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RESUME

’implantologie médicale est constamment en croissance et représente un défi
majeur dans le domaine de la santé. En France, environ 243 000 implants
dentaires, 111 000 arthroplasties de hanche et 71 000 protheses totale de genou
en 2011 ont été implantées d’apres des données de 2007, 2011 et 2012. [1, 2, 3].
Le dynamisme de ce marché s’explique par de nombreux facteurs tels que le
vieillissement de la population, de nouvelles connaissances dans le traitement
des pathologies et de nouvelles exigences en termes de qualité de vie exigeant
des dispositifs médicaux de plus en plus performants.

Le titane (ex : Ticp grade 4) et ses alliages (ex : TA6V) sont largement util-
isés comme biomatériaux en raison de leurs bonnes propriétés mécaniques, et
une densité moindre par rapport aux autres métaux utilisés dans le médical (ex :
Chrome-cobalt, Acier inox 316). Néanmoins, ces propriétés mécaniques varient
en fonction de la structure cristalline du matériau : alpha, beta ou une combi-
naison des deux phases. Le titane possede également une grande résistance a la
corrosion naturellement procurée par sa couche d’oxyde native de 2-6 nm, qui
se forme instantanément au contact avec ’air ambiant. Cette couche d’oxyde
confere également une stabilité chimique, empéchant la libération d’ions mé-
talliques et assurant ainsi la biocompatibilité du titane dans I’environnement
du corps humain.

Bien que I'implantation de titane n’entraine pas de réaction de rejet, le
titane est inerte et ne participe pas de maniere active a I'intégration tissulaire.
Il est alors nécessaire d’attendre trois a six mois pour obtenir une intégration
osseuse autour des implants en titane. Cette durée est bien évidement patient-
dépendante et varie en fonction de la qualité de 'os [4, 5].

Malgre un fort taux de succes en implantologie, des problemes de manque
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8 GENERAL SUMMARY

d’intégration tissulaire (ex : prothese de trachée) ou d’infection de I'implant
peuvent survenir au court et le long terme [6, 7, 8, 9, 10]. Ces infections sont
considérées comme la complication la plus grave puisque qu’elles sont difficile-
ment remédiables sauf par le retrait de l'implant (surface contaminée). Ces
problémes concernent aussi bien les implants dentaires (ex : péri-implantites)
que les implants orthopédiques (ex : staphylocoque doré pour les fixateurs
percutanés).

Dans le cadre des implants intra-osseux, la bonne intégration du tissu os-
seux avec la surface de I'implant semble étre pertinente pour le succes clinique
et la durée de vie de 'implant. Plusieurs facteurs peuvent jouer un role sur
cette intégration: la géométrie de I'implant, mais aussi la nature du matériau,
sa surface, la préparation du site d’implantation, la technique chirurgicale util-
isée ou méme les conditions de mise en charge de 'implant [5]. Depuis le
début des années 1980, des études ont porté sur les traitements de surface afin
d’améliorer 1'ostéointégration des implants métalliques. Différents travaux ont
montré que les propriétés de surface telles que la rugosité, la mouillabilité, la
charge électrique ou la composition chimique et pouvaient moduler I’adhérence,
la prolifération et la différenciation des cellules [11, 12, 13, 14, 15]. Plusieurs
traitements de surface ont été développés et sont actuellement commercialisés :
la projection plasma, I'anodisation colorée ou spark (ex : TiUnite®, Nobel Bio-
care), le sablage (ex : la surface TiOblast’™ | Astra Tech), le mordancage acide
(ex : la surface Osseotite®, Biomed 3i) ou bien encore une combinaison des
deux derniers procédés de sablage et de mordancage (ex : SLA®, Straumann).

La majorité de ces traitements de surface produisent une rugosité micrométri-
que uniquement perceptible a I’échelle cellulaire. Avec le développement des
nano-technologies, de nouveaux procédés permettent une modification de la
surface a ’échelle des protéines. Ainsi les protéines de la matrice extracellu-
laire telles que intégrines peuvent controler ’adhésion des points focaux de la
cellule et entrainer un certain nombre de changements au niveau de la mor-
phologie cellulaire et de ’expression des genes [16, 17, 18]. La modulation de
protéines kinases associées & Rho (ROCK), médiateur des la tension interne du
cytosquelette, conduit a la génération de la force contractile de la cellule. Celles-
ci impliquent la régulation de I'expression du gene de la matrice extracellulaire
et donc la différenciation des cellules souches mésenchymateuses (CSM) en cel-
lules spécifiques. Ce phénomene appelé mécanostranduction a par ailleurs été
démontré dans plusieurs publications scientifiques utilisant des nano-surfaces
(19, 20, 21, 22].

Actuellement, plusieurs approches pour modifier la surface a I’échelle nanométrique
sont possibles : les méthodes lithographiques, le traitement hydrothermale,
I’anodisation, les dépots de nanoparticules ou encore le greffage moléculaire.
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Dans cette these, nous nous intéressons principalement a I’élaboration de struc-
ture de nanotubes et nanopores de 720, via un procédé simple et dit “rentable”:
I’anodisation. L’objectif global de cette thése concerne I’étude du potentiel de
cette surface en nid d’abeille en terme d’applications médicales. Ce manuscrit
se dessine alors en 3 étapes que sont : la caractérisation physico-chimique de la
surface, la caractérisation biologique (ici, in vivo) et son application directe sur
des dispositifs médicaux (DM) tels que les implants dentaires et les protheses
de trachée. Ce projet de these a été réalisé dans le cadre d’un financement
CIFRE (Conventions Industrielles de Formation par la REcherche) au sein de
I’entreprise Biomedical Tissue a Nantes.

Pour réaliser ce projet, nous avons adapté le protocole d’anodisation util-
isé pendant la précédente these de Sandrine Lavenus, également inspiré d’une
publication de Seughan Oh de 2009 [23]. Ce procédé utilise un mode poten-
tiostatique et une solution électrolytique de premiere génération qu’il a fallu
adapter afin de ne pas empiéter sur des brevets de concurrents direct [24, 25].
L’anodisation en présence de suffisamment de fluorure permet a la fois la for-
mation et la dissolution chimique de la couche de Ti0,. Un bon équilibre entre
ces deux phénomenes conduit a la création d’une couche de TiOsy en struc-
ture d’éponge ou bien méme une structure tubulaire respectivement appelés
nanopores et nanotubes. Le principal inconvénient de I'anodisation est que la
structure formée est amorphe et donc thermodynaniquement instable. Le recuit
est alors utilisé afin de transformer cette phase amorphe en phase d’anatase,
de brookite, de rutile ou d’'une combinaison de ces phases. L’état de 'art du
procédé de nanostructuration a été publié dans un chapitre de livre publié par
Elsevier et présenté dans le premier chapitre de cette these.

La réalisation de ces structures a été opérée sur des échantillons de compo-
sition diverses (Ti cp, TAGV) et géométries variées : pastilles, implants proto-
types, implants dentaires, protheéses de trachée et leur gabarits. L’analyse de
la nano-surface de titane a sollicité 'utilisation de diverses caractérisations de
surface (MEB, AFM CA, XPS, RAMAN). Elle a nécessité aussi des techniques
spécifiques aux nano-surfaces tel que le nanoscratch test et la nanotribologie
pour caractériser ’adhésion mécanique des revétements. Enfin des caractérisa-
tion avancées ont été mises en oeuvre tels que le LIBD, capable de détecter des
colloides de 5 nm en solution faiblement concentrée (ppt). Les principes de ces
techniques sont détaillées dans le chapitre 2.

La caractérisation physico-chimique est présentée dans le chapitre 3. A
I’échelle macroscopique, le traitement d’anodisation nanostructurée entraine
une coloration par phénomene d’interférences constructives. A 1’échelle sub-
microscopique, les analyses révelent un diametre de pores facilement controlable
de 30 a 100 nm par modification de la tension d’anodisation appliquée. Les
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nanotubes de Ti0, formés a 20 V sur les pastilles de titane présentent une bonne
uniformité avec une épaisseur d’environ 150 nm. Une tension d’anodisation plus
faible de 10 V permet d’obtenir un réseau de nanopores tout aussi homogene
et présentant un comportement hydrophile en terme de mouillabilité. Bien que
le traitement consiste en une attaque chimique de la surface, les résultats ne
montrent aucune modification de la rugosité initiale de la surface de titane.
Néanmoins, la structure initiale de la surface (composition alpha, beta, ou
mixte) joue un réle majeur sur 'homogénéité de la surface. La phase (3, présente
dans les alliages de TAGV, ne réagit pas de la méme maniere a 1’anodisation
que la phase a. Dans nos conditions expérimentales, la phase beta ne forme
pas de nanoporosité créant ainsi une double structure micro- et nano- modifiée.

Concernant 1’étape de recuit, 1’étude de la température de recuit (de 300 a
600 ° C), du temps de recuit (de 0.5 & 2 h) et de la surface traitée (Ti cp, TA6V)
ont montré avoir un impact sur la morphologie des nanotubes et la structure
cristalline résultante. La structure initialement amorphe, est transformée a
basse température (de 300 °C a 450 °C) en phase anatase qui est elle-méme
progressivement transformée en phase rutile. La conversion s’effectue plus ou
moins rapidement suivant le temps de recuit, le type de nanostructure et le type
de substrat. Néanmoins pour des températures supérieures a 550 ° C, la struc-
ture devient completement composée de phase rutile entrainant la formation de
cristaux de rutile émergeant en surface et détériorant ainsi la nanostructure.

Enfin, les analyses XPS nous ont permis de confirmer une absence de con-
taminants de surface liée aux acides utilisés lors du procédé électrochimique
d’anodisation. Les résultats montrent également une présence d’ions fluorure
provenant de I’électrolyte et ayant migré a travers la couche poreuse de dioxyde
de titane lors du procédé.

La seconde partie de cette thése a concerné la caractérisation des effets bi-
ologiques de la nanostructure de T©0,. Une étude in vivo a été effectuée afin
de comparer 'ostéoingration de notre nano-surface avec d’autres surfaces plus
rugueuses : une surface brute d’usinage (MA), une surface type SLA® de Strau-
mann (MICRO) et une surface nanostructurée via le procédé d’anodisation
(NANO). Apres traitement, les implants prototypes ont été implantés dans les
deux épiphyses fémorales de lapin. Apres quatre semaines d’implantation, des
essais de traction et la caractérisation des tissus environnant ont été réalisés
pour caractériser 1'ostéointégration des différentes surface d’implants. Les ré-
sultats ont montré que I'ancrage osseux de la surface NANO était similaire a
celle des implants MICRO, alors que la rugosité était 3 fois plus faible (0,5 vs 1,5
um). La surface NANO présente également une meilleure apposition osseuse
(Contact os-implant (BIC) et formation osseuse dans la cavité de I'implant
(BG)) que les deux autres surfaces, mais les résultats ne sont pas statistique-
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ment significatifs. Cette étude a été publié dans le journal Acta biomaterialia
I’article N°1 de la these.

Enfin la derniere partie de la these, concerne 'application du traitement
de surface directement sur des dispositifs médicaux : les implants dentaires et
les protheses de trachée. L’anodisation d’implants dentaires a été réalisée avec
succes et révele des effets biologiques similaires lors de 'implantation dans le
méme modele chez le lapin. Les résultats de 1’étude in vivo sont visibles dans
I’article N°2 publié dans le journal Nanomedecine. Par ailleurs, le procédé
unitaire a été validé en 2013 par un organisme agréé (G-MED) pour le traite-
ment de surface d’implants dentaires et orthopédiques. Néanmoins, ce procédé
unitaire ne peut difficilement s’appliquer en ’état dans le cadre de lot tres im-
portant comme dans le cas des implants dentaires. Il nécessite alors un “scaling
up”. Des premiers résultats ont montré une bonne homogénéité de surface lors
du traitement de 12 implants simultanément en mode galvanostatique (inten-
sité fixée), néanmoins ce changement d’échelle nécessite davantage de recherche
vis-a-vis de sa complexité (agitation, température du bain, taille de la cuve,
etc).

L’utilisation des nanostructures pour 'intégration de surface avec les tissus
mous a également été exploré dans le cadre d’un application ORL sur des pro-
theses de trachée. Des résultats in vitro et in vivo en sous-cutané chez le rat
ont montré une meilleure adsorption des protéines et un meilleure prolifération
tissulaire pour les implants nanostructurés que pour le groupe non traités. Ces
résultats ont été publié dans le journal Nanoscale, article N° 3 de la these. Néan-
moins, la méme problématique de “scaling up”a été observée pour 'application
aux protheses de trachée dont la taille est plus importante et dont la géométrie
est plus complexe que les implants dentaires. Bien que 'obtention d’un traite-
ment de surface relativement homogene, sur les gabarits de prothese de trachée,
on observe un phénomene de délamination de la nanostructure. Elle s’effectue
par nanotubes individuels mais aussi par plaques ou agrégats. La délamination
est visble en surface de I’échantillon mais également dans le bain de ringage
(eau distillée) utilisé pour nettoyer I'implant post-anodisation. Apres avoir
épluché la littérature, tres censurée sur ce genre de phénomene, la délamina-
tion proviendrait des ions fluorures présent dans la nanostructure. Ces ions qui
pourraient étre un atout pour la cicatrisation osseuse, forment avec le titane
une espéce chimique soluble dans l'eau ([T Fs]*7) et, qui part sa dissolution, va
fragiliser ’adhésion la nano-surface [26]. Le ringage a I’eau a donc été remplacé
par un rincage a 1’éthanol pur. Le recuit a 500 ° C permet également de réduire
la concentration en fluorure réduite par évaporation de TiFy [27]. Néanmoins,
les résultats LIBD révelent toujours la présence de nanoparticules relarguées
lors de I'immersion de la prothese dans une solution physiologique.
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En présence de fluides biologiques, la prothese est donc susceptible de re-
larguer des nanoparticles. Des essais mécaniques de scratch test ne révelent
aucune différence de tenue mécanique entre les surfaces obtenues sur les im-
plants dentaires et celle des gabarits de prothese de trachée. Néanmoins les
résultats a 'usure sont plus faibles que ceux présenté par la littérature, pour
un méme procédé appliqué sur des implants orthopédiques [28].

D’un point de vue réglementaire, ces problématiques de nanoparticules re-
larguées est un sujet actuel puisque la nouvelle réglementation européenne sur
les dispositifs médicaux incorporant des nanomatériaux va entrer en vigueur
courant 2015. Ainsi, les dispositifs incorporant des nanomatériaux intégreront
la classe 111, DM a haut risque. Bien que la tenue mécanique peut étre améliorée,
la réglementation va entrainer quelques difficultés supplémentaires pour pro-
poser ces nano surfaces aux industriels du milieu médical. Par exemple, les
implants dentaires initialement de classe IIb, qui passeront alors en classe III
avec la présence de nanostructure en surface et entrainant alors davantage de
contrainte réglementaire pour le fabriquant.

En conclusion, ce travail a permis de démontrer I'intéret des surfaces nanos-
tructurées pour améliorer 'intégration tissulaire des implants. Les perspec-
tives possibles concernent l'optimisation de la nanostructure. L’anodisation
permet de réaliser des nanostructures de morphologies différentes (nanopores,
nanotubes). Or, il a été montré que le design de la nano-surface pouvait induire
un comportement cellulaire différent [29]. Il serait alors intéressant de com-
parer I'impacte de ces deux structures (nanopores, nanotubes) sur 'intégration
osseuse et tissulaire. De plus, La structure cristalline formée lors du recuit en-
traine la formation d’une phase stable (rutile) ou métastable (anatase, brookite)
qui peuvent améliorer la bioactivité de la surface par rapport a une surface
amorphe [30, 31]. Néanmoins, une étude sur la composition cristalline idéale
serait une piste d’optimisation de la surface. Par ailleurs, Kim et al. ont égale-
ment montré que le potentiel zéta des nanotubes de Ti0y pouvait varier suivant
le pH de Iélectrolyte utilisé [32]. Pour un électrolyte de troisieme génération,
la surface est chargée positivement pour un pH 3 alors que pour un pH plus
basique la charge de la surface devient négative. Ainsi, en créant une surface
d’implant chargée négativement pourrait permettre d’attirer les cations néces-
saires pour la formation osseuse (ex : calcium Ca?*, phosphate PO*, magné-
sium M g?*, Zinc Zn?T). Dans cette theése, il est également discuté d’utiliser ces
nano-surfaces comme support pour le relargage d’agent antibactérien comme
le zinc. Cet élément combine a la fois une activité antibactérienne et des effets
anabolisants sur le métabolisme osseux [33, 34, 35]. Ainsi la combinaison de
la morphologies de la nanostructure, la composition cristalline, la charge de
surface et I'incorporation d’agent anti-bactérien pourraient permettre de créer
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une surface prometteuse pour des applications médicales.
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GENERAL INTRODUCTION

edical implantology is a major challenge for health and is a field enjoying
continuous growth. In France, around 243,000 dental implants have been im-
planted per year in 2007, 111,000 hip joint replacements in 2011 and 71,000 total
knee prosthesis in 2012 [1, 2, 3]. The dynamics of this market are driven by
many factors including population ageing, new knowledge in pathology treat-
ment and new demands in terms of quality of life requiring more successful
medical devices. Titanium is a widely-used biomaterial because of its mechani-
cal properties, corrosion resistance and biocompatibility: it does not provoke a
rejection reaction. However, titanium is inert, meaning it is then necessary to
wait three to six months before obtaining full bone tissue-integration around
titanium implants. This delay depends on bone quality and other patient con-
ditions. This bone-tissue integration appears to be a relevant factor in clinical
success and implant life time [36]. Despite a high rate of success in implan-
tology, we have noted persistent problems in the long term: peri-implantitis,
for dental implants [37], infection, for intra-osseous orthopaedic implants[9] or
poor integration with soft tissue for tracheal prostheses.

Several works have shown that surface properties such as roughness, wet-
tability, electric charge or chemical composition may modulate adhesion, pro-
liferation and cell differentiation[11, 12, 13, 14, 38]. Since the beginning of the
1980s, studies have focused on surface treatments as a means of enhancing the
osseointegration of metal implants.

Most surface treatments produce random, micrometric roughness and can
only play a role at the cellular scale. With the development of new nano-
technologies, surface treatments are being proposed that modify the surface at
the protein scale. In this way, proteins in the extracellular matrix (ECM), such
as integrins, may control focal cell adhesion and alter a number of metabolic
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changes and cellular morphology. Modulation of Rho-associated kinase (ROCK),
the principal mediator of cytoskeletal tension, leads to contractile force gener-
ation and involves regulation of extracellular matrix gene expression and thus
differentiation of mesenchymal stem cells (MSC). Several studies prove this
mechanostranduction phenomenon and have shown higher cell attachment and
MSC differentiation into osteoblasts using nano-surfaces [19, 20, 21, 22].

The objective of this thesis is to propose a new bioactive nano-surface
for industrial applications in order to respond to current demands in biomed-
ical devices. These nano-surfaces may be created by different means, but the
simplest and most cost-effective process is anodisation. The biological effects
of nano-porous surfaces have already been studied in our laboratory and others
(23, 39, 40, 41, 42]. However, only a few publications have applied this sur-
face treatment directly to medical devices [28, 43, 44]. Our work focuses on
the preparation of nanostructuration of titanium implants by anodisation, and
their physicochemical and biological characterisation. All this work have been
supported financially by the company Biomedical Tissues and the “Association
Nationale de la Recherche et de la Technologie”(ANRT).

The first chapter of this manuscript is an opportunity to establish a state
of the art of knowledge of titanium and the biomedical questions it raises, the
use of surface treatments and the impact of a change at the nanoscale on cell
behaviour. This first part allows us to place the theoretical basis and context
of the thesis topic.

In the second chapter, we develop the materials and methods used. The
work carried out during this thesis largely concerns the development of the
anodisation process to create nano-modifications, as well as the use of various
methods for characterising surfaces at the nanometer level. The mechanical
equipment and particle analyser used in our experiments will then be exposed.
To conclude, the biological tools used to qualify the biocompatiblity of our
nano-surfaces are described.

The third chapter is devoted to both physical and chemical characterisation,
and quantifying the biological effect of custom-made implants. Most of the
characterisation of the titania nanotubes was carried out using nano or surface
techniques, analysis of the chemicals, and structural composition. Osseoin-
tegration on custom-made titanium implants with our nano-surface was then
compared to other types of surface.

A fourth chapter presents the medical applications of this nano-surface treat-
ment using our anodisation process. The results obtained with dental implants
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in an in vivo study in rabbits are given. The validation of the process accord-
ing to the EN ISO 13485 directive applied to medical devices is then exposed.
Extrapolation of the process to an industrial scale is mentioned for batches
with several implants, large size or complex-shaped implants (e.g. tracheal
prostheses) leading to a number of issues regarding reproducibility and the
delamination of the nano-porous layer.

To conclude, the incorporation and release of elements such as zinc are ap-
proached as an alternative method for implant treatment requiring both tissue
integration and antibacterial effects. The last topic addressed in this thesis
deals with the new European regulation regarding medical devices incorporat-
ing nanomaterials. As many concerns are related to the safety of nanomaterials
on surface implants, the regulatory approval for human use may be difficult to
obtain. Finally, a summary of the results of our research and development is
given briefly. The short and long term perspectives of optimisation of the honey
comb surface in medicine are discussed.
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CHAPTER

STATE OF THE ART: SURFACE
TREATMENTS FOR MEDICAL
APPLICATIONS

iomaterials are defined as “non viable materials used in medical devices in-
tended to interact with biological systems”(Consensus conference in 1986). This
field involves medicine, materials science and multi-scale characterisation, as
well as materials in biological environments (Figure 1.1).

Biomaterials are commonly used as elements for reconstructing, helping or
replacing tissues damaged, weakened or failing as a result of age, accident or
disease. Biomaterials can be used to restore different types of tissue such as
bone, cartilage, ligament, tendon, and skin, and thus have a vast number of
applications in the cardiovascular field, ophthalmology, dentistry, stomatology,
and various types of surgery such as plastic, orthopaedic or general.

There are two different yet important key notions. Biocompatibility is
the ability of a material to perform with an appropriate host response, and
thus to not induce rejection (inert) of the implant by the host in a specific
application. Biointegration is the ability of a material to be colonised by
living cells and tissues. Bioactive materials can be inserted into the human
body and become fixed and stable in the surrounding natural soft or bone
tissues. A biocompatible material is not necessarily biointegrated in certain
types of application (i.e. urinary catheters).

Different materials are used for implants. These include polymers, ceram-
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Materials
properties

Multi-scale Medicine
characterization application

Pathology and
medical device

Figure 1.1: Materials in medical applications

ics, metals, composites and natural products. Each material has interesting
properties that are useful for certain specific medical applications [45]. The
natural materials used in implantology are logically biocompatible due to
their biological origin. This not only concerns he transplants (i.e. autografts,
allografts, xenografts) but also collagen-derived products. Other natural mate-
rials are currently in development, such as polysaccharides, cellulose, and coral.
Research is also focusing on hybrid biomaterials composed of a material ma-
trix incorporating cultured stem cells or growth factors for tissue regeneration.

Numerous polymers are used as biomaterials: thermoplastic polyether
ether ketone polymer (PEEK) in spinal surgery, polymethyl methacrylate (PMMA)
in bone cements, polytetrafluoroethylene (PTFE) in vascular grafts or polyethy-
lene terephthalate (PET) fibres for ligament prostheses, etc. Some of them have
the particularity of being resorbable, others demonstrate excellent primary fix-
ation with bone, however, monomers may give rise to inflammation, or increase
the risk of polymer degradation.

Ceramics are widely used in hip prostheses using inert alumina (AlO3)
or zirconia (ZrQO,), which have advantageous mechanical properties in com-
pression. Other bioactive ceramics which mimic the chemical composition of
bone such as hydroxyapatite (Cas(PO4)sOH) or tricalcium phosphate ceram-
ics (Caz(POy)2) can also be used to coat hip prostheses or scaffolds to fill bone
defects. The mechanical and biological properties of bioceramics depend on
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many factors during synthesis (sintering temperature, powder purity and par-
ticle size distribution) which may lead to large variations in the biological and
clinical performances of the materials.

Metallic materials are in some ways the “ancestors”of biomaterials as they
were the first generation of biomaterials to be introduced in the mid-twentieth
century. Most of the metal implants used are 316L stainless steel. Although it
has high mechanical strength, stainless steel is sensitive to corrosion in the body
fluids through oxidation, and its wear resistance is poor in comparison with
other metal implants. Cobalt-chrome alloys are mainly used in cardiovascular
and orthopaedic surgeries. Although there is high corrosion resistance, implant
wear leads to metallic ions being released into the surrounding area of the
prosthesis. Other metallic materials are used, including NiTi which is a shape
memory alloy, and also some noble metals (Au, Ag) for orthodontic applications.
The last but not the least - metallic materials used in implantology is titanium
and its alloys. They are widely used as biomaterials in dental implants as well
as in certain orthopaedic applications. As this material is the centre of interest
of this thesis, its characteristics and properties are developed in the following
section.

1.1 Titanium and alloys in medicine

Titanium and it alloys are widely used in medicine due to their characteristics
and properties which are more suitable than other previously-mentioned im-
plant metals.

Mechanical properties and material density — Titanium exists in two
different forms: alpha, which is a stable phase with poor mechanical properties
but more resistant to oxidation than the second type, the beta phase, formed
over 882 °C (Figure 1.2). The alpha phase mainly composes pure titanium
also known commercially as pure titanium (cp Ti). There are several grades of
purity, characterised by the amount of oxygen, carbon and iron contained in the
titanium. Titanium Grades 1 to 4 only concern pure titanium, the other grades
are alloys. In medical applications, Ti Grade 4 is used for dental implants while
Ti-40 (Grade 2) is used here for tracheal applications.

Beta type titanium alloys, such as Ti-13Nb-13Zr, Ti-15Mo or NiTi, are
stronger and have low Young’s modulus, making them favourable for homoge-
neous stress transfer between implant and bone (i.e. bone plates and screws),
while also having limited ductility that reduces the capacity for shaping [46].
NiTi materials are useful in orthodontic applications as they have super-elastic
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Figure 1.2: Binary diagram for titanium and alloys with neutral element. In
presence of alpha-phase stabilizer or beta-phase stabilizer, alpha-transus and
beta-transus are shifted.

behaviour and shape memory effects. Mixed alpha and beta phase alloys, such
as TAGV or TiZr, are interesting due to improved fatigue properties compared
to pure metal. TAGV alloy, made of 6 % aluminum and 4 % vanadium, is
the most common type of titanium used in medicine as Grade 5 and 23. The
phase stability of this alloy depends on the alloying element ratio. It has been
established that vanadium, molybdenum, niobium and tantalum act as beta-
stabilisers while aluminium acts as an a-stabiliser. However, these elements can
have undesirable effects at the biological level. Aluminium and vanadium are
respectively classified to form a capsule or scar tissue, and prevent cell division.
Both elements can display mutagenicity and cytotoxicity, and cause allergic
reactions.

The mechanical properties of titanium and its alloys are compared to other
biomaterials in Table 1.1. The metal titanium is known for its biomechanical
properties (Young’s modulus, tensile strength, ductility, fatigue life, and wear
resistance) and relatively low material density. Ti 6Al-4V ELI (Extra Low
Interstitials) contains reduced levels of oxygen, nitrogen, carbon and iron and
these lower interstitials provide improved ductility and tensile strength.

Biocompatibility and corrosion resistance — Titanium is naturally cov-
ered by a thin layer of amorphous titania or titanium oxide (703) 2 - 6 nm
thick. This passivation film forms spontaneously in contact with air. Titania
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Table 1.1: Mechanical properties of materials used for bone implants [47, 48, 49,

50]
Materials Phase Density | Tensile strenght | Elastic modulus | Yield strenght
Structure MPa GPa MPa
Bone - 1.6-2 90-140 10-40
Polyethylene - 0.9-1.2 30-35 <1 15-43
Steel 316 Austenitic 7.5-8 465-950 200 170-750
Cobalt alloys - 8.5 209 1000 145-270
Ti cp Grade 1 « 240 170
Ti cp Grade 2 4.5 340 100-115 275
Ti cp Grade 3 450 380
Ti cp Grade 4 550 480
TAGV a+p 4.9 960-1000 850-900

has a high affinity for organic contaminants and carbon. The oxide layer also
confers chemical stability, prevents bio-corrosion and the release of metal ions,
thus ensuring the biocompatibility of implants in a human body environment.

The titania layer is mainly composed of initially amorphous 770y but may
also exist in a crystalline phase: the tetragonal anatase phase (Figure 1.3(a))
is metastable and formed at an early temperature (around 208 ° C) and it trans-
forms irreversibly into a stable rutile phase at higher temperatures (Figure
1.3(b)). A final crystalline form of titanium dioxide is called brookite. This
metastable phase with an orthorhombic structure is less described in the liter-
ature than the others (Figure 1.3(c)). This nucleation-growth type of phase
transition is not instantaneous, leading to a mixture of phases [51].

(a)

(b)

()

Figure 1.3: The different crystal structures of titanium dioxide :

(b) rutile et (¢) brookite (source : http://www.ruby.colorado.edu)

(a) anatase,
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1.2 Biological tissue integration: successes and
failures

In the case of intra-osseous implants, the main objective is to obtain a di-
rect bone-implant contact. The biological processes in tissue healing around
implants are briefly described in this part.

First of all, soft tissue includes tendons, ligaments, fascia, skin, fibrous tis-
sues, fat, and synovial membranes (also called connective tissue), as well as
muscles, nerves and blood vessels (which are not connective tissues). Connec-
tive tissue is essentially composed of fibroblast cells in extracellular matrix.
These fibroblast cells differentiate from a multipotent mesenchymal stem cell
(MSC) that could also contain other specific cells (i.e. adipocytes, chondrob-
lasts, osteoblasts and myoblasts). The main function of fibroblasts is to produce
collagen fibres giving high resistance to connective tissues.

Bone tissue is composed of an mineral component at 65 % and of an organic
element 35 % (i.e. type-I collagen, non collagenic proteins and growth factors).
The mineral present is essentially composed of hydroxyapatite crystals or
amorphous calcium phosphate.

Bone is also composed of different cells: osteoblasts, osteocytes and os-
teoclasts. Osteoblast cells have the particularity of actively synthesizing bone
matrix. Osteocytes result from the maturation of osteoblasts and are embedded
into the bone tissue made of mineralised collagen fibres. Osteocytes synthesize
collagen fibres and regulate and moderate bone formation by controlling the
activity of osteoclasts, the cells that resorb bone tissue. Bone is a living tissue
that follows a continuous cycle of formation and destruction. This phenomenon
is called “bone remodelling”. There are two types of bone: compact bone,
characterised by cylindrical bone lamellae concentrically arranged around the
Haversian canal, and cancellous bone which consists of ramified trabeculae be-
tween which bone marrow and vessels are found.

1.2.0.a Concepts of osteointegration

In the early 1950s, Professor Per-Ingvar Branemark of the University of Lund
in Sweden discovered that bone can integrate with titanium components [52].
The concept of osseointegration was introduced for titanium implants. It
is now defined as the direct structural and functional connection between living
bone and the surface of a load-bearing artificial implant.

The placement of an implant requires several distinct stages before osseoin-
tegration is obtained (Figure 1.4) [16, 17, 18]. When the implant is inserted,
biological fluid (i.e. blood) with various constituents, such as proteins, mineral
ions, glucids, and lipids, enters into contact with the surface. RGD components
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Figure 1.4: Chronology of the various steps towards osseointegration [53]

containing the Arg-Gly-Asp pattern are adsorbed on to the implant surface and
allow the adhesion of cells integrins [54]. It makes possible the connection be-
tween the cell and extracellular matrix (fibronectin or laminin), leading to cell
adhesion, proliferation or migration. Moreover, platelets from blood attract
MSC by using growth factor release. Thus, during the first 3 days of implanta-
tion, cells attach to the implant surface and proliferate. Cells may be already
differentiated (i.e. osteoblasts) or primitive cells that can differentiate into os-
teoblasts or osteocytes, which is called osteocondution. After 6 days of healing,
osteoid tissue is synthesized by osteogenic cells. After two weeks, a neo-bone
formation is obtained by calcification of the extracellular matrix. Three weeks
after the placement of an implant, the bone remodelling process occurs. Never-
theless, none of these steps are fixed and may change as in the case of immediate
implant loading.

As reported by Raghavendra, primary stability corresponds to the me-
chanical anchorage of the implant (Figure 1.5) [55]. This stability gradually
decreases during the bone remodelling process. During the healing process,
bone remodelling forms new bone in direct contact with the surface of the im-
plant leading to secondary or biological stability. The healing process is
complete when the biological stability entirely replaces the initial mechanical
stability.
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Figure 1.5: Primary and secondary stability curves as shown by Raghavendra
et al. [55] (source : http://straumann.ca)

1.2.0.b Limitations and needs

The placement of titanium implants has a high clinical success rate, notably
in dental implantology with a rate of 95 % according to authors [6, 7, 56, 57].
Clinical success is based on early integration of the implant. Several factors
may play a role in this integration: the nature, surface and geometry of the
implant, the preparation of the implant site, the surgical technique used or even
the condition of the implant-loading [5].

As titanium and alloy surfaces are bio-inert, they cannot actively stimulate
the initial bone formation on the surface at an early stage of implantation. As
soft tissue healing grows faster than hard tissue formation, it may interact on
implant surface integration [58]. Implant encapsulation by fibrous tissue may
isolate the implanted material from the surrounding bone and lead to implant
instability and premature loosening. In the case of dental implantology, most
implant failures occur in the critical early period between weeks 2 and 4 [55].

If the bone formation process is initiated earlier, it is possible to dramati-
cally improve the total stability of the implant. Thus, the surface of an implant
requires optimisation of its bioactivity with tissues. Several factors may play a
role in titanium integration. Authors have shown the impact of surface modifi-
cation (mechanical, physical, chemical) that may modulate cell behaviour with
the implant surface [11, 12, 13, 14]. Thus, surface treatments or modifications
have been developed and are currently used with the aim of enhancing the
clinical performance of titanium implants. This subject is exposed in the next
section of this chapter.
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1.3 Titanium surface technology

Bioactivity may be stimulated by surface parameters such as roughness, wet-
tability or chemical composition which modulate cell adhesion, proliferation
and/or differentiation (Figure 1.6) [11, 12, 13, 14, 15].

Figure 1.6: Diagram of interactions between surface properties (i.e. surface
roughness, surface energy, surface chemistry) and biological events, such as
protein adsorption and thus osteoblast response (i.e. proliferation, differentia-
tion, bone mineralisation)[15]

The initial surface of an implant is usually turned or machined. This surface
is relatively smooth and only has a few micrometric machining streaks (Figure
1.7). The polishing process (i.e. electro-polishing) makes it possible to reduce
the machining traces resulting in polished mirror surface roughness at the range
of 0.1 um. The main advantage of polished surfaces is the aesthetic surface
and the inhibition of plaque accumulation [59], while giving less stimulation
of human gingival fibroblasts than machined surfaces [60]. Machined smooth
surfaces have been shown to increase the risk of failure when implanted in a
low quality bone site while increasing fibroblast adhesion and spread, and thus
soft tissue proliferation more than rough surfaces [4, 61, 62].

(a) (b)

Figure 1.7: SEM observation of the morphology of a TA6V machined surface
at two magnifications (x5,000 and x20,000)
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Macro-rugosity obtained thanks to the “spire/screw shape”makes it possible
to anchor intra-osseous implants into the bone (i.e. dental implants, osteosyn-
thesis screws). Moreover, modifications to the microscopic roughness (1-10
pum) have been shown to positively influence bone integration into the surface
(63, 64, 65]. In addition, Hara et coll. reveal higher alkaline phosphatase on
rough than on smooth surfaces [66]. In addition, roughness increases the contact
area between the titanium implant and bone tissue. Currently, no one knows the
ideal micro-roughness and thus various surface roughnesses are manufactured.
However an excessively rough surface up to Sa = 1 a 1.4 pum could increase
the risk of surface corrosion, bacteria colonisation and could also be difficult to
clean up in case of bacterial decontamination [67, 68, 69]. Recent studies have
shown that nano-surface modification (from 1 to 100 nm) may modulate protein
adsorption and enhance cell adhesion, osteoblast proliferation and osseointegra-
tion [12, 22, 41, 70, 71]. Nano-structured surfaces have been shown to enhance
cell adhesion and osteogenic parameters better than traditional turned surfaces
in vitro [72] as well as bone anchorage in vivo [43]. Recently, Lu and Webster
have also shown that nano-surfaces reduced pro-inflammatory cytokine release
as well as submicron titanium surfaces compared to a flat surface [73]. Other
authors showed that combining surface patterning techniques at both at the
micrometer and nanometer scale may lead to enhanced osteoblast activity [74].

Methods have been developed to improve the clinical surfaces of titanium
implants, known as surface treatments. Surface treatments can be additive,
creating a chemical coating or increasing the implant surface using an electro-
chemical process, or subtractive, removing material thus increasing the contact
area without changing the chemical composition of the surface (i.e. blasted,
acid etched). Some implants could have a hybrid surface with both a smooth
portion for soft tissue adhesion and a second portion that is rough for tita-
nium osseointegration with bone (i.e. dental implants with gingival tissue and
alveolar bone).

Titanium integration with biological tissues is evaluated by observing the
surrounding tissues and quantifying elements such as percentage of bone im-
plant contact (% BIC) or bone formation surrounding the implant surface (%

BS).

The first part of this section presents the main method for surface treatment
and the associated commercialised brands. Thesecond part introduces a new
approach to surface modifications at the nanoscale. The formation of a hon-
eycomb nanostructure via anodisation is then reviewed in chapter 20, “Bone
Apposition on Nanoporous Titanium Implants”published by Elsevier.
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1.3.1 Commercialised surfaces for implants

For around ten years, studies have been carried out in both enhancing clinical
performances with tissues (hard or soft) and marketing. Several surface mod-
ifications have been developed and are currently commercialised. They make
it possible to modify both the roughness and/or chemical composition of the
surface. There are various applications, from dental implants to spine or hip
prostheses, etc.

This part presents the process and some results regarding the biological
performance of titanium surface treatments such as grit-blasting, acid-etching,
porous sintering, oxidising, plasma-spraying (titanium or hydroxyapatite-coating)
and laser techniques. There are other treatments, such as physical vapour de-
position (PVD) and chemical vapour deposition (CVD) for organic or inorganic
coatings, but they will not be developed in the section below.

1.3.1.a Grit blasted surface (i.e. Tioblast’™, Astra Tech)

Grit-blasting is a subtractive treatment which consists in air spraying particles
on to the titanium surface. Impaction of the particles creates micrometric
roughness in the range of 0.5 to 6 um depending on the type of material and
particle sizes used, as well as other treatment conditions (pressure, projection
time, etc) [75]. The particles mainly used for these surface treatments are
aluminium oxide powder (AlyO03). The method leads to particles being retained
in the titanium surface and may interact on tissue integration [76, 77]. Titanium
dioxide (TiO2) can also be used to avoid this external contamination (i.e. the
TiOblast™ surface from Astra Tech newly Dentsply Implant, see Figure 1.8).
A third technique called “clean sand blasting”consists in blasting using calcium
phosphate ceramic particles such as tricalcicium phosphate beta (Beta TCP)
or hydroxyapatite (i.e. MTXTM surface, Zimmer dental). The ceramic can
dissolve into nitric acid after treatment leading to a “clean”titanium surface.
Then, a new blasted surface with anti-bacterial properties is manufactured by
Medicoating using hydroxyapatite powders containing silver particles.

1.3.1.b  Acid etched surfaces (i.e. Osseotite®, Biomed 3i)

The etching method consists in attacking the surface with corrosive acids. The
corrosion is not uniform and thus produces micrometric roughness or cavities
that are interesting for bone formation and anchorage. The interest is twofold
because the native oxide layer is also removed leading to surface decontamina-
tion. The Biomed 3i corporation proposes a dual acid-etched surface into an
aqueous solution of hydrochloric acid and small amount of hydrofluoric acid
called Osseotite® surface (Figure 1.9) [78].
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(a) (b)

Figure 1.8: SEM observation of the morphology of grit-blasted surfaces of
TiOblast™ (Astra Tech, newly Dentsply Implant) at two magnifications: (a)
x 1,000 and (b) x20,000)

(a) (b)

Figure 1.9: SEM observation of the morphology of the acid-etched surface of
Osseotite (Biomed 3i) at magnification (a) x 20,000 and (b) x 100,000 (sources
: http://biomed3i.com and http://www.mdtmag.com)

1.3.1.c  Grit blasted and acid etched surface (i.e. SLA®, Straumann)

The combination of both grit-blasting and dual acid-etching is the standard
surface method used in dental implantology. Grit-blasting using AloO3 particles
250-500 pum in diameter followed by a warm hydrochloric and sulphuric acid
attack makes it possible to both remove sandblasting residue and produce 1 to
2 pm random micrometric cavities. These surfaces are developed by Straumann

SLA (Figure 1.10).

SLAactive® is produced by rinsing in an N, atmosphere. It is then sub-
merged in an isotonic NaCl solution following acid-etching to avoid contact
with molecules from the atmosphere. SLA surface is widely published and is
known as a reference surface in dental implantology. Frialit by Dentsply and
Osseospeed by Astra Tech are also prepared following this blasted and acid
etched method.
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(a) (b)

Figure 1.10: SEM observation of the morphology of a SLA surface (Straumann)
at double magnification :(a) x5,000 and (b) x20,000)

1.3.1.d Oxidized (i.e. TiUnite®, Nobel Biocare)

Anodic oxidation is widely used and mastered on metal to increase its oxide
layer. It may be either additive or subtractive, depending on the electrochemical
parameters used. Currently, the use of this technique on titanium surfaces
makes it possible to produce 3 kinds of surface.

A colour anodizing surface is obtained from the reaction between metal
ions with oxygen in an electrochemical cell, and forms a compact metal oxide
(MO) layer. The thickness of this oxide layer on the titanium substrate leads
to a colour-coding surface treatment, through a light constructive interference
phenomenon caused by a difference in reflective index. This coloured surface
can be used for the identification of medical instrumentation. In addition to this
marketing asset, the thick oxide layer increases biocompatibility by preventing
corrosion and decreasing metallic ion release from the titanium surface.

Under high electrochemical conditions (i.e. 100-300 V), the thickness of the
oxide layer is greatly increased, leading to electrical resistance of the surface
during the anodising treatment. Thus, dielectric breaks with sparks occur at
the titanium surface causing the melting of the oxide layer [33]. This method
produces 1 to 10 pum porosity. This treatment is called as spark anodisation

and is commercialised by Nobel Biocare under the name of TiUnite (Figure
1.11).

During this spark anodisation process, a compact oxide layer is also formed
under the microporous outer oxide layer. The first compact oxide layer has
been shown to increase the fatigue strength and to reduce wear from friction on
the titanium surface. It is currently proposed by KKS as TioDark treatment.
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(a) (b) (c)

Figure 1.11: SEM observation of the morphology of a TiUnite surface (Nobel
Biocare) at three differente magnifications : (a)x2,000, (b) x5,000 and (c)
%20, 000

1.3.1.e Titanium and HAP plasma sprayed surface (i.e. TSP coat-
ing, DOT)

The titanium plasma spray process, also called the plasma torch process, is one
of the main additive surface treatments leading to coating from 50 to 200 um in
thickness. It consists in spraying a material at high temperature which adheres
to the titanium substrate and forms a coating. This process makes it possible
to create a globular and porous coating by spraying titanium powder or tita-
nium hydride, increasing the roughness of the surface (Figure 1.12). It could
also increase the bioactivity of the surface by using a coating whose chemical
properties are osteoconductive, such as hydroxyapatite (Cayo(PO4)s(OH)2).

(a) (b)

Figure 1.12: SEM observation of the morphology from (a) the top and (b) the
section of a titanium plasma sprayed surface, magnification x5,000 (source :
http://www.exac.com)

The white calcium phosphate ceramic is known for its bioactive properties.
This hydroxyapatite surface dissolves in contact with biological fluids leading
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to the release of calcium and phosphate ions into the peri-implant region and
the precipitation of a biological apatite on to the implant surface. This apatite
layer makes it possible to retain proteins and cells that produce the bone matrix
directly on the titanium surface.

Although the surface can be blasted beforehand to increase the mechanical
anchorage of the coating, the cooling generates internal stress and cracks. Thus,
the coating still adheres to bone tissue while detaching the coating from the
surface, leading to weak implant anchorage in the long term. This surface was
suspended from the market in 2001 by AFSSAPS ({’Agence Nationale de Sécu-
rité du Médicament et des produits de santé). Other process treatments syn-
thesized hydroxyapatite on to the surface by biomimetic precipitation (Figure
1.13 (a)), ion sputtering, sol-gel (NanoTite, 3i) but they are not as developed
as the plasma-sprayed technology and will not be describe in this manuscript.

(a) (b)

Figure 1.13: SEM observation of the morphology of a biomimetic hydroxya-
patite formed by precipitation and a Laserlok surface produce under Laser
ablation (BioHorizons). Magnification : (a)x5,000, (b) x7,000 (source:
http://fr.biohorizons.com/laserlok.aspx)

1.3.1.f Laser ablation surface (i.e. Laser-Lok®, BioHorizons)

Laser ablation, also called Laser peeling is a subtractive technology which
consists of laser beam bombardment of the surface with high intensity (5-15
GW /cm?) nanosecond pulses (10-30 ns) causing small indentations or dimples.
These microstructures greatly increase hardness, corrosion resistance, and pro-
vide a high degree of purity with a standard roughness and thicker oxide layer
on the titanium surface.
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This surface treatment is currently manufactured for dental applications
such as Laser-Lok by BioHorizons (Birmingham, Alabama, USA). The Laser-
Lok surface produces a grooved surface at the cell scale (Figure 1.13 (b)). Bi-
ological performances were evaluated for the Laser-Lok surface and were shown
to orientate osteoblast cell attachment and control the direction of ingrowth
[79].

Other laser techniques are also commercialised with the same principle as
the plasma-sprayed surface, such as laser pulsed depositing and the laser mi-
crofusion technique, also called Direct Laser Metal Forming (i.e. Tixo, leader-
italia).

1.3.2 New approach for nanoscale modification via an-
odisation

The surface treatments presented above produce randomly micrometric sur-
faces. Although this rough surface increases tissue intergration as compared
to a non-treated surface, it has been shown that nano-surface modification of
titanium also provides a high biological response. Several authors are currently
studying the nano-surface approach, producing randomly ordered nano-surfaces
such as nano-grass, nano-needle, nano-pits, nano-porous surface for medical ap-
plications. These nanopatterned surfaces are created in the same way as those
used for surface micropatterning, such as lithographical methods, hydrothermal
treatment, anodising, depositing nanoparticles or grafting, etc. As previously
discussed, new bone formation includes complex processes that produce the
different micro-, submicro- and nanoscales on titanium surfaces (Figure 1.14)
[15].

Immediate implant insertion leads to protein adsorption at the surface
nanoscale and is used for cell adhesion through integrins. Nano-modification
may regulate the type, number, spacing and distribution of the focal adhe-
sion ligands for cells on the titania surface (Figure 1.15). This changing also
changes the location and spacing of transmembrane intergrins leading to cy-
toskeletal tension in the actin filaments of the adhered cells. The resultant
stress on the cytoskeleton of the cells may regulate its behaviour regarding
proliferation and differentiation.

In the case of TiO, nanotube surfaces, it has been shown that MSC and
osteoblast cells may proliferate if of different pore size but highly differentiate
or stimulate on larger 70-100 diameter nanotubes while higher cell adhesion was
observed for lower diameters (Figure 1.16). This modification of the cell be-
havious is due to the phenomenum of mechanotransduction, already published
by serveral authors[19, 20, 21, 22, 20, 41, 81].
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Figure 1.14: Interactions between bone and the implant surface at different
length scales : At the macroscale, the implant shape provides a good mechani-
cal fixation with bone; at the microscale, microroughness can directly interact
with osteoblasts and mesenchymal stem cells. At the nanoscale, cell membrane
receptors, such as integrins, can recognize proteins adsorbed on the surface [80]

Figure 1.15: Interactions between proteins, intergrines of cells on nanotubular
surface with different pore sizes [22]

Figure 1.16: Schematic illustration of the effect of diameter of nanoporous
structure on hMSC after a 24-h culture : for lower diameter, cell adhesion and
growth without differentiation while for higher diameter, elongation of hMSC
are observed leading differentiation [23]

Thus, incorporating some types of nanoscale surface features on to the sur-
face with a combination of microscales is a way of mimicking the bone’s hier-
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archical structure and inducing better tissue integration. Nano-modification of
the surface using ordered nanotubes and nanoporous array are the subject of
this thesis. These nano-surfaces are more developed in a book chapter published
by Elsevier which reviews the formation of the 79O, honey comb structure and
its biomedical applications.

1.3.2.a Book chapter : Bone apposition on nanoporous titanium
implants
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1. INTRODUCTION

Titanium and its alloys are widely used for manufacturing dental and ortho-
pedic implants because of their good biocompatibility. Surface properties of
titanium implants are key factors for rapid and stable bone tissue integration
[1]. Upon implantation in the body, titanium implant surfaces interact with
proteins, cells, and tissues in the nanometer range. Nanotechnologies may
produce surfaces with controlled topography and chemistry that would help
in understanding biological interactions and developing novel implant

Handbook of Nanoceramic and Nanocomposite Coatings and Materials © 2015 Elsevier Ltd.
http://dx.doi.org/10.1016/B978-0-12-799947-0.00020-1 All rights reserved. 427
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surfaces with predictable tissue-integrative properties [2—4]. Various surface
treatments such as templating, hydrothermal processing, and electrochemical
anodization may be applied to the surfaces of dental and orthopedic implants
to produce controlled features at the nanometer scale. These nanostructured
surfaces exhibit titania nanotubes of various sizes and distributions.

Basic research on the self-organization of nanostructures made by
Zwilling and coworkers showed that the porous surface of titania could
be formed electrochemically in fluorinated electrolytes by an anodization
process [5]. Two years later, Gong and coworkers [6] first reported the
observation of the growth of highly ordered self-assembled T1O, nanotube
arrays via anodic oxidation of titanium in a hydrofluoric (HF) electrolyte.
This new titania structure was shown to improve properties compared with
any other form of titania making some interest for difterent applications such
as photocatalysor [7,8], sensors [9,10], and photovoltaic applications [11,12]
and in the biomedical field [13—15] including drug delivery [16—-19].

Titania nanotubes may be highly relevant to biomedical applications, par-
ticularly in dental and orthopedic implants. The optimal surface may be
screened by using high-throughput biological assays in vitro. For instance, spe-
cific protein adsorption, cell adhesion, and differentiation of stem cells should
be studied in relation to the surface properties. Following in vitro screening,
nanostructured surfaces may then be verified in animal models to validate
hypotheses in a complex in vivo environment. This approach may define the
ideal surface for a specific biological response such as bone tissue integration.

In this chapter, the different methods to produce titania nanotubes and
their application in the biomedical field will be reviewed.

2. METHODS OF FABRICATION OF TITANIA NANOTUBES

Titanium metal is naturally covered by a thin layer of titania or titanium oxide
(T105). This layer is a few nanometers thick and generally amorphous. This
passivation film forms spontaneously when titanium is exposed to air. In the
biological environment, this titanium oxide layer is very stable and prevents
biocorrosion and the release of metal ions ensuring the biocompatibility of
implants. However, the oxide layer surface is often contaminated with hydro-
carbon components from the environment. Indeed, Ogawa and colleagues
have shown that the bioactivity and osteoconductivity of titanium degrade over
time after surface processing [20]. In general, manufacturers of implants do not
control the formation and properties of the titanium oxide layer in the nano-
meter range. Several groups have demonstrated that nanostructured titanium
surfaces have a great impact on the fate of cells and may ultimately control
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the integration of implants in bone tissue. Among other nanostructures, titania
nanotubes have received much attention. Titania nanotubes and nanotube
arrays can be produced using various routes. One of the important ways is a
template-assisted method that was used by Hoyer [21]. It consists of forming
T1O, nanotubes by using alumina templates [21-24]. Other methods for fab-
ricating T10, nanotubes using hydrothermal [25,26] or anodization processes
have been described [27-29]. These difterent methods to produce titania nano-
tubes are presented hereafter. The advantages and drawbacks of the different
methods are reported in Table 1.

Table 1 Advantages and disadvantages of the different fabrication methods

for TiO, nanotubes
Technique

Advantage

Disadvantage

Positive template-
assisted method

Dimension control of
Ti0O, nanotubes by
the template

Not uniform in length and open ends

Only large tubes and small wall

Complicated fabrication process

Not applicable to complex-shaped
implants

Negative Ordered array of Large tubes
template— T10O, nanotubes Risk of contamination during
sol-gel with uniform dissolution
technique diameters Time of pre- and postprocessing,
difficult to scale up in industry
Hydrothermal Good crystallinity Nonreproducibility of
treatment (anatase) nanostructures
Titania fiber/tube Long reaction time (/20 h)
100 nm to micron | Highly concentrated NaOH used
Individual free nanotubes
Numerous critical parameters
Anodization Simple and cost- Amorphous nanotubes

effective process
applicable to
different implants

Well-ordered and
vertically aligned
nanotubes

Wide range of
nanotube
dimensions

Directly attached on
substrate

Requires a postannealing step

Highly expensive fabrication
apparatus for large batches
(Pt electrode)
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2.1 Template-Assisted Methods

The template-assisted method utilizes a pattern transter made of porous alu-
mina. The alumina template is generally made of anodic aluminum oxide
(AAO). The length or diameter of the TiO, nanotubes directly depends
on template dimensions. Two types of template, positive and negative,
are described in the literature.

In the positive template method, an anodic alumina mask is placed on the
titanium surface. The AAO film serves as a mold for a polymer on which
Ti0; 1s electrochemically deposited. Then, the polymer mold is dissolved
and reveals TiO, nanostructures corresponding to the AAO pattern. This
technique was explored by some authors [22,30] but it does not produce
uniform length nanotubes.

The negative template method consists of a sol-gel technique. An anodic
alumina mask is placed on the titanium substrate and then dipped into a Ti
(OR)4 solution that penetrates through the AAO film. After calcination of
over 400 °C, the template is removed by chemical dissolution and reveals an
ordered array of TiO, nanotubes with uniform diameter [23,24].

However, these template-assisted methods are not easily applicable to
complex-shaped medical devices such as dental and orthopedic implants.
Furthermore, their scalability for industrial production is also difficult.

2.2 Hydro-/Solvothermal Processes

This method is based on the self-assembly of TiO, nanoparticles or powder
treated into a NaOH solution that deposits on the surface of titanium
implants. Following the hydrothermal process at temperatures ranging from
100 to 150 °C, the Ti-O-T1i bond breaks out to Ti-O-Na or Ti-OH, lead-
ing to the formation of a nanostructured layer. Chemical acid treatment in
HCI converts this layer into nanotubes by removing electrostatic charges of
the sodium salt [25,26]. This procedure may be applicable to medical
devices. However, the obtained nanostructures are not easily controlled
as they depend on multiple parameters (e.g., size of titanium oxide, concen-
tration of NaOH, temperature, and neutralization).

2.3 Electrochemical Anodization Method

Anodization of titanium implants is widely used in the medical device indus-
try for color coding of products. It is a relatively simple and cost-eftective
process that does not change the tolerances of implants. However, the anod-
ization is usually performed without any control of the nanostructure of the
titanium oxide layer.
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A self-assembly or “bottom-up” technique has been described to pro-
duce nanomodifications of the titanium oxide surface by the electrochemical
process of anodization with or without fluoride ions. By using specific elec-
trochemical parameters, an array of oxide nanotubes aligned perpendicularly
to the surface can be formed. Some authors have described self-standing
nanostructured membranes by detaching the titanium oxide layer from
the surface [31]. Dimensions of the nanotubes can be precisely controlled.
A large variety of sizes from 20 up to 100 nm in pore diameter, length from
50 to 6000 nm, and a wall thickness ranging from 7 to 34 nm can be pro-
duced. [27,32].

In the following paragraph, the mechanism and the influence of the dif-
ferent electrochemical parameters on the properties of this self-assembled
Ti10O; nanotube array are discussed. Their application in the biomedical field
as a new surface treatment for implants with or without biologically active
molecules is then presented.

3. TiO, NANOTUBE FORMATION UNDER ANODIC
POLARIZATION

As shown in Figure 1, the electrochemical process of anodization consists of
applying a potential (potentiostatic method) or a current (galvanostatic
method) between the titanium implant and a counter electrode in an elec-
trolyte solution. The titanium implant acts as an anode and a platinum inert
electrode as a cathode. When applying a current, an oxidation reaction
occurs at the titanium surface. Depending on the anodizing conditions, four
behaviors are possible. At first, there is a continuous solvation of metal ions
due to electrocorrosion and the process is known as electropolishing. Metal
1ons can also react with oxygen and form a compact metal oxide (MO) layer.
This process 1s used as a color-coding surface treatment, by phenomenon of
constructive and destructive interference with light. The colored surface can
be used for decorating or for the identification of medical instrumentation.
Under high electrochemical conditions (i.e., 100-300 V), the thickness of
the oxide layer is greatly increased, leading to dielectric breaks with sparks
that cause the melting of the oxide layer [33]. In the latter conditions, two
layers are formed: a compact oxide layer and a microporous outer oxide
layer. The first layer has shown to increase the fatigue strength and to reduce
wear of friction. During anodization, the competition between solvation
and growth of the oxide layer forms a nanoporous array of dioxide layer.
By using more specific parameters, these nanopores self-organize into oxide
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Figure 1 Experimental setup of the electrochemical anodization process for the
formation of nanoporous TiO, on a titanium implant surface.

nanotubes, perpendicularly aligned on the metal surface. This nanostructure
formation has been demonstrated and mainly developed at first not only on
aluminum substrate but also on titanium, niobium, tantalum, zirconium,
and a large range of other transition metals and alloys. These materials are
called “valve metals” because of their dense, stable, well-attached electrical
insulating oxide layer. In the following paragraphs, the mechanism of the
formation of a nanotubular titanium dioxide film, the influence of the elec-
trochemical condition, and the mean thermodynamic stabilization are
discussed.

3.1 Mechanism of TiO, Nanotube Formation

The mechanism of TiO, nanotube formation is illustrated in Figure 2.
During the anodization process, a chemical reaction corresponding to water
decomposition appears at the cathode and produces dihydrogen gas accord-
ing to Equation (1):

2H' +2¢~ —H, (1)
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(1)

(1)

(V)
Electrolyte | 2H,0 — O+ 4 H™ + 4 e~

0]

Ti+2H,0 —TiOy+ 4 H + 4 e~
(1 (V)

Porous layer

Current density
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Figure 2 Mechanism of the electrochemical anodization process of titanium implant

surfaces into TiO, nanotubes with ring used for species from the electrolyte and full
circle for species from the surface.

At the anode interface, metal oxidation (Eq. 2) and decomposition of
water take place and generate dioxygen gas (Eq. 3):

M — Mn"" +ne” (2)
2H,O — O, +4H " +4e” (3)

In the case of titanium substrate, anodization follows the same scheme,
titanium ion (Ti*") formations that react with O”~ originating from water
deprotonation to form the oxide layer (Eq. 4). The thickness of the oxide
layer increases with the applied current, leading to current resistance.

In the presence of sufticient fluoride in the bath, a water-soluble species
[TiF6]*~ is formed on the substrate surface (Eq. 5). Chemical dissolution
of the oxide layer by the electrolyte creates pitting corrosion on the surface.
Difterence in the oxide thickness and thus electrical conductivity leads to the
preferential passage of current. Therefore, the competition between oxide
formation and Ti*" solvatization creates etching at some point forming a
nanopit array. The resistance of the oxide layer decreases the current density
in other locations. A good balance between specific electric power, oxide for-
mation, and chemical dissolution can form a nanoporous or nanotube array:

Ti+2H,O — TiO, + 4H " +4e” (4)
TiO, + 6F +4H" — [TiF]*” +2H,0 (5)



434 Handbook of nanoceramic and nanocomposite coatings and materials

Fluoride rapidly migrates into the oxide layer and accumulates at the
oxide-metal interface and at grain boundaries [29]. This fluoride-rich layer
seems to play a role in the transition from a porous hexagonal structure to a
tubular structure due to a preferential chemical dissolution between pores
forming individual nanotubes. Examples of TiO, nanopores and nanotubes
are shown 1in Figure 3. These nanostructures uniformly cover the surface of
titanium. Depending on experimental conditions, the size of the pores may
vary from 20 to 110 nm in diameter. The thickness of the TiO, nanotube
layer may be adjusted from few tens to several hundred nanometers by
increasing the processing time but is generally around 150 nm in thickness.
As shown in the cross section, columnar nanotubes are oriented perpendic-
ular to the titanium surface.

Nanoanodization is applicable to complex-shaped medical implants, and
either nanopores or nanotubes have been uniformly produced on dental
implants, orthopedic implants, or spine fusion devices. The main disadvan-
tage of nanoanodization is that the formed nanotubes are amorphous and so
thermodynamically instable. Annealing from 280 to 580 °C transforms the
amorphous structure into crystalline phases. The tetragonal anatase phase is
metastable and formed at lower temperatures (around 280 °C) and trans-
forms irreversibly to rutile at higher temperatures (Figure 4). This
nucleation-growth type of the phase transition is not instantaneous but is
time-dependent [34]. Depending on the nanotubular structure, crystallized
rutile phase grows up from the surface, destroying the nanotubular morphol-
ogy at higher temperatures than 600 °C [28,35].

() (b)

Figure 3 Scanning electron microscopy images of TiO, porous structures formed by
anodization in 1 wt% HF and 1 M CH3COOH at (a) at 10 V nanopores and (b) at 20 V
nanotubes are formed. Inset shows the thickness of the layer of nanotubes (=160 nm).
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Figure 4 FT-Raman spectra of the titanium surfaces before and after the anodization
process with or without annealing at 500 °C (A: anatase; R: rutile).

3.2 Importance of the Electrolyte in the Nanoanodization
Process

Since the TiO, nanotubes have been discovered, a large number of articles
have studied the electrochemical parameters that can modulate nanotube
morphologies such as length, pore size, and ordering. However, the electro-
lytes govern both the formation and dissolution rates of the oxide layers and
subsequently may be the most important parameter for nanopore formation
and control. Four different generations of electrolytes have been reported in
the literature. The first generation was used at the beginning with Gong and
his coworkers [6] and 1s based on an aqueous dilute HF electrolyte. Because
of the low pH value (pH < 5), the length of nanotubes is limited to approx-
imately 500 nm. Therefore, a second generation of electrolytes was used in
buftered aqueous solution at higher pH. By using these solutions, the nano-
tube lengths could be increased to microns. For example, Sreekantan et al.
obtained nanotubes of 3 wm in length by using an electrolyte solution at
pH 7 [36]. Other authors have investigated the use of a the third generation
electrolyte containing a polar organic electrolytes, such as dimethyl sulfoxide
(DMSO) and ethylene glycol (EG), together with or without water (1-3%).
These organic electrolytes enabled the production of long nanotubes from
18-220 mm [37,38] to 1000 mm [39,37,36,35]. Finally, some studies have

proposed a fourth generation of electrolytes to prepare titania nanotube
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arrays fabricated in a non-fluoride-based electrolyte that contains an acidic
sulfate solution. Other electrolyte parameters that have been found to influ-
ence the titania nanotube arrays are the viscosity, the water content and the
fluoride concentration, the bath temperature, etc. [29].

3.3 Influence of the Electrochemical Parameter on Titania
Nanotube Arrays

3.3.1 Electrophysical Parameters

The literature mainly reports about experiments carried out under constant
voltage (potentiostatic) conditions, whereas only few studies have used a
constant current (galvanostatic) condition that should be easily transposed
to the industrial surface treatment of medical devices. The electrochemical
characteristic curve depends on the mode used (Figure 2). However, in both
cases, the reaction time and dissolution rate define nanotube lengths. Under
the potentiostatic condition, the diameter of nanotubes grows proportion-
ally with voltage. Constant voltage produces straight nanotubes, while a
sweeping voltage forms conical structures. By increasing the magnetic stir-
ring and current density, the production of hydrogen gas bubbles increases.
Unfortunately, the formation of hydrogen gas could cause current fluctua-
tions [40]. In the characteristic curve of the galvanostatic condition, the volt-
age increases linearly with reaction time until stationary regime at which a
porous oxide layer is formed. Current densities from 10 to 30 mA cm™~ in
HF aqueous solutions promote titania nanotubes from 50 to 200 nm in
diameter.

3.3.2 Electrode Surface
In electrochemistry, both the anode and cathode influence the anodization
process. The main material used as cathode is a conductive material, plati-
num, due to its high stability. Nevertheless, some authors [41] have used dif-
ferent cathode systems to develop alternatives to the platinum-based
electrode as it is quite expensive. Therefore, various cathode materials such
as Ni, Pd, Fe, Co, Cu, Ta, W, C, Al, and Sn were used for producing TiO,
nanotubes. Only the Ni, Pd, and C cathodes have produced similar homo-
gen nanotubular structures as Pt. However, nickel shows lower stability than
the two other materials. Instable materials could lead to element contami-
nation, which should be problematic in biomedical application.

In our case, titanium implants or alloys are used as anode. The chemical
composition of the surface could vary from alpha phase or both alpha and
beta phases. Those two titanium phases have found to form nanostructure
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under different conditions and thus give microheterogeneity into the nano-
tubular array as observed in [42,43]. It has also been shown that a more uni-
form and regular nanotube array is obtained after a second anodization [44].
Nanoanodization with a short treatment time does not modify the initial
surface roughness of the titanium surface. Therefore, the nanostructuration
of implants 1s compatible with microroughened surfaces obtained by grit
blasting or polished surface. As the developed surface of the implant
increases, the current rises proportionally. This increase of surface area
and current could modify bath temperature and thus the oxide layer char-
acteristics [28]. In general, this electrochemical processing enables to treat
complex geometries (Tullio Monetta 2013). However, in the case of masked
area from the cathode, the equilibrium between the formation and dissolu-
tion of the oxide layer can be broken, which can lead to heterogeneity of
structures.

4. BIOMEDICAL APPLICATIONS OF NANOSTRUCTURED
TITANIUM DIOXIDE COATING

Surface properties play a determinant role in biological interactions. In par-
ticular, the nanometer-sized roughness and the chemistry have a key role in
the interactions of surfaces with proteins and cells. These early interactions
will in turn condition the late tissue integration. In this prospect, nanostruc-
turation of the TiO, layer may be beneficial for enhancing bone healing
around titanium implants.

The nanoanodization is applicable to complex-shaped medical implants,
and either nanopores or nanotubes have been uniformly produced on dental
implants, orthopedic implants, or spine fusion devices. Anodization is a
method commonly used to obtain nanoscale oxides on metals including tita-
nium. By adjusting the anodization condition such as voltage, time, and
shaking, nanoscale properties can be controlled. Shankar et al. [38] had
reported that the diameters of the nanotubes could be adjusted to a range
from 20 nm up to 100 nm by modifying voltage conditions. On the other
hand, Kang et al. [45] found that TiO; nanotube arrays were more uniform
on electropolished titanium than machined titanium.

4.1 Medical Device Applications and Biocompatibility

During surgery, blood vessels are injured and thus, implant surfaces interact
with blood components. Various plasma proteins get adsorbed on the mate-
rial surface within a minute. Platelets from the blood interact also with the
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implant surface. Plasma proteins modify the surface, while activated platelets
are responsible for thrombus formation and blood clotting. Subsequently,
various cell types will after migration to the surface interact with the mod-
ified surface through membrane integrin receptors. These early events occur
prior to peri-implant tissue healing.

Following blood clotting around implants, several cells interact with sur-
faces for tissue healing. Mesenchymal stem cells (MSCs) attracted to the
injured site by chemotactic factors have a determinant role in peri-implant
tissue healing. Numerous studies have shown that nanometer-sized features
on surfaces direct stem cell fate through protein adsorption and cell signaling
pathways [2,46,47]. MSCs are multipotent cells that are present in the bone
marrow, peripheral blood, and other tissues in very low levels. These cells
are attracted to the peri-implant healing site by cytokines and are able to
migrate through the blood clot to colonize the implant surface. Depending
on their microenvironment, MSCs can difterentiate into different lineages
such as osteoblasts (bone), chondrocytes (cartilage), adipocytes (fat), or
fibroblasts (skin).

The surface properties of implants may control the differentiation of
MSCs and thus the type of peri-implant tissue. Nevertheless, this hypothesis
has mainly been validated in vitro. For instance, it has been shown that cyto-
skeleton tensions modulate gene expression through the Ras homologue
gene family, member A (RhoA) molecular pathway and regulate stem cell
lineage commitment [48]. Dalby et al. have shown that random nanostruc-
tured surfaces induce the osteoblastic differentiation of MSCs, even without
osteogenic supplements [49]. Titania nanotubes obtained by anodization
have been shown to control the adhesion and osteoblastic differentiation
of MSCs [50,51]. These studies have demonstrated that nanotubes measur-
ing 30 nm in diameter favor cell adhesion, whereas larger nanopores of
70-100 nm induce cell elongation, cytoskeletal stress, and selective differen-
tiation into osteoblastic cells. It has been shown that TiO, nanotubes on Ti
improved the activity of alkaline phosphatase (ALP) by MSCs. Since ALP is
a marker of osteogenic differentiation, these surfaces may demonstrate
enhanced bone tissue-integrative properties. We have indeed demonstrated
a correlation between the osteoblastic cell differentiation and bone tissue
integration of nanostructured titanium implants [14].

In a more recent study, we have compared the bone tissue integration of
machined (MA), standard microroughened (MICR O), and nanostructured
(NANO) titanium implants by implantation into the femoral epiphysis of
rabbits. After 4 weeks of healing, all types of implants appeared well
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Figure 5 (a) Bone growth into titanium implants after 4-weeks implantation in femoral
epiphyses of rabbits with three different surface treatments: machined (MA), grit-
blasted and acid-etched creating micro-roughness (MICRO) and anodizing in HF
electrolyte creating nanotubes array on the titanium surface (NANO) (* if p<0.05).
(b) Nondecalcified histology sections of dental implant inserted in bone tissue at
4 weeks (basic fuchsine and methylene blue staining; original magnifications x 1 and x10).
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integrated into the bone without macroscopic signs of osteolysis. As shown
in Figure 5, the quantitative assessment of the bone growth was higher for
the NANO implants than for the MICR O and MA implants. The histolog-
ical sections corroborated bone tissue healing around the implants (Figure 5).
Newly formed bone apposition was visible at the cortical and trabecular
levels. The quantity of bone around the implants appeared comparable
for the three types of implant surfaces. At high magnification, a thin, fibrous
tissue gap between the bone and the MA implants was observed, whereas
direct bone-to-implant contact was seen on both NANO and MICRO
implants.

4.2 Immobilization of Biologically Active Molecules in the
Coatings

Titania nanotubes have an ideal size for many biomolecules, and therefore,
these nanotubes are particularly attractive for local drug delivery. For
instance, nanotubes may be loaded with growth factors and act as reservoirs
for delivering molecules that would trigger tissue repair in the peri-implant
region. In this perspective, Neupane et al. have successfully incorporated
gelatin-stabilized gold nanoparticles into titania nanotubes by simple vac-
uum drying. Since gelatin is a thermally denatured form of collagen, it rep-
resents a good substrate for cell adhesion [52]. These authors have
consequently studied the adhesion and proliferation of osteoblastic cells
on standard and modified Ti plates with polished Ti, nanotubes, or
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AulNPs-gelatin. After only 1 day of culture, an elongated flattened cell mor-
phology was observed, suggesting a rapid cell spreading on the nanotubes
loaded with AuNPs-gelatin surface. Furthermore, they observed a signifi-
cantly higher osteoblastic cell adhesion and proliferation on the AuNPs-
gelatin surface as compared with other groups.

Titanium implants are widely used clinically but postsurgical infections
lead to serious complications. During surgery, and particularly in oral implan-
tology, microorganisms may colonize the surface of implants and hamper the
tissue integration. It becomes especially difficult for the immune system to
clear robustly adherent antibiotic-resistant biofilm infections on medical
devices. In addition, the expansion of bacterial antibiotic resistance is a grow-
ing problem today. For many years, it has been known that silver ions exhibit
strong inhibitory effects towards a broad spectrum of bacterial strains. How-
ever, Ag" is also toxic for mammalian cells at high concentrations. In a recent
paper, Zhao et al. have loaded titania (T10,) nanotubes with silver nanopar-
ticles. After anodization, titanium implants were simply soaked in AgNO;
solution, followed by ultraviolet light irradiation. Due to the outstanding
photocatalytic properties of TiO», reduction of Ag' occurred and nanopar-
ticles of Ag adhered tightly to the wall of the TiO, nanotubes. The amount
of Ag introduced to the nanotubes could be easily varied by changing proces-
sing parameters such as the AgNOj; concentration and immersion time.
Depending on loading conditions, the release of Ag' was in the range of
0.05-0.5 ppm for up to 2 weeks, a relatively low concentration compatible
to cell viability. They showed that the TiO, nanotubes loaded with Ag nano-
particles were effective against bacteria growth and in preventing bacterial
adhesion on the implant surface without obvious decline for 30 days. This
time span is long enough to prevent postsurgical infection in the early and
intermediate stages and perhaps even late infection around dental implants.
The authors have also studied the cytotoxicity of silver-loaded nanotubes
using osteoblasts. They found limited cytotoxicity of leached samples that
could be reduced by controlling the Ag" release rate [53]. In conclusion, using
T10O, nanotubes as release systems to fight together with controlled biological
response and accelerated tissue integration may rapidly become an attractive
solution for dental and orthopedic implants. This simple method used by
Zhao et al. [53] may be an interesting strategy in order to prevent peri-
implantitis, one of the major drawbacks in the growing market of dental
implants. Future work should examine preclinical models for studying the
osseointegration of implants in infected sites.
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5. CONCLUSION

Nanotechnology may produce surfaces with controlled topography and
chemistry that help to improve our understanding of biological interactions
and help to develop novel implant surfaces with predictable tissue-
integrative properties. In this perspective, nanotopographies were created,
particularly titania nanotubes, by a simple electrochemical anodization of
Ti implants. TiO, nanotubes grow perpendicularly to the surface, forming
aregular array of nanopores with controllable dimensions. It has been shown
by several groups that these nanotubes control the fate of MSCs and promote
differentiation to osteoblastic lineage. Consequently, many studies have
shown that nanostructured Tiimplants were similar or even faster and better

integrated into bone tissue than untreated ones or with other surface mod-
ifications [15,43,54].

6. FUTURE PERSPECTIVES

Ti10O; nanotubes applied on orthopedic or dental implants are potent carriers
of proteins that can trigger adhesion, proliferation, or differentiation of cells.
The control of cell responses by nanotechnology is a fast-growing field of
research as it potentially opens new directions in peri-implant tissue healing.
The technology of nanotubes may be introduced to other medical devices
such as cardiovascular stents that locally release antithrombotic drugs or
growth factors.
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1.4 Conclusion

This first chapter establishes the state of the art of this multidisciplinary thesis.
It makes it possible to present the properties and context of application of
the titanium materials used. This chapter also makes it possible to briefly
introduce biology with tissue composition and behaviour in case of implant
integration. But the most important aspect is the presentation of the surface
treatments currently being commercialised, which only modify the surface at
the micrometric scale while nano-scale modification may be a promising way
to increase the clinical success of implants.
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OBJECTIVES OF THE THESIS

ur interets concern the nano surface treatement of titanium surface. Cur-
rently, several approaches enable to modify the surface at the nanometer scale.
In this thesis, we focused on the synthesis of 72Oy nanotubes and nanopores
structure via a cost effective process of anodisation. Athought, the biological
effects of nano-porous surfaces have been already studied by authors [23, 39, 40,
41, 42], only a few publications has applied this new bioactive surface treatment
directlty on medical devices [28, 43, 44].

The objective of this thesis work is to develop a new bioactive nano-surface
intended for industrial application to enhance soft and hard tissue integration.
To study of the potential of this honeycomb surface in terms of medical appli-
cations, we perfomed 3 main step:

e The synthesis and physico-chemical characterization of the nano-surface
on titanium implant.

e The biological characterization of this nano-surface as compared to a com-
monly commercialized micrometric surface.

e The transposition this surface treatment to medical devices (DM) such
as dental implants and tracheal prosthesis.

This PhD project was carried out as part of a financing CIFRE (indus-
trial agreements on training through research) within the company Biomedical
Tissue in Nantes.



CHAPTER

2

MATERIALS AND METHODS

his chapter introduces our experimental methods for nanotubular titanium
dioxide formation using an electrochemical anodisation process. Then, the
principles of certain experimental techniques will be briefly exposed. First of
all, various surface characterisations such as MEB, the topographical method,
and contact angle will be described. The mechanical characterization, element
release and nanoparticle detachment will be presented in two other parts. Last
part but not least, we will present the methods used for the characterisation of
the biological effects in vivo, histomorphometric calculations and its statistical
analysis.

2.1 Preparation of TiO2 nanotubes array

The anodising protocol used in this thesis, based on the synthesis of titania
nanotubes, was taken and adapted from S. Lavenus et al. [82] themselves
inspired by the Seughan Oh publication in 2009 [23]. This process used a first
generation electrolyte composed of diluted HF based on an aqueous solution.
The thickness of the titania nanostructure is relatively limited (<500 nm) and
may thus minimise the risk of exfoliation.

2.1.1 Titanium substrate

In this work, the samples used were supplied by MicroPrecis for the Ti-6A1-4V
ELI and by Createct for the Ti cp grade 2. Various geometries were used: coin-
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shaped, cylindrical shaped implants, dental implants or tracheal prostheses. All
the sample used are displayed in Figure 2.1.

Figure 2.1: Macroscopic images of samples used in this thesis: (i) titanium
disks (Ti cp and TA6V, machined and blasted) used for surface characteri-
sation; (ii) cylindrical implants with an apical bone growth chamber (Ti cp,
machined) used for an in vivo study published in Article N°1; (iii) cylindri-
cal implants shape with circular bone chamber (TA6V, machined and blasted)
used for surface characterisation; (iv) dental implants (Tip, TA6V, machined
and blasted) used for process valitation and in anin vivo published in Article
N°2; (v) 3D porous titanium disks (Tip, sintered) used in an in vivo published
in Article N°3 and (v) tracheal prothesis (Tip, finished and sintered) used for
surface characterisation

In addition to the different chemical composition, these alloys present differ-
ent structural compositions. Pure titanium is only composed of an alpha phase,
while the TAGV microstructure is a mixture of alpha/beta. This beta phase is
present from a range of 5 to 20 %. The titanium microstructure may be revealed
by surface etching using Kroll’s reagent (an aqueous solution containing HF
and HNO03) and optical microscope observation. The chemical composition of
the sample is presented in Table 2.1.

Substrate preparation — The original surfaces were either machined,
slightly polished or sand blasted using alumina particles. In order to obtain
a homogeneous and adherent deposit, the substrate must be free of impurities
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Table 2.1: Chemical composition of the titanium alloys Wt.%

Alloys ‘ C ‘ N ‘ O ‘ Al ‘ Ti ‘ \Y ‘ Fe
Ti-6A1-4V ELI | 0.0004 | 0.002 | 0.13 | 5.92 | 89.91 | 3.86 | 0.17
Ti T40 Grade2 | 0.022 | 0.012 | 0.11 | - ]99.82 | - | 0.040

(physical debris, fat traces) from manipulations. Thus, Titanium pellets were
cleaned by successive immersion in acetone, 70 % alcohol and distilled water
for 10 minutes each and then dried in air.

2.1.2 Process configuration

Electrochemical mounting — The anodisation process consists of applying a
potential (potentiostatic method) or a current (galvanostatic method) between
a standard two or three electrode process (Figure 2.2). The treated metal
plays the role of anode and a platinum inert electrode is a cathode or working
electrode. This Pt electrode cylinder is made of wire gauze with a wire diameter
0.15 mm x 360 mesh per cm?. The current flow in the cell is achieved through
the counter electrode. A KCI saturated calomel reference electrode could also
be added to the bulk electrolysis cell in order to record evolution in the current-
time or voltage-time curve during anodisation process. It is possible to measure
cyclic polarisation and impedance using specific instrumentation. The oxidation
reaction occurs at the metal interface. The homogeneous distribution of electric
charge as well as the dispersion of the gas produced at the surface of the counter
electrode is provided by a magnetic bar stirring.

2.1.3 Experimental protocol

Typical anodising conditions — The composition of the first generation
electrolyte by Seughan Oh [23] was slightly modified in order to adapt to new
requirements in terms of protection of intellectual property (Table 2.2). Com-
peting firms working on other surface treatments have filed patents with large
claims [24, 25]. Thus, our electrolyte composition was adjusted at 1 wt.% of
hydrofluoric acid in water. According to the HF-based aqueous solution, the
thickness of the titania nanostructure is relatively limited (<500 nm) and may
then minimise the risk of exfoliation. The acetic acid is added to the solution
as in the Seughan Oh protocol [23]. Its addition has been shown to improve
the mechanical robustness of the nanotubes without changing their dimension
[83].

Rinsing step — A basic and simple step that takes all its importance in our
surface treatment process. At the beginning of this work, rinsing was carried
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Figure 2.2: Diagram of the electrochemical anodisation mounting for T%Os
nanoporous or nanotube formation on titanium implant surfaces.

out by soaking the sample in distilled water. Recently, over time the role of
water on titania nanotubes detachment was discovered and was replaced by
soaking in pure ethanol solution. Moreover, the rinsing bath was shown to give
surface heterogeneity due to solution-runs during drying. To avoid it, a second
wash-out was carried out in a fast volatile solvent: acetone.

Stabilisation by annealing — The samples were then heat treated for 1
to 2 hours in muffle furnace equipment already preheated to 500 ° C. Thereby
the amorphous dioxide layer transformed into a more thermodynamically stable
crystalline structure (i.e. anatase, brookite, rutile).

Precautions to be taken during anodisation — The electrochemical
anodisation process enable to control both the nanostructure formation but also
visual rendering (uniform colouring). In order to obtain the reproducibility of
the results, some precautions must be taken:

e The cell should be designed to maintain a fixed distance between the
electrodes themselves and with agitation but also in order to make it
easier to handle
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Table 2.2: Typical operating conditions for preparing films
with a TWO, nanostructure using the anodisation process

Parameters Value

HF concentration 1

Acetic acid conc. 1M

Voltage 10—-20V
Treatment duration 10 — 20 min
Agitation 350 rpm

e The sample size or anode surface developed must be defined and repro-
ducible. Thus some holder units for the titanium coins, cylindrical, dental
implants and tracheal prostheses were machined.

e The solution must have a fixed invariable composition during the test. In
our case, pH measurements were carried out before and after using.

e The use of a large capacity bath is necessary to dilute the reaction prod-
ucts which can pass into solution

e The temperature bath should be kept constant because it can play a role
in the efficiency of other parameters or in the surface treatment itself.

e To ensure an acceptable reproducibility of the results, the tests were re-
peated at least 3 times for each experiment.

Sterilisation — The samples used for biological evaluation (in vivo) need to
be devoid of any microbiological organisms. Thus sterilisation of these surfaces
was effected by autoclaving at 121 * C for 20 minutes in individual bags provided
for the purpose.

2.2 Surface characterisation

2.2.1 Scanning electron microscope and quantification

The scanning electron microscope (SEM) is designed for surface morphology
studies. In our work, this equipment was used to size nanotube length and
porosity but also for imaging in histomorphometric analysis. Principle of this
technique is described in Appendix A.

Specimen preparation for surface observation — Although a compact
titanium dioxide is an electrical insulator, the titania porous structure is a
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sufficiently electrical conductor to avoid the charge accumulation phenomenon.
It is thus not necessary to use the preparation by metalisation with platinum
or gold-paladium before analysis.

Specimen preparation for thickness measurement — Titanium is a very
ductile metal and has a tendency for mechanical deformation. The use of a
basic cutting process did not make it possible to observe the nanotube profile.
A specific preparation of nanotube cross sections was developed. A deep scratch
was made in the sample in order to weaken it and the nanotube thickness was
measured at the breakage of the sample.

Equipment — Basic surface observations were made using a "Benchtop SEM"
TM 3000 (Hitachi, Japan). The acceleration voltage used was 5 kV and most of
the other working parameters were automatically defined. Surface observations
to higher magnification and high resolution (sub-nanometer) were performed
by using SEM-FEG (Field Emission Gun), Merlin brand (Carl Zeiss, Germany)
for scanning the sample with a thinner beam. The working parameters were a
probe current of 80 pA, a 5 kV accelerating voltage and a working distance of
between 4 and 6 mm.

Image analysis via ImageJ — SEM images were taken from x 150 to x 100, 000
magnification and analysed using ImagelJ, a free open source image processing
programme. Calculation of the dimension of the nanoporosity (diameter, cir-
cularity) was performed using the particle tracking mode. Other image analyse
modes were also used for histomorphometric quantification and are explained
in section 2.4.2).

2.2.2 Topography analysis

Topography analyses were carried out in order to characterise the roughness
parameters of a surface initially very rough using the Roughness tester or a
relative flat by Atomic Force Microscopy. Principles of those two techniques are
described in Appendix A. Several surface parameters could be evaluated using
these two topographical techniques. Some of them have been correlated to
tissue integration in literature. The most interesting parameters are presented
in the following Table 2.3. Notation of the data from 3D images is noted as
Sa, St, ... etc.

Equipment & protocol of Atomic force microscopy — Measurements
were made using a Nanosurf easyScan AFM (nanoScience Instruments, Phoenix,
US) on a vibration insulation holder (Accurion). Data were acquired using
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Table 2.3: Basic topographical parameters for 2D analysis

Name Description

Ra Arithmetic mean deviation of the surface

Root Mean Square deviation of the surface (Similar to Ra
Rq but calculated differently: this parameter is more sensitive to flaw

within surface texture than Ra)

Total height of the surface (Heigh between the highest peak and

Rt
the deepest hole)
Rz Maximum Height of the surface (Ten point height of the sur-
face, calculated by the mean)
RSm Average width of periodic patterns It has no sense on a ran-
dom roughness surface)
Kurtosis is a measure of the distribution of spikes above and
Rku below the mean line (Sku>3 indicate sharp peaks and valleys while
Sku<3 indicate lack thereof)
Skewness is a measure of the asymmetry of the profile about
Rsk the mean line (Ssk>0 indicate peaks topography while Ssk<0 in-

dicate a profile with composed of valleys)

nanosurf easy scan 2 software. Topography measurements were made in dy-
namic mode (tapping mode) with a TAP 190-G candilever. Before the analysis,
integral gain (I-gain), proportional gain (P-gain) and the scanning speed were
adjusted to obtain an overlay of scanned back and forth. Two to three analyses
were carried out on one sample of each surface group with an image width of
40 pm— 20 pm and 256 points per line. Gwyddion software made it possible to
analyse AFM images and calculate topographical parameters (see section 2.2.2)

Equipment & protocol of surface roughness tester — Measurements were
made by Sonats society using an INTRA 2 Roughness tester (Tayor Hobson,
England) with a 2 um conial standard diamond as tip. The length of measure-
ment was 4mm with a speed measurement of 0.25 mm/sec and a cut-off of 0.25
mm (maximum bending of the tip). Measurements were made on one sample
per group and three measurements were made on each surface.

2.2.3 Wettability by contact angle

Basic work principle — See Appendix A.



64 CHAPTER 2. MATERIALS AND METHODS

Equipment & protocol — Measurements were made with OCA-206F equip-
ment and SCA software for the acquisition and treatment of data. Typical
contact angles were carried out by water sessile drops. The outline of the drops
were analysed using a semi automatic Young-Laplace model at the rate of 5 to
10 measures depending on the available on specimens with n=1 for each type
of treatment.

2.2.4 X-ray photoelectron spectroscopy

Basic work principle — See Appendix A.

Equipment & protocol — In our work, X-ray photoelectron spectra were
recorded with Nova XPS (Kratos) using a monochromatic Al source. First a
spectrum covering the energy range of the source (around 1400 eV) was made
to identify element regions of interest. Then other spectra were carried out
for each element identified for a detailed analysis of its orbital (e.g. O, C, F,
V, Zn, Al, Ti). XPS profiles obtained by combining ion erosion were made
under argon gas with a titania etching rate of 14.7 nm per minute. Atomic
percentages of each element were quantified by taking into consideration the
sensitivity factors which may differ from XPS instruments (Table 2.4).

Table 2.4: Relative Sensitivity Factors (RSF)
C O Ti F
RSF 1 2.93 7.81 4.43

2.2.5 Raman spectroscopy

Basic work principle — See Appendix A.

Equipment & protocol — Our analysis were done with a Renishaw (InVia)
with the following acquisition parameter: laser wavelength of the argon ionized
gas : 514,5 nm (green); objective x 50; power 10 % ; Network 2400 stroke/mm
and acquisition time of 60 s.

2.3 Nanoparticles released & Mechanical ad-
hesion

In this work, we observed that some nanostructure peel off from the titania
surface creating nanoparticule realised. Currently, few analytical methods are
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capable of this type of detection in "extreme"' conditions such as low sizes
(nanoparticles, element) and/ or low concentrations (up to ppt). Thus, Laser
Induced Breakdown Detection method was used to verify a possible release of
nanoparticles after optimisation of the process.

The mechanical properties of a surface applied to a field such as medical
devices are of paramount importance as they can play a role in its efficacy
or lead a health risk. The methods aim to characterise the adhesion of our
titania nanotubes to the substrate by a scratch test, and wear behaviour will
be deducted from the tribology assay.

2.3.1 Laser induced breakdown detection

Basic work principle — Laser Induced Breakdown Detection (LIBD) is a
powerful tool for the analysis of weakly concentrated colloidal solutions based
on the Laser-Induced Breakdown Spectroscopy (LIBS) principle. A laser pulse
beam is focused on a measuring cell containing the solution to analyse (Figure
2.3). A specific beam energy makes it possible to generate plasma only if a
particle passes through the beam at the focal point. This phenomenon is called
a breakdown phenomenon. Thus plasma detection may be carried out using
the acoustic method (propagation of a shock wave) or the optical method (light
emission). In our case, the detection is made using the acoustic method and we
obtain an “s”shaped curve giving the laser energy a function of the probability
of breakdown. Thus, the threshold and the slope of the curve give repectively
the particle size and concentration. This analysis makes it possible to determine
particles down to about 5 nm at low concentrations (up to ppt).

Figure 2.3: Schematic principle of Laser Induced Breakdown Detection (LIBD)

Equipment & protocol used — Analyses were performed with custom-made
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equipment from the Subatech laboratory at the EMN (Ecole des Mines de
Nantes) under the responsibility of Dr Anne Piscitelli. The wavelength of the
laser used is 532 nm and the power beam scan in the range from 10% to 10
W/em?. Results were based on two analyses at a rate of two specimens per
type of sample.

2.3.2 Nano scratch test

Basic work principle — The nanoscratch tester is dedicated to characterising
the adhesion properties of thin films or coatings with thicknesses less than 800
pm. The scratch test consists in scratching the surface with a sphero-conical
diamond tip, in which is usually applied a gradually controlled normal force. A
force control loop makes it possible to apply force independently of the surface
profile within the limits of a height of 1 mm. This scratch leads to the occurrence
of one or more specific types of damage (cracking, spalling, delamination ...)
that are subject to an optical diagnosis (microscopy) to determine the critical
load for damages. From a technical point of view, the occurrence of such
defects is strongly dependent on the geometry of the tip used and its radius
of curvature. The choice of the tip depends on the parts and surfaces to be
studied. Moreover, the critical load results depend strongly on thickness. In a
comparative study, it is better to have layers of equivalent thicknesses.

Equipment & protocol used — Nanoscratch tests were carried out by CSM
Instruments (Anton Paar) and Prof. Thierry Roland of the Charles Sadron
Institute (ICS, University of Strasbourg, France). Analyses were performed at
the rate of 3 strips of 500 um per sample tested. The gradient force was from
0.3 mN to 25 mN at 1 mm/min and a slope of 50 mN/min. Thus analysis made
it possible to plot the increasing normal force and surface behaviour under load
and residual depression. Finally, a comprehensive overview of the scratch for
each zone by SEM analysis made it possible to provide confirmation of the
results obtained and a distinction between cohesive and adhesive failure.

2.3.3 Nano-tribology

Basic work principle — The tribology analysis is used to determine the
friction generated by the contact of two surfaces in movement. It makes it
possible to evaluate a material’s coefficients of friction and wear. The nano-
tribology assay consists of applying to a surface a pin mounted on a cantilever
with a controlled low strength. The friction coefficient is determined in real
time by measuring the deflection of the cantilever arm. The wear rate of the



2.4. IN VIVO CHARACTERISATION 67

ball is assessed by calculating the volume eroded during the test. The pin could
take two forms: ball (ball-on-disk) or advanced (pin-on-disc).

Equipment & protocol used — Analyses were carried out in the labora-
tory by Prof. Jamal Takadoum, FEMTO-ST Institute, University of Franche-
Comté. The tests were performed using a CSM Instruments nano tribometer
with a rubbing made of Si3/Ns of 4 mm in diameter with a sliding speed of
1 mm/s. The wear resistance is estimated by calculating the volume of wear
at the film after total number of cycles from 100 to 1000 cycles. Normal load
varies from 5 to 100 mN. Analyses were performed of flat surfaces (e.g. disks)
with n=1.

2.4 In vivo characterisation

The two animal experimentation and surgical procedures presented in this thesis
were conducted according to European Community guidelines for the care and
use of laboratory animals (2010/63/UE). The study protocol was submitted
for approval to the regional animal care and safety committee. As the animals
living conditions and the surgical procedures have been sufficiently described in
two articles, the following section will briefly present the animal model and the
method of histomorphometric quantification. Statistical tests are presented in
the final section.

In October 2014, I graduated from Level 1 animal experimentation accredi-
tation. In 2 weeks at the Veterinary School in Nantes, I learned about the reg-
ulations governing animal experimentation, project design and model choice,
ethology and animal welfare-enrichment, pain management (anaesthesia and
analgesia) and finally respectful killing for animal ethics.

2.4.1 Animal model

The two experiments were performed using adult female New Zealand White
(NZW) rabbits provided by a certified breeder (Charles River Laboratories,
USA or Hypharm, Roussay, France). Female rabbits (body weight 3.5 kg, age
16-20 weeks) were used because they are less aggressive by nature compared
to males. In articles 1 and 2 presented in this work the implantation site was
located in the femoral epiphysis of rabbits as shown in Figure 2.4. Titanium
implants were inserted bilaterally following a permutation implantation. The
number of animals was calculated using statistical power to obtain a hypothet-
ical effect of 20 %. An average of 6 animals per group was found to obtain
statisticly exploitable results. The animals were operated on under general
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anaesthesia. All the surgical steps are described in the articles. Post-operative
analgesics were used and after a healing period of 2 to 4 weeks, the animals
were euthanised in accordance with ethical guidelines.

Figure 2.4: Diagram of the implantation site: custom-made implants with a
bone growth cavity inserted into rabbit femoral epiphyses

2.4.2 Histomorphometric calculation

After a fixed healing period, the animals were euthanised in accordance with
ethical guidelines. The implants were removed with the surrounding tissues and
prepared according to a histological protocol: fixation in 4 % paraformaldehyde,
dehydration in a gradient alcohol bath, impregnated with methyl methacrylate
and finally embedded in a polymethyl methacrylate (PMMA) resin. Then the
polymethyl methacrylate blocks were cut using a diamond saw microtome (Le-
ica Sp 1600; Leica, Solms, Germany) in the central longitudinal direction of the
implant. Thin sections were stained with basic fuchsine and toluidine blue fol-
lowing a specific protocol [84] and observed using a slide scanner (NanoZoomer
2.0RS and NDP view software, Hamamatsu, Japan). Continuous images at
magnification of x50 were obtained on blocks in back scattered electron mode
(BSEM, 2.2.1).

The composite image depicting the titanium implant (white), the new bone
(grey) and the resine (dark grey) was used for histomorphometry calculation
with ImageJ software. All these calculations were based on methods developed
at the UMR957 laboratory of D. Heymann and were adapted and written as
macros to a semi-automatic quantification. The following histomorphometry
data calculations were polled into a single macro available in the Appendix B.
All the measurements were repeated at least three times.



2.5. CONCLUSION 69

Bone growth (BG) was determined by the threshold of the bone formed
in a cavity of the implant in which no bone was initially present. In our first
article, this chamber was situated at the apical extremity of the implant.

The Bone-to-implant contact (BIC) was determined over the entire
length of the implant inserted into the bone for implant of same size or only
at 2 mm-depth corresponding to the average thickness of human cortical bone
which gives the homogeneity of the surrounding tissues in case of different
implant sizes. This area is called the region of interest (ROI). The calculation
consists in dividing the length of the mineralised bone in direct contact with the
implant surface and the perimeter of the implant in the ROI, and was expressed
as a percentage.

Bone surface (BS/TS 0.5mm) indicates the quality of the environment
and /or the osteocondution of the surface by determining the percentage of bone
at a distance of 0.5 mm from the implant divided by the total surface (TS) of
the ROI. BS/TS 0.5 mm was expressed as a percentage.

2.4.3 Statistical analysis

In this work, samples were statistically expressed using basic descriptive statis-
tics (mean, standard deviation or median, minimum and maximum value) and
analysed with specific statistical tests such as Dixon’s (Q and the non-parametric
tests of Mann Whitney test or Kruskal Wallis.

Dixon’s Q statistic test is used to identify and reject outliers from a data
series. It consists in calculating the ratio between the absolute difference be-
tween the outlier in question and the closest number to it, and the extent of the
results compared to the critical values (Qeriticar) provided in tables depending
on the desired level of confidence, and the number of data in the series. If the
calculated value of ) is greater than the value of Q)..i;ca1 Selected, the data can
be eliminated.

Non-parametric statistical analyses were performed on a low number of
samples which not did not make it possible to have a normal distribution of
the population. Mann Whitney and Kruskal Wallis are based on observation
of the ranks of the results for two or more groups respectively and the result is
considered significant for p < 0.05 (OriginPro.8 software).

2.5 Conclusion

This chapter is devoted to a detailed description of the various experimental
methods used in this thesis work. We optimised the anodisation process on tita-
nium implants and used different methods to characterise the surface treatment
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from several points of view: dimensional, composition, mechanical, nanoparti-
cle and biological. We will now report the results obtained from these surface
characterisations and the application of this treatment directly on medical im-

plants.



CHAPTER

3

PHYSICAL, CHEMICAL AND
BIOLOGICAL
CHARACTERISATION OF TITANIA
NANOSTRUCTURES

n this chapter, we present first the synthesis and characterisation of titania
nanoporous array, then the biological evaluation in rabbits. The results ob-
tained are discussed to correlate surface properties and biological behaviour.
The effect of applying current, bath temperature, annealing or other synthe-
sis conditions on nanopore architecture (diameters, length, wall thickness) and
properties has already been published in several papers [85, 86, 87]. However
during anodisation, the two most important parameters are electrolyte com-
position and the surface treated. It plays a critical and sensitive role on the
synthesis condition which regulates TiO, formation. Thus surface characteri-
sation should be performed for each new experimental protocol. In addition,
the biological characterisation of titania nanoporous array is widely performed
using in vitro study or flat and non-complex samples but in vivo studies are
required to assess the bone tissue integration of implants.

This chapter presents the experimental results of various surface character-
isations of our honeycomb titania surface from nanotube morphologies, their
properties and the structural and chemical composition. Although our anodic
treatment changed the surface at the sub-microscopic scale, the change of colour

71
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was also investigated. And then, to complete this first section, the results of
an alternative surface using zinc incorporation to avoid bacterial infection on
implants surface is introduced

The second section of this chapter exposes the results of the osseointegration
of a nano versus a micro-surface on custom-made and more complex implants
in a rabbit model presented in an article in the journal Acta biomaterialia.

3.1 Characterisation of the nanostructured sur-
face

3.1.1 Nanostructured surface formation

Titania nanostructures were synthesized following Sandrine Lavenus’ protocol.
Anodisation was performed at 20 V (potentiostatic mode) for 20 minutes. The
electrolyte solution used was composed of 1 wt.% hydrofluoric acid and 1 M
acetic acid with a final pH of about 3.5 at room temperature.

From a macroscopic point of view, typical coloration was observed on the
anodised surface. The titanium oxide layer formed on the anodised substrates,
and through light interferences, could display various colours. Figure 3.1
shows the macroscopic aspect of the surface before and after our nano-anodic
treatment. The initial surface is grey-mat coloured while the anodic treated
surface presented a glossy blue colour. Colour intensity depended on the output
current obtained at a voltage of 20 V. This current was proportional to the
immerged surface. Thus, the titanium wire used as the sample holder should
be masked to obtain an output current for the treated sample only. The second
advantage of the masked holder was the fact that the presence of titanium at
the electrolyte and air interface seemed to lead to fluctuation in the current
density as observed [88]. For example, in Figure 3.1, the darker blue sample
was treated without masking the titanium wire holder (I = 0.124+0.14) while
the other sample was treated with a masked titanium wire (I = 0.04A £ 0.01).
The output current was stable and the implant colour was more homogeneous
for this last sample.

Sub-microscopic changes are presented by SEM images in Figure 3.2. This
figure shows titanium surfaces before and after anodic treatment. The initial
surface used was a gross machined and sand blasted surface 3.2(a). It presented
randomly microscopic large roughness. The surface processed by our anodising
protocol showed the regular size and geometry of nanoporosity from the top
view 3.2(b) and (c¢). Diameters were measured around 60 nm with a minimum
of 25 nm and a maximum value of 115 nm. Even though the colour changes are
observed for the same anodisation conditions, it did not lead to much difference
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in terms of nanoporosity. However, as the nanostructures were more uniform
in (b) than in (c¢), experimental conditions that masked the Ti wire were used
for continuity in the work.

Figure 3.1: Optical micrographs of custom made implants: (a) machined and
sand-blasted prior to anodisation, (b) anodised using a non-masked titanium
holder (I= 0.12 A), (c) anodised using a masked titanium holder (I= 0.04 A)

The differences in the colours result from the thickness of the oxide layer, as
explained by Van Gils et coll. [89]. Others authors explored the possibility of
calculating thickness by colour observation [90, 91] if the refractive index of the
different layers, n; > ny > ng or ny < ny < ng, and thus the light interferences
and especially the constructive interference of thin films, can be studied using
the following equation. Parameters m, A, n, d and 6 are the diffraction order
(an integer), the wave length of light (nm), the refractive index, the thickness
of the film and the incident angle respectively.

mA = 2ndsin(6) Bragg's law (3.1)

The 20 V-anodised samples were both blue in colour. The average wave-
length was 460 nm. The refractive index of the 79O, film varied depending
upon its structure and composition. An average value of n= 2.4 was thus
used, in accordance with Yang’s publication [91]. By using # = 0, and m =
1, the thickness of the oxide layer was calculated up to 100 nm. In the case
of the blue-grey colour, its wavelength was higher than the indigo wavelength.
Thus, the oxide layer thickness should be slightly higher. These results were
confirmed by cross section analysis. As depicted in Figure 2 of Article N°1
presented 3.2.1, it shows columnar growth on a compact barrier layer. The
total thickness (columnar growth + barrier layer) of the layer is about 150-170
nm. The thickness of the barrier layer is around 30 to 50 nm.

Differences in coloration for the same anodisation experiment suggest that
current density plays a significant role in nanostructure formation. Only a few
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(b) ()

Figure 3.2: SEM micrographs (top view) at 2 different magnifications (x 10,000
and x50, 000) of the specimen before and after the anodisation process: (a) ini-
tial sand-blasted surface presenting randomly microscopic large roughness, (b)
TiOs nanostructure formed under 20 V and presenting a nanotubular mor-
phology using a non-masked titanium holder, (¢) 770, or a masked titanium
holder

publications deal with the possibility of using a constant-current mode, which
is easier for industrial processes. Kaneco Satoshi et al., formed nanotubes of
30 nm to 145 nm with current densities of 10 to 30 mA/ecm? in 1 wt.% HF
[88]. By calculation, the current densities in constant-voltage mode were about
20 mA/cm?. However, our results, obtained in galvanostatic mode, gave only
nanoporous structures and no nanotubular layers. For the continuity of this
work, we remained in constant-voltage mode, while keeping in mind that the
galvanostatic mode would be better for scaling up.

3.1.2 Effect of anodic conditions

In this part, the anodic parameters such as voltage, time of treatment and
stirring were studied in order to determine their effect on the nano-surface, and
in order to optimise the process for industry. Many publications have already
dealt with these anodic condition effects, such as electrode material, voltage,
time of treatment, agitation, solution etc. and have been used to discuss the
results.
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First of all, anodisation voltage was studied. It varied from 2 to 25 V. SEM
images of some of the surfaces obtained are shown at 3 different magnifications
in Figure 3.3. It clearly shows that the voltage applied affects the surface
morphology. By applying a voltage of 5 V, nano-pits were created on the
surface while nanopore array was generated for a voltage of 10 V. Self-organised
nanotubes with regular patterns were obtained at high voltages of 20 V. Slightly
above this value (22-25 V), the nanotubes were damaged. At the same time,
voltage that was too low led to acid etching of the surface. This observation
is consistent with the results of other publications [92, 85]. Our main interest
and focus for the continuity of this work was a nanostructure array composed
of nanopores or nanotubes.

(a) (b) ()

Figure 3.3: SEM micrographs (top view) of a 77Oy nanostructure with signifi-
cantly different morphology and diameter created at potentials ranging between
5V (a), 10 V (b) and 20 V (c) at 3 different magnifications: x5, 000, x20, 000
and x100, 000.

Measuring wettability is a basic characteristic when carrying out a surface
treatment. In our case, we calculated the surface wettability by sessile drop.
Figure 3.4 presents the profile of the drops on different surfaces. The initial
surface prior to anodisation was hydrophobic with a contact angle of 81°. In
the same position, nanotubular structures give a higher contact angle of 105 °.
This drop behaviour resembles that observed for the lotus leaf. Unlike the other
two surfaces, the nanopores led to higher hydrophilicity with a contact angle
down to 62 °. Thus, these two surfaces whose manufacturing processes are very
similar, have different properties. This is interesting for biological applications.
The wettability of the surface has often been studied in cell integration, tissue
and also as an antibacterial surface [11, 38, 93, 94].

The second anodic parameter studied was the time of treatment. It var-
ied from 2 min to 60 min. SEM analysis revealed that with 10 to 60 minutes
of treatment there was no change in either surface coloration or nanoporosity
(shape and size). However, with shorter times (1 to 2 min) we observed only
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(a) (b) (c)

Figure 3.4: Sessile drop of 5 uL water on different surfaces: initial surface prior
to anodisation (a) and with 7Oy nanostructure created at 10 V (nanopores)
(b) and 20 V (nanotubes) (c)

the beginning of nanostructure formation. These same results were obtained
by Antony et al. [95]. As described by Yu et coll., at a constant applied volt-
age and anodisation time, oxide layer thickness also increases in the beginning,
and reaches a plateau after a certain period of reaction time [90]. The dimen-
sions of the implants were measured using a Vernier calliper prior to and after
anodisation. The results show that our anodisation process is a subtractive
surface treatment due to the acidic solution. Approximately 43(£10) microns
of material were thus etched per hour. Time treatment from 10 to 20 minutes
(< 27(£8) microns/hour) was chosen as a balance between manufacturer toler-
ance (usually round 50 pum) with regard to the dimensions of the implant, and
the formation of the nanostructure.

The final parameter studied was solution stirring. Stirring is generally a
fixed parameter in studies. Lavenus et al. used a stir speed of 350 rpm. We
studied the effect of increasing or decreasing stir speed, from 0 to 500 rpm.
Table 3.1 shows the different current values as a function of the stir rate.
Without stirring, the current drops, while higher currents were obtained with
vigorous agitation. Mixing the solution made it possible to increase the ion
exchange and thus accelerate the reaction. As seen previously, current density
is important for nano-formation and stirring plays an important role in the
electrochemical process.

Table 3.1: Current values as a func-
tion of stirring for a unit treatment of
cylindrical implant

Stirring (rpm) 0 350 500
Current (A) <0.01 0.04 0.06
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3.1.3 Effects of the titanium substrate

Anodising parameters are often tested on a given substrate. However, it seems
that only a few publications evoke the effects of varying the initial surface
[96, 97].

(a) (b)

Figure 3.5: SEM micrographs (top view) of 7Oy nanostructured layer created
at potentials ranging of 20 V of (a) pure titanium surface (Ti cp) and (b)
titanium alloy (TA6V) (magnification 5,000)

Figure 3.5 opposite shows the surface appearance obtained after anodising
a pure titanium surface and TA6V alloy. The differences in the surface are
visible at a low magnification of 5,000. Flat micrometer dark particles were ob-
served in nano-porous array on the alloy surface, while completely homogeneous
structures were obtained for pure titanium. These particles or areas correspond
to the body-centred cubic § phase grains naturally present in certain alloys an-
nealed above a temperature of 890 ° C and hardened. The nanostructure array
formed alpha phase structure which mainly compose pure titanium implants.
However some other have published the total nanostructuration of beta alloys
[87]. These two structures can be revealed by a Kroll reaction as shown in
Figure 2(a) of the article N° 1 presented in part 3.2.1.

3.1.4 Effect of annealing on crystal structure

The main disadvantage of titania nanostructuration by means of the anodic
process is the formation of an amorphous structure. This structure is thermo-
dynamically unstable. Annealing treatment is used to convert the amorphous
phase into a crystalline phase of Ti0,: anatase, rutile or brookite. Brookite
is a metastable structure like anatase which was less explored in the literature
until recently and which will thus not be explored in detail in this section. As
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presented in chapter 1, the composition of the crystalline structure may play a
role in surface biocompatibility in comparison to a non-crystalline surface. Our
objective was to characterise the chemical structure in relation to synthesis pa-
rameters or the initial surface. The end objective was to propose an annealing
process making it possible to obtain a stable nanostructure with the crystal
structure offering the best biocompatibility.

In our work, TA6V samples were heated from 300 to 600 ° C in air for 0.5 to
2 hours. Titania nanotubes were observed by SEM to determine the effect of the
annealing temperature on nanotube morphology, and by Raman spectroscopy
to determine the resulting crystal structure.

Table 3.2: Raman vibrational modes for 7905 phases

Phase Peack (em™1)

Anatase 144 (E,) 197 (E,) 399 (By,) 513 (A1) 519 (By,) 639 (Ey)

(
Rutile 143 (By,) 447(By,) 612(By,) 826 (B,)
Brookite 156 (Ay,) 245 (Ay,) 287 (Bs,) 320 (By,) 365 (By,) 637(Au,)

Figure 3.6 shows the composition of the titania structures before (“un-
streated”) and after anodising ("anodised"), with annealing (“A + conditions
of annealing”), and in relation to the annealing temperature and time of ther-
mal treatment for nanoporous structures formed at 10V. Figure 3.7 also shows
the effect of annealing parameters on the crystal structure formed by annealing
of the nanotubular structure formed at 20V. The peak corresponding to the
Raman vibrational modes of the 770, phases described in Table 3.2 were also
indicated on the graph with vertical full or dotted lines.

First of all, the results show an amorphous structure for the 790y before
and after anodisation without annealing. Heat treatment with varying tem-
perature and time parameters made it possible to obtain different structures.
At low temperatures (from 300 ° C to 450 ° C) the conversion of the amorphous
titania nanotubes into a mixture of anatase and rutile phases was observed.
As reported in the literature, anatase is known to progressively transform into
rutile. At temperatures of more than 550 ° C, the 17O, crystal phase was com-
posed of only the pure rutile form.

Regarding the effect of annealing time on crystalline structure formation,
it played a role in phase transformation from amorphous to anatase, and from
anatase to rutile. Annealing at 500 ° C for 0.5 hour thus made it possible to
obtain the same structure as obtained at 450 ° C for 2 hours.

Analyses carried out on the nanotubular surfaces revealed slighly different
results. The structures obtained at 450 and 500 ° C were mainly composed of
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(b)

Figure 3.6: Raman spectroscopy showing evolution in titania crystalline struc-
ture in relation to the annealing temperature (a) and time (b) obtained on
nanopores formed at 10V for 20 min
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(b)

Figure 3.7: Raman spectroscopy showing the evolution of titania crystalline
structure in relation to annealing temperature (a) and time (b) obtained on
nanopores formed at 20 V for 20 min
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rutile, while a mixture of anatase and rutile was observed for the nanoporous
structures. Morphology or the anodising process must play a role in 770,
phase formation. These results, when compared to the literature, show that
the amorphous and crystalline phases of titania nanostructures vary with the
synthesized conditions (10V, 20V) and annealed conditions (temperature and
duration) [98, 85]

Figure 3.8: Top view SEM images of titania nanopores and titania nanotubes
array heated at 500 and 600 ° C for 2 hours: intact structures are obtained at low
annealing temperature while the nanostructure diminished with temperatures
up to 550 ° C due to the growth of rutile crystals.

The second part of this section is based on SEM evaluation of the mor-
phology changes and stability of titania nanostructures grown in aqueous HF
electrolyte and annealed in air. Figure 3.8 shows titania nanotubes heat
treated in ambient air at 500 and 600 ° C. No significant changes in morphology
were observed up to 500 ° C for either nanostructure, as shown in the SEM mi-
crographs. However, above an annealing temperature of 600 ° C it was shown
that the surface retained a nanotube-like structure but did not appear to be
homogeneous. The nanostructure partially collapsed by beginning to sinter to-
gether with crystal formation overlying the nanotube array. As explored by
Jaroenworaluck et al. in 2010, the anatase phase developed between 200 and
300 ° C and crystallite increased with annealing temperature [99]. The rutile
phase started to occur at the Titanium-titania nanostructure interface around
430 ° C without affecting the architecture of the nanostructures. The collapse
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was the consequence of rutile protrusions emerging in the anodic layer due to
oxidation and grain growth in the titanium support at high temperatures.

As reported in the literature, the crystalline titania phase nanostructure
increased cell proliferation viability and mineralization more than the amor-
phous structure. However, the rutile phase was only shown to diminish apatite
deposits and higher biocompatibility was obtained for anatase-rutile phase sur-
faces than for pure anatase surfaces. A balance between these two surfaces
may be a way to improve the biocompatibility of the nanostructured titania
surface. A semi-quantitatve phase analysis is possible by calculating the mass
proportion of the rutile phase (Wg) as presented by Zhang et al. in 2006 [100].

After calculation, Table 3.4 shows the rutile phase proportion that makes
up the titania nanostructure synthesized at 10 V (nanopores) and annealing at
350, 400, 450, 500 and 550 ° C. Titania nanotube structures presented a high
increase of rutile ratio from 500 to 550 ° C. These results confirm that the crys-
tal phase obtained by the annealing process. It have shown to depend on the
structure diameter or anodic synthetic conditions [98].

Table 3.3: Weight fraction of anatase/rutile using
both peacks at 395 cm ™! (anatase) and at 445 cm™*
(rutile) [100]

Temperature (° C) 350 400 450 500
Weight fraction W, /Wg 233 1.13 0.86 04

Finally, the effects of the annealing process were also studied in different
surface compositions: pure titanium or alloys (e.g.: Ti-Al 6%-V 4%). Figure
3.9 shows the crystalline composition of titania nanotube structures formed
at 20 V for 10 min in two different substrates and annealing at 500 ° C for 2
hours. The results showed a presence of both anatase and rutile phases in the
pure titania structures, whereas the anatase phase was totally absent from the
titanium alloys. This result proved that the composition of the alloys (i.e. Ti
or TA6V) as well as the anodisation conditions (i.e. 10 V or 20 V) are a critical
and sensitive parameter with regard to the effect of the annealing process.

In conclusion, according our results and in accordance with the literature,
the anodising process produces an initial amorphous nanostructure which is
needed to transform into a crystalline phase: anatase or rutile. The composi-
tion obtained depends on various parameters: the chemical composition of the
substrate, the nanostructured surface formation (diameter, type of structure,
thickness, chemical composition of the layer) and also the annealing conditions
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Figure 3.9: Raman spectroscopy showing the evolution of titania crystalline
structures with annealing time obtained on nanopores formed at 20V during
10 min and annealed at 500 ° C for 2 hours

(temperature, slope, time, gas used) [85, 86, 87]. In case of industrialisation of
the process, adjustments will need to be made in order to obtain the desired
crystalline and more biocompatible structure.

3.1.5 Chemical composition of the nanostructure

The anodisation process makes it possible to increase the natural oxide layer
from 2-6 nm to further micrometer thicknesses with specific architecture. The
change in the chemical composition, and thus the refractive index, produced
the colours on the surface by light interferences through the oxide layers on the
titanium. From a marketing point of view, this coloration is useful for colour-
coding medical implants in order to recognise the instrumentation. Another
important point in biomedical devices and integration is surface contamination.
However, the anodisation process uses electrolytes containing dangerous acidic
solutions such as hydrofluoric acid. Therefore, for quality control, it is necessary
to control the absence of any trace of acid.

Wide scan energy spectrum were acquired using a monochromatic Al K,
source and is presented in Figure 3.10. High-resolution X-ray photoelectrons



84 CHAPTER 3. CHARACTERISATIONS

Figure 3.10: wide scan energy spectrum of a nanostructured surface with and
without annealing : Peak of F 1s is only presents on non-annealing sample

(XPS) were recorded before and after anodising for Ti 2p, O 1s, C 1s and F 1s
are shown in Figure 3.11, 3.12, 3.13 and 3.14 respectively. Decomposition
of the spectrum of each sample using different curves, Gaussian or Lorentzian,
corresponds to the different binding statements of the element.

Table 3.4: Samples composition

Ti 0] C F
Initial surface ~ 12.9 (£1.4) 40.3 (£1.9) 46.3 (£3.5) 0.7 (£0.6)
After anodisation 15.2 (£2.7) 40.0 (£2.0) 30.0 (£3.5) 14.8 (£8.1)
After annealing 179 (£0.1) 52.3 (£0.1) 29.3 (£0.2) 0.4 (£0.1)

The two characteristic peaks of Ti 2p % and Ti 2p % were usually apparent
at 465 eV and at 459.2 eV respectively. According to the literature, the peak at
451-452 eV can be assigned to Ti metal (74°) originating from the substrate.
Titanium is naturally covered with a 2-6nm oxide layer, and XPS analysis is
about 2 to 10 nm deep. By deconvolution of the Ti 2p % spectrum, we can
observe spin orbit components. Binding energies at 459, 457 and 456 eV were
assigned as Ti'" (TiO,) and a reduction state of T3 (TiOOH) and T
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(unsaturated) respectively.

Figure 3.11: High resolution Ti 2p spectra for surface untreated, anodized at
20 V for 20 min, and both anodised and annealed at 500 ° C for 2 hours

Stoichiometric 190, consists of Ti** and also O~ ions. The different types
of oxygen species are presented by the deconvolution of the binding energies
of the O 1s spectra. The peak positions around 530 eV had a higher intensity
corresponding to lattices of oxygen as in T4 — O, while other peaks were also
observed at 533, 532 and 528.5, 527 eV, corresponding to both oxygen atom
oxidation and reduction. The latter originate in surface pollution from oxygen
reduction including O3 formation. Oxygen near an oxygen vacancy such as
in 77" — O binding is characterised by peaks at 531—532 eV and Ti — OH
at 532—533 eV. These results are in adequacy with other XPS analyses on
synthesised self-aligned titanium dioxide nanostructures found in the literature
[95]. In case of titanium alloys such as TA6V, aluminium (Al 2s) at 118 eV and
vanadium at 512 eV could be also detected in the oxide layer.

High-resolution C (1s) spectra (Figure 3.13) revealed high carbon peaks at
284.8 eV, which was used for the entire spectra calibration in order to adjust the
energies offset. The analyses also revealed high carbon and carbide adsorption
(281-283 €V) which disappeared with the anodic process. This carbon is due
to absorption of atmospheric contamination. Titanium and especially 7705 is
known to have the particularity of adsorbing any element or compound around
it and thus it is used as a catalyst or decontaminant. Acid traces such as acetic



86 CHAPTER 3. CHARACTERISATIONS

Figure 3.12: High resolution O 1s spectra for surface untreated, anodized at 20
V for 20 min, and both anodised and annealed at 500 ° C for 2 hours

Figure 3.13: High resolution C 1s spectra for surface untreated, anodized at 20
V for 20 min, and both anodised and annealed at 500 * C for 2 hours
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acid (CH3COOH) could be characacterised by the carboxyl links (—~COOH)
visible at 289 eV. An atomic percentage of 4-5% was observed in the reference
sample at 8-12% in the sample without the cleaning and annealing step. Rinsing
or annealing reduced the presence of —COOH links on the surface.

Figure 3.14 shows the F 1s XPS spectra and the impact of different syn-
thesis conditions on its fluoride composition: anodisation process, rinsing bath
and annealing treatment. Traces of fluor were already present in the reference
surface due to adsorption or chemical pollution from sample machining. The
presence of fluorine was detected after anodisation with or without rinsing. The
binding energy value of 685 and 683 eV correspond to adsorbed fluoride ions
or forming compounds of TPOF;, or F-Ti-O. Chemical composition was also
recorded in depth by combining X-ray photoelectron (XPS) analysis and ionic
erosion. Figure 3.15 shows the presence of fluoride in depth, along the oxide
layer. Fluoride ions are very small and compete with O, migration through
the TiO, lattices to the oxide-metal interface. They migrate at a rate twice as
high as O, leading to accumulation at the metal-oxide interface. The presence
of fluorides form water-soluble [TiFg|*~ species [26].

Figure 3.14: H
igh-resolution XPS spectra for the F 1s regions|High resolution F 1s spectra
for surface untreated, anodized at 20 V for 20 min, and both anodised and
annealed at 500 ° C for 2 hours

The presence of a H — F' link could be characterised at 689 eV. Thus the
absence of acetic acid could be confirmed at rates above 2 per 1000. Fluoride
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Figure 3.15: X-ray photoelectron (XPS) concentration profiles obtained on nan-
otubular array formed at 20V for 20 min

composition is completely lost from the surface. This is due to T2 F; evaporation
by heating at high temperature [100]. Although this fluoride is widely used in
toothpaste with various beneficial effects, it is currently controversial due to
dental problems (fluorosis linked to fluoride overdoses during the mineralisation
period) or bone hypercalcification which makes it brittle. Annealing is then
required to avoid any problems with fluoride composition.

Using the erosion rate, the XPS profile made it possible to calculate the
thickness of the oxide layer. The etching rate of 79O, has been calculated at
about 14.7 nm per minute. Thus the thickness of the oxide layer formed at 20V
for 20 min is a 150 nm long Titania layer

3.2 Biological characterization of the nanos-
tructured surface

Titane is widely used for biomedical devices such as in dental or orthopaedic
applications. One of the current challenges in implantology is to obtain rapid
osseointegration and thus immediate-loaded implants. It is postulated that in-
timate bone-implant contact could prevent bacteria colonisation along implants
and that is particularly relevant for dental implants. Improving the interface of
the materials with biological tissues is thus a way to increase the clinical success
and long life of implants. Studies have shown the importance of the relationship
between surface properties and tissue healing [11, 12, 13, 14]. Many different
surface treatments with micro or nano-modifications have been developed and
commercialised (see chapter 1). The three main surfaces are the plasma spray
hydroxyapatite coating for orthopaedics and a grit-blasted and/or acid-etched
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surface treatment in dental applications. However, these surface treatments
produce a roughness in the micrometer range while biological objects interact
at the nanometer scale.

It known that nano-modified surfaces can interact with the biological en-
vironment at the scale of proteins [81, 22]. Honeycomb titania surfaces may
induce cell elongation, cytoskeletal stress and selective differentiation into os-
teoblastic cells by mechanostranduction as presented in chapter 1 [22, 41]. Re-
cent in vitro studies have shown higher osteoblastic differentiation and mineral-
isation [40]. These results were correlated by in vivo studies in rabbits or other
animals, in which better anchorage or bone apposition were observed [101, 102].
However, many of these studies were performed using titanium disks or wire
geometry samples and compare to a non-treated surface.

The objective of this section is to biologically characterise this honeycomb
titania surface in a rabbit femur model. This study was performed using cylin-
drical custom-made implants with growth chamber geometry. The osseoin-
tegration of three different types of surface were compared: machined sur-
face (MA), nanostructured (NANO) implants and “homemade”standard alu-
mina grit-blasted and acid-etched (MICRO) implants, also called SLA-like (See
Chapter 1). The specimens were implanted into the femoral condyles of New
Zealand White rabbits. After 4 weeks, a pull out strength test and histolomor-
phometry analysis with calculation of both bone-to-implant contact and bone
growth values were determined.

The results of this study were published in article n N°1 accepted in the
journal Acta biomaterialia and titled "Enhanced osseointegration of titanium
implants with nanostructured surfaces: an experimental study in rabbits".

3.2.1 Article N°1 : Enhanced osseointegration of tita-
nium implants with nanostructured surfaces: an
experimental study in rabbits
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ABSTRACT

Titanium and its alloys are commonly used for dental implants because of their good mechanical prop-
erties and biocompatibility. The surface properties of titanium implants are key factors for rapid and sta-
ble bone tissue integration. Micro-rough surfaces are commonly prepared by grit-blasting and acid-
etching. However, proteins and cells interact with implant surfaces in the nanometer range. The aim of
this study was to compare the osseointegration of machined (MA), standard alumina grit-blasted and
acid-etched (MICRO) and nanostructured (NANO) implants in rabbit femurs. The MICRO surface exhibited
typical random cavities with an average roughness of 1.5 um, while the NANO surface consisted of a reg-
ular array of titanium oxide nanotubes 37 + 11 nm in diameter and 160 nm thick. The MA and NANO sur-
faces had a similar average roughness of 0.5 um. The three groups of implants were inserted into the
femoral condyles of New Zealand White rabbits. After 4 weeks, the pull-out test gave higher values for
the NANO than for the other groups. Histology corroborated a direct apposition of bone tissue on to
the NANO surface. Both the bone-to-implant contact and bone growth values were higher for the NANO
than for the other implant surfaces. Overall, this study shows that the nanostructured surface improved
the osseointegration of titanium implants and may be an alternative to conventional grit-blasted and
acid-etched surface treatments.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Titanium dental implants are widely used in dentistry for sin-
gle- or multiple-tooth prosthetic rehabilitation [1,2]. The surface
properties of titanium implants are key factors for rapid and stable
bone tissue integration [3-5]. At present, the surfaces of most den-
tal implants are grit-blasted and acid-etched to improve osseointe-
gration. Well-documented and successful examples of such surface
treatments for dental implants are the Straumann SLA® and SLA
active® [6,7]. Physical modification by grit-blasting produces a
rough surface at the micrometer level which, to a certain extent,
increases its mechanical interlock with bone tissue [8,9]. Chemical
etching in strong acids creates micrometer pits on the implants
that increase the surface energy, protein adsorption, cell adhesion
and finally osseointegration [10-12]. Several studies have shown
that an average surface roughness of between 0.5 and 2 pm,

* Corresponding author at: Inserm UMR957, Laboratory of Pathophysiology of
Bone Resorption, Faculty of Medicine, University of Nantes, 1 rue Gaston Veil, 44035
Nantes, France. Tel.: +33 2 72 64 11 43; fax: +33 2 40 41 28 60.

E-mail address: pierre.layrolle@inserm.fr (P. Layrolle).
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1742-7061/© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

achieved by means of grit-blasting and/or acid-etching, is the opti-
mal topography for the osseointegration of dental implants
[13,14]. However, this type of rough surface has random and
uncontrolled microstructures, while proteins and cells interact
with the implant surface in the nanometer range. It has recently
been shown, by our group and by others, that nanostructures on
titanium implants significantly enhance the adhesion and osteo-
blastic differentiation of mesenchymal stem cells [15-20]. Particu-
lar surface topographies with regular depressions of <100 nm may
induce cell elongation, cytoskeletal stress and selective differenti-
ation into osteoblastic cells by mechanostranduction [21-23].
Nanostructured surfaces consisting of a regular array of columnar
titanium dioxide (TiO,) nanotubes have been produced simply by
the anodization of titanium implants [16,17,24]. In line with
in vitro results in which osteoblastic cell differentiation was
observed, the apposition and fixation of the bone were enhanced
by nanostructured titanium wires implanted into rat tibias in com-
parison with a control surface [24]. In this context, a smooth, nano-
structured surface that may enhance osseointegration at a rate
similar to that of the standard grit-blasted acid-etched surface
may be relevant for clinical use. This nanomodified surface may
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also avoid bacterial attachment or biofilm formation on the
implant surface [25-28]. Moreover smoother nanostructured sur-
faces may be more conveniently decontaminated in case of peri-
implantitis than the classical micro-rough surfaces [29,30].

The aim of this work was to compare the osseointegration of
nanostructured surfaces with standard grit-blasted, acid-etched
and machined titanium alloy implants. Three types of surface,
machined (MA), alumina grit-blasted and acid-etched (MICRO),
and nanostructured (NANO), were prepared and characterized
using profilometry, scanning electron microscopy and Raman spec-
troscopy. These three groups of implants were bilaterally inserted
into rabbit femoral epiphyses. After a healing period of 4 weeks,
the pull-out test, bone-to-implant contact and newly formed bone
were measured and compared. Simple cylindrical implants were
used instead of threaded implants in order to directly compare
the effect of surface on the kinetics of bone integration [31].

2. Materials and methods
2.1. Implant preparation

Titanium alloy implants (TA6V) were specially designed for this
study. Cylindrical implants with a diameter of 4.2 mm and a length
of 7.5 mm were machined (ALTA Industries SARL, Arnage, France).
A hole was drilled to hold the implant during surface treatments,
surgical implantation and mechanical pull-out testing. In order to
reproduce the depth of insertion in rabbit femurs, the neck region
of the implants had a rim of 1 mm with an outer diameter of
5.5 mm. An apical bone growth chamber of 3 mm in diameter
and 2.5 mm in depth was machined along the vertical axis of the
implants. The following groups were prepared and characterized:
machined implants (MA), alumina grit-blasted and acid-etched
(MICRO), and nanostructured (NANO) surfaces. The machined
(MA) implants were used as received. The MICRO implants were
grit-blasted with alumina particles with an average size of
110 pm. The implants were placed in a sand-blasting chamber
(Sanduret 3 K, MW Dental, Germany) and rotated along their ver-
tical axis at 100 rpm. The implants were then blasted using an
air pressure of 5 bar at a working distance of 1 cm. After blasting,
the implants were washed with water and etched in a mixture of
hydrochlorhydric acid (37 wt.%), sulfuric acid (95 wt.%) and demin-
eralized water in a volume ratio of HCI/H,SO4/H,0 2:1:1 at 80 °C
for 5min. After acid-etching, the implants were rinsed with
demineralized water and air-dried. For the NANO implants, colum-
nar TiO, nanotubes were manufactured by electrochemical anod-
ization as previously described [16,24,32]. Briefly, the machined
implants were cleaned for 15 min in acetone, ethanol 70% and
demineralized water and then air-dried. The implants were anod-
ized in an electrolyte consisting of 1 M acetic acid (Prolabo) and 0.5
wt% hydrofluoric acid (HF; Sigma, St Quentin Fallavier, France). The
titanium implant served as the anode while a platinum electrode
(Kitco, Canada) served as the cathode. Both were connected to a
power generator (HQ Power, PS3010) and immersed in the electro-
lyte solution with stirring at room temperature. A tension of 10 V
was applied for 20 min. After anodization, the implant was rinsed
in demineralized water and annealed at 500 °C for 2 h in a furnace
(Nabertherm, L1/12/R6). Following the surface treatments, the
implants were cleaned in ultrasonic baths with acetone, 70% etha-
nol and deionized water for 10 min. Finally, the three groups of
implants were packaged in double-sealed bags and sterilized in
an autoclave at 121 °C for 20 min.

2.2. Characterizing the implant surfaces

The surface topography was analyzed using a contact profilom-
eter (Intra 2, Taylor Hobson) (n = 3 implants/group). The surface of

the implants was observed by field-emission scanning electron
microscope (FE-SEM; Carl Zeiss, Merlin). Microanalysis was per-
formed by energy-dispersive X-ray analysis (EDX; Oxford Instru-
ments, model XMAX 80 mm2). In order to reveal the o and B
phase domains on the titanium alloy, machined implants were
etched for 30 s with Kroll’s reagent (100 ml demineralized water,
2 ml HF 40 wt.%, 4 ml HNO; 65 wt.%) prior to FE-SEM observations.
The thickness of the nanotube film was measured by FE-SEM after
machining and fracturing the substrate. The internal diameter and
circularity of the nanotubes were determined on the NANO surface
using FE-SEM images at a magnification of x50000 and image
analysis software (Image]). To assess the reproducibility, four FE-
SEM images taken on three representative NANO implants were
used. Raman spectroscopy (Rénishaw InVia reflex spectrometer)
was done to analyze the phases (amorphous, anatase, rutile) on
the surface of the implants.

2.3. Surgical procedure

All animal handling and surgical procedures were conducted
according to European Community guidelines for the care and
use of laboratory animals (2010/63/UE). The study protocol was
submitted for approval to the regional animal care and safety com-
mittee. The experiments were conducted at the Faculty of Medi-
cine, University of Nantes in approved experimental facilities.
The experiments were performed using 10 adult female New Zea-
land White rabbits (NZW; body weight 3.5-3.75 kg, 16-18 weeks
old) provided by a certified breeder (Charles River Laboratories).
The animals were housed in individual cages, with freely available
water and food, and an artificial day/night cycle of 12 h/12 hin an
air-conditioned room. The animals were allowed to acclimate for at
least 10 days prior to surgery. All the animals were operated under
general anaesthesia performed by intramuscular injection of a
mixture of xylazine (5 mg kg~!, Rompun 2%, Bayer) and ketamine
(35 mg kg~ !, Imalgene 1000, Merial). Possible post-surgical infec-
tions were prevented by a subcutaneous injection of prophylactic
antibiotic (Marbocyl, 2 pgkg™!, 1 ug ml~!) at the time of surgery
and in the following 3 days. The posterior limbs were shaved and
disinfected with iodine solution (Betadine 10%, Meda) and draped
with a hollow sterile sheet (Foliodrape, Hartmann). A local anaes-
thetic (1 ml, Septanest® N Articaine HCl 4% with 1:200,000 epi-
nephrine) was injected into the surgical area. A lateral 3 cm
incision in the skin and muscle was made to expose the proximal
epiphyses of the femur. A bone defect of 4 mm in diameter and
6 mm in depth was centred on the lateral side of the femoral con-
dyle through the cortical and trabecular bone. The defects were
made under saline irrigation using a series of three dental burrs
with increasing diameters (1, 2, 3 and 4 mm) mounted on a dental
implant micromotor (NSK surgic XT). After drilling, the cavity was
thoroughly rinsed with physiological saline solution. The implants
were press-fit inserted into the defects as far as the rim. The wound
was tightly closed in two layers using degradable sutures (Vicryl 5/
0, Ethicon). After surgery, the animals were observed daily for pos-
sible wound complications, and post-surgical pain was controlled
by intramuscular injection of buprenorphine (50 pg kg~ day!
for 3 days, Buprecare 100 pgml~!). After a healing period of
4 weeks, the rabbits were put under general anaesthesia with an
intramuscular injection of xylazine/ketamine as previously
described, and killed by intracardiac injection of an overdose of
sodium pentobarbital (2 ml, Dolethal®, Vetoquinol, France). The
femoral condyles with the implants were dissected and any abnor-
mal signs of healing were recorded. After harvesting, the samples
were immediately stored at -80 °C. The femoral condyles were
X-rayed in order to localize the implant and verify the absence of
peri-implant osteolysis (Faxitron MD20).
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2.4. Mechanical pull-out test

After warming the samples at room temperature, the osseointe-
gration of the implants was measured by tensile pull-out force
testing (Zwich Roell 72.5). A specially designed screw was inserted
into the implant and fixed to the crosshead device. The proximal
region of the femoral condyle was held by a fixture in order to align
the long axis of the implant with the vertical axis of the crosshead
device. A load cell (Zwich Roell 8125) with a maximum force of
200 N and an accuracy of 0.1 N was used. The uniaxial tensile test
was carried out using a crosshead speed of 1 mm min~". The force-
displacement curve was obtained by using the software Xpert II.
The maximum pull-out force was recorded for each sample. After
pull-out testing, the implants were put in 4% neutral formaldehyde
fixative and further processed for non-decalcified histology.

2.5. Histology and histomorphometry

After fixation for 7 days, the specimens were rinsed in water,
dehydrated in a graded series of ethanol (from 70% to 100%),
impregnated in methyl methacrylate and finally embedded in
polymethylmethacrylate resin. Polymerization was performed by
adding a radical initiator and propagator in a vacuum at 4 °C in
order to prevent the formation of bubbles. After resin hardening,
each implant was longitudinally sectioned in the middle with a
diamond circular saw (Leica SP1600, Germany). Tissue/implant
sections of ~30 um in thickness were sawn, glued to a glass slide
and polished using a series of SiC papers on a polishing machine
(Buelher Metaserv 2000). After polishing, the semi-thin sections
were stained in methylene blue/basic fushin. The tissue/implant
sections were digitized and visualized using a virtual microscope
(Hamamatsu, NanoZoomer 2.0RS and NDP view software). On the
stained sections, bone tissue appeared purple while soft tissue
was coloured in blue. Both remaining blocks surrounding the sec-
tion were polished and used for backscattered electron microscopy
(BSEM; Hitachi, Tabletop TM3000) in order to quantify the bone
around the three groups of implants. Contiguous photographs of
the whole implant and surrounding bone tissue were taken at a
magnification of x50 using a motorized programmable stage
(model). On these BSEM images, the titanium implant appeared
in light grey, mineralized bone in grey and non-mineralized tissue
in black. Histomorphometry was carried out using a custom-made
programme developed with image-processing software (Image]).
On each image, the percentage of direct contact between the min-
eralized bone and titanium surface (BIC) was calculated by using a
semi-automatic binary treatment. The bone surface at a distance of
0.5 mm around the implant (BS/TS 0.5 mm) was also measured.
Finally, bone growth (BG) was determined in each bone growth
chamber at the apical extremity of the implant. All the measure-
ments were repeated at least three times.

2.6. Statistical analysis

The physicochemical characterization of the prepared implants
was done in triplicate (n = 3/group). Seven samples each for the
MICRO and NANO groups (n = 7) and six samples for the MA group

(n=6) were implanted following a permutation implantation
scheme in both femoral epiphyses of 10 rabbits. This design pre-
vented possible lateral bias. In this study, all data are expressed
as an average * standard deviation, apart from the pull-out, BIC,
BS/TS and BG data, which are shown in the form of a median with
minimal and maximal values or quartile. Prior statistical analysis
of the data and critical values were detected using the Dixon test
with significance levels of 95%. The non-parametric Kruskal-Wallis
one-way analysis of variance (ANOVA) test was used for statistical
analysis between all groups. The Mann-Whitney non-parametric
U-test was used to compare the effect of the surface treatment
between two groups. Differences were considered significant for
P-values of <0.05. All data were plotted and statistically analyzed
using commercial software (OriginPro 9.1).

3. Results
3.1. Surface properties

The three types of implant surfaces differed drastically in topog-
raphy on both the micro- and nanometer scales. The surface rough-
ness and spatial parameters are shown in Table 1. For instance, the
average surface roughness (Ra) was 0.6, 1.5 and 0.5 pm for the MA,
MICRO and NANO surfaces, respectively. However, surface spacing
parameters, such as surface kurtosis (Sku), surface skewness (Ssk)
and the spacing between peaks (Rsm), were similar for all three
types of surface. As observed by FE-SEM and shown in Fig. 1, the
control MA surface exhibited a relatively smooth surface with
machining stripes. As shown in Fig. 2A, the titanium alloy was
composed of oo and B phases that were revealed after Kroll's
reagent etching. The MICRO surface, observed at low magnifica-
tion, showed a random, rough microstructure with large cavities
dozens of microns in diameter, resulting from the alumina grit-
blasting. At high magnification, these depressions contained
microstructures resulting from the acid-etching. The machined
implants were anodized in fluorhydric and acetic acids, and then
heated at 500 °C, resulting in a thin film of TiO, nanotube arrays
(NANO). The FE-SEM images showed that most of the NANO sur-
face was covered by a regular array of nanotubes. However, nano-
tubes were not present on the p phase domains as previously
reported [32,33]. As indicated in Table 2, EDX analysis confirmed
the segregation of the two phases. A high proportion of vanadium
was found on the microdomains corresponding to the B phase as
this element is a f-phase stabilizer in titanium alloys [32,34]. At
high magnification, the nanotubes were found to have a mean
inner diameter of 37 + 11 nm ranging from 12 to 109 nm maxi-
mum and an average circularity of 0.44 +0.15. As shown in the
cross-section view (Fig. 2), the NANO film had a thickness of
~160 nm and was composed of a columnar structure grown on a
dense oxide layer of 30 nm. Raman spectroscopy indicated that
the positions of the peaks between the MA and MICRO groups were
similar and typical of an amorphous titanium oxide layer (Fig. 3).
After the anodizing process, the NANO surface was still amorphous
as confirmed by Raman spectroscopy. Annealing at 500 °C con-
verted the amorphous titanium oxide film into crystalline anatase
and rutile phases (calculated WA/WR ratio ~0.2 [35]).

Table 1
Topographic measurements of the three types of surface.
Ra (pum) Rz (um) Rsm (pum) Ssk Sku n
Arithmetic mean deviation Maximum height Spacing between peaks Factor asymmetry Factor flattening
MA 0.6+0.2 29+0.2 82.3+9.1 0+03 24+02 3
MICRO 1.5+0.1 10.4+0.8 58.6+10.6 —-02+ <0.1 3.0+04 3
NANO 05+ <0.1 25+03 76.4+9.1 0+£0.1 29+04 3
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Fig. 1. FE-SEM images of the three types of titanium surface: machined (MA), alumina grit-blasted and acid-etched (MICRO) and nanostructured (NANO) (magnifications
x10000 and x50000, scale bar: 1 um). Stars indicate the X-ray analysis on the NANO surface.

Fig. 2. FE-SEM characterization of (A) the titanium alloy implant surface showing the B phase in circles and (B) a cross-section of the nanotube array film showing its

thickness.

Table 2
Elemental composition of the NANO-surface.

Analyzed zone % atm. Description

(0] F Al Ti \%
1 23.7 6.8 4.3 73.2 5.0 Nanotube array
2 16.7 8.3 5.0 62.0 7.9 Micro domains

3.2. Comparing the osseointegration

All the animals recovered quickly from implant surgery, and
neither clinical signs of inflammation nor infections were
observed. As illustrated in Fig. 4, the surface-treated cylindrical
implants were all inserted in the femoral epiphysis of rabbits. All
types of implants appeared well integrated into the bone after
4 weeks without macroscopic signs of osteolysis on the X-rays.
The histological sections corroborated bone tissue healing around
the implants (Fig. 5). Newly formed bone apposition was visible
at the cortical and trabecular levels. The quantity of bone around
the implants appeared comparable for the three types of implant.
At high magnification, a thin, fibrous tissue gap between the bone
and the MA implants was observed, whereas direct bone-to-
implant contact was seen on the MICRO and NANO implants.
Newly formed bone was also observed in the apical bone growth
chamber of the NANO implants, while limited amounts were seen
in the MICRO and MA implants. These results were corroborated by

Fig. 3. FT-RAMAN spectra of the three types of titanium surface: machined (MA),
alumina grit-blasted and acid-etched (MICRO) and nanostructured (NANO), before
annealing and after heat treatment at 500 °C (A, anatase; R, rutile).

the BSEM images shown in Fig. 6. Mineralized bone tissue was
observed in the peri-implant region of the different groups. Thin
trabeculae of mineralized bone—characteristic of newly formed
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Fig. 4. Implantation site and X-rays of rabbit femoral epiphyses with implants from each group after 4 weeks: (A) machined (MA), (B) alumina grit-blasted and acid-etched

(MICRO) and nanostructured (NANO) surfaces.

A

Fig. 5. Non-decalcified histology sections of implant and bone tissue at 4 weeks
after implantation in rabbits: (A) machined (MA); (B) alumina grit-blasted and acid-
etched (MICRO) and (C) nanostructured (NANO) surfaces. White arrowheads show
fibrous tissue. Basic fuchsin and methylene blue staining. (Original magnifications
x1 and x10.).

bone—were visible around the implants. The apical chambers of
the NANO implants contained more bone than in the other groups.
These qualitative histological observations were confirmed by
quantitative mechanical and histomorphometry results (Table 3,

Figs. 6 and 7). The pull-out forces were higher for the MICRO and
NANO than for the MA implants (Fig. 7). Bone anchorage in the
MICRO and NANO implants was comparable despite the average
surface roughness of the MICRO being 3 times greater than for
the NANO (Table 1). However, statistical differences between the
three groups could not be demonstrated due to wide variability
in the data. As shown in Fig. 7, quantitative assessment of the bone
surfaces at a distance of 0.5 mm around the implants (BS/TS
0.5 mm) was slightly higher for the NANO than for the MICRO
and MA implants. The quantity of bone in the apical chambers of
the NANO implants (median: 16%) was also greater than the
MICRO (7%) and MA (6%) implants, although the differences were
not statistically different between the groups (Fig. 8). In line with
the pull-out test results, the bone-to-implant contact of the NANO
and MICRO surfaces were significantly higher than for the control
MA surface.

4. Discussion

In this study, the osseointegration of three types of implant sur-
face were compared in the femoral epiphyses of NZW rabbits.
Overall, the results indicated that the NANO surface was better
integrated into the bone than the standard MICRO surface, and
even more for the MA control surface after 4 weeks of healing.
Although significant differences could not be demonstrated
between the groups, the study illustrated the importance of the
surface physical and chemical properties of the implants in their
integration into bone tissue. In this work, three types of surface
on titanium implants were carefully prepared and characterized
prior to implantation in rabbit femurs. The osseointegration of
implants is due to both primary and secondary stability, which
are related to mechanical anchoring to bone and biological bone
apposition, respectively. As the design of the implant (e.g. conical
shape, screw) has a considerable impact on primary bone-anchor-
age, simple cylindrical titanium alloy implants were designed and
manufactured by machining (MA) and used as the control. Several
studies have demonstrated that blasted and acid-etched surfaces
integrate better into bone than conventional smooth, blasted or
only acid-etched surfaces [12,36]. For these reasons, in the present
study, a classic, alumina grit-blasted and acid-etched surface with
a random microstructure (MICRO) was prepared on titanium
implants and used as the reference implants. As nanometer-sized
features have been shown to influence the osteoblastic differentia-
tion of human mesenchymal stem cells (hMSCs) in vitro [15,16], a
nanostructured (NANO) surface was prepared by anodization on
titanium implants and their bone integration was studied here.
As shown in Fig. 1, the anodization produced a regular array of tita-
nium oxide nanopores growing on the o phase domains. This
observation was confirmed after Kroll's reagent etching of the sur-
face of the titanium alloy (Fig. 2A). In addition, EDX analysis con-
firmed the highest quantity of vanadium in B phase domains
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Fig. 6. BSEM images of the three types of titanium surface: machined (MA), alumina grit-blasted and acid-etched (MICRO) and nanostructured (NANO) (magnification x50,

scale bar: 1 mm).
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Fig. 7. Whisker plots of pull-out force and percentage of bone surface at 0.5 mm (BS/TS 0.5 mm) around the implants for the three types of titanium implant at 4 weeks after

implantation in rabbit femoral epiphyses (*P < 0.05).
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Fig. 8. Whisker plots of the percentage of bone-implant contact (BIC) and bone growth (BG) in the apical chamber for the three types of titanium implant at 4 weeks after

implantation in rabbit femoral epiphyses (*P < 0.05).

(Table 2). The proportion and position of the o and B phases was in
good correlation with the partial coverage of implants with nano-
tubes. The formation of an inhomogeneous layer composed of both
nanotubes and microdomains of dense titanium oxide resulted

from the different electrochemical oxidation rates of the two
phases as already observed in other publications [32,33,37]. After
annealing at 500 °C, this thin oxide layer converted to a mixture
of anatase and rutile (Fig. 3), in line with other studies [35].
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Table 3
Median proportions of pull-out and histomorphometry results of the three types of implant inserted into the femoral condyles of NZW rabbits for 4 weeks: median [min; max].
Pull out BIC (%) BS/TS 0.5 mm (%) BG (%) n
(N) Bone-to-implant contact Bone surface at 0.5 mm Bone growth in apical the chamber
MA 37 [12;52] 29 [13;35] 42 [24;58] 6 [0;17] 6
MICRO 80 [28;205] 44 [29;52] 44 [34;57] 7 [0;30] 7
NANO 105 [24;160] 41[16;51] 46 [43;58] 16 [5;29] 7

Anodization is a relatively simple process that is applicable to
complex-shaped implants, while the internal diameter of the
nanotubes can easily be controlled via the applied tension
[16,32,38].

Recently, it has been demonstrated that the nanoscale environ-
ment is a critical factor for both the cellular behaviour and the bone
tissue integration of implants [15,16]. However, to our knowledge,
no study has compared the osseointegration of NANO implants with
classic grit-blasted, acid-etched MICRO implants. We have shown
previously that nanostructured surfaces with nanotubes 20, 30
and 50 nm in diameter enhanced early bone tissue apposition as
well as higher bone implant anchorage in comparison to smooth
titanium wires after implantation in rat tibias for 1 and 3 weeks
[24]. Fan et al. [39] also demonstrated that titanium dioxide nano-
tubes resulted in a higher push-out force when compared with
machined implants after implantation in dog femurs for 3 months.
Another study evaluating the BIC of implants placed in the frontal
skulls of domestic pigs showed a significantly higher value for the
50, 70 and 100 nm groups than the machined controls [40]. Simi-
larly, a significant increase in BIC and gene expression levels was
found in the bone attached to implants with titanium dioxide nano-
tubes, especially 70 nm diameter nanotubes, compared with
machined titanium implants in minipigs [41]. Another study dem-
onstrated that after 4 weeks of implantation in rabbit tibias, pull-
out testing was nine times higher for implants with TiO, nanotubes
than with TiO, grit-blasted surfaces [42]. In a similar animal model
of rabbit femoral condyles, it was found that titanium dioxide nano-
tubes significantly increased torque strengths (41 vs. 29 Ncm™!;
P=0.008) and new bone formation (57.5% vs. 65.5%; P=0.008)
(n=8) in comparison to grit-blasted, moderately rough dental
implants after 6 weeks [43]. Torque value is one of the indicators
of both primary and secondary stability of implants in bone. How-
ever, the strength of the mechanical anchorage of screwed implants
in bone varies with the implantation site, the healing rate, the
roughness of the implant and the bioactivity of the implant surface
[14]. In our study, the pull-out force was measured on cylindrical
implants of similar shape in order to avoid possible bias with differ-
ent implant designs. The roughness of the surface has also been
shown to play an important role in bone implant integration.
Smooth surfaces promote fibroblast and epithelial cell adhesion,
whereas rough surfaces increase osteoblastic proliferation [44]. In
agreement, more fibrous tissue was observed on the MA implants
than in other groups where bone tissue apposition was present after
4 weeks (Fig. 5). It is well known that fibrous tissue proceeds faster
than bone apposition during peri-implant healing. Quantitative
assessment of bone to implant contact (Fig. 8) corroborated this
qualitative result. Nevertheless, our study showed that the NANO
surface produced a similar pull-out value to the MICRO surface,
even though its roughness was 3 times greater than that of the
NANO implants. Some studies have shown a correlation between
surface roughness and bone-implant contact. Positive asymmetry
distribution (skewness, Ssk), with sharp peaks (kurtosis (Sku) > 3)
and large spacing between peaks such as Rsm, positively affect bone
retention by the implants [45]. In our study, all these surface rough-
ness parameters, apart from the average roughness Ra, were similar
in all groups. Therefore, the anodization process did not modify the

initial roughness or surface spacing parameters of the machined
implants (Table 1).

Surface chemistry plays also a major role in the osseointegration
of implants as it determines the adsorption of proteins from body
fluids. In this study, the surfaces of the different implants were pri-
marily composed of titanium oxide. Raman spectroscopy indicated
that either the natural titanium oxide layer found on titanium
implants or those processed by anodization were amorphous
(Fig. 3). After heating at 500 °C, the NANO surface crystallized into
a mixture of rutile and anatase but the effect of these phases on
the osseointegration of implants was not investigated here. As
derived from the hydrofluoric acid treatment of titanium alloy
implants, the NANO surface also contained some fluoride, alumin-
ium and vanadium (Table 2). Since aluminium and vanadium ele-
ments were also present in the control titanium alloy implants in
similar proportions, their effect on osseointegration could not
determined. On the other hand, fluoride ion modification of
implants has been shown to enhance osteoblastic differentiation
and interfacial bone formation [46]. The relatively better osseointe-
gration of the NANO implants may result from the incorporation of
fluoride in the titanium oxide layer.

The osseointegration of grit-blasted and acid-etched MICRO
surfaced implants has been widely documented in pre- and clinical
studies [6,47-50]. However, micro-rough surfaces are less suited to
efficient bacterial decontamination in case of peri-implantitis than
smooth surfaces. Micro-rough surfaces (Ra=1.5 pum) favour both
the entrapment of bacteria and biofilm attachment, even though
mechanical devices such as brushes or air flow are used to decon-
taminate infected implants [29,51]. In addition, it has recently
been demonstrated that nanostructured titanium prevents bacte-
rial attachment compared to conventional titanium surfaces [52].
The photocatalytic properties of the titanium dioxide nanotube
array could even be used to decontaminate implants using ultravi-
olet light [53]. In a recent study, it has been shown that nanotube
surfaces reduce fibrotic capsule thickness after implantation in rat
abdominal walls more than control implants, indicating a better
soft tissue response [54]. The nanotube surface may also improve
the gingival tissue integration of dental implants, thus preventing
the invasion of bacteria along their surface.

5. Conclusion

In this study, the osseointegration of a surface composed of
anodized titanium dioxide nanotubes (NANO) was compared to
machined (MA) implants or those with a classic grit-blasted and
acid-etched surface (MICRO). After implantation for 4 weeks in
rabbit femoral condyles, the bone anchorage of the NANO surface
was similar to that of the MICRO implants, whereas its roughness
was 3 times lower. The NANO surface presented higher but not sig-
nificant bone integration than the other two surfaces regarding BIC
and apical BG values.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2-5 are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
10.017.
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3.2.2 Additional discussion

In this study, we compared the osseointegration of machined (MA), standard
alumina grit-blasted and acid-etched (MICRO) and nanostructured (NANO)
implants in rabbit femurs. A micro surface is composed of typical random
cavities with an average roughness of 1.5 um quite similar to the SLA surface.
On the other hand, the NANO surface consisted of a regular array of titanium
oxide nanopores 37 nm in diameter and 160 nm thick. The results showed that
after 4 weeks, the anchorage of the NANO surface was higher than for the other
groups while its roughness was three times lower than the MICRO surface (0.5
vs 1.5 um). Histology analysis showed a direct apposition of bone tissue on to
the NANO surface. Hismorphometric calculations were in accordance with the
bone-to-implant contact and bone growth values. Both displayed higher values
for the NANO than for the other implant surfaces. This study thus showed by
using “homemade”’samples in a rabbit model that the nanostructured surface
improved the osseointegration of titanium implants and may be an alternative
to conventional surface treatments.

Although these results are satisfactory, the study deals only with the inte-
gration of a structure composed of a network of nanopores. It would have been
interesting to study a fourth group of surfaces composed of regular nanotubes
aligned perpendicularly to the surface. Indeed, results of surface characterisa-
tion obtained in the beginning of this chapter show different surface properties
between nanopores and nanotubes (i.e. contact angle and crystalline structures
after annealing). So far, not a single publication has clearly demonstrated the
bioactivity effect of these two types of nanostructure, but only considers the
size. For a same electrolyte, the nanopores formed are generally smaller than
the nanotubes. Divya Rani et coll. have published a study on the effect of
different nanostructure morphologies on osseointegration [29]. They compared
nanotube, nanoscaffold, nanoleaf and nanoneedle surfaces produced by anodisa-
tion or hydrothermal methods. The authors found that nanoleaves, which are a
network of vertically aligned, non-periodic, fibre structures, provide higher pro-
tein adsorption, and osteoblast cell proliferation and differentiation. However,
the results for protein adsorption on nanoleaves were closely followed by nan-
otubular and nanoneedle structures after 1 hour and levelled out after 2 hours.
Moreover, some of the gene expression in primary osteoblasts was missing for
the nanotubular structure. Thus, the nano-architecture should be investigated
in greater detail to be able to draw clear conclusions with regard to its effect
on tissue integration.

In 2014, Kang et coll. published a comparative study in rabbits on the os-
seointegration of titanium implants with various diameters of nanotube [102].
Nanotubes with similar porosity size of 30 nm and made using the same proto-
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col as in our study were compared to 70 nm and 100-nm-large nanotubes. This
study confirmed the results of Brammer and Oh, that is, that 30 nm and 70 nm
nanotubes may positively affect osseointegration healing [23, 41]. Recently, Yi
et coll. also published a comparative study in rats using the same implant ge-
ometry [103]. They compared different surface groups with nanopores of 30 nm
and nanotubes of 70 nm. After 4 and 12 weeks of healing, the authors did not
find any difference between the groups, but they only took into consideration
nanoporosity size without taking into account the difference in nanostructure.

As shown at the beginning of this chapter, nanopores and nanotubes may
produce different crystalline structures (i.e. amorphous, anatase, rutile, brookite)
after a single annealing treatment. Similar results were also observed by Liu
et al. who compared crystalline structures in relation to nanostructure size,
shape and annealing temperature for solar cell applications. The crystalline
titania structure is widely put forward as improving biocompatibility more
than an amorphous titania structure [104]. Several studies affirm that a crys-
talline structure composed of both anatase and rutile is more bioactive than
an only anatase structure, while a pure rutile phase would induce cell apop-
tosis [30, 105]. So far, not a single publication has clearly studied an optimal
crystalline structure for a better surface bioactivity effect. In this thesis, we
tried to study this topic in wvitro but were confronted with difficulties in the
implementation of the protocols on titanium disks and not only on culture
plates.

Another point not developed in the discussion of this article is the fluo-
ride contained in the surface after anodising. Titania nanostructure formation
usually requires electrolytes containing a fluorinated substance which leads to
fluoride incorporation during oxide layer growth. This fluoride ion has been
recognised as an important trace element in bone and dental health [106, 107].
It has been found that fluoride may play a role in tissue generation, as dentistry
(108, 109]. However, inadequate or excess fluoride may cause tooth enamel
damage and skeletal fluorosis after prolonged exposure [110].

To conclude, this study makes it possible to demonstrate the osseointegra-
tion of nanoporous surfaces with both mechanical anchorage and analysis of
surrounding tissue. The surface could be optimised with a crystalline struc-
ture. Although there are several publications in the field, no one has identified
either the most biocompatible crystalline structure or the different effects of
nanopores and nanotubes.
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3.3 Conclusion

This third chapter deals with the synthesis and characterisation of nanostruc-
tured surfaces in both materials science and the biological field. Our anodis-
ing surface treatment makes it possible to propose colourful titanium implants
with an oxide layer presenting nanopore or nantube architecture, with a con-
trollable crystalline structure (anatase, rutile, brookite). Annealing treatments
at 500 ° C reduce fluoride insertion and eliminate acid traces adsorbed on to
the surface but may risk modification of the titania nanostructures morphology
due to the crystal growth of rutile. The first article shows promising results
in terms of biocompatibility as it is similar to conventional grit-blasted and
acid-etched surfaces. The direct application of this surface treatment on intra-
osseous implants (dental implants) and soft tissues contact (tracheal prostheses)
are reported in the next chapter.
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CHAPTER

4

MEDICAL APPLICATIONS

As life expectancy increases, there is a need for better quality of life. General
medical progress has led to a widespread increase in the use of implantable
medical devices to assist or replace an organ or tissue. Some replacements may
be due to a minor accident requiring simple implantation into healthy tissue.
However, other devices are required in cases of serious disease (e.g. cancer) in
order to regain a certain degree of aesthetics or functionality in a given organ
in not necessarily healthy tissue. Surgery is performed on patients who have
already undergone a number of violent treatments (such as chemotherapy) or
other surgeries. They are thus more fragile physically and are more mentally
frail than a healthy person. The best thing for them is to limit the number of
surgical procedures. For instance, the surgery for throat and /or trachea car-
cinoma may require tracheal prostheses to restore normal breathing function
(Figure 4.1).

It should be noted that despite significant progress in the field of implant
surgery, and a global success rate after five to ten years or less following the
operation, implants nevertheless need to be replaced. The possible causes of
failure in the short or middle term, and in the long term, are diverse. In all the
setting-up phase for prostheses, the success of an operation above all depends
on the patient’s condition, pathology, and lifestyle, the surgical technique used,
and post-operative activity. In the longer term, problems are related to the
implant itself (material, geometry, surface) and how it binds to the surrounding
tissues.

103
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Figure 4.1: Diagram of implantation of a tracheal prosthesis (source:
http://www.protipmedical.com)

In the case of dental implants, peri-implantitis (similar to parodontitis -
loosening of bone surrounding a tooth) may be observed around the implant
(Figure 4.2). This problem occurs due to bacterial colonisation of the tissue-
implant interface [10]. Orthopaedic prostheses are also subject to bacterial
infiltration [8, 9]. In the case of other orthopaedic joints, the main cause of
long term failure is the emission of debris/fragments due to friction [111]. Fi-
nally, in the case of tracheal prostheses, patients are often subject to fistulas
due to poor tissue integration. Therefore, the life of implants needs to be ex-
tended and depends on many factors. However, the high quality and bioactivity
of implant surfaces makes it possible to obtain optimal implant tissue integra-
tion, ensuring full implant function, and may act as a barrier to bacteria, while
avoiding any element release capable of causing other pathologies.

In this context, chapter 4 considers the medical applications of new sur-
face treatments. The ultimate objective of this thesis is to elaborate a surface
treatment for dental implants and tracheal prostheses that satisfies the various
specifications inherent to the biomedical domain:

e Biological Performance (e.g. bone or soft-tissue integration);

Security (e.g. manufacturer, user, patients);

Aesthetics (e.g. colour, reproducibility);

Functional (e.g. respect of tolerances, mechanical);
Regulatory (e.g. ISO 13485,...).

The surface treatment used in this section was based on the results obtained
in chapter 3. All the steps and problems encountered for the medical application
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(a) (b)

Figure 4.2: Cases of inflammation (dark pink) of the gingival tissue around a
tooth and implant(a) that does not touch the bone (reversible); (b) that goes
deep into the tissue and destroys the bone around the tooth (parondotitis) or the
implant (peri-implantitis) (Source: http://www.wandji-parodontie.com/les-
maladies-peri-implantaires/)

were presented in the latter chapter. The first part concerns the use of nano-
surfaces for the osseointegration of dental implants. This part is introduced
by a general presentation of dental implants followed by the results of an in
vivo study of osseointegration in a rabbit model. We end this part with the
results of the validation of the titanium nanostructuring process obtained in
September 2013 from a certified organisation (G-MED) and an initial approach
to industrial scaling up to handle a larger number of implants in one batch.
The second section relates to the use of nano-surfaces for soft tissue integration
in applications with tracheal prostheses. Although the treatment obtained is
homogeneous on the tracheal prosthesis, the results indicate the problem of
nanotube film adhesion and the release of nanometer particles.

4.1 Nanostructured surfaces on dental implants

4.1.1 Context and generalities concerning dental implants

Dental implantology is a special field in dentistry that has dealt with the re-
habilitation of damaged chewing apparatus due to the loss of natural teeth for
more than 30 years. Missing teeth can be replaced by dental implants or bridges
(for tooth groups), which are inserted instead of natural tooth roots into the
mandible or maxilla. According to the report published by the French High
Authority for Health (HAS) in 2007, the number of implants placed in France
in 2007 was more than 243,000 (study by the Millennium Research Group)
while more than 5 million are inserted each year in the United States. As an
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average of 2 to 3 implants are used per patient, it can be estimated that about
100,000 patients are concerned by oral implantology in France [3]. However,
not everyone can afford this surgical procedure as the cost for dental implants
is high. Some patients go to other countries to find proper affordable dental
and medical work.

Dental implants are composed of three main parts:

e The implant body, which defines the shape of the implant and contains
the thread which provides the primary stability;

e The collar/col is the upper part of the implant and the junction zone
between the actual dental implant and the abutment. Its surface is gen-
erally flat without thread for the contact with the soft tissues of the oral
cavity;

e The apex, which ends the body of the implant and can be either be
pointed or rounded;

Figure 4.3: Dental implant diagram (Source:
http://dunadentalbudapest.com/service/dental-implants/)

As shown in the diagram 4.3, dental implants are associated with two other
elements: the abutment and the crown. The abutment is a connecting element
which is not necessarily made of the same material as the dental implant. More
modern abutments are now also made from zircona ceramics. It serves as a
fixation by either a screwed-in or cemented crown. This element is the only
part seen in the mouth giving artificial teeth their natural appearance.

When implants are inserted into the mouth, they are directly immersed in
biological fluids such as blood, providing protein adsorption. Soft tissues such
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as junctional epithelium (JE) and connective tissue attachment (CTA) develop
promptly around it. The latter is composed of approximately 80 % collagen
fibres, 13 % fibroblasts and 4 % vascular structures. The connective tissue
forms a “biological barrier’about 3 mm thick which protects the bone-implant
interface against dental plaque and the oral cavity [112]. However, the success
and long-term prognosis for implant prosthetic therapy depends primarily on
the anchorage of the implant in the jawbone: the osseointegration. It takes
a relatively long time (1 to 3 months) before the implant can be loaded and 3
to 6 months to obtain total integration of the implant.

Despite a global success rate that exceeds 95 % in implantology today, a
number of implant failures still persists and causes loss of the implant. In
up to 30 % of cases, these failures may be due to an infection resulting from
bacterial penetration at its interface. An inflammatory reaction ensues and
causes the loss of the supporting bone in the tissues surrounding the implant.
This phenomenon is called peri-implantitis [112]. The reaction can start soon
after the operation but takes several years (average 5 years) to develop before we
can detect the destructive peri-implantitis sites. The process of peri-implantitis
is not yet well-known but studies make it possible to understand certain factors
behind the malfunction: patient predisposition, lifestyle, environment, surgical
procedures, type of implant, etc...

There are a large number of implant systems (around 250 types of implant in
2014 in France). The choice of an implant (geometry, implant surface) is made
in particular in relation to the clinical situation. There are three key changes
that have a significant impact on implant practice: implant shape (cylindrical
or conical), size (diameter and length), and surface conditions. Implant shape
mainly varies in relation to the choice of dental implant brand. Implant size is
related to bone anatomy and the space available, but can vary from 3 to 5 mm
in diameter and 6 to 18 mm in length. In cases where the bone defect is too
large, a bone substitute covered or not with a dental membrane can be used
to increase the bone volume. And finally, the surface properties of the implant
can be standard or enhanced by using specific surface treatments.

Today, much effort is devoted to the design, synthesis and manufacture of
Ti or alloy dental implants in order to obtain long term success and secure
anchoring to the bone. One hypothesis states that the speed and quality of
integration could be improved by a surface treatment, obtaining effective seal-
ing at the implant-tissue interface. Some research aims to improve soft-tissue
integration at the abutment [113]. The implant surface effectively does not pro-
duce the same kind of connection with the surrounding soft tissues as natural
teeth. Discontinuous tissues with different spatial orientation or poor blood
irrigation are some anomalies found at the implant interface [63]. These de-
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fects make bacterial colonisation possible on the implant abutment surface and
consequently contribute to peri-implantitis. However, much research aims to
obtain early bone integration of the titanium dental implant. Nowadays there
are a wide range of dental implants with different surface treatments. The most
widely used commercial techniques for surface treatment of titanium are sand-
blasting and acid-etching. Manufactured implants often have a surface with a
range extending from the nanometre to the millimetre scales. The focus of this
thesis is to characterise in vivo the application of nano scale modification by
anodisation directly on dental implants in order to enhance osseointegration.

4.1.2 Comparative study in rabbit femurs

Titanium or alloys (TAGV, TiZr, etc) are widely used for manufacturing den-
tal implants. Because these materials are inert while dental implants require
a bioactive surface to enhance early bone integration, surface treatments have
been developed. Nowadays, there are a wide range of dental implants (250
different dental implants in France) with different surface treatments from the
nanometre to the millimetre scales with or without coating with a specific
chemical composition. The standard techniques for the surface treatment of
titanium are blasting or acid-etching methods. The most widely used commer-
cial method for surface treatment is the surface developed by Straumann that
is Sand-blasted with Large grit and Acid-etched (SLA).

The current challenges in dental implantology are two-fold and concern bio-
compatibility and innovation. Many works on new bioactive surface treatments
have been presented in the literature. However, they are done on one sam-
ple disk or a “home-made”implant and its homogeneity has never really been
studied for complex implants. Only a few articles have studied surfaces and
compared them to the biocompatibility of actual manufactured surfaces. More-
over, although by obtaining rapid osseointegration and thus immediate-loaded
implants we could increase the implant success rate, we will still be confronted
with biological limitations. Treatment providing the same performances as the
Straumann SLA surface, while innovative in terms of structure and the process
used, can be interesting for a manufacturer to set itself apart from the market.

The objective of this section is quite similar to the article N°1 7?7 which
presents the results of the biological characterisation of this honeycomb titania
surface implanted into a rabbit model. The difference with the previous article
N°1 is that the study was performed using real dental implants from Biotech
Dental with two groups of nanostructured surfaces (S-NANO and R-NANO)
and Straumann implants with the standard grit-blasted and acid-etched (SLA)
surface, referred to as MICRO in our work. After 2 to 4 weeks of implantation
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into the femoral condyles of New Zealand white rabbits, histomorphometry
calculations were carried out to compare the bone integration of NANO vs
MICRO dental implants.

The results of this study were published in article n N° 2 with the invitation
in the journal, Nanomedecine and titled “Comparative bone tissue integration
of nanostructured and micro-roughened dental implants”.

4.1.2.a Article N°2: Comparative bone tissue integration of nanos-
tructured and micro-roughened dental implants
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Research Article

Comparative bone tissue integration of
nanostructured and microroughened
dental implants

Aim: The aim was to compare osteointegration of nanostructured implants to
a microsurface widely used for titanium dental implants. Materials & methods:
Commercial titanium dental implants with smooth or microroughened surfaces were
nanostructured. Implants were inserted into the femoral condyles of rabbits. After
2 and 4 weeks, histomorphometry calculation was performed. Results: Nanotubes
measuring 60 nm in diameter were observed on both S-NANO (roughness: 0.05 um)
and R-NANO (roughness: 0.40 um) surfaces. The MICRO surface exhibited typical
random cavities (roughness: 2.09 um). At 4 weeks, bone-to-implant contact values
were significantly higher for the R-NANO than for the MICRO surface while no
differences were observed at 2 weeks. Conclusion: Overall, this study shows that the
nanostructured surfaces improved osteointegration similar or higher than the MICRO.

Keywords: bone-to-implant contact e dental implant e nanostructure e osseointegration

e titanium

Titanium and its alloys are widely used for
manufacturing dental implants because of
their good biocompatibility. Soft tissue adhe-
sion onto implant abutment is important in
order to prevent bacterial infiltration along
the implant. Direct bone-to-implant con-
tact is necessary for biomechanical anchor-
ing of the implants. The surface properties
of dental implants are key factors for rapid
and stable bone tissue integration [1]. Dental
implant surfaces that promote bone tissue
integration are microroughened by anodiza-
tion, grit blasting and acid etching. These
surfaces have random micrometer-scale fea-
tures that increase the mechanical interlock
with bone tissue, and thus the primary stabil-
ity of dental implants. Well-documented and
successful examples of such microroughened
surfaces on dental implants are the Strau-
mann SLA® and SLA active® (Straumann
AG, Basel, Switerzland) [2,3]. Nevertheless,
the biological integration of implants into
bone involves a series of events that takes
place at the nanometer scale [4]. Immediately
after implantation, surfaces are fully covered

by nanoobjects such as FN proteins that
serve as adhesion sites for cells. These micro-
topographies may, however, be suboptimal
for the rapid attachment and proliferation of
osteoblastic cells leading to bone tissue appo-
sition on dental implants [5]. Microroughened
surfaces may also be more difficult to decon-
taminate in cases of bacteria attachment and
biofilm formation than smooth surfaces on
dental implants [67).

Numerous shown that
nanometer-sized features on surfaces direct
stem cell fate through protein adsorption and
cell signaling pathways [4.89]. Mesenchymal
stem cells (MSCs) are multipotent cells that
are present in bone marrow, peripheral blood
and other tissues to very low levels. These
cells are attracted to the periimplant heal-
ing site by cytokines and are able to migrate
through the blood clot to colonize the
implant surface. Depending on their micro-
environment, MSCs can differentiate into
different lineages such as osteoblasts (bone),
chondrocytes (cartilage), adipocytes (fat)
or fibroblasts (skin). The surface properties

studies have
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of implants may control the differentiation of MSCs,
and thus the type of peri-implant tissue. Nevertheless,
this hypothesis has mainly been validated 7% vitro. For
instance, it has been shown that cytoskeleton tensions
modulate gene expression through the RbhoA molecular
pathway and regulate stem cell lineage commitment
(10]. Dalby et al. have shown that random nanostruc-
tured surfaces induce the osteoblastic differentiation
of MSCs, even without osteogenic supplements [11].
Titania nanotubes obtained by adonization have been
shown to control the adhesion and osteoblastic dif-
ferentiation of MSCs [12,13]. These studies have shown
that nanotubes measuring 30 nm in diameter favor
cell adhesion, whereas larger nanopores of 70-100 nm
induce cell elongation, cytoskeletal stress and selective
differentiation into osteoblastic cells. We have also
demonstrated a correlation between the osteoblastic
cell differentiation and bone tissue integration of nano-
structured titanium implants [14]. However, this study
was conducted on titanium discs and wires, which are
far less complex in geometry than dental implants. Of
the other methods used to create nanostructures on
titanium, anodization is a relatively simple electro-
chemical process that produces columnar titania nano-
tubes. By controlling voltage and the electrolytes, the
anodization method makes possible the formation of a
regular array of pores with diameters ranging from a
dozen of nanometer to a little more than 100 nm [15].
This nano-structuration of titanium should be appli-
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Figure 1. Experimental setup used for the anodization
process and preparation of nanostructured R-NANO
and S-NANO surfaces on dental implants.
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cable on commercially available dental implants with
smooth or microroughened surfaces.

The aim of this study was to compare bone tis-
sue integration of nanostructured implants, smooth
(S-NANO) and microroughened (R-NANO), with
standard microroughened titanium dental implants
(MICRO) by implantation into the femoral epiphy-
sis of rabbits. After a healing phase of 2 or 4 weeks,
both the quantity of bone surrounding the implants,
and the direct bone apposition on the surfaces, were
determined by histomorphometry.

Materials & methods

Dental implant preparation

Commercially available dental implants from Bio-
tech Dental and Straumann were used for this study.
As shown in Figure 1, the geometries of the implants
differed by their shape (cylindrical or conical), screw
design and dimensions, which varied from 3.6 to
4.2 mm in diameter and 6-11 mm in length. The
implants were divided into three groups, depending on
their surface characteristics. According to the manu-
facturer (Straumann AG), the implants were machined
out of Ti grade 4. The microroughened surface SLA
was obtained by sandblasting the implant with 250 pm
alumina particles and acid-etched it in a warm acidic
solution with a ratio of HCI/H,SO,/H,O 2:1:1. The
SLA surface on dental implants (Bone level®, Strau-
mann AG) was used as the control surface (MICRO).
The two other groups comprised dental implants
(Kontact®, Biotech Dental, Salon-de-Provence,
France) that were nanostructured by anodization in
order to form titania TiO, nanotubes on their sur-
face. These implants were machined out of titanium
alloy Ti-6Al-4V grade 5. Before nano structuration,
the dental implants had their initial machined smooth
(S-NANO) or grit-blasted rough (R-NANO) surfaces.
Although Straumann and Biotech Dental implants
were made out of Ti grade 4 or titanium alloy Ti-6Al-
4V grade 5, these alloy compositions only affect the
mechanical properties of the implant and not their
early bone tissue integration. The implants were first
cleaned for 15 min in acetone, ethanol 70%, and
demineralized water and then air-dried. As shown in
Figure 2, the nanostructuration of the dental implants
was conducted by electrochemistry in a PTFE bea-
ker containing a platinum ring cathode and a screw-
holder to fix the implant in the center of the system.
The anodization was carried out in an electrolyte com-
posed of 1 M acetic acid (CH,COOH 100%, Merck,
Darmstadt, Germany) and 1% wt. hydrofluoric acid
(HF 48%, Merck) in demineralized water. The ten-
sion was maintained at 20 V for 20 min with magnetic
stirring at 350 rpm at room temperature. The samples
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Bone tissue integration of nanostructured dental implants

R-NANO

MICRO R-NANO S-NANO

MICRO

2 weeks

4 weeks

Figure 2. Dental implant groups. Photograph of the different dental implants with the three types of surface used
for comparative bone tissue integration at 2 and 4 weeks: alumina grit-blasted and acid-etched (MICRO), grit-
blasted and nanostructured (R-NANO) and machined and nanostructured (S-NANO) surfaces.

were immediately rinsed with demineralized water and
heated at 500°C for 2 h in an oven (L1/12/R6, Naber-
therm, Lilienthal, Germany). Finally, the three groups
of dental implants were packaged in double-sealed
bags and sterilized by y-irradiation at 35 kGy prior to
being used in the animal study.

Characterizing the implant surfaces

The three surfaces were carefully characterized in order
to determine the physical and chemical parameters that
may affect the kinetics of bone tissue integration. The
topography was analyzed with a profilometer (Intra 2,
Taylor Hobson, Leicester, UK ; n = 3 implants/group).
The surfaces were observed using a field-emission scan-
ning electron microscope (FE-SEM; Merlin, Carl Zeiss
AG., Oberkochen, Germany). The internal diameter
and circularity of the titania nanotubes were calculated
on the FE-SEM images at a magnification of x50,000
of the S-NANO and R-NANO surfaces, using a semi-
automatic image analysis software (Image]). Energy-
dispersive x-ray spectroscopy microanalysis (XMAX
80, Oxford Instrument, High Wycombe, UK) and
RAMAN spectroscopy (InVia reflex spectrometer,
Renishaw, Gloucestershire, UK) were carried out to
determine the chemical and crystalline compositions
of the surfaces.

Surgical procedure

Animal handling and the surgical procedures were
conducted in accordance with European Community
guidelines (2010/63/UE) and the study protocol was
submitted for approval to the regional animal care and
safety committee. The surgery was performed at the

Experimental Therapeutic Unit, Faculty of Medicine,
University of Nantes. Twenty-four adult female New
Zealand white rabbits (NZW, body weight 3.5 kg, age
20 weeks) were purchased from a professional stock-
breeder (Hypharm, Roussay, France). All rabbits were
identified with a unique, ear-tattooed number. The
animals were housed in individual cages with food
and water ad /ibitum in an air-conditioned room, with
an artificial 12-h day/night cycle. They were quaran-
tined for a minimum period of 10 days after receipt
for acclimation. The animals were operated on under
general anesthesia by intramuscular injection of a mix-
ture of ketamine/xylazine (35 mg/kg ketamine, Imal-
genel000®, Merial and 5 mg/kg xylazine 2% Rom-
pun®, Bayer). An intramuscular injection of analgesic
(Buprenorphine, 20 pl/kg, Buprecare, AST Pharma,
The Netherlands) was administered prior to surgery
and daily for 4 days after. A prophylactic antibiotic
(Marbofloxacin 6 mg/kg, Marbocyl FD, Vetoquinol)
was also administered by subcutaneous injection at the
time of surgery and every day for 4 days postoperatively.
Both posterior limbs of the animals were operated on,
and a dental implant from each group was inserted into
both left and right femoral epiphyses using a permuta-
tion scheme (n = 8/group). The posterior limbs were
shaved and disinfected with iodine solution and sterile
gauzes, and covered with drape sheets. A local anes-
thetic (1 ml, 4% alphacaine adrenaline), was injected
at the implantation site. The lateral side of the femo-
ral condyle was exposed by incision of the skin and
the articular capsule. A hole was drilled in the femoral
condyle with ascending series of dental burs (1.3, 2, 3,
3.6 and 4.2 mm in diameter) until the final diameter
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and length of the dental implant. Bone drilling was
performed under saline irrigation at 800 rpm using
a dental surgery micromotor (Surgic XT Plus, NSK,
Tochigi, Japan). After drilling through the cortical
and trabecular bone, the cavity was thoroughly rinsed
with physiological saline solution. The dental implants
were screwed into the defect using the implant holder
(speed 30 rpm, max. torque 50 N/cm). A cover screw
was placed on the implant with the screwdriver. The
articular capsule and skin were closed in two layers by
suturing in X and U, respectively, with biodegradable
sutures (Vicryl 5-0, Ethicon). After surgery, rabbits
were observed daily with a control condition, appetite
and mobility. After a healing period of 2 or 4 weeks,
they were euthanized, in accordance with ethical rules,
under general anesthesia by intracardiac injection of an
overdose of sodium barbiturate (Dolethal, Vetoquinol).
The femoral condyles with the implants were dissected
and any abnormal signs of healing were recorded. After
euthanasia, 48 epiphyses were removed, fixed in buff-
ered 10% formaldehyde for histological analysis and
stored at 4°C. The femoral epiphyses of the rabbits
were x-rayed to determine the position of the implant
(MX20, Faxitron, IL, USA).

Histology & histomorphometry

After fixation in formaldehyde for 48 h, the explants
were dehydrated in successive ethanol baths at 50, 70,
80, 90 and 100% for 24 h. The explants were impreg-
nated with methyl methacrylate for 2-3 days. The
polymethyl methacrylate (PMMA) resin was polymer-
ized at 4°C in a partial vacuum to remove air bubbles
in the presence of an initiator and a radical polymeriza-
tion catalyst. After complete hardening, the polymethyl
methacrylate blocks were cut using a diamond saw
microtome (Leica Sp 1600; Leica, Solms, Germany) in

®

Figure 3. Method of calculation used in image analysis.
(A) The percentage of bone-to-implant contact was
calculated by measuring the length of bone (red) in
direct contact with the implant (white), in the region
of interest defined by 2 mm of cortical bone (green
box). (B) Peri-implant bone healing was determined by
dividing the bone surface by the total surface, defined
at a distance of 0.5 mm from the implant (yellow
contour).
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the central longitudinal direction of the implant. Sec-
tions of 15 microns in thickness were made, mounted
on glass slides and stained with basic fuchsine and tolu-
idine blue. The slides were digitized using a scanner
for histological slides (NanoZoomer 2.0RS and NDP
view software, Hamamatsu, Japan). The blocks were
polished, cleaned with ethanol and dried prior to obser-
vation with scanning electron microscopy (TM3000,
Hitachi, USA). Continuous images at magnification
of x50 were made in back scattered electron mode
(BSEM). The composite image depicting the titanium
implant (white) and the new bone (gray) was used for
histomorphometry. As shown in Figure 3, the bone-to-
implant contact (BIC) was determined in the region of
interest (ROI), defined by the upper part of the implant
with a rectangle of 2 mm in height corresponding to
the average thickness of the cortical bone. The BIC was
calculated by using image analysis software (Image ])
by dividing the length of mineralized bone in direct
contact with the implant surface and the perimeter of
the implant in the ROI, and was expressed as a per-
centage. Bone growth was determined at a distance
of 0.5 mm around the implant. Bone surface (BS)
was divided by the total surface (TS) of the ROI and
BS/TS 0.5 mm was expressed as a percentage. All the
measurements were repeated at least three-times.

Statistical analysis

Both physical and chemical characterization of each
surface group were carried out at least in triplicate
(n = 3/group). These data were expressed with mean
and standard deviation values. Eight samples per group
(n = 8/group) were implanted following a permutation
implantation scheme in the two femoral epiphyses of
24 rabbits in order to prevent any lateral bias. As the
number of samples was limited for ethical reasons, we
assumed that data did not comply with normal dis-
tribution. In this study, all data from the histomor-
phometry analysis were expressed as a median, with
minimal and maximal values or quartiles. Prior to any
statistical analysis, critical values were detected using
the Dixon test with significance levels of 95%. The
nonparametric Kruskal-Wallis one-way analysis of
variance test (ANOVA) was used for statistical analy-
sis between groups. The effect of the surface treatment
was statistically compared between two groups by
using the Mann—Whitney nonparametric U test. The
corresponding p-values were considered significant
at less than 0.05. Statistical analysis and graphs were
produced using commercial software (OriginPro 9.1).

Results
Nanostructuration of the dental implants was obtained
by anodization in an electrolyte solution at a constant
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Table 1. Roughness, porosity and crystalline composition of the three types of surface on dental implants.

Surface Ra (um; n = 3)
Ra RMS Rt
MICRO 2.09(x0.16) 2.63 (£ 0.17) 14.72 (+ 1.81)

R-NANO 0.40 (+ 0.02) 0.51 (+0.03) 3.1(x0.37)
S-NANO 0.05 (+ 0.01) 0.07 (+0,01) 0.61 (+0.32)

Values are given as mean + standard deviation.

Porosity (n = 4)
Ssk Sku Diameter Circularity
(nm)
-0.12 (£ 0.12) 3.04(+x0.39) - -
-0.25 (£ 0.19) 3.16(+ 0.34) 56 (+21) 0.58(+0.10)
0.63 (= 1.21) 3.15(x= 1.02) 51 (x17) 0.59 (£ 0.11)

Ra: Roughness; RMS: Root mean square; Rt: Maximum peak to valley height; Sku: Surface kurtosis; Ssk: Surface skewness.

Crystalline
composition

Amorphous
titanium oxide

Anatase/Rutile

Anatase/Rutile

voltage (Figure 1). During the anodization process, the
natural titanium oxide layer was dissolved and regrown
as columnar titania nanotubes. Machined, smooth as
well as microroughened, grit-blasted dental implants
can be nanostructured by anodization. The three types
of surface on the different dental implants are shown
in Figure 2. It should be noted that the dental implants
differed in design by their cylindrical or conical shape,
simple or complex threads as well as in their dimensions,
with different diameters and lengths. The nanostruc-
trured implants were homogeneously colored by the
anodization and annealing at 500°C. The S-NANO
surface presented a shiny aspect, while the R-NANO
had a mat surface, due to its initial microroughness.
The surface roughness values and spacing parameters
are shown in Table 1. Topography measurements indi-
cated an average roughness (Ra) of 0.1, 0.4 and 2.0 pm
for the S-NANO, the R-NANO and the MICRO con-

trol group, respectively. However, no significant differ-

ences were observed on the profile spacing parameters
(i.e., surface kurtosis [Sku] and surface skewness [Ssk])
of the three types of surface. Interestingly, the nano-
structuration of the titanium dental implants did not
change the initial surface roughness at the microm-
eter level. Atomic force microscopy measurements of
the roughness of the R-NANO surface prior and after
anodization were 0.45 and 0.46 pm, respectively. FE-
SEM images of the three types of surface at low and
high magnification are shown in Figure 4. At low mag-
nification, a typical random hilly topography with
large cavities of several dozens of micrometers in diam-
eter was observed on the microroughened implants
(MICRO). Microroughness was also observed on the
R-NANO but was less marked than the MICRO sur-
face, while the S-NANO appeared relatively smooth.
The observed microroughness of the MICRO and
R-NANO resulted from alumina grit blasting. At high
magnification, the MICRO surface exhibited random

Figure 4. Field-emission scanning electron microscope images of the three types of titanium surface:
alumina grit-blasted and acid-etched (MICRO), grit-blasted and nanostructured (R-NANO) and machined and
nanostructured (S-NANO) surfaces (magnifications x2000 and x20,000 to x50,000).
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4 weeks
A

Figure 5. Back-scattered electron mode images of the three types of surface on dental implants inserted into the
femoral epiphyses of rabbits for 2 and 4 weeks (magnifications x50, scale bar: 1 mm).

microstructures resulting from the acid etching. Both
S-NANO and R-NANO surfaces exhibited a regular
array of nanotubes with a similar average inner diam-
eter of 56 + 21 and 51 + 17 nm, and an average cir-
cularity of 0.58 + 0.10 and 0.59 + 0.11, respectively.
Measurements of the cross-section of the oxide layer
indicated a thickness of approximately 150 nm. The
two nanostructured surfaces were composed in major-
ity of titanium oxide, with about 1-3% of fluoride ele-
ment: 2.1 + 0.3 and 2.8 + 0.9 atm.% for R-NANO and
S-NANO, respectively. The anodization process caused
the migration of fluoride ions from the solution to the
oxide layer formed. Raman spectroscopy analysis indi-
cated an amorphous titanium oxide for the MICRO
surface. As a result of its thickening and annealing at
500°C, the titanium oxide crystallized into anatase and
rutile on the R-NANO and S-NANO surfaces.

The bone tissue integration of the three types of sur-
faces on the dental implants was then compared in an
experimental model in the femoral epiphyses of rabbits.
All animals recovered well from surgery without com-
plications and with normal load bearing. During the
healing period of 2 and 4 weeks, neither clinical signs of
inflammation nor infections were observed. The femo-
ral epiphyses were x-rayed posz mortem and none showed
signs of osteolysis around the implants. BSEM images
of the three groups of implants into the femoral epiphy-
ses of rabbits after 2 and 4 weeks of healing are shown
in Figure 5. After 2 weeks, newly formed bone with thin
trabeculae was observed in direct contact with the den-
tal implants. Bone appositions were even observed on

the apical part of the implant, where less or no bone was
initially present, indicating active healing in the peri-
implant region. For the long dental implants, the apical
portion was mainly housed in the trabecular part at 4
weeks. As the dental implants differed in size and shape,
the BIC was only determined in the upper part of the
implant corresponding to the thickness of the cortical
bone (Figure 3). Bone healing was determined at a dis-
tance of 0.5 mm around the implan, as illustrated in
Figure 3. The histomorphometric results are presented
in Figures 6 & 7 for the delays of 2 and 4 weeks, respec-
tively. After 2 weeks of implantation in the rabbit femurs,
the BIC values were around 50% for the three surfaces.
However, the BIC for the R-NANO surface was signifi-
cantly lower than the value for the MICRO surface (p =
0.04). The quantity of bone surrounding the implants
varied between 26 and 63% between groups and sam-
ples, but appeared higher for the MICRO than for the
R-NANO and S-NANO surfaces. Nevertheless, sig-
nificant differences in bone in the peri-implant region
could not be evidenced between the groups at 2 weeks.
As the S-NANO surface presented a significant lower
BIC value at 2 weeks than the MICRO and R-NANO,
this surface was excluded from the second implantation
with a delay of 4 weeks. As shown in Figure 7, the BIC
value in the cortical region for R-NANO was signifi-
cantly higher than for the MICRO surface at 4 weeks
(p = 0.02). Nevertheless, the quantity of bone in the
peri-implant region appeared lower for R-NANO than
for the MICRO surfaces. The histology sections pre-
sented in Figure 8 corroborated the BSEM images and
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histomorphometry. The long MICRO implant was
surrounded by cortical and trabecular bone, while the
short R-NANO implant appeared integrated only into
cortical bone. At high magnification, bone tissue was
not always in direct contact with the MICRO surface
in the cortical region. On the contrary, bone spans that
went directly into the implant surface without fibrous
tissue interposition were observed on the R-NANO at
4 weeks.

Discussion
In this study, the dental implants with smooth and
rough nanostructured surfaces were prepared and
characterized. The bone tissue integration of the nano-
structured surfaces was then compared with those of a
conventional microroughened surface obtained by grit
blasting and acid etching. After 2 weeks of healing, the
results showed that bone apposition was higher for this
MICRO surface than for the R-NANO and S-NANO
surfaces. However, a reverse trend was observed after
4 weeks of healing, where the bone in contact with
the R-NANO was significantly higher than for the
MICRO surface. These last few years, many stud-
ies, both 77 vitro and in vive, have demonstrated the
effect of surface properties on the biological response.
To our knowledge, only a few studies have compared
nanostructured surface treatments directly on den-
tal implants with a well-documented and successful
microroughened surface used in dental implantology.
The bone integration of a dental implant results
from the addition of two phenomena: the primary
stability brought by the mechanical anchorage of the
implant in the bone and the secondary stability which
is linked to biological bone apposition. The primary
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stability decreases with healing time whereas second-
ary bone apposition increases with time. Primary
stability of a screwed implant depends on the thread
geometry. A bioactivated surface accelerates bone
apposition and compensates for the loss of primary sta-
bility, resulting in early achievement of total stability.
Several studies have been shown that microroughened
titanium surfaces such as grit-blasted, acid-etched or
both, may integrate better with bone than smoother
surfaces. In dental implantology, a surface treatment
with large particle blasting and etching in strong acids
makes it possible to create a microroughened surface
with random cavities that is well documented and is
considered as the reference surface for dental implants.
For these reasons, this MICRO surface was used as a
reference surface in this study.

Nanostructuration of the surface has been shown to
influence MSC behavior by the phenomenon of mecha-
notransduction [9,12,16]. Anodization is a relatively sim-
ple process that can form a regular array of titanium
dioxide nanotubes. This nanostructured surface when
applied to titanium samples, has been widely studied at
both physical and chemical and biological levels. In this
study, the nanostructure was successfully made on com-
mercial dental implants with initial smooth and rough
surfaces. This NANO surface appeared in different col-
ors, depending on the initial aspect of the surface (e.g.,
shiny-smooth or mat-rough), as well as the thickness of
the oxide layer. This color coding could be useful for
instruments and implant identification during surgery.
Depending on anodization parameters such as voltage,
time, temperature and composition of the electrolyte,
the size of the nanotubes, as well as the thickness of
the oxide layer, can be mastered. In our case, the differ-
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Figure 6. Bone tissue integration at 2 weeks. Whisker plots of bone-to-implant contact (A) and bone surface at
0.5 mm (B) around the implants for the three types of surfaces at 2 weeks after implantation in femoral epiphyses

of rabbits (*if p < 0.05).
BS: Bone surface; TS: Total surface.
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ent colors probably result from the length of the nano-
structure in relation to the initial surface, as explained
by Apolindrio A et al. [17). In case of anodization in an
acidified solution (pH <5), the nano-oxide layer can
have a thickness of more than 500 nm [18,19]. Never-
theless, the biological response with different lengths of
nanotubes has not yet been studied. The postanneal-
ing treatment with various temperatures and times may
also change the crystallinity of the oxide phase com-
posed of amorphous, rutile or anatase, but its effect on
cells and tissues was poorly investigated.

In previous works, we found that nanostructured
surfaces of titanium with nanotubes from 20 to 50 nm
in diameter enhanced osteoblastic differentiation of
MSC:s [20]. The bioactivity of the nanostructures was
confirmed by early bone tissue apposition and higher
anchorage compared with smooth titanium wires at
both delays of implantation of 1 and 3 weeks in rat tib-
ias (14]. More recently, we have shown that the nanopo-
rosity of the titanium dioxide film may promote direct
bone apposition in comparison to a machined smooth
surface and increase bone formation in the growth
chamber in a similar animal model. Another group
confirmed that titanium dioxide nanotubes signifi-
cantly increased new bone formation compared with
grit-blasted dental implants (57.5 vs 65.5%; p-value of
0.008) after 6 weeks in rabbit femur. Two other studies
conducted in large animals corroborated the bioactiv-
ity of nanotubes with significantly higher values for
BIC than machined implants [21,22]. Nevertheless, none
of these studies has compared nanostructured implants
with the gold standard surface SLA as we have done
here. Several studies have shown that an average sur-
face roughness between of 0.5 and 2 pm is optimal for
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the bone integration of dental implants. In the present
study, three different types of roughness, 0.1, 0.4 and
2.0 pm corresponding to the S-NANO, R-NANO and
MICRO surfaces respectively, were compared. Inter-
estingly, the nanostructuration did not modify the
initial surface in the micrometer range. The beneficial
effect given by microroughness to increase primary
stability is therefore preserved after nanostructuration.
Although microroughened surfaces are more difficult
to decontaminate in case of infected implants, similar
nanostructured surfaces have been shown to inhibit
the growth of Staphylococcus aureus bacteria [23]. This
antimicrobial property of the nanostructures could be
particularly relevant for dental implants as there is peri-
implantitis in around 5-10% of cases after 5 years, and
this figure seems to increase constantly.

This experimental study nevertheless has a certain
number of limitations with regard to a strict comparison
of the bone integration of nanostructured and micror-
oughened surfaces on dental implants. The first limita-
tion is related to the animal model that lacks repeat-
ability in the implantation site. The bone environment
in femoral condyles effectively varies from cortical to
trabecular bone, including the osteochondral growth
plate. These different environments may explain the
lack of consistency between groups. Implantation in
femoral diaphyses is also not representative of the septic
environment of the mouth or the maxillary and man-
dibular bone structures that are normally encountered
by dental implants. Nevertheless, this rabbit model has
the advantage of being less costly than large animals
such as dogs and pigs. Another drawback concerns the
use of commercial dental implants of different designs,
sizes, shapes and threads. As the bone defects were
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Figure 7. Bone tissue integration at 4 weeks. Whisker plots of bone-to-implant contact (A) and bone surface at
0.5 mm (B) around the implants for the three types of surfaces at 4 weeks after implantation in femoral epiphyses

of rabbits (*if p < 0.05).
BS: Bone surface; TS: Total surface.
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Figure 8. Nondecalcified histology sections of implant and bone tissue at 4 weeks after implantation in rabbits.
(A) Alumina grit-blasted and acid-etched (MICRO) and (B) alumina grit-blasted and nanostructured (R-NANO)
surfaces. Basic fuchsine and methylene blue staining (original magnifications x1 and x10).

created using cylindrical drills, the apical part of the
conical implants was not initially in contact with bone.
The long dental implants that cross almost all of the
femoral condyle may be stabilized in a way that differs
from that of short implants. Nevertheless, these differ-
ences in implant design are inevitable when compar-
ing commercial dental implants. In order to eliminate
the variability between groups as much as possible,
we standardized the histomorphometry method by
measuring only BIC in the cortical region (Figure 3).

Conclusion

This study compares the bone—tissue integration of
nanostructured surfaces with the conventional and
well-documented microroughened surface of dental
implants. After 2 weeks of healing, the MICRO surface
gave the highest BIC value compared with R-NANO
and S-NANO surfaces, in good correlation with their
respective microroughness. The highest surface rough-
ness of the MICRO resulted in better primary mechan-
ical stability. After 4 weeks, more bone apposition
was observed on the R-NANO than on the MICRO

surface, indicating higher bioactivity for the former.

Future perspective

Several studies have demonstrated that nanostructured
surfaces affect the shape of cells driving the lineage
commitment of MSCs into osteoblasts. Implants with
nanostructured surfaces may ultimately fasten and
direct tissue integration. Manufacturers will provide
implants with multi scaled surfaces from nanometre
towards millimetre that would perfectly integrate into
bone and gingiva at both biological and anatomical
levels. Bacteria infections at the interface of medical
devices are a growing problem especially in dentistry
as the mouth is, by far, not a sterile environment. The

infected area usually requires biofilm decontamination
by surgery altering tissue integration of the implant.
Nanostructured surfaces that would incorporate anti-
microbial elements such as silver, zinc or copper, may
prevent the contamination by bacteria as well as to
facilitate tissue integration.
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Executive summary

Background

e Dental implants have microroughened surfaces.

e Proteins and cells preferably interact with surfaces in the nanometer range.

e Nanostructured surfaces can control stem cell fate and possibly bone tissue integration.

Results & discussion

e Nano structuration applies to complex-shaped dental implants with smooth or rough initial surfaces.

e Aregular array of titanium oxide nanotubes was uniformly produced by anodization on commercial dental
implants.

e After an early implantation time, bone-tissue integration was higher for MICRO than NANO surfaces in
agreement with their roughness.

o After 4 weeks of healing, the NANO surface shows significantly higher value than MICRO surface.

Conclusion

¢ Nanotubes can be applied to different dental implants by means of a simple anodization process.

e The NANO surface induced more of a secondary biological fixation to bone than a primary mechanical
stability as was the case with the MICRO surface.

e Future studies should be conducted to optimize a combination of microstructure, nanostructure, composition
and crystallinity provided by the anodized surface for better bone-tissue integration in both the short and
long term.

e The antibacterial effect of nanotubes may be an advantage in the prevention of peri-implantitis and for
ensuring the long-term success of dental implants.
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4.1.2.b Additional discussion

In this study, we demonstrated a nanostructured implant surfaces capacity for
bone integration in comparison with the conventional and well-documented
micro-roughened surface of dental implants named SLA (Sand blasted, Large
grit and Acid-etched, Straumann, Basel, Switzerland). This surface has a ran-
dom and micrometric roughness that may increase primary bone anchorage.
Nanostructured surfaces have been shown to enhance cell attachment and lead
to MSC differentiation into osteoblasts by the phenomenon of mechanotrans-
duction [19, 20, 21, 22, 81]. The results obtained in this study confirm this
trend. A similar bone-to-implant contact was observed for the rough nanos-
tructured surface (R-NANQO) and for the micro-roughened (MICRO) surfaces
on dental implants after 2 and 4 weeks of healing in a rabbit model. Direct
bone apposition was observed, making it possible to act as a possible barrier
against bacterial infiltration.

As discussed, the study has a certain number of limitations mainly related
to the animal model. Our experiment was carried out by design of bilateral
insertion of implants into the femoral epiphyses of rabbits. This animal model
was selected because of its fast skeletal change and bone turnover which leads
to rapid bone healing. However, it was difficult to extrapolate the results
provided by the rabbit study on to the likely human clinical response. The
bone structure of rabbits is different to human bone. Nevertheless, rabbits are
commonly used and international standards have established that this species
is suitable for testing the implantation of materials in bone, as are dogs, sheep,
goats and pigs. The advantages of rabbits are that they are the largest animals
in the small animal category and thus only require the approval of a local ethics
committee for animal experiment. They are also the least phylogenetically
developed animals available in sufficient quantity and easy to experiment prior
to testing in a larger animal model [114].

The implantation site is located in the femoral epiphysis and implants were
inserted perpendicularly to the length of the bone in the cartilage growth plate.
In this position, bone is composed of both cortical and cancellous bone which
prevents the cortical bone from splintering with implant insertion which could
be observed in other areas [114]. This model was also used in other studies [115,
101, 116]. However, in our work, this model gives us a lack of repeatability in
the implantation site due to insertion performed too close to the metaphysis and
containing less cancellous bone. Many other studies inserted the implant into
rabbit tibia. However, the bone is thinner in rabbit tibia and implants inserted
would have to be small. There is also a risk of bone splintering with implant
insertion [44, 117, 118, 119]. Sennerby et al. explained the use of the epiphysis
of the femur in the knee-joint as a site resembling the more cancellous bone in
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the maxilla, with the tibial methaphyses as sites resembling the more compact
bone in the mandibula [120]. For us, the ideal location for implantation would
be the intercondylar fossa between the distal tibia condyle (Figure 4.4). This
location might be an alternative place for avoiding problems of repeatability of
the implant position with a similar cortical and cancellous bone environment.

Figure 4.4: Scheme of implantation into the tibial plateau

In addition to the implantation site, another drawback concerns the use of
commercial dental implants of different design, sizes, shapes and threads. The
differences in implant design are inevitable when comparing commercial dental
implants. Regarding implant size, the standard recommended implant size is of
about 2 mm in diameter and 6 mm in length. A 6 mm diameter and 8 mm long
implant could be used at the proximal side and thus the distal femoral condyle
approach. The size of the implants that we used in our study was slightly
higher with 3.6 to 4.6 mm in diameter and 6 to 11 mm in length. However
other studies recently published used the large size in the femoral shaft [102].

To finish with the animal model, the implantation site does not provide rep-
resentative implant healing regarding the septic environment of some implant
types. The implant model of concern is an under the skin implant without con-
tact with outside aggressions. However, in the oral cavity, different biological
factors that are normally present (e.g. microbiota from the remaining teeth)
may significantly influence osseointegration speed [121, 122]. As well as dental
implantology, orthopaedic implants such as percutaneous prosthetic systems
are subject to external aggression. For instance, superficial infections were the
most common complication that occurred [8, 9].

A similar work was recently published in 2015 by Jea-Kwan Lee et coll.
[44]. They studied osseointegration in rabbit tibia using dental implants with
four different surfaces, including a machined surface, two other surfaces cor-
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responding to the MICRO and R-NANO surfaces in our study, and the last
corresponded to 705 a nanotube array incorporating a BMP-2 growth factor.

As in our work, the study only focused on surface characterisation by SEM
and histological analysis of the tissue surrounding the implant. The nano-
surface was created in a third generation electrolyte containing ethylene glycol
at 0.5 wt % N H,F. This solution was chosen by the authors to produce thicker
TiO2 nanotubes on the surface of the titanium for slower release of the BMP-2
growth factor. The nanostructures were obtained after two-step anodisation.
The first nanostructure formed was removed by sonication and the final 7O,
nanostructures were then manufactured by a second anodic oxidation at 60V for
60 minutes. It was demonstrated that two-step anodisation could be achieved
to open-ended TiOy nanotube leading to new properties [123]. This two-step
process also makes it possible to increase certain nanotube properties, such as
photocatalytic properties. However, this technique required chemical etchants
that dissolve only oxide N'Ts without dissolving the underlying substrate.

The nanostructures formed by the author are called “T%0Oy nanotubes”while
their aspect corresponds to our nanoporous structure with the same size of
nanoporosity of the nanotubes with 60-70 nm in average diameter [44]. As
T'iO5 has nanosized holes, it is suggested that it could be of interest for drug
loading and delivery. In their study, they incorporated BMP-2 growth factor
using a dip-coating technique in a concentrated solution of 1.5 mg/mL. High
concentrations of BMP-2 were used for the loading solution due to the effect of
dilution by the blood surrounding the implant surface. However, the physio-
logical efficiency dose of growth factor has been evaluated at about 100 ng/mL
[124].

As compared to our work, Lee’s study was carried out using only 3 rabbits
and each received the four different types of implant [44]. The implantation
site was located perpendicularly into the proximal tibia. After 8 weeks of
healing, the percentages of bone contact and volume ratio were measured along
and within the area of two threads. Higher mean bone-to-implant contact
and bone volume ratios were obtained for both the nano-surfaces as compared
to the machined and SLA surfaces. Growth factor loading in the nanotubes
increased the biocompatibility of only the nanostructured surface. However,
a weak point in this study was the small number of samples which precluded
a statistical analysis. Descriptive statistics using non-parametric data would
have been preferable using median and ranks.

As shown by Jea-Kwan Lee et coll., an emerging alternative consisted in
optimising the bioactivity of titania nanotubular surfaces through substance
incorporation (dip-coating, functionalisation). Growth factors are secreted by
osteoprogenitor cells and osteoblasts to induce osteoblastic differentiation dur-
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ing osteogenesis [125]. The bone regeneration effect has already been reported
using local delivery of growth factors such as bone morphogenetic proteins
(BMPs). For instance, osteogenic growth factors such as BMP-2 (rhBMP-2)
and BMP-7 (or osteogenic protein-1, rhOP-1) have been evaluated to improve
osteoinductivity in numerous studies [126, 127, 128]. TIts incorporation into
nanostructures has been shown to stimulate osteoblast cells [44] while fibrob-
last adhesion and proliferation are promoted using fibroblast growth factor
(FGFDb) or connective tissue growth factor (CCN2) in case of regeneration of
the periodontal ligament [129, 130].

As vascularisation plays a role in tissue regeneration, growth factor for an-
giogenesis could also be a means of improvement that has not yet been explored.
It is regulated through a complex set of mediators and recent evidence shows
that integrin awv/33 and vascular endothelial growth factors (VEGFs) play im-
portant regulator roles [131, 132]. By incorporating these substances into the
titanium surface, we can suppose that substantial neo-vascularisation will be
induced around the implant and thus faster and higher osseointegration [133].
Titania nanotubes could also be used as a reservoir for drug delivery such as
inflammatory drugs [134]. Ibuprofen has been explored and revealed promising
results [135, 136].

Although incorporating substances such as BMP-2 growth factor by dip-
coating or functionalisation makes it possible to enhance the surface, these
proteins are only one part of the cytokines found in vivo. Research was then
carried out to see if it were possible to attach only the active part of the protein
and link it to the surface. Peptidic or other molecules have been grafted by
several authors [137, 138, 139].

To conclude, this study made it possible to demonstrate similar or higher
bone integration of the nanostructured surfaces compared to the SLA surface
after 2 and 4 weeks of healing in a rabbit model. Although this model can
be discussed, a similar study was published at the same time. The trend of
their results confirm our observation. Optimisation of this nano-surface was
evoked by loading the growth factor. Although the compatibility of the surface
is shown in vivo in rabbits, it seems necessary to observe these results in a
more representative model in terms of environment of application (e.g. the oral
cavity) as well as from a regulatory point of view.

4.1.3 Process validation for the surface treatment

This section presents the process validation of our new surface treatment n’TiOs
for its industrial application on dental and orthopaedic implants. New surface
treatments must comply with the ISO 13485 standard for commercial use in
patients. The results of this process validation were audited by a certified
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organisation, G-MED, in September 2013. The surface treatment consists of a
3-step process (cleaning, anodising and annealing) to form a honeycomb titania
surface. The purpose of this surface treatment validation was to define the
experimental conditions needed to obtain:

e Over 95% homogeneity of the nanostructure on the surface;
e Colour uniformity of the implant over 100%:;

e The respect of the manufacturers dimensional tolerances;

Input datas — Firstly, the critical parameters were identified using previous
results from R & D studies, patents (Astra Tech) [24], Nanovis [25]) and the
literature on anodising treatments for bone implants [85, 104, 40]. The valida-
tion conditions were expanded as much as possible in order to adjust the service
provided to the diversity of customer specifications, or the initial surfaces of the
implants (roughness, composition). Each parameter was listed and its influence
on the nano-surface of the implant was evaluated in an influence matrix (Table
4.1).

Risk analysis uses the FMECA (Failure Modes, Effects and Criticality Anal-
ysis) method to identify potential process failures before they occur. The ul-
timate intention is to eliminate or minimise the associated risks in the critical
parameters of the process. The criticality index for each process parameter is
analysed qualitatively and quantitatively in Table 4.2.

Process validation — The validation protocol was established on the basis
of the input data. The protocol applies to the 3 steps in the process: the
cleaning step prior to and after anodisation, the electrochemical process, and
the annealing. The materials used for the validation process are detailed in
Figure 4.5. Equipments (magnetic stirrer, current / voltage generator, oven)
used were metrologically followed. All the documentation for the protocol and
recording required for internal quality management systems were prepared in
accordance with standard ISO 13485.

The validation process was designed in two parts. First the procedure
was performed 3 times over 3 consecutive days following a standard protocol
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Table 4.1: Influence matrix of variables and answers for the anodisation process

Characteristic of the implant
Answers | Surface | Formation | Size | Homogeneity Implant Trace
W color of NS of NS of NS Dimensions | of acids
Pre-cleaning ++ ++ 0 ++ 0 0
Electrolyte 0 +++ +++ 0 +++ +++
Voltage 0 +++ | 4+ +++ 0 0
Anodizing time 0 44+ 0 0 4+t 4t
Stirring +++ ++ 0 +++ 0 0
Annealing Temp. 0 +++ 0 +++ 0 4
Annealing time 0 +4++ 0 +4++ 0 4t

NS = Nanostructure ; +4+ = high ; +4+ = moderate ; + = low ; 0 = null ; NA = non applicable

Table 4.2: Risk analysis: evaluation of the parameters of the surface treatment process of
implants

Failure Mode and Effects Analysis (FMEA)
Parameter Influence S| O | D | RPN | Criticality
Time of cleaning Nanostructure (NANO) and color homogeneity 2111 2 NC
Volume of cleaning NANO and color homogeneity 21111 2 NC
Electrolyte compostion NANO formation (Fixed) 1112 2 NC
Anodizing voltage NANO formation 31213 18 C
Anodizing time Diminish the implant dimensions at high conditions | 3 | 2 | 2 12 C
Anodizing stirring Modify NANO and Surface colour 2111 2 NC
Annealing temperature Destruction of the NANO at high conditions 31213 18 C
Annealing time Destruction of the NANO at high conditions 31213 18 C

S = severity of impact of the failure event

O = Frequency of occurrence of the failure event

D = Ability of the process control to detect the occurrence of failure events
Risk level: 3 = high ; 2 = moderate ; 1 = low

RPN: Risk priority number= S x O x D

Criticality index: if RPN > 7 = critical(C); if RPN < 7 = non — critical(NC')
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Implant Dental implant
Number n = 50
Dimension L=105¢=5
Manufacturer Anthogyr
Batch D4-110621-A2
Material C. Pure titanium
Surface state Machined

Figure 4.5: Characteristics of the implant used in the validation process

(RUNS). This first test made it possible to determine the reproducibility of the
surface treatment. Two other tests were performed under extreme conditions
(high and low), also called worst case (WC), to determine the range of use of
the various process parameters. All the conditions in the 3 RUNS and the 2
WC (high and low) are displayed in Table 4.3.

Standard conditions Low worst case High worst case
(runs) (WC N°1) (WC N°2)
Anodising voltage (V) 15 5 22
Anodising time (min) 15 5 22
Temperature (°C) 500 475 525
Annealing time (min) 90 45 135

Table 4.3: Anodizing conditions used in the process validation

Several characterisations were performed during and after the entire pro-

cess. A flow chart of the validation is presented in Figure 4.6. All data
were recorded and used for statistical process analysis using descriptive statis-
tics (mean, standard deviation, coefficient of variation, standard deviation of
the mean, coefficient of variation of the mean) and the usual tests: Cochran,
Student and Fisher with a risk of 5%.
Statistical evaluation — The results obtained in this process validation are
not all displayed in the manuscript of this thesis. We have chosen to present an
overview of the approach conducted to analyse the repeatability, reproducibil-
ity and fidelity of the nanostructure (homogeneity and size) and dimensional
tolerances at the end of the process.
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Figure 4.6: Flow chart of the validation process

e Dimensional variations of the implant — Five implants were ran-

domly selected at the end of the process. The dimensional variations
were measured using a digital micrometer using two dimensions: the di-
ameter of the implant and its length. The different values obtained at
the end of the treatment compared to the initial size prior to the treat-
ment are displayed in Table 4.4. The upper and lower control limits
which indicate the threshold at which the process output is considered
statistically incorrect and possibly revelatory of a default in the process,
are typically calculated at 3 standard errors from the mean. The con-
trol chart of the variations in diameter and the length of the implant are
presented in Figures 4.7(a) and 4.7(b). The dispersions of the results
for nanostructure size were calculated for a probability of 95 % at 3.7
pm and 15.9 um for the diameter of the implant and its length respec-
tively. Therefore, the dimensions of the implants mostly decreased after
processing but the variations remained lower than the tolerance for the
dimensions of the implants of 50 um.
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Table 4.4: Statistical analysis of the dimensions of the implants

Runs 1 2 3

m AL(um) | Ap(um) | AL(um) | Ap(um) | AL(um) | Ag(um)
1 4.00 -19.00 5.00 -21.00 -1.00 -9.00

2 7.00 -20.00 6.00 -21.00 -2.00 -18.00

3 5.00 -10.00 1.00 -17.00 4.00 -6.00

4 0.00 -17.00 2.00 -17.00 7.00 -11.00

5 2.00 -17.00 6.00 -20.00 4.00 -15.00
Mean 3.60 -16.60 4.00 -19.20 3.60 -11.80
SD (o) 2.70 3.91 2.35 2.05 2.30 4.76
3o 8.11 11.73 7.04 6.15 6.91 14.29
High limit 11.71 -4.87 11.04 -13.05 10.51 2.49
Low limit -4.51 -28.33 -3.04 -25.35 -3.31 26.10

e Analysis of the size of the nanostructure — The diameter of the
nanotubes was measured on the SEM images at a magnification of 50,000
to 100,000 and imageJ software for the 3 RUNS. The results are given
in Table 4.5. The statistical analysis was carried out using a Student’s
T-test (Equation (4.1)).

o(X)
Jn

With ¢, corresponding to the coefficient from the degree of confidence «

X +t, (4.1)

The dispersion of the results for nanostructure size was calculated for
probability of 95 %. The confidence interval for the average of 56.25 nm
on 6 measures is estimated at 1.57.

e Controlling nanostructure homogeneity —. The uniformity of the
nanosurface was analysed at 2 locations on the same dental implants as
the one used to determine the size of the nanostructure. These analyses
were done at a lower magnification of 20,000 and imageJ analysis. The
results are given in Table 4.6.
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Figure 4.7: Control chart of the variations in diameter (a) and length(b)

The Cochran test was used to reveal aberrant results. The maximal
variance obtained for the 3 Runs was 0.083. Thus the T.,cuated value
of 0.5596 was lower than the T}j,esnoiq value of 0.6161 for probability at
95%. Therefore the Cochran test was not significant and the data were
considered homogeneous at a risk of 5 %.

Welch’s t-test is an adaptation of Student’s t-test and is used to test the
hypothesis that two populations have equal means. It was calculated by
comparing groups two by two using calculation of the difference. Table
4.7 shows the results of the comparison of the 3 runs for the 3 pairs of
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Table 4.5: Statistical analysis of the diameter of the nan-
otubes

N 1 2 3

Measures ¢(nm) | ¢(nm) | ¢(nm)

1 54.97 50.21 54.75

2 55.75 51.35 53.08

3 48.65 47.42 51.49

4 55.64 51.91 52.86

3 52.98 50.57 53.18

6 46.40 55.44 56.31

Mean (nm) 52.40 51.15 53.61

SD (nm) 397 | 261 | 1.68

CV (%) 757 | 511 | 3.13
General Mean (nm) 52.39
General SD (nm) 2.92
General CV (%) 5.58
General SD of the mean Sy, (nm) 0.69
General CV of the mean CV,, (%) 1.31

groups (ddl = 10), Tiacuated < Tinresnola at risk of 5 %. Therefore, the
values obtained belong to the same population.

Repeatability and reproducibility:

S, = (4.2)

n—1

(S,)? (4.3)

1 & oo
SR—JPJZ(X X)? + -
The value of repeatability (s,) was calculated at 0.21 (Equation (4.2))
and thus by the statistical evaluation of the inter-series data from the 3
runs. The value of reproducibility (S,) was calculated at 0.20 (Equation
(4.3)). The fidelity value is calculated by adding the value of reproducibil-
ity and the value of repeatability and thus was estimated at F=Sr+5,=0.43.
The process was found to be faithful.
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Table 4.6: Statistical analysis of surface homogeneity

N 1 2 3
Measures Surface(%) | Surface(%) | Surface(%)
1 100 99.9 99.3
2 100 99.9 99.9
3 100 99.7 99.8
4 99.4 99.8 99.5
) 99.9 99.9 100
6 99.9 100 100
Mean 99.87 99.87 99.75
SD 0.24 0.10 0.29
Variance 0.055 0.011 0.083
Cv 0.23 0.10 0.29
General Mean (%) 99.83
General SD (%) 0.22
General CV (%) 0.22
General SD of the mean S,,, (%) 0.051
General CV of the mean CV,, (%) 0.05

Table 4.7: Statistical analysis of the reproductibility of the homo-
geneity of the nanotubes array

Runs 1 & 2 Runs2& 3 Runs1 & 3
Difference of the mean (d) 0 0.12 0.12
Standard deviation of d 0.104 0.125 0.151
T aiculated 0 0.93 0.77
Tihreshora (dd1=10) 2.23

Other assays and conclusion — The rest of the results integrated into the
worst case did not show any failing in the process. The analyses revealed a
mean porosity of 29.3, 52.4 and 71.1 nm respectively for potential voltage of 5,
15 and 22 V. These results were predictable given the conclusion of chapter 3.
Other characterisations were also carried out, such as controlling the electrolyte
by weight and pH measurement, nanostructure morphology by calculating cir-
cularity and checking the absence of surface contaminants on the surface by
XPS analysis.
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All the results were stable and were shown to be in conformity with the
stated objectives. The developed process has been mastered, is robust even
in worst cases, and is reproducible. The validation process was conducted in
September 2013 and successfully validated by G-MED, which gave the cer-
tification for the nanostructuring of single titanium implants for dental and
orthopaedic applications.

4.2 Nanostructuration of tracheal prostheses
for soft tissue integration

4.2.1 Context and generalities regarding tracheal pros-
theses

Laryngeal cancer develops in the larynx, or voice box. It mainly originates in
the glottis (the area containing the vocal cords) but can also originate in an
area above or below the glottis (supraglottis or subglottis). The risk factors
for this cancer are mainly the consumption of tobacco or alcohol, but also
include congenital reasons or environmental exposure [140]. The treatment
for laryngeal cancer consists in removing the cancerous cells from the larynx
by means of surgery, stopping the growth of cancer cells using chemotherapy
and/or killing the cancer cells with radiation (radiotherapy). Depending on
the severity of the cancer, some patients may require a partial or complete
laryngectomy (removal of the larynx). The number of people with tracheal or
more specifically laryngeal cancer each year is around a few thousand and every
year around 1,800 patients require a total laryngectomy [140, 141].

Despite a satisfactory survival rate of 36 % to 57 % of people in at least
the 10 years following diagnosis, depending on the kind of cancer [142], laryn-
gectomy in patients implies the reduction of a certain ability to perform vital
and/or everyday life tasks such as breathing, eating, or speaking. Patients who
have undergone a total laryngectomy need a permanent tracheotomy to breathe
and sometimes a gastrostomy tube to deliver nutrition directly to the stomach.
Regarding speech, some patients may have vocal rehabilitation using different
methods, such as oesophageal speech. However, this way of speaking cannot
be achieved by all patients.

For these reasons, Protip has developed implantable artificial trachea called
ENTegral® to partially replicate natural functions without enduring a tra-
cheotomy tube. Patients could thus once again be able to breathe in a natural
manner. The procedure consists in implanting the temporary closed prosthesis
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during the laryngectomy procedure (Figure 4.8(a)). Then, after a few weeks
of healing, the temporary cap is replaced by the removable part and the tra-
cheotomy tube is removed (Figure 4.8(b)). This cap plays a protective role
and has been specifically designed to allow normal breathing.

(a) (b)

Figure 4.8: Two-step surgical procedure for implantation of the ENTegral® :
(a) First the tracheal prosthesis is implanted during the laryngectomy proce-
dure. A temporary cap close the top of the prosthesis; (b) After a few weeks,
the temporary cap is replaced by the removable part

Tracheal prosthesis devices are made of pure titanium and use the microbead
technology patented by Protip [143]. Two sizes of implant are available, depend-
ing on the patient: a length of 50 mm and 65 mm respectively for small and
normal prostheses with a maximum diameter of 29 mm. As presented in Fig-
ure 4.13, the medical device is composed of 3 parts: dense titanium and a
sintered part combined with both dense and porous titanium. This structure is
obtained from titanium beads of an average size of 500 p formed by plasma arc
technology. The beads are then connected to each other and to a compact tita-
nium ring by electrofusion at a high pressure and temperature (up to 1000°C).
The particularity of the sintered compact titanium is the observation of grain
growth throughout the surface. Laser welding is used to link both the titanium
compact part which forms the body of the prosthesis, and the sintered tita-
nium. The porous titanium corresponds to the distal extremity and is designed
to be sutured to the proximal trachea.

Although the product has obtained success in pre-clinical and the first clin-
ical trials, titanium is an inert material and does not make possible adequate
integration with the soft tissue. Thus, phenomena of fistulas or salivary flow



4.2. NANOSTRUCTURATION OF TRACHEAL PROSTHESES 135

Figure 4.9: The tracheal prosthesis and its different surfaces

along the external surface of the prosthesis are observed due to poor soft tis-
sue integration of the tracheal prosthesis [142].. In this context, the aim is
to enhance the bioactivity of the surface by nanostructuration of the tracheal
prosthesis.

4.2.2 Surface treatment of tracheal prothesis

Materials & Methods — The final design of the prothesis has widely changed
since the beginning of the collaboration. It was at first wave-shaped mimicking
the cartilage rings of the trachea as presented in Figure 4.10(a). The first
anodizing treatment tests were realised on template sample without the final
design of the tracheal prothesis giving less expensive cost of production (Figure
4.10(b)). The particularity is that the tracheam template got same surface
developped as the prothesis and thus, the current densities obtained during
anodisation process were similar. Dimension of the template sample were about
a diameter of 24 mm and a length of 58,0 mm (S=5400 mm?) and 68,0 mm
(S=6400 mm?) respectively for the short and long template implant. Coupons
composed with the 3 surface were treated simultaneously close to the prosthesis
and used for quality control during the routine treatment of prosthesis (Figure
4.10(c)). Disk were also used and trated for surface analysis.

The manufacturers specifications did not require any specific nanostructure
(nanopore or nanotubes). Nevertheless, the treatment should not reach the
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(a) (b) (c) (d)

Figure 4.10: Picture of (a) the inital design of the tracheal prothesis , (b) the
tracheal template, (c) the coupon and (d) the disk sample.

internal part of the implant in order to avoid tissue proliferation inside the
tubular tracheal prosthesis. Thus, a prosthesis holder was designed to hide the
interior part and bring current to the surface to the implant to treat (Figures
27(a) and 27(b) in appendix A page 185). The manufacturer requested a
uniform blue-green colour after processing the tracheal prosthesis.
Establishing the protocol was based on the conditions of the validation
process of the surface treatment for dental implants. Differences were found in
the volume of the solution used in the anodisation process which shift to a one
litre bath due to the large size of the tracheal prosthesis.
Nanostructuration results— After several tests, the best holder and anodis-
ing conditions for homogeneity of colour and nanostructure were determined
(Figure 4.11). The anodising treatment gives a homogeneous, shiny blue
colour corresponding to the manufacturers specifications. Current density mea-
sured during anodisation was about 1.40 A while only 0.06 A was obtained for
the dental implant. Thus, the increase in current density caused the solution
to heat up to 36 ° C due to the electrical activity and chemical reaction.
Scanning electron microscopy and ImageJ image analysis were used to eval-
uate the characteristics of the nanostructure (diameter and circularity) at a
magnification of x 20,000, as well as its homogeneity at a magnification of
x 500 (area of 140 um x 210 um). These images consist of grey shades on
which it is sometimes easy to discriminate between an oxide nanostructured
titanium area which charges under the electron beam (light colour) and a non-
nanostructured surface area or pollution which are mostly in a darker colour.
Figure 77 shows the sub-micrometric surface of the 4 different parts af-
ter anodising treatment: the dense titanium, welding and sinternd prosthesis
elements. It revealed that in some parts, the nanostructuration was heteroge-
neous with visible scratches that destroyed the nanostructure. The welding and



4.2. NANOSTRUCTURATION OF TRACHEAL PROSTHESES 137

Figure 4.11: The different steps in the anodizing process with its parameters
and its final blue-coloured appearance

() (d)

Figure 4.12: SEM micrographs of the nanostructure on the surface of the tra-
cheal template sample on: (a) the compact titanium, (b) the welding, (c) the
sintered titanium sintered and (d) the sintered beads

beads were more homogeneous. However, beads situated at the extremity of the
prosthesis could be heterogeneous due to a lack of current connection between
beads. The sintered compact titanium revealed heterogeneous nanoformation
depending on the titanium grains.
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Calculations regarding the repeatability of the treatment of the prosthesis
revealed a high coefficient of variation of 50 % for surface homogeneity, while
the nanotube diameter was homogeneous (Table 4.8). The surface treatment
process for tracheal prostheses is not stable.

Table 4.8: Statistical analysis of the diameter
and homogeneity of the nanotubes on tracheal
template samples

Prosthesis | ¢ of the Nano. | surface homogeneity
analysed Mean (pm) Mean [min-max](%)
1 0.07 84 [58-99]

2 0.07 73 [4-100]

3 0.07 81 [36-100]

4 0.07 73 [1-96]

5 0.07 6 [0-17]
6 0.06 11 [3-21]
7 0.07 67 [1-90]
8 0.07 83 [58-98]
9 0.07 75 [15-100]
Mean 0.07 61
SD <0.01 30
Variance «0.01 932
Ccv 5% 50%

4.2.3 Delamination and optimisation of 702 nanostruc-
tures

In addition to the problems of heterogeneity in the surface treatment of the
tracheal prosthesis, floating particles were observed in the first rinsing bath of
water. After filtration of the solution and SEM observation, it was observed that
these particles were individual nanotubes or plates of them that detached from
the surface. Figure 4.13(a) shows the blue-coloured appearance of a prosthesis
treated by anodisation presenting heterogeneous reflection. Figures 4.13(b)
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confirmed that these traces/spots correspond to areas where the heterogeneity
is more important and reinforces the idea of delamination of the 72O nanotube
layer. This delamination occurs by sheet, aggregate or by individual nanotubes.

(a) (b)

Figure 4.13: (a)Tracheal template presenting surface heterogeneity ; (b) SEM
micrographs of nanostructure peeling from the surface and called delamination

The results of oxide layer detachment were compared to the literature, how-
ever authors often censor this kind of problem. Only a few authors evoke the
problem of weak adhesion of the nanotubes to the substrate. As explained,
fluor ions (F*) contained in the solution migrate through the oxide layer till
the metal / oxide interface (Figure 4.14(a)) to recombine with the 7%*" ions
and form [TiFg)>~ [144]. However this species is soluble in water (Figure
4.14(b))[145, 26, 146]. Thus, crack formation in the porosity network or its
delamination result in the dissolution of the fluoride-rich layer [147]. One of
the solutions proposed is to rinse the fresh anodic sample in pure ethanol to
avoid dissolution of the fluorinated species.

In addition, some authors have suggested reducing the concentration of the
fluoride by heat treatment or completely lose it at 500 ° C. Annealing lead
to evaporation of TiF, and also increase the hardness of the nanostructure
[99, 30, 27]. New assays were carried out using the pure ethanol rinsing bath
method. The results showed a more visually homogeneous prosthesis with less
microscopic heterogeneity 4.15. No particles could be seen by the naked
eye in the rinsing bath. However, delamination of the surface could occur
from the micro-scale to the nano-scale levels. Although the SEM technique
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(a) (b)

Figure 4.14: (a) Schematic drawing showing field-aided transport of fluoride
ions through the oxide layers: rapid fluoride migration leads to accumulation
at the metal/oxide interface ; (b) Selective dissolution of fluoride-rich layers by
H>O

makes it possible to determine the homogeneity, it cannot be used to confirm
the absence of delamination. The following part presents the LIBD technique
used to detect very tiny particle delamination into a liquid solution and a
mechanical test to check the origin of the weak mechanical adhesion of our
T30, nanostructure on its titanium substrate.

(a) (b)

Figure 4.15: SEM micrographs of the surface at low magnification : (a) after
rinsing in water and (b) after rinsing in pure ethanol

4.2.4 Characterisation of 770, nanostructure adhesion

Despite a visible improvement in surface homogeneity by changing the rinsing
bath from water in the process to pure ethanol, the non-delamination is uncer-
tain. In this subsection, detection of the presence or absence of delamination
was performed using a more appropriate technique called laser induced break-
down detection (LIBD). The mechanical test, scratch test and tribology testing



4.2. NANOSTRUCTURATION OF TRACHEAL PROSTHESES 141

was carried out to quantify the mechanical adhesion of the surface treatment
on the titanium substrate.

4.2.4.a Nanoparticules released by LIBD

Laser induced breakdown detection (LIBD) is a very sensitive method for de-
tecting small colloids down to a diameter of 1 nm contained in liquids by using
plasma emission. Thus, determining delamination could not be performed by
analysing the rinsing bath of ethanol. As the [TiFg]*~ species is soluble in
water, delamination could also occur in human biological fluids containing wa-
ter. This study aims to check Ti0O, nanostructure adhesion by soaking in a
physiological solution of phosphate buffered saline (PBS).

Figure 4.16: Breakdown probability (BDP) as a function of laser pulse energy
for 6 different analyses : Milli-Q water (MQ-Water), PBS taken directly from
the bottle (PBS-Unused), PBS handled in beakers as two test-solutions (PBS-
without prothesis) and PBS solution in which anodized tracheal templates were
soaked (PBS-With prothesis)

Assays were carried out on two template samples of tracheal prostheses. Af-
ter the anodisation process (cleaning, anodising, rinsing, annealing), the sam-
ples were soaked in PBS solution for 10 minutes (called the Test-ENT).
The LIBD analysis used 3 types of solution as controls: Milli-Q water (MQ-
Water), PBS taken directly from the bottle (PBS-Unused) and PBS handled
in beakers as two test-solutions (PBS-without prothesis).

Figure ?7 shows the breakdown probability (BDP) measured as a func-
tion of the laser pulse energy (denoted as “s-curve”)) for the 6 solutions anal-
ysed. The information obtained by LIBD measurements are particle size,
which is defined as breakdown threshold energy, the minimum laser pulse en-
ergy required to generate a laser-induced plasma, and particle concentration



142 CHAPTER 4. MEDICAL APPLICATIONS

defined by the slope of the curve.

First of all, we observed a constant involved in the breakdown probability of
the initial solution of Milli-Q water while more colloidal particles were present
in the PBS in the bottle. If we considered a fixed colloidal concentration of the
PBS solution with a breakdown probability of 20 %, the results showed that only
the handling of the PBS solution (Test-PBS) led to the contamination of the
solution (i.e. dust). However, after soaking anodised template prothesis in PBS
solution, the results exhibited a sharp increase of particle size and concentration
of 35%. The result thus suggested that anodised template samples, rinsed in
pure ethanol and annealed up to 500 ° C, still induced delamination by soaking
in a water-content solution.

Breakdown probability

85(+7)%

A=35%(‘

46.5 (+16) %

20%

milia ~ PBS  PBS  PBS
(Unused) (Without) — (With
Prothesis)

Figure 4.17: LIBD results if we considered a fixed colloidal concentration of
the unused PBS solution at a breakdown probability of 20 % : the breakdown
probability increase of 35% after soaking anodised template prothesis in PBS
solution

4.2.4.b First results of mechanical adhesion and wear

Although surface heterogeneity and the lack of mechanical adhesion have been
observed in treatments of tracheal prostheses and templates, it was not noticed
in the treatment of dental implants. The aim of this part was to compare the
mechanical strength of the titania nanostructure surface obtained on tracheal
templates and dental implants. Nano-tribology tests were thus carried out to
study the behaviour of the surface with regard to wear.

The first assays of the scratch test measurement were performed on two
types of tracheal template (coupon rinsed in water and disks rinsed in an ethanol
bath) and two types of dental implant (Ti c¢p and TA6V), both rinsed into
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water-baths after anodisation. SEM observation of the surface sample before
the scratch test showed the presence of delamination on one of the template
samples rinsed in water.

Scratch tests were carried out 3 to 5 times/sample under an increasing load
from 0 to 25 mN, or from 0 to 100 mN. Figure 4.18 and Table 4.9, respectively
show the SEM observations of the surface of Ti cp disks after the scratch test
and summarising the critical load measurements.

Figure 4.18: SEM micrographs of a scratch of the nanotubular surface on a Ti40
disk formed at 20 V for 20 minutes. The surface presented crushing (zone 1),
cracks (zone 2) and trackside delamination (zone 3),as well as plate detachment
(zone 4)

Table 4.9: Critical load obtained by microscopic analysis of
the scratch test

Dental implants Tracheal template
Sample
Ti cp \ TA6V Ti cp
Rinsing bath Water Ethanol absolute
Mean CL | 22.5 +15 | 23.9 +11 | 18.7 217 20 +3.0

CL = Critical Load

The results indicate only a slightly difference with a critical load between
the 4 groups. The oxide layer is first crushed, then cracks are observed followed
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by trackside delamination and plate detachment. These measurements show
similar adhesion, while delamination is only visible on the tracheal template.
The values obtained are difficult to compare with those in the literature because
they are specific to a given layer length. However, critical values found in the
literature varied around 400 to 4000 mN for oxide layer thickness of 800 to 7000
nm [148, 146].

(a) (b)

Figure 4.19: (a) Evolution of the friction coefficient in function of the normal
load; (b) SEM micrographs of surface condition at the end of the test of 1000
cycles

The tribology test was used to study the wear behaviour using normal load
ranges from 5 to 100 mN with the same nanotribological setup as Stempfle
[149]. Figure 4.19(a) reveals 3 tribological behaviours on the surface. The
zones were observed for normal loads of less than 15 mN and up to 70 mN,
which correspond respectively to the nondamaged surface and seizure of the
surface leading to delamination. An intermediate zone between 20 and 60 mN
showed a stable coefficient of friction (COF) of about 0.2. Similar results were
observed for nanosculptured chromium thin films of 850 nm [149]. However
the mechanical properties of the nanotube surfaces were carefully studied by
Descamps et coll. by using orthopaedic implants screwed into the bone. Their
results showed a COF of approximately 1 for a 450 nm-thick oxide layer and
that the 7705 nanotube layers remained mainly intact while it underwent min-
imal mechanical damage after screwing and unscrewing the screw in the bone
samples [28]. This observation was also found on dental implants from com-
parative studies on the femoral epiphysis of rabbits.

Figure 4.19(b) shows the nanostructured surface behaviour after a test
of 1000 cycles. The results after 100 cycles showed no degradation of the sur-
face, while testing with longer times (1000 cycles) induced scuffing or traces of
rubbing. It was found that wear of the Ti0Oy nanotube layer occurred by the
detachment of "plates" from the surface.
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To conclude, although the first results of surface treatment optimisation
were promising, the mechanical properties of our nanosurface should be studied
further and enhanced.

4.2.5 Soft tissue integration study in rats

Titanium is widely known and studied for bone integration. However, it is also
used in soft tissue as stents and now artificial trachea. This latter prosthesis
combines both the technology of porous titanium, composed of microbeads
of 300 to 500 um in diameter sintered between them, and a plane titanium
surface. It has two advantages: the smooth surface of the beads which may
favour fibroblast cell adhesion, and the micro-porosities for tissue penetration,
thus creating a tight seal between the soft tissue and the titanium implant.
Only a few publications evoke the soft tissue integration of titanium but they
mainly focus on the abutment or neck of dental implants. Surface treatments
of titanium for medical applications are also widely published but mainly for
osseointegration or using implants that are not as complex as dental implants
(cylindrical with threading).

The aim of this study was thus to understand and evaluate soft tissue inte-
gration with and without surface treatment on the complex shape of microbead
implants. Three different surfaces were compared: machined non treated sur-
faces (NT), acid-etched in HCI (HCI) and nanostructured surfaces (anodised)
with and without adding serum. The study was carried out in two steps. The
first concerned the in vivo study of cylindrical porous implants using a subcu-
taneous rat implantation model for 2 weeks. The effects on the surface were
measured using image analysis of the tissue coverage on the implants.

The second step concerned the in vitro study of a single bead using three
different cell culture configurations in order to correlate cell behaviour with the
in wvivo results. The beads were placed on tissue culture polystyrene (TCPS),
on non-cell adhesive plastic or encapsulated in cell-laden gelatin hydrogels to
mimic cell movement from the surrounding soft tissue. Human fibroblast cells
were evaluated using different staining methods.

My role in this project was to carry out the surface treatment by anodisation
on titanium pellets and microbeads. The results of this study were recently
published in the journal Nanoscale. This article N°3 is entitled “Controlled
implant /soft tissue interaction by nanoscale surface modifications of 3D porous
titanium implants”.
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4.2.5.a Article N°3 : Controlled implant/soft tissue interaction by
nanoscale surface modifications of 3D porous titanium im-
plants
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Porous titanium implants are widely employed in the orthopaedics field to ensure good bone fixation.
Recently, the use of porous titanium implants has also been investigated in artificial larynx development in a
clinical setting. Such uses necessitate a better understanding of the interaction of soft tissues with porous tita-
nium structures. Moreover, surface treatments of titanium have been generally evaluated in planar structures,
while the porous titanium implants have complex 3 dimensional (3D) architectures. In this study, the deter-
mining factors for soft tissue integration of 3D porous titanium implants were investigated as a function of
surface treatments via quantification of the interaction of serum proteins and cells with single titanium
microbeads (300-500 pm in diameter). Samples were either acid etched or nanostructured by anodization.
When the samples are used in 3D configuration (porous titanium discs of 2 mm thickness) in vivo (in subcutis
of rats for 2 weeks), a better integration was observed for both anodized and acid etched samples compared
to the non-treated implants. If the implants were also pre-treated with rat serum before implantation, the inte-
gration was further facilitated. In order to understand the underlying reasons for this effect, human fibroblast
cell culture tests under several conditions (directly on beads, beads in suspension, beads encapsulated in
gelatin hydrogels) were conducted to mimic the different interactions of cells with Ti implants in vivo. Physical
characterization showed that surface treatments increased hydrophilicity, protein adsorption and roughness.
Surface treatments also resulted in improved adsorption of serum albumin which in turn facilitated the
adsorption of other proteins such as apolipoprotein as quantified by protein sequencing. The cellular response
to the beads showed considerable difference with respect to the cell culture configuration. When the titanium
microbeads were entrapped in cell-laden gelatin hydrogels, significantly more cells migrated towards the acid
etched beads. In conclusion, the nanoscale surface treatment of 3D porous titanium structures can modulate
in vivo integration by the accumulative effect of the surface treatment on several physical factors such as
protein adsorption, surface hydrophilicity and surface roughness. The improved protein adsorption capacity of
the treated implants can be further exploited by a pre-treatment with autologous serum to render the implant
surface more bioactive. Titanium microbeads are a good model system to observe these effects in a 3D
microenvironment and provide a better representation of cellular responses in 3D.
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Titanium is a commonly used biomaterial especially in hard
tissue replacement applications." Most of the studies on tita-
nium focused on its interaction with bone tissue cells or stem

Institut Universitaire du Cancer de Toulouse, 1 avenue Iréne Joliot Curie 31059,

Toulouse, France

‘Inserm, UMR957, Lab. Pathophysiology of Bone Resorption, Faculty of Medicine,

University of Nantes, France

'Biomedical Tissues SAS, IRTUN, 8 Quai Moncusu, 44008 Nantes, France

cells with an aim to convert them to osteoblasts. However,
recently there have been attempts to use titanium implants
in other medical indications, particularly for tracheal
replacement.”” These efforts necessitate a better understand-
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ing of the interaction of titanium surfaces with soft tissues.
The behaviour of different cell types in contact with titanium
can be distinctly different. One such example is the interaction

This journal is © The Royal Society of Chemistry 2015



Nanoscale

of gingival epithelial cells with dental titanium implants
where epithelial cells prefer polished titanium to sandblasted
titanium.® Cell/implant interactions have another aspect in
otorhinolaryngology, as unlike in the case of dental implants
where most of the patients are healthy otherwise, the tracheal
implants are designed particularly for patients with recent
cancer and surgical history. Hence, it is even more important
to optimize surface properties for improved implant tissue
integration.

We have recently reported the first successful clinical appli-
cation of a titanium based artificial larynx system after total
laryngectomy.” Removal of larynx is a necessity for late stage
laryngeal cancer patients and it results in considerable pro-
blems for patients due to the presence of a tracheostomy (the
trachea is attached to the skin of the neck to re-establish
breathing). The most important consequences are due to the
shunting of the aerodigestive upper tract: breathing with the
tracheostomy (and not with the nose or the mouth), and
difficulties in speaking (the patient has to learn oesophageal
voice, or a small valve between the trachea and the oesophagus
can be placed during the surgery). An artificial larynx system
that can replace the functions of the larynx after total larynx
resection would significantly improve the life quality of these
patients. A system composed of a removable valve system and
a permanent titanium implant part (ENTegral®, Protip
Medical), can restore several functions of larynx and provides
patients with a means to breathe without a tracheostomy.
Titanium was selected because the mechanical properties of
titanium prevent the possible collapse of the airway, which is a
common risk in tracheal implants. In order to ensure the
proper integration between the implant and the trachea, a
macroporous, microbead based system was utilized. However,
due to the physical properties of the titanium, the connection
between the titanium and the surrounding tissue might not be
rapidly established. This would further lengthen the inflam-
matory process. Thus, it is important to mediate the inter-
action of the implant with the surrounding soft tissue via
surface modifications without compromising the bulk pro-
perties of the implant.

Surface properties are the most dominant aspect of non-
degradable, implantable biomaterials® and are widely used to
improve metallic implant’s bioactivity. For example, it has
been shown that acid etching of orthopaedic implants resulted
in better osseointegration as quantified by the increased
torque force to remove the implants in vivo.” Many methods,
such as hydroxyapatite coating, polymer adsorption, etching,
covalent bonding, and anodization have been used to achieve
beneficial effects."”'" However quantification of these effects
is generally limited to 2D, planar surfaces. This approach
cannot fully capture the possible in vivo outcomes for
complex implants, particularly porous implants. Moreover,
all these modifications simultaneously change several para-
meters such as surface roughness, hydrophilicity and protein
adsorption capacity, which makes it even harder to pinpoint
the exact reasons behind the improvements in cellular
behaviour.

This journal is © The Royal Society of Chemistry 2015
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In the dental implants field, the general understanding is
that a rough titanium surface is better for bone attachment,
whereas a smooth surface helps the gingival fibroblast
adhesion. However, these conclusions are based on a structure
where the interaction of the cells with the implant surface is
planar. How the surface properties of titanium in a 3D con-
figuration affect the cellular interaction with the implant
surface is still an open question. These effects are difficult to
quantify in metal foams as the pore shapes are irregular and
the distribution of the pore sizes is widespread. Thus, a model
in which the geometrical control over the components of the
porous structure can be achieved, is desirable.

Microbead based macroporous titanium implants (Fig. S17)
provide a 3D system where it is possible to study the effects of
surface modification on the building blocks of the system.'?
We have recently shown that just by changing the size of
microbeads, extensive changes in the in vivo integration
process can be observed."® It has been previously shown that
hydrochloric acid (HCl) etching of porous titanium implants
improves their osseoinductivity.'* Also, effects of anodization
on osseointegration and osteogenic differentiation of
mesenchymal stem cells have been demonstrated.">'® In this
study, the effects of the surface modifications on in vivo soft
tissue migration into the porous implants were observed by
using a rat subcutaneous implantation model for 2 weeks. In
order to elucidate the reasons for the beneficial effects of
nanoscale surface treatments on in vivo integration, we have
used single titanium microbeads of 300-500 pum in diameter
to study the effect of surface modifications on human fibro-
blast cell behaviour with respect to several parameters which
are known to effect cell attachment, namely surface hydrophili-
city, roughness and serum protein adsorption. The nature and
content of proteins adsorbed was quantified by high perform-
ance liquid chromotography (HPLC) separation and
subsequent protein sequencing to better understand the
interaction between surface property changes and protein
retention. Different cell culture configurations were used to
mimic different in vivo conditions, such as mimicking cell
in-growth from surrounding soft tissues by encapsulation of
single titanium beads in cell-laden gelatin hydrogels.

2. Results and discussion
2.1 Results

The surface treatments had profound effects on the integration
of the implants in vivo (Fig. S2t). After two weeks of subcu-
taneous implantation in rats, the extent of tissue formation
around the implants was considerably higher in surface
treated samples. Scanning Electron Microscopy (SEM) images
demonstrated that both on the surface and in the cross-
section, there was considerably more cell presence and extra-
cellular matrix deposition for both anodized and HCI treated
samples (Fig. 1). Particularly, the amount of tissue in the cross-
section was significantly higher (p < 0.05). We also observed
an increased expression of Interleukin-10 (IL-10) and Tissue
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Fig. 1 SEM micrographs of explanted porous titanium implants after subcutaneous implantation.

Fig. 2 SEM micrographs of explanted porous titanium implants after subcutaneous implantation with prior rat serum treatment.

Inhibitor of Matrix Metalloprotease 1 (TIMP-1) by the reverse
transcription polymerase chain reaction (RT-PCR) in anodized
samples which are anti-inflammatory markers, whereas there
was no significant difference in the expression of the other
genes checked between the groups. We also tried to introduce
rat serum onto the implants prior to the implantation as a
means of inducing protein adsorption and subsequent facili-
tation of the tissue integration. This treatment not only
improved the colonization of non-treated implants but also
resulted in additional amelioration of the treated surfaces,
with significantly more colonization (Fig. 2). When the total
area covered by tissue for both the surface and the cross-
section of the implants was quantified, we observed that the
treated implants had significantly more coverage in all con-
figurations (p < 0.05) (Fig. 3). Also, in treated samples there
was a significantly higher amount of collagen secretion

(Fig. S37).

9910 | Nanoscale, 2015, 7, 9908-9918

Anodization locally induced microlevel changes but its
effect was mainly at the nanometer level with the production
of a regular array of titanium oxide nanotubes (Fig. S41). The
size of nanotubes was 50 + 16 nm, having a size suitable for
deposition of proteins. We have selected HCIl etching due
to the milder conditions of etching (Fig. 4). Utilization of
different acids led to different surface morphologies for the
beads, for example, hydrofluoric acid (HF) resulted in con-
siderable changes in bead morphology within a short period
(90 s), whereas HCI and sulfuric acid (H,SO,) treatments were
mainly limited to the surface changes (Fig. S51).

The topographical changes observed caused an increase in
the roughness of the surfaces. As in the case of morphological
changes, HF (R, = 82.4 + 14.8 nm) and H,SO, (R, = 43.6 =
30.4 nm) treatments cause rougher surfaces, whereas HCI (R, =
17.5 + 6.0 nm) and anodization (R, = 16.4 + 2.6 nm) only
resulted in slight but significant increases in surface rough-

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Quantification of the tissue coverage of the explanted implants with image analysis. Surface treatments resulted in a significantly higher cov-
erage particularly in the cross-section (p < 0.05).

Fig. 4 SEM micrographs. Surface morphology of single titanium beads after surface treatments.

ness (compared to the roughness of untreated titanium (R, = ize with Atomic Force Microscopy (AFM). This might be the
8.4 + 0.3 nm); however it should be noted that the nanotubes reason for the small change in roughness for anodized
are closely packed with a diameter which is difficult to visual- samples (Fig. 5).

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 9908-9918 | 9911
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Fig. 5 AFM micrographs and surface roughness. Effect of different surface treatments on the surface topography and roughness of the titanium

beads.

Surface treatments improved the hydrophilicity of pure tita-
nium which had a contact angle of 66.2 + 3.6°. Both anodiza-
tion and acid etching decreased the contact angle, ie.
increased the hydrophilicity (Fig. S6T). This had a direct effect
on protein adsorption on the microbeads also. We have quan-
tified the adsorption of proteins from human serum. When
human serum was directly used, acid etched samples adsorbed
more proteins as quantified by HPLC (Fig. 6). The main pro-
teins that have been adsorbed were albumin, transferrin, apo-
lipoprotein A, alpha 1 antitrypsine and vitamin D binding
protein. After depletion of IgG and albumin, again there was
a significant difference in the absorption of apolipoprotein
and alpha 1 antitrypsine. For anodized samples the adsorption
trend was similar although the adsorption was less compared
to HCI treated surfaces.

When the beads were placed on tissue culture polystyrene
(TCPS), there was no statistical difference in the attachment of
cells between different treatments (Fig. 7, TCPS); however when
the beads were placed on non-cell adhesive surfaces, treated
beads attracted significantly more cells (p < 0.05) (Fig. 7, No
TCPS). In the case of encapsulated cells, the presence of the
beads had no cytotoxic effect, so the cell numbers were compar-
able (Fig. 7, in gel), but the cells over 5 days preferred to move
towards treated beads compared to non-treated beads.

After 5 days of culture, the surface of the treated beads was
mostly covered by cells in suspension culture, whereas the
non-treated beads had less cells due to the lack of initial
attachment (Fig. 8, top row (only bead)). For gel culture,
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Fig. 6 HPLC and protein sequencing. Comparison of the human serum
before and after being in contact with the treated or non-treated tita-
nium beads and the main proteins adsorbed from the serum.

cells preferentially moved towards the beads, most probably
due to its stiffness. This cell migration was more pronounced
in the cases of anodized and HCI treated beads (Fig. 8, middle
row (in gel)). In the case of TCPS surfaces, the cells became
confluent and the beads were covered in all cases (Fig. 8,
bottom row (beads + substrate)). When analysed by confocal
microscopy the superior cell coverage on treated samples was
more apparent under all conditions except for TCPS (Fig. 9).

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Attachment of human gingival fibroblasts (HGF) to treated or non-treated beads and the effect of beads on cell viability within gelatin
hydrogels.

Fig. 8 FM micrographs. Hoechst/Phalloidin/Vimentin staining of cells after 5 days of culture in 3 different culture configurations. Scale bar =
100 pm.
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Fig. 9 Confocal micrographs. 3D reconstruction of HGF cells cultured on titanium beads in different configurations. Scale bar = 100 pm.

2.2 Discussion

One of the primary effects of both etching and anodization is
the alteration of titanium surface topography at both nano-
and micro levels. Topographical changes even at the level of
10 nm can affect cell behaviour. It has been recently shown
that the presence of surface micro- and nanotopographies can
downregulate the inflammatory response'” with a significant
decrease in both polymorphonuclear and mononuclear cells in
rat subcutaneous implantation experiments. The decrease in
the initial response due to the surface structuration might con-
tribute to the faster integration of 3D porous structures too.
For stem cells, it has been shown that the presence of nano-
scale cues might be enough by itself for successful commit-
ment of cells to a specific differentiated cell type.'® Nanoscale
cues can also provide surfaces with different preferences to
bacterial and mammalian cell attachment.'® For osteoblasts,
the positive effect of both acid etching and anodization is well
recorded and a recent study has shown that while both ano-
dized and acid etched surfaces resulted in up-regulation of
osteoblast differentiation related genes, anodized surfaces
also caused an increase in cell adhesion related genes.”®
Thus, the presence of the nanoscale cues on the surfaces of
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the titanium beads can provide a better surface for cell
attachment.

At the coating level, it has been shown that rough titanium
surfaces can decrease fibroblast activity while increasing osteo-
blast activity.>! But for bulk materials, especially surface modi-
fied materials, the effect is not only related to the roughness,
thus the fibroblast behaviour is more varied. For example, as
the roughness results for the acid etched and anodized beads
shown before and after serum incubation, the changes in
surface topography affects the protein adsorption and protein
adsorption in return affects the surface roughness. For HCl
etched beads due to the increased protein adsorption, there
was an increase in the surface roughness, whereas most prob-
ably due to the filling of the nanotubes the effect was reversed
for anodized samples. These might result in differential integ-
rin clustering due to the distribution of the proteins on the
implant surface. But even though the anodized samples have
lower protein adsorption and roughness compared to acid
etched samples, the size of the nanotubes exerts additional
and more precise effects on the cell/surface interaction. Also,
the anodisation directly forms the nanotubes on the surface
of the titanium oxide layer, whereas acid etching physically
etches the surface, which then forms an oxide layer upon

This journal is © The Royal Society of Chemistry 2015
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contact with air. The protein adsorption process goes through
the filling of the nanotubes and it has been shown that with
pores greater than 100 nm this may not be achieved, but for
pores of 50 nm they can be completely filled.>* Also, it should
be noted that the due to the movement restrictions of the AFM
tip the roughness of anodized samples can be lower than their
actual values.

The method and nature of nano/micro structuration is also
an important determinant. For example, laser assisted struc-
turation methods can result in highly hydrophobic surfaces,
even though the surface is highly hydrophilic immediately
after the treatment,”® due to the regular nature of the surface
topography, without a chemical change at the interface level
(where the chemical effect of the treatment is only applicable
in the direct treatment areas with the laser). The effect of
surface treatment on surface hydrophilicity is also treatment
dependent; the hydrophobicity of untreated titanium surfaces
is largely due to the presence of contaminants and both acid
etching and anodization can remove them.>* Dynamic contact
angle analysis of microstructured titanium surfaces has shown
an improved wettability following the first immersion cycle.>®
Thus, it is not feasible to describe the biological activity of the
surface with respect to its initial contact angle. For the bulk
materials, protein adsorption seems to be a more determinant
factor than surface roughness. For example, if the roughness is
obtained by grounding the reverse effect and improved fibro-
blast response has been reported.”® Moreover, in a planar
surface it is easier to single out the effect of roughness as the
cells interact only with the surface from the top. For human
gingival fibroblasts, formation of a hydride layer was shown to
be an effective way of improving attachment,?” however, again
it was not possible to distinguish the source of this effect with
respect to surface roughness or contact angle. It was suggested
that the effect of the hydride layer is to improve the protein
adsorption. In this study, we have also shown that the surface
treatments are able to increase the protein adsorption on the
porous titanium surfaces. The quantification of the specific
proteins that are preferentially adsorbed onto a given surface
can control the initial phases of tissue response to the
implant.>® Formation of an initial serum albumin layer on
implants is a common occurrence due to the relative abun-
dance of serum albumin. In vitro, this can decrease the adsorp-
tion of less abundant proteins like fibronectin, and vitronectin
which are more relevant to cell attachment. However, the
extent of this initial layer can facilitate the adsorption of other
proteins in vivo, thus a higher serum albumin adsorption can
be advantageous, as in the case of treated surfaces in this
study. For example, one of the proteins identified in this study,
apolipoprotein, has been implicated in having an effect on
regeneration and also on cell growth and proliferation,® but it
has been also related to inhibition of endothelial cell growth.
Whereas, alpha 1 antitrypsin is a protease inhibitor that can
increase the retention time of the other adsorbed proteins due
to its anti-protease activity.*°

Most of the studies on the effect of surface properties on
cells are done on planar surfaces which are hard to convert
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into information in 3D configurations. In 3D metallic foams
cells are exposed to significantly curved surfaces which have
been shown to effect their ability to move and spread by
affecting the contractile forces exerted by the cell cytoskele-
ton.*’ Moreover, analysis of the 3D titanium structures
especially with conventional methods is difficult. Titanium
microbeads are small enough to be visualized by fluorescence
microscopy or confocal microscopy, which provides an oppor-
tunity to observe the cellular behaviour in a more 3D micro-
environment. Moreover, bead based structures are advantageous
as they provide macroscopically smooth surfaces that interact
with the surrounding tissue unlike many metallic foams which
have sharp edges that can damage the tissues in vicinity. Also,
physical properties such as porosity or pore size can be easily
modified by using the mixture of beads with different granulo-
metries. Previously, polymeric beads have been used in deliv-
ery and immunoisolation of the cells as they provide an
excellent surface : volume ratio and a beneficial effect on mass
transfer limitations.** As our clinical practice showed that 3D
structures composed of titanium microbeads can be integrated
easily in vivo, 3D microbead-based titanium structures can be
beneficial for filing load-bearing defects with an openly
porous material with good mechanical properties.

The effects of surface treatments in vivo were much more
pronounced compared to in vitro results. This is due to the
incremental effects of increased hydrophilicity and roughness
and resulting protein adsorption. As the biomaterial inter-
action within the body is mainly governed by the initial inter-
action with the body fluids, mainly blood, and subsequent
protein adsorption it is important for in vivo application to
utilize this interactions beforehand. The blood in the surgery
area is in direct contact with wounded endothelial cells and
will most probably contain high amounts of pro-inflammatory
signals; thus, its adsorption on the surface of the implant not
only triggers coagulation but also results in a more pro-inflam-
matory initial response. However, if the implant has already
been partially coated with autologous serum from peripheral
blood, then this effect can be diminished. As the surface treat-
ments increase the protein adsorption, this would be a good
way to boost the colonization also. Our in vivo tests showed
that under all conditions application of serum caused a signifi-
cant increase in colonization.

3. Experimental
3.1 Materials

Pure medical grade titanium beads (Ti40) were purchased
from Nyco SA (Paris, France). All chemicals were purchased
from Sigma-Aldrich (Germany) unless otherwise stated.
Primary vimentin antibody was purchased from Santa-Cruz
(California, USA). The Vybrant cell adhesion assay was pur-
chased from Life Technologies (USA). An RNeasy mRNA extrac-
tion kit was purchased from Qiagen (The Netherlands) and
iScript Reverse transcription Supermix for RT-qPCR was
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obtained from Bio-Rad. The Apoptotic/Necrotic/Live cell assay
was purchased from PromoKine (Heidelberg, Germany).

3.2 Methods

3.2.1 Surface treatments. Surface modification of the
single titanium beads, plain titanium and 3D porous titanium
samples (discs of 10 mm diameter and 2 mm of thickness)
were done as described below (Table 1). For anodized samples
at 20 V an annealing treatment for 1 h at 500 °C was carried
out to stabilize the nanotubes. After the treatment, the
samples were washed with distilled water and air-dried.

3.2.2 In vivo tests. 9 male Wistar rats weighing 300 g were
implanted. Approval for these experiments was obtained from
the Regional Committee of Ethics for Animal Experiments of
Strasbourg. The implantation procedure was carried out under
general anaesthesia, obtained with intraperitoneal injection of
a mixture prepared with 90 mg kg™' of ketamine and 10 mg
kg™ of xylazine. Local anaesthesia of the skin of the back was
performed (1% lidocaine). Implants were placed subcu-
taneously at the back of the animals. The skin was stitched up
with several stitches. Each animal except for one received four
implants two at each side of the spinal column, where one
side has the treated implants while the other side has the con-
trols. In total, 6 implants for each condition without serum
treatment and 3 implants for each condition with serum treat-
ment were implanted. Animals were daily observed to ensure
their well-being and whether there were any signs of infection
at the operation area. Two weeks after the implantation pro-
cedure, animals were anaesthetised and the implants were
explanted.

Macrophotographies of the implants were done and fixed
in 4% Formol for 24 hours. Cross-sections of the implants
were obtained by freeze-etching using liquid nitrogen. After-
wards, implants were coated with a 10 nm gold layer to be
observed with SEM, the total coverage after 2 weeks on the
surface and in the cross-section for each condition was quanti-
fied using the Image ] image analysis program. The total
amount of protein and collagen was quantified by semi-quan-
titative Fast Green-Sirius Red staining. Explants with the in-
grown tissue were immersed in 30 mg ml™" protease solution
in sterile MilliQ water (origin of protease was Streptomyces
griseus). For total digestion of the in-grown tissues, up to
48 hours of incubation was necessary. mRNA was achieved by

Table 1 Titanium surface treatments

Type of
treatment/
abbreviation Concentration Duration Temperature
Hydrochloric 10M 1 hour Room
acid/HCI temperature
Anodization/ANO 1% HF (Wt%) 20 minutes Room
and 1M glacial temperature
acetic acid
Fetal bovine serum — 1 hour Room
temperature
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using a RNeasy kit as per the instructions of the provider. The
amount of extracted RNA and its quality were measured by
using a Nanodrop spectrometer system (Thermo Scientific).
The reverse transcription of the complementary DNA was done
by reverse transcription Supermix for RT-qPCR (Bio-Rad), by
the following cycle configuration: 5 min at 25 °C, 30 min at
42 °C and 5 min at 85 °C. The PCR amplication was done with
the following reaction solution composition: 4 pL de supermix
at 5 M, 0.1 pL of forward primer 0.1 pL of reverse primer,
0.2 pL of Taq polymerase (iTaq DNA polymerase, Bio-Rad),
4 pL of Betaine at 5 M, 1 pL of DMSO, 9.6 pL filtered MilliQ
water and 1 pL complementary DNA. The amplification cycle
was as follows: 1 min at 94 °C, 1 min at 60 °C, then 1 min at
72 ©°C for 35 times. The primers were designed by using the
primer design tool of the primer provider (Eurofins MWG,
Operon). The expression levels of the following genes were
checked: interleukin-10 (IL-10), tissue inhibitor of matrix
metalloprotease 1 (TIMP-1), von Willebrand factor (vWF), vas-
cular endothelial growth factor A (VEGF A), tumor necrosis
factor alpha (TNF-a), cadherin 1 (Cdh-1), vascular cell
adhesion molecule 1 (VCAM-1), interferon gamma (IF-y), trans-
forming growth factor beta (TGF-f1), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), and beta actin (p-actin) with
the aim of comparing if there is a significant difference in the
pro- and/or anti-inflammatory and vascularisation related
markers.

3.2.3 Surface characterization. The surfaces of the tita-
nium beads were characterized for the morphology, roughness,
topography and surface hydrophilicity. The effect of the treat-
ment on the bead morphology was characterized by visualiza-
tion of single beads by Scanning Electron Microscopy (SEM,
Hitachi TM-1000). The effect of the treatments on surface
roughness was quantified by AFM in contact mode in
10 micron x 10 micron fields (Multimode Nanoscope VI,
Bruker (Santa Barbara, CA, USA)). Surface roughness was calcu-
lated from an average of 6 images. Contact angle measure-
ments of the treated and non-treated surfaces were done by
using contact angles for a 10 microliter water droplet. Protein
adsorption was initially quantified by the BCA assay and
further characterization was done as described below.

3.2.4 Quantification of serum protein adsorption via HPLC
and sequencing. In order to quantify the amount of protein
adsorbed, single beads (which correspond to a ~8 x 10° pm?
surface area with an average bead diameter of 500 pm) of each
condition were incubated with human serum at room tempera-
ture for 1 hour. After the incubation the serum was removed
and introduced into the HPLC system to quantify the missing
amount of protein components which have been adsorbed.
For the baseline human serum was directly introduced into
the HPLC system.

3. 2.4.1 RP-HPLC purification. The proteins present in
samples (100 pL) were separated at 40 °C using a Dionex HPLC
system (Ultimate 3000; Sunnyvale, CA USA) on a Vydac 208TP
C8-column (particle size, 5 pm; 150 mm x 2.1 mm; Grace,
Vydac, Interchim, Montlucon, France) with a pre-column
heater of 2 pL and an internal diameter of 0.13 mm (Inter-
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chim, Montlucon, France). Absorbance was monitored at
214 nm, and the solvent system consisted of 0.1% (v/v) TFA in
water (solvent A) and 0.09% (v/v) TFA in 70% (v/v) acetonitrile-
water (solvent B). Elution was performed at a flow rate of
200 pL min~" with the following solvent B gradient: 0% B for
5 min, 0% B to 100% B for 45 min and 100% B for 10 min.
Fractions containing peaks were manually collected and con-
centrated until 20 pL by evaporation using a speed-vac.

3. 2.4.2 Automatic Edman sequencing of peptides. The
N-terminal sequence of purified peptides was determined by
automatic Edman degradation analysis on a Procise bi-car-
tridge microsequencer (Applied Biosystems, Courtaboeuf,
France). Samples purified by HPLC were loaded on polybrene-
treated glass-fibre filters. Phenylthiohydantoin-amino acids
(Pth-Xaas) were identified by chromatography on a C18
column (PTH C-18, 2.1 mm A-200 mm) and by comparison
with the profile of the Pth-Xaas standard.

3.2.4.3 Identification of the isolated proteins. The sequence
of the protein obtained after sequencing is compared with
protein sequences included in the data bank UniProtKB by
using http://web.expasy.org/blast/.

3.2.5 Cell Culture. Primary human gingival fibroblasts iso-
lated from the University of Strasbourg Dental Faculty with
patient consent were used at passages 3-6. The medium was
DMEM low glucose with 10% Foetal Bovine Serum (FBS) and
1% Pen/Strep. Cells were passaged regularly and fed every
other day. Trypsinized cells were seeded on single beads which
were sterilized by UV treatment. For bead suspension experi-
ments non-adhesive cell culture plates were used (NUNC). 1 x
10> cells were seeded on each bead. For encapsulation 5%
porcine gelatin solution was used. 1.2 x 10° cells were encapsu-
lated within the gel of 80 ul in 96 well plates which contains a
single titanium bead inside by introduction of transglutami-
nase to crosslink gelatin (6: 1 v: v ratio).

3.2.6 Cell culture configurations. Cell culture experiments
were performed in 3 configurations as described in Fig. 10
in 96 well plates. First, to see the competitive attachment

Fig. 10 The treatments and the cell culture configurations utilized.
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of the cells, cells were seeded on beads on TCPS where they
can attach both to the well and to the titanium bead. In
the second configuration, to see the preference of the cells to
be attached to the beads, a non-adhesive plate was used, so
that the cells can only attach to the beads. The third configur-
ation was the encapsulation of the beads in a cell laden
enzymatically degradable hydrogel (gelatin) to mimic the
movement of the cells from the surrounding tissue to the
implant.

3.2.7 Cell viability, morphology and distribution. Initial
cell attachment and viability over 5 days was tested with TOX-8
(a resazurin based cell metabolic activity test). Cellular mor-
phology and cell distribution were either observed by Calcein-
AM staining or Hoechst/Phalloidin/Vimentin staining. 3D
imaging of single beads in every configuration was done by
using a confocal microscope after Calcein-AM staining. The
total cell area and total cell numbers for each condition were
determined by the Image-] image analysis program (NIH,
USA).*?

3.3 Statistical analysis

The experiments are performed at least in triplicates (for cell
culture and protein adsorption in sextuplicates) and the
results presented are the results of at least 3 independent
experiments and they are reported as mean + SD. The compari-
son between, non-treated, acid etched and anodized con-
ditions was done by one-way ANOVA analysis at a statistical
significance level of p < 0.05, followed by Tukey’s test to deter-
mine the differences between samples.

4. Conclusions

The effects of two surface modification techniques, acid
etching and nanotube formation via anodization, were quanti-
fied in a 3D model. The sum of all effects of surface treatments
that are beneficial for cell attachment such as increased
surface roughness, and improved protein adsorption has been
shown to have an exponential impact on the in vivo inte-
gration. The ability to test the single components of an
implant in vitro to understand the in vivo behaviour is an
advantage of modular systems such as microbead-based
porous titanium implants. These treatments are tested for the
improvement of colonization of porous titanium tracheal con-
nectors in artificial larynx implants.
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158 CHAPTER 4. MEDICAL APPLICATIONS

4.2.5.b Addtional discussion

In this study, we demonstrated the effects of surface treatments on soft tissue
integration in the technology of titanium microbeads. Three different surfaces
were compared: machined non-treated surfaces (NT), acid-etched in HCI (HCI),
and nanostructured surfaces (anodized) with and without adding serum. The
results showed extensive tissue formation on the treated surface after implanta-
tion in a subcutaneous rat model. Both cell numbers and extracellular matrix
deposits were higher for the anodised and HCI treated samples. However, only
the anodised samples showed an increase in the anti-inflammatory markers (IL
10, TIMP-1). The addition of human serum to the implant induced protein
adsorption and tissue integration. These effects were in addition to the effects
of the surface treatment. Other comparisons were carried out using three in
vitro models with quantification of the human serum proteins adsorbed and the
attachment of the fibroblast cells. Higher protein quantification was obtained
for the HCI treated surface in comparison to the others. The HCI and anodised
surfaces attracted the cells over 5 days of culture compared to the non-treated
beads. This study also revealed the non-cytotoxic effect of the titanium beads
on the cell. To resume, it was observed that the surface treatment initially
made possible the attachment of the cells on the surface and increased tissue
integration. Anodised surfaces may also reduce the inflammation that appears
with the implantation of new titanium devices into the body.

The integration of this titanium microbead technology with soft tissue was
previously studied by the same research team using other surface treatments
and different multilayer films associated with peptide treatments for a tracheal
application [150]. The application was related to dental implants. The objective
was to improve the adhesion of gingival epithelial tissue and to constitute the
first barrier against infection. They combined porous titanium made of 125 to
500 pm beads mounted with multilayered polyelectrolyte films (MPFs) with
and without functionalisation by a laminin-5-derived adhesion peptide. These
polypeptidic proteins are involved in the structural scaffolding of epithelial
tissues [5]. The study showed that porous titanium is a material which is
very well colonised by soft tissues both in vitro and in vivo. Bioactive peptides
could thus enhance soft tissue integration.

The enhancement of soft tissue integration of the dental abutment was also
a topic that I studied during an internship in Oslo and was published by Xing
et coll. [113]. This paper reports on experiments using an electrochemical pro-
cess of cathodic polarisation in organic acids, while the anodisation process was
used to form nanostructures. The treatment modified the roughness but also
produced surface hydride (H~). It has been found that acetic acid under a
specific current density produced more surface hydride than oxalic and tartaric
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acid. This hydride content was positively correlated to the proliferation rate
of human gingival fibroblasts (HGF) while no statistically significant difference
was related to surface topography and hydrophilicity. Hydride implementa-
tion created by cathodisation on Ti surfaces may be another potential means
for nanostructured surfaces to promote connective tissue growth and act as a
barrier against bacteria.

In this study, we propose the reverse treatment of cathodisation named an-
odisation which makes it possible to create 770, nanotubes. It has been shown
in several studies that nanostructures stimulate the soft tissue response as well
as osseointegration both in vitro and in vivo. However, process treatments ap-
plied to tracheal prostheses have been observed by SEM to peel off from the
titanium substrate. This weak adhesion between the substrate and the newly-
formed oxide layer is rarely discussed. This weakness is due to the presence of
a fluoride rich 790, layer at the interface. Yu et coll. have recently proposed a
method to improve this adhesion of the nanostructure to the surface by carrying
out additional anodisation in a fluoride-free electrolyte [146]. Thus, an addi-
tional compact layer was formed instead of the floride-rich layer. The results
obtained show an increase of 300 % in the adhesion of the nanostructure. This
method could be a research possibility for the application of nanostructured
surfaces on tracheal prostheses.

To conclude, several surface treatments of titanium could be used to im-
prove soft tissue integration. This study makes it possible to demonstrate that
anodised beads can improve soft tissue integration. However, the mechanical
strength of the oxide layer is mitigated and requires optimisation of the adhe-
sion by deleting the fluoride-rich layer.

4.3 Scaling up of the surface treatment on med-
ical devices

The nanosurface has been shown to have the bioactive properties required for
medical application such as dental implants, orthopaedic or tracheal prosthe-
ses. In the case of dental and orthopaedic implants, an industrial treatment
process should be able to treat a large quantity of implants in the same batch.
For instance, for an SME the lowest range of dental implants could produce
approximately 500 implants/batch while a large range could have up to 1,500
implants/batch.

The process is currently in the developmental stage for future industriali-
sation (Figure 4.20). To adapt the laboratory setup used into an industrial
process, two different approaches are possible (Figure 4.21). Numbering up
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Figure 4.20: Process: from the research to the industrial tool

consists in increasing the number of the electrochemical cell without changing
any dimensions. This method increases production costs and is less relevant
in cases of large batches of implants. Scaling up consists in adapting the size
of the electrochemical cell process to fit the treatment of several implants si-
multaneously. It makes it possible to reduce the costs and may even make it
possible to automate the process in cases of large batches of implants.

Figure 4.21: Humoristic picture of scaling up : “We’ve got a few problems going
from lab scale up to full scale commercial”

The extrapolation consists in adjusting the operating conditions (i.e. elec-
trolyte, voltage, current, stirring, temperature). It is necessary to ensure the
formation of nanotubes by changing from the laboratory scale to the industrial
scale. The objective is to obtain the same performances from different condi-
tions. For this reason, it is necessary to carry out a progressive increase in scale
by creating intermediate steps representative of the real system and called the
pilot. Due to the composition of the electrolyte (acetic acid and hydrofluoric
acid) the choice of materials for tanks or holders are restricted (Table 4.10).
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Teflon is one of the rare and most appropriate materials for good resistance to
these two acids. However, this soft material is easily deformable and has weak
properties in terms of wear by screwing.

Table 4.10: Chemical compatibility of the
materials with the acids

N Acetic | hydrofluoric
Material acid acid
Aluminium + 0
Copper + 0
Polypropylene (PP) + -
Polyethylene (PE) - -
PTFE + +
pPvC 0 -
Stainless steel 316 + 0
Titanium + 0
Silicone 0 0

+ = high; - = limited; 0 = not compatible

In the case of the nanostructuration of dental implants, the pilot scale
was to create a first holder that could treat 12 implants in a same batch (Figure
4.22(a)). The holder was made of titanium, for current feeding of the implant,
covered with a PTFE cover to protect the metal from the acid electrolyte. Im-
plants are screwed onto the holder using screw holders. Treatment tests were
carried out in both potentiostatic and galvanostatic mode (Table 4.11).

Table 4.11: Input and output parameters obtained in both
potentiostatic and galvanostatic mode

Mode Potentiostatic Galvanosatic
Input parameters 20 V / 20 min [=057A
Output parameters I =0.50->0.96 A 9.2V /20 min
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Nanoporous array formation was only observed on the implant surface using
the galvanostatic method. The batches of implants obtained were homogenous
in nanostructure and in surface colour (Figure 4.22(b)). The potentiostatic
mode only produced an acid-etched surface with a heterogeneous coloured sur-
face. Although nanoformation was observed in one method, it was found to
be not reproducible in terms of variation of output voltage. Moreover, it was
observed that the electrolyte solution changed colour too, and the bath tem-
perature increased during the treatment.

() (b)

Figure 4.22: (a) 12-implant holder for dental implant treatmenst; (a) Macro-
scopic appearance of 12 implants nanostructured in galvanostatic mode

In the case of ENT applications, the artificial larynx prostheses are not yet
commercialised but the quantity of implants expected for the sale is low. Thus,
the scaling up mainly concerns increasing the dimension of the electrolytic cell
for unit treatments of tracheal prostheses.

As presented in the previous section, the first assays for tracheal prosthesis
treatments have been carried out. In addition to adhesion problems, the re-
sults have shown a process that is not stable in terms of current density and
bath temperature. The variations in current density have been shown to in-
crease with increasing bath temperature and vice versa, leading to a snowball
effect (Table 4.12). For high conditions (temperature and current density),
colour changes in the electrolyte were noticed and revealed modification to the
composition of the electrolyte.

To avoid a modification of the bath parameter, the temperature might also
be directly controlled using cooling apparatus. In addition to this device, it
is necessary to use bigger tanks so that small changes in the solution are in-
significant with regard to the bath volume. Then, because of the changing bath
volume, bath stirring is thus impacted. A recent study published in 2015 by
Allonneau et coll. described transfers generated by magnetic bars [151]. The
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Table 4.12: Evolution in the output current den-
sity and bath temperature for anodisation of tra-
cheal templates in potentiostatic mode

Sample \1\2\3\4\

Initial temperature Ty (“C) | 22 23 26 30
Initial intensity I (A) 0.85 | 0.98 | 1.29 | 1.40
Final temperature Ty (*C) | 27 29 36 50
Final intensity I; (A) 0.95 | 1.12 | 2.30 | 4.00

two following equations (Equation (4.4) and (4.5))make it possible to evalu-
ate the dissipated power (P) in relation to the stirring speed (N) and stirring
diameter (D) in the only case of geometric similarity between the two systems
[152].

P = N®x D? (4.4)

(4.5)

h,l,d and H,L,D are the height and width of the tank, and the length of the
magnetic bar respectively for both the electrolytic cell and its extrapolated cell.
The first assays carried out under control of bath temperature used cooling
stirring. Nevertheless the minimum limit of agitation of the cooling stirring
was about 400 rpm while the stirring calculated following the dissipated power
equation was about 230 rpm. The results have shown higher homogeneity than
the nanostructure obtained before however a few trace of delamination are still
noticeable by SEM analysis. Others experiments are currently in progress.

4.4 Conclusion

This chapter is devoted to the medical applications of this nano-surface pro-
duced using the anodising process. Dental implant applications have been per-
formed with success and show promising results for in vivo osseointegration. In
addition, the unit treatment process was validated in 2013 by a certified organ-
isation (G-MED) for nanostructuring for both dental and orthopaedic applica-
tions. Although this surface treatment has also demonstrated good results for
soft tissue integration experimentation on tracheal prostheses has nevertheless
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revealed the issue of mechanical adhesion of the nanostructured layer to the
titanium substrate.
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This thesis consisted in developing an innovative surface treatment for medical
titanium implant applications. Two in vivo studies performed in rabbits have
shown that our 770, honeycomb surface may enhance bone healing quality
than non-treated surfaces. Moreover, our rough nano-surface provided similar
biolocal responses as the rougher conventional surfaces used in dentistry, made
by grit-blasting and acid-etching (0.5 vs 1.5 um). Thus, nano-surfaces could be
an alternative to excessively rough surfaces which are difficult to clean up for
bacterial decontamination as in the case of peri-implantitis on dental implants

67, 153).

Nowadays, infection is the most severe complication associated with the use
of biomaterials and causing implant failures. In the dental field, peri-implantitis
is observed at 14% after 5 years and the rate increases with time and the first
septic failure [154]. In orthopaedics, percutaneous fixation implants have a
high risk of colonisation by the bacteria naturally present at the skin-implant
interface and virulent bacteria (i.e. Staphylococcus aureus) can lead to high
complications [8, 9, 155]. Although the ideal surface for achieving rapid osseoin-
tegration has still not been found, it cannot derogate from the constraints of
biological healing limits. Recently, research has also been oriented towards the
bacterial infection problem by providing bactericidal or bacteriostatic surfaces
for titanium implants. There are many strategies for introducing antibacterial
agents on to the titanium surface: metal doping [156], growth a TiO2 layer
doped [157] or realized a doped coating [158].

Titania nanotube surfaces have been shown to reduce bacterial attachment
by TiOy high photocatalytic activity under UV light [[159]. However, other
methods have been looked at for antibacterial performances without using the
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photocatalytic property. As has already been discussed in the additional discus-
sion of Article N°2, titania nanostructures are suitable as reservoirs for storing
growth factor as well as antibacterial agents. Moom Sinn also suggested cov-
ering the nanoporosity using chitosan film in order to encapsulate the drug in
order to achieve longer release times [160].

Optimising nanostructured surfaces for antimicrobial activity has also been
proposed by using the incorporation of elements. There are several “antibacte-
rial metals”, such as silver ions as well as mercury, copper, cobalt, vanadium,
iron, lead, zinc, and aluminium. Silver nanoparticles have demonstrated an-
tibacterial effects and are potentially less toxic than the others. These nanopar-
ticles are already widely used in antiseptic dressings, antibacterials for catheters
as well as surface coatings. For instance, Medicoating already manufactures an-
tibacterial hydroxyapatite powders containing silver particles, known for their
antibacterial properties and lesser toxicity. This powder is intended to be used
for coatings using the plasma spraying technique or surface blasting producing
respectively a prolonged or flash antibacterial effect. Incorporation of silver
elements into the surface have also already been been performed using ions im-
plantation, hydrothermal, soaking, sputtering or directly include in electrolyte
of anodisation [161, 162, 163, 164, 165, 166].

The applications for Zn-incorporated biomaterials in tissue engineering are
currently developing. Zinc has the particularity of being both antibacterial by
Zn?* release and stimulation of osseointegration [33, 34]. Zinc ions are the
cofactor for matrix metalloproteinase [35] leading to anabolic effects on bone
metabolism by stimulating osteoblast proliferation and mineralisation [167, 168,
169, 170]. However, the effects are dose-dependent. An overdose of the element
can be cytotoxic. Its minimum inhibitory concentration (MIC) and the Lethal
Doses 50 are about 768 pg/ml and 3.6 x 1073 respectively for Zn*T to 2000-
5000pg/ml reported for ZnO nanoparticles [171].

Zinc element have been already incoporated into titania nanostructure us-
ing mainly a two-step method of anodisation and hydrothermal treatment
(33, 172, 34]. As proposed by Ghicov et coll., phosphorous species have been
successfully incorporate by the simple method of adding phosphorous compo-
nents into the electrolyte bath during nanotubes formation [173]. Thus, the
insertion of this zinc element in our nanostructure have been tried using both
ways of incorporation by electrolyte modification, and dip coating. The aim
of this second surface treatment was to obtain the highest zinc concentration
in the 790y nanostructure with an easy industrial process as compared to the
hydrothermal method. ZnO nanoparticles are soluble in acid solutions, but zinc
incorporation during the synthesisation of titania nanotubes could be a mean
of forming the oxide layer with zinc titanate compounds of ZnO — TiO5 such
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as the ZnTiO5 phase which is formed by heating at 500 ° C [174, 175].

The first assays were carried out by incorporating zinc into the electrolyte
adding 0.1, 0.25, 0.50 and 1M of zinc acetate powder. XPS analysis of the
surface did not make ZnO /Zn readily perceivable and thus the determination
of the presence of zinc titanate compounds. However, the nanostructure formed
revealed a heterogeneous nanostructure as well as distribution of the zinc ?77.
Heterogeneity of element repartition has also been observed by Zhao et al.
which found silver incorporation from 1.24 at % near the surface while only
0.2 at % was obtained at a depth of 3 um [163]. However, though zinc acetate
did not change the chemical composition of the bath, it interacted with the
HF leading to the formation of ZnF, species and an increase in the pH of the
electrolytes. Thus, the thickness of the oxide layer formed was 5 times higher
than in standard conditions (150 nm vs 700 nm) leading to a weaker adhesion
nanostructured layer on the titanium substrate. This observation seems to go
against Crawford et al. The theory that delamination only occurred in films
thinner than 600-650 nm [176].

However it is not proven that zinc element is not linked to this mechanical
instability like fluoride species [146, 26]. Zinc release was studied on titania
disks treated with both zinc incorporation into the electrolyte and dip-coating
into a solution of zinc acetate followed by annealing.

Figure 4.23: SEM micrographs of the top and the cross section of the nanos-
tructure obtained by adding in 1M zinc acetate into the electrolyte

The results show a total release of zinc before 24h with a total amount of
208 (£10) pg/L while the minimum inhibitory concentration (MIC) was about
800 pg/L [171]. The disadvantage is that zinc required higher concentrations
to induce antibacterial effects while only ppm are necessary for silver nano-
particles. Silver efficiency has been confirmed by Mei et coll., and Zhao et
al. respectively incorporated silver by ion implantation at 1kV into titania
nanostructures and by soaking in AgNOs solutions after the anodising and
annealing treatment [161, 163].

Although silver nano-particles are generally low risk to humans via exposure
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by inhalation, oral, subcutaneous or intravenous consumption, it is currently a
widely controversial issue as fundamental research has shown the potential of
this nanomaterial to produce cytotoxic effets. There are new fears of sanitary
problems regarding the exponential increase in advanced new nanotechnology.
Their application is multidisciplinary and is particularly relevant in the field of
medicine with an expected growth rate of 14% per year [177]. The field of med-
ical devices has been regulated for more than 20 years by the European Direc-
tives 93/42/CE (medical devices) and 90/385/CE (active implantable medical
devices). Thus, according to Directive 93/42/CE, medical devices are classified
according to the level of risk (period of use, invasiveness, active device, etc.)
into four classes : Class I for low risk, class ITa and IIb for high risk (i.e. dental
implants) and class III for high risk and contact with the central nervous sys-
tem or incorporating a therapeutic substance such as silver nanoparticles. In
few, European Directive 93/42 will be replaced by a new regulation from the
European Parliament and the Council on medical matters including the new
issue of medical devices incorporing nanomaterial. A nanomaterial was defined
by the official journal of european union of 2011 as “A natural, incidental or
manufactured material containing particles, in an unbound state or as an ag-
gregate or as an agglomerate and where, for 50 % or more of the particles in the
number size distribution, one or more external dimensions is in the size range 1
nm - 100 nm”. This definition includes nano-particule and material that is in-
corporated and structured at the nanometric scale such as our nanostructured
surface created via anodisation treatment. Rule 19 of the new Europeenne
regulation stipulates that all medical devices incorporating nanomaterials or
are made now will be part of class III and shall not be exempt from clinical
investigation [178].

This new regulation may be an obstacle for the development and marketing
of this nano-surface treatement, which mainly interests dental implant manu-
facturers. Nanostructured dental implants should be switched from class IIb
to class III, requiring further clinical investigation and therefore a higher cost
as compared to other micrometric surface treatments with similar biolocal re-
sponses. However, rule 19 also has some exclusion clauses such as the nanoma-
terial that is encapsulated or attached and cannot be released into the body of
the patient or user when the device is used for its intended purpose.

Although our current surfaces have mechanical adhesive problems, the so-
lution for avoiding the potential problems associated with Rule 19 would be to
improve the mechanical properties of nanostructured oxide layers, thus limiting
particle emissions as much as possible. Besides that, abrasion of the untreated
implant surface is unavoidable. Particle emissions from wear in non-treated im-
plants have already been noted and are mentioned in the SCENIHR (Scientific
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Committee on Emerging and Newly Identified Health Risk, Procedure adopted
in January, 2015) guide [179].

It may also be possible that manufactured medical devices which do not
contain nanomaterials may also switch directly into class III because they can
leach particles. For instance, the wear rate of the polyethylene is generally of
the order of 100 microns / year, generating billions of particles of a few mi-
crometers. Metal debris is smaller, between 10 and 90 nm and is released at
a rate ranging from 10'? -10'* particles per year in a metal-on-metal implant
[180]. In the case of dental implants, there is no metal couple, however surface
particles could be emitted during implant insertion even with a non-treated
implant and might explained some implants failures [181, 182, 183]. Finally,
the current issues will be to know the tests recommended by the regulation
for demonstrating the attachment of the nanosurface to the implants. Unfor-
tunately, it is very premature to know with any certainty if it will be possible
for us to derogate from rule 19 with as the law has not yet been adopted and
probably will not be for another few months.
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T

GENERAL CONCLUSION &
PERSPECTIVES

his thesis focused on surface treatments for titanium implants used for both
soft and hard tissues integration in the aim of offering an innovative surface
treatment for better clinical success. This work have been supported finan-
cially by the company Biomedical Tissues and the “Association Nationale de
la Recherche et de la Technologie”(ANRT).

This manuscript first centred on briefly presenting the titanium material as
well as its applications in the field of medicine associated with integration issues
leading to implant failure. The processes and limitations of micrometric surface
modifications currently commercialised were then described and made it pos-
sible to introduce a new approach to surface treatment by means of nanoscale
modification. Nano-modification of surfaces mimics bone architecture and may
modulate cell behaviour by the phenomenon of mechanotransduction. The
book chapter inserted in the first chapter of this thesis gives the state of the art
on anodising surface treatments, which despite its simplicity in terms of equip-
ment reveals wide complexity in terms of the influences of parameters on the
nanostructure formation and morphology. Thus, in the second chapter, pro-
cess configuration and fixed parameters (i.e. electrolytes) were displayed. As
titanium is used as a biomaterial, it required multi-scale characterisation from
both materials science - for the surface characterization techniques used (SEM,
CA, RAMAN,XPS, AFM) and for the different issues related to measurement
of the mechanical adhesion of the nanostructured oxide layer - and biology for
biocompatibility using an in vivo study.

The electrochemical process of anodisation using first generation electrolytes
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with 1 % wt. HF made it possible to rapidly grow a nanostructured titanium
dioxide layer of titanium substrate. This structure presented an easily con-
trollable pore size, good uniformity, a thickness of around 150 nm and did not
change the initial roughness of the titanium surface. By modifying the voltage
(potentiostatic mode), it is possible to control the colour of the surface and
form nanopore arraya at 10 V or nanotubes aligned perpendicularly at 20 V.
These two structures show different wettability behavioura, as well as crys-
talline structure composition (anatase, rutile) after the annealing treatment.
XPS analysis showed migration of fluoride ions through the porous layer of the
titanium dioxide induced by anodisation. This fluoride-rich layer could have
been an asset for bone healing, but these fluoride titanium species are responsi-
ble for the weak adhesion of nanostructures in aqueous solution. The annealing
treatment at 500 ° C reduced fluoride insertion but was not enough to avoid
particle release and ensure mechanical strength and wear as shown in chapter
4.

Part of this thesis also included biological characterisation by comparison
of osseointegration using two studies carried out in a rabbit model. Both stud-
ies were carried out using homemade samples and dental implants have shown
promising biocompatibility results similar to those of conventional grit-blasted
and acid-etched surfaces and higher bone anchorage than machined surfaces.
The optimisation of the nanostructured surfaces has been evoked to reduce bac-
terial infection, which is the cause of most implant failures. Zinc combines both
antibacterial activity and anabolic effects on bone metabolism. The first results
of zinc incorporation into titania nanostructures did not make possible a suffi-
cient concentration for it to be a minimum inhibitor for bacterial concentration
but it could still be a promising surface for medical applications.

From an industrial point of view, this surface treatment has been applied
in dental and tracheal implants with more or less success. The unit treatment
process was validated in 2013 by a certified organisation (G-MED) for nanos-
tructuring for both dental and orthopaedic applicatiosn while delamination of
the nanosized oxide layer was observed for anodised tracheal implants. Al-
though an improvement in the mechanical strength of the surface is possible,
the new European regulation regarding medical devices including nanomaterials
could be a restriction for the use of this treatment in medical applications.

In the short term, it would be interesting to study other nanostructures.
Although we have shown relatively good results of biocompatibility and bioac-
tivity, the optimal nanostructure have not been find. As shown by Menon et
al., at the nanoscale, different nano-design could induce different cells behavior
[29]. Moreover, others perspectives concern the optimization the nano-surface.
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As shown in several studies, crystal structure of 7O, play a role on surface
bioactivity [30, 31]. Thus, it could be interesting to study the best composi-
tion or mixture of crystalline structure (anatase, brookite, rutile) to enhance
implant integration with hard and soft tissues. Then, Kim et coll.,have shown
zeta potential of T7Oy nanotubes could depend on the pH of the electrolyte [32].
Using a third generation electrolyte, they found a positive surface charge at pH
3 while at higher pH values, the surface charge was negative. A negative charge
on implants surface may attrack positive ions required for bone formation such
as calcium, phosphorus, zinc, etc. Thus the combination of nano-surface design,
crystal structure, surface charge and composition (antibacterial agents) may be
a new line of research for inducing long-term clinical implant success.

The second outlook for this work is to understand the lack of mechanical
adhesion of TtOy nanostructures on titanium substrates. Probably related to
the mechanical properties, the process should be improved to take under control
all the anodic parameters and thus facilitate scaling up to an industrial scale.

Finally, the long-term prospects are difficult to identify in view of the reg-
ulations which are currently evolving. The use of this process for medical
applications may become more complex, expensive and dependent on demand:
no client, no development. Moreover, as noticed during the three years of this
thesis, nanosurfaces inspire either interest and curiosity for implant manufac-
turers, or fear. Although, this innovative surface is a marketing asset, no one
wants to be the first to take risks. This attitude may be to the result of the
previous sanitair scandal (i.e. PIP prostheses, hydroxyapatite coatings). Com-
panies thus prefer to improve current surface treatment technology rather than
use new possibilities. However, with time and pre-clinical trials, things may
change.



174 GENERAL CONCLUSION & PERSPECTIVES



Appendices

175






177

APPENDIX A

Materials and Methods : Basic work principle of meth-
ods for surface characterisation

Basic work principle of Scanning Electron Microscope (SEM) — A
focused electron beam scans across the surface of the sample and generates
secondary electrons (SE), backscattered electrons (BSE) and characteristic X-
rays. The secondary electrons (SE) are obtained by inelastic collisions between
primary electrons (the beam) and the sample. It produces a topographical im-
age of the sample. Unlike secondary electrons, backscattered electrons (BSE)
originate from elastic interaction of the beam with the nucleus of an atom in
the specimen analysed. Because the number of backscattered electrons is pro-
portional to the atomic number of the elements (Z), the image obtained depicts
a high resolution compositional map: high Z elements appear brighter than
those with low Z. The X-rays produced are used for analysis of the composition
by means of EDX microanalysis.

Basic work principle of Atomic Force Microscopy (AFM) — Atomic
Force Microscopy (AFM), a non destructive technique, provides a better to-
pography contrast than SEM images and topographical quantification. A tip,
usually made from Si, is mounted at the end of a flexible cantilever. It scans
the surface of the sample following different modes. The bending movement
of the cantilever is measured using a laser reflexion method and thus provides
a nanoscale 3D profile of the surface. The main limitation of this technique
is that it depends on the sharpness of the tip. The AFM images reflect the
interaction of the probe with the sample surface and not the true sample to-
pography: this is called tip convolution. In addition, the small-sized area that
is scanned is not representative of the analysed area.

Basic work principle of roughness tester — Roughness tester is a less pre-
cise technique, but more representative of the surface than AFM analysis. This
non destructive measurement is performed by moving a diamond probe along a
straight line on the sample surface. The device measures the height variations
of the arm holding the tip that moves on the surface along a longitudinal line
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to determine basic roughness parameters (see 2.2.2).

Basic work principle of wettability measured by contact angle — Con-
tact angle (CA) measurement is a basic technique for the characterising surface
treatment no matter the field of application. It reports the aptitude of liquid to
be spread over a surface by wettability. The method consists of measuring the
angle between the tangent from the profile of a drop deposited on the substrate,
with the substrate surface itself: the angle is called the contact angle (#). Using
water it is possible to determine the hydrophilic (# <90 °) or hydrophobic na-
ture (6 >90 ") of the surface. It is also possible to calculate the surface energy
of a solid surface by a liquid, with physical units characterised using the Young
equation (Equation (6)).

—vSV) +vSL) + v LV)cos(d) =0 (6)

The components y(SV'), v(SL) and v LV') are interfacial tension computable
using liquids with different polar, non-polar and dispersive components depend-
ing on the selected model resolution to determine the unknown in the Young
equation (Neumann, Owens and Wendt, Van Oss Good).

Basic work principle of X-ray photoelectron spectroscopy (XPS) —
In XPS, the sample is irradiated with monochromatic X-rays in an ultrahigh
vacuum. The ionisation of its atoms by photoelectric effect caused by this
solicitation leads to the production of photoelectrons. Ex The kinetic energy
of these photoelectrons is measured and, knowing the initial photon energy
hv, the binding energies Ep of the photoelectrons EB can be plotted on a
spectrum using the Einstein Equation (7). Peak XPS are characteristic of
the atom, and its chemical environment (e.g. oxidation) can be observed as a
variation of energy (displacements of the XPS peak).

Ex = hv — Ep (7)

This technique is used to analyse the chemical composition of a surface
sample to a depth ranging from 1 nm to 10 nm. The nature of the chemical
bonds and the atomic percentages are obtained by data processing. All ele-
ments except hydrogen and helium are detectable. This analysis technique is
non-destructive, except in case of ionic erosion used to obtain a depth profile
thicknesses of the micrometer long. The main advantage of this device is that
it makes it possible to precisely identify the elements with a relative concentra-
tion of less than 0.1 atomic%. However, the drawback of this technique is that
it is difficult to access and it has large spot analysis (300 x 700 um?) which
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does not make possible to target the analysis.

Basic work principle of Raman spectroscopy — Raman spectroscopy
makes it possible to characterise the molecular structure and chemical com-
position of solid, liquid or gaseous samples, without destruction or any need
for special preparation. The irradiation of a sample with a monochromatic
light (laser) causes an elastic and inelastic scattering of photons. The resulting
spread spectrum is mainly composed of the same frequency as the incident beam
(Rayleigh scattering). However a part of the spread spectrum corresponds to
network of modified spectra called the Raman spectrum (stokes lines to create
vibrations, anti-stokes for destroying vibrations).
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APPENDIX B

ImageJ : Semi-automatic calculation of histomorpho-
metric parameters

(Return to chapter 2)

We have created a macro for semi-automatic calculation of histomorphom-
etry calculation using ImageJ software. By thresholding bone (in light grey)
and implant (in white) included in resin (in dark grey), it makes it possible to
directly calculate the percentages of bone growth (% BG) and bone surface at
0.5 mm around the implant (% BS/TS 0.5 mm) (Figure ?77)

Figure 24: Principle of calculation of the percentages of bone growth (% BG)
in the growth chamber using the semi-automatic macro created on ImagelJ
software

Calculation of the percentages of bone to implant contact (% BIC) is car-
ried out by the ratio for calculating the length (for 1 pixel wide, perimeter=
length/2) of the edge of the implant and the contact of the bone (Figure 26
and Table 13)
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Figure 25: Principle of calculation of the percentage of bone surface at 0.5
mm around the implant (% BS/TS 0.5 mm) using the semi-automatic macro
created on ImageJ software

Figure 26: Principle of calculation of the percentage of bone to implant contact
(% BIC) using the semi-automatic macro created on ImageJ software

Table 13: calculation of the percentage of bone to implant contact

Output datas Calculation
. PxC
Image count (C) | Perimeter (P) | Total length (L) = 5 BIC
Total Implant 2 12192 12192
21 %
Contact B/I 40 129 2572




//Selection of the INPUT and OUTPU DATAS
path=getDirectory("Select the folder of data to be
analysed");

list=getFileList(path);
savepath=getDirectory("Select the folder to save
the analysis");

for(i=0;i<list.length;i++){
open(path+list[i]);

//improvement of the image quality
run("8-bit");

run("Enhance Contrast...", "saturated=0.4");
run("Set Measurements...", "area perimeter
area_fraction display redirect=None decimal=3");
run("Set Scale...", "distance=0 known=0 pixel=1
unit=pixel global");

setTool("freehand");

//Creation of the element for measurement
run("Select None");

run("Duplicate...", "title=implant");
run("Duplicate...", "title=BG");

run("Duplicate...", "title=BS/TS0.5mm");

run("Duplicate...", "title=BIC");

//Selection of the implant
selectWindow("implant");

setTool("wand");

run("Wand Tool...", "mode=Legacy tolerance=30");
beep();

title = "Selection de I'implant";

message = "Select the implant and click on OK";
waitForUser(title,message);

roiManager("Add");

// Selection of the growth chamber
selectWindow("implant");

run("Select None");

setTool("polygon");

beep();

title =" Growth chamber ";

message = "Select the growth chamber and click on
oK";

waitForUser(title,message);

roiManager("Add");

// Quantification of BG
selectWindow("BG");
roiManager("Select", newArray(0,1));
roiManager("AND");
roiManager("Add");

run("Select None");
roiManager("Select", newArray(1,2));
roiManager("XOR");
roiManager("Add");
selectWindow("BG");
roiManager("Select", 3);
run("Clear Outside");
run("Select None");
run("Threshold...");
title = "Threshold";
msg = "If necessary, use the \"Threshold\" tool
to\nadjust the threshold, then click \"OK\".";
waitForUser(title, msg);
selectWindow("BG");

getThreshold(lower, upper);

if (lower==-1)

exit("Threshold was not set");

run("Convert to Mask");
run("Close-");
run("Erode");
run("Erode");
run("Dilate");
run("Dilate");
roiManager("Select", 3);
run("Set Measurements...", "area area_fraction
display redirect=None decimal=3");
run("Measure");
selectWindow("BG");
close();

// Quantification of Bone surface at 0.5mm
selectWindow("implant");

roiManager("Select", 0);

run("Enlarge...", "enlarge=185");
roiManager("Add");

run("Select None");

selectWindow("implant");

setTool("freehand");

beep();

title = "Zone of interest ";

message =" Select the zone of interest (the portion
of the implant inserted into bone) and click on OK";
waitForUser(title,message);

roiManager("Add");
selectWindow("BS/TS0.5mm");
roiManager("Select", 0 );

run("Clear", "slice");

run("Select None");

roiManager("select", 4);
setBackgroundColor(255, 255, 255);

run("Clear Outside");

roiManager("Select", newArray(4,5));
roiManager("AND");



roiManager("Add");
roiManager("Select", newArray(0,6));
roiManager("AND");
roiManager("Add");
roiManager("Select", newArray(7,6));
roiManager("XOR");
roiManager("Add");

run("Clear Outside");
roiManager("Select", 8 );
run("Threshold...");

// Image threshold
title = "Threshold";
msg = "If necessary, use the \"Threshold\" tool
to\nadjust the threshold, then click \"OK\".";
waitForUser(title, msg);
selectWindow("BS/TS0.5mm");
getThreshold(lower, upper);

if (lower==-1)

exit("Threshold was not set");

run("Convert to Mask");
run("Close-");
run("Erode");
run("Erode");
run("Dilate");
run("Dilate");
roiManager("Select",8 );
roiManager("Measure");
selectWindow("BS/TS0.5mm");
close();

// Saving data
name = "Results"+list[i]+".xls";
selectWindow("Results");
saveAs("Results", savepath+name);
if (isOpen("Results")) {
selectWindow("Results");
run("Close" );}

// Calculation of Bone to Implant Contact
selectWindow("BIC");

run("Select None");

run("Duplicate...",
"title=implant_contact_Enlarge");

run("Duplicate...","title=os_contact");
run("Duplicate...", "title=simplant_contact_Dilate");
selectWindow("BIC");

close();

// To remove the effect of resin embedding :
H#METHOD1- Enlarge the implant
selectWindow("implant_contact_Enlarge");

roiManager("Select", 0);

run("Enlarge...", "enlarge=1");

run("Fill", "slice");

run("Clear Outside");

run("Select None");

run("Find Edges");

roiManager("Select", 5 );

run("Make Inverse");

run("Fill", "slice");

run("Select None");

roiManager("Select", 3);

run("Fill", "slice");

run("Select None");

run("Green");

run("Invert");

run("Set Measurements...", "area perimeter
area_fraction display redirect=None decimal=3");
run("Analyze Particles...", "size=0-Infinity
circularity=0.00-1.00 show=Nothing summarize");
selectWindow("implant_contact_Enlarge");
run("Duplicate...",
"title=implant_contact_enlargebis");
selectWindow("implant_contact_enlargebis");
run("Invert");

// To remove the effect of resin embedding :
#METHOD2- Dilate the implant
selectWindow("implant_contact_Dilate");
roiManager("Select", 0);

run("Fill", "slice");

run("Clear Outside");

run("Select None");

run("Find Edges");

roiManager("Select", 5 );

run("Make Inverse");

run("Fill", "slice");

run("Select None");

roiManager("Select", 1);

run("Fill", "slice");

run("Select None");

run("Green");

run("Invert");

setOption("BlackBackground", false);
run("Dilate");

run("Set Measurements...", "area perimeter
area_fraction display redirect=None decimal=3");
run("Analyze Particles...", "size=0-Infinity
circularity=0.00-1.00 show=Nothing summarize");
selectWindow("implant_contact_Dilate");
run("Duplicate...",
"title=implant_contact_dilatebis");
selectWindow("implant_contact_dilatebis");
run("Invert");



// Bone threshold and Find edge
selectWindow("os_contact");
run("Select None");
roiManager("Select", 0 );
run("Clear", "slice");
run("Select None");
run("Threshold...");
//open Threshold tool
title = "Threshold";
msg = "If necessary, use the \"Threshold\" tool
to\nadjust the threshold, then click \"OK\".";
waitForUser(title, msg);
selectWindow("os_contact");
getThreshold(lower, upper);

if (lower==-1)

exit("Threshold was not set");

run("Convert to Mask");
run("Close-");
run("Erode");
run("Erode");
run("Dilate");
run("Dilate");
roiManager("Select", 5);
run("Make Inverse");
run("Clear", "slice");
run("Select None");
run("Find Edges");
run("Red");

// BIC measurement
imageCalculator("Multiply create",
"implant_contact_enlargebis","os_contact");
run("Invert");

run("Analyze Particles...", "size=0-Infinity

circularity=0.00-1.00 show=Nothing summarize");

imageCalculator("Multiply create",
"implant_contact_dilatebis","os_contact");
run("Invert");

run("Analyze Particles...", "size=0-Infinity

circularity=0.00-1.00 show=Nothing summarize");

// Saving data
name = "Summary"+list[i]+".xls";
selectWindow("Summary");
saveAs("Results", savepath+name);
if (isOpen("Summary")) {
selectWindow("Summary");
run("Close" ); }

// Close windows
selectWindow("implant_contact_Enlarge");
close();
selectWindow("implant_contact_enlargebis");
close();

selectWindow("os_contact");

close();

selectWindow("implant");

close();

selectWindow("ROI Manager");
run("Close");

selectWindow("Threshold");

run("Close");
selectWindow("implant_contact_Dilate");
close();
selectWindow("implant_contact_dilatebis");
close();

selectWindow("Result of
implant_contact_enlargebis");

close();

close();

close();}
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APPENDIX C

Medical applications : Holder for anodisation of tra-
cheal template and prothesis

(Return to chapter 4)

(a) (b)

Figure 27: Diagram of the holder used for treatment of anodisation on tracheal
templates and prostheses. It consists of the assembly of several components:
tracheal templates and prostheses (in grey) are sealed at both extremities with
two pieces of Teflon (in green and brown) and electrically connected using a
titanium washer (in red) all mounted on a titanium threaded rod (in blue) that
can be adjusted in relation to the sample size (small or normal)
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New bioactive surfaces for titanium implants

Research, characterisation and industrial development

Résumé

Biocompatible et résistant a la corrosion des fluides
biologiques, le titane reste cependant un matériau
inerte : il ne favorise pas de maniére active l'intégration
osseuse autour de l'implant. La modification de surface
du titane a I'échelle nanométrique permet de moduler
I'expression des génes favorisant I'adhésion et la
différentiation cellulaire par un mécanisme de mécano-
transduction. Dans ces travaux de thése, nous nous
sommes donc attachés développer, caractériser et
appliquer une surface nanostructurée directement sur
des dispositifs médicaux.

Dans un premier temps, notre étude s’est concentrée
sur la préparation et la caractérisation physicochimique.
Aprés l'obtention de surface reproductible sur petits
échantillons, nos recherches se sont axées sur la
caractérisation biologique de la surface. Des études in-
vivo réalisées chez le lapin ont permis de montrer une
accroche osseuse renforcée et bonne ostéointégration
de la surface nanostructurée en comparaison avec des
surfaces couramment utilisées sur le marché.
L’application de cette nouvelle surface sur piéce plus
complexe comme les prothéses de trachée, nous a
permis de rendre compte d'un phénoméne de
délamination de la couche de nanostructure. Nos
recherches se sont donc orientées vers la
problématique de tenue mécanique de la surface avec
la réalisation de nano scratch-test et tribologie. Un sujet
dans I'air du temps, puisqu’une nouvelle réglementation
européenne concernant 'incorporation de
nanomatériaux dans les dispositifs médicaux rentrera
en vigueur en 2017.

En conclusion, ces travaux nous permettent de
proposer une nouvelle surface améliorant l'intégration
tissulaire interessante pour une application médicale.

Mots clés

Titane ; Nanostructure ; Anodisation ;
Ostéointégration ; Dispositifs médicaux ;
Mechanotransduction ; In vivo ; Propriétés
mécaniques

Abstract

Biocompatible and corrosion resistant regarding
biological fluids, titanium is still an inert material: it does
not participate actively at the tissue-integration around
the implant. Surface modification of titanium at
nanoscale can promote cell adhesion and differentiation
by modulate genes expression due to a phenomenon of
mechano-transduction. In this thesis, we have focused
on the development, the characterization and the direct
application of our nanostructured surface of medical
devices.

First of all, our study focused on the preparation and
physicochemical characterization. After obtaining
reproducible surfaces on small samples, our research
has focused on the biological characterization of the
surface. In-vivo studies conducted in rabbits have
allowed us to show similar biomechanical attachment
and good osseointegration of the nanostructured
surface compared to commonly used surfaces on the
market. The application of this new surface on more
complex titanium implant such as tracheal prosthesis,
has allowed us to observe delamination phenomenon of
the nanostructure layer. Therefore, our research was
oriented towards the problem of mechanical strength of
the surface with the realization of nano scratch test and
tribology. A topic in the zeitgeist, as a new EU regulation
for medical devices which incorporate nanomaterials will
take effect in 2017.

To conclude, this work enable to propose a nano-
surface with promising results of tissues integration
required for medical device.

Key Words

Titanium ; Nanostructure ; Anodisation ;
Osteointegration ; Medical devices ;
Mechanotransduction ; In vivo ; Mechanical
properties
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