacturers and understandably the data most likely to be pub-
lished are those showing superiority or at least noninferiority of the latest design.

3.4 First-generation drug-eluting stents

A logical solution to the problem of restenosis was to locally (i.e., at the site of the
injury) deliver a drug that stops smooth muscle cell proliferation. Thus, a typical
drug-eluting stent (DES) design consists of metallic scaffolding (BMS), a layer of
drug carrier substance, and antiproliferative agent itself.

Several studies showed that drug distribution into the arterial wall depends on stent
strut configuration. Open strut cells, although often preferred by operators due to bet-
ter conformability with vessel wall curvature and side branch access, usually result in
much less homogenous drug distribution than closed cell designs, which in turn cover
larger areas of the vessel wall in a more homogenous fashion.

In some DES designs, direct bonding of antiproliferative drug to metal was used.
Most manufacturers, however, use matrix polymer that allows drug retention during
stent deployment and homogenous drug distribution on the stent surface. The poly-
mers can be divided into organic and inorganic and also alternatively into bioerod-
able and nonbioerodable. Most often, nonbioerodable polymers are used to prevent
inflammatory response. Usually, synthetic organic polymers are used, but to some
extent naturally occurring organic substances such as fibrin, cellulose, albumin, and
phospahorylcholine were also tested.

Theoretically, an ideal drug for DES should have an antirestenotic effect, but also
allow re-endothelialization and vessel healing. It should also have no adverse systemic
effects

Many antiproliferative and antiinflammatory substances were used as active agents
in drug-eluting stents. Most of them act by inhibiting DNA synthesis. Most important
examples include paclitaxel, everolimus, tacrolimus sirolimus, interferon, dexameth-
asone, and cyclosporine. Migration inhibitors, such as batimastat or halofuginone,
were thought to prevent migration of smooth muscle cells into the intima. However,
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in practice such stents releasing those substances failed to reduce restenosis [9]. So-
called healing factors aiming to reduce platelet activation and promote reendotheliza-
tion were also tested. Other compounds such as estradiol have also been used.

Initially, two antirestenotic drugs showed significant efficacy in clinical trials: siro-
limus and paclitaxel. Sirolimus (rapamycin) was discovered in 1977 as an antifungal
macrolide antibiotic with strong immunosuppressive effect. As a lipophilic molecule,
it easily diffuses across the cell membranes of vascular smooth muscle cells and leu-
kocytes. In the cytoplasm, it forms a complex with an intracellular protein FKBP12.
This compound molecule inhibits in a turn a regulatory enzyme TOR (target of rapa-
mycin). It blocks cell cycle progression from G1 to S phase, thus inhibiting smooth
muscle replication and proliferation [10-12].

Paclitaxel is an antineoplastic drug originally isolated from the Pacific yew tree,
Taxus brevifolia. It was initially used for treatment of breast and ovarian cancer. It is
also a lipophilic molecule easily diffusing through cell membranes. Its main effect
consists of stabilizing microtubules [13,14], making it impossible for the cells to pass
from the G2 to M phase of the mitotic cycle.

The initial feasibility study of sirolimus-eluting stent was carried out on a small
cohort in 2001 showing very good angiographic and clinical result—only minimal in-
timal hyperplasia and low level of target lesion revascularization. A large randomized
trial RAVEL followed soon. It showed very low level of major adverse cardiac events
(MACE) in the sirolimus-eluting (SES) arm (5.8% vs 28.8% for BMS P <.001) at
1-year follow-up [15,16].

A larger American trial SIRIUS included more high-risk patients and lesions (di-
abetes, narrow vessels, and long stented segments). It also showed much lower rest-
enosis rate of 8.9% for SES than 36.3% for BMS (P<.001) at 9-month follow-up
[17]. Other trials consistently showed much lower rates of restenosis, mace, and target
vessel revascularization (TVR).

For paclitaxel and its derivatives, different stent designs and different coatings have
been studied. Two types of coatings (polyacrylate sleeves and nonpolymer coating)
proved to be not suitable for stent use. In third type of coating, polymer was used in
TAXUS trials. The first feasibility study was carried out in 2003. Randomized trials
comparing paclitaxel-eluting stents (PES) with BMS followed soon. They showed sig-
nificant reduction in the target lesion revascularization (TLR) rate (4.4% vs 15.1%,
P<.0001), TVR rate (7.1% vs 17.1%, P <.0001), and composite MACE rate (10.8%
vs 20.0%, P<.0001) [18]. In TAXUS VI trial where more complex lesions (long
plaques, small vessels) were stented, similarly lower incidences of restenosis (12.4%
vs 35.7%; P<.0001) and TLR (6.8% vs 18.9%; P=.0001) were observed when DES
were compared with BMS at 9 months [19].

3.5 Second-generation DES
Since much evidence suggested a correlation between stent strut thickness and the

inflammatory process, subsequent restenosis second-generation stent platforms
had thinner struts, but conserved the radial strength of the first-generation design.
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This innovation was made possible by employing cobalt chromium alloy. Another
advantage of the new platform was increased radiopacity and conformability to vessel
curvature. In a large clinical trial (SPIRIT III), one of the second-generation DES
everolimus- eluting stents (EES) showed 43% relative reduction in MACE when com-
pared to paclitaxel-eluting stent. These outcomes persisted for 3 years proving long-
term safety and efficacy. Similar results were obtained in SPIRIT IV trial; this time in
more complex coronary lesions [18]. Understandably, questions were raised whether
better clinical results are due to platform material (CoCr vs stainless steel), strut thick-
ness, or the drug itself (-limus vs paclitaxel) or some combination of those factors.

In COMPARE trial, second-generation EES (thin struts, CoCr) was clinically more
efficient than slightly improved first-generation paclitaxel-eluting stent (stainless
steel, thin struts) [20]. Several trials comparing first-generation SES (thicker stain-
less steel struts) with second-generation EES (thin CoCr struts) did not show any
clear advantage of new design in terms of overall MACE incidence. They did show,
however, noninferiority of the second-generation DES and also significant reduction
of some more specific endpoints such as TVR, myocardial infarction (MI), and stent
thrombosis.

Another type of second-generation DES—zotarolimus-eluting stent (ZES)—with
thin CoCer struts used different biopolymer formulations which resulted in more rapid
drug release in the first 2 weeks. Both possible kinetic types (rapid vs slow drug re-
lease) may offer some advantages and drawbacks. Short release times may reduce the
time period when dual antiplatelet therapy is necessary (this treatment has potential
adverse effects of its own). On the other hand, in some cases, the restenotic process
is still active several months after implantation and only stents with long drug re-
lease could prevent this phenomenon. The latter kinetics type does also have its draw-
backs—it leaves stent struts unendothelized for longer time and late stent thrombosis
may occur. In ENDAVOR III trial, significantly higher rates of late lumen loss were
observed in second-generation ZES (compared to first-generation SES) [21]. In SORT
OUT III trial, some composite endpoints (not as clinically important as MACE) were
also more frequent in ZES group compared to first-generation SES [22].

Another innovation in DES design was to use a different PtCr platform.
Theoretically, it was supposed to be more flexible and thus offer better deliverability.
The so-called newer second-generation DES demonstrated noninferiority in clinical
trials when compared to CoCrEES. There were, however, some data suggesting stent
deformation after deployment, most probably due to less rigid structure (less connec-
tors per ring). In some cases, more flexible stent structure may offer advantages (bet-
ter deliverability and conformability in tortuous vessels, better side branch access);
in other situation when more radial strength is required (e.g., calcified lesions), it is
probably less appropriate. Periprocedural stent deformation has been described as risk
factor of stent thrombosis. To address these issues, some minor modifications were
made (more connectors resulting in more rigid structure) [23]. Somewhat similarly,
newer second-generation ZES was designed to allow more flexibility, but the align-
ment of helical struts resulted in more longitudinal stability than new EES. In addition,
the drug elution kinetic was changed, allowing a more prolonged release. It resulted in
a lower incidence of late lumen loss than the previous ZES design.
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There have been some trials comparing the newer EES with the newer ZES: they
showed no difference in terms of primary composite endpoints. There was, however,
a significant difference in incidence of definite stent thrombosis (more in ZES group,
although it was a rarely occurring event) [24].

3.5.1 Synthesis of data on currently approved DES

Large number of data from clinical trials on the DES make it sometimes difficult to
elicit clear conclusions on actual differences between various DES designs (in terms
of major clinical events). Network metaanalysis of more than 50,000 patients in 49
randomized controlled trials demonstrated lower incidence of stent thrombosis for
CoCr EES compared to BMS, SES, PES, and ZES [25]. The data also prove that
newer second-generation DES perform very well, with perhaps slight favor towards
EES-CoCr (Table 3.1).

3.6 Next-generation DES

3.6.1 Abluminal coating

A further development of DES is to cover only outer (abluminal) surface of the stent
with polymer and drug. This design would allow the drug to be delivered where it
is most needed (vessel wall) leaving the inner surface with bare metal only, making
endothelialization easier. Such stents are already commercially available and first clin-
ical trials showed promising results [26,27].

3.6.2 Bioresorbable polymers

As organic polymers may provoke immune response and hypersensitivity and, after
the drug has been completely released and the polymer is no longer necessary, it was
logical to try to design a stent with resorbable polymer. An example of such design
is Nobori stent (stainless steel platform, bioresorbable polylactic acid polymer, and
biolimus drug). The biolimus-eluting stent (BES) proved to be noninferior to SES in
terms of MACE. However, BES seemed to perform better in cases of more complex
anatomy and in terms of very late stent thrombosis. In other trials, Nobori BES per-
formed equally well as CoCrEES [28,29].

Other designs included SES with bioresorbable polymer and EES with bioresorb-
able polymer. In clinical trials, no significant difference was shown between SES
with biodegradable polymer and CoCrEES [30]. EES with bioresorbable polymer
was noninferior to PtCr EES. On the other hand, there is some evidence that stents
with bioresorbable polymers may be associated with slightly higher incidence of stent
thrombosis. This trend was further confirmed by some more metaanalyses. Currently,
most experts believe that CoCrEES is the best combination in terms of efficacy and
long-term safety and the already approved newer second-generation DES can only
hardly be improved.



Table 3.1 Overview of current DES designs

Overview of Most Important DES Designs

Strut Drug Release On the Market
Commercial Name Strut Material Drug Thickness (pm) | Manufacturer Profile Since
Cypher Stainless steel Sirolmus 140 Cordis 1 month 80% 2003
Taxus Express/Liberte Stainless steel Paclitaxel 132 Boston Scientific | 10% in 10 days | 2004
Endavor CoCr Zotarolimus 91 Medtronic 14d >95% 2008
Resolute Integrity CoCr Zotarolimus 91 Medtronic 2m 85% 2012
Xcience V Prime xpedition CoCr Everolimus 81 Abbot Vascular 1m 80% 2008
Promus element CoCr Everolimus 81 Boston Scientific | 1m 80% 2008
Promus Premier PtCr Everolimus 81 Boston Scientific | 1m 80% 2013
SYNERGY PtCr Everolimus 74 Boston Scientific | 2m 80% 2012
Absorb Poly-L-lactic acid | Everolimus 150 Abbot Vascular 1 m 90% 2011

(SHQA) s1uays Sunnya-3nip Jo Juawdo[oadq
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3.6.3 Pro-healing stents

The drugs used in DES affect different cell types. They inhibit smooth muscle cell prolif-
eration, but they also slow down endothelialization of stent surface. The idea to promote
endothelial growth on stent surface seems, therefore, an attractive solution. Stents-eluting
vascular endothelial growth factor was tested, but they increased proliferation of neoin-
tima [31]. There is also a commercially available stent covered with CD34 antibodies
aiming to capture endothelial cells. The results of preclinical trials were favorable. In a
clinical trial, no significant difference was seen between this type of stent and PES. It was
speculated that CD34 antibodies attract not only endothelial progenitor cells, but also
other hematopoietic cells, for example, smooth muscle progenitor cell [32]. Consequently,
a new generation of prohealing stents was developed: with CD34 antibodies on luminal
and sirolimus-eluting biodegradable polymer on abluminal surface. It performed well on
porcine model and was safe and noninferior to ZES in clinical trial [27].

3.6.4 Bioresorbable stents

As incomplete endothelialization of DES may persist even for many years, research on
bioresorbable stents started already in 1990s. An ideal bioresorbable scaffold would
provide sufficient mechanical support in the days and weeks after the angioplasty pro-
cedure. It would then start to gradually dissolve and finally leave only healed vessel
wall behind. Thus, many problems associated with stenting such as leaving a rigid
mechanical caging or a need for a prolonged dual antiplatelet therapy could be over-
come. Several other problems: covering of side branches ostia and inaccessibility of
the stented segment for surgical grafting would also be solved. Another advantage of
such design would be a completely restored vasomotion once the stent is dissolved.

Some manufacturers came up with bioresorbable metallic materials of which
magnesium seems to be the most interesting. Unfortunately, pure magnesium biore-
sorbable stents were associated with poor radial strength and high rates of restenosis.
With platform design improvement and addition of paclitaxel, the clinical results were
slightly better, although not superior to current state of art DES [33].

Among the polymers, most frequently used for bioresorbable stents are poly-L-
lactic acid (PLLA) and poly-DL-lactic acid (PDLLA). Other substances were also tested.
Polymeric scaffolds have usually much less radial strength and therefore require much
thicker struts than steel stents. First, small series of bioresorbable stents (Igaki-Tamai,
made of PLLA with no drug coating) was implanted between 1998 and 2000. It has shown
very good safety and efficacy profile in 10 years follow-up [34]. Nevertheless, the design
has not been developed further, mainly due to its rather complicated expansion mode (use
of heated contrast) and lack of drug coating which made it obsolete in the DES era.

Currently, there are several bioresorbable stent designs (usually called bioresorb-
able scaffolds to make clear distinction from permanent metallic stents), of which
Absorb is the most developed and was the first to become commercially available.
It is made of poly(r-lactide) 150 um thick struts and is covered with bioresorbable
polymer that releases everolimus. The scaffold starts to disintegrate around 1 year
after implantation via a series of chemical reactions that break the chains down to
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smaller molecules, leading eventually to carbon dioxide and water. It dissolves com-
pletely after 3-5 years. The data from randomized trials and registries available so far
suggest no safety concerns [35]. Initially, due to low radial strength of the scaffold,
a meticulous lesion preparation (via conventional balloon angioplasty) was required.
The new version of Absorb scaffold was developed to increase radial support. The data
from trials suggest there is no scaffold thrombosis, but the device is characterized by
more pronounced lumen loss than current DES designs. Nevertheless, this phenome-
non does not lead to significant clinical events (Fig. 3.1).
The most important advantages of bioresorbable stents include:

- Restoration of vessel anatomy (after resorption there is no segment straightening, no edges
that could alter blood flow)

- Restoration of vessel physiology—as there is no metal cage full vasomotion is possible—
both in terms of cell signals and vessel relaxation/contraction
No thrombogenity when the scaffold is resorbed

- Possibly, no neoatherosclerosis as normal endothelium and no residual scaffold constitute a
normal vessel environment

Fig. 3.1 Stages of BVS resorption, arrows show scaffold struts. (A) IVUS image of BVS
after implantation. (B) IVUS image of BVS 12 months after implanation. (C) IVUS image of
BVS 40 months after implantation—some strut material still visible, as well as late lumen loss
(lumen diameter smaller than scaffold diameter).
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The important limitations of BVS are: strut thickness larger than in conventional
metallic stents and somewhat less perfect performance during the procedure (deliver-
ability, radial strength).

3.7 Conclusion

The developments in cardiovascular stent design over the last 30 years have been truly
remarkable. It seems the newest generation of DES is hard to beat in terms of low risk
of restenosis and stent thrombosis. Nevertheless, some minor improvements in plat-
form design, polymers, drug release kinetics, and drugs itself are still possible. On the
other hand, the modern bioresorbable stents are getting close to clinical performance of
current best metallic DES designs. Many experts believe that there will probably never
be an ideal DES. But as more and more information is gathered about advantages and
drawbacks of different solutions, clinicians in the future will be able to choose an ideal
stent for risk profile and lesion characteristic of every particular patient.
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Polymer-free drug-eluting stents

C. McCormick
University of Strathclyde, Glasgow, United Kingdom

4.1 Introduction

Drug-eluting stents (DES) have revolutionized the way that advanced coronary heart
disease is now treated. These devices are associated with much lower rates of reste-
nosis than their bare metal stent counterparts and are now used in the vast majority of
coronary artery revascularization procedures carried out [1]. As a result, fewer patients
than even before now need to return to hospital for a repeat revascularization. However,
clinical challenges remain, meaning that there are considerable opportunities to im-
prove on the performance of current DES [2]. While there are a great many strategies
currently being investigated in this pursuit, some with greater clinical potential than
others, the development of polymer-free approaches to stent drug delivery appears
particularly promising [3]. In this chapter, we will firstly describe the clinical rationale
that stimulated the development of the first generation of polymer-free DES. We will
then describe these devices and current state of the art in some detail before going on
to explore the remaining challenges with respect to technology development in this
area. The chapter will conclude with a brief consideration of future perspectives.

4.2 Moving beyond polymer controlled stent drug
release

4.2.1 Rationale for polymer-free drug-eluting stents

The development of polymer-free DES has been viewed as a response to some of
the negative clinical outcomes that were observed with first-generation DES [4,5]. In
particular, the first significant reports of increased late stent thrombosis (LST) with
the Cypher (Cordis Corp.) and Taxus (Boston Scientific) DES caused the clinical and
industry communities to revisit all aspects of stent design [5,6]. In the investigations
that followed, concern was raised that the ongoing presence of a polymer coating on
the stent surface may be an important contributing factor in the occurrence of LST
[7,8], and there is no doubt that such reports were a key driver in the development of
polymer-free approaches to DES design. These clinical experiences with permanent
polymer-coated DES added to existing evidence within the literature on the potential
negative effects of certain polymer coatings within the vasculature. Specifically, a
range of permanent and biodegradable polymer materials were shown to produce in-
tense inflammatory responses and neointimal thickening within pig coronary arteries
in vivo [9]. Although the methodological details of this particular study made direct
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extrapolation of the findings to coronary stent coatings difficult, and the clinical suc-
cess of the first- and second-generation polymer-coated DES would appear to confirm
these limitations, such studies nonetheless provided sufficient impetus for alternative
approaches to polymer coatings to be investigated, even in the earliest days of DES
development. Since then, a great many different polymer-free DES have been devel-
oped, and in this chapter, we will examine the key innovations that have helped drive
increased clinical use of these devices.

4.2.2 Sustained drug release for clinical efficacy

The release profile of the drug is known to significantly impact on the overall per-
formance of a DES [10]. It was known that the smooth muscle cell response, thought
to be largely responsible for restenosis, is maintained for weeks and even months
following stent implantation [11,12]. The first generation of DES were therefore
designed to sustain drug release for periods up to around 3 months [13]. This was
achieved through the use of permanent polymers, although more recent devices have
increasingly featured biodegradable polymers [2]. The use of such polymers can pro-
vide great flexibility, allowing precise optimization of the drug release profile to
maximize the therapeutic effect [14], although in reality, there is still similarity in
the release profiles of many conventional polymer-coated DES, with a fairly rapid
release within the first few days followed by sustained drug release over weeks and
months [13]. The central challenge for polymer-free approaches was to ensure that
the drug release profile could be sustained for a similar period to that achieved with
conventional DES. Several approaches to addressing this challenge have since been
pursued, which have been summarized recently by Chen et al. [3]. The optimal ap-
proach is ultimately dependent on the drug that is to be released, its physicochemi-
cal properties, the design of the stent surface, and the interaction between all these
components. The following section will describe the key designs that have been de-
veloped, with particular emphasis given to those that have either reached clinical
evaluation or have greatest future potential.

4.3 Direct coating of drug

Perhaps the simplest approach to achieving polymer-free drug elution is direct load-
ing of the drug onto an unmodified stent surface. This can be achieved through dip
coating of the stent into a drug solution, with evaporation of the solvent leaving a
drug layer coating the stent surface. The release rate of the drug in this case is largely
dependent on the physicochemical properties of the drug [15]. Such an approach is
therefore unsuitable for hydrophilic drugs, such as heparin, since rapid dissolution
would likely produce only short-term drug release [16]. However, such rapid release
kinetics can potentially be avoided with the use of highly lipophilic drugs, such as pa-
clitaxel and sirolimus, which have been used extensively in conventional DES [17]. In
addition to lipophilicity, certain drugs may preferentially adhere to particular chemical
groups present on the stent surface. For example, paclitaxel has been shown to bind
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preferentially to synthetic materials [18], and it is thought that this may provide an
additional mechanism by which stent-based release can be slowed [3]. Ultimately, the
method of drug deposition and the final physical form that the drug takes can signifi-
cantly impact on the subsequent release characteristics for a given drug, but for now,
we will focus on those approaches that have simply directly loaded unmodified drugs
onto standard bare metal stents.

Heldman et al. [19] demonstrated that standard stainless steel stents (Palmaz-
Schatz), coated directly with an ethanol-paclitaxel solution, inhibited neoin-
tima formation at 4 weeks in a porcine coronary artery model. One of the first
polymer-free paclitaxel-eluting stents to reach clinical evaluation was the V-Flex
Plus stent (Cook Inc.). In this device, a coating of paclitaxel is applied directly to
the abluminal facing surface of the stent. In a pilot clinical trial (ELUTES), the
high-dose version of this device (2.7 pg/mm?) was found to reduce angiographic
restenosis when compared with the bare metal control [20]. However, in a direct
head-to-head clinical trial, it was shown that the Taxus stent was superior to the
paclitaxel-coated V-Flex Plus stent [21]. Guidant Corp. applied the same coat-
ing approach developed by Cook Inc. to produce the RX ACHIEVE polymer-free
paclitaxel-eluting stent. However, this device failed to achieve significantly im-
proved clinical outcomes compared with the bare metal control in the DELIVER
clinical trial [22]. This is in sharp contrast to the results from a trial of the TAXUS
polymer-coated paclitaxel-eluting stent reported in the same year, which showed
that it markedly reduced clinical and angiographic restenosis compared with bare
metal stents [23]. The Amazonia PAX stent is a more recent addition to the fam-
ily of paclitaxel-eluting polymer stents (MINVASYS). This device incorporates a
cobalt-chromium platform, with a semicrystalline paclitaxel coating applied to the
abluminal surface of the stent. Paclitaxel release was found to be rapid in the early
phase, with up to 52% released within the first 8 h and 75% within 1 week, before
the remaining drug is eluted more slowly up to 45 days [24]. In a small single-
center clinical study (PAX A), it was shown to have similar rates of angiographic
restenosis after 4 months and clinical events at 12 months as the Taxus stent [24].
However, less encouraging results were observed in a more recent prospective,
nonrandomized, multicenter study (PAX B), where although it demonstrated safety
after 1 year, target vessel revascularization rate was 21.3%, a performance more
comparable with conventional BMS than DES [25].

It appeared from these early clinical evaluations that polymer-controlled ap-
proaches to paclitaxel release were superior to polymer-free approaches. Although
the majority of research and product development across the major stent manu-
facturers has therefore focused on the use of polymer-controlled systems, with a
gradual move away from the use of paclitaxel in recent years, the concept of direct
paclitaxel coating has still been pursued by some groups. For example, it has re-
cently been demonstrated that direct loading of paclitaxel onto cobalt-chromium
alloy surfaces can provide release for up to 56 days [26], with this extended re-
lease offering a potential advantage over earlier approaches described above where
release was thought to be fairly rapid. In addition, recent modeling studies have
indicated that for paclitaxel, short-term release profiles may in fact be sufficient to
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generate therapeutic effects [27]. Although it is necessary to exercise caution in the
interpretation of studies of this nature, the models do provide a potential explana-
tion for some of the positive early findings observed with polymer-free paclitaxel
elution from stents and more recent clinical results from paclitaxel-coated balloons
[28]. It may therefore be that paclitaxel elution, perhaps from some of the more
advanced metal alloys and through the use of some of the surface modification
strategies discussed below, may still have a role to play in percutaneous coronary
interventions.

One consistent finding from the early trials of the polymer-free paclitaxel-eluting
DES described above was that there was a relationship between the dose of the drug
loaded onto the stent and its efficacy. It was found that doses of between ~2.5 and
3.1 pg/mm? were clinically effective, which is considerably greater than the 1 pg/mm?
used in the polymer-coated Taxus paclitaxel-eluting stent. The higher doses required
for efficacy in polymer-free direct drug loading DES designs likely reflect rapid re-
lease and substantial drug loss to the blood, which represents a key limitation of such
approaches and is a likely factor limiting the performance of these devices. Alternative
means of optimizing drug release characteristics of polymer-free DES have there-
fore been investigated, and two broad strategies have emerged. One strategy involves
modification of the stent platform in some way, such that that it can more effectively
control the release of drug. Alternatively, the drug physical properties may be selected
or tailored to ensure that release is slowed. Some of the most advanced approaches that
have now reached clinical evaluation combine both strategies successfully. In keeping
with the overall focus of this book, the following discussion centers on stent platform
modifications.

4.4 Stent platform modifications

Stent platforms can be designed with particular surface features that help provide en-
hanced control over drug release compared with conventional smooth surfaces [29,30].
Our discussion will start with those stents that have introduced macroscale surface fea-
tures in order to provide control over drug release, before going on to consider those
devices that have introduced micro and nanoscale modifications.

4.4.1 Macroporous stents

It is clear that the paramount function of the stent platform is to provide radial support
to the vessel wall, thereby helping to maintain long-term vessel patency. However, the
introduction of DES has seen the function of the stent platform extended to include
drug delivery. Polymer-coated DES have traditionally used conventional bare metal
platforms, with polymer and drug coatings being carefully selected to ensure that the
desired drug elution characteristics are not achieved at the expense of the mechanical
performance of the stent. A potentially more advanced approach is to recognize that
the platform itself could be specifically designed to not only provide the required me-
chanical support but also to provide optimal drug release kinetics.



Polymer-free drug-eluting stents 61

4.4.1.1 NEVO stent

An early example of this type of approach to stent platform design was the NEVO
stent (Cordis Corp.), where the stent platform incorporates a series of evenly distrib-
uted reservoirs embedded within the stent struts [31]. These reservoirs are then loaded
with sirolimus and poly(lactide-co-glycolide) (PLGA) to provide sustained release of
the drug over a period of 90 days. This novel platform also incorporated ductile hinges,
which were designed to help ensure that the drug reservoirs were directly apposed to
the vessel wall following expansion. This design allowed a similar dose of sirolimus
to be loaded onto the stent and released over a similar period to the polymer-coated
Cypher stent, but with a far greater percentage of the bare metal surface uncoated
by drug/polymer. Strictly speaking, however, the incorporation of PLGA within the
reservoirs means that the NEVO stent is something of a hybrid device that sits in the
gap between polymer-coated and nonpolymer-coated designs. Despite the impressive
level of technical innovation incorporated within the NEVO stent, it did not achieve
the clinical uptake expected and was withdrawn from use when Cordis Corp. left the
stent market in 2011.

4.4.1.2 Janus Carbostent

Despite its limitations, the NEVO stent represented an important innovation in stent
design. There have been similar approaches that have sought to use macro-sized res-
ervoirs to allow the incorporation of higher drug loads and potentially more targeted
delivery than is possible with conventional platforms. The Janus tacrolimus-eluting
Carbostent (Sorin Group) is a good example of such an approach [32]. This stent is
based on the Tecnic Carbostent, which incorporates a Carbofilm coating to increase
biocompatibility and thromboresistance. Tacrolimus, a sirolimus analogue with sim-
ilar antiproliferative effects on vascular cells [33], is then loaded directly into res-
ervoirs that have been created on the abluminal facing stent surface. Although it is
possible to introduce polymers within the reservoirs to slow drug release, it was found
in preclinical evaluation of the polymer-free version of this stent that around 50%
of the drug remained on the stent after I month, with measurable levels of the drug
within arterial tissue also maintained up to this point [32]. This suggests that the nature
of the reservoirs and the relatively low solubility of the drug are sufficient to sustain
drug release over periods comparable with polymer-controlled systems. However, al-
though the Janus Carbostent has generally been shown to be safe, it did not yield any
improvements in clinical outcomes at 6 months compared with the drug-free Tecnic
Carbostent [34], suggesting that the tacrolimus release profile achieved had little ther-
apeutic benefit. These results, which were followed by negative findings from clinical
investigations in real-world patients [35,36], raised serious concerns about the clinical
utility of the Janus Carbostent [37]. More encouraging results were obtained from a
recent multicenter trial of the stent, which showed no significant difference in major
adverse cardiac event or thrombosis rates between patients who had received either
2 or 6 months dual antiplatelet therapy [38]. An updated version of this stent, the
OPTIMA TES, has also been shown to be safe with similarly low periods of dual an-
tiplatelet therapy [39]. Although further larger, randomized, trials are clearly required,
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this suggests that such reservoir-based polymer-free approaches may allow reduced
antiplatelet therapy regimes to be used, which may be particularly advantageous in
patients at high risk of bleeding in the same way that microporous polymer-free DES
have recently shown [40].

4.4.1.3 Cre8

Another stent that may be particularly useful for high bleeding risk patient groups is
the DES Cre8 (Alvimedica). In this device, macroporous reservoirs are introduced into
the struts of a cobalt-chromium stent platform. A passive carbon coating (i-Carbofilm,
CID) is then applied, and a formulation containing sirolimus with long-chain fatty
acids as an excipient is then loaded into the abluminally facing reservoirs. In a head-
to-head comparison with the Taxus, the Cre8 was shown to have lower late lumen loss
after 6 months and a trend toward enhanced safety and efficacy after 1 year [41]. These
results have been followed by promising findings indicating that this device is nonin-
ferior to second-generation everolimus-eluting DES in patients with diabetes mellitus
[42] and that it may enable reduced durations of dual antiplatelet therapy to be used in
patients at high risk of bleeding [43].

4.4.1.4 Polymer-free drug-filled stent

Medtronic Inc. has recently developed a drug-filled stent (DFS), which has sev-
eral innovative features that distinguish it from other polymer-free devices. The
platform is made up of stent struts, which have been hollowed out to provide an
internal lumen. Coating the lumen is a layer of tantalum to provide added radi-
opacity. A series of holes of around 20 um are then drilled into the abluminal
facing side of the stent struts. A coating of sirolimus is then applied through these
holes, thereby targeting drug release to the artery wall. The first-in-man clinical
trial (RevElution) results indicate that this device is safe, with efficacy that was
noninferior to historical control data on the Resolute DES [44]. Optical coherence
tomography (OCT) was used to assess strut coverage in separate subsets of pa-
tients within this trial and revealed the mean percentage strut coverage to be 89%
after 1 month, increasing to 93% after 3 months and near complete coverage after
9 months (99%). Larger, randomized trials will clearly be required to fully eval-
uate this device. However, should such trials confirm the promise of these early
findings, then this device will represent a very significant advance in the develop-
ment of coronary stent technology [45].

4.4.2 Microporous stents

Of the various approaches to polymer-free stent drug elution that have been devel-
oped, it has been microporous stent surfaces that have perhaps received the most ex-
tensive evaluation thus far. The overall rationale behind the use of such devices is
that the creation of microporous or textured stent surfaces enhances the drug loading
capacity of the stent. One of the first such devices to be developed was the Yukon stent
(Translumina GmbH) [46].
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4.4.2.1 Yukon stent

Although the concerns around the use of polymers within the vasculature raised by
van der Giessen et al. [9] would have provided supporting rationale for the devel-
opment of this stent, it is important to note that the development of the Yukon stent
preceded the height of the concerns around late stent thrombosis and delayed healing
that were described at the start of this chapter. It is clear that the removal of the poly-
mer was seen not only as a way of enhancing the biocompatibility of this stent but
also as a way of introducing a new concept in stent design that would allow the cli-
nician to select the drug type and dose to be coated onto the stent platform. This was
achieved through the use of a dose-adjustable stent coating machine housed within
the catheterization suite, which sprays a drug-ethanol solution onto the microporous
stent surface, with the resultant drug-coated stent being available for use within min-
utes. The stent platform is made from stainless steel 316L, which is sandblasted to
produce microporosity across the whole surface of the stent. This treatment generates
microporous pits of the order of 1-2 um in size, thereby increasing the drug loading
capacity of the platform. To date, most clinical studies have examined the perfor-
mance of sirolimus-coated versions of this stent, although dual-drug combinations
have also been evaluated more recently. The sirolimus-coated version of this device
was shown to be safe and effective in the initial dose-finding clinical study, with
dose-dependent reductions in restenosis and repeat revascularization rates being ob-
served in the drug-coated groups compared with the bare metal stent control group
[47]. More recent data from the ISAR-TEST trial found no difference in clinical
outcomes at 5 years in patients treated with either the sirolimus-eluting Yukon stent
or the Taxus stent [48]. Although in vitro pharmacokinetic studies have demonstrated
that sirolimus release is sustained for more than 21 days, there is a clear burst release
with over two-thirds of the drug released within the first 6 days, and it is likely that
in vivo release is even more rapid. Indeed, data from Watt et al. [49] have shown that
the release of the lipophilic antioxidant drug, succinobucol, from the Yukon stent
platform was sustained for only 14 days in vivo, with around 60% being released in
the first 3 days. It is perhaps revealing that Translumina GmbH has now developed a
polymer-coated version of this device in an attempt to provide more sustained siroli-
mus release and thus improve performance [50]. They have also gone on to develop
a variety of polymer-free dual-drug versions of this device, with probucol-sirolimus
being the most effective combination tested so far [51]. Although the dose-adjustable
aspect of the Yukon stent has not found widespread use in clinical practice, perhaps
because there remains a limited understanding of how drug dose and type should
be tailored toward particular lesion types or patients [51a], it remains an interesting
technology that may yet be useful in helping to realize some of the more personalized
treatment approaches that are now being called for [52,53].

4.4.2.2 BioFreedom

The BioFreedom stent (Biosensors Int.) is similar to the Yukon device, although it does
not currently allow on-site dose-adjustable coatings to be applied. There are also other
differences that have potentially important impacts on performance. The microporous
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surface finish is applied only to the abluminal facing surface of the stent platform,
thereby targeting drug release into the artery wall. The drug loaded onto this stent is
Biolimus A9, which has greater lipophilicity and so is therefore believed to be taken
up into the artery tissue more rapidly than sirolimus [54]. This may therefore help
reduce drug loss to the circulation and improve retention of the drug within the artery
wall, thereby overcoming key limitations of previous polymer-free approaches to stent
drug release. The first-in-man trial compared the performance of the BioFreedom
stent to the Taxus stent, with angiographic follow-up after 12 months and clinical
outcome measures recorded at 5 years. There was no difference in performance ob-
served between the two stent types, confirming the long-term safety and efficacy of the
BioFreedom device [55]. This stent may also open up the benefits of DES treatments
to patients who are at particularly high risk of bleeding. Such patients would normally
be treated with a second-generation conventional DES and a reduced duration of dual
antiplatelet therapy (DAPT) or with a bare metal stent and 1 month of DAPT. Both
approaches are ultimately compromises that either prolong the risk of bleeding or
increase the risk of restenosis. The LEADERS FREE trial investigated whether the
BioFreedom stent could help remove this treatment dilemma for high bleeding risk
patients by providing the efficacy benefits of a DES without increasing the duration of
DAPT [40]. It was found that the BioFreedom stent reduced the incidence of target le-
sion revascularization compared with the bare metal stent. Crucially, this clinical ben-
efit was achieved without increasing the rate of stent thrombosis, despite just 1 month
of DAPT being used. The BioFreedom stent therefore has the potential to make a very
significant impact on clinical treatment strategies in the years to come [56].

4.4.2.3 YINYI stent

The YINYT stent (Liaoning Biomedical Materials R&D Center Co., Ltd) is another
microporous polymer-free DES that has recently undergone clinical evaluation. It
comprises a stainless steel stent that is treated to produce a surface finish covered by
micropores. The depth of the pores is reported to be <500nm, with the pore diame-
ter ranging between 1 and 2pum (Yinyi Biotech). The surface porosity is therefore a
similar order of magnitude to that used in the Yukon stent. However, in contrast to
the Yukon stent that has mostly been used to release sirolimus alone or in combina-
tion with other drugs, the YINYT stent provides release of paclitaxel. The most recent
clinical data on this device indicate that it is safe and effective, with low rates of stent
thrombosis and target lesion revascularization being observed after 3 years [57], but
although it is reported to have been implanted in over 100,000 patients now (Yinyi
Biotech), further clinical evaluations of this device are required before its potential
impact on clinical practice can be fully evaluated.

4.4.2.4 VESTASYNC

While the microporous and textured finishes described in the stents above were
achieved through the use of processing treatments that modify the surface of the stent,
in the VESTASYNC (MIV Therapeutics), a very thin layer of microporous hydroxy-
apatite is coated onto the stent platform, and sirolimus is then loaded into this surface
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structure. Hydroxyapatite has been used previously to improve the biocompatibility of
medical implants, with the greatest use being found within orthopedic and related ap-
plications [58,59]. The pore sizes within hydroxyapatite surface of the VESTASYNC
are between 100 and 500nm in diameter. The mass of sirolimus released from this
porous coating in the first hour is similar to that reported for the Cypher stent, although
there is greatly reduced release thereafter, and it is estimated that all of the drug will
have been released after 3—4 weeks [60]. One year data from the first-in-man trial in a
small group of patients demonstrated the safety of the device (VESTASYNC I) [61].
A second generation of this device, with the stainless steel platform being replaced by
a cobalt-chromium one, has been tested against the drug-free version of this stent and
found to be effective, with reduced restenosis observed after 8 months [62].

4.4.3 Nanoporous stents

Although the use of microporous and microtextured surfaces described above pro-
vides a greater surface area, allowing drug loads to be increased, the drug release
profiles generated have generally been characterized by rapid burst release, and it
has been argued that this remains an important limitation of such devices in compari-
son with conventional DES [25]. Such rapid release characteristics are not surprising,
since the pore dimensions are well in excess of the size of drug molecules typically
used within DES. However, as the pore size is reduced down to nanoscale dimensions,
their impact on drug transport is likely to become greater [63]. Indeed, McGinty et al.
[29] modeled drug release from metal surfaces of varying surface topographies and
identified nanoporosity and indeed tortuosity as important parameters, which can be
tuned to provide enhanced control over stent drug release characteristics. There are
a great many approaches to inducing such topographical features, ranging from the
creation of highly ordered nanotubular structures to randomly distributed nanopores.
Such approaches have been used in a wide range of drug-releasing materials, with
applications in orthopedic, dental, and vascular implants. Gultepe et al. [63] has drawn
together a very useful overview of these approaches and applications, which the reader
is referred to for more detailed information.

A ceramic-coated tacrolimus-eluting stent was originally developed by Jomed
International [64]. A two-step process is used to create a nanoporous ceramic sur-
face coating on a standard stainless steel 316L stent platform. The first step involves
the application of a thin layer of aluminum by a process of physical vapor deposi-
tion. This base layer is then electrochemically oxidized to induce nanoporosity [65].
This process produces around 10° pores per square centimeters with a pore size range
of 5-15nm. The stents are then immersed in a tacrolimus solution, with subsequent
evaporation of the methanol solvent leaving drug-loaded pores. In a preclinical study
using the rabbit common carotid artery model, both a low-dose (60 pg) and high-dose
(120 pg) version of this device inhibited neointima formation at 28 days. This effect
was achieved despite in vitro release studies indicating that there was little further
drug release after 3 days [64]. However, a further preclinical study found evidence that
the surface was prone to release particle debris [66], and disappointing clinical results
mean that this device has not been taken forward.
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An alternative to the electrochemical approach is to use sputter coating techniques,
where nanoporosity is induced via deposition of various materials, including stainless
steel and cobalt-chromium [30,67]. The Setagon stent is an example of such an ap-
proach, which comprises a metallic nanoporous surface layer capable of incorporating
drugs [67]. Although Medtronic Inc. developed a zotarolimus-eluting version of this
stent, it is not clear if this has been taken any further forward.

4.5 Role of stent surface in vessel healing

Up until now, our focus in this chapter has been on the drug delivery aspects of
polymer-free DES technologies. However, given that the fundamental rationale driving
the development of these devices was improved biocompatibility and reduced hyper-
sensitivity, it is also important to briefly consider how some of the surface modifica-
tions described above may impact on vascular healing. The endothelium is crucial to
vascular function, so any delayed healing of this layer following stenting leaves the
vessel at risk of late stent thrombosis [68]. While the first generation of DES clearly
inhibited restenosis, in some patients, this effect appeared to come at a cost of impaired
recovery of the endothelium [4,69]. The impact of stent surfaces on the recovery of the
endothelium has therefore been the subject of extensive research. It is beyond the scope
of this chapter to comprehensively describe such investigations. The role of materials
on stent performance has been comprehensively documented by other authors [70,71].
The following discussion will therefore focus on stent surface topography and describe
some of the key findings that are of particular relevance to the subject matter at hand.
De Scheerder et al. [72] investigated the impact of electropolishing on stent throm-
bogenicity and neointima formation in a rat and pig model, respectively. They found
that the polished stent surfaces reduced the extent of clot formation and fibrin depo-
sition. Moreover, there was a significant reduction in neointima observed in the pol-
ished stent group. In a separate in vitro study, Tepe et al. [73] also demonstrated that
electropolished stent surfaces are less thrombogenic. Such studies provide support for
the widespread use of highly smooth surface finishes that have been a long-standing
feature of most bare metal and drug-eluting stent platforms. However, it has become
increasingly clear that cells can respond in quite different ways to variations in sur-
face topography [74], and there are therefore opportunities to use modified surfaces
to promote endothelialization. This has led to the investigation of a wide range of
materials and stent surface topographies from the microscale down to the nanoscale
[70,71,75,67]. Palmaz et al. [76] were pioneers in this area and revealed that the intro-
duction of microscale grooves significantly increased the migration rate of endothelial
cells on stent surfaces. This opened up the possibility of using vascular stents with
topographical features specifically designed to aid vascular healing. In reality, very
few such approaches have reached the market. However, research in this area con-
tinues, with a more recent study demonstrating that careful selection of the substrate
groove dimensions can provide a means of encouraging targeted endothelial cell mi-
gration [77]. The potential of such approaches has also been highlighted by Sprague
et al. [78], who have shown that the use of microengineered stent grooves reduces
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neointima formation in a pig coronary artery stent model. It is therefore clear that
the use of grooves and other such features may have a positive role to play in future
polymer-free DES development and indeed may have been a contributing factor in the
performance of some of the macroporous stents described above.

We have seen that one of the leading examples of the use of microporous stent
surfaces is the Yukon stent [46]. Although the micropits on the surface of this stent
initially serve as drug reservoirs, following drug release, a rough surface is left behind,
and it is claimed that this will promote reendothelialization (Translumina GmbH). A
sirolimus-coated version of this stent significantly enhanced endothelialization com-
pared with the Cypher stent in an in vivo rabbit study [79]. There is also some clinical
evidence supporting the use of this surface, with the drug-free microporous Yukon
stents displaying a trend toward less late lumen loss and lower restenosis, when com-
pared with smooth surface bare metal stents [80]. While improved endothelialization
may be the mechanism responsible for these beneficial clinical outcomes, it is very
challenging to demonstrate this clinically. It may however have been expected that im-
proved endothelialization with the Yukon stent would have led to reduced rates of stent
thrombosis. However, the low rates of stent thrombosis achieved with current DES,
typically around 0.5%—1%, make demonstrating such an improvement very difficult.
Indeed, there was no difference in stent thrombosis observed between the Yukon and
Taxus stents after 5 years [48]. Nonetheless, the equivalence that has been demon-
strated in this trial and others that have preceded it provides confidence that stent
surfaces need not necessarily be perfectly smooth to be safe and effective.

We have seen that the BioFreedom stent is now demonstrating great potential for
use in patients at high bleeding risk [56]. It appears to have the benefits of a bare
metal stent, faster reendothelialization allowing more rapid removal of dual antiplate-
let therapy while also displaying the inhibitory effects on restenosis of conventional
DES [40]. The fact that the microtextured finish is applied only to the abluminal side,
an important feature distinguishing it from the Yukon stent appears to suggest that it
is the selection of Biolimus A9 and its very rapid release profile that are the dominant
factors behind the impressive results that have so far been achieved with this device.

4.6 Summary and future perspectives

Polymer-free DES technology has evolved considerably since the introduction of the
first paclitaxel-eluting stents in the early 2000s. Direct loading of drug onto unmodified
stent surfaces was generally found to be inferior to conventional polymer-coated DES.
The use of surface modification strategies at the macro-, micro-, and nanoscale helped
provide enhanced drug release profiles. The best of these strategies has produced im-
pressive clinical results that are comparable with state-of-the art polymer-coated DES,
although they still represent a small proportion of currently used DES. It has been a
long-standing goal of manufacturers to develop a stent that will reduce restenosis while
not impairing recovery of the endothelium. The most recent clinical data on the use of
the Cre8, BioFreedom, and the latest drug-filled Stent from Medtronic Inc. suggest that
these devices may have achieved a step change in performance, and we may therefore
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see an increase in their use. Although these devices have shown particular benefit in the
treatment of high bleeding risk patients, the reduction in antiplatelet therapy duration
required is likely to be an appealing feature that may see them make a wider impact
more generally. So, just as polymer-coated DES represented a revolution in stent de-
sign, perhaps we are witnessing another such moment. In the same way that conven-
tional DES design has continued to evolve from the introduction of the Cypher and
Taxus DES, it is likely that we will see a similar level of technology innovation within
polymer-free DES design. Indeed, a recent review of patent registrations demonstrates
that there is still significant activity across industry in this area [81]. Such activity will
be focused on the development of devices that perform better in particularly challeng-
ing lesion types and patient groups, thereby extending the use of stents across a greater
number of patients in the future. It can be expected that further new stent platforms will
be developed, incorporating modifications to the size and shape of the embedded reser-
voirs that may provide more effective drug release kinetics [82]. Recent developments
within computational modeling are likely to have an increasingly important role to play
in the optimization of such device designs [83]. It is interesting to note that the most
advanced polymer-free DES that appear to have generated the most impressive recent
results all incorporate a smooth lumen facing surface. However, as understanding of
the relationship between stent surface and endothelialization continues to improve, this
will likely reveal further opportunities for the development of enhanced materials with
optimized surface characteristics. Although induction of nanoporosity for drug delivery
has failed to make a large impact on the stent field thus far, the surface features at this
scale may be of benefit even in the absence of drug effects. Continuing developments in
advanced manufacturing, which enable the generation of highly defined topographies
across a range of scales, will likely lead to further developments in these areas. Indeed,
Liang et al. [84] recently used a femtosecond laser-based approach to generate a biomi-
metic surface pattern on stainless steel stents and found that this treatment accelerated
reendothelialization in a rabbit model of stent injury. Similarly, new drugs are being
investigated that may provide more selective targeting of smooth muscle cells than is
possible with existing compounds [85]. The extent to which such advances in surface
modification technologies and drugs, alone or in combination, will contribute toward
continued evolution or lead to another revolution in stent design remains to be seen.
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5.1 Introduction

Coronary angioplasty was first conceptually described by Dotter and Judkins in
1964 and performed in 1977 by Gruntzig as a treatment for coronary artery disease
(CAD). At the beginning, the angioplasty technique was performed only with a
balloon to reopen the occluded vessel, but the clinical outcomes were compro-
mised due to issues such as elastic recoil, acute closure secondary to dissection as
well as neointimal hyperplasia [1,2]. Therefore, coronary stents were developed
in mid-1980s to overcome these inherent limitations of balloon angioplasty. The
bare metal stent (BMS) works by scaffolding the balloon-dilated artery, sealing
the dissection flaps, and preventing late recoil. However, the efficacy of BMS was
reduced by high incidence of in-stent restenosis (ISR), and neointimal hyperplasia
was still prominent [3].

Therefore, to address the issue of in-stent restenosis, drug-eluting stents (DES)
consisting of metallic stents coated with antiproliferative drugs such as sirolimus or
paclitaxel were introduced in 1999 [4]. DES first received the CE mark in 2002 and
was subsequently approved by the FDA in 2003. The first generation of DES was
made from 316L stainless steel with a drug-eluting polymeric coating and has a strut
thickness of 130—-140 um. Clinical evaluation of these DES had shown that they sig-
nificantly reduced ISR and target lesion revascularization (TLR) compared to BMS,
but might be associated with an increased risk of stent thrombosis [5,6].

Newer-generation DES using cobalt-chromium as stent material were then devel-
oped with thinner struts (80-90 pm), biocompatible or biodegradable polymer coating,
and comparably improved safety profile. These DES have become the device of first
choice for the treatment of CAD in interventional cardiology practice till this day [7].
Although the DES has shown positive clinical results, certain concerns still remain
with the use of a metallic implant in the body permanently [8]. Caging the vessel
constantly in a metallic stent is not ideal in the long term due to the risk of impaired
endothelial function, reduced potential for positive lumen remodeling, interference
with normal arterial healing process, and risk of occlusion of covered side branches
by neointimal hyperplasia [9-13]. The placement of a metallic stent may also limit
future treatment options to the same site [14,15]. Furthermore, although the use of
DES has significantly reduced in-stent restenosis, apprehension about its efficacy (late
“catch-up” phenomena) still persists. Clinical observations from several large-scale
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real-world DES registries have shown that late adverse events such as very late stent
thrombosis or late target lesion revascularization beyond 1 year are cause for concerns
of using DES [16].

5.1.1 Concept of bioresorbable scaffolds (BRS)

Thus, the concept of bioresorbable scaffolds (BRS) was introduced to address the lim-
itation of using DES in coronary angioplasty. The theory of using a BRS is to provide
a transient support to the vessel and subsequently be completely resorbed, allowing
the vessel to heal and to return to a more natural state [17]. This decreases the risk of
stent thrombosis (a concern with metallic DES) and late malapposition at long-term
follow-up as the BRS would have already underwent complete resorption. Ideally, the
BRS will retain sufficient radial strength after implantation to prevent vessel recoil and
to release the antiproliferative drug. After the healing period, the BRS will degrade and
be resorbed completely, leaving the vessel with a healthy endothelium, normal vasomo-
tion, and free of caging [18-20]. BRS fabricated from bioresorbable polymeric material
are, in theory, more flexible and conformable and would influence the shear stress pat-
tern to a lesser degree compared to a metallic DES. Shear stress pattern has been shown
to affect the development of neointimal hyperplasia after stent implantation [21]. By
freeing the vessel from permanent caging, late positive remodeling in response to a
physiological stimulus will be possible. The absence of any residual foreign material
and restoration of endothelial coverage would also reduce the need for long-term dual
antiplatelet treatment (DAPT), which decreases the risk of bleeding, especially in older
patients [22-24]. For younger patients, the resorption of the BRS would allow future
intervention at the same site and facilitate the access to side branches that were jailed by
the original stent. A summary featuring the potential benefits of using BRS over BMS
and DES (adapted from literature) [9,25] can be seen in Table 5.1.

Table 5.1 Comparison of BRS with another stent devices

BMS DES BRS
Acute occlusion + + +
Acute recoil + 4k 4
Acute thrombosis - +/— 4
Late thrombosis - - 4L
Neointimal hyperplasia - + o
Constrictive remodeling + + ne
Expansive remodeling - - +
Restoration of vasomotion - — o
Late lumen enlargement - - 4
“+” indicates prevented or not restricted and “—" indicates not prevented or restricted; BMS, bare metal stent; BRS,

bioresorbable scaffold; DES, drug-eluting stent.

Modified from N. Gonzalo, C. Macaya, Absorbable stent: focus on clinical applications and benefits, Vasc. Health Risk
Manag. 8 (2012) 125-132; Y. Onuma, P.W. Serruys, Bioresorbable scaffold: the advent of a new era in percutaneous
coronary and peripheral revascularization?, Circulation 123 (2011) 779-797.
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5.1.2 Current limitations of bioresorbable stents
5.1.2.1 Insufficient mechanical strength

Since the implantation of the first Igaki-Tamai BRS in human in 1999, BRS has gained
significant interest and researches have focused on different methods to improve radial
strength and making the device radiopaque [26]. Currently, the majority of the mate-
rial use in manufacturing BRS are polymers, with poly-L-lactic acid (PLLA) being
the main player in this field. Corrodible metals such as magnesium (Mg) have been
gaining traction and examined as potential BRS material. Generally, the strength to
weight ratio of polymers is lower than that of metals, thus making it a challenge to
manufacture a degradable device with sufficient radial strength for an appropriate du-
ration [27]. Table 5.2 highlights the gap between the mechanical properties of different
biodegradable materials used presently for biomedical devices fabrication.

Polymeric materials such as PLLA will typically exhibit approximately 100-
fold lower tensile modulus and Mg-based alloys are about 5-fold lower than con-
ventional metallic DES material. As the tensile modulus is directly proportional to
radial stiffness, stents fabricated from these bioresorbable materials require 240%
and 50% thicker struts, respectively, in order to match up with the current DES [28].
Fig. 5.1 shows the difference in strut thickness between Abbott Vascular's ABSORB
Bioresorbable Vascular Scaffold (BVS), which is fabricated from PLLA (Fig. 5.1A)
and the metallic Xience DES (Fig. 5.1B).

Having struts almost twice the thickness of current metallic DES affected the profile
and deliverability of the BRS [29,30]. Thicker struts can also result in more flow dis-
turbance, which can potentially increase incidence of acute thrombotic events. PLLA
devices have inherent limit of expansion (low ductility) and can fracture due to overdi-
lation. It is important to improve the expandability of the BRS while maintaining the
radial strength [31]. With lesser mechanical strength, the BRS require extensive vessel
preparation and achieve, on average, lesser acute gain immediately postimplantation
than metallic stent, particularly in more calcified lesions.

5.1.2.2 Lack of radiopacity

A cardiologist or interventional radiologist can track the delivery catheter through
the patient's vasculature and accurately place the stent at the site of a lesion, which is
achieved by fluoroscopy or similar X-ray visualization procedures. In order for a stent
to be fluoroscopically visible, it must be more absorptive of X-rays than the surround-
ing tissue. However, the X-ray attenuation coefficient of most polymeric components
is low, thus polymeric BRS suffer from a lack of radiopacity as compared to traditional
metallic stents. Most of the current BRS have radiopaque metallic markers in the de-
vice for visibility under X-ray.

These radiopaque markers are made from metals of higher atomic weight (e.g.,
gold, platinum, and tantalum) and are usually placed at the distal and proximal ends
of the scaffolds for visualization. The markers are usually secured to the structural
element using techniques such as micro-welding and micro-riveting. Although the
addition of radiopaque markers in the BRS can aid in accurate positioning of the



Table 5.2 Material properties of metallic alloys and biodegradable polymers

Tensile modulus Tensile strength Elongation at Degradation
Material Radiopacity (GPa) (MPa) break (%) (months)

Data from Y. Onuma, P.W. Serruys, Bioresorbable scaffold: the advent of a new era in percutaneous coronary and peripheral revascularization?, Circulation 123 (2011) 779-797; H.M.
Garcia-Garcia, PW. Serruys, C.M. Campos, T. Muramatsu, S. Nakatani, Y.J. Zhang, et al., Assessing bioresorbable coronary devices: methods and parameters, JACC Cardiovasc. Imaging 7
(2014) 1130-1148; N. Foin, R.D. Lee, R. Torii, J.L. Guitierrez-Chico, A. Mattesini, S. Nijjer, et al., Impact of stent strut design in metallic stents and biodegradable scaffolds, Int. J. Cardiol.
177 (2014) 800-808; R.M. AL-Mangour Bandar, S. Yue, Coronary stents fracture: an engineering approach (review), Mater. Sci. Appl. 4 (2013) 606-621.

8L

SJUQIS JR[NOSBAOIPIRY) PIZI[BUONOUN,]



Fundamentals of bioresorbable stents 79

Fig. 5.1 Scanning electron micrographs of coronary stents fabricated from different
materials at an X100 magnification. (A) Abbott's BVS has a strut thickness of 150 pm
(width 190 pm) 4+ 6 pm polymer drug coating and (B) its Xience DES has a strut thickness of
81 pm+ 7 pm polymer drug coating.

scaffold, assessment of scaffold expansion and lesion coverage remains a challenge
[32]. This also complicates retrieval in the case of dislodgment of the BRS from the
delivery catheter.

5.2 Current bioresorbable stents technology

This section will explore the different bioresorbable stents that are in different stages
of development. Table 5.3 is a summary of different bioresorbable materials and their
respective degradation process. The materials used, interaction of each material with
tissue in terms of biocompatibility, and the bioresorption mechanism in the body will
be discussed. Table 5.4 is a summary of current BRS technology based on PLLA and
Table 5.5 will focus on bioresorbable stents that are using other polymers and metal
alloys as the backbone material.

5.2.1 PLLA-based scaffolds

PLLA is a biodegradable, biocompatible, and biologically inert synthetic polymer,
and has been used widely in biomedical application such as sutures and tissue engi-
neering scaffolds. PLLA is semicrystalline polymer (maximum crystallinity =70%)
comprising a mixture of crystalline phase and a less dense amorphous phase. The
crystallinity of the polymer defined by the degree of monomers' linear arrangement
affects the mechanical strength and degradation rate of PLLA. PLLA with the highest
Tg among the general biodegradable polymers has relatively high mechanical proper-
ties [33]. However, as mentioned previously, the mechanical strength of PLLA is still
inferior as compared to the metals used traditionally in stent fabrication.

Therefore, material processing and stent design modifications are employed to
maximize the performance of the BRS as compared to the metals used traditionally in
stent fabrication. The processing technique employed can be used to orient individual
polymer chains, which will in turn strengthen the material. In addition, annealing,



Table 5.3 Biodegradable materials' mechanical properties and degradation mechanism

Material Absorption Strength Stiffness Degradation mechanism Degradation products

PLLA Very slow High High Hydrolysis of ester linkages; Lactic acid to pyruvate to water and carbon
phagocytosis and Krebs cycle | dioxide

PDLA Medium Medium Medium Hydrolysis of ester linkages; Lactic acid to pyruvate to water and carbon
phagocytosis and Krebs cycle | dioxide

PLGA Fast High High Hydrolysis of ester linkages; Lactic acid, glycolic acid, water and carbon
phagocytosis and Krebs cycle | dioxide

IXCIL, Slow Medium Very low Hydrolysis of ester linkages; 6-Hydroxyhexanoic acid to adipic acid, water,
enzymatic degradation and carbon dioxide, hydroxy caproic acid
Krebs cycle

Tyrosine PC Very slow High Low Hydrolysis of ester linkages Water, carbon dioxide, ethanol,

desaminotyrosyl-tyrosine
Magnesium Fast Very high Very high Biocorrosion in body fluid Magnesium oxide and organic salts; hydrogen gas

PLLA, poly-L-lactic acid; PDLA, poly-p-lactic acid; PLGA, poly(lactic-co-glycolic acid); PCL, polycaprolactone; PC, polycarbonate.
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Table 5.4 Summary of current BRS technology with PLLA as scaffold material

Crossing
Scaffold Strut thickness | profile Antiproliferative Current
Company BRS material (pm) (mm) Radiopacity drug status
Abbott Vascular ABSORB BVS PLLA 150 1.4 Platinum Everolimus CE mark
markers FDA approved
Amaranth FORTITUDE PLLA 150 NA NA Sirolimus Clinical trials
APTITUDE 120
MAGNITUDE Sub 100
ART/Terumo ART18Z PDLA 170 (1st gen) NA NA None (1st gen) Clinical trials
140-150 (2nd Sirolimus (2nd CE mark
gen) gen)
Arterius ArterioSorb PLLA 110-140 NA RO markers Sirolimus Clinical trials
Boston Scientific | FAST PLLA Everolimus Clinical trials
Elixir Medical DeSolve PLLA 150 1.5 Metallic Novolimus CE mark
Corp. DeSolve Cx 120 1.3 markers
DeSolve 100 100
HuaAn Biotech XINSORB PLLA 150-160 NA RO markers Sirolimus Clinical trials
Manli MIRAGE PLLA 125 1.12-1.47 | RO microtubes | Sirolimus Clinical trials
Cardiology fibers
Meril Life MeRes100 PLLA 100+ 10 1.2 RO markers Sirolimus Clinical trials
Science
OrbusNeich ON-ABS PLLA/ 150 NA RO markers Sirolimus/CD34+ Preclinical
PDLA/
PCL

BVS, bioresorbable vascular scaffold; PLLA, poly-L-lactic acid; PDLA, poly-p-lactic acid; PCL, polycaprolactone; RO, radiopaque.
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Table 5.5 Summary of bioresorbable stents that are using other polymers and metal alloys as stent

material
Strut Crossing Antiproliferative | Current

Company BRS Scaffold material | thickness (um) | profile (mm) | Radiopacity | drug Status
REVA Medical | ReZolve Desaminotyrosine | 125 1.5 Iodine Sirolimus Clinical trials

FANTOM derived PC <1.27 CE mark
Xenogenics Ideal Biostent | PAE salicylic acid | 175 1.5-1.7 NA Sirolimus Clinical trials
Biotronik AG Magmaris Mg alloy 120 1.75 Tantalum Sirolimus CE mark
Cardionovum Renatural M Mg alloy NA NA NA Sirolimus Preclinical
Envision Biolute Mg alloy 120 NA RO markers Sirolimus Preclinical
Scientific
Life Tech IBS Nitrided Fe 70-80 NA RO markers Sirolimus Preclinical
Scientific

Fe, iron; IBS, iron-based bioresorbable scaffold; Mg, magnesium; PC, polycarbonate; PAE, poly(anhydride-ester).

[43
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which is the heating of the polymer above its Tg and then cooling it to relieve the
internal stresses induced during the fabrication, can also be used.

5.2.1.1 Bioresorption process of PLLA

For PLLA, degradation and subsequent absorption of the polymer in vivo occurs in
three stages via hydrolysis predominantly. The process is a bimolecular nucleophilic
substitution reaction catalyzed by the presence of either acids or bases and a chain
scission event usually takes place at an ester bond as seen in Fig. 5.2.

In the first stage after the hydration of the polymer, hydrolysis of the amorphous tie
chains that are binding the crystal lamellae occurs, leading to a decrease in molecular
weight with little effect on the mechanical properties. The amorphous segments are
less packed and more hydrophilic due to the carboxylic acid end group, thus are more
susceptible to hydration. In the second stage, mass loss happens and the polymer starts
to fragment into segments of low-weight oligomers. (Fig. 5.3A) Subsequently, radial
strength starts to decrease from the 6th month onwards as a result of the scission of
amorphous tie chains connecting the crystalline regions and is completed at the 12th
month after implantation [34]. The third stage is the dissolution of the monomers
by phagocytes. The monomer (e.g., L-lactate) is changed into pyruvate, which enters
the Krebs cycle and is further converted into carbon dioxide and water. These final
products are excreted from the body through the kidneys or lungs, which results in
complete bioresorption of the polymer [25,35].

5.2.1.2 Abbott vascular BVS

The first BRS to receive the CE mark and FDA approval is the Abbott Vascular's
(California, United States) ABSORB Bioresorbable Vascular Scaffold (BVS). It is
the most studied BRS on the market currently and it is fabricated from semicrys-
talline PLLA consisting of a coating of amorphous poly-D,L-lactide (PDLA) eluting
Everolimus, with a strut thickness of 150 pm. Fig. 5.3B shows the optical coherence
tomography (OCT) data of Abbott's BVS 1.0 after implantation at different time
points. The results indicated that at the end of 2 years, the BVS struts were no longer
discernible, showing resorption of the scaffold. The endoluminal surface appeared to
be smooth and homogenous compared to the corrugated lining at 6 months, suggesting
healing of the artery.

The second generation of Abbott's BVS (BVS 1.1) reported a 75% release of the
coated Everolimus within 30 days, comparable to the Everolimus-coated Xience at
the same dose density (100pg/cm?). It has been suggested that the release kinetics
for Everolimus from the BVS follows a diffusion-controlled mechanism instead of
erosion-controlled since PLLA experience little erosion within a 30-day period. The

0 Hydration /O ) g
R’/<O—R’ +H,0 ——— R—<O + HO—R' Rg-= $H/ \O]n
H CHy

Fig. 5.2 Reaction pathway for hydrolytic degradation of PLLA.
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Fig. 5.3 The hydrolytic degradation profile of semicrystalline biodegradable polyesters.

(A) During degradation, hydration of the polymer occurs, causing the susceptible amorphous
tie chains to be hydrolyzed, decreasing the polymer's molecular weight. The decrease of
mechanical support occurs approximately at around 6 months. Mass loss starts from the 12th
month and is completed at 24 months. (B), OCT images after implantation of Abbott's BVS
1.0, showing that at 6 months, the endoluminal lining was corrugated and the struts were
covered by neointimal tissues. At 24 months, most struts were no longer detected and the
endoluminal surface was smooth and circular.

(A) Modified from Y. Onuma, P.W. Serruys, Bioresorbable scaffold: the advent of a new era
in percutaneous coronary and peripheral revascularization? Circulation 123 (2011) 779-797.
(B) Reproduced with permission from Elsevier (S. Verheye, J.A. Ormiston, J. Stewart,

M. Webster, E. Sanidas, R. Costa, et al., A next-generation bioresorbable coronary scaffold
system: from bench to first clinical evaluation: 6- and 12-month clinical and multimodality
imaging results, JACC: Cardiovasc. Interv. 7 (1) (2014) 89-99).

clinical outcomes of the BVS has been encouraging; a 1-year metaanalysis of four
ABSORB randomized controlled trials (involving 3889 patients) revealed that the
patient-oriented composite endpoints did not differ significantly between the BVS
and DES (Xience). However, patients treated with biodegradable scaffold appeared to
have an overall higher risk of definite or probable stent thrombosis [36].

5.2.1.3 Elixir Medical Corp. DESolve

The second CE marked DESolve BRS (Elixir Medical Corporation, California, United
States) is also fabricated from PLLA, but with Novolimus as the antiproliferative drug.
The first generation of DESolve BRS had an initial strut thickness of 150 pm, but has
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since reduced it to 120 pm (DESolve Cx) and the DESolve 100 (with a strut thickness
of 100 pm) has been introduced recently. The differentiating features of DESolve from
the other BRS are: (i) inherent self-correcting properties of the device in case of minor
strut malapposition, which is due to the proprietary processing technique and (ii) its
relative ductility that allows DESolve a wide range of expansion without risk of strut
fracture. DESolve has a wide safety margin for expansion and it was reported that the
3.0mm scaffold can be expanded to 4.5 mm without strut fracture [37]. The initial
DESolve Nx trial demonstrated the safety and efficacy of the scaffold (150 pm strut
thickness) with good acute performance and low late lumen loss. The DESolve Cx and
the DESolve 100 are currently being evaluated in clinical trials [38].

5.2.1.4 Amaranth Medical BRS

FORTITUDE (Amaranth Medical, California, United States) is a sirolimus-eluting
BRS with a strut thickness of 150 um, while APTITUDE has a strut thickness of
120 pm. Amaranth has recently revealed that a 90 pm strut thickness BRS is currently
being developed [39]. FORTITUDE/APTITUDE is fabricated from a high molecu-
lar weight PLLA with a proprietary dip coating tube fabrication process. Preliminary
results of the FORTITUDE/APTITUDE BRS revealed high radial strength, pro-
longed mechanical stability, and exhibited minimal recoil of the scaffold [3]. It has
been reported that the FORTITUDE BRS can be dilated more than twice its initial
diameter without compromising the mechanical strength [38]. FORTITUDE has been
evaluated in clinical trials (MEND II, RENASCENT I) and has exhibited no scaffold
restenosis and thrombosis to date. APTITUDE is currently in Phase 2 clinical tri-
als (RENASCENT II). Amaranth has also introduced the MAGNITUDE BRS (strut
thickness of sub 100 pm), which is presently undergoing clinical evaluation.

5.2.1.5 Manli Cardiology MIRAGE

The MIRAGE BRS (Manli Cardiology Ltd., Singapore) is a novel technology incorporat-
ing a PLLA microfiber helix coil design tagged on three backbones and a biodegradable
PLA abluminal coating that releases sirolimus [40]. MIRAGE BRS has high flexibility
(elongation at break: >20%) due to the helical design, radial strength with strut thick-
ness ranging from 125 to 150 pm, and a relatively shorter bioresorption time of about
14 months compared to the BVS. The improved mechanical properties are attributed to
the single microfiber structure processed by extrusion, drawing, and annealing. Other
features of the MIRAGE BRS include: (i) no time limitation for staying in artery before
deployment; (ii) re-entering artery allowed, and (iii) no gradual balloon inflation required
during deployment [41]. The MIRAGE BRS was compared to the BVS in a prospec-
tive, randomized first-in-human evaluation on 68 patients (in two centers: Indonesia and
Malaysia) and results showed comparable efficacy to the BVS group at 6 months [38,41].

5.2.1.6 Other PLLA-based scaffolds

Arterius Limited's (West Yorkshire, GB) ArterioSorb is fabricated by die drawing of
the extruded PLLA tubing and is currently in the preclinical stage. ArterioSorb has a
strut thickness of 110-140 pm and a sirolimus-eluting coating. Arterial Remodeling



86 Functionalized Cardiovascular Stents

Technologies (France)'s ART18Z is fabricated using a semicrystalline, amorphous
PDLLA polymer with a strut thickness of 170 pm without any drug coating. Animal
studies have shown that there was no MACE reported and acute recoil rates were simi-
lar with BMS [42]. The ARTDIVA first in man trial launched to evaluate the safety and
efficacy of the ART18Z BRS has been completed. A second generation of the device
with thinner struts (140—150 pm) and sirolimus coating is currently under preclinical
evaluation [43].

The XINSORB BRS (HuaAn Biotech. Co. Ltd, China) has a strut thickness of 150 pm
and a PDLLA/PLLA polymeric coating that elutes sirolimus. For the XINSORB BRS,
the PDLLA/sirolimus coating was reported to release 80% of the drug in 28 days
ex vivo [44]. Preclinical results have shown that the acute absolute/percent recoil of
XINSORB was comparable to that of a metallic DES [45]. The MeRes100 BRS (Meril
Life Science, India) has a hybrid geometry between an open cell design in mid-portion
and a closed cell design at both ends, which can avoid overexpansion at the edges.
The strut thickness of MeRes is 100 pm (+20%) with a sirolimus-eluting PDLLA
coat. The results from animal studies indicate favorable healing responses at 30 and
60 days in a porcine model [46]. OrbusNeich's (Florida, United States) On-AVS BRS
is fabricated from a polymeric blend of PLLA/PDLA/L-lactic-co-g-caprolactone with
CD34+ antibodies on the luminal surface for endothelial progenitor cell (EPC) cap-
ture and sirolimus on the abluminal surface. The antibodies draw circulating EPC to
the site, achieving faster endothelialization with the aim to lower the risk of restenosis
and potentially reduce stent thrombosis [38]. The On-AVS scaffold is currently in the
developmental stage.

5.2.2 Other polymeric scaffolds
5.2.2.1 REVA Medical ReZolve and Fantom

Tyrosine-derived polycarbonates (PC) are a group of homologous carbonate-amide co-
polymers with differing length of their respective alkyl ester pendent chains. The differ-
ence in the structure of the pendent chains alters the mechanical and thermal properties,
degradation rate, and cellulose response of the polymer system. Tyrosine-derived PC
have three potential sites for hydrolysis to take place, namely the amide, carbonate, and
ester bond. It has been shown that under physiological conditions (37°C, pH 7.4 and
in the absence of enzymes) in vitro, the carbonate and ester bonds were susceptible to
hydrolysis, but the amide bond remained stable. The hydrolysis of ester bonds results
in the formation of carboxylic acid group leading to increased solubility of the degrada-
tion products and facilitate the complete resorption of the polymer [47].

REVA Medical's (California, United States) ReZolve and FANTOM BRS are made
from a tyrosine-based PC polymer that degrades with water, carbon dioxide, and etha-
nol as the final products. The ReZolve series had a patented “slide and lock™ design to
mechanically open and lock into place at a range of diameter in order to preserve the
acute lumen gain and give additional support [25]. The ReZolve BRS uses the same
proprietary scaffold polymer as the coating for controlled release of sirolimus over
30 days, and it has been reported that majority of the drug was released within 90 days.
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However, in 2014, the company introduced the latest FANTOM BRS, which moved
away from the “slide and lock” mechanism, but has a reinforced PC material for better
device performance. The Fantom BRS has full scaffold radiopacity like the ReZolve
and has a reported strut thickness of 125 pm [48]. Fig. 5.4 shows the visibility of the
FANTOM BRS under X-ray compared to Abbott's BVS and Xience. The FANTOM
I trial showed good acute performance of the FANTOM BRS and REVA is presently
evaluating its safety and performance in the FANTOM II trial. The FANTOM BRS
received the CE mark in April 2017.

5.2.2.2 Xenogenics Corp. IDEAL (Xenogenics)

Polyanhydrides is a class of biocompatible and biodegradable polymers that has been
researched as biomaterials for short-term drug delivery. The polyanhydride polymer
has hydrophobic backbone with hydrolytically labile anhydride linkages that are more
susceptible to hydrolysis than the ester bonds in PLA. Hence, hydrolytic degrada-
tion of the polymer blend can be tailored by altering the polymer composition and
the polymer will degrade into their nonmutagenic and noncytotoxic acid counterparts
[49]. The IDEAL BRS (Xenogenics Corp., Massachusetts, United States) contains
two components: (i) polylactide anhydride mixed with a polymer of salicylic acid
and sebacic acid linker forming the core polymer backbone and (ii) a salicylate layer
containing sirolimus [50]. The salicylate component has shown to confer antiinflam-
matory and antiplatelet properties to the scaffold, thereby reducing restenosis and pro-
moting vessel healing [3]. Anhydride polymers have high stiffness, which makes them
unsuitable as stent material where material expansion without failure is required. In

Fig. 5.4 Radiopacity of coronary stents made from PLLA (Absorb), tyrosine-derived PC
(Fantom), and cobalt-chromium (Xience). Abbott Vascular's BVS has two platinum markers
at the distal and proximal end of the BRS, but the whole scaffold cannot be visualized under
X-ray. REVA Medical's FANTOM has comparable radiopacity with the metallic Xience.
Reproduced with permission from REVA Medical, Inc.
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the IDEAL BRS, the backbone polymer has a selected proportion of ester and anhy-
dride linkages along the polymer. The concentration of anhydride linkages can be tai-
lored to enhance the rate of surface degradation, which is preferred in order to promote
continuous release of the drug. The combination of polyesters and polyanhydrides
thus incorporates the release characteristics of both groups to allow the BRS to have
the required deformability and shape retention, along with a suitable biodegradation
rate over the desired stenting period [51].

5.2.3 Biodegradable metallic stents

Biodegradable metallic stents capitalize on the strength of metals while keeping the
benefits of using a temporal scaffold to open up the narrowed vessel. Ideally, the deg-
radation rate of the biodegradable metallic stents should be sufficient to prevent detri-
mental amount of degradation products around the implantation site and in systemic
organs. The metals, the degradation, and its products should not induce adverse ef-
fect to the healing process too. The corrosion of the biodegradable metals occurs via
electrochemical degradation of metals or alloys through their reaction with the local
physiological environment.

5.2.3.1 Magnesium stents

Magnesium (Mg) is an element that is highly compatible with the body tissues, mak-
ing Mg an attractive material with relatively low corrosion resistance and catering
to the biocompatibility of both the metal itself and the corrosion reaction products.
Pure Mg has a very high corrosion rate in physiological pH, leading to rapid degra-
dation of the material. Therefore, alloying was employed to improve the corrosion
resistance and mechanical properties of Mg. Alloying Mg with aluminum zinc or
rare earth metals (e.g., cerium) forms a class of bioresorbable material known as
the biocorrodible metals. The strength-to-weight ratio of precipitation-hardened
Mg alloys has been reported to be comparable with that of strong aluminum al-
loys and steels [52]. This allows an Mg stent to have the potential of high radial
strength for dilating atherosclerotic narrowing and thus higher acute gain of cor-
onary lumen [18,52].

Therefore, bioresorbable stents made from biocorrodible metals are able to
have thinner struts and lower profile compared to polymeric BRS [53]. Two phases
of the resorption process of Mg alloy have been identified. Firstly, the Mg alloy
undergoes degradation to give an Mg-rich compound containing a large amount
of oxygen, possibly consisting of a mixture of Mg hydroxide and Mg carbonate.
Secondly, after several weeks, these compounds are converted to amorphous cal-
cium phosphate, taking the place of the space previously occupied by the dissolved
scaffold struts [54].

BIOTRONIK drug-eluting absorbable magnesium scaffolds (DREAMS)

The DREAMS stent (Biotronik, Berlin, Germany) was an improvement from the
original Absorbable Mg Scaffold (AMS) series with: (i) a Mg alloy with a higher
collapse pressure and slower resorption, (ii) change from rectangular to square struts,
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(iii) reduced strut thickness, and (iv) an antiproliferative drug-eluting polymeric
coating [8,52]. The resorption time of DREAMS was also improved to 9-12 months
compared to AMS's 2 months. Magnesium alloys have a rapid degradation rate, thus
a polymeric coating was also added to slow down the stent degradation. DREAMS
has improved mechanical properties due to grain refining of the Mg alloy. DREAMS
BRS consisted of a 1 pm layer of poly(lactide-co-glycolide) and paclitaxel (0.07 pg/
mm?) coating.

The 2nd-generation DREAMS stent (DREAMS 2G), renamed Magmaris, received
its CE mark in 2016. The device has a sirolimus coating and an improved design,
which rendered greater radial stiffness and mechanical strength to the stent with the
radial stiffness of this metallic BRS comparable to conventional metal stents [53]. In
order to further reduce neointimal formation, Magmaris has a 7pum PLA/sirolimus
coating at a drug concentration of 1.4pg/mm? [52]. Studies in a porcine coronary
artery model revealed that the vessel tissue concentration of sirolimus was 2.6 ng/mg
at 90 days. The recently presented BIOSOLVE II trial showed improved results of the
Magmaris device compared with previous versions [55].

Envision Scientific BIOLUTE

The BIOLUTE BRS (Envision Scientific Pte. Ltd., Gujarat, India) has a sandwich
layer coating between the fully resorbable magnesium alloy in order to maintain
sufficient mechanical properties with a 120 pm strut thickness. The magnesium al-
loy used is reported to have three times higher radial strength than PLLA, thus
allowing the Mg stent to have thinner struts compared to the polymeric scaffolds.
BIOLUTE is coated first by a very thin layer of biocompatible proprietary polymer
mixture with sirolimus before the next coating of nanocarriers (containing siroli-
mus) is added. The sandwich layer helps to maintain rigidity and strength of the
device as the nanocarriers layer is degrading; the sandwich layer continues to release
sirolimus [56,57].

5.2.3.2 Iron stents

Iron's mechanical properties, such as its elastic modulus, are similar to traditional
stainless steel stents and it is radiopaque, making it an attractive candidate for biore-
sorbable stent fabrication. Furthermore, iron is less brittle than Mg; therefore, stents
made from iron can potentially have a thinner strut. However, one major issue with
iron-based bioresorbable stent will be its slow degradation rate and modifications need
to be done to accelerate the resorption process [58].

Life Tech Scientific iron-based bioresorbable scaffold (IBS)

Life Tech Scientific's (Shenzhen, China) IBS makes use of nitrided pure iron as the
backbone of the stent with a polymeric coating releasing sirolimus. Nitrided iron
stents have shown to exhibit better radial strength and stent stiffness compared to pure
iron stents due to the strengthening effect [59]. Extremely low nitrogen alloying into
pure iron leads to solid solution strengthening of nitrogen that enters the Iron lattices
as interstitial solute atoms. Dispersion strengthening also occurs as a result of the even
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dispersion of fine iron nitride particles. The strut thickness of the IBS was reported to
be 70-80 pm at the 2015 TCT conference. The polymer layer of the IBS helps in creat-
ing a local environment that is favorable for iron corrosion, leading to faster corrosion
and less solid corrosion products. This is employed to address the issue of iron's slow
corrosion rate and the precipitation of corrosion products in tissue as the IBS degrades
[60]. The results from the preclinical studies of the IBS showed good mechanical
performance of this iron BRS, but corrosion products were found to precipitate in the
tissue [60].

5.2.4 Clinical outcomes of the Absorb BVS

The most clinically studied BRS will be Abbott Vascular's Absorb BVS, which has
been commonly compared with Xience, a cobalt-chromium everolimus-eluting stent
(CoCr-EES). Currently, there have been several trials across the world comparing the
short-term (<1 year) clinical outcomes of these two devices with the objective of es-
tablishing noninferiority of the BRS compared to metallic DES [61-63].

Presently, there are two studies that have summarized the results obtained from the
various trials in a patient level, pooled metaanalysis to present an overall comparison
of the two devices. Stone et al. have compiled four randomized trials to compare post-
procedural angiographic results as well as 1-year clinical outcomes of both devices
[64]. Another metaanalysis took into account the results from six trials, including the
four from Stone's study and compared the 1-year follow-up angiographic results and
clinical outcomes for both devices [65]. Fig. 5.5 is an outline highlighting the details
of each trial in this metaanalysis.

Firstly, postprocedural angiographic results showed that the CoCr-EES performed
better with larger in-device acute gain, larger in-device minimal luminal diameter as
well as lower percentage diameter stenosis compared to the BVS. This outcome is
likely attributed to the greater strut thickness of the BVS as well as its inability to
overexpand without the risk of stent fracturing compared to the CoCr-EES.

Short-term follow-up angiographic results also favor CoCr-EES with lower
in-device late lumen loss compared to BVS. With regard to success rate, the BVS
showed about 4% lower device success rate and a 2% lower procedural rate compared
to CoCr-EES. However, further optimization of the bioresorbable scaffold technology
and future iterations is expected to improve the success rates of the scaffold in due
time. Secondly, the 1-year clinical outcome of both devices showed similar overall
patient- and device-orientated composite endpoints (Fig. 5.6). This shows the non-
inferiority of the BVS's short-term efficacy compared to the CoCr-EES, which is a
promising outcome.

However, both metaanalyses show that the BVS had approximately double the risk
of device thrombosis as compared to CoCr-EES, with the majority of it happening
within 30 days of the procedure (Fig. 5.6B). Furthermore, both studies show that target
vessel-related myocardial infarction is more common among BVS patients, although
total myocardial infarction, cardiac mortality and all-cause mortality showed no sta-
tistical difference between the two devices. The increased risk of target vessel-related
myocardial infarction could be partially due to the increased risk of device thrombosis.
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ABSORB China'' ABSORBII’ ABSORBIII'> ABSORB Japan'® EVERBIO II° TROFI 11

Patients

Randomized, n 480 501 2008 400 158 (240%) 191

Age (years) 57.4 (10.5) 61.2(10.0)  63.5(10.5) 67.2 (9.5) 65 (11.0) 58.6 (10.1)

Men 343/475 (72%) 385 (77%)  1415/2006 (71%) 309 (77%) 125 (79%) 157 (82%)

Diabetes 115/475 (24%) 120 (24%)  640/2006 (32%) 144 (36%) 30 (19%) 32 (17%)
Insulin dependent 41/475 (9%) 36 (7%) 215/2006 (11%) 35 (9%) 5 (3%) 8 (4%)

Dyslipidaemia 192/475 (40%) 385 (77%) 1732 (86%) 328 (82%) 94 (59%) 115 (60%)

Acute coronary syndrome at admission 306/475 (64%)t 105 (21%)t 523/2007 (26%)T 48 (12%)t 55 (35%) 191 (100%)

Dual antiplatelet therapy

New P2Y12 inhibitor 5/475(1%) NR 719/1990 (36%)  NA 91 (58%) 127 (66%)
Clopidogrel 470/475 (99%) NR 1271/1990 (64%) 393 (98%)t 67 (42%) 65 (34%)
Lesions
Randomized, n 503 546 2098 412 208 (325%) 193
Diameter stenosis (%) 64.8 (12.8) 59.5 (11.5) 65.6 (12.1) 64.6 (11.0) 80.5(15.7) 89.7 (15.2)
Reference vessel diameter (mm) 2.81(0.44) 2.61(0.39) 2.66 (0.45) 2.75 (0.45) 2.58 (0.65) 2.81(0.49)
Length (mm) 14 (4.93) 13.8 (6.55) 12.8 (5.6) 13.4 (10.8) NA 13.1(7.17)
Type B2/C 369/502 (74%) 254/543 (47%) 1462/2089 (70%) 313/409 (77%) 67/208 (32%) 192/192 (100%)

Data are mean (SD) or n (%), unless otherwise indicated. Denominators have been provided when they differ from the total number of patients or
lesions. NR =not reported. NA =not available. *Totals in parentheses include patients or lesions in the biolimus-eluting stent group. tUnstable angina
only. £Ten (2.5%) patients received ticlopidine.

Table: Baseline characteristics

Fig. 5.5 Patient and lesion characteristics of each trial in Cassese et al.'s metaanalysis.

A total of 3738 patients were included in this study and the ratio between patients assigned
with BRS and CoCr-EEs was 2:1.

Reproduced from S. Cassese, R.A. Byrne, G. Ndrepepa, S. Kufner, J. Wiebe, J. Repp, et al.,
Everolimus-eluting bioresorbable vascular scaffolds versus everolimus-eluting metallic stents:
a meta-analysis of randomised controlled trials, Lancet 387 (2016) 537-544.

Recent 3-years follow-up from the ABSORB II trial reported that vasomotor re-
activity was not statistically different between the BVS and CoCr-EES groups, while
late lumen loss was significantly larger in the BVS arm. The BVS group also recorded
eight definite scaffold thromboses and one late probable scaffold thrombosis, but no
definite or probable stent thrombosis in CoCr-EES [66]. Two-years follow-up results
from the ABSORB III trial, on the other hand, revealed an increase in major adverse
cardiac events for BVS compared to Xience group (TLF: 11.0% vs 7.9% (P=.03),
target-vessel MI: 7.3% vs 4.9% (P=.04)) [67]. This outcome has prompted the FDA to
investigate the increased 2-year rate of MACE observed with the BVS. EU regulatory
authority and Abbott Vascular have also decided to restrict commercial availability of
the device in Europe from May 2017 onwards.

Recent clinical data has highlighted the importance of implantation procedure on
clinical outcomes of the BVS; improvement was observed in the pooled ABSORB
trials outcome with the adoption of BVS-specific strategy [68,69]. Overall, Abbott's
BVS's short-term clinical efficacy is comparable to current DES, but the proposed
long-term benefits remain to be seen. Currently, there is only one study that has
reached the 5-years follow-up for BVS and the results appear promising, with stabi-
lized luminal dimensions as well as no discernible struts detected by OCT or IVUS at
5-years follow-up [70]. However, this is only a small study and the clinical focus will
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(A) Target lesion revascularization

BVS EES Weight  Fixed-effects odds ratio
Events Total Events Total (%) (95% Cl)
ABSORB China 7 238 7 237 13.2 1.00 (0.34-2.88)
ABSORSB II 4 335 3 166 5.9 0.64 (0.13-3.12)
ABSORB Il 42 1313 19 677 51.6 1.14 (0.67-1.95)
ABSORB Japan 7 265 5 133 10.1 0.68 (0.20-2.31) —_—
EVERBIO Il 8 78 1 80 16.3 0.72(0.28-1.87) —
TROFI Il 2 95 1 96 29 1.98 (0.20-19.29) R
Overall 70 2324 46 1389 100 0.97 (0.66-1.43) ?

Heterogeneity: z2=1.69, df=5; P=.89; =0% r T T T ]
Test for overall effect: Z=0.16; P=.87
Random-effects odds ratio 0.97 (95% CI 0.66—1.43)

(B) Definite or probable stent thrombosis

BVS EES Weight  Fixed-effects odds ratio
Events Total Events Total (%) (95% Cly
ABSORB China 1 238 0 232 3.1 7.21(0.14-363.23) >
ABSORB Il 3 335 0 166 8.2 4.49 (0.04-49.92)
ABSORBIIl 20 1301 5 675 69.1 1.89 (0.82-4.34) ——.—
ABSORB Japan 4 262 2 133 16.5 1.02 (0.18-5.58) —_—
EVERBIO Il 0 78 0 80 Not estimable
TROFI I 1 95 0 96 3.1 7.47 (0.15-376.35) >
Overall 29 2309 7 1382 100 1.99 (1.00-3.98) ‘
Heterogeneity: x2=1.90, df=4; P=.75; [*=0% r T T ]
Test for overall effect: Z=1.96; P=.05 0.01 01 1 10 100
Random-effects odds ratio 1.99 (95% CI 1.00-3.98) BVS better EES botter

Fig. 5.6 One-year follow-up clinical outcome for target lesion revascularization and stent
thrombosis. (A) While the clinical outcome (target lesion revascularization) of both devices
were comparable, (B) patients who received the BVS had double the risk of definite and
probable stent thrombosis compared to CoCr-EES.

Reproduced from S. Cassese, R.A. Byrne, G. Ndrepepa, S. Kufner, J. Wiebe, J. Repp, et al.,
Everolimus-eluting bioresorbable vascular scaffolds versus everolimus-eluting metallic stents:
a meta-analysis of randomised controlled trials, Lancet 387 (2016) 537-544.

still be on the ongoing long-term clinical trials (most notably the Absorb IV trial) for
their 5-years follow-up results and to evaluate if the BVS is truly superior to metallic
DES in the long-term.

5.3 Future perspectives

While metallic DES have become the standard choice of device in coronary stenting,
the long-term clinical trial outcomes of different DES have displayed a worrying trend
of increased adverse events. The use of BRS can potentially address the shortcomings
of DES by temporally opening up diseased vessel before completely being resorbed
after the vessel heals. The BRS will have to match up with the DES's short-term
performance with the potential advantage of longer-term benefits due to not caging
the vessel permanently and restoring its vasomotion. The clinical outcomes of the
ABSORB BVS have demonstrated noninferiority of the scaffolds compared to metal-
lic DES, but the higher rate of scaffold thrombosis of the BVS remains a concern. The
main limitation of the BRS is the weaker mechanical properties (e.g., low tensile mod-
ulus and elongation at break) of polymeric materials compared to cobalt-chromium
used in the fabrication of metallic DES. Lower mechanical strength leads to thicker
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scaffold struts that might result in more flow disturbance, thus potentially increasing
acute thrombotic events. Implantation technique is also crucial in optimizing clinical
outcomes of the device.

The first generation of polymeric BRS has strut thickness of 150 um and above
and the newer generation of BRS is working towards scaffolds with thinner struts
and adequate mechanical performance. Research has been done to address this
technical challenge of fabricating a polymeric BRS with sufficient radial strength.
Postprocessing methods of polymers such as extrusion, annealing, and microfiber
technology have been employed to increase the crystallinity of the PLLA and
enhanced the overall mechanical strength of the scaffold. For the biodegradable
metallic stents, the degradation rate of Mg has to be prolonged, while iron-based
stents need to address the issue of slow degradation. More randomized clinical
trials will have to be conducted for the biodegradable metallic stents in order to
assess its long-term performance. In conclusion, there is undoubtedly a lot of ex-
citing development and research happening in the BRS field where further break-
throughs are expected to advance the PCI practice and improve clinical outcomes
in patients' care.
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Bioabsorbable metallic stents
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6.1 Introduction

Currently used stents are mostly made of 316 SS, Co-Cr alloys, and Ni-Ti alloys in
clinical trials [1]. They have favorable corrosion resistance and mechanical strength,
fulfilling the mechanical requisite of vascular support. However, serious concerns still
remain on account of their permanent nature. Persistent presence of stent is claimed to
be superfluous supposing that the remodeling of artery wall reaches a new equilibrium
under the circumstance of mechanical stress issuing from the deployed stent [2]. The
implantation of permanent stents will ensnare the vessel in a metallic cage perpetu-
ally. This interferes the restoration/persistence of vessel wall and perhaps renders a
second atherosclerosis [3]. Firstly, they correlated with impairment of vessel geometry
as it alters arteries curvature at the entrance and exit of the stent where regions with
increased and decreased shear stress emerge. These changes in shear stress are asso-
ciated with asymmetric patterns of in-stent restenosis [4]. In addition, a permanent
metallic cage hampers the response of vessel to the vibration of tensile stress due to
pulsatile nature of blood flow. However, under normal circumstance, such mechanical
stimulation of arterial vascular plays an important role in maintenance of contractile
phenotype of smooth muscle cell [5]. On the other side, the potential risks of im-
paired surgical revascularization, the vascular inflammation, and neoatherosclerosis
are attributed to the presence of a stable foreign body [6]. Thus, the motivation for the
development of bioabsorbable stents (BAS) as a potential alternative was driven for
the sake of overcoming the drawbacks of permanent stents.

Theoretically, only the healed, natural vessel is left behind once the BAS degrades.
Hence, long-term clinical problems such as stent thrombosis are avoided compared
with permanent metallic stent since no potential initiator for thrombosis exists like
uncovered stent struts. The demand of prolonged antiplatelet therapy is also decreased
with potential decrease in related bleeding complications. Meanwhile, future treatment
options such as PCI, coronary artery bypass grafting, or pharmacologically induced
plaque regression are still available for stented segment with a transient implantation.

There are two classes of materials proposed for BAS: (1) polymer-based and (2)
metal-based. Up to now, several polymeric stents based on PLLA, PDLA, and PLGA
had been developed [7]. The Igaki-Tamai stent (Kyoto Medical Planning Co, Ltd,
Japan) is the first BAS implanted in humans, which is entirely composed of PLLA
monofilament with a strut thickness of 170 pm, and the resorption of stent strut occurs
within third year of follow-up. Preliminary results with accepted major adverse car-
diac events similar to those of bare metal stents have raised the interest of future de-
velopment of polymeric stent [8]. However, bioabsorbable polymeric stent technology

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00006-8
Copyright © 2018 Elsevier Ltd. All rights reserved.
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has its limitation. In consideration of relatively poor mechanical properties of poly-
mers, a thicker stent strut is required in contrast with many metallic stents, which will
in turn result in smaller residual luminal area [9]. Another limitation is the inability of
expansion and optimal scaffold apposition by its nature. It's difficult to fully expand
stent with balloon dilatation and an additional heat is required, potentially harmful
to the vessel wall [10]. In addition, polymeric stent struts are prone to rupture when
overexpanded [11]. Recently, greater interest has been focused on the bioabsorbable
metallic stents (BMSs) because of their superior mechanical properties in respect to
their polymeric competitors. Biodegradable/bioabsorbable metals (BMs) are mainly
composed of essential metal elements since they are expected to corrode and be me-
tabolized by human body gradually without any deleterious side effect to the host.
Meanwhile, complete degradation will be achieved after accomplishing the mission
of assisting injured tissue healing [12]. So far, two kinds of alloy systems, namely Mg
and Fe, have been extensively studied for the stent application.

6.2 General design criterions of bioabsorbable metallic
stents

6.2.1 Healing procedure of blood vessels

With reference to cardiovascular application, stent deployment generally conduces to
vascular injury subsequent to balloon angioplasty, thus the denuded intimal surface,
cracked atheroma, and the stretched normal segment of the vessel circumference [13].
A complex healing process is induced in response to the injured tissue which is similar
to the generalized wound healing, including three overlapping phase: inflammation,
granulation, and remodeling, as shown in Fig. 6.1 [12]. As a consequence of tissue
injury, platelets aggregation and an acute inflammation response come up, along with
cellular inhibition by monocytes/macrophages filtration, the migration and prolifera-
tion of local tissue cells such as endothelial and smooth muscle cells as well as extra-
cellular matrix deposition and remodeling [13,14].

6.2.2 Desired performance of bioabsorbable metallic stents

In contrast to the bioinert metal corresponding to the traditional metallic stent, BMSs
are bioactive and only serve as a temporary supporting role until the vascular healing.
Hence, there are some updated requisites proposed for the application of BMSs to
ensure their safety and efficacy. BMSs are characterized by their degradation property,
which in turn account for new concerns such as corrosion. An inappropriate corrosion
rate would have a deteriorate effect on the mechanical properties and biocompatibil-
ity of BMSs, resulting in potential toxicity of releasing degradation products and the
premature loss of mechanical strength followed by the BMSs fracture. Meanwhile,
vessels recoil and negative remodeling may contribute to a narrowing luminal area
to bring about ischemia regardless of the restenosis caused by neointimal hyperplasia
due to lesion. Therefore, an adequate radial strength should be considered to resist
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Fig. 6.1 The schematic diagram of degradation behavior and the change of mechanical
integrity of magnesium stent during the vascular healing process [12].
Reprinted from Y.F. Zheng, X.N. Gu, F. Witte, Biodegradable metals, Mater. Sci. Eng. R: Rep.
77 (2014) 1-34, Copyright (2014), with permission from Elsevier

vessel recoil and prevent negative remodeling [15]. From this perspective, an ideal
BMS is expected to compromise both sufficient mechanical properties and degrada-
tion to allow vessel support healing. As demonstrated in Fig. 6.1, at the initial stage the
degradation of BMS should occur at a very slow rate to keep the favorable mechanical
integrity during vascular remodeling process. Subsequently, a complete degradation
is demanded and the degradation products should be absorbed by the human body or
easily excreted from the human body. Those two significant variables strongly reply on
the selected stent material and implantation site. Hence, the comprehension of interac-
tion between BMSs and implantation environments is necessary to define the optimal
materials for BMSs. Another crucial influencing factor is the thickness of stent strut.
Generally, a rapid endothelial cell coverage of stent strut to fight against thrombosis
with minimal neointimal hyperplasia and no in-stent restenosis is expected after stent
deployment. It's claimed that the strut thickness is inverse to the strut coverage related
to the late stent thrombosis [16]. In addition, increase in strut thickness also means
higher presence of foreign material and worse flow disturbances [7]. Nevertheless,
a thicker strut always stands for a better ability of radial support. In this way, BMSs
should be designed with a minimal strut thickness under the circumstance of efficient
mechanical properties.

Broadly speaking, there should be a balance among diverse parameters in the de-
sign of a selected BMS to achieve a desired performance. Some specific design con-
siderations from the current research are summarized by Bowen et al. as listed in
Table 6.1 [17]. It is significant to note that a concordant standard of BMSs is still under
discussion in research community. Controversies exist on some criteria demonstrated
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Table 6.1 General design constraints and criteria for a
bioabsorbable metal stent [17]

Criterion Constraints Ref.
Bioabsorption Mechanical integrity for 3—6 months [18]
Mechanical integrity for 4 months [19]
Mechanical integrity for 6—12 months [20]
Full absorption in 12—-24 months [18,21]
Biocompatibility Nontoxic, non-inflammatory, hypoallergenic [18]
No harmful release or retention of particles [18]
No aluminum or zirconium content [22]
Mechanical properties Yield strength >200 MPa [18]

Tensile strength > 300 MPa
Elongation to failure > 15%—18%
Elastic recoil on expansion <4%

Microstructure Maximum grain size of =30 pm [18]
Maximum grain size of 10-12.5 pm [20]
Hydrogen evolution Evolution < 10 pLH?cm ™ day ™" [22]
Penetration rate < 20 pm year™" [23]

Reprinted from P.K. Bowen, J. Drelich, J. Goldman, Zinc exhibits ideal physiological corrosion behavior for bioab-
sorbable stents, Adv. Mater. 25 (18) (2013) 2577-2582, Copyright (2013), with permission from John Wiley and Sons.

in this table as well. For example, concerns about aluminum-containing magnesium
alloys have been raised recently because of their potential toxicity. It is reported that
aluminum has an adverse influence on neurons, bone, and osteoblasts, associated with
various neurological disorders [24,25]. The opponents, yet, hold the point that rela-
tively low doses of aluminum that contribute little to the serum concentrations can be
metabolized by renal action [26,27]. Therefore, the establishment of a rational and
unified stent specification is expected for a further clinical application.

6.3 Development of Mg-based bioabsorbable metallic
stents

6.3.1 The physiological function of Mg

Mg is an essential nutrition element to human body and plays a significant role in
supporting and maintaining health and life. There is generally 35 g Mg per 70kg body
weight in human body and the dietary reference ranges from 80 mg/day for a children
of 1-3 years old to 420 mg/day for an adult male of 31-70 years old [28,29]. In human
body, the majority of the Mg”" is stored in bone, muscle, and soft tissue. Specifically,
50%—-60% of Mg exists in bone, binding with calcium and phosphorous; 25%-30%
is distributed in muscles and serum Mg** only represents 1% of body's Mg*" content
[30]. Generally, small intestine is the primary absorption site of Mg, covering approx-
imately 30%—-50% of Mg intake, which varies in respect to the changes in the amount
of Mg intake, senescence, and chronic renal disease [31,32]. Under basal condition, a



Bioabsorbable metallic stents 103

daily amount of about 2400 mg of Mg*" is filtered by glomeruli along with 95%-99%
of resorption by nephron. Supposing that a daily acquisition of 370 mg Mg>", a net ab-
sorption of 100 mg is obtained corresponding to a 100 mg net excretion via urine [30].

As the fourth most abundant mineral and the second most abundant intracellular
cation after potassium, Mg holds a post in over 600 enzymatic reactions involved in,
but not limited to, energy metabolism, protein synthesis, DNA and RNA synthesis,
and stabilizing mitochondrial membranes [29,30]. In addition, the maintenance of
some vital physiological functions is closely related to Mg such as cardiac excitability,
muscular contraction, vasomotor tone, normal blood pressure, bone integrity, etc. [29].
As for the cardiovascular diseases, in particular, it is claimed that Mg may be benefi-
cial to the improvement of several diseases, such as treatment of cardiac arrhythmia,
protection from atherogenesis, and so on [33]. Low serum Mg”" level and low Mg
intake are related to an increased risk of coronary artery disease, acute myocardial
infraction, hypertension, and vascular calcification [30].

6.3.2 The mechanical properties of Mg and its alloys

Without the concerns of releasing alloying element, pure Mg itself is regarded avail-
able on account of its existence as an essential nutrient of human body. However,
the poor mechanical strength limits its further application. The yield strength (YS),
ultimate tensile strength (UTS), and elongation of as-cast pure Mg are around 20 MPa,
84 MPa, and 13%, respectively [34]. Hence, a further improvement is required for the
clinical implement. Promotion strategies have been intensively researched such as al-
loying, heat treatment, and so on. Table 6.2 gives a brief comparison of the mechanical
properties of diverse Mg-based alloys with different compositions or working process.
Some nontoxic or low-toxic alloying elements are selected to develop new Mg-based
alloying system with reliable mechanical properties, and obvious improvement of the
mechanical performance can be observed after alloying.

Mg-based alloys generally undergo heat treatments in order to improve the mechan-
ical properties or meet the demand of specific fabrication operations. The most fre-
quent applied heat treatment techniques for Mg alloys are T4 and T6 treatment, thus
solution treatment and aging treatment [42]. Jia et al. [43] studied the effect of solution
treatment on as-cast Mg-4Zn alloy. It was observed that UTS and elongation of the as-
cast Mg-4Zn alloy were obviously improved at the same time because of the solution
strength effects of the alloying elements and the decrease of stacking fault energy of
the matrix with Zn dissolving into Mg matrix. Feng et al. [44] investigated the effects
of solution treatment and aging on microstructure and mechanical properties of as-cast
Mg-3Zn-0.9Y-0.6Nd-0.6Zr (ZW30N). Fig. 6.2 shows the tensile properties of ZW30N
with different working condition. It can be seen that solution treatment increased the
UTS and elongation by about 18.3% and 34.4%, respectively, compared with that of
as-cast sample, but the YTS remained relatively stable increasing slightly from 119 to
124 MPa. The main reason was the dissolution of net-like interdendritic W-phase into
matrix and the precipitation of small Zr-containing particles at grain interiors. Following
by aging, obvious increment of UTS and YS were observed, increasing by almost 23%
and 29.8%, respectively, due to the precipitation of fine W, ;" and f8," phases.



104

Functionalized Cardiovascular Stents

Table 6.2 Summary of the mechanical properties of different
Mg-based alloys

Ultimate
Yield tensile
strength | strength Elongation
Materials State (MPa) (MPa) (%) Reference
Pure Mg Cast ~20 ~84 ~13 [34]
Pure Mg Rolled ~112 ~170 ~12.5 [34]
Pure Mg Extruded 55 167 18 [35]
WE43 Extruded 198 277 17 [36]
Mg-Nd-Zn-Zr | Extruded 333+4 334+4 7.9+0.2 [37]
(extrusion
ratio 8)+aging
Mg-3Sn- Extruded 150 240 23 [38]
0.5Mn
Mg-4Zn-0.5Zr | Cast 96 176 4 [39]
Mg-4Zn-0.5Zr | Solution-treated | 92 134 3 [39]
Mg-3Sr-0.6Y | extruded ~160 ~450 ~28 [40]
Mg-4Zn-1Sr Aged 270 12.8 [41]
300 20
_ Ultimate tensile strength i
250 Yield strength 7
Elongation % 118
) i / -
= 7 % 2
~ / -116 —
o / 14 §
: /4 : 10
As-cast Solution treated  Peak-aged

Fig. 6.2 Tensile properties of ZW30N alloy at room temperature in different conditions:
as-cast; solution-treated; peak-aged [44].
Reprinted from S. Feng, W. Zhang, Y. Zhang, J. Guan, Y. Xu, Microstructure, mechanical

properties and damping capacity of heat-treated Mg-Zn-Y-Nd-Zr alloy, Mater. Sci. Eng. A 609

(2014) 283-292, Copyright (2014), with permission from Elsevier.

6.3.3 In vitro testing of Mg-based bioabsorbable metals in

cardiovascular applications

Mg-based alloys are promising candidate for bioabsorbable cardiovascular stent ap-
plication. However, their low corrosion resistance brings a series of concerns. Along
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with the progression of corrosion, degradation products would accumulate and have
a significant effect on the adjacent vascular cells. For instance, the rapid degrada-
tion rates of Mg-based implants may contribute to a relatively high extracellular Mg
ions concentration in the local microenvironment [45]. Therefore, researches on the
complex degradation behavior and interactions between releasing products and vas-
cular cells response at the cellular and molecular are of great interest for developing
desired BMS.

Human vascular smooth muscle cells (SMCs) are closely bound up with the patho-
genesis of restenosis associated with the stent application and wound healing [46,47].
As a consequence of response to stent deployment-induced vascular injury, the mi-
gration of SMCs from media to intima and proliferation contribute to the neointimal
thickening and restenosis [48]. Ma et al. [49] designed a cell culture model to inves-
tigate the impact of Mg ions concentration on SMCs. The results indicated that Mg
ions had biphasic effects on SMCs. Low concentration of Mg** (10-40mM) could
improve the viability of SMCs, while a higher concentration (50-60 mM) inhibited the
cell viability (as shown in Fig. 6.3A). Meanwhile, cell proliferation rate was enhanced
with increasing Mg ions concentration when cultured within 10-20 mM concentration
range, whereas an opposite trend was observed within 40-60mM (as exhibited in
Fig. 6.3B). The similar phenomenon was also demonstrated in cell adhesion, spread-
ing, and migration, thus low concentration of Mg ions had a positive effect, while
higher concentration had an adverse effect. Besides, gene expression assay displayed
that Mg** primarily influences the expression of genes related to coagulation, inflam-
mation, and cell proliferation.

Normal functioning endothelial cells play an important role in promoting vaso-
dilatation and suppressing intimal hyperplasia [46]. Meanwhile, healthy endothelial
response is critical for re-endothelialization after stent deployment, reducing the oc-
currence of restenosis. Zhao et al. [50] reported the human coronary aorta endothelial
cells' (HCAECs) response to Mg and some common alloying elements (namely, Ca,
Zn, Al, Y, Dy, Nd, and Gd ) in Mg-based stent materials. The overall cell viability of
HCAECs decreased with the ion concentrations increasing apart from CaCl,-treated
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Fig. 6.3 (A) SMC viability analysis. (B) SMC proliferation analysis [49].

Reprinted from J. Ma, N. Zhao, D. Zhu, Biphasic responses of human vascular smooth muscle
cells to magnesium ion, J. Biomed. Mater. Res. A 104 (2) (2016) 347-356., Copyright (2016),
with permission from John Wiley and Sons.
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group, and similar tendency was also observed in cell proliferation for all groups. Low
concentration of Mg ions showed positive effect on the cell proliferation and migra-
tion, potentially beneficial to re-endothelialization.

The effects of various fluid flow conditions mimicking the blood vessel environ-
ment in vivo on the corrosion properties of MgZnCa plates and AZ31 stents were
investigated by Wang et al. [51]. The overall corrosions (including localized, uniform,
pitting, and erosion corrosions) were speeded up by flow-induced shear stress (FISS)
because of the increased mass transfer and mechanical force. The corrosion morphol-
ogies of AZ31 stents under the FISS of 0 and 0.056Pa for 7 days are illustrated in
Fig. 6.4. Stents under the static condition exhibited a few of localized corrosion. In
contrast, a uniform corrosion mode was observed under dynamic condition. In addi-
tion, the strut region facing the flow direction had higher shear stress, leading to the
detachment of corrosion products and strut fracture.

6.3.4 In vivo testing of Mg-based bioabsorbable metallic stents
within blood vessel

6.3.4.1 Animal testing of Mg-based bioabsorbable metallic stents

As early as in 2003, Heublein et al. [52] conducted the first animal testing of Mg-based
cardiovascular stent. They implanted 20 AE21 alloy stents to the coronary artery of 11
domestic pigs with an expected 50% loss of mass within 6 months after implantation.
It was reported that the period for a complete breakdown was estimated to be in the
order of 3 months. Forty percent of perfused lumen diameter was lost between days
10 and 35 due to the neointima formation and a 25% re-enlargement was observed

Statictest

Dynamic test

¢ & 1 500 pm | 5 m 100 im
Fig. 6.4 Reconstructions of X-ray micro-CT 3-D (A, E) with representative 2-D slices (B,
F) and SEM images (C, D, G and H) of stents under the static (A—D) and dynamic (E-H)
conditions for 7 days. Blue circle shows a fracture region of the strut (E). Yellow frames show
a detached region (H). Green frame shows localized corrosion (D). The arrows indicate the
flow direction of corrosion medium [51].

Reprinted from J. Wang, V. Giridharan, V. Shanov, Z. Xu, B. Collins, L. White, et al., Flow-
induced corrosion behavior of absorbable magnesium-based stents, Acta Biomater. 10(12)
(2014) 5213-5123, Copyright (2014), with permission from Elsevier.
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between days 35 and 56 because of vascular remodeling associated with the loss of
stent integrity. Nevertheless, stents implantation did not cause any major problems or
show signs of initial breakage and thromboembolic events. This work revealed that
Mg-based biodegradable stents might be promising alternative to the traditional per-
manent stent, but a further improvement was required in consideration of prolongation
of the degradation and mechanical stability.

In 2006, Di Mario et al. [10] implanted Lekton Magic stents (Biotronik, Bulach,
Switzerland) made from WE43 alloy into 33 minipigs. The stent possessed a novel
design with circumferential noose-shaped elements connected by unbowed cross-links
along its longitudinal axis as shown in Fig. 6.5. The minimal luminal diameter of
Mg stent group was higher than that of 316L stainless steel stents (Lekton Motion®;
Biotronik) groups at weeks 4 and 12 and showed positive vascular remodeling during
these 2 months. Although an inhibitory effect on the smooth muscle cell growth was
observed, homogeneous and rapid endothelialization of the Mg stent was found. The
stent struts were almost covered by the neointima after 6 days.

Further studies have been conducted to further develop the Lekton Magic stent,
which is denominated as absorbable metallic stents (AMS) later. In 2006, Waksman
et al. [53] reported a series of animal study. Mg alloy (AMS-1) stents or stain steel
(Lekton Motion) stents were randomly implanted into coronary arteries of domes-
tic or minipigs. Domestic pigs were sacrificed at 3 days or 28 days and minipigs at
3 months. As shown in Fig. 6.6, the AMS group remained intact at 3 days and began to
show signs of degradation by 28 days. No phenomenon of stent particle embolization,
thrombosis, excess inflammation, or fibrin deposition was observed. In addition, the

Fig. 6.5 (A) Photograph of the tubular slot balloon expandable magnesium alloy stent after
electropolishing. Electron microscopy at low (B) and high (C) magnification [10].

Reprinted from C.D. Mario, H. Griffiths, O. Goktekin, N. Peeters, J. Verbist, M. Bosiers,

et al., Drug-eluting bioabsorbable magnesium stent, J. Interv. Cardiol. 17(6) (2004) 391-395,
Copyright (2004), with permission from John Wiley and Sons.
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Fig. 6.6 (A) Representative photomicrograph of unexpanded magnesium alloy stent;

(B) representative photomicrograph of dehydrated and defatified porcine coronary arteries
showing the magnesium alloy stent 3 days after implantation; (C and D) representative X-ray
photographs of magnesium alloy stent and stainless steel stent 28 days after implantation in
porcine coronary arteries [53].

Reprinted from R. Waksman, R. Pakala, P.K. Kuchulakanti, R. Baffour, D. Hellinga,

R. Seabron, et al., Safety and efficacy of bioabsorbable magnesium alloy stents in porcine
coronary arteries, Catheter. Cardiovasc. Interv. 68(4) (2006) 607-617, Copyright (2006), with
permission from John Wiley and Sons.

neointima thickness and neointimal area were obviously less in AMS segment in con-
trast to the stainless steel stent segment as exhibited in Fig. 6.7. However, the reduced
neointima did not contribute to larger lumen.

In order to prolong vessel scaffolding of AMS-1, Biotronik made advancement by
adding some new design considerations as shown in Fig. 6.8 [54]. DREAMS stent
(Biotronik AG, Biilach, Switzerland) had a 6-crown 3-link design based on a refined,
slower-resorbable WE43 alloy. In addition, the collapse pressure of DREAMS was
higher than that of AMS-1 (1.5 vs. 0.8 bar). Compared with the rectangular shape in
AMS-1, the cross-sectional profile of the scaffold struts in DREAMs was changed
into square-shaped to preserve the radial strength during anisotropic scaffold deg-
radation (Fig. 6.8A and B). The decrease in strut thickness should also facilitate
endothelialization and reduced restenosis. Meanwhile, a 1 pm bioresorbable poly(-
lactide-co-glycolide) polymer matrix (PLGA) containing the antiproliferative drug
paclitaxel (0.07 pg/mm?) was coated on DREAMS in order to reduce neointimal
growth.

Wittchow et al. [55] reported the first in vivo evaluation of DREAMS stent with dif-
ferent PLGA composition and subsequently compared the best performing one with
two established, paclitaxel-eluting, permanent stents (TAXUS® Liberté®; Boston
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Intimal area (mm?)

Stainless steel Magnesium alloy

Fig. 6.7 Representative photomicrographs of hematoxylin-eosin stained sections of porcine
coronary arteries 28 days after stainless steel stent (A: 403 and B: 1003) and magnesium alloy
stent (C: 403 and D: 1003) implantation. (E) Bar graph showing the intimal area [53].
Reprinted from R. Waksman, R. Pakala, P.K. Kuchulakanti, R. Baffour, D. Hellinga, R.
Seabron, et al., Safety and efficacy of bioabsorbable magnesium alloy stents in porcine
coronary arteries, Catheter. Cardiovasc. Interv. 68(4) (2006) 607-617, Copyright (2006), with
permission from John Wiley and Sons.

Scientific, Natick, MA, USA and eucaTAX; eucatech AG, Rheinfelden, Germany).
The best-performing DREAM stent-85/15H (ratio of lactide to glycolide of 85/15 and
high molecular weight polymer) was equivalent to TAXUS Liberté and superior to
eucaTAX regarding late luminal loss, intimal area, fibrin score, and endothelialization.
Despite a higher intimal inflammation score observed in 85/15H group compared with
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Fig. 6.8 Schematic cross-sectional profile of magnesium scaffolds struts of (A) uncoated,
non-eluting, AMS-1 with 80 x 165 ; (B) DREAMS 1st generation (DREAMS 1G) with
130 % 120 pm struts, and (C) DREAMS 2nd generation (2G) with 150 X 140 pm struts. The
poly(lactide-co-glycolide)-coating with paclitaxel elution of the DREAMS 1G scaffold

is indicated by the thin light orange layer. The PLA-coating with sirolimus elution of the
DREAMS 2G scaffold is indicated by the thin dark orange layer [54].

Reprinted from C.M. Campos, T. Muramatsu, J. Igbal, Y.J. Zhang, Y. Onuma, H.M. Garcia-
Garcia, et al., Bioresorbable drug-eluting magnesium-alloy scaffold for treatment of coronary
artery disease, Int. J. Mol. Sci. 14 (12) (2013) 24492-24500, Copyright (2013). Used under
the Creative Commons Attribution License.

wad 53 WO B8R
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Fig. 6.9 Scanning electron microscope images (upper panels) and energy-dispersive X-ray
mapping of DREAMS degradation products (lower panels, unrelated to upper panels) [55].
Reprinted from E. Wittchow, N. Adden, J. Riedmuller, C. Savard, R. Waksman,

M. Braune, Bioresorbable drug-eluting magnesium-alloy scaffold: design and feasibility

in a porcine coronary model, Eurolntervention 8 (12) (2013) 1441-1450, Copyright (2013),
with permission from Europa Digital & Publishing.

the control groups at 28 days, it disappeared at later time points. Fig. 6.9 described
the resorption process of DREAMS stent. Instead of complete degradation, Mg alloy
was converted into a soft and gel-like amorphous calcium phosphate. During the first
28 days, the average in vivo degradation rates for the DREAMS versions ranged from
0.036 to 0.072 mg/(cm®day).
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DREAMS 2nd was created based on a further development of DREAMS [54].
As shown in Fig. 6.8C, DREAMS 2nd is made of WE43 alloy with 6 crown 2-link
structure and a strut thickness of 150 pum. Compared with DREAMS, two radiopaque
markers (made from tantalum) at both ends were added into DREAMS 2nd to make
stent deployment and possible post-dilation more precise. Besides, DREAMS 2nd has
a superior dismantling and resorption rate. In order to further relieve the neointima
formation, the DREAMS 2G incorporated sirolimus drug instead of paclitaxel.

6.3.4.2 Clinical testing of Mg-based bioabsorbable metallic stents

The implement of traditional permanent stents is limited in growing children with
small blood vessels because it is generally difficult for the stents to cover full vessel
growth, resulting in fixed vessel obstruction. The appearance of bioabsorbable me-
tallic stents may figure out this limitation. In 2005, Zartner et al. [56] reported the
first successful implantation of a biodegradable metal stent (AMS; Biotronik, Biilach,
Switzerland) with a diameter of 3 and 10 mm length into the completely occluded left
pulmonary artery of a preterm baby. Reperfusion of the left lung was recovered and
persisted throughout 4 months during which the complete degradation of stent was
also achieved. Despite the small size (1.7kg) of the baby, the degradation process was
clinically well-tolerated. In addition, adequate mechanical and degradation character-
istics of implanted stent were demonstrated. Unfortunately, the patient died from mul-
tiple organ failure caused by severe pneumonia after 5-months implantation [57]. The
autopsy results revealed minimal changes of the vessel wall due to the complete deg-
radation of Mg stent. An amorphous to jelly-like substitute of the stent struts mainly
composed of calcium phosphate covered by fibrotic tissue was observed, which con-
tributed to a slight increase of intraluminal diameter compared with the original stent
diameter. In addition, a mild neointima proliferation and no obvious inflammatory
reaction to the stent were reflected.

Also in 2005, Peeters et al. [58] reported the first clinical trial of AMS (Biotronik,
Berlin, Germany) implanted in 20 patients with symptomatic critical limb ischemia
(CLI). After 3 months, a primary clinical patency of 89.5% and limb salvage rate of
100% were observed, suggesting that AMS devices were potentially promising alter-
native in the treatment of below-knee lesions in CLI patients. Morphological analysis
indicated almost complete degradation of the stent 6 weeks after implantation.

The Progress-AMS clinical trial was the first-in-man study of AMS (Biotronik,
Berlin, Germany) in coronary artery, which was a non-randomized, consecutive, mul-
ticenter trial with the purpose of assessing the efficacy and safety of AMS [19]. In
short, 71 stents were successfully implanted in 63 patients after pre-dilatation and
could be safely degraded after 4 months. As shown in Fig. 6.10, a good scaffolding of
the vessel was demonstrated by angiography. Diameter stenosis was decreased from
61.5+13.1% to 12.6+5.6% with an acute gain of 1.41+0.46 mm. No myocardial
infarction, subacute or late thrombosis, or death was recorded. Nevertheless, diam-
eter stenosis increased to 48.4+17% at 4 months. The main causes of restenosis in
this study were neointimal growth and negative remodeling. Therefore, a prolonged
degradation and antiproliferative drug elution was suggested for further development.
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Fig. 6.10 Proximal right coronary artery high-grade stenosis before and immediately after
implantation of a 15 mm long and 3.0 mm large bioabsorbable magnesium stent [19].
Reprinted from the R. Erbel, C. Di Mario, J. Bartunek, J. Bonnier, B. de Bruyne, F.R. Eberli,
et al., Temporary scaffolding of coronary arteries with bioabsorbable magnesium stents:

a prospective, non-randomised multicentre trial, Lancet 369 (9576) (2007) 1869-1875,
Copyright (2007), with permission from Elsevier.

In 2013, Haude et al. [59] reported the first-in-man trial (BIOSOLVE-1) of the
drug-eluting absorbable metal stent (DREAMS) in 46 patients with 47 lesions at
five European centers. All stents were successfully delivered in this procedure and
no cardiac death or scaffold thrombosis occurred. A better 12-months rate of clini-
cally driven target lesion revascularization was observed in DREAMS compared with
the bare precursor absorbable metal stents (4.7% vs. 26.7%). In addition, the in-stent
late lumen loss of DREAMS was 0.65+0.5mm at 6 months and 0.52+0.39mm at
12 months, which is much less than that (1.08 +0.49 mm) of prior generation bare
AMS-1 stent at 4 months reported in PROGRESS study. Besides, a similar rate of tar-
get lesion failure with DREAMS at 6 months and 12 months was observed compared
with the contemporary drug-eluting stents and the bioabsorbable everolimus-eluting
coronary scaffold systems. However, the late lumen loss of DREAMS did not match
the excellent performance of currently available drug-eluting stents, showing a need
for further modification.

In 2016, the first-in-man trial (BIOSOLVE-II) of the second-generation drug-
eluting absorbable metal scaffold (DREAMS 2G) in 123 patients with 123 coro-
nary target lesions was reported by Haude et al. [60]. No malapposed struts were
observed after 6 months because the stent struts were embedded into the vessel wall
(Fig. 6.11). Compared with DREAMS in BIOSOLVE-I, DREAMS 2G showed a more
balanced degradation that the mean stent and mean lumen areas decreased slower than
those of DREAMS (—0.5% and —2.4% in DREAMS 2G and —11.1% and —15.3%
in DREAMS). In addition, the neointimal hyperplasia area decreased from 0.3 mm®
in BIOSOLVE to 0.08 mm” in BIOSOLVE-II. Mean in-segment late lumen loss of
DREAMS 2G also decreased (0.27 +£0.37 mm at 6 months) in contrast to DREAMS
and AMS-1, corresponding to the decreased rate of clinically driven target lesion
revascularization.
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Fig. 6.11 Optical coherence tomography after implantation of the second-generation drug-
eluting absorbable metal scaffold (A) and at 6 months (B) [60].

Reprinted from the M. Haude, H. Ince, A. Abizaid, R. Toelg, P.A. Lemos, C. von Birgelen,
et al., Safety and performance of the second-generation drug-eluting absorbable metal
scaffold in patients with de-novo coronary artery lesions (BIOSOLVE-II): 6 month results
of a prospective, multicentre, non-randomised, first-in-man trial, Lancet 387 (10013) (2016)
31-39, Copyright (2016), with permission from Elsevier.

6.4 Development of Fe-based bioabsorbable metallic
stents

6.4.1 The physiological function of Fe

Fe is the most abundant transition metal in human body. The amount of Fe in adult women
is around 35mg/kg of body weight and 45mg/kg in adult men [61]. Approximately
60%—-70% of the total body Fe exists in hemoglobin in circulating erythrocytes. Ten
percent is present in the forms of myoglobins, cytochromes, and iron-containing en-
zymes. The residual 20%—-30% of surplus Fe is distributed in the hepatocytes and re-
ticuloendothelial macrophages as ferritins and hemosiderins [61]. Fe participates in the
formation of several metallic proteins and involves in many vital biochemical activities
such as oxygen sensing and transport, electron transfer and catalysis, and DNA syn-
thesis [62]. The biological functions of Fe rely on its chemical properties. Iron can
react with organic ligand to form a variety of coordination complexes in a dynamic and
flexible mode. In addition, it can switch between the ferrous, Fe(Il), and ferric, Fe(III),
states under redox potential (+772mV at neutral pH) [62]. Generally, the bioavailabil-
ity of Fe is limited because soluble Fe(Il) is readily oxidized in aqueous solution into
Fe(III) which is almost insoluble in physiological pH [62]. The absorption of Fe takes
place by the enterocytes by divalent metal transporter 1, which mainly occurs in the
duodenum and upper jejunum. Subsequently, it is transferred through the duodenal
mucosa into the blood, then transported to the cells or the bone marrow for erythro-
poiesis by transferrin [63]. In addition, as a result of formation of free radicals, the
concentration of Fe in body tissues should be carefully regulated because excessive Fe
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leads to tissue damage [63]. The disorder of Fe metabolism is associated with plenty of
diseases, ranging from anemia to neurodegenerative diseases [61].

6.4.2 The mechanical properties of Fe and its alloys

In contrast to Mg-based BMs, Fe-based BMs possess superior mechanical properties,
similar to stainless steel (Table 6.3). As stated before, good ductility and radical sup-
port to the blood vessels are required for the successful implantation of cardiovascular
stents. Therefore, Fe-based BMs are attractive from a structural point of view.

Mn is claimed to be an appropriate alloying element in Fe-based BMs. Mn is a trace
element and plays an important role in many enzymatic reactions. In addition, the ad-
dition of Mn can speed up the degradation of Fe [68] and displays anti-ferromagnetic
with more than 29 wt.% addition [72]. As seen in Table 6.4, alloying with Mn also
improves the mechanical strength of pure Fe (such as Fe-30Mn). Liu et al. added 6%
Si into Fe30Mn and found an improvement on the mechanical properties with shape
memory effect. A recovery ratio about 53.7% could be reached when the sample was
deformed to the total strain of 3% and the exact pre-strain of 2.73%.

Xu et al. prepared a novel Fe-30Mn-1C alloy by vacuum induction melting. It was
found that the addition of carbon improved the UTS and elongation to 1010 MPa and
88%, respectively [69]. Besides, Fe-30Mn-1C exhibited lower magnetic susceptibility
in contrast to Fe-30Mn, which is beneficial to magnetic resonance imaging.

6.4.3 In vitro testing of Fe-based bioabsorbable metals
for cardiovascular application

Mueller et al. designed a cell culture model to investigate the interactions between
human umbilical venous smooth muscle cells (SMCs) and ferrous iron (Fe(Il)). It
was found that high concentration of Fe(II) led to inhabitation of SMCs proliferation
and the down-regulation of gene expression required for cell proliferation, cell cycle
progression, or DNA replication was observed in the presence of Fe, suggesting that
ions released from Fe-based stents might had a suppressive effect on restenosis by re-
ducing the proliferation of SMCs. Zhu et al. [78] studied the effect of ferrous ions on
human umbilical vein endothelial cells (HUVECsS) and found an interesting biphasic
effect. As shown in Fig. 6.12, Fe (I) had a promotion effect on the metabolic activity
of HUVECs when ion concentration was less than 10pg/mL. However, higher ion
concentration (>50 pg/mL) caused severe cytotoxicity on cells.

Schaffer et al. [79] conducted a systematic research to quantify the impact of bio-
absorbable metals on primary human aortic endothelial cells (EC) and primary human
aortic smooth muscle cells (SMC) in four tissue interface investigations (Fig. 6.13).
In Fig. 6.13A, specific metal ion gradients across a porous polycarbonate track etch
(PTFE) membrane barrier between a cell suspension and cell-free medium were cre-
ated. It was found Fe’" and Fe** repressed the migration of SMCs across a porous
PTFE membrane at 1000 and 37 puM, respectively. LDs, (50% cell death) concentra-
tions of Fe>* and Fe** were greater than 1 mM. In addition, all tested materials showed
excellent EC coverage and proliferation up to 120h.



Table 6.3 Summary of the properties of reported Fe-based biodegradable metals [12]

Materials State Tensile yield strength (MPa) Ultimate tensile strength (MPa) | Elongation (%) | Ref.
Pure Fe Cast 220 225 12% [64]

Annealed (550°C) 140+ 10 205+6 25.5+3 [65]

Electroformed 360+9 423 +12 8.3+2 [65]

ECAPed (8 passes) 470+29 [66]
Nitride Fe 561.4 614.4 [67]
Fe-10Mn* Forged + ht2 650 1300 14 [68]
Fe-10Mn-1Pd* Forged + ht2 850 1450 11 [68]
Fe-30Mn Cast 124.5 366.7 55.7 [64]
Fe-30Mn-6Si Cast 177.8 433.3 16.6 [64]
Fe-30Mn Forged 169 569 60 [69]
Fe-30Mn-1C Forged 373 1010 88 [69]
Fe-3Co" Rolled 460 648 5.5 [70]
Fe-3W* Rolled 465 712 6.2 [70]
Fe-3C* Rolled 440 600 7.4 [70]
Fe-3S* Rolled 440 810 8.3 [70]
Fe-20Mn PM 420 700 8 [71]
Fe-25Mn PM 360 720 5 [71]
Fe-30Mn PM 240 520 20 [71]
Fe-35Mn PM 230 430 30 [71]
316 SS 190 490 40 [71]

* The chemical composition was in atom percentage, while the others were in weight percentage.

Reprinted from Y.F. Zheng, X.N. Gu, F. Witte, Biodegradable metals, Mater. Sci. Eng. R: Rep. 77 (2014) 1-34, with permission from Elsevier.
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Table 6.4 Comparison of the mechanical properties of different Zn-based materials

Ultimate | Tensile Ultimate Compressive

tensile yield compressive | yield

strength | strength | Elongation | strength strength Compressive | Hardness
Material (MPa) (MPa) (%) (MPa) (MPa) strain (%) (Hv) Ref.
As-cast pure Zn 18 10 0.3 38 [73]
As-rolled pure Zn 48 30 5.8 39 [73]
As-extruded pure Zn 60 33 3.6 103 [73]
As-cast Zn-1Mg 185 128 1.8 78 [73]
As-rolled 253 190 12 75 [73]
Zn-1Mg
As-extruded 265 205 8.5 285 Superplastic [73]
Zn-1Mg
As-cast Zn-1Ca 165 119 2.1 73 [73]
As-rolled Zn-1Ca 230 200 12.6 62 [73]
As-extruded 240 197 7.7 281 Superplastic [73]
Zn-1Ca
As-cast Zn-1Sr 171 120 2 62 [73]
As-rolled 220 186 19.7 62 [73]
Zn-1Sr
As-extruded 260 215 10.5 341 Superplastic [73]
Zn-1Sr

911
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As-extruded

Zn-0.5Al

As-extruded Zn-1Al
As-cast Zn-1Mg-1Ca
As-rolled Zn-1Mg-1Ca
As-extruded Zn-1Mg-1Ca
As-cast Zn-1Mg-1Sr
As-rolled Zn-1Mg-1Sr
As-extruded
Zn-1Mg-1Sr

As-cast Zn-1Ca-1Sr
As-rolled Zn-1Ca-1Sr
As-extruded

Zn-1Ca-1Sr

As-cast Zn-1.5Mg-0.1Ca
As-cast Zn-1.5Mg-0.1Sr
As-cast Zn-1Mg-0.1Mn
As-rolled
Zn-1Mg-0.1Mn

As-cast Zn-1.5Mg-0.1Mn

203

223
120
198
205
135
202
252

140
203
260

241
209
132
299

122

119

134
80

138
255
85

140
202

83
144
213

174
130
114
195

115

33

24

8.5
54
1.3
8.6
7.5

1.2
8.8
6.8

1.7
2.0

26.1

0.8

300

375

340

Superplastic

Superplastic

Superplastic

59

73
92
107

86
92

90
86

150
145
98

108

149

[74]

[74]
[75]
[75]
[75]
[75]
[75]
[75]

[75]
[75]
[75]

[76]
[76]
(771
(771

[77]
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Fig. 6.12 Metabolic activity of HUVECs after cultured in different iron concentrations for

1 day and 3 days [78].

Reprinted from S. Zhu, N. Huang, L. Xu, Y. Zhang, H. Liu, H. Sun, et al., Biocompatibility
of pure iron: in vitro assessment of degradation kinetics and cytotoxicity on endothelial cells,
Mater. Sci. Eng. C 29 (5) (2009) 1589-92, Copyright (2009), with permission from Elsevier.
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Fig. 6.13 The four biomaterial-tissue interface investigations perforrned in this study. (A) The
chemotaxis of cells to metal ions. (B) The cytotoxicity of metallic ions. (C, D) Schematics

of the thin wire metallic substrates used for the cell attachment and proliferation studies,
respectively [79].

Reprinted from J.E. Schaffer, E.A. Nauman, L.A. Stanciu, Cold drawn bioabsorbable ferrous
and ferrous composite wires: an evaluation of in vitro vascular cytocompatibility, Acta
Biomater. 9(10) (2013) 8574-8584, Copyright (2013), with permission from Elsevier.

6.4.4 Animal testing of Fe-based bioabsorbable metals
for cardiovascular application

The earliest attempt of Fe-based material as biodegradable stent can ascend to 2001.
Peuster et al. [80] implanted 16 pure iron stents into the native descending aorta
of 16 New Zealand white rabbits up to 18 months. All stents were implanted suc-
cessfully without periprocedural complications. There was complete patency of the
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Fig. 6.14 Lateral angiography of the stented descending aorta (A) 6 months, (B) 12 months,
and (C) 18 months after implantation. Arrows indicate stent implantation site [80].
Reprinted from M. Peuster, P. Wohlsein, M. Briigmann, M. Ehlerding, K. Seidler, C. Fink,
et al., A novel approach to temporary stenting: degradable cardiovascular stents produced
from corrodible metal—results 6-18 months after implantation into New Zealand white
rabbits, Heart 86 (5) (2001) 563-9, Copyright (2001), with permission from BMJ Publishing
Group Ltd.

descending aorta in all rabbits with no obstruction or thrombosis at the implantation
site 6, 12, and 18 months after the implantation (Fig. 6.14). In addition, no signifi-
cant neointimal proliferation, pronounced inflammatory response, and systemic tox-
icity was observed. This work demonstrated the safety of pure Fe as biodegradable
stent. Nonetheless, the corrosion rate of pure Fe was too slow to meet the clinical
requirement

Subsequently, Peuster et al. [81] implanted pure iron stents into the descend-
ing aorta of 29 minipigs with an overstretch injury and the commercially available
316-L stents served as control (Fig. 6.15). There was no difference between 316-L
and pure Fe stents with respect to the amount of neointimal proliferation. No signs
of iron overload or iron-related organ toxicity was observed in histopathological
examination. The corrosion products of iron stent caused no local toxicity. The ma-
jority of the iron stent kept intact, even though disintegration of the stent struts was
observed after 1 year. Therefore, an accelerated corrosion rate should be pursued in
the following work.

In 2008, Waksman et al. [82] implanted pure iron stents into the coronary arter-
ies of juvenile domestic pigs with cobalt chromium stents as control for 28 days. At
28 days, degradation of iron stent was detected. Compared with cobalt chromium
stents, a reduction of neointimal formation and inflammation was observed. No sig-
nificantly statistical difference between iron and control group was found in any of the
tested parameters.

In 2012, eight iron stents were randomly implanted into left anterior descending
and right circumflex arteries of eight healthy miniature pigs with eight Vision stents
(Abbott Vascular, CA, USA) as control [83]. There were no iron overload and ab-
normal histopathologic changes in heart, lung, liver, kidney, and brain. The similar
neointimal proliferation was observed in both groups. Meanwhile, no thrombosis, in-
flammation, and necrosis existed in both groups.
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Fig. 6.15 Macroscopical aspect of the stented descending aorta after expiration of the animal.
The iron stent is marked with an asterisk [81].

Reprinted from M. Peuster, C. Hesse, T. Schloo, C. Fink, P. Beerbaum, C. von Schnakenburg,
Long-term biocompatibility of a corrodible peripheral iron stent in the porcine descending
aorta, Biomaterials 27 (28) (2006) 4955-4962, Copyright (2006), with permission from
Elsevier.

A novel experimental model was developed to clarify the in vivo corrosion
mechanism of pure iron by Pierson et al., where an iron wire was implanted into
a rat artery lumen or artery wall to simulate bioabsorbable stent blood contact and
matrix contact, respectively [84]. At 22 days, a brown-colored product in the tissue
surrounding the wire was observed in artery wall wire implant group, but no visible
corrosion product was presented in the luminal wire group. The blood-contacting
luminal wire showed minimal corrosion at 9 months (Fig. 6.16A). In contrast, iron
wires implanted into the arterial wall exhibited severe degradation (Fig. 6.16B).
Similarly, wires in lumen for 9 months remained intact, whereas arterial wall pen-
etration site experienced significant degradation (Fig. 6.16C). The results revealed
the importance of arterial environment to the corrosion behavior of iron. In addi-
tion, the retention of the degradation products of the iron may impair the long-term
integrity of the artery.

In 2016, Lin et al. [85] implanted a novel iron-based drug-eluting coronary scaf-
fold (IBS scaffold) made of nitride iron materials into the abdominal aorta of adult
New Zealand white rabbits. A Zn barrier (~600nm) was electroplated on the surface
of stents followed by a sirolimus-carrying Poly (D,L-lactide) (PDLLA, amorphous;
Evonik Industries, Germany) coating (~12pm) as shown in Fig. 6.17. IBS scaffold
showed no signs of corrosion in the first 3 months and corroded partially 6 months
after implantation and nearly completely corroded 13 months after implantation.
Complete endothelialization was observed 3 months after implantation. In spite of
an incomplete bioresorption of the corrosion products, no identified biological issues
were observed after implantation up to 13 months.
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(C)

Fig. 6.16 Histological analysis of the 9-month wire implants. Hematoxylin/eosin-stained
tissue sections depict the location of the iron wire and corrosion product within the arterial
lumen (A) and wall (B). The black circular structure in (A) is the iron wire cross section
(identified by the green arrow). When the luminal wire was bowed out away from the vessel
wall, the central portion of the wire (yellow arrow in C) remained free of encapsulating tissue
and experienced minimal biodegradation. In contrast, the wall puncture sites (green arrows in
C) experienced substantial degradation. Red layer in (C) background is the luminal surface of
the exposed artery [84].

Reprinted from D. Pierson, J. Edick, A. Tauscher, E. Pokorney, P. Bowen, J. Gelbaugh, et al.,
A simplified in vivo approach for evaluating the bioabsorbable behavior of candidate stent
materials, J. Biomed. Mater. Res. B: Appl. Biomater. 100 (1) (2012) 58-67, Copyright (2012),
with permission from John Wiley and Sons.
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Fig. 6.17 The strut crossing-section (A) structure and (B) composition of the IBS scaffold.
The area of (B) is an enlargement of the area in the white rectangle of (A) [85].

Reprinted from W.J. Lin, D.Y. Zhang, G. Zhang, H.T. Sun, H.P. Qi, L.P. Chen, et al., Design
and characterization of a novel biocorrodible iron-based drug-eluting coronary scaffold, Mater.
Des. 91 (2016) 72-79, Copyright (2016), with permission from Elsevier.
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6.5 Development of Zn-based bioahsorbable metallic stents

6.5.1 The physiological function of Zn

In human body, 85% of Zn is distributed in the muscle and bone, 11% in the skin and
the liver, and the residue in all the other tissues. The daily recommended intake for
Zn ranges from 11 mg for adult males to 2mg for infants [86]. The absorption of Zn
occurs throughout the small intestine, but the most rapid absorption exists in the duo-
denum and proximal jejunum [87]. Intestine is also the major excretion routine for Zn
[88]. It is well-acknowledged that Zn plays a significant role in human nutrition. Zn is
considered the second most abundant transition metal in human body and associates
with many significant biological functions such as nucleic acid metabolism, signal
transduction, gene expression, apoptosis regulation, endocrine regulation, etc. [87,89].
More than 300 enzymes have been identified related to Zn in their structure, catalytic,
and regulatory action [90]. In addition, the involvement of Zn has been confirmed in
bone formation and it can stimulate bone growth and bone mineralization apart from
the preservation of bone mass [73].

6.5.2 The mechanical properties of Zn and its alloys

Much attention has been focused on Zn as an alternative in a new generation of BMs
due to their promising biocompatibility and corrosion properties. However, the poor
mechanical properties of pure Zn limited its further application. It was reported that
the tensile strength, elongation, and the hardness of the as-cast pure Zn were approx-
imately 20MPa, 0.3%, and 25Hyv, respectively, far too low for clinical requisites
[91,92]. Therefore, the development of new Zn-based materials with reliable me-
chanical support is urgent for opening a new avenue in its application. Improvement
Methods such as alloying, thermomechanical treatment, and composite technology
have been utilized to achieve this goal. The mechanical properties of different Zn-
based materials are listed in Table 6.4.

Alloying is one of the most effective ways to improve the mechanical properties of
metals. In the past decades, commercial Zn alloys have been applied in the industrial
and automotive areas [93,94]. Nonetheless, there are some alloying elements claimed
to be potentially harmful in the commercial Zn alloys such as Al (e.g., ZA22 [95],
ZA27 [96], and ZA40 [97]). It is reported that Al is detrimental to the neurons, bones,
and osteoblasts and related to a series of neurological disorders such as Alzheimer's
disease [24,25]. Therefore, both safety and mechanical properties should be taken into
consideration in the selection of proper alloying elements.

Li et al. [73] added the nutrition elements Mg, Ca, and Sr into Zn to prepare Zn-1X
(X=Mg, Ca, and Sr) binary and investigated the effect of hot rolling and hot extrusion
on the mechanical properties as well. The results exhibited that the microhardness,
YS, UTS, and elongation were obviously improved after alloying with Mg, Ca, and
Sr elements, and hot rolling and hot extrusion process further improved the mechan-
ical properties (as shown in Table 6.4). In addition, the as-extruded Zn-1X alloys ex-
hibited unique superplastic characteristic under compression due to the formation of
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compressive twin crystal. Besides, a trace of Ca or Sr was added into Zn-1.5Mg alloy to
develop Zn-1.5Mg-0.1Ca and Zn-1.5Mg-0.1Sr alloy by Liu et al. [76]. It was reported
that the yield strength, ultimate tensile strength, and elongation of Zn-1.5Mg-0.1Ca and
Zn-1.5Mg-0.1Sr were significantly improved with respect to Zn-1.5Mg alloy because
of the formation of more homogeneous and smaller grains apart from the precipitation
strengthening of the new phase CaZn,; and SrZn; after alloying with Ca and Sr.

6.5.3 In vitro testing of Zn-based bioabsorbable metals
for cardiovascular application

Ma et al. [98,99] reported that Zn** had an interesting biphasic effect on the cell
viability, adhesion, proliferation, migration of human aorta smooth muscle cells
(HASMCs), and primary human coronary artery endothelial cells (HCECs). No signif-
icant effect on viability but a promotion of cell proliferation was observed in HASMC
with the Zn** concentration increasing while below 80 M. Yet, the cell viability and
proliferation declined with a further increase of Zn** concentration. Meanwhile, Zn*t
also altered the adhesion, spreading, and migration in a dose-manner. Zn>* improved
HASMCs adhesion density when below 40 uM, while inhibited cell adhesion when
above 40 pM. Similarly, at 40 pM, Zn>* promoted HASMCs spreading with a larger
cell area and perimeter, but an opposite result was observed at 120 pM. Zn*" increased
HASMCsSs migration rate when below 80 pM, while decreased cell migration rate sig-
nificantly when above 100 pM. In terms of HCECs, generally a promotion effect was
demonstrated on the cell viability, proliferation, adhesion, migration, and F-actin and
vinculin expression except for the cell adhesion strength at low Zn>* concentrations.
On the contrary, high concentrations had opposite effects. Therefore, Zn** concentra-
tion can be controlled to achieve specific endothelial and smooth muscle cell behav-
iors according to the demand of vascular healing.

Li et al. [73] investigated the in vitro biological compatibility of the as-cast and
as-rolled pure Zn and Zn-1X (X=Mg, Ca and Sr) alloy. It was found that the hemo-
lysis rates of all samples were quite low (<0.2%), far below the safe requirement
of 5%, suggesting they would not cause severe hemolysis reaction according to ISO
10993-4:2002 (Fig. 6.18). In addition, the platelets adhered on the surface of samples
displayed normal morphologies, thus round shape with no pseudopodia spreading.
Hence, pure Zn and Zn-1X alloys possess excellent anti-platelets adhesion and an-
tithrombotic properties in vivo. The addition of alloying elements into Zn decreased
its adhesive platelets number. Fig. 6.19 showed the viability of human umbilical vein
endothelial cells (ECV304 cells), rodent vascular smooth muscle cells (VSMC) cul-
tured in pure Zn, and Zn-1X alloy extraction medium for 1, 3, and 5 days. For ECV304
cells, the addition of alloying elements significantly improved the cell viability, while
alloying elements didn't have obvious promotion effect on VSMC.

Gong et al. [100] evaluated the cytotoxicity of as-extruded Zn-1Mg alloy on fibro-
blast cells (1.-929). As shown in Fig. 6.20, there was no obvious difference of cell via-
bility between the control group and Zn-1Mg group at 24 and 72 h. Besides, cells in all
groups exhibited normal and healthy cell morphologies at 72h (Fig. 6.21), indicating
that Zn-1Mg is of good biocompatibility.
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Fig. 6.18 Hemolysis of pure Zn and Zn-based alloys: (A) as-cast, (B) as-rolled [73].
Reprinted from H.E. Li, X.H. Xie, Y.F. Zheng, Y. Cong, F.Y. Zhou, K.J. Qiu, et al.,
Development of biodegradable Zn-1X binary alloys with nutrient alloying elements Mg, Ca
and Sr, Sci. Rep. 5 (2015), Copyright (2015). Used under the Creative Commons Attribution
4.0 International License.
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Fig. 6.19 (A) ECV304 cells, (B) VSMC viability cultured in cell culture medium, pure Zn,
and Zn-1X alloy extracts (* means P <.05, ** means P <.01 compared with pure Zn
group) [73].

Reprinted from H.E. Li, X.H. Xie, Y.F. Zheng, Y. Cong, F.Y. Zhou, K.J. Qiu, et al.,
Development of biodegradable Zn-1X binary alloys with nutrient alloying elements Mg, Ca
and Sr, Sci. Rep. 5 (2015), Copyright (2015). Used under the Creative Commons Attribution
4.0 International License.

6.5.4 Animal testing of Zn-based bioabsorbable metals within
blood vessel

Bowen et al. [17] implanted pure Zn wire into the abdominal aorta of adult male
Sprague-Dawley rats for 1.5, 3, 4.5, or 6 months. The results showed that Zn could
maintain its mechanical stability for a 4-month period and thereafter an accelerated
degradation was observed, thus ensuring timely degradation of the implant. As can be
seen in Fig. 6.22, the Zn wires showed relatively shallow and uniform corrosion in the
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Fig. 6.20 Cell viability of fibroblast cells (L-929) cultured in regular media (control) and
extraction media of extruded Zn-1Mg [100].

Reprinted from H. Gong, K. Wang, R. Strich, J.G. Zhou, In vitro biodegradation behavior,
mechanical properties, and cytotoxicity of biodegradable Zn-Mg alloy, J. Biomed. Mater. Res.
B: Appl. Biomater. 103 (8) (2015) 1632-1640, Copyright (2015), with permission from John
Wiley and Sons.
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Fig. 6.21 Optical images of fibroblast (L-929) cells after 72h of culture in regular media

(A, control) and extraction media of extruded Zn-1Mg (B) [100].

Reprinted from H. Gong, K. Wang, R. Strich, J.G. Zhou, In vitro biodegradation behavior,
mechanical properties, and cytotoxicity of biodegradable Zn-Mg alloy, J. Biomed. Mater. Res.
B: Appl. Biomater. 103 (8) (2015) 1632—-1640, Copyright (2015), with permission from John
Wiley and Sons.

first 3 months. The ragged edges of remaining metallic cores in 1.5 and 3 months were
hypothesized to be caused by the removal of material due to semi-localized dissolu-
tion. After 4.5 and 6 months in vivo, more severe, localized corrosion was observed,
but the cases of local corrosion were more numerous in 6 months. After 4.5 months,
the corrosion products were mainly composed of zinc oxide and zinc carbonate. This
study revealed that the degradation of Zn combined the advantages of Mg and Fe,
namely the harmless degradation and in vivo longevity.
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Fig. 6.22 Representative backscattered electron images from zinc explant cross sections after
1.5, 3, 4.5, and 6 months' time in vivo [17].

Reprinted from P.K. Bowen, J. Drelich, J. Goldman, Zinc exhibits ideal physiological
corrosion behavior for bioabsorbable stents, Adv. Mater. 25 (18) (2013) 2577-2582, Copyright
(2013), with permission from John Wiley and Sons.

Pure Zn wires were punctured and advanced into the lumen of a rat abdominal aorta
for up to 6.5 months to further assess the biocompatibility of Zn by Bowen et al. [101].
The Zn wire remains in contact with flowing blood with some area of the wires in
direct contact with the arterial wall. No significant chronic inflammatory response, lo-
calized necrosis, or progressive intimal hyperplasia were observed. A limited smooth
muscle cell (SMC) proliferation and the persistence of a stable endothelial cell (EC)
layer were demonstrated (Fig. 6.23). Low cell density and near total lack of SMCs
near the implant implied that Zn or its degradation products may have a suppressive
effect on SMCs and inflammatory cells. Tissue regeneration was observed within the
footprint of the biocorrosion area of implant.

Guillory et al. [102] investigated the chronic inflammatory response to Zn at
high purity (4N) [99.99%], special high grade (SHG) [~99.7%] as well as all al-
loyed with 1 wt% (Zn-1Al), 3% (Zn-3Al), and 5.5% (Zn-5Al) aluminum. Two wires
of the same material composition were implanted into the abdominal aorta wall of
an adult Sprague-Dawley. It was found that the inflammatory response between five
Zn-dominant materials is dramatically different. Such difference in biocompatibility
was attributed to their different compositions which caused various implant corrosion
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Fig. 6.23 Cross sections were stained for endothelial cells (red, CD31, left panels), smooth
muscle cells (red, a-actin, right panels), and cell nuclei (DAPI counterstained blue, both
panels) at 2.5 and 6.5 months. The green arrow in each panel identifies a characteristic region
of positive staining within the neointimal tissue. Note that the corrosion layer impregnating
the center of the neointimal tissue is excited and fluorescence red in these images [101].
Reprinted from P.K. Bowen, R.J. Guillory II, E.R. Shearier, J.-M. Seitz, J. Drelich, M. Bocks,
et al., Metallic zinc exhibits optimal biocompatibility for bioabsorbable endovascular stents,
Mater. Sci. Eng. C 56 (2015) 467—472, Copyright (2015), with permission from Elsevier.
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activities and Zn ion fluxes. Influence factors such as corrosion behavior, corrosion
products, and dynamic tissue—material interface are involved in the regulation of in-
flammatory progression and remodeling of the surrounding and penetrating tissue. In
addition, the ability of macrophages to penetrate and remain viable within the corro-
sion layer played a significant role in eliciting biocompatible inflammatory response
near the corrodible metal.

6.6 Challenges and opportunities for bioabsorbable
metallic stents

Over the last decades, intensive researches have been conducted in the area of bio-
absorbable metallic stent. In contrast to the traditional permanent stents, the superior
conformability and flexibility of bioabsorbable stents remit altered distribution of tis-
sue biomechanics and maintained vessel geometry. Meanwhile, the emancipation of
the stented vessel from a metallic cage is beneficial to the restoration of physiological
vasomotion, mechanotransduction, adaptive shear stress, late luminal enlargement,
and late expansive remodeling. The unique degradation behavior also reduces the
risk of vascular inflammation, thrombosis, neoatherosclerosis as well as inhibition
of surgical revascularization. Among the currently developed biodegradable stents,
bioabsorbable metallic stent possesses superior mechanical and surface properties
compared with their polymeric counterparts. In addition, the degradation product of
BMs exhibited weak base in contrast to the acid products of polymer, which would
cause inflammatory response. Therefore, bioabsorbable metallic stent is a promising
candidate in the cardiovascular applications.

Moving ahead, high-performance bioabsorbable metallic stents are still on the way
to exploring. As mentioned above, all the implants require sufficient mechanical prop-
erties and appropriate corrosion rates to match the evolution of tissue healing apart
from excellent biocompatibility. In terms of Mg-based stents, rapid corrosion rates
make them fail to provide sufficient radical support before completing the mission of
assisting vessel healing. In addition, the following accumulation of degradation prod-
ucts such as hydrogen and hydroxide ions may cause damage to the host. In contrary,
superior corrosion resistance of Fe-based stents leads to a long-term retention in the
artery vessel. Despite numerous measures that have been taken to accelerate the corro-
sion rate, there is still much endeavor required for clinical application. Zn-based stents
have appeared as a new alternative on account of its intermediate corrosion resistance
and excellent biocompatibility between Mg and Fe. Nonetheless, long-term in vivo
study is absent to evaluate the loss of function and elimination. Besides, the metabo-
lism of degradation products also should be further clear-up.

Meanwhile, a unified testing standard should be put forward. The majority of the
testing methods utilized in bioabsorbable metallic stents are proposed for the perma-
nent stents previously, and obviously there are plenty of differences between them.
Therefore, specific standards are required in the design and evaluation of bioabsorb-
able metallic stents for clinical applications, which also make it simple to compare



Bioabsorbable metallic stents 129

the results from different research groups. Another challenge is the mismatch between
the in vitro and in vivo results. The key to breakthrough is to ascertain the influencing
variables in vivo and present them in vitro.
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7.1 Introduction

Surface modification gives great possibility for improving properties of materials
to be used in biological environment. Materials used for stent fabrication have ideal
mechanical bulk properties allowing the stents to be used in vivo; however, the sur-
face properties lack the control over the interaction between the stent surface and
blood. Lacking biocompatibility of stents surface can cause adverse biological effects.
Desired properties of stent surface should aim at reducing thrombogenicity, preventing
denaturation of adsorbed proteins, and ideally accelerating re-endothelialization [1].

Surface modification of stents for improved biocompatibility can be done by numbers
of means. Some of them are designed to introduce a layer of material on the stent surface
in order to prohibit or reduce undesirable protein adhesion. Examples of these materials
include organic and inorganic materials such as poly (methyl methacrylate) [2], hepa-
rin, collagen [3], titanium oxides [4], or nanostructured carbon [5]. Another approach
involves direct attachment of endothelial progenitor cells (EPCs) to the stent surface.
Presence of these cells on the surface gives a great potential to increase biocompatibility
of the stents. Since EPCs do not bond on 316L stainless steel stents directly, different
approaches are developed for this purpose. These methods utilize precoating techniques
with polymers or proteins to support the adhesion of cells to the stent surface [6,7].

Recently, a very promising approach has been proposed in stent technology,
which involves substances that accelerate endothelialization [8]. In this technique,
antibodies directed toward proteins located on the cell surface of EPCs are immo-
bilized on the stent surface. Thanks to this approach, EPCs migrate from the blood
stream to the stent surface. Recent studies show benefits of capturing EPCs by
functionalizing stents with immobilized anti-CD34 antibodies [9,10]. The suitable
sites for covalent binding of proteins to the stent surface are provided by functional
groups such as hydroxyl, amino, thiol, carboxyl, aldehyde, or isocyanate. Further
modification of functional groups before immobilization leads to even more effec-
tive reactions [11].

For metallic samples, plasma polymerization technique has been applied for effec-
tive covalent protein attachment [12,13]. Surfaces modified with plasma and coated
with proteins have presented improved blood biocompatibility, considerably reduced
blood clogging, and enhanced endothelialization [1].

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00007-X
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This chapter provides an overview on different strategies for chemico-physical
stent functionalization aiming at reducing the occurrence of thrombosis, restenosis,
and accelerating rapid endothelialization after the stent implantation. The function-
alization techniques discussed in more details in this chapter concern stents made of
stainless steel. Table 7.1 provides an overview of recent functionalization methods of
stents made of different materials than stainless steel.

7.2 Stent surface functionalization

7.2.1 Polymer functionalized surface

The use of polymers in stent technology can be explained by their good compati-
bility related to wettability, electrostatic surface charge, and surface conductivity of
these materials. Their main role is to form a neutral barrier between blood and stent
surface. Various polymers have been examined, among them polyurethane [20], poly-
ethylene terephthalate [21], polysiloxane [22]. Although in case of these polymers a
decrease of blood coagulation on the polymers-coated stent surface was stated, the
reduction of cell proliferation was not observed comparing to the stent without a
polymer coating.

Natural polymers first introduced by Holmes and Baker [23,24] have been applied
until now in stent technology [25,26]. Recently, Harvey et al. [27] investigated fi-
bronectin as a stent-coating material for improving endothelial cell (EC) attachment.
The 316L stainless steel was first electrochemically coated with COOH-terminated
surface layer and then extracellular matrix (ECM) protein fibronectin was immobi-
lized on the stent surface. The results suggested that fibrinogen-modified stent surface
was more biocompatible in regard to attachment of ECs when compared to the unmod-
ified stent surface.

Heparin is a widely used material in stent-coating technology [28—30] mainly due
to the presence of ionic group in the structure. Meng et al. [31] employed layer-by-
layer process to coat a stent surface by chitosan/heparin (CS/HEP LBL). The in vitro
hemocompatibility test results of functionalized and bare 316L stainless demonstrated
safety and efficiency in attachment of ECs, as well as good biocompatibility.

Various polymers [17,32,33] have been applied for drug-eluting stents (DES). The
antiproliferative drugs can be trapped or bonded into polymer-coated stents and de-
livered to arterial wall. The role of DES is to reduce the risk of stent restenosis by the
drug elution. Functionalization of DES stents aims at improving their long-term ac-
tivity. As promising alternative for polymers in DES technology, the inorganic porous
materials have been proposed [34].

7.2.2 Metal oxides functionalized surface

Once the stent is brought to contact with blood, protein adsorption takes place.
Fibrinogen that is one of adsorbed proteins desaturates, leading to activation of plate-
lets. This is followed by cascade reaction and eventual coagulation of blood and



Table 7.1 Overview of various approaches for stent functionalization

Surface functionalization

Surface functionalization

Stent (first layer) (second layer) Results Reference
NiTi 3-Amininopropylthretoxysilane Heparin Good biocompatibility [14]
(APTES)
Co/Cr Poly-L-lactic acid (PLLA) CD34-Ab Improved functionality [15]
Co/Cr APTES Oligonucleotide Good biocompatibility [16]
Increase of EPCs adhesion
Co/Cr Polydopamine (PDA) Cyclodextrins-based polymers Good biocompatibility [17]
Pt/Cr Polyhedral oligomeric silsesquioxane None Good biocompatibility [18]
poly(carbonate-urea) urethane
(POSS-PCU) nanocomposite
polymer with covalently attached
anti-CD34 antibodies
Ti Heparin/fibronectin VEGF Good biocompatibility, [19]
promotion of
endothelialization
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formation of thrombosis [35]. Huang et al. [36] examined biocompatibility of amor-
phous titanium oxide films for increasing biocompatibility of stents. The stent surface
was coated with titanium oxide using ion beam-enhanced deposition technique. The
semiconducting nature of the titanium oxide films was demonstrated to play an im-
portant role in the reduction of platelets adhesion. Thanks to this property, deposition
of fibrinogen could be inhibited, leading to improved compatibility of stents. Their
further work [37] indicated surface energy as another meaningful factor in the inter-
action between blood and stent surface. The results demonstrated that lower interface
tension between titanium oxide films and proteins, as well as semiconducting nature
of the films, contributed greatly to an increased biocompatibility

7.2.3 Metal functionalized surface

Gold was investigated by a number of researches [38,39] as a potential biocom-
patible coating material. Work of Hehrlein [40] and Schwartz [41] suggested ef-
fectivity and safety of the gold-modified surfaces. However, research of Kastrati
[42] demonstrated an increased risk of restenosis after stent implantation. These
contradictory results could be explained by the different techniques used for gold
coating [43,44].

7.2.4 Endothelial cells functionalized surface

Despite great progress in stent functionalization with organic and inorganic mole-
cules, the ideal surface with blood contact is a native endothelium [45]. The ECs are
responsible for keeping the blood vessels resistant to thrombosis by controlling the
migration and proliferation of smooth muscles [46], while the negative charge on the
cells surface helps to reduce platelet adhesion.

ECM functionalized stent surface increased the adhesion and proliferation of ECs
on the surface [47,48]. However, the long time needed for cell culture and financial
aspect are limiting factors in using this method as common practise.

Since it has been showed [48] that accelerated re-endothelialization after stent im-
plantation can increase its biocompatibility and lowers the risk of restenosis, a very
interesting alternative for coating a stent surface with ECs has been examined. In this
case, the emphasis has been placed on the stent surface functionalization with mol-
ecules that possess capability to capture EPCs in vivo, which then differentiate into
mature ECs [49].

An anti-CD34 antibody functionalized multilayer heparin/collagen was developed
via layer-by-layer approach by Lin et al. [50]. The results indicated good hemocom-
patibility and enhancement of the cell attachment and growth in both, heparin/colla-
gen multilayers with and without anti-CD34 on the surfaces. However, only heparin/
collagen surface functionalized with anti-CD34 demonstrated selectivity in promo-
tion of ECs cells. The surface modified that way with attached ECs showed better
viability and indicated the specific function characteristic for natural vascular ECs.
It has been demonstrated that the presence of anti-CD34 greatly contributes to rapid
endothelialization.
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Chen et al. [51] investigated covalent immobilization of anti-CD34 antibodies onto
material surface and its orientation on EPC capturing ability. The significance of an-
tibody orientation has been highlighted in their work. The antibodies immobilized
in an oriented way showed higher immunologic binding activity and progenitor cell
capturing capability when compared to randomly immobilized ones.

Aoki et al. [52] evaluated murine monoclonal antihuman CD34 antibodies-coated
stainless steel stents to reduce stent thrombosis and restenosis. This first human clini-
cal trial showed effectivity in capturing EC and safety of stents.

7.2.5 Antibody fragments functionalized surface

Single chain antibody fragments (scFvs) are fusion protein obtained by bonding anti-
body heavy and light chain variable domains with polypeptide linker. Employing scFvs
rather than whole immunoglobulin molecules leads to considerably increased detection
sensitivities. Their small size contributes to enhancing coating densities [53,54].

In our previous work [55], we presented a technique for stent surface function-
alization using antibody fragments. The titania-coated stainless steel stent surface
was functionalized with amine groups, then glycosylated antibody fragments specific
toward vascular endothelial growth factor were immobilized. The cell viability test
proved no toxicity of modified surfaces to EPCs.

7.3 Thiol groups functionalized surface

In present study, we describe stent surface functionalization method with thiol groups
and the evaluation of biocompatibility of the functionalized surfaces.

7.3.1 Mercaptosilanization procedure

The 316L stainless steel disks (10mm in diameter) provided by Balton Sp. z o.o.
were firstly covered with titania-based coatings (called T15) by sol-gel method [56] in
order to introduce the surface hydroxyl moieties that serve as the binders for the thiol
substrate. Sols were prepared with the use of titanium ethoxide, ethanol, triton X-100,
and hydrochloric acid for acidic hydrolysis at pH=2. Disks coated with T15 were sub-
sequently dipped in (3-mercaptopropyl) ethoxysilane (MPTS) solution, also prepared
with ethanol and triton X-100 and then incubated in the heater for 1 h at 60°C. After
the incubation, the substrates were washed with ethanol and dried in air.

7.3.2 Spectroscopic characterization of mercaptosilanized
surface

Samples prepared with mercaptosilanization procedure had been characterized thor-
oughly by Fourier transform infrared spectroscopy in attenuated total reflection mode
(FTIR-ATR) (Fig. 7.1) and Raman spectroscopy (Fig. 7.2).
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Fig. 7.1 FTIR-ATR spectra of samples coated with T15: (A) before mercaptosilanization and
(B) after mercaptosilanization. The mercaptosilanization process smoothened and shifted the
spectra slightly. The broad absorption band present at 3209 cm™ in spectrum A represents the
stretching vibration of surface hydroxyl groups; on the other hand, such band is almost not
visible or significantly decreased on spectrum B, indicating that most of the active hydroxyl
moieties partook in the formation of silane bond with MPTS.
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Fig. 7.2 Raman spectroscopy spectra of T15 coating reacted to MPTS compound. With the
exception of C—O—C bond (peak at 881cm™"), all of the other groups detected by FTIR-ATR
were also observable in Raman spectra, but in addition some sulfur compounds became
visible.
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Fig. 7.2 represents the FTIR-ATR spectra obtained from samples coated with
T15 before and after the mercaptosilanization process. In spectrum A, the absorption
bands at 2900 and 1350-1480cm™' come from symmetric and asymmetric vibrational
stretches of CH, groups. Bands visible at 1200-1310 and 1610cm™" confirm the pres-
ence of C—O bonds, whereas the absorption at 1100 cm™! is the evidence of Ti-O-C
bridging vibrations.

Spectrum B, on the other hand, is slightly shifted comparing to spectrum A; more-
over, the ratio of each band is different. It can be noticed by looking at the absorption
bands at 690 and 882 cm™" that are attributed to the vibrations of Ti~O—Ti and Ti—-O,
respectively. The peak visible at 1035cm™" also proves that the silane compound is
present, because it comes from the vibrations of Si—O—Si bonds. But the most striking
difference is the significant decrease of the broad absorption band at 3209cm™; it is
most likely due to fact that hydroxyl moieties reacted with MPTS and free thiol groups
on the surface were formed.

Unfortunately, most of the expected sulfur moieties (S—H, S—S and C-S) appear as
very weak in FTIR-ATR spectra and usually cannot be observed due to overwhelming
signal of other highly absorbing compounds. Therefore, Raman spectroscopy was em-
ployed and the obtained spectrum of T15 coating with MPTS is presented in Fig. 7.2.

Raman spectroscopy revealed that MPTS reacts with T15 by forming various sulfur
moieties that are visible in the spectrum as peaks at 438, 649, and 2572 cm—", which
confirm the presence of S—S, C—S, and S—H bonds, respectively.

FTIR-ATR and Raman spectroscopy combined indicate that the process of mercap-
tosilanization of 316L stainless steel is successful and the examined surface is covered
with free thiol groups.

7.3.3 In vitro studies

In order to determine the toxicity of the functionalized surfaces, an in vitro study
of cell viability was carried out with the use of human EPC line 55.1 EPCs. EPCs
were cultured in direct contact with four different surfaces: T15, aminosilanized T15
(-NH,) (as reported in our earlier work in Ref. [42]), mercaptosilanized T15 (—SH),
and mercaptosilanized T15 after treatment with reducing agent—dithiothreitol (DTT),
which breaks the spontaneously formed disulfide bonds into free thiols on functional-
ized surface (Fig. 7.3). Cells were marked and counted after 24 and 48 h.

Obtained results show that EPCs growth varies depending on the kind of tested sur-
face. After 24 h of cell cultivating, the most EPCs friendly coatings are the both options
of mercaptosilanized T15; on the other hand, the least favorable surface seems to be
the aminosilanized T15. This difference might be explained by the closer examination
of surface charge of each coating, which is positive for -NH, and negative for —SH.
The general tendency in cell growth after 48 h is maintained with slight changes of bar
ratios. In each case, mercaptosilanized T15 exhibits over 20% higher cell growth than
the T15 coating itself, and over 40% higher cell growth when compared to aminosi-
lanized surface. These results suggest that the mercaptosilanized surfaces are the most
EPCs friendly and the least toxic of all examined coatings.



144

Functionalized Cardiovascular Stents

EPCs (55.1)
300 -
] T15
[ -NH,
& 200 - =3 -SH
£ Il -SHDTT
5
(o))
= 100 4
o
0 -
24 48
Time (h)

Fig. 7.3 In vitro cell viability study on four different surfaces: T15, aminosilanized T15
(-NH,), mercaptosilanized T15 (—SH), and mercaptosilanized T15 after the treatment with
DTT (-=SH DTT). Each bar represents the mean of six cell counts.

7.4 Conclusion

Despite a number of studies on stent surface functionalization for its improved bio-
compatibility, the ultimate design remains a challenge. There is a great potential in fu-
ture research for developing a stent material with increased detection sensitivities for
EC cells, and hence, acceleration of the healing process after stent implantation. The
development of functionalized stents allows to minimize stent thrombosis and rest-
enosis. The approach of stent surface functionalization for immobilization of scFvs
was demonstrated. Further understanding and actualization of this method will bring
thorough perspective in the field of stent technology.
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8.1 Introduction

Cardiovascular diseases death tolls are on the rise; an estimated 17.3 million people
died from cardiovascular diseases in 2008, accounting for 48% of all global deaths
[1]. The number of people who died from cardiovascular diseases, mainly from heart
disease and stroke, is estimated to reach 23.3 million by 2030 [2].

Stents are made of various metals such as SS316L, L605 cobalt chromium alloy,
and platinum chromium alloy, and can be used with or without drug combinations
[3-7]. SS316L alloy stents were the first coronary artery stents and contained iron
(60%—65%), nickel (12%—14%), and chromium (17%-18%). The manufacturing
process of stents includes various mechanical and chemical processes such as laser
cutting, descaling, annealing, descaling, electrochemical polishing, acid passivation,
and coating. While such processes are occurring, heat stress or chemical stress is
generated on the surface. This stress can lead to improper electropolishing, followed
by an impact on stent surface. While the electropolishing process provides a good
resistance layer to work against corrosion, a confirmative process called passivation
is performed [8].

The outer surface of a stent can promote vessel wall responses such as nickel
allergy, platelet aggregation, inflammation, and formation of hyperplastic neointima
after completion of drug release. In addition, sometimes the polymeric coating on
stent can be ablated or delaminated during sterilization steps or in blood vessels with
high flow pressures.

Electropolishing is a useful tool not only for smooth surfaces; it also creates an
inert layer on a stent surface. Following electropolishing, a passivation process oc-
curs, which creates an active surface to passive (inert) surface. In all bare metal stents
(BMS), passivation is an important process which provides thromboresistivity, an un-
responsive and electrochemically balanced surface which protects an implant from
corrosion in blood.

A very common method which can be performed in laboratories is chemical pas-
sivation. In this process, stents are dipped in nonreactive oxidative acid (such as nitric
acid or citric acid) at a specific temperature; inert thin-film metal oxides are then
generated as passivation surface on the metal stent surface. The stents are then washed
with a mild basic material to neutralize the acid traces.
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8.2 Chemical vapor deposition

One more technique is the coating technique, in which organic or inorganic coating
is performed using various coating compounds. Organic coating includes nondegrad-
able, erodible, and bio-degradable polymers. Nondegradable and erodible polymers
are permanent in nature and result in late and very late stent thrombosis. The running
example of current organic coating is the BioMatrix stent, which has a parylene coat-
ing and has proved to be safe and effective with the drug biolimus.

Inorganic coating includes silicon carbide (SiC), and gold and titanium carbide/
nitrides have been tested. SiC is a semiconductor material and believed to be less ther-
mogenic; it has resulted in inhibition of IgG, fibrinogen, and fibronectin adsorption
[9]. The semiconductor properties of SiC allow it to adhere to any crystalline surfaces
and give better chemical resistance. Stents coated with SiC can produce a smooth and
thromboresistant surface, and have not shown acute or subacute stent thrombosis in a
large-scale randomized clinical trial [10].

Chemical vapor deposition (CVD) has become the preferred technique of pas-
sivation. An example of applying SiC on a stent surface by CVD is as follows.
Growth of SiC thin films via homoepitaxy involves the use of an Si (e.g., silane
(SiHy), trichlorosilane (TCS), and dichlorosilane) and a C (e.g., propane (C;Hg),
methane (CHy), and acetylene (C,H;)) containing a precursor transported to the
growth surface via carrier gas, which is typically hydrogen or an inert gas such as
helium [11]. A hot-wall CVD reactor was adopted [12] and this advancement in-
troduced removal of the hydrogen etching step and the inclusion of a small amount
of silane between the carbonization and growth steps resulted in very high-quality
films.

Various approaches for stent passivation by CVD include silicon carbide (SiC)
coating and TiO, coating. Stent passivation with SiC is a potential alternative in which
stents are passivated by amorphous silicon carbide (aSiC), reducing the thromboge-
necity and possibly improving the biocompatibility of the stent surfaces in preclinical
studies. Clinical trials have also shown low rates of stent thrombosis, major adverse
cardiac events (MACE), and target lesion revascularization (TLR) in patients with
stenotic lesions, with these rates also being low in high-risk patients.

It is now well studied through randomized controlled trials that drug-eluting stents
(DES) have shown stent thrombosis (ST) as late ST (later than 1 year) and very late
ST. This may be because of nondegradable polymers, which do not allow healing
of the vessel in time. Therefore, with such incomplete coverage of the stent struts,
a prolonged time required for the formation of a functional vessel endothelial layer
[13—15], erosion of the stent polymer coating occurs over time as it releases the drug.
This erosion creates irregular surfaces that attract platelets and inflammatory cells.

Various efforts have been made including new coating methods, use of bio-
degradable polymers, and abluminal coatings. Another development was focused
on passivation of stent surfaces by thin inert metallic oxide. Passivation of stents
can improve the biocompatibility of the material; this reduces thrombogenecity and
finally leads to a decreased restenosis rate and prevents unwanted delay in endothe-
lialization [16—18].



Chemical vapor deposition of cardiac stents 151

Surface passivation aims to achieve a reduction in the interaction of blood con-
stituents with the stent surface by using semiconducting materials to inhibit electron
transfer between the blood constituents and metallic surfaces [19-21].

8.3 CVD passivation process evaluation

8.3.1 Passivation by SiC—in-vitro evaluation

Hydrogen-enriched amorphous SiC (aSiC) stents were coated using the CVD process.
The biocompatibility and thrombogenecity of aSiC stents have been evaluated, and
indicated reduced thrombogenecity and high biocompatibility of aSiC stents. In addi-
tion, there was a significantly lower rate of platelet adhesion and activation on aSiC
stents on stainless steel stents compared to on uncoated 316L stainless steel or L605
cobalt-chromium (CoCr) stent surfaces [22].

8.3.2 Passivation by SiC—clinical evaluation

In a preliminary clinical study, aSiC stents used in 44 patients with abrupt vessel
closure showed a lower rate (9%) of combined in-hospital complications (including
death, emergency revascularization, stent-related MI, and ST) and major bleeding af-
ter PCI [23]. The study also showed a restenosis advantage over stainless steel BMS,
as the observed restenosis rate of 21% at 6-month follow-up is lower than the resteno-
sis rates observed in studies using cobalt-chromium stents.

Carrie et al. also showed 241 patients at a moderate risk of stent thrombosis who
underwent PCI using aSiC stainless steel stents [24]. The patients had either unstable
angina and/or recent MI, with most lesions having complex characteristics. The re-
sults showed high rates of successful stent deployment (97.4%) and clinical success
(95.4%), defined as successful deployment without procedural or clinical event. The
restenosis and adverse event rates were quite low at 1-year follow-up, as indicated by a
major adverse cardiac event (MACE) rate of 15.8% and target lesion revascularization
(TLR) rate of 7.1%.

A recent single-arm stent registry investigated the use of aSiC passivation layer
coated on cobalt-chromium stents for PCI for the treatment of 161 lesions in 145 con-
secutive patients with extended coronary artery disease [25]. The procedural success
rate was quite high (97.2%), late lumen loss (0.75+0.71 mm [in-stent]) was similar
to that noticed after deployment of DES. The study showed low rate of TLR (4.9%)
and MACE (5.6%) with no acute, subacute, or late stent thrombosis [26]. Clinical data
shows that the significance of passivation of stents by aSiC layer on various stents is
more effective than nonpassivated stents.

Similarly, Song et al. [27] investigated a thin TiO, thin film deposition onto a bare
metal stent by the plasma-enhanced chemical vapor deposition (PCVD) process and
its potential as a drug-combining matrix. During the development of DES, the selec-
tion of a material for the drug-combining matrix, i.e., drug polymer matrix, type of
polymer, and its coating process, is key. Mechanical stability, adhesion properties,
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and biocompatibility are equally important factors in the final results. The first DES
approved by the FDA [28-31] was the sirolimus-eluting stent (Cypher) with a poly-
mer matrix (nondegradable polymer) of poly(n-butyl methacrylate) and poly(ethylene
vinyl acetate) copolymer and the paclitaxel-eluting stents (Texus) with a polymer
matrix of poly(hydroxystyrene-b-isobutylene-b-hydroxystyrene) or poly(styrene-b-
isobutylenestyrene) triblock copolymer. However, such polymeric coating showed a
lack of good adhesion properties and mechanical strength of coating, as observed by
many studies. Further properties of polymer can also depend on the outcome of DESs.
In contrast, CVD TiO; stents showed superior biocompatibility [31].

8.4 Discussion

Passivation creates an active medical implant surface which is highly sensitive to
corrosion in the human body to passive implants, which can resist for a longer time
without metal leaching. Silicon can be considered as a choice of material due to
its properties, which can shield implants from resistance. Various bare metal stents
(BMS), when passed through much heat and electrochemical treatment, can create a
smooth surface, but handling and limitations of stent preparation methods leaves open
the risk of pitting corrosion or crevice corrosion. Such BMS are now used very little,
and have largely been replaced by drug-eluting stents. Using various passivation tech-
niques, CVD with silicon and titanium has been studied for these elements’ effects on
stents; this has resulted in positive outcomes when compared to nonpassivation stent.
Other passivation techniques have also shown resistance to pitting corrosion as well as
stable corrosion potential stabilization curve by bulk and the uncontrolled passivation
process of SS316L stents and L605Co-Cr stents [8]. CVD is a controlled passivation
technique which has achieved very good results of the passivation layer. Preclinical
and clinical trials also favor the passivation process to improve thromboresistance and
on-time endothelization.

8.5 Conclusion

Various passivation films such as SiC and TiO,, by creation of a passivation layer, can
improve clinical results as passivation improves biocompatibility and adhesion prop-
erties as well as reducing metal leaching from implants. The drug-polymer matrix in
DES also needs surface modification by passivation to improve its coating adhesion
properties. The passivation process has been favored in various clinical studies.
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Abbreviations

AAc acrylic acid

AC alternate current

Ag silver

APGD atmospheric pressure glow discharge
APPJ atmospheric pressure plasma jet
APTT activated partial thromboplastic time
Ar argon

BMS bare-metal stents

BSA bovine serum albumin

CC cyanuric chloride

CF,4 tetrafluoromethane

DBD dielectric-barrier discharge

DC direct current

DEGDME diethylene glycol dimethyl ether
DES drug-eluting stents

DLC diamond-like carbon

FEP poly(tetrafluoroethylene-co-hexafluoropropylene)
FTIR Fourier transform infrared

HCEC human corneal epithelial cell

HFF human foreskin fibroblast

hFOB human osteoblast

hGF human fibroblast

HMDSO hexamethyldisiloxane

hT™M human thrombomodulin

HUVEC human umbilical vein endothelial cells
I0Ls intraocular lens

LDPE low-density polyethylene

LST late stent thrombosis

LTE local thermodynamic equilibrium
MW microwave

0, oxygen
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OPN osteopontin

PCL poly(e-caprolactone)

PDMS poly(dimethyl siloxane)

PECVD plasma-enhanced chemical vapor deposition
PEEK polyether ether ketone

PEG poly(ethylene glycol)

PEGA poly(ethylene glycol) acrylate

PEGMA poly(ethylene glycol) methacrylate

PEO polyethylene oxide

PET polyethylene terephthalate

PET/PP polyethylene terephthalate/polypropylene
PIIT plasma-immersion ion implantation
PLLA poly(L-lactic acid)

PMMA polymethyl methacrylate

PMMA IOLs polymethyl methacrylate intraocular lenses
PP polypropylene

PP-PEG plasma-polymerized poly(ethylene glycol)
PPrPE polyphenol-rich plant extract

PRP platelet-rich plasma

PT prothrombin time

PU polyurethane

RF radio frequency

RFGD radio-frequency glow discharge

SBF stimulated body fluid

SEM scanning electron microscopy

SS stainless steel

TCP tissue culture plate

T. temperature of electron

TEGDME tetraethylene glycol dimethyl ether

Th temperature of heavy particle

TiO, titanium dioxide

TMS tetramethylsilane

TT thromboplastin time

WBCT whole-blood clotting time

XPS X-ray photoelectron spectroscopy

9.1 Introduction

Cardiovascular stents are small, expandable metal mesh tubes typically placed in-
side a coronary artery to open and support narrowed or weakened arteries. This loss
of arterial function is most often caused by atherosclerosis and its subsequent resi-
due [1-3]. Atherosclerosis, or narrowing of the arteries, is often the result of plaque
depositions on the arterial walls, which are resultant of inflammatory signs produced
by local cells and succeeding inflammatory response. Plaque is often composed of
cholesterol, fat, and blood components [4]. The accumulation of cholesterol plaque
on arteries walls will eventually lead to obstruction of the blood flow, causing acute
ischemia, resulting in strokes. Cardiovascular stents offer a slightly invasive means
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to mechanically back the damaged vessel that reinstates oxygenated blood flow to
the connected tissues. Bare-metal stents (BMS) were the first kind of stents, which
consisted of different metals and/or alloys (stainless steel, cobalt chromium, tantalum,
or nitinol) [5]. This type of stents offered the required mechanical support to the dam-
aged vessel, but formation of thrombosis or restenosis onto these devices would inev-
itably lead to a second intervention shortly after stent implantation [6]. Furthermore,
during the restoration of the endothelium across the stent support, the smooth muscle
proliferation persuaded by injury would lead to neointimal growth and restenosis. The
rate of restenosis formation was found to be high for bare-metal stents, making them
substantially limited in their clinical application. In addition to the abovementioned
problem, a second problem linked with BMS is thrombogenicity, for example, the
tendency of the device to form blood clots on the surface of the material. This may
arise due to the net electric charge differences among the surface of the stent and
the blood component, in addition to the surface mismatch between the metal and the
contacting blood [7,8]. To overcome these disadvantages, a new type of stent was
developed, the drug-eluting stent (DES). A typical DES is composed of three major
components: (1) a metallic stent platform, (2) a polymer-based drug delivery coating
[9-12], and (3) a pharmacological agent, usually an immunosuppressant and/or an
antiproliferative compound [13]. DES offers the benefit and control of delivering the
pharmacological agents, intended to prevent restenosis, straight to the damaged ves-
sel, evading the systemic side effects. The polymer coating acts as a drug reservoir
and permits the elution of the drugs overtime [14—16]. In advanced DES, the nonab-
sorbable polymer coating is replaced with a nonthrombogenic absorbable one, which
supports the reendothelialization via direct drug release and results in a decreased
inflammatory response during polymer degradation. In addition, the existence of rest-
enosis decreased due to the release of antiproliferative agents. However, stent-induced
thrombosis still occurred due to different issues, resulting in fibrin deposition and
delayed healing [17,18]. In stable single-vessel disease patients, late stent thrombosis
(LST) occurs at a constant rate (0.6% per year) [19], with even higher rates recorded
(0.9%-3% per year) in clinical studies [20]. Inadequate performance of both BMS
and DES has led to further research in stent development, aiming for enhancement
of stent biocompatibility. A new type of stent, consisting of a polymer backbone, has
accomplished enhanced hemocompatibility by selecting suitable combination of poly-
mer components and processing techniques [7]. Polymer stents exhibit a prolonged
reendothelialization, thus stimulating a thrombotic environment compared with BMS.
Polymers possess various advantages such as outstanding mechanical properties, easy
processing, and low processing cost [21-23]. In general, polymers can be a suitable
alternative for metals as they play a substantial part in biomedical industry. Since they
are less dense and highly flexible compared with most other materials, it makes them
an excellent candidate for blood-contacting purposes, such as heart valves, artificial
blood vessels, and stents [24-26]. However, polymeric materials lack as an implant
material due to their substandard biocompatibility, caused by their inherent surface
properties, for instance, poor wettability and low surface energy [27,28]. This can be
avoided by suitability modifying the surface of the polymeric material, thus improving
the surface energy, wettability, adhesion by incorporating specific functional moieties,
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resulting in enhanced biocompatibility. Numerous modification techniques have been
employed to alter the surface properties of polymers, for instance, wet-chemical mod-
ification, redox reactions, UV irradiation, ozone treatments, and plasma-based tech-
nologies [29-35]. Among those techniques, nonthermal plasma surface modification
was found to be a promising surface modification tool, because it is reproducible,
inexpensive, fast, and solvent-free and can modify the surface of various materials
[36-39]. In the following paragraphs, a more in-depth description can be found on
what plasma exactly is, how it is usually classified, and how it has been successfully
applied to polymeric materials suitable for stent applications.

9.2 Classification of plasma

Plasma is a gaseous mixture of radicals, ions, electrons, and neutrals that is also
referred to as the fourth state of matter [40]. In modern literature, plasmas are clas-
sified as either thermal or nonthermal, based on their pressure, degree of ionization,
and temperature conditions. Thermal plasma, also known as hot plasma, exists in a
state of local thermodynamic equilibrium (LTE), that is, electron temperature (7;) lies
within the same range as the heavy particles or sensible temperature (7},). The core
gas temperature usually lies above 10,000 K. Thermal plasmas have a wide range of
industrial applications such as plasma spraying, destruction and treatment of waste
materials, wire arc spraying, and surface modification [41]. Nonthermal plasmas or
cold plasma possesses a lower degree of ionization and is characterized by lower
energy densities and huge differences between the temperatures of electrons and
the heavier particles. The collision of electrons of higher energies with the back-
ground gas results in low levels of dissociation, excitation, and ionization without a
significant rise in the enthalpy of the gas. As a result, the temperature of the electrons
surpasses the temperature of heavy particles (7. >> T},). Hence, the nonthermal dis-
charge can be maintained at temperatures as low as room temperature. In the field of
biomaterials, nonthermal plasma is the most abundantly studied and will therefore be
discussed in more detail below.

9.2.1 Nonthermal plasma

In general, nonthermal plasmas have gained a broad interest due to advantages such as
low cost, low operating temperature, smaller volume, and lack of solvents. Nonthermal
plasma is used extensively for surface activation or modification, since the ions, at-
oms, and molecules are comparatively cold (near room temperature) and do not cause
any thermal damage to the surfaces of heat-sensitive materials, such as polymers and
biological tissues [42]. This gives it the potential to efficiently amend the surface prop-
erties without distressing the bulk properties of the material [43—-45]. Various mech-
anisms occur in parallel when a polymer surface is exposed to plasma environment:
surface etching, cross-linking, and chemical modifications. Nonthermal plasma can
also be used as an initiation medium for the deposition of polymer-like thin films
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on most substrates, a process that is known as plasma polymerization. Plasma-based
coatings or thin films are found to be homogeneous and pinhole-free with exceptional
adhesion to various substrates [46,47], while offering the desired physical, morpho-
logical, and chemical properties to the polymers. In the field of surface engineering,
nonthermal plasma technology is a well-established technique known to enhance the
functionality and tribological properties of artificial implant devices. Within the field
of biomedical engineering, plasma processing has been successfully employed for the
fabrication of antimicrobial coatings [48—52], functionalization of drug for targeted
delivery and controlled release [53-55], and development of functional polymeric
substrates for tissue engineering [56,57]. Based on the applied pressure in the plasma
system, literature makes a further distinction, namely, (i) low-pressure plasma and (ii)
cold atmospheric pressure plasma.

9.2.2 Low pressure plasmas

In most practical circumstances, glow discharge plasma is produced by an electric
discharge under low pressures. There are a number of different discharge techniques
including the following:

(a) Direct-current (DC) discharge
(b) Radio-frequency (RF) discharge
(¢) Microwave discharge

9.2.2.1 DC glow discharge

DC glow discharges were one of the first methods for producing low-temperature plas-
mas. The discharge is produced between two bare electrodes. The working pressure
of conventional DC glow discharge reactor is typically between 10~ and 10Pa. One
reason for the attractiveness of DC glow discharges is the relatively low voltage and
current needed to maintain the discharge. One can generate different discharges by
suitably amplifying the current. As the pressure is lower than 10 mbar, the reduced field
can reach quite high values. Since the generated electrons possess a high energy, they
easily excite the neutral atoms and molecules, leading to the typical glow discharge.
Subsequent to the formation of glow discharge, the current starts passing through
the ionized gas, leading to a drop in voltage across the plasma regime. Conversely,
low-pressure plasma is an appropriate method for governing the chemistry of the ma-
terial surfaces, and it is a single step to develop functional coatings with homogeneous
surface chemistry, pinhole-free morphology, and good adherence with substrates.

It is still a relevant technique today, as it gives good control over various plasma
operating parameters. In some reactors, water cooling is applied to the electrodes to
evade thermal damage of polymers when subjected to longer plasma processing time.
However, DC glow discharge plasmas have certain limitations for using them in in-
dustrial applications: the need for expensive vacuum systems, the low deposition rates,
and the lack of continuous processing. The schematic diagram of DC glow discharge
plasma reactor designed by Pandiyaraj et al. [58] is shown in the Fig. 9.1.
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Fig. 9.1 Schematic diagram of DC glow discharge plasma reactor.
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9.2.2.2 Radio frequency discharge

Plasma can be generated in RF discharge by either capacitively or inductively cou-
pling energy from an AC power supply at radio frequency range (1kHz to 10° MHz,
most common value is 13.56 MHz). At distinctive RFs, the electrons and ions have
unlike behavior because of their masses. Electron densities obtained in capacitively
coupled discharge (CCD) range between 10° and 10'°cm™, while for inductively cou-
pled discharge (ICD), the densities are situated around 10'?cm™. RF discharges are
usually operated at a low pressure of few Pa.

To date, it is the most successfully commercially available applied discharge
system and is extensively used for surface modification of biomaterials. These sys-
tems give excellent govern over surface chemistry and have the capability to gen-
erate high-energy species during the deposition process. RF discharge plasmas can
be used in etching and deposition of biofunctional coatings, fabrication of optical
fibers, surface modification of diamond films [59], and also for material processing
in various fields that include microelectronics and aerospace [60,61]. The sche-
matic diagram of capacitively and inductively coupled plasma reactor is displayed
in Fig. 9.2. RF discharge possesses various advantages over DC discharges. In RF
discharge, the electrodes can be placed outside the main discharge chamber, and
thus, the contact of the electrodes with plasma can be prevented. This is impossible
for DC discharges as they cannot operate in open electronic circuit. For RF dis-
charges, this is not a problem as they are more flexible and scalable than DC dis-
charges and can operate in open electronic circuits. RF discharges can be generated
in a variety of different geometries and sizes. The disadvantages of RF discharge
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Fig. 9.2 Schematic diagram of (A) capacitively coupled and (B) inductively coupled plasma.

are their low ion flux and high ion energy, as these cannot be varied individually.
If damage to the sample is to be expected, processing must be carried out slowly.
Heat generation is an often recurring problem for RF systems and can damage more
thermosensitive substrates.

9.2.2.3 Microwave discharge

Microwave-powered plasma discharges combine a high energy density with a
large area and good uniformity, and this can be used for a wide range of gas pres-
sures. In the microwave region, the wavelength of the electromagnetic field be-
comes equivalent to the dimensions of the discharge vessel, which requires other
coupling mechanisms. When the frequency increases, the dimension of the cavity
decreases; hence, the maximum frequency used for discharge applications lies nor-
mally below 3 GHz. Most of the microwave discharges are operated at frequency
range of 2.45GHz. At these frequencies, only the light electrons can follow the
oscillations of the electric field; for this reason, microwave-driven plasma is typ-
ically far from local thermodynamic equilibrium. Microwave discharges can be
operated in a wide pressure range from 1 mbar to about atmospheric pressure, and
they can operate over a large frequency and pressure range, meaning they can gen-
erate large-volume nonequilibrium plasmas of reasonable homogeneity. It is not the
most suitable setup for modifying the surface of thermosensitive materials such as
polymers, because the higher pressures lead to an increase in electrode tempera-
ture, resulting in considerable heat transfer toward the substrates, causing sample
damage. Due to the large pressure range under which these discharges can be op-
erated, electron densities ranging between 10°® and 10'° cm™ have been reported.
There exist various types of microwave plasma reactors such as the multislotted
planner antenna [62,63], microwave-induced plasma discharge [62], surface-wave
discharge [63], and microwave electrode discharge [64]. The mode of operation
can be influenced by the plasma parameters such as gas flow, applied potential;
electrode separation makes the discharge quite appealing and also suitable for
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plasma chemical investigations. Microwave-generated plasma normally possesses
a high electron kinetic temperature compared with DC or low-pressure RF plas-
mas, ranging from 5 to 15eV. Owing to their higher electron kinetic temperature
and low pressure, microwave discharges are proficient in offering a higher fraction
of ionization and dissociation than DC and RF discharges, a significant benefit in
various plasma chemical applications. It can also remain stable over a wide range
of background gas pressures, relative to DC or low-frequency RF discharges. Apart
from the abovementioned low-pressure plasma types, there is an additional type of
low-pressure plasma technique used for surface modification, plasma-immersion
ion implantation technique.

9.2.2.4 Plasma immersion ion implantation (PIIl)

Plasma-immersion ion implantation (PIII) is a surface modification technique in
which an ion beam is extracted from plasma source by applying a high voltage (DC),
accelerated to the desired energy and then targeting them into the suitable substrate.
Plasma-immersion ion implantation (PIII) has gained interest in the field of material
processing, due to its high implantation dose rate, nonflight-of-sight characteristics,
and instrument simplicity that have potential for biomedical implants with complex
shape. A typical PIII system consists of a power supply, sample stage enclosed in a
vacuum chamber and high-voltage pulse modulator. In this system, the substrate is
placed in the plasma region, and negative high-voltage pulses ranging from few kV
up to about 100kV are applied to it. When the sample undergoes negative bias, the
electrons are repelled from the substrates, and a sheath of positive ions is formed
around the sample. As a result, positive ions are accelerated due to induced bias
voltage (range 20-200kV) leading to the implantation of said ions into the surface
of sample from all directions. To attain the full ion energy at the surface of sam-
ple, the chamber pressure must be kept appropriately low (>0.5Pa) to evade the
ion neutral collisions in the sheath. In order to apply PIII technique effectively to
complex-shaped samples, it is essential to have a profound knowledge on plasma
sheath dynamics, since it plays a vital role in the energy distribution of the implanted
ions. PIII only alters the surface properties of the exposed substrate since the ions
have inadequate penetration power (~1 pm). Fig. 9.3 shows the schematic diagram of
plasma ion implantation system.

By employing various plasma sources, different elements and chemical groups
can be incorporated on to the surface of samples. Different modes such as RF and
DC (pulsed or continuous) have been used for substrate biasing. The working pres-
sure and varying biasing influence the structure of thin films and the deposition rate.
The implantation effect in PIII system varies for different materials. The variations in
physical properties in metal and ceramic biomaterials result from atomic and nuclear
collisions; these result in the development of amorphous structures at the surface. The
combination of physicochemical variations occurred due to the PIII process makes
the surface harder and highly resistant to chemical reactions without modifying the
material bulk properties.
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Fig. 9.3 Schematic diagram of plasma-immersion ion implantation system.

9.2.3 Cold atmospheric pressure plasma

In recent years, nonthermal atmospheric pressure plasmas have gained interest over
low-pressure plasmas as it possesses various advantages. For instance, it can be op-
erated without expensive vacuum pumping system; it allows for the modification of
heat- or vacuum-sensitive materials, gives high deposition rates, and can be imple-
mented onto continuous in-line processing. Atmospheric pressure plasmas are typi-
cally classified as follows:

(a) Corona discharge

(b) Dielectric-barrier discharge (DBD)

(¢) Atmospheric pressure glow discharge (APGD)
(d) Atmospheric pressure plasma jet (APPJ)

9.2.3.1 Corona discharge

Corona discharges are moderately low-power electric discharges that occur at or near
atmospheric pressure. The corona is invariably produced by strong electric fields as-
sociated with small diameter wires, needles, or sharp edges on an electrode [65]. The
free electron density in corona discharges is approximately 10® electrons/cm’. Plasmas
produced using corona discharges are inherently inhomogeneous and require a nar-
row space between the electrodes. It has widespread industrial applications including
electrophotography, printers, textile processing, and in-powder coating. Due to their
inherent nonuniformity, it has limited applications for homogeneous treatments and
coating depositions. Photograph of corona discharge is displayed in Fig. 9.4. As it
can operate in atmospheric pressure, air is generally used as a reagent gas. Air plasma
treatment can tailor the physical and chemical properties of the surface of materials
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(B)

Fig. 9.4 Photograph of (A) multipin-to-plate glow discharge and (B) pin-to-mesh corona
discharge.

resulting in enhanced hydrophilicity of the material by incorporating a variety of polar
functional groups, such as oxygen- and nitrogen-containing groups. This can act as
anchors for a wide range of biological molecules and so render, for example, a textile
more biocompatible. For instance, polypropylene textiles used as sutures and hernia
patches possess hydrophobic nature. Treatment of these textiles with air or oxygen
plasma makes the surface hydrophilic leading to various biological applications.

9.2.3.2 Dielectric barrier discharge (DBD)

Dielectric-barrier discharge (DBD), also known as silent discharge, is a particular type
of AC discharge that delivers strong thermodynamic, nonequilibrium plasma at atmo-
spheric pressure and at moderate gas temperatures [66—-69]. DBD can be but is not
limited to operation at elevated pressures. Dielectric-barrier discharge plasmas have
an approximate electron density of 10" electrons/cm’ and a power density of about
0.1W/cm®. In DBD, plasmas are generated when an alternating (1-100kHz) high volt-
age (0.5-20kV) is applied between two electrodes of which at least one is covered with
a dielectric material (glass, quartz, and ceramics). Upon discharge, excited, ionized,
metastable compounds and radicals are generated via collision of energetic electrons
and reactant particles. The presence of a dielectric barrier is one of the easiest ways to
produce nonequilibrium atmospheric pressure discharge as it prevents short circuiting
and arcing between the two electrodes [70]. Furthermore, the dielectric layer prevents
electrode corrosion and etching. DBD discharges at atmospheric pressure are charac-
terized by the formation of large number of short-lived independent current filaments
or microdischarges [71,72]. For certain conditions, a homogeneous treatment can be
achieved equivalent to the distinctive glow discharge obtained at lower pressures by
evading the streamers [73]. Compared with corona dischargers, DBD systems are ca-
pable of more homogeneous treatment of large areas. It is geometrically more versatile
than corona discharge, where the distance between the two electrodes is usually much
smaller, confining the volume. Another advantage over other plasma systems is its ca-
pacity to operate without the use of extensive vacuum systems, reducing the acquisition
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and maintenance cost. Finally, it is characterized by relatively high deposition rates
and allows for a straightforward implementation onto in-line processing [74—77].
DBDs have a wide range of applications including sterilization, surface activation,
chemical vapor deposition, biotreatment of microorganisms, and material processing
[78-83]. Research has proved DBD processes to be suitable for biomedical research
[84]. The experimental setup of a typical dielectric-barrier discharge developed by
Pandiyaraj et al. [85] is shown in Fig. 9.5.

9.2.3.3 Atmospheric pressure glow discharge (APGD)

Atmospheric pressure glow discharge (APGD) generates plasmas by applying low
voltage (~200V) between two flat metal electrodes at high frequency (MHz). They are
characterized by an electron density of 10'*electron/cm™ and a power density of more
than 10W/cm™. Both are the highest of all described atmospheric pressure plasma
systems. Helium is the only discharge gas suitable for this configuration [86], making
APGD a relatively expensive plasma technique. In some cases, a dielectric barrier is
used to cover one of the electrodes to further avoid arcing. Typically, an RF power sup-
ply is applied between the two flat electrodes separated by few millimeters. Plasmas
formed in APGD were found to be homogeneous and stable. As the electrode distance
is usually limited to a few mm, its use in the treatment of biomaterials is rather limited.

9.2.3.4 Atmospheric pressure plasma jet (APPJ)

APPIJ is a special geometric configuration of the previously described systems (RF,
DBD, and MW). APPJ is a nonthermal, glow discharge plasma functioning at atmo-
spheric pressure and has found growing use in various applications like nanoscience
and biodecontamination. The major distinctive property of these plasmas is that the
jet is not limited by electrode geometries. In contrast to corona and dielectric-barrier
discharge (DBD), APPJ not only is limited to flat and thin substrates but also can be
used to modify large three-dimensional structures, for example, inner walls of wells,
trenches, or cavities [86]. Furthermore, the jet geometry allows for a better flexibil-
ity in terms of substrate distance and electric field, as the surfaces to be treated are
not necessarily placed between the electrodes. In addition, the APPJ is considered
to be cost- and energy-effective, because it can be generated using relatively cheap
components. The surface properties of the materials are tailored due to the presence
of electrons at high temperature, whereas the low gas temperature makes it suitable
for heat-sensitive materials. The gas temperature of APPJ lies usually between 20°C
and 300°C; thus, thermal damage to treated materials can be easily avoided. APPJ
systems have been powered with a variety of sources such as DC [87], AC [88], pulse
excitation [89,90], RF [91], and microwave [92]. What further makes these plasma
systems different from the abovementioned systems is that samples are not exposed to
the plasma directly but rather to the long afterglow propagating in open air. When the
discharge is initiated by noble gases, the afterglow can propagate into the surrounding
air at distance from some mm up to 10cm [93-95]. However, even if pure noble gases
are used, the presence of small amount of oxygen and nitrogen species was found,
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since species from the ambient environment will mix and interact with the species
present in the afterglow [96-98]. A typical schematic diagram of atmospheric pressure
plasma jet (APPJ) is shown in Fig. 9.6.

9.3 Added value of nonthermal plasma for stent
applications: Polymer coatings

In general, polymer coatings are very appealing as they offer great versatility in
the chemical groups, which can be incorporated at the surface in order to control
tissue-biomaterial interactions. Polymer coatings possess mechanical properties com-
parable with soft biological tissues. Various types of polymer coatings have been stud-
ied on biomaterials used for cardiovascular stents in order to reduce platelet adhesion
and protein adsorption and prevent from bacterial adhesion and thrombosis formation.
In this section, we discuss the polymer coatings produced using nonthermal plasma
systems that have proved to enhance stent materials or show potential to do so.
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9.3.1 Poly ethylene glycol (PEG): Antifouling coating

Polyethylene glycol (PEG) is a well-known polymer for preparing protein-repellent coatings
on various substrates, due to its nontoxic, nonantigenic, and nonimmunogenic character-
istics, and can be used for various medical applications. As a result of their low-protein-
fouling properties, PEG coatings can also prevent nonspecific protein and bacterial binding
on implantable material surfaces. PEG is known to reduce the attractive forces between
surfaces and proteins as a result of high mobility in the hydrated state and related steric
repulsion. Fig. 9.7 shows the chemical structure of polyethylene glycol (PEG).

PEG is well-known to incorporate hydroxyl functional groups on the surface of
the material. The hydroxyl group functionality (OH) represents a neutral, hydrophilic
surface; the presence of OH functionality has been found responsible for a decreased
plasma protein adsorption and thus greater platelet compatibility [99,100] as shown
in Fig. 9.8. Sakthi Kumar et al. used radio-frequency (RF) plasma for polymeriza-
tion of a PEG-like coating on polyethylene terephthalate (PET) surfaces. The polym-
erized films exhibited the characteristics of PEG, and hydrophilicity was found to
be extremely high (contact angle=30degrees). Static platelet adhesion studies using
platelet-rich plasma (PRP) revealed significant decrease in adhesion of platelet on the
surface of modified films [101]. In a similar study by Fu et al., stainless-steel sub-
strates were modified by coupling agent (SCA), (3-mercaptopropyl) trimethoxysilane.
The silanized surfaces were further activated by Ar plasma for different treatment
times (5-205s) and then exposed to UV-induced graft polymerization of poly(ethylene
glycol) methacrylate (PEGMA). The substrates that contain high PEG content have
great efficiency in averting bovine serum albumin and y-globulin adsorption [102].
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HJ[ V+o/
n
Fig. 9.7 Chemical structure of polyethylene glycol.
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Fig. 9.8 Schematic of PEG coatings for platelet repulsion.



Polymer coatings for biocompatibility and reduced nonspecific adsorption 169

D'Sa et al. functionalized silicon elastomers using atmospheric pressure plasma-
induced graft immobilization of PEGMA as a function of different molecular weight
(1000 and 2000 Da). The surface was modified by plasma activation of silicon elasto-
mers in order to incorporate reactive oxygen functionalities, followed by in situ graft-
ing of PEGMA of different molecular weights. In vitro cytocompatibility was assessed
using lens epithelial cells cultured on the PEGMA-grafted silicon elastomer surfaces.
The cells on the unmodified substrates were not proliferated and exhibited shrunken
morphology, whereas in the case of pretreated surfaces, the cells were well spread. The
films grafted with high molecular weight (2000) exhibited no cell adhesion on their
surfaces. In addition, bacterial adhesion to the modified surfaces was performed using
Staphylococcus aureus NTC8325. Results showed no difference in number of bacteria
adhering to any modified surface [103]. Shiheng et al. grafted PEGMA onto chitosan
membrane surface via Ar plasma-induced graft polymerization. Improved adhesion
of a human corneal epithelial cell (HCEC) on chitosan membrane was observed due
to the enhancement in surface free energy and roughness [104]. Pinto et al. modified
the surface of poly(dimethyl siloxane) (PDMS) elastomer using Ar plasma treatment
subsequent to grafting of pluronic F-68 or PEGMA, and it is evident from the re-
sults that the modified surface exhibited a nontoxic nature and was slightly hemolytic
[105]. From all the PEGMA studies, it is obvious that the PEGMA with MW =2000
can be suitable for stent applications as it exhibits no adhesion on its surfaces. Lopez
et al. used glow discharge plasma for deposition of tetracthylene glycol dimethyl ether
(TEGDME) on a wide variety of substrates (glass, polytetrafluoroethylene, and poly-
ethylene) to produce surfaces that could resist protein adsorption and cellular attach-
ment. Adsorption of proteins (fibrinogen, albumin, and IgG) was found to be lower
than all unmodified substrates. They also found that different substrates exhibited
different amount of protein adsorption, signifying that the substrates employed may
affect the protein adsorption amount. The study of dynamic platelet adhesion, using
epifluorescent video microscopy and endothelial cell attachment unveiled the short-
term nonadhesiveness of these surfaces [106]. Brétagnol et al. developed fouling and
antifouling surfaces using diethylene glycol dimethyl ether (DEGDME) via radio-
frequency plasma polymerization as a function of applied power. The films prepared
at lower power were found to have a high retention of the monomeric functionalities
and exhibited reduced protein adhesion and cell repulsive behavior. The films depos-
ited at higher power showed significantly lower concentration of PEO groups due
to high fragmentation, as these films promote more cell adhesion and growth [107].
Wang et al. performed PEG immobilization with different molecular weights (200,
1000, 6000, and 10,000) on polyethylene terephthalate (PET) using plasma grafting.
In vitro analysis unveiled that the PEG grafting extended the activated partial throm-
boplastin time (APTT) and reduced platelet adhesion. The blood compatibility of the
modified PET films could be linked to the molecular weight of the PEG, and the same
was found to be maximum for PET grafted with molecular weight of 6000. They also
stated that the interaction of PEG chains with coagulation factors XI and XII of ser-
ine proteinase alters the configuration and structure of the coagulation factors results
in reduced activity of coagulation factors. Hence, it is sensible that grafting of PEG
chains extended the APTT [108]. Zanini et al. modified polypropylene (PP) membranes
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by plasma polymerization of acrylic acid followed by covalent attachment of PEG
chains of different chain lengths (750 and 2000) on to the modified membranes, and
their antifouling properties were evaluated by bovine serum albumin (BSA) and fi-
brinogen filtration studies. It was confirmed that after grafting of PEG, the antifouling
properties were enhanced, and a 95% reduction in protein adsorption was attained
by the films with the longer PEG chains [109]. Lin et al. improved the biocompati-
bility of hydrophobic acrylic intraocular lenses (IOL) by immobilization of PEG by
APGD treatment using Ar as the discharge gas. In vitro analysis revealed the PEG-
modified IOLs substantially not only reduced the adhesion of platelets, macrophage,
and LECs but also managed to inhibit the spreading and growing of cells [110]. Choi
et al. prepared plasma-polymerized poly(ethylene glycol) (PP-PEG) films on a wide
variety of substrates using PECVD and low-molecular-weight PEG precursor, as this
exhibited a high vapor pressure. When subjected to circulating whole blood, the PEG
films significantly reduced thrombus formation and were highly resistant to fouling
by platelet aggregation and serum protein adsorption. In addition, when implanted in
mouse subcutaneous tissue, the deposited film exhibited excellent histocompatibil-
ity (i.e., insignificant tissue adhesion, inflammation, and fibrous proliferation) [111].
Zhang et al. pretreated polymethyl methacrylate intraocular lenses (PMMA 10Ls) us-
ing Ar plasma and modified by immersing in heparin and PEG solutions followed by
plasma irradiation. Platelet adhesion tests confirmed that the antithrombogenity of the
modified PMMA samples was enhanced substantially when compared with pristine
PMMA [112]. Zanini et al. used Arg plasma-induced graft polymerization to modify
the surfaces of polypropylene (PP) by grafting polyethylene glycol acrylate (PEGA)
to prepare surfaces with low protein adsorption. The graft polymerization consists of
four steps: (1) plasma pretreatment of PP films, (2) immersion in a PEGA solution,
(3) argon plasma-induced graft polymerization, and (4) washing and drying the sam-
ples. For short plasma treatments, a reduction in adsorbed proteins of 30%—40% was
observed compared with the pristine PP. When the plasma treatment was extended,
an increased protein adsorption was observed, which was attributed to possible dam-
age of grafted polypropylene as extending the plasma exposure time; etching pre-
dominates over graft polymerization [113]. Yang et al. deposited PEO-like films on a
stainless-steel substrate via RF discharge plasma using a mixture of tetraglyme vapor
with O, as carrier gas and studied their interaction with platelets, fibrinogen, and en-
dothelial cells. A high content of C—O—C (70%) groups was achieved at higher ratios
of Oy/tetraglyme, and the film showed excellent stability in phosphate buffer solution.
In vitro hemocompatibility and endothelial cell adhesion unveiled low platelet adhesion,
platelet activation, fibrinogen adhesion, cell adhesion, and proliferation [114].

9.3.2 Heparin: Anticoagulation coatings

Heparin is a highly sulfated, linear polysaccharide having the highest charge density
when compared with other biological molecules. Because of its vital role in controlling
cell growth and differentiation, immune defense, and blood coagulation, heparin has
been used clinically as an anticoagulant drug for over 80 years. Its heterogeneous
structure is made up of a-L-iduronic acid, f-bD-glucuronic acid, and a-D-glucosamine
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repeat units, which can bind to the blood protein antithrombin via ionic interactions.
This results in a significant acceleration of the rate at which the clotting factors like
thrombin can be deactivated by heparin molecules as it acts as an accelerator for an-
tithrombin activity, since the enzyme thrombin plays a vital role in the coagulation
cascade by cleaving fibrinogen to generate fibrin monomers. Thrombin is also respon-
sible for an increase in platelet-platelet adhesion and promotes platelet activation and
degranulation. Therefore, the accelerated deactivation of thrombin by heparin mole-
cules helps preventing blood coagulation more efficiently. It was found that the amine
group present in heparin is one of the main responsible for generating the positive
charge on the surface [115]. The behavior observed by heparin was also seen for other
—NH,-containing coatings. Studies using fibrinogen and osteopontin (OPN) showed
favorable protein conformations after adsorption to the positively charge -NH, sur-
face [115,116]; the coatings containing amine (—NH,) functional groups were able to
form hydrogen bonds with fibrinogen, tethering it to the amine-functionalized surface.
Particularly, NH, surfaces stimulate the exposure of high-density bound receptors and
focal adhesion components by adsorbed fibronectin [115]. This protein adsorption
profile frequently leads to an enhancement in endothelial cell growth [116]. Chemical
structure of heparin is depicted in Fig. 9.9.

Antithrombogenic coatings can be deposited either by immobilizing heparin on
the surface through strong ionic binding or via chemical grafting. Today, heparin is
frequently used on commercially available blood-contacting devices such as hemo-
dialysis catheters. Pandiyaraj et al. developed biofunctional coatings on the surface
of polypropylene films using acrylic acid and poly(ethylene glycol) in vapor phase
followed by immobilization of chitosan, heparin, and insulin on the surface-modified
PP films. The existence of heparin and insulin on the surface of the films was vali-
dated by XPS analysis as shown in Fig. 9.10. In vitro analysis clearly showed that the
adhesion and activation of platelets decreased drastically after grafting of AAc and
PEG; moreover, there was no indication of adhesion and activation of platelets on the
surface of biomolecules immobilized PP films as shown in the Fig. 9.11. The modified
films exhibited a decrease in adhesion and activation of platelets (90%) compared with
pristine PP films, and the same was found to be maximum for heparin-immobilized
films [117].

Degoutin et al. modified nonwoven polypropylene textiles to enhance its antico-
agulation and antibacterial properties. They optimized the grafting of acrylic acid on

CH,SO3 CH,SO3 CH,SO3
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Fig. 9.9 Chemical structure of heparin.
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Fig. 9.10 Si2p spectra of the (A) untreated, (B) PEG, (C) HEP, and (D) INS-immobilized PP
films.

low-pressure cold-plasma-preactivated PP in order to obtain a homogeneous and bio-
compatible coatings, followed by immobilization of gentamicin and heparin. Results
unveiled that the gentamicin-immobilized samples exhibited decrease in 99% of ad-
hesion of Escherichia coli, whereas in the case of heparin-immobilized samples, en-
hancement in anticoagulant effect up to 35min was observed [118]. Kim et al. also
modified the surface of PET films by oxygen plasma treatment and followed by graft-
ing of acrylic acid and PEO. In a final stage, insulin and/or heparin was immobilized.
The acrylic-acid-grafted PET films exhibited a slight decrease in thrombus forma-
tion (70%) and decreased significantly by coupling with PEO (55%). However, the
heparin-immobilized PET surfaces exhibited the least thrombus formation percentage
(28%) compared with other modified films [119]. Gao et al. modified the surface of
poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP) films to enhance its hydro-
philicity and blood compatibility by allowing acrylic acid on to Ar plasma-pretreated
FEP films using UV-induced graft copolymerization. Esterification reaction was em-
ployed for covalent immobilization of heparin on the surface of acrylic-acid-grafted
FEP films. When compared with other modified samples, the heparin-immobilized
acrylic-grafted FEP films exhibited excellent antithrombogenicity [120]. Chandy
et al. modified the surface of PTFE and PET films using argon plasma followed by
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Fig. 9.11 Morphology of the platelet on the surface PP films (A) untreated, (B) Ar plasma
treated, (C) PEG, (D) HEP, (E) INS, and (F) CHI immobilized.

series of coatings/grafts such as collagen and laminin. Subsequent to immobilization
of biomolecules like PEG, heparin, or phosphatidyl choline via carbodiimide
cross-linking, which alters the surface conditions of vascular grafts. Finally, in vitro
analysis exhibited substantial reduction in platelet adhesion, and adsorption of fibrin-
ogen on the surface of immobilized films leads to enhancement in biocompatibility
[3]. Sask et al. performed immobilization of antithrombin-heparin complex on gold
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surface with the help of a spacer molecule like PEG that showed a reduced plate-
let adhesion and prolonged clotting times [121]. Yang et al. studied the improvement
in hemocompatibility of 316L stainless-steel (SS) substrates by forming a pulsed
plasma polymeric allylamine film on it that exhibited a high degree of cross-linking
and possessed a high density of amine groups that could be employed for bonding
with heparin. The modified film as a stent coating exhibited good resistance to the
mechanical deformation of the stent. In vitro hemocompatibility analysis showed
a reduced platelet adhesion and activation and fibrinogen activation, in addition to
the activated partial thromboplastin time, which was extended for about 15s com-
pared with 316L SS. The adhesion and proliferation of endothelial cells were pro-
moted on allylamine films, whereas in the case of heparin-immobilized films, the
cell adhesion and proliferation were suppressed slightly after incubation for 3 days.
The in vivo analysis specified that the thrombus formation on the heparin surface was
restrained by the formation of a homogeneous and intact layer of endothelium on its
surfaces [122]. Jin et al. used a two-step process to prepare heparinized polypropylene
films using cyanuric chloride (CC) as a trifunctional reagent with the help of spacer
poly(ethylene glycol) methacrylate (PEGMA). Initially, the films were activated using
oxygen plasma subsequent to grafting of PEGMA and heparin. They also found that
the adsorbed proteins were dependent on various factors, for instance, graft density,
molecular weight of the monomer, and type of protein. The heparinized polypropylene
films exhibited superior anticoagulation compared with PEGMA films as confirmed
by hemocompatibility assay. However, a small amount of platelets did adhere on the
heparinized films, and the clotting time was not perceived within 60 min, and the films
showed a good bioactivity verified by AT III assay, which was not the goal of the study
[123]. Hence, heparinized films exhibited better anticoagulation properties making it a
suitable candidate for stent applications.

9.3.3 Chitosan: Antimicrobial and antithrombogenic coatings

Biofilms can be formed due to the formation and adhesion of bacteria on to the ma-
terial surface. Furthermore, the reduced antibiotic susceptibility of a bacterial biofilm
is a major concern to remove or replace the infected devices. Hence, it is important
for a biomaterial to undergo a suitable preclinical process, in order to protect them
from microorganisms. The mechanism of bacterial adhesion and biofilm formation
can be evaded by coating the surface with an appropriate antibacterial agent [124,125].
Antimicrobial surface coatings can be formed using various antibiotics that have the
potential to kill bacteria attempting to colonize them. However, the major problem is
the lack of selectivity, since most of the antibacterial compounds are cytotoxic. For
nonbiomedical-related applications, this is of less significance, but in the case of im-
plants, a surface coating must prevent bacterial colonization while assimilating well
with human tissue without damaging the surrounding tissue. This need of particular
bacterial toxicity with no cytotoxicity is a major task in the development of antimicro-
bial coatings. Immobilization of functional polymers has a great potential in creating
antimicrobial surfaces. Such polymer coating technologies could be economical vi-
able and can be easily incorporated to medical implants, thus leading to an effective
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method to inhibit infections. Chitosan is a linear polysaccharide polymer, composed
of 1,4-linked D-glucosamine and N-acetyl-D-glucosamine and is only soluble in aque-
ous solutions with a pH < 6.5. Chitosan is a cationic polysaccharide obtained by al-
kaline deacetylation of chitin found in the shell of crustaceans, making it the second
most abundant natural polysaccharide in the ecosphere after cellulose. The chemical
structure of chitosan is shown in Fig. 9.12.

It possess interesting biological properties such as nontoxicity, biocompatibility,
low immunogenicity, biodegradability, and acceleration of wound healing and offers
various applications in medicine, agriculture, biomaterials, and drug-controlled re-
lease systems. Moreover, chitosan is a good candidate for antimicrobial films due to its
better film-forming property and antibacterial coating [126]. The schematic diagram
of chitosan coating avoiding bacterial adhesion is shown in Fig. 9.13.

Combination of chitosan and heparin has shown to be able to decrease platelet ad-
hesion, results in substantial thromboresistivity and lowers the hemolysis rate [127].
Thanks to its outstanding mucoadhesive nature to a wide variety of hard and soft
tissues, chitosan-based hybrid materials may serve as a temporary skeleton in bone
tissue engineering [128]. Chitosan has ability to enhance drug absorption and stabi-
lization of drug components to enhance drug targeting [129]. Ziani et al. examined
chitosan-based films and solutions against Aspergillus niger, Alternaria alternata,
and Rhizopus oryzae; the antifungal activity were tested for the samples prepared at
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Fig. 9.12 Chemical structure of chitosan.
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different molecular weights (400 and 149kDa). The films prepared using chitosan
showed an increase in antifungal activity [130]. Ding et al. modified PLLA surfaces
by immobilizing chitosan on its surface using plasma-coupling reaction. The results
revealed that the morphology of hepatocyte cells tended to become round. The prolif-
eration rate of the cells was found to be similar to that of cell culture plates [131]. Tyan
et al. modified the surface of PP nonwoven fabric by activating it using microwave
plasma subsequent to acrylic acid grafting and immobilization of chitosan molecules.
Bioactivity of the modified samples was examined using activated partial thrombo-
plastin time (APTT), thrombin time (TT), and fibrinogen concentration. Results un-
veiled the enhancement in antithrombogenic property of surface-modified samples
[132]. Meng et al. coated chitosan and heparin onto a coronary stent for the acceler-
ation of the reendothelialization and healing process after coronary stent deployment
and tested both in vitro and in vivo. The chitosan and heparin combination resulted in
an increase in both hemocompatibility and cell compatibility, which was confirmed by
the outcome of the in vitro culturing of porcine iliac artery endothelial cells. In addi-
tion, the values of the activated partial thromboplastin time (APPT), prothrombin time
(PT), and thromboplastin time (TT) were remarkably extended for the coated sam-
ples. Models of porcine coronary injury and arteriovenous shunt were employed for
further estimate of the efficiency of this kind of surface-modified stents in vivo, and
results verified that the modification process could substantially enhance reendothe-
lialization compared with unmodified stents for its enriched anticoagulation property
[133]. Pandiyaraj et al. functionalized low-density polyethylene (LDPE) films using
low-pressure DC plasma reactor via in situ grafting of acrylic acid followed by immo-
bilization of polyethylene glycol (PEG) and chitosan molecules to enhance its blood
compatibility. FTIR and XPS analysis clearly confirmed the presence of chitosan such
as O—C-0, C-0, and O—C=0, as well as C-N, on the surface of LDPE films as shown
in Figs. 9.14 and 9.15. In vitro analysis unveiled the increase in blood compatibility
by reduction in the adhesion of platelets, adsorption of proteins, and formation of
thrombus. Conclusively, the chitosan-immobilized LDPE films exhibited enhanced
biocompatibility studied in terms of WBCT (600s), antithrombogenesis, low protein
adsorption, and reduced platelet adhesion [134].

Kara et al. altered the surface of polyurethane films by activating it using oxygen
plasma followed by covalent immobilization of chitosan in order to enhance its anti-
bacterial activity. The modified polyurethane films exhibited substantial antibacterial
activity against Gram-positive (S. aureus) and Gram-negative (Pseudomonas aerugi-
nosa) bacteria. It should be highlighted that the number of bacteria colonies were less
about 102-105 CFU/mL, and decrease in number of attached viable bacteria was ob-
served due to chitosan modification of polyurethane films [135]. Chang et al. tailored
the surface of chitosan films using RF discharge plasma. The modified film exhibited a
similar spectrum of unmodified chitosan film but unveiled the presence of substantial
hydroxyl and carboxylic groups. It was observed that the surface-modified chitosan
films showed less bovine serum albumin adsorption in bicinchoninic acid protein as-
say due to the presence of carboxylic acid groups on the surface [136].

Douglas et al. coated titanium (Ti) with chitosan and one of three polyphenol-rich
plant extracts (PPrPE) for bone-contact applications. They studied the adhesion of
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Fig. 9.14 FTIR spectrum of untreated and chitosan-immobilized LDPE films.

HeLa cells and growth of methicillin-resistant S. aureus (MRSA). Results showed
that the cell adhesion was enhanced for chitosan-coated Ti substrates. In addition,
the functionalized PPrPE did not exhibit in any amendment in adhesion of HeLa cell
number [137].

9.3.4 Acrylic acid: Cytocompatible coatings

Acrylic acid is the simplest unsaturated carboxylic acid composed of a vinyl group
connected to a carboxylic terminus. Acrylic-based coatings on various substrates have
received remarkable attention in biomedical applications for the reason that the coat-
ings containing high dense of carboxylic groups can enhance the hydrophilicity of
the sample, since the hydrophilic nature of the material is an important characteristic
to reduce the adsorption of plasma protein that leads to avoiding the development of
thrombus on the material surface [138,139]. In addition, hydrophilic surface can assist
in cell adhesion and proliferation on the surface of films through the charge-induced
adhesion of cell-adhesion-stimulating proteins. It has a wide range of applications in
the field of biomedicine, such as cell culture substrates, and acts as an active site for
covalent immobilization of bioactive molecules [140—142]. The chemical structure of
acrylic acid is shown in Fig. 9.16.

Carboxylic acid groups exhibit a negatively charged functionality on the material
surfaces when stored in pH-neutral solutions. Protein adsorption analysis revealed that
fibronectin and albumin are easily prevented from surfaces containing —COOH [143].
In addition, the COOH coatings can also increase the cell growth. It should be noted
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Fig. 9.16 Chemical structure of acrylic acid.

that this phenomenon is highly reliant on the concentration of carboxylic group on
the material surface, as escalation in functional group density leads to higher negative
charge on the surface, which was shown to prevent cell growth [144]. Acrylic acid
can be used as a spacer to bind proteins and substrate. The presence of carbon-carbon
double bond in acrylic acid binds easily with polymers. However, the base material
can retain their own physicochemical properties subsequent to graft polymerization
[145]. Cheng et al. used acrylic acid as a spacer molecule to immobilize collagen on
the surface of poly(e-caprolactone) (PCL) using Ar plasma [146]. Kumar et al. per-
formed plasma polymerization of acrylic acid on the surface of PET mesh followed by
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immobilization of silver nanoparticles to increase the antibacterial property. Results
revealed that the modified sample exhibited reduction in bacterial concentration
>99.7% compared with pristine sample [147]. Kang et al. deposited acrylic acid and
allylamine on microporous polypropylene membranes. Results showed that the modi-
fied films were found to decrease the fouling with bovine serum albumin (BSA) to less
than 50%. The enhancement in hydrophilicity and surface changes induced by plasma
polymerization influenced the adsorption and removal of BSA [148]. In another study
by Dhayal et al., acrylic acid was deposited on glass substrates by plasma polymer-
ization, and their interaction with leukemia cells was examined and compared with
polystyrene cell culture. Cell growth was reduced to 60% on the surface-modified
films due to the existence of hydroxyl and carbonyl groups [149]. Carton et al. de-
posited polyacrylic acid thin films using atmospheric pressure nitrogen plasma jet as
a function of different operating parameters. Cell adhesion test was performed on the
acrylic films using human ovarian carcinoma cells (NIH/OVCAR-3). The films ex-
hibited different stabilities when soaked in water for 24 h. The films with less percent
of COOH/COOR showed a comparable cell adhesion and proliferation with positive
controls, whereas films with higher concentration of COOH/COOR were found be
less stable and exhibited decrease in cell adhesion [150]. Cools et al. developed a
different range of stable and unstable acrylic acid coatings as a function of discharge
powers and monomer flow rates and also examined their effect of coatings (in) stabil-
ity on human foreskin fibroblast (HFF) viability and morphology. The stable coatings
possess a small concentration of carboxylic acid group (0.7%); these films showed
ample stability for 72h of incubation. Initially, the cells exhibited lower affinity as
the films contain lower amounts of carboxylic groups. Conversely, after 72 h, the cells
adhered displayed spindle-shaped morphology with noticeable extended filopodia
[151]. Vasilets et al. functionalized polytetrafluoroethylene (PTFE) for human throm-
bomodulin (h'TM) binding by plasma activation of CO, followed by vapor-phase graft
polymerization of acrylic acid. The immobilized hTM activity was assessed by protein
C activation test, in which the modified surfaces converted thrombin from a procoag-
ulant protease to an anticoagulant form [152].

9.3.5 Diamond like carbon (DLC): Biocompatible coating

In recent years, diamond-like carbon (DLC) has gained interest in biomedical indus-
try, and it is one of the most attractive blood-contacting biomaterials, for instance,
in artificial heart valves, stents, rotary blood pumps, and orthopedic or dentistry be-
cause of its inertness, hardness, low frictional coefficient, high wear and corrosion
resistance, and excellent smoothness. It consists of a mixture of sp> and sp” carbon
bonds produced using high-energy carbon species. DLC can be produced using var-
ious techniques [153—157]. It possesses an amorphous structure; hence, it can be
easily doped and alloyed with different elements. In addition to the prevention of
reduction of corrosion wear, the coatings also offer a controlled interaction with the
ambient; for example, in the case of coronary stents, the coating avoids the interac-
tion with the flowing blood to prevent the occurrence of thrombosis. Here, we discuss
the status of the DLC coatings for potential stent applications. Swiatek et al. prepared



180 Functionalized Cardiovascular Stents

Si-Ag-incorporated DLC layers on titanium alloy (Ti6AlI7Nb) using modified
RF-PACVD technique. This technique has the advantage of doping carbon coatings
with silicon and silver in a single-step process. The cell viability of the modified
films was assessed using LIVE/DEAD test and endothelial cells, whereas the bacteri-
cidal activity was evaluated using E. coli. The incorporation of high Ag content led to
a reduction in concentration of Si resulting in decreased hardness, higher bactericidal
activity, and lower biocompatibility [158]. Avi Bendavid et al. developed DLC con-
taining up to 22% of silicon on to silicon substrates via low-frequency DC plasma-
activated CVD. A mixture of methane and tetramethylsilane (TMS) was employed
for the fabrication of DLC-Si. An MG-63 osteoblast-like cell culture was used to
study the biocompatibility of the modified films that were allowed to grow for 3 days
to study, and their proliferation were examined by scanning electron microscopy. The
in vitro analysis clearly unveiled that the DLC-Si exhibited good cell adhesion and
proliferation [159]. Steffen et al. prepared DLC coatings via plasma polymerization
of acetylene subsequent to ammonia plasma treatment, and biomolecules of hepa-
rin were immobilized. The effect of heparin was to be expected as discussed earlier
and also focuses on the importance of immobilization of heparin on DLC results in
extending the blood coagulation time by a factor of 10 [160]. Pandiyaraj et al. devel-
oped diamond-like carbon (DLC) films on polyethylene terephthalate (PET) films
using PECVD as a function of biasing voltage. The blood compatibility of the DLC
film was examined by in vitro analysis. The maximum sp® fraction sp*/sp” ratio was
attained at 300V of biasing potential confirmed by XPS and Raman analysis. The
Raman spectra of DLC prepared at different biasing voltage is shown in the Fig. 9.17.
In vitro analysis confirms the enhancement in blood compatibility by reduced plate-
let adhesion and blood protein adsorption. The platelet adhesion and the quantity of
thrombus formed on the DLC films are shown in the Figs. 9.18 and 9.19 [161].

Jones et al. examined the hemocompatibility of hydrogenated amorphous carbon
films developed using plasma-enhanced CVD on titanium substrates with interlay-
ers of TiC-TiN. The modified samples did not exhibit any substantial spreading
of platelets and did not exhibit any tendency toward thrombus formation [162].
Kwok et al. examined the blood compatibility of P-doped hydrogenated amor-
phous carbon (a-C/H) films developed using plasma-immersion ion implantation.
The coatings exhibited minimal interaction with the plasma proteins, results in the
preferential adsorption of albumin that is essential for superior hemocompatibility
[163]. Maguire et al. and Okpalugo et al. incorporated silicon on a-C/H films using
plasma-enhanced vapor deposition technique; results unveiled decrease in plate-
let attachment and enhanced the human microvascular endothelial cell attachment
[164,165]. Awaja et al. developed amorphous carbon-/diamond-like carbon (a-C/H)
coatings to biologically enhance polyether ether ketone (PEEK) for biomedical
device integration in human body. Cytotoxicity of the PEEK coatings was inves-
tigated using human osteoblast (hFOB) and human fibroblast (hGF). The coated
samples exhibited lower toxicity values for hFOB osteoblast and hGF fibroblast
cell in comparison with unmodified PEEK. In addition, MTS viability assay results
unveiled that the selected coatings showed lower values than the untreated PEEK,
owing to their biocompatible property [166].
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Fig. 9.17 SEM images of platelet adhesion onto a DLC film as a function of biasing potential
(A=PET film, B=-150, C=-300, and D=—600V).

9.3.6 Other biocompatible coatings

Pandiyaraj et al. used radio-frequency glow discharge (RFGD) to alter the surface of
TiO,/PET films using oxygen plasma at different treatment times (2—15min). XPS
analysis validated the presence of oxygen-containing polar groups on the surface of
modified films, in addition to increase in concentration of Ti** in Ti2p, whereas de-
crease in Ti*" state was observed. This results in enhancement in surface roughness.
The cell compatibility of the modified films was examined using human osteoblast
cells. Results unveiled the enhancement in cell compatibility was observed after oxy-
gen plasma treatment when compared with the untreated films. The values of osteoblast
cell adhesion are shown in Fig. 9.20. The adhesion of S. aureus was highly inhibited
when TiO,/PET was treated using oxygen plasma as shown in the Fig. 9.21 [167]. Su
et al. developed transparent TiO, films on the surface of plasma-activated polymethyl
methacrylate (PMMA) to improve its antibacterial properties. The antibacterial prop-
erties were calculated using platelet counting method of S. aureus (Gram-positive) and
E. coli (Gram-negative). Outcome showed that TiO,-coated PMMA films unveiled
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Fig. 9.21 Optical photograph showing adhesion and proliferation of Staphylococcus on
plasma-treated TiO,/PET film (A) control PET and (B) untreated TiO,/PET, (C) 5min, (D)
10min, and (E) 15 min at the power level of 45W.

good performance due to the natural light-induced photocatalytic inactivation and an-
tiadhesion of bacteria [168].

Boudot et al. used vacuum cathodic arc plasma deposition technique to deposit TiO,
films on the surface of silicone to increase its biological properties that can impair the
healing process. The deposited coatings showed good adhesion to the substrates and
stable in aqueous environment. In addition, cell biological studies revealed that the
in vitro cytocompatibility of fibroblasts can be significantly enhanced without influ-
encing the silicone's nontoxicity [169]. Szymanowski et al. deposited titanium dioxide
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on glass and cotton textile substrates using titanium tetrachloride as precursor via
radio-frequency plasma-enhanced chemical vapor deposition (RF PECVD) technique
as a function of different operating power for bactericidal applications. Bactericidal
properties were examined using cultures of K12 strain of E. coli and the ultraviolet
light C (UV-C) irradiation. The results of bactericidal testing unveil that TiO,-coated
surfaces exhibited a substantial high bacteria death rate that increases with increasing
the discharge power. They also found that the films deposited at higher discharge
power decreased more than 90% of bacteria [170].

Pandiyaraj et al. developed TiOx-based biocompatible coatings on the surface of
polypropylene films using DC excited glow discharge plasma, using TiCl,/Ar+ 0O,
gas mixture as a precursor and deposited as a function of different discharge power.
The TiCly/Ar+ O, plasma deposition substantially tailored the surface morphology
of the polypropylene films; nanosized spherical particles were found on the modified
samples. The film deposited at discharge power of 300W was found to be homo-
geneous. In vitro analysis was used to examine the cytocompatibility of the TiOx/
PP films that include cell viability, adhesion, and cytotoxicity using NIH3T3 (mouse
embryonic fibroblast) cells as shown in the Fig. 9.22. Additionally, the antibacterial
activities of TiOx/PP films were also assessed against two distinct bacterial models,
namely, Gram-positive S. aureus and Gram-negative E. coli DH5a bacteria as shown
in the Fig. 9.23. The in vitro study clearly exposed that the tailored films exhibits cell
viability similar to tissue culture plate (TCP) and also has impact control on bacterial
activity [171].

Liguori et al. developed nanocomposite coating using silver nanoparticles embed-
ded in a plasma-polymerized acrylic acid matrix that was achieved via nonequilibrium
atmospheric pressure plasma jet allowing distinct and instantaneous introduction of
acrylic acid and Ag nanoparticles dispersed in ethanol in the plasma regime. The an-
tibacterial efficiency of the codeposited films was initially examined with agar disk
diffusion tests (using E. coli). After incubation for 24 h, the growth that was inhibited
around the samples may be due to the release of Ag ions from the matrix [172].

(A) )

Fig. 9.22 Images of petri plates for evaluation of antibacterial effect of films coated at various
discharge power against (A) E. coli DH5a and (B) S. aureus strains. (1) Uncoated, (2) 100W,
(3) 200W, and (4) 300 W.
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Fig. 9.23 Fluorescence microscopic image of NIH3T3 cells on TiCly/Ar + O, plasma-treated
PP films surfaces: (A) TCP, (B) 200W, and (C) 300 W.

Deng et al. prepared antimicrobial nanosilver nonwoven polyethylene terephthalate
(PET) fabric using a three-step process: (1) initially, with the help of atmospheric pres-
sure plasma system, the fabrics were activated by depositing a layer of organosilicon
thin film, (2) followed by the incorporation of silver nanoparticles on the surface of
fabrics using dipping-dry process and (3) finally deposition of second layer of organo-
silicon layer (10-50nm) on the surface of nanoparticles. The deposited films showed
good antimicrobial activity against P. aeruginosa, S. aureus, and Candida albicans.
They also found that the thickness of the second layer of organosilicon influences the
bacterial reduction of the fabrics [173]. Pandiyaraj et al. fabricated a thin layer of TiO,
on the surface of air plasma-activated PET substrate, and the TiO,/PET films were
further tailored via DC glow discharge air plasma at different discharge potentials. The
biocompatibility of the TiO,/PET films was examined by determining the nucleation
and growth of calcium and phosphorous on the surface-modified films subsequent
to immersion in simulated body fluids (SBF) as a function of different storage days
and studied by scanning electron microscopy (SEM). The changes in physicochem-
ical properties induced by air plasma treatment promote the growth of bone-line ap-
atite layer on the surface-modified TiO,/PET films as shown in the Fig. 9.24 [174].
Hayakawa et al. performed plasma polymerization of HMDSO onto titanium substrates
using radio-frequency technique; results show that the modified HMDSO-coated tita-
nium has ability for applications as a dental implant material [175]. Chen et al. accom-
plished PEGylation of poly(dimethyl siloxane) (PDMS) surfaces exhibited resistance
to nonspecific protein adsorption. Furthermore, by the usage of PEG-lysine conjugates,
the incorporation of free e-amino groups on the surface reduces the surface capable of
dissolving fibrin clots due to the adsorption of the fibrinolytic protein, plasminogen
from blood plasma [176]. Saulou et al. developed composite thin films composed of
silver nanoclusters incorporated in an organosilicon matrix deposited by PECVD. The
film formed using two-step process, silver sputtering and immediate plasma polymer-
ization in argon-hexamethyldisiloxane (HMDSO) plasma using RF glow discharge.
The organosilicon matrix was effective in preventing the adhesion of eukaryotic mi-
croorganism, S. cerevisiae. Additionally, the films with high silver content exhibited
their antifungal activity against sessile cells [177]. Hsiao et al. altered the surface of
polyurethane (PU) by using hexamethyldisiloxane (HMDSO) and tetrafluorometh-
ane (CF,) as precursors. The modified film exhibits both micro- and nanoscale mor-
phology with superhydrophobic property by augmenting the monomer flow rate. The
surface-modified films show promising myoblast cell proliferation that is revealed by
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Fig. 9.24 SEM photographs of the surfaces of PET/TiO, film surfaces were immersed in SBF
for 0, 1,7, 14, 21, and 28 days as a function of discharge potentials.

in vitro WST-1 cell proliferation test results and also unveiled exceptional low platelet
adhesion even after a long incubation time; this may be due to the hierarchical-scale
surface roughness and super hydrophobicity. These coatings can inhibit the thrombus
formation that can be used for tailoring the surface of blood-contacting devices [178].
Tang et al. used DC plasma reactor to prepare plasma nanocoatings on the surface
of two types of intravascular stents made of nitinol (NiTi alloy) and stainless steel
by gas mixtures of trimethylsilane and oxygen. The endothelialization effects were
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examined by seeding the plasma-coated stents with human umbilical vein endothelial
cells (HUVECsS) for cell culture assay. Results showed that both the nitinol stents and
the stainless-steel intravascular stents showed significant enhancement in cell adhesion
and proliferation compared with bare stents [179]. Jampala et al. developed quaternary
ammonium-based coatings showing the highest antibacterial activity against S. aureus
in which HMDSO was used as a promoter layer on stainless-steel substrates using
low-pressure plasma technique followed by deposition of ethylene diamine polymer to
prepare antibacterial coatings [180].

9.4 Conclusion

The fouling of proteins initiated by biological fluids is a major drawback for em-
ploying biomedical devices. The performance of these devices can be enhanced by
inhibiting or governing nonspecific protein adsorption, resulting in an extended life
span. Surface modification using polymer coatings is an effective way of introducing
new properties on the surface of material without altering its bulk property of the host
material. With cardiovascular stents in mind, this chapter has discussed various types
of plasma-based polymeric coatings (PEG, acrylic, heparin, chitosan, DLC coatings,
and some others) that are able to reduce platelet adhesion, protein adsorption, and
bacterial adhesion while enhancing their antithrombogenic properties and cell com-
patibility. Plasmas are especially interesting because of their eco-friendly character
and allowing for a high degree of tunability of the surface properties. The coating
developed using plasmas is highly cross-linked and pinhole-free and is highly adhe-
sive to a wide variety of substrates. In general, coatings based on polyethylene glycol
(PEG) showed significant results in resisting protein adsorption. The strong interac-
tion of PEG coatings with water molecules is the main reason for their antibiofouling
properties. They also demonstrated outstanding hydrophilic properties, resulting in
excellent blood compatibility by inhibiting blood coagulation. Similarly, acrylic acid
coatings also enhanced the hydropilic property of the material. This assists the cell
to adhere and to proliferate on the surface of materials via cell attachment proteins.
It is used as cell culture substrates and as an active layer for covalent immobilization
of biomolecules. Heparin coatings unveiled its anticoagulation property; the amine
groups present in the heparin molecule generates positive charge on the surface of
material prevents blood coagulation. Chitosan-based coatings were found to have
good hemocompatibility and exhibited good antimicrobial activity against various
microorganisms (S. aureus, Bacillus subtilis, and E. coli). In addition, chitosan-based
hybrid materials are used as a temporary skeleton in bone tissue engineering and sta-
bilizer for drug delivery applications. Diamond-like carbon coating showed excellent
blood compatible property by preventing the occurrence of thrombosis by inhibiting
platelet adhesion and blood protein adsorption. It is evident that the polymer coatings
exhibit good biocompatible properties, as it can be used for the modification of stent
surface. Since the surface developed and formulated to be either extremely hydro-
phobic or hydrophilic, to reduce platelet adhesion and accumulation and thus results
in thrombosis risks.
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Coating stability for stents

V. Montano-Machado, E.C. Michel, D. Mantovani
Laval University, Quebec, QC, Canada

The stability of a stent coating is critical and needs to be satisfied during processing,
shelf life, and the use of the implant. It is, thus, clear that the term “stability” is inclu-
sive of different points of view and several properties and as many characterization
modes. From a clinical point of view, a stable stent implies that no unwanted biolog-
ical responses occur; as for the shelf life, a stable stent means that no deteriorations
occur in the coatings, and the stability in processing concerns the chemical structure
of a polymer during the coating procedure.

This chapter will focus on the stability from a material point of view, as a key
prerequisite for surface-modified materials applied on the implanted device to ensure
its security in vivo. In terms of the characterization of the stability, it is important to
define first which property of the stent coating system is investigated. Commonly,
the most required properties are the chemical composition, the chemical structure,
the morphology, the surface texture, the degradation which includes corrosion, dis-
solution and cohesion, and the mechanical properties which include the adhesion to
the substrate. Stability tests generally target the assessment and the evolution of these
properties for the whole coating system (which include the substrate and the coating,
with all its components, and the interfacial layers between them). Hence, the more
complex the coating is, the more the stability of all the coating system is investigated.
For example, for drug-eluting stents (DESs), not only the stability of the polymer car-
rier is important, but also the drug’s one.

Stability tests are designed to recreate the chemical, physical, and mechanical en-
vironment in which the device will be implanted. For most common tests, samples are
immersed in a solution during a certain amount of time at 37°C (body temperature).
Depending on which property is investigated, the parameters of the tests will vary
such as the type of solution or the presence of mechanical stimuli (agitation, flow,
deployment, etc.) to get closer to the physiological environment without hindering
the characterization. Not only the coating surface is investigated in a stability test, but
also the comprehension of the interaction of the coating and the substrate, and more
specifically, the studies of the interface will provide data about the long-term stability
of the coating. These investigations will be detailed in the following sections.

10.1 Static tests

A common test found in the literature for biomedical devices and specifically for car-
diovascular stents is an immersion of the samples in specific solutions of interest. In
these tests, the changes occurring on the surface are evaluated after a specific period of
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time during which the sample is in contact with the selected solution. In this context,
we will call these tests “static” when no shaking, shear stress, or other dynamic stimuli
are applied.

Several parameters are considered when performing static tests, the most common
being: The solution to be used as test fluid, the period of time to be investigated, and
the temperature. Commonly, for biological application, the temperature during the
tests is the body temperature, 37°C. As for the duration of the test and the type of fluid
used, they vary depending on the final purpose of the device (see Table 10.1). One of
the big challenges is to select a fluid that will provide relevant information in terms of
stability of the coating. In general, a compromise must be found between simulating
the biological fluids and allowing the surface characterization after the stability test.
For instance, a very complex fluid containing biomolecules can interestingly simulate
blood; however, this kind of fluid can induce the deposition of its components on the
surface, which might be a hindrance for further characterization of the samples.

Several research groups investigated the interaction of samples with distilled wa-
ter as the simplest fluid. In this way, it is possible to obtain a surface clean of any

Table 10.1 Parameters that need to be carefully selected when
studying coatings stability, as a function of the specific site where
they are expected to be implanted

Time

Sample shape/

Culture media

Some hours up to
6 months
Flat surfaces

Shaking

Shear stress

Parameter Values Justification
Temperature 37,50, 4, —=25°C A temperature of 37°C is used in order
to simulate the biological system
Other temperatures than 37°C can be
used to simulate extreme conditions and
hence extrapolate pertinent results on
stability
Solution Water Simplicity of analysis with no risk of
Buffer (PBS, TRIS, contamination of the samples with
Hanks) deposits of salts or organic compounds

To mimic pH and salts present in blood
To mimic the presence of proteins and
other blood components

It depends mainly on the purpose of the
coating

Simplicity of the analysis and

geometry Stent with complex characterization. Model surfaces easy to
geometries characterize and highly reproducible
High understanding of the expected
results in vivo in a complex geometry
Dynamic/stimuli None, static Simplest, it evaluated the effect of the

solution on the stability of the coating
Simplest dynamic, to mimic a minimal
dynamism of the body

Dynamic closest to the body, especially
for arteries
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deposition from the fluid, and hence, very appropriate for characterization. This is
the case of Touzin et al. [1] who investigated the contact of fluorocarbon coatings on
stainless steel with water during 1, 2, 3, and 4 weeks at 37°C. Samples were further
characterized by atomic force microscopy (AFM), water contact angle (WCA), el-
lipsometry, Fourier-transform infrared spectroscopy (FTIR), and X-ray photoelectron
spectroscopy (XPS). Yang et al. also studied the stability of coatings for cardiovascular
application after immersion in water [2]. In their work, they studied the immobiliza-
tion of heparin on allylamine films on stainless steel up to 30 days, under shaking, at
37°C. The characterization was performed by scanning electron microscopy (SEM)
and toluidine blue method was used to measure the concentration of heparin. The great
advantage of testing with simple deionized water as a fluid is the convenience of the
further characterization of the samples. However, the simplicity of the fluid avoids a
proper similarity to complex fluids such as blood.

A second fluid commonly used for static tests is a buffer solution such as:
phosphate-buffered saline (PBS) solution, tris(hydroxymethyl)aminomethane solution
(TRIS), and Hank's buffered salt solution (HBSS); PBS being the most common buffer
found in the literature. Doro et al. studied the stability of hybrid coatings on stainless
steel after immersion in PBS at 37°C up to 21 days [3]. The mechanical adhesion and
leaching of specific elements were studied. Levy et al. studied the adhesion of poly-
meric films on metallic surfaces for DES applications [4]. Samples were immersed
in PBS-containing SDS (sodium dodecyl sulfate) at 37 and 60°C. Characterizations
were performed by means of cyclic voltammetry (CV), alternating current voltamme-
try (ACV), electrochemical impedance spectroscopy (EIS), light microscopy, SEM,
XPS, peeling, and high pressure liquid chromatography (HPLC). As a third example,
Kaufmann et al. used TRIS-buffered saline solution to study the stability of methyl
and carboxylic acid-terminated phosphonic acid self-assembled monolayers (SAMs)
at 37°C for up to 28 days [5].

The main advantage of using buffer solutions over distilled water is the presence
of salts found in the biological system as well as the preservation of the physiological
pH leading to a better simulation of the living environment. Nevertheless, the depo-
sition of salts or other components (such as glucose in the case of Hank’s solution)
on the surface represents a hindrance to further characterization. Besides, despite the
controlled pH and the presence of salts simulating the biological fluid, the solution
remains simple when compared to complex biological fluids such as blood.

Researchers have worked with more complex fluids to simulate the biological en-
vironment as are culture media. In these solutions, different biomolecules as carbo-
hydrates and proteins are added, which leads to more similarities with blood. For
example, Micksch et al. investigated eight peptide sequences regarding their adsorp-
tion on zirconium oxide (ZrO,). Stability tests after immersion of the samples in PBS
(up to 30 days) and with culture media with fetal calf serum (for 15 min) were per-
formed [6]. Probably, the greatest drawback of studying samples after the interaction
with culture media is the surface characterization after tests, mainly if the coatings
are very thin and/or contain biomolecules. Indeed, in these cases the coating may be
completely covered by the deposition of macromolecules from the culture media and
impede the topographical analysis of the coating after the test, for example. Moreover,
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if the coating contains also biomolecules, it could be difficult to distinguish the origi-
nal biomolecules of the coating from the new deposition of biomolecules of the culture
media.

As it can be seen, every fluid to be used to evaluate the stability of coatings may
have its advantages and drawbacks regarding a better simulation of biological fluids
or a better coating characterization. It is clear that a compromise should be found
between the information the authors are willing to obtain and the utility of the test in
terms of the final application. Moreover, the techniques involved during the character-
ization of the samples can vary significantly, which complicate the comparison among
the investigations of different research groups.

Regarding the period of time of the tests, it can vary from several hours to several
months. This variation can be both related to the nature of the coating as well as to its
final purpose. However, it can also depend on the nature of the stability test itself. For
example, according to the literature, 7 days is considered a reasonable amount of time
to complete endothelialization process after the implantation of a stent. Hence, when
bioactive coatings are developed to induce the endothelialization process as a final
purpose, the stability tests can last 7 days [7]. For different applications, the coating
might require to stay stable for several months. Indeed, in general the periods of time
selected are not justified in the literature.

In the case of the temperature, as it was observed in the examples given in this
section, most of the time it is 37°C, the body temperature. However, some tests will
be performed at room temperature in order to facilitate the experiment. In some other
cases, higher temperatures can be also investigated in order to simulate extreme con-
ditions and/or to extrapolate the results. Table 10.1 presents the variation of several
parameters of this kind of tests.

10.2 Dynamic tests

In the last decade, several research groups worldwide have been focused on simulating
the biological systems when developing tests to evaluate the stability of coatings for
medical devices. In the context of cardiovascular stents, simulating the dynamism of
the arteries is one of the desired aspects to be accomplished. There are several param-
eters to consider as the fluid, the period of time, the viscosity of the fluid, the pressure,
the shear stress, the flow, the shear rate, etc. A standard method has not been defined
yet and this is probably the reason why the tests can differ significantly among them.

The simplest dynamic test is similar to the static tests previously mentioned, with
the addition of shaking of the samples during the contact with fluids. Sometimes, the
specifications of the shaking process are not provided in the literature; however, most
of the time it is rotational shaking. For example, Chen et al. deposited by a one-step
dip-coating method a copolymer of gallic acid and hexamethylenediamine that was
further immersed during 30 days in PBS with dynamic conditions that are not further
explained. Samples were mainly characterized by SEM [8]. In the work of Chen et al.
[9], a chemically hydroxylated titanium surface was aminosilanized. First, PEG600
or PEG4000 was covalently bonded, then anti-CD34 antibody was grafted. Samples
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were immersed in PBS in an orbital shaker incubator at 80 rpm and 37°C for 5, 10, and
15 days. Toluidine Blue O assay and immunofluorescent staining were used to char-
acterize the samples. Joung et al. studied hydrogels composed of metal-adhesive and
enzyme-reactive amphiphilic block copolymers (tetronic-tyramine/dopamine) and
enzyme-reactive heparin derivatives (heparin-tyramine or heparin-polyethylene gly-
coltyramine). Samples were immersed in PBS and incubated with shaking at 100 rpm
and 37°C. Toluidine blue assay was used to measure the amount of heparin remaining
as coating [10].

Compared to static tests, the presence of shaking when a coating is immersed in a
fluid adds a constraint that helps to simulate better the dynamic of the biological envi-
ronment. More complex dynamic tests found in the literature include shear stress, with
the aim of simulating the one present in the arteries. In this context, Oh et al. designed
a microfluidic perfusion chamber in order to test the stability of hydrogel scaffolds for
cardiovascular stent applications. The solution used was PBS with 2% of fetal bovine
serum, at 37°C up to 7 days [11]. Some groups have developed complexes systems
with different parameters as shear stress, shear rate, flow, different solutions, and tem-
perature. Andukuri et al. studied the deposition of peptide amphiphiles using a rota-
tional coating technique on stainless steel substrate. Samples were expanded to 14 atm
in deionized water at 37°C, PBS was perfused at 10 dynescm ™ for 3 days, in order to
simulate the expansion the stent undergoes when implanted. Characterizations were
performed by SEM, AFM, and FTIR [12]. Touzin et al. developed a “test bench” in
order to test the stability under shear stress of biodegradable metals. Even if the ap-
plication of these tests was to evaluate the degradation of metals and not directly for
coatings, it can be perfectly applied to test the stability of different coatings. In their
work, they used PBS as solution, 37°C, and tested different shear stresses, simulating
low and high pressure in the arteries. Levesque et al. also developed dynamic tests by
the use of a test bench [13]. In their work, they went further to simulate the viscosity
of blood, by the addition of bermocoll to the PBS buffer solution. However, even if it
could be interesting to simulate the viscosity of blood while performing in vitro tests,
the subsequent characterization of the surface is not possible by common techniques
as XPS, FTIR, AFM, etc., mainly because of the deposition of bermocoll that avoids
the detection of the coating. Indeed, PBS without bermocoll was later used in the same
test by Montafio-Machado et al. in order to compare the stability of fibronectin adsorp-
tion or grafting on fluorocarbon films that covered stainless steel substrates [14]. In
this way, the coating stability was to be analyzed by common surface characterization
techniques. The test was performed at 37°C during 7 days at a shear stress of 4 Pa.
Characterization was performed by AFM, XPS, WCA, immunostaining, and ToF-
SIMS analysis. These dynamic tests show great advantages when compared to the
static ones since they have a remarkable high similitude to the biological environment.

As it has been observed, both static and dynamic tests could be performed to obtain
the same kind of response; nevertheless, a remarkable variation on the different pa-
rameters is still present among them. Moreover, as in the case of the static tests, differ-
ent approaches are used to study the stability, and hence, comparing coatings prepared
by different research groups is still not trivial. Table 10.1 shows a brief summary of the
different parameters considered when performing static and dynamic tests.
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10.3 Adhesion

Another common—and often simple—test performed to assess the stability of a coating
deals with its adhesion to the substrate. Indeed, the deformation that the stent undergoes
during its deployment might cause failures such as cracks or delamination, mainly in
poor adhered coatings. These failures can lead to clinical complications by exposing the
substrate. In this context, some standard and generic methods can be applied; however,
some research groups have developed more complex tests with the aim of obtaining
more specific information in terms of the final application for cardiovascular stents.

Several groups apply different ASTM tests to evaluate the adhesion of coatings for
stents. Indolfi et al. applied a standard method of Single-Lap-Joint (S-L-J) and Pull
Off (P-O) (ASTM: D 1002-05) using microtest specimens in order to test the stability
of a spray-coating of poly(2-hydroxy-ethyl-methacrylate) (pHEMA) on stainless steel
[15]. In the works of Doro et al., a steel surface was coated with ormosils prepared
from tetraethylsiloxane and 3-glycidoxypropyltrimethoxysilane or polydimethylsilox-
ane and the mechanical adhesion of the coatings was investigated by a peel strength
adhesion test according to ASTM D 100042 [3]. In the works of Levy et al., adhesion
tests were performed by applying and removing adhesion tape according to the ASTM
D3359-02 standard test and the peeled surface calculated [4].

Other groups have developed expansion-crimping tests in order to simulate the
deployment of stents [15]. For example, Kim et al. prepared a coating of diamond-like
carbon (DLC) on nitinol vascular stents. They performed a cyclic of contraction and
extension applied to the samples using a stent-crimping system [16,17]. In that work,
the cracking or delamination of the DLC coating occurred predominantly near the
hinge, connecting the V-shape segments of the stent, where the maximum strain is
induced. In this last work, the authors were interested in the relevance of modifying
the interface between the substrate and the coating. The group of Mantovani et al. has
developed a small punch test in order to simulate the 25% of deformation of the metal,
which was calculated to be the maximal deformation the stent undergoes during its
deployment [1,18]. In their works, flat samples were used as models. Samples were
immersed into different fluids, as water and PBS, after expansion in order to further
analyze the stability of the coatings. Samples are characterized by XPS, SEM, and
AFM and different coatings have been tested until 7 days [19]. There are also several
groups studying the adhesion of coatings directly on stents instead of using model
samples. Zhang et al. studied the stability of poly(lactic-co-glycolic acid) (PLGA)
coatings loaded with dexamethasone. Coatings were created directly on stents and
a balloon expansion was performed. They characterized the samples by FTIR and
SEM. The drug release behavior in vitro was also investigated, accordingly to the
final application searched [20]. Gollwitzer et al. coated implants of stainless steel with
poly(p,L-lactic acid) (PDLLA). They studied the mechanical stability of the coatings
during dilatation of coronary artery stents. The total coating mass was determined with
an electronic micro-balance [21]. A drawback of the characterization by mass is the
lack of information of the homogeneity and possible cracks of the coating. This is the
reason why it is always better to couple this kind of study to surface characterization.
In this case, the ductility of the coating was examined by light microscopy and SEM.
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Finally, regarding the adhesion tests, there are several research groups developing
computational models in order to simulate the expansion of a stent and study delam-
ination. This helps to determine the optimum treatment to coat (mainly in terms of
thickness) [22,23]. In the works of Nayebpashaee et al., failure mode of the represen-
tative volume was numerically simulated as thermal stress localization during thermal
cycle [24]. Comparisons of computed results with experiments verified that, the com-
putational method can successfully predict residual stress and crack initiation mode of
the studied thermal barrier coatings.

In terms of the evaluation of the coating adhesion, a large variety of tests have been
observed since ASTM standards until complex procedures developed by different re-
search groups. Unfortunately, this great variety complicates the comparison of the
stability of coatings among different laboratories, and hence, this delays the further
syntheses of highly stable coatings in terms of their adhesion.

10.4 DES and biodegradable polymers

In the specific case of DESs, the accomplishment of their stability could be very dif-
ferent due to the purpose of these kinds of stents. Indeed, more than stability tests, the
rate of delivery of the drugs is studied, which normally implies the evaluation of the
degradation of the loaded coatings.

For example, in the work of Bedair et al., cobalt-chromium (Co-Cr) alloy surfaces
were modified with hydrophilic poly(2-hydroxyethyl methacrylate) (PHEMA) or hy-
drophobic poly(2-hydroxyethyl methacrylate)-grafted-poly(caprolactone) (PHEMA-
g-PCL) brushes. The modified Co-Cr samples were then ultrasonically spray-coated
with sirolimus (SRL)-containing PDLLA and drug free PDLLA. Both types of sam-
ples were immersed in 2mL of PBS solution under the following conditions: 100rpm,
pH 7.4, and 37°C up to 8 weeks [25]. The degradation morphology of the drug-free
PDLLA was examined using a field emission-SEM and SRL-loaded samples were
examined by drug release tests.

In the work of Strickler et al., paclitaxel-eluting coronary stents, which are coated
with poly(styrene-b-isobutylene-b-styrene) were expanded in a water bath at 37°C.
Their tests were developed to simulate the condition in a blood vessel during a 2-year
implantation cycle. Characterization was performed by SEM. Different compositions
of styrene in terms of the mechanical properties, chemical stability, and vascular com-
patibility were studied. A fatigue test was also performed. Distention pulses were cre-
ated to simulate blood vessel conditions. The fatigue tester cycles the stent through a
specified distention in aqueous conditions at 37°C. Ten million cycles at 60 Hz were
used to simulate 3-month implantation in a beating heart. [26]

Stoebner et al. studied the effects of different thermal treatments on the release
of paclitaxel. In this work, Co-Cr alloy samples were coated with SAMs, then with
paclitaxel before being thermally treated. Specimens were characterized with differ-
ential scanning calorimetry (DSC), SEM, AFM, and a drug elution test to evaluate
the stability of the drug in terms of chemical structure, morphology, and distribution.
Specimens were immersed in a mixture of PBS and Tween 20, at 37°C up to 56 days
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and drug release profiles were obtained. Paclitaxel showed a better stability after
treatments at 100 and 140°C and a lesser percentage of drug release when compared
to room temperature and treatment at 70°C [27].

A particular case is presented by Oh et al. where coated surfaces with polymeric
nanofibers by electrospinning were further loaded with nanoparticles containing
B-estradiol. Indeed, in this case the authors were interested firstly in studying the sta-
bility of nanoparticles. To accomplish this, the degradation profiles of nanoparticles in
the organic solvent mixture were examined through the ultracentrifuge technique per-
formed at 14,000rpm. Then, it was spectrophotometrically analyzed using UV-vis at
270nm. The drug (p-estradiol) concentration in supernatant was used for the assessment
of stability of nanoparticles in the organic solvent [28]. Furthermore, the stability of the
coating containing the nanoparticles and f-estradiol was evaluated after contact with
PBS at 37°C with shaking of 120rpm. The characterization was performed by UV-vis.

Carlyle et al. developed several computational models in order to determine whether
a drug delivery stent product could reduce the peaks and valleys in drug concentration.
Indeed, the objective was to distribute the drug evenly in the initial area rather than
concentrating it on the struts. The absorbable-coating sirolimus-eluting stent demon-
strated enhanced drug stability (crystallinity of the sirolimus) under simulated use
conditions and consistent drug delivery balanced with coating erosion in a porcine
coronary implant model. The initial drug burst was eliminated and drug release was
sustained after implantation [29].

10.5 Stability tests involving endothelial cells

As it has been previously mentioned, one of the aims of a coating for cardiovascular
stents is the stimulation of the endothelialization process. In this context, some re-
search groups have been interested in studying the growth of endothelial cells on the
surface of the coating and the further stability of this cell layer.

For example, McCracken et al. studied the growth of endothelial cells on a surface
with a patterning of RGD-nanoparticle-nanowell arrays. The samples were further ex-
posed to shear stress. The authors were interested in studying the effect of the flow in
parallel or perpendicular as well as its effects on the cell adhesion and spreading [30].

Kumar et al. studied the adhesion of endothelial cells on surfaces treated with
fibrin glue, growth factor, and gelatin on polytetrafluoroethylene (PTFE) and poly-
ethyleneterephthalate (Dacron) substrates. Shear stress parallel to the samples was
imposed on the monolayer of endothelial cells in order to test its stability [31].

These investigations are relevant for two different reasons: (1) to predict the in-
teraction of endothelial cells with coatings and (2) to evaluate the stability of the
potential endothelial cell layer that would be created once the stent is implanted and
in contact with the endothelium. However, it is important to mention that once the
biomaterial is in contact with the biological system, quickly a layer of proteins will
be adsorbed on its surface, and hence the endothelium will not interact with exactly
the same surface, but with this new layer formed by the interaction of proteins with
the biomaterial surface.
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10.6 Conclusions and perspectives

From a review of the literature, it is evident that prior to perform any stability evalu-
ation, the property to be investigated has to be clearly determined, which will accom-
modate the adequate assay. With all the possibilities of materials for stent coatings and
properties to consider present in the literature, few standards exist to test stability and
many procedures exist and still are created.

Nevertheless, as this chapter dealt with stability evaluations to predict the coating
material behavior once the device is implanted, usual experiments involve immersion
in aqueous medium at body temperature. It has been observed that immersion testing
may evolve from static to dynamic tests with shaking or shear stress stimulation, to
get closer to the body environment by mimicking the mechanical stress. Furthermore,
the medium used may evolve from simple water to buffer solutions containing proteins
or cells. Particular attention has to be drawn here, as a compromise has to be found
between the complexity of the solution and the subsequent coating characterization,
especially for coatings containing biomolecules. For chemical characterization, water
or PBS solution would be preferred compared to solutions containing biomolecules.

The principal properties of the coatings tested were the chemical composition and
structure stability as well as the coating morphology in general. Specifically, the coat-
ing adhesion to the substrate is usually tested via simple peel tests or dynamic test
involving stent expansion. This last one is often followed by coating morphology char-
acterization by topography, to observe eventual coating degradation such as delamina-
tion. Degradation of the coating could be wanted as for some DES; thus, the stability
of the coating is also evaluated toward the degradation profile of the carrier material
and the drug release profile.

It has been observed that for a complex coating system, each part of this system
has to be studied towards stability properties, which may imply different experiments
for a same property. As for example, in DES stents stability of the drug and the carrier
could be tested separately and together. Some very complex coating system has been
tested under dynamic conditions with shear stress and flow, containing three parts: the
substrate, the coating, and cell layers. These last ones mostly focus on cell adhesion
and spreading.

Finally, the plurality of the testing procedure complicates the comparison between
different works, but they could be regrouped under the final purpose of the coating.
Studying the stability of the coatings remains substantial to ensure the holding of the
device and its success after implantation.
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Simple one-step covalent
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M. Santos*,”, A. Waterhouse*, B.S.L. Lee*,”, A.H.P Chan*,”, R.P Tan*,", PL.
Michael*,", E.C. Filipe*,", J. Hung*,”, S.G. Wise*,', M.M.M. Bilek’

"The Heart Research Institute, Sydney, NSW, Australia, "University of Sydney,
Camperdown, NSW, Australia

11.1 Functionalization of stents to improve their clinical
performance

Improving the clinical performance of implantable vascular devices such as stents is a
complex, multifaceted problem. Endovascular delivery of stents is already widespread
in the coronary circulation and becoming increasingly common in the peripheral arter-
ies supplying blood to the legs. Common to all stents is the inherent thrombogenicity
of metallic implants in contact with blood and destruction of the protective endothelial
cell layer lining arterial walls [1]. Stent implantation is also associated with chronic in-
flammation, leading to hyperproliferation of smooth muscle cells in the vascular wall
and renarrowing (restenosis) of the treated vessel over time [2]. For peripheral stents,
the additional mechanical and torsion forces acting on the stent due to leg movement
lead to particularly aggressive restenosis that is resistant to traditional drug-elution
strategies [3]. Accordingly, improving the clinical performance of stents requires an
approach that can simultaneously increase the blood compatibility of the device while
differentially regulating the behavior of vascular endothelial and smooth muscles cells.

While no clinical device has yet been able to meet these goals, one approach to
achieving multifunctional regulation of local vascular biology is delivery of active bio-
logical agents including proteins, enzymes, and growth factors. However, robustly ad-
hering biomolecules to metal interfaces is an inherently challenging task. Metals are
hydrophobic, chemically nonuniform, and electropositive, which makes their surface
generally unfavorable for biomolecule binding [4]. Biomolecules interact with metal al-
loys through relatively nonspecific, van der Waals-type interactions, resulting in variable
substrate association and susceptibility to exchange with host blood proteins, removal
by physical forces (e.g., by washing) and to surface-induced unfolding, and subsequent
loss of activity [5,6]. For these reasons, uniform covalent immobilization is preferred.
An important consideration for surface modifications that can facilitate covalent binding

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00011-1
Copyright © 2018 Elsevier Ltd. All rights reserved.



212 Functionalized Cardiovascular Stents

and retain biological activity is that they must also be able to withstand stent crimping
and expansion as well as exposure to long-term pulsatile blood flow. It is therefore un-
surprising that few coatings have adequately met these diverse criteria.

11.1.1 Methods of covalent immobilization of biomolecules
on metals

Immobilization of biomolecules, including proteins, enzymes, and antibodies, is used
in many applications including the construction of biomedical devices, microarrays,
biosensors, and industrial biotechnology [7]. Due to the inert nature of metals, several
techniques have been developed to facilitate the robust immobilization of biomolecules.
Established methods include the use of chemical linkers [5] and atomic force micros-
copy nanografting [8]. Techniques that have been used to bind molecules specifically
to stents include ionic bonding, protein incorporation using an intermediate polymer
overlying the stent metal, and chemical modification of the metal to allow binding
of linkers or spacers. For example, heparin has been copolymerized onto metallic
surfaces with a variety of polymers including poly(methylmethacrylate) or poly(vinyl
alcohol) [4]. This method was also utilized to immobilize phosphorylcholine onto the
Endeavor stent by copolymerization with 2-methacryloyloxyethyl [9]. However, poly-
mers sprayed or dip-coated onto metals create a mechanical mismatch between the
metal and the polymer, which frequently causes delamination [10]. Heparin has been
ionically bonded to metals via polyethyleneimine and dextran sulfate; however, this
is not stable upon exposure to citrated plasma [11]. Of the immobilization techniques
available, the use of chemical linkers or spacers has received the most attention as it
can be tailored to the biomolecule and surface of interest. However, chemical linkers
and spacers have important limitations, as described in Section 11.1.2.

11.1.2 Chemical linkers and spacers

Linker chemistry creates reactive groups on the surface of metallic substrates, facil-
itating covalent binding a range of bioactive molecules. The most common method
involves the use of a silane linkage, which reacts with the oxide layer on the metal.
This can then be further reacted with various coupling compounds to link to the
biomolecule [12-18]. Using this methodology, trypsin was immobilized onto cobalt-
chromium using aminopropyltriethoxysilane as the silane linkage with glutaralde-
hyde to link to the biomolecule [18]. Similarly, alkaline phosphatase was immobilized
on titanium using aminoalkylsilane and glutaraldehyde [17]. Likewise, extracellular
matrix (ECM) molecules such as hyaluronan [13] and type I collagen [12] were also
immobilized onto stainless steel using silane chemistry. Another common chemical
linker is p-nitrophenylchloroformate, which has been used to immobilize trypsin to
titanium and cobalt-chromium [19] and type I collagen onto titanium [20]. Spacer
molecules such as polyethylene glycol have also been used in conjunction with
hexamethylene diisocyanate to immobilize heparin onto 316L stainless steel [21].
Although successful in vitro, all these methods of chemical immobilization require
complex and time-consuming wet chemistry steps, and in some cases, the linker can
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impair biomolecule function [22] or stability [23]. Additionally, the chemical modifi-
cations can potentially result in unknown pharmacological and toxicological responses
in vivo, making these methods undesirable for bioengineering stents [22]. Preferably,
linker-free covalent immobilization would occur by directly binding proteins to the sur-
face. This process would require a surface coating to comprise active groups necessary
for immobilization. In line with the additional considerations for stent applications, the
coating should also be resilient upon stent crimping and expansion, hemocompatible and
allow a straightforward immobilization of biomolecules without causing their unfolding.

11.2 Bioengineering of plasma-activated coatings
for stents

The deposition of biofunctional thin-film coatings, suitable for coronary stents, has
been previously demonstrated using plasma-activated coatings (PAC) on various sub-
strates [24-30]. PAC is a hemocompatible and mechanically robust coating that is
capable of one-step, radical-mediated biofunctionalization of stents with bioactive
molecules in contact with the modified stent surface. The coatings are synthesized
using low-temperature and low-pressure plasma polymerization (PP) with enhanced
ion bombardment [31]. This technology allows for the deposition of tailored coatings
on a myriad of substrates, without compromising the inherent mechanical properties
of the underlying stent material [32]. Molecules that interact with surface radicals
on PAC are robustly immobilized and retain their bioactivity, paving the way for the
cost-effective design of stents that could proactively interact with the vasculature. In
this section, we first review the mechanisms of PP used for the design of PAC and
show how relevant process parameters can be optimized to achieve a coating with
mechanical properties and surface chemistry optimal for vascular stents.

11.2.1 The plasma deposition process

The plasma state is the most common form of fundamental matter found in the uni-
verse. To generate a plasma, energy can be coupled to a gas either through an increase
of its temperature or by applying a sufficiently strong electric field. The medium be-
comes ionized when some of the background electrons, heated to a thermal energy
greater than the gas ionization threshold, collide with the gas atoms. Since most of
the electric power used to generate a plasma is coupled to the more mobile electrons,
plasmas can be generated with low energy inputs and at low temperatures. Plasmas
can also be easily sustained in a controlled environment and harvested for specific ap-
plications. For instance, surface modification of a wide range of materials can be per-
formed by depositing thin-film coatings using reactive PP [33—41]. The versatility of
PP allows the coatings to be synthesized with numerous properties by controlling the
conditions at which the plasma is generated. The plasma is usually sustained using a
capacitively coupled radio-frequency (CCRF) discharge, but other plasma generation
platforms, such as DC [42,43] or microwave discharges [44], can be adopted.
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PP of PAC is performed using in a CCRF reactor (Fig. 11.1) with the assistance of
a pulsed high-voltage power supply that enhances ion bombardment upon a sample
holder (HV electrode). The radio-frequency power, coupled to a top electrode (RF
electrode), is partially channeled to fragment and activate a reactive gaseous mixture
comprising acetylene, nitrogen, and argon. The breakdown of the reactive mixture is
mostly driven by electron impact collisions, resulting in the formation of a myriad of
reactive (radicals), charged (ions), and excited species.

Optical emission spectroscopy (OES) is used in the process as a noninvasive diag-
nostic tool to monitor the plasma chemical fingerprint in real time during PAC depo-
sition [24]. Electronic and vibrational deexcitations result in the emission of radiation,
which can be collected and analyzed using OES. This allows collection of informa-
tion about critical plasma populations relevant in the growth of PAC, including the
radicals, which contain unpaired electrons and can easily recombine with other spe-
cies to form more complex molecules. These molecules, formed in the plasma phase,
eventually diffuse out of the active plasma boundaries and condense on surfaces of
the reactor (e.g., electrodes, walls, or any sample type), initiating the growth of a
solid plasma-polymerized coating. Further coating growth occurs spontaneously via
plasma-surface interactions between plasma species and radical sites in the condensed
polymerized molecules. Additional unpaired electrons can be formed on the surface
of the coating if the energy gained by the ions in the plasma sheath is sufficiently
high to break chemical bonds between atoms. Therefore, stable molecules can still be
activated upon the impact of energetic ions or UV irradiation on the coating. Coating
growth is exacerbated when the newly created radicals at the interface react with other
carbon-based radical species from the plasma, a process often known as ion-activated
growth of plasma polymers [45].

Conversely, coating ablation can take place if the energetic ions bombard the
coating interface with a sufficient energy to remove material from the coating (i.e.,
physical etching). Therefore, the deposition of plasma-polymerized coatings is a com-
petition between material growth, assisted by radical chain reactions, and ablation
caused by the impact of energetic ions on the surface of the coating. The radical den-
sity in plasma polymer coatings can also be significantly bolstered if the precursor is
fully activated in higher energy plasma processes [31,46].

In summary, the array of different radical species in each process typically relies
on (i) the type of precursor, (ii) power coupled to the discharge (electrons), and
(iii) the introduction of buffer gases that can in turn be excited and react with the
radical species. For this reason, the plasma-phase chemistry during PP is extremely
rich and comprises a vast number of the radical-assisted propagation reactions.
Consequently, PAC does not usually retain the same homogeneous and repeating
structure that is typical of conventional polymers. In contrast, PAC can be denser,
more cross-linked, and characterized by a complex, highly branched, heteroge-
neous, and random network of structural units. The density, the cross-linking de-
gree, and structural complexity of PAC can be tailored by a suitable manipulation
of the plasma parameters.
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11.2.2 Mechanically resilient and functional PAC for vascular
stents

The mechanical properties of PAC are ultimately modulated by the degree of activa-
tion of the precursor molecules and hence by the parameters at which the plasma is
sustained [24,26]. The deposition of PAC can be empirically described by plotting the
deposition rate as a function of the overall energy input per unit mass, the precursor
flow rate, and the applied high-voltage pulsed voltage [24]. The overall energy per
unit mass is determined by considering the fraction of power delivered by both the
radio-frequency supply and the high-voltage pulsed power supply in the active plasma.
Overall, results show that the physical properties and the mechanical performance
of PAC on stents are ultimately modulated by the energy input per unit mass (see
Fig. 11.2) at a constant RF power and pressure.

An optimal parameter window was found for energy inputs between 4.2X 108
and 6.5X 108J/kg (see green region in Fig. 11.2), corresponding to deposition rates

100

Coating failure

10 - Optimal window
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—&— 1 sccm
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Fig. 11.2 PAC deposition rate as a function of the energy input per unit mass in the active
plasma for various acetylene flow rates and applied pulsed bias (from left to right, floating;
—250V, =500V, =750V, and —1000V for each acetylene flow rate). The deposition rate is
tailored by the acetylene flow rate and significantly suppressed by increasing the applied bias
at flow rates lower than 2 sccm. The mechanical resilience of PAC is ultimately modulated by
the energy input per unit mass. Coating failure upon stent crimping and balloon expansion is
observed at energies below 4.2 x 10® J/kg, that is, at deposition rates higher than 9 nm/s (red
window). The optimal deposition window is shown in green, where PAC can be synthesized
to resist extreme compressive and tensile stresses while being also hemocompatible. At
energies per unit mass higher than 6.5 x 10°® J/kg, ablation dominates PAC growth on stents.
Experiments were performed at a constant RF power (50 W) and pressure (110 mTorr) [24].
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between 8.1 nm/s and 1.9 nm/s, respectively. In this optimal window, PAC is mechan-
ically resilient upon stress and able to resist cracking and delamination after plas-
tic deformation of the stent, even after immersion of the stent in solution [24]. At
lower energy inputs (<4.2x 10°J/kg), PAC delaminates following stent crimping and
balloon expansion, while at very high energy inputs (>6.5x 10*J/kg), PAC ablation
dominates over deposition. The acetylene flow rate, together with the pumping speed,
defines the density of precursor molecules and their residence time in the discharge.
While a sufficiently high RF power promotes a high level of acetylene fragmenta-
tion, an increase in acetylene density in these conditions would naturally result in the
creation of more radical species, hence a higher rate of polymerization as shown in
Fig. 11.2. However, it was shown that the atomic interfacial mixing (AIM) dominates
the level of PAC adhesion to the stent surface. A high level of AIM is achieved by
a competition between substrate ablation and PAC deposition rates. The significant
decrease in the PAC deposition rate at higher energy corresponds also to a higher ab-
lation of the stent surface. Interfacial mixing occurs at the PAC/stent surface interface
when ablated metal from the stent surface blends with the deposited coating. Greater
material blending can be achieved by increasing the applied pulsed bias. Ion bombard-
ment upon the stent surface is enhanced at higher bias voltages, significantly boosting
material ablation as shown in Fig. 11.2 by a significant decrease in PAC deposition at
lower acetylene flow rates.

Enhanced ion bombardment also disrupts chemical bonds on PAC, generating a
reservoir of stable and long-lived radicals that increases surface reactivity [31,46].
The radical areal density is greater for thicker coatings [47] and can be significantly
enhanced with an increased applied pulsed bias [24] as shown in Fig. 11.3. Surface
oxidation occurs when radicals from the coating bulk diffuse toward the surface and
react with atmospheric oxygen. Functionalization of PAC-coated stents makes use
of the radicals formed in the synthesis process by simply incubating the coated stent
in a solution containing biomolecules. The biomolecules suspended in solution are
covalently and spontaneously immobilized on the PAC surface upon reaction with the
radicals. Thus, radical-mediated functionalization is a simple and one-step process
that mitigates the need for further functionalization with chemical linkers. Since PAC
retains hydrophilic properties, the immobilized molecules also maintain their activity
and native conformation.

11.2.3 Deposition of PAC on stents of varied design and
composition

Stents of varying size and composition are used throughout the vasculature to open
vessels and restore blood flow to ischemic tissue. The dominant use is in the coronary
circulation, reopening narrowed arteries supplying the myocardium, but stents are also
frequently used in the carotid artery and in the lower limbs. Accordingly, stents are an
heterogenous collection of devices with significantly different materials and design
characteristics. For coronary applications, stents range in diameter from 2 to 4 mm and
length from 8 to 38 mm. They are most commonly made from 316L stainless steel or
alloys of cobalt-chromium or platinum-chromium to facilitate crimping and balloon
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Fig. 11.3 Electron spin resonance (ESR) spectroscopy performed on PAC synthesized
at different substrate pulsed bias demonstrates the presence of long-lived radicals, the
density of which increases with applied pulsed bias. Radicals diffuse toward the coating
surface continuously and over time, enabling covalent immobilization of biomolecules on
the stent.

expansion for delivery. Their design can vary widely with respect to the width and
number of struts and corresponding open or closed cell design. In contrast, peripheral
stents for the femoropopliteal segment are made from shape-memory nickel-titanium
(nitinol) and have a larger diameter (4.5-10mm) and significantly longer length (20—
200mm). Carotid stents are also self-expanding nitinol, with an intermediate length
of 2040mm and diameter ranging from 6 to 10 mm. Taken together, the diversity
of size, shape, and underlying substrate make robustly and uniformly applying PAC
challenging.

In addition, comparative studies in both rabbit and porcine models represent a
well-established preclinical and frequently used pathway for development of novel
stents [48]. The models are complimentary, as each represents the best-validated ap-
proach for assessing stent thrombogenicity, endothelialization, and neointimal hy-
perplasia in vivo, respectively. Stents in these models are similar to those used for
the coronaries, with the rabbit iliac model accommodating 3 mm diameter stents, of
10mm length [49]. However, mechanistic studies of stent performance can now also
be performed in mice, using a donor-acceptor model where the stented artery of the
donor mouse is grafted in the carotid of the recipient. Stents for this model are signifi-
cantly smaller (0.6 mm diameter and 2.5 mm length), though also manufactured from
stainless steel [50].
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Fig. 11.4 Representative images of PAC deposited on SS (A) and CoCr (B) coronary stents, a NiTi
peripheral stent (C) and an SS mouse stent (D). All stents were subjected to plastic deformation
carried out by crimping and balloon expansion. Scale bars are 100 pm (A), 600 pm (B), 270 pm
(C), and 50pm (D).

We have successfully applied PAC to stents of varied composition, including
stainless steel (SS), cobalt-chromium (CoCr), and nitinol (NiTi) (Fig. 11.4A-C),
and sizes appropriate for coronary (Fig. 11.4A and B), peripheral (Fig. 11.4C),
and mouse use (Fig. 11.4D). In each case, we have demonstrated the application
of a smooth, uninterrupted coating, resistant to delamination following crimping
and expansion, in sharp contrast to commercial drug-eluting stents (DES) under
the same conditions [26]. Stent size and cell design do not appear to affect the
uniform application of the coating, assisted by the biasing of the stents. PAC is
extremely smooth (1-2nm rms roughness) and wear-resistant using a 3-week
pulsed flow of 500 mL/min and 100 pulses/min [51]. PAC stainless stents have
also been successfully delivered in vivo in the rabbit iliac model, remaining sta-
ble following the rigors of surgical implantation and a week subjected to arterial
flow [25].

While we have undertaken significant parameter optimization to maximize the ad-
hesion of PAC to stainless steel, we found that adhesion of PAC to carbide-forming
substrates such as zirconium and titanium is even more robust [29,52]. Other early
transition metals such as chromium and niobium would be expected to similarly form
additional bonds and demonstrate even greater adhesion than stainless steel. Across
multiple platforms, directly relevant to commercial stents in current clinical use, PAC
can be applied to and adhere robustly to stents for all applications.
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11.3 Biological properties of PAC coated stents

11.3.1 Blood compatibility

The metals and drug-carrying polymers comprising modern stents all promote
thrombosis. Metal (oxides) are hydrophobic, chemically heterogenous, and electro-
positive, properties that cause denaturation of proteins that in turn leads to coagula-
tion and thrombosis. Polymer-coated stents are also hydrophobic (in order to elute
drugs), and they delaminate, exposing the underlying thrombogenic metal [26]. The
drugs eluted (taxus and limus family) cause endothelial dysfunction and hypersen-
sitivity, contributing to thrombogenic potential, and newly developed degradable
stents have high strut profiles, causing increased blood flow disturbance, also con-
tributing to thrombotic potential of stents. Accordingly, stent thrombosis remains a
problematic complication, especially for carotid and coronary applications. In the
case of coronary stenting, the introduction of dual antiplatelet therapy (DAPT) has
reduced overall stent thrombosis rates to 1%—-2%. Nevertheless, stent thrombosis
remains a catastrophic complication, being consistently associated with mortality
rates of 25%. Moreover, stent implantation in the context of an acute coronary syn-
drome (ACS) is associated with much higher rates of stent thrombosis than elective
stenting [53]. As the prognostic benefits are largely confined to its application in the
context of ACS, the issue of stent thrombosis remains very significant [54]. Finally,
the current low rates of stent thrombosis require complete adherence to DAPT with
aspirin and a thienopyridine. This is problematic for patients requiring surgery or
at high bleeding risk, especially considering the lengthy DAPT regimens now pro-
posed [55].

PAC was designed to overcome many of these problematic properties. It is mildly
hydrophilic and chemically uniform and can bind proteins covalently in their na-
tive conformation, preventing protein denaturation. Consequently, it displays signifi-
cantly reduced thrombogenicity compared with bare metal. This was demonstrated
by reduced platelet binding from platelet-rich plasma and whole blood and reduced
thrombus formation in modified Chandler loops with partially heparinized, whole
blood [26,56]. However, this reduction was only observed in the presence of plasma
proteins. When isolated platelets were exposed to PAC and metal, they adhered to
the same extent, suggesting that the type and conformation of plasma proteins that
adhere to PAC are responsible for its low thrombogenic properties. Therefore, the two
most likely mechanisms by which PAC reduces thrombogenicity are (1) its ability to
covalently bind the first protein that arrives at the surface, which would be albumin in
blood due to the Vroman effect and (2) its hydrophilic and chemically uniform nature
that allows proteins to remain in their native conformation, preventing subsequent
coagulation and platelet adhesion and activation. It is likely that both these mecha-
nisms play a role, and further investigation is required to elucidate the mechanism
of PACs low thrombogenicity. Importantly, the underlying improvement in blood
compatibility of PAC can be further augmented by the covalent retention of a diverse
range of biomolecules.
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11.3.2 Covalent protein immobilization

In addition to acute failure due to thrombosis, long-term failure from smooth muscle
cell-driven restenosis is common in bare metal stents. In the coronaries, DES releasing
antiproliferative agents such as sirolimus and paclitaxel not only are highly effective
in inhibiting restenosis but also profoundly delay healing and reendothelialization at
the stent deployment site. Consequently, the long-term safety of DES has come into
question. In contrast, peripheral stents develop restenosis that is resistant to tradi-
tional drug-elution strategies, leaving the treatment of femoropoliteal peripheral artery
disease as the least effective of all endovascular procedures in terms of long-term pa-
tency. As such, biomolecules that can suppress the growth of smooth muscle cells, in
a manner distinct from drug elution, while promoting rapid recruitment and growth of
endothelial cells, are of significant interest for stent modification.

11.3.2.1 Tropoelastin

A range of biomolecules in the subendothelial space have been shown to play critical
roles in local regulation of thrombosis, endothelialization, and smooth muscle cell pro-
liferation, making these attractive candidates for modulation of vascular biocompatibil-
ity. Elastin, one of the major structural components of the vasculature, provides critical
mechanical and biological properties and is uniquely the major regulator of SMC pro-
liferation in vivo [57]. Recombinant human tropoelastin (TE) is the soluble precursor
of elastin. TE is identical to the naturally secreted form of human tropoelastin, is rec-
ognized by mammalian cells to form elastin, and can be cross-linked to form a range of
elastin-like biomaterials. In vitro, TE has been shown to have favorable interactions with
endothelial cells and low thrombogenicity and inhibit the growth of smooth muscle cells.

TE was first successfully immobilized on flat stainless steel sheets. PAC facilitated
the binding of TE in a linker-free, one-step process, comprising a simple overnight
incubation with the protein solution at 4°C [26,51,58]. Investigation into the nature of
the bound TE showed that at a concentration of 0.5 mg/mL, the bound layer was a po-
rous monolayer [51]. Bound TE was resistant to stringent washes in 5% SDS at 90°C,
suggesting covalent binding to PAC. TE was detected on the surface using an ELISA
assay, demonstrating that the attachment of TE on PAC did not disrupt antibody ac-
cess to the central region of the molecule and suggesting a free conformation. Most
importantly, the functional benefits of applying TE to PAC-functionalized stainless
steel were shown in vitro [26]. The attachment and proliferation of endothelial cells
were found to be significantly higher in the TE-treated samples relative to PAC-only
and stainless steel controls. This demonstrates that TE was able to confer an enhanced
biological effect, even when tethered to PAC.

During the optimization of the PAC formulation for cardiovascular applications,
the importance of nitrogen incorporation was recognized, with respect to increas-
ing the elasticity of the coating, reducing thrombogenicity, and binding proteins [26].
Nitrogen containing PAC deposited with argon not only was most resistant to
delamination but also bound the highest amount of TE relative to other recipes, such



222 Functionalized Cardiovascular Stents

as those containing hydrogen or oxygen instead. The increase in binding was ac-
companied by a reduced contact angle (63° vs. 94° for hydrogen PAC) contributing
to conformational stability and hence biological activity of the bound molecules.
Consistent with previous results, TE bound to PAC robustly enhanced endothelial
cell proliferation, while PAC alone has no cell binding effect above stainless steel
controls. Interestingly, the addition of TE did not affect the thrombogenicity of PAC,
though the baseline level of clot formation on PAC alone was so low that any further
TE-driven improvements were not visible.

A common consideration with full-length protein functionalization is the loss of the
protein or its activity due to enzymic degradation once implanted. TE is susceptible to
degradation by serine proteases in vivo, particularly kallikrein and thrombin present
in human plasma. To reduce this loss of bioactivity, the preferred kallikrein/thrombin
cleavage site within TE was removed by mutation of the amino acid at position 515
from arginine to alanine [59]. This change significantly improved the retention of
immobilized TE following enzymatic digest. Following from this work, smaller and
more specific subsections of TE retain the functional benefits of the full-length pro-
tein, while minimizing enzymatic degradation were screened. Two fragments of TE,
called N10 and N18, derived from the first 10 and 18 n-terminal domains of TE, re-
spectively, were identified to have similar endothelial cell attachment and proliferation
to full-length TE [60]. These constructs also retained the low thrombogenicity of full-
length TE, demonstrated in both static and flowing whole blood assays. Enzymatic
digest of these constructs immobilized on PAC showed that both truncations of TE
were significantly less prone to degradation, with the shorter construct N10 superior
to N18 in this respect [60]. Shorter constructs, ultimately leading to the identification
of short functional peptides, are not only most resistant to proteolytic degradation but
also easiest to sterilize and translate to the clinical.

11.3.2.2 Other ECM proteins

While tropoelastin remains a promising candidate to modulate the biocompatibil-
ity of stents, other proteins present in the arterial wall have also been immobilized
on PAC to demonstrate its versatility. Two classical matrix proteins, well known to
enhance endothelial cell attachment and proliferation, are collagen and fibronectin.
Endothelial cells in vivo are in contact with the basement membrane and internal
elastic lamina. Together, these structures contain a variety of ECM components that
have the potential to enhance endothelialization. Basement membrane ECM proteins
include collagen I'V and fibronectin. These ECM proteins contain cell adhesive motifs,
supporting adhesion, spreading, and cytoskeletal assembly. Additionally, these ECM
proteins play important roles in cell signaling, controlling phenotype, and prolifera-
tion. However, despite having favorable endothelial cell interactions, both collagen
and fibronectin are known to be prothrombogenic. Additionally, collagen (IV and III)
and fibronectin promote smooth muscle cell migration. The proclotting behavior of
these matrix proteins arises from their interactions with platelets, 3—5 pm anuclear
cells that can adhere to foreign surfaces or damaged vasculature and form aggregates
through a cohort of platelet-specific adhesion receptors and integrins. For example,
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Fig. 11.5 Time to thrombus formation in modified Chandler loops containing 316L SS, PAC,
PAC+TE, PAC+EN, or PAC + Col with heparinized whole blood (0.5 U/mL).

fibronectin and collagen specifically bind multiple platelet integrins most notably a,3;
and GPVI. Platelet activation in response to these proteins triggers thrombosis and an
inflammatory cascade coinciding with the onset of hyperplasia. These properties have
been characterized for fibronectin and collagen passively coated in tissue culture well
or on surfaces, but not when covalently immobilized. We compared passive absorption
with PAC immobilization to determine if this altered their effect (see Fig. 11.5).

The thrombogenicity of fibronectin (FN) and collagen type 1 fibrils (Col) bound to
PAC was assessed under flow conditions in a modified Chandler loop. Measuring time
to thrombus formation, 316L SS thrombosed at 32 +2min, is significantly quicker
than all PAC samples. Somewhat surprisingly, FN coating did not make PAC more
thrombogenic. These findings suggest that the native confirmation of FN was retained
when bound to PAC that did not expose platelet binding sites. In contrast, Col-coated
PAC resulted in a decrease in the time to thrombus formation by 28%, possibly be-
cause all the PAC surface was masked by the collagen fibrillar gel. These results high-
light that PAC properties can potentially improve the behavior of some molecules
when immobilized on PAC, for example, reducing the thrombogenicity of fibronectin.

11.3.3 Bioactive attachment of enzymes

Orientation, correct folding, and freedom for conformational changes are especially
important criteria for the function of immobilized enzymes. For enzymes to perform
their task, they need to be correctly orientated on the substrate for the active site to
be exposed and folded correctly to preserve activity. Lastly, enzymes require a certain
degree of movement within its structure to catalyze its destined reaction. Having al-
ready established that PAC can covalently tether ECM proteins important for vascular
biocompatibility, we assessed the binding and subsequent functionality of a series of
conformationally sensitive enzymes.
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Horseradish peroxidase (HRP) is a well-characterized enzyme extensively utilized
in biochemical assays ranging from western blot to ELISA. Using hydrogen peroxide
as the oxidizing agent, HRP can oxidize organic or inorganic substrates. Depending on
the substrate, the oxidation can result in spectrophotometric changes to the substrate
or chemiluminescent emission, subsequently detected for its location and intensity.
Its high turnover rate and low cost of production make HRP the most common pro-
tein in the biochemical field, thus an ideal candidate for testing enzymatic activities
on PAC. We first demonstrated retention of HRP activity following PAC immobili-
zation [30,61]. Untreated and PAC-treated silicon wafers were incubated with HRP
(50 pg/mL) in 10mM phosphate buffer (PB) at pH 7.0 for 20h, followed by five PB
washes. Samples were then incubated with tetramethylbenzidine (TMB), a spectro-
metric substrate to HRP, with absorbance analyzed via a spectrometer at 450 nm. The
data revealed enzymatic activity doubled upon PAC immobilization. The same activity
assay was repeated ten days after HRP incubation, revealing prolonged HRP activity
in treated samples, whereas no activity was observed in untreated silicon wafers. This
demonstrates the ability of PAC to immobilize HRP, without compromising its activity
and suggesting the immobilization can maintain this activity over time.

Having demonstrated proof of principle for HRP, we sought to demonstrate the
activity of fibrinolytic enzymes relevant to improving blood compatibility for stents,
beginning with plasmin [62]. Plasmin is a serine protease that specifically degrades
fibrin; a key protein that forms the fiber networks that stabilize and adhere blood
clots. This breakdown of fibrin is known as fibrinolysis, and it is the best understood
mechanism by which blood clots are physiologically degraded and cleared within the
body. Plasmin was immobilized on PAC-treated stainless steel samples by incubation
with increasing concentrations of plasmin (2, 20, and 200mU) in Milli-Q water at
37°C overnight [62]. Plasmin enzyme activity was examined using a D-Val-Leu-Lys-
p-Nitroanilide (VALY) chromogenic substrate, incubated with PAC treatment only,
PAC with plasmin and free plasmin in solution. VALY showed no plasmin activities
present in PAC-only samples, whereas a linear increase in absorbance was observed in
plasmin-immobilized PAC samples, reaching a value of 1.5 after 290 min, compared
with a value of 2.0 in free plasmin solutions [62]. We further confirmed the activity of
plasmin using whole blood adhesion assays and thrombus weight as a measurement
of clot formation. Stainless steel, PAC only, and PAC with covalently bound plasmin
were incubated with heparinized whole blood (0.3 U/mL) for 60 min at 37°C while
rocking. Increasing concentrations of plasmin-coated PAC (2, 20, and 200 mU) caused
a decrease in clot formation (31.0+2.9, 21.0+3.3, and 3.7+0.7 mg, respectively),
significantly lower than stainless steel (63.1+4.7mg) [62].

Like plasmin, streptokinase has thrombolytic properties often employed for clinical
use. Contrary to plasmin, streptokinase acts in a similar manner to tPA and activates un-
bound plasminogen to produce free plasmin. As above, we tested the activity of strep-
tokinase bound to PAC. Strikingly, PAC + streptokinase had virtually no clots formed
on the surface, with only 6.2+1.2mg of thrombus weight measured after 90 min
(Fig. 11.6). In contrast, untreated samples were entirely covered in clots, producing
approximately 111.2+2.2mg of thrombus after 90min of incubation (Fig. 11.1), and
PAC-only samples were only marginally lighter than untreated, showing 86.5 +2.6 mg
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Fig. 11.6 (A) Thrombogenicity of SS, PAC, and PAC + streptokinase for various time points
using heparinized whole blood. While PAC alone could reduce thrombogenicity compared
with bare SS in the first time points, the immobilization of streptokinase on PAC had a striking
effect in mitigating thrombus formation. (B) Representative images of samples following a

90 min incubation with heparinized whole blood.

of thrombus weight at the 90 min mark. Together, all these enzyme studies exemplified
the utility of PAC. It can covalently bind enzymes on to any desired surface; further-
more, the functions of these enzymes were retained, with some showing prolonged
activity.

11.3.4 Summary

We have shown that PAC can be simply and cost-effectively synthesized for the clinical
application on vascular stents using a reactive PP process with ion-enhanced bombard-
ment. Optimization of the plasma characteristics allowed the deposition of a mechan-
ically resilient PAC, capable of withstanding fluid immersion and the extreme plastic
deformation that stents undergo during typical deployment conditions. We demon-
strated the versatility of our plasma-based synthesis platform by applying PAC on a
variety of stent designs with different alloy compositions, geometries, and sizes. The
coating resisted crimping and balloon expansion in all tested stent modes, demonstrat-
ing the potential use of PAC for rabbit iliac, mouse carotid, and human coronary and
peripheral models. PAC is universally reactive, a property inherent to the synthesis in
a reactive plasma, and contains radicals that diffuse over time to the surface. A wide
range of biomolecules can be easily immobilized through reaction with the radical
groups in PAC. Due to PAC's mildly hydrophilic properties, functional conformations
and the biological activity of the immobilized molecules are retained. We have suc-
cessfully demonstrated bioactive immobilization of tropoelastin, collagen, fibronectin,
HRP, plasmin, and streptokinase on PAC surfaces. While PAC alone is well-tolerated
in vivo, formulations with TE, plasmin, or streptokinase were also able to significantly
enhance hemocompatibility and reendothelialization against bare metal substrates.
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12.1 Introduction

Metal stents are functionally incompatible with the vascular system and promote
thrombosis due to their native surface properties. The major cause of failure of metal
stents is restenosis (leading to reblocking of arteries) due to neointimal proliferation
(migration of smooth muscle cells) within the stent. Moreover, an uncontrolled im-
munological response, disruption of the native endothelium and damage of vessel
wall promote in-stent restenosis. Hence, there is a need to overcome these limitations
to prevent unwanted biological reactions on the surface of metal stents. The conju-
gation of proteins, carbohydrates, drugs, and other biomediators on the surface of
biomaterials has strengthened the development of biocompatible medical devices.
The main aims of biofunctionalization are to enhance the hemocompatibility and
endothelialization of artificial vascular grafts [1]. For example, immobilization of
heparin onto biomaterial surfaces prevents the thrombus formation [2], which in turn
enhances surface hemocompatibility [3,4]. Similarly, gelatin is also used in surface
modification to enhance biocompatibility [5]. Current conjugation approaches are
directed towards achieving correctly oriented and functionally active protein mol-
ecules on the surfaces of polymeric or nonpolymeric biomaterial devices. A care-
ful selection of immobilization chemistry is required to connect the biomolecules
on the biomaterial surface depending upon the availability of chemical groups [6].
Increasing knowledge of the chemistries involving cysteine and lysine residues, in
particular, allows general and robust chemical conjugation method to develop “func-
tional biomaterials” for in vivo applications. Surface modifications of vascular grafts
are vital to control cellular response, hemocompatibility, and complete success of the
graft after implantation [7]. The surface properties of metal, stainless steel, and alloy
used in the fabrication of coronary stent allows the immobilization of biomediators
such as proteins, heparin, and drug molecules via direct conjugation or via polymeric
coating on coronary stent. The immobilization of biomolecules is also helpful in
the reduction of adverse events (for example, restenosis) associated with cardiovas-
cular stenting procedures. There are various approaches for the immobilization of
peptides/proteins. Protein/peptide conjugation methods can be tailored according to
material surface, protein/peptide, and their intended application. These methods are
crucial to avoid undesirable effects, e.g., generation of free radicals [8], inflammatory
response [9], modification of active sites, etc., which may lead to the failure. The
covalent coupling enables homogenous distribution of biomolecules on the material
surface. The choice of appropriate covalent modification depends on the functional
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group present on material surface and protein/peptides [10]. Uniformly conjugated
biomolecules throughout the surface of the material have shown to extend beneficial
effects in cardiovascular stents for promoting neovascularization and angiogenesis
to enhance endothelium development. Recruitment of endothelial cells (EC) on a
vascular graft requires proper angiogenesis to facilitate transinterstitial migration of
EC [11]. Adsorption of peptides/proteins is most commonly employed method for
surface modification on cardiovascular stents. However, simple adsorption provides
limited control over orientation of the attached ligands or biomolecules. There are
limited examples available for targeted immobilization of biological molecules on
the surface of cardiovascular stents. This chapter is focused on summarizing the re-
ports on targeted chemical conjugation of biomolecules and their mechanism.

Bioconjugated cardiovascular stents have shown numerous examples in enhancing
endothelial cell attachment. The covalently modified Arg-Gly-Asp (RGD) and heparin-
conjugated poly(carbonate-urea)urethane graft conduit have shown better retention
of EC when compared to simple adsorption [12]. In another study, antibodies/peptide
motifs were immobilized onto EDC (N-ethyl-N"~(3-dimethylaminopropyl)carbodiim-
ide hydrochloride)—NHS (N-hydroxy-succinimide) activated polyhedral oligomeric
silsesquioxanepoly (carbonate-urea) urethane (POSS-PCU) [13]. The conjugated anti-
body had significantly improved the hemocompatibility of POSS-PCU and promoted
in situ endothelialization through the attachment of endothelial progenitor cells (EPCs)
[13]. Conjugation of anti-CD133 antibody onto the biodegradable polymeric material
was successfully carried out by amide bond formation using EDC/NHS-based covalent
conjugation. A large number of metal surfaces form a passivation layer of metal oxide that
exposes hydroxyl groups on their surface, allowing the binding of silanes on the metal
[14,15]. To ensure optimal silanization, several chemical and physical surface treatments
are able to activate the metallic surface by increasing the amount of OH groups on the
surface [16,17]. The oxygen plasma is an effective method for the removal of contami-
nants and provides an excellent tool for surface modification [18,19]. Sodium hydroxide
(NaOH) etching can also be used to create free hydroxyls on titanium surfaces for de-
veloping bioactive surfaces [20]. In a study, oxygen plasma and NaOH etching method
were compared for the activation on the surface of cobalt-chromium (CoCr) alloy. Both
activation treatments increase the hydroxyl groups formation, but oxygen plasma treat-
ment was more efficient compared to NaOH etching and polished CoCr surfaces. It was
also confirmed by deconvolution of singlet oxygen peak of X-ray photoelectron spectros-
copy (XPS) that the ratio of OH™ /O, _ is higher for plasma-treated samples compared
to NaOH etching and polished CoCr surfaces. Moreover, oxygen plasma process also
decreases the percentage of carbon and nitrogen contaminant and increased the amount
of oxygen when compared to NaOH etching activation.

Silanization has been widely used to covalently immobilize functional biomol-
ecules on metallic supports [10,21,22]. These methods of chemical immobilization
have been successful in in vitro, but it requires series of complex and time-consuming
steps of chemical reactions and, in some cases, it may require the linker, which can
compromise bimolecular function or stability [23]. However, linker-free covalent
immobilization may be preferable which would allow direct binding of proteins to
the surface. The plasma-based treatments have been used to modify metallic and
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polymeric surface for covalent binding of biomolecules. Plasma treatments in the
presence of highly reactive gases, e.g., ammonia, oxygen, nitrogen, hydrogen, and
ozone, introduce many functional groups (carboxyl, carbonyl, hydroxyl, amine, etc.)
on material surface [24]. Grafting of polymers on a material surface involves bom-
bardment of high energetic plasma gaseous species, which can transfer the energy
and dissipate it through the solid by a variety of chemical and physical processes.
The functional groups can be utilized in chemical immobilization of biomolecules
via grafting [25-27].These modifications are readily applied to Dacron® and ex-
panded polytetrafluoroethylene polymer, which are widely used in vascular grafts
including stents. The metal surface modified by using acetylene, nitrogen, and ar-
gon gas mix plasma deposition results in a formation of cross-linked carbon layer
called plasma-activated coating (PAC) [28]. It is different from conventional plasma
polymerization that utilizes energetic ion to create a functional group for protein
attachment [29]. Infrared spectra demonstrate a cross-linked layer predominantly
composed of carbon and nitrogen with an oxidized outermost layer [30]. The free
radicals generated on the surface are also constantly renewed by diffusion from under
surface regions [29]. The horseradish peroxidase and catalase are covalently attached
on plasma-treated surface in proper orientation while retaining bioactivity [30,31].
Plasma-treated surface conjugate with human tropoelastin has also enhanced endo-
thelial cell attachment and proliferation [32]. Acetylene plasma treatment was applied
to the stainless steel surfaces to deposit a hydrophilic interface for covalent attach-
ment of tropoelastin. The tropoelastin bound to metallic surfaces retained its function
and facilitated modulation of host responses in endovascular stenting [31]. Poly(L-
lactide) (PLLA)-coated stent surface was activated with terminal amino groups by
NHj;-plasma, aminolysis with hexamethyldiamine, and O,-plasma with silanization
with 3-aminopropyltriethoxylsilane (APTES) [33]. Biodegradable poly(L-lactide)
stents also allow the functionaltionalization via plasma exposure [34]. Naturally pres-
ent heparin along with other sulphated glycans on the endothelial cells is the potent
anticoagulant. The diamond-like carbon (DLC) films is an excellent biomaterial in
combination with immobilized heparin to develop hemocompatible stent materials
[35]. DLC films were deposited on the surface of the polymer by an acetylene plasma
treatment, followed by exposure of ammonia plasma. The functionalized surface was
then used to covalently couple heparin by an end-point attachment method. Apart
from bare metal stent, bioengineered stents are the next generation stents with poly-
mer and/or protein-coated metal stent [36]. Polymers such as poly(methyl methac-
rylate) (PMMA), polyethylene (PE), polyurethanes (PUs), polylactide (PLA), and
polyglycolide (PGA) have been investigated for cardiovascular implants and other
medical devices [1]. Among all these, PU is most commonly employed polymer in
developing blood-containing devices [37]. This is due to its better mechanical prop-
erties, nontoxic degradation, reduced activation of blood cells, and biocompatibility
[38]. The biomaterial substrate and surface modification techniques discussed above
have enabled the conjugation of biomolecules using targeted conjugation methods. In
the following section, the various chemical conjugation reaction mechanisms which
are currently applied are discussed, as well as their potential in targeted immobiliza-
tion of biomediators on cardiovascular stents.
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12.2 Targeted immobilization chemistries

The use of site-specific conjugation reactions mediated by chemical groups present
in the biomolecules and the biomaterial improves the success of developed medical
devices. Primary amine (—NH,), carboxyl (-COOHR), sulfthydryl (-SH), and carbonyl
(RCOR") groups, widely present in biomolecules as well as in several biomaterials,
have been frequently exploited for the site-specific conjugation methods [39]. Site-
selective protein modification reactions require precise control of chemical reaction
at particular site under physiological conditions [6] and the properties of biomole-
cules and material influence the choice of conjugation techniques. Covalent teth-
ering of proteins utilizes lysine amino acids, cysteine residues, and carbohydrate
moieties [6]. Amine and sulphydryl conjugation methods are most commonly used
in immobilization of biomolecules on the stent materials as discussed below. Other
methods of surface functionalization of stent material and targeted immobilization
of biomolecules are also discussed in the following sections.

12.2.1 Amine conjugation

Amine conjugation involves the conjugation of biomolecules to materials via an amine
group present on the surface of either of the conjugating partners [40,41]. These re-
actions are rapid and obtain high yield to establish stable amide or secondary amine
bonds. Carbodiimide crosslinker can react with carboxylic acids groups to form highly
reactive, short-lived O-acylisourea derivatives. O-acylisourea derivatives are reactive to-
wards nucleophilic attack, e.g., primary amine to form an amide bond [42]. However,
oxygen atoms, those in water molecules, may also act as the nucleophile. The hydro-
lysis by water containing reaction medium plays the major role in inactivating 1-ethyl-
3-(-3-dimethylaminopropyl) carbodiimide (EDC) or N’,N"-dicyclohexyl carbodiimide
(DCC) and deactivating the ester intermediate, which led to the formation of an isourea
and regeneration of the carboxylate group (Scheme 12.1) [43]. Currently, majority of
amine-reactive conjugation methods utilize NHS esters. An NHS ester usually forms
by the reaction of a carboxylic acid with N-hydroxysuccinimide (NHS) in the presence
of a carbodiimide. NHS esters react immediately with the target molecules in aqueous
reaction condition (Scheme 12.1). Water-soluble EDC can be transformed into an active
ester in the presence of NHS or sulfo-NHS. Sulfo-NHS esters are the active groups and
readily couple with targeted amines with similar specificity and reactivity as shown by
NHS esters [44]. Sulfo-NHS esters are relatively water-soluble unlike other NHS esters.
Upon amine nucleophilic attack on electron-deficient carbonyl group of the activated
ester, the sulfo-NHS group rapidly leaves and creates a stable amide linkage.
EDC/NHS-mediated amine conjugation strategies are widely used for the im-
mobilization of antibodies on polymeric-coated stents to enhance endothelializa-
tion [45,46]. Heparin was also covalently immobilized on plasma and UV-treated,
polyacrylic acid grafted biomaterial surface using a 4-dimethylaminopyridine as
catalyst and dicyclohexylcarbodiimide (DCC) coupling agent [47]. Heparin modi-
fied surfaces are achieved by using a condensation reaction between the EDC-NHS
activated carboxylic acid groups of heparin and free amines on the surfaces [48,49].
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Scheme 12.1 EDC and NHS-based reaction mechanism for coupling amine and carboxyl-
containing compounds.

Hydroxyl group containing surface of poly(hydroxyethyl methacrylate) (PHEMA)
was also modified with heparin using 1,10-carbonyldiimidazole (CDI) [50]. Yin and
co-workers successfully immobilized bovine serum albumin (BSA) on poly(acrylic
acid) (poly(AAc)) grafted onto O, plasma treated and the UV-irradiated polypro-
pylene membranes using EDC and NHS [51]. Moreover, biomaterial surface with
sufficiently high hemocompatibility is achieved by the immobilization of tissue plas-
minogen activator (t-PA), urokinase, and streptokinase [52—56]. These biomolecules
can be conjugated on polymeric surface using EDC and sulfo-NHS [53]. RGD peptide
can also be immobilized onto the material surface through an amide bond formation
by the reaction of carboxylic acid with the N-terminal amino groups of the RGD, in
the presence of carbodiimide and NHS [57]. However, conjugation of biomolecules
in multiple orientations due to the potential occurrence of amine moieties in proteins
and other biomolecules has been reported. Despite this limitation, amine conjuga-
tion method has been successfully applied for linking molecules to biomaterials in
a myriad of medical applications. Other chemical reactions used in targeted protein
bioconjugation include reductive alkylation of amine groups [6]. Native chemical li-
gation (NCL) is an advanced chemoselective reaction that has been used to conjugate
proteins to materials via the formation of a linking peptide bond [58]. The reaction
occurs under physiological conditions via the formation of a thioester bond between
cysteine residues in the protein and support material, followed by spontaneous rear-
rangement of a S—N acyl shift to form the peptide bond at the ligation site. NCL has
been used in a variety of conjugation of oligopeptides and recombinant proteins to
dendrimers [59]. The covalent bond formation comprising a 1,2 dicarbonyl moiety
(RCOCOR’) and atleast one guanidino moiety (R’"NHC(NH)NH,) for immobilizing
biomolecule on a biomaterial surface does not require coupling molecules [60]. A
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gold-plated stent has been coated with various amine-containing chemical for oligo-
nucleotide immobilization [61]. A copolymerized coating of dopamine and hexam-
ethylendiamine (HD) (PDAM/HD) onto a vascular stent yield high density of amine
groups (30 nmol cm ™) for biofunctionalization [62]. Vascular stents coated with anti-
integrin antibody was prepared by addition of amine group on the surface of a stent by
plasma polymerization and the conjugation of antiintegrin antibody with the amine
group-terminated stent surface [63]. Selective modification at the N-terminal amino
group of proteins in the presence of multiple lysine residues is usually possible due to
the fact that the pK value of amino group at the N terminus is slightly less basic than
the lysine. Hence, the N-terminal amino group will become more nucleophilic by ad-
justing the pH and can be selectively acylated for further modification. Derivatives of
2-pyridinecarboxyaldehyde selectively react with N-terminus of proteins to form sta-
ble conjugates with substrate [64]. Site-specific conjugation can be achieved through
the introduction of an aldehyde moiety on the material surface [65]. The aldehyde
activated surface can be coupled to amine groups present on the biomolecules, via the
formation of Schiff base intermediate. The Schiff’ base can further reduce to form a
stable secondary amine (Scheme 12.2) [66—-69]. The above method has enabled the
site-specific functionalization of the N-terminal amine group without modifying the
lysine side chain [70-73]. Reductive alkylation has been used to immobilize human
serum albumin (HSA) to methacrylate-based polymers [74]. The targeted immo-
bilization of heparin using reductive amination has been shown involving partially
controlled depolymerization of heparin [75,76] and the terminal aldehyde moiety
formed on the sugar unit of heparin subsequently linked with the primary amine on
biomaterial surface. It has shown to prevent platelet activation [49,77] and reduce co-
agulation [78,79] and decrease inflammation to the heparin-coated surface [80]. The
developed immobilization method is more efficient than the bioconjugation method
involving carbodiimide [81], epoxy [82], and succinimidyl carbonate [83,84]. The
acetal moiety was also introduced in reductive alkylation method to ensure longer
shelf life [85,86]. This approach was utilized in surface immobilization of streptavi-
din on acetal-protected aldehyde-decorated methacrylate surface [87].
Isothiocyanate compounds are highly selective for the modification of e-amino
groups in lysine and N-terminal a-amines in proteins or other primary amines [88].
The attack of the nucleophile on the electrophilic carbon of the isothiocyanate group
results in electron shift and proton loss to create a thiourea linkage (Scheme 12.3).

12.2.2 Sulfhydryl-reactive conjugations

Functional groups reacting with sulfhydryl-containing molecules are the most com-
mon groups present on biomaterial surface or in crosslinking reagents. The designs

0] H
-H,0 N reduction R N
)J\ + H,N—R’ — R\/ \R' — = \R'
R H
Aldehyde containing Amine containing Schiff base Stable secondary amine
compound compound intermediate

Scheme 12.2 Reaction mechanism of reductive amination.
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Scheme 12.3 Reaction mechanism of amine conjugation through isothioether bond formation.

of a sulfhydryl-reactive group containing heterobifunctional crosslinkers often use an
amine-reactive group. The primary coupling reactions for the modification of sulf-
hydryls can proceed by either alkylation or disulfide interchange. These sufhydryl-
reactive groups are stable in aqueous medium to allow sequential conjugation strategy
with stable intermediate. These reactions are rapid and occur at high yield to give
thioether or disulfide bonds. Maleimides derivatives are the product of the reaction
between maleic anhydride and amine-containing compounds. The double bond of
maleimides undergoes an alkylation reaction with sulfhydryl groups to form stable
thioether bonds (Scheme 12.4). Maleimide reactions are highly specific for thiol-
containing mediators in the pH range of 6.5-7.5 [89-91]. The reaction of the maleim-
ide proceeds at 1000 times greater rate with sulthydryls groups than with amines at pH
7. One of the carbons adjacent to the maleimide double bond undergoes nucleophilic
attack by the thiolate anion to generate the addition product.

Another strategy for the thiol conjugation involves the exchange of disulfide bonds
with another thiol group. For example, the thiol group of the cysteine residue present
in protein/peptide reacts with a disulfide group on a polymeric surface. A main ad-
vantage of this reaction is that the disulfide group reacts specifically with only thiols
under a pH range (pH 3-10). The reaction is completely reversible where disulfide
bond can be reduced using dithiothreitol (DTT). Most of disulfide crosslinking re-
actions are done under physiological conditions to maintain stability of the protein
or other biomolecule. The most popular activated disulfide is o-pyridyl disulfide in
developing crosslinkers. It reacts with the end product; as it is removed from the sub-
strate as a nonreactive compound, it can no longer be reactive in the thiol-disulfide
exchange reaction [92]. Recently, an initiator was developed to introduce a maleimide
functional group on PCL surface via the ring-opening polymerization e-caprolactone
in the presence of stannous octoate as a catalyst. The maleimide functional group then
covalently linked to reduced BSA via the maleimide-sulfhydryl reaction [93].

The thiol-Michael addition reaction has gained significant attention for surface
modification of biomaterials [94]. It also offers an excellent spatiotemporal control on

(0] O
P P S
R—sH + R b—»R N ) SR
(0] O

Sulfydryl compound
Maleimide derivative Stable thioether bond

Scheme 12.4 Reaction mechanism of coupling of maleimide derivatives with sulfydryl groups
which leads to the formation of stable thioether bond.
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modified surface by controlling several reaction parameters [95-98]. These reactions
are extensively implemented in the modification of materials. The thiol-maleimide,
thiolvinyl sulfone, thiol-yne, and thiol-acrylate are the most commonly employed
Michael addition reactions [99,100]. These reactions are classified based on the
Michael acceptors in thiol-Michael addition reactions, which are electron-deficient
enes, e.g., maleimides, acrylates, vinyl sulfones, and methacrylates (Scheme 12.5).
The RGD peptide functionalized with thiol groups was immobilized on acrylic es-
ter or maleinimide functionalized surfaces via the Michael addition reaction [101].
Furthermore, click chemistry [102] and photo-induced reactions have also been em-
ployed to immobilize the RGD peptide to material surfaces [103].The multicomponent
novel coating can simultaneously perform the azide-alkyne click and thiol-maleimide
click reaction. The azide-terminated PEG were first coupled with methyl propionate
groups and maleimide groups were utilized for the conjugation of Cys-Arg-Glu-Asp-
Val (CREDV) peptides [104]. Michael-type addition reaction can be used to conjugate
thiol-containing antibody-fragment (Fab) with the co-polymer of a linear poly(dime-
thylamino)ethyl methacrylate (p)DMAEMA) and poly(ethyleneglycol) methylether
acrylate (PEGMEA). The reaction involves base-catalyzed thio-acrylate addition
mechanism. Whereas, the thiolate ion and unsaturated bond of acrylate act as Michael
donor and Michael acceptor, respectively [105]. In another approach, site-specific
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Scheme 12.5 Reaction mechanism of conjugation of thiol groups with vinyl groups
containing compounds.
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conjugation of PEG-maleimide (PEG-mal) to a small-chain variable fragment (scFv)
of antibody was also reported. It was also demonstrated that the monovalent and bi-
valent PEG-mals can also be conjugated to the scFv [106]. Targeted immobilization
of Cys-Ala-Gly (CAG) tripeptide has shown to enhance endothelial cell adhesion on
polycarbonate urethane (PCU) surface. The CAG tripeptide was grafted via photo-
initiated thiol-ene click chemistry [107]. Steel surfaces coated with polyallylamine
bisphosphonate comprising latent thiol groups were generated by the treatment of
dithiothreitol (DTTT). Recombinant CD47 or CD47 peptide were attached to the thiol-
terminated surface using sulfo-LCSPDP (sulfosuccinimidyl 6-(3'-(2-pyridyldithio)
propionamido)hexanoate) crosslinker. Also, the thiol-reactive protein moiety is at-
tached via disulfide bridges to the functionalized surface in the course of reaction
between surface thiols and protein-bound pyridyldithio (PDT) groups [108].

12.2.3 Sialanization

The bifunctional silane crosslinkers have shown their application in bioconjugation
of biomacromolecules [108a]. Commercially available silane coupling agents con-
tain functional groups to covalently link biomolecules to inorganic substrates [108b].
Inorganic surfaces treated with a suitable silane crosslinker can couple antibodies
[108c,108d], oligonucleotides [108e—108g], or other biomolecules [108h] containing
appropriate functional groups for reaction. By careful choice of the proper organo-
functional component, a silane coupling agent can be used to design virtually any
bioconjugation complex. The general structure of silane crosslinker is shown in
Scheme 12.6A. Silicon is able to form four covalent bonds with four other carbon
atoms. The organic chain attached to Si atom usually terminates in functional groups,
which facilitates covalent bonding with other reactive molecules. Another terminus of
the silane crosslinker consists of reactive groups directly attached to the silicon atom.
Functional groups attached directly to silicon atom may comprise a simple hydrogen
atom called silicon hydride or a chlorine atom (chlorosilane), -OH group (silanol),
or most importantly groups containing methyl ether called methoxy- or ethoxysi-
lane. These silane derivatives are very reactive to form covalent linkages with other
biomolecules or material surfaces. The functional groups attached to organic part of
organosilanes are more useful, which allows the conjugation of the silane molecule
to other functional organic compounds. The reactive groups attached to silane atom
are typically unreactive toward organic molecules. But it can covalently couple with
inorganic substrates. The bifunctional silane derivatives promote the bonding of a
functional organic molecule to an inorganic surfaces. Alkoxysilanes are widely used
for the modification of inorganic surfaces due to the instability of silanol derivatives
in aqueous environment by forming hydrogen bonding [108i]. Alkoxysilanes do not
react with hydroxyl groups present on substrate under ambient temperature. Similarly,
ethoxysilanes are virtually unreactive to —OH groups containing substrates without
prior hydrolysis. In contrast, methoxysilanes are very reactive, but it can only react
slowly at room temperature. However, under appropriate conditions, both methoxy-
and chlorosilane groups are reactive with the functionalities on inorganic substrate
without hydrolysis. The addition of a catalyst to the reaction has shown to enhance the
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Scheme 12.6 (A) General structure of silane. (B) Amino functionalization of surface
(hydroxyl) using 3-aminopropyltriethoxysilane (APTES).

hydrogen bonding capability of the hydroxyl of substrate hydroxyls, which increases
the rate of methoxysilane reactions (Scheme 12.6B) [109]. Chlorosilanes and methox-
ysilanes can also react in an organic solvent (tetrahydrofuran, toluene, or hydrocarbon
solvents) under refluxing conditions. In this case, a siloxane polymer network does not
form in solution, because no hydrolysis occurs to form silanols on the silane-coupling
agents. Silanation has advantage in forming monolayer via the formation of sioxane
bond, instead of a thick polymer layer forming on the substrate to create functionality.
Silane-conjugated surfaces protrude the organic functional group for conjugation of
biological molecules. They have been widely used for the conjugation of protein mol-
ecules on the surface of cardiovascular stents [109a,109b].

Periodate-oxidized (PO) site-directed immobilization provides better control on the
orientation of the attached antibodies and retaining immunoactivity. The 316L stainless
steel (316LSS) surface was initially coated with ethylene (vinylacetate) and followed
by oxygen plasma treatment and finally functionalization of surface by (3-aminopropyl)
triethoxysilane (APTES). The periodate-oxidized anti-CD34 antibodies were then
immobilized on the modified 316LSS surface [110]. Poly(L-lactide)-coated vascular
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stents with the aim of immobilizing anti-CD34 antibody required surface activation
treatments to create the formation of terminal amino groups and covalent attachment
antibody through APTES crosslinking agent [33]. The immobilization of recombinant
antibody fragments (scFv) on stainless steel 316 was performed to enhance human
EPC growth and viability. The stent surface was modified using titania-based coating
to increase the hydroxyl groups for silanization. The silanization was performed with
APTES to provide amine groups on the surface. The glycosylated scFv were success-
fully immobilized on silanated surface and most uniform coating with scFv was ob-
tained at 37°C after the oxidation of glycan chain [111]. Biofunctionalization of cobalt
chromium (CoCr) alloy surfaces of stents with REDV sequence-modified elastin-like
recombinamers (ELR) was done to enhance the endothelialization. CoCr surfaces were
activated with plasma treatment and etched with sodium hydroxide before silanization
with 3-chloropropyltriethoxysilane. CoCr stent surfaces were successfully functional-
ized with ELR with an REDV sequence. It has demonstrated higher cell adhesion of
HUVEC cells on the biofunctionalized CoCr surface [21].

12.2.4 Reversible addition fragmentation chain transfer

A living radical polymerization that does not end on its own, but continues to syn-
thesize long polymeric chains with controlled molecular weights is known as revers-
ible addition fragmentation chain transfer (RAFT). It directs a controlled reaction
mechanism which allows engineering of polymer bioconjugates. The RAFT approach
has ability to control the polymerization reaction using wide range of monomers in
common and easy reaction conditions involving solvents including water, moderate
temperatures, chain transfer agents, and free radical initiators. It has gained much
attention in recent years for its potential use in conjugation of biomolecules to poly-
meric biomaterials [112]. RAFT-mediated bioconjugation allows the preparation of
protein-polymer conjugates with well-defined, site-directed, physical, and chemical
bioconjugate architectures. The impact of the RAFT technique on bioconjugate prepa-
ration should be considerable, particularly in applications such as drug delivery, diag-
nostics/biosensors, and biopurification in which the physicochemical features of the
conjugates need to be precisely tuned for consistent performance. Importantly, the
“click” reaction along with RAFT provides a versatile toolbox for highly efficient and
highly selective protein conjugation on biomaterials and does not occur naturally and
so does not interfere with the functionality of biomolecules [113].

12.2.5 Chemoselective ligation

Chemoselective bioorthogonal reagents contain a reactive group that will only react
with another specific group without any potential cross-reactivity with other function-
alities present on the biomolecules. The Diels-Alder reaction is known for carbon-
carbon bond formation in organic synthesis [114]. Dienophile is the double bond
reactant and electron-withdrawing groups (-COOH, —CHO, and —COR groups-) pres-
ent next to the alkene enhance rate of chemical reaction. The maleimide containing di-
enophile is present in broad range of commercially available bioconjugation reagents.
3,5-hexadiene phosphoramidite-modified oligonucleotides were prepared by solid
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phase synthesis using a 3,5-hexadiene phosphoramidite derivative. The functional
group was incorporated at the 5" end of oligonucleotide [115]. Sun et al. [116] have
demonstrated sequential Diels-Alder and azide-alkyne (click chemistry) cycloaddition
reactions for the immobilization of proteins and carbohydrate ligands on solid surface.
The “alkyne-azide” click chemistry was also used for the heparin immobilization with
enhanced number of functional groups [117]. The glass slides functionalized with
maleimidocaproyl groups (dienophile) react with cyclopentadiene group of heterobi-
functional PEG spacer containing an alkyne at another end. The alkyne groups of PEG
spacer attach to the azide-containing ligand using click chemistry. The “click” reac-
tion chemistry includes cycloaddition reactions, such as strain-promoted alkyne-azide
cycloaddition (SPAAC); 1,3-dipolar family, and hetero Diels-Alder reactions [118];
carbonyl chemistry, such as the oxime ethers ligation, hydrazones, and aromatic het-
erocycles; in addition to carbon-carbon multiple bonds, such as epoxidation [119] and
dihydroxylation [120] and azide-phosphine coupling (Staudinger ligation) [121,122],
copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) [123], thiol-ene [124], and
thiol-Michael addition [94]. It allows peptide-functionalization on material’s surface
in a controlled manner. Alternatively, surface hydroxyl groups of material can also
be preactivated by tresyl chloride [125] and p-nitrophenyl carbonate [126] for im-
mobilization of carboxy groups containing surfaces. The YIGSR peptide segment of
laminin is crucial for binding of integrin and was grafted on polyethylene terephthal-
ate (PET) and polytetrafluoroethylene (PTFE). The hydroxylated surface of PET and
PTFE were used to conjugate YIGSR peptide through N-terminal amine using tresyl
chloride chemistry [127].

12.3 Future trends

Conjugation of biomediators on biomaterial surface has attracted considerable in-
terest in developing biocompatible cardiovascular grafts and stents. A wide range of
chemical compounds are available for targeted immobilization of important biomole-
cules in correct orientation to further strengthen the clinical success of cardiovascular
stents. Moreover, the applications of above-mentioned target conjugation methods
are still under investigation to improve site-specificity and functionality when conju-
gated with the applied biomaterials. There is a need to apply these conjugation meth-
ods on cardiovascular stents to further enhance endothelial attachment and decrease
toxicity.
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13.1 Introduction

Tissue engineering integrates advanced technologies from cell and molecular biology,
genetics, biochemistry, and biomedical engineering to facilitate the development of a
highly beneficial platform. As the ultimate success in the transplantation of engineered
organ/device resides in the immunological acceptance of the product by the host, re-
ducing the rejection of the transplanted organ/device by the body immune system
remains a major challenge in the tissue engineering field.

Nanofiber scaffolds for artificial system need to simulate extracellular matrix
(ECM), especially its porous structure and functions [1]. It was found that three-
dimensional ECM structure could provide cells with a suitable environment to be pro-
liferated and properly differentiated into tissues [2]. In contrast to polymeric porous
matrix or micro-fiber scaffolds, nanofiber has a much similar structure to biological
ECM. The mean diameter of nanofibers ranges from 50 to 500nm [3], and nanofibers
have a higher surface to volume ratio, which provides an ample space for cell loading
[4,5]. Owing to these versatile properties, nanofibers have been deemed as one of the
most biocompatible formulations, further guaranteeing its application to cardiovascu-
lar tissue engineering.

Recently, the application of stem cell for regenerative medicine has received an
increased attention from interdisciplinary fields including biotechnology, material sci-
ence, engineering, and even pharmaceutical science [6-9]. Stem cell therapy is an
intervention strategy that introduces new adult stem cells into damaged organ/tissue
to treat pathological conditions without immune rejection. However, most stem cell
applications need to figure out how to control the specialized property, by which stem
cells have pluripotency to differentiate into tissue/organ in response to the specific
signal from a microenvironment.

As stem cells hardly survive in the body under the harsh conditions, such as hy-
poxia or enzymatic degradation, enormous efforts have been placed in development
of novel biomaterial, which not only mimics extracellular three-dimensional matrix
in cardiovascular tissue regeneration, but also enhances in vivo stability of stem cells.
The viable approaches for development of novel biomaterial include hypoxic precon-
ditioning, genetic modification, drug combination, and nanofibers releasing biomol-
ecules [10].

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00014-7
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In this paper, we thoroughly reviewed on characterizations of nanofiber loaded
with stem cells for the treatment of cardiac diseases including atherosclerosis and
myocardial infarction (MI). This review will surely help the readers comprehensively
understand nanofiber-mediated stem cell therapy in the cardiovascular diseases.

13.2 Adventitial biology for coronary artery
disease (CAD)

13.2.1 Significance of macrophage in atherosclerotic plaque

Macrophages possess unique versatility and plasticity of response to environmental
signals with varying forms of polarization [11,12]. Foam cells derived from macro-
phage necrosis are known to be associated with the initial stage of atherosclerosis [13].
The uptake of modified lipoproteins by oxidized-low density lipoprotein (ox-LDL) is
an integral step for foam cell formation.

The recruited-monocyte activated by external stimuli (i.e., intercellular uptake of
ox-LDL) caused their polarization to M1 macrophage [14], which was implicated in
the early phases of atherosclerosis [15]. M1 macrophages released pro-inflammatory
cytokines and reactive oxygen or nitrogen species that would aggravate oxidative
stress in plaque lesion [16]. M2 macrophages (also known as alternatively activated
macrophages), on the other hand, are immunosuppressive and resolve plaque inflam-
mation [17]. Histological analysis of human plaques demonstrated that M1 macro-
phages are enriched in lipids and localized to inflammatory areas that are distinct
from those in which M2 macrophages are localized [18]. As a novel strategy would be
to reduce the inflammatory state of plaque macrophages, re-polarizing macrophages
to be transformed into M2 phenotype might be particularly effective [16]. Because
M2 macrophages secrete antiinflammatory factors and promote tissue remodeling
through the clearance of dying cells and debris, the relevant polarizer inducing M2
phenotypes can be emerged as an alternative route for an atherosclerosis treatment.

13.2.2 Macrophage-autophagy (MA) dysfunction in
atherosclerotic plaque

Autophagy plays a critical role in turning over organelles and proteins to maintain
the cellular homeostasis [19] at the infection site [20]. As autophagy becomes acti-
vated by external stimuli (i.e., reactive oxygen species), it induces smooth muscle cells
(SMCs) and endothelial cells (ECs) proliferation by eradicating intracellular debris
[21]. However, autophagy under excessive stimulation can cause necrotic death of
both SMCs and ECs, resulting in thinning fibrous cap and weakening the stability of
plaque [22].

MA has contributed to the disruption of vascular pathology, resulting in chronic
atherosclerosis [23]. Macrophage accumulated the cholesterol as a form of lipid drop-
lets by uptake of ox-LDL, leading to the formation of foam cells [24]. With exces-
sive oxidative stress from ox-LDL, macrophage ultimately ruptures and accumulates
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additional lipids into arterial intima. The high level of atherosclerosis-relevant factors
triggered the stress reaction of endoplasmic recticulum (ER) in macrophage, causing
the activation of ER apoptotic pathways [25]. The necrotic death of macrophage asso-
ciated with defective phagocytic clearance of the apoptotic cells destabilized plaque,
which orchestrates an acute atherothrombotic event [26,27].

The functional relationships between MA and defective efferocytosis have been
studied [26]. As MA was inhibited by silencing autophagy mediators (autophagy-
related protein-5, ATGY), the increases in apoptosis and oxidative stress mediated from
NADH oxidase were observed. During the observations, the necrotic cells (apoptotic
debris) were not recognizable through efferocytes. In vivo data using macrophage
ATG5-null mice in fat-fed Ldlr—/— suggest that plaque destabilization associated with
the necrotic disruption of foam cells and worse in lesional efferocytosis were highly
correlated with an autophagy expression. In addition, ATGS5-null mice co-incubated
with lipid crystals showed remarkable induction of inflammasomes, resulting in defi-
cient stability of plaque in part of hyperactivation of inflammasomes.

13.3 Role of stem/progenitor cells in atherosclerosis

Cell therapy is believed to be the most influential research due to a variety of stem
cell differentiation capacity [28]. The cumulated evidences suggested that stem/pro-
genitor cells (SPCs) contributed to the vascular remodeling process and disease prog-
ress [29].

Over the past decade, the identification of SMCs-related SPCs have been exten-
sively conducted [30]. This is mainly because the differentiation of SPCs into SMCs
lineage could result in the accumulation of monocytes into the atheroma, where they
differentiate into pro-inflammatory stage of macrophages [31,32]. A widely accepted
explanation of the origin of SPCs is that SPCs are derived from two identical origins:
(1) bone marrow-derived SPCs (BM-SPCs) circulating throughout the blood vessels
and (2) locally existed SPCs, which are de-differentiated from mature or contractile
SMCs (Table 13.1) [39-41].

13.3.1 Migration of BM-SPCs

Among various source of stem cells, antiinflammatory or immunosuppressive ability
of mesenchymal stem cells (MSCs) made these cells potentially useful as a cell ther-
apy source [42]. However, the migratory mechanism of BM-SPCs from their original
site needs to be elucidated [34-36].

The trans-endothelial migration of murine-MSCs (mMSCs) has been affected
by the level of shear stress and chemokines [43]. Under continuous flow (0.1Pa) in
a capillary chamber where murine-ECs seeded, the lack of recruitment of mMSCs
was observed. However, when the flow paused sometimes (for 10min), crawling
on endothelial surface was observed, resulting in extending microvillous processes.
Interestingly, in the presence of chemokines such as CXCL9, CXCL16, and CCL25, it
markedly stimulated trans-endothelial recruitment across the EC layer.



Table 13.1 Role of stem/progenitor cells (SPCs) in atherosclerosis

Cell type Mediator Differential lineage Description References
SPCs migration via blood circulation
CD34+ MMP-8 Hematopoietic cells In vivo ApoE™"/MMP-8~'~ mice contained small [33]
Sca-1+ Leulocytes number of SPCs and small size of atherosclerotic
c-kit Macrophages lesions compared to MMP-8 expressed mice model.
Flk-1 MMP-8~~ mice contained small
CD34+/KDR+/CD45+ - Neointima development | Randomized-clinical trials (recruiting 155 consecutive [34]
stable angina patients)
Large population of CD34+/KDR+/CD45+
(1.41+0.64 cells/pL) were found in the restenosis
groups as compared to that in the stable and control
groups (0.95 +0.44 cells/pL)
BM-MSCs - Calcified neointima The calcified lesion by von Kossa staining was [35]
obviously observed in neointima layer
MSCs-induced calcification might be associated with
increase in BMP-2 expression in medial layers
BM-MSCs TGF-p1 Foam cells a-SMA and SM-MHC-1 were highly expressed in the [36]

response to TGF-f1

BM-SMCs were differentiated into foam cells after the
treatment with ox-LDL, which upregulates the SR-A
and down regulate ABCA1
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De-differentiation of SPCs in the adventitia

Trans-differentiation of
SMCs

Sca-1+

Multivascular Stem Cells
(MVSCs)

Phosphate
BMP-2

PDGF-BB

PDGF-B
bFGF
TGF-p1

Osteoblasts
Chondrocytes

SMCs

MSC-like cells
SMCs

SMCs phenotypic transition toward
osteochondroprogenitors since BMP-2 enhanced excess
amount of phosphate

Calcified vascular lesion was found as trans-
differentiation of SMCs by Erk signaling was
dominated

In vitro, Sca-1+ was differentiated into SMCs lineage
in response to PPDF-BB

In vivo, Sca-1+ carrying with LacZ gene enhanced
f3-gal +cells, leading to increase in atherosclerotic
lesions

Upon vascular endothelial injury, MVSCs expressing
Sox10 were found inside the elastic lamina layers
TGF-B1 substantially increased early SMC
differentiation markers including SMA and CNN1

(37]

(31]

(38]
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In addition, enzyme-mediated crawling or transmigration across ECs has been re-
ported. As the plaque developed by migration of monocytes, mast cells, and choles-
terol across EC layer and differentiation of monocytes into macrophages, the latent
stage of various type of matrix metalloproteinases (MMPs) such as MMP-9, MMP-14,
and MMP-8 were activated [44].

Among MMPs, MMP-8 played a critical role in proteolysis of fibrillar collagen (col-
lagen I) [45]. It was recently reported that MMP-8 enhanced embryonic Sca-1*"SPCs
recruitment and accumulation in atheroma in vivo [33]. As compared to ApoE™"/
MMP-87~, ApoE™"/MMP-8"* mice model showed increase in CD34, Sca-1, c-kit,
and Flk-1 positive cells trans-located in atherosclerotic lesion. The migrated-SPCs in
ApoE_/_/MMP-8+/ * mice expressed hematopoietic marker (CD45) and macrophage
marker (CD68). It would be plausible that recruited-SPCs will be differentiated into
macrophages resulting in developing atherosclerotic lesion with multiple mechanisms.

Taken together, these findings have provided significant insight into the role of
fluidal mechanics and biological molecules involved with the SPCs-associated patho-
genesis of atherosclerosis.

13.3.2 Significance of adventitia SPCs

Cumulative evidences revealed that SPCs are presented in the media layer and ad-
ventitia, which contributed to vascular remodeling under pathological condition
[31,37,38,46]. Interestingly, as the expression of smooth muscle myosin heavy chain
upon vascular injury decreased, it leaded to proliferative and synthetic SMCs [47].
The contractile or phenotypic plasticity of SMCs would de-differentiate into prolifer-
ative SMCs [48]. It meant that under pathological condition, releasing a panel of cy-
tokine would orchestrate SPCs differentiation toward proliferative SMCs. To identify
the existence of vascular SPCs, vascular tissues from ApoE™"~ mice were rigorously
investigated [31]. Immunohistochemical staining of adventitia in aortic roots showed
large number of stem cell positively having markers such as Sca-1, c-kit, CD34, and
Flk-1. In vitro expansion of isolated Sca-1 positive cells showed the differentiation of
the cells into SMCs in response to PDGF-BB (platelet-derived growth factor).

13.3.3 Mesenchymal stem cells (MSCs)

MSCs have been considered the most suitable cell source for tissue engineering/cell
therapy due to its effective proliferation and being differentiated into specific lin-
eages, such as chondrocytes, adipocytes, and osteocytes [49,50]. In addition, MSCs
expressed endothelial, neural, smooth muscle, and cardiac myocyte differentiations,
which is indicative of its potential for the treatment of cardiac diseases. Allogeneic
MSCs isolated from human bone marrow generated a little immune rejection by T
cells, alleviating immune response and fulfilling patients’ compliance [50,51].
However, MSC injection into the body showed a very low survival rate. Recently, allo-
geneic MSC isolated from male Wister rats, which showed fibroblast-like morphology in
TEM (transmission electron microscopy) images, was modified with hepatocyte growth
factor (HGF) via transfect retrovirus [52]. Since HGF had versatile capabilities, such as
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antiapoptotic, antiinflammatory, and angiogenic activity, it can enhance a survival rate of
MSC [53]. The survival rate of HGF-MSCs greatly increased even 4 weeks after injec-
tion, demonstrating the effectiveness of HGF as the controlling factor for ischemic heart
disease.

The unique versatility and plasticity of macrophages can be educated with dif-
ferent forms of polarization (M1 and M2) as interacted with external signals from
MSCs [54]. The efforts to reveal the MSCs-guided transition from pro-inflammatory
stage of M1 polarization to alternative M2 macrophages have been gradually reported
[55]. Special consideration of the use of MSCs in atherosclerosis is warranted as the
interaction of MSCs with macrophages was extensively studied [56,57]. It was found
that the high level of mannose receptor (MR or CD206) expression, well-known as a
surface marker of antiinflammatory macrophages, was activated as the macrophages
were co-cultured with bone marrow-derived MSCs (BM-MSCs). Furthermore, macro-
phages co-cultured with BM-MSCs expressed high level of interleukin-10 and -6 ex-
pression (IL-10 and IL-6), whereas the level of IL-12 and tumor necrosis factor-alpha
(TNF-a) expression was relatively low [56].

In addition to BM-MSCs, the variety of MSCs (derived from human gingiva
(GMSCs) and cardiac adipose tissue (AT-MSCs)) has been gradually investigated
[58,59]. GMSCs with similar stem cell-like characteristics including immunosuppres-
sive and antiinflammatory function could educate the M1-polarized macrophages,
which were re-polarized into M2 phenotype. The increase in the expression of CD206,
IL-10, and IL-6 in M1 macrophages with reduction of TNF-a Th-17 cell expansion
supported the repolarization of pro-inflammatory stage into antiinflammatory phe-
notype [59]. It was reported that human cardiac adipose tissue-derived mesenchymal
stem cells (AT-MSCs) could be relevant to polarize M1 phenotype into antiinflamma-
tory (M2) phenotype [58].

A morphological assessment showed that there was a star-shaped morphology,
which represents a typical marker of M2 phenotype macrophages, such as CD206
and CD163. It was also reported that there was a bidirectional interaction between AT-
MSCs and macrophages, indicating that MSCs can be reprogramed by macrophages
and the secretion of M2 inducers including IL-4 and IL-13 can be enhanced by MSCs.
It can be concluded that various types of MSCs are capable of eliciting M2 phenotype
macrophages and contribute to a marked reduction of atherosclerotic lesion.

Despite the great potential of MSCs, a relatively few or none of coating strategy
has been introduced. This is mainly due to the lack of viability and the low growth rate
of MSCs. It was demonstrated that M2-associated cytokines, such as IL-10, TGF-p1,
and VEGF, promoted the growth and viability of MSCs, whereas M1-associated
cytokines, such as IL-1b, IL-6, TNF-a, and IFN-vy, inhibited the growth of MSCs
in vitro [60]. The re-polarization of M1 phenotype into M2 was observed after 3 days
of co-culture, indicating that the timing of implantation could act as a key role in the
ultimate success of MSCs therapy against atherosclerosis. The difficulty in the devel-
opment of successful cell therapy lies mostly in the loss of MSCs encapsulated into
a polymeric scaffold from the blood flow and lack of an appropriate delivery carrier.

Along with rigorous efforts, the recent study on the protective role of MSCs
in MI and hind limb ischemia has demonstrated that a systemic infusion of MSCs
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was effective to alleviate atherosclerosis via improvement of endothelial function
[61-63]. In vitro co-culture of ECs with MSCs ameliorated stresses exerted by
oxidized low-density lipoprotein (oxLDL) and restored the endothelial nitric oxide
synthase (eNOS) level. Due to the restoration of eNOS, nitric oxide (NO) production
also increased. In addition, transplantation of MSCs on ApoE(—/—) fed with high-
fat diet improved endothelial function, resulting in reduction of plaque formation in
ApoE(—/—) model [61]. However, the systemic infusion approach is considered to
be restricted due to the rapid loss of transfused cells by washout in bloodstream, im-
munogenicity, and severe environment where cells cannot survive after the injection
[64-66]. Cumulative evidences indicated that the beneficial role of stem cells in the
treatment of atherosclerosis is closely correlated with the amount of paracrine factors,
which are known to improve intrinsic repair mechanisms in the injury sites (i.e., ath-
erosclerotic lesion) [67-70], released from stem cells.

13.3.4 Endothelial progenitor cells (EPCs)

Among various regenerative medicines, cardiac repair has been recognized as one
of the most sophisticated fields. Various cardiac progenitor cell (CPC) popula-
tions, such as side population CPCs, c-kit+CPCs, Sca-1+ CPCs, Islet-1+CPCs,
SSEA-1+ CPCs, and cardiosphere PCs, have been considered as a suitable cell source
for cardiac regeneration [71]. As compared to other stem cells, progenitor cells have
an ability to differentiate into specific organs or tissues through a microenvironment
adaptation [38]. It also has an advantage of not being overproliferated, implying that it
is free of the risk of becoming a cancer cell [72].

It was reported that stem cell antigen-1 positive (Sca-1+) isolated from murine
model enhanced the cardiac functions in rat heart after MI. The recovery of the car-
diac functions represents the therapeutically essential process in which Sca-1+ was
differentiated into cardiomyocytes and released cytokines, such as soluble-VCAM-1
(sVCAM-1) and very late antigen-4 (VLA-4) [73]. It was demonstrated that
cyclosporine-A (CSA) improved the differentiation of mouse-derived embryonic
stem cells (mESCs) into cardiomyocytes Flk1+/CXCR4+/VE-cadherin-, called
FCV progenitor cells [74]. The results of this study indicated that even though the
exact mechanism is still unknown, CSA plays a positive role in endogenous cardiac
regeneration.

13.4 Current treatment strategies against atherosclerosis

13.4.1 Immunotherapy for plaque stabilization

Improved understanding of the inflammatory response has led to important advances
in the treatment of diseases such as cryopyrin-associated periodic syndromes (CAPS),
seropositive rheumatoid arthritis (RA), and atherosclerosis [75-77]. However, the in-
flammation cascades are coordinated by such many factors as activating macrophage,
host-defense response, and an increase in oxidative stresses [78]. Regulating one or a
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few factors may not be appropriate to achieve the therapeutic effectiveness. Ongoing
efforts to broaden the benefit-to-risk window of antiinflammatory therapy in athero-
sclerosis are to prevent the retention of atherogenic lipoproteins in addition to regulat-
ing the serum level of LDL [79].

13.4.1.1 Antiinflammatory therapy using monoclonal antibody
(mAb)

The inflammation associated with leukocyte subpopulations and secretion of cytokines
is recognized as to play a pivotal role in promoting atherosclerotic plaque growth and
in subsequently destabilizing the atheroma [80—-82]. Since the chronic inflammation
obviously involves with the rupture of plaque, the modulation of the immune response
is now viewed as a potential avenue of therapy [83—86]. The utilization of mAb has
been widely established in a wide range of conditions such as cancers, the rejection
of implanted transplants, and infectious disease [87-89]. These biotherapeutics have a
higher potency than the conventional small-molecule therapeutics as the specificity at
the target site and less dosing frequency could be enhanced [90,91].

In general, mAbs are well-tolerated and have some advantages such as the spec-
ificity for their target, no interaction with cytochrome p450, and other transport
proteins in the body. This caused reduced potential for drug-drug interactions [92].
Circumstantial evidence demonstrates that eotaxin-2/CCL24 may play an essential
role in the atherosclerotic progression [93]. In a subsequent study, the high level
of induction of EO-2 circulating is associated with the presence of coronary artery
disease (CAD) such as atherosclerosis [94]. In a recent study, it has been reported
that blocking the EO-2 pathway by a newly developed monoclonal antibody, DS,
may represent the inhibition of fatty streak formation and reduce the plaque size as
employed to the ApoE—/— mouse model [95]. Likewise, various receptors causing an
initiation of plaque formation would be recognized as a therapeutic targeting. It has
been recently reported that BAFFR (B cell activation factor of the TNF family)-re-
ceptor might be a potential target to attenuate the atherosclerotic plaque [96]. BAFF
is widely expressed by immune cells, primarily macrophages [97]. The induction
B-cells by the interaction between BAFF and these receptors (BAFFR) could exac-
erbate the plaque instability. Anti-BAFFR monoclonal antibody has been developed
and it ameliorated the progression of established atherosclerosis [96]. This mAbs
were targeting B2 cells-depletion in atherosclerosis lesion, resulting in an attenuation
of pathological progression.

However, the cytotoxic impacts of immune-modulation therapy on unintended tis-
sue or target molecules are frequently found [98]. The toxicity related to mAbs can
be dependent on the activity of the mAbs due to the ramification of interaction with
target molecules (i.e., protein or receptor) or nonspecific targeting on target tissue
(i.e., off-target) [99]. In addition, the major barrier is associated with a delivery route.
The advanced knowledge for an appropriate delivery carrier or route of administration
should be cumulated.

Taken together, the immune-modulation approach is effective, but it is still required
to study the safety, site-specificity, stability, and delivery route.
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13.4.1.2 Site-specific targeting mediated by pro-antibody design

As the antibody-therapeutics are bound to normal tissue, the patients have negative
side effects including the increase in apoptotic pathway, on-target toxicities during
the treatment, and reduced patient compliance [100]. Given these and other risks,
several distinct strategies have been reported to enhance the selectivity of antibody-
therapeutics [101].

Locally activated proteolytic enzymes are highly expressed at various pathological
lesions such as neurodegenerative diseases, oncological diseases, and cardiovascular
diseases [102-104]. Consequently, site-specific proteases are exploited as a target-
ing moiety [105,106]. In atherosclerotic plaque, it has been well-known that latent-
matrix metalloproteases family (i.e., MMP-1, 8, and 9) has been activated by exocytic
components such as reactive oxygen species and inflammatory cytokines [107]. The
activated-MMP family could destabilize the plaque as the type-1 collagen matrix in
the fibrous cap is degraded [108]. It has been recently reported that anti-VCAM-1-
conjugated pro-antibody containing protease cleavable substrates was designed to
render a specific binding affinity upon protease in atherosclerotic tissue [109]. The
subsequent in vivo study demonstrated that the pro-antibody was efficiently activated
by activated proteases in aorta tissue extracts from ApoE(—/—). No increase in the
activation of pro-antibody was found as treated by the extracts from a normal mice.
It indicated that the proteases (activation of MMP family) could be exploited to site-
specifically target atherosclerotic lesion in vivo.

Newly developed microvessel in the plaque is a feature of angiogenesis induced by
hypoxic condition [110,111]. The extradomain B of the ECM glycoprotein fibronectin
(ED-B) was expressed in atherosclerotic plaque, but not in normal blood vessels of
humans and ApoE(—/—) mice. The binding to this ED-B could be utilized for a tar-
geting domain [112]. Since T effector cell proliferation increased with the deprivation
of IL-2, which exacerbates the chronic inflammation at atherosclerotic site, subse-
quent administration of IL-2 could re-adjust the homeostatic balance of regulatory T
cells (Treg) and T effector cells [77]. It was recently reported that the L19 antibody
that specifically binds to ED-B was fused with interleukin-2 (IL-2). The Foxp3 and
CTLA4 (Treg makers) were highly expressed after L19-IL2 treatment as compared to
IL-2 only (P<.03) [113]. It indicated that IL-2 could be effectively delivered to the
atherosclerotic plaque, resulting in the significant reduction of a plaque size mediated
by the increase in Treg.

It is noteworthy that to achieve enhanced pharmacological efficacy, the immuno-
suppressive therapeutics could be functionalized with specific binding moieties, such
as the protease specificity and a receptor-mediated binding affinity.

13.4.2 Induction of autophagy to treat atherosclerosis

Recent advances in characterizing the signaling cascades of MA revealed the ma-
chinery proteins that are particularly for autophagosome formation [24]. Especially,
mammalian target of rapamycin (mTOR) plays a critical role in early and advanced ath-
erosclerosis. Uptake of ox-LDL by macrophages triggered cytoplasmic accumulation
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of lipid debris in early atherosclerosis [114]. If the expression of autophagy increased
through the inhibition of mTOR, the lipid debris was fused with autophagosome and
subsequently with lysosomes, resulting in producing free cholesterol. The free choles-
terols were effluxed from the cell. As compared to early stage, the cholesterols were
trapped inside lysosomes of foam cells. This is mainly due to the increase in mTOR
expression followed by the decrease in Atm expression. The prediction from these
findings is that ATM-dependent inhibition of mTOR pathway at the molecular level
could lead to activation of autophagy expression, resulting in the efflux of free choles-
terol and rapid clearance by efferocytosis. The inactivation of mTOR pathway could
provide a beneficial avenue for reduction of plaque size.

It has been recently reported that diet-induced fat accumulation and induction of
atherosclerosis could be explained by Wip1-Atm-mTOR signaling cascades in macro-
phages [115]. In vivo data using Wip1-deficient mice showed that the transformation
of macrophages into foam cells was suppressed. A noncanonical Atm-mTOR pathway
which is governed by Wipl-dependent signaling cascades was considered as a novel
target for the treatment of atherosclerosis. Although immune-modulating therapy with
target specificity seems to have a promising future, clear evidence of the effectiveness
of a variety of strategies to reduce immune rejection after i.v. injection has not been
thoroughly elucidated yet.

13.4.3 Nanoparticles targeting to atherosclerosis

Drug delivery systems (DDS) for the therapeutics whose release was triggered by the
external stimuli have been extensively investigated in the area of cancer and brain
research [116,117], but rarely investigated for the treatment of atherosclerosis [118].

The narrowed blood vessel could serve as the potential stimuli by which the ther-
apeutics are released from the carrier in a target-specific manner [119]. Obstruction
of blood vessels due to formation of atherosclerotic plaque produced abnormally high
shear stress. The study revealed that shear-activated microscale of nanoparticle (NP) ag-
gregates was broken up into nanoscale particulates by high shear stress produced in the
narrowed vascular sites. This strategy opened a new stimuli-responsive approach for the
treatment of atherosclerosis with minimal side effects while maximizing drug efficacy.

It was demonstrated that specific enzymes present in atherosclerotic plaque could
be an attractive option to achieve targeted drug delivery. NPs were designed by in-
troducing the moiety labile to collagen IV (Col-IV), which abundantly presented in
plaque lesion [120]. Specific accumulation of NPs at atherosclerotic lesions in Ldlr™~
mice model fed with high western diet for 12 weeks was achieved in Col IV-Ac2-26
NPs as compared to Ac2-26 NPs (without Col IV peptide, KLWVLPK peptide).
However, the homing rates of Col IV-Ac2-26 NPs to spleen and liver were lower than
those of NPs fabricated without Col IV peptide.

Taken together, the approaches based on enzymatically labile to varying degrees are
very promising because it is free from surgery (i.e., angioplasty). However, it would
not be a suitable method for the acute atherosclerotic occlusion due to the abundant
collateral network and the infrequency of atherosclerosis.
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13.5 Preparation and surface modification of nanofiber

Artificially fabricated biomaterials, such as polymeric porous matrix, micro-porous
fiber, and nano-sized mean diameter of fibers, have been developed based on nat-
ural polymer, high-biocompatible synthetic polymer or composite (blending poly-
mers), and evaluated for numerous biomaterial applications [121-125]. Nanofiber
has been produced using various techniques, such as Conventional Electrospinning
Process [126,127], Co-Axial Electrospinning Technique [128-130], and Phase
Separation Method [131,132]. Among those techniques, the electrospinning method
has been widely utilized due to cost-effectiveness and easiness in fiber-mat produc-
tion. Electrospinning technique produces nonwoven three-dimensional matrix, whose
prospects have been highlighted upon optimizing several factors, such as materials
to be selected, mechanical property, biodegradability, and types of organs/tissues to
regenerate [5].

One-dimensional nanoscale fiber has been recognized as a versatile scaffold for
cells to grow, attach, and proliferate onto it due to its large surface to volume ra-
tio [133]. In vivo outcomes of tissue engineering have elucidated how and based on
what mechanism scaffolds interact with cells. Recently, free-standing membrane is
introduced as a cell culture membrane reconstituting tissue-tissue interface to inte-
grate with a curved substrate. The fluidic nature of the electrolyte collector in the
free-standing nanofiber membrane enables flexible patterning and facile integration
on complex substrates from a 2D flat surface to a 3D curved geometry [134]. The pros
and cons of fabricated nanofibers were previously delineated in detail [13].

The interaction between scaffolds and cells is greatly influenced by the composi-
tion of the scaffold. Hence, the modification and composition of the surface texture
have been a viable means to improve the adhesion rate of cells onto the surface. There
were various methods available for the modification of the scaffold surface: (1) plasma
treatment or wet chemical method for surface graft polymerization [135-138], (2)
co-electrospinning with a drug molecule or a biological agent [139-142], and (3) uti-
lization of aligned nanofiber [143,144].

13.5.1 Stem cell stability and viability in nanofiber

The stability issue of transplanted stem cell under the harsh conditions, such as
ischemia and hypoxia, has greatly restricted the clinical usage of stem cell therapy.
As described in Table 13.1, several strategies were introduced to enhance the sta-
bility of stem cell in vivo, which would pave the way to expand stem cell therapy
(Table 13.2) [152].

13.5.1.1 Stem cell conditionings

Advanced tissue engineering via stem cell application seems to be a promising
strategy to regenerate damaged tissue. However, transplanted cells will face critical
barriers, such as low oxygen level, low interaction between artificial scaffold and na-
tive tissue, and lack of nutrients. Therefore, it would be integral for stem cells to be



Table 13.2 Various nanofiber scaffolds loaded with stem cells for advanced tissue engineering

Polymer Cell sources | Description Application References
PLLA/PBLG/ ADSCs Cell source was seeded onto the electrospunned scaffold (PLLA/ Bone tissue [145]
collagen with n-HA PBLG/collagen) in the presence of nano-hydroxyapatite engineering
PCL/gelatin ADSCs Nanofiber was made of PCL 10% and gelatin 10%, which were Cardiovascular [146]
optimized to achieve proper tensile strength and homogeneity. As tissue engineering
PCL was degraded gradually, the space for cell migration became
larger
Collagen (Type 1) hMSCs As compared with tissue culture polystyrene (TCPS), 3D collagen Bone tissue [147]
nanofiber (Type-1) supports extracellular matrix where hMSCs can | engineering
be differentiated into osteoblast-lineage
PCL hMSCs hMSCs were suitable cultured on PCL scaffold with TGF-p, Cartilage tissue [148]
indicating that hMSCs embedded into nanofibrous scaffolds were engineering
differentiated to a chondrocytic phenotype
PLGA hMSCs PLGA nanofiber scaffold can accommodate hMSCs, which were Cartilage tissue [149]
differentiated into chondrogenic and ostetogenic cells engineering
PCL Mouse- PCL nanofiber scaffold and neural basal media (B27 supplement) Neural tissue [150]
derived ES rendered optimal differentiation of ES into neural tissue lineages, engineering
such as neurons, oligodendrocytes, and astrocytes
PLLA hMSCs The scaffold with MSCs accomplished antithrombogenic Vascular tissue [151]

effect, opening the new era of novel engineered vascular grafts
incorporated with stem cells

engineering

ADSC, adipose-derived stem cells; ZMSCs, bone marrow-derived human mesenchymal stem cells; n-HA, nano-hydroxyapatite particle; PBLG, poly-benzyl-L-glutamate; PCL, poly

(e-caprolactone); PLGA, poly(p,L-lactide-co-glycolide); PLLA, poly (L-lactic acid); TGF-p, transforming growth factor-f.
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preconditioned before their transplantation. There are several techniques for pre- or
postconditioning of stem cells: hypoxic treatment and stem cell aging.

Cardiovascular diseases, such as atherosclerosis and MI, are characterized with
the low oxygen level, indicating that transplanted stem cells applied to cardiovascular
diseases will be subjected to apoptotic pathway. Therefore, stem cell was pretreated
with coercive hypoxia, in which the amount of hypoxia-inducible factor-1 (HIF-1) in-
creased via stimulation of the PI3K/AKT pathway. Hypoxic-controlled MSCs showed
a slower cell death rate and lowered caspase-3 activation, suggesting that precondi-
tioning of stem cell could increase angiogenesis with a longer survival rate at the acute
MI site [153].

The oxygenation treatment after transplantation of MSCs into rat myocardium (i.e.,
postconditioning) also enhanced endothelial NOS (NOS3) and subsequently improved
MSCs engraftment [154], indicating that the pre- and postconditioning before/after
transplantation of stem cells into disease lesions stimulate the survival rate of stem cells.

13.5.1.2 Genetic modification of stem cells

The genetic modification of such properties as antiinflammatory response, migration,
and angiogenesis processes was used to boost the stability of stem cell [155]. As the
inflammatory response at the transplanted-site affects the survival rate of stem cells,
the efficacy of stem cell at targeted tissue was significantly attenuated by lowered an-
tiinflammatory response. The modification of MSCs-TNFR by tumor necrosis factor
receptor (TNFR) after 2 weeks of transplantation caused the reduction of the amount
of inflammatory cytokines and proteins, such as TNF-a, IL-1p, and IL-6 [156]. The
high secretion rate of growth factors, VEGF and bFGF, from transplanted stem cell
stimulated the angiogenesis process, resulting in building up of myocardial vascular
matrix [152,153].

The regulation of myocardial vascular matrix by MSCs transplantation enhanced a
cardiac function [157]. It was also reported that overexpression of Nkx2.5 and GATA-4
in MSCs enhanced their survival rate in vivo as compared to bare-MSCs [158]. Both
Nkx2.5 and GATA-4 are known as distinguished markers for cardiomyogenesis, play-
ing an integral role in both upregulating P19 cells and hindering their apoptosis.

13.5.1.3 Addition of drugs or molecular biologics to stem cells

An addition of drug to stem cells seemed to be a viable approach to enhance the stabil-
ity of stem cells in vivo. Statin, an inhibitor of cholesterol biosynthesis, enhanced the
regulation rate of stem cell and its endothelial function [159]. Simvastatin and lovasta-
tin were utilized to control two regulation pathways, such as PI3K/AKT and ERK1/2,
achieving the positive enhancement of stem cell stability [160,161].

It would be beneficial for their biomedical applications to load nanofibers with
molecular biologics, which could enhance therapeutic efficacies of transplanted
cells. Biomolecules, such as proteins, genes, or small RNA, can provide stem cells
with the biophysical environment in which they can be differentiated into the spe-
cific lineage [162].
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Vascular endothelial growth factor (VEGF) along with the protective agents (dex-
tran or bovine serum albumin (BSA)) was loaded in nanofiber electrospunned on poly
(L-lactic acid-co-caprolactone) (PLCL) [163]. It was reported that proliferation ability
of MSCs on different substrates, such as tissue culture-treated plate (TCP), PLCL and
PLCL-VEGEF, at specific time points (5, 10, and 20 days) enhanced cell population of
PLCL-VEGF by 32.3% and 49.9%, respectively, as compared with TCP and PLCL
nanofibers. Since VEGF plays a critical role in the differentiation of MSCs into car-
diomyocytes, nanofibers containing biomolecules would have a positive outcome in
cardiac tissue regeneration.

The more effective drugs or advanced technologies that immobilize and preserve a
mixture of macromolecules will emerge as a suitable candidate in the near future. The
thermostable mixture may contain sensitive biologicals that are secreted by stem cells
in culture, such as cytokines, chemokines, growth factors, matricellular proteins, and
enzymes, mRNAs and microRNAs.

13.5.2 Application of nanofibers for cardiovascular tissue
engineering

As three-dimensional structure of nanofibers could closely simulate ECM, they can
provide stem cells with a suitable environment to be differentiated into cardiovascular
tissues. Along with the conventional nanofibers (i.e., based on biocompatible synthetic
polymer), the blending of nanofibers with proteins, such as fibrinogen or gelatin or
antibodies, has been generally considered as a next generation of tissue engineering
applicable to the cardiovascular field.

13.5.2.1 Tubular nanofiber for treatment of vascular disease

Although autologous small-diameter blood vessel has been transplanted for the treat-
ment of vascular diseases, the vascular tissue engineering field still suffers from the
limited supply of artificial tissues available for patients [164,165]. Artificial blood
vessels fabricated by synthetic polymers, such as poly ((L-lactic acid)-co-poly
(epsilon-caprolactone) (P(LLA-CL 70:30)), polycaprolactone (PCL) coated with
poly(dopamine), and poly(lactic-co-glycolic acid) (PLGA), have been regarded as an
alternative means for the replacement of damaged blood vessels [166—168]. However,
the practical use of artificial blood vessels fabricated by the electrospinning method
still has some drawbacks due to the side effects, such as instantaneous thrombosis and
initial thickening after the transplantation [164].

The design of vascular grafts based on nanofibers should consider the mechanical
characteristics including stress/strain and elongation rate [169]. The dynamic envi-
ronment of blood vessels, such as continuous blood flow and platelet adhesion by in-
flammatory cytokines, makes it difficult to apply nanofibers to artificial blood vessels.
The elastic modulus of three-dimensional nanofibers made of polyethylene glycol di-
methacrylate (PEGdma) blended with PEO (3.5 wt%) through singlet-electrospinning
ranged from 2 to 15kPa, whose magnitude is close to elasticity of the intima mem-
brane and media layer [170].
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To date, several strategies have been proposed to improve electrospunned artificial
blood vessels. The nanofibers blend of natural polymers, in which collagen was mixed
with other natural polymers like elastin, closely mimics the complex architecture of
the blood vessel wall, offering a high-porosity and high-surface area [171]. Gelatin
shell nanofibers improved the cell viability and biocompatibility, demonstrating their
usefulness as an artificial vascular tissue and effectiveness in cardiac restoration
[168,172].

13.5.2.2 Application of stem cell to MI

Stem cell therapy could represent the suitable means of MI treatment, replacing dead
cells with new cells produced via either stem cell or progenitor cell differentiation. The
biomedical techniques, such as ST-segment-elevation MI, Non-ST-segment elevation
MI, cardiac angioplasty with stent implantation, coronary artery bypass-graft surgery
(CABG), and antithrombotic therapy, have been frequently used in the treatment of
MI lesion. However, since these techniques don’t regenerate de novo cardiac muscle
cells, MI could become even worse, unless the fundamental replacement of necrosis
cells occurs [173,174]. Subsequently, stem cell could be considered as a novel way to
reduce stent-induced restenosis, which relieved the symptoms of MI [151,175].

To date, most novel carriers for stem cells applied against heart diseases are pro-
duced in an injectable or implantable mode. Advanced carriers for delivering SPCs
into the heart, such as self-assembling peptide, drug-eluting stent, hydrogel, and car-
diac patch, have been developed and their properties were characterized [176—180].

The cell therapy approach for cardiovascular tissue regeneration has several lim-
itations. The delivery of cells via coronary artery would be constrained due to the
presence of narrowed or blocked coronary artery. There are two approaches to deliver
stem cells into the MI site: Inject cells (1) through blood vessels, and (2) directly into
myocardium. Since intravenous infusion of cells into whole body organs or tissues has
been clinically restricted, the number of the cells that needed to be injected into the
body should be large [176,181].

As compared to trans-vascular infusion, the direct injection of stem cell into the
ventricular wall is considered as a novel approach, particularly given that the size
of MSCs is large. For coronary artery occlusion, the direct injection of stem cell
into myocardial tissues was as effective as those via the coronary artery route [182].
However, the survival rate of injected cells was low due to harsh conditions, in which
a limited oxygen supply via blood stream is noticeable.

An injection of hydrogel has been considered as a novel approach to deliver stem
cells into MI lesions without surgery [177,178,183]. However, the injected polymeric
hydrogel could affect the expansion and stiffness of MI lesions. Injected cells will
also be vulnerable under harsh environments, such as a hypoxia condition around
MI lesions, which reduces cell viability. Decellularized organ ECM was emerged as
a novel biomaterial scaffold to enhance the survival rate of cells in vivo, since it con-
sisted of growth factors, offering an ideal and closely simulated organ geometry and
three-dimensional structure. It was reported that decellularized-pocrine myocardial
tissue injected into rat MI lesions formed a gelling scaffold, yielding sufficient cell
adhesion in situ and in vivo [179].
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As compared to the injection of cell sources, the implantation of cells loaded in a
scaffold has improved cardiac function and vascular engraftment. When murine em-
bryonic stem cell-derived cardiomyocyte (mnESCDCs) was cultured onto the poly-
urethane (PU) scaffold with fibroblasts, the enriched sarcomere shape was formed
onto a PU scaffold as a result of phenotype differentiation of mESCDCs with mouse
embryonic fibroblasts (MEFs) [144]. This study supported that co-culture condition
is integral for the biological response of stem cell when they are differentiated into
cardiac muscle.

13.5.2.3 Nanofibers as cardiac patch for stem cell delivery

Both stem cells and progenitor cells can be delivered through a patch into MI lesions
in the heart. The patch has several beneficial properties, such as high biocompatibility,
controlled degradability, and flexibility. However, there are some drawbacks, such as
necessity of surgery and ambiguity of stem cell effects [184,185].

Poly (glycerol sebacate)(PGS)/fibrinogen (core/shell) nanofibers produced by core-
shell electrospinning were suitable as a cardiac patch for the treatment of MI. PGS/
fibrinogen induced the larger number of cardiac markers than fibrinogen nanofiber.
Also, it was feasible for PGS/fibrinogen to be utilized as a cardiac patch owing to the
reasonable Young’s modulus (3.28 + 1.7 MPa), whose value is close to native myocar-
dium [145]. In addition, cardiac patch made of type 1 collagen nanofibers seeded with
hMSC:s significantly enhanced myocardium functions via higher engraftment [186].
Nanofibers combined with various biocompatible hydrogels were introduced for the
enhancement of their efficacy. For instance, short-fragmented nanofibers made of poly
(glycerol sebacate) (PGS) were fabricated into core (PGS)-shell (PLLA) electrospin-
ning [187]. PLLA (shell) was removed by immersing nanofibers into the mixture of
hexane and DCM (1:2), resulting in short-fragmented PGS nanofibers. Several cardiac
makers, such as actinin, troponin, myosin heavy chain, and connexin 43, were overex-
pressed from cardiomyocytes cultured on short-fragmented nanofibers. Because PGS
are injectable, they need a minimally invasive technique for the treatment of MI.

Stimuli-sensitive hydrogel can also be utilized for the fabrication of nanofiber-
hydrogel composite. PCL nanofibers electrospunned and mixed with hydrogel pre-
cursor (poly ethyleneglycol (PEG) hydrogel) were hardened through external stimuli,
such as UV treatment [188]. Photo-patterned nanofibers demonstrated its usefulness
in promoting the proliferation rate of mammalian cells incorporated within them. This
study has expanded the utility of nanofiber-hydrogel to stem cell-based cell therapy
as well as the sustained release of therapeutics agents, such as proteins and siRNA.

13.5.2.4 Stem cell-loaded stent for the treatment
of atherosclerosis

Biomedical techniques to coat the metallic surface of stent with nanofibers can be
applicable to various biomedical fields, such as esophageal stent, wide-necked aneu-
rysm, tracheal regeneration, and cholangiocarcinoma treatment [189,190]. The stent
coated with nanofibers was developed through electrospinning technique as shown
in Fig. 13.1. Since in- and outside of the stent surface were coated with nanofiber,
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Fig. 13.1 (A) Schematic illustration of capture-antibody immobilization. Inset images

from Ref. [191] demonstrated that CD34+ cells were captured by anti-CD34 antibodies.
Anti-CD34 was immobilized using direct immobilization. (B) Evaluation of dynamic adhesion
of circulating EPCs on Ab-attached stent was employed to examine EPCs binding to the
pseudo-vascular wall simulator under shear fluid [192]. (C) Anti-CD133 was immobilized
using polymer-based immobilization. CD133-attached stent showed rapid endothelialization in
normal porcine coronary arteries after stent implantation [193].

nanofiber surface rather than bare-metal surface was exposed to blood flow when it
was implanted. The advantages of this approach are: (1) the presence of the barrier
between injured vascular site and bare-metal surface, (2) increase in surface area, and
(3) reduction in in-stent restenosis. One minor drawback of this approach is that it
requires the long-term observation to demonstrate or verify its efficiency.

The application of stem cells to the cardiovascular stent has been accentuated
to clinical application in which the proper differentiation of stem cells on vascular
disease lesion can prevent in-stent restenosis and thrombosis. For instance, immune
responses were modulated by hMSCs, which play a critical role in regulating autoim-
munity through the generation of regulatory T cells (Tregs) [194].
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An advanced approach known as an electro-addressing technique was introduced
to incorporate stem cells into biocompatible scaffolds using sodium alginate hydrogel
[195]. Although the electro-addressing approach has several advantages in delivering
a living organism, this approach has faced some difficulties due to the increase in the
cellular cytotoxicity during the process [196]. One critical aspect along with increase
in cytotoxicity is that hydrogel showed unfavorable mechanical property in terms of
the expansion of stent in angioplasty. Therefore, the charged-nanofiber-gel (CNG)
seems to be a promising alternative means to increase the mechanical property, guar-
anteeing the safety of incorporating cells during the process (Fig. 13.2).

As compared to externally delivered stem cells, endogenously derived stem cells
significantly improved the efficacy of the cell-based therapy. Nanofibers containing
biological therapeutics, such as antibody (CD34 or CD133), serve as a prototype to
utilize endothelial progenitor cells for facilitating blood stream flow [197]. Recently,
it was reported that re-endothelialization and neointima formation with the use of
CD133-coated stent were not distinctively different from those with bare-metal stent
[198]. These seemingly conflicted results can be explained by: (1) lack of population
of EPCs in blood circulation, and (2) lack of efficacy due to unspecific binding. Since
the conjugation of stent and antibodies, such as CD133, was highly dependent on the
total surface of metallic stent, it is integral to thoroughly investigate based on long-
term observation and make proper assessment of the cardiovascular stent coated with
nanofibers containing a limited amount of antibodies.

13.6 Functionalized cardiovascular stents for treatment
of atherosclerosis

Implantation of drug-eluted vascular stents (DESs) has shown positive outcomes as
compared to bare-metal stent (BMS), resulting in decrease in the occurrence of in-stent
restenosis [ 199]. Despite promising clinical outcomes, recent studies reported that DES
can cause late stent thrombosis and lead to long-term failure, especially after stenting
complex lesions [200]. This was because antiproliferative agents, such as sirolimus or
paclitaxel, hindered not only SMCs migration, but also the re-endothelialization pro-
cess of the substrate. That is why DES has been considered as “double-edged sword.”
Functionalized cardiovascular stents will be discussed (Table 13.3).

13.6.1 Rapid endothelialization by antibody-grafted
cardiovascular stent

Recently, antibody-conjugated cardiovascular stent, which selectively captures circu-
lating EPCs, has shown a remarkable improvement of re-endothelialization on metal
surface (Fig. 13.1) [193,203,204]. This approach utilized circulating progenitor cells
migrated on the surface of implanted devices, which are already coated with spe-
cific antibodies, such as antihuman CD133 or CD34 antibodies (Fig. 13.1A and C)
[191,193,205]. To immobilize capturing antibodies on the metallic surface, various
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Fig. 13.2 Nanotechnology-based cardiovascular stent. (A) Nanoparticles-coated stent. Green
fluorescent indicated FITC-NPs successfully coated on vascular stent. (B) SEM images of
surface of vascular stent after the coating process. (C) In vivo deployment of NP-coated stent
at coronary artery. NPs diffused fast and prevented neointima formation. (D) Nanofiber-coated
vascular stent. Nanofibers were fabricated using electrospinning technique. Nanoparticles
were encapsulated in nanofibers, resulting in sustained drug release.

(A), (B), and (C) from K. Nakano, K. Egashira, S. Masuda, K. Funakoshi, G. Zhao, S.
Kimura, T. Matoba, K. Sueishi, Y. Endo, Y. Kawashima, K. Hara, H. Tsujimoto, R. Tominaga,
K. Sunagawa, Formulation of nanoparticle-eluting stents by a cationic electrodeposition
coating technology: efficient nano-drug delivery via bioabsorbable polymeric nanoparticle-
eluting stents in porcine coronary arteries, JACC Cardiovasc. Interv. 2 (2009) 277-283 and
(D) from B. Oh, C.H. Lee, Nanofiber for cardiovascular tissue engineering, Expert Opin. Drug
Deliv. 10 (2013) 1565-1582.




Table 13.3 Delivery methods for stem cell therapy against atherosclerosis

Description | Application Significances References
Injection Injection of | Atherosclerotic renal Improvement of medullary vascularization [63]
stem cells artery stenosis (ARAS) Increased expression of paracrine factors such as VEGF, FLK-1,
and HIF-1a
Additional intervention required to reduce oxidative stress
Atherosclerotic vulnerable | Downregulation of cytokines such as TNF-alpha, hs-CRP, and IL-6 [62]
plaque in serum
Upregulation of IL-10
Prevention of progression In vitro co-culture of endothelial cells with MSCs ameliorated [61]
of atherosclerosis stresses exerted by oxLDL and restored eNOS level
In vivo infusion of MSCs alleviated endothelial dysfunction and
plaque progression in ApoE ™"~
Ab-g-stent Capture Rapid endothelialization After deployment of CD34-g-stent in vivo, EPCs (CD34") adhered [191]
circulating on metallic surface to CD34-g-stent much earlier and proliferated faster in the presence
progenitor of anti-CD34 antibody
cells Neointimal area in CD34-g-stent was much lower than that in control
In vitro cell culture demonstrated that CD133-g-stent significantly [193]
promoted CD133* migration and proliferation
In vivo arteriovenous shunt model showed CD133-g-stent captured
CD133" from the blood stream within 6h
Stentcoated | Local Localized delivery of AD- | Sodium alginate hydrogels containing AD-MSCs were successfully | [201]
with stem delivery of MSCs into atherosclerotic | deposited on metallic stent via EPD
cells stem cells plaque Robust hydrogels in the presence of fragmented nanofibers formed
without any hindrance during EPD
Prolonging delivery of In vitro pMSCs seeded on NF sleeves continued to release PFs, [202]

paracrine factors (PFs)
released by pMSCs

inducing tubulogenesis of ECs
In vivo deployment of pMSCs-impregnated NFs-coated stent
showed no thrombotic occlusion or immune rejection
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immobilization techniques, such as covalently binding to polymer basement and di-
rect absorbing on metal surface, have been reported. The direct immobilization of
capturing antibody on the metal stent has been considered an ideal approach, because
it doesn’t cause any risks from the polymers on the stent [191].

To evaluate dynamic adhesion of circulating EPCs on antibody-attached stent,
the advanced model was employed to examine whether the incorporation of peptide
ligands into poly(ethylene glycol) diacrylate (PEGDA) hydrogel had a positive ef-
fect on EPCs binding to the pseudo-vascular wall simulator under shear fluid [192].
Although the test samples were made of grafted PEG-peptides, such as RGD, REDV,
and YIGSRG, a three-dimensional flow chamber design was useful to determine the
efficacy of antibody-attached stent (Fig. 13.1B).

13.6.2 NP-coated cardiovascular stent

DES prepared with conventional dip-coating or spray-coating methods are widely
used for angioplasty [199]. However, the therapeutics, such as sirolimus, used for DES
deteriorated the endothelialization process on the surface of metallic stents, resulting
in late restenosis [206].

Recent advances in nanotechnologies are poised to alter the development of im-
plantable devices, such as bone replacement, dental implants, and cardiovascular stent
[207-209]. The delivery of less invasive cardiovascular stent coated with NPs has
been introduced (Fig. 13.2) [209,210]. NPs-coated stent (encapsulated with a fluo-
rescent marker, FITC) has been formulated with an advanced technique called cation
electrodeposition coating (Fig. 13.2A and B). In vitro cellular uptake study on cul-
tured vascular SMCs demonstrated that NPs were taken up rapidly and efficiently as
compared to FITC in the absence of NP [209]. Fluorescent images of cross-sections
of stent deployment sites in vivo porcine coronary artery for 2 weeks showed that NPs
had played a beneficial role in prolonged delivery of drug and its distribution into the
stented coronary artery (Fig. 13.2C). Another study demonstrated the efficacy of NPs-
coated stent delivering N-nitrosomelatonin (NOMela) [210]. Cardiovascular stent has
been coated with NOMela nanoparticles using electrophoretic deposition (EPD) tech-
nique. The in vivo study on adult male Spraque-Dawley rats revealed that stent coated
with poly (D,L-lactide-co-glycolide) (PLGA, 50:50)-NPs containing NOMela signifi-
cantly reduced platelet aggregation as compared to those deployed with the control
stent, resulting in alleviating neointima formation.

Comprehensively, the treatment for atherosclerosis has been evolved due to the benefits
of using stem cells. Although various methods to deliver or capture stem cells have been
introduced, it is still in initial stage. In-depth research on cell delivery method as the next
generation therapeutics will be helpful in treating many patients struggled with CAD.

13.6.3 Surface coating of cardiovascular stents for stem cells
13.6.3.1 Electrophoretic deposition of stem cells in hydrogel

Hydrogels have been widely investigated for tissue engineering material, cosmetic
purpose, and pharmaceutical ingredients due to its high biocompatibility [211-213].
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Since the growth rate of implantable devices has substantially increased [214],
development of metallic medical implants coated with hydrogels to alleviate inflam-
mation would be a new era for researchers to rigorously investigate for future medi-
cine. Among various implants, cardiovascular stents coated with hydrogels have been
gradually introduced [215-217].

To coat the metallic surface of stent with homogenous hydrogel layer formed,
various strategies have been developed. Conventional methods were either simple
dip-coating approach or spray drying [217]. Natural polymers including chitosan and
sodium alginate have intrinsic charges due to the presence of functional groups such
as amine and carboxylic acid. It was developed that ITO glass was successfully coated
with hydrogel using electrical potential [195,218,219]. The method indicated that the
metallic surface can be coated with homogenous layer of hydrogels as polymer chains
have shown proper electrical potential. In addition, three-dimensional (3D) pattern-
ing of human umbilical vein endothelial cells (HUVECs) deposited on ITO electrode
by dielectrophoresis was reported. The study demonstrated that gelatin methacrylate
(GeIMA) was a promising hydrogel for use in cell encapsulation due to its high bio-
compatibility [220]. GeIMA deposited on ITO electrode with HUVECs was further
polymerized as exposed to UV treatment, resulting in maintaining cell viability and
growth over 7 days.

Although deposition of hydrogel on the ITO electrode has been reported, proper
scheme for metallic surface coating has not been developed. Recently, it has been
developed that the metallic surface of cardiovascular stent can be coated with
sodium alginate hydrogel containing adipose tissue-derived mesenchymal stem
cells (AD-MSCs) using electrophoretic deposition method (EPD) (Fig. 13.3A)
[201]. The study was aimed to develop the robust hydrogels mimicking “mud-
and-straw” bird nest as cell delivery carrier for AD-MSCs. Mechanical property of
hydrogels was tested using custom-built perfusive fluid channel, indicating that
thiolated-sodium alginate in the presence of poly (ethylene glycol)-diacrylate
(PEGDA) blended with fragmented nanofiber pieces showed substantial increase
in physical strength against pseudo-perfusive flow (1 mL/s). The results from cell
viability and proliferation rates demonstrated that AD-MSCs were mostly viable
after the cells encapsulated in hydrogels and then proliferated well during the in-
cubation for 7 days.

Apparently, stem cell encapsulation in hydrogels coated on metallic surface could
be beneficial due to avoidance of autoimmune rejection against implantable device.
Especially, cardiovascular stent coated with hydrogels containing stem cells could be
the next generation of stent. The major drawbacks will be the requirement of appropri-
ate modification on hydrogels due to its poor mechanical property and unpredictable
behaviors of encapsulated stem cells in hydrogels.

13.6.3.2 Stem cell-impregnated nanofiber stent

Nanofibers have been extensively studied to coat surface of implantable devices in
various fields such as esophageal stent, aneurysm, tracheal regeneration, cholangio-
carcinoma, and cardiovascular stent [189,190,221-223]. Cardiovascular stent coated
with nanofibers has not been frequently reported for clinical application due to its
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Fig. 13.3 Stem cell-coated cardiovascular stent. (A) Development of biomimicking robust
hydrogel for the MSCs Carrier. Hydrogels containing fragmented nanofibers and MSCs were
deposited on metallic stent using EPD technique [201]. (B) Stem cell-impregnated nanofiber
stent sleeve. Paracrine factors released from MSCs freely pass through the nanofiber sleeves.
Nanofiber sleeves acted as a barrier in which rapid wash by blood flow can be prevented [202].

small-diameter. However, coating with nanofibers would be beneficial since it creates
(a) the barrier between injured plaque and blood flow, (b) increases surface area, and
(c) accelerates endothelialization on nanofiber scaffolds (Fig. 13.2D).

It has been previously reported that the stent surface was fully coated with nano-
fibers via electrospinning [224]. According to the study, advanced technique has
been developed that vascular stent was coated with nanofibers containing p-estradiol.
Hormonal agent such as p-estradiol has been recognized as a promising agent to deal
with ROS-related disease. It has been reported that B-estradiol-eluted stent had a po-
tential to prevent restenosis in vitro because it enhanced EC proliferation. However,
in vivo and early clinical study showed that it had no positive outcome due to the in-
sufficient concentration of drug and complicated adventitial biology [225]. The results
indicated that the concentration of B-estradiol increased with sustained release pattern
for 3 months. In addition, the ECs proliferation increased as cultured on nanofibers
scaffolds containing p-estradiol. Cell viability against excessive oxidative stress in-
duced by hydrogen peroxide (H,O,) significantly increased.

As the significance of activated mast cells in atherosclerosis has been emphasized,
the stabilization of mast cells is a promising approach against vascular remodeling
after angioplasty [226]. It was continuously reported that mast cells might be stabi-
lized when treated with exogenous NO molecules [227,228]. One of obvious prob-
lems associated with the use of ROS scavenger is that viable level of NO decreased
[223,229,230]. It was recently reported that ROS scavenger (Edaravone) in a combi-
nation with NO donor drug (GSNO) successfully prevented further degranulation of
activated mast cells. The % of p-hexosaminidase in the group treated with both drugs
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(40% for 2 days activation) didn’t increase as compared to the groups treated with only
each drug (65% for Edaravone and 58% for GSNO). It indicated that the decrease in
degranulation rate stabilizes plaque against external stress such as angioplasty.

Recent evidences indicate that complete cure for atherosclerosis will be stemmed
from adventuring causal factors of atherosclerosis [231,232]. Immunological re-
sponses against cytokines such as IL-1b, IL-6, TNF-a, and IFN-y participate in the
progression of atherosclerosis and cause rapid disruption of atherosclerotic plaque, re-
sulting in acute blockage of blood vessel [83]. The disruption of atherosclerotic plaque
caused by immunological responses has been studied and it is concluded that acute
disruption of atherosclerotic plaque was highly mediated by immunological complex-
ity, meaning that the immunological stabilization can be a key factor to achieve a
regression of atherosclerosis [83,233,234]. Immunoregulatory function governed by
paracrine factors released from stem cells offers enhanced efficacy for atherosclerotic
plaque stabilization and regression [55,235]. In addition, the prolonging delivery of
paracrine factors at atherosclerotic lesions will enhance the reparative response, since
paracrine factors can promote intrinsic repair mechanisms [236,237].

Angioplasty has been widely used for the treatment of atherosclerosis. However, de-
livering stem cells with cardiovascular stent is at early stage due to low biocompatible
surface of metallic stent [238,239]. It has been recently developed that MSCs were im-
pregnated on nanofiber-coated stent sleeves (Fig. 13.3B) [202]. MSCs were successfully
seeded on nanofiber sleeves produced by electrospinning technique (PLGA nanofibers).
In addition, seeded-MSCs were overcoated with another nanofiber sleeves, resulting in
thorough protection of seeded-MSCs not only from perfused blood flow after the angio-
plasty, but also from being deteriorated by autoimmune rejections in the body.

The site-specific release of paracrine factors, such as VEGF and HGF from
MSCs, would significantly alleviate the onset and progress of atherosclerosis. This
approach guarantees in vivo and clinical studies to investigate the efficacy of stem
cell-impregnated nanofiber stent in animal models and human volunteers. Although
new coating technique could have brought various advantages beyond conventional-
coating methods, the long-term observation is still necessary to validate its efficiency.

13.7 Conclusion

Nanofiber loaded with stem cells opened a new era to tissue regeneration with less
immune rejection. It was demonstrated that nanofibers loaded with stem cells can
be utilized for the treatment of cardiovascular diseases including atherosclerosis and
cardiomyocyte regeneration.

Nanofiber approach for replacing impaired blood vessel has provided three-
dimensional architecture, which mimics an ECM and could serve as a stem cell niche.
In addition, they can serve as a physical barrier, which prevents monocyte adhe-
sion and in-stent restenosis in the treatment of atherosclerosis. The modification of
cell-carriers with biological cues, which provide rapid differentiation of stem cells into
a specific lineage and protect stem cells under the harsh conditions (i.e., hypoxia), will
significantly enhance therapeutic efficacy of transplanted cells.
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To maximize the benefits of nanomaterial, it is essential to improve rapid regenera-
tion of tissues on the implanted materials by which the immunogenic response and/or
side effects can be alleviated. The stem cell approach may accomplish this task by re-
ducing immune rejection and facilitating rapid differentiation in targeting lineage. The
maintenance of biocompatibility of various cells loaded on nanofiber scaffold could
furnish an integral array of physical and biochemical signals in a spatial and temporal
manner. The preconditioning of nanofiber through the surface modification technique
accelerates differentiation, attachment, and proliferation of stem cells.

As the precise mechanisms of differentiation of stem cell and its interaction with
scaffold at microenvironment have been gradually elucidated, stem cell therapy via
nanofibers will enhance its potential for the regeneration of cardiac tissues and subse-
quently for the treatment of cardiac diseases, such as atherosclerosis and MI.
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Nitric oxide donor delivery

S.A. Omar, A. de Belder
Brighton and Sussex University Hospital, Brighton, United Kingdom

14.1 Introduction

Ischemic heart disease is the leading cause of death worldwide [1]. Although coronary
bypass surgery was the mainstay for the treatment of coronary artery disease, in 1977
the first balloon angioplasty performed in the cardiac catheter lab on humans would
change the future management of this disease [2]. From earlier balloon angioplasty
models preformed in animals, it was clear that there was a degree of local injury and
there were concerns regarding vessel and lesion recoil. Following the implantation
of the first bare metal coronary stent in humans in 1987 [3], it was thought that a
definitive and easily deliverable treatment had been established that obviated these
short comings of balloon angioplasty. However, it soon became clear that vessel in-
jury leads to dysfunction of the endothelial layer, a dysfunction that persists for up to
4-8 weeks, in turn leading to [4,5] negative vessel remodeling [6]. Thus, it results in
an exaggerated healing response and intimal hyperplasia causing in-stent restenosis in
20%-30% of cases [7].

In 2001, drug-eluting stents (DES) revolutionized percutaneous coronary interven-
tion (PCI) by reducing the incidence of in-stent restenosis (ISR) seen in bare metal
stents (BMS) by 70%—-80% [8,9]. The first-generation DESs mitigated excessive
proliferation and rapid healing through the use of drugs with an anti-inflammatory
function such as sirolimus [10] or drugs that were used as anti-cancer drugs such as pa-
clitaxel [11]. The initial optimism was dampened when impaired re-endothelialization
and delayed healing unmasked the specter of late in-stent thrombosis (LST) [12-14],
a complication that was not previously seen with BMSs. This mandates the use of dual
antiplatelet agents for a minimum of 6 months to a year and a single agent life long
as the discontinuation of these agents is associated with the incidence of LST [15].
However, the use of dual antiplatelet therapy (DAPT) increases the risk of bleeding
and delays any form of operative intervention, be it cardiac or non-cardiac surgery.
Furthermore, considering that nearly a tenth of patients undergoing PCI will have an
indication requiring permanent anticoagulation in addition to the mandatory DAPT
will evidently increase their risk of bleeding even further [16].

Hence, it is clear that DESs have only solved one problem to raise another. It would
be ideal if an alternative to anti-proliferative agents were found that would better mod-
ulate the endothelial cellular response to injury. Thus, nitric oxide (NO) donor stents
provide an attractive substitute to DES. To grasp why this may be the case, an under-
standing of the pathophysiology of atherosclerosis, vessel injury healing, and intimal
hyperplasia and the pivotal role that NO plays in these process is essential.

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00015-9
Copyright © 2018 Elsevier Ltd. All rights reserved.
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14.2 Nitric oxide

Since identifying NO as being endothelial-derived relaxing factor (EDRF) ([17]), it has
been shown to play a pivotal role as a messenger and signaling molecule, activating sol-
uble guanylyl cyclase (sGC) and generating cyclic guanosine monophosphate (cGMP)
[18]; making NO fundamental in the maintenance of numerous physiological pathways.

Nitric oxide is formed through an oxygen-dependent enzymatic process where
the guanidino nitrogen atoms of L-arginine are oxidized to form NO and L-citrulline
[19], a process facilitated by a family of enzymes named nitric oxide synthase (NOS)
(Formula 1) comprising three distinct isoforms; neuronal (nNOS/NOSI1), inducible
(INOS/NOS2), and endothelial (eNOS/NOS3) [20].

Formula 1

2L —arginine+3NADPH+1H" +40, = 2citrulline + 2NO + 4H,0 + 3NADP"

Due toits extremely short half-life, NO is mostly shuttled within the circulation either
bound to proteins in the form of s-nitrosothiols (s-nitroalbumin, s-nitrosoglutathione
(GSNO), or s-nitrosocystine) at relatively high concentrations [21] or as a salt in the
form of nitrate or nitrite [22].

14.2.1 S-nitrosothiols

S-nitrosothiols (RSNO) are produced through the addition of a nitroso group (RNO)
to the sulfur atom of cysteine [23] (Formula 2). They are present in human plasma
primarily as s-nitrosoproteins [24]. Although all proteins can undergo a process of s-
nitrosation, s-nitrosoalbumin is the commonest circulating form as a consequence of
the abundance of albumin and its possession of a free cysteine group that is readily ac-
cessible to nitrogen oxides [24,25]. Another endogenous s-nitrosthiol (although present
in smaller quantities), GSNO, has a more potent relaxant effect on the vasculature [26].
Their effects are mediated through the liberation of NO as demonstrated in Formula 3.

Formula 2

RSH +HONO = RSNO +H,0

Formula 3
2RSNO = RSSR +2NO

S-nitrosothiols have been shown to convey cardioprotective effects via the transni-
trosation of many proteins, including mitochondrial complex I [27].

14.2.2 Inorganic nitrite

Inorganic nitrite, a simple ion (NO,"), provides the largest directly accessible
circulating pool of NO [22]. Endogenously produced inorganic nitrite (formed via
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the oxidation of NO derived from the L-arginine NOS pathway) constitutes 70% of its
stored and circulating volume [28]. The remaining 30% is acquired through dietary
intake via the nitrate-nitrite-NO entero-salivary circuit [29]. Contrary to the long held
assumption that nitrite had no biological function other than being a mere byproduct
of NO metabolism [30], the demonstration of an atrial-to-venous gradient under nor-
mal physiological conditions suggested that the anion is in fact biologically active and
is reduced to NO in the vascular bed [31,32].

14.3 Nitric oxide and vascular function

Nitric oxide plays a key role in vascular biology, vascular endothelial function, reg-
ulating tone [33] inhibiting the adhesion of platelets [34] and leukocyte [35], down-
regulating vascular smooth muscle cell (VSMC) proliferation [36], and their synthesis
of protein and collagen [37].

14.3.1 Endothelial dysfunction

Endothelial dysfunction (directly affected by NO bioavailability) is the primary step
in the development of atherosclerotic disease [38]. Furthermore, it has been shown to
be an independent predictor of cardiac events and adverse sequel [39]. Many of the
drugs used to mitigate the progression of atherosclerotic disease and/or improve clin-
ical outcomes such as statins, angiotensin-converting enzyme inhibitors (ACEi), and
b-blockers have been shown to improve endothelial function and the bioavailability
of NO [40-44]. Conversely, the decline in NO bioavailability through either reduced
production or increased consumption has been implicated in multiple cardiovascular
disease processes [45,46].

14.3.2 Platelet aggregation

Platelets play an important role in the physiology of hemostasis [47,48] and normal
healing ([49]), but also play key roles in the pathophysiology of acute coronary syn-
drome (ACS) [50,51] and stent thrombosis [52,53]. Platelets are anuclear cell frag-
ments found within the circulation and continuously interacting with the vascular
endothelium [54]; their activation remains inhibited via the function of vascular endo-
thelium, which produces inhibitors such as prostacyclin [55] and NO [56,57].

In addition to direct NO inhibition of platelets, it has been shown that circulating
donors of NO demonstrated the same effect. GSNO has been shown to selectively
inhibit platelet function in the human forearm vasculature [58] and this antiplatelet
property was confirmed in the coronary circulation of patients with atherosclerosis
[59]. Nitrite has also been shown to inhibit platelet function and aggregation in a
dose-dependent manner [60,61].

14.3.3 Intimal hyperplasia

Vascular injury usually leads to an appropriate healing response. However, the de-
endothelialization caused by balloon angioplasty and stent implantation and the
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promotion of platelet deposition that follows can precipitate an exaggerated healing
process, leading to incongruous remodeling and intimal hyperplasia (IH), which in
turn causes the development of plaques and flow limiting disease [62,63].

It is the release of growth factors and cytokines by platelets and leukocytes
that stimulate the proliferation of VSMCs and the formation of neointima caus-
ing restenosis [64,65]. Nitric Oxide inhibits the function of platelets, leukocytes,
and VSMCs migration; thus, there is evidence that reduction in NO bioavailabil-
ity is responsible for this inappropriate healing and its presence may mitigate it
[66,67].

14.4 Localized NO delivery

Thus, it should not be surprising that there has been interest in developing vascular
stents that donate NO providing targeted release of the messenger with a range of de-
livery kinetics by using a variety of coatings including polymers [68—71].

Nitric oxide has an extremely short half-life. There are two ways in which a stent
would allow for localized NO delivery. Firstly, in keeping with current DES technol-
ogy, a polymer coating would be impregnated with a nitric oxide donor. The choice
of NO donor is limited by the rate and duration at which they release NO. Secondly,
utilizing the endogenously circulating NO donors to release NO when they come into
contact with the implanted device.

Animal studies confirmed that sodium nitroprusside (SNP) (an organic nitrate that
acts as a direct NO donor [72]) impregnated polyurethane polymer stents released NO
in a controlled manner for up to 28 days following arterial injury [73].

14.4.1 Exogenous NO donors

Organic nitrate and nitrite have been used as NO donors for 150 years. Their medicinal
use is limited by bioavailability profile, systemic absorption and metabolism, thera-
peutic half-life, and development of tolerance [74,75].

There are numerous NO donor pro-drugs that have been developed to date. The
familiar organic nitrates and nitrite [such as glyceryl trinitrate (GTN), isosorbide
mononitrate (ISMN), Isosorbide dinitrate (ISDN), amyl nitrite and nicorandil]
would not be suitable for impregnation of the stent as they require metabolism
in order to release NO [75]. In addition, they have a short half-life, lack selectiv-
ity, and develop tolerance [75]. Other organic nitrates, such as SNP, have a more
favorable activity profile spontaneously liberating NO without the need for prior
metabolism [75].

Molsidomine, another direct nitric oxide donor [76], was used in the MEDCOR
trial, but failed to demonstrate a significant difference in any of the primary or
secondary endpoints, between the cohort receiving the drug and those that re-
ceived placebo [77]. However, there are new and novel synthetic NO donors con-
stantly produced, such as MK-8150 [78], which may offer even better delivery
profiles.
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14.4.2 Endogenous NO donors

Stent properties and NO delivery using SNOs.

S-nitrosothiols are viewed as stable carriers of NO able to buffer its extra- and
intra-cellular concentrations with the ability of releasing NO via the interaction with nu-
merous reducing agents and transitional metal ions [79]. It has been revealed that Fe*",
Cu®*, Ag", and Hg*" induce the release of NO from both endogenous and synthetic RSNOs
[80-82]. On the other hand, Co®", Ni**, and Zn™ were reported to lack the ability to liberate
NO from RSNO [83]. It has been suggested that the release of NO at the stent blood inter-
face would mitigate the occurrence of in-stent thrombosis and restenosis [84,85].

One study determined the feasibility of using stents developed from specific metals
and metal alloys that would encourage the release of NO from RSNO [86]. In this
study, S-nitroso-N-acetyl-D-penicillinamine (SNAP), a synthetic RSNO commonly
utilized to replicate the physiological behavior of endogenous RSNOs in vitro [87],
was used. The study investigated metal ions that could possibly be released from cur-
rently manufactured BMSs (such as Pt**, Fe**, Fe**, Mg**, Mn**, Ni**, Co**, Cu",
and Zn>"); in addition, wires composed of the typical materials used in the manufac-
turing of stents were also tested [86].

The quantity of NO released via the interaction of the various salts or metal wires
with SNAP was measured by using chemiluminescence. The study demonstrated that
Fe?*, Cu**, Co®™, Ni**, and Zn** all induced the release of NO from SNAP; on the
other hand, Fe’*, Pt**, Mg®", and Mn** did not [86]. These findings are helpful in
directing future intravascular stent design where the utilization of the endogenous cir-
culating pool of NO carriers is desirable.

The study then used zinc wires (as a potent liberator of NO) and platinum wires (as a
control due to its poor NO release profile) in rat vasculature. The platinum wires were pro-
thrombotic and exhibited abnormal healing with excessive cellular and fibrin deposition; and
the zinc wires showed minimal cellular coverage and no thrombosis [86]. These differences
were noted in periods of time as short as 2 h and as long as 6 months post-implantation.

And as many of these transition metals and their alloys have been shown to be bio-
absorbable, such as zinc and magnesium, they have undergone development as base
materials for BMSs [86,88].

A host of proteins and enzymes are capable of reducing nitrite and liberating NO.
These include hemoglobin [89], myoglobin [90], neuroglobin [91], cytoglobin ([92]),
mitochondrial proteins [93], xanthine oxidase [94], aldehyde oxidase [95], cytochrome
P450 [96], carbonic anhydrase [97], and NOS [98]. Many of these enzymes are located
within the cells comprising the vascular bed or within the circulation itself. So it is
conceivable that a stent can be designed that is either impregnated with nitrite or with
one of these enzymes that would facilitate the reduction of circulating nitrite to NO.

14.5 Nitric oxide donor stents (the evidence)

The TiNOX trial compared titanium BMS with identical titanium stents coated with
nitric oxide (so-called bioactive stents—BAS). The trial demonstrated a significant
reduction of restenosis in the BAS arm (33% vs. 15%) and significant reduction in
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major adverse cardiac events (MACE) at 6 months (27% vs. 7%; P=.02). However,
it must be noted that the latter was mainly driven by the need for TLR (23% vs. 7%;
P=.07) [99].

In the context of an acute myocardial infarction (AMI), the titanium-coated-nitric-
oxide stents (TITANOX) were compared to paclitaxel-eluting stents (PES). At 2-years
follow-up, the primary endpoints of composite MI, TLR, or death from a cardiac cause
were significantly lower in the TITANOX group when equated with the PES group
(11.2% vs. 21.8%, P=.004), which in turn was driven by a reduction in MI and cardiac
death (5.1 vs. 15.6%, P<.001; and 0.9 vs. 4.7%, P=.02), respectively. In addition,
there was significantly reduced incidence of stent thrombosis (ST) in the TITANOX
group (0.5% vs. 6.2%, P=.001) [100]. The increased incidence of ST in the PES group
may in part be explained by the findings of the TITAX-OCT study, which showed bet-
ter healing and endothelialization of the TITANOX (BAS) stents and greater incidence
of incomplete endothelialization in the PES group [101].

When comparing the use of titanium nitric oxide-coated bioactive stents (BAS)
with second-generation everolimus drug-eluting stents (EES) in the setting of patients
presenting within the setting of acute coronary syndrome including ST elevation myo-
cardial infarction (STEMI) and non-ST elevation myocardial infarction (NSTEMI),
the BASE ACS trial demonstrated that the former was statistically non-inferior to the
latter for the major outcome of MACE or target lesion revascularization (TLR) in
both a time frame of 1-year and 5-years follow-up [102,103]. At 5-year follow-up,
the comparators for BAS vs. EES for the primary endpoint of MACE and secondary
endpoints of non-fatal MI and TLR were 14.4% vs. 17.8%, P <.001; 5.9% vs. 9.7%,
P=.028; 8.3% vs. 9.9%, P=.58, respectively [102]. Furthermore, following 1 year the
cases of ischemia-driven TLR and definite stent thrombosis were fewer in the BAS
cohort when compared to the EES cohort (1.8% vs. 5%, P=.028; and 1.1% vs. 3.8%,
P=.015, respectively). These finding are suggestive of a better safety profile of BAS
when compared to EES in the long term, although the study was underpowered to
exclude a type I statistical error [102]. Interestingly, patients with diabetes who repre-
sented about 16.9% of the trial cohort exhibited a greater preponderance for ISR and
need for TLR [102]. This may reflect the extremely abnormal endothelial function that
this cohort of patients exhibits.

14.6 The future

Made up of a backbone of polylactic acids, bioabsorbable vascular scaffolds (BVSs)
are fully reabsorbed by the vascular endothelium at 4 years [104]. The use of BVSs
represents a novel and exciting advancement in the strategies available to us in the
treatment of coronary artery disease by overcoming the restrictions caused by the
long-term constraints imposed by the use of metallic stents. These limitations include
disrupting normal vascular response, restricting future surgical options, impinging on
side branches, and necessitating the lifelong use of an antiplatelet agent.

Although the above study was conducted in a porcine model, the pilot human study
demonstrated that BVSs performed favorably against EESs both via intracoronary
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imaging and outcomes [105]; the encouraging data was replicated in a randomized
multicenter trial (ABSORB II) comparing EESs and BVS in elective cases [106] and
in patients presenting with STEMI [107]. Scaffolds, however, did show a high rate of
acute stent thrombosis in the first 2 years. Currently, the scaffolds are impregnated
with everolimus. However, impregnating the scaffolds with an NO donor may prove
to be more promising as this more closely simulates normal vascular function and
may, as described above, encourage a more normal process of healing and reduce the
incidence of acute thrombosis. It is interesting to note that in one study (conducted in a
rodent model) used scaffolds coated with zinc (a potent liberator of circulating NO as
described above) demonstrated that low doses of Zn had a positive effect on VSMCs
behavior in the healing process [108].

14.7 Conclusion

Nitric oxide is a key messenger in the regulation of numerous physiological processes,
playing a pivotal role in normal vascular function. The diminution in the bioavailabil-
ity of NO through reduced production or increased consumption has many adverse
effects: loss of natural endothelial function, promotion of abnormal platelet aggrega-
tion, and amplifying the development of atherosclerosis. Thus, when treating coronary
artery disease with percutaneous revascularization, the benefit of using a platform
that enhances local NO is a highly desirable concept, mitigating many of the above-
mentioned problems: improving endothelial function, inhibiting platelet aggregation,
and supressing intimal hyperplasia. These benefits lead to a diminution of stent throm-
bosis and in-stent restenosis, translating into a reduction in MACE and TLR.

Boosting local NO delivery can be achieved via the use of a stent that is impreg-
nated with an NO donor. This donor could either be a manufactured synthetic drug
that releases NO in a constant and controlled manner, or it could be a naturally occur-
ring physiological donor that spontaneously provides NO on coming in contact with
enzymes and proteins found in the circulation or in the vascular bed. An alternative
strategy would be to impregnate the stent with an enzyme or protein that would lib-
erate NO from circulating carriers of NO such as s-nitrosothiols, nitrate, and nitrite.

A scaffold that would provide radial support and mimic the normal vessel dynamic
physical response in addition to its biological one (by delivering NO) would be the ideal
platform by which to treat established coronary atherosclerotic disease. If this platform
were to disappear over time, leaving behind a vessel free of atherosclerotic disease, a
repaired endothelium with restored function, and physiologically normal levels of NO,
then surely this is the perfect manner in which to treat coronary artery disease.
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Immobilization of peptides on
cardiovascular stent

F. Boccafoschi, L. Fusaro, M. Cannas
University of Oriental Piedmont (UPO), Novara, Italy

15.1 Introduction: Cardiovascular materials
and biocompatibility

Cardiovascular diseases are the primary cause of death in developed countries and, in
particular, arterial bypass graft remains the primary surgery for patients with advanced
cardiovascular disease [1], bringing tremendous financial burden in every country [2].
Cardiovascular implants find wide clinical applications, making a great contribution to
the treatment of cardiovascular diseases. Although several commercial cardiovascular
implants are approved by FDA and millions of patients benefit from these products,
unfortunately, there are still not ideal device which can help patients recover com-
pletely by the way of a perfect physiological function of the substitutes or a perfect
tissue regeneration [3].

Concerning endovascular stent, the intervention process induces the inflammatory
response and a limited hemocompatibility of the surface and the release of toxic ions
such as Cr, Ni, and Co from a bare metal stent (BMS) results in a restenosis, which
means the failure of the implant requiring additional surgeries.

Drug-eluting stent (DES) was considered as the breakthrough in stent design.
However, they performed not so well in long-term clinical studies [4], also consider-
ing that the released drug from the stent surface delays endothelialization and triggers
late thrombosis.

In order to overcome unexpected interaction between surface and tissues, surface
modification has been introduced for cardiovascular devices to allow independent tai-
loring of surface and bulk properties [5].

Three are the key issues to focus on in order to optimize the use of the endovascular
stent:

- Blood compatibility
- Compatible inflammatory reaction
- Re-endothelialization.

The stable bond on the stent’ surface of peptides able to guide these issues is the
main goal of endovascular stent enrichment.

In blood vessels, blood compatibility is naturally guaranteed by the presence of the
endothelial layer.

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00016-0
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Concerning endovascular stent, blood compatibility is to be evaluated according to
ISO-10993, thus considering several parameters such as thrombogenicity, hemolysis,
and the inflammatory response (complement activation).

15.1.1 Endothelium, thrombosis, and inflammatory response

Endothelial cells naturally constitute a thin layer that covers the interior surface of
blood vessels, forming an interface between circulating blood in the lumen and the rest
of the vessel wall. The endothelium is able to respond to physical and chemical sig-
nals by the production of factors that regulate vascular tone, inflammation, thrombosis,
and fibrinolysis. In physiological conditions, endothelium remains thromboresistant
to the circulating blood. The antithrombotic nature of endothelial cells is attributed
to different molecules including: prostacyclins [6,7]; heparan sulfates [8]; protein
C-thrombomodulin complexes [9,10]; and plasminogen activators [11,12]. When
artificial biomaterials are implanted in the human body, a series of thrombotic and
inflammatory reactions occur similarly to the exposition of blood to the ECM of a dis-
rupted vessel. In fact, when biomaterials come in contact with blood, the anticoagulant
properties of the endothelium are abrogated and it becomes prothrombotic by virtue
of adhesive factors such as von Willebrand factor [13], tissue factor (TF) [14,15], fi-
bronectin [16], thrombospondin, and coagulation factor binding and activation [17,18].
Activation of the endothelium generates intravascular signals that increase the expres-
sion of procoagulant proteins such as TF, cytokines, and surface adhesion molecules,
thereby promoting the recruitment of leukocytes to the inflammation area. This source
of TF can sustain the production of thrombin, the deposition of platelets, and the con-
version of fibrinogen to fibrin that entraps the red blood corpuscles, leading to throm-
bus formation. Moreover, reactive oxygen species (ROS) are released from the vessel
wall and leukocytes oxidize hemoglobin and induce red blood cells lysis [19]. In addi-
tion to regulating thrombosis, endothelial cells direct biological responses such as leu-
kocyte traffic to inflammatory sites in response to chemotactic factors. Upon activation,
endothelial cells express immunologically relevant surface molecules such as adhesion
molecules of the immunoglobulin gene superfamily as well as cytokines and growth
factors. Secreted cytokines such as interleukin-1 (IL-1), tumor necrosis factor (TNFa),
and interferon (IFNg) promote activation of neutrophils and trigger an acute inflamma-
tory cascade with consequent endothelium injury. These events alter the morphology
of the cellular membrane, the cytoskeleton structure, and the cell-matrix organization
acting on molecule permeability [20]. It has been shown that cytokine-dependent stim-
ulation of endothelial cells promotes activation of leukocytes (in particular monocytes)
mediated by platelet-activating factor (PAF) [21] as well as cell adhesion molecules
on PECAM, ICAM-1, P-Selectin, E-Selectin, and VCAM-1 [22,23]. In addition, ECs
express molecules involved in complement regulation as well as receptors for a number
of complement system proteins [24-26] (Fig. 15.1).

Finally, hemolysis may result in impairment of oxygen-carrying capacity of red
blood cells (RBC). Hemolysis occurs when the RBC comes in contact with the ma-
terial or its degradation products formed due to the shear stress generated because of
relative motion between blood and the material surface.
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Fig. 15.1 Activation of endothelium after vessel injury with related intravascular signals that
lead to a thrombus formation and a recruitment of leucocytes in the injured site.

From F. Boccafoschi, C Mosca, M Cannas, Cardiovascular biomaterials: when the
inflammatory response helps to efficiently restore tissue functionality?, J. Tissue Eng. Regen.
Med. 8(4) (2014) 253-267.

15.2 Metals and alloys for endovascular stent

Metals have been used for more than a century in biomedical field [27]. In majority
of cardiovascular applications, stainless steel, cobalt chromium (CoCr) alloys, and
titanium (Ti) alloys are widely used [28]. The basic properties of these common metal-
lic cardiovascular biomaterials are strength, stiffness, corrosion resistance, and blood
compatibility. Endovascular stents can be typically classified into three types based on
their function and physical characters, namely, BMSs, DES, and bioresorbable stents.

In the beginning, stainless steel used for implants contained vanadium, but it has
been replaced with the advent of 18% Cr and 8% Ni alloy making it stronger for
applications. Soon, addition of molybdenum (Mo) and reduction of carbon (C) made
it corrosion-resistant (316L) and suitable for blood-contacting devices like stent.
Stainless steel is still the gold standard material for stent application in order to pro-
vide mechanical support to diseased arteries [29].

Recently, cobalt (Co)-based alloys have gained entry for production of stents, al-
though Co-based alloys were used in medicine since 1937. The use of Co-based alloys
is highly preferred in coronary stent manufacturing because coronary interventionist
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demands for thinner struts which can be easily achieved by using the Co-alloys.
Further, due to nonferromagnetic characteristic and a consistence denser than stainless
steel, these properties make cobalt alloy a feasible material for coronary stents.

Titanium-based alloys (Ti-alloys) have wide acceptance and usage since 1970.
The most commonly used Ti-alloys are commercially pure titanium (CP-Ti) and 5Ti-
6Al-4V (titanium-aluminum-vanadium). One of the remarkable features of titanium
is light weight [30]. Moreover, Ti-alloys are known for their excellent tensile strength
and pitting corrosion resistance suitable for cardiovascular applications. Another in-
teresting feature of titanium alloys is shape memory effect possessed by the nickel-
titanium (nitinol) alloys widely utilized for producing self-expanding memory stents
[31,32]. Although BMS have excellent mechanical characteristics, they failed because
of serious limitations such as stent thrombosis which requires prolonged antiplatelet
therapy and mismatch of the stent to the vessel size. Moreover, the metallic stents
impair the vessel geometry and obstruct side branches.

In order to rectify the complications present in BMS, DESs have been developed
[33]. The DES were further classified into polymer-free stents and metallic stents
with polymer carrier to hold and release the drug. DESs basically consist of three
parts: stent platform, coating, and drug. Some DES release Paclitaxel, Tacrolimus,
or Sirolimus as antiproliferative agents, in order to avoid the vessel lumen restenosis,
which leads to secondary surgeries. Unfortunately, the polymer used as a vehicle for
drug delivery may induce vessel irritation, endothelial dysfunction, vessel hypersensi-
tivity, and chronic inflammation at the stent site.

Bioadsorbable stents have been developed to overcome the mentioned issues related
to the use of polymers as drug carriers. Bioabsorbable stents stay for a limited period and
promote healing of the blood vessel. The main purpose of the stent is to assist the arterial
remodeling and this may take 6—12 months. This may overcome the need of unnecessary
medication and also avoid late stent thrombosis. However, material for biodegradable
stents is expected to meet some basic demands as it should be biocompatible and also
its degradation products of the material must also be biocompatible. Finally, it should be
able to stay in the place for several months before its complete bioabsorption and also its
radial force of the resultant stent must be enough for scaffolding effect during the arterial
remodeling period [34]. Based on these requirements, two metallic elements including
iron and magnesium have been explored for this application [29]. Magnesium alloy stent
is the first metallic bioabsorbable stent implanted in humans. Clinical evaluation con-
ducted by Heublein and colleagues demonstrated higher degradation rates for Mg alloy
from 60 to 90 days. Moreover, the stent was well-integrated with both endothelial and
smooth muscle cells indicating its overall biocompatibility [35].

15.3 Immobilization of peptides: The grafting technique

The use of functional groups on material surface to form covalent bonds between the
substrate and bioactive molecules, such as peptides, is a classical approach for con-
structing surface chemical modification. The reaction is specific and binding effect
is stable. The main approach, in order to activate functional groups on biomaterial
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surface, is surface modification. Two types of modification are applied, chemical mod-
ification, mainly through silanization process, and physical modification, in particular
with the use of plasma technique [36].

15.3.1 Silanization

Silanization is a low-cost and effective covalent coating method to modify material
surface that is rich in hydroxyl groups, such as titanium, hydroxyapatite, and many
other metal oxide surfaces. Binding of silicon-based molecules on metal surfaces oc-
curs because hydroxyl groups on metal surfaces can link steadily to silicon atoms.
There are many types of commercially available silane-coupling agents, which are easy
to react with hydroxylated surface and introduce active groups (e.g., amino group and
carboxyl group) to the surface. Silanized surface can easily be modified by further
grafting. Holmberg et al. modified titanium disks with 3-(chloropropyl)-triethoxysi-
lane (CPTES), and then grafting GL13K, an antimicrobial peptide, through amine
alkylation of peptides amino groups to propyl group of the silane and through nucleo-
philic aliphatic substitution of the chloride atom [37]. Godoy-Gallardo et al. silanized
a titanium surface with 3-aminopropyl-triethoxysilane (APTES), modified the amino
groups with Iodoacetic acid N-hydroxysuccinimide ester, and bound hLf1-11 peptide,
an antibacterial peptide, through amine alkylation on the position with iodine atom
[38,39]. Although the silanization is simple and effective, the reaction conditions such
as concentration of the silane and reaction time must be carefully controlled to prevent
forming thick polymerized silane network on the surface. Otherwise, the bond between
silane and the surface can also be subjected to hydrolysis in some conditions [40].

15.3.2 Plasma etching and grafting

Plasma is a gas composed by ionized atoms or molecules and free electrons. The
electrons are at high temperature, and therefore high energy, and can interact with
neutral molecules that can be injected in plasma atmosphere, forming free radicals
and dissociating complex molecules, in order to form reactive molecules that are not
stable in normal conditions.

Plasma can be used not only to prepare coatings on biomaterials, but is also able to
conduct various noncoating surface modification processes, for example, plasma etch-
ing and plasma grafting. Plasma etching is a simple plasma-surface treatment method.
During the sputtering process, a negative voltage (about 1 to several kVs) is applied to
the substrate and an argon plasma is generated by rfGD or ECR. The ions are accel-
erated towards the substrate by the applied electric field. Since the energy is not very
high, the argon ions cannot go very deeply into the substrate and a big portion of their
energy is transferred to the surface atoms via elastic and inelastic collisions with the
materials. Some surface atoms will acquire enough energy and escape from the sub-
strate into the vacuum chamber. After the first layer of atoms has been sputtered off,
the underlying layers will be exposed and gradually etched. With sufficient sputtering
time, surface contamination will be cleaned off. [41]. This process can be used as a
pretreatment for subsequent implantation and deposition and is helpful to improve
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surface activity for bioinert polymers, with less influence on surface topography than
chemical etching process [42]. For example, Ye et al. pretreated a titanium alloy sur-
face by H,O plasma, before surface silanization [43]. Also, Sevilla et al. cleaned tita-
nium disks with plasma before silanization and peptide grafting [44].

Plasma grafting is used to modify surface chemical properties of biomaterials by
grafting specific chemical groups on the surface, to improve biocompatibility of the
material or linking chemically active molecules, in order to subsequently bind bioac-
tive molecules to materials’ surface. Zhang et al. modified 316 L stainless steel with
silicon oxycarbide (SiCOH), in order to improve endothelialization and anticoagula-
tion properties of the metallic coronary stent [45].

Puleo et al. treated a titanium alloy surface with plasma, grafting on it a polymeric
film of allyl amine, exploiting the free amino group to bind proteins such as bone
morphogenetic protein 4 [46].

15.3.3 Peptide immobilization

Silanization and plasma grafting are both techniques that chemically activate metal
surface. Peptides cannot be directly bound to metal surface with silanization [47],
and their chemical structure would not resist to plasma’s working conditions [48].
In order to chemically graft peptides, the reaction environment temperature needs to
be between 0°C and room temperature, and in water solution with pH near 7. For
these reasons, there are only few methods to immobilize peptides to activated metal
surfaces, and these methods are strictly correlated to the type of the active molecule
exposed on material surface. One of the methods used for chemically bind peptides
to free amino and carboxylic groups on materials’ surface is amidation reaction with
water-soluble carbodiimides [49,50]. Amidation technique uses the carboxylic groups
of the aminoacids of a substrate to bind active molecules that contain at least one re-
active amino group. To avoid the cross-link of internal amino and carboxylic groups in
the peptide of interest, the grafting reaction is performed through the following steps:

(1) 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) binds to carboxyl groups of extra-
cellular matrix (ECM) proteins, which makes carboxyl group more reactive and allows the
binding of N-hydroxysuccinimide (NHS), which binds more firmly than EDC to carboxyl
group, but is more susceptible to reaction with other amines, such as those of the peptides.

(2) The amino group of the peptide reacts with the carbon of the amide group, forming in turn
an amide and taking away the NHS.

If the surface presents free amino groups, for example, after silanization, there are
two possible solutions for peptide immobilization. The first one involves the reaction
of the amino groups with succinic anhydride, one of the two carboxyl groups of the
anhydride form an amide with NH,, while the other one remains available for an ami-
dation reaction with peptides NH,.

Another possible approach is to bind a molecule, such as iodoacetic acid, which
presents a carboxylic acid, in order to bind the amino group, and an alkyl halide, which
allows nucleophilic aliphatic substitution of the nucleophilic amino group of the pep-
tide on halogen-bound carbon [38,39].
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15.3.4 Metal-binding peptides

The harshness of surface treatments required to bind peptides on metal biodevices
pushed many scientists to study alternative methods for peptide immobilization. Sano
e Shiba succeeded in selecting a 12-mer peptide, called titanium binding peptide 1
(TBP-1), containing a short motif (RKLPDA, arginine-lysine-leucine-proline-aspartic
acid-alanine) that can electrostatically titanium oxide surfaces, generating an ionic
bond. The ionic bond is more stable than idrophobic interaction involved in protein
surface coating, the classical method used to improve metal stents’ biocompatibility
[51]. This study led to a high number of researches focused on finding peptides that
can bind to metal stent surfaces. Sano et al. studied TBP-1 affinity for other metal sur-
faces, finding that TBP-1 binds efficiently also with silver and silicon [52]. Estephan
et al. found another 12-mer peptide (SVSVGMKPSPRP, serine-valine-serine-valine-
glicine-methionine-lysine-proline-serine-proline-arginine-proline), not specific to a
particular metal surface, but a good linker for the functionalization of a wide range of
metallic and mineral materials, such as titanium, titanium grade 5 alloys (TicAl,V),
hydroxyapatite, cobalt, and silica [53].

Starting from these researches, several authors used these surface-binding peptides
for immobilization of bioactive molecules. Meyer et al. proposed to attach the 12-mer
titanium binding peptide (TiBP) to the RGD sequence. The authors demonstrated bet-
ter adhesion and proliferation of endothelial cells on titanium functionalized with the
peptide-RGD binder [54].

In 2013, Yazici H et al. employed the same approach to bind phage display-selected
TiBP and Arg-Gly-Asp-Ser (RGDS) sequence to improve fibroblast cell adhesion on
commercial grade Ti surface [55].

15.4 Guiding the tissue regeneration: Surface
modification of cardiovascular stents

Depending on the seeked bioactivity, the grafting technique allows the binding of
different types of molecules to the material surface, as growth factors, hormones, an-
tibiotics, anticoagulant molecules, etc.

The main challenge for endovascular stent is to reestablish the endothelial layer
useful to maintain the adequate hemodynamic balance. For this reason, many of the
literature reports several approach able to promote a rapid re-endothelialization at the
implant site and to improve the hemocompatibility of the used materials.

Two are the possible strategies: (1) mimicking a self-healing system with accel-
erated repair of the damaged endothelium by supporting the homing of stem cells or
progenitor cells to the site of injury and (2) avoid blood clot when in contact with the
implant, until the endothelial layer is reestablished.

Endothelial cells (ECs) are end-differentiated cells which are not capable of cell di-
viding and expansion [56]. For these reasons, and also because of a limited long-term
efficacy of biomolecule-modified implants, and the time-, labor-, and cost-consuming
procedures of cell seeding onto implants, the use of adult ECs for re-endothelialization
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was unsuccessful in several studies [57]. In 1997, Asahara and colleagues discov-
ered endothelial progenitor cells (EPC), opening new frontiers to cardiovascular stent
re-endothelialization [58].

EPCs are the relatively small population of CD34" circulating mononuclear cells
in the circulatory system available as two forms, namely, early EPC and late EPC.
Based on these two forms, EPC have been exploited in two different ways: one way
is to construct and immobilize the early EPCs at the site of injury which will secrete
angiogenic cytokines, which will flourish the resident ECs and the late EPCs. Another
way is to construct the surface with late EPCs which in turn promotes neoangiogenesis
and repairs the damaged site by their native ability to proliferate at high rate [59,60].

Altough the exact signaling pathways involved in EPC homing remain to be tested,
some growth factors, cytokines and chemokines such as vascular endothelial growth
factor (VEGF), stromal-derived factor-1 (SDF-1), nerve growth factor (NGF), gran-
ulocyte colony-stimulating factor (G-CSF), hypoxia-inducible factor (HIF), and
brain-derived neurotrophic factor are known to play a role in the repair of vascular
injury and neovascolarization [61].

A recent study utilizing NGF-bound vascular grafts showed significant immobi-
lization of EPC and a similar preparation using SDF-1/heparin found to recruit both
EPCs and smooth muscle progenitor cells tackling the two important issues, namely,
endothelization and remodeling of blood vessels [62,63].

EPC capture technology is the way through which circulating EPC is captured by
using anti-CD34" that was impregnated on the surface of stents. Genous R-Stent is
the first medical device utilizing this technology [64]. One of the studies postulated
that this EPC capture technology was feasible and safe for primary percutaneous cor-
onary intervention for ST segment elevation myocardial infarction (STEMI) without
the incidence of late stent restenosis [65]. In another independent trial, coronary stent-
ing with the Genous resulted in good clinical outcomes and low incidences of repeat
revascularization and stent thrombosis [66]. However, some recent evaluation came
in contrast to the above findings, where they reported higher risk of restenosis while
using Genous compared to DESs [67]. To add further, Genous stent used in a popu-
lation of elderly patients resulted in a significantly higher target vessel failure rates
compared with younger patients. Moreover, target lesion revascularization rates were
higher with increasing age and there was no difference in stent thrombosis [68].

Apart from Genous R-Stent, other devices with similar functions are designed by
different strategies. For instance, DNA-aptamers with a high affinity to EPCs were
identified and isolated by Jan Hoffmann and colleagues [69]. Studies demonstrated
that the rapid adhesion of EPCs to aptamer-enriched implants can be useful to promote
endothelial wound healing and to prevent the neointimal hyperplasia, which may lead
to second surgeries because of the lumen occlusion [70].

Recently, Joo Myung Lee and colleagues compared endothelialization and neointi-
mal formation of two EPC capture stents with CD34" antibodies or vascular endothelial-
cadherin, respectively, coated on BMSs. It seemed that VE-cadherin resulted more
suitable target molecule than CD34" to be used on EPC-capturing stents [71].

Literature reports other inspiring researches which show as the peptide sequence
Arg-Glu-Asp-Val (REDV) mediates the adhesion and migration of the endothelial
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cells via the integrin oyf; subunit, while smooth muscle cells and platelets adhesion is
not regulated by the presence of the REDV peptide sequence [72—74].

Moreover, a very recent study demonstrated the efficacy of the use of immobilized
CDA47 in inhibiting early inflammatory and thrombotic events that contribute to the
pathophysiology of arterial injury poststent angioplasty. In particular, using in vitro
and in vivo models, the immunomodulatory activity and the platelet inhibition have
been studied, indicating CD47 as one of the elected molecules to develop innovative
surface-modified endovascular stents [75].

15.5 Future trends/conclusion

With a worth of about $20.7 billion, cardiovascular biomaterials are projected to be a
predominant category of biomaterials market in the next years. The main issue asso-
ciated with the development of cardiovascular biomaterials is to maintain an adequate
blood compatibility, allowing a functional tissue regeneration. Thus, blood compati-
bility is a major subject and several surface modifications are adopted to circumvent
secondary undesirable effects and to develop innovative biocompatible cardiovascular
biomaterials.

Moreover, there is a need to develop materials that mimic the properties of the
native cardiovascular tissues. This can be achieved by producing composite materials
that combine the properties of both natural and synthetic materials. The main goal will
be to optimize the tissue regeneration after the implant, firstly obtaining a perfectly
integrated vascular prosthesis, and then allowing in time the regeneration of the native
tissue. In this context, developing surface modification strategies, such as the enrich-
ment with specific peptides able to contain the inflammatory response while inducing
a functional endothelialization, should indicate the promising way for the next gener-
ation for cardiovascular repair.
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Immobilization of antibodies
on cardiovascular stents

1.B. O’Connor, J.G. Wall
National University of Ireland, Galway, Ireland

16.1 Introduction

One of the main treatments used to reopen blocked coronary arteries is angioplasty, fol-
lowed by deployment of a stent to provide radial strength and keep the vessel open [1].
Metals such as stainless steel, cobalt-chromium, platinum, and titanium alloys have
traditionally been preferred in stent manufacturing due to their mechanical strength
and their biological and chemical inertness that reduces the possibility of a foreign
body response in vivo [2]. The use of such nonnative materials can also result in neg-
ative clinical consequences due to their limited biocompatibility, however, leading to
the occurrence of thrombosis or intimal hyperplasia. Many original stents were asso-
ciated with a high frequency of acute stent thrombosis, caused by the interaction of the
device surface with surrounding cells, proteins and extracellular matrix materials, and/
or intimal hyperplasia due to excessive growth of tissues surrounding the metal [3,4].
The focus of stent design shifted therefore in the 1980s and 1990s from bioinert, bare
metal stents (BMS) to bioactive metal-based devices such as drug-eluting stents (DES)
that released antiproliferative and antiinflammatory drugs like paclitaxel or sirolimus
in order to inhibit restenosis [5]. While the use of DES successfully reduced smooth
muscle cell proliferation and inhibited neointimal growth, numerous studies identified
delayed re-endothelialization and arterial healing in patients with DES [6]: stent re-
endothelialization is typically almost complete within 3—4 months of BMS implanta-
tion in the coronary circulation but this took much longer following DES implantation,
leading to a phenomenon of late in-stent thrombosis and a requirement for patients
to continue long-term anticlotting therapy after stent placement. With the increasing
recognition of the critical role of forming a healthy endothelial layer on the stented
luminal surface to avoid thrombosis, the emphasis in stent design moved again to
biofunctionalized devices which would accelerate formation of a native or native-like
endothelium as the optimal available surface for blood contact [7]. As the coating
of stents with appropriate endothelial cells in vitro remains particularly challenging
and costly, this has led to the emergence of stents with tethered surface moieties, par-
ticularly antibodies, designed to capture circulating endothelial (EC) and endothelial
progenitor (EPC) cells in vivo [8,9]. The acceleration of surface re-endothelialization
is the dominant application of stent-immobilized antibodies by some distance. The
technology has made a breakthrough into clinical practice and remains a major focus
of the biofunctionalization of stents with biomolecules to reshape their cell and protein
interactions and to improve their efficacies in vivo [10].

Functionalized Cardiovascular Stents. https://doi.org/10.1016/B978-0-08-100496-8.00017-2
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In this review, we describe the use of antibody and antibody fragment molecules
in stent-biofunctionalization applications, highlight limitations in current approaches
and technologies, and discuss likely future directions in this field.

16.2 The use of antibodies in stent functionalization

16.2.1 Immunoglobulin structure and target binding

The typical IgG immunoglobulin molecule has a highly modular structure that de-
rives from its dual role in recognition and destruction in the immune system.
It is a large (~150kDa) Y-shaped glycoprotein with dimensions of the order of
15nmXx7nmx3.5nm [11]. The stem of the molecule is largely conserved between
antibodies of different binding specificities and functions in mediating elimination
of the assorted targets that are bound in the highly diverse binding clefts located at
the ends of the arms of the protein [12]. The molecule is a heterodimer, composed of
two identical heavy chain and two identical light chains as shown in Fig. 16.1. Each
chain consists of distinct constant or variable domains of approximately 12.5kDa in
size that fold into a typical immunoglobulin-like fold, each stabilized by an intra-
domain disulfide bridge between two conserved cysteine residues. Heavy chains con-
tain Cyl, Cy2, and Cy3 constant domains as well as a Vi variable domain, while light
chains consist of a single C; constant domain and a V| variable domain [11]. The
heavy and light chains are also held together by interchain disulfide bridges. Within

=

(C) (D) (E)
Fig. 16.1 Structure of typical IgG immunoglobulin and derived antigen-binding fragments.
(A) Whole IgG molecule. Heavy chains are in gray, light chains in green. Variable domains

are in lighter shading on each chain. (B) Fab fragment. (C) Single-chain Fv (scFv) fragment.
(D) Fv fragment. (E) Vg domain.

(A) (B)
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the variable domains of both heavy and light chains, three hypervariable loops, termed
complementarity determining regions (CDRs), protrude from the otherwise relatively
conserved domain frameworks to form the highly specific binding pockets in which
antigen molecules are bound. These CDRs are highly diverse between antibodies in
both amino acid sequence and length and undergo further “affinity maturation” upon
exposure to antigen through a process of mutation and selection, typically yielding
molecules with affinities for target in the nM range [13]. Meanwhile, the Fc stem of
the molecule is made up entirely of heavy chain constant domains and undergoes post-
translational addition of glycan chains that are critical for interaction with Fc-receptor-
bearing effector cells such as phagocytes in the immune response.

The overall antibody structure, therefore, is one of a highly conserved stem that
mediates conserved functions such as interaction with the complement cascade or
Fc-receptor containing cytotoxic cells, linked to two identical arms with rotational
flexibility about the central hinge region to enable their terminal binding pockets to
interact with specific ligands [14]. This spatial separation of the recognition and elim-
ination functions enables antibody populations to combine the enormous conforma-
tional diversity required for target binding with the structural conservation necessary
to interact with common, highly conserved antigen-elimination effector processes.
The modular structure also lends itself to immobilization of antibody molecules on
material surfaces via the conserved Fc domains to impart new binding functions to
such materials in vivo.

16.2.2 Antibody fragments: Design, expression, and engineering
16.2.2.1 Antibody fragment expression and engineering

Conventional monoclonal antibody (mAb) generation relied on immunizing labora-
tory animals with antigens of interest and fusing the resultant antibody-producing B
cells with tumor cells to create immortalized antibody-secreting cell lines that could
be scaled up to produce, e.g., murine monoclonal antibodies in the laboratory [15].
The relatively high cost of mammalian cell culture, and the incompatibility of some of
the steps with human antibody generation, led researchers to investigate different and
cheaper production platforms, resulting in the development of a number of approaches
to producing mAb-derived fragments that broadly retained the antigen-binding prop-
erties of their source antibodies. The emergence in the late 1980s of small, monoclo-
nal antibody-derived fragments that retained the binding properties of their parent
antibodies [16,17] opened up the field of antibody engineering to a myriad of ap-
plications—both in vitro and in vivo—in which antibody-binding specificity can be
exploited, but interactions with immune effector functions are unnecessary or even
undesirable.

While the fragmentation of antibodies can be achieved through proteolysis of the
parent IgG using pepsin or papain to yield a bivalent F(ab), or monovalent Fab arms,
respectively, recombinant DNA technology provides a facility to amplify and clone
antibody Vy and Vi domains in various combinations and structural formats to rec-
reate the parent immunoglobulin-binding pocket and retain its binding strength and
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specificity in a smaller molecular package. Most common among these were the Fab
antibody arm and Fv (Fig. 16.1), the latter containing only the antibody Vy and V|,
domains, and now the single-chain Fv (scFv) [18,19]. In scFvs, the antibody Vy and
V1 domains are covalently linked by a short, flexible peptide linker of typically 15-20
amino acids that overcomes the reduced interaction energy frequently observed be-
tween Vi and Vi domains in Fvs due to the absence of the Cy1-C disulfide bridge
that holds them together in the whole antibody molecule (Fig. 16.1). While smaller
antibody variants such as single Viy domains have also been demonstrated to be capa-
ble of binding antigen [20], the scFv is the smallest fragment in common use due to its
typical retention of the affinity and specificity of its parent monoclonal antibody and
its compatibility with recombinant expression systems such as Escherichia coli [21].

An important advantage of recombinant antibody fragments in general is that they
can be produced relatively easily in bacterial or yeast expression platforms that are
more robust, cheaper, less labor-intensive, and less susceptible to contamination than
mammalian cell-based systems [22]. E. coli, in particular, is a very well-characterized
expression system for recombinant proteins but is incapable of efficiently producing
large monoclonal antibodies in active form due to their size, multiple disulfide bridges,
and Fc glycosylation. While yields of Fab’ antibody fragments of g/L have been re-
ported in high cell density E. coli cultures [23], this is 2-3 orders of magnitude higher
than yields routinely associated with fragments in closed system, shake flask cultures
[24,25]. Nevertheless, increasingly routine optimization approaches such as strain en-
gineering, manipulation of cell physiology and expression parameters, and more com-
plex engineering of polypeptide folding pathways in the expressing cells [19,26,27],
many of which were pioneered with nonantibody recombinant proteins [28,29], now
allow ongoing improvements in expression and increased yields of fragments.

The use of routine cloning and expression hosts such as E. coli and yeasts like
Saccharomyces cerevisiae and Pichia pastoris also facilitates targeted engineering of the
antibody fragments for improved expression and/or to modify their application-relevant
properties. While the smaller size of the fragments (scFvs have approximate dimen-
sions SnmXx4nmXx4nm) lends them to applications in drug delivery [30] and imaging
[31] in vivo due to their greater tissue penetration or in in vitro immobilization-based
scenarios [32], with higher binding pocket densities achievable on support scaffolds
for increased detection or capture sensitivities [33], one of the main advantages of re-
combinant fragments over whole antibodies is the potential to modify their properties
by protein engineering. A powerful arsenal of targeted [34] or random [35] molecular
techniques allows enhancement of binding affinities or elimination of binding target
cross-reactivities, while fusion protein expression enables the production of antibody
fragments with novel “effector functions,” such as fused cytotoxic drugs, which add ac-
tivities to the binding moieties in vivo [36-38]. In the field of immobilization or surface
modification of materials such as stents, the addition of flexible peptide tags to antibody
fragments may facilitate their enhanced attachment by achieving covalent attachment
for long-term stability and reduced leaching and ensure the correct orientation of frag-
ments on the surface for increased accessibility of binding pockets.

Other well-characterized antibody fragment conformations include multiva-
lent molecules such as diabodies and triabodies [39,40], which overcome the lower
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affinities of monovalent Fabs, Fvs, and scFvs resulting from their reduced avidities
[39,41,42], and bispecific molecules that combine, e.g., cell targeting and T cell re-
cruitment for in vivo applications [43,44]. Though these engineered moieties find
roles in niche applications, their advantages over the basic scFv structure in surface
functionalization applications such as stent modification are limited. Instead, the ma-
jor objective of antibody engineering for stent functionalization, after structure min-
imization, is the isolation and production of human rather than animal antibodies to
minimize the potential for immunological complications in vivo.

16.2.2.2 Isolation of antibodies of desired binding specificities

As outlined in Section 16.2.2.1, the use of the revolutionary hybridoma technol-
ogy pioneered in the 1970s is increasingly giving way to in vitro antibody isolation
approaches that obviate the need both for animal immunization and for expensive
mammalian cell culture approaches. Such approaches typically involve amplification
of (human) Vy and V| antibody genes and their assembly into large combinatorial
collections of antibody fragments—effectively “immortalizing” antibody genes in re-
combinant expression platforms rather than the antibody-secreting B cells [45]. These
antibody fragment libraries are usually displayed on cells, viruses, or ribosomes in
a format in which molecules can be screened in vitro to rapidly isolate binders of a
ligand of interest [46]. Incorporation of a mutagenic step into the procedure allows
an iterative cycle of generation of diversity followed by selection of higher affinity
binders to be carried out in a process that mimics affinity maturation [47]. Combined
with the use of human antibody genes derived from, e.g., peripheral blood, in the ini-
tial stages of the procedure, the technology presents a powerful approach to relatively
rapidly generate high affinity, human antibody fragments with specificity for almost
any ligand, and without the need for immunization [48].

The most common combinatorial antibody library approach is phage display, in
which antibody fragments are expressed on the surface of bacteriophages such as the
filamentous M 13 phage that infects E. coli cells. Fragments are genetically fused to
the pIIl minor capsid protein-encoding gene to achieve their display in 1-3 copies
at the phage tip [49] and libraries of up to 10"’ phage-displayed antibody fragments
are routinely generated for screening on immobilized antigens [50,51]. Repetitive cy-
cles of ligand-binding selection of scFv-displaying phage particles and infection of E.
coli cells for amplification (and to increase antibody diversity) can yield high affinity,
highly specific binders in only 2-4 weeks [48,52]. Antibody fragments can also be
raised against whole cells [53] or cell surface-derived proteins [50] identified using
in silico tools [54] to isolate cell-binding moieties for characterization. The isolated
antibody fragments are then expressed in soluble form in E. coli for characterization
and exploitation. Critically for end applications such as stent functionalization, the
resultant antibody molecules are human in origin and therefore less likely to give rise
to immunogenicity problems than those from hybridoma-type platforms.

Antibody fragment libraries can also be displayed on bacterial, yeast, or mam-
malian cell surfaces by genetic fusion to naturally occurring cell surface proteins
[55]. These include agglutinin protein Aga2p in yeast cells [56] and f-barrel outer



324 Functionalized Cardiovascular Stents

membrane proteins in E. coli [57], with the former better suited to folding and soluble
display of larger, more complex proteins such as antibody molecules as yeasts have a
eukaryotic protein folding machinery, greater capacity for formation of complex di-
sulfide bond patterns, and can carry out N-linked glycosylation [58]. In vitro antibody
fragment display systems such as ribosome display have also been well-established
and exploited in antibody isolation in recent years. Here, mRNA transcripts are trans-
lated in the absence of a stop codon, resulting in linking of the ligand-binding phe-
notype with its encoding genotype via the formation of stable complexes of mRNA,
ribosome, and synthesized polypeptides [59]. As library sizes are not limited by cell
transformation efficiency because the approach is cell-free, the technique can be used
to generate extremely large antibody fragment libraries with increased potential to
isolate high affinity antibodies against diverse targets of interest [60—-63]. An addi-
tional impact of the powerful mutagenic and selection molecular tools used to increase
combinatorial diversity in recombinant libraries is that naive antibody collections can
be used to isolate fragments in the nanomolar affinity range typically obtained from
immune libraries—allowing both the creation of libraries from nonimmunized human
donors and the isolation of fragments with highly varied binding specificities from a
single, diverse antibody collection.

16.2.2.3 Future perspectives of antibodies in stent
functionalization

As an estimated 97% of amino acids in antibodies are not involved in making antigen
contacts [11], minimization of the ligand-binding moiety has clear potential to allow
the effective packing density of binding pockets to be increased on surfaces—thus po-
tentially improving the detection sensitivity for low concentration analytes [33,64] or
capture efficiency of low abundance cells on antibody-modified surfaces. Similarly,
the absence of nonantigen-interacting domains in stent-tethered antibody fragments
can avoid undesirable interactions with Fc-receptor-bearing immune effector cells on
device surfaces and reduce nonspecific interactions in vivo. Furthermore, the ability
to engineer recombinant antibodies for controlled, oriented, and stable attachment
to surfaces or devices [65] is a significant advance on the use of physisorbed mole-
cules of which as few as one tenth of proteins may be functional. Nevertheless, while
antibody engineering and recombinant expression techniques have become standard
R&D tools over the past three decades, their impact has yet to become apparent in
biomedical device or materials functionalization pipelines. It may be that the potential
to isolate and express human-derived antibody fragments, however, proves the criti-
cal consideration that persuades manufacturers to embrace combinatorial library and
recombinant expression platforms for next-generation medical device and stent func-
tionalization. Antibody-coated stents currently used in clinical practice employ mouse
[66] or occasionally rabbit [9] rather than human antibodies. While the use of animal
molecules overcomes previous technical bottlenecks associated with isolation of their
human counterparts [67], the potential to elicit a human antimurine antibody (HAMA)-
type response in vivo is clear [68]. As HAMA responses would rapidly destroy an
antibody-coated surface designed for, e.g., cell capture or drug delivery, the use of
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recombinant technologies to create immune-tolerated human molecules will clearly be
preferable for stent coating. The adaptation of human-derived or -based antibody mol-
ecules has been the norm in other clinical sectors for some time: of 11 new antibodies
approved for clinical use as far back as 2006-09, six were fully human and four others
had been “humanized” to reduce their potential immunogenicity in vivo [69].

16.3 Protein-stent linking approaches

16.3.1 Overview

The most commonly used method of attaching proteins to solid supports for many ap-
plications is simple physisorption [14] (Fig. 16.2). Antibodies are routinely adsorbed
onto diverse surfaces such as polystyrene, polyvinylidene fluoride (PVDF), or nitro-
cellulose in standard in vitro techniques like enzyme immunoassays and immunoblot-
ting. The main advantages of this approach are its simplicity, low cost, relatively high
antibody-binding capacity, and the fact that it involves no additional manipulation of
the antibody. For a more complex application such as stent biofunctionalization with
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Fig. 16.2 Immobilization of antibody molecules on solid support [45]. Antibody heavy chain
is gray, light chain green. Constant domains are in darker shading; variable domains are
lighter. Upper level, Left: Physisorbed antibodies; Centre: antibodies tethered via intermediate
“sticky” layer; Right: antibodies attached via specific chemical moiety, e.g., terminal NH, or
COOH groups; Lower level, Left: attachment via antibody-binding protein, e.g., Protein G or
Protein A; Right: antibodies with engineered motif for specific interaction with (chemically
activated) surface.
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antibodies, however, the disadvantages of such an approach are considerable: many
proteins denature when adsorbed onto a solid surface, resulting in a disordered or in-
accessible binding site in up to 90% of adsorbed molecules [70]; as attachment occurs
via nonsite-specific interactions, antibody molecules are randomly oriented on the sub-
strate and binding pockets may be inaccessible to the target ligand or cell (Fig. 16.2);
protein adsorption is poorly reproducible between analyses; the reversible nature of
the noncovalent attachment leads to reduced stability of the bioengineered stent over
extended usage due to antibody desorption; and deposition of multiple layers of pro-
tein is common, leading to reduced sensitivity and higher antibody production costs
[71]. Ideally, tethering of antibodies onto stent surfaces should yield molecules that
are correctly oriented on the surface, stably (preferably covalently) attached, arranged
in a well-structured monolayer, and conformationally and functionally unmodified by
the immobilization procedure, as discussed in Section 16.3.2.

16.3.2 Ensuring orientation and/or stability of immobilized
antibodies

16.3.2.1 Covalent attachment of antibodies

Covalent attachment of antibodies to the stent structure can be used to overcome the
fundamental problem of protein leaching from the support over time—but not, in
many cases, that of antibody orientation [14]. At the simplest level of covalent attach-
ment, the terminal amino or carboxyl group in any protein molecule can be coupled
via relatively simple chemistries to a variety of engineered supports, such as alde-
hyde- and epoxy-activated substrates, resulting in highly stable display of the protein
of interest [30]. Cross-linking of solvent-exposed amino acids with similar chemistries
can also occur, however, as can cross-linking within or between the protein mole-
cules themselves, which can result in incorrectly oriented and/or inaccessible binding
pockets in the immobilized antibodies [72]. Covalent tethering of antibodies to solid
supports typically exploits one of three functionalities in the antibody molecule: lysine
amino acids, cysteine residues, and carbohydrate moieties, which occur in the Fc stem
[73]. The use of the ¢-NH," approach with surface-exposed lysines cannot ensure
the correct orientation of the antibody molecules on supports as approximately 40-50
such amino acid residues may be solvent-exposed and accessible for modification in
standard immunoglobulin structures (Fig. 16.2). In the case of cysteine amino acids,
the typical IgG immunoglobulin contains approximately 32 cysteine residues that are
involved in domain stabilization (one S-S bond in each C or V region) or interchain
covalent disulfide bonds that attach the heavy and light chains in the heterodimeric
antibody molecule (see Fig. 16.1). The occurrence of unpaired cysteine residues that
are accessible for attachment to stent surfaces is, therefore, unusual, though Fab’ an-
tibody fragments in which a single cysteine is available for reaction can be generated
enzymatically by pepsin and acid treatment [74]. Alternatively, Fab” fragments can
be created recombinantly, though modified scFv-type fragments are more likely to
be preferred in recombinant expression formats. The 2-5 glycan chains that occur in
the Fc stem of antibody molecules and function in immune effector functions in vivo
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may also be exploited as they meet the combined requirements of ensuring stable,
covalent attachment of molecules and orienting the binding pocket away from the
stent surface by virtue of their location in the binding pocket-distal stem of the anti-
body structure. A well-established chemistry of oxidation of the carbohydrate groups
to generate aldehydes in the Fc stem then allows specific reaction with amine or hydra-
zide groups that must be introduced into the stent surface [75,76]. A somewhat similar,
recently described technology for covalent, oriented attachment of antibodies exploits
the histidine-rich nature of antibody Fc regions to directionally immobilize IgGs on
heterofunctional metal chelate-glyoxyl supports [77].

16.3.2.2 Use of intermediate, antibody-binding layer

Another approach to directionally immobilize antibodies, albeit typically not cova-
lently, is via an intermediate antibody-binding layer. This can be achieved by the use
of broad specificity protein-binding molecules, antibody-specific binding partners,
or recombinant interaction motifs engineered into the antibody molecules. Generic
protein-binding layers such as mussel adhesive proteins (MAPs) can be easily coated
onto stent surfaces such as stainless steel and titanium to provide a “sticky” layer to
which antibodies can be readily attached [78] (Fig. 16.2). This approach has been
successfully utilized to coat anti-CD34 antibodies on 316L stainless steel to mediate
EPC capture [79]. A greater degree of specificity for antibodies can be added by the
use of a MAP-Protein A (see below) fusion protein in which the MAP layer can at-
tach to polymeric and metal surfaces to tether the antibody-binding Protein A domain,
which then captures antibodies that retain their antigen binding upon immobilization
[80]. Protein A and Protein G, meanwhile, are naturally occurring proteins secreted
by Staphylococcus aureus that bind antibody Fc regions and are commonly used in
antibody purification in vitro [81]. Due to the location of their target motifs in the
antibody stem, immobilization via these binding partners is likely to correctly orient
the antibody layer on surfaces, as demonstrated in the case of anti-VEGFR-2 mono-
clonal antibodies tethered using Protein G [82]. Antibodies can also be immobilized
in an oriented manner on supports by the use of short peptides that recognize exposed
hydrophobic patches at the bottom of the antibody Fc stem [83].

The use of intermediate, antibody-capture layers avoids the need for engineering
of antibodies to mediate their surface tethering and they are broadly compatible with
molecules of diverse binding specificities as they typically exploit conserved structural
or sequence motifs in the conserved Fc stem of the molecule. The interaction between
capture protein and antibody is typically reversible, however, and, more critically, the
precoating of bacterial or other nonhuman proteins on the stent has the potential to
capture antibodies of varying binding specificities from the circulation or to elicit a
highly destructive immune response against the stent protein layer.

16.3.2.3 Immobilization of engineered antibody fragments

The relative ease of recombinant isolation and expression of antibody fragments of de-
sired binding specificities (see Section 16.2.2.1) also extends to their production with
engineered recombinant tags to mediate their controlled attachment to surfaces. scFvs
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can be produced with a tag such as a leucine-zipper motif that interacts with a part-
ner motif on the support matrix to form a correctly oriented heterodimeric pair [84]
or with various peptide motifs that are recognized by surface-bound antibodies [85]
(Fig. 16.2). Short (typically 4-8 amino acid residue) peptide tags containing, e.g., cys-
teine residues, can also be added at surface-exposed locations on antibody fragments
to mediate oriented immobilization of the purified protein molecules via appropriate
chemical groups introduced into the stent surface [86]. In an approach that mimics
oriented immobilization of whole antibody molecules via their Fc-glycan chains, we
[65,87] and others [88] have also expressed glycosylated antibody fragments in
E. coli for chemical modification and correctly oriented, covalent immobilization on
aminated stent surfaces.

16.4 Applications of stent-immobilized antibodies

16.4.1 Overview

The dominant application of antibodies in stent functionalization lies in mediating
E(P)C attachment to promote endothelialization in vivo and prevent thrombosis in
the period in which the stent surface has not yet been completely re-endothelialized.
Efforts to accelerate endothelialization of the stent surface gained considerable fo-
cus with the recognition that antiproliferative drugs released from DES delayed
re-endothelialization. Attempts to seed biomaterial surfaces with EPCs and/or ECs
in vitro and to create an artificial endothelium on stent surfaces are complex and re-
quire an initial biopsy to obtain a patient’s own cells to seed the graft, expansion, and
growth of the cells to confluence on the graft, and re-implantation into the patient [89].
The work is technically demanding, time-consuming, expensive, prone to bacterial
contamination, and not readily compatible with stent manufacturing practices [90],
which has led to a clear preference for biofunctionalization of stent surfaces with E(P)
C-capturing antibodies in an attempt to promote endothelial cell capture and acceler-
ate formation of a new endothelial layer in vivo.

16.4.2 Stent re-endothelialization

EPCs have been the focus of intense study over the past two decades due to their ability to
attain EC characteristics in vitro [91] and their potential, therefore, to drive surface en-
dothelialization for improved biocompatibility. Numerous studies have demonstrated
their ability to decrease neointimal formation and accelerate re-endothelialization
upon recruitment to sites of vascular damage. As EPCs deposit extracellular matrix to
a greater extent than ECs, these are typically preferred in materials engineering and
functionalization-type applications. While there is still no universally accepted defini-
tion of EPCs, a number of cell surface markers with varying degrees of specificity for
EPCs have been identified, foremost among which are CD34, CD31, CD105, CD133,
and CD144, which play a key role in endothelium lining [92]. A number of studies
have indicated that EPCs in the bone marrow and immediately after their migration
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into the systemic circulation are positive for CD34, CD133, and VEGFR2, whereas
EPCs circulating in the bloodstream no longer express CD133 [93].

Antibodies have particular potential to accelerate re-endothelialization by capture
of circulating EPCs or ECs and effectively immobilizing them on the stent surface. The
hydrophobicity and complexity of these membrane-spanning proteins in general leads
to considerable difficulties in their purification or recombinant expression [94,95].
While this can clearly create a bottleneck in the isolation of binding antibodies, anti-
bodies against a number of potential EPC and EC markers, either in their full-length
state or extracellular domains, have been isolated. The most extensively characterized
of these are CD34, CD133, VEGFR2, CD144, and anti-CD105 molecules, which are
discussed in more detail below.

16.4.2.1 CD34-binding antibodies

CD34 (http://www.uniprot.org/uniprot/P28906) is a highly glycosylated protein with
a single transmembrane (TM) region and an extracellular domain of 259 amino ac-
ids. While it has been used in a number of investigations as a marker to capture EPC
populations, it has also been demonstrated that over 99% of cells bound by CD34-
binding antibodies are not EPCs, as defined by expression of CD133 and VEGFR-2
[96]. Purified mouse anti-CD34 monoclonal antibody has, however, been found to
interact with CD34-expressing hematopoietic precursor cells and endothelial cells,
and not with normal peripheral lymphocytes, monocytes, erythrocytes, granulocytes,
or platelets [97]. Ex vivo and animal studies have demonstrated that stents coated with
CD34 antibodies, which specifically targeted circulating EPCs, achieved complete
endothelial coverage of struts in as little as 48 h postimplantation [98]. Stents with
an immobilized murine IgG2a antihuman CD34 antibody were developed by Orbus
Medical Technologies and have been commercially available since 2010 (http://www.
orbusneich.com). The first clinical investigations of this anti-CD34 Genous technol-
ogy indicated its safety and feasibility in treating de novo coronary artery disease [8]
and in long-term promotion of significant late regression of neointimal hyperplasia.
Subsequent randomized clinical trials comparing the stent with BMS [99,100] and
DES [101] led to development of a next-generation COMBO stent which combines
EPC capture using anti-CD34 antibodies with eluting sirolimus to reduce in-stent late
luminal loss [102].

Other researchers have combined EPC capture, mediated by immobilized anti-CD34
antibodies, with the supply of growth factors to promote the differentiation of EPCs
into ECs. Incorporation of VEGF and basic fibroblast growth factor in the form of
conjugated microparticles led to improved EPC adhesion and proliferation on a poly-
meric coating on a vascular stent [103]. Others have reported new coating-by-layer
functionalization approaches on 316L stainless steel [104,105] and titanium [106]
with an anti-CD34 antibody and VEGF in an approach which could be utilized with
many antibody-growth factor combinations. In all antibody immobilization analyses,
of course, the method of immobilization is critical in determining the orientation and
functionality of the surface-bound capture molecules. Petersen and co-workers demon-
strated the importance of optimizing orientation and surface density of antibodies on


http://www.uniprot.org/uniprot/P28906
http://www.orbusneich.com
http://www.orbusneich.com

330 Functionalized Cardiovascular Stents

stents (approximately 1pg/cm?” of anti-CD34 mAb in the Genous stent [107]) by us-
ing a site-specific immobilization approach. Similar levels of coated antibody were
achieved in this study via physisorption or Fc-mediated reaction of the antibody with
amino-activated PLLA-coated stent surfaces, but 2—-3-fold higher binding activities
(of CD34™ cells) were measured in the latter molecules [108]. Similarly, others have
demonstrated that CD34-binding antibody immobilized on coated stainless steel via its
Fc stem promoted better EC attachment in vitro and reduced blood coagulation than
the same surface functionalized by (nonorientation-specific) glutaraldehyde treatment
[109]. Immobilization of chitosan in combination with loading of an anti-CD34 anti-
body has also been demonstrated to accelerate re-endothelialization in a commercial
sirolimus-eluting stent (Cypher, Cordis, Miami, Florida, United States) [107,110].

16.4.2.2 (CD133-binding antibodies

CD133 (http://www.uniprot.org/uniprot/O43490) is proposed to play a role in api-
cal plasma membrane organization of epithelial cells and is a 5-TM protein with
three extracellular topological domains. Less attention has been paid to creation of
anti-CD133 stents than in the case of CD34, probably largely due to its less well-
understood association with circulating EPCs [93,111]. In addition, in our experience
at least, recombinant expression of CD133 or component domains has proven challeng-
ing, though the native molecule is commercially available from a number of suppliers
for antibody isolation. A recent comparison of the cell types bound by anti-CD34 and
anti-CD133 antibodies found that while the latter selectively captured hematopoietic
stem cells (HSCs) which differentiate into ECs, anti-CD34 antibodies bound, in addi-
tion to HSCs, hematopoietic progenitor cells that differentiate into vascular ECs and
immune cells, thereby promoting smooth muscle cell growth and potentially leading to
thrombosis, inflammation, and rejection [112]. A further comparison of the efficacies
of anti-CD34 and anti-CD133 antibodies in EPC capture also concluded that the latter
were preferable as they mediated more rapid endothelialization and a more effective
inhibition of in-stent restenosis [113]. CD133-binding antibodies have been success-
fully covalently attached to polymeric coatings on bare metal stents, leading to EPC
capture from circulation and significantly improved cell growth compared to BMS over
a short (6 h) time period, with no difference in endothelial function noted over 6 months
[114]. A more in-depth comparison of multiple antibodies against CD133 and CD34,
incorporating evaluation of coating densities, functionalities of coated molecules, and
cell specificities, is required before more general conclusions can be drawn about the
relative efficacies of the two capture approaches in E(P)C binding.

16.4.2.3 VEGFR2-binding antibodies

Vascular endothelial growth factor receptor 2 (VEGFR?2) is the primary mediator of the
effects of VEGF, which is involved in the growth and maintenance of vascular struc-
tures. VEGF has been reported to accelerate re-endothelialization of damaged arteries in
the rat carotid artery [115], while its elution from stents promotes re-endothelialization
by stimulating EPC capture and maturation [116,117]. VEGFR2 contains an exposed
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chain of seven repeated Ig-like domains (http://www.uniprot.org/uniprot/P35968) and
it has been produced recombinantly as a fusion product and in component domains for
biochemical and functional characterization studies [118,119]. A number of groups
have isolated VEGFR2-binding antibodies for EPC capture. While it has been argued
that VEGFR2 may be a better target than CD34 or CD133 for EPC capture, many
reports with these antibodies to date have focused on their immobilization, e.g., by
exploiting Fc-binding protein G [82] or via engineered motifs in recombinant antibody
fragments [120], and their efficacy in EPC capture and surface re-endothelialization
remains to be investigated in detail. Reports of the successful use of immobilized
VEGEF to capture EPCs [121] and even of positive effects on re-endothelialization of
upregulation of VEGF expression [122] provide indications of the potential usefulness
of this VEGFR2-capture approach, however.

16.4.2.4 Other antibodies used in re-endothelialization

Human vascular endothelial (VE)-cadherin, also known as CD144 (http://www.
uniprot.org/uniprot/P33151), is an endothelial cell marker found in veins, arteries,
capillary, and large vessels and reported to be expressed on late EPC and differenti-
ated ECs, but not on early EPCs or other leukocytes. Coating of a stainless steel stent
with rabbit polyclonal antihuman VE-cadherin antibodies has been demonstrated to
capture EPCs and reported to significantly reduce neointimal formation and accelerate
re-endothelialization in vivo [9]. A comparison between anti-CD34- and anti-CD144-
coated stents also indicated that the latter are more effective at capturing outgrowth
endothelial cells (OECs) and mature ECs in vitro and in vivo [123], while a recent
rabbit study indicated a superior performance of an anti-VE-cadherin-coated zwitteri-
onic stent over BMS in reducing neointimal formation, reducing platelet adhesion, and
promoting endothelial healing [124].

CD105 (or endoglin) is a homodimeric, single-TM glycoprotein that binds trans-
forming growth factor B receptor in ECs (http://www.uniprot.org/uniprot/P17813).
A comparison of the performance of anti-CD104-coated stainless steel stents with
BMS and sirolimus-eluting stents revealed improved endothelialization in the
antibody-coated stents after 14 days in porcine coronary arteries, while neointimal
formation and stenosis were also decreased [125]. Subsequent investigation also re-
vealed the antiendoglin-coated stent to behave similarly to an anti-CD34-coated stent,
with no difference in the neointima area, percent area stenosis, or percentage of re-
endothelialization detected between the two devices [126].

16.4.3 Other applications of stent-immobilized antibodies

In a novel application, DNA-binding antibodies have been tethered onto cardiovascular
stents to achieve localized gene delivery [127]. Studies in a porcine model demonstrated
delivery of a green fluorescent protein-encoding plasmid and expression of the reporter
protein in the left anterior descending coronary artery, while in vivo delivery of nitric
oxide synthase cDNA via the same approach was reported to inhibit restenosis [128].
In a similar approach, other groups have tethered adenovirus-binding antibodies on
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coronary stents for gene delivery. While the technique realized transfection of arterial
smooth muscle cells in porcine coronary arteries, neointimal transduction levels were
more than 17% of total neointimal cells [129] and the approach does not appear to have
been developed further over the past decade.

16.5 Future perspectives

The current state of the art in stent functionalization using antibodies is dominated by
the use of antibody molecules to capture endothelial or endothelial progenitor cells
for acceleration of re-endothelialization of the inserted device and minimization of
the risk of thrombosis in vivo. Foremost among developments has been the realization
of a number of clinical products with CD34-binding antibodies, designed to capture
EPCs from the circulation. Meanwhile, a variety of additional antibodies against both
CD34 and other proposed E(P)C marker proteins have been isolated and characterized
in R&D settings, with some progressing through animal studies and along the product
development pipeline. The bottleneck of identifying a surface marker unique to ECs
or EPCs remains, however, with no currently accepted “ideal” marker (i.e., specific for
and highly expressed on E(P)Cs) for use in endothelial cell identification and capture.
This is a significant limitation of antibody-stent biofunctionalization as it limits the
potential to capture only desired cell types to coat the stent luminal surface. Genomic
investigation of surface protein expression on EPCs, ECs, and other physiologically
relevant cell types such as smooth muscle cells may help to identify improved mark-
ers, though a compromise between specificity and expression level on target cells is
likely to prove necessary.

In the interim, carefully designed comparison of the cell binding of current an-
tibody candidates will be instructive in understanding their potential to mediate en-
dothelialization. Many current studies may be limited not only by their use of small
numbers of antibodies, but also by the reported changes in the expression of rec-
ognized EPC “markers” in cell lines due to senescence upon ongoing culture. This
has important potential consequences for the ability to extrapolate in vitro results to
in vivo settings—or to isolate and characterize antibodies of clinical significance us-
ing available cell culture approaches. Again, a more detailed evaluation of differential
expression of protein targets both in vitro and in isolated cells in vivo will improve
the ability to successfully translate technological advances in antibody isolation into
clinically useful products.

One area that seems certain to grow in importance in the stent-biofunctionalization
sector over the coming years is the use of recombinant antibody fragments. While
fragments are advantageous in material functionalization applications for the many
reasons discussed above, not least their lower production costs and higher yields
compared with monoclonal antibodies, their defining advantage in stent modifica-
tion is their human, i.e., nonimmunogenic, origin. It is unlikely that entirely new
stent products containing nonhuman antibodies will continue to be developed and
progress into the clinic over the coming decade. Recombinant antibody technology
instead allows the relatively simple isolation of human-derived antibody fragments
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against practically any molecule of interest. Whole antibodies can be reconstituted
from these fragments to re-generate classical IgG-type molecules, though the use of
the smaller, scFv-type fragments are advantageous in many applications in which
effector functions are unnecessary or undesirable. The ease with which recombinant
fragments can be engineered to achieve highly specific, covalent (stable) and cor-
rectly oriented (accessible for cell capture) attachment to stent surfaces constitutes
another important advantage over the use of whole antibody molecules. They can also
be affinity-matured in vitro to increase their binding strength which may benefit EPC
capture applications in which potentially as low as 0.01% of circulating cells in the
blood may be the target cells.

Other than re-endothelialization, there are few reported applications of antibody
use to modify stent properties in vivo. Gene delivery has been investigated to increase
localized concentrations of growth factors or NO, but the approaches have not been
extensively developed, due largely to the existence of simpler approaches to achieve
the same goals. It seems likely, therefore, that the predominant use of antibodies in
adding function to cardiac stents in the near future will continue to be in the area of
promoting surface endothelialization, albeit with increased use of recombinant frag-
ments to overcome existing limitations of noncovalent immobilization, poor orienta-
tion, and the nonhuman origin of currently preferred antibodies.
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