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Résumeé

Les maladies cardio-vasculaires sont |a principale cause de mortalité dans le monde. Parmi celles-ci, et une des
plus importantes, se trouve I'athérosclérose. Cette maladie se traduit par la formation d’une plaque sur les parois
artérielles réduisant alors le diamétre luminal. La plaque d’athérome entrave la circulation du sang et peut se
compliquer par la formation d’'un thrombus artérielle pouvant provoquer un infarctus du myocarde. Une
intervention capable de rétablir le flux (recanalisation) est alors nécessaire. Dans le cas des artéres coronaires,
lintervention coronaire est percutanée (ICP) et consiste a amener et déployer jusquau site malade, une
endoprothése, appelé aussi stent. Un stent est un petit treillis métallique tubulaire qui permet de rouvrir la lumiéere
de l'artére et de rétablir la circulation sanguine. Il sert aussi de support a l'artére malade pour empécher son
affaissement. Cependant, aprés implantation, certaines complications sont induites, telle que la resténose intra-
stent (ISR) qui se caractérise par la réduction de la lumiére de I'artére, reconduisant les problémes créés par la
plague d'athérome. Ce phénoméne est essentiellement dii a une prolifération excessive des cellules
musculaires lisses, et qui résulte d'une Iésion de I'endothélium lors de I'implantation. Afin de limiter cette
complication, la premiére approche a été de changer les matériaux utilisés pour ces endoprothéses. Les
principaux alliages utilisés pour fabriquer des stents sont I'acier inoxydable, les alliages de nitinol et ceux de
chrome cobalt, plus particulierement le L605. Ce dernier, dil a ses propriétés mécaniques, permet la fabrication
de dispositifs plus minces, donc moins de métaux présents dans le corps humain, et a démontré induire moins
de complications cliniques. Néanmoins, malgré la diminution des complications par rapport aux autres alliages,
les endoprothéses nues en L605 ne s'intégrent que peu ou pas du tout dans le tissu artériel de I'hdte. Pour
répondre aux exigences biologiques et cliniques, l'idéal serait d’avoir un dispositif qui favoriserait le
recouvrement du dispositif par I'endothélium, ou « endothélialisation » et qui aurait un faible potentiel
thrombotique et inflammatoire. L'approche couramment utilisée pour répondre a ces critéres est de recourir a
des dispositifs qui libérent des médicaments anti-inflammatoires. Pour ce faire, il faut recouvrir les dispositifs
métalliques avec des revétements a base de polyméres, en tant que couche intermédiaire, fonctionnalisée
ensuite par des molécules bioactives. Toutefois, les dépdts de ces couches polymériques impliquent ['utilisation
de chimie en solution incluant des solvants organiques. En outre, ces derniéres démontrent avoir une faible
adhésion au substrat métallique, d0 au procédé utilisé, mais aussi un manque de cohésion. Lors de la procédure
d'implantation, les stents subissent une déformation plastique, comme ces revétements manquent de

résistance, ils ont tendance a fissurer ou délaminer.

Ce projet de recherche s'insére donc dans cette problématique générale, et propose une nouvelle approche qui
permettrait d’éviter ce revétement polymérique, tout en apportant les propriétés biologiques recherchées. Pour
ce faire, la modification de surface proposée implique la fonctionnalisation directe des surfaces métalliques par

un procédé plasma. Ce procédé permet de ne pas modifier les propriétés de coeur du matériau, et de créer des



groupes fonctionnels en surface, ici des groupes amine réactifs (NH,), qui servent de points d’ancrage pour le
greffage ultérieur des molécules bioactives d'intérét. En résumé, ce procédé original peut étre divisé en 3 parties
principales : a) préparation de la surface, b) fonctionnalisation par plasma et c) greffage de molécules bioactives.
Tout au long de ce projet de recherche, I'optimisation de chaque partie a été réalisée en vue d’obtenir les
propriétés adéquates et nécessaires pour l'application cardiovasculaire visée. Concernant la partie a), c'est-a-
dire la préparation de la surface, les traitements suivants ont été testés: électropolissage, traitements
thermiques et implantation ionique par immersion dans un plasma. Ces modifications ont été optimisées en vue
d’obtenir une couche d'oxyde stable sous déformation présentant la meilleure résistance possible a la corrosion,
tout en démontrant la plus haute efficacité d’amination directe par plasma pour la partie b). Enfin, en ce qui
concerne le bloc ¢), le greffage de molécule bioactive, deux bras de liaison différents ont été étudiés pour évaluer
leur impact sur la conformation et la performance biologique. Cette étude a été effectuée avec un peptide bioactif
dérivé de la molécule d’'adhésion des cellules endothéliales et des plaquettes (PECAM-1 ou CD31), en raison
de ses propriétés anti-inflammatoire, anti-thrombotique et pro-endothélialisation. Les 2 bras d’ancrage testés
sont un a chaine courte, I'anhydride glutarique (GA), contenant seulement 5 atomes de carbone, et un a longue

chaine (600 atomes), le polyéthyléne glycol (PEG) choisi aussi pour ses propriétés anti-adhérentes.

Tout d’abord, cette stratégie a été développée sur des échantillons plats, qui facilitaient grandement les analyses
de surface, telles que XPS et ToF-SIMS, et donc les processus d'optimisation de chaque étape, comme la
résistance a la déformation, corrosion et 'analyse des propriétés biologiques. Ceci a permis de démontrer que
le prétraitement de surface optimal pour les substrats L605 était I'électropolissage, agissant sur sa couche
d’'oxyde passive pour une efficacité maximale lors de I'étape d'amination. Le bras de liaison qui a démontré le
plus grand potentiel pour immobiliser le peptide d'intérét est le PEG, avec une augmentation significative de la
migration et viabilité des cellules endothéliales, par rapport au substrat métallique nu. De plus, le greffage du
peptide sur le PEG ajoutait des propriétés anti-thrombotique et anti-inflammatoire par rapport aux échantillons
électropolis. Ce procédé a été ensuite adapté a des stents, dont la configuration 3D est trés complexe. Aprés
optimisation, les stents pegylées + peptides biomimétiques (Plasma-P8RI) ont été testés in vivo par implantation
dans les coronaires de porc porcin pendant 7 jours et 28 jours et leur potentiel de ré-endothélialisation et anti-
resténotique ont été évalués. Il a été constaté que la stratégie proposée dans ce projet de recherche favorisait
la ré-endothélialisation aprés 7 jours par rapport au DES (Drug Eluting Stent) commercial, et limitait I'adhérence
des leucocytes et des plaquettes lorsque comparé au BMS (Bare Metal Stent). Aprés 28 jours d'implantation le
diameétre luminal des artéres n'était pas réduit sur le stent Plasma-P8RI, ce qui signifie que ces stents modifiés

ne présentaient pas de risque de resténose, contrairement aux BMS.

Ce projet de recherche a permis de développer et de valider une stratégie prometteuse consistant a immobiliser

directement des molécules bioactives sur des dispositifs cardiovasculaires en L605, alliage de chrome-cobalt.



A notre connaissance, cette approche n’a jamais été rapportée dans la littérature a notre connaissance. Cette
stratégie originale, dépourvue des limites associées a l'usage des polyméres et basée sur un procédé plasma,

présente des avantages évidents et ouvre la voie vers le développement de dispositifs cardiovasculaires
innovants.



Abstract

Cardiovascular diseases represent the leading cause of death in the world. Among them is atherosclerosis that
characterizes by the formation of a plaque on the arterial walls that narrows the lumen diameter. This
atherosclerotic plaque disrupts the blood flow and can be complicated by thrombosis which can ultimately lead
to myocardial infarction. Efficient revascularization is mandatory to treat this disease and a percutaneous
coronary intervention (PCI) is performed complemented with the deployment of a stent. Stents are tiny wire
mesh that reopens the artery, re-establishing the blood flow whilst supporting the artery avoiding its collapse.
Nevertheless, complications after stent implantation exist and in-stent restenosis (ISR) is one of the major
concerns. This complication is characterized by the reduction of the lumen diameter, similar to an atherosclerotic
plaque, and it is associated to the wound caused on the endothelium by the stent implantation followed by the
over-proliferation of smooth muscle cells. One of the first strategies to decrease ISR involved the manufacture
of stents using different alloys such as stainless steel, nitinol and cobalt chromium alloys (L605). The latest alloy,
L605, has generated significant interest because it allows the fabrication of thinner devices, which have
decreased post-implantation clinical complications. Nonetheless, despite the decrease in ISR, when compared
to other alloys, the integration of L605 bare metal stents in the host tissue is minimal or inexistent. Thus,
enhanced biological properties, such as endothelialisation, low thrombosis activity and anti-inflammatory
behaviour represent mandatory requirements for clinical applications. To confer these properties onto metallic
devices, polymeric-based coatings, as an intermediate layer to further functionalize with bioactive molecules,
are often deposited. Nonetheless, major techniques to deposit these polymeric coatings involve the use of wet-
chemistry and do not ensure total resistance during the stent implantation procedure due to lack of cohesion

and delamination of the polymeric layer.

Thus, a novel approach that foregoes this previously mandatory coating step was developed in this research
project. This novel approach involves the use of plasma-based techniques to create functional groups (reactive
amine groups, -NH2), directly onto the metallic surface without modifying the bulk properties, that can be used
as anchor points for the further grafting of bioactive molecules of interest. Briefly, this novel approach can be
divided in 3 blocks: a) Surface preparation, b) plasma functionalization and c) bioactive molecule grafting.
Throughout this research project the optimization of these main blocks was performed aiming for the desired
cardiovascular application. Concerning block a), surface preparation, electropolishing, thermal treatments and
plasma immersion ion implantations were performed to obtain an oxide layer deformation and corrosion resistant
whilst demonstrating the highest direct plasma amination efficiency, for block b). Finally, as regards block c),
bioactive molecule grafting, two different linking arms were studied to assess their impact on conformation, and
the biological performance of a bioactive peptide derived from the platelet endothelial cell adhesion molecule

(PECAM-1 or CD31) due to its pro-endothelialization, anti-inflammatory and anti-thrombotic potential: Glutaric



anhydride (GA), as a short chain spacer of 5 carbons, and polyethylene glycol (PEG), as a long chain spacer

with antifouling properties.

Initially, this strategy was developed on flat samples where using a combination of high-resolution surface
characterizations techniques, such as XPS and ToF-SIMS, and corrosion, deformation and biological tests it
was confirmed that the optimal surface pre-treatment for L605 was electropolishing, due to its passive oxide
layer and that it further allowed to obtain the highest amination efficiency. Furthermore, the best linking arm to
immobilize the peptide was PEG, which demonstrated a significantly increase on endothelial cell viability with a
faster migration, when compared to the bare metallic substrate. Moreover, peptides immobilized by PEG
demonstrated that endothelial cells attached to the surface presented an anti-thrombotic and anti-inflammatory
phenotype, when compared to electropolished samples. Thus, this biomimetic surface was selected for an in
vivo trial in porcine model to evaluate its potential re-endothelialization and anti-restenotic activity. It was found
that by directly attaching a CD31 agonist onto the bare metal stent by this strategy improved re-endothelialization
after 7 days when compared to commercial DES, with further, low adhesion of leukocytes and platelets when
compared to BMS. Moreover, after 28 days of implantation, Plasma-P8RI did not present a significant decrease

on the lumen diameter, which was not the case for BMS that presented in-stent restenosis after this period.

Overall, this research project allowed the development and validation of a promising strategy to directly
immobilize bioactive molecules onto L605 cobalt chromium cardiovascular devices, providing clear advantages
of medical devices currently on the market. Furthermore, to the best of our knowledge, such plasma-based multi-

step strategy has never been previously reported in literature.
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Foreword

The present thesis has been developed at the Université Laval (Quebec, Canada) with strong collaborations
with the Université de Namur (Namur, Belgium) and Laboratory for Vascular Translational Science (LVTS) at
the INSERM U1148 (Paris, France). This research project was focused on the design, development and

validation of novel strategy for the direct immobilization of bioactive molecules on L605 cobalt chromium alloy

surface for cardiovascular applications. This strategy allows to avoid the previously mandatory polymeric coating
deposition on the metallic substrate by creating reactive amine groups on the directly on surface that are further
used as anchor points to immobilize bioactive peptides. These bioactive peptides confer the surface with
“biomimetic” activity, promoting specific cellular response for the faster coverage of the metallic device from the

biological medium.

Therefore, characterization techniques and the study of the in vitro and in vivo biological performance of the
functionalized surfaces were as important as the development of this multi-step plasma-based strategy.
Techniques, tests and materials selected for this project were related to the expertise of the three laboratories

involved in this research project:

The Laboratory for Biomaterials and Bioengineering (LBB) at Université Laval is a multi-disciplinary
laboratory with years of experience in the use of plasma processing for surface modification of biomaterials,
specifically for cardiovascular applications. Furthermore, in this laboratory surface characterization by the means
of different techniques, such as X-Ray Photoelectron Spectroscopy, Atomic Force Microscopy, Scanning
Electron Microscopy and Water Contact Angle, was performed. Biological tests, involving endothelial cell

adhesion, proliferation and migration and hemocompatibility studies, were also assessed in this laboratory.

The collaboration with the Research Centre in Physics of Matter and Radiation (PMR) at Université de Namur
involved surface characterization by the means of ToF-SIMS and depth profile analysis. This research centre

has developed several studies involving plasma modified surfaces and amino acid and protein coatings.

The Laboratory for Vascular Translational Science (LVTS) at the INSERM U1148 specializes in
cardiovascular immunobiology. This research team is devoted to study the mechanisms through which the
immune system interacts with diseased vessels and designing new vascular-protective immunointervention
strategies. Their research program relies on skills and tools such as animal models, immunohistology and flow
cytometry. Thus, the collaboration with this laboratory involved the in vitro studies of the interaction between
human coronary artery endothelial cells and the developed surfaces, and in vivo tests in the porcine animal

model.
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Hence, the ensemble of expertise of these three groups allowed this project to have complementary

investigations for the desired application.

This thesis is divided as follows: The Introduction presents the general problematic related to clinical
complications after stent implantation. Chapter 1 is focused on presenting the research project and the rationale
behind the followed methodology. Chapter 2, 3, 4 and 5 present the result and discussions obtained, which

generated 4 scientific articles, detailed bellow. Chapter 6 presents a general discussion of the findings in this

research project, with the limitations and perspectives. Finally, a conclusion is presented.

¢+ Chapter 2: Low-pressure plasma treatment for direct amination of L605 CoCr alloy for the

further covalent grafting of molecules

This first article explores the feasibility to directly functionalize with reactive amine groups the surface of L605
CoCr by the means of plasma treatments and the possibility to use them as anchor points for the further grafting

of bioactive molecules.
Authors: Sergio Diaz-Rodriguez, Pascale Chevallier and Diego Mantovani
Article history:
Journal: Plasma Processes and Polymers
Submitted: November 2017
Accepted: March 2018
Published: April 2018

The experiments of this work were designed by all the authors. Diaz-Rodriguez carried out personally all the
experiments and characterizations and a first analysis of the results, which were later discussed with the rest of
the authors. This author redacted the full first draft of the paper which was corrected and modified by the rest of

the authors. He was in charge of the final form of the paper including figures and tables.

+¢ Chapter 3: Surface modification and direct plasma amination of L605 CoCr alloy: On the

optimization of the oxide layer for application on cardiovascular implants
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The second article focuses on the optimization of the L605 CoCr oxide layer, in terms of corrosion and
deformation resistance, for its application on cardiovascular implants. This optimization was performed to select

the surface pre-treatment suitable for the developed multi-step plasma-based strategy.

Authors: Sergio Diaz-Rodriguez, Pascale Chevallier, Carlo Paternoster, Vanessa Montafio-Machado, Céline

Noél, Laurent Houssiau and Diego Mantovani
Article history:
Journal: RSC Advances
Submitted: October 2018
Accepted: December 2018

The experiments of this work were designed by Diaz-Rodriguez, Chevallier, Paternoster and Mantovani. Diaz-
Rodriguez performed all the sample preparation and carried out all the experiments related to deformation and
corrosion tests. Montafio-Machado performed the biological experimental part of this project. Noél (Université
de Namur) provided technical support on ToF-SIMS analysis. Diaz-Rodriguez performed the first analysis of the
results, which were later discussed with the rest of the authors. This author redacted the full first draft of the
paper which was corrected and modified by the rest of the authors. He was in charge of the final form of the

paper including figures and tables.

+¢+ Chapter 4: A comparison of the linking arm effect on the biological performance of a CD31

agonist directly grafted on L605 CoCr alloy by a plasma based multi-step strategy

The third article focuses on the optimization of the linking arm used for the direct grafting of a CD31 peptide onto
the L605 CoCr surface. The study of the biological performance, peptide conformation and the feasibility to

transfer this platform to commercial cardiovascular devices was assessed.

Authors: Sergio Diaz-Rodriguez, Caroline Loy, Pascale Chevallier, Céline Noél, Giuseppina Caligiuri, Laurent

Houssiau and Diego Mantovani
Article history:
Journal: Biointerphases

To be submitted in June 2019
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The experiments of this work were designed by Diaz-Rodriguez, Chevalllier, Loy and Mantovani. Diaz-Rodriguez
performed all the sample preparation and carried out most of the experiments and characterizations. The
experiments involving biological tests were performed by Loy. ToF-SIMS analyses were performed by Chevalier
and Noél. Diaz-Rodriguez performed the first analysis of the results, which were later discussed with the rest of
the authors. This author redacted the full first draft of the paper which was corrected and modified by the rest of

the authors. He is in charge of the final form of the paper including figures and tables.

+¢+ Chapter 5: Direct immobilization of a CD31 agonist improves in vitro and in vivo biological

performance of CoCr coronary stents

The fourth article focuses on the study of the in vitro and in vivo biological performance of the Plasma-P8RI
surfaces. In vitro performance was performed on flat samples, whilst in vivo performance, in coronary porcine

model, was evaluated on bare metal stents modified by the novel strategy.

Authors: Sergio Diaz-Rodriguez, Jules Mesnier, Pascale Chevallier, Giuseppina Caligiuri, and Diego Mantovani
Article history:
Journal: Biomaterials
To be submitted in July 2019

The experiments of this work were designed by Diaz-Rodriguez, Chevallier, Caligiuri and Mantovani. Diaz-
Rodriguez performed all the sample preparation and carried out the in vitro experiments and characterizations.
In vivo experiments were performed by Mesnier and Caligiuri. Diaz-Rodriguez performed the first analyses of
the results, which were first discussed with Caligiury and later discussed with the rest of the authors. This author

redacted the full first draft of the paper. He oversees the final form of the paper including figures and tables.
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Note to the jury: As it can be observed, chapters 5 and 6 present the manuscripts for two articles in process of
publication. At this moment, a discussion about an agreement is ongoing among the authors from different
institutions regarding the protection of the intellectual property for this work. Nevertheless, the author of this
thesis considers that the discussion of this research project would be incomplete if these two chapters were

removed. However, this thesis report meets the requirements for the initial deposit.
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Introduction

Cardiovascular diseases and atherosclerosis

Cardiovascular diseases (CVDs) represent the leading cause of death in the world, in 2012 from the total of 56
million deaths in the world 17.5 million of them were due to CVDs [1]. These deaths happen mainly in countries
with low- and middle-income countries. The numbers of deaths related to CVDs has increased worldwide
throughout the years and it is expected to continue with the same tendency. One of these CVDs is

atherosclerosis which is a leading cause of decease in North America [2,3,4].

Atherosclerosis, general information

Atherosclerosis is a CVD that characterizes for the deposition of a plaque that narrows the arterial diameter.
This plaque is mainly formed of fatty substances, such as cholesterol, cellular waste products and calcium. As
observed in Figure 1, the presence of this plaque causes blood flow interruptions that could lead to heart attacks
[3,9].

"\ NORMAL ARTERY %, ARTERY NARROWED BY PLAQUE

BLOOD FLOW ATHEROSCLEROTIC PLAQUE

Figure 1 Representation of a healthy artery (left) against an atherosclerotic artery (right) [6]
Nowadays there are different programs to prevent atherosclerosis; they consist mainly in having a controlled
and healthy diet, being physically active and specially avoiding smoking. However, once the plaque has been
formed medical intervention is necessary: An angioplasty with a stent implantation is performed [7].

Clinical treatments and complications
An angioplasty is a percutaneous endovascular procedure which treats the narrowed artery with the help of a
balloon catheter, generally made of PET, which is expanded in the damaged zone pushing the narrowing plague

to the arterial walls reopening the blood flow. However, if the artery is severely damaged it is necessary to



implant a stent, a tiny wire mesh that functions as a scaffold. The device is implanted as shown in Figure 2,
where the catheter and the stent are placed in the narrowed area, once there the balloon is inflated the stent is
expanded and deployed where it will rest permanently. The presence of this device not only re-establishes the

blood flow towards the heart muscle but also avoids the collapse of the arterial walls.

Figure 2 Schematic of the deployment of a stent in an artery. The stent is introduced to the diseased zone on a catheter (a), which is
inflated to expand the device (b), fixing it onto the arterial wall, reopening the narrowed area (c) [8].

Stents: general information and properties

Nowadays millions of stents are implanted worldwide and even though there is an improvement of health after
implantation, compared with angioplasty alone, clinical complications are still observed. These complications
are related to the aggressive implantation of the device in the host [9,10]. One of the mostimportant is restenosis,
which, similarly to atherosclerosis, generates a reduction on the arterial diameter. The difference between both
diseases is the time it takes to develop; Atherosclerosis can take up to decades to develop whilst restenosis
develops during the first three months after implantation [11,12]. Figure 3 schematically presents the process of

in-stent restenosis after implantation.

Collapsed Dilated Stent Stent In-stent In-stent
balloon catheter balloon catheter deployed deployed restenosis  restenosis
and stent and stent (cross-section) (cross-section)

==-Q =0

Figure 3 General schematic of a percutaneous coronary intervention and the deployment of a stent. First, the device is introduced on a
balloon catheter to the narrowed area where it is inflated and deployed. Finally, the schematic representation of in-stent restenosis, and
with the reduction on the arterial diameter, as observed in the cross section. [12]

The mechanism behind the formation of the narrowing plaque in restenosis has not been fully understood there
are some factors that promote the formation of this disease: (1) There is a major injury related to the removal of



endothelial cells after balloon angioplasty/stent implantation. (2) Inflammation responses proportional to the
penetration of the stent’s struts on the arterial walls. (3) Adsorption of proteins on the surface of the biomaterial
immediately after implantation, these proteins can lead to unfavorable interactions with leucocytes, platelets and
coagulation factors. (4) Smooth muscle cells (SMC) play an important role in the reduction of the lumen diameter,
proliferation is promoted in zones where the endothelium is removed. Furthermore, other complications such as

late thrombosis or in-stent calcification can also occur after stent deployment.

In the last decades different generations of stents have been developed as a strategy to mainly decrease in-
stent restenosis rate, as schematically presented in Figure 4. The main three generations of stents are: Bare
metal stents (BMS), drug-eluting stents (DES) and, bioresorbable stents. The use of these BMS has helped to
reduce the incidence of restenosis from 30-40% in coronary surgery. DES, which consisted of stents coating
with anti-proliferative agents, were introduced as a strategy to minimize restenosis and requirement for re-
intervention. Despite clinical outcomes, long-term stent thrombosis remained. The third generation, the
bioresorbable stents, made of biodegradable polymer or resorbable metals, have emerged and have been

accepted in European market in 2012, whereas FDA has approved the first one in 2016 [13].

Introduction of First coronary stent Over one million Cypher and Taxus Introduction of DES Abbott decides to
coronary angiography implantedintoa angioplasties stents (DES) approved | | with biodegradable || remove Absorb from
with catheter patient (France) performed with BMS by the FDA polymers the market
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Figure 4 Timeline of important events on the development of coronary stents.

Despite the advances of generations in stents, long-term stent thrombosis remains on DES compared to BMS
and moreover, once drugs are completely released from a DES the remaining implanted device is a BMS, which
can be made of stainless steel or CoCr alloys. Therefore, it is of interest to modify and enhance the surface
properties of BMS, with the aim of lowering complications after implantation. Section 1.2.1 discusses about the

general properties of different BMS materials.

Bare Metal Stents (BMS)

Different materials have been studied and commercialized; these materials include titanium based, nickel,

stainless steels and cobalt based alloys. Table 1 gives a general panorama of the characteristics and properties



of different alloys used in bare metal stents. Due to the process of implantation a stent is exposed, there is a

challenge in finding a material with good biocompatibility and proper mechanical properties.

Table 1 Stent materials, strengths and weakness. Adapted from [14].

Material Strengths Weaknesses
Stainless -Commonly used in stents. -Potential release of Ni, Cr and Mo.
Steel -Good mechanical properties.
-Corrosion resistant
Nitinol -Shape memory -Potential release of Ni that could cause
-Visible in fluoroscopy toxic effects.
-49-52% of Ni
Cobalt- -Mechanical properties alloy to make -Cr can cause allergic reactions
Chromium ultra-thin struts.
alloys -Radiopaque
-Corrosion resistant
Titanium -Excellent biocompatibility -Low tensile strength

-Excellent corrosion resistance

-Low ductility

-Risk of fracture

One of the most important characteristics in a stent to assure a successful deployment and a long stay in the

host are the mechanical properties. The environment where stents are exposed is highly aggressive: more than

35 million pulsations per year causing physical stress additional to the blood cells and components of the

surrounding tissue which have the abilities to biochemically degenerate any foreign material [15]. As shown in

Figure 2, stents suffer compression and expansion processes during the implantation procedure, therefore

elastic properties have an important role while deciding the stent material. Table 2 shows the mechanical

properties of metals that are commonly used in the fabrication of stents.

Table 2 Mechanical properties of metals used in stents. Adapted from [14].

Elastic Tensile Yield Density
Metal/alloy modulus strength strength (g/cm?®)
(GPa) (Mpa) (Mpa)
316L Stainless Steel 190 586 331 7.9
Tantalum (annealed) 185 207 138 16.6
Cp-Titanium (F67; 30% cold 110 760 485 4.5
worked)




Nitinol (austenite phase) 83 895 195-690 6.7
Nitinol (martensite phase) 28-41 895 70-140 6.7
Cobalt Chromium 210 951-1220 448-648 9.2
Pure Iron 211.4 180-210 120-150 7.87
Mg alloy (WE43) 44 250 162 1.84

Stainless steel 316L, introduced in the mid-80s, was one of the most used metals in the industry of stents due
to its mechanical properties and corrosion resistance given by the presence of chromium in its composition.
Nevertheless, the stent industry has been focusing towards the use of different alloys such as cobalt chromium
L605, as consequence of the low flexibility and thick struts, on stainless steel devices, that lead to higher rates
of in-stent restenosis. L605, first approved by the FDA in 2011, possesses better mechanical properties than
stainless steel, as observed in Table 2. This alloy allows the creation of stents with thinner struts, Figure 5
Comparison of stent’s struts made of Stainless Steel and chromium alloys. Taken from [], which has lowered the
percentage of complications after implantation [16,17]. Nowadays, L605 has replaced the use of other alloys,

such as SS316L and nitinol, as the base alloy for stents.
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Figure 5 Comparison of stent’s struts made of Stainless Steel and chromium alloys. Taken from [18]

Drug Eluting Stents (DES)

Despite the help to reduce the incidence of restenosis in coronary surgery by the implantation BMS,
complications persist. As observed in Figure 4, a new strategy was introduced in 1999 with the development of
drug-eluting stents (DES) that combine the use of stent coatings with anti-proliferative agents that minimize
these complications and avoid a subsequent chirurgical intervention. These devices are composed of a) a drug
carrier, which can be a bioresorbable layer of poly(lactic-co-clycolic acid) (PLGA), poly-L-lactic acid (PLLA) or

poly-DL-lactic acid (PDLLA), or a porous matrix to elute the drug; b) The active compound which the most



common on DES are Sirolimus, Paclitaxel and c¢) a metallic wire mesh comprising the stent. Table 3 presents a

general panorama of available coronary drug eluting stents in the market.

Table 3 Available drug eluting stents on the market, their materials, characteristics and productors. Adapted from [26].

Stent name Materials Characteristics Produced by
Bx Velocity 316 L stainless steel: drug Balloon expandable; slotted tube. First DES  Cordis, a Johnson and
eluting form (CYPHER™) or  approved by FDA in 2000. It presented high rate  Johnson Company,
with covalently bound heparin  of restenosis. Cypher stent had a Parylene tie- USA
layer and polyethylene-co-vinyl acetate (PEVA)
and poly-n-butyl methacrylate (PBMA) polymer
with a sirolimus coating.
-TAXUS 316 L stainless steel drug Balloon expandable; slotted tube. The modular  Boston Scientific, MA,
Express?™ eluting version: poly(styrene- ring strut pattern consists of two separate USA
(DES) b-isobutylene-b-styrene) with  module designs: short, narrow sinusoidal
’ paclitaxel coating MicroTM  elements linked via  straight
articulations to long, wide sinusoidal MacroTM
elements. FDA approved 2002.
Axxess Nitinol covered with PDLLA  Clinical study: DIVERGE Biosensors, Singapore
charged with Biolimus A9 Self-expanding  platform.  Dedicated to
bifurcation. Abluminal coating adsorbed in 6-9
months.
BioMime Cobalt chromium covered with ~ 30-days eluting kinetics. Coating of 2um  Biosensors, Singapore
PLLA/PLGA charged with thickness. electro-polishing technique
sirolimus eliminates surface nickel oxides.
BioMatrix 316 L stainless steel covered Absorbed after 6 to 9 months. Largest cell Biosensors, Singapore
with PDLLA charged with opening.
Biolimus A9
Combo 316 L stainless steel covered Luminal endothelial progenitor cells coating.  OrbusNeich, Honk Kong
with PDLLA/PLGA charged Complete polymer degradation in 90 days.
with Biolimus A9
DESyne BD Cobalt chromium covered with ~ The thickness of the polymer coating is thinner  Elixir Medical,
PLLA charged with novolimus (3 um) than other (5-8 pm) stents. CA, USA
Infinium 316 L stainless steel coated Exhibited safety and efficacy in SIMPLE Il  Sahajanandi Medical,
with PLLA, PLGA, PCL, PVP  clinical trials. India
charged with placitaxel
MiStent Cobalt chromium coated with  Polymer fully adsorbed in 90 days but SES  Micell,
PLGA charged with crystalline  sirolimus is maintained in a microcrystalline ~ NC, USA
sirolimus matrix and elution is sustained up to 9 months.
Thin struts of 64 pum.
Nobori 316 L stainless steel coated It contains an ultra-thin non-degradable  Terumo,
with PDLLA charged with parylene coating between the stent and Japan
Biolimus A9 bioadsorbable polymer.
Orsiro Cobalt chromium coated with  Ultrathin strut (60-80 um) with an amorphous  Biotronik, Germany

PLLA charged with sirolimus

hydrogen-rich silicon-carbide layer, which can
reduce iron release. Sirolimus can be released
within 12-14 weeks, with PLLA degrading within
12-24 months.




Supralimus

Cobalt chromium coated with
PLLA, PLGA, PCL, PVP
charged with sirolimus

Coating thickness is 4-5 pm. Sirolimus is
released within 48 days. It has been effective in
reducing reintervention.

Sahajanandi Medical,
India

Synergy Platinum chromium coated The polymer is degraded shortly after the drug  Boston Scientific, MA,
with PLGA charged with is completely eluted at about 3 months. USA
everolimus
Ultimaster Cobalt chromium coated with  Strut thickness of 80 um. Coating abluminaland  Terumo,
PDLLA/PCL charged with gradient. Polymer degradation and drug release  Japan
sirolimus in 3 to 4 months.
Yukon stent 316 L stainless steel coated Microporous stainless steel surface which can  Translumina,

with sirolimus

be coated with sirolimus without necessity of a
carrier polymer

Hechingen, Germany

Yukon  Choice 316 L stainless steel coated Strut thickness of 87 um. Balloon marker Translumina,

PC with PLLA charged with material of platinum/iridium. Micro-porous  Hechingen, Germany
sirolimus surface.

Endeavor Cobalt chromium and Platform with thinner struts. Better results in  Medtronic Vascular,

resolute phosphorylcholine charged terms of restenosis and repeat revascularization  CA, USA

with zotarolimus

than a bare metal stents.

Promus Elment
Plus

Platinum chromium charged
with everolimus

Helical, two-connector design. Denser than SS
and Co-Cr.

Boston Scientific, MA,
USA

Xience Cobalt chromium charged Co-axial positioned system. A compliant, Abbott Vascular, CA,
with everolimus tapered balloon, with two radiopaque markers. ~ USA

Cre8 Cobalt chromium coated with ~ Nanoparticle polymer-free drug eluting stent. CID Vascular, Saluggia,
carbon charged with Italy
amphilimus

BioFreedom 316 L stainless steel charged ~ Metal platform with a microstructure abluminal ~ Morges, Switzerland

with Biolimus A9

surface.
is attached to the abluminal surface without a
polymer.

Amazonia Pax

Cobalt chromium charged
with paclitaxel

Metal platform with paclitaxel applied as
microdrops on the abluminal surface by
crystallization, and the drug

can be released within 30 days.

Minvasys,
Gennevillieres, France

VESTAsync 316 L stainless steel coated The hydroxyapatite dissolves gradually within  MIV Therapeutics,
with hydroxyapatite charged one year. GA, USA
with sirolimus on microporous
pores
OPTIMA 316 L stainless steel charged ~ Metal platform without a polymer, and CID,
with tacrolimus tacrolimus coated into grooves as a reservoiron  Saluggia, Italy
the stent abluminal surface
CoStar Cobalt chromium alloy and It uses laser drilling technology to create drug-  Conor MedSystems,

PLGA polymer with paclitaxel

filled holes on the stent surface in order to avoid
long-term exposure of the
polymer to the vessel wall.

CA, USA

In order to produce a DES with the desired performance whilst avoiding side effects the device must be designed
to control the drug release before and after the implantation. Other important criteria for a successful design of
a DES are a) minimal thrombus formation, b) stability of the stent/coating in the arterial wall after deployment, c)
compatibility between the carrier and the drug during the coating deposition and d) stability and proper

degradation (if necessary) of the carrier after the deployment of the device. Nevertheless, despite the advances



of DES, complications after implantation and in long-term persist mainly due to the drug pharmacology. As a
consequence of the low specificity of the bioactive agent, there is not only an inhibition of SMC proliferation but
for EC too. Thus, the need for a combination of different strategies to lower the probability of further complications
for example with a dual antiplatelet strategy up to 16 months, as recommended by the American College of
Cardiology [19]. Therefore, current research for the developing of new stents focuses on the development of
novel strategies that can modulate specific biological responses without compromising the performance of the

device at short and long term.

Current strategies to improve the performance of cardiovascular
devices

When developing a new biomaterial, in this case a cardiovascular stent, mechanical properties play a crucial
role in the performance of the device, nevertheless, not only these properties should be taken in consideration
when designing a new device. Biological properties that can increase the integration of the device and therefore
avoid complications after implantation are mandatory for clinics. Regarding stents, the main desired properties
aim to obtain a device with anti-inflammatory and anti-thrombotic activities, that promotes endothelialization and
avoids the release of potential toxic ions from the composition of the metallic alloy. Different strategies to achieve

these properties involve the modification of the surface in order to conserve its mechanical properties.

Surface modification

When choosing among the modification treatments for a specific material, factors such as the application and
the structure of the device should be taken into consideration. Regarding stents, a complex 3D wire mesh that
is introduced compressed on a catheter, guided through the vascular system up to a narrowed zone and
expanded up to a 25% to reopen the arterial flow and depositing the device to avoid the collapse of the artery.
Therefore, modification procedures for cardiovascular application aim for the modulation of surface properties
avoiding the modification of bulk properties, thus not compromising the mechanical performance of the device.
Overall, surface modification of the device can be performed involving two different strategies: by depositing a
coating that confers new properties and allows a further modification or by working directly on the material

surface.

Surface properties such as corrosion resistance, to avoid the release of potential cancerogenic ions such as
nickel, chrome or others [20], surface chemical composition, morphology, charge, surface wettability and
roughness have an impact in the biological activity, as observed in Table 4, and therefore the performance of
the device can be modulated [21]. These surface properties influence mainly the in vitro performance of
materials. As regards in vivo performance, it has been found that the reaction of the body to a foreign material

is independent from simple surface chemistry, mainly due to non-specific adsorption of proteins. Therefore, the



manufacture of surfaces that focus on the emulation of the interactions in the body, such as ligand-enzyme

reactions for example [25].

Table 4 Effect of the modification of different parameters on the biological activity of implants.

Parameter Response/Outcome Reference
Chemical Polar and non-polar groups can affect the different proteins that can adhere to the | [22]
composition substrate. Functionalization with -CHs, -NH2, -COOH, -OH groups influence this
behaviour.
Surface Water is one of the main components of blood. Wettability affects the way a | [23]
wettability biomaterial interacts with a device. Modifying the hydrophobic character of a surface
certain kinds of cells and extra cellular proteins can interact and adhere to the
substrate. This property can be modified by chemical meanings, using functional
groups, or physical strategy modifying the topography.
Topography It has been found that increasing the surface roughness leads to the promotion of | [24]
the adhesion of proteins and cells. This property can be either modified by polishing
the surface, either mechanical or electropolishing, depending the desired roughness
and homogeneity, or by creating patterns using different techniques.
Molecule Modifying the surface to control protein interaction by adding signaling molecules to | [25]
grafting mimic specific molecular interactions. Two main strategies: a) non-fouling surfaces,

that are resistant to protein adsorption, b) by the grafting of molecules targeting

specific protein interaction/response.

One of the main strategies to modify the surface properties without interfering the bulk is the deposition of

coatings. These coatings can be used to smooth the surface whilst also modifying the surface energy or directly

influence desired biological responses to decrease post-implantation complications. In general, coatings can be

classified by the nature of their material: inorganic, polymeric and biological coatings; or by their activity: passive

or bioactive [13, 26]. Table 5 presents a general overview from the different coatings for stent application.

Table 5 Different coatings developed for stent application [13].

Coating

Characteristic

Classification

Gold

Deposited on stainless steel stents of less than 80 um to enhance their
fluoroscopic visibility due to its high radiopacity. No improvement on
restenosis rates reported in vivo. Promotes activation of platelets.

Inorganic, passive




PTFE/CFx

Hydrophobic surface. Not significant different in restenosis rate after six | Polymeric, antifouling
months follow up between BMS and coated stent.

Iridium oxide

Iridium oxide is considered a biocompatible substrate. Used to promote | Inorganic, passive
fast endothelialization by preventing the formation of free oxygen radicals,
that can affect the adhesion and proliferation of EC. Lunar stent (Inflow
Dynamics Germany) is a 316L stent coated with gold and a layer of iridium
oxide.

Diamond like
carbon (DLC)

In vitro results show an improved biocompatibility compared to stainless | Inorganic, passive
steel. No significant advance on restenosis rate in vivo. Considered as
an “inactive” coating due to these results.

Silicon Carbide
(SiC)

Silicon carbide coatings produce antithrombotic surfaces. In vitro, it | Inorganic, passive
reduces the deposition and activation of platelets, leukocytes and
monocytes. Nevertheless, in vivo it does not present satisfactory results.

PLGA, PLLA,
PDLLA

Generally used as a polymeric carrier for drug eluting stents for sirolimus | Polymeric, bioactive
and paclitaxel, considered as bioactive coatings for this reason. Scaffolds
of these materials have also developed as biodegradable stents.

Deposition techniques for these coatings have advanced from simple adsorption of molecules onto the surface
to multi-step procedures with complex solutions, as observed in Table 6. Nevertheless, despite the advances
on these techniques, one of the main concerns for these coatings is the stability when applied on cardiovascular
devices, a complex 3D structure. Cracks and delamination can be present mainly related to the lack of adhesion
and cohesion between the coating and the substrate [24]. Therefore, a novel strategy needs to be explored in

order to promote the biological properties of cardiovascular devices. Thus, working directly onto the surface of

the metallic device represents a promising strategy to explore.

Table 6 Deposition techniques for stent application. Adapted from [26]

Methodology Description

Adsorption Simple methodology largely used for proteins and biomolecules. Performed at 37 °C to avoid
denaturation of proteins. This technique does not assure the stability of the coating in vivo.

Dip coating Simple and fast technique used for charged polymers. Performed as a layer-by-layer deposition.
Similar to adsorption, this technique does not assure the stability of the coating in vivo and after
deployment of stents.

Spin coating Simple, cheap, fast deposition technique for polymers. Nevertheless, the lack of homogeneity
compromises the stability of the coating.

Spray coating A solution is pulverized on the surface. It allows to obtain thin films of polymers. Low adherence
can be observed.

Plasma Long-term application, control of surface properties. Solvent-free. High adhesive and cohesive

treatment coatings depending on the feeding gases. Nevertheless, this technique can be expensive and

often involves multi-step procedures.
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Grafting Immobilization of bioactive molecules onto the surface. Generally obtained after the combination
of different procedures. Requires a previous surface functionalization that can be achieved by
plasma treatment or chemical procedures.
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Chapter 1 A novel alternative: Design, development
and validation of a plasma-based strategy for the
direct grafting of bioactive molecules on L605 CoCr
stents

As discussed in the previous chapter, complications after implantation of BMS exist and in-stent restenosis
remains as one of the leading concerns. Furthermore, the development and use of DES, by eluting anti-
proliferative drugs to prevent restenosis do not present a significant improve due to the compromise of
endothelium healing. In fact, the Canadian Association of Interventional Cardiology and the Canadian
Cardiovascular Society have given statements about the use of DES in Canada, which no significant
improvement in restenosis and stent thrombosis was found after 30 days and up to 12 months compared to BMS

[27]. A novel strategy that can enhance the properties of these devices needs to be developed.

Thus, this research work focuses on the development of a novel strategy that can increase the biological
integration of L605 BMS. By combining different surface modification techniques, this strategy allowed the
creation of functional groups, used as anchor points to covalently graft biomolecules. By the immobilization of
these biomolecules, with the potential to mimic specific molecular interactions, the biological response can be

modulated to produce an anti-inflammatory surface that also promotes the endothelialization of the arterial wall.

Following subsection detail the rationale, objectives, methodology and the strategy followed throughout the

project.

1.1 Rationale of the project

Coronary stents are used for the treatment of arterial stenosis. Their implantation procedure involves the
navigation through tortuous arterial beds, deployment, and fixation in the diseased artery. Complications after
implantation exist. A general trend to overcome them and to increase the integration of a metallic cardiovascular
device is the use of coatings that can be further functionalized with bioactive molecules to increase their
performance, as observed in Figure 6a. Nevertheless, these coatings, generally polymeric based, can present
cracks and delamination due to the complex structure and implantation procedure of the device. A different
approach, Figure 6b is to directly work on the metallic substrate to directly functionalize the oxide layer with

reactive groups that act as anchor points for the immobilization of bioactive molecules.

12
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Figure 6 Strategies to functionalize a metallic surface with bioactive molecules: a) using polymeric-based coatings and b) directly working
onto the metallic surface. Stent coated with a multi-layer of PLGA and Fucoidan with detachment of the coating taken from [28]

Different functional groups, such as hydroxyl, phosphonate, carboxylic, amine and epoxy, can be created onto
metallic surfaces via two different kind of treatments: wet-based or dry strategies. Main concern about using
wet-based techniques, such as acid/base or solvent dipping, on cardiovascular devices is the potential residues
that can be present on the surface and the use of high temperatures to promote certain groups on the surface
that can alter the bulk properties of the devices. As regards the second approach, one of the most important dry
technique is plasma treatment, which has already been used for the modification and sterilization of many

biomaterials [29].

1.1.1 Plasma based treatments

Briefly, this technology excites a gas, such as ammonia, oxygen, acetylene, helium or argon, via an energy
source, such as electric discharge, alternating/direct current, radio-frequency energy, microwaves, or heat, thus
leading to partial ionization of the gas into charged particles, electrons, and neutral molecules [30]. These high-
energy species are then used to bombard the material surface, resulting in energy transfer and modification of

surface chemical and physical properties [31]. Some of the advantages of plasma treatments are [29, 30]:
v" Enables the surface functionalization without the generation of chemical waste.
v' Less degradation and surface roughening than wet-based techniques (chemical etching).

v" Surface properties can be modulated without altering bulk properties.
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Plasma processing, depending on the parameters and the application, can be divided in four main groups: 1)
coating deposition, 2) etching, 3) ion implantation, and 4) surface functionalization [31, 32], and onto different

materials as summarized in Table 7.

Table 7 Plasma processing of different substrates.

Substrate Process Plasma treatment conditions Reference
Polymers - Add new functional groups (-NH,, - MW and RF are used in | [33,34]
-COOH, -OH) amination (N2/H; or NHs)
- Reticulation of polymers - Plllof Cu
- Antibacterial properties
- Sterilization
Metals - Deposition of thin-layer coatings - RF Plasma (CFx, DLC for | [29, 35, 36]
- Corrosion resistance ex)
- Wear resistance - PlI(Og, Cu, N for ex)
- lonimplantation (N, O, etc.)
- Etching

Coatings deposited by plasma treatments present high adherence, complex molecular structure (high
reticulation and crosslinked chains) when compared to coating deposition techniques discussed in section 1.3
[37, 38]. Even if this technology is considered substrate-independent, the main challenge on this technique is
the homogeneous coating deposition onto complex structures such as stents [39]. Plasma etching is a procedure
where the reactive species generated in the gas discharge are used to selectively remove a layer of atoms or
patterns [40]. Its main applications involve the fabrication of patterns on microelectronics and the cleaning of
surfaces [41]. As regards ion implantation, also known as plasma immersion ion implantation (PIll), can produce
changes both on the surface and in the internal structure, leading to an amorphous oxide layer, due to the
acceleration of ions into the metallic substrate by the application of a bias [24, 42]. Finally, during the surface
functionalization by plasma treatment, reactive species, created inside the plasma, bombard the surface of the
substrate, resulting in a change in the physical and chemical properties of the surface. Plasma functionalization
is generally performed onto inert polymers but the interest to create functional groups onto metallic surface

exists. The following subsection develops the surface functionalization by plasma treatments.

1.1.2 Surface functionalization by plasma treatments

The surface chemistry of an implanted device plays a role on the cellular response. The use of plasma treatments
that allow the modification of the surface chemistry by introducing new functional groups without compromising
the integrity of the material’s bulk properties whilst avoiding the generation chemical waste represents an

alternative to conventional techniques (wet-based). These functional groups can be used to modulate specific
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surface properties, thus, the biological response of a biomaterial [29, 43, 44, 45]. Among the different functional
groups that can be obtained by this strategy the most important are: Hydroxyl (-OH), carboxylic (-COOH) and
primary amine groups (-NH). A summary of these functionalities, how they are obtained by plasma treatment

and their effect onto a biomaterial is shown in Table 8.

Table 8 Surface properties of different functional groups obtained by plasma.

Functional
Properties Feeding gases | References
group

Hydroxyl - Increases the hydrophilicity of a surface. Ar+0; [46, 47]
.OH - Promoting cell colonization 02

- Low chemical reactivity (high water affinity)

- Physisorption of small peptides
Carboxylic | - Support for cell anchorage 0, [48, 49, 50]
.COOH - Platform for interfacial immobilization of bioactive CcO

molecules with amine groups (-NH,) CO;

- Plasma treatments can create crosslinking on the

substrate
Amines - Promotes cell colonization NH3 [46, 51, 52]
-NH, - Platform for interfacial immobilization of molecules with NHs + H,

terminal (-COOH) N2 + H2

- Increases the hydrophilicity of a surface

In general, these functionalities can be introduced onto the surface by two ways: directly or indirectly. Direct way
is obtained after a plasma treatment with feeding gases that will promote the functionalization with the desired
group, as observed in Table 8. Direct functionalization is usually performed onto polymeric substrates. On the
other side, the indirect functionalization involves the plasma polymerization of a precursor that contains the
functionality. For example, for hydroxyl groups: methanol [53, 54], ethanol [53] and allyl alcohol [55]; for
carboxylic groups: acrylic acid [55, 56, 57] and propanoic acid [58]; and finally, for amine groups: allyl amine [57,
55], butyl amine [59] and 1-3 diaminopropane [60]. Indirect functionalization is mainly performed onto metallic
substrates. As regards this project, only the direct functionalization is considered for the previously discussed
advantages over the coating strategies for stent applications. Furthermore, among the previously mentioned
functionalities, primary amines have an increased interest due to their feasibility to immobilize bioactive
molecules onto the surface, thus, next subsection is focused on developing plasma amination and the

immobilization strategy.
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1.1.3 Plasma amination for molecule immobilization

Primary amine groups, due to their high reactivity, can act as anchor points to immobilize covalently molecules
onto the surface of a material thus, enhancing the performance of the implant. This reaction, known as
carbodiimide chemistry, takes place between the surface amine groups and carboxylic groups present on the
biomolecule of interest. As observed in Figure 7, the reaction leads to the formation of interfacial amide bonds
by activating the terminal carboxylic group of molecule 1 that reacts with the terminal amine group of molecule
2. This strategy not only enhances the surface with properties such as anti-inflammatory, pro-endothelialisation,
depending of the molecule grafted, but also assures the stability of the molecule from detachment by the creation
of a chemical bond, compared to physical techniques, such as adsorption. Some of the molecules grafted by
this carbodiimide chemistry onto aminated plasma treated surfaces are: DNA [61, 62], heparin [63], hyaluronic

acid [64], enzymes [65], proteins [66], antibodies [67], lysozymes [68], dextran [69].

anary Amine
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Acid EDC Active Ester Proteins By-product

Figure 7 Carbodiimide crosslinking reaction scheme. Carboxyl-to-amine crosslinking with the popular carbodiimide, EDC. Molecules (1)
and (2) can be peptides, proteins or any chemicals that have respective carboxylate and primary amine groups. When they are peptides
or proteins, these molecules are tens-to-thousands of times larger than the crosslinker and conjugation arms diagrammed in the reaction.
Image taken from ThermoFisher Scientific resource library [70]

Ideally, the immobilization of molecules onto a surface must present the next properties [34]:
v" Covalent bond between the molecule and the surface to avoid its loss in the biological media
v The active site of the immobilized molecule must face the biological medium
v' After the binding, the immobilized molecule must not be denatured nor change its conformation
v Carbodiimide chemistry must be specific between the surface and the molecule of interest

As observed, some of the concerns of this technique is to preserve the activity of the immobilized molecule. The
use of different spacers, or linking arms, have been studied in order to avoid the denaturation of the bioactive
molecule and to grant freedom to the preserve its conformation [68]. Table 9 presents some of the linking arms

that have been used to immobilize molecules by carbodiimide chemistry. As regards the immobilization of
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proteins/peptides, it is recommended to use linking arms with terminal carboxylic groups that when activated
react with the free amine groups of the bioactive molecule. This avoids the risk of auto condensation of the
protein/peptide, thus losing its bioactivity when immobilized. For instance, Glutaric anhydride (GA) and
polyethylene glycol bis carboxyl (PEGD) are suitable for this strategy due to their terminal carboxylic groups.
Furthermore, as observed in Table 9, these linking arms have already been used to covalently immobilize

different molecules without affecting their biological properties.

Table 9 General properties and molecules that have been grafted by PEG and GA as linking arms.

Linking arm Properties Previously grafted molecules | References
Polyethylene - Different chain length - Poly L-Lysine [24, 56, 71,72,
glycol - Anti-fouling molecule - RGD 73, 74]
- Highly hydrophilic - Heparin
- Terminal groups can be - Hyaluronic acid
modulated, single or - Chitosan
double groups (-COOH or
-NHy)
Glutaric - 6 carbon chain - Poly L-Lysine [73,75,76,77]
anhydride - Synthetized by the body - RGD
- Terminal -COOH - Fibronectin
- Chitosan

In literature, this direct amination by plasma, for further biomolecule grafting, has been extensively used for
polymeric materials but, to our best of knowledge, never on metallic surfaces. Indeed, most of the plasma
processing on metals is focused on enhancing the corrosion and wear resistance by Plll of oxygen and nitrogen
[23, 78, 79]. As L605 alloy is the most important nowadays on stent manufacture, the feasibility to create primary

amine groups onto its surface, without the use of any polymeric coating, represents a challenge to overcome.

Therefore, the main hypothesis for this project is that using plasma treatments, at low pressure, primary amines
can be created directly onto the surface of the alloy. These reactive groups can be used as anchor points for the
grafting of different molecules: first a spacer to preserve the activity of the bioactive molecule, to be grafted on
a second step. The biomolecule of interest in this project, aiming cardiovascular applications, is a peptide
derivative from the transmembrane receptor Platelet Endothelial Cell Adhesion Molecule (PECAM-1), also
known as CD31. It has been found in endothelial cells, platelets and leukocytes, where it plays a role in adhesion
[80, 81, 82]. This specific fragment used herein has been patented and have exhibited anti-inflammatory, pro
endothelialisation and anti-stenotic behaviors, which are key properties for stent applications [83]. Thereby,
these functional surfaces are expected to improve the performance of BMS by decreasing the rate of restenosis

whilst promoting the endothelial cell survival, migration on the substrate.
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1.2 Project objectives

Therefore, this project aims on the development of a novel platform that allows the direct immobilization of
bioactive molecules onto L605 CoCr alloy by using primary amine groups, created by plasma treatments, as
anchor points in order to enhance the bioactivity of this metallic substrate. This strategy avoids the use of any

polymeric based interlayer to support the bioactive molecule on the metallic substrate.

In order to develop and optimize this platform four main questions needs to be answered focusing on the
feasibility to create primary amine groups, optimization of the surface, of the grafting and the biological
performance. In Figure 8, a general schema of how the project is divided to answer these questions, the key

experiments to answer them and general tools is presented.

The first block consists on studying the feasibility of functionalizing the alloy and grafting a biomolecule. The
second block is focused on the modification and optimization of the surface (oxide layer) in order to obtain the
most suitable in terms of corrosion, deformation resistance and amination efficiency for a stent application. The
third block is oriented on the study of the grafting of the peptide using different linking arms on the previously
optimized oxide layer. Finally, the fourth block is focused on the in vitro and in vivo performance of the
functionalized surfaces, both flat and stents, in a collaboration with the Laboratory for Vascular and Translational

Science (LVTS), under Professor Giuseppina Caligiuri’s supervision.
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Figure 8 General schema of the project.

1.3 Direct functionalization of L605 CoCr alloy and biomolecule
grafting: From flat model to cardiovascular devices

A multi-step procedure has been proposed in order to directly graft bioactive molecules on cobalt chromium
surfaces. This procedure is composed of 3 main steps: 1) Surface optimization, where the as received alloy is
electropolished to remove any contaminant and to homogenize the composition of the oxide layer; 2) MW
Plasma functionalization, where the primary amine groups are created to be used as anchor points in the last

block, 3) Biomolecule grafting that consists on the bonding of a linking arm and the peptide of interest.
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Figure 9 General methodology for the multi-step plasma functionalization of L605 and the direct biomolecule grafting

Surface
optimization

Regarding surface preparation, three surface modifications are proposed to study: Electropolishing, to clean the
as received alloy and to homogenize the oxide layer; Thermal treatments to modify the oxide layer with a
diffusion process; and Plasma immersion ion implantation (PIIl) of oxygen, as a physical modification of the
oxide layer. Modifying the native oxide layer with these treatments can create an interphase capable of resisting
deformation, corrosion and that can be suitable for MW plasma amination, moreover, surface properties and

topography play an important role during protein adsorption/cell interaction processes [25, 84].

Chemical [
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Plasma treated
sample
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Figure 10 Schema of the reaction for the characterization of primary amine groups by chemical derivatization.

Once the oxide layer has been optimized the plasma treatments to modify the chemical composition are carried
out. This step focuses on the functionalization of the surface with primary amine groups using only plasma-
based treatments. During this step, proper confirmation of the primary amine groups needs to be performed,
since, as observed in Figure 10, other nitrogen species can be formed but are not useful to react with the linking
arms or bioactive molecules of interest. For this reason, a chemical derivatization is performed to quantify the
useful amine species. Once the functionalization with primary amine groups on metallic surfaces is done, the

third step of this procedure is performed.

Primary amine groups can be used as anchor points mainly using two different strategies, as shown in Figure
11. Upper route consists on activating the carboxylic groups of the CD31 peptide, nevertheless, this strategy

has a potential problematic as auto-condensation of the bioactive molecule due to its activation in solution, which
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can lead thereafter to losing its biological properties. The lower route, the strategy that will be used in this project,
consists in the reaction of the amine groups with two different linking arms that will work as spacers between the
peptide and the metallic surface. After the reaction between the LA and the primary amine groups of the metallic
substrate, the resulting terminal carboxylic group is activated. By activating this terminal carboxylic group, that
is already immobilized on the surface, the auto-condensation of the biomolecules is avoided. This reactive
intermediate will react with the free amine groups of the peptide. This strategy assures the no auto-condensation
of the molecule of interest, its grafting efficiency to the surface, thus, leading to a potentially less risk of losing

its bioactive properties. Following subsections detail the methodology followed in each block of the project.

M,
——
. . Peptide activation in solution I
Reaction via the P ! ‘ e,

peptide’s -COOH Auto-condensation risk /\\j i

Ay L7 7N
| GA ° * NH,

Peptide grafting
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peptide’s free S on,/ 2
i 2 linking arms | T+«  HoOG
amines g PEG [ I

1) Glutaric anhydride (GA) NH;

2 )Polyetilene glycol diacid (PEG) * . Ha Peptide
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Figure 11 Schematic of the possible reaction pathways to covalently graft a peptide onto primary amine groups on a surface.
1.3.1 Feasibility: Is it possible to functionalize and graft molecules onto L605
substrates using MW plasma treatments?

The first block of this project represents an exploratory work of the multi-step procedure proposed in previous
sections, to confirm the feasibility of the plasma functionalization with primary amine groups on L605 surfaces
and that effectively, these functional groups can be used to further graft other molecules of interest. Figure 12

shows a general methodology for this exploratory block.
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Figure 12 General methodology for the study of the feasibility of direct plasma amination on cobalt chromium alloys

During this block the selected technique for the surface preparation was electropolishing, this treatment allowed
to the removal of the native oxide layer from the as-received specimens and allowed the creation of a
homogeneous, controlled and reproducible new oxide layer with a nano-smooth roughness with a mirror like
finishing [ 85, 93]. Furthermore, due to the presence of chromium in the alloy (Table 10), electropolishing L605
surface creates a passive oxide layer that can decrease the corrosion, thus, the release of toxic ions into the
blood stream [86, 87].

Table 10 Chemical composition of the L605 alloy, also known as Haynes 25. Values reported as wt %.

L605 Co Cr w Ni Fe Mn C
Max ‘ Balance 21.0 16.0 11.0 3.0 2.0 0.15
Min | 19.0 14.0 9.0 - 1.0 0.05

Once the surface has been electropolished the plasma functionalization is performed, using a MW plasma
reactor with nitrogen and hydrogen as feeding gases leading to primary amine groups (confirmed by chemical

derivatization [88]) that were used as anchor points to graft a linking arm and a peptide.

Important parameters that must be taken into consideration for promoting the presence of primary amine groups
are shown in Table 11. These parameters have been studied on polymeric surfaces, therefore the creation of

primary amine groups onto the surface of metallic substrates is a challenge and an optimization should be
performed.

Table 11 Parameters influencing the plasma amination efficiency on polymers. Information adapted from [89, 90, 91]

Parameter Conditions Outcome
Gas mixture | Main combinations used: High density of primary amine groups by ammonia
NHs treatments
N2/Ha
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Time Short time treatments (seconds) Long-time treatments insert more nitrogen on the
Treatments of 5 min or more. surface, therefore a post treatment is necessary
H; Post Post treatment used to promote Reduces other nitrogen species to primary amine
treatment amination groups.

1.3.2 Surface optimization: Which oxide layer is the most suitable for a stent
application?

Several surface treatments are proposed to modify the properties of the interface and impact the following steps
on the grafting of biomolecules directly on metallic substrates. These surface treatments were selected to obtain
a different chemical composition, with a suitable corrosion resistance and able to deformation up to a 25%, as
expected on a stent implantation. The selected surface modifications were Electropolishing, Thermal Treatment

and Plasma Immersion lon Implantation (PIII) with oxygen.

Electropolishing is an electrochemical procedure that removes the contaminations that come from the alloy as
received. As previously mentioned, this treatment creates a homogeneous oxide layer with a metallic mirror-like
finishing with a passivated oxide layer [92, 93]. Electropolished samples will be further modified either by a
Thermal treatment in an open atmosphere oven or by Pl with oxygen. These two treatments are performed in
order to modify the oxide layer composition. Thermal treatment can modify the composition of the electropolished
sample due to the diffusion of ions in the alloy to the outmost layers as an effect of temperature, achieving
homogeneous changes on the chemical and structural composition [92, 24]. PIlI consists in the bombardment
of the surface with highly energetic oxygen ions that break the crystalline network of the outer nanometers of

the alloy producing an amorphous oxide layer [94, 95].
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Figure 13 General methodology for the optimization and direct plasma amination of the oxide layer of cobalt chromium alloys for stent
applications

The general strategy for this block is shown in Figure 13 where the first part, left side, focuses on finding a stable
oxide layer from the proposed conditions of each treatment, whilst the second part, right side, focuses on the
performance of the selected surface modifications and the plasma treatment of the samples. Characterization
of this block is mainly composed of SEM where the morphology of the surfaces is analysed in order to find cracks
or delamination after deformation, AFM to observe the surface roughness and topography, XPS to follow surface
chemical composition changes between the treatments and before and after amination, and depth analyses

were also performed using ToF-SIMS.

By using these different surface treatments, it is expected to have oxide layers that differ not only from their
chemical composition but also in properties such as corrosion and deformation resistance and hydrophaobicity.
The performance of these optimized treatments will be evaluated in order to find the most suitable oxide layer

for a stent application, that will be used as base surface treatment in the following blocks of this strategy.

1.3.3 Grafting optimization: does the length of the linking arm affect the biological
performance of the bioactive molecule?

Once the alloy surface has been functionalized with amino, the grafting of the biomolecules of interest can be
performed. In order to covalent graft the peptide two molecules were selected as a linking arm between the
substrate and the peptide: Glutaric anhydride and PEG. PEG is a molecule that has anti adhesive properties
and has a long chain (~600 carbons), it has been studied and grafted on other substrates as linking arm [23, 71,
72], on the other side glutaric anhydride is a short chain of just 6 carbons that has already been used to graft
proteins by a similar strategy on Teflon and CFy substrates [75, 76, 77].
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Figure 14 General methodology for the optimization of the linking arm to be used in this multi-step strategy

These linking arms are activated by their terminal carboxylic groups in order to create a covalent bonding with

the selected biomolecule. This molecule is a synthetic peptide that has been patented for its anti-inflammatory,

pro endothelialisation and anti-stenotic properties, which is a fragment of the transmembrane receptor PECAM-

1. This receptor, also known as CD31, has been found in endothelial cells, platelets and leukocytes, where it

plays a role in adhesion. The fragment of interest is a 23 amino acid peptide that contains free amino groups,

as lysine and arginine, that are used to react with the previously activated carboxylic groups of the linking arms.

The sequence of P23, expressed in the single-letter amino acid code detailed in Table 12, is:

H-NHASSVPRSKILTVRVILAPWKK-OH

It is expected that after the grafting this peptide conserves the desired properties. [96,97,98,99,100].

Table 12 Single-letter code of the amino acids of interest for this project. Furthermore, the ToF-SIMS fragments in positive mode with
their respective m/z is also presented for further references. [101]

Letter ~ Amino acid

N Asparagine
H Histidine
A Alanine

Tof-SIMS fragment

m/z

C3H4NO, C3H7N20, C3H5N02 and C4H4N02 70, 87, 88 and 98

C4H5N2, C4H6N2 and C5H8N3
CoHsN

25

81,82 and 110
44



S Serine C2HeNO and C3H3;02 60 and 71

'} Valine C4H1oN and CsH;0 72 and 83

P Proline C4HeN and C4HgN 68 and 70

R Arginine CH3N2, CQH7N3, C4H10N3, C4H11N3 C5H8N3 and 43, 73, 100, 101,
C5H11N4 112 and 127

K Lysine CsH1woN 84

I Isoleucine CsHi2N 86

L Leucine CsHi2N 86

W Tryptophan CoHsN, C1oH1sN and C11HsNO 130, 159 and 170

F Phenylalanine CsH1oN and CgH;0 120 and 131

1.3.4 Biological performance: does the CD-31 peptide increases the in vitro and in
vivo performance of the L605 CoCr alloy?

The last block of this project focuses on the evaluation of the performance in vitro and in vivo of the functionalized
L605 CoCr alloy. In vitro tests are performed mainly for flat samples whilst in vivo focuses on the implantation of
functionalized stents (Multi-link by Abbott) in pig model. Nevertheless, compared with the previous block, smaller
peptide sequence than P23 are used, P8RI and P8FI. Both are peptides with 8 amino acids chains with the
same composition only that P8RI is a reversed chain and P8FI is the “forward” chain. The 8 amino acids that

compound the peptide chain are:
RVFLAPWK

These peptide sequences have been isolated from the previous one (P23), and have exhibited the same
biological properties, meaning anti-inflammatory, anti-restenosis and pro-endothelialization. By using smaller
peptides, steric hindrance and 3D conformation are lower, thus the losing of biological properties is limited. Still,
the presence of arginine and lysine, that have free amino groups, can react with the linking arm. Therein, due to
the complexity of in vivo studies, and based on preliminary tests on flat samples where peptides grafted via PEG
have exhibited lower inflammatory response, only PEG was used for this block. Figure 15 shows the general
methodology for this block.
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Figure 15 General methodology for the sample preparation for the in vitro and in vivo evaluation of different peptides in flat and
commercial bare metal stents

Also, regarding the transfer of the plasma functionalization from flat to 3D structures, the feasibility of

functionalizing stents and the parameters for the plasma treatments must be adapted and optimized.

1.3.5 Characterization techniques

Due to the nature of this project, characterization techniques play an important role in the understanding of the
surface modification, the molecule grafting and to predict the further interaction of the device with the organism.
The proposed multi-step procedure modifies the first layer of atoms of the oxide layer of the alloy and introduces
functional groups and bioactive molecules. Therefore, the scale of work represents a challenge and a need for
adequate and sensible characterization methods to understand the chemical changes throughout the procedure.
A combination of different characterization techniques should be performed in order to obtain the complete
information of the surfaces. Thus, allowing to understand the functionalization and predict the interactions
between the surfaces and the different tests. Characterization techniques with their specific application on this

project are shown in Table 13.

Table 13 Characterization techniques with their specific application in this research project.

Characterization Applications
method
XPS Allows the study of the atomic composition and the nature of the chemical bonds present on the surface

by using the high-resolution spectra of specific atoms.
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XPS allows the study of the composition of the oxide layer, the confirmation of nitrogen and primary
amine groups obtained after plasma treatments. The presence of the linking arm and peptide grafting
onto the alloy surface can be studied by XPS.

Water Contact
Angle

Allows to study the wettability of the surface and their changes throughout the multi-step procedure. The
addition of functional groups can be correlated to an increase or decrease of this property.

TOF-SIMS

Surface characterization technique that allows the study of the first layer of atoms of a material. Study
of the chemical composition of the surface by irradiating the surface with energetic ions. Allows the study
of depth profile, imaging mode and static mode.

ToF-SIMS plays an important role in this project for the quantification of primary amine groups on the
surface (static mode), conformation of the grafted molecules (static and imaging mode), confirmation of
the transter of the platform to cardiovascular devices (imaging mode) and for the study of the oxide layer
modifications by depth profile. Table 12 shows some of the fragments of interest for this project.

SEM

Scanning electron microscopy allows the study of the topography of the surface. It can confirm the
presence of cracks or delamination after the deformation test on the oxide layer of the alloy.

AFM

Atomic force microscopy measures the roughness and morphology of a substrate. It allows to
understand the changes on the surface after the plasma treatments and how the linking arms or the
peptides grafted onto the surface modifies the surface roughness.

Fluorescent

microscopy

Allows the study of cells after immunostaining. It can be used to observe the difference on the cellular
interaction between the different peptides.

1.3.6 Biological performance and characterization

Further than just the characterization of the surface, due to the application of this multi-step procedure it is

essential the assessment of the biological properties of the functional surface in vitro and in vivo. the use of

pertinent biological tests to correlate the properties with the material composition is crucial for this work. Due to

the nature of the peptide and the application, biological tests focus on the study of the cellular and inflammatory

response and hemocompatibility of surfaces. Furthermore, thanks to the collaboration with the INSERM and the

LVTS it was possible to study the in vivo performance of the functionalized device. A list of these techniques

with their specific application on this project are shown in Table 14.

Table 14 Biological tests and their specific application in this research project

Characterization
method

Applications

Cell proliferation

Allows the study of the cell viability in contact with a surface. Cellular counting is commonly performed
at 1, 3 and 7 days of contact with a surface, depending on the desired information.

As regards this project, cell viability essays can give information about the toxicity of the different oxide
layers in the surface optimization block, after the linking arm grafting to identify the one with the best
performance or when comparing different bioactive molecules grafted by this methodology.

Cell adhesion and

Allows to obtain information about the behaviour of the cells when in contact of a surface. The use of

migration immunostaining with phalloidin to observe the attachment of the cells on the metallic substrate can be
performed. Furthermore, migration essays of endothelial cells can be performed to simulate the re-

endothelialization procedure after the implantation in vitro.
Inflammation The analysis of the supernatant after the incubation of endothelial cells can be performed to study the
response presence of different metabolic products. As regards this project, it is desired to find low concentration

of pro-inflammatory factors (IL-6 and VCAM-1) and a high concentration of anti-thrombotic factors
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(TFPI). The comparison of these analytes can be used to select the best surface with the best potential
for in vivo studies.

Hemoglobin free:
hemolysis rate

Blood compatibility of the surfaces is investigated using the hemoglobin free technique. This technique
measures the quantity of free hemoglobin after the contact with a sample for a fixed time. Higher the
hemoglobin free, higher hemocompatibility.

In-stent restenosis

Restenosis rate evaluated after 28 days of implantation in porcine model. This model was selected due
to its similarities to the human heart regarding the distribution of the coronary arteries, coagulation
system and platelet activity [102]. Explanted arteries were further characterized by histology and
fluorescent histology. Furthermore, angiographies can be used to obtain information about restenosis
whilst still in the body.

Re-
endothelialization

Re-endothelialization studies after 7 days of implantation in porcine model. Further characterization is
performed by SEM imaging.

29




Chapter 2. Low-pressure plasma treatment for
direct amination of L605 CoCr alloy for the further
covalent grafting of molecules

Authors: Sergio Diaz-Rodriguez', Pascale Chevallier!, Diego Mantovani'

! Laboratory for Biomaterials and Bioengineering (CRC-I) Department of Min-Met-Mat Engineering
and the CHU de Québec Research Center, Laval University, PLT-1745G, Québec, QC Canada G1V
0A6

Keywords: amination; biomolecule grafting; cobalt chromium alloy (L605); metallic substrate; plasma
functionalization

This chapter has been published in Plasma Polymers and Processes.

Diaz-Rodriguez, S.; Chevallier, P.; Mantovani, D. Plasma Process. Polym. 2018, e1700214. DOI:
10.1002/ppap.201700214

30



2.1 Résumé

Les plasmas a basse pression permettent de modifier la surface des matériaux de multiples fagons grace a leurs
grands nombres de paramétres variables, ce qui fait d’eux une plateforme trés polyvalente. Cependant, lorsqu'il
s'agit de substrats métalliques, 'approche utilisée pour greffer des biomolécules, est le dépdt préliminaire de
revétements polymeres, suivi d’'une activation. L'approche originale proposée dans ce travail est de s’affranchir
de cette couche polymére, via un procédé en plusieurs étapes qui consiste en une préparation de la surface,
suivi de 'amination directe par plasma, puis le greffage de la biomolécule. Les résultats obtenus par XPS et
ToF-SIMS confirment la faisabilité de ce procédé. En effet, le greffage du peptide sur le substrat métallique est
effectif et homogéne. Au meilleur de nos connaissances, il s'agit de la premiéere étude a présenter une procédure
d'amination directe, par plasma a basse pression, sur des substrats métalliques. Cette technique innovante a le
potentiel de greffer des biomolécules facilement et directement sur des métaux, et ouvre ainsi la porte a de

nouvelles avancées dans le développement de dispositifs fonctionnels.
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2.2 Abstract

Low-pressure plasma represents a versatile platform for material surface modifications. As regards metallic
substrates, the deposition of polymeric coatings generally constitutes an added step prior to biomolecule
grafting. An original multi-step approach involving surface preparation, direct plasma-amination, and biomolecule
grafting was explored in the present study. Overall results, supported by XPS and ToF-SIMS analyses, confirm
the successful and homogeneous grafting of peptide onto the metallic substrate. To the best of our knowledge,
this is the first study to present a successful low-pressure plasma amination procedure in metal. This innovative
technique has the potential to easily graft biomolecules and thus creates opportunities for advances in the

development of novel functional devices.
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2.3 Introduction

Metallic alloys, such as CoCr, stainless steels, and titanium have been used in a wide range of applications
owing to several excellent mechanical and surface properties, including tensile strength, ductility, corrosion
resistance, and chemical composition. [103] In the realm of biological applications, alloys are used primarily as
prostheses for the fixation of fractures or intravascular implants. In the latter application, stainless steel and
cobalt chromium (L605) represent the most popular alloys in the vascular medical device industry. L605 has
generated significant interest because of its potential in the fabrication of thinner devices, thereby decreasing
post-implantation clinical complications. [16] Nevertheless, due to a lack of integration with the host, bare metallic
devices, such as stents, lead to failure after implantation. Thus, enhanced biological properties, such as
antibacterial activity, endothelialization, low thrombosis, and anti-inflammatory response, constitute mandatory
requirements for clinics. [25] In order to confer such properties to metallic substrates, polymeric-based coatings,
as an intermediate layer, are usually deposited to be further functionalized with bioactive molecules and proteins.
Indeed, the major techniques currently in use for this purpose are wet-chemistry based: dip coatings, atomic
layer-by-layer casting depositions, solvent evaporation, and spray coatings. However, the procured polymeric
coating stability does not ensure total resistance during the implantation procedure (navigation through tortuous
arterial beds, deployment, and fixation), as well as cracks, delamination, and coating breakages, which are often
observed. [24]

To address these issues, a highly adherent polymeric-based coating deposited by plasma polymerization on
electropolished metallic substrates has emerged. Specifically, a highly-adherent fluorocarbon-based plasma
interlayer has been investigated, from its deposition to deformation and from its stability to fluidity under static
and dynamic conditions with grafted proteins.[76, 104, 105, 106] In the present work, a novel approach that
foregoes the polymeric coating step [28, 107, 108, 109, 110] is proposed, involving the direct functionalization
of the first layers of the metal surface by plasma-based techniques to further graft biomolecules of interest. To

the best of our knowledge, such a multi-step strategy has not yet been reported in the literature.
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Figure 16 Multi-step procedure for the covalent grafting of molecules on bare metallic L605 CoCr alloys based on a MW plasma
amination. The procedure consisted of three main steps: surface preparation, plasma functionalization, and covalent grafting of
molecules onto the metallic surfaces.

In this work, we report on the feasibility of grafting biomolecules onto L605 metallic substrates through direct
plasma amination. Using an innovative multi-step procedure as shown in Figure 16, a biomolecule, in this case
a peptide, was successfully grafted onto the surface of the metal. Briefly, this process houses three main steps:
(1) surface preparation by electropolishing (EP) to remove the native oxide layer from as-received specimens
and to create an homogeneous, controlled, and reproducible new one; followed by (2) plasma functionalization
by nitrogen/hydrogen microwave (MW) plasma leading to functional primary amine groups which, due to their
high reactivity, are used as anchor points for further reactions;[75] and finally (3) the covalent grafting of
molecules, including a linking arm, i.e., glutaric anhydride (GA) [24, 77] and/or a biomolecule. One of the main
advantages of this multi-step technique is that primary amine groups can be directly created onto metallic
surfaces by means of plasma treatment, without the use of wet chemistry. [111] The effects of each step of the
procedure, such as changes in chemical composition, were carefully assessed by X-ray Photoelectron
Spectroscopy (XPS) analyses. In addition, Time of Flight Secondary lon Mass Spectroscopy (ToF-SIMS) was
used to investigate specific fragments associated with surface functionalization as well as the grafting

homogeneity.

2.4 Materials and Methods

2.4.1 Materials

L605 alloy sheets (wt %: Co 51%, Cr 20%, W 15%, Ni 10%, Fe < 3%, C < 0.15%) were purchased from Rolled
alloys Inc. (QC, Canada). Acetone and methanol (ACS grade, respectively) were purchased from Fisher
Scientific. Phosphoric acid (85%), sulfuric acid (ACS grade), and hydrofluoric acid (48%) were purchased from
Laboratoire MAT (QC, Canada). From Sigma-Aldrich the following reagents were purchased: Sodium hydroxide
(= 97%, pellets), Glutaric anhydride (GA, 95%), MES (2-(N-morpholino)ethanesulfonic acid, = 99%), and EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, = 98%). PBS (phosphate buffered solution, 1 X
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powder) was purchased from Fisher Scientific. For the grafted molecules, custom peptides, containing lysine in
its structure, and a modified peptide, with a terminal tyrosine with iodine, Tyr(3l), were purchased from

Mimotopes (MN, USA) and GeneCust (Dudelange, Luxembourg), respectively.

2.4.2 Methods

To remove the impurities, round 1 cm?2 specimens punched from L605 alloy sheets were first cleaned in three
successive 10 min ultrasonic baths of acetone, nanopure water, and methanol, subsequently air dried, and finally
stored under vacuum until use. After cleaning, the samples were electropolished. The samples were treated
three times for 2 min with a 3 A current in a solution containing 67% phosphoric acid, 20% sulphuric acid, 10%
nanopure water (18.2 MQ-cm at 25 °C), and 3% hydrofluoric acid at 10 °C in an ice bath. Thereafter, the samples
were cleaned in three successive 10 min ultrasonic baths of nanopure water, sodium hydroxide 2 N, and

nanopure water, respectively.

Plasma amination of the substrates was performed in the after-glow region (7 cm) of MW plasma (Plasmionique
Inc., Varennes, QC, Canada) by means of a two-step process using a mixture of N, and H. (grade 4.8 and 5.0,
respectively, Linde, QC, Canada) as the feeding gases. The first stage was carried out at 150 W during 10 min
at 100 mTorr, 5/5 sccm of Na/Ho, while the second was performed at 150 W during 30 s at 300 mTorr, 10 sccm
of Ha. This short plasma treatment using hydrogen was performed to promote the amination, by using the H
radicals created during the plasma as potential reducing agents for other nitrogen species other than amines

(amides, imides, etc).

For the covalent grafting step, plasma-treated samples were immersed in acetone and GA (0.1 g mL™") was
added thereafter at 0, 20, and 40 min. After 1 h of reaction, the samples were washed three times with acetone
and five times with deionized water under vortex, and finally air dried. GA was used as a linking arm to further
graft the peptide of interest through its lysyl moieties through a stable covalent binding. For this purpose, samples
grafted with GA were activated in MES (2-(N-morpholino)ethanesulfonic acid) buffer (pH 4.75), with 3 mg mL-"
of EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) added every 10 min, for three times,
until the reaction was complete (30 min). Following activation, the samples were covered with 500 L peptide
solution (2.5 x 10 M in phosphate buffer saline) and left to react for 3 h. Thereafter, the grafted samples were

washed five times with deionized water under vortex, air dried, and characterized.

The surface chemical composition was assessed using X-ray Photoelectron Spectroscopy (XPS -PHI 5600-ci
Spectrometer-Physical Electronics, USA), at a pressure under 108 Torr, with an achromatic Al X-ray source
while high resolution spectra of C1s were obtained using an achromatic Mg X-ray source. The detection was

performed at 45° with respect to the surface normal and the analysed area was 0.5 mm2 The ToF-SIMS
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analyses were performed using a ToF-SIMS IV spectrometer (ION-TOF GmbH, Munster Germany) with a pulsed
25 keV Bid* ion beam over a 250 x 250 um? area. The total ion fluence was kept under 10%2 ions/cm2, and the

secondary ions were extracted at a 2 kV acceleration voltage.

2.5 Results and Discussion

The first step of this procedure consisted on the surface preparation of the L605 alloy, where the homogeneity
and composition of the oxide layer were modified by electropolishing to increase the functionalization with -NH;
groups implanted during the second step of the procedure. Following electropolishing, the samples displayed a
mirror like finish, and for the chemical composition, XPS surface analyses (depth: 5 nm, Table 15) confirmed
that the oxide layer was mainly composed of chromium oxide. The detected carbon percentage on the surface
can be related to the presence of carbides on the metallic surface grain boundaries after electropolishing, known
to increase the alloy resistance to abrasion. As electropolishing noticeably removed the impurities from the as
received samples, it was ascertained that the nitrogen detected in subsequent analyses unequivocally resulted
from surface modifications.

Table 15 Surface chemical composition of L605 CoCr substrate after each modification step, assessed by XPS survey analyses.
Expressed as the mean = standard deviation. Analyses performed on 3 different samples with 3 points per samples (n=9).

METALLIC ELEMENTS OTHER ELEMENTS
SAMPLES %Cr %Co %0 %C %N
L605 AS RECEIVED 6.8+0.4 3.9+0.8 46.4+1.1 40.8 1.6 24+0.6
EP 4.8+0.2 > 519+1.4 429+1.1 =
NH: 10.3+0.2 4.7+0.1 40.3+0.5 253+04 10.4+0.5
GA 8.8+1.4 1.3+0.5 414+1.6 35.7+3.9 6.3+0.9
PEPTIDE 59106 12+04 354+1.0 446 £0.7 8.2+0.7

After plasma functionalization, cobalt was detected on the surface by XPS survey analyses, related to a potential
etching of the metallic surface. XPS analyses confirmed the presence of nitrogen, 10.4 £ 0.5%, as shown in
Table 15. An estimation of the primary amine groups on the substrate was thus assessed by vapor phase
chemical derivatization with 5-bromosalicylaldehyde, selected by its specific affinity to amine groups than to
other nitrogen species. [88] Furthermore, no bromine from the chemical derivatization agent was detected on
the electropolished surface, used as control. The surfaces were found to be successfully functionalized, with 1.5
+ 0.4% of primary amine groups detected on the substrate following plasma treatment. The selectivity of the
MW plasma treatment, namely, the ratio between the primary amines and initial nitrogen amount detected
(%NH2/%N), was 14.4%. Nevertheless, there is an ongoing debate for the use of chemical derivatization as a
valid quantification method for primary amine groups, therefore the need for supplementary surface
characterization. [112] The presence of primary amine groups was also confirmed by ToF-SIMS analyses in

static negative mode, with the characteristic fragment NH2 (m/z 16.095) displaying a NHz/total peak ratio of 2.2
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x10- after amination, as compared to 2.7 x10- before, confirming the plasma functionalization. These moieties
were used thereafter as anchor points to graft molecules, at which point GA was selected as the linking arm and

the grafting of a peptide took place as the next stage of the procedure.

The GA grafting was confirmed by XPS analyses, with an observed increase in the amounts of carbon
and oxygen associated with the bonded GA structure (-NH-CO-(CH,)s-COOH), while the metallic and nitrogen
relative percentages decreased (Table 15). The efficiency of the GA grafting on primary amines was also
confirmed by XPS HR of C1s, as presented in Figure 17a. Indeed, compared to NH, sample, the contribution of
the C-C/C-H bonding at 285 eV increased, as did the oxygen bonding, with C-O/C-N and C=0 (related to
COOH/CONH) at 286.5 and 288.3 eV, respectively. This successful grafting was also highlighted by ToF-SIMS
analyses in static positive mode (Figure 17b) showing the appearance of a GA-characteristic fragment C,HsO*
(m/z 45.033).
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Figure 17 (a) HR-XPS of C1s on an aminated (NHz), GA (-NH-CO-(CH)3-COOH) and peptide grafted sample, reported as mean value
+ standard deviation, n=9. X = -OH, -NHz, -NH. (b) Static ToF-SIMS results, in positive mode, based on the relative peak intensity of the
different characteristic fragments: Cr202*, m/z 135.871 (L605 metallic surface); C2HsO*, m/z 45.033 (GA grafting); and CsH1oN*, m/z
84.085 (peptide lysyl moieties).

Chemical composition, as assessed by XPS (Table 15), confirmed the covering of the metallic substrate, with a
decrease in the percentage of metallic elements associated with the peptide grafting. Meanwhile, elements of
the peptide composition, namely, carbon and nitrogen, increased as expected. The grafting was also evidenced
by HR-XPS C1s spectra (Figure 17a) emphasising the significant increase of the band at 288.3 eV, associated
with the peptide bond (-NH-C=0). Furthermore, due to the structure of peptide, a slight increase of C-O/C-N at

37



286.5 eV and C-C/C-H bonding at 285 eV were observed. The efficiency of the peptide grafting was further
highlighted by ToF-SIMS analyses in static positive mode through the specific lysine fragment (CsH1oN* m/z
84.085), as evidenced in Figure 17b, which presented a significant increase compared to the GA surface. The
presence of this fragment on GA could be related to another fragmentation present after the GA grafting for
example CsHsON*. The direct MW plasma amination of bare L605 metal surfaces after the removal of their native
oxide layer by EP was clearly achieved using this multi-step procedure. This oxide layer, achieved after EP, was
composed mainly by chromium oxide, as evidenced in XPS survey analyses. Chromium oxide fragments (Figure
17b) present throughout the multi-step procedure confirm a direct metal functionalization, rather than a coating
deposition. In addition, the anchor points created on the substrate with MW plasma (the primary amine groups)
were stable under the different conditions under study, namely, acetone, buffer aqueous solution, under
agitation, and under vortex. Well-defined grafting efficiency was assessed by XPS analyses in both the survey
and the high-resolution spectra of C1s, as well as by static ToF-SIMS analyses. Moreover, homogeneity of the
grafted material was examined because of its relevance for eventual medical device applications. For this
purpose, ToF-SIMS analyses and imaging were performed by using a specific heteroatom added to the peptide
to ascertain that the associated signal unequivocally resulted from the peptide grafting. In this case, modified
peptide with iodide was considered. The ToF-SIMS findings clearly evidenced that the peptide was successfully
grafted (Figure 18). On the left, the relative intensity of the amino acid fragments related to the peptide
composition: alanine (C2HsN*, m/z 44.0501), proline (CsHsN*, m/z 70.071), valine (CsH1oN*, m/z 72.083), lysine
(CsH1oN*, m/z 84.085), leucine/isoleucine (CsH1N*, m/z 86.097) and the sum of these fragments are shown.["%]
It can be observed the significant increase on the relative intensity of these fragments after the grafting of the
peptide. Moreover, the iodine-specific fragment, I-, m/z 126.904 was not detected on the GA sample (Figure
18b) but was found on the iodide peptide-grafted specimen (Figure 18c) and was found to be homogenously

distributed on the surface.
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Figure 18 ToF SIMS analyses of the GA surface, prior and after peptide grafting. (a) On the left, relative intensity of the amino acid
fragments related to peptide composition: alanine, proline, valine, lysine, leusinefisoleusine and a total sum of these fragments. On the
right, ToF-SIMS images 250 um x 250 um of fragment I-, m/z 126.904. (b) GA sample, as the control, without the iodine peptide, and (c)
the grafting surface which exhibited a homogeneous distribution of the Peptide-.

2.5 Conclusion

In summary, a multi-step procedure based on MW plasma was successfully used to functionalize amine groups
on bare L605 cobalt chromium alloy surfaces. These amine groups were found to be stable under various
conditions, such as solvent, temperature, and vortex rinsing. Further to this, GA was grafted onto these amine
groups and was used as a linking arm to bond the peptide. This novel approach has the potential to directly
functionalize metals without the use of a polymeric-based coating and simplify the procedure to create new
bioactive surfaces and provide clear advantages for the functionalization of medical devices. To the best of our

knowledge, such a plasma-based strategy has never been reported.
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3.1 Résumeé

Les stents sont des dispositifs cardiovasculaires métalliques, utilisés pour traiter I'athérosclérose. lls sont
implantés et déployés dans les artéres malades, rétrécies par des dépdts, et permettent de rouvrir la lumiére
biologique. Néanmoins, des complications aprés implantation sont encore observées dans 10 a 14% des cas.
Par conséquent, l'intérét de fonctionnaliser ces dispositifs avec des molécules actives pour améliorer leurs
interactions avec les tissus environnants, permettrait d’avoir un plus grand taux de succés. Pour cela, un procédé
original pour greffer directement des biomolécules a la surface de surface métallique, par traitement plasma a
basse pression, sans aucun revétement polymére, a été précédemment développé. Cependant, il faut s’assurer
que cette modification est stable lorsque soumise a la déformation plastique, telle que celle générée lors de
limplantation, aussi qu’elle n'induise pas un processus de corrosion. Cette étude explore donc l'influence de
différents prétraitements de surfaces, tels que i) le polissage électrolytique; ii) traitements thermiques, et iii)
implantation d'ions par immersion dans le plasma d'oxygéne, sur la composition chimique de la couche d’oxyde,
sa rugosité, sa mouillabilité, son influence sur l'efficacité du procédé d'amination au plasma, sa stabilité sous
déformation, et sa résistance a la corrosion. Pour répondre a cela, des analyses en XPS, AFM, ToF-SIMS
imagerie et profil, angle de contact, MEB et des tests potentiodynamiques ont été effectués. Les propriétés
biologiques ont été aussi évaluées via des tests d’hémocompatibilité, et de viabilité cellulaire. Les résultats ont
démontré que les prétraitements influengaient grandement la composition chimique de la couche d'oxyde : EP
est principalement & base d’oxyde de chrome, Pl d’'oxyde de cobalt et TT d’'un mélange des deux oxydes. De
plus, EP, versus les autres prétraitements, a démontré une plus grande efficacité quant au processus
d'amination et une plus grande résistance a la corrosion. L’électropolissage apparait donc comme le

prétraitement le plus approprié pour la fonctionnalisation de stent.
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3.2 Abstract

Stents are cardiovascular devices used to treat atherosclerosis, deployed into the narrowed artery and implanted
by expansion to reopen the biological lumen. Nevertheless, complications after implantation are still observed
in 10-14% of the implantation. Therefore, the interest to functionalize these devices with active molecules to
improve the interfacial effects with the surrounding tissue strongly impact their success. A plasma-based
procedure to directly graft biomolecules to the surface of cobalt chromium alloy, without any polymeric coating,
has been recently reported. Assuring the stability of the coating during the plastic deformation generated during
the implantation whilst avoiding the corrosion of the surface is crucial. Therefore, this study explores different
surface treatments to be used as pre-treatment for this novel procedure. The effects of i) electropolishing; ii)
thermal treatments, and iii) plasma immersion ion implantation of oxygen on the chemical composition,
roughness, wettability and the efficiency on the plasma-amination procedure whilst avoiding cracks after
deformation thus maintaining a corrosion resistant behaviour were investigated by XPS, AFM, ToF-SIMS
imaging and depth profile, WCA. Furthermore, hemocompatibility and cytotoxicity of the surfaces were also
assessed. Results showed that all treatments create a different surface chemical composition, EP mainly of
chromium oxide, PlIl with a layer of cobalt oxide and TT with a mixture of oxides, as observed by XPS and ToF-
SIMS. Moreover, EP was the process that generated a surface with the highest efficiency to amination and the
most corrosion resistant among the treatments, and it appeared as the most suitable pre-treatment for stent

functionalization.
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3.3 Introduction

Atherosclerosis is a cardiovascular disease characterized by the formation of a plaque that narrows the arterial
wallls leading to thrombus formation and ultimately heart strokes [5]. Once progressed at late stages, this disease
is surgically treated by the implantation of a stent which is a metallic wire mesh. This device is introduced with a
catheter to the narrowed zone and expanded up to a 25 % deformation to reopen the arterial flow, deploying the
device whilst avoiding the collapse of the artery [107, 113]. Among the materials used for bare metal stents
(BMS), there is cobalt chromium L605 alloy, which has interesting mechanical properties and it is covered with
a passive oxide layer that protects the surface from potential corrosion. Furthermore, this alloy allows the
fabrication of thinner devices with smaller struts that have been correlated to lower clinical post-implantation
adverse effects [16]. Nevertheless, complications on BMS remain, indeed, in-stent restenosis, thrombus
formation, endothelium damage, still occur due to the invasive procedure of stent deployment [12]. Although,
drug eluting stents (DES) have been developed to counter these complications by releasing drugs from a
polymeric coating (deposited on the surface). Nonetheless, cracks and delamination of this coating have been
observed due to lack of adhesion and cohesion between the surface and the coating [13, 85]. This finding can
be related to the complex geometry of stents and the deposition techniques of the polymeric layer (dip coating,
spray coating, layer by layer coating, etc.) that can not assure the coating stability during the deployment of the
device [114].

Therefore, a novel procedure that allows the direct covalent grafting of active molecules, without any
intermediate layer to enhance the biological performance of cardiovascular devices has been developed. Briefly,
this procedure focuses on the direct functionalization with primary amine groups, known for their high reactivity
[115], on the surface of the L605 alloy that act as anchor points for the further grafting of molecules of interest.
Assuring the stability and the properties of the surface (oxide layer) thus appears crucial for the application of
this strategy on cardiovascular devices. This oxide layer must resist the deformation related to the deployment
of the device, corrosion resistant to avoid the release of toxic ion in the blood stream whilst being biocompatible
[13, 94, 116]. Among the different strategies to modify the oxide layer and finishing of metallic substrates,
procedures can be divided in mechanical treatments, thermal treatments, ion implantation and chemical
treatments [35]. All these treatments can modulate properties such as chemical composition, surface roughness,

corrosion and deformation resistance, wettability, blood compatibility and cytotoxicity.

Though all of these treatments can modify the surface of metallic substrates, nevertheless regarding the stent
application, mechanical treatments (mechanical polishing for example) are not suitable due to the complex
geometry of the device. Therefore, thermal treatments, ion implantation and chemical treatments represent
suitable modification procedures. For instance, thermal treatments in a controlled atmosphere can be used to

achieve homogeneous changes on the chemical and structural composition [24, 35]. As regards ion implantation
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processes, such as plasma immersion ion implantation (PIIl), can produce changes both on the surface and in
the internal structure, producing an amorphous oxide layer, due to the acceleration of ions into the metallic
substrate [94, 95, 117, 118]. Finally, chemical treatments, for example by electropolishing, allow the removal of
any surface contaminant and the passivation of the surface whilst obtaining a nano-smooth surface with a mirror
like finishing [116, 35, 119].

This study focuses on the surface preparation step of the L605 alloy for its direct plasma amination. Three
different surface treatments on L605 CoCr alloy to modify the oxide layer are proposed: Electropolishing (EP),
as a base treatment, followed by either thermal treatment (TT) or Pl of oxygen. The specimens were thoroughly
characterized by X-ray Photoelectron Spectroscopy (XPS), Time of Flight-Secondary lon Mass Spectrometry
(ToF-SIMS), Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and Water Contact Angle
(WCA) to study their chemical composition, topography and wettability. Furthermore, the influence of these
properties on the plasma amination efficiency of the surface was assessed. The deformation resistance and the
corrosion behaviour were also determined along with the biological performance of the surface
(hemocompatibility and cytotoxicity). These biological properties were selected to study the potential effect on

wound healing of the endothelium and the thrombus formation of the device.

3.4 Materials and Methods

3.4.1 Materials
L605 alloy sheets (nominal composition wt %: Co 51%, Cr 20%, W 15%, Ni 10%, Fe < 3%) were purchased

from Rolled alloys Inc. (QC, Canada). Acetone and methanol (ACS grade, respectively) were purchased from
Fisher Scientific (NJ, USA). Phosphoric acid (85%), sulfuric acid (ACS grade), and hydrofluoric acid (48%) were
purchased from Laboratoire MAT (QC, Canada). From Sigma-Aldrich, the following reagents were purchased:
sodium hydroxide (< 97%, pellets), Calcium chloride (99.99%) and 5-Bromosalicyladehyde (98%). PBS

(phosphate buffered solution, 1 X powder) was purchased from Fisher Scientific.

3.4.2 Sample preparation

3.4.2.1 Sample cleaning

To remove impurities, round 12.7 mm diameter specimens cut from L605 alloy sheets were first cleaned in three
successive 10 min ultrasonic baths of acetone, nanopure water (18.2 MQ-cm at 25 °C), and methanol. Samples

were air-dried after each cleaning and stored under vacuum until further use.

3.4.2.2 Electropolishing
All samples underwent a three-cycle electropolishing procedure; each cycle was performed for 2 minutes with a

fixed current density of 2.4 Alcm? in a solution containing 67 vol.% phosphoric acid, 20 vol.% sulfuric acid, 10
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vol.% nanopure water and 3 vol.% hydrofluoric acid at 10 °C in an ice bath with a round L605 specimen as
cathode. After electropolishing samples were cleaned in three ultrasonic baths for 10 min each using nanopore

water, sodium hydroxide 2 N and nanopure water, respectively.

3.4.2.3 Surface treatments
To modify the composition of oxide layer and to study its effect on the direct plasma amination, EP samples

were further treated by two different surface modifications: by thermal treatment and by PIII of oxygen. For the
thermal treatments, samples were placed in an air furnace at atmospheric pressure at three different
temperatures and two different times: 400, 500 and 600 °C during one or two hours. On the other side, samples
modified by PIII of oxygen were implanted using a Plasmionique Inc. (QC, Canada) reactor with gas flow of 10
scem of O, a pulse of 50 ms and a frequency of 100 Hz at 5 mTorr, 300 W of power; during 60 min at -10 kV, -
1 kV or -0.1 kV as bias; or for 15 min, 30 min at -10 kV bias.

3.4.3 Stability tests

3.4.3.1 Deformation test

Treated samples were deformed up to a 25% using a custom-made small punch test device, mounted on a
SATEC T20000 testing machine (Instron, Norwood, USA), which has been already described elsewhere [120].
Deformations were performed at room temperature with a displacement rate of 0.05 mm s[1 with a maximal load
of 2800 N, adapted for L605, and further characterized.

3.4.3.2 Corrosion test
Corrosion tests were carried out using a standard 3 electrode electrochemical set up using large carbon

electrodes as counter electrodes and a saturated calomel electrode as reference in a 1 L corrosion cell. The
selected solution was PBS at 37 £ 1 °C under mechanical stirring. Open circuit potential analyses were
performed for one hour followed by potentiodynamic analyses. Corrosion rate calculations were performed
following the ASTM G102-89, as previously described [104]. Briefly the corrosion rate was calculated based on

Faradays law (equation 1).

Ew
Corrosion rate = 0.00373 Icorr T

where 0.00372 is the conversion factor (mm/mA year), Icorr is the corrosion current density, expressed in
mA/cm?, and EW the equivalent weight of the alloy (26 g) and d is the density of the L605 alloy (9.134 g/cm3).
Measurements were performed with Model K47 Corrosion Cell system and Versa-STAT 3 Potentiostat controlled
via Versa-Studio software (AMETEK Princeton Applied Research, TN, USA).

45



3.4.4 Plasma functionalization

3.4.4.1 Plasma amination

The direct plasma amination was performed in a microwave plasma (Plasmionique Inc., QC, Canada) through
a two-step procedure: the first step used a mixture of N2 (grade 4.8, Linde, QC, Canada) Hz (grade 5.0, Linde,
QC, Canada) as feeding gases; at 150 W during 10 min at 100 mTorr with a 5/5 sccm flow [115]. The second
step was carried out at 150 W during 30 s at 300 mTorr with a 10 sccm flow of hydrogen. This short plasma
treatment using hydrogen was performed to promote the formation of amine groups and reducing the presence
of other nitrogen species [52]. During both steps samples were placed in the after-glow (~7 ¢cm). Amination
efficiency was assessed by chemical derivatization with 5-Bromosalicylaldehyde as described by Chevallier et
al. [88] immediately after the plasma treatments. This molecule was selected due to its specific selectivity to

primary amine groups.

3.4.5 Biological tests

3.4.5.1 Cell viability

Human umbilical vein endothelial cells (HUVEC) were isolated from an umbilical cordon with the previous
consent of donor mothers as previously described [121]. Cells from third to sixth passages were used to evaluate
the interaction with the surfaces. 40000 cells in M199 (Thermo Fisher, 11150-067) culture media containing
serum and penicillin-streptomycin (Gibco, 15140-122) were deposited on surfaces and incubated at 37 °C. After
adhesion for 24 h, cells were rinsed with PBS in order to eliminate all rests of culture medium. 300 mL of solution
of resazurin on culture medium (1:10) was then added to the samples and let react during 4 h. 150 mL were
taken from each sample and fluorescence was measured at 570 nm using a spectrophotometer ELISA reader
(BioRad mod.450, ON, Canada).

3.4.5.2 Haemolysis rate
In order to study the hemocompatibility of the different surfaces, the hemoglobin free methodology was assessed

[69]. Briefly, 120 L of recalcified citrated blood were dropped onto the surfaces were added immediately.
Samples were incubated at 37 °C and after 20 min, 2 mL of distilled water were added to each surface. Red
blood cells not entrapped in a thrombus were hemolyzed. Free hemoglobin molecules were measured using a
spectrophotometer ELISA reader at 540 nm. The test was performed 3 independent times with 2 samples per

condition each time. Blood from different donors was used for each experiment.

3.4.6 Surface Characterization

3.4.6.1 X-Ray Photoelectron Spectroscopy (XPS)
The chemical composition of the different surfaces was assessed by XPS (depth analysis of ~5 nm). The

analyses were carried out using an X-Ray Photoelectron Spectrometer (XPS-PHI 5600-ci Spectrometer-Physical
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Electronics, MN, USA). Survey spectra (0-1400 eV) were acquired with standard aluminium X-ray source
(1486.6 eV) at 300 W. Charge neutralization was not applied for the analyses. The detection was performed at

45° with respect to the surface normal and the analyzed area was 0.005 cm?.

3.4.6.2 Time of Flight Secondary lon Mass Spectroscopy (ToF-SIMS)
All analyses were performed using a ToF-SIMS |V spectrometer (ION-TOF GmbH, Miinster Germany) with, for

the surface spectra and images, the following operating conditions: A pulsed 25 keV Bis* ion beam (current =
0.3-0.4 pA; pulse width = 20 ns; pulse width after bunching = 1.0 ns; repetition rate = 10 kHz) was rastered
during an acquisition time of 100 s over a 250 x 250 um? area. The total ion fluence was kept under 10%2 ions/cm2
in order to guarantee static conditions. The secondary ions were extracted at a 2 kV acceleration voltage.
Positive and negative spectra were calibrated to the CHs*, CsHs* and CrOH* peaks and to the Cy, CrO- and

CoOy peaks, respectively. ToF-SIMS spectra were acquired from 0 to 880 m/z.

During ToF-SIMS depth profiling, the analysis beam (as previously described) and the erosion beam (Cs* at 500
eV, current: 40-45 nA), rastered over a 500 x 500 um? area to avoid border effects, were operated in non-
interlaced mode with one analysis frame (1.6384 s) and 5 s erosion per cycle, both with a 45° incidence angle

to the sample surface.

3.4.6.3 Scanning Electron Microscopy
The sample surfaces were imaged by SEM using a FEI Quanta 250 (FEI Company Inc. Thermo-Fisher Scientific,

OR, USA), with a tungsten filament and an acceleration voltage in the range of 10-30 kV in secondary electron

mode.

3.4.6.4 Atomic Force Microscopy
Surface texture investigations were performed using the tapping mode on a DimensionsTM 3100 Atomic Force

Microscope (Digital Instruments/Veeco, NY, USA) with an etched silicon tip (model NCHV, tip radius = 10 nm,
Bruker). Areas of 20 x 20 um?2 were recorded and analyzed using the NanoScope Analysis software (Bruker).
Surface roughness was assessed with NanoScope Analysis (Bruker Corporation, MA, USA) and reported as the

root mean square roughness (Rq).

3.4.6.5 Water Contact Angle
Surface wettability was assessed by water contact angle measurements with a video contact angle system VCA-

2500 XETM (AST products Inc., MA, USA) in static mode before and after plasma functionalization. A 1 mL

droplet of nanopure water was used.

3.4.6.6 Statistical analyses
For XPS, WCA, hemoglobin free, cell viability and corrosion tests, the data were represented as the mean +

standard deviation of 9 measurements, corresponding to 3 independent experiments with each condition in
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triplicate. For all tests, significant differences were determined running a one-way ANOVA followed by Tukeys
post-hoc method to test all possible pairwise comparisons and determine where the differences lied. A p-value
< (.05 was considered significant (*).

3.5 Results

3.5.1 Selection of conditions

Due to the importance of the mechanical stability of the oxide layer during the deployment of a stent, a
deformation test was performed in order to evaluate resistance of the different treatments. As observed in Figure
19, conditions such as 600 °C for 1 h for TT and on the case of PIII, -10 kV for 1 h, presented cracks and peelings
on their oxide layer. Therefore, such conditions were discarded. From the remaining conditions, only one for
each treatment was selected for the complete study. The selected conditions are EP as a base treatment, TT at
400 °C for 1 h and PIIl -0.1 kV for 1 h.
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Figure 19 SEM images of surfaces after small punch test to simulate a deformation up to 25%. Cracks and delamination were observed
in some TT and PIII conditions. Selected conditions for the further steps of the study were EP, as a base surface, 400 °C for 1 h for TT
and -0.1 kV for 1 h for PIIl. Magnification of 2000x in all the images. TT and PIll images were all obtained after deformation.
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3.5.2 Surface treatments
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Figure 20 Chemical composition of the studied surfaces. a) XPS survey analyses and b) ToF-SIMS imaging mode of the surface of the
specific metallic oxide fragments, for chromium CrOz (84 m/z) and for cobalt CoO2 (91 m/z).

Chemical composition of the oxide layers, assessed by XPS survey analyses, in Figure 20a, showed that the
first few nanometers of the oxide layer of the EP sample surface are composed mainly of chromium (%Cr = 4.8
1 0.2); on the contrary, PlIl sample surface is composed of cobalt (%Co = 13.5 £ 0.7 %); and finally, TT sample
surfaces shows the presence of both cobalt and chromium oxides (%Cr = 1.5 £ 0.2, %Co = 12.1 £ 0.5) with
traces of other metals such as nickel. Moreover, the distribution of CrO, and CoOy ions was studied for each of
the metallic oxides by ToF-SIMS imaging in negative mode (Figure 20b). It confirmed what was observed in XPS
survey results, where it was found that the composition of the outmost layer of EP, TT and PIII follows the same
trend. ToF-SIMS depth profile analyses were also performed to obtain information about the depth distribution
of the different elements of the oxide layers. Figure 21 shows the obtained profiles where it was found that the
EP oxide was the thinnest of them all (~50 s of sputtering) and is composed mainly of chromium oxide. PIIl on
the other side, has a thicker oxide layer that is composed of a topmost cobalt oxide layer on a chromium oxide
sublayer (~150 s and ~350 s of sputtering respectively). Finally, TT has a thick oxide layer composed of both
cobalt and chromium oxides on the topmost layer of the surface (~600 s of sputtering). It is worthy noticing that
SRIM simulations have been performed to estimate the sputter yields of chromium and cobalt oxides under Cs
bombardment and that their similar values (2.4 and 2.6 atoms/ion, respectively) allowed us to safely compare

the sputter times between the profiles and equate them with depths.
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Figure 21 ToF-SIMS Depth profile of surface treatments. a) EP, thin layer composed mainly of chromium oxides, b) TT, thicker layer
composed of both oxides on the same depth, c) PlIl two layers, first Cobalt oxides then Chromium oxide.

The morphology of the substrate surface was evaluated through AFM (Figure 22). It can be observed on the EP
surface the presence of grain boundaries, but not as visibly as on the TT surface, whereas on PIIl grain
boundaries are not clearly present. Regarding the surface roughness, Rq, it was found that the smoothest
surface among the different treatments was EP and that after the surface modification this value increased

significantly on both TT and PIIL.

EP Pl

20 pym,

20 |1mI
Rq=4.5%+0.8 nm Rq=14.0* 0.6 nm Rq=13.1%*2.4 nm

Figure 22 AFM images (20 x 20 um?, height mode) of the different samples with their respective roughness values. It can be observed
that EP is significantly smoother than the other two surface treatments. TT and PIII present no significant difference among them.

Toinvestigate the corrosion behaviour of the different surface treatments, OCP and potentiodynamic polarization
analyses were performed. Regarding OCP (Figure 23a) it was found that TT, composed of a mixture of chromium
and cobalt oxides has the lowest open circuit potential, the less noble oxide layer or the most susceptible to
corrosion, compared to the other surfaces, whilst Plll was the one with the most positive potential, the noblest
oxide layer. Potentiodynamic curves (Figure 23b) allowed the calculation of the corrosion rate where it was found

that, as observed in the OCP curves, TT was the surface treatment with the highest corrosion rate, followed by
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Plll and finally EP with a ~20x decrease compared to TT. These values and a summary of the results are shown

in Figure 23c.
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Figure 23 Corrosion rate of surface treatments. It was found that EP is the most corrosion resistant, followed by PlIl and finally TT the
less resistant. Potentiodynamic tests performed in PBS at 37 °C.

3.5.3 Plasma functionalization

After the complete characterization of the different oxide surfaces, direct plasma amination was carried out. For

the characterization of the surface, chemical derivatization was performed in order to confirm the presence of

the amine groups [88]. XPS survey analyses results show that on the TT and PIll surface there is a significantly

higher percentage of nitrogen on the surface compared to EP, Figure 24a. Moreover, there was significant
difference of percentage of NH, on EP with the other two surface treatments, but not between TT and PIIL.

Finally, regarding the efficiency of the functionalization (%NH/N) it was found that EP is the one with the highest

efficiency, close to 15%, compared to the other surface treatments, around 9%, as observed in Figure 24a.
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Figure 24 Nitrogen and amine quantification after plasma treatment of the surfaces. a) percent of nitrogen and percent of amine groups
after chemical derivatization, obtained by XPS survey analyses with the amination efficiency on top of each sample %(NH2/N) and b)
Comparison of the presence of the NHz* fragment on the different surfaces, before and after amination, performed by ToF-SIMS where
EP showed the highest presence of the fragment compared to the other surfaces similar to results obtained after XPS analyses. It should
be noticed that the intensity of the fragments was normalized by all of the total signal in order to be able to compare the results. Significant
differences were determined running a one-way ANOVA followed by Tukey's post-hoc method, p-value < 0.05 was considered significant

().

Due to the present debate for the use of chemical derivatization as a valid quantification method for primary
amine groups, supplementary surface characterization was performed [112]. Complementary results obtained
from ToF-SIMS static mode analyses for the fragment NH,* confirmed that EP has a higher relative concentration
of this fragment, followed by PIIl and then TT with the lowest signal, as observed in Figure 24b. Another
characterization technique that was performed was contact angle, where it was found that the wettability of all
surface treatments changed from a relatively hydrophobic behaviour to a more hydrophilic surface after the

plasma amination, as observed in Figure 25.
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Figure 25 Water contact angle of the surfaces before and after plasma amination. It was found that after the functionalization all of the
surfaces presented a hydrophilic behaviour. Significant differences were determined running a one-way ANOVA followed by Tukey’s
post-hoc method, p-value < 0.05 was considered significant (*).

3.5.4 Biological performance

Further characterization of the surfaces was performed in order to evaluate the biological performance of the
different conditions. The viability of HUVEC was studied after 24 h of contact with the samples. As observed in
Figure 264, significantly higher cell viability was observed in EP condition (> 80%) when compared to the PIII
one (> 60%), while TT presented an intermediate behaviour with no significant difference with TT nor with EP (>
70%). Hence, EP exhibited the higher viability of all samples. Regarding the evaluation of the hemocompatibility,
neither of the samples presented thrombus formation after 20 min of contact with whole blood (Figure 26b). TT
condition seemed to present the higher amount of free hemoglobin therefore the best hemocompatibility.
However, no significant differences were found among the different conditions after statistical analysis, mainly

because of the high variations observed.

54



a) . b)
100 4 I 100 -
; I
_ 75 - J_ = 75 4
B'?- —
S 2
2 £
= c
E 50 + _g 50 -|-
: 5
S £ |
] T T
25 - T 25 i 1
0 T T T 0 T T T
EP T Plll EP T Plll
Samples Samples

Figure 26 Biological performance of the different treated surfaces. a) HUVEC viability, normalized to polystyrene well. No significant
difference among samples, except EP with PIII, but viability higher than 60% of cells. b) Hemocompatibility test, normalized to haemolysed
blood, where no significant difference between samples after haemoglobin free test. Significant differences were determined running a
one-way ANOVA followed by Tukey’s post-hoc method, p-value < 0.05 was considered significant (*).

3.6 Discussion

The aim of this work was to study different surface treatments on L605 CoCr alloy with potential application on
cardiovascular devices. In order to find the most suitable oxide layer, properties such as deformation and
corrosion resistance, efficiency towards direct functionalization (therein amination) and biological performance

in terms of cytotoxicity and hemocompatibility were studied.

Therefore, one of the initial properties to assure for these oxide layers is the resistance to deformation, without
showing neither cracks nor delamination. After deforming them up to a 25%, similar to a stent deployment [120],
some of the initially proposed conditions exhibited cracks and delamination, as observed in Figure 19, meaning
that their oxide layers were unstable and not suitable for the application. This may be explained by the formation
of brittle or too thick oxide layers that were not able to sustain deformation. Regarding thermal treated samples,
only the oxide layer obtained at 400 °C for 1 h did not exhibit cracks and delamination (Figure 19), despite its
thick oxide layer, approximately 10 times more than the EP one, as observed by ToF-SIMS depth-profile results
(sputter time 600 s versus 60 s, respectively - Figure 21). The failure of thermal treatments at higher temperature
and longer time could be related to the formation of bigger oxide crystals (as seen in Figure 19 for 500 °C 2 h,
600 °C 1 h and 2 h). Similar observations have been already described by Grisaffe et al. where they found that
during thermal treatments L605s surface had a low resistance to oxidation resulting in a thicker oxide layer as a
function of temperature and time [122]. Moreover, considering the mechanism for cracks and delamination
proposed by Wang et al., which involves the formation of microcracks/voids and a high density of oxide particles

on the grain boundaries in the near surface area that propagate parallel to the alloy surface with deformation
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[123]. These features create a less ductile surface than the underlying bulk leading to peeling, cracks and
delamination. This mechanism explains what was observed at higher temperatures of thermal treatments (Figure

19), making these conditions not suitable for the desired application.

In the case of PIIl treatments, a higher bias voltage (-1 kV and -10 kV) appeared to induce a thicker oxide layer
unstable to deformation, without formation of crystals compared to TT, as observed in Figure 19, whereas the
oxide surface obtained at the lowest bias, -0.1 kV, sustained the deformation. It is known that oxygen
implantation doses can modulate the crystalline structure (hexagonal Co-oxygen rich phase), the oxide layer
thickness, thus changes in the mechanical properties (hardness) [42, 124]. The ion doses are higher when the
bias voltage applied on the sample is more negative leading to the acceleration of positive ions which are thus
more implanted (increase of the oxide thickness). Thus, -1 kV and -10 kV should create a thicker oxide layer
than the one obtained at -0.1 kV, which already needed a sputter time of 400 s (Figure 21, ToF-SIMS depth
profile). Moreover, as it can be observed in Figure 19, the failure of the Pllls oxide layer is mainly due to
delamination than to the formation of cracks, as seen in thermal treatments. This behaviour might be related to
the amorphization of the oxide layer after the implantation of the oxygen ions [42]. Hence, due to their
performance to deformation, only EP, as a base surface treatment, TT at 400 °C for 1 h and PIII with a bias of -

0.1 kV for 1 h of implantation of oxygen will be considered.

Another desired surface property for the stent application is corrosion resistance. Due to the composition of the
alloy, the concern of the release of potential cancerogenic ions, such as nickel and chromium, into the blood
stream is latent. Itis known that alloys such as L605 are resistant to corrosion due to its percentage of chromium
oxide [23, 87], but modifying its surface composition can influence its corrosion resistance. To have a better idea
of the oxide layer stability and resistance to corrosion both Open Circuit Potential (OCP) and potentiodynamic
tests have been done (Figure 23). As shown in this figure, EP, the treatment with the thinnest oxide layer (Figure
21) composed of chromium oxides on the surface, based on XPS and ToF-SIMS analyses (Figure 20), was the
most corrosion resistant compared to the other ones. This can be attributed to the formation of a passive layer
by the Cr,0s surface, similar to what Sojitra et al. observed on stainless steels [93]. Furthermore, corrosion rate
for PlIl was not far from EP, this could be associated to the "bilayer” composition of the oxide layer of the PIII
treatment. The topmost composed mainly by cobalt oxides then followed closely by chromium oxides, as
observed via ToF-SIMS depth analyses (Figure 21c). This change in both composition and corrosion is similar
to what was found by Lutz et al. [78]: a diffusion of cobalt to the topmost layer of the alloy. This increases the
dissolution of this ion during the initial step of corrosion, followed by a decrease on the corrosion rate by the
presence of the passive layer conferred by Cr,Os. Moreover, as observed in Figure 23, PlIl exhibited the highest
Eoc meaning that this oxide layer behaves as the noblest surface compared to the 2 other samples. However,

all the samples exhibited a stable oxide layer as no increase nor decrease were observed during the 1 h of OCP.
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Finally, on the TT surface, a combination of chromium and cobalt oxides are present on both the surface and in
depth (Figure 21b). In fact, this surface chemical composition could be related to a potential formation of a spinel
(CoCr,04) which has been described previously in literature [122, 125]. Furthermore, after thermal treatments
at higher temperatures a dark blue colour, characteristic of this compound, was observed under polarized light
(image not shown). The formation of this spinel added to the increase on the roughness of the surface, as
observed by AFM (Figure 22), and the lowest values of both Eoc and Ecorr (Figure 23), lead to a surface more

prone to corrode thus an increase of the corrosion on the surface.

Regarding the direct amination of the different oxide layers by plasma functionalization, it was found that all of
the surfaces changed their hydrophobic behaviour after the plasma treatment to a more hydrophilic surface as
noticed by contact angle (Figure 25). This can be related to the nitrogen species formed after the plasma
treatments since surfaces functionalized with amine groups can lower the contact angle of the oxide layers via
hydrogen bond interactions [71]. Furthermore, nitrogen content incorporated on the surfaces was assessed by
XPS survey analyses (Figure 24a). Among the proposed surface treatments, EP was the one with the less
percentage of nitrogen on the surface with around 10%, whilst TT and PIII are both around 15%. However, the
percentage of primary amine groups on the surfaces on metallic substrates is around 1.5% with no significant
difference between the surfaces. When evaluating the efficiency of the direct plasma amination, %NH2/N, EP is
the surface treatment with the highest efficiency as observed in Figure 24a. Moreover, this observation is
furthermore confirmed by ToF-SIMS analyses on static mode of the NH,* fragment related to the primary amine
group (Figure 24b). Indeed, similar to XPS survey analyses, EP is the oxide layer that shows the highest
concentration of this specific fragment, on the first layer of its atomic composition, followed by Plll and finally TT
has the less presence of this fragment on the surface. The main hypothesis for this preferential formation of
amines on the EP surface, could be explained by a substitution reaction of -NH, on surface hydroxyl groups (-
OH), which are already present in the surface of L605 alloy and generated during the basic bath performed just
after the electropolishing [126]. Nevertheless, when performing the thermal treatment and the ion implantation

these -OH groups could be lost by re-oxidizing the surface and therefore decreasing the amination efficiency.

The biological performances of the different samples were also assessed to ensure that the proposed surface
treatments were suitable for the stent application. Therefore, the interaction of the samples with blood and
endothelial cells was evaluated. The decreasing cell viability observed in the samples as EP > TT > PIII, as
observed in Figure 26a, can be explained with the chemical composition of the surfaces. As it was previously
stated, EP sample has mainly chromium at the surface, PIll has mostly cobalt, while TT has a mixture of both
elements. Hence, our results are coherent with previous works comparing the behaviour of different cell types

in the presence of chromium and cobalt. Indeed, Rushton et al. compared these two elements when in contact
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with osteoblasts-like cells, proving that cobalt has the most negative effect when compared to chromium and to
an alloy of both elements ['?]. Other groups have also evaluated the negative effect of the presence of cobalt in
the proliferation and collagen production of osteoblast-like cells [128, 129, 130]. Moreover, Maffi et al. also
proved higher endothelial cell viability when cobalt-chromium alloys were enriched with Cr at the surface [131].
However, chromium, and specifically Cr6+, has also been proved to reduce cell survival, which explains the
limited difference among all samples, as well as the decrease of cell viability when compared to the positive
control. These finding are also coherent with an intermediate behaviour of TT between EP and PIIl, mainly
because TT has both Cr and Co at the surface. When it comes to hemocompatibility, Figure 26b, all samples
presented promising results with no thrombus formation after 20 min of contact with the samples. These results
are coherent with previous clinical studies comparing several alloys used in biomaterials where cobalt-chromium
presented high hemocompatibility [129, 132]. The different treatments performed had no significant impact on

the hemocompatibility of the samples.

3.7 Conclusions

In this study, different surface treatments have been explored in order to reach the most suitable surface,
regarding oxide layer stability towards deformation and corrosion, and for amination efficiency. Some surface
treatment conditions have been discarded as after deformation, their surfaces have shown cracks or
delamination. The other treatments have led to different oxide layer composition and thickness as evidenced by
XPS and ToF-SIMS depth profiling analyses. Indeed, EP surface is mainly composed of a thin layer of chromium
oxide, whereas PIIl surface oxides exhibit a bilayer arrangement, with essentially cobalt oxides on the outermost
layer followed by chromium oxides underneath, and finally, TT displays the thickest oxide layer of a mixed
chromium and cobalt oxides on the surface. Corrosion performance showed that among the three proposed
surface treatments EP was the surface with the lowest corrosion rate, followed by Plll and finally TT with the
highest corrosion rate, ~20 times more than EP. Then, regarding biological tests, the different surface oxide
exhibited no significant difference among them, appeared to be non-cytotoxic, cells viability was higher than
60%, and to not induce thrombus formation as evidenced by the hemocompatibility tests. Concerning direct
plasma functionalization, it was found that all the surfaces could be directly functionalized with primary amine
groups no matter of initial oxide layer composition. However, regarding the amination efficiency, EP oxide

composition seemed to promote amine formation as evidenced by XPS and ToF-SIMS analyses.

Therefore, among the different surface treatments, EP oxide surface displayed the best corrosion resistance as
well as the highest amination efficiency, to be non-cytotoxic nor to induce thrombus formation. Thus, EP
treatment appeared as the most suitable metallic interface for further grafting of biomolecule. This direct
amination of metallic substrate and grafting of biomolecule, without any intermediate layer, emerges as a

potential approach for a new generation of bioactive cardiovascular devices, aiming to lower post implantation
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complications. Future studies will investigate different grafting strategies of peptides on EP aminated samples,

their stability under pseudo-physiological conditions as well as their biological performances.
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4.1 Résumeé

Une nouvelle approche permettant le greffage direct de molécules bioactives sur des dispositifs en cobalt-
chrome (alliage L605) a été développée. Cette stratégie originale implique la fonctionnalisation directe de la
surface métallique, basée sur un procédé par plasma, avec des amines primaires (-NH,). Ces groupes agissent
comme points d'ancrage pour greffer de maniére covalente la biomolécule d'intérét, en l'occurrence un peptide
dérivé de CD31 (P23) ayant des propriétés pro-endothélialisation et anti-thrombotiques. Cependant, I'activité
biologique du peptide dépend fortement de sa conformation lorsque greffé. Cette étude porte donc sur linfluence
de bras d’ancrage, ici 'anhydride glutarique (GA), un bras a chaine courte, et un polyéthyléne glycol (PEG) de
chaine plus longue et doté de propriétés anti-adhérence. Le greffage covalent du peptide d'intérét sur L605, via
les 2 bras d’ancrage, a été confirmé par XPS et ToF-SIMS. Les performances biologiques de ces surfaces
fonctionnalisées ont montré que, par rapport a l'alliage nu, greffer le P23 peu importe le bras d’ancrage permet
d’augmenter l'adhésion et la prolifération des cellules endothéliales. De plus, ces derniéres forment une
monocouche compléte a la surface de I'échantillon empéchant ainsi la formation de caillots. Par conséquent,
cette approche originale permet de fonctionnaliser directement par plasma I'alliage L605, de greffer un peptide

dérivé du CD31, et d'obtenir les propriétés souhaitées pour des applications cardiovasculaires.
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4.2 Abstract

Stents are cardiovascular devices implanted in atherosclerotic patient that aid to reopen the narrowed artery,
sustain and avoid its collapse. Nevertheless, post-implantation complications remain, and the risk of the renewal
of the plaque subsists. Therefore, enhanced properties are mandatory requirements for clinics. For that purpose,
a novel approach allowing the direct grafting of bioactive molecules on Cobalt-Chromium devices (L605 alloy)
has been developed. This original strategy involves the direct functionalization of metallic surface, based on a
plasma-process, with primary amines (-NH,). These groups act as anchor points to covalent graft the
biomolecule of interest, herein a peptide derived from CD31 (P23) with pro-endothelialization and anti-thrombotic
properties. However, the biological activity of the grafted peptide could be impact depending on its conformation
related to linking arms (LA). For this study, Glutaric anhydride (GA), a short chain spacer and polyethylene glycol
(PEG) with antifouling properties were used as LA. The direct covalent grafting of a CD31 agonist on L605 by
using two different LA was confirmed by XPS and ToF-SIMS analyses. The biological performance of these
functionalized surfaces showed that, compared to the bare alloy, grafting the P23 with both LA increases
endothelial cells (ECs) adhesion and proliferation. Moreover, ECs formed a complete monolayer at the surface
of the sample preventing clot formation (hemoglobin-free higher than 80%). Therefore, by using this novel

plasma-based procedure, L605 was granted of properties desired in cardiovascular applications.
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4.3 Introduction

Bare metal stents (BMS) are used to chirurgical treat atherosclerosis, a cardiovascular disease that narrows the
artery by the formation of a plaque. These devices are implanted with a balloon catheter that is expanded on the
obstructed area, pushing the plague onto the arterial walls and deploying the device [133]. Nevertheless,
complications after implantation exist and in-stent restenosis, the reformation of the plaque on the stent, might
occur [134, 135]. These complications can be related to the damage on the endothelium whilst the deploying
the device, the over proliferation of smooth muscle cells (SMC), and thrombus formation [136]. In order to lower
complications, one strategy was to load the surface of cardiovascular stents with anti-proliferative drugs to avoid
the undesired over proliferation leading to the development of drug eluting stents (DES) [137]. The mechanism
of action of the drugs loaded on DES focus on the inhibition of SMCs proliferation, associated to in-stent
restenosis (ISR) formation, nevertheless, these drugs also inhibit the proliferation of ECs, compromising the
healing of the endothelium leading to long term complications [138]. Thus, one of the main problems for DES is
late ISR, which seems to have shifted the time course of restenosis, from 6-8 months in BMS, to >3 years [139,

140]. This led to more than 200,000 number of patients developing restenosis each year only in the USA [141].

In recent years the research for other bioactive molecules with properties such as anti-thrombotic, anti-
inflammatory and pro-endothelialization has been performed [142, 143, 144, 145]. A short peptide (P23) derived
from the platelet endothelial cell adhesion molecule-1 (PECAM-1), also known as cluster of differentiation 31
(CD31), has shown promising results [146]. This protein is present on the surface of platelets, leukocytes and
on the lateral junctions of endothelial cells. It promotes the adhesion and proliferation of endothelial cells whilst

avoiding the activation of platelets, conferring properties desired for the stent application [147, 148].

The immobilization of this short peptide onto metallic surfaces can improve the integration of the cardiovascular
device. Common strategies to perform this covalent grafting include the deposition of a polymeric coating that
allows the further grafting of the molecule [149, 150]. Nevertheless, commonly used deposition techniques,
principally wet-based, do not assure the stability of this polymeric layer [151]. However, a novel multi-step
strategy to directly functionalize cobalt chromium alloys with amine groups that can be used as anchor points to
graft molecules without the use of any polymeric coating has been developed [152]. These amine groups allow
the use of different spacers (linking arms) to confer additional properties or to assure the biological activity of
the grafted molecule [153]. Furthermore, by avoiding the use of polymeric layers onto the metallic devices,

patients with hypersensitivity allergic reactions could potentially use these bioactive stents [154].

For this study, two different linking arms have been chosen in order to observe the impact of their structure on
the biological activity of the peptide: Glutaric anhydride (GA), as a short chain linking arm [142, 153, 155, 156],
and polyethylene glycol (PEG), as a long chain linking arm known for its anti-fouling properties [135, 157, 158,
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159]. Characterization of these functionalized surfaces represents a challenge due to its nanometric range and
the use of high-resolution techniques is necessary. The combination of techniques such as XPS and ToF-SIMS
allow to obtain information regarding the chemical composition of the surface, the distribution and conformation
of the peptide; which can be further correlated to the biological performance, in terms of endothelialization and
hemocompatibility, of the functionalized surface. Moreover, the feasibility of transferring the functionalization

from flat samples to cardiovascular devices is also studied by ToF-SIMS imaging.

4.4 Materials and Methods

4.4.1 Materials
L605 alloy sheets (wt %: Co 51%, Cr 20%, W 15%, Ni 10%, Fe < 3%, C < 0.15%) were purchased from Rolled

alloys Inc. (Qc, Canada). ACS grade acetone and methanol were purchased from Fisher Scientific. From Sigma-
Aldrich the following reagents were purchased: Glutaric anhydride (GA, 95%), MES (2-(N-
morpholino)ethanesulfonic acid, = 99%) and EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride, = 98%). Phosphate buffered solution (PBS, 1 X powder) and Poly(ethylene glycol)
bis(carboxymethyl) ether (PEG, average Mn 600) were purchased from Fisher Scientific. Stents were

manufactured by Abbott Vascular, model Multi-Link 8 Coronary Stent.

4.4.2 Experimental procedure

4.4.2.1 Surface preparation

Round specimens of 13 mm diameter were punched from L605 sheets, cleaned in three successive ultrasonic
baths of acetone, water and methanol for 10 minutes each. After the cleaning surfaces were electropolished as
previously described [152]. Briefly, the process consists in three successive electropolishing in an acid solution
in order to remove the native oxide layer and create a nano-smooth mirror like surface with an oxide layer rich
in chromium oxides. After electropolishing, samples were exposed to three ultrasonic baths: nanopure water,

NaOH 2 N and nanopure water, to remove any remnants of the electropolishing procedure.

4.4.2.2 Plasma amination
After sample preparation the direct plasma functionalization was carried out in a MW plasma reactor fed with

nitrogen and hydrogen in a two-step process as described elsewhere [152]. Briefly, plasma amination was
performed using a mixture of N> and H; as feeding gases for the first plasma, at 150 W during 10 min at
100 mTorr, 5/5 sccm of No/Hy, while the second was performed at 150 W during 30 s at 300 mTorr, 10 sccm of
H,. Primary amines obtained during this functionalization step were used as anchor points for the further grafting
of the linking arms.
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4.4.2.3 Linking arm grafting
L605 plasma treated disks were submerged in acetone and 0.3 g mL-' of GA was added three times at 0, 20

and 40 minutes. For PEG, samples were immersed in 0.1 g mL-" PEG solution, pH 4.75 in MES buffer, activated
with 3 mg mL-" EDAC added three times at 0, 10 and 20 minutes. Reaction was complete after 1 hour for both
linking arms. Once the reaction was finished, samples were vortex washed three times with acetone or MES, for

GA and PEG respectively, five times with deionized water, dried and stored under vacuum before use.

4.4.2.4 Peptide grafting
After the grafting of both linking arms, the activation of their respective terminal carboxylic group (-COOH) was

performed in order to further graft the peptide. This activation was performed in 5Sml of MES buffer with 3 mg mL-
1 EDAC added three times at 0, 10 and 20 minutes. After 30 minutes of activation samples were removed from
the tubes to immediately react with 500 L of a 2.5x10 M peptide solution in PBS for 3 h. Once the reaction
was finished, samples were vortex washed with five times with deionized water, dried and stored under vacuum

before further characterization and tests were performed. The complete reaction schema is shown in Figure 27.
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Figure 27 Reaction scheme of the surface modification of the cobalt chromium alloy, involving the plasma functionalization to create
reactive amine groups used as anchor points for the linking arm grafting, followed by the biomolecule grafting.

Plasma Linking arm
H functionalization graftmg
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4.4.2.5 Cell culture and cytotoxicity assays
Human umbilical vein ECs (HUVECs) were isolated as previously described [160] from human umbilical cord

samples, obtained from normal term pregnancies. Written informed consent was obtained from all mother donors
according to the Declaration of Helsinki. All experiments were performed in compliance with the Canadian Tri-
Council Policy Statement: Ethical Conduct for Research Involving Humans and institutional CHU de Quebec -
Laval University guidelines. The protocol was approved by the Ethics Committee of the CHU de Quebec
Research Centre (CER #511-03-168).
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HUVECs were cultured in M199 (Life Technologies, 11995-065) supplemented with 1% PenStrep (G1146
Sigma), 5% Fetal Bovine Serum (Life Technologies, 12483-020), 2 ng/ml FGF (0.1%), 1 ng/ml EGF (0.2%), 1
ug/ml Acid ascorbic (0.1%), 1 ug/ml Hydrocortison (0.1%) and 90 ug/ml Heparin (1%).

Direct cytocompatibility tests were performed to evaluate cell adhesion and growth over samples. Samples were
placed in 24-well plates and sterilized with 70% EtOH for 20 min. Then a culture-Insert 2 well (Ibidi) were transfert
onto samples. Cells were seeded at a density of 5 x 104 cells/cm? in each culture-Insert well. After 24 h, inserts
were carefully removed. Cell viability was evaluated 1, 3 days and 7 days after seeding, by AlamarBlue assay
(Life Technologies, Burlington, ON, Canada), according to the manufacturer’s guidelines. Briefly, culture medium
was replaced with 400 L of culture medium containing the resazurin dye. After 5 h incubation in standard culture
conditions, the fluorescence of the medium was read (kex:560 nm; kem:590 nm). Viability was evaluated

considering the fluorescence of the control cells as 100%.

4.4.2.6 Hemocompatibility assays
The coagulation of whole blood in contact with the surfaces of the developed models was evaluated using the

hemoglobin free method. Briefly, 30 uL of human citrated blood were mixed with 6 uL of CaCl, 0.1 M (Sigma)
were deposited onto the surfaces of the different samples and incubated thereafter at 37°C for 10, 20 and 60
min. Directly after, 2 mL of distilled water were added to each sample. The free hemoglobin molecules released
in water following hemolysis were measured by reading the absorbance at a 540 nm wavelength by means of a
SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices, San Jose, CA, USA). Data where normalized
towards the Max Hemoglobin value corresponding to the value obtained by immediate hemolysis after the citrate

inhibition by CaCl,. The experiments were performed in triplicate using blood from three different donors.

4.4.2.7 Stent functionalization and grafting
The feasibility of transferring the developed multi-step plasma procedure for the direct covalent grafting of

molecules onto commercial stents have been studied. This was performed using the previously proposed
strategy [152] with the following parameters: Plasma amination of the substrates was performed in the after-
glow region (7 cm) of MW plasma (Plasmionique Inc., Varennes, Québec, Canada) by means of a two-step
process using a mixture of N2 and H; (grade 4.8 and 5.0, respectively, Linde, Québec, Canada) as the feeding
gases. The first stage was carried out at 150 W during 10 min at 100 mTorr, 10/10 sccm of Na/H,, while the
second was performed at 150 W during 30 s at 300 mTorr, 20 sccm of H,. This plasma amination of stents was
performed twice on the device, flipping the stent after the first treatment to create a homogeneous

functionalization.

After plasma amination, the grafting of PEG as linking arm and the grafting of the peptide were performed as

previously detailed for flat specimens.
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4.4.3 Characterization techniques

4.4.3.1 X-Ray photoelectric spectroscopy (XPS)
The chemical composition of the different surfaces was assessed by XPS (XPS-PHI 5600-ci Spectrometer-

Physical Electronics, USA), at a pressure under 10-8 Torr, survey analyses were performed with an achromatic
Al X-ray source while high resolution spectra of C1s were obtained using an achromatic Mg X-ray source. The
detection was performed at 45° with respect to the surface normal and the analysed area was 0.05 mm2. The

spectrometer work function was adjusted to give 285.0 eV for the main C1s peak.

4.4.3.2 Atomic force microscopy (AFM)
Surface texture investigations were performed using the tapping mode on a DimensionsTM 3100 Atomic Force

Microscope (Digital Instruments/Veeco) with an etched silicon tip (model NCHV, tip radius = 10 nm, Bruker).
Representative areas of 2x2 um2 were recorded and analyzed using the NanoScope Analysis software (Bruker).
Average roughness (Ra) and root mean square roughness (Rq) were recorded for all surfaces. The

measurements were performed in 3 different areas and on 3 different samples.

4.4.3.4 Immunofluorescence staining
After 1, 3, or 7 days of culture, samples were washed twice with PBS, fixed with 3.7% formaldehyde (Sigma) for

20 min, and treated with 0.5% Triton X-100 in PBS for 30 min at room temperature to permeabilize the cells.
The constructs were incubated thereafter for 1 h at room temperature with mouse monoclonal antibody against
VE-cadherin (Abcam, Ab7047, dilution 1/50), washed twice with 0.05% Tween 20 in PBS, and finally incubated
at room temperature for 1 h with anti-mouse Alexa Fluor 488 antibody (Life Technologies). Rhodamine-phalloidin
(Sigma) and DAPI were used to stain the F-actin and nuclei, respectively. Images were obtained under an

Olympus BX51 fluorescence microscope.

4.4.3.5 Time of flight secondary ion mass spectroscopy (ToF-SIMS)
All ToF-SIMS analyses were performed using a ToF-SIMS IV spectrometer (ION-TOF GmbH, Munster

Germany) with the following operating conditions: a pulsed 25 keV Bis* ion beam (current = 0.37 pA,; pulse width
= 20 ns; pulse width after bunching = 0.75 ns; repetition rate = 10 kHz) was rastered for an acquisition time of
120 s over areas of (250x250) um? for flat specimens, (150x150) um? and (500x500) pum? for stents. The total
ion fluence was kept under 102 ions per cm? in order to guarantee static conditions. In the meantime, a low-
energy electron flood gun was used to ensure charge compensation. The secondary ions were extracted at a 2
kV acceleration voltage. By measuring the time of flight between the sample and the detector and after an
appropriate calibration, one has access to the secondary ion mass distribution. In this case, positive and negative
spectra were calibrated to the Cr,0,*, C,HgN* and CsHgN* peaks and CN-, CrO7 and |- peaks, respectively. ToF-

SIMS spectra were obtained from 0 to 880 m/z. Fragments of interest for this study are shown in Table 16.
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Briefly, two kind of fragments were studied: a) fragments related to the peptide composition and b) fragments
related to the surface and linking arm.
Table 16 ToF-SIMS fragments of interest, in positive mode, for the study of the conformation of the peptide. On top, single-letter code of

the amino acids and bellow ToF-SIMS fragments for the linking arm (GA and PEG) and for the oxide layer (Chromium oxide) with their
respective m/z.

Letter Amino acid ToF-SIMS fragment m/z
\Y Valine C4H1oN* 72.082
P Proline CsHsN* 70.069
K Lysine CsHioN* 84.083
I Isoleucine CsH1N* 86.097
L Leucine CsHi1oN* 86.097
Fragment ToF-SIMS fragment m/z
GA/PEG CoHsO* 45.032
Oxide layer Cr0O2" 135.871

4.4.3.6 Statistical analysis
Statistical analysis was carried out using GraphPad 6 (GraphPad software, La Jolla, CA, USA). Comparisons

among groups were performed by unpaired t test or one-way ANOVA with post-hoc Tukey test for multiple

comparisons. Significance was retained when p<0.05. Data are expressed as mean + standard deviation (n=9).

4.5 Results

4.5.1 Surface characterization

Changes on the chemical composition of the surface after each grafting step was followed up by XPS survey
analyses (Table 17). A general trend was observed on both GA and PEG: the percent of nitrogen and metals
decreased compared to the aminated surface (NH2), due to the grafting of the linking arm: from 11.2 £ 0.1 % on
aminated surface t0 5.9 + 0.5 % and 5.1 £ 0.2 % for GA and PEG, respectively. Furthermore, the percentage of
C increased on LA grafted surfaces when compared to NH, surfaces as the LA molecules are rich in carbon,
this increase being more pronounced for PEG than for GA, as expected. Although the LA also contain O, a slight
decrease of the O percentage was observed, due to the coverage of the O-rich metal oxide by the LA chains.
The peptide grafting efficiency on the LA surfaces was evidenced by the nitrogen increase, 1 % for PEG and 2.4
% for GA, whilst the percentage of metals continued to decrease. Moreover, the percentage of carbon on the
surface increased with the grafting of the peptide, as expected due to peptide chemical compositions. The C

and N increase was higher for GA-P23 than PEG-P23, suggesting a more efficient grafting on GA than on PEG.
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Table 17 Surface chemical composition of the L605 after each modification step, assessed by XPS survey analyses. Expressed as the
mean + standard deviation. Analyses performed on 3 different samples with 3 points per samples (n=9). Furthermore, the theoretic
composition of the peptide is shown.

L605 %C %0 %N %Cr %Co
NH, 275+18 [ 499+08 | 11.0+£0.1 | 92+08 | 26+0.2
GA 3M1+£13 | 465+£15 ] 59+05 | 91+06 | 2002
GA-P23 395+£12 [ 393+05| 83+01 | 7.0£04 | 1.3+0.1
PEG 347+13 | 443206 | 51+02 | 8601 | 1.8+£05
PEG-P23 36.4+21|426+07 | 61+£07 | 83+12 | 19+05
P23 64.7 15.8 19.6 -

theoretical

Regarding changes on the roughness of the surface (Figure 28), it was found a significant increase after the
grafting of the peptide with both linking arms compared to the aminated sample: from 1.3+ 0.1 nmt0 1.9+ 0.2
nmand 2.5 £ 0.4 nm for GA-P23 and PEG-P23, respectively. Also, the fact that PEG-P23 surface presented a
higher Rq than GA-P23 one could be associated to the longer chain in PEG than the one in GA.

Amination

GA-P23 PEG-P23

2 ym

B 4

2 pm'
Rg=1.31+0.14 nm Rq=1.86+0.16 nm Rq=2.48 +0.43 nm

Figure 28 AFM images 2 um x 2 um of the L605 surface after the grafting of the peptide. (a) Amination sample, (b) GA-P23, (c) PEG-
P23. After the grafting of the peptide there was a significant increase on the surface roughness compared to the plasma aminated L605
surface.

4.5.2 Biological performance

Two important properties for cardiovascular devices were studied: (1) interaction with endothelial cells by
viability, proliferation and migration tests; and (2) hemocompatibility, with a hemoglobin-free test. Endothelial

cell viability and proliferation were evaluated by direct seeding HUVECs on the different surfaces. As evidenced
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in Figure 29, after 24 h the cell viability of the surfaces with the immobilized peptide was higher compared to EP:
68 + 10 % vs GA-P23: 101 £ 7 % and PEG-P23: 106 % 5 (p < 0.05). After 3 days, HUVEC viability was still
higher on the functionalized surface than EP. Finally, after 7 days, only PEG-P23 surface showed a higher cell
viability than EP surface: 243 % + 12 vs 216 £ 10 %, respectively (p < 0.05).

300 -

' EP .

[ GA-P23
I PEG-P23 |

200 I‘—_|_|
I._‘ .

Viability
——

100 -

Day 1 Day 3 Day 7
Figure 29 Endothelial cell viability up to seven days. It was found that grafting the peptide significantly increases the cell viability when

compared to the electropolished surface. Only PEG-P23 presents a significant difference to EP at day 7. Samples normalized to control
(well plate). Number of samples = 9, p<0.05.

After viability assays, endothelial cell proliferation and migration were studied up to seven days. HUVECs were
seeded into a 2 well culture-insert which was removed after cell attachment. After the removal, at day 1, a cell-
free gap was created in which the cell proliferation can be visualized as the time passed by, to simulate the re-
endothelialization process. As observed in Figure 30, none of the surfaces presented any difference the first
day of the test. After 3 and 7 days, cells started to proliferate on the surfaces of each samples until to fill the gap.
At day 3, more ECs are detected in the gap for PEG-P23 surface compared to the GA-P23 and the EP surfaces,
meaning that the cells migration appeared to be faster on PEG-P23. At day 7, the gap was completely filled by
ECs on the P23 modified surfaces, both with PEG and GA. However, at this time, PEG-P23 showed a higher
intensity on the coloration related to the cell junctions (green). This was due to a higher presence of endothelial
cells with the best coverage compared to the other surfaces, thus, a complete monolayer was obtained on PEG-
P23.
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Figure 30 Endothelial cell migration essay up to seven days. It was found that grafting the peptide by any linking arm increases cell
migration up to 7 days. Furthermore, PEG-P23 was the surface to promote a complete monolayer of endothelial cells after this period
compared to the other surfaces.

Regarding the hemocompatibility of the surfaces it was found that surfaces with the P23 peptide can slightly
slower the coagulation rate when compared to the EP surface during the first minutes of the coagulation cascade.
As observed in Figure 31a, there is a significant difference after 10 min of contact on PEG-P23 and GA-P23 with
EP (p < 0.05). Following the coagulation kinetic, after 20 min of incubation there were no significant differences
between surfaces and at 30 min blood is completely coagulated (% of free hemoglobin < 20%). Furthermore,
the blood coagulation was also evaluated on endothelialized surfaces. The selected time point for this
experiment was 20 min. This time was chosen according the previous experiment were blood was nearly
coagulated at the surface. The percentage of free hemoglobin free for these endothelialized surfaces prevented
the formation of blood clots, since it was superior to 80%, as observed in Figure 31b. However, no difference
was found between EP, GA-P23 and PEG-P23 probably because HUVECs can adhere and proliferate also on

EP surface as shown in Figure 29 and Figure 30.
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Figure 31 Hemoglobin free assays: a) kinetic of coagulation for the different surfaces, it can be observed that after 10 min there is a
significant increase on the hemocompatibility on GA-P23 and PEG-P23 when compared to the bare metallic surface (p < 0.05).

4.5.3 Conformation of the peptide

After the biological performance and the composition of the surface, the study of the distribution and the
conformation of the peptide by ToF-SIMS, both in imaging and static mode respectively, were assessed.
Regarding imaging mode, as observed in Figure 32, three main fragments were studied: CsHsN* from proline,
C2Hs0* from the GA and PEG chain and Cr,0,* from the oxide layer. Furthermore, for the imaging mode, the
sum of all the specific fragments related to the amino acids was selected as well. It was found that the fragment
related to proline was more present in the GA-P23 surface compared to PEG-P23, with a total count (TC) of
5.998 x 105 to 4.876 x 109, respectively. The other fragments related to the presence of the linking arm and the
oxide layer were higher on PEG-P23, with a TC of 2.011 x 105 and 1.309 x 105 compared to 1.122 x 105 and
9.926 x 10* on GA-P23. Both surfaces, GA-P23 and PEG-23, presented a homogeneous peptide distribution on
the surface, as observed by the sum of all the specific fragments related to the composition of the peptide.
However, GA-P23 presented a higher intensity of peptide fragments, with a TC of 2.204 x 108 to 1.779 x 108
when compared to PEG-P23.
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Figure 32 ToF-SIMS images 250 um x 250 pm of fragment CsHsN*, proline (m/z 70.069), C2HsO* (m/z 45.032), as a characteristic
fragment from the linking arm, Cr202* (m/z 135.871), as a fragment related to the oxide layer of the alloy and the sum of all the fragments
related to the peptide composition. (a) GA-P23 sample, and (b) PEG-P23. Both surfaces exhibited a homogeneous distribution of the
peptide on the surface.

Furthermore, a comparison of the relative intensities (normalised to total counts) of the amino acids from the
P23 grafted on the surface was performed in order to study the conformation of the peptide. As seen in Figure
33, an increase on the fragments related to the peptide composition was found. Furthermore, in the same figure
it can be observed that the amino acid with the highest intensity for both GA-P23 and PEG-P23 surfaces was
proline. Figure 33 shows that there are consistently less amino acid fragments on PEG-P23 compared to GA-
P23, implying a lower P23 grafting density when using PEG as a linking arm. This observation was in line with
the XPS data, showing higher C and N concentrations on GA-P23 surface. However, subtle differences were
observed in the fragment’s intensity drop from GA-P23 to PEG-P23, which can be related to conformation
differences. In particular, the proline fragment intensity drop is more pronounced than for the other amino acids
(valine, lysine and leucine). The proline to lysine ratio is 3.27 + 0.04 on GA-P23 and 2.99 + 0.01 on PEG-P23,

which is a small but significant difference indicating different conformations.
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Figure 33 ToF-SIMS analyses in positive static mode, a comparison of the relative intensities of the specific fragments of the amino acids
that compound the peptide to confirm its presence on the surface due to a significant increase on the peptide fragment after grafting.

4.5 .4 Transfer to cardiovascular devices

The feasibility of commercial stents functionalization with bioactive molecules was studied by grafting a modified
version of the peptide with iodine in its composition. ToF-SIMS images of the surface in the positive and the
negative ion modes were performed to study specific fragments related to the oxide layer and the peptide. As
observed in Figure 34, for positive ion mode the fragment related to the oxide layer is Cr* whilst for the peptide,
C4HgN*, from proline, was selected. Regarding negative ion mode the selected fragments for the oxide layer and
the peptide were CrO2 and I, respectively. It was found that the fragments related to the peptide composition
were present on the surface for both positive and negative mode. Furthermore, the metallic compounds were

also present, confirming a functionalization but not a coating.
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Figure 34 ToF-SIMS images 500 pym x 500 ym and 150 ym x 150 pym of a commercial stent modified by this plasma-based strategy.
Positive mode: fragment C4HsN*, proline (m/z 70.071) from the peptide and Cr*, as a fragment related to the metallic surface of the alloy
(m/z 51.939). Negative mode: fragment I, iodine (m/z 126.904) from the peptide and CrO2" (m/z 83.932), as a fragment related to the
metallic surface of the alloy.

4.6 Discussion

4.6.1 Surface characterization

From Table 17, when comparing the surface chemical compositions after LA grafting, from the reference (the
sample after plasma amination), a decrease of the percentage of nitrogen and metals can be observed.
Furthermore, when grafting any of the linking arms an increase in the percentage of carbon related to the
chemical composition of both GA and PEG is observed. As the grafting procedure continues, with the addition
of the P23 peptide, the percentage of nitrogen and carbon increases whilst the percentage related to the oxide
layer continues to decrease. These observations suggest that this plasma-based strategy, shown in Figure 27,
allows the direct functionalization with bioactive molecules, but it does not create a coating as the metallic
percentage remains large, as seen on XPS analyses. Moreover, the changes of the %C, %0 and %N for both
GA-P23 and PEG-P23 were similar to what was expected from the theoretical peptide composition (%C = 64.7,
%0 = 15.8 and %N = 19.6). As regards GA to GA-P23, there was a large increase in %C of ~8% and in %N of
~2%, which was expected from the addition of the peptide. Nevertheless, the percentage of oxygen decreased
by ~ 5%, which is related to the partial coverage of the metallic surface by the grafted peptide with a short linking
arm (5 atoms of carbon) leading to a decrease of the oxygen from the oxide layer. A similar trend was observed
on PEG-P23, nevertheless, the increases were smaller when compared to GA-P23. As regards %C, only an

increase of ~2% was observed whilst the %N increased only ~1%. The N increase is due to the presence of the
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peptide at the surface. It was about twice less than in the GA case, which probably means that fewer peptide
molecules were grafted. This was also confirmed by the lower intensity of amino acids fragments in ToF-SIMS
(Figure 33). As for the carbon, the relatively small increase was due to the small contribution of the peptide (119
atoms of carbon), which represents only a weak contribution compared to the long chain of PEG (Mn = 600,
~1200 atoms of carbon). This effect was quite different when the peptide was grafted on the small GA linking

arm, where the carbon added by the peptide now represented a major contribution.

Furthermore, the distribution of the grafted molecules on the first layer of the surface was assessed by ToF-
SIMS imaging mode, shown in Figure 32. It was found that both linking arms presented a homogeneous
distribution on the fragments related to the peptide. Nevertheless, GA-P23, Figure 32a, presented higher
intensities for fragments related to proline and for the sum of the peptide fragments, which suggested that the
bioactive molecule was more exposed to the surface when compared to PEG-P23 (Figure 32b). The signal from
the metal oxide, (Cr20.*), was higher on PEG-P23 compared to GA-P23. Again, this suggested that less peptide
was grafted in PEG-P23, so that the metallic substrate was less covered, giving rise to a higher secondary ion

signal from the oxide compared to GA-P23.

4.6.2 Biological performance

After studying the chemical composition of both GA-P23 and PEG-P23 and the physical distribution of the
biomolecule on the flat samples, biological tests were performed to evaluate the toxicity of the surface,
endothelialization and hemocompatibility. Regarding the toxicity of the surface, a cell viability test with
endothelial cells was performed (Figure 29). It was found that since day 1 GA-P23 and PEG-P23 presented
significantly higher cell viability compared to the bare metal surface (electropolished control), this higher cell
viability continued up to 7 days where only PEG-P23 continued to be significantly different. These results were
completed with a migration essay, to simulate the wound healing after the implantation of the cardiovascular
device where a fast formation of a monolayer of endothelial cells is desired [161]. Results for this migration test,
Figure 30, were according to what was previously found in the cell viability essay: PEG-P23 was the surface that
presented a faster migration of endothelial cells, which can be clearly observed after 3 days of migration.
Furthermore, after 7 days of migration, PEG-P23 presented a complete monolayer of endothelial cells on the
surface, confirmed by showing the highest intensity on the staining related to the intercellular junctions (VE-
cadherin) [162]. This behaviour could be related to two properties related to PEG as linking arm: a) The potential
synergic effect of the antifouling properties of PEG, and the bioactivity of the peptide. Even if a PEG of Mn= 600
is considered a small chain PEG, it had already been previously confirmed that can present this antifouling
behaviour when grafted onto a surface [163]. This synergic effect could have promoted the specific interaction
between the endothelial cells and the peptide, leading to their faster migration. b) due to a higher degree of

freedom conferred by the long chain of PEG the peptide can expose its active site to the cells faster than GA
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which could be restricted by its small chain. Similar observations have already been found for other proteins
when grafted by PEG [164].

Hemocompatibility was studied due to the potential properties of the peptide and for its importance to decrease
complications after a stent implantation. It was found that the presence of the peptide significantly increased
blood compatibility during the first minutes of contact (10 minutes) for both GA-P23 and PEG-P23 when
compared to the bare metallic surface, as shown in Figure 31a. However, no difference was found between the
linking arms. Following the blood coagulation kinetic it was found that after this time, no significant difference
was found among the surfaces and after 30 minutes a clot was completely formed. Furthermore, blood
compatibility studies were performed also on endothelialized surfaces, Figure 31b, where it was found that the
presence of ECs on the surface prevented clot formation at 20 minutes. No significant difference was observed
between any surfaces since ECs can attach and proliferate also on the bare metallic surface, as previously

confirmed on the cell viability studies (Figure 29).

These findings suggested that the mechanism of action of the P23 peptide to enhance the biocompatibility of
the L605 metallic surface is first to promote a fast endothelialization by the active site of the peptide, by a
signal/receptor interaction between the surface and the endothelial cells which lead to an increase in the blood

compatibility caused by the attachment and coverage of the metallic surface by endothelial cells.

4.6.3 Conformation of the peptide

To further understand why the biological performance on both surfaces was similar and how the peptide was
arranged on the surface, the conformation of the immobilized bioactive molecule was studied using ToF-SIMS
in static positive mode. Relative intensities, shown in Figure 33, indicated that the most intense fragment for both
GA-P23 and PEG-P23 was from proline, CsHsN*, which as observed in Figure 35a, is present twice in the
composition of the peptide. Proline fragments, as well as the other fragments from the peptide are always more
intense on GA-P23 than on PEG-P23, again confirming a higher peptide surface density on GA-P23. However,
the biological activity appears better on PEG-P23 even if less peptide is available. This could be due to a different
conformation of the peptide. Indeed, when looking carefully at the intensity changes from GA-P23 to PEG-P23,
the valine, lysine, leucine relative drops are similar while the proline drop is significantly stronger. The proline to
valine ratio is 3.27 £ 0.04 on GA-P23 while it is 2.99 + 0.01 on PEG-P23, a small but statistically relevant
difference. If the peptide chains had random orientations for both LA, there should be no observable differences
between the amino-acid fragments relative intensities. If a preferential conformation exists on one of the LA,
subtle variations of the relative intensities should be observed, as is the case in this study. The slightly higher
proline intensity on GA-P23 suggests that the peptide conforms in such a way that proline is more exposed on

the surface. On the other hand, the polymeric PEG chains, long compared to the short GA molecule, will tend to
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fold at the surface so that the grafted peptides will have random orientations. Taking under consideration these
results and the fact that ToF-SIMS analyses are performed under high vacuum, Figure 35b and ¢ presents the
potential conformation for GA-P23 and PEG-P23, respectively. This conformation was proposed considering
that for this immobilization strategy free amine groups are needed, as observed in the reaction schematics
(Figure 27), and based on the high intensity of proline on both linking arms, the most probable zone where the
peptide is grafted is either by the arginine or the middle lysine (located in the bottom of the 3D model shown
Figure 35a). Thus, Figure 35b shows a potential conformation for GA-P23 which under vacuum exposes the
peptide and that once in contact with the cells, due to a low degree of freedom conferred by the small linking
arm, the peptide could not expose the bioactive site so easily, leading to a slower biological response, especially
in terms of endothelial cell migration, as seen in Figure 30. On the other hand, PEG-P23, Figure 35c¢, under
vacuum was in a folded state caused by the shrinking of the PEG chains, partially hiding the peptide. However,
once this surface was in contact with the endothelial cells, due to the longer chain and higher degree of freedom,
a faster biological response was obtained, thus, a faster cell migration that could lead to promote re-
endothelialization and avoid thrombus formation on cardiovascular devices, as suggested by hemocompatibility

studies (Figure 31).
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Figure 35 Schematics of: a) P23 Peptide 3D model, b) proposed conformation of GA-P23 before (under vacuum) and after cell seeding,
with a potential steric impediment that does not allow the peptide to expose the bioactive site for ECs and c) proposed conformation for
PEG-P23, which under vacuum it shrinks and exposes the linking arm onto the surface hiding the peptide but when in contact with the
cell medium it allows the bioactive peptide to obtain the optimal conformation which promotes cell adhesion.

4.6.4 Transfer to cardiovascular devices

Finally, the feasibility to transfer this technology onto bare metal stents was assessed by ToF-SIMS imaging
both in positive and negative mode. Similar studies had already been performed on flat samples to confirm the
immobilization of a peptide modified with iodine [152]. As shown in Figure 34, fragments studied in positive mode
were Crt, from the metallic surface and proline from the immobilized peptide. In negative mode the fragment
related the metallic surface was CrO2 and I for the peptide. The presence of fragments these fragments

confirmed the direct immobilization of the peptide onto the metallic cardiovascular device. Moreover, the
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presence of the fragments related to the alloy confirmed a functionalization and not a coating. This confirmation
opens a new alternative to what can be currently found in the market: bare metallic stents or drug eluting stents,

that use polymeric coatings to elute drugs.

4.7 Conclusion

It was possible to graft a CD31 derived peptide onto the surface of L605 cobalt chromium without the use of any
polymeric matrix, by using a plasma-based multi-step treatment. This technique allowed to graft the peptide by
different linking arms, GA and PEG, confirmed by following the chemical composition changes of the surface by
XPS and ToF-SIMS. It was found that both LA increased the biological performance of the surface, on
endothelialization and hemocompatibility, when compared to the bare metallic one. However, PEG-P23
demonstrated the most promising properties to be used for stent application due to its fast-endothelialization
that could lead to anti-thrombotic activity. The advantage of PEG over GA is its long and mobile chain, allowing
the peptide to better reach out to the endothelial cells. Furthermore, by ToF-SIMS analyses it was possible to
confirm the grafting of a peptide onto the surface of a commercial stent, proving that this novel procedure may
be used not only on flat structures but also onto complex 3D structures. By using this technique combined with
newly developed drugs that can promote the biological properties desired for stent application a new generation

of commercial devices can be developed.
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5.1 Résumé

L'une des principales complications des endoprothéses suite a une intervention coronarienne percutanée est la
resténose, qui se caractérise par la réduction du diamétre luminal de l'artére, semblable & une plaque
d'athérosclérose. Ce rétrécissement est essentiellement provoqué par une prolifération excessive des cellules
musculaires lisses, qui a été induite suite & une Iésion de I'endothélium lors de l'implantation de I'endoprothése.
Malgré les progrés obtenus par différentes générations d’endoprothéses, de nouvelles stratégies ciblant
spécifiquement I'endothélialisation tout en réduisant la formation de thrombus et les réactions inflammatoires
demeurent nécessaires. La nouvelle approche développée au sein du laboratoire est Iimmobilisation directe de
molécules bioactives a la surface de stents métalliques en chrome-cobalt (L605), sans aucun recouvrement
préliminaire. Dans le cadre de ce travail, un peptide court (8 acides aminés, P8RI), dérivé de la molécule
d’'adhésion des cellules endothéliales des plaquettes (PECAM-1), a été choisi pour ses propriétés pro-
endothélialisation, anti-inflammatoire et anti-thrombotique, puis greffé sur des substrats de L605. La
performance biologique de ces surfaces biomimétiques a été évaluée d'abord en effectuant des tests in vitro,
puis des tests in vivo. Pour cela, des implantations de 7 jours et 28 jours dans un modele porcin ont été effectués.
Les résultats in vitro ont démontré que I'adhésion de cellules endothéliales de l'artére coronaire humaine
(HCAEC) était significativement augmentée lorsque le substrat était greffé avec le peptide versus le métal nu.
De plus, ces cellules présentent un phénotype anti-thrombotique et anti-inflammatoire et sont fortement liées a
la surface modifiée. Les tests in vivo ont corroboré les résultats précédents. En effet, les endoprothéses
fonctionnalisées avec P8RI (Plasma-P8RI) présentaient une meilleure ré-endothélialisation aprés 7 jours par
rapport au DES commercial, et une faible adhésion des leucocytes et des plaquettes par rapport au BMS. De
plus, aprés 28 jours d'implantation, sur les stents greffés Plasma-P8RI, il n’y a pas eu de diminution significative
du diametre luminal des arteres, ce qui signifie que les stents modifiés ne présentaient pas de signe de
resténose alors que les BMS en présentaient. Ces premiers essais sont trés prometteurs et les stents Plasma-

P8RI ouvrent un nouvel horizon vers de nouveaux dispositifs cardiovasculaires.

81



5.2 Abstract

In-stent restenosis remains one of the main complications after a percutaneous coronary intervention. This
complication is characterized by the reduction of the lumen diameter, similar to an atherosclerotic plaque, and it
is related to the wound caused on the endothelium by the stent implantation followed by the over-proliferation of
smooth muscle cells. Despite the advances obtained by different generations of stents, there is still the need for
new strategies that can specifically target endothelialisation whilst reducing thrombus formation and
inflammation responses. A novel approach that allows the direct immobilization of bioactive molecules onto the
surface of cobalt chromium bare metal stents has been developed. For this work a short peptide (8 amino acids,
P8RI) derived from the platelet endothelial cell adhesion molecule (PECAM-1) has been grafted due to its
potential pro-endothelialization, anti-inflammatory and anti-thrombotic behaviour. A combination of in vitro and
in vivo tests was performed to study the biological performance of these biomimetic surfaces. As regards in vitro
tests, it was found that using this peptide increased the presence of human coronary artery endothelial cells
(HCAEC) which exhibited an anti-thrombotic and anti-inflammatory phenotype and were strongly attached to the
surface, in comparison with the crude metallic surface. Furthermore, in vivo tests in porcine model confirmed
that stents functionalized with P8RI (Plasma-P8RI) presented a better re-endothelialization after 7 days when
compared to commercial DES, with further, a low adhesion of leukocytes and platelets when compared to BMS.
Moreover, after 28 days of implantation, Plasma-P8RI did not present a significant decrease on the lumen
diameter, which was not the case for BMS that presented in-stent restenosis after this period. Overall, these

initial trials demonstrated a promising panorama for Plasma-P8RI stents.
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5.3 Introduction

Atherosclerosis is one of the main causes of death in the western world [165]. This cardiovascular disease takes
years to develop and is characterized by the formation of a plaque on the arterial walls that narrow the lumen.
The presence of this plaque, depending of the level of progression, may result in blood flow disturbances and
thrombosis which could lead to myocardial infarction [166]. Nowadays there are different programs developed
to prevent atherosclerosis which mainly consist on a list of recommendations, such as having a healthy diet,
being physically active and avoiding smoking, as a preventive measure [167]. Nevertheless, once the
atherosclerotic plaque has been developed, clinical intervention in the form of percutaneous coronary
intervention (PCI) procedure is performed. Percutaneous coronary intervention (PCI), formerly known as
angioplasty completed by the implantation of a stent, has become a keystone in the management of patients
with coronary artery disease [168]. The coronary stents are mounted onto an angioplasty balloon connected to
a catheter to allow its pressure-driven deployment and stable implantation in the target vessel segment. The
balloon and the catheter are retrieved at the end of the procedure whereas the metallic scaffold, is left in place
to avoid the collapse of the recanalized artery. The first stents, bare metal stents (BMS), introduced in the middle
80s [166], focused on reopening and supporting the stenotic arteries, nonetheless, damage on the arterial wall
(endothelium) lead to excessive inflammatory damage and further complications such as in-stent restenosis.
This complication characterizes by the reduction of the lumen diameter, similar to atherosclerosis, related to
wound caused by the deployment of the device and the over proliferation of smooth muscle cells where the
endothelium is not present [165,169]. As a strategy to lower in-stent restenosis and to avoid a second
intervention, drug eluting stents (DES) were developed. These devices consist of a metallic stent, as support,
coated with a polymer that allow the elution of anti-proliferative drugs, such as paclitaxel and sirolimus, thus,
decreasing in-stent restenosis. Nevertheless, complications persist due to the low specificity of the eluted drugs
that inhibit the proliferation of both smooth muscle cells and endothelial cells, there is a compromise in the
endothelium recovery, and to potential inflammation response due to hypersensitivity allergic reactions [170,
171]. Despite the advances obtained by DES, there is still a need for new strategies that can specifically promote
endothelial cell proliferation whilst avoiding the over proliferation of smooth muscle cells, thus, aiming to
decrease in-stent restenosis. In parallel to DES development, the trend to decrease the wall thickness of these
medical devices, the demands for materials with a higher strength, rigidity and radiopacity have led to the
development of a new alloys, including cobalt-chromium ones [172, 173]. Indeed, CoCr alloy has a higher
strength and better radiopacity than SS316, and also has good corrosion resistance, fatigue resistance,
nonmagnetic and has been demonstrated that devices with thinner struts made of this alloy lead to a decrease

on the in-stent restenosis rate [168, 174].
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Therefore, a different approach that allows the direct immobilization of bioactive molecules onto the surfaces of
cobalt chromium BMS have been developed [175]. Briefly, this multi-step plasma-based procedure focuses on
the direct functionalization of the metallic surface with reactive amine groups that act as anchor points for the
covalent grafting peptide. This procedure foregoes the previously mandatory coating deposition step, thus,
potentially decreasing inflammation response caused by the allergic reactions to the polymeric layer [176]. This
plasma procedure has been confirmed to immobilize peptides derived from CD31, also known as platelet
endothelial cell adhesion molecule (PECAM-1), a transmembrane protein found in endothelial cells, platelets
and leukocytes [177, 178, 179]. These molecules have exhibited anti-inflammatory, pro-endothelialization and-
stenotic behaviour, which are key properties for stent applications [180]. Thereby, these functional surfaces are
expected to improve the performance of BMS by promoting the endothelialization of the device whilst decreasing

in-stent restenosis.

A combination of in vitro and in vivo tests was performed in order to study the performance of these functionalized
surfaces. In vitro tests involved the incubation of human coronary artery endothelial cells (HCAEC) onto flat
surfaces to study their distribution, by immunocytochemistry, and their phenotype, by studying the soluble factors
released in the supernatant of cultured cells. Three molecules have been selected to study EC phenotype: a)
Vascular cell adhesion molecule-1 (VCAM-1), a protein that mediates the adhesion and interaction of leukocytes
onto the endothelium; its expression an cleavage reflects the extent of endothelial activation [181]; b) Interleukin-
6 (IL-6), an inflammatory cytokine released in the initial states of endothelial inflammation [182]; and c) Tissue
factor pathway inhibitor (TFPI), a primary inhibitor of the initiation of the blood coagulation cascade, produced
by a healthy, non-activated endothelium [183]. The study of these soluble factors can be used as a surrogate
marker of the potential biological response in vivo. Furthermore, static immersion stability tests up to one month
were performed on flat samples [184], where the complete chemical characterization was assessed by XPS.
Regarding in vivo studies, the implantation of BMS, DES and the functionalized stent with the CD31 peptide,
Plasma-P8RI were implanted in porcine coronary arteries, due to their similarities to human arteries [185], to
obtain insights about the tissue response. Short term studies, 7 days of implantation, were performed to study
the re-endothelialization, characterized by SEM and histology [186]. Furthermore, in-stent restenosis was
studied after 28 days of implantation by angiography and immunohistochemistry of the coronary arteries after
euthanasia [187]. Thus, by combining both in vitro and in vivo tests it is expected to obtain an insight about how

these surfaces can perform in a human trial.
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5.4 Materials and methods

5.4.1 Materials
L605 alloy sheets (wt %: Co 51%, Cr 20%, W 15%, Ni 10%, Fe < 3%, C < 0.15%) were purchased from Rolled

alloys Inc. (Qc, Canada). ACS grade acetone and methanol were purchased from Fisher Scientific. From Sigma-
Aldrich the following reagents were purchased: MES (2-(N-morpholino)ethanesulfonic acid, = 99%) and EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, = 98%). Phosphate buffered solution (PBS, 1 X
powder) and Poly(ethylene glycol) bis(carboxymethyl) ether (PEG, average Mn 600) were purchased from Fisher
Scientific. From Bio-rad laboratories, inc (PA, USA) the following reagents were purchased: bio-plex staining
buffer, Bio-plex Pro human cytokine IL-6, V-CAM1 and TFPI beads and their respective detection antibody,
streptavidin-PE. Stents were manufactured by Abbott Vascular, model Multi-Link 8 Coronary Stent. Custom
peptide, P8R, derived from CD31, was purchased from Proteogenix (Strasbourg, France). Fluorescence
microscopy analysis was performed after fixation in PFA 4% and overnight incubation of cultured cells onto the
experimental alloy samples with Rhodamine Phalloidin and Hoechst 33342 (from Thermo Fisher Scientific) and
mouse monoclonal antibodies directed against human CD31 (clone JC70/A from DAKO), revealed by a goat

anti-mouse IgG coupled to Alexafluor® 488 (Jackson immunoresearch).

5.4.2 Flat sample preparation

5.4.2.1 Electropolishing

Flat round 12.7 mm diameter specimens were cut from L605 alloy sheets and cleaned in three successive 10
min ultrasonic baths of acetone, nanopure water (18.2 MQ-cm at 25 °C), and methanol, air-dried after each
cleaning and stored under vacuum until electropolishing (EP). EP was performed as described in [175], briefly,
samples underwent a three-cycle electropolishing procedure; each cycle was performed for 2 minutes with a
fixed current density of 2.4 Alcm2in a 67 vol.% phosphoric acid, 20 vol.% sulfuric acid, 10 vol.% nanopure water
and 3 vol.% hydrofluoric acid a solution at 10 °C with a round L605 specimen as cathode. After electropolishing
samples were cleaned in three ultrasonic baths for 10 min each using nanopure water, sodium hydroxide 2 N

and nanopure water, respectively.

5.4.2.2 Plasma amination
After electropolishing, samples were functionalized with reactive amine groups (-NHy) in a MW plasma reactor

using nitrogen and hydrogen as feeding gases in a two-step procedure, as detailed in [175]. These functional

groups were used as anchor points for the further grafting of the linking arm and the peptide.

5.4.2.3 Linking arm and peptide grafting
L605 plasma treated disks were submerged in a 0.1 g mL-' PEG solution, pH 4.75 in MES buffer, activated with

3 mg mL* EDAC added three times at 0, 10 and 20 minutes. Reaction was complete after 1 hour. Once the
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reaction was finished, samples were vortex washed three times with MES five times with deionized water, dried

and stored under vacuum before the covalent grafting of the peptide [175].

After the grafting of the linking arm, the activation of its terminal carboxylic group (-COOH) was performed in
order to graft the peptide. This activation was performed in 5ml of MES buffer with 3 mg mL-' EDAC added three
times at 0, 10 and 20 minutes. After 30 minutes of activation samples were removed from the tubes to
immediately react with 500 uL of a 2.5x10-% M peptide solution in PBS for 3 h. Once the reaction was finished,
samples were vortex washed with five times with deionized water, dried and stored under vacuum before further

characterization and tests were performed.

5.4.3 Stent functionalization

5.4.3.1 Stent preparation

Multi-Link 8® (Abbott) commercial stents were deployed from their catheter and were immersed in three 10
minutes ultrasonic baths of nanopure water, NaOH 1N and nanopure water respectively. After this step, the
plasma amination of the substrates was performed in the after-glow region (7 cm) of MW plasma (Plasmionique
Inc., Varennes, Québec, Canada) by means of a two-step process using a mixture of N, and H. (grade 4.8 and
5.0, respectively, Linde, Québec, Canada) as the feeding gases. The first stage was carried out at 150 W during
10 min at 100 mTorr, 10/10 sccm of No/Hp, while the second was performed at 150 W during 30 s at 300 mTorr,
20 sccm of Ho. The plasma amination of stents was performed twice on the device, flipping the device after the
first treatment to create a homogeneous functionalization. After plasma amination, the grafting of PEG as linking
arm and the grafting of the peptide were performed as previously detailed in section 6.4.2.3. After the
immobilization of the peptide, stents were cramped back onto the catheter using tweezers and sterilized by beta

radiations (25 kGy) by lonisos (Chaumesnil, France).

5.4.4 In vitro stability and biological tests (flat samples)

5.4.4.1 Static immersion test

Static immersion tests were conducted on flat samples placed in polyethylene vessels filled with PBS and
incubated at 37 £ 1 °C for 28 days under sterile conditions. After this period, samples were rinsed with nanopure

water, air-dried and stored under vacuum until further characterization [184].

5.4.4.2 Cell seeding and distribution analysis
Human coronary artery ECs (HCAECs, from Promocell) were cultured in Endothelial cells growth medium MV2

(Promocell) supplemented with nutrients and growth factors needed by ECs. These cells were used at passages
3-5. Flat samples (EP, PEG and PEG-P8RI) were placed in 24-well plates and sterilized in ethanol. After
sterilization, 200,000 ECs, suspended in their growth medium, were seeded on the surface of each of the

previously mentioned samples and incubated for 48h at 37 £ 1 °C and 5 % of CO.. After this time, supernatants
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were collected to study the endothelial cell phenotype by multiplex assay analysis whilst the cells attached on

the surface were stained for immunocytofluorescence.

Immunostaining of CD31, ECs actin filaments and the nuclei by Hoechst was performed as follows: after the
incubation samples were washed with PBS to remove the medium and not attached cells, then were incubated
for during night in a solution containing 1 % of bovine serum albumin (BSA) and 0.02 % of fish gelatin in PBS
with mouse anti-human CD31 (10 pl/ml, Dako M0823). Samples were rinsed in PBS and a second incubation
for 1h with the BSA and fish gelatin solution containing the secondary antibody for CD31 (goat anti-mouse IgG,
A488, 5 pl/ml) and phalloidin (5 pl/ml) was performed. After this, samples were rinsed in PBS and the nuclei
staining was performed by the addition of Hoechst (10 ug/ml) in PBS for 5 minutes.

After staining, samples were rinsed in PBS, and placed down in imaging dishes and covered with Prolong Gold
mounting medium. Images were obtained under an Axio Observer inverted fluorescence microscope (Zeiss),
equipped with the Zen software (Zeiss). Analysis of the intensity and nuclei counting was performed using the
LEICA QWIN® software and custom macro written in QUIPS language program guide and imaging principles

available at their website [188].

5.4.4.3 Endothelial cell phenotype analysis
The measure of pro-inflammatory and anti-coagulant endothelial cell biomarkers in the supernatants was

achieved using a custom multiplexed cytometric bead assay (Luminex technology). ECs culture supernatant
were centrifuged to remove any dead cells, transferred to Eppendorf tubes and frozen before the assay.
Supernatants were diluted 1:2 in order to avoid over saturation and transferred to a 96-well plate containing a
mixture of the capture beads. Standard solutions were used to perform a calibration curve containing a known
concentration of each antigen. The plate was rinsed using an automated washing station that holds the magnetic
beads at the bottom of the well plate. Detection antibodies were diluted and incubated with the beads for 30
minutes. Another rinsing was performed to remove the antibodies that did not react with the beads was
performed. Streptavidin-PE was added to the wells and incubated for 10 minutes to bind to the detection
antibody’s biotin. Finally, after the last rinsing step, the beads were suspended in assay buffer and analysed in
a Bio-Plex 200 (Bio-rad inc.).

5.4.5 In vivo implantation

The protocol for the study of the coronary stents in farm pigs was in accordance with the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health 1985) and the European Directive 2010/63/EU, and was
approved by the local ethic committee (Agence nationale de sécurité sanitaire de ['alimentation, de

l'environnement et du travail, 14 rue Pierre et Marie Curie, 94701 Maisons-Alfort Cedex, n° APAFiS:
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2017032116276884). The pigs were housed at the Centre de Recherche Biomédicale (CRBM) at the veterinary

school of Alfort, where all the in vivo experiments were conducted.

5.4.5.1 Stenting
Three groups of Multi-Link (Abbott) stents, with different coatings were implanted in the coronary arteries of 8

female farm pigs: BMS unmodified, everolimus-eluting stents (Xience, Abbott) and Plasma-P8RI. First, a preload
of ticagrelor (180 mg) and aspirin (75 mg) was administered and after an overnight fast the animals were
sedated, intubated and connected to a ventilator. Anesthesia was maintained with gas anesthetics throughout
the procedure. After administering heparin (intravenous bolus, 5000 Ul) and antibiotic prophylaxis, the arterial
access was obtained under sterile conditions by femoral or carotid artery cutdown. Coronary angiography was
performed to locate the three epicardial coronary arteries (interventricular, left circumflex and right coronary
arteries) to deploy the devices. The balloon was inflated to a maximal pressure of 8 atm for 30 seconds, deflated
and withdrawn deploying the stent in the artery. After the stent deployment, the arteriotomy was repaired, skin
closed, and the animals recovered from anesthesia. Finally, aspirin (75 mg/day) and ticagrelor (90 mg, twice a
day) were administered until the euthanasia of the specimens. A total of 8 stents per group were implanted in 4

animals per group for both studies (7 and 28 days).

5.4.5.2 Endothelialization studies
After 7 days of implantations, the animals were euthanized under anesthesia. Stented arteries were explanted

and rinsed with PBS and fixed in formaldehyde for 48h. For SEM characterization, arteries were cut longitudinally
in halves to expose the luminal side. Further dehydration was performed in ethanol baths. Finally, arteries were
coated by gold sputtering in order to be suitable for SEM imaging. The degree of stent strut endothelialization
and platelet adherence was evaluated by imaging mode. Furthermore, histological analyses were performed by
staining transversal cuts of the arteries embedded in polymethyl methacrylate/polybutyl methacrylate
(PMMA/PBMA) with Masson'’s trichrome. Fluorescent microscopy analysis was performed after staining of alpha
smooth cell actin using the mouse monoclonal antibody clone 1A4 from Sigma Aldrich, revealed by a goat anti-
mouse 1gG coupled to rhodamine (from Jackson immunoresearch) and nuclear counterstaining by Hoechst
33342 (Thermo Fischer).

5.4.5.3 In stent restenosis studies
After 28 days of implantation, angiographies of the stented coronary arteries were taken to observe a potential

reduction in the lumen due to in-stent restenosis whilst the animal was still alive. Followed after, animals were
euthanized, arteries were explanted, rinsed and fixed as previously described. For in-stent restenosis analyses,
arteries were embedded in PMMA/PBMA, sectioned transversally in a microtome and stained with Sirius red for

immunohistochemical studies in a confocal microscope.
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5.5 Results

5.5.1 In vitro tests

Chemical composition changes were followed by XPS survey analyses. As shown in Table 18, the chemical
composition of the functionalized surfaces since the plasma amination part (NH>) to the immobilized peptide
(PEG-P8RI) is shown. It can be observed that the percentage of nitrogen decreases after the reaction of with
the linking arm (PEG), from a 11.0 £ 0.1 % to 2.9 + 0.3 % of N, nonetheless, once the peptide is covalently
grafted onto the linking arm (PEG-P8RI) this percentage increases due to the composition of the peptide to 4.5
+0.7 %. Furthermore, after the static immersion testin PBS for four weeks, it can be observed that no significant
change in the percent of nitrogen was found when compared to the non-aged surface. Another important thing
to notice is the fact that the percent of metal decreased as the functionalization of the surface is performed,
however, it is always present on the surface analyses.

Table 18 Chemical composition of the functionalized surfaces obtained by XPS survey analyses. It can be observed that after one
month of static immersion, no significant loss on the elements related to the peptide composition was found.

PEG-P8RI 4 weeks 30.7+13 446+3.1 4.1%06 8.4+1.2

L605 %C %0 %N %Metal
NH, ‘ 27518 49.9:0.8 11.0+01 11.8%1
PEG  31.8+11 480%11 29%03 10506
PEG-P8RI | 349%17 450%22 45%07 10918

After the study of the composition and the stability of the functionalized surfaces, in vitro biological essays were
performed to study the endothelial cell distribution and to analyse the supernatant of these cells, thus, their
phenotype. HCAECs were seeded and incubated for 48 h onto EP, as a bare metallic control, PEG, to study the
influence of the linking arm and finally in PEG-P8RI, to study the effect of immobilizing the bioactive peptide.
Surfaces were stained for immunofluorescence analysis of the ECs nuclei, CD31 to study their junction and
finally their actin filaments in order to observe their attachment to the surface. It was found, as observed in Figure
36, that the addition of both PEG and PEG-P8RI significantly increased the cell viability (number of nuclei,
intensity of CD31 staining) onto the surface when compared to EP. Furthermore, the immobilization of the
peptide increased the formation of stress fiber (presence of acting filaments, in red), reflecting a stronger cell

attachment onto the surface, when compared to the control surfaces.
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a) EP b) PEG c) PEG-P8RI
d) Sample Nuclei CD31 Area (um2) CD31 intensity
EP 133+ 35 6731.5 +3974 40108 + 21164
PEG 219+17.4 26366 + 10777 173000 + 75434
PEG-P8RI 292+ 29 27873 + 5909 179000 + 46189

Figure 36 Fluorescent images after cell viability studies of HCAEC incubated for 48h onto a) electropolished surface, b) PEG and ¢) PEG
with the bioactive peptide (P8RI). It can be observed that functionalizing the bare metallic surface with the linking arm and furthermore
with the peptide increases quantity (number of nuclei) and viability (intensity of CD31 staining) of cells; quantitative data are reported in
d). Furthermore, as compared to control surfaces, the cells growing ont PEG-P8RI surfaces exhibited an increase intensity on phalloidin,
in red, reflecting an increased polymerization of the actin filaments, reflecting an improved attachment of the cells onto the surface.

To study the EC phenotype, the analysis of released soluble factors by a multiplex assay was performed.
Regarding the inflammatory properties, IL-6 and VCAM-1 were selected as molecules of interest whilst the
release of TFPI was measured to reflect the anti-thrombotic activity. Several experiments were performed, using
different donors and multiple replicate. In order to compare the results of different donors and experiments, the
results were analyzed after normalization of the data compared to the internal results obtained with the EP
surface. As observed in Figure 37, inflammation markers were significantly lower when the cells were cultured
onto peptide-immobilized surfaces. Furthermore, regarding the anti-thrombotic activity, a significant difference
was observed when both PEG + peptide were immobilized onto the surface, as compared to the bare metallic
substrate, EP. Altogether, our data suggest that the phenotype of coronary endothelial cells growing onto the
alloy is anti-thrombotic and anti-inflammatory when the bare metallic surface is functionalized with PEG as linking

arm and P8RI as the bioactive molecule.
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Figure 37 Quantification of the soluble factors of HCAEC after 48h of incubation with the surfaces, normalized to EP. It can be observed
that both inflammation markers, VCAM-1 and IL-6, decrease with the presence of the peptide on the surface, when compared to the
metallic substrate. Furthermore, functionalizing the surface by the proposed strategy increases its anti-thrombotic activity when compared
to electropolished, as evidenced by TFPI marker.

5.5.2 In vivo tests

After seven days of implantation stented arteries were explanted from the euthanized animals to study the
degree of stent strut endothelialization, evaluated by SEM images. As observed in Figure 38, both BMS and
Plasma-P8RI present a complete strut covering by the endothelium, which was not the case of DES that
presented a weakly coverage on the device. As regards leukocytes and platelets adhered to the endothelium,
which was observed on higher magnification (x2500), on the case of BMS, it was found a high quantity of
platelet/fibrin deposition whilst compared to the other two surfaces. In the case of DES, the shape of adhered
leukocytes was spherical, thus, not activated but the presence of platelets and fibrin was already noticeable on
the surface of the endothelium. Finally, on Plasma-P8RI, the density of the adhered leukocytes is significantly
low when compared to the other surfaces and in a non-activated state, furthermore, no platelet/fiorin deposition

was observed after 7 days of implantation for these stents.

91



PIasma-P8RI |

Figure 38 SEM images of extracted porcine coronary arteries after one week of implantation. It can be observed that both BMS and
Plasma-P8RI have a better re-endothelialization when compared to DES, whose endothelium was found out to be damaged and not
healed after 7 days. Furthermore, BMS presented adsorption of platelets and in early state of fibrillar conformation when compared to
the other surfaces. Plasma-P8RI presented the less quantity of platelets adhered to the surface when compared to the other devices.

Regarding histological analyses, similar trend to what was found by SEM imaging was observed after the
Masson’s trichrome staining. As seen in Figure 39, transversal sections of porcine coronary arteries stented with
BMS, DES and Plasma-P8RI were stained and studied. At short term implantation, it was found that both BMS
and Plasma-P8RI present a complete endothelialization of the struts of the cardiovascular devices, whilst on the
case of DES, this was not yet achieved.
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BMS DES Plasma-P8RI

Figure 39 Optical microscope images of a transversal section of a porcine coronary artery after 7 days of implantation. Histological
analyses performed by trichrome staining. It can be observed that BMS and Plasma-P8RI present a better re-endothelialization after 7
days of implantation, whilst on the case of DES the regeneration of the endothelium is not achieved.

Angiographic monitoring after 28 days of implantation was performed to follow up the evolution of the implanted
devices and to observe the presence in-stent restenosis before the euthanasia of the animals. As seen in Figure
40, representative angiographies are shown to observe the reduction of the arterial diameter. As a general trend,
it was observed a reduction on the arterial diameter on the case of BMS, whilst on the case of DES and Plasma-
P8RI was not so evident. Moreover, a quick calculation of this reduction allowed to obtain an estimation on the
restenosis percentage, shown in Figure 41. This calculation was performed by the inverse of the ratio
(Lumen/stent), it was found a reduction on the in-stent restenosis on DES and Plasma-P8RI when compared to
what was observed in BMS.

BMS ' DES Plasma-PSRI

Figure 40 Representative angiography images of the left anterior descending artery of a) bare metal stent, b) drug eluting stent and c)
plasma-P8RI modified cobalt chromium stent. Angiographies obtained before the euthanasia of the animals at day 28 to study in-stent
restenosis whilst in vivo. It was observed a decrease in the lumen diameter of coronary arteries on the pigs with an implanted BMS.
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Figure 41 Estimation of the in-stent restenosis based on angiographies. It was found that both Plasma-P8RI and DES significantly
decrease the in-stent restenosis in vivo in animal model after 28 days of implantation.

Finally, immunohistochemistry staining with Sirius red was performed to stain the collagen of the arteries, which
in combination with the autofluorescence of the cells, allowed to study the in-stent restenosis post-euthanasia.
It was found, that similar to what was previously observed in the angiographies, BMS presents a bigger reduction
when compared to the other surfaces. Plasma-P8RI followed BMS with a reduction of the arterial lumen. Finally,

DES presented no visible reduction on the diameter of the artery.

BMS DES Plasma-P8RI

Figure 42 Immunohistochemical staining of the explanted porcine coronary arteries after 28 days of implantation. Similar to what was
observed on the angiographies before the euthanasia, Plasma-P8RI and DES decrease the potential risk of in-stent restenosis when
compared to BMS which presents a reduction on the lumen. On red = Sirius red to observe the collagen and in green the autofluorescence

of the arteries.

5.6 Discussion
A novel strategy to directly functionalize metallic surfaces with bioactive molecules was studied as a potential

alternative to bare metal stents and drug eluting stents was herein studied. A combination of in vitro and in vivo
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tests was performed in order to study the potential for this novel strategy. Flat samples were used for in vitro
tests, whilst for in vivo tests, functionalized commercial stents were used. One of the first things to characterize,
regarding flat samples, was the composition and the stability of the functionalized surfaces. It was found by XPS
survey analyses, as observed in Table 18, that after the grafting of the linking arm, PEG, there was a decrease
on the percentage of nitrogen, related to the attachment of this molecule onto the surface of the alloy. After the
grafting of the peptide, it was found an increase on nitrogen and carbon, related to the chemical composition of
the peptide. Finally, static immersion tests, performed as a stability test for the functionalized surface,
demonstrated that this strategy allows the covalent immobilization of a bioactive principle, by not presenting a
significative lost on the percent of nitrogen, oxygen and carbon, related to presence of the peptide. Furthermore,
throughout the functionalization procedure, atoms related to the metallic surface (mainly cobalt and chromium)
were always detectable, demonstrating that this is in fact a functionalization and not a coating of the metallic
surface. As regards the decrease on the metallic percentage after immersion test, the deposition of salts from

the solution could have covered the detection of these atoms.

After the characterization of the surface, the in vitro performance of the functionalized surfaces was studied.
Initial tests involved the seeding of HCAEC onto EP, PEG and PEG-P8RI, in order to study their distribution and
attachment by immunofluorescent staining. It was found out, as observed in Figure 36, that functionalizing the
metallic surface with the linking arm (PEG) and with the peptide (PEG-P8RI) improves the presence of HCAECs.
This result was observed qualitatively, in the images (a, b and ¢) and quantitatively (d). Furthermore, it was also
observed (d) that the functionalization significantly increases the cellular junction of endothelial cells, suggesting
the potential formation of a monolayer onto the surface. Finally, the covalent immobilization of the peptide
increased the presence of actin filaments, in red, thus increasing the cellular attachment onto the metallic
surface. As regards the study of the supernatant after incubation, it was found that grafting the peptide decreases
the presence of inflammation related molecules, VCAM-1 and IL-6, when compared to the electropolished
sample. For the anti-thrombotic molecule, TFPI, it was found out that attaching both PEG and PEG-P8RI
increase the anti-thrombotic activity of the surface, when compared to EP. The general trend after grafting the
peptide is that the produced surface is more anti-inflammatory and anti-thrombotic than the EP surface, thus,
this suggests a potential decrease on complications in vivo. This behaviour can be related to a potential synergic
effect of PEG, an anti-fouling molecule with the specific signalization of the peptide for ECs. This synergic effect
between PEG and P8RI could create bioactive surfaces suitable for the cardiovascular application, thus, in vivo

tests in animal model were performed to study its performance.

In vivo tests were performed for two times of implantation: 7 days, to study the re-endothelialization; and 28
days, to study in-stent restenosis. The comparison of commercial stents (BMS and DES) to the functionalized

stent proposed in this work was performed. As regards re-endothelialization, results demonstrated (Figure 38)
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that BMS did not present a problem on the re-endothelialization of the device, as seen in lower magnifications,
but on the deposition of leukocytes, fibrin and platelets, suggesting a potential thrombogenic reaction. DES’s
struts were not covered by the endothelium and the adhered leukocytes and platelets were not in an active state,
this can be related to the effectiveness of the eluted drugs that avoid the thrombus formation and the over
proliferation of cells, thus compromising the endothelium healing. Finally, Plasma-P8RI showed promising
results due to the complete coverage of the stent’s struts by the endothelium whilst also significantly decreasing
the presence of adhered leukocytes and platelets onto the arterial walls. These observations were
complemented by histological analyses of the cross section of the stented porcine arteries, Figure 39, which
showed a similar trend: BMS and Plasma-P8RI with an advanced re-endothelialization, whilst DES presented a
compromised endothelium. Furthermore, the analyses of the supernatant of HCAEC demonstrated to be a
suitable technique to obtain a prediction for the in vivo response: the immobilization of the P8RI peptide (as
Plasma-P8RI) presents an increased anti-inflammatory and anti-thrombotic activity when compared to the EP
surface or BMS.

Further in vivo studies were performed to analyse the in-stent restenosis. First, angiographies were performed
whilst the animal was still alive to observe the potential stenotic arteries on the pigs. It was observed, in Figure
40, a decrease on the lumen diameter on the stented arteries with a BMS. No significant difference was observed
for DES and Plasma-P8RI. To complement these observations, the percentage of reduction was calculated from
the angiographies, Figure 41, where it was found that both DES and Plasma-P8RI does not present a significant
difference among them in terms of in-stent restenosis, but a significant difference when compared to BMS, which
presented a stenotic arteries. Finally, after the euthanasia of the animals, immunohistochemical studies were
performed on the stented arteries, Figure 42, where the same observed trend was observed, BMS presented a

decrease on the arterial lumen, followed by Plasma-P8RI and then by DES.

5.7 Conclusion

A novel strategy allowed the direct functionalization of commercial cardiovascular devices with a bioactive
peptide, derived from CD31. This peptide had previously been studied by its anti-thrombotic, anti-inflammatory
and pro-endothelialization bioactivity, thus the interest of using it on stents. Furthermore, the immobilization of
this molecule using PEG as a linking arm or spacer conferred a synergic effect that improved the biological
properties of the metallic surfaces. This was first confirmed by in vitro, where the stability and biological
properties of flat samples were assessed. XPS survey analyses confirmed the covalent grafting of the peptide,
which after a 4-weeks immersion test, no significant change regarding surface composition was found.
Furthermore, in vitro biological tests demonstrated that the grafting of PEG-P8RI onto the metallic surface of
L605 increased the presence of endothelial cells which exhibited an anti-thrombotic and anti-inflammatory

phenotype and were strongly attached to the surface, in comparison with the crude metallic surface. In vitro
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results were used as a prediction of what was found on in vivo tests in porcine model. Functionalized stents by
this proposed strategy, Plasma-P8RI, presented a better re-endothelialization at 7 days when compared to
commercial DES with a low adhesion of leukocytes and platelets when compared to BMS. Moreover, at 28 days
of implantation, Plasma-P8RI did not present a significant decrease on the lumen diameter, which was not the
case for BMS that presented in-stent restenosis after this period. Overall, this small trial gave a promising
panorama for Plasma-P8RI stents. Further trials at longer term, with an increased number of specimens, must

be performed in order to understand if these devices are suitable for human trials.
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Chapter 6 General discussion

This research was focused on the development of an alternative strategy for the immobilization of bioactive
molecules onto metallic surfaces and its application in cardiovascular devices. This strategy combines different
surface modification processes, that allow the creation of reactive functional groups directly on the surface that
can be used as anchor points to immobilize molecules of interest. This idea is known and have been used since
decades on other substrates such as polymers, but it has never been explored and reported in metals. The
process includes several steps, and this multi-step strategy was applied to generate functionalities to improve
the clinical performances of commercially available cardiovascular devices. The overall originality of the research
was to design and develop easier and effective plasma-based processes to grafting bioactive molecules to
promote the re-endothelialization with anti-thrombotic activity whilst decreasing in-stent restenosis. These
processes were designed, and their effect was assessed to represent a potential alternative to Drug Eluting
Stents. In fact, after more than 10 years of clinical experiences with few commercially available molecules
(paclitaxel, sirolimus and a few derivatives) eluted from stents, clinicians agreed in concluding that a part few
patients typology (poor vascular bed, several complications already experienced and fragile general health),
drug eluting stents did not fulfill the expectations As presented in Figure 9, the core of this strategy is divided in

three big steps:

a) Surface optimization
b) Direct plasma amination
c) Bioactive molecule grafting

Each of these steps have a critical impact on the development of the functional device. This chapter focuses on
the discussion of the published results from Chapters 2, 3, 4, and 5, as well as unpublished results. They will be
presented transversally, i.e. following the structure presented above. Finally, some perspectives and future

works will be detailed to transfer this multi-step procedure to other alloys.

6.1 Optimization of the surface properties for stent application

The interaction between the surface of the device and the biological medium (in vitro or in vivo) will dictate the
success or failure of the implant. Thus, the complete characterization and understanding of the surface is critic.
The fact that the metallic surface of the device will be directly aminated in plasma, and therefore will not be
coated with a molecule-rich polymeric layer, certainly represents a main difference. In fact, the metallic substrate
is always exposed to the biological medium. From this point of view, bioactive molecule-rich surfaces by direct

amination will interface blood and the surrounding tissue in @ manner much more similar to the one that bare
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metal stents do. Thus, the composition, texture, morphology and energy of the surface must be carefully

considered.

Once identifying the properties required for an effective use of a biomaterial, both a) the mechanical properties
and b) the biological properties must be compromised. The selection of a material is based on the in vivo
application of the device. Mechanical and biological properties are not the same for a hip implant than for a skin
substitute, for example. Something that needs to be taken into consideration is the fact that there is no ideal
material that possess both mechanical and biological properties, there is always a compromise on one side.

Generally, the compromise is on the biological properties, thus the need for strategies to enhance them.
In the case of stents, due to the nature of the implantation of the device, they must present [13]:

Ability to be cramped to the balloon catheter supported on the guide wire:
Proper expandability to stay on the deployed area after implantation: high elastic modulus
Low recoil after implantation, thus avoiding the collapse: high yield strength

Flexibility to travel through small and rigid atherosclerotic arteries

N NN N

Radiopacity for the clinician’s characterization by magnetic resonance imaging, and therefore, high
density

AN

Corrosion resistance
v" Good biocompatibility

L605’'s mechanical properties, reported in Table 2, make it a suitable material for this application, thus, the
interest for using this alloy on this project. Nevertheless, the biological properties of this material require to be
modified to be suitable for a stent application, where the reendothelialization process is critic and presenting

anti-thrombotic behaviour can lead to lower in-stent restenosis.

6.1.1 Modulation of the surface properties and their impact in the performance of
the alloy

The comparison of the different surface treatments was performed as a function of their stability and their
biological performance. On the metallic surface, the desired properties related to stability are corrosion and
deformation resistance. Regarding biological performance, the cytotoxicity of the surface and the
hemocompatibility were mainly studied. For the optimization of the surface, as discussed in Chapter 3, three
different surface treatments were proposed to modify the oxide layer of the alloy: electropolishing, followed by
thermal treatment or Pl of oxygen. These treatments are intrinsically different and modify the surface thanks to

different mechanisms:
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v Electropolishing (EP): An electrochemical procedure employed to remove impurities and to smoothen
the surface. Therefore, the surface is composed of a thin layer of chromium oxides (depth profile

sputtering time= ~50 s, Figure 21a).

v Thermal treatment (TT): Used to modify the chemical composition of the oxide layer by diffusion of
atoms from the alloy to the surface. This treatment produced a thick oxide layer composed of a mixture
of chromium and cobalt oxides (depth profile sputtering time= ~600 s, Figure 21b). The main
investigated conditions were: 400, 500 and 600 °C for 1 hand 2 h.

v Plll of oxygen (PIIl): to create a new amorphous oxide layer after the implantation of oxygen ions. This
surface modification produced a bilayer oxide layer of first cobalt oxides followed by a layer of chromium
oxide. Fixed conditions: 10 sccm of O, pulse of 50 us with a frequency of 100 Hz at 5 mTorr, 300 W

of power. Variable conditions: time of implantation 15, 30 and 60 mins; bias -0.1, -1 and -10 kV.

The different chemical compositions had an impact on both the stability and the biological performance of the

surface.

= Deformation resistance of the different surface treatments was evaluated
using the small punch test. This test, which simulates stent deformation, demonstrated that the only
conditions suitable for the desired application exhibiting no cracks nor delamination were EP, TT at 400
°C for 1 h and PIIl at lowest bias, -0.1 kV for 1 h of implantation. It was also determined that TT at
higher temperatures created a brittle surface with internal micro-cracks that caused the failure of these
surfaces [123]. PlIl led to a different arrangement of the oxide layer, an amorphous configuration, that
induced delamination instead of cracks [42]. Regarding corrosion resistance, it is known that L605 is
resistant to marine environments, acids and body fluids thanks to the presence of a passive oxide layer
composed of chromium oxides [23, 87]. Thus, modifying the chemical composition of the oxide layer
influenced the corrosion resistance of the material. In fact, the corrosion resistance of the surfaces was:
EP > PIIl > TT (Figure 23). This finding correlated with the different chemical composition of the
surfaces: EP’s passive oxide layer was composed by a thin layer of chromium (Figure 21a); PIII
presented an oxide layer with a “bilayer” composition of cobalt oxide followed by chromium oxide, which
could have initially increased the dissolution of cobalt ions followed by a decrease on the corrosion rate
due to the presence of chromium oxide (Figure 21c); And finally, TT was composed by a mixture of
both cobalt and chromium oxides on the surface which could have led to an increase on the corrosion
rate (Figure 21b). Therefore, after deformation and corrosion tests, the surface treatment which

presented the best stability regarding corrosion and deformation resistance was EP.
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= Regarding the cytotoxicity studies, or short-term cellular
response, it was found that the viability of endothelial cells was higher on the EP surface, followed by
TT and finally PIIl, with a significant difference to EP (Figure 26a). This was similar to what was
previously observed by Maffi et al. [131]: Higher endothelial cell viability was found on chromium rich
surfaces. However, after one day of incubation, all the surfaces demonstrated a cell viability of >60%,
thus, no negative short-term cellular response, even under the presence of cobalt known for possessing
a negative effect on cells [127]. Nonetheless, as observed in Figure 26b, the hemocompatibility of the
surfaces needs to be improved due to a low percentage of hemoglobin free, thus a potential

thrombogenic behaviour.

Hence, based on the observations from this part of the work, the most suitable surface treatment, for this
application is EP. Regarding stability of the oxide layer it possesses both stability to deformation and corrosion
resistant. Nevertheless, it is on the biological performance that this alloy needs to be improved. Therefore, the
interest of using this surface modification technique as base pre-treatment on the development of the direct
functionalization strategy with bioactive molecules. After the optimization of the surface, the plasma
functionalization with reactive amine groups needs to be performed and optimized. Next subsection discusses
the feasibility, optimization of the surface and parameters, and the transfer from flat samples to commercial

stents.

6.2 Direct plasma amination: influence of surface pre-treatments
on the efficiency of the plasma functionalization

As observed in Figure 9, plasma functionalization with reactive amine groups is performed, after surface
optimization. Amine groups are crucial to fulfill the planned strategy. In fact, the generation of these functional
groups have been comprehensively studied on polymers and have been often used as anchor points for the
immobilization of molecules. Nevertheless, to the best of our knowledge, plasma-based strategies have never

been reported to effectively functionalize metals through primary amine groups. Thus, there is a need to study

the role of the surface in this functionalization. This has a great potential to eventually lead to the understanding

mechanisms of plasma-based functionalization of metals, including L605.

The research deployed in this Thesis was focused on using plasma to create amine groups, hereafter called
plasma amination. This strategy was focused on: a) the feasibility to create reactive amine groups on flat metallic
surfaces, b) optimization of the functionalization procedure and c) feasibility to transfer the developed procedure
to commercial stents. Moreover, another objective was the establishment of a characterization strategy due to
the complexity of the surfaces. In fact, conventional surface-based techniques (such as FT-IR), generally used

on polymeric matrixes, do not represent suitable characterization methods due to the depth of analyses and their
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characterization principle, thus, the use of a combination of techniques with high sensitivity such as XPS and

ToF-SIMS were proposed.

6.2.1 Feasibility to functionalize a metallic surface with reactive amine groups by
plasma treatments

One of the initial objectives was the feasibility to create reactive amine groups onto metallic surfaces. The core
of the developed doctoral strategy was centered on this feature. Thus, the feasibility was studied on the
previously proposed surface treatments for the optimization on the surface. These treatments were selected
initially to be studied for their different surface chemical composition, but all shared the same bulk composition,
the L605 alloy.

= Direct plasma functionalization of the oxide layer: As observed in Figure 24, nitrogen was confirmed
by XPS survey analyses on the three surfaces (EP, TT and PIII) after plasma treatments. The surface
with highest percent of nitrogen was PIIl (~15 %), followed by TT and then EP, showing the lowest
percentage (~10 %). Chemical derivatization of the functionalized surface with a specific reagent for
primary amine groups (5-bromosalycylaldehyde) lead to the quantification of primary amine groups on
the surface in which no significant difference was found on the three surfaces, ~1.5 % of NH. groups.
A calculation of the efficiency based on XPS results %(NH2/N) demonstrated that EP was the most
efficient surface with ~ 15% of efficiency, followed by PIll and TT with ~9.5 efficiency. Furthermore,
ToF-SIMS analyses in positive mode of the specific fragment (NHz*) confirmed the same trend on the
results. It was found a significant quantity of the fragment on the EP surface compared to the other

oxide layers.

Based on the observations obtained after the study of the feasibility to directly functionalize with reactive amine
groups metallic surfaces, EP surface was clearly showing the highest efficiency (NH2/N), when compared to the
others. EP presented around 1.5 % of reactive amine groups on the surface with an efficiency of around 15%.
These values are significantly lower when compared to polymeric matrixes. In polymers, such as polyethylene
[189], polypropylene [190] and polystyrene [84], plasma amination efficiency goes from 20 to 75% and percent
of primary amine groups goes up to 3.5 - 4%. Thus, one of the perspectives of this works is optimize the direct

plasma amination on metallic alloys to promote the promote the quantity of reactive amine groups on the surface.

6.2.2 Efficiency of plasma functionalization: Influence of surface pre-treatments
and plasma parameters

Initial efforts to improve the quantity of reactive amine groups and to increase the efficiency of the plasma
functionalization were performed. These are non-published preliminary results that aimed to understand which

parameters can influence the amination process. Amination efficiency can be influenced by the material, thus
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the surface and the pre-treatments and by the plasma treatment by themselves. These preliminary studies were
performed on EP surfaces due to their previously discussed properties and by its selection as base surface pre-

treatment for the developed strategy to directly immobilize bioactive molecules onto metallic surfaces.

= Influence of the pre-treatment on the direct plasma amination: One of the first efforts to understand
the importance of the surface pre-treatment was to directly functionalize clean L605 samples without
electropolishing. Samples were cleaned using solvents to remove any impurity on the surface and
further functionalized as mentioned in section 2.4.2. The quantity of reactive amine groups on the

surface was reduced almost by half when compared to electropolished samples: ~0.8 % of NH..

= Impact of hydrogen plasma post-treatment on amination efficiency: Preliminary studies on the
optimization of the plasma treatment were focused on the use or not of a hydrogen post-treatment. As
can be observed in section 2.4.2 the direct plasma functionalization is performed in a two-step
treatment: for 5 minutes in a mixture of H, and N, followed by a short treatment of 30 s in hydrogen.
This second step seems to promote the amination by reducing the other nitrogen species that were
produced by the plasma, as Fabia et al. proposed previously on polymeric surfaces [56]. As regards
L605 it was found a significant difference on the percentage of amine groups on the surface from a 0.3
1 0.2 %NH,, without the post-treatment, to 1.5 + 0.3 %NH, with the short hydrogen post-treatment. In

terms of efficiency from a 2.3% of efficiency to 15%.

Furthermore, one of the hypotheses for the formation of amine groups by plasma on metallic surfaces is that the
presence of hydroxyl groups (-OH) on the surface, obtained in the sodium hydroxide bath after the
electropolishing, promoted the presence of amine groups. If this is true, then, why EP compared to TT and PII
present a higher percentage of reactive amine groups? On the case of TT, a re-oxidation of these hydroxyl
groups could happen after the thermal treatment, whilst on the case of PIIl, the bombardment with oxygen
radicals could detach them from the surface. As a perspective for further studies, a complete characterization of
the percentage of hydroxyl groups on the surface of the alloy obtained by different surface treatments such as

plasma oxidation or acid dipping must be performed.

6.2.3 From flat samples to commercial stents: Optimization

After the confirmation that direct functionalization was effectively performed and that primary amine groups were
present on flat surfaces of L605 alloys, the feasibility to transfer the process onto commercial stents was
investigated. Preliminary tests were first performed on flat samples in a vertical arrangement, as observed in
Figure 43. Three flat electropolished samples, labeled as 1, 2 and 3 were used to optimize the conditions of the

plasma amination. Plasma functionalization was then performed in a series of two plasmas, the first one labeled
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as Plasma 1, and the second one with the sample 1 and 3 inverted, labeled as Plasma 2. The rationale to inverse
these samples was to simulate a plasma functionalization that was equal for both extremes due to the distance
to the glow area of the plasma. Furthermore, the plasma conditions were modified as follows: The first step was
carried out at 150 W during 10 min at 100 mTorr, 10/10 sccm of No/Hs, followed by a second step at 150 W
during 30 s at 300 mTorr, 20 sccm of Ha.

a)

Plasma 1 Plasma 2

Figure 43 Schematic of the sample arrangement for optimizing the plasma functionalization of cardiovascular devices (a). The numbers
1,2 and 3 represent an electropolished sample of L605. Briefly, for the second plasma the samples 1 and 3 were inverted to simulate an
homogeneous plasma treatment due to the distance with the afterglow of the extremes of the cardiovascular device. Image of the plasma
amination treatment of a stent (b).

It was found that, after this proposed methodology for the functionalization of vertical samples the presence of
~1.3 % of amine groups on the three samples with no significant difference among them. Thus, these conditions
were used for the functionalization of the cardiovascular devices which were placed on a support made of
tungsten, as observed in Figure 43b. Nonetheless, the big challenge that was present on this part of the project
was the characterization of the functionalized stents. XPS was not a suitable technique due to the complex
geometry of the device. Thus, a different methodology to characterize it needed to be developed. Two different

characterization methods were proposed: Fluorescent microscopy and ToF-SIMS imaging mode.

= Fluorescent microscopy: One of the first efforts to confirm the presence of a molecule on the surface
was to use fluorescent microscopy as a qualitative study. As shown in Annex 1, stents were
functionalized using the developed multi-step plasma procedure, to create amine groups then the use
of GA and PEG as linking arm for fluorescent peptides, which one contained a TAMRA fluorophore and
the other a FTIC fluorophore in their composition, were performed. Nevertheless, the characterization
of the surface by fluorescent microscopy was not suitable for this device. Some of the challenges to
overcome and general observations for the use of fluorescent microscopy are: a) due to the complex
geometry of the device, a confocal microscope is recommended to create a “z-stack” of images and

thus avoiding blurred images, b) concentration of the fluorescent peptide must be optimized to avoid
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the adsorption of fluorescent grains of salt, c) high magnification analyses to be able to observe the

fluorescent peptide.

= ToF-SIMS imaging mode: As an alternative to fluorescent microscopy, ToF-SIMS imaging mode was
proposed. The main advantage of technique was the possibility to study specific fragments located on
the surface of the functionalized device. As observed in Figure 34, ToF-SIMS imaging characterization
confirmed the presence of a peptide both in positive and negative mode. The study of specific fragments
related to the peptide, C4HsN* and I, confirmed the presence of the peptide on the surface of the stent.
Furthermore, observing Cr* and CrO, fragments, related to the oxide layer, confirmed that the result of

this multi-step strategy was a functionalization and not a coating.

The characterization of the plasma functionalized surfaces represents a challenge that needs to be overcome if
this strategy is aimed to be used at industrial scale. The combination of XPS and ToF-SIMS both in static and
imaging mode have shown promising results as the solution to this challenge at laboratory scale. Nevertheless,
for the industrial application, the development of characterization methods that lead to the quality control of the
functionalized surfaces is critical. Thus, further studies of other characterization methodologies aiming towards

the industrial scale and application must be performed as a continuation of this research work.

6.3 Optimization of the direct immobilization of bioactive
molecules

Reactive amine groups generated after plasma treatments were used as anchor points for the immobilization of
different molecules. In the search of the most suitable bioactive surface, different linking arms as spacers
between the surface and the bioactive molecule were studied, furthermore, the bioactivity and the distribution of
different peptides were studied. The optimization for the immobilization strategy mainly focused on two
objectives: a) the selection of the most suitable linking arm and peptide for the cardiovascular application based
on the stability and b) the biological performance of the bioactive surfaces. Besides the optimization of the
grafting strategy, settling the characterization techniques for the bioactive surface was another objective for this
section of the research project. Following the characterization methodology proposed for the plasma amination

block, ToF-SIMS and XPS play a major role in the characterization for the study of the immobilized molecules.

6.3.1 Optimization of the biomolecule grafting: Linking arm selection

One of the first studies performed was the feasibility to immobilize molecules onto the reactive amine groups.
Followed by these studies, the comparison of the linking arms was performed in order to obtain the most suitable
spacer for its application in cardiovascular devices. This comparison focused on the study of the homogeneity

of the functionalization and the stability of the grafting.
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Feasibility of the direct immobilization on metallic surfaces: As showed in Figure 17, the
combination of XPS high resolution of carbon (HR C1s) and ToF-SIMS in static mode confirmed the
presence of a peptide grafted onto the surface. For the feasibility studies, the first linking arm to be
used due to the simplicity of the reaction was GA. The combination of the previously mentioned
techniques allowed the follow up of the grafting procedure: by XPS HR C1s the increase in bonds
related to the linking arm (C-C, C-O and C=0) compared to the plasma aminated sample with a further
increase mainly on (C-O/C-N and C=0) for the peptide due to its chemical composition. Furthermore,
regarding ToF-SIMS static mode, the selected fragments to study the grafting procedure were three,
one related to the peptide (CsH1oN*, from lysine), one related to the linking arm (C.HsO*) and finally
one related to the metallic surface (Cr,0,*). The same trend was confirmed by analysing the surface
by ToF-SIMS: an increase on the fragments related to GA after the linking arm when compared to the
aminated surface and finally a significant increase after the peptide grafting. The advantage of ToF-
SIMS offer to this kind of functional surfaces is the possibility to observe that after the grafting of the
peptide the fragments related to the GA and the oxide layer decreased but were still present, thus,
confirming the immobilization reaction. Regarding the characterization of PEG as linking arm by the
same methods, it was not as direct compared to GA at least on high resolution analyses. XPS HR C1s
of PEG (not published results), presented no significant difference between the PEG sample and after
the peptide grafting. This could be related to the fact that the linking arm molecule is significantly big
compared to GA and the peptide (PEG Mn = 600), thus the addition of these molecules did not modify
the high-resolution spectrum. However, ToF-SIMS allowed the characterization of the surface, as

observed in Figure 32, with the study of the specific fragments from the grafted peptide.

Homogeneity of the grafting: As an alternative to fluorescent microscopy, ToF-SIMS imaging mode
was proposed as characterization technique to study the homogeneity of the grafting. The main
advantage of technique was the possibility to study specific fragments from the molecules of interest
and how they are distributed on the functionalized surface. Two peptides were used for the study of the
distribution of the bioactive molecule on the surface: a peptide with a modified amino acid with three
iodine in its chain, and the P23 peptide, derived from CD31. For GA, regarding the first peptide, it can
be observed in Figure 18 that the |- fragment is present on the surface with a homogeneous distribution,
whilst on the case of PEG (not published data, Annex 5) there are some areas where the fragment is
more present. Two hypothesis might explain this: a) the effect of the linking arm could have influenced
the way the peptide arranged onto the surface under the high vacuum required for ToF-SIMS analyses,
GA as a small chain spacer could have promoted an arrangement that exposed the iodine of the peptide
onto the surface, due to a steric impediment, whilst PEG, a long chain spacer allowed the folding of the

peptide to a minimum energy state conformation where the iodine fragments were located in specific
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zones of the surface; b) PEG and GA are grafted to the peptide from different parts of the molecule,
thus, the orientation of the iodine fragments would be different for both spacers. However, regardless
of the distribution, it is important to remind that the metallic surface was always exposed. This was
confirmed in Figure 32 and Figure 33, where fragments of the peptide, GA/PEG and the oxide layer are
shown in order to compare the distribution of the surface. In fact, the grafting of this peptide by the
means of any of the linking arms did not affect the distribution on the surface, compared to the peptide

with the iodine in its structure.

= Stability of the grafting: Besides the characterization of the feasibility to directly graft molecules onto
metallic surfaces, their stability was studied. Non-published results, Annex 2, about static immersion
tests in PBS at 37 °C for up to one month showed that no significant loss of the peptide was found for
GA nor PEG with P23. This can be related to the nature of the functionalization and the grafting
procedure that creates a covalent bond between the surface of the alloy and the linking arms: |-NH-
CO-(CH,):-COOH, where n is the length of the linking arm. Nevertheless, as a perspective, further
studies need to be performed using different solutions for the stability test and as well under dynamic

conditions.

6.3.2 Biological performance of the bioactive surfaces: Does the linking arm limits
the biological activity of the peptide?

It is known that denaturation and potential loss on the biological properties of bioactive molecules during their
immobilization onto surfaces might happen. Thus, the comparison of the molecule effectiveness after both
processes leading to linking arms on the biological activity of a peptide (P23) known for its anti-thrombotic, anti-
inflammatory and pro-endothelialization behaviour was performed. These studies were performed with the main
objective to investigate the impact of the linking arm on the bioactivity of the peptide. Furthermore, these results
were used as a starting point to confirm if the multi-step plasma-based strategy to immobilize bioactive molecules
could in fact, enhance the biological properties of bare metallic surfaces. The tests used to study these properties
were: cell viability and migration of endothelial cells, related to the promotion of re-endothelialization;
hemocompatibility tests to understand the anti-thrombotic activity; and finally, the quantification of soluble factors
of endothelial cells after incubation with the surface to study the phenotype of the cells, thus, anti-inflammatory

behaviour.

= Pro-endothelialization behaviour: Cell viability essays were carried out on EP, GA-P23 and PEG-
P23 to observe the proliferation of endothelial cells on the functionalized surfaces up to 7 days. As
observed in Figure 29, it was found that both linking arms present a higher viability compared to the

metallic surface since day 1, nevertheless, it was found out that only PEG-P23 was the surface with a
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significant higher viability to the EP surface after day 7. Furthermore, as observed in Figure 30, a
migration essay was performed for the same time period to study the feasibility of the surfaces to
produce a monolayer of endothelial cells, simulating the re-endothelialization process. It was found that
PEG-P23 was the fastest surface to promote the formation of the monolayer compared to EP and GA-
P23. Even if GA-P23 was able to form a monolayer at day 7, fast re-endothelialization is crucial for the

wound healing in vivo after the stent implantation.

= Anti-thrombus formation: Hemoglobin free tests were performed to study the cloth formation onto the
previously mentioned surfaces. As observed in Figure 31, it was found at short times in contact with
blood a significant difference between EP and both GA-P23 and PEG-23, where the later two samples
demonstrated a more hemocompatible behaviour compared to EP. Nevertheless, after 20 minutes in
contact with blood no significant difference was present among them and after 30 minutes all surfaces
presented cloth formation. Thus, at short times the addition of the peptide increases the

hemocompatibility of the metallic surface.

= Anti-inflammatory surface: Non-published results of the quantification of soluble molecules in the
supernatant of endothelial cells after being in contact for 48 h with the functionalized studies allowed to
study the inflammatory response of the cells with the surfaces, Annex 3. For this part of the project, two
factors were of interest: IL-6, an inflammatory interleukin, and VCAM-1, an adhesion molecule that is
plays a role in the development of atherosclerosis. These molecules were quantified by flow cytometry,
as explained in section 5.4. It was found that for both inflammation markers (VCAM-1 and IL-6)
molecules only PEG-P23 presented a significant decrease when compared to EP, thus the grafting of

the peptide by this linking arm lowers the probability of a secondary reaction while in vivo.

It can be observed from the evaluation of the biological properties of the peptide after immobilization, PEG-P23
presented a better performance in comparison with the grafting by GA. One of the hypotheses is that, as
previously mentioned, the use of different linking arms can affect the conformation of a molecule after
immobilization, thus, conformation studies were performed using ToF-SIMS static mode. In Figure 33 a
comparison of both GA-P23 and PEG-P23 on the fragments from the peptide are present. It can be observed
that by any linking arm there is a similar trend on both surfaces, nevertheless it is on alanine and proline
fragments where there is a difference. This suggests that there can be a small change on the conformation of
the small peptide which could decrease the biological activity of the grafted surface. One of the hypotheses is
that both linking arms graft the P23 peptide by its terminal amine group located in the asparagine amino acid
(N), and for GA due to a steric impediment one of the alanine present on the peptide is close to the surface, thus

less intense than on PEG where all the peptide presents a high degree of freedom to fold. Moreover, the anti-
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fouling properties of PEG can also create a synergic effect which could promote the biological performance of
the molecule grafted by this linking arm than with GA. Further studies regarding the conformation need to be

performed.

6.4 In vitro and in vivo performance of the functionalized surfaces
with a short chain peptide derived from CD31: P8RI.

Thanks to the collaboration between the Laboratory of Biomaterials and Bioengineering of Laval University in
Quebec City, and the Laboratory for Vascular Translational Science of INSERM in Paris, in vivo testing of stents
functionalized by strategy developed within this Thesis framework was carried out. Before performing in vivo
testing, the selection of the peptide with the best biological performance, regarding endothelial cell adhesion,
viability and phenotype, assessed by in vitro tests on flat samples was performed. These peptides were grafted
using the strategy developed in this research project: Electropolishing as surface pre-treatment, followed by
direct plasma amination with PEG as linking arm. This part of the project focused on the confirmation of one of
the main hypotheses of the project: Plasma functionalization can create reactive amine groups directly onto
metallic surfaces that can be used to graft biomolecules to improve the biological performance of bare metal
stents. After the optimization and selection of the bioactive peptide on flat samples, the functionalization of
commercial cardiovascular stents was performed. The in vivo performance, in terms of re-endothelialization and

in-stent restenosis, of these functionalized stents was compared to commercial stents both BMS and DES.

6.4.1 In vitro performance: Selection of the peptide for in vivo test

Initially, three peptides were pre-selected to study for this part of the project. All the peptides were derived from
the same protein, CD31: P23, which has been discussed in previous sections of this work, P8FI and P8RI. These
two last peptides were a smaller chain composed of only 8 amino acids, with one being a retroversion of the
other (F= forward, R= retro). The main analysis performed was the study of the phenotype of endothelial cells
after their contact with the flat samples, to observe if a potential secondary reaction could occur whilst in vivo.
As shown in Annex 4, this study demonstrated that by grafting any of the peptides derived from CD31 significant
decreased both inflammation markers, IL-6 and VCAM-1, when compared to the electropolished surface, thus,
suggesting an increase on the anti-inflammatory activity of the surface. Furthermore, it was P8RI that
demonstrated a significant difference with the other peptides, thus the selected for a deeper in vitro testing.

These studies were focused mainly on the stability of grafted peptide and its biological performance.

= |n vitro stability evaluation: Chemical composition of the functionalized surface was assessed by
XPS survey analyses. Regarding nitrogen a significant decrease on this element was found out after
grafting PEG as linking arm when compared to the aminated sample, from 11.0 £ 0.1% to 2.9 £ 0.3%.

Nevertheless, the percentage of nitrogen increased from 2.9 + 0.3% to 4.5 + 0.7% after the grafting of
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the peptide. Furthermore, static immersion tests in PBS at 37 °C were performed to study the stability
of the functionalized surface. It was found that after 4 weeks of immersion less than 10% loss on the
percentage of nitrogen when compared to the control, from 4.5 £ 0.7% to 4.1 £ 0.6%. Which could be

related a loss on peptide that was adsorbed and not immobilized covalently onto the metallic surface.

= In vitro biological performance: Human coronary artery endothelial cells were incubated for 48 h
onto EP, PEG and PEG-P8RI surfaces, then the supernatant was used to study the phenotype of the
cells and the cells attached to the surfaces were stained to study their distribution. As observed in
Figure 36, endothelial cells were significantly more present on PEG-P8RI and PEG compared to the
EP surface, with a mean of nuclei 292 + 29 and 219 + 17 to 133 £ 35, respectively. Moreover, besides
the significant difference on the quantity of cells present on the surface after the direct immobilization
of the peptide onto the surface when compared to only PEG, the study of endothelial cells after
immunofluorescence staining demonstrated a higher intensity on the actin filaments on the PEG-P8RI
surface. This was caused due to a stronger attachment of the cells to the surface due to the presence
of the immobilized peptide. Followed by these analyses the study of the phenotype of endothelial cells
demonstrated a significant decrease on the concentration of molecules related to an inflammatory
response, VCAM-1 and IL-6, and an increase on molecules with anti-thrombotic activity, TFPI, on the

PEG-P8RI surface when compared to the other surfaces.

After these studies it was found out that the combination of this multi-step plasma-based strategy for the direct
grafting of P8RI onto the EP surface improved the biological performance. As a general trend, it was observed
that the grafting of the peptide increased the anti-inflammatory and anti-thrombotic activity of the alloy. Moreover,
the presence of P8RI also increased the endothelial cell viability and the interaction between them and the
surface. The information obtained from of these in vitro studies supported the selection of P8RI as the bioactive
molecule to be immobilized onto cardiovascular stents. Based on the in vitro performance, the presence of this

molecule could lead to a potential decrease on complication in vivo, when compared to BMS.

6.4.2 In vivo performance of Plasma-P8RI stents

The implantation of functionalized stents was performed in the coronary arteries of female pigs, as described in
5.4. The implantation period were 7 days to study the reendothelialization of the devices and 28 days for in-stent
restenosis. Well stablished characterization methodologies were used for the study of the explanted arteries.
SEM and histology stained with trichrome were selected for the study of re-endothelialization, and angiography
combined with immunohistochemical staining for in-stent restenosis. For the sake of simplicity, from now own

the functionalized stents by the developed strategy with this peptide are labeled as Plasma-P8RI.
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= In vivo re-endothelialization: After 7 days of in vivo implantation, using SEM imaging demonstrated
the formation of a complete monolayer of endothelial cells onto the Plasma-P8RI stent, similar to what
was observed on the BMS. Nevertheless, Plasma-P8RI exhibited a surface with less platelets adhered
and without activation, which represented a promising surface with a higher hemocompatibility when
compared to BMS that presented a surface full of platelets activated with an early dendritic phenotype.
Regarding DES, in term of endothelium it was found that no monolayer was formed after 7 days of
implantation, which was expected due to the release of anti-proliferative drugs. Furthermore, on DES
a higher quantity of platelets were adhered, but not activated, when compared to Plasma-P8RI but less
when compared to BMS. Similar trend was observed by histology, where it was observed that on both
BMS and Plasma-P8RI the endothelium had recovered after the deployment of the device, whereas on
the case of DES the damage was noticeable (Figure 38). Furthermore, the observations on Plasma-
P8RI were similar to what was obtained in in vitro studies for the soluble molecules after their contact
with endothelial cells. It was found that the presence of the P8RI grafted by PEG would decrease the

inflammation response and the thrombus formation (Figure 37).

= In-stent restenosis: Initial studies of in vivo in-stent restenosis was performed using angiographies
obtained before the extraction of the devices. It was observed, as seen in Figure 40, that both Plasma-
P8RI and DES exhibited a significant less percent of restenosis when compared to BMS, even though
no significant different between them. Furthermore, once the arteries were extracted and stained with
Sirius red, to it was found out that BMS significantly reduced the lumen of the artery when compared
to the other two stents. Followed by BMS it was Plasma-P8RI that exhibited some reduction of the
lumen and finally DES. Nevertheless, further information is needed to compare the proliferation of

smooth muscle cells and to observe the inflammation after the stent implantation.

After the in vivo studies regarding in-stent re-stenosis and re-endothelialization, it can be observed that
functionalizing the metallic surfaces with the P8RI peptide by this plasma-based strategy improves the
performance of bare metal stents. Nevertheless, studies at longer times, with a higher number of samples, need

to be performed in order to obtain more statistical information that could lead to a potential human clinical trial.

6.5 Limitations and perspectives of this work
6.5.1 Limitations on the developed platform: The challenge of characterizing
cardiovascular devices

The main limitations for this research project rely on the characterization of the surface on complex structures,
specifically on stents. As previously discussed in section 6.2.3, fluorescent microscopy and ToF-SIMS were

initially proposed to characterize the functionalized stents. However, due to the nature of the functional surfaces
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obtained by the developed platform, only the latest technique was used since it allows the study of the first layer
of atoms of a surface. Nonetheless, several aspects must be taken into consideration regarding the limitations

of this characterization technique:

» Geometrical limitation: ToF-SIMS was used to study the surface of the functionalized stent, as shown
in Figure 34. However, even if the technique allowed the observation of the relative intensities of
fragments in positive and negative modes, it is only possible to characterize the external part of the
stent. However, for this application both internal and external sides of the device are important since

both are exposed to biological medium once deployed in the artery.

> Qualitative analysis limitation: As a consequence of the geometrical limitation, the quantitative
analysis of fragments on the internal, external and the strut side is another challenge to overcome. In
order to use this technique for quantitative analyses, normalizations must be performed to either the
total counts of the immobilized molecule or to the total counts of all the fragments. However, even if
images taken can be of a specific area, for example 200 um x 200 um, in the case of a stent it does
not necessarily represents the same area taken for two different images due to the angle of the image
acquisition and to the stent structure. Thus, at this early stage on the characterization of the
functionalized surfaces by this novel multi-step strategy, ToF-SIMS remains a powerful qualitative

characterization technique.

Due to the current impossibility to quantify how much peptide is immobilized on the stent, the development of
stability tests suitable for these devices represents another challenge to overcome. The use of techniques that
allow the study the density of the peptide grafted onto the surface, such as a micro-imager using radiolabeled
peptides with 3H-Lys [191]. The pertinence to overcome this limitation arrives when aiming to produce this

biomimetic device in the industry, where different quality controls must be guaranteed.

6.5.2 Perspectives

The main perspectives of this research project can be divided in two: those related with the developed platform

for the direct immobilization of molecules and those related with the cardiovascular application:
» Perspectives related to the developed platform:

o Feasibility to directly functionalize with reactive amine groups other alloys, such as SS316L,
titanium alloys and nitinol for example. Opening the door for other applications such as

orthopedics and dentals implants.

112



Further optimization and understanding of the direct plasma amination, is it possible to
increase the density of reactive amine groups on the surface of L605? What is the mechanism

behind the direct plasma amination on L605 alloy?

» Perspectives of the cardiovascular application:

Stability under dynamic tests combined with endothelial cell culture to observe if the bioactivity

of the peptide is conserved after the stability test.

What happens with smooth muscle cells? Migration essays on co-cultured cellular models
with ECs and SMCs to observe if there is a higher specificity on the response of endothelial

cells.

Further in vivo tests, at longer times for studying late in-stent restenosis and increased number

of samples.

Study on the shelf life of the functionalized surfaces and metallic stents by this multi-step

plasma-based strategy.
Study of the peptide density present on the surface of the cardiovascular device.

Exploring other strategies to graft the peptide onto the functionalized surface. Is “click

chemistry” a suitable approach for the industry?

Further study of spacers/linking arms. Would a peptide grafted by a natural linking arm perform

better than when it is grafted by a synthetic linking arm (PEG)?

113



Conclusion

A multi-step plasma-based strategy that allowed the direct immobilization of bioactive molecules onto L605 alloy
was developed. This strategy consisted of three blocks: a) surface optimization, b) direct plasma amination and
c) molecule grafting. Among the different surface treatments, studied in the surface optimization block,
electropolishing was selected as the most suitable surface pre-treatment for the developed strategy.
Furthermore, the direct plasma functionalization, using a two-step procedure with nitrogen and hydrogen
treatments in a microwave reactor, allowed to achieve ~1.5% of reactive amine groups on a metallic surface,
without the use of any polymeric intermediate, for the first time reported in literature. These amine groups were
used as anchor points for the immobilization of two linking arms, glutaric anhydride and PEG, with different
peptides with properties desired for cardiovascular applications. Overall, regarding stability properties and
biological activity, peptides grafted by PEG shown a better performance than those grafted by GA. Peptides
grafted using PEG as linking arm showed faster re-endothelialization, and an endothelial cell phenotype that
predicted a potential decrease on complications in vivo due to its anti-inflammatory and anti-thrombotic activity.
Moreover, in vivo tests were performed in porcine model for 7 days to study the re-endothelialization and for 28
days to study in-stent restenosis. These tests demonstrated that the cardiovascular stents functionalized using
the strategy developed in this project, Plasma-P8RI, had a faster re-endothelialization compared to commercial
drug eluting stents and without the adhesion and activation platelets compared to bare metal stents.
Furthermore, a better in-stent restenosis when compared at day 28 when compared to bare metal stents.
Besides the promising results of the developed surfaces using the multi-step plasma-based strategy to directly
immobilize bioactive molecules on metallic surfaces, the relevance of combining multiple characterization
techniques that allow the comprehension between the physicochemical properties of the surfaces and the
biological activity was assessed. Moreover, the importance of in vitro tests as a prediction for in vivo performance

was proved.

Furthermore, the development and application of this multi-step plasma-based strategy directly on
cardiovascular devices for the immobilization of bioactive peptides derived from CD31 allowed the fabrication of
a “biomimetic” stent. Contrary to the mechanism of action of drug eluting stents, which by eluting anti-proliferative
drugs to delay the complications post-implantation end up damaging the endothelium, this “biomimetic” stent
aimed for a more “peaceful” mechanism of action: to promote the adhesion, proliferation and migration of
endothelial cells to hide the metallic stent from the biological medium as fast as possible. This strategy, that can
be considered as a “Trojan horse” strategy, might represent a new alternative to avoid the use of DES with their
antiplatelet therapy for patients whose medical condition can be compromised (diabetic patients for example).

Thus, it has the potential to be used as a “personalized therapy”. Nonetheless, an exhaustive study regarding
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the functionalization process reproducibility, scalability and cost is mandatory and crucial for this highly

competitive industry.

Finally, the answer of the 4 questions that this research project, based on the previously discussed results

throughout this thesis are:

v’ Feasibility: MW plasma treatments allow the functionalization with reactive amine groups directly onto
the surface of L605, without the use of any polymeric coating.

v’ Surface optimization: Electropolishing, among the proposed surface modifications is the most suitable
surface pre-treatment for stent application.

v Grafting optimization: PEG demonstrated to be the most suitable linking arm to be used as spacer
with the P23 peptide and P8RI.

v The use of peptides derived from CD31 significantly increases the

endothelialization rate and the anti-thrombotic activity of the surface in vitro and in vivo, compared to
metallic surfaces.
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Annexes

1 Characterization of stents by fluorescent microscopy

One of the first efforts to characterize the direct functionalization of bioactive molecules directly grafted onto bare
metal stents involved the grafting of a fluorescent peptide followed by the analysis of the surface by fluorescent
microscopy. Figure X presents the images obtained after the characterization of these devices of a) a peptide
with a TAMRA fluorophore and b) a peptide with a FTIC fluorophore on the surface. Both peptides were grafted

using previously discussed immobilization protocols with PEG as linking arm.

a) PEG-TAMRA peptide b) PEG-FTIC peptide

Figure 44 Cardiovascular devices functionalized with a fluorescent peptide: a) TAMRA fluorophore and b) FTIC fluorophore.

2 Static immersion tests of the grafted P23

Preliminary studies regarding the stability of the grafting of P23 was assessed by static immersion test using
PBS at 37 °C for one week. No significant difference was found after the ageing test.

Table 19 Surface chemical composition of the L605 functionalized with the peptide before and after one week of static immersion test in
PBS at 37 °C. n=9

L605 %C %0 %N %Cr %Co
GA-P23 39.5+12 39.3+05 8.3+0.1 7004 1.3+0.1
GA-P23 1 week 48513 36.3+1.1 79+1.0 53+1.0 09+0.2
PEG-P23 36.4 £2.1 426+0.7 6.1+0.7 8312 1.9+05
PEG-P23 1 week 36.8 3.4 499+29 52+12 8.1+1.1 2107
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3 Comparison of linking arms for the immobilization of P23 based
on HCAEC phenotype

Table 20 Comparison of inflammation markers of HCAEC after 48 h of incubation with the functionalized surfaces. It can be observed
that only by grafting the peptide with PEG significantly decreases the presence of both VCAM-1 and IL-6. Thus, a potential inflammatory
response after implantation, when compared to EP.

Surface VCAM-1 IL-6

EP 6175+ 127 1 8191 +112.7
GA-P23 655.6 + 68.1 670.6 + 101.1
PEG-P23 558.8 + 12.4 675.5 +59.1

4 Comparison of CD31 peptides grafted by PEG based on HCAEC
phenotype.

Table 21 Comparison of inflammation markers of HCAEC after 48 h of incubation with the surfaces. It can be observed that for VCAM-1
only PEG-P8RI is significantly different to EP, whilst on IL-6 both P8RI and P8FI are significantly different to EP.

Surface VCAM-1 IL-6
EP 617.5+ 1271 819.1 £ 112.7
PEG-P23 558.8 + 12.4 675.5 +59.1
PEG-P8RI 4824 +20.7 555.8 +53.8
PEG-P8FI 558.8 + 37.2 548.1 + 56.9

5 Comparison of Peptide-I grafted by GA and PEG
a) | e b)
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Figure 45 ToF-SIMS images 250 pym x 250 pm of fragment I, m/z 126.904. a) GA with the iodine peptide, and b) PEG with the iodine
peptide. It can be observed that the distribution for both peptides changes depending on the linking arm used for the grafting of the
peptide.
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