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Résumé

Le titane (Ti) est largement utilisé en orthopédie et médecine dentaire. Ce matériau présente
d’excellentes propriétés mécaniques, est biocompatible et résiste a la corrosion. L’interaction entre
les cellules et la surface d’un implant joue un rdle décisif dans I’ostéointégration. Malgré la grande
variété d’études que nous trouvons dans la littérature, le comportement des cellules en contact avec
des matériaux implantables comme le Ti n’est toujours pas élucidé a toutes les échelles
topographiques. Notre laboratoire a développé une méthode de modification physico-chimique de
la surface de métaux a intérét médical. Cette méthode génére des surfaces nanoporeuses qui
favorisent la différenciation de cellules souches, affectent le comportement cellulaire de fagon
différentielle, promeuvent la formation osseuse in vitro et in vivo, et qui ont une capacité

antibactérienne.

Afin de mieux comprendre comment cette surface influence le comportement cellulaire,
nous avons étudié leur influence sur la formation et la maturation des adhésions focales (FAs, de
I’anglais) et la formation des filopodes. De plus, nous avons examiné comment les caractéristiques
physico-chimiques de la surface obtenue guident 1’expression génique des protéines associées aux
FAs et aux filopodes en utilisant différentes lignées cellulaires. Finalement, afin de mieux
comprendre la biomécanique de la cellule, la force d’adhésion a la surface des filopodes a été

déterminée a 1’aide de la microscopie a force atomique (AFM).

Des disques de Ti commercialement pur (Cp-Ti) ont été polis a fini miroir (Ti-Control), une
partie des disques a été traité avec un mélange d’acide sulfurique et de peroxyde d’hydrogéne pour
créer une surface nanostructurée poreuse (Ti-Nano). L’influence de la nanoporosité, de la
cristallinit¢ et la mouillabilit¢ de cette surface sur des cellules pre-ostéoblastiques de souris
(MC3T3) et des bactéries a été évalué par la microscopie ¢électronique a balayage (MEB) et par
immunofluorescence (IF). Nous avons ensuite utilis¢ une lignée cellulaire épithéliale (CHO-K1)
qui exprime la paxilline (une protéine des FAs) de type sauvage ou la paxilline avec des mutations.
De plus, la force d’interaction des filopodes avec la surface a été quantifié en mesurant la force
latérale nécessaire pour les déplacer avec une pointe d’AFM. Finalement, la centrifugation a été

utilisée pour étudier les changements fonctionnels des cellules MC3T3.



L’analyse du comportement des cellules MC3T3 sur des surfaces amorphes et cristallines
n'a pas montré de différence par rapport au nombre des cellules ou la quantité des FAs. La
cristallinit¢ de la couche superficielle n’avait également aucune incidence sur 1’adhésion
bactérienne. Les deux lignées cellulaires utilisées ont montré une présence abondante de filopodes
avec des nanoprotrusions latérales en réponse a la nanoporosité. La taille et la forme des cellules
CHO-KI1 ont été¢ grandement affectées par la topographie. L’expression génique des protéines
associ¢es aux différents marqueurs des FAs et aux protrusions a été aussi significativement
augmentée sur la surface nanoporeuse, quel que soit le type de cellule. Les filopodes sur Ti-Nano
ont montré une plus grande résistance au détachement latéral, ce qui indique qu'ils adhérent a la
surface avec plus de force. Egalement, 1’analyse par MEB a révélé une restructuration de la
membrane cellulaire accompagnée d’un changement de la forme cellulaire apres centrifugation.
Parce que les mitochondries fournissent de 1’énergie pour les processus cellulaires, 1’organisation
du réseau mitochondrial a été influencée aussi par la topographie de surface et la centrifugation.
Bien qu’il ne puisse pas étre exclu que la cristallinité et la mouillabilité de la surface contribuent
dans une certaine mesure a déterminer le comportement des cellules, nos résultats suggerent que
les caractéristiques physiques des surfaces représentent le principal déterminant. Nous avons
démontré aussi, pour la premicre fois, que la topographie de surface peut modifier 1’interaction
adhésive d’une structure subcellulaire qui est fondamentale dans la détection des caractéristiques
physico-chimiques des surfaces. En conclusion, nos résultats montrent que la topographie de
surface peut modifier des propriétés fondamentales dans les cellules. Dans leur ensemble, ils
soulévent la possibilité que les surfaces nanostructurées puissent étre utilisées non seulement pour
guider/accélérer I’intégration de biomatériaux dans des conditions normales, mais également dans
des situations ou I’activité cellulaire est compromise ou également pour les prothéses soumises a

des charges externes, telles que les implants orthopédiques et dentaires.

Mots-clés : nanotopographie, filopodes, adhésions focales, expression des génes, force d’adhésion,

AFM, centrifugation.



Abstract

Titanium (Ti) is widely used in orthopedics and dentistry. This material has excellent
mechanical properties, is biocompatible and corrosion resistant. The interaction between the cells
and the surface of an implant plays a key role in osseointegration. Despite the wide variety of
studies found in the literature, the behavior of cells in contact with implantable materials such as
Ti is not yet fully elucidated at all topographic scales. Our laboratory has developed a method for
the physicochemical modification of the surface of medically relevant metals. This method
generates nanoporous surfaces that promote stem cell differentiation, differentially affect cellular

behavior, promote bone formation in vitro and in vivo and have antibacterial capacity.

To better understand how this surface influences cell behavior, we studied their influence
on the formation and maturation of focal adhesions (FAs) and filopodia formation. Furthermore,
we examined how the physicochemical characteristics of the resulting surface guide the gene
expression of proteins associated with FAs and filopodia using different cell lines. Finally, to better
understand the biomechanics of the cell, the adhesion strength of filopodia to the surface was

determined using atomic force microscopy (AFM).

Commercially pure Ti discs (Cp-Ti) were polished to a mirror finish (Ti-Control), some of
the polished discs were treated with a mixture of sulfuric acid and hydrogen peroxide to create a
nanostructured surface (Ti-Nano). The influence of nanoporosity, crystallinity and wettability of
this surface on mouse pre-osteoblastic cells (MC3T3) and bacteria was evaluated by scanning
electron microscopy (SEM) and immunofluorescence. Then, to evaluate the response to
nanotopography, we used an epithelial cell line (CHO-K1) that expresses wild type paxillin (a
protein of FAs) or paxillin with mutations. In addition, the interaction forces of the filopodia with
the surface were quantified by measuring the lateral force required to displace these structures from
the surface with an AFM tip. Finally, centrifugation was used to study functional changes in

MC3T3 cells.

Analysis of the behavior of MC3T3 cells on amorphous and crystalline surfaces showed no
difference in cell number or the number of focal adhesions. The crystallinity of the surface layers

also had no effect on bacterial adhesion. Both cell lines used showed abundant presence of filopodia



with lateral nanoprotrusions in response to nanoporosity. The size and shape of CHO-K1 cells was
greatly affected by the topography. Gene expression of proteins associated with different focal
adhesion markers and protrusions was also significantly increased on the nanoporous surface,
regardless of cell type. Filopodia on the Ti-Nano showed greater resistance to lateral detachment
force, indicating that they adhere to the surface with greater strength. Also, SEM analysis revealed
a restructuring of the cell membrane accompanied by a corresponding change in cell shape after
centrifugation. Because mitochondria provide energy for cell processes, the organization of the
mitochondrial network was also influenced by surface topography and centrifugation. Although it
cannot be excluded that surface crystallinity and wettability contribute to some extent to
determining cell behavior, our results suggest that the physical characteristics of the surfaces
represent the main determinant. We have also shown for the first time that surface topography can
modify the adhesive interaction of a subcellular structure that is fundamental in the detection of the
physicochemical characteristics of surfaces. In conclusion, our results show that surface
topography can modify fundamental properties in cells. Together, they raise the possibility that
nanostructured surfaces can be used not only to guide/accelerate the integration of biomaterials
under normal conditions, but also in situations where cellular activity is compromised or also for

prostheses under external loads, such as orthopedic and dental implants.

Keywords: nanotopography, filopodia, focal adhesions, gene expression, adhesion strength, AFM,

centrifugation.
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extensions. Cross-sectional views of S273A cells grown on Ti-Control and Ti-Nano. Colored high-
resolution images Of DOXEd Ar@as. .........cevuieriiiiiiiiiieeieee ettt ettt ens 91
Figure 31.—  Quantification of cell area. At 6 h of culture, there is no statistical difference in cell
area, whereas at 24 h, the cell area is several fold larger on Ti-Nano. Error bars represent the
standard deviation, * indicates statistically significant differences and ns indicates no significant
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Figure 32. —  Colored high-resolution scanning electron microscopy images of CHO-K1 and
S273A grown for 24 h showing the presence of nanoscale lateral protrusions (arrows) emanating
from a filopodium 0N Ti-INANO. .....c.eiiiiiiriiiiieiie ettt et saae b e sereeseesnaeens 93
Figure 33.—  Actin fluorescent labeling of CHO-K1 and S273A cells cultured for 24 h on Ti-
Control and Ti-Nano SUITACES. ......c..coiririiiiieieieeeee e 94
Figure 34. —  Fluorescence micrographs of CHO-K1 and S273A cells cultured for 24 h. Number
and length distribution of focal adhesions formed by CHO-K1 and S273A cultured for 24 h on Ti-
Control and Ti-Nano surfaces. Error bars represet the standard deviation, * indicates statistically
significant differences and ns indicate no significant difference. ...........ccccooceeviriiniininiinencnnnn. 95
Figure 35.—  Comparative gene expression profile of focal adhesion markers, integrins, and Rho
family GTPases by CHO-K1 and S273A cells cultured on Ti-Control and Ti-Nano surfaces. .... 96
Figure 36. —  Cell count by immunofluorescence microscopy after 24 h of culture. Scanning
electron microscopy images of S273D cells cultured for 6 h on Ti-Control and Ti-Nano.
Quantification of the cell area. Colored high-resolution scanning electron microscopy images of
S273D grown for 24 h on Ti-Control and Ti-Nano showing the presence of nanoscale lateral
protrusions (arrows) emanating from a filopodium. Scale bar = 1 pum, scale bar = 2 pm, and scale
bar = 100 nm. Error bars represent the standard deviation, * indicates statistically significant
differences and ns indicate no significant difference.............ccoeceeviiieiiinciiinieniieieeeeeee, 100
Figure 37.—  Actin labeling and fluorescence micrographs of S273D cells cultured for 24 h on
Ti-Control and Ti-Nano surfaces. Number of focal adhesions formed by CHO-K 1 and S273D cells.
Length distribution of focal adhesions formed by S273D cultured for 24 h on the Ti-Control and
Ti-Nano surfaces. Comparative gene expression profile of focal adhesion markers, integrins, and
Rho family GTPases by S273D cells cultured on the Ti-Control and Ti-Nano surfaces. Error bars
represent the standard deviation, * indicates statistically significant differences and ns indicate no
SIZNIfICANT AIFTETEINCE. ...eoieiiiiiiiiieiiee ettt et ebeeseaeeneees 101
Figure 38.—  Image from the optical camera showing the top view of the AFM cantilever
scanning a cell. SEM micrograph of the lateral view of the pyramidal silicon nitride tip. Schematic
representation of the lateral view showing the direction of the compression and lateral forces
applied to move the cell. Schematic representation of the disc arrangement for the centrifugation
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Figure 39.—  Scanning electron micrographs of the smooth polished Ti surface and (B)
nanoporous topography created by the oxidative chemical treatment. Size distribution of the
NANOPOTES (NT100). ..eeiiiiiiiiiiiiiie ettt sttt set e e stbee e et e e eateestteesbteesnseeesaneens 117
Figure 40. —  AFM images of filopodia on Ti-Control and Ti-Nano showing the probed regions
before and after increasing the deflection setpoint of the cantilever. In all AFM images arrows
represent the direction of the cell body. Quantitative analysis of the lateral force required to detach
or break the filopodium on both surfaces obtained after calculation. Dots represent individual data
points. Error bars represent the standard deviations, * indicates statistically significant differences
(P <0.05). ettt ettt 118
Figure 41.—  Count from fluorescence microscopy images of cells stained with DAPI (blue) for
nuclei and rhodamine/phalloidin (red) for actin. Enlargement of the area outlined by the white
square in a. Nuclei maps generated using Image J to automatically calculate the cell number.
Number of cells on the polished (Ti-Control) and nanoporous (Ti-Nano) surfaces before and after
centrifugation. Dots represent individual data points. Error bars represent the standard deviation.
The results show no statistical differences...........ccooueviriniiiiiiiiiiiiinicceee 119
Figure 42. —  Fluorescence microscopy images of cells stained with DAPI (blue) for nuclei and
rhodamine/phalloidin (red) for actin attached on Ti-Control and Ti-Nano before and after
centrifugation. Cells map generated using Image J to automaically calculate the cell area,
incomplete cells were excluded from data. Some cells showed regions of peripheral membrane
folding (white ovals). The cell areas on Ti-Control and Ti-Nano surfaces before and after
centrifugation show no statistical differences under all conditions. Dots represent individual data
points. Error bars represent the standard deviations. ............cccceeecienieeiiienieniiierie e 120
Figure 43.—  Representative SEM images of cells attached on Ti-Control and Ti-Nano before
and after centrifugation. The distribution of filopodia is represented with arrowheads. High-
resolution images of filopodium on Ti-Control and Ti-Nano after centrifugation. Nanoscale
protrusions emanating from a filopodium attached to the Ti-Nano surface (arrows).................. 121
Figure 44. —  Representative fluorescence micrographs of cells stained with DAPI (blue) for
nuclei, rhodamine/phalloidin (red) for actin, and MitoTracker Green (green) for mitochondrial
network attached on Ti-Control and Ti-Nano before and after centrifugation. The surface occupied
by the mitochondria. Dots represent individual data points. Error bars represent the standard

deviations, * indicates statistically significant differences (p < 0.05). ....cccoeeveiienieniiienienieenen. 122
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Figure 45.—  Immunofluorescence images of cells stained with DAPI (blue) for nuclei,
rhodamine/phalloidin (red) for actin, and Anti-vinculin (green) for FAs attached on Ti-Control and
Ti-Nano, before and after centrifugation. Number of FAs. Dots represent individual data points.
Error bars represent the standard deviations. The results show no statistical differences............ 123
Figure 46. —  Representative fluorescence micrograph of cells stained with DAPI (blue) for
nuclei, rhodamine/phalloidin (red) for actin, and MitoTracker Green (green) for the mitochondrial
network followed by the generated images after Image J processing using: unsharp mask, CLAHE,
median, binary and skeletonize tools. Number of junctions quantified for each surface before and
after the centrifugation. The number of junctions expressed as a percentage was not significantly
affected by surface or centrifugation. However, the mitochondrial footprint on Ti-Nano was altered
after centrifugation (S€€ FIGUIE 7)....cccuieuieiiiiiieeie ettt ettt ettt sae e eneees 128
Figure 47. — Micrographie de fluorescence d’une cellule MC3T3-El sur une surface
nanoporeuse de Ti. Marquage avec du DAPI (bleu) pour le noyau, de la rhodamine/phalloidine
(rouge) pour I’actine et de I’anti-vinculine (vert) pour la vinculine. Micrographie obtenue par MEB.
Corrélation entre A et B. Micrographie MEB a haute résolution des filopodes..........cc.ccccueuee.e. 141
Figure 48. —  Micrographies MEB apr¢s incubation avec P. gingivalis pendant 30 min sur une
surface de titane poli €t NANOSIIUCTUIEE. ........cevuieeiieiieciie ettt see e e eneees 143
Figure 49.—  Fig. 1. Surface characterization of SS304. FE-SEM images of untreated and
anodized surfaces (bar = 3 pm). Higher magnification FE-SEM (bar = 20 nm) and AFM images of
the mesoporous surface. HR-STEM image of the cross section of an anodized surface (bar = 20
nm). Insets illustrate the diffraction patterns of the mesoporous surface (upper) and the bulk SS
(bottom). Atomic resolution HR-STEM image of the interface between the mesoporous layer and
the bulk SS, showing crystalline atomic organization. (For SS316 see Supplemental). ............. 166
Figure 50. —  Chemical composition of the mesoporous surface of SS304. EDS mapping of
elements in a cross section of the surface (bar = 40 nm). Compositional analysis by XPS, showing
high-resolution spectra of Cr 2p, Fe 2p, Ni 2p, and O 1 s on the surfaces of anodized (Meso) and
untreated samples. In all cases, the x-axis corresponds to peak positions in eV, and the y-axis shows
intensity. (For SS316 see Supplemental). .........coocuveiiiiiiiiiiiiiieeeee e 168
Figure 51. — Cell attachment, growth, and spreading on SS304. Numbers of osteoblasts, smooth
muscle cells, and fibroblasts at 24, 72, and 168 h on untreated (green) and mesoporous (Meso,

orange) surfaces. Values showing significant differences (p < 0.05) are indicated with an asterisk.
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Fluorescence micrographs showing vinculin (green) and actin (red) distribution in cells after 24
and 72 h of culture. Nuclei are stained in blue (bar = 20 um). Quantitative analysis of FA lengths.
(For SS316 see Supplemental).........cocuieuieiiiiiieiiieee ettt 170
Figure 52. —  Electron microscope images of osteogenic cell filopodia morphology on SS304.
HIM images from cells growing on an untreated and mesoporous surfaces (bar = 100 nm). Lateral
membrane protrusions (arrows) emerging from a filopodium, here colored in crimson. SEM image
of a filopodium on the anodized surface selected for FIB cross-sectioning (bar = 8 um). TEM image
of the section within the rectangle in (bar = 500 nm, inset bar =40 nm). ........c.ccccveveeeervenrennnen. 171
Figure 53.—  Bacterial adhesion and proliferation on SS304. Bacterial counts on untreated and
mesoporous (Meso) surfaces. Values showing significant differences (p < 0.05) are indicated with
an asterisk. FE-SEM micrographs after incubation with E. coli (colored in green) for 4 h (bar = 10
um). (For SS316 see Supplemental). Co-culture of E. coli with MCT3T Osteoblastic cells (bar =
LO M), ettt h et et b bt e a e e bttt et sh e bt et bt e beentesatens 173
Figure 54.—  FE-SEM images of SS surfaces anodized with different electrolytes: Hydrogen
peroxide, sulfuric acid (96%) and a mixture of sulfuric acid (96%) and water (1:1) (bar = 2 um,
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Figure 55.—  Surface characterization of SS316. FE-SEM images of untreated and anodized
surfaces (bar = 3 um). Higher magnification FE-SEM (bar = 20 nm) and AFM images of the
mesoporous surface. HR-STEM image of the cross section of an aodized surface (bar = 20 nm).
Insets illustrate the diffraction patterns of the mesoporous surface (upper) and the bulk SS (bottom).
Atomic resolution HR-STEM image of the interface between the mesoporous layer and the bulk
SS, showing crystalline atomic OTZaANIZAtION. .......cccueeruieeiieriieeieeiie et eite et ereeiee e eaee e ens 189
Figure 56. —  Chemical composition of the mesoporous surface of SS316. EDS mapping of
elements in a cross section of the surface (bar = 40 nm). Compositional analysis by XPS, showing
high-resolution spectra of Cr 2p, Fe 2p, Ni 2p, and O 1s on the surfaces of anodized (Meso) and
untreated samples. In all cases, the x-axis corresponds to peak positions in eV, and the y-axis shows
intensity. (For SS316 see Supplemental). .........ccoccuieiiiiiiiiiiiiieeee e 190
Figure 57.—  Cell attachment, growth and spreading on SS316. Numbers of osteoblasts, smooth
muscle cells, and fibroblasts at 24, 72, and 168 h on untreated (green) and mesoporous (Meso,

orange) surfaces. Values showing significant differences (p < 0.05) are indicated with an asterisk.
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Fluorescence micrographs showing vinculin (green) and actin (red) distribution in cells 24 and 72
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Figure 58. — Bacterial adhesion and proliferation on SS316. Bacterial counts on untreated and
mesoporous (Meso) surfaces. Values showing significant differences (p < 0.05) are indicated with
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Chapitre 1 — Introduction

Les biomatériaux sont des matériaux d’origine naturelle ou synthétique congus pour
interagir avec des systémes biologiques a des fins médicales afin de traiter, augmenter ou remplacer
un tissu, un organe ou une fonction du corps (1, 2). Sa finalité est de maintenir ou améliorer la
qualité de vie de I’individu (2). Malgré de nombreuses avancées notables ces dernicres années, les
biomatériaux conventionnels continuent de poser de multiples défis, parmi lesquels, I’infection, la
réaction inflammatoire et 1’incompatibilité. De nombreux matériaux tels les métaux, les
céramiques, les polymeres et les verres ont été étudiés en tant que biomatériaux (3). Parmi ceux-
ci, les biomatériaux métalliques sont largement utilisés dans les remplacements articulaires, les

implants dentaires, les fixations orthopédiques et les stents (4).

Les arthroplasties de la hanche et du genou figurent parmi les interventions les plus
courantes au monde. Plus de 138 000 interventions incluant les chirurgies de reprise sont pratiquées
chaque année au Canada (5). Le nombre de patients subissant une chirurgie d’implant dentaire est
encore plus élevé (6). L utilisation du Ti pour ces implants osseux a des résultats prévisibles a long
terme et des taux de réussite élevés (7, 8). Cependant, leurs performances diminuent
considérablement chez les patients médicalement compromis (i.e. patients dont 1’état de santé est
altéré, tels que les patients atteints d’anomalies du métabolisme osseux, de diabéte, de xérostomie,
de dysplasies ectodermiques, de maladies systémiques telles que les cardiopathies ischémiques, les
cardiopathies congénitales et les patients immunodéprimés) (9-11). Il est bien établi que ces
troubles ou conditions influencent I’ostéointégration, entre eux, les facteurs systémiques sont
considérés comme jouant un role essentiel. Ces anomalies, entrainent une altération du processus
de minéralisation réduisant la solidité osseuse et affectent négativement 1’ostéointégration (12).

Les facteurs spécifiques du patient ne sont souvent pas controlables.

Comme les implants osseux resteront une modalité de traitement courante pour les années
a venir, mieux comprendre et controler les événements biologiques a ’interface os-implant pour
assurer une ostéointégration plus rapide et plus stable est trés importante. Certains critéres sont
cruciaux pour la réussite des implants tel que les propriétés mécaniques appropriées pour supporter
les forces qu’ils subissent, leur résistance a la corrosion pendant la durée d'implantation, et

I’absence de cytotoxicité, de mutagénicité, d'immunogénicité et de cancérogénicité (1). A ce titre,



la capacité du Ti a s'ostéointégrer, ses propriétés non corrosives et sa biocompatibilité en font un
matériau populaire pour les implants dans de nombreux types de chirurgies et pour la quasi-totalité

des parties du corps.

Etant donné que les cellules se développent naturellement sur des matrices extracellulaires
(MEC) nanostructurées, les caractéristiques topographiques a 1’échelle nanométrique des
biomatériaux jouent un rdle central lors des interactions cellule-surface. Les implants de Ti
commercialisés actuellement ont une topographie trés variable, allant de 1’échelle micrométrique a
I’échelle nanométrique. L obtention des surfaces nanostructurées est un défi pour la science de
matériaux. De la méme fagon, il est trés difficile de trouver la meilleure topographie pour favoriser
I’adhésion des cellules ostéoblastiques. C’est pour cela que les études sur les interactions cellule-
matériau ont un grand intérét dans le domaine biomédical. Actuellement, la recherche scientifique
est dirigée vers la modification des surfaces pour induire non seulement 1’attachement cellulaire
initial, mais aussi de permettre aux cellules de mieux proliférer. Une compréhension poussée de
I’interaction de la cellule avec la surface des implants est nécessaire pour mieux controler le
processus d’ostéointégration, ce qui permettra d’adapter intentionnellement les surfaces de

I’implant en fonction des patients.

1.1 L’os

La matrice osseuse est composée d’une phase minérale, I’hydroxyapatite (HA) (Caio (PO4)s
(OH)y), étant le composant majoritaire (~64 % en masse), une phase organique (~22 % en masse)
(~90 % de collagene de type I, ~5 % de protéines non collagéniques, ~2 % de lipides) et de I’eau
(~14 % en masse) (13-17). Les molécules de collageéne s'entrelacent pour former des brins de
tropocollagéne qui s'alignent pour former des régions qui se chevauchent et qui sont
périodiquement séparées par de petits intervalles. Ces espaces entre les extrémités des sous-unités
du tropocollagene servent probablement de sites de nucléation pour le dépdt de cristaux longs, durs
et fins du composant minéral, comme la HA et d’autres phosphates. De nombreux brins minéralisés
se combinent pour former une fibrille, élément constitutif d'architectures de niveau supérieur telles
que les fibres et les lamelles cylindriques qui forment les structures ostéoniques dans 1’os compact.
Au centre de chaque ostéon court un canal de Havers, chargé d'alimenter le tissu en sang. Au niveau
macroscopique, 1’os est composé de deux types de tissus osseux : I’os cortical et 1’os trabéculaire.

Cette organisation hiérarchique rend I’os a la fois solide et 1éger. A 1’échelle microscopique, la
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structure est différente, 1’0s cortical est composé d'ostéons ou de systémes haversiens, tandis que
I’0s trabéculaire ou spongieux est caractérisé¢ par un lacis de trabécules ou de spicules de tissu
osseux (6, 18). L’os cortical et I’os trabéculaire sont généralement constitués de lamelles, qui sont
principalement composées de faisceaux de fibrilles ou de fibres de collagéne minéralisées, d’un

diamétre qui varie dans 1’échelle micrométrique (Figure 1) (18).
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Figure 1. — Organisation structurelle hiérarchique de I’os. Adapté de (6) conformément a la licence

Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/).

Le tissu osseux est un systeme dynamique qui est en constant renouvellement et constitué
de multiples cellules, I’origine de ces cellules sont des cellules mésenchymateuses pluripotentes
indifférenciées (19). Il est connu que ces cellules peuvent donner naissance a cinq types de cellules
différents selon la cascade d'activation de différents geénes qui est activée (fibroblastes,
ostéoblastes, chondroblastes, adipocytes et myoblastes) (19, 20). Les ostéoclastes sont des cellules
de résorption osseuse et fonctionnent conjointement avec les ostéoblastes. Elles sont les cellules
chargées de maintenir un équilibre entre la dégradation du « vieil os » et la synthése du « nouvel
os ». Dans ce processus de résorption et formation successives de tissus osseux, les ostéoclastes et
ostéoblastes sont étroitement associés, c’est ce qui permet d’adapter la masse osseuse a la charge
mécanique, une condition préalable pour que les implants métalliques ostéo-intégrés puissent

supporter une charge fonctionnelle a long terme (13).
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1.2 Biomatériaux a base de Ti

L’utilisation du Ti et de ses alliages en tant que biomatériaux résulte de leur faible module
d’¢élasticité, de leur biocompatibilité supérieure et de leur meilleure résistance a la corrosion par
rapport aux aciers inoxydables et les alliages de cobalt-chrome (21). Ensemble, ils constituent [’une
des grandes familles de métaux utilisés dans le domaine biomédical choisis pour la fabrication

d'implants dentaires, orthopédiques et cardiovasculaires (Figure 2) (22).

C rV f % 4 4
I .//‘ '\ ;

Figure 2. — Certaines des applications du Ti. (A) Implant dentaire, (B) Prothése totale du genou (C)
Prothése totale de la hanche, (D) Stent coronaire, (E) plaque osseuse et (F) Prothése

valvulaire aortique.

Le Ti est classé selon sa composition chimique, ses propriétés physiques et mécaniques en
plusieurs grades. Les grades de 1 a 4 sont considérés comme un Ti commercialement pur (Ti c.p.).
Le Ti c.p. est celui dont les propriétés mécaniques sont les plus proches de I’os, avec des valeurs

qui lui permettent de résister aux contraintes auxquelles I’implant sera soumis (23).

Il est bien connu qu’une mince couche d’oxyde (TiO2) de quelques nanométres se forme
spontanément lors de 1’exposition du Ti a I’air, ’humidité ou les fluides physiologiques (21). Le
TiO2 peut se trouver en phase amorphe ou sous trois formes cristallines principales : anatase
(tétragonal), rutile (tétragonal) et brookite (rhomboédrique) sur la surface d'un implant, avec des

rapports treés différents (24). Le traitement de surface influence considérablement la composition
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et la structure cristalline de la surface (25). La stabilité chimique et la structure de cette couche
d'oxyde de Ti sont responsables de I’excellente inertie chimique, la résistance a la corrosion, la

capacité de repassivation et méme la biocompatibilité du Ti et des autres alliages de Ti (26).

La biocompatibilité est définie comme "la capacité d'un matériau a fonctionner avec une
réponse hote appropriée dans une application spécifique" (27, 28). Cette propriété n’est pas
suffisante par elle-méme pour assurer le succeés d’un implant, puisque le Ti n’est pas bioactif (i.e.
capacité des matériaux a développer une liaison directe, adhérente et forte a I’interface avec les
tissus hotes), une propriété influengant grandement le succés d’un implant en contact avec 1’os
(29). C’est pourquoi il y a tant d'intérét a modifier la surface pour la rendre bioactive pour des

applications ou la ostéointégration est souhaitée.

Actuellement les matériaux métalliques en implantologie et prothése sont largement utilisés
dans le monde entier. Les implants dentaires représentent une option de traitement fiable dans la
réhabilitation orale des patients partiellement ou totalement édentés afin de sécuriser différents
types de prothéses (30). Les implants dentaires sont devenus une procédure standard pour le
remplacement des dents, offrant de nombreux avantages mais aussi des défis. Aujourd’hui, il existe
environ 1300 systemes d’implants différents, variant en forme, dimension, volume et matériau de
surface, conception de filetage, connexion implant-pilier, topographie de surface, chimie de
surface, mouillabilité et modification de surface. Les formes courantes d’implants sont cylindriques
ou coniques (31). Egalement, le Ti est utilisé pour le remplacement prothétique du genou, une

technique chirurgicale aussi courante que I’arthroplastie totale de hanche.
1.3 Ostéointégration

1.3.1 Interface os-implant
L’utilisation clinique réussie des implants endo-osseux entraine le besoin d'améliorations
continues dans la conception des implants et I’optimisation des réponses de cicatrisation biologique

apres la pose de I’implant. L’ostéointégration est le domaine le plus étudié en implantologie (32).

Les premiéres observations de I’ostéointégration ont été faites dans les années 1950 lors de
I’¢tude de la circulation dans la moelle osseuse utilisant un implant en Ti avec un canal central

(33). Le concept initial d’ostéointégration a été défini comme une connexion structurelle et
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fonctionnelle directe entre 1’os vivant et la surface d’un implant (34). Cependant, au fil des années,
cette définition a évolué et de nos jours, un implant est considéré comme ostéo-intégré lorsqu'il n’y
a pas de mouvement relatif progressif entre I’implant et ’os avec lequel il est en contact direct (35).
Depuis I’introduction du concept d’ostéointégration, les caractéristiques de 1’interface entre 1’os et
I’implant, et les moyens possibles de I’améliorer, ont suscité un intérét particulier dans la recherche
sur les implants dentaires et orthopédiques (25). La biocompatibilité des implants et I’application
réussie de ces dispositifs médicaux dépendent largement des événements biologiques qui se

produisent au niveau des surfaces (36).

L’ostéointégration comprend une cascade de mécanismes physiologiques complexes
similaires a la cicatrisation directe des fractures. Le forage d’une cavité d’implant conduit a des
phases distinctes de cicatrisation (31). L’ostéointégration est une procédure continue représentant
le processus de formation et d’adaptation a la fonction et a la réparation, qui a lieu en raison de
I’activité ostéoblastique et ostéoclastique de 1’os, €également connu sous le nom de couplage (32).
Les ostéoblastes sont d’origine mésenchymateuse et se différencient sous 1’influence de facteurs
de croissance locaux tels que le facteur de croissance fibroblastique (FGF), les protéines
morphogénétiques osseuses (BMP) et les protéines Wnt, et nécessitent également la transcription
des facteurs de transcription de la famille RUNX (Runx2) et osterix (Osx) (37). Les ostéoblastes
régissent également I’activité des ostéoclastes en sécrétant I’ostéoprotégérine (OPG), un inhibiteur

naturel du RANK, qui inhibe la résorption osseuse ostéoclastique.

Il est essentiel pour ’efficacité¢ des implants orthopédiques ou dentaires d’établir une
interface mécaniquement solide entre la surface du matériau et le tissu osseux sans interface de
tissu fibreux (Figure 3) (38, 39). Comprendre le comportement des cellules a I’interface matériau-
tissu de I’hdte est une condition préalable fondamentale pour concevoir des biomatériaux capables
de diriger des événements cellulaires vers un résultat biologique souhaité. Quel que soit leur
environnement, les cellules vont répondre de maniére inhérente aux signaux et stimuli chimiques

et physiques (40, 41).
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W Implant

Figure 3. — Interface os-implant a (A) faible et (B) fort grossissement entre un vise de Ti modifié au
laser et le tibia proximal d’une lapine. Un contact intime entre 1’0s et la couche d'oxyde de Ti
interfaciale nanostructurée suggere une ostéointégration. Adapté de (42) avec la permission

de Royal Society of Chemistry.

De nombreux efforts de recherche ont été dirigés vers ’amélioration de I’interface
os/implant, dans le but d’accélérer la cicatrisation osseuse et d’améliorer I’ancrage osseux a
I’implant (25). L’os ne s’attache pas aux biomatériaux d’une fagon traditionnelle, 1’attachement ne
se produit pas par une liaison du type covalent ou ionique (6). Quand un biomatériau est implanté

dans le corps, il induit un réponse appelée réaction a corps étranger (Figure 4)(43).
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Figure 4. — Réaction a un matériau synthétique implanté (Réaction a corps étranger). Adapté de (43)

avec la permission d’Annual Review of Biomedical Engineering.

Immédiatement aprés ’implantation, de quelques secondes a quelques minutes, les
protéines s’adsorbent a la surface du matériau (44). Les processus d’adsorption-désorption sont
controlés par I’effet Vroman (45) qui relie les propriétés de surface du matériau (énergie et charge
de surface) a la couche de protéines adsorbées (concentration, conformation et taille). Les protéines
les plus concentrées et les plus petites ont tendance a s’adsorber d’abord a la surface, puis a étre
déplacées par des protéines plus grosses et interagissant plus fortement qui peuvent arriver a la
surface a un moment ultérieur. La couche de protéines adsorbées sera un mélange de différentes
protéines dans différents états de conformation, dont la composition dépend largement des

propriétés de surface de I’implant (Figure 5)(44, 46).

30



Surface Surface

Surface

Figure 5. — Illustration de I’effet Vroman représentant une réaction d’échange entre deux protéines, A
et B. La protéine "B", qui est initialement adsorbée a la surface, est déplacée de la surface par

la protéine "A". Adapté de (44) avec la permission de Springer Nature.

Les résultats des rapports sur I’adsorption de protéines aux surfaces nanostructurées sont
assez contradictoires: certains auteurs ne signalent aucune influence de la morphologie de surface
a I’échelle nanométrique (47), tandis que d’autres études ont présenté¢ des données indiquant une
augmentation de la quantit¢ de protéines adsorbées pour une rugosité de surface a 1’échelle
nanométrique (48). En effet, I’adsorption de protéines a la surface de I’implant dépend de la densité
de charge a la surface, qui est fortement influencée par la rugosité a 1’échelle nanométrique (49).
Les surfaces des implants, comme le TiO> ainsi que les membranes cellulaires, ont une charge
négative (50, 51); il est donc nécessaire de disposer d un médiateur pour controler la force répulsive
qui les sépare. Les protéines sont alors souvent utilisées comme ces médiateurs, permettant de
combler les interactions électrostatiques répulsives entre les surfaces (50). Les propriétés de
surface, y compris la mouillabilité et la charge, influencent I’adsorption des protéines qui facilitent
I’adhésion des cellules a I’implant (52). En effet, il a ét¢ montré que certaines cellules préférent
s’attacher sur des surfaces hydrophiles, alors que d’autres préférent les surfaces hydrophobes (49).

Il a été signalé que les surfaces de biomatériaux moyennement hydrophiles présentent une
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croissance cellulaire et une biocompatibilit¢é améliorée. Néanmoins, 1’adhésion cellulaire peut
diminuer lorsque le matériau devient trop hydrophile, ainsi les surfaces doivent généralement
conserver une hydrophilie modérée (angle de contact de 40 a 60 °) (53); la charge négative sur les
surfaces améliore la prolifération tandis que la charge positive augmente 1’étalement et la
différenciation (52). Apres I’étalement des protéines, un certain nombre de cellules, telles que les
monocytes, les leucocytes, vont s’adhérer a la surface du biomatériau et cela peut conduire a
augmentation de I’expression des cytokines et a des processus pro-inflammatoires ultérieurs (54).
Ce processus donne normalement comme résultat I’intégration de I’implant dans le tissu hote.
Cependant, dans des conditions défavorables, les cellules fibroblastiques qui synthétisent le
collagene sont recrutées pour former une capsule de tissu conjonctif autour de I’implant, ce qui

entraine généralement son rejet (54).

L’efficacité ultime de I’ostéointégration dépend entre autres, de la topographie de surface
d'un implant. Pour I’intégration réussite de I’implant les propriétés de la surface sont cruciales dans
I’adhésion et la différenciation des ostéoblastes pendant la phase initiale de I’ostéointégration ainsi
que pour le remodelage osseux a long terme (1). Dans des études précédentes (55) avec une surface
de Ti modifi¢ a I’échelle nanotopographique, nous avons démontré que les propriétés physico-
chimiques sont détectées par des macrophages U937. Collectivement, la morphologie amiboide,
I’activité de phagocytose et le profil de cytokines obtenus suggerent que la surface générée tend

vers un faible profil inflammatoire qui pourrait faciliter I’osteointégration.

1.4 Infection microbienne

L’introduction d'un implant dans I’organisme est toujours associée a un risque d'infection
microbienne, un probléme majeur en orthopédie qui peut conduire a 1’échec de I’implant et une
reprise chirurgicale (56, 57). La capacité des bactéries a adhérer, a survivre et a former ensuite des
biofilms sur des surfaces des implants est la principale cause d’infection aprés une intervention
chirurgicale (57). Les sources de bactéries infectieuses plus fréquentes incluent 1’environnement
de la salle d’opération, 1’équipement chirurgical, les bactéries résidentes sur la peau du patient et
les bactéries déja présentes dans le corps du patient. Les especes Staphylococcus aureus et
Staphylococcus epidermidis sont les principaux agents responsables des infections liées aux

implants en orthopédie.
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D’autre part, I’une des principales raisons de I’échec des implants dentaires, est la péri-
implantite, un processus inflammatoire qui affecte les tissus autour des implants qui résulte en une
perte d’os de soutien. La principale cause de la péri-implantite est la prolifération de bactéries de
la plaque dentaire dans les tissus de soutien des implants (58). Le biofilm oral implique plus de 700
especes bactériennes différentes en interaction. Les phases initiales de la formation du biofilm sur
les dents et sur les implants peuvent étre considérées comme identiques (59). La complexité
bactérienne de la plaque dentaire est divisée en deux groupes concernant leur effect dans la
formation du biofilm : les colonisateurs primaires et tardifs (60). Le contrdle du biofilm est 'une
des principales conditions préalables au maintien de la santé du tissu péri-implantaire et du tissu

parodontal (59).

1.5 Topographie et méthodes de modification de la surface du Ti

La surface des matériaux joue un role extrémement important dans la réponse de
I’environnement biologique aux dispositifs médicaux artificiels. La modification de la surface doit
tenir compte les propriétés des matériaux a modifier, les caractéristiques de surface requises pour
I’application finale, la stabilit¢ des modifications ainsi que les aspects pratiques de la technique a

utiliser (61).

En plus de la topographie et la rugosité, 1’hydrophilie des implants est un autre aspect
essentiel qui affecte 1’ostéointégration. Des surfaces hydrophiles sont nécessaires pour que les
protéines puissent conserver leur conformation et leur fonction, alors que les surfaces d'implants

hydrophobes provoquent des changements dans la conformation des protéines (1).

Sur la base des recherches fondamentales qui ont démontré 1’importance de contrdler les
propriétés des surfaces des implants, un grand nombre de techniques et de méthodologies de
modification de surface ont été¢ développées. Grace a ces techniques, il est possible d’obtenir de
maniére fiable des nanopores, des nanorainures, des nanopuits, des nanopiliers, des nanotubes et
des nanofibres, ainsi que des surfaces avec des nanocaractéristiques superposées sur des surfaces

microrugueuses (structures hiérarchiques) (62, 63) .

De fagon générale, les propriétés de surface des métaux implantables peuvent étre
modifiées a différentes échelles par diverses techniques. Dans le cas des implants en Ti, la couche

d’oxyde nanométrique formée spontanément, se contamine rapidement par les hydrocarbures
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présents dans l'environnement et, est non uniforme et plutét mal définie (64). Cette surface
« native » n’est pas appropriée pour les applications biomédicales et certains traitements de surface

doivent étre effectués pour promouvoir la biocompatibilité et ajouter de la bioactivité au Ti (65).

Parmi les méthodes utilisées spécifiquement pour modifier la surface de Ti, il existe
différentes techniques qui sont classées par rapport au type de procédé sur lequel elles reposent.
Nous retrouvons des approches physiques et chimiques qui sont définies selon le mécanisme de
formation de la couche modifiée a la surface du métal (21, 25). Certaines technologies peuvent
impliquer de multiples processus physiques et chimiques. Ainsi, il est impossible de séparer

strictement les méthodes physiques et chimiques (66).

Il existe de nombreuses techniques de dépot des céramiques bioactives sur des implants
métalliques. Les techniques les plus fréquemment appliquées sont : le revétement sol-gel (solution-
gélification), la pulvérisation au plasma, le dépot biomimétique et le dépot électrochimique (67).
La syntheése d’hydroxyapatite voie sol-gel implique plusieurs étapes : (1) la préparation du sol a
I’aide des précurseurs approprié€s tels que les alcoxydes métalliques ou les sels métalliques, (2) la
gélification ou une polymérisation adéquate a lieu pour former une réticulation des molécules, et

(3) le séchage pour éliminer I’exces du solvant (68).

Avec ces techniques, il est possible de recouvrir la surface des implants avec des
céramiques bioactives comme 1’hydroxyapatite, dans certains cas, d’une fagon trés rapide et avec
un bon controle de I’épaisseur de la couche bioactive (Figure 6). Par contre, Il faut noter qu’avec
I’application des méthodes telles que le revétement sol-gel et la pulvérisation plasma il n’y a pas
d’interaction chimique entre le revétement et la surface du Ti, ce qui fait que la résistance
mécanique du revétement soit généralement faible et des échecs d’implants aient été signalés

(Figure 6)(67, 69).
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Figure 6. — Surface de Ti recouverte d’HA en utilisant la méthode du dépot par pulvérisation au
plasma. Micrographies MEB de la section transversale de la couche d’HA a (A) faible
grossissement et a (B) plus forte grossissement. Adapté de (70) conformément a la licence

Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/).

Micrographies MEB de la surface du dépdot d’HA a (C) faible et (D) plus forte grossissement.

Adapté de (71) avec la permission d’Elsevier.

Le traitement par sablage est une autre méthode physique pour modifier la rugosité des
implants de Ti. Dans cette technique, une surface macro-rugueuse est obtenue par sablage a gros
grains avec des particules d’oxyde d’aluminium a haute pression. Un processus ultérieur de gravure
avec des mélanges d’acides tels que le HCI/H2SO4 a haute température est souvent utilisé pour
transformer la rugosité de la surface de I’échelle macro a une microscopique. Ce traitement génere

une plus grande surface active avec une meilleure adhésion cellulaire (Figure 7) (72).
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Figure 7. — (A) Principales caractéristiques de la surface microrugueuse d’un implant dentaire
commercial (Ossean), obtenue par sablage et gravure a ’acide. (B) A fort grossissement peut

étre observé une nanorugosité dense. Adapté de (25) avec la permission d’Elsevier.

Les technologies laser modernes deviennent également des méthodes de plus en plus
utilisées pour modifier divers matériaux. Le traitement de surface par irradiation laser génere a la
surface des couches dont I’épaisseur varie du micrometre a la dizaine de micrometres. Leur
composition et leur microstructure vont dépendre des conditions d’irradiation, de la nature et de la
composition de I’atmospheére et des propriétés thermiques et physiques du matériau. Souvent, ses

traitements conduisent & un amélioration de propriétés mécaniques et anticorrosives (73).

Dans les méthodes chimiques, nous pouvons différencier deux voies. Le premier est
I’attaque chimique du substrat lui-méme, tandis que le second consiste en le dépot de produits issus
de certaines réactions chimiques. Ces traitements reposent sur des réactions chimiques qui se
produisent & ’interface du matériau. Les traitements les plus utilisés au sein de ce groupe sont
classés selon le composé impliqué dans la réaction (peroxyde d'hydrogene, solutions alcalines ou
solutions acides). La gravure a I’acide est souvent effectuée a 1’aide d'acide fluorhydrique, nitrique
ou sulfurique et de leurs combinaisons. La topographie de la surface, la mouillabilité, la micro et
nanorugosité, ainsi que I’épaisseur de la couche d'oxyde, peuvent étre controlées avec précision en
ajustant la durée d’exposition, la température et la composition des solutions de gravure (74, 75).
Les surfaces générées sur des matériaux comme le Ti (Figure 8), les alliages Ti6Al4V et CrCoMo,

et le tantale (Ta) montrent un réseau de nanopuits d’un diametre entre 20 et 100 nm (75, 76).
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Figure 8. — Morphologies obtenues sur le Ti a partir des différents traitements de gravure a 1’acide.

Adapté de (75) avec la permission de American Chemical Society.

De nombreux procédés d'ingénierie peuvent combiner les modifications chimiques et
physiques de la surface. Par exemple, 1’anodisation électrochimique, est un des moyens les plus
courants et plus souples de modifier les surfaces métalliques a 1’échelle nanométrique (74).
L’oxydation anodique a été utilisée avec succes pour transformer des surfaces lisses de Ti en

structures nanotubulaires de diametres inférieurs a 100 nm (Figure 9) (74).
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Figure 9. — Images MEB de nanotubes de TiO: orientés verticalement de différents diameétres.

Echelle : 200 nm. Adapté de (74) avec la permission de Royal Society of Chemistry.

Etant donné que les interactions biologiques se produisent au niveau moléculaire, il est
important de caractériser les propriétés de la surface jusqu'a 1’échelle nanométrique (65). En
particulier, la nanotopographie peut modifier la couche de protéine adsorbée sur le substrat et le
comportement des cellules incluant 1’adhésion, la morphologie, le cytosquelette et 1’expression

génique (77).

Les techniques de modification de surface appropriées conservent non seulement les
excellents attributs de masse du Ti et de ses alliages, tels qu'un module d’¢élasticité relativement
faible, une bonne résistance a la fatigue, une formabilité et une usinabilité, mais améliorent

¢galement les propriétés de surface spécifiques requises par différentes applications cliniques.

1.6 Réponses cellulaires a 1a nanotopographie

Il est bien établi que les changements dans les caractéristiques topographiques des surfaces
peuvent influencer de manicre significative le comportement des cellules en modifiant les réponses
mécanosensibles (78). Globalement, la fagon dont les cellules interagissent avec une surface
présentant une topographie a I’échelle nanométrique est la méme qu’aux autres échelles. Lorsqu’un

nanomatériau se trouve exposé a un milieu biologique son comportement dépend de différents
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facteurs et non uniquement de ses caractéristiques intrinséques. L’interface d'une cellule avec une

surface est constituée de points d’attachements (Figure10) (79).

Figure 10. — Etalement cellulaire selon la géométrie du substrat. La distance entre les piliers est décrite
sur chaque image. Echelle : 10 um. Adapté de (80) avec la permission de Company of

Biologists LTD.

Les cellules détectent et répondent aux signaux mécaniques des substrats biologiques ou
artificiels environnants a travers des lamellipodes et des filopodes (78, 81), ces structures qui se
trouvent a la périphérie des cellules sont des protrusions de membrane plasmique riches en actine
avec une architecture et une organisation géométrique interne distinctes (82, 83). Dans les cas des
filopodes, ils contiennent des filaments d’actine qui s’organisent en longs faisceaux hautement
organisés unidirectionnels et parallélement (83). Lors de I’adhésion a un substrat, les filopodes
sondent I’environnement autour de la cellule et leurs extrémités servent de points d'ancrage pour
le mouvement (79). Durant la migration cellulaire, les filopodes peuvent exercer des forces sur le
substrat et agir comme précurseur des FAs (84). Ils définissent la position des sites de FAs, des

filaments d’actine, de la génération de force cellulaire et la formation de nouveaux filopodes (85).
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Le taux d’assemblage et de réticulation des filaments d'actine régulera leur initiation et leur

allongement (Figure 11) (82, 86).
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Figure 11. — Schéma des filopodes et lamellipodes développés par la cellule pendant le sondage de

I’environnement superficiel. Adapté de (82) avec la permission de Springer Nature.

L’adhésion cellulaire & la MEC est un processus sophistiqué qui implique une
reconnaissance spécifique par des récepteurs transmembranaires des intégrines, une machinerie
moléculaire contractile et adhésive qui effectue une détection chimique, physique et topographique
(87). Plus précisément, les intégrines sont des récepteurs transmembranaires hétérodimériques
existant dans au moins 24 combinaisons uniques de sous-unités a (18 types) et de sous-unités 3 (8
types) interagissant de maniére non covalente, contenant des complexes d'adhésion et se liant a des
ligands de la MEC, tels que le peptide RGD (78, 88). Les intégrines s’associent a d’autres protéines
cytoplasmiques, qui constituent un lien structurel entre les récepteurs membranaires et le
cytosquelette d’actine et qui peuvent jouer le role de molécules de signalisation (87) . Cette

association permet la formation des FAs (Figure 12), qui fournissent non seulement un lien
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mécanique entre la MEC et le cytosquelette, mais qui agissent également en tant que

mécanosenseurs responsables des voies de signalisation régulant le phénotype cellulaire (87, 89).

Fibres de stress dactine

Matrice extracelulaire

Figure 12. — Architecture moléculaire des FAs. Adapté de (89) avec la permission de Springer Nature.

La distance requise pour que les hétérodimeres d’intégrine se regroupent et forment des
FAs est un paramétre important controlant les premieres étapes de leur développement (87).
Diverses études topographiques ont démontré la présence d’une distance maximale entre les sites
de liaison (50-70 nm) qui permet le regroupement des intégrines. Au-dela de cette distance, les
cellules ne développent pas de FAs résultant en une signalisation par intégrine restreinte empéchant
alors 1’étalement cellulaire (87, 90). D’autres études ont montré que la hauteur d’un motif est
¢galement importante, 15 nm favorisant 1’étalement cellulaire, la formation de FAs matures, la
formation de cytosquelettes hautement organisés et la différentiation ostéogénique des cellules
souches (91). Zouani et al. (62), quant a eux, ont observé qu’une plus grande profondeur
nanotopographique (100 nm) favorisait la différenciation ostéogénique des cellules souches
mésenchymateuses (CSM). Les CSM sont des cellules multipotentes d’origine mésodermique (92).
Ces cellules peuvent étre isolées a partir des différents tissus adultes, y compris la moelle osseuse
et le tissu adipeux. Les CSM sont capables de s’auto-renouveler, mais aussi de se différencier en
plusieurs lignées cellulaires, par exemple les adipocytes, les chondrocytes, les ostéoblastes, ainsi

que les myoblastes et les cellules neuronales (93). Ces caractéristiques font des CSM une source
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de cellules inestimables pour diverses applications biomédicales el biologiques (62). La
différenciation des CSM est régulée par des facteurs physiques et chimiques a partir de leur
environnement extracellulaire complexe (94, 95). Plusieurs études ont démontré qu’une
modulation de la topographie du microenvironnement au niveau subcellulaire et cellulaire peux
controler la forme et le devenir des cellules souches (96-98) . La différenciation des ostéoblastes
est généralement associée a une déformation ou une tension cellulaire élevée. Diverses surfaces
ont été utilisés pour obtenir ces conditions, notamment les gels rigides, les surfaces convexes ou
les nanopores désordonnés. Au contraire, avec des conditions de basse tension, les cellules souches
demeurent indifférenciées, par exemple, sur des surfaces avec des nanopores ordonnés (96). Les
topographies anisotropes telles que les nano- ou les micro-rainures favorisent I’allongement et la
différenciation cellulaire en myoblastes ou en neurones (Figure 13). Ces résultats montrent que les
changements dans la morphologie des cellules en réponse a la nanotopographie modifient la tension
du cytosquelette et l'organisation nucléaire interphasique, influengant ainsi directement le profil

d'expression des geénes (99, 100).
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Figure 13. — Larigidité et la topographie des substrats influencent le destin des cellules souches.

Adapté de (96) avec la permission de CCL Copyright Clearance Center’s RightsLink®
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La formation des adhésions cellulaires et la réorganisation des filaments d'actine,
influencées par la topographie ou non, sont des processus régulés par des GTPases de la famille
Rho (101, 102). La formation des FAs et la polymérisation de I’actine a la périphérie des cellules
sont régulées par Rac, alors que I’activation de RhoA et de la kinase associée a Rho (ROCK) est
liée aux fibres de stress d’actine et au développement de contacts focaux en FAs. La formation de
fibres de stress médiées par RhoA est associée a la localisation de taline et de vinculine sur des
FAs (103, 104). Sur certaines surfaces nanotopographiques, les intégrines pourraient suivre un
recrutement latéral libre et une liaison avec les protéines de la MEC, et ainsi se regrouper et former
des FAs matures et stables (Figure 13) (62). L’activation de la voie RhoA/ROCK augmente la
tension du cytosquelette par la formation de fibres de stress et de grandes FAs. Ce mécanisme
s’appuie sur des études moléculaires montrant qu’une activité plus élevée de RhoA est associée a
une tension cellulaire accrue, a un étalement et a une réorganisation du cytosquelette qui stimulent
la différenciation ostéogénique des CSM. Le concept général acquis a partir de ces études indique
que les CSM se différencient le long d'une lignée ostéogénique lorsque la voie RhoA/ROCK est
activée, ce qui conduit a la propagation cellulaire, alors que I'adipogenése (formation d’adipocyte)
est dominée lorsque la voie RhoA/ROCK est inhibée et que la propagation cellulaire est restreinte

(99, 105).

§
%
1
bt

lmom-mn»omnmnm womnmumum
'mom-m-u.mnm-“ ‘“-wnuum-m
. nu»aaaapuﬂwﬂu' : Be->Bafo <--->pa :
L}

< Regrtxpememlbted&sntegnn&s ' 'Regroupementlmied&smtegm-

Figure 14. — Recrutement (A) libre et (B) limité des intégrines et formation des FAs. Adapté de (62)

avec la permission d’Elsevier.
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La composition des FAs varie donc constamment en fonction des signaux externes et des
réponses cellulaires (89). De plus en plus de preuves indiquent que les FAs et leurs dynamiques
jouent un role essentiel dans la détection des propriétés physiques a 1’échelle nanométrique du
microenvironnement (87). Les adhésions qui se forment peuvent prendre la forme de points ou de
plaques focales d'adhésion et varient en termes de composition moléculaire, de maturation, de

propriétés mécaniques et de durée d’existence (106-108).

1.7 Phosphorylation de la paxilline

La phosphorylation des protéines joue un réle important dans la régulation de la formation
et du renouvellement des FAs (109, 110). Différents composants des FAs, tels que la kinase
d’adhésion focale (FAK), la paxilline et la p130Cas, entre autres, sont phosphorylés en réponse a
I’adhésion cellule-MEC médiée par les intégrines (111, 112). Par exemple, le complexe FAK-Src
intervient dans la phosphorylation de deux molécules trés connues, la paxilline et la p130Cas. Ces
deux protéines peuvent recruter d’autres molécules pour former des FAs et pour réguler

I’organisation du cytosquelette d’actine (109).

La paxilline, un composant principal des FAs, est une protéine adaptatrice,
multifonctionnelle et multidomaine qui joue un rdle important au niveau des FAs en recrutant des
molécules structurelles et de signalisation lorsqu’elle est phosphorylée sur des résidus tyrosine et
serine spécifiques (113). Les voies de signalisation activées, conduisent a la réorganisation du
cytosquelette d'actine et a 1’assemblage/désassemblage des FAs nécessaires a I’attachement, a
I’étalement et a la migration des cellules. La paxilline contient cinq motifs répétitifs LD riches en
leucine situés a I’extrémité N-terminale (LD1 a LD5) et quatre domaines LIM enrichis en cystéine-
histidine a I’extrémité C-terminale. Les domaines LD fournissent des sites d'accueil pour les
protéines associées aux FAs, notamment les tyrosine kinases de la famille Src, la FAK, la vinculine
et la taline, entre autres. Spécifiquement, le domaine LD4, ou se trouve le résidus phosphorylable
S273, est considéré comme un site de liaison clé pour un certain nombre de molécules de
signalisation (114, 115). La délétion du domaine LD4 entraine une migration perturbée et dans une
diminution du nombre de protrusions (116). Différentes études ont identifi¢ la phosphorylation de
la paxilline a S273 comme un régulateur critique de 1’activation de Rac, de I’adhésion cellulaire et
de la formation des filopodes (116). Ce type de mutation est avantageuse car elle permet d'évaluer

la contribution de groupes fonctionnels spécifiques dans la réponse aux caractéristiques de surface.

44



1.8 Propriétés antibactériennes des surfaces

De nombreuses techniques de modification de surface telles que 1’application de
revétements sur la surface de l'implant contenant des antibiotiques ou d’autres substances
bactéricides comme 1’argent, le cuivre ou le zinc, sont souvent utilisées pour rendre les surfaces
antibactériennes (117, 118). Les études récentes se concentrent & empécher la fixation initiale des
bactéries sur une surface pour prévenir les infections. Il a ét¢ démontré que la topographie des
surfaces a un impact significatif sur I’attachement des bactéries et la formation ultérieure de
biofilms (Figure 14). Cependant, les mécanismes antibactériens et I’efficacité des parametres de
surface ne sont pas bien compris en raison de la compréhension limitée des interactions entre les
bactéries et la nanotopographie. Récemment, différents points de vue et explications ont été
proposés pour comprendre le mécanisme des lésions membranaires (57). Il est crucial de
déterminer les mécanismes sous-jacents qui entrainent la mort des cellules bactériennes sur les
nanotopographies synthétiques, car cela permettra de concevoir de manicre rationnelle des surfaces

d’implants médicaux résistant a la formation de biofilms (119).

c 2 EJ 0 nm
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Figure 15. — Fixation différentielle des bactéries sur des surfaces micro-nanostructurées. (A) double
gravure a I’acide, (B) anodisation et incorporation électrochimique de Ca/P et (C) gravure
acide et dépot de Ca/P. (D) la membrane s'adsorbe sur les protrusions et se produit un
¢tirement important de la région de la membrane cellulaire suspendue entre chaque nanopilier
qui conduise a une éventuelle lyse cellulaire. Adapté de (120) avec la permission de Springer

Nature.
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1.9 Mesures de forces d’adhésion

De plus en plus de preuves indiquent que les FAs et leur dynamique jouent un role essentiel
dans la détection des propriétés physiques a I’échelle nanométrique du microenvironnement (87).
La mécanotransduction, c’est-a-dire les mécanismes par lesquels les cellules détectent, intégrent,
transmettent et transduisent des stimuli mécaniques en une réponse biochimique, c’est un moyen
par lequel les changements conformationnels et/ou biochimiques induits par la force dans les
environnements cellulaires entrainent I’activation et ’amplification des cascades de signalisation
intracellulaires. Ces cascades sont connues pour influer le développement, la différenciation, la
migration, la prolifération et la progression des cellules (121-123). En outre, la mécanotransduction
par des FAs est une caractéristique majeure de la détection de I’environnement cellulaire,
conduisant a des modifications en aval des fonctions cellulaires dépendantes des FAs, y compris
I’expression des génes (124). L’analyse des réponses cellulaires aux signaux physiques suggere
que lorsque les cellules adhérent a une surface, elles détectent leur environnement en le sondant

mécaniquement (Figure 15 A et B) (123).
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Figure 16. — Micrographies obtenues par MEB pour des cellules MSC humains sur des matrices des
poly(diméthylsiloxane) avec des micropiliers de différentes hauteurs (A) L = 6,10 pm et (B)
12,9 um. Adapté de (41) avec la permission de Royal Society of Chemistry. (C) Forces
générées par des cellules adhérentes sur un substrat déformable (fleches rouges). Les forces
exercées par les cellules sont générées vers I’intérieur ainsi que les forces exercées par le
substrat (force externe) sont opposés. Ces forces sont générées par les FAs et la contractilité

acto-myosine. Adapté de (123) avec la permission d’IOP Publishing.

La régulation de la biomécanique cellulaire fonctionne a I’échelle nanométrique puisque
les cellules interagissent avec les MEC constituées des éléments a 1’échelle nanométrique (79, 125).
Par conséquent, une meilleure compréhension de la relation biomécanique entre les filopodes et les
caractéristiques de surface a 1’échelle nanométrique est tres pertinente pour améliorer les surfaces
des implants. Il est connu que I’adhésion cellulaire est étroitement liée au cytosquelette d'actine,
dont I’organisation est cruciale pour déterminer les propriétés structurelles et mécaniques des
cellules (126). Les cellules adhérées a la surface exercent des forces contractiles, également

appelées forces de traction, sur le substrat en utilisant leur cytosquelette d’actine-myosine pour se
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propulser (Figure 15 C). Les FAs et la génération de tension intracellulaire sont évidemment liées,
mais elles se produisent par différentes voies qui se croisent et s’influencent mutuellement (127).
Les principaux acteurs de ces voies sont les GTPases de la famille Rho, telles que RhoA, Racl et
Cdc42 qui agissent en tant que récepteurs de la mécanotransduction et jouent des roles distincts
dans la régulation de la réorganisation du cytosquelette d’actine (Figure 16) (128). Une propagation
cellulaire correcte est considérée comme une exigence générale pour une activité RhoA/ROCK
¢levée et pour la formation de fibres de stress, tandis que les cellules de formes arrondies et petites

sont généralement associées a une activité RhoA/ROCK faible (97).
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Figure 17. — Organisation des différentes structures du cytosquelette d’actine au sein d’une cellule

adhérente et role des structures adhésives dans I’organisation de 1’actine. (A) Distribution des

FAs focales et matures et des structures d'actine a I’intérieur de la cellule. Role des différentes
GTPases de la famille Rho (Cdc42, Rho, Rac1) dans des régions spécifiques d'une cellule en

mouvement. (B) L’adhésion entre les intégrines ancrées a la membrane et le substrat
extracellulaire provoque le regroupement des composants des FAs (représenté par une main).
Adapté de (123) avec la permission d’IOP Publishing.

Le nombre de protéines trouvées lors des adhésions ponctuelles est élevé et beaucoup

d’entre elles sont des protéines mécanosensibles (MS) (122). La protéine MS la plus importante
est la FAK, essentielle pour les adhésions dynamiques (assemblage/désassemblage) (129). La

FAK, codée par le géne de la protéine tyrosine kinase (PTK) 2 (PTK2), est une PTK intracellulaire
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non-réceptrice activée par autophosphorylation de 1’acide aminée Tyr397 (130). Cette
phosphorylation induit plusieurs cascades de signalisation en initiant le recrutement de multiples
protéines de structure et de signalisation, notamment la vinculine, la paxilline, la taline, la p130Cas
et la famille Src kinases (131). La formation d'une complexe Src kinase-FAK est nécessaire pour
maintenir I’activation de Racl et Cdc42. Ces dernicres régulent la nucléation, favorisant ainsi la
formation de filopodes et de lamellipodes et la propagation cellulaire qui a son tour, favorise
I’agrégation des protéines d’échafaudage et I’¢largissement des FAs naissantes; ce processus étant
régulé positivement par la disponibilité de molécules d'adhésion dans la matrice. L’augmentation
de force qui en résulte a I’interface cellule matrice déclenche 1’activation de RhoA et Racl (122,
132). RhoA favorise I’interaction de la myosine II avec les filaments d’actine et la contraction de
I’acto-myosine, ce qui finalement permet la formation de fibres de stress composées de filaments
d’actine orientés longitudinalement. La tension intracellulaire générée par la myosine II induit des
changements conformationnels dans diverses protéines d’adhésion, ce qui entraine une
mécanotransduction et une régulation améliorée de plusieurs voies de signalisation (122).
L’inhibition des voies menant a I’activation de la myosine II entraine le désassemblage des
regroupements des FAs (133), ce qui indique que les forces de traction contribuent a la stabilité
des FAs (134). Une propagation cellulaire correcte est considérée comme une exigence générale
pour une activité RhoA/ROCK ¢levée et pour la formation de fibres de stress, tandis que les cellules
de formes arrondies et petites sont généralement associées a une activité RhoA/ROCK faible (97).
Les surfaces nanostructurées peuvent aussi moduler les réponses ostéoinductives initiales des
cellules pour augmenter I’expression des genes spécifiques a 1’os. Différentes études ont montré
une augmentation du niveau d’expression pour Runx2 et Osx en réponse aux surfaces
nanostructurées (135). D’autres (136, 137) ont observé une expression précoce et accrue de
I’ostéopontine (OPN) et de la sialoprotéine osseuse (BSP) dans des cellules ostéogéniques cultivées

sur des surfaces de Ti a 1’échelle nanométrique par rapport au Ti poli.

Différentes approches ont été utilisées pour estimer la force d’adhésion cellulaire et
quantifier les propriétés mécaniques des cellules (138). Les méthodes les plus simples sont basées
sur un flux de cisaillement hydrodynamique pour détacher les cellules de la surface, celle-ci
incluent la centrifugation, 1’essai de lavage simple, la technique du disque rotatif et les chambres a
flux radial (126). Toutes ces techniques appliquent une contrainte de cisaillement bien controlée

aux cellules adhérentes et elles sont basées sur une population des cellules ou la force d’adhésion
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es calculée par le taux de débit appliqué (126). Dans le cas des techniques utilisés pour mesurer la
force d’adhésion pour un cellule individuelle, nous pouvons retrouver la microscopie a force
atomique (AFM), la spectroscopie de force unicellulaire (SCFS) basée sur I’AFM, 1’aspiration par

micropipette, pinces magnétiques et cytométrie par torsion parmi les principales (139).

1.9.1 Centrifugation

Dans un essai de détachement cellulaire par centrifugation un substrat recouvert de cellules
est placé au fond d’une plaque de culture contenant du milieu. Ensuite, la plaque est centrifugée
pendant un certain temps et/ou a diverses vitesses pour ensuite quantifier par microscopie optique

le nombre des cellules qui y restent collées (Figure 17) (126, 140).
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Figure 18. — Scheme qui représente un essai de détachement cellulaire par centrifugation. Adapté de

(126) avec la permission d’Elsevier.

1.9.2 Microscopie a force atomique

La microscopie a force atomique est basée sur I’interaction d’une pointe tres fine attachée
au levier avec la surface du matériau a analyser. Au méme temps que la pointe explore la surface,
un laser focalise sur le levier et réfléchi sur des photodiodes, enregistre la variation d’hauteur de la

pointe. L’intensité (réponse) des interactions entre la pointe et la surface permet d’obtenir de



I’information sur la topographie, ainsi que différentes propriétés de surface. Grace aux
caractéristiques de la pointe, il est possible d’obtenir une haute résolution a I’échelle nanométrique

(d’environ 0.1 nm) (141).

Dans des mesures de la biomécanique cellulaire, la pointe est utilisée pour sonder la cellule,
et la déformation relative de la cellule qui peut ensuite étre utilisée pour estimer la force appliquée

et la rigidité de la cellule (142).

1.9.3 Spectroscopie de force unicellulaire

La SCFS basée sur ’AFM est une méthode ultrasensible pour quantifier les forces
d’adhésion cellulaire de cellules individuelles dans des conditions physiologiques. Cette technique
consiste a utiliser une pointe d’AFM avec une cellule immobilisée comme sonde de mesure. Une
cellule vivante est d’abord attachée a un levier sans pointe. Pour faciliter I'immobilisation des
cellules, les leviers peuvent étre recouverts de différentes protéines de la matrice extracellulaire,
telles que la fibronectine ou la laminine, ce qui permet une fixation cellulaire douce via des
protéines de surface cellulaire glycosylées. Cette pointe fonctionnalisée est ensuite approchée sur
une cellule attachée a une surface et le contact cellule-cellule est maintenu sous une force de contact
constante pendant un temps prédéfini. La force d’adhésion cellulaire peut étre mesurée a partir du
degré de déformation du levier pendant la rétraction de la cellule (Figure 18) (139, 143). Une
stratégie similaire consiste a amener un cantilever recouvert de protéines sur une cellule fermement

attachée au substrat, puis a rétracter le cantilever.
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Figure 19. — Spectroscopie de force unicellulaire basée sur I’AFM. (A) Représentation schématique

d’une expérience. Adapté de (139) avec la permission d’Elsevier.
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1.9.4 Aspiration par micropipette

La technique d’aspiration par micropipette ou microaspiration permet de quantifier la force
d’adhésion d’une cellule a partir de la force d’aspiration requise pour détacher la cellule de la
surface. La micropipette est positionnée perpendiculairement a la surface d'une cellule adhérente
et une pression d'aspiration a taux constant est appliquée. Les cellules et la position de la

micropipette sont sélectionnées a 1’aide d’un microscope a champ clair (Figure 19) (144).
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Figure 20. — Montage expérimental pour la technique d’aspiration. La micropipette est
positionnée perpendiculairement a la surface des cellules cultivées au fond d’une boite de
Pétri. La pompe a seringue crée une augmentation constante de la pression d’aspiration.
Graphique de la surface de cellule projetée en fonction du temps pour trois cellules
différentes. Time-lapse d’une cellule tout au long d’un test de détachement. Echelle 10 um.

Adapté de (144) avec la permission d’Elsevier.

Figure 21. —
1.10 Autres techniques de caractérisation utilisées

1.10.1 Microscopie électronique a balayage

La MEB est une technique de microscopie ¢électronique capable de produire des images en

haute résolution de la surface d’un échantillon a partir des interactions électrons-maticre (145).
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Figure 22. — Schéma du microscope électronique a balayage

La capacité a distinguer des détails fins avec un microscope optique est limité par la
longueur d’onde de la lumicre et des lentilles de verre utilisées. Les microscopes électroniques
utilisent plutot des électrons dont la longueur d’onde beaucoup plus faible. Le faisceau d’électrons
passe a travers d’une colonne a haut vide et est concentré par une série de lentilles
¢lectromagnétiques. Dans le MEB, ce faisceau balaye la surface de I’échantillon et 1’interaction
entre la sonde électronique et 1’échantillon génére divers signaux, dont les électrons secondaires de
basse énergie. Ces ¢électrons sont accélérés vers un détecteur qui va amplifier le signal (Figure 20)
(145). A chaque point d’impact correspond un numérique qui est interprété comme intensité de la
couleur du blanc au noir afin de former I’image finale. Ainsi, les régions qui générent la plus grande
quantité d’¢lectrons secondaires auront une couleur plus claire et celles avec moins d’électrons

secondaires seront plus foncées (145).
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La qualité des échantillons influence grandement la qualité d’image qui va étre obtenue.
L’échantillon doit idéalement conduire 1’¢lectricité afin de pouvoir évacuer les électrons. Les
¢chantillons biologiques nécessitent donc une préparation spécifique qui vise a les déshydrater,
entre autres étapes pour finalement les rendre conductif avec un dépot métallique de quelques
nanometres habituellement du carbone ou de I’or (146). Des nouvelles générations de microscopes
utilisent un nouveau canon a émission de champ froid optimisé pour I’imagerie a haute résolution
qui permet imager des échantillons biologiques a faible voltage sans avoir besoin du faire un dépot

métallique (147).

1.10.2 Diffraction des rayons-X

La diffraction des rayons-X (DRX) est un phénomene physique qui se produit lors de
I’interaction d'un faisceau de rayons X d’une longueur d’onde particuliére, avec la matiere
cristalline. Cette technique est basée sur la dispersion cohérente du faisceau lumineux par 1’objet,
qui provoque une interférence constructive des ondes, qui se dispersent vers certaines directions
spécifiques dans 1’espace (148).

Le phénomene de diffraction peut étre décrite par la loi de Bragg (Eq. 1), qui prédit la
direction dans laquelle se produit une interférence constructive (pics de diffraction) entre des
faisceaux de rayons X diffusés de fagon cohérente par un cristal selon:

2d sinO=n A Eq. 1
Ou d est la distance entre deux plans cristallographiques (Figure 21), ’angle O est le demi-angle

de déviation, n est I’ordre de réflexion et A est la longueur d'onde des rayons X.

< hd o o = <
Figure 23. — Deux plans atomiques représentés en condition de diffraction.
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Par la mesure des angles et de I’intensité des rayons réfractés, il est possible d'obtenir une
image tridimensionnelle de la densité électronique dans le cristal. A partir de cette densité on peut
déterminer la position moyenne des atomes, ions ou molécules qui forment le cristal. Ces données
permettent d'obtenir le diagramme de diffraction (diffractogramme).

La technique de DRX sert a identifier les différentes phases cristallographiques du dioxyde
de titane (149).
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Figure 24. — (A) Structure cristalline des trois polymorphes du TiO>. Adapté de (149) avec la
permission de creative commons CC. (B) diffractogramme montrant ses pics caractéristiques.

Adapté de (150) avec la permission d’Elsevier.

Le rutile et I’anatase ont une cellule unitaire tétragonale (mais avec une disposition des
atomes différente) tandis que la brookite a une cellule orthorhombique (Figure 22 A). Grace a ces
différences, les trois polymorphes donnent des pics caractéristiques a des endroits différents du

diffractogramme (Figure 22 B).
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1.10.3 Immunofluorescence

L’immunofluorescence (IF) est une technique immunochimique qui permet la détection et
la localisation d'antigénes dans différents types de tissus et diverses préparations cellulaires. Cette
large capacité est obtenue grace a des anticorps spécifiques révélés par des fluorophores. Deux
méthodes sont disponibles, en fonction de ’expérience ou des anticorps spécifiques utilisés :
directe (primaire) ou indirecte (secondaire) (151). La fixation est une étape préliminaire essentielle
dans la coloration pour I'IF afin de préserver la morphologie tout en maintenant 1’antigénicité.
Cette étape sert a préserver et immobiliser les antigénes cibles en maintenant 1’architecture
cellulaire. Une étape de perméabilisation postérieur, avec des détergents non ioniques, permet aux
anticorps un accés maximal a tous les composants cellulaires ciblés (151, 152). Les fixateurs
chimiques comprennent des réactifs de réticulation et des solvants organiques. Des exemples
courants incluent le formaldéhyde et le glutaraldéhyde. Les solvants organiques (le méthanol et
I’acétone) ¢liminent les lipides et déshydratent les cellules, dénaturant et précipitant les composants
cellulaires. De plus, en perméabilisant les membranes cellulaires, les solvants organiques ¢liminent

le besoin de traitements détergents.

Aprés la fixation et la récupération de I’antigéne, ’'une des deux méthodes IF peut étre
utilisée : IF directe (primaire) ou IF indirecte (secondaire). Dans la méthode directe, le marqueur
fluorophore est conjugué directement a 1’anticorps primaire qui réagira avec la cible. La méthode
indirecte implique un processus d'incubation en deux étapes : 1) un anticorps primaire se lie a la
cible, 2) un anticorps secondaire marqué par un fluorophore reconnait et se lie a 1’anticorps

primaire.
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1.11 Hypothéses et objectifs de recherche

Ce travail vise a contribuer a la compréhension des phénomenes qui contrdlent et régulent
le comportement cellulaire en contact avec une surface modifiée a 1’échelle nanométrique, plus
spécifiquement a I’adhésion cellulaire. Nous pensons que la force d’attachement des FAs, des
filopodes et de leurs extensions engendrent une cascade de signalisation biomécanique qui module
le comportement cellulaire. La variation des caractéristiques physiques de la surface des implants
a l'échelle nanométrique (rugosité et nanoporosité¢) permet d'obtenir des résultats sans
nécessairement avoir besoin d’utiliser des molécules bioactives telles que des protéines et des

facteurs de croissance et ceci sans risque d’effet secondaire.

Dans nos travaux nous avons utilisé une surface nanoporeuse de Ti, produite par oxydation
chimique, qui a un effet bénéfique sur le comportement de cellules ostéogéniques et simultanément
a une capacité antibactérienne. Cette connaissance est nécessaire pour mieux controler I’intégration
d’un matériau dans le corps, particulieérement le processus d’ostéointégration, ce qui permettra
d’adapter intentionnellement les surfaces des implants en fonction des patients. Dans cette optique,

nous allons spécifiquement :

1. Evaluer I’effet de la cristallinité de la surface sur le comportement des cellules
ostéoblastiques MC3T3 et des bactéries.

2. Tester le role de la paxilline dans la réponse cellulaire a la nanotopographie en
exploitant une ligné cellulaire qui exprime la protéine paxilline avec des mutations
qui affectent la phosphorylation.

3. Déterminer la contribution biomécanique des filopodes et de leurs nanoprotrusions!

a ’interaction adhésive des cellules avec le Ti.
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1.12 Structure de la Thése

Le chapitre 1 présente le contexte et la problématique de 1’étude. Cette section démarre avec
une description de 1’0s, des biomatériaux et des applications osseuses des biomatériaux. Ensuite,
des aspects tels que 1’osteo-intégration, la topographie et les modifications de surfaces des
biomatériaux en titane sont discutés. Les interactions des cellules avec la surface, y compris les
bactéries, sont aussi abordées. Finalement, les techniques utilisées pour les mesures de forces
d’adhésion, les objectifs de recherche et d’autres techniques de caractérisation ont été abordées.

Cette premicre section est suivie des chapitres suivants :

* Premier article qui présente les aspects physico-chimiques de la nanotopographie
d’une surface de titane créé par une traitement chimique, ainsi que les effets de la
topographie, la cristallinité et de I’hydrophilie sur des cellules et des bactéries.

- : : . )
* Deuxieme article qui aborde les résultats obtenus sur le comportement cellulaire
en utilisant un modele de mutation génétique en interaction avec la
e uiesl  nanotopographie de surface.

* Troisieme article qui montre une analyse sur la contribution biomécanique des
filopodes et de leurs nanoprotrusions a l'interaction adhésive des cellules avec des

@ETIGEE]  surfaces nanostructurées. )

N
» Aborde une discussion générale intégrée des résultats obtenus dans les 3 articles
que composent la These.

* Montre les conclusions générales de cette theése, permettant de faire un bilan

Chapitre 6 global sur les objectifs principaux proposés.

* Présente les perspectives de ce travail.

J

: . : . : . ; A
* Article qui présente 1'obtention d'une couche mince mésoporeuse d’oxyde

cristallin a la surface de I’acier inoxydable, qui présente simultanément un impact
sélectif sur ’activité cellulaire et les propriétés antibactériennes.

J

€E€E€CCCE
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1.12.1 Situation des articles a la date du dép6t et contribution des auteurs

Chapitre 2 — Surface nanoporosity has a greater influence on osteogenic and bacterial cell adhesion
than crystallinity and wettability. Alejandra Rodriguez-Contreras', Dainelys Guadarrama Bello',
Antonio Nanci. Applied Surface Science 2018, 445, 255-261. 'Contribution égale.

Pour ce manuscrit, Alejandra Rodriquez-Contreras et moi-méme avons contribué¢ de
manicre égale. Nous avons fait la préparation des surfaces des disques de Ti (polis et
nanotexturisées). La caractérisation des surfaces par Diffraction de Rayons X et I’angle de contact
a ¢été effectué ailleurs (McGill Institute for Advanced Materials). La culture cellulaire et des
bactéries a été effectué par Alejandra Rodriguez-Contreras. J’ai pour ma part préparé les
échantillons pour immunofluorescence et pour MEB. L’acquisition des images et le traitement des
données a été fait entre nous deux. L’analyse de I’ensemble des données été effectuée par les trois
auteurs. L’écriture des premiéres versions du manuscrit a été faite par Alejandra Rodriguez-
Contreras et moi-méme. Antonio Nanci a été le superviseur de 1’ensemble du projet et a participé
dans 1’écriture et la révision afin de soumettre la version finale du manuscrit. Les réponses aux

arbitres ont été développés par les trois auteurs.

Chapitre 3 — Nanoporosity stimulates cell spreading and focal adhesion formation in cells with
mutated paxillin. Dainelys Guadarrama Bello, Aurélien Fouillen, Antonella Badia, and Antonio

Nanci. ACS Appl. Mater. Interfaces 2020 (12), 13, 14924—14932.

Pour ce manuscrit, j’ai préparé les surfaces des disques de Ti (polis et nanotexturisées). J’ai
effectué la caractérisation des surfaces par MEB at AFM. La culture cellulaire a été effectuée par
moi-méme ainsi que la préparation des échantillons pour immunofluorescence et la MEB. J’ai
collecté¢ I’ARN et la technique de RT-PCR a été réalisée par Aurélien Fouillen. L’acquisition des
images, le traitement et I’analyse de I’ensemble des données et I’analyse statistique ont été
effectués par moi. L’écriture de la premiére version du manuscrit a été¢ faite par moi-méme.
Antonella Badia a participé a la révision du manuscrit. Antonio Nanci a été le superviseur de
I’ensemble du projet et a participé dans I’écriture et la révision afin de soumettre la version finale

du manuscrit. Les réponses aux arbitres ont été développés par Antonio Nanci et moi-méme.
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Chapitre 4 — Adhesion response of filopodia to an AFM lateral detachment force and functional
changes after centrifugation of cells grown on nanoporous titanium. Dainelys Guadarrama Bello,
Patricia Moraille, Serine Boughari, Antonella Badia, Antonio Nanci. Materials Today Bio 2022,
14, 100250.

Pour ce manuscrit, les surfaces des disques de Ti (polies et nanotexturisées) ont été
préparées par Serine Boughari et moi. J’ai effectué¢ la caractérisation des surfaces par MEB. La
culture cellulaire pour les études d’AFM ainsi que les mesures des forces par AFM ont été réalisées
par moi avec 1’aide et la supervision de Patricia Moraille dans le cas des mesures. Serine Boughari
a participé a I’expérience de centrifugation, I’acquisition des images pour les FAs et I’expression
des mitochondries en immunofluorescence sous ma supervision. L’ensemble du traitement, de
I’analyse des données et de 1’analyse statistique ont été effectuées par moi. L’écriture du manuscrit
a ¢té faite para moi-méme. Antonella Badia a participé a la supervision des expériences par AFM
et la révision de la version initiale du manuscrit. Patricia Moraille a participé a la révision du
manuscrit initial. Antonio Nanci a été le superviseur de I’ensemble du projet et a participé a
I’écriture de la premicre version du manuscrit et la révision afin de soumettre la version finale. Les

réponses aux arbitres ont été développés par Antonio Nanci et moi-méme.

!'nanoprotrusions : extensions latérales de taille nanométrique émis par les filopodes en réponse a la nanotopographie.
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Abstract

There has been much emphasis on the influence of crystallinity and wettability for
modulating cell activity, particularly for bone biomaterials. In this context, we have generated
titanium oxide layers with similar mesoporous topography and surface roughness but with
amorphous or crystalline oxide layers and differential wettability. We then investigated their
influence on the behavior of MC3T3 osteoblastic and bacterial cells. There was no difference in
cell adhesion, spreading and growth on amorphous and crystalline surfaces. The number of focal
adhesions was similar, however, cells on the amorphous surface exhibited a higher frequency of
mature adhesions. The crystallinity of the surface layers also had no bearing on bacterial adhesion.
While it cannot be excluded that surface crystallinity, roughness and wettability contribute to some
degree to determining cell behavior, our data suggest that physical characteristics of surfaces

represent the major determinant.

Keywords: Titanium, Crystallinity, Nanotopography, Wettability, Osteogenic cells, Bacteria
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2.1 Introduction

When the surface of Titanium (Ti) and its alloys is exposed to oxygen, it instantaneously
forms a thin (5 nm), protective oxide layer (1-3). This thin natural, forming oxide surface layer is
generally amorphous (4), and transforms Ti into a biologically inert metal (5). To improve the
biological performance of Ti-based materials for bone applications, several investigations have
focused on modifying their surface properties such as topography, chemical composition, and
surface energy (6,7). Most of these efforts have resulted in crystalline surface oxides that can
exhibit different crystal lattices, including anatase, rutile and brookite (5). In general, it was
concluded that the anatase form of the oxide layer shows higher hydrophilicity that positively
affects cell behavior (8—13).

Our group has introduced a simple oxidative method using mixtures of H2SO4 and H>O»> to
create an intricate network of nanometric pores on surfaces of Ti-based metals (14—16), a process
we have recently termed as nanocavitation (17). This mesoporous surface has been shown to
selectively influence the growth and activity of various cells in vitro, including stem cells (18,19),
and to promote osteogenic activity in vitro (20), and in vivo (21). More recently, we further
demonstrated that the mixture can also be used as an atypical anodization electrolyte to similarly
nanocavitate stainless steel (SS) in order to improve cellular activity and achieve antibacterial
properties (17). The oxide layer that nanocavitation generates on Ti-based surfaces is amorphous
whereas it is crystalline on SS. The similar cellular results obtained with Ti and SS, however, raise
questions about the role of crystallinity. In fact, a recent study comparing the efficacy of evaporated
TiO2 coatings concluded that amorphous films are better than crystalline ones at stimulating
osteogenic activity in vitro, and related this to dissimilarities in surface properties such as polarity

(22).

It is still not resolved whether crystallinity of titania layers has a determinant influence on
biological events (23). Surface chemistry and topography modulate the wettability of titanium
surfaces. As regards, wettability, values ranging widely from superhydrophobic to
superhydrophilic have been reported for commercial implants (24). A better understanding and
control of these parameters should permit the rational design of implants to improve the success

rates of dental and orthopedic bone implants.
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Our objective was to compare a same mesoporous surface with crystalline and amorphous
oxide layers. Crystalline surfaces are normally achieved by annealing at high temperatures (25).
We have found that such a treatment, however, alters the nanoscale surface details (26). To avoid
this complication, we have developed a non-thermal approach to transform the amorphous surface
into a crystalline one so we could directly compare their influence. The use of a same material with
different crystallinity to eliminates experimental inconsistencies and variations related to
comparing different materials. Our results reveal that mesoporosity supersedes any influence that
the crystallinity of the surface may have on the growth of MC3T3 osteogenic and on bacterial cell

adhesion.
2.2 Material and methods

2.2.1 Nanocavitation of Ti discs

Commercially pure grade 2 Ti discs (cpTi) with a diameter of 12 mmand a height of 2
mmwere polished to a mirror finish (control). For nanocavitation, cpTi samples were cleaned with
100% ethanol (Fisher Scientific, Fair Lawn, NJ) in an ultrasonic bath and dried in air. Then, they
were treated with a 50:50 mixture of 96% sulfuric acid (J.T. Baker, Phillipsburg, NJ) and 30%
aqueous hydrogen peroxide (Fisher). The components were combined on ice to control the
exothermic reaction, and the cooling bath was removed when the temperature of the oxidizing
composition stabilize to 22 °C. The discs were introduced to the mixture (10 mL/disc) and kept for
1.5 h under constant agitation (14,27). Afterwards, discs were rinsed with distilled water five times
to remove any trace of the acidic mixture, sonicated for 15 min in distilled water and airdried. Some
samples were used immediately, while others were kept for 0 (freshly-prepared), 1, 2 and 4 months
inside a desiccator (Dry-Keeper desiccator, Samplatec Corp., Japon) at 22 degrees prior to use.
Preliminary analyses revealed the change in atomic state takes place by the 4th month. Thus, from

here on all analyses will relate to 4-month-old samples.

2.2.2 Surface characterization

2.2.2.1 X-ray photoelectron spectroscopy (XRD)

The surface crystallinity of control, freshly-prepared and 4- month-old nanocavitated Ti

was analyzed by XRD using a Bruker D8 Discovery X-ray Diffractometer equipped with a Vantec
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2000 Area Detector and copper X-ray source (Cu Ka radiation, k = 0.15 405 nm). Grazing-
incidence XRD with x/2h mode was used to investigate the ultra-thin oxide layer on Ti discs. The
incident beam angle (x) was chosen to be 3° in accordance with Bouroushian and Kosanovic studies
(28), with an analysis range was 11-60°. The step size and set time were 0.005 and 300 s,
respectively. The main peaks (20) appearing in Ti surface patterns analyzed in this study and the
ones in the bibliography (29—-32) were compared. Crystallinity was unequivocally observed after
4-months under ambient conditions, and further characterization as well as cell analysis, were

carried out on only control, freshly-prepared and 4-month-old samples.

2.2.2.2 Contact angle

To assess surface wettability of the samples, water contact angles were measured with dH>O
at room temperature with a Ramé-Hart NRL-100 goniometer. Water drops (10 ul) were placed on
the control, and freshly-prepared and 4-month-old nanocavitated Ti discs and contact angles were
measured 10 s after application. The average contact angle was obtained from 5 measurements

performed on different samples from each substrate.

2.2.2.3 Scanning electron microscopy (SEM)

The topography of Ti surfaces and the morphology of cells were examined using a JEOL
JSM-7400F (JEOL Ltd., Tokyo, Japan) or a Zeiss Gemini SEM 500 instrument (Zeiss GmbH,
Oberkochen, Germany) field emission scanning electron microscope (FE-SEM) operating at 1.5—
2 kV and 20 kV, respectively, without any coating. Pore diameter was measured on FE-SEM
images using Photoshop (Adobe Systems, San Jose, CA, USA).

2.2.2.4 Atomic force microscopy (AFM)

The surface topography and roughness (root-mean-square (Rq), arithmetic mean (Ra) and
average distance between the highest peak and lowest valley (Rz)) were analyzed by AFM. Images
were acquired in air at 21 °C using tapping mode on a JSPM-5200 scanning probe microscope
(JEOL Ltd.) performed at a scan rate of 2 Hz using NSC14 cantilevers (MikroMash, Sofia,

Bulgaria) with a nominal spring constant of ~ 5.7 N/m and tip radius <10 nm.
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2.2.3 Cellular assays

Mouse calvaria-derived osteoblasts (MC3T3, ATCC® CRL-2593TM American Type
Cultural Collection) were cultured on the various Ti surfaces in Falcon 12-well plates (Becton-
Dickinson, Lincoln Park, NJ) for 6 h, 1, and 3 days at a cellular density of 10,000 cells/well. Ti
samples were previously washed with 100% ethanol and left under UV overnight. Osteoblasts were
grown in alpha minimum essential medium with Earle’s salts, L-glutamine, ribonucleosides, and
deoxyribonucleosides (a-MEM, Invitrogen, Burlington, Ontario, Canada), supplemented with 10%

fetal bovine serum (Invitrogen) and incubated at 37 °C in a humidified atmosphere with 5% CO,.

2.2.4 Cell preparation for FE-SEM

For morphological studies, cells on Ti discs were fixed with 2.5% glutaraldehyde for 1 h at
4 °C, washed 3 times (5 min each) with 0.1 M phosphate buffer (PB, pH 7.2-7.4), post-fixed with
a 1% aqueous osmium solution (1h at 4 °C), and washed 3 times (5 min) with PB. The cells were
then dehydrated by exposure to a graded sequence of aqueous ethanol (30-100%) and finally dried
in a critical point drier (Leica Microsystems Inc., Buffalo Grove, IL, USA). Characterization of the
cell morphology on the polished and chemically-treated surfaces was carried out by FE-SEM as

above.

2.2.5 Immunofluorescence microscopy

Cells were fixed for 30 min at 4 °C using periodate-lysine-paraformaldehyde (PLP) solution
in PB. The cells were then permeabilized by exposure to a 0.5% solution of Triton X-100 in PB
(10 min), followed by blocking with 5% skimmed milk in PB (1 h). The first antibody, anti-vinculin
(1:200; Monoclonal Anti-Vinculin Clone hVIN-1, Sigma), was used simultaneously with
rhodamine-phalloidin (red fluorescence for actin labeling) (1:150, Thermo Fisher). The secondary
antibody used was Alexa Fluor 488 (green fluorescence for vinculin labeling) (1:400, Thermo
Fisher Scientific, Waltham, MA, USA). Antibodies were diluted in a 0.5% solution of skimmed
milk in PB and the samples were incubated in a dark humidified environment for 2 h at 22 °C.
Between each incubation step, the samples were washed with PB (3 times for 5 min). The incubated
disc surfaces were mounted with a glass coverslip using a medium containing 40,6-diamidino-2-
phenylindole (DAPI) to make nuclei blue-fluorescent (Molecular Probes, Thermo Fisher
Scientific). Samples were then examined under a Zeiss Axio Imager upright fluorescence

microscope (Zeiss GmbH). For quantitative cell counting, 60 microscope fields under the 10X
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objective were selected at random from the untreated and treated surfaces. To estimate the size of
the focal adhesions (FA), the captured immunofluorescence images under 40X objective were
separated into single-channel grayscale images using the Imagel] split-channel command. To
quantify the adhesion length, images taken from the 6 and 24 h cultures were used to measure the
length of each individual vinculin point. FAs with length >5 mm were considered as mature (33).

These were classified in ranges and expressed as a percentage of the total measurements.

2.2.6 Bacterial assays

Escherichia coli was used to evaluate the antibacterial properties of Ti surfaces with
different crystalline structure. The inoculum was prepared by adjusting bacterial suspension to an
0OD600 of 0.2 (108 CFU/mL) with lysogeny broth. A standard volume of this solution (2 mL) was
placed onto sterilized Ti samples, which were then incubated at 37 °C for 2 h. The samples were
then washed with PB, fixed with a 2.5% solution of glutaraldehyde in PB for 30 min, washed 3
times with PB, post-fixed in a 1% aqueous osmium solution for 30 min, dehydrated in graded

aqueous ethanol (30—100%), and dried in a critical point drier (Leica Microsystems Inc.).

2.2.7 Statistical analyses
Biological results were expressed as a mean value of standard deviation (SD) for each
sample. The t-test was used with a 95% confidence interval to evaluate statistical differences of

parametric data in means between two groups.

2.3 Results and discussion

A key tenet of medical device design relies on the ability of biological systems to respond
to physicochemical features, a process that has led to the development of the next generation of
biomaterials for a wide variety of clinical applications. In this study, we aimed at elucidating the
contribution of topography by itself, as well as clarifying the benefit of crystallinity and wettability
of the surface oxide layer on adhesion and proliferation of osteogenic and bacterial cells adhesion
on mesoporous Ti surfaces. The finding that simple storage at dry conditions and room temperature
can transform an amorphous Ti oxide layer into a crystalline one without changing the surface

topography made it possible to achieve direct comparisons to address our questions.
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2.3.1 Surfaces characterization

The surface structure of both freshly treated and 4 months-old Ti samples was characterized
by FE-SEM and AFM. We confirmed that in both cases the surfaces exhibit a similar network of
nanoscale cavities with an average diameter of 19.6 £ 9.3 nm and 20.0 + 5.7 nm, respectively (Fig.
la). (Fig. 1a, b). AFM further showed that the surfaces roughness was not affected over time (Fig.

Ib, ¢). Furthermore, in both cases, the surfaces were similar to what was previously reported

(14,34),
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Figure 25. — Fig. 1. Comparative FE-SEM (a) and AFM (b, ¢) images of freshly-prepared and 4-

month-old nanocavitated surfaces.
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XRD analysis was performed to determine the crystallinity of the Ti oxide layers. The
freshly-prepared and 4-month-old samples showed different XRD patterns (Fig. 2a). Control,
freshly-prepared and 4 month-old samples showed peaks around 36.4°, 38.9° and 41.3° degrees,
which correspond to the position of a-Ti peaks (35) (Fig. 2¢). The presence of these multiple peaks
is due to the fact that X-Rays pass through the thin amorphous surface oxide layer (~5 nm for
polished Ti and ~30 nm for nanocavitated Ti) into the bulk material (35). Definitive crystalline
peaks were only seen as of 4-months. The spectra showed peaks for o-Ti as well as the main peak
at 2h at 25.2° and a subtler one at 26.4°, which correspond to the anatase and rutile phase,
respectively. The higher anatase peak of the X-ray pattern compared to the rutile peak indicates
that the anatase phase predominates. This coincides with the FTIR results (Fig. 2b). Anatase and
rutile peaks are difficult to distinguish, however, the relative amounts of anatase compared to rutile
can be seen through the shift in the TiO2 peak. The FTIR analyses also show differences in the
crystalline structure of the samples. Spectra of the control and of the freshly-prepared sample do
not show any sign of crystallinity (Fig. 2¢), thus, confirming their amorphous nature. For 4-months-
old samples, FTIR analyses showed the presence of both anatase and rutile crystalline phases (870

cm! and 830 cm™!, respectively) (36).

Water contact angle results revealed a change in the wettability of the nanocavitated
surfaces. Freshly-prepared samples were significantly hydrophilic, with values lower than 90° (37)
compared with the 4-months-old ones (p < 0.05) (Fig. 2d). Water contact angles of the polished Ti
surfaces were found to be similar to what is reported in the literature (38). Hydrophobicity can be
modulated by the topography of the surface (22,38,39). Thus, the lower value obtained for the
freshly nanocavitated amorphous surfaces agree with previously reported results, their hydrophilic
nature basically due to the increase of hydroxyl groups incorporated during the etching process
(35). The sample stored for 4 months showed an increase of the water contact angle, revealing a
change in wettability of the surface. This hydrophobicity agrees with studies reporting that
deposited crystalline anatase thin films show higher contact angles than amorphous and rutile thin
films (40).
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Figure 26. — Fig. 2. XRD patterns (a) and FTIR spectra (b) of Ti surfaces polished (control), freshly
prepared and 4-month-old samples (4 months). Comparison of the main peaks (2h) appearing
in Ti surface patterns analyzed in this study and the ones in the bibliography (29-32) (¢).
Water contact angles of the different Ti surfaces (d).

While surface topography and roughness are similar (see above) XRD, FTIR and water
contact angle analyses demonstrate that both freshly-prepared and 4-months-old samples show
different crystalline phases. The freshly-prepared Ti surface is amorphous and hydrophilic,
consistent with what has been reported for samples analyzed soon after their preparation (27,35).
In contrast, the 4- months-old is crystalline and hydrophobic (Fig. 2), consistent with the chemical

properties of anatase and rutile (29-32).
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2.3.2 Cell behavior

Osteoblastic cells spread out more on both nanocavitated Ti samples than on control,
extended more filopodia with unique nanoscale lateral membrane protrusions and showed several
vinculin immunoreactive plaques associated with actin filaments (Fig. 3a—c), as previously
published (15,19,27). Overall cell morphology was similar on freshly-prepared (amorphous) and

4-month-old (crystalline) surfaces.
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Figure 27. — Fig.3. Osteogenic cell attachment, growth, and spreading: (a) Number of cells at 6, 24,

and 72 h of incubation on untreated (control), Nano crystalline (4 months-old samples) and
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Nano amorphous (freshly-prepared samples) Ti surfaces. Values showing significant
differences (p < 0.05) are indicated with an asterisk. (b) FE-SEM image lateral membrane
protrusions (white arrows) emerging from a filopodium of an osteogenic cell growing on Ti
surface with crystalline nanotopography. (c) Fluorescence micrographs showing vinculin
(green) and actin (red) distribution in cells after 24 h of culture. Nuclei are stained in blue. (d)
Quantitative analysis of FA lengths after 6 h of culture (For 24 h of culture see
Supplementary material Fig. 1S). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

However, there were no significant differences in cell number between the amorphous and
crystalline surfaces (Fig. 3a). The higher cell number observed on both nanocavitated surfaces
correlates with a significant increase in the quantity and size of the FAs, as well as their degree of
maturity (Fig. 3c and d) with respect to the polished surface. Notably, the amorphous
nanotopography showed more mature FA (Fig. 3d). This indicates that topographical features of
the surface can trigger the cellular mechanisms that regulate the formation and maturation of the
FAs, regardless of the crystallinity of the oxide layer and its surface wettability. These results
contrast with some reports, which claim that the chemistry of the substrate affects the cell density
(10-12,41). Concerning the crystalline structure of surfaces, Oh et al. (41) concluded that
amorphous TiO2 nanotubes caused a slight reduction in cell proliferation compared to ones with
an anatase phase. However, it was assumed that this difference is attributed to the presence of
fluorine on the amorphous surface derived from the anodization process. He et al. (11) reported
that the anatase phase of titania with nanoscale topography yields the best biological effects for
cell adhesion, spreading, proliferation and differentiation, mainly due to surface wettability.
Consistent with this conclusion, it was found that portions of cells migrate inside crystalline
nanotubes due to their higher hydrophilicity (10). On the other hand, Silva- Bermudez (22) found
that amorphous TiO2-coated surfaces showed an increase in the level of proteins related to the
mineralization of bone as compared to crystalline films. While we did not specifically analyze
protein expression, since cell number was not affected, our results would suggest no difference in
overall performance of the osteogenic cells, an effect that could be attributed specifically to the
nature of the nanocavitated surface. The created mesoporous network represents a nanoconfined

environment (34,35,42) that could directly influence various processes such a protein trapping,
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packing and orientation, as discussed for integrins (34). Concerning the wettability of biomaterial
surfaces, it is known that hydrophilicity is an important physicochemical property that can regulate
protein adsorption and cell behavior. Most studies indicate that cells tend to attach better onto
hydrophilic surfaces rather than hydrophobic ones (43). Nevertheless, it has also been reported that
cells adhere and proliferate at the highest rate when cultured on a substrate with hydrophobic
surfaces or a contact angle of around 70 degrees (44). In our work, different surface wettability
degrees showed similar cellular reactions. This overall limited influence on cell activity is further
emphasized by our results with SS where the hydrophilicity of the surface did not change

dramatically with the nanocavitation process, there was an enhancement on cell behavior.

Despite the fact that cell number - here specifically for MC3T3 osteogenic cells - is similar
amorphous and crystalline surfaces, it is important to highlight that the maturation of FA is greater
on the amorphous nanotopography. Some studies suggest that hydrophilic surfaces may influence
osteoblast behavior by changing protein absorption that directly induces differentiation through the
assembly of focal adhesions and subsequent activation of intracellular signaling cascade (45).
Structurally, mature FA link the actin rich cytoskeleton of cells with the extracellular matrix
through integrins to mediate cell adhesion, migration, mechanosensing and signaling events
(46,47). It could thus be assumed that amorphous mesoporous Ti surfaces have more influence on
the regulation of integrins in osteoblastic cells. However, how this translates into the longer-term

osteogenic capacity of the cell remains to be determined.

2.3.3 Bacterial attachment

Nanocavitated amorphous Ti surfaces have proven to be antimicrobial (42). In this work,
we have used the same nanocavitated material with different crystallinity in order to evaluate
whether the surface phase composition has any effect on bacterial cell attachment. The results show
that very few E. coli attached to the nanotextured Ti surface compared to the control sample (Fig.
4). However, no differences were observed between the crystalline and amorphous surfaces. Only
a few works have dealt with the influence of the atomic arrangement or crystallinity of titania on
this aspect. For instance, Del Curto et al. (48) reported that titania anatase layers significantly
reduced bacterial cell attachment. However, Almaguer - Flores ef al. (49) concluded that bacterial
cell adhesion was slightly lower on the amorphous phase compared to their crystalline counterpart.

Thus, as for eukaryotic cells, there is still debate on which factor is more relevant for bacterial
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attachment, topography or crystallinity. As for the MC3T3 cells, our results indicate that the
antibacterial properties that the nanotopography confers to Ti are not affected by the surface phase
composition. Therefore, this would indicate that the mechanism by which bacteria interact with a

surface is in first instance biophysical.
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Figure 28. — Fig. 4. Bacterial attachment: (a) E. coli number on Ti surfaces with different crystalline
structures. Values showing significant differences (p < 0.05) are indicated with an asterisk.

(b) FE-SEM images of E. coli on polished and nanocavitated with crystalline oxide layer.

2.4 Conclusions

It is still not resolved whether crystallinity of titania layers has a determinant influence on
biological events. Similarly, there are no reported works with a clear conclusion about the impact
of wettability of nanotextured surfaces, and how these changes with the atomic arrangement of the
surface. This study provides evidence that physical aspects of nanotopography of titania surfaces
predominate on the effect of crystallinity and hydrophilicity. While the nanocavitated surface

influences the formation and maturation of FA and elicits the outgrowth of filopodia, regardless
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the of crystallinity or its surface wettability, the amorphous surface exhibited a higher frequency
of mature adhesions on nanotextured titania. In addition, the antibacterial properties that
nanotopography confers to Ti are maintained with both crystalline phases. Thus, similarly to cell
behavior, there is no predominant influence of the crystallinity on bacterial cell adhesion. While
additional studies will be needed to establish the universality of our findings, the information
provided by our analyses offers a route for the rational design of implant surfaces to control cell
behavior and to inhibit bacterial cell adhesion. It also indicates that, while there may be an evolution
of the surface state during standard storage of treated titania surfaces, this is not expected to
significantly alter their performance, an important consideration for manufacturing of medical
devices. While our work is highly pertinent to bone biomaterials, it has a broader impact essentially

everywhere in the body where titania are used, and for certain industrial usages as well.
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Abstract

We have evaluated the response to nanotopography of CHO-K1 cells that express wild-type
paxillin or paxillin with mutations at serine 273 that inhibit phosphorylation. Cells were grown on
nanoporous and polished titanium surfaces. With all cell types, immunofluorescence showed that
adhesion and spreading were minimally affected on the treated surface and that the actin filaments
were more abundant and well-aligned. Scanning electron microscopy revealed changes in cell
shape and abundant filopodia with lateral nanoprotrusions in response to nanoporosity. Gene
expression of proteins associated with cellular adhesion and protrusions was significantly increased
on the nanoporous surface regardless of the cell type. In particular, ACTNI1, Racl, Cdc42, and
ITGal were upregulated in S273 cells with alanine substitutions, whereas FAK, Pxn, and Src were
downregulated, leading to improved focal adhesion formation. These findings suggest that the
surface nanoporosity can “compensate for” the genetic mutations that affect the biomechanical

relationship of cells to surfaces.

KEYWORDS: titanium, nanoporosity, focal adhesion, paxillin mutation, gene expression
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3.1 Introduction

The surface topography of biomaterials has been shown to provide cues to cells that induce
a large number of cellular responses, including cell shape, adhesion, and gene regulation (1).
Because cells naturally grow on nanostructured extracellular matrices, biomaterials with nanoscale
topographies are the focus of continuous investigation (2—5). Different surface fabrication and
treatment procedures have been successfully developed to generate nanotopographical surfaces for
cell interaction research. It is now possible to reliably obtain nanogrooves, nanopits, nanopillars,
nanotubes, and nanofibers, including nanofeatures superimposed on microrough surfaces (3,6,7).
However, each of these surfaces has distinctive physicochemical characteristics that make it
difficult to predict cellular outcomes based only on topography. As such, any relevant
nanostructure topography must be evaluated for its capacity to modulate cell activity. In this study,
we have evaluated a nanoporous surface which shows the ability to promote selectively cell activity
in vitro (8) and osteogenesis in vivo (9) and identified certain components of the cell signaling

using a genetic mutation model with specific emphasis on cell attachment.

Cell adhesion implicates focal adhesion (FA) formation, a multiprotein structure that
mediates signaling events related to cell biomechanics. Protein phosphorylation plays important
roles in the regulation of FA formation and turnover (10,11). Different components of FAs, such
as focal adhesion kinase (FAK), paxillin, and p130Cas, among others, are phosphorylated in
response to integrin-mediated cell-extracellular matrix adhesion (12,13). FAs are regulated by a set
of molecules comprising integrin-binding proteins, adaptors, and scaffolding proteins, such as
paxillin. The latter is a multifunctional and multidomain adapter protein that plays a key role by
recruiting numerous FA structural proteins and molecules associated with signaling pathways
(14—16). Paxillin phosphorylation has been associated with the coordinate formation of FAs and
stress fibers (16). As well as being a target for tyrosine kinases, paxillin is heavily phosphorylated
on serine residues during cell adhesion.16 Brown et al (14). demonstrated that mutations of
phosphorylatable residues of paxillin affect its overall localization to FAs that have reached a
steady state. For example, paxillin phosphorylation on tyrosine 31 (Y31), Y119, or serine 273
(S273) results in robust protrusion and assembly of adhesions in the protrusions, whereas
unphosphorylated paxillin suppresses protrusion and produces stable adhesions (17). Paxillin also
coordinates the activation of the proteins Cdc42, Racl, and RhoA GTPases associated with various

pathways (15). These pathways ultimately lead to the reorganization of the actin cytoskeleton and
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the assembly/disassembly of FAs required for cell attachment, spreading, and migration. In this
context, the LD4 domain of paxillin is considered as a key binding site for a number of signaling
molecules, including FAK and the G-protein-coupled receptor kinase-interacting protein 1 (GIT1)
(18,19). Deletion of the LD4 domain results in a perturbed migration and the diminution of the
number of protrusions.20 This domain contains the phosphorylatable residues S273. The S273D
paxillin mutant is a phosphomimetic mutant where the serine has been changed for an aspartic acid,
which is chemically similar to phopho-serine and the protein can be phosphorylated. Moreover, in
the S273A paxillin mutant, the serine residue is substituted with alanine, which has a similar R
group but cannot be phosphorylated because of the absence of a hydroxyl group necessary for
phosphorylation (20).

An oxidative chemical treatment of titanium, recently defined as nanocavitation (21), has
been used to create a unique nanoporous surface network that has a major impact on the formation
of FAs, thereby affecting cell adhesion and the resulting signaling cascades (22). The
phosphorylation status of paxillin has been implicated in the regulation of adhesion formation,
disassembly, and signaling (23). The phosphorylation of serine residues in particular has been
associated with the regulation of paxillin localization at FAs (15). CHO-K1 cells that express wild-
type paxillin or paxillin with point mutations at position S273 that affect phosphorylation (20) were
grown for the first time on a nanocavitated titanium surface (22,24). Although paxillin deletion has
been used to test cell response (25), to the best of our knowledge, site-directed mutagenesis has
never been used on any nanotopography. Such mutation is advantageous because it allows
evaluation of the contribution of specific functional groups in the response to surface features. The
formation of FAs and filopodia, as well as the expression of multiple genes that are usually tested
in relation to cell — surface interaction, were examined. Our results show that nanotopography can

counteract mutations that affect the formation of FAs.
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3.2 Materials and methods

3.2.1 Surface Modification

Commercially pure grade II titanium discs (12 mm diameter) were chemically oxidized to
produce a nanoscale topography (Ti-Nano). The samples were first polished (Ti-Control),
sonicated in distilled water, subsequently cleaned in 70% ethanol, and dried in air. To nanocavitate
the surfaces, some polished discs were immersed in a solution of equal volumes of concentrated
H>SO4 and 30% H20; at room temperature (RT), as previously described (24). The procedure is
detailed elsewhere (22). Before seeding the cells, the Ti-Control and Ti-Nano discs were sterilized

using 70% ethanol and UV light.

3.2.2 Surface Characterization

The Ti-Control and Ti-Nano surfaces were analyzed using a JEOL JSM-7400F (JEOL Ltd.,
Tokyo, Japan) field-emission scanning electron microscope (FE-SEM) operated at 1.5 kV. A
complete characterization of the surfaces was already reported (22). Additionally, the surface
topography was analyzed by atomic force microscopy (AFM) using an ICON scanning probe
microscope (Bruker Nano Surfaces, Santa Barbara, CA). The microscope was operated in air using
the PeakForce QNM mode and a microlever probe (type-MLCT, Bruker AFM Probes Americas)

with nominal tip radius of 20 nm and spring constant of 0.6 N/m.

3.2.3 Cell Culture

Stable Chinese hamster ovary paxillin wild-type (WT) enhanced green fluorescent protein
(EGFP) cells (CHO-K1), paxillin S273A, and paxillin S273D EGFP mutants (courtesy of C.
Brown) were cultured in low-glucose Dulbecco’s modified eagle medium (DMEM) supplemented
with nonessential amino acids, Pen-Strep, HEPES, Geneticin G418, and 10% fetal bovine serum
at 37 °C in a humidified atmosphere with 5% COa». Cells were plated on Ti-Control and Ti-Nano
discs placed in 12-well plates at a cell density of 10 000 cells/well and grown for 6 or 24 h.

3.2.4 Cell Spreading and Cell/Titanium Interface

FE-SEM was used to observe the morphology and the area of cells grown on control and
treated surfaces. After incubation, discs were washed three times in 0.1 M sodium phosphate buffer

(PB), pH 7.3, to remove nonadherent cells and fixed for 1 h at 4 °C using 2.5% (v/v) glutaraldehyde
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solution in PB. After fixation, cells were washed with PB and incubated for 1 h in 1% aqueous
osmium tetroxide at 4 °C, followed by dehydration with graded ethanol. Cells were then dried in a
Leica EM CPD 300 Critical Point Dryer (Leica Microsystems Inc., Ontario, Canada).
Quantification of the cell area was performed for at least 30 cells per condition across two
independent experiments. A Regulus 8230 ultrahigh-resolution FE-SEM (Hitachi, Ltd., Japan)
operated at 0.1 kV was used for higher resolution images of the filopodia and the nanoscale lateral
protrusions they emit on the nanostructured surface.22 To further investigate the relationship
between S273A mutated cells and Ti-Control and Ti-Nano surfaces, ion milling was performed
using an Ethos NX5000 Focused Ion Beam (FIB) system (Hitachi Ltd., Chiyoda, Japan) to obtain
cross-section images of the cell-surface interface. The samples were sputter-coated with Pt prior to

observation to alleviate charging.

3.2.5 Immunofluorescence Visualization of FAs

To visualize paxillin expression, we washed normal and mutated cells incubated for 24 h
on Ti-Control and Ti-Nano with PB and subsequently fixed with 4% (w/v) paraformaldehyde
solution in PB at 4 °C for 30 min. After fixation, cells were washed in PB and permeabilized with
0.5% (v/v) Triton X-100 in PB for 10 min. Nonspecific binding sites were blocked with 5% (w/v)
skimmed milk in PB for 1 h followed by fluorescent staining of the actin filaments with rhodamine-
phalloidin (1:150, Life Technologies) at RT for 30 min. The samples were washed in PB and the
titanium discs were mounted face-up on glass slides. Cell nuclei were stained and mounted with
mountain medium containing DAPI (Prolong antifade 4',6-diamidino-2-phenyl-indole,
dihydrochloride, Molecular Probes, Invitrogen). Coverslips were finally used to cover the discs.
After immunostaining, samples were examined using a Zeiss Axio Imager M2 Optical Microscope
(Carl Zeiss, Jena, Germany). GFP-Paxillin expression was quantified using ImageJ processing
software (NIH Image). Fluorescent images of the cells stained with DAPI were used to estimate
the number of cells on each surface after 24 h. A minimum of 2000 cells were counted for each

disc.
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3.2.6 Gene Expression

After 24 h of incubation, quantitative real-time PCR (RT-qPCR) was carried out to evaluate
the gene expression levels of paxillin (Pxn), vinculin (Vcl), talin (Tln), focal adhesion kinase
(FAK), a-actinin (ACTN1), Cdc42, Racl, Myosin II, Src, p130Cas, Zyxin, integrin al (ITGal),
and integrin 1 (ITGB1) in CHO-K1, S273A, and S273D mutant cells grown on the Ti-Control and
Ti-Nano surfaces. The total RNA was extracted using Trizol reagent (Invitrogen, Life
Technologies), according to the manufacturer’s instructions. The oligonucleotide primers utilized

are listed in Table 1.

gene gene primer sequence?® (5'-3') product length (bp)

Pxn F: ATGGGGGTCCTGGGAAGAAT 222
R: CCATCACAGGGGGCCTCTAC

Vel F: GCCTCCCTCGAAAGAAGCAA 125
R: GGCAATCTCAAACCCCGAA

Tln F: CTGGCTCAAGCCACCTCAGA 133
R: CCTCCACCATCTTGGCAGTG

FAK F: CCGGCACAATGTCTTCAAGC 164
R: GCCTCAGCCACTGGGAATCT

Cdc42 F: CGCAGGTGTGTGCTGCTATG 181
R: TACCAACGGGCCTTGTCTCA

Racl F: GCAGCAGCACAGCCTCCTTA 241
R: CCAGCACACCCACGACTAGG

a-actinin F: TCTTGACTCGGGATGCCAAA 115
R: GCGCGGAAATCATCTGTGTC

Myosin 11 F: CCAAGGCCAACAGTGAGGTG 290
R: CTGCTTCCACTCTGCCAGGA

ITGal F: TCCCGCGAAGTTGGCTTTAT 125
R: CGCTTTTCACATCCCAGACG

ITGB1 F: GGTCAACAGCGCATTTCTGG 133
R: CAGCATCCGTGGAAAACACC

Src F: CCTGGTTGGGGAGAATCTGG 129
R: AGAGCAGCTTCGGGAGCAGT

P130Cas F: GAACGAAGCCCCCAACAAAG 280
R: GGCAGGCCTTTCTCCACACT

Zyxin F: CCAAGCCTCACCTCTGCTCA 100
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R: AGCGCACCTGGTTTTGGTTT
GAPDH F: CCATCACTGCCACCCAGAAG 210
R: CCAGGCGACATGTCAGATCC

a5'.3". F, forward; R, reverse.

Tableau 1. — Table 1: Primer Sequences and Product Size (bp) for Real-Time PCR Reactions.

The extracted RNA was reverse transcribed using the QuantiNova SYBR Green RT-PCR
kit (Qiagen) following these conditions: 50 °C for 10 min, followed by 95 °C for 2 min, then 60
cycles of 95 °C for 5 s and 65 °C for 10 s using the LightCycler 96 PCR system (Roche). The gene
expression was calculated by the comparative 2724¢T method (26), normalized to GAPDH, and

expressed relative to Ti-Control discs.

3.2.7 Statistical Analysis

Data was analyzed using Student’s t test with a 95% confidence interval (p < 0.05) and
Origin Pro 9.2 software (OriginLab Corporation) to determine the statistically significant
differences between the means of different groups. Data normality was verified using a Shapiro-
Wilk test. All results are presented as the mean value + standard deviation (SD) of two independent

experiments run in triplicate for each condition and interval of time studied.
3.3 Results

3.3.1 Characterization of the Titanium Surfaces

Figure 1 illustrates the topographies of the control and treated titanium surfaces used in this
study. The Ti-Control showed no distinctive topographical features (Figure 1A) while
nanocavitation with HoSO4/H20 (22,24) creates a network of nanopores that are homogeneously
distributed across the surface (Figure 1B). The pore size diameter of 20 = 5 nm. As previously
reported (22), roughness measurements of the Ti-Control revealed average roughness (Ra) values
0f 0.50 £ 0.03 nm compared to 9.2 + 0.7 nm for Ti-Nano. AFM profiling revealed nanopore depths
ranging from 5 to 25 nm (Figure 1 C, D).
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Figure 30. — Figure 1. Scanning electron microscopy imaging of the topography of (A) polished and
(B) nanocavitated titanium surfaces. (C) AFM 3D topography of Ti-Nano and (D) the

corresponding line section.
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3.3.2 Cell Proliferation

To evaluate how the surface topography modulates cell proliferation, we determined the
number of wild type and mutated cells at 24 h of culture by fluorescence microscopy using the
DAPI staining to visualize nuclei. There are generally more S273A-paxillin mutant cells on both
surfaces compared to CHO-K1. While counts of the CHO-K1 and S273A cells are higher on the
nanoporous surface, the differences between surfaces are not statistically significant (95%
confidence interval) (Figure 2). CHO-K1 and S273D cells yield similar results on both surfaces
(see Figure S1A).
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Figure 31. — Figure 2. Cell count by immunofluorescence microscopy after 24 h of culture. Error bars
represent the standard deviation and ns indicates no significant statistical difference (95%

confidence).
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3.3.3 Cell Morphology

Figure 3 illustrates representative SEM micrographs of the cell morphology on control and
treated discs after 24 h of culture. There are structural differences as a function of the topography.
Cells on Ti-Control spread less and show a rounded morphology with few and short protrusions
(Figure 3A, B). On the other hand, on Ti-Nano, CHO-K1, S273A (Figure 3E, F) and S273D cells
(see Figure S1C, F) all appear to spread more on the surface (more evident on CHO-K1 cells) and
present multiple protrusions. Cross-sectional analyses of S273A cells on Ti-Control and Ti- Nano
(Figure 3C, G) show that contacts on Ti-Nano appear more numerous and their membrane

intimately adapts to the surface topography.

200 nm

Ti-Control

Ti-Nano

Figure 32. — Figure 3. SEM images of (A, E) CHO-K1 and (B, F) S273A cells cultured for 6 h. Cells
on the (A, B) Ti-Control appear rounded, whereas on (E, F) Ti-Nano, they are more spread
out and show multiple filopodial extensions. (C, G) Cross-sectional views of S273A cells

grown on Ti-Control and Ti-Nano. (D, H) Colored high-resolution images of boxed areas.

At 6 h of culture, cellular areas are not statistically different between the control and treated
surfaces. However, after 24 h of culture, cells from all three lines show different behaviors on the
two surfaces. In all cases, there is an approximately 2-fold increase in cell area on Ti-Nano as

compared to Ti-Control surfaces (Figure 4 and Figure S1D).
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Figure 33. — Figure 4. Quantification of cell area. At 6 h of culture, there is no statistical difference in
cell area, whereas at 24 h, the cell area is several fold larger on Ti-Nano. Error bars represent
the standard deviation, * indicates statistically significant differences and ns indicates no

significant difference.

Figure 5 shows high-magnification SEM images of filopodia emitted by cells after 24 h of
culture. There is no difference in the appearance of the filopodia on each surface but there are
marked differences between Ti-Control and Ti-Nano. Filopodia on Ti-Nano appear flattened and
exhibit abundant lateral nanoscale protrusions. Those on the Ti-Control are generally more rounded

and show few or no lateral protrusions (see Figure S1E, F for the S273D cells).
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100/nm

Figure 34. — Figure 5. Colored high-resolution scanning electron microscopy images of (A, C) CHO-
K1 and (B, D) S273 A grown for 24 h showing (C, D) the presence of nanoscale lateral

protrusions (arrows) emanating from a filopodium on Ti-Nano.

3.3.4 Fluorescence Microscopy

Because nanotopography induces major changes in cell spreading and adhesion, we have
examined actin and FA distribution. The fluorescence micrographs (Figure 6) illustrate staining for
actin filaments. In general, in all three cell types grown on the Ti-Control surface, a diffuse
perinuclear labeling for actin with only few bundles present can be observed (Figure 6A, B). On
Ti-Nano, actin filaments are more abundant and well-aligned (Figure 6C) in CHO-K1. S273A cells
on Ti-Nano show the presence of aligned filaments but they are not as abundant as in the CHOK1

cells (Figure 6D) and S273D cells (see Figure S2A, B).
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Figure 35. — Figure 6. Actin fluorescent labeling of (A, C) CHO-K1 and (B, D) S273A cells cultured

for 24 h on Ti-Control and Ti-Nano surfaces.

In this study, we also investigated the influence of nanotopography on the number of FAs
labeled with EGFPpaxillin (Figure 7A—D). The number of FAs is higher on the nanoporous
surfaces for CHO-K1 and S273A cells, but statistically significant differences between the surfaces
are only found for S273A (Figure 7E). The number of FAs for S273D cells is similar to that of the
CHO-KI cells (see Figure S2C, D). Quantification of the FA length shows differences in the size
distribution between surfaces. CHO-K1 cells tend to form larger FAs on Ti-Nano when compared

to both mutant cells (Figure 7F, G; Figure S2F).
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Figure 36.

Figure 7. Fluorescence micrographs of (A, C) CHO-K1 and (B, D) S273A cells cultured
for 24 h. (E) Number and (F, G) length distribution of focal adhesions formed by CHO-K1
and S273A cultured for 24 h on Ti-Control and Ti-Nano surfaces. Error bars represent the
standard deviation, * indicates statistically significant differences and ns indicate no

significant difference.
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3.3.5 Gene Expression

We used RT-qPCR to determine the influence of the nanostructured surface on the
expression of multiple genes associated with cell adhesion and protrusion. After 24 h of culture,
the Ti-Nano surface induces upregulation in the expression of a majority of the genes evaluated, as
compared with Ti-Control (Figure 8A, B). Of these, a-actinin, Racl, Cdc42, and ITGal are 9- to
21-fold upregulated in S273A-paxillin mutation cells (Figure 8B). Talin is the only gene
downregulated in CHO-K 1, whereas for the S273 Apaxillin mutation cells, FAK, Pxn, and Src are
downregulated (Figure 8B). Differently from CHO-K1 and S273A cells, Pxn are 7-fold and Myosin
27-fold upregulated by S273D cells on Ti-Nano (Figure S2G). Similar to the CHO-K1 cells, talin
is also downregulated on Ti-Nano for S273D cells (Figure S2G).
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Figure 37. — Figure 8. Comparative gene expression profile of focal adhesion markers, integrins, and
Rho family GTPases by (A) CHO-K1 and (B) S273A cells cultured on Ti-Control and Ti-

Nano surfaces.

3.4 Discussion

The mechanism by which proteins assemble to form the highly complex structure of FAs
that link the cytoskeleton with natural and engineered substrates and mediate the cellular effects of
the topography has not yet been defined. There is no linear succession of events in the FA assembly

and its multiple components appear almost simultaneously (27). The assembly and function of FAs
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are affected by small differences in the binding of integrins to extracellular ligands and/or
cytoplasmic adapter proteins (27). Members of the paxillin molecular adaptors family interact with
integrins to regulate the dynamics of adhesion sites. Different strategies have been exploited to
investigate the role of paxillin in this process (28). So far, few studies have taken advantage of site-
directed mutagenesis, to explore the influence of nanoscale surface modifications on FA formation.
Because the localization and function of paxillin as an adaptor molecule are regulated by
phosphorylation (29), we have exploited CHO-K1 cell lines that express paxillin with point
mutations at position S273 to interfere with this posttranslational modification (20). The fact that
there are multiple phosphorylation domains situated both at the Cterminal (14,18) or N-terminal
half of the paxillin molecule (18,29) complicates such studies, however, mutation in S273 have
been shown to have a major impact on cell behavior (20,30). This work contributes to this
challenging endeavor and further shows that nanotopography can palliate for

phosphorylationrelated changes in FA.

The data presented here and our previous results (22), demonstrate that the physicochemical
nature of the Ti-Nano surface positively affects cell behavior irrespective of cell type and regardless
of the presence or absence of paxillin mutations. Taken together, our results suggest that the
increase in the number of FAs, as well as the abundance of filopodia with lateral nanoprotrusions
contribute to increasing cell adhesion, and thereby alter the nanoscale biomechanical relationships
that regulate cell behavior and ultimately the body’s response to implants. It has been shown that
changes in surface topography induce changes in the morphology of the cell (31). Cells cultured
on smooth controls show a rounded morphology with fewer FAs. Even in the case of S273A
mutation, which has a major impact on paxillin phosphorylation, nanoporosity achieves
reorganization of the cytoskeleton resulting in a concurrent increase in cell area, cell spreading, FA
number, and size. The actin—myosin-based cytoskeleton is a dynamic system essential for
contraction (32). Actin filament orientation and the regulation of myosin activity are influenced by
the spatial organization and pattern of the substrate (33—35). Certain topographies have been shown
to inhibit the formation of stress fibers (36,37). In this study, cells cultured on the nanoporous
surface exhibit longer parallel actin filaments (more evident with CHO-K1 and S273D cells) and
upregulation of myosin II. Such an arrangement is consistent with the ability of the actin network

to sustain contractile forces (38).
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This is accompanied by a concurrent increase in FA structuring. These findings indicate
that the nanocavitated surface is independently able to sustain biomechanical adaptations. The
nanocavitated surface may improve the availability of binding sites for proteins (39), including the
adhesion ones and thereby engender above cellular outcomes. Paxillin S273A may be unable to
bind Src, FAK or structural proteins, such as vinculin (40,41). Stabilization of integrin clusters by
the binding of paxillin seems sufficient to compensate for the reduction in FAs on the Ti-Control
surface induced by this mutation. A precise regulation of the polymerization, convergence, and
cross-linking of actin filaments are determining factors for the initiation and elongation of filopodia
(42). Cells normally spread on a surface via lamellipodia and filopodia, the latter serve as sensors
for detecting topography features (43). In previous studies, we demonstrated that osteogenic cells
developed more filopodia with distinctive lateral nanoprotrusions on nanoporous surfaces (21,22).
A similar outcome is observed here with all three cell lines used, irrespective of the presence or
absence of mutations, indicating that this is an intrinsic characteristic of the surface. The surface
nanoporosity created by oxidative chemical etching can elicit, depending on the cell state, a
difference of signaling molecules to regulate FA dynamics, cytoskeletal organization, and filopodia
formation. Such a capacity, together with the improvement of osteogenesis at the surface of
titanium implants in vivo (9) and its antimicrobial capacity (44), falls within the realm of smart

surface properties with tunable biological effects (45).

The LD motif, where the mutations used in this study are localized, has been implicated in
numerous interactions with adhesion components or regulators, such as FAK, Src, p130Cas, talin,
and vinculin (40). Different studies have identified the phosphorylation of paxillin at S273 as a
critical regulator of Rac activation, cell adhesion, and protrusion (20). Additionally, FAK has been
involved as an indirect actor in various Racl activation mechanisms, with subsequent positive
effects on cell spreading (46). The extensive list of genes analyzed from the three cell lines studied
reveals major changes in S273A and S273D cells cultured on Ti-Nano. In the case of S273A cells,
there is a downregulation of key genes such as FAK, Pxn, and Src that are typically implicated in
FA formation and the upregulation of Racl and Cdc42. This suggests that nanoporosity regulates
FA formation through an alternative pathway that bridges integrin clustering with activation of
members of the Rho GTPases family. Alternatively, as we have observed in vivo, nanoporosity

activates a number of unclassified genes (unpublished data).
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Because these genes, whose function remains to be elucidated, are consistently upregulated
they may hold answers to how nanoporosity regulates cell function in general, including adhesion.
Racl and Cdc42 may also be implicated in the increased filopodial response observed. Racl plays
an essential role in promoting the formation of nascent focal complexes and is activated by the
adhesion of integrins to the extracellular matrix (11,47). and biomaterials. The upregulation of this
gene on Ti-Nano corroborates our hypothesis that the nanostructured surface induces clustering of
integrin that leads to FA assembly (22). This takes place even in the absence of paxillin
phosphorylation that leads to the activation of signaling pathways associated with Rac. Also, the
association of the adapter protein p130Cas, with focal contacts, occurs following integrin clustering
(48). This could also explain the upregulation of p130Cas we have observed with all three cell lines

on Ti-Nano.

3.5 Conclusions

This work exploits a genetic mutation model to demonstrate that nanoporosity, created by
the chemical oxidative nanocavitation of titanium surfaces, stimulates cell spreading, formation of
FA and filopodia with nanoprotrusions. This stimulation is confirmed by the upregulation of a
subset of genes associated with protrusions, FA markers, and integrins. The gene analysis suggests
that this takes place through alternative pathways to those typically involved in these events, that
can only be elicited by the nanoporous surface itself and that relate to the specific physicochemical
properties of the surface. Altogether, our results raise the possibility that nanostructured surfaces
can be used not only to guide/accelerate the integration of biomaterials under normal conditions
but also in situations where the cellular activity is compromised. This represents a yet undescribed

functionality for the nanoporous surface.
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Figure 38. — Figure S1. (A) Cell count by immunofluorescence microscopy after 24 h of culture. (B,C)
Scanning electron microscopy images of S273D cells cultured for 6 h on (B) Ti-Control and
(C) Ti-Nano. (D) Quantification of the cell area. Colored high-resolution scanning electron
microscopy images of S273D grown for 24 h on (E) Ti-Control and (F) Ti-Nano showing the
presence of nanoscale lateral protrusions (arrows) emanating from a filopodium. (B) Scale bar
=1 pm, (C) scale bar = 2 um, and (E,F) scale bar = 100 nm. Error bars represent the standard
deviation, * indicates statistically significant differences and ns indicate no significant

difference.
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Figure 39. — Figure S2. (A,B) Actin labeling and (C,D) fluorescence micrographs of S273D cells
cultured for 24 h on Ti-Control and Ti-Nano surfaces. (E) Number of focal adhesions formed
by CHO-K1 and S273D cells. (F) Length distribution of focal adhesions formed by S273D
cultured for 24 h on the Ti-Control and Ti-Nano surfaces. (G) Comparative gene expression
profile of focal adhesion markers, integrins, and Rho family GTPases by S273D cells
cultured on the Ti-Control and Ti-Nano surfaces. Error bars represent the standard deviation,

* indicates statistically significant differences and ns indicate no significant difference.
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Abstract

Cells sense and respond to mechanical cues from the surrounding substrate through
filopodia. Regulation of cellular biomechanics operates at the nanoscale. Therefore, a better
understanding of the relationship between filopodia and nanoscale surface features is highly
relevant for the rational design of implant surfaces. The objective of this work was to determine
the biomechanical contribution of filopodia and their nanoprotrusions to the adhesive interaction
of cells with nanostructured surfaces. We have also analyzed the functional changes of entire cells
subjected to an external force. MC3T3-E1 osteogenic cells were cultured on polished (Ti-Control)
and nanotextured titanium discs (Ti-Nano). An AFM approach was used to measure the lateral
detachment force of filopodia. Filopodia on Ti-Nano exhibited higher resistance to a lateral
detachment force, which indicates that they adhere to the surface with more strength. SEM analysis
revealed a restructuration of the cell membrane in response to centrifugation, being more evident
on Ti-Nano. Fluorescence labeling also highlighted a difference in the mitochondrial footprint, a
cellular compartment that provides energy for cellular processes. Together, these results show for
the first time that surface topography can change the adhesive interaction of a subcellular structure

that is fundamental in sensing physico-chemical surfaces features.

Keywords: titanium; nanotopography; filopodia; mechanotransduction; AFM; centrifugation.
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4.1 Introduction

The different mechanical forces that the human body experiences promote tissue growth
and remodeling (1). These forces are ultimately translated by cells that interact mechanically with
their local environment and represent the basic structural and functional unit of the organism (2,3).
Although the structural and molecular aspects of cells are known, their response to mechanical
loads and how they convert mechanical signals into biological responses are still not completely

defined (4,5).

Cells sense and respond to mechanical cues from the surrounding biological or artificial
substrates through lamellipodia and filopodia (6), both actin-rich plasma-membrane protrusions
found at the leading edge of cells (7). During cell migration, filopodia can exert forces on the
substrate and act as precursor of focal adhesions (FAs) (8). This structure is present in almost every
moving cell type and its function goes far beyond just probing the surrounding environment.
Filopodia define the position of cellular adhesion sites, actin bundles, cell force generation and the
formation of new filopodia (9). The rate of actin filament assembly, and cross-linking will regulate
their initiation and elongation (7,10). Distinct steps have been described in their formation which
includes, among others, force dependent adhesion, traction, and retraction. A fundamental aspect
of this cell behavior is adhesion, an activity that involves integrin receptor-ligand binding and
clustering to form FA complexes (11). These mechanically link the actin-rich cytoskeleton of cells
with the extracellular matrix (ECM) (12). The cytoskeletal networks of actin, intermediate
filaments, and other proteins associated with them determine in large part the mechanical stiffness
of cells (13). Integrins, a family of membrane proteins, act as receptors for cell adhesion molecules
via the tripeptide Arg-Gly-Asp (RGD) motif to mediate mechanotransduction to the cytoskeleton
(14). This process transduces mechanical signals from the microenvironment into biological
responses (14-16). The fundamental cell signaling pathways activated regulate diverse cellular
activities such as polarization, migration, proliferation, and differentiation (6,17). These events are
influenced by the strength of cell adhesion and are essential for understanding the functioning of
cells in the body. They are also critical for the rational design of biomaterials, especially those that

are continuously exposed to forces, such as implant loading (18) and blood flow (14,19).

The regulation of cellular biomechanics operates at the nanoscale since cells interact with

ECMs comprise of nanoscale constituents such as hydroxyapatite crystals, collagen fibrils, or
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proteoglycans (20,21). This also applies to nanostructured medically relevant materials and for this
reason, there has been a focus on nanotopography as a tool to improve cell adhesion and activity
(14,22). Therefore, a better understanding of the biomechanical relationship between filopodia and

nanoscale surface features is highly relevant for improving implant surfaces.

Real-time force measurements are complex to determine. Different approaches have been
used to estimate the cell adhesion strength and quantify the mechanical properties of cells (17).
These include the use of techniques like atomic force microscopy (AFM), optical stretching
magnetic twisting cytometry, micropipette aspiration and acoustic radiation-induced deformation,
as well as shear forces to detach the cells (e.g. spinning disks, centrifugation, and flow chambers)
(23). Albuschies and Vogel (24), using flexible silicon nanowires (NWs), indirectly estimated the
traction force exerted by filopodia from de deflection of the NWs by scanning electron microscopy
(SEM) after fixation of the cells. The dynamic behavior of the F-actin present in filopodia has also
been investigated on traction and retraction force exerted by live cells, using optical trap and
simultaneous optical tweezers and confocal laser-scanning measurements (8,25). AFM is a unique,
high-resolution tool that has been extensively used to study cellular adhesion forces from the
single-molecule level to the entire cell (26). An approach commonly reported in literature is a
cantilever tip with an immobilized cell as a measuring probe (13,26). This technique, known as
AFM-based single-cell force spectroscopy (SCFS), is an ultrasensitive method for quantifying cell
adhesion forces of single cells. Cellular adhesion force can be measured from the degree of
cantilever deflection during cell retraction (26,27). A similar strategy involves bringing a protein-
coated cantilever onto a cell firmly attached to the substrate and then retracting the cantilever (13).
However, these AFM approaches measure the adhesion force exerted by the entire cell and give no

information about the contribution of specific subcellular structures to the force.

In previous studies, we have demonstrated that a nanoporous surface induces the formation
of more filopodia with abundant nanoscale lateral protrusions that contour the walls of the
nanopores (12). It has been suggested, but not demonstrated, that these distinctive filopodia
together with the formation of larger FAs contribute to the overall adhesion strength of the cell.
Filopodia traction and retraction have been studied (8,25), but their adhesion, that represents a
major component of the filopodia mechanical sensing function has not. In this study, we have

determined the biomechanical contribution of filopodia and nanoprotrusions to the adhesive
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interaction of cells with the surface. These events occur at the subcellular level and measuring
forces at the nanoscale is particularly challenging. In fact, to our knowledge, direct measurement
of the adhesion force of filopodia in response of a nanotopography, has never been reported. We
have adapted an AFM approach used to measure the lateral detachment force of bacteria (23,28) to
compare the adhesion forces exerted by filopodia on polished control and nanostructured titanium
surfaces. A polished surface was selected to eliminate any topographical features which could
confound the contribution of the nanotopography by creating multilevel topography. In order to
evaluate the impact of the surface on the adhesion force of the entire cell, we have also analyzed
the structural and functional changes exhibited by cells when subjected to an external centrifugal
shearing force that does not inherently cause cell damage. Mitochondria are an essential component
of all cells in the body that provide energy to perform biochemical reactions and different cellular
processes (29). Because extracellular mechanical factors and the cytoskeleton have an impact on
mitochondrial activity, we have also compared the mitochondrial footprint before and after
centrifugation (30). The measurements carried out on fixed cells demonstrate that filopodia and
their associated nanoprotrusions induced by the topography exhibit higher resistance to a lateral
detachment force, indicating that they adhere to the surface with more strength. Centrifugation
results demonstrate an increase in the number of filopodia associated with membrane changes in
response to the nanotopography. We also found that the nanoporous surface plays an essential role
in regulating mitochondrial networks. Altogether, our combined approach highlighted the profound
impact of the nanoporous surface on the adhesion strength of filopodia, and on mitochondrial

functionality.

4.2 Materials and Methods

4.2.1 Surface modification

Commercially pure grade II titanium discs (12 mm diameter x 2 mm thickness) (Firmetal
Co., Ltd., Shanghai, China) were first polished in three stages as previously described (12) using
silicon carbide abrasive paper followed by a Texmet carpet with MetaDi fluid, and 9 mm diamond
suspension. Finally, a MicroFloc carpet with distilled water and MasterMet SiO2 solution was
used. The polished discs were rinsed with distilled water in an ultrasonic bath and subsequently
cleaned in 70% ethanol and dried with air. Oxidative chemical treatment was used to generate a

nanoscale surface topography (Ti-Nano). The polished discs were immersed in a solution of equal
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volumes of concentrated H2SO4 (98% mass fraction) and 30% H>O; at room temperature (RT) for

1.5 h as detailed elsewhere (12, 31). Polished surfaces were used as controls (Ti-Control).

4.2.2 Surface characterization

The Ti-Control and Ti-Nano surfaces were imaged using an ultrahigh-resolution scanning
electron microscope (SEM) Regulus 8220 (Hitachi, Ltd., Tokyo, Japan) operated at 1kV. Images
were obtained in deceleration mode with a combination of signal from secondary and backscattered
electrons without coating the sample. The working distance was around 1.5-3 mm. The average

pore diameter was measured using ImageJ (http://imagej.nih.gov/ij/features.html).

4.2.3 Cell culture
The Ti-Control and Ti-Nano discs were sterilized using 70% ethanol and UV light for 2 h

before seeding the cells. MC3T3-E1 (mouse calvaria-derived osteogenic) cells from American
Type Culture Collection (ATCC) were cultured in Alpha Minimum Essential Medium with Earle’s
salts, L-glutamine, ribonucleosides, and deoxyribonucleosides (a-MEM) supplemented with 10%
fetal bovine serum at 37 °C in a humidified atmosphere with 5% COx. A cell density of 10,000 was

plated on Ti-Control and Ti-Nano discs placed in 12-well plates. The cells were grown for 24 h.

4.2.4 AFM Imaging

Images of attached cells were obtained by AFM using a Dimension Icon NSV scanning
probe microscope (Bruker Nano Surfaces, Santa Barbara, California, USA) operated in contact
mode in 0.1 M sodium phosphate buffer (PB), pH 7.3PB after fixation for 1 h at 4 °C in 2.5%
glutaraldehyde. A silicon nitride tip and cantilever (ScanAsyst Fluid probe, Bruker AFM probes,
Camarillo, California, USA) with a low spring and high sensitivity (nominal spring constant = 0.7
N/m) was used. The ScanAsyst Fluid is a probe that has a dull tip ideal for force measurements and
imaging extremely delicate samples in fluids. The silicon nitride cantilever has a triangular
geometry and a back side coating of reflective gold. The tip is connected to the base of the
cantilever by an irregular quadrilateral pyramid. The tip radius has a nominal value of 20 nm with
a maximum of 60 nm with a height that varies between 2.5-8 um with front, back and side angles
from 15 to 25° (According to manufacturer). To select the appropriate filopodia, cells were imaged

at a scan size of 40 pm?2 and a scan rate of 1Hz with 128 pixels by line resolution and low set point.
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Only those filopodia with a length of at least 5 um, a diameter between 400-800 nm, and a
height of 100 nm or more were selected, eliminating width and height as possible variables in the
respective force measurements. These dimensions were abundant and readily apparent and
therefore we opted to select this. A more refine search using the contact mode was eliminated
because the damage it can cause and the time it requires. The tip’s scan direction relative to the
filopodia was 90° + 5°. Selected filopodia were distanced from other structures (e.g., other
filopodia or cell bodies) by a minimum of 5 um to avoid direct contact with other obstacles during
measurements. In order to achieve reliable force measurements, all measurements were performed

on filopodia displaying similar size as well as overall orientation.

4.2.5. Lateral detachment force quantification. Force calculation

During the force measurement, the AFM tip (Fig. 1A, B) was scanned across the filopodium
at a speed of 1 Hz with successive increases of the deflection setpoint with the slow scan axis
disabled, therefore ensuring the incremental force was consistently applied along the same scan
line until the filopodium detached (Fig. 1C). This force can be calculated using Hooke’s Law.
However, according to Deupree and Schoenfisch (28), when the probe interacts with a large
feature, in this case, a filopodium, the interaction between the tip and the feature will occur on the

side of the probe. The equation to describe this interaction and calculate the force is as follows (Eq.

1):
Fiot = kSViptaisin(@ + @) cos b Eq. 1

where the Fia is the lateral detachment force (nN), k and S are the spring constant (nN/nm) and
sensitivity (nm/V) of the applied cantilever, respectively. For each specific AFM probe used, k was
determined by performing a thermal tune in air and Lorentzian fitting and S by acquiring a force-
distance curve against a clean sapphire substrate. 0 and @ angles are parameters of the probe
geometry and cantilever orientation. Vtotal is the total vertical deflection of the laser beam detected
by the position-sensitive detector and is directly correlated to the total compression of the
cantilever. Three independent experiments (different culture and substrate preparation) were
conducted. A total of 9 individual filopodium from 3 different replicas were analyzed for each

condition.
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Figure 40. — Fig. 1. (A) Image from the optical camera showing the top view of the AFM cantilever
scanning a cell. (B) SEM micrograph of the lateral view of the pyramidal silicon nitride tip.
(C) Schematic representation of the lateral view showing the direction of the compression and
lateral forces applied to move the cell. (D) Schematic representation of the disc arrangement

for the centrifugation assay.

4.2.6 Centrifugation assay. Functional changes on cells

We used a modified centrifugation cell adhesion assay that applies controlled force to the
adherent cells in the same direction as the force quantification approach described previously. After
24 h of culture, cells cultured on Ti-Control and Ti-Nano discs on the 12-well plates were placed
directly into 15 mL tubes with 5 mL of a-MEM medium supplemented with 10% fetal bovine
serum at 37 °C as represented in Fig. 1D. The discs were placed in a tilt position (15°) to ensure
that adherent cells only received a shear centrifugal force. A resin was polymerized at the bottom
of each tube with the desired angle, the minimum inclination that was able to keep the disc at the
right position through the experiment. Then, the tubes were placed into a centrifuge (Centrifuge

Allegra™ X-22R, Ontario, Canada), and cells were centrifuged for 30 min at a speed of 1900 g.

4.2.7 Morphology, cell number and FAs
Following centrifugation, cells were fixed for 30 min at 4°C using periodate-lysine-

paraformaldehyde in PB. Discs without centrifuging were used as control. Then, cells were washed
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in PB and permeabilized with 0.5% Triton X-100 in PB for 10 min. 5% skim milk in PB was used
to block nonspecific binding sites for 1 h. Cells were incubated for 2 h with the specific primary
antibody (1:200; Monoclonal Anti-Vinculin Clone hVIN-1 Sigma, MO, USA) and Rhodamine-
phalloidin (1:150, Life Technologies) diluted in blocking solution. Alexa Fluor 488 (green
fluorescence) conjugated goat anti-mouse was used as a secondary antibody (1:500, Life
technologies). All steps of the incubations were performed in a humidified environment at RT
protected from light. Between each incubation step, the samples were washed three times (5 min
each) in PB. Glass slides were used to mount the discs face up, and cell nuclei were stained and
mounted with mountain medium containing DAPI (Prolong antifade 4',6-diamidino-2-phenyl-
indole, dihydrochloride, Molecular Probes, Invitrogen) covered with round-glass coverslips. The
samples were analyzed with a Zeiss Axio Imager M2 Optical Microscope (Carl Zeiss, Jena,
Germany). A 63x objective was used to acquire high-magnification immunofluorescence images
to study the cytoskeleton distribution, area, and FA formation on the cells. For each substrate, more

than 30 individual cells from three different replicates were evaluated.

To obtain high-resolution images of the entire disc, images were captured with a large field
of view using a 10x objective, and the surface was subdivided into multiple smaller images to
capture tiles. Four discs for each condition (16 images of the whole disc) were used to count the
total number of cells. In parallel, control and centrifuged cells were fixed for 1 h at 4 °C in 2.5%
glutaraldehyde and subsequently rinsed three times with PB, followed by incubation for 1 h in 1%
osmium tetroxide at 4 °C. Cells were dehydrated through a graded series of ethanol (30%, 50%,
70%, 90%, 95%, and two times 100%) followed by drying in a Leica EM CPD300 Critical Point
Dryer (Leica Microsystems Inc., Ontario, Canada). An SEM Regulus 8220 operated at 1 kV was

used to observe the morphology of cells grown on control and treated surfaces.

4.2.8 Mitochondrial morphology

To label mitochondria, cells cultured on Ti-Control and Ti-Nano for 24 h before and after
centrifugation were incubated with MitoTracker® probes (200 nM) for 45 min at 37 °C in a
humidified atmosphere with 5% CO2. Then, cells were washed with a-MEM without FBS followed
by fixation for 15 min at 37 °C using 4% paraformaldehyde in PB. The samples were washed three
times (5 min each) in PB. Glass slides were used to mount the discs face up, and cell nuclei were

stained and mounted with mounting medium containing DAPI (Prolong antifade 4',6-diamidino-
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2-phenyl-indole, dihydrochloride, Molecular Probes, Invitrogen) covered with round-glass
coverslips. Images were acquired using a 63x objective with a Zeiss Axio Imager M2 Optical

Microscope. More than 10 cells from three different replicates were analyzed by each condition.

4.2.9 Image analysis

Image J ((http://imagej.nih.gov/ij/features.html)) was used to estimate the number of the
FAs, the area, the number of cells, and the mitochondrial morphology. Images were processed as
described in Bello et al (12). Images from mitochondrial assays were treated following these steps:
(as described by A.J. Valente et al (32)): unsharp mask, CLAHE, and median. Then, images were
binarized and skeletonized to analyze the skeleton as described in Fig. 1S (supplemental materials).
Mitochondrial network features as branches, footprint, junctions and rods (individuals) were

analysed. All graphs were constructed with Origin Pro 9.2 software (OriginLab Corporation).

4.2.10 Statistical analysis

The Origin Pro 9.2 software was used to determine the statistically significant differences between
the means of different groups using a Student’s t-test analysis of mean values. Values of p < 0.05
were considered statistically different, while the values above were not different. Data normality
was verified using a Shapiro-Wilk test and the Grubbs test was conducted to verify the existence

of outliers. All results are presented as the mean value + standard deviation (SD).
4.3 Results

4.3.1 Characterization of surface topography

Fig. 2 illustrates the surface topographies of the polished titanium discs before (Ti-Control)
and after (Ti-Nano) oxidative chemical treatment. The Ti-Control showed a smooth surface without
topographical features (Fig. 2A). A three-dimensional network of nanopores is observed on the
treated surface (Fig. 2B). The mean diameter of the generated nanopores of 19 + 5 nm (Fig. 2C) is

consistent with previous reports (12, 31).
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Figure 41. — Fig. 2. Scanning electron micrographs of the (A) smooth polished Ti surface and (B)
nanoporous topography created by the oxidative chemical treatment. (C) Size distribution of

the nanopores (n=100).

4.3.2 Adhesion force quantification

We measured the cell-substrate adhesion force of MC3T3 cells cultured on Ti-Control and
Ti-Nano by contact mode AFM. This method was used to quantify the adhesion strength of
filopodia after 24 h of culture on the 2 different substrate surfaces.

The measurements showed that filopodia adhered to the Ti-Nano with more strength than
Ti-Control (Fig. 3). Filopodia displaced more readily and using lower cantilever deflection on Ti-
Control (Fig. 3A and B), whereas on Ti-Nano (Fig. 3C and D), displacement of the filopodia
required significantly higher deflection of the cantilever, in some cases, resulting in tearing of the
filopodia. The lateral force increased from 43 + 21 nN to 228 + 27 nN following oxidative

nanopatterning on Ti-Nano (Fig. 3E).
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Figure 42. — Fig. 3. AFM images of filopodia on (A) Ti-Control and (C) Ti-Nano showing the probed
regions (A, C) before and (B, D) after increasing the deflection setpoint of the cantilever. In
all AFM images arrows represent the direction of the cell body. (E) Quantitative analysis of

the lateral force required to detach or break the filopodium on both surfaces obtained after
calculation. Dots represent individual data points. Error bars represent the standard

deviations, * indicates statistically significant differences (p < 0.05).

4.3.3 Centrifugation

Centrifugation was employed to investigate the functional changes experienced by cells

according to the characteristics of the substrate surface.

4.3.3.1 Counting and visualizing cells before and after centrifugation

The number of adherent cells before and after 30 min of centrifugation was measured (Fig.
4). A representative immunofluorescence image used to quantify cells is shown in Fig. 4A, B.
Quantitative analysis indicated that centrifugation does not drastically reduce the cell number on
Ti-Control and Ti-Nano (Fig. 4E). Most cells remain attached to the surface under the applied

centrifugal force.
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Figure 43. — Fig. 4. (A) Count from fluorescence microscopy images of cells stained with DAPI (blue)
for nuclei and rhodamine/phalloidin (red) for actin. (B) Enlargement of the area outlined by
the white square in a. (C) Nuclei maps generated using Image J to automatically calculate (D)
the cell number. (E) Number of cells on the polished (Ti-Control) and nanoporous (Ti-Nano)
surfaces before and after centrifugation. Dots represent individual data points. Error bars

represent the standard deviation. The results show no statistical differences.

To further understand the effect of centrifugation on cells cultured on both surfaces, we
analyzed the cell area (Fig. 5). The cell area is not affected by centrifugation (Fig. SE). We can
observe normal variation concerning cell growth. However, some cells showed regions of

peripheral membrane folding, suggesting that adhesions or the cytoskeleton were affected by

centrifugation (Fig. 5B, D, white ovals).

119



Ti-Control

Ti-Nano

10000

F . After centrifugation
*
8000 %, R o
- * 0& . .
NE {’ 28 ‘; *
3 6000 - . S 4
® b
e » R
= 40004 | *®°
]
o
+*
2000+ ¢ .}
¢ .
0

Ti-Control Ti-Nano Ti-Control Ti-Nano

Figure 44. — Fig. 5. Fluorescence microscopy images of cells stained with DAPI (blue) for nuclei and
rhodamine/phalloidin (red) for actin attached on Ti-Control and Ti-Nano (A, C) before and
(B, D) after centrifugation. (E) Cells map generated using Image J to automatically calculate
the cell area, incomplete cells were excluded from data. Some cells showed regions of
peripheral membrane folding (white ovals). (F) The cell areas on Ti-Control and Ti-Nano
surfaces before and after centrifugation show no statistical differences under all conditions.

Dots represent individual data points. Error bars represent the standard deviations.



SEM analysis revealed a restructuration of the cell membrane accompanied by a corresponding
change in cell shape after centrifugation (Fig. 6). On some cells, the filopodia concentrated on one
aspect of the cells (Fig. 6B, F (arrowheads)), and they were more abundant on the Ti-Nano. On this
surface, cells also showed the presence of abundant cell membrane veils, poor in cytoskeleton
elements, in response to the centrifugation (Fig. 6G). High magnification images allow us to see
that the cell is still developing nanoprotrusions emerging from filopodia in response to the

nanotopography (Fig. 6H (arrows)).

Before After centrifugation

c

Ti-Control

Ti-Nano

Figure 45. — Fig. 6. Representative SEM images of cells attached on (A-D) Ti-Control and (E-H) Ti-
Nano (A, E) before and (B, C, D, F, G, H) after centrifugation. The distribution of filopodia is
represented with arrowheads. High-resolution images of filopodium on (D) Ti-Control and
(F) Ti-Nano after centrifugation. (H) Nanoscale protrusions emanating from a filopodium

attached to the Ti-Nano surface (arrows).

4.3.3.2 Changes in the mitochondrial dynamics in cells after centrifugation
Surface topography and centrifugation influence the mitochondrial network organization
(Fig. 7A-D). The surface of the mitochondria increased. This increase is only statistically

significant on Ti-Nano (Fig. 7E). The number of junctions was not affected (Fig. 1S, Supplemental

materials).
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Figure 46. — Fig. 7. Representative fluorescence micrographs of cells stained with DAPI (blue) for
nuclei, rhodamine/phalloidin (red) for actin, and MitoTracker Green (green) for
mitochondrial network attached on Ti-Control and Ti-Nano (A, C) before and (B, D) after
centrifugation. (E) The surface occupied by the mitochondria. Dots represent individual data
points. Error bars represent the standard deviations, * indicates statistically significant

differences (p < 0.05).

4.3.3.3 FAs and cytoskeleton organization

To analyze cell adhesion and morphology before (Fig. 8A, C) and after (Fig. 8B, D)
centrifugation, cells were stained with Rhodamine-phalloidin to visualize the cytoskeletal
organization and anti-vinculin for FA number. There was a tendency for FAs to increase after
centrifugation (Fig. 8E), and the images from Ti-Nano suggested a higher concentration of FAs

under the region of the nucleus and its immediate surroundings (Fig. 8D).
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Figure 47. — Fig. 8. Immunofluorescence images of cells stained with DAPI (blue) for nuclei,
rhodamine/phalloidin (red) for actin, and Anti-vinculin (green) for FAs attached on Ti-
Control and Ti-Nano, (A, C) before and (B, D) after centrifugation. (E) Number of FAs. Dots
represent individual data points. Error bars represent the standard deviations. The results

show no statistical differences.

4.4 Discussion

While various studies have investigated the effects of the substrate surface topography on
the adhesion of entire cell (33, 34), very few have focused on the role played by filopodia. Here
we show that filopodia extended by osteoblastic cells perceive and respond to the underlying

nanoporous titanium surface created by oxidative nanopatterning to locally develop stronger
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biomechanical relationship with the substrate. The fact that five-fold more force is required to
displace/break filopodia on the Ti-Nano surface compared to the Ti-Control indicates a significant
higher adhesion. Since lateral nanoprotrusions are only found on Ti-Nano, the observed adhesion
differential must partly result from their development. Essentially, these very thin membrane
extensions allow filopodia to establish more adhesive interactions with the surface. The more
frequently observed filopodia breaks on the Ti-Nano, in comparison with the Ti-Control, may
reflect an overall differential in stiffness resulting from the more intimate interaction with the
surface and/or the distribution of cytoskeletal elements in them that are independent of the cell
fixation used. As we have discussed previously (12), the intimate association of filopodia and their
nanoprotrusions with the surface suggests that the mechanism may involve changes in integrin
conformation and clustering that alter the dynamic organization of signaling proteins in FAs. Using
the same experimental conditions, it was shown an increase in the FA area using vinculin staining
and the upregulation of the expression of various integrins responsible for the cell-substrate
interaction. The higher adhesion force shown here can be correlated with the above molecular

findings, demonstrating that filopodia play a critical role in surface topography sensing.

In this work, we complemented the biomechanical AFM analysis with cytochemical and
morphological analysis of entire cells following exposure to an external centrifugal shearing force
(23). Garcia et al (35), used a centrifugation assay to evaluate the influence of multiple biomaterial
surface treatments and protein coatings on adhesion of entire cells. They established a correlation
between the adhesive properties of cells and different substrate surfaces. Similarly, a centrifugation
assay was used to examine the cell adhesion responses to different ligand densities and
demonstrated that ligand clustering increased cell adhesion (36). Neither of these examples
analyzed the role of filopodia and their nanoprotrusions. Unlike these above studies, our results
revealed no dramatic effect on cell number and area on both the control and nanostructured
surfaces. These findings are not surprising because both the duration and the centrifugal force
applied were selected to avoid significant cellular damage, and results could change by increasing
the time and/or force of centrifugation. However, our study put in evidence that nanoporosity
induces pertinent functional changes during as little as 30 minutes of centrifugation. There was, in
general, more filopodia which assumed an overall spiraling orientation with respect to the cell
surface on the Ti-Nano. One striking particularity is that membrane reorganization resulted in their

preferential concentration on one aspect of the cell. This suggests that cells respond to both the
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strength and orientation of the force applied, which was not the case on Ti-Control. Another
distinctive observation is that filopodia on Ti-Nano maintain nanoprotrusions while they are
exposed to force. This reaffirms their importance for the adhesive strength of filopodia and may be

very relevant for maintaining cell adhesion under more stringent centrifugal conditions.

The highly dynamic mitochondria provide energy to cellular processes (29), and has the
ability to fuse and divide and link to the actin network that responds to mechanical forces (30).
Mitochondrial content and their morphology are difficult to quantify due to the degree of branching
and their heterogeneity in length (37). We observed that the mitochondrial footprint of cells on the
Ti-Nano surface was more extensive than that of cells on Ti-Control. However, the number of
junctions where branches originate does not appear to be affected by the centrifugation on both
surfaces (Fig. 1S, Supplemental materials). Consequently, the size of branches and rods must
increase, suggesting a concurrent increase in mitochondria fusion that favors activity across the

entire tubular network (38). This suggests that nanotopography would
undoubtedly influence mitochondrial function by having an impact on branching.

FAs link the actin-rich cytoskeleton of cells through integrins with the ECM to mediate
major cellular events such as mechanosensing and signaling (39, 40), but the mechanism by which
mechanical stimuli influence FA development remains unclear. As illustrated by the vinculin
labeling, there is tendency for to increase in the number of FAs after centrifugation that is more
prominent on Ti-Nano. They also appear to concentrate in the membrane under and surrounding
the nucleus, an intriguing observation that may relate to the distribution of forces along the cell on
Ti-Nano. These observations provide a functional confirmation that the physico-chemical changes
induced by oxidative nanopatterning influence the behavior of by FAs and their response to

external mechanical stress.

Filopodia are essential membrane protrusions that facilitate cellular sensing and interaction
with the environment (25). Our study offers a new approach for the direct measurement of the
filopodium adhesion force and represent a significant advance in nanoscale cell mechanobiology.
Because filopodia are important mediators of mechanotransduction and they are affected by surface
topography (41), it is important to understand how they respond to forces. There is a paucity of
studies that measure forces at the subcellular level and the few available use diverse methodologies

making difficult to directly compare our results with that of others.
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Some studies had dealt with the adhesion force of entire cells (42, 43) or with the traction
and retraction forces of filopodia (24, 25). However, it has so far not been possible to reliably
measure the force with which filopodia adhere to a substrate, essentially for methodological
reasons. The differential adhesion force that we have observed between the smooth and nano
surfaces reflects different filopodial dynamics on these two surfaces. It also cannot be excluded
that this differential adhesion would have an impact on traction and retraction functions of
filopodia. In fact, when filopodial adhesion fails, retraction takes place (9). Therefore,
understanding how topography creates different adhesive strengths is important because it can be
exploited for the rational design of biomaterial surfaces that will achieve selective adhesive

relationship for optimal cellular responses.

There is still no perfect method for measuring the strength of cell adhesion in terms of
sensitivity and reproducibility. In fact, all studies have strengths and limitations, and the important
consideration is to keep them in mind when interpreting the results. In our study, measuring the
force of filopodia after chemical fixation, certainly needs consideration. However, since both
surfaces were tested under the same conditions, the difference in lateral detachment force is
meaningful. In fact, fixation immobilized in time and space pre-existent adhesive interactions of
filopodia on both surfaces. Chemical fixation has also been used in the study of Jorg Albuschies &
Viola Vogel (24) to immobilize cells during filopodia traction measurements that resulted in very
relevant results. Clearly, the next step will be measuring adhesion forces on live cells, but this will
present a challenge because filopodia are dynamic structures that could respond and change during

the process of lateral force measurement.

4.5 Conclusions

To our knowledge, this is the first in vitro study that has directly examined the adhesive
interaction between a subcellular structure and a surface. We have applied a quantitative AFM
method to compare the adhesion strength of filopodia on smooth and nanoporous titanium surfaces.
The formation of filopodia with nanoprotrusions increases and these adhere with more strength on
the nanoporous topography. Therefore, these must make an important contribution to the overall
adhesion strength of the cell. We have also distinctly analyzed the structural and functional changes

of cells when subjected to an external centrifugal force. The observed changes in the filopodia
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number and distribution, in the overall size of the mitochondrial network footprint, and the
distribution of FAs indicate that cells grown on nanoporous titanium also respond differently to an
external force. Together, these results show that surface topography can change the adhesive
properties of a subcellular component that is fundamental in sensing physico-chemical surfaces
features, and this change affects the cell response to an external force. These findings are
particularly relevant for prosthetic devices that are subject to external loads, such as orthopedic and

dental implants.
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Figure 48. — Figure 18S. (a) Representative fluorescence micrograph of cells stained with DAPI (blue)
for nuclei, rhodamine/phalloidin (red) for actin, and MitoTracker Green (green) for the
mitochondrial network followed by the generated images after Image J processing using:
unsharp mask, CLAHE, median, binary and skeletonize tools. (b) Number of junctions
quantified for each surface before and after the centrifugation. The number of junctions
expressed as a percentage was not significantly affected by surface or centrifugation.
However, the mitochondrial footprint on Ti-Nano was altered after centrifugation (see Figure

7).
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Chapitre 5 — Discussion générale

La conception des dispositifs médicaux repose sur la capacité des systemes biologiques a
réagir a leurs caractéristiques physico-chimiques, un processus qui a conduit au développement
d’une nouvelle génération de biomatériaux. Ces nouveaux biomatériaux sont congus en suivant des
approches visant a manipuler leurs surfaces afin d’améliorer leur capacité d’assimilation dans

I’organisme.

La chimie, la géométrie, la topographie et les propriétés mécaniques des biomatériaux
modulent les interactions cellules-surface. Le résultat d’un implant est essentiellement déterminé
par les événements cellulaires et moléculaires qui se produisent a I’interface biomatériau-tissu. Ces
événements, ainsi que ceux qui guident le fonctionnement des cellules dans leur habitat naturel, se
produisent a I’échelle nanométrique. Ce principe fondamental, associé aux progres récents de la
nanotechnologie, a réorienté notre attention vers la modification des surfaces a 1’échelle
nanométrique pour imiter les systémes biologiques. Comprendre le comportement des cellules a
I’interface matériau-tissu de 1’hote est une condition préalable fondamentale pour concevoir des

biomatériaux capables de diriger des événements cellulaires vers un résultat biologique souhaité.

Le Ti et ses alliages sont des biomatériaux avantageux, car leur couche d’oxyde
superficielle peut facilement étre modifiée a 1’aide d’approches physico-chimiques relativement
simples. Parmi les différentes approches de modification de la surface du Ti, le nanopatterning
oxydatif présente des avantages distincts en raison de sa simplicité, du contrdle précis des
caractéristiques physico-chimiques de la surface, de son applicabilité a des géométries complexes
ainsi que de sa facilité de transfert a la fabrication a grande échelle. Cette approche nous a permis
aussi de modifier la topographie d'autres métaux, comme le CrCoMo, et le Ta (75, 76). Plus
récemment, nous avons modifié¢ la topographie de 1’acier inoxydable pour obtenir une surface qui
présente les mémes caractéristiques topographiques obtenues sur la surface du Ti. Avec une
anodisation directe, en utilisant un mélange de H>SO4/H>0O3, nous avons produit une couche mince
mésoporeuse d’oxyde cristallin a la surface de I’acier inoxydable, qui présente simultanément un
impact sélectif sur I’activité cellulaire et les propriétés antibactériennes (Annexe 1). Considérant

que la chimie de la surface nanoporeuse obtenue sur 1’acier différe de celle sur le Ti, mais que les



effets sont sensiblement les mémes, on peut en conclure que la topographie de la surface est un

facteur déterminant.

A partir des connaissances acquises au sujet du comportement cellulaire a 1’échelle
nanométrique sur une surface de Ti, nous discuterons certains points saillants qui démarquent notre

travail ainsi que leurs limites.

Premierement, nous avons montré que les aspects physiques de la nanotopographie des
surfaces de Ti prédominent sur I’effet de la cristallinité et de 1’hydrophilie. Ceci indique que bien
qu’il puisse y avoir une évolution de 1’état de surface pendant le stockage standard d’une surface
de Ti traité, cela ne devrait pas altérer de maniere significative leurs performances, une
considération importante pour la fabrication de dispositifs médicaux. Tandis que la surface
nanoporeuse influence la formation et la maturation des FAs ainsi que stimule la formation de
filopodes avec des nanoprotrusions, quelle que soit sa cristallinité ou sa mouillabilité de surface, la
surface amorphe présentait une fréquence plus ¢élevée d’adhésions matures. De plus, les propriétés
antibactériennes que la nanotopographie confére au Ti sont maintenues avec les deux phases
d’oxyde de Ti, ce qui pourrait indiquer que le mécanisme par lequel les bactéries interagissent avec
la surface est en premier lieu biophysique. Etant donné que des paramétres comme la mouillabilité
de la surface n’ont pas eu un effet sur les propriétés antibactériennes, il est probable que la
topographie elle-méme puisse expliquer la faible capacité des bactéries a adhérer a la surface
traitée. Cette capacité a interférer avec 1’étape initiale de la colonisation bactérienne peut aider a
prévenir la cascade subséquente conduisant a la formation de biofilms. La fixation bactérienne est
un processus complexe ou différents facteurs comme 1’interaction entre les propriétés de surface,
les facteurs biologiques et les conditions environnementales jouent un role essentiel (153). Bien
que les travaux aient été réalisés en utilisant la bactérie E. Coli, au lieu d’autres bactéries plus
pertinentes dans le contexte buccodentaire ou orthopédique, nous tenons a souligner que cette
surface a déja été testée avec d’autres bactéries telles que le staphylococcus aureus (154), et plus
récemment (donnés non publiés) avec P. gingivalis, ou le méme effet de la surface a été observé.
L’effet antibactérien a également été observé avec le bacillus subtilis (annexe) sur des surfaces en

acier inoxydable nanostructurées, démontrant le réle déterminant de la topographie.

Deuxiémement, les données obtenues en utilisant un modéle cellulaire de mutation

génétique, démontrent que la nanoporosité, affecte positivement le comportement cellulaire
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indépendamment de la présence ou de I’absence de mutations de la paxilline. Ce résultat a été
confirmé par 1’augmentation de I’expression génétique des différents genes associés avec la
formation de filopodes, avec des marqueurs des FAs et aux différentes intégrines. La formation
FAs, que ce soit sur une matrice extracellulaire naturelle ou sur des biomatériaux synthétiques,
repose sur I’autoassemblage de complexes moléculaires intrinsequement structurés a 1’échelle
nanométrique. La modulation des FAs et la formation des filopodes sont des caractéristiques
critiques pour I’intégration d’un biomatériau, cependant les mécanismes impliqués ne sont pas
encore précisément définis pour toutes les échelles topographiques. L’influence de la taille, de la
géométrie et de I’organisation des caractéristiques des surfaces a I’échelle nanométrique sur
I’activité cellulaire est encore un sujet de controverse (155, 156). Différentes études ont montré
que la formation des FAs est sensible a I’arrangement spatial et a la présentation des ligands dans
les matrices extracellulaires. Comme la téte d’un hétérodimére d’intégrine posséde un diametre
d’environ 20 nm (157, 158), une variation a I’échelle nanométrique dans la topographie du substrat
peut affecter directement la conformation et le regroupement des intégrines et donc 1’organisation
des protéines adaptatrices et de signalisation dans les FAs. Différents résultats montrent que les
nanomotifs peuvent affecter I’adhésion des cellules en modifiant I’expression des intégrines et en
facilitant la taille et la densité des FAs. La structuration a 1’échelle nanométrique est, donc
susceptible d’avoir un impact significatif sur I’organisation et le type des FAs formées, soit en
perturbant leur formation, soit en induisant un recrutement spécifique d’intégrines (79). L’analyse
des geénes étudiés pour les cellules avec des mutations, suggere que la nanoporosité régule la
formation des FAs par une voie alternative qui relie le regroupement des intégrines a 1’activation
des membres de la famille des Rho GTPases. L’augmentation de 1’expression de Rac 1, un geéne
qui joue un rdle essentiel dans la promotion de la formation de adhésions naissants et qui est activé
par I’adhésion des intégrines a la MEC (110, 159), corrobore notre hypothése selon laquelle la
surface nanostructurée induit un regroupement d’intégrines qui conduit a 1’assemblage des FAs.
Cela se produit méme en I’absence de phosphorylation de la paxilline qui conduit a I’activation des
voies de signalisation associées a Racl. L’utilisation de cette ligné cellulaire épithéliale, moins
pertinent en raison de son origine, nous a néanmoins permis d’apporter un éclairage sur les
mécanismes qui pourraient expliquer le comportement différentiel de la surface que nous avons
observés avec diverses lignés cellulaires, incluant des cellules souches (75), des fibroblastes (160),

des macrophages (55) et diverses lignés des cellules ostéogéniques (75, 76).
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Finalement, avec des cellules ostéoblastiques, nous avons montré pour la premiere fois que
la topographie de surface peut modifier I’interaction adhésive d'une structure subcellulaire qui est
fondamentale dans la détection des caractéristiques physico-chimiques de la surface. Alors que des
¢tudes de force d’adhésion ont été faites sur d’autres nanostructures, ces études ont porté sur I’ensemble
de la force d’adhésion cellulaire et non sur la contribution de compartiments subcellulaires spécifiques
a cette force d’adhésion. A partir d’une méthode quantitative par AFM nous avons démontré que
les filopodes percoivent et répondent a la surface de titane nanoporeuse pour développer localement
une relation biomécanique plus forte avec le substrat. Le fait que cinq fois plus de force soit
nécessaire pour déplacer les filopodes sur la surface Ti-Nano par rapport au Ti-Control indique une
adhérence significativement plus élevée. Comme les nanoprotrusions latérales ne se trouvent que
sur Ti-Nano, le différentiel d’adhérence observé doit en partie résulter de leur développement.
L’association intime des filopodes et de leurs nanoprotrusions avec la surface suggere que le
mécanisme peut impliquer des changements dans la conformation et le regroupement des intégrines
qui modifient I’organisation dynamique des protéines de signalisation dans les FAs tel que discuté
précédemment. Nous avons également analysé distinctement les modifications structurelles et
fonctionnelles des cellules lorsqu’elles sont soumises a une force de centrifugation externe. Les
changements observés dans le nombre et la distribution des filopodes, dans la taille globale de
I’empreinte du réseau mitochondrial et dans la distribution des FAs indiquent que les cellules

cultivées sur le Ti-Nano réagissent différemment a une force externe.

Le fait d’avoir utilisé une surface polie comme contrdle, alors qu’une surface micro-
rugueuse avec des composants nanotopographiques est une topographie plus cliniquement utilisée
peut constituer une limite de notre étude. Cependant, cette surface a été choisie pour éliminer toute
caractéristique topographique qui pourrait confondre la contribution de la nanotopographie en
créant une topographie multiniveau qui pourrait potentiellement influencer ou masquer ses
caractéristiques. Plus précisément, I’un des objectives de notre travail était de déterminer comment
la topographie a 1'échelle nanométrique elle-méme influence directement I'adhésion des filopodes

et leurs nanoprotrusions.
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La seule fagon d'accomplir cet objectif sans avoir une combinaison des facteurs est de
comparer les résultats avec une surface sans caractéristiques topographiques. De plus, 1'utilisation
d’une surface micro-rugueuse pourrait interférer avec l'application de I'AFM en mode contact, qui
est nécessaire pour identifier et déplacer une structure fine telle qu'un filopode. En effet, nous avons
di adapter la durée du traitement chimique a 1h30 (161) pour éliminer la formation d'une
topographie de second niveau en plus des nanopores et ainsi éliminer la possibilit¢ que la
microrugosité contribue aux effets cellulaires étudiés. Toutefois, nous tenons a souligner que les
implants utilisés avec une surface nanoporeuse pour nos études in vivo avaient initialement une
surface microrugueuse avec une géométrie cylindrique et méme dans cette circonstance ont montré

des avantages significatifs (162, 163).
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Chapitre 6 — Conclusions générales

La conception de caractéristiques a 1’échelle nanométrique nécessite de mieux comprendre
les mécanismes moléculaires impliqués a la formation des adhésions et a 1’assemblage du
cytosquelette d’actine. Ces événements ne dépendent pas exclusivement des propriétés physico-
chimiques de la surface des biomatériaux, mais aussi de la nature multifonctionnelle des
composants des tissus et des fluides car le corps est un environnement complexe et dynamique qui

doit étre pris en considération.

La combinaison des méthodologies utilisées dans ce travail a permis de mettre en place un
profil unique de caractérisation biomécanique, structurel et fonctionnel, qui pourrait étre transféré
pour I’évaluation d’autres surfaces a intérét médical. Nos résultats ont contribué de maniére
significative a la connaissance sur le sujet des interactions cellule-substrat, ce qui pourrait permettre
d’améliorer le succes des implants de Ti en modifiant leurs propriétés physico-chimiques afin
d’améliorer la guérison tissulaire sans 1’ajout d’agents biologiques. Il peut y avoir des situations
particulieres ou la fonctionnalisation de la surface avec des biomolécules capables de favoriser

’activité ostéogénique sur les implants en titane serait un avantage.

Alors que des études supplémentaires seront nécessaires pour €tablir ’'universalité de nos
découvertes, les informations fournies par nos analyses offrent une voie pour la conception
rationnelle et I’évaluation des surfaces d'implants afin de contrdler le comportement des cellules et

d’inhiber ’adhésion des cellules bactériennes.

Dans I’ensemble, nos résultats soulévent la possibilité que les surfaces nanostructurées
puissent étre utilisées non seulement pour guider/accélérer I’intégration de biomatériaux dans des
conditions normales, mais ¢galement dans des situations ou 1’activité cellulaire est compromise.
Ces résultats sont particulierement pertinents pour les prothéses soumises a des charges externes,

telles que les implants orthopédiques et dentaires.



Chapitre 7 — Perspectives

Les travaux réalisés au cours de cette thése ont permis d’approfondir la compréhension de
la I’interaction cellulaire avec une surface de Ti modifiée a 1’échelle nanométrique et, au méme

temps, ont soulevé certaines questions qui méritent d’étre investiguées.
1. Biomécanique cellulaire avec des cellules vivantes.

Nous considérons qu’une compréhension plus profonde des mécanismes qui expliquent la
biomécanique cellulaire avec des cellules vivantes est nécessaire. L’une des limitations de nos
études était que les mesures par AFM étaient faites sur des cellules fixées chimiquement. Bien que
nous croyions fermement que les différences de force de détachement latéral observées sont
significatives car les deux surfaces ont été testées dans les mémes conditions, la prochaine étape
de notre étude consistera a mesurer les forces d’adhésion sur des cellules vivantes. Ce qui entrainera
un défi majeur car les filopodes sont des structures dynamiques qui pourraient réagir et changer au
cours du processus de mesure de la force. Il est important de comprendre comment la topographie
induit différentes forces d’adhésion, ainsi que I’impact que ’adhésion pourrait avoir sur les
fonctions de traction et de rétraction des filopodes, car les filopodes jouent un rdle trés important

dans la détection de la topographie.

Ensemble avec les filopodes, nous avons vu que les nanoprotrusions pourraient avoir un
impact sur la force d’attachement cellulaire. En plus, il est connu que les FAs fournissent un lien
mécanique entre la MEC et le cytosquelette. Jusqu’a maintenant, nous avons toujours caractérisé
les cellules séparément par différentes techniques. Avec la mise au point d’une technique
corrélative qui nous permets de regarder la méme cellule en utilisant différentes techniques, tel que
montré dans la Figure 47, nous serons capables de fixer les cellules apres les mesures de force,
faire un marquage des FAs par IF et les visualiser aussi par MEB. Ensemble, ces 3 techniques
(AFM, IF et MEB) nous permettront d’avoir un profil plus large qui correle la force d’adhésion, la

quantité et taille des FAs et la distribution des filopodes et leur nanoprotrusions en méme temps.



Figure 49. — (A) Micrographie de fluorescence d’une cellule MC3T3-E1 sur une surface nanoporeuse
de Ti. Marquage avec du DAPI (bleu) pour le noyau, de la rhodamine/phalloidine (rouge)
pour I’actine et de 1’anti-vinculine (vert) pour la vinculine. (B) Micrographie obtenue par

MEB. (C) Corrélation entre A et B. (D et E) Micrographie MEB a haute résolution des
filopodes.

2. Contribution de la nanotopographie a I’ostéointégration in vivo avec des animaux

médicalement compromis.

Tel que nous avons discuté précédemment par rapport a la possibilité que les surfaces
nanostructurées puissent guider/accélérer I’intégration de biomatériaux dans des situations ou
I’activité cellulaire est compromise, nous aimerions dans le futur définir la contribution de la
nanotopographie a 1’ostéointégration in vivo avec des modeles animaux d’ostéoporose et/ou
modeles de diabéte. Il est connu que des maladies telles que I’ostéoporose et le diabéte, entre autres,
affectent négativement 1’ ostéointégration (164-166). Récemment, dans une étude avec des animaux
en bonne santé, nous avons démontré que des implants de Ti avec nanotopographie peuvent
atteindre un niveau ¢levé de formation osseuse dans des condition de mise en charge et limiter la
réponse inflammatoire a la surface de I'implant (163). Cette nouvelle découverte souléve la
possibilité que les implants dotés de surfaces nanostructurées puissent mieux supporter des
conditions de charge difficiles lors de la cicatrisation osseuse initiale, particuliérement dans le cas
des patients médicalement compromis. Les connaissances pouvant découler de ces études seraient

trés bénéfiques pour un large segment de la population touchée par ces deux maladies.
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3. Mécanisme d’interaction des bactéries avec la surface de Ti nanoporeuse.

Nous avons observé que la surface nanostructurée du Ti limite 1’adhésion bactérienne. Il
existe deux théories qui se retrouvent largement dans la littérature pour décrire le phénomene qui
peux se produire lorsque des bactéries interagissent avec une surface nanotopographique: (1) les
caractéristiques des surfaces empéchent I’adhésion des bactéries et/ou (2) une fois que les bactéries
adherent a la surface, elles ne survivent pas a cause d’une rupture ou déformation de la membrane
plasmique bactérienne causée par la nanotopographie (120). Des études supplémentaires seront
nécessaires pour connaitre le mécanisme par lequel les bactéries interagissent avec la surface. Avec
I’utilisation des bactéries buccales, plus pertinentes dans le contexte des implants dentaires, nous
allons étudier les réponses morphologiques et physiologiques des bactéries aux surfaces
nanotopographiques. Pour élucider I’'impact de la topographie, sur 1’intégrité des bactéries, et
déterminer si les nanopores induisent une lyse cellulaire & cause d’une rupture mécanique, des
techniques comme le faisceau d’ions focalis¢ (FIB) seront utilisées pour reconstruire des

visualisations 3D détaillées de bactéries adhérées aux surfaces.

Récemment, notre équipe a étudié comment plusieurs bactéries associées aux maladies
parodontales pouvaient agir sur la lame basale spécialisée (LBS) qui permet I’accolement des
cellules épithéliales de I’épithélium de jonction a la surface minéralisée de la dent (167). La LBS
est une matrice extracellulaire constituée de 4 protéines : Amélotine (AMTN), Odontogenic
ameloblast-associated (ODAM), secretory calcium-binding phosphoprotein proline-glutamine rich
1 (SCPPPQ1) et la laminine-332 (Lam332), qui interagissent entre elles afin de former un réseau
supramoléculaire (168). Ces études ont montré que tous les constituants de la LBS, excepté
SCPPPQI, sont digérés par certaines bactéries périodontopathogenes telles que Porphyromonas

gingivalis (P. gingivalis) (169).

A partir de cette connaissance, nous envisageons étudier 1’adsorption de SCPPPQ1 sur les
surfaces de Ti pour évaluer 1’effet combiné de cette protéine pré adsorbées et la topographie de
surface sur I’attachement de P. gingivalis et des cellules ostéoblastiques in vitro. Pendant ce temps,
nous avons cultivé la bactérie P. gingivalis directement sur les surfaces Ti-Poli et Ti-Nano et nos
résultats préliminaires (Figure 48) montrent qu’il pourrait avoir un effet antibactérien de la

topographie face a cette bactérie aussi.
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Figure 50. — Micrographies MEB aprés incubation avec P. gingivalis pendant 30 min sur une surface

de titane (A) poli et (B) nanostructurée.

4. Séquencage d’ARN

Finalement, nous envisageons 1’utilisation du séquencage d’ARN. Dans 1’étude in vivo
qu’on vient de mentionner (163), nos résultats ont montré que la majorité des génes qui ont été
régulés a la hausse ou a la baisse pendant la mise en charge ne sont pas classés. Cela indique qu’un
certain nombre dacteurs" inattendus pourraient étre impliqués dans 1’ostéointégration des
implants, et ceux-ci peuvent représenter des cibles potentielles pour favoriser la formation osseuse
autour des implants. De la méme fagon, avec la nanoporosité, les genes liés aux voies de
signalisation inflammatoires n’ont pas été différentiellement sollicité¢ (163). Grace a cette
technique, nous pourrons déterminer 1’expression relative des génes sur la surface nanoporeuse, en
comparaison a une surface polie afin d’obtenir un profil plus large des changements cellulaires

induits par la nanotopographie.
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Abstract

While stainless steel is a broadly used alloy with interesting mechanical properties, its
applications in medicine suffers from inherent biocompatibility limitations. An attractive opportunity
to improve its performance is to alter its surface, but this has proven challenging. We now show how
high range anodization conditions using H>SO4+/H20: as an atypical electrolyte can efficiently
nanocavitate the surface of both stainless steel SS304 and SS316 and create a topography with
advantageous biomedical characteristics. We describe the structural and chemical features of the
resulting surfaces, and propose a nanocorrosion/transpassivation/repassivation mechanism for its
creation. Our approach creates a thin mesoporous layer of crystalline oxide that selectively promotes
mammalian cell activity and limits bacterial adhesion. The modified surfaces favor the formation
and maturation of focal adhesion plaques and environment-sensing filopodia with abundant extra
small lateral membrane protrusions, suggesting an increase in membrane fluidity. These protrusions
represent a yet undescribed cellular response. Such surfaces promise to facilitate the integration of
implantable SS devices, in general. In addition, our strategy simultaneously provides a simple,
commercially attractive way to control the adhesion of microorganisms, making nanostructured
stainless steel broadly useful in hospital environments, in manufacturing medical devices, as well as

offering possibilities for non-medical applications.

Keywords: Stainless steel, Electrochemical anodization, Nanotopography, Cell adhesion,

Antibacterial properties
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1- Introduction

The widespread use of stainless steel (SS) as a medical material reflects its appealing
mechanical properties, resistance to wear, low reactivity, and modest cost. Austenitic 304 and 316
steels (SS304 and SS316) have been used to make a wide range of medical devices, including
coronary stents, hip implant stems, spinal disc replacements, and fracture fixations, as well as
surgical tools such as needles, scalpels, blades, curettes, forceps, and retractors (1), (2). In all these
applications, however, SS behaves as a foreign material that can cause allergic and toxic reactions,
particularly after long periods of implantation (2). To deal with this problem and to enhance the
utility of SS as a medical material, various surface modifications have been explored, as summarized
and referenced in Supplemental (Table 1 and 2). The use of coatings, superficial chemical
modifications, and molecular functionalization has revealed inherent limitations, including the
instability and inhomogeneity of modified surfaces, which can lead to the eventual failure of implants
(3). More recently, nanotechnology has been exploited in attempts to restructure the surface of SS
for various applications, but the methods used are typically complex and often yield thick and
irregular films (Table 1 and 2 in Supplemental). Very significant advances have been made but a key
problem in the field of medical materials remains unsolved: how can the inherently desirable

properties of SS as a medical material be enhanced by simple nanoscale modifications of its surface?

Many naturally-occurring surfaces have complex topographies that confer unique properties
of biological importance. For example, the superhydrophobic nanostructured surface of lotus leaves
repels water, and the nanopillars of cicada wings are extremely effective at breaking down the walls
of bacterial cells (4), (5). These examples provide a strong biomimetic rational for controlling

biological activity through nanotopography.

Our group introduced a simple oxidative method for nanostructuring the surface of Ti and its
alloys by exposure to mixtures of HoSO4 and H>O> (6), (7), (8). This generates a thin amorphous
layer of TiO2 on the surface, characterized by an intricate network of nanometric pores (9). The
approach has also been used to modify the surfaces of other relevant implantable metals, such as
CrCoMo and Ta (10). The physicochemical characteristics of the resulting mesoporous surfaces
selectively influence the growth and activity of various cells in vitro, including stem cells (11), (12),
and osteogenic activity is promoted both in vitro (10) and in vivo (13). More recently, we further
demonstrated that mesoporous surface layers of this type hamper the adhesion and/or retention of

bacteria, in addition to affecting the integrity of a yeast variety (14).
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The strong resistance of SS to chemical attack makes the creation of nanostructured surfaces
inherently difficult. Indeed, chemical oxidation with H2SO4/H20; at 25 °C was ineffective with SS,
but we discovered that this solution can be used as electrolyte for electrochemical anodization. We
report here unique conditions for anodization that produce a thin crystalline mesoporous layer of
oxide on the surface of SS304 and SS316. Moreover, we present evidence to establish that this simple

modification enhances mammalian cell activity and limits bacterial adhesion.

2- Material and methods

2.1. SS plates

Commercial samples of SS304 and SS316 in the form of plates of dimensions 25 mm x 15
mm X 1.3 mm (CBR Laser, Plessisville, Québec, Canada) were mechanically polished to a mirror
finish (PowerPro 5000, Buehler, Lake Bluff, IL, USA) by first using SiC grinding paper, then
diamond paste, and finally a non-crystallizing aqueous suspension of colloidal silica (Buehler, Lake
Bluff, IL, USA). The polished plates were then cleaned by ultrasonication (Fisher Scientific, Fair
Lawn, NJ, USA), first in distilled water (15 min), then in 100% ethanol (15 min), and finally in
toluene (15 min). The cleaned plates were dried in air. Before treatment, the plates were scored with

a grid consisting of 48 squares (2.5 mm X 3.5 mm) to partition the surface.
2.2. Nanocavitating SS surfaces by anodization

Before further treatment, half of each SS plate (24 grid squares) was covered with nail polish
to render the surface inert. The uncoated half of each plate was dipped into an electrolyte prepared
by mixing equal volumes of 96% H>SOs; and 30% aqueous H>O;. The resulting nominal
concentrations of H2SO4 and H>O; were about 9 M and 5 M, respectively (6). Controlled anodization
was carried out in a two-electrode electrochemical cell fitted with a 100 W multi 60 V/5A DC power
supply (B&K Precision 9110, Yorba Linda, CA, USA). Pt mesh (25 x 25 mm) was used as the
cathode. The current was maintained at 0.5 A (density of 700 A/m?), and the temperature was
controlled by packing ice around the electrochemical bath. The initial temperature was 40 °C, and
anodization was stopped when the temperature reached 80 °C, which required about 12 min. After
quick ultrasonication in distilled water to detach the nail polish, the plates were cleaned
ultrasonically, first with 100% ethanol and then with toluene (15 min each). Analyses by field-

emission scanning electron microscopy (FE-SEM) and X-ray photoelectron spectroscopy (XPS)
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confirmed the absence of any nail polish residues. The region of the plate initially covered by nail
polish constituted the control surface. Anodization of SS was also performed in 96% H2SO4, in

aqueous H2SO4 (1:1 v:v), and in aqueous 30% H>0O; as electrolytes.
2.3. Wettability and contact angle (CA)

Static contact angles, surface energy (SE), and polarity were measured with ultrapure distilled
water (Millipore Milli-Q, Merck Millipore Corporation, Billerica, MA, USA) and diiodomethane
(Sigma, St. Louis, MO, USA) using the sessile drop method (Contact Angle System OCA 15 Plus,
DataPhysics, Filderstadt, Germany). Measurements were made at 25 °C, with a volume of 1.5 pL
and a dosing rate of 1 pL/min. Data were analyzed with SCA 20 software (DataPhysics). Surface
energies were calculated for the two liquids using the standard method of Owens, Wendt, Rabel, and

Kaelble (OWRK).
2.4. Field-emission scanning electron microscopy (FE-SEM)

The topography of SS surfaces and the morphology of cells were examined by FE-SEM,
using a JEOL JSM-7400F (JEOL Ltd., Tokyo, Japan) or a Zeiss Gemini SEM 500 instrument (Zeiss
GmbH, Oberkochen, Germany) operating at 1.5-2 kV. High-resolution images allowed pore
diameters to be measured using Photoshop (Adobe Systems, San Jose, CA, USA). Energy-dispersive
spectroscopy (EDS) with a silicon-drift detector (Octane, EDAX Inc., Mahwah, NJ, USA) was used
to analyze SS surfaces before and after oxidative treatment. A helium-ion microscope (HIM) (Orion,
Carl Zeiss Microscopy, Peabody, MA, USA) operating at 35 kV was used to obtain more detailed

images of filopodia.
2.5. High-resolution scanning transmission electron microscopy (HR-STEM)

To extend our characterizations of surfaces, a focused ion beam system (Scios, FEI,
Netherlands) was used to cut ultrathin cross sections of treated surfaces for HR-STEM. Structural
characterizations of the treated SS surfaces were performed using a double-corrected TEM (Titan
Themis 300, FEI, Netherlands) operating at 200 Kv with a high angle annular dark field detector
(HAADF). Images and chemical maps were acquired by HR-STEM, using a convergence angle of
29 mrad. Raw data from EDS images (Super-X EDS system, FEI, Netherlands) were processed using
Esprit imaging software (Bruker, Billerica, MA, USA) for background subtraction and series peak
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deconvolution. Maps were acquired for 15-20 min with count rates about 8 kcps. To measure the

thickness of oxide layers, HR-STEM images were analyzed by Photoshop (Adobe Systems).
2.6. Atomic force microscopy (AFM)

AFM images were acquired in air at 21 °C using PeakForce tapping mode on a Dimension
Icon microscope (Bruker) performed at a scan rate of 1 Hz using ScanAsyst-Air SiN cantilevers with

a nominal spring constant of ~0.4 N/m and tip radius <10 nm.
2.7. X-Ray photoelectron spectroscopy (XPS)

XPS was used to analyze the chemical composition of surfaces. Spectra were acquired with
an XR 50 Mg anode X-ray source operating at 150 W and a PHOIBOS 150 MCD-9 detector (SPECS
Surface Nano Analysis GmbH, Germany). High-resolution spectra of Cr 2p, Fe 2p, Ni2p,and O 1 s
were recorded with a pass energy of 25 eV (0.1 eV steps) at a pressure below 7.5 x 10—9 mbar, and
the spectra were processed with CasaXPS software Version 2.3.1 (15), (16). Binding energies were
referred to the C 1 s signal at 284.8 eV. Two samples were studied with no baseline adjustment for

each experimental condition.
2.8. Cellular assays

Mouse calvaria-derived osteoblasts (MC3T3, ATCC® CRL-2593™ American Type Cultural
Collection), rat smooth-muscle embryonic cells (SmC, A7r5, ATCC® CRL-1444™, American Type
Cultural Collection), and mouse embryonic fibroblasts (NIH3T3, ATCC® CRL-1658™, American
Type Cultural Collection) were cultured on SS surfaces in Falcon 6-well plates (Becton-Dickinson,
Lincoln Park, NJ) for 1, 3, and 7 days at a cellular density of 20000 cells/well. SS samples were
previously washed with 100% ethanol and left under UV overnight. Each well contained a plate with
both treated and untreated surfaces. Osteoblasts were grown in alpha minimum essential medium (o-
MEM, Gibco® culture medium) with Earle’s salts, L-glutamine, ribonucleosides, and
deoxyribonucleosides (Invitrogen, Burlington, Ontario, Canada). SmC and fibroblasts were grown
in Dulbecco's modified Eagle's medium (DMEM). Both media were supplemented with 10% fetal

bovine serum (Invitrogen) and incubated at 37 °C in a humidified atmosphere with 5% COs,.

2.9. Cell preparation for FE-SEM
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Cells on SS plates were fixed with 2.5% aqueous glutaraldehyde (1 h at 4 °C), washed 3 times
(5 min each) with 0.1 M phosphate buffer (PB, pH 7.2-7.4), postfixed with a 1% aqueous osmium
solution (1 h at 4 °C), and washed 3 times (5 min) with PB. The cells were then dehydrated by
exposure to a graded sequence of aqueous ethanol (30—100%) and finally dried in a critical point

drier (Leica Microsystems Inc., Richmond Hill, ON, Canada).
2.10. Immunofluorescence microscopy

SS plates with cells were washed with PB and then processed for immunofluorescence
labeling. For visualization of actin filaments, vinculin, and nuclei, cells were fixed for 30 min at 4
°C using periodate-lysine-paraformaldehyde (PLP) solution in PB. The cells were then
permeabilized by exposure to a 0.5% solution of Triton X-100 in PB (10 min), followed by blocking
with 5% skimmed milk in PB (1 h). The first antibody, anti-vinculin (1:200; Monoclonal Anti-
Vinculin Clone hVIN-1, Sigma), was used simultaneously with rhodamine-phalloidin (red
fluorescence for actin labeling) (1:150, Thermo Fisher). The secondary antibody used was Alexa
Fluor 488 (green fluorescence for vinculin labeling) (1:400, Thermo Fisher Scientific, Waltham, MA,
USA). Antibodies were diluted in a 0.5% solution of skimmed milk in PB and were incubated in a
dark humidified environment for 2 h at 25 °C. Between each incubation step, the samples were
washed with PB (3 times for 5 min). A glass cover slip was mounted on the cell-covered surfaces of
the plates using a medium containing 4',6-diamidino-2-phenylindole (DAPI) to make nuclei blue-
fluorescent (Molecular Probes, Thermo Fisher Scientific). Samples were then examined under a
Zeiss Axio Imager upright fluorescence microscope (Zeiss GmbH). For quantitative cell counting,
ten microscope fields under the 10 x objective were selected at random from the four inner squares

on untreated and treated surfaces.

To estimate the size of focal adhesions (FA) and their number per surface area,
immunofluorescence images from 24 h cultures were captured under 40 x objective. Images
were separated into single-channel grayscale using the ImageJ split-channel command. FAs
were classified in size ranges and expressed as a percentage of the total measurements. Those

with length >5 um were considered as mature (17).

2.11. Bacterial assays
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Escherichia coli and Bacillus subtilis were used as representative gram-negative and gram-
positive bacteria, respectively, to evaluate the antibacterial properties of nanotextured SS. Bacteria
diluted in lysogeny broth (LB) were used to inoculate cultures with an OD600 of 0.2 (108 CFU/mL).
A standard volume of this solution (4 mL) was placed onto sterilized SS samples, which were then
incubated at 37 °C for 1 and 4 h. The samples were then washed with PB, fixed with a 2.5% solution
of glutaraldehyde in PB for 30 min, washed 3 times with PB, postfixed in a 1% aqueous osmium
solution for 30 min, dehydrated in graded aqueous ethanol (30—100%), and dried in a critical point

drier (Leica Microsystems Inc.).
2.12. Co-culture of E. coli with MCT3T Osteoblastic cell

E. coli (concentration of 108 bacteria ml™!) suspended in LB medium were deposited on
treated and control surfaces and incubated at 37 °C for 2 h. The LB medium was removed, and
samples were washed three times with sterile PBS. Then, osteogenic cells (MC3T3) were seeded on
bacteria-coated surfaces at a density of 20,000 cells/well under the laminar flow hood. Bacteria and
osteoblasts were then placed in an incubator and cultured at 37 °C in a humidified atmosphere with

5% CO; for 24 h. Samples were then fixed and processed for SEM as above.
2.13. Statistical analyses

Biological results were expressed as a mean value of standard deviation (SD) for each sample.
The t-test was used with a 95% confidence interval to evaluate statistical differences in means

between two groups.
3- Results

3.1. Bulk elemental analyses

SS304 and SS316 are composed primarily of Fe, Cr, and Ni. SS316 also contains Mo. Energy-
dispersive spectroscopy (EDS) analyses of the two alloys before and after electrochemical treatment
did not reveal any major changes in the elemental composition of the bulk (see Table 3 in

Supplemental).

3.2. Physical characterization of the surfaces
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Field-emission scanning electron microscopy (FE-SEM) images of untreated SS surfaces
showed no distinctive topographical features other than polishing marks (Fig. 1a). Anodizing SS in
electrolytes consisting of H>SO4 or a mixture of H2SO4 and water (1:1) textured the surface but not
at the nanoscale. The use of aqueous H>O; alone as electrolyte did not change the superficial

topography (see Fig. 1 in Supplemental).

Figure 51. — Fig. 1. Surface characterization of SS304. FE-SEM images of (a) untreated and (b)
anodized surfaces (bar = 3 um). (c) Higher magnification FE-SEM (bar = 20 nm) and (d) AFM

images of the mesoporous surface. (¢) HR-STEM image of the cross section of an anodized
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surface (bar = 20 nm). Insets illustrate the diffraction patterns of the mesoporous surface
(upper) and the bulk SS (bottom). (f) Atomic resolution HR-STEM image of the interface
between the mesoporous layer and the bulk SS, showing crystalline atomic organization. (For

SS316 see Supplemental).

In contrast, when SS304 and SS316 were anodized in a mixture of equal volumes of H>SO4
and aqueous H>O», a distinctive surface nanotopography was produced (Fig. 1b—c). The surface layer
is mesoporous, with pores about 20 nm in diameter (16.4 + 4.2 nm for SS304 and 17.6 = 7.1 nm for
SS316). Analysis by atomic force microscopy (AFM) (Fig. 1d) revealed that the roughness of the
surface (Ra) increased from 4.5 + 0.8 nm before electrochemical treatment to 11.5 = 2.7 nm (SS304)
and 9.7 £ 1.3 nm (SS316) after treatment. Analysis of cross-sectional profiles by high-resolution
scanning transmission electron microscopy (HR-STEM) showed that the surface layer ranged in
thickness from 4.7 to 8.0 nm (Fig. 1e) and was crystalline (Fig. 1f). Electron diffraction patterns of
the surface layer and of the underlying bulk material (insets in Fig. le) confirmed that both regions

are crystalline (data for SS316 in Supplemental, Fig. 2).
3.3. Chemical characterization of nanostructured surfaces

EDS mapping of anodized surface of SS304 revealed the presence of oxygen (Fig. 2a), and
X-ray photoelectron spectroscopy (XPS) allowed further characterization of the oxides created by
anodization (Fig. 2b). The position of the peaks in the XPS spectra indicated that the surface of
nanotextured SS304 contained 58% of Fe as Fe(Il) and 33% as Fe(I1l); 82% of Cr appears as Cr(III)
and 14% as Cr(IIl) hydroxide; and 30% of Ni is found as Ni(Il) and 43% as Ni(II) hydroxide. The
amount of Fe in the surface layer that exists nominally as Fe(0) is much lower than in the bulk
material. Moreover, peaks corresponding to Fe(0) (at 706 eV) and Cr(0) (at 573 eV) are more
pronounced on the untreated surface than on the anodized surface (Fig. 2b). Analysis of O also
showed an increase of oxides on nanotextured surfaces, especially in the form of hydroxides. Species
formed by anodizing the surface of SS304 were also detected in the case of SS316, albeit with a
higher decrease in Ni(0) and Fe(0). Mo was not detected on anodized surfaces, but EDS mapping
showed that it was present in the bulk material (data for SS316 in Supplemental, Figs. 3).
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Figure 52. — Fig. 2. Chemical composition of the mesoporous surface of SS304. (a) EDS mapping of
elements in a cross section of the surface (bar = 40 nm). (b) Compositional analysis by XPS,
showing high-resolution spectra of Cr 2p, Fe 2p, Ni 2p, and O 1 s on the surfaces of anodized

(Meso) and untreated samples. In all cases, the x-axis corresponds to peak positions in eV, and

the y-axis shows intensity. (For SS316 see Supplemental).

3.4. Hydrophilicity of surfaces
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Anodizing SS reduced the contact angles of H>O by 11% for SS304 and by 17% for SS316,

relative to the non-treated surface, with corresponding changes in the SE (Table 1).

SS CAvater (°) CApmv (°) SE (mN/m) Polarity
(mN/m)

304 Untreated 78.2+£3.7 433+3.5 39.9+2.6 55+1.9
304 Mesoporous 69.3+2.1 33.0+ 1.1 46.5+3.5 84+1.2
316 Untreated 77.2+24 36.5+2.4 429+1.2 52+2.1
316 Mesoporous 64.3+3.0 224+1.5 51525 104+1.5

Tableau 2. — Table 1. Contact angles (CA) measured with H>O and CHzI> (DIM), surface energies (SE),
and polarity for SS304 and SS316.

3.5. Cell growth

Cell counts showed that mesoporous SS304 and SS316 both promote the growth of
osteogenic and smooth muscle cells (SmC). Significant differences (p < 0.05) were observed between
the treated and the untreated surfaces (Fig. 3a). Osteoblasts appeared to proliferate 2-fold faster on
the mesoporous SS surface at each culture interval examined. A similar pattern was observed for
SmC (Fig. 3a). The number of fibroblasts on treated SS was similar to that on controls, with no
significant differences after 24 and 72 h of culture; by seven days, however, cell growth showed a

tendency to decrease (Fig. 3a) (data for SS316 in Supplemental, Figs. 4).
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Figure 53. — Fig. 3. Cell attachment, growth, and spreading on SS304. (a) Numbers of osteoblasts,

smooth muscle cells, and fibroblasts at 24, 72, and 168 h on untreated (green) and mesoporous

(Meso, orange) surfaces. Values showing significant differences (p < 0.05) are indicated with

an asterisk. (b) Fluorescence micrographs showing vinculin (green) and actin (red) distribution

in cells after 24 and 72 h of culture. Nuclei are stained in blue (bar = 20 um). (¢) Quantitative

analysis of FA lengths. (For SS316 see Supplemental).

3.6. Cell shape, attachment, and spreading
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FE-SEM images of osteoblasts and SmC on the mesoporous surfaces of both SS alloys
showed more abundant filopodia. These adapted to the nanotopography of the surface by developing
extremely small, polymorphous lateral membrane protrusions (Fig. 4a—b). More detailed analyses of
interactions of osteogenic cells with anodized surfaces by HR-STEM revealed the very intimate
contact of the filopodia with the surface (Fig. 4c—d). Fibroblasts similarly emitted filopodia with

lateral membrane protrusions but in much smaller numbers.

Figure 54. — Fig. 4. Electron microscope images of osteogenic cell filopodia morphology on SS304.
HIM images from cells growing on (a) an untreated and (b) mesoporous surfaces (bar = 100
nm). Lateral membrane protrusions (arrows) emerging from a filopodium, here colored in
crimson. (¢) SEM image of a filopodium on the anodized surface selected for FIB cross-
sectioning (bar = 8 pm). (d) TEM image of the section within the rectangle in (c) (bar = 500

nm, inset bar = 40 nm).
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Osteoblasts and SmC grown on mesoporous anodized surfaces showed vinculin
immunoreactive plaques associated with actin filaments, especially after 72 h of culture (Fig. 3b). In
contrast, fibroblasts did not generally show distinct, well-developed actin cytoskeletons and vinculin
plaques. There were significant differences in the length (Fig. 3¢) and number (0.45 + 0.03 FA/um?2
on control and 0.61 + 0.11 FA/pum2 on nanocavitated surfaces) of these complexes and a greater
tendency to form mature FA for osteoblastic cells cultured on untreated surfaces compared to

mesoporous SS.
3.7. Bacterial assays

Very few E. coli adhered to the nanotextured surface of both SS alloys after 1 h of incubation,
and the number remained virtually unchanged after 4 h, showing the absence of significant
proliferation; in contrast, the number increased substantially on untreated surfaces (Fig. Sa-b). While
in general there was more adhesion with B. subtilis than with E. coli, there were major differences
between the number of B. subtilis on treated and untreated surfaces after 1 and 4 h of incubation (Fig.

5a). In neither case was bacterial proliferation exponential (data for SS316 in Supplemental, Figs. 5).
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Figure 55. — Fig. 5. Bacterial adhesion and proliferation on SS304. (a) Bacterial counts on untreated and
mesoporous (Meso) surfaces. Values showing significant differences (p < 0.05) are indicated
with an asterisk. (b) FE-SEM micrographs after incubation with E. coli (colored in green) for 4
h (bar = 10 um). (For SS316 see Supplemental). (c) Co-culture of E. coli with MCT3T
Osteoblastic cells (bar = 10 um).
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3.8. Co-culture of E. coli with HMCT3T osteoblastic cell

Because change on the culture medium in the presence of bacteria, cell growth and structure
was not optimal on both SS with and without the nanotopography (Fig. 5¢). It is noticeable, however,
that osteoblasts still spread better on nanocavitated surfaces in the presence of bacteria compared to
the untreated sample. Most importantly, the antibacterial activity observed in cultures with only

bacteria alone was still present in the presence of cell (Fig. 5c¢).
4- Discussion

Engineering the physicochemical characteristics of surfaces on the nanoscale promises to
have a major impact in medicine and on the effort to control microbes in hospital settings and other
environments. As a result, it is urgently important to develop a deeper understanding of how modified
surfaces can be created and how they perform. The surface of SS is difficult to modify by direct
chemical etching because the presence of Cr creates a chemically stable oxide layer that resists
corrosion in various aqueous environments (18), (19). We now report a simple process that
reproducibly nanostructures the surface of both SS304 and SS316 in ways that have significant
biological consequences. The fact that this has not been previously achieved, despite numerous

previous studies of SS, highlights the contribution of our work.
4.1. Nanocavitating the surface of SS

H>O> is a potent oxidant, but it cannot by itself penetrate the layer of native oxide that
passivates SS. Similarly, concentrated H2SOy4 is a strong acid, but it is not highly dissociated and
does not readily engage in corrosive action (20). However, the combination of aqueous H>O; and
H>SO4 leads to extensive dissociation and ionic conductivity, making the mixture suitable as an
electrolyte. Recently, the use of a 5:2 mixture of HoSO4 and aqueous H>O; as an electrolyte was
reported for the electrochemical oxidation of SS304 by Asoh and colleagues (21). Their conditions
used (21) led to the deposition of thick films of insoluble oxide consisting of FeCr,0O4 nanoparticles.
Consequently, their work does not provide a way to create very thin surface layers on SS similar to
those that we have previously produced on Ti and other tractable metals. To achieve this goal and
reveal the biological consequences, we found that we needed to change the composition of the
electrolyte and the conditions of anodization in significant ways. We altered the proportion of H>SO4

and H>O: in the electrolyte, and we performed the anodization at a higher current density (700 A/m2).
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In this way, a distinctive topography defined by the presence of interconnected nanoscale cavities
(16.4 = 4.2 nm) and characteristic roughness (11.5 £ 2.7 nm) could be created on both SS304 and
SS316. Furthermore, we confirmed that our method has no effect on the bulk composition of SS and
that changes are limited to the surface. The mesoporous surface layer is homogeneous and composed
of crystalline metallic oxides and hydroxides. It is rich in oxidized Fe and also includes Cr and Ni as

oxides and hydroxides.

We suggest that the characteristic porosity arises from two closely linked phenomena: (I)
Nanoscale corrosion leading to local cavitation (due to physicochemical inhomogeneities in the
native oxide layer on SS, which facilitates selective dissolution) and (I) transpassivation caused by
the application of an electrochemical potential. Transpassivation depletes alloying elements,
ultimately making the surface more susceptible to localized chemical attack. In addition,
transpassivation causes the accumulation of defects such as vacancies at the metal/film interface,
according to the point-defect model (22), (23). The formation of a network of nanocavities (formation
of nanoscale space within a solid object or body) may ultimately be linked to the accumulation of
defects (such as vacancies) at the metal/film interface (23), (24). The thin native passivating film
dissolves, exposing the accumulated vacancies at the metal/film interface, which become points of
pit nucleation. The resulting nanocavitated metal surface is exposed to the environment, and a new

thin barrier layer of oxide (4.7—8.0 nm in thickness) is created by repassivation.

Physicochemical properties of the surfaces of biomaterials, including wettability and
topography, are known to have important effects on cell behavior. Hydrophilic surfaces are
considered to favor cellular growth and biocompatibility (25), (26). In the specific case of osteoblasts
on Ti, adherence and proliferation appear to depend primarily on the wettability of the surface, and
hydrophilic surfaces typically provide better conditions for cellular adhesion than hydrophobic
surfaces (25), (26), (27). Our method for modifying the surface of SS is not expected to yield
dramatic changes in energy and hydrophilicity compared with untreated controls, which already have
oxidized surfaces, but the use of H2SO4/H20: is nevertheless likely to alter the native oxide layer in
various ways and to possibly introduce a greater density of hydroxyl groups, thereby increasing the
hydrophilicity of the surface to a degree. The enhanced adherence of osteoblasts and SmC that we

observe on SS is therefore consistent with current understanding of hydrophilic surfaces.

As observed previously in the case of oxidatively nanopatterned Ti (12), the nanostructured

surface of SS does not enhance the attachment and growth of fibroblasts. Other studies have noted
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that surfaces with nanoscale topographic features can selectively promote the adhesion of osteoblasts
but not fibroblasts (28). Mouse fibroblasts seem to attach better to moderately hydrophilic surfaces
(29), especially when the contact angles are in the range 60—-80° (30). Because the contact angles of
untreated SS (78°) and anodized SS (65°) both fall within the optimal range, the similar response of
the two surfaces to fibroblasts is not surprising. However, it is possible that for certain types of cells,
the topography of surfaces is more important than their chemistry. In any case, the control of
fibroblasts has high clinical relevance because fibrous encapsulation can prevent complete
osteointegration of orthopedic and dental implants, leading eventually to their failure (31). For these
reasons, materials with high cytoselectivity, such as an ability to selectively enhance the adhesion
and subsequent functions of osteoblasts while at the same time interfering with competitive cells

such as fibroblasts, promise to have a major impact in the realm of medicine.
4.2. SS with a mesoporous surface stimulates the formation of filopodia

Filopodia are involved in many cellular processes, including adhesion, spreading, and
migration (32). During the spreading of cells, filopodia form the initial sites of adhesion.
Subsequently, other components of FA complexes (such as talin) are recruited to the sites to form
mature FA (17), (32). As previously shown in the case of osteogenic cells on nanotextured Ti (7),
the three cell lines studied in the present work likewise develop filopodia with unique nanoscale
lateral membrane protrusions. These are particularly abundant on osteoblasts and SmC, and they are
likely to make a major contribution to the strength of cell adhesion. These protrusions differ from
what has previously been reported as nanopodia (33), (34). They ensure a very intimate adhesion of
the filopodia to the mesoporous surface, and they illustrate the fluid nature of their membrane. These
lateral protrusions represent a yet undescribed cellular response that can be elicited directly by

nanotopography.

Osteoblasts and SmC also exhibited well-developed FA. The higher number of osteoblasts
that we have observed on the mesoporous surface of anodized SS correlates with the significant
increase in the quantity and size of FA, as well as in their degree of maturity. Larger FA lead to
stronger interactions between the cytoskeleton and substrate (35). Fibroblasts, which show no
enhanced growth on the nanotextured surfaces of either SS304 or SS316, exhibit virtually no FA.
These observations indicate that the unique physicochemical characteristics of SS with a mesoporous

surface influence the cellular mechanisms that regulate the formation and maturation of FA.
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While it is clear that the observed changes on cell activity, focal adhesions, and membrane
fluidity are related to the physical characteristics of the mesoporous nanocavitated surface,
elucidating the precise mechanism will require additional analyses. For instance, the surface
nanotopography can produce cellular deformation summed up to affect the skeleton of the cell. It is
also possible that the protein adsorption can be alter on the nanotopography, affcting their orientation

and conformation (36), and this could selectively interact with cell to activate signaling pathways.
4.3. Antibacterial properties

Infected implants are difficult to treat, and their removal is frequently required (37). These
infections are caused not only by post-operative infections of the wound but also by microorganisms
introduced on the surfaces of metallic implants and surgical instruments, due to inadequate
sterilization. Because SS has many applications in the field of medicine, discovering a simple way
to impart antibacterial properties would have a broad impact. Unfortunately, conventional SS is not
inherently antibacterial, but many attempts have been made to modify its properties by altering the
surface (Table 1 and 2 in Supplemental) or by adding elements known to be antibacterial, including
Ag (38) and Cu (39). Our simple oxidative electrochemical treatment is advantageous because it does
not rely on the creation of thick surface layers that can alter the biomechanical characteristics, nor
does it rely on changing surface composition. Instead it achieves antibacterial properties by simply

altering texture at the very surface to limit both bacterial adhesion and growth.

The antibacterial effect of nanotextured surfaces has been attributed to repulsive forces that
are increased in importance by the relatively large surface areas of nanotopographies (40). In general,
hydrophobic surfaces are better than hydrophilic ones in accommodating bacterial adhesion, and low
surface energies are better than high ones. Since these parameters are only marginally altered on the
nanostructured surface of anodized SS, it is likely that topography itself may account for the poor
ability of bacteria to adhere to the treated surface. This capacity to interfere with the initial step in

bacterial colonization can help prevent the subsequent cascade leading to the formation of biofilms.
5- Conclusions

SS is widely used in hospital settings; for some applications, biocompatibility is essential, for
others, antimicrobial capacity is required. Finding a simple way to attain these divergent objectives
is clearly a daunting challenge. Indeed, past attempts to simultaneously achieve these two long-

sought goals have largely relied on deposition of adlayers and have resulted in limited success. We
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have also found a way to nanocavitate both SS304 and SS316 by using a mixture of H>SO4/H>O; for
direct anodization, an electrolyte not commonly used for this process. Surfaces produced by this
method consist of a thin mesoporous layer of crystalline oxide, which simultaneously exhibit a
selective impact on cellular activity and antibacterial properties. Notably, the mesoporous surface
influences the formation and maturation of FA and elicits the outgrowth of filopodia. The latter emit
unique, ultra-small lateral membrane protrusions that suggest an effect on membrane fluidity.
Together, these features are likely to have a major impact on the nanoscale cell biomechanics and
cell signaling, either directly or through the mediation of protein adsorption. The ability to create
such thin mesoporous surface layers on SS now allows technology to shift dramatically away from
the inherent limitations of traditional thick adlayers. Because it only alters texture at the very surface,
the process of nanocavitation embodies a conceptual advance that promises to be broadly useful in

the hospital setting for improved medical devices and to control bacterial growth, but also to facilitate

innovative translational applications of SS in other areas of industry.
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Reference | Material Technique Electrolyte Bacteria Application Methods Topography Dimension
Studies
Perchloric acid with Biomedical Diameter of the
(Dhawan SS304L Anodization ethylene-glycol MG63 . applications SEM porous between 100
et al. process monobutylether — Osteoblastic and 220 nm
2017) ° cells
15t0-5 C
Sulfuric acid 3-7 Thickness of the oxide
(Asoh,. Anodization | M _60 °C Sulfuric TEM, SEM, layer btheen 20 and SQ
Nakatani, SS304 process acid 3-7 M N/A Valve metals FIB, EDS nm obtained with sulfuric
Ono 2016) and hydrogen . acid.
ide 2 M Thickness between 300 nm|
peroxide and 1 um obtained with
hydrogen peroxide and
sulfuric acid.
Anodization | Hydrogen chloride 20| CD34+ KG-1a Biomedical Pore size of about
(le:)iﬁ%‘)ﬂ- SS316L process % -10hat20 C cells applications SEM 400 nm
Thickness of about
130 nm
Anodization . None dimension was
(Rezaei et SS316 Process with Ethyleneglycol Wlth N/A Biosensors FE-SEM, EDS determined
al. 2016) Cu deposition perchloric acid XRD
(19:1,v:v) - 15 min
at 0-5 °C
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. Anodization . Depth of the porous
(Rezaci, SS Process with Etl(l)yleneglycol with N/A Biosensors FE-SEM,EDS | around 10 nmPores size
Havakeshian, Cu 5% of pf;rchlorlc AFM between 60 and 70 nm
and deposition acid
15 min at 0-5 °C
Ensafi 2015)
. Anodization . Depth of the porous
(Rezael., SS304 Process with I;Zthyleneglyco_l Wlﬂ.l N/A Electrochemical SEM around 10 nm Pores size
Havakeshian, Cu and Pt 5% of perchlorlc acid devices AFM around 70 and 100 nm
andEnsafi deposition - 15 min at 0-5 °C
2014)
Anodization | Ethyleneglycol with | Human dermal Biomedical Pores size between 25 and
(Nietal. SS316L process 5% of perchloric acid fibroblast applications SEM, AFM, 60 nm
Anodization Perchloric acid with Pores size between 40 and
(Pan et al. SS316L process ethylene-glycol Fibroblast Biomedical SEM, AFM 210 nm
2013) monobutylether applications
Indirect Oxalic acid 0.3 M - 2 h Pore size between 100 and
(Kangetal. | SS316L anodization at 2 °C with 1 pm- N/A SEM 200 nm Pore size of 10 um
2013) process thick aluminum layer Medical devices for polished samples
Anodization |Ethylene glycol 0.1 M SEM, XRD, Thickness of the oxide
(Kure et al. SS304 process/ with ammonium N/A GDOES, XPS |films from around 4 um to
2012) annealing fluoride 0.1-0.5 M Valve metals 50 nm
Square wave | Sulphuric acid 5 M - SEM, GDOES, Thickness of the films
(Doff et al. SS316L pulse 60 °C N/A XPS, RBS between 150 and 200 nm
2011) polarization Unspecified Pores of size up to around
10 nm
Perchloric acid with Distance between pores
SS304L ethylene-glycol FE-SEMAFM | between 20 and 230 nm
(Martin et al. duplex SS Anodization | monobutylether - 15 N/A Unspecified STEM Depth of the porous
2009) process to-5°C around 70 nm Thickness of]
the walls of between 30
and 40 nm
Sulfuric acid with
Anodization Chromium trioxide None surface
(Diaz et al. SS316L process (2:1) - 80 °C (constant Platelet Biomedical N/A characterization was
2008) and alternating applications performed
current)
Square wave UV-vis light
(Fujimoto SS304 potential pulse | Sulfuric acid 5 M - N/A Reflectance Thickness of the oxide
etal. polarization 50-80 °C Unspecified spectra layer around 10 nm
1999)
Tableau 3. — Table 1: References on SS surface texture modification by anodization
Abbreviations:

Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), Focus ion

beam (FIB), Energy Dispersive X-ray Spectroscopy (EDS), Field emission scanning electron
microscopy (FE-SEM), X-ray Diffraction (XRD), Atomic force microscopy (AFM), X-ray

photoelectron spectroscopy (XPS), Contact angle (CA), Glow discharge optical emission
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spectroscopy (GDOES), Rutherford backscattering spectrometry (RBS), Scanning transmission
electron microscopy (STEM).
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Tableau 4. — Table 2: References on SS surface texture modification obtained by methodologies others

than anodization
Abbreviations:

Field emission scanning electron microscopy (FE-SEM), Atomic force microscopy (AFM),
Energy Dispersive X-ray Spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), Contact
angle (CA), Scanning electron microscopy (SEM), X-ray Diffraction (XRD), Transmission electron
microscopy (TEM), Fourier transform Infra-red spectroscopy (FTIR).
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SS304 Untreated Anodized Theoretical
Si 0.6+0.2 05+0.1 <1
Cr 18.3+0.3 17.4+£0.3 17.5-20
Mn 1.2+0.0 1.3+0.0 <2
Fe 71.9+0.9 724+1.1 rest
Ni 79+0.3 84+04 &-11
SS31 Untreated Anodized Theoretical
6
Mo 25+0.6 26+04 2-3
Cr 16.6 £0.2 16.9+0.2 16-18
Mn 1.3£0.2 1.1+0.1 <2%
Fe 69.2+0.9 69.1+£0.7 rest
Ni 10.4£0.3 10.3+04 10-14

Tableau 5. —

Table 3: EDS elemental analysis of SS304 and SS316 before and after anodization
(Atomic %).
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Figure 56. — Figure 1. FE-SEM images of SS surfaces anodized with different electrolytes: (a) Hydrogen
peroxide, (b) sulfuric acid (96%) and (c) a mixture of sulfuric acid (96%) and water (1:1) (bar =

2 pm, inset bar = 100 nm).
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Figure 57. — Figure 2. Surface characterization of SS316. FE-SEM images of (a) untreated and (b)
anodized surfaces (bar = 3 um). (c) Higher magnification FE-SEM (bar = 20 nm) and (d)
AFM images of the mesoporous surface. (¢) HR-STEM image of the cross section of an
anodized surface (bar = 20 nm). Insets illustrate the diffraction patterns of the mesoporous
surface (upper) and the bulk SS (bottom). (f) Atomic resolution HR-STEM image of the
interface between the mesoporous layer and the bulk SS, showing crystalline atomic

organization.
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Figure 58. — Figure 3. Chemical composition of the mesoporous surface of SS316. (a) EDS mapping of

elements in a cross section of the surface (bar = 40 nm). (b) Compositional analysis by XPS,

showing high-resolution spectra of Cr 2p, Fe 2p, Ni 2p, and O 1s on the surfaces of anodized

(Meso) and untreated samples. In all cases, the x-axis corresponds to peak positions in eV,

and the y-axis shows intensity. (For SS316 see Supplemental).
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Figure 59. — Figure 4. Cell attachment, growth and spreading on SS316. (a) Numbers of osteoblasts,
smooth muscle cells, and fibroblasts at 24, 72, and 168 h on untreated (green) and
mesoporous (Meso, orange) surfaces. Values showing significant differences (p < 0.05) are
indicated with an asterisk. (b) Fluorescence micrographs showing vinculin (green) and actin
(red) distribution in cells 24 and 72 h of culture. Nuclei are stained in blue (bar = 20 pm). (c)

Quantitative analysis of FA lengths.
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Figure 60. — Figure 5. Bacterial adhesion and proliferation on SS316. (a) Bacterial counts on untreated

CFU/mm?

and mesoporous (Meso) surfaces. Values showing significant differences (p < 0.05) are
indicated with an asterisk. (b) FE-SEM micrographs after incubation with E. coli (colored in

green) for 4 h.
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