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Abstract

Titanium-nitride-oxide coatings (TiNxOy) improve osseointegration of endosseous implants. The
exactmechanisms bywhich these effects aremediated are poorly understood except for an increase of
osteoblast proliferationwhile a high degree of differentiation ismaintained. One hypothesis holds that
TiNxOy facilitates the initial spreading and adhesion of the osteoblasts. The aimof this workwas to
investigate themolecularmechanisms of osteoblast adhesion onTiNxOy as compared tomicrorough
titaniumSLA. A global view of the osseointegrative process, that is, taking into account other cell
groups, especially endothelial cells, is also presented. To this aim, gene expression and focal adhesion
analysis, cocultures andwound assays were performed early after seeding, from6 h to 3 days.We
demonstrated that TiNxOy coatings enhance osteoblast adhesion and spreadingwhen compared to
the standardmicrorough titanium. The integrinβ1, either in associationwithα1 orwithα2 plays a
central role in thesemechanisms. TiNxOy coatings optimize the process of osseointegration by acting
at several levels, especially by upregulating osteoblast adhesion and proliferation, but also by
supporting neovascularization and the development of a suitable inflammatory environment.

Introduction

Among the wide range of options that were proposed
in the last decade to optimize the osseointegration
of titanium implants, subtractive processes, that is,
those imparting a ‘moderate’ micro-roughness to the
surface, were among the most successful [1–3]. Sand-
blasting followed by acid etching (in their various
declinations) produces a multiscale surface roughness
—ranging from craters of 15–20 μm to micro-
pits 1–3 μm in depth—which is most suitable to
mesenchymal stem cell and osteoblast proliferation
and differentiation [3]. Refinements such as HA
blasting and conditioning inN2 protective atmosphere
further improved the performance of the implant
surface during osseointegration [4].

In the context of surface optimization, titanium
oxynitride thin films (TiNxOy) deposited by plasma

vapor deposition appear as beneficial to bone healing.
First, the high resistance of these coatings allows their
application in a thin layer (100–200 nm) which will
not affect the substrate’s microroughness [5]. Second,
in comparison with the bare standard SLA surface
(sand blasting and acid etching), TiNxOy coatings
accelerate osseointegration by about 50% during the
first month of healing both in vitro and in vivo [5, 6].
Third, this effect is independent of the substrate on
which the films are deposited [6, 7] and gradually
increase with the O content until an optimum is
reached between the coatings’mechanical- and biolo-
gical properties [8]. Fourth, TiNxOy do not alter the
high thrombogenic potential of SLA substrates.

It appears that the TiNxOy coating affects the early
stages of cell adhesion by acting as a catalyst for cell
attachment and spreading [8]. During the process of
osseointegration, the cells do not adhere on the
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titanium surface directly but on an adsorbed layer of
macromolecules (mainly collagens and fibronectin
(FN)) which establish a preliminary extracellular
matrix (ECM). At later stages, this ECM is remodeled
by the cells after adhesion has taken place [9]. Cell
adhesion to ECM ligands is primarily mediated by
integrins (ITG). Following ligand binding, integrins
cluster and associate with cytoskeletal elements to
form focal adhesions, that is, supramolecular assem-
blies of structural and signaling proteins that provide
anchorage and activate signaling cascades regulating
cell cycle progression and differentiation [10]. In this
context, osteoblasts mostly express the integrin sub-
units α1, α2, α3, α4, α5, α6, αv, β1, β3 and β5 [11].
ITG α2β1 and to a lesser extent α1β1 are clearly asso-
ciated with osteoblast maturation and differentiation
on microrough surfaces, as shown by silencing
(siRNA) of α1, α2 and β1 mRNA [12, 13]; ITG α1β1
may also be implied in the proliferation mechanisms
[14, 15]. In contrast, the initial mechanisms of osteo-
blast adhesion on titanium, i.e. during the first 24 h
after seeding, are not clear, although ITG α5β1 was
mentioned as a key element but only fromday 3 [16].

Besides osteoblast adhesion to the implant’s sur-
face, osseointegration also depends on neovasculariza-
tion for the supply of nutrients and growth factors.
Tight communication processes were demonstrated
between endothelial cells and osteoblasts during
osteogenesis. For instance, endothelial cells can stimu-
late the proliferation and differentiation of osteoblasts
via the secretion of BMP2, endothelin-1 or insulin
growth factor [17–19]. Conversely, osteoblasts are
capable of synthetizing VEGF, a known activator of
endothelial cell proliferation and differentiation
[20–22].

In light of the potential of TiNxOy coatings in
terms of osseointegration and with the hypothesis that
TiNxOy facilitates the initial stages of osteoblast adher-
ence and spreading, the aim of the present work was
twofold. First, to further investigate the mechanisms
of cell adhesion with a focus on the main osteoblastic
integrins and, second, to assess the relations between
osteoblasts and other cells involved in the bone regen-
eration process,more specifically endothelial cells.

Materials andmethods

Substrates

Test plates (11 mm×11 mm×0.635 mm) made of
Ti Cp-IV (Signer Titanium, Switzerland) were SLA
textured using previously described procedures
(resulting Ra: 2.49±0.34) [5]. The plates were coated
with a 3000 Å±10% layer of TiNxOy by reactive
direct current magnetron sputtering. The sputtering
process and coating characterization were described
elsewhere [23]. The film deposition on SLA surfaces
did not modify the microroughness parameters [5].
The film composition was set as follows: Ti 28% at; N

16% at; O 56% at; N/Ti 0.56; O/Ti 1.96. This
stoichiometry balances the mechanical (material
resistance) versus the biological (enhancement of
osteointegration) properties [8]. For the sake of
simplicity, bare substrates and coated substrates will
be referred as Ti-SLA andTiNxOyhereafter.

Cells

HOS (CRL-1543TM) and EA.hy926 (CRL-2922TM)

cells were obtained from ATCC and maintained in
MEM medium (Life Technologies, USA) supplemen-
ted with 10% fetal calf serum (Eurobio, France), 1%
penicillin/streptomycin/fungizone (Life Technolo-
gies), 2% HEPES (Life Technologies). Primary osteo-
blasts (hOBs) were isolated from alveolar bone taken
from healthy patients undergoing routine dental
extraction [5] and further cultured in DMEMmedium
(Life Technologies) using the same supplementation
as described above. For all experiments, the cells were
cultured in 24-well plates in which the Ti-SLA and
TiNxOy plates were immersed.

Cell culture

Proliferation assay. HOS cells were cultured on SLA-
textured-Ti (Ti-SLA) and SLA-textured-TiNxOy-
coated-Ti (TiNxOy) at a density of 2600 cells cm−2.
Cells were cultured for 21 days in triplicate (n=18).
Within each run, Resazurin assays and RNA extrac-
tionswere performed at days 2–3, 7, 14 and 21.

The same procedure was repeated for the EA.
hy926 cells, except for RNA extractions.

Resazurin assay

Resazurin (Sigma-Aldrich, USA) was added to the
culturemedia to a concentration of 0.01 mgml−1 after
which the cells were maintained at 37 °C/5% CO2 for
4 h. The supernatants were removed and their absor-
bance was measured at 570 nm on an ELISA plate
reader (backgroundOD630 nm).

Coculture and flow cytometry. HOS and EA.
hy926 cells were seeded on Ti-SLA or TiNxOy plates
according to a ratio HOS/EA: 1/5 (2600 and
13 000 cells cm−2. At day 1, 3, 6 and 8, the cells were
detached by trypsinisation and stained with PE-CD31
antibody (Mouse Anti-Human, CL L133.1, BD Bios-
ciences). Cells were then analyzed on a BD-C6 flow
cytometer (BD Accuri,USA) and the relative propor-
tions of EA and HOS were calculated according to the
postulate that EA cells express CD31 whereas HOS
cells do not. The experiment was repeated three times
in triplicate (n=9).

Migration assay. HOS and EA.hy926 cells were
seeded on 6 well polystyrene plates until they reached
confluence. A wound was then created (scratching
with a pipette tip) as a stripe bisecting the cell layer.
Conditioned media obtained from HOS cells grown
on Ti-SLA or TiNxOy for 1 day (stored at−20 °C from
previous experiments) were then applied on wounded
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cells for 2 days (medium changed daily) and the
wound recovery was evaluated under an inverted
microscope (Axiovert 100M) coupled to a camera
(Orca 9742–95; Hamamatsu Photonics). The experi-
mentwas repeated three times in triplicate.

RNA isolation andRT-PCR analysis

The total cellular RNA was extracted with commercial
extraction kits (Peqgold Trifast, Peqlab, Germany)
according to the manufacturer’s instructions. First-
strand cDNAs were synthesized using superscript-II
reverse transcriptase (Life Technologies) and were then
amplified by PCR using the following primers (5′−3′)

(Microsynth, CH): hRUNX2 (238 bp): forward,
ccggaatgcctctgctgttatga, reverse, actgaggcggtcagagaa-
caaact; h alkaline phosphatase (278 bp, ALP): forward,
tgcagtacgagctgaacaggaaca, reverse, tccaccaaatgtgaa-
gacgtggga; h osteoprotegerin (409 bp, OPG): forward,
ggggaccacaatgaacaagttg, reverse, agcttgcaccactccaaatcc;
collagen 1A1(348 bp): forward: ccctccccagccacaaagagtct,
reverse: gggtgactctgagccgtcgg; Integrin B1(322 bp): for-
ward: atgaatgaaatgaggaggattacttcg, reverse: aaaacaccag-
cagccgtgtaac; integrin B3 (281 bp): forward:
aggatgactgtgtcgtcagat, reverse: ggtagacgtggcctctttataca;
Integrin A1 (210 bp): forward: gtgcttattggttctccgttagt,
reverse: gcccacaagccagaaatcct; integrin A2 (166 bp):
forward: gcaactggttactggttggtt, reverse: gaggct-
catgttggttttcatct; integrin Av (305 bp): forward: actgg-
gagcacaaggagaacc, reverse: ccgcttagtgatgagatggtc;
Integrin A5 (163 bp): forward: gcctgtggagtacaagtcctt,
reverse: aattcgggtgaagttatctgtgg; fibronectin (295 bp):
forward: gctaagcagttggtggtgca, reverse: gaactatgatgcc-
gaccagaa PCR was performed in an automated thermal
cycler (Lifepro, Bioer, CN) (denaturation: 94 °C, 30 s;
annealing: 55 °C, 30 s; extension: 72 °C, 30 s).

qPCR analyses for IL6, 8, 11 and 10 were run on a
real time PCR machine (Steponeplus, Life Technolo-
gies-Applied Biosystems) using taqman assays (Life
Technologies), according to the manufacturer’s
instructions.

Immunostainings and confocalmicroscopy

Fluorescent immunostaining. hOBs and HOS cells
were plated for 6 and 24 h on Ti-SLA and TiNxOy

plates before fixation with PBS/PFA4% followed by
washing (PBS), permeabilization and blocking with
PBS/BSA1%/TritonX100 0.2% for 30 min. The pri-
mary antibodies were then incubated for 30 min in
PBS/BSA2% and after three washings with PBS, an
additional 30 min incubation with secondary antibo-
dies was performed. Finally the samples were pro-
cessed for confocal laser scanning microscopic
analysis (Zeiss Axio Imager M2, HXP120C fluores-
cence lamp for widefield eyepiece visualization at
room temperature, Plan-Apochromat 63x/1.4 Oil
immersion objective, Zen 2010b software—service
pack1).

The adjustments of the scanning microscope were
set on an initial experiment in which we considered
three cell samples on Ti-SLA and three cell samples on
TiNxOy with an optimal and unsaturated mean inten-
sity offluorescence. These adjustments were applied to
all the following samples. The autofluorescence of the
bare surfaces was also evaluated and was minor and
equivalent. The following antibodies were used for the
different experiments; the dilutions were the same
for all the samples: mouse mAb anti–chicken paxillin
(clone 349; BD; reacting with mouse paxillin, dil.
1/300), rat mAb anti–mouse β1 integrin (clone 9EG7;
BD, dil. 1/3000), mouse mAb antivinculin (V9131;
Sigma-Aldrich, dil. 1/1000), DyLight 549–conjugated
goat anti–mouse (Jackson ImmunoResearch Labora-
tories, Inc., dil. 1/2000), rabbit polyclonal antibody
anti-mouse/human/rat α1 integrin conjugated
to Cy5 (ABIN677487, antibodies-online GmbH, dil.
1/300), mouse monoclonal (2B6) antibody anti-
human α2 integrin (ABIN561540, antibodies-online
GmbH, dil. 1/3000), Goat anti-mouse IgG (H+L)
Cy5-AffiniPure (Jackson ImmunoResearch Labora-
tories, Inc., dil. 1/300), Fluorescein (FITC) AffiniPure
Goat Anti-Rat IgG (H+L) (Jackson ImmunoRe-
search Laboratories, Inc., dil. 1/500).

Immunostaining quantification. Immunostain-
ing was quantified with the Image J software (NIH,
USA) using the ROImanager plugin. The structures of
interest (SOI) were delimited manually for each single
cell or group of cells and the fluorescence intensities
for each channel were calculated per cell and expressed
as mean +/− sem. Artifacts caused by the unspecific
adsorption of antibodies onto the substrate were
excluded from the computations as well as saturated
areas. For ITG β1, a total of 18 plates harboring 2–20
cells/section was assessed resulting in the delimitation
of 57 SOI for Ti-SLA 6 h, 60 SOI for Ti-SLA 24 h, 60
SOI for TiNxOy 6 h and 62 SOI for TiNxOy 24 h. For
ITGα1, a total of 6 plates harboring 1–18 cells/section
was assessed resulting in the delimitation of 15 SOI for
Ti-SLA 6 h, 16 SOI for Ti-SLA 24 h, 16 SOI for TiNxOy

6 h and 17 SOI for TiNxOy 24 h. For ITG α2, a total of
6 plates harboring 1–15 cells/section was assessed
resulting in the delimitation of 20 SOI for Ti-SLA 6 h,
20 SOI for Ti-SLA 24 h, 20 SOI for TiNxOy 6 h and 20
SOI for TiNxOy 24 h. For Paxillin, a total of 6 plates
harboring 1–14 cells/section was assessed resulting in
the delimitation of 27 SOI for Ti-SLA 6 h, 24 SOI for
Ti-SLA 24 h, 36 SOI for TiNxOy 6 h and 31 SOI for
TiNxOy 24 h. For Vinculin, a total of 6 plates harbor-
ing 1–16 cells/section was assessed resulting in the
delimitation of 22 SOI for Ti-SLA 6 h, 41 SOI for Ti-
SLA 24 h, 24 SOI for TiNxOy 6 h and 36 SOI for
TiNxOy 24 h. The outcome data were pooled for each
assay.

Colocalization analysis. Confocal images of anti
β1 integrin FITC Goat Anti-Rat and antipaxillin, anti-
vinculin, DyLight 549 fluorescence, anti-α1 integrin
conjugated to Cy5, anti α2 integrin Cy5-AffiniPure
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were acquired sequentially. The colocalization was
determined from the total cells on the plates using the
Imaris software (Bitplane, CH). Pearson’s colocaliza-
tion coefficients were calculated with fixed thresholds
for each series of samples belonging to the same
experiment. (n=6 plates for α1β1, α2β1, β1-pax-
illin,β1-vinculin at 6 h and 24 h).

Statistical analysis

Differences in gene expression, fluorescence intensity,
colocalization and proliferation between cells grown
on Ti versus TiNxOy plates were assessed using
Student’s t test; significance levels were set to
p�0.05. The Gaussian distribution was previously
verified using the Shapiro–Wilk W test. All the data
sets were normal with probabilities in excess of 0.05.

Results

HOSproliferation and differentiation

The HOS osteoblastic cell line was used in the present
assay series. As a first step, we verified whether HOS
cells duplicated the results obtained on TiNxOy with
primary osteoblasts in terms of proliferation and
differentiation [5, 7]. To this effect, HOS cells were
grown on Ti-SLA and on TiNxOy-coated plates. The
proliferation was measured with resazurin from day 3

to 21. As shown in figure 1(A), on both surfaces, the
cells proliferated andmultiplied by ca. sixteen times at
day 21.However, the proliferation onTiNxOy at days 7
and 14 was significantly increased (by 1.4- and 1.3-
times, respectively) as compared to Ti-SLA.

We also assessed the differentiation of HOS cells
by analyzing the expression of typical osteoblastic
genes by RT-PCR, that is, alkaline phosphatase (ALP),
RUNX2 and osteoprotegerin (OPG). The same pro-
files of expression were observed on Ti-SLA and
TiNxOy coatings, without notable differences. RUNX2
andOPG gradually increased fromday 3 to 21 whereas
ALP increased up to day 14 before decreasing slightly
(figure 1(B)).

Expression ofHOS cells integrins

We analyzed the gene expression of ITG subunits in
HOS cells grown on Ti-SLA and TiNxOy at days 1 and
3. As shown in figure 2, ITGβ1 was substantially
increased on TiNxOy at days 1 and 3 when compared
to Ti-SLA, on which a decrease was observed. In
contrast, ITGβ3 increased slightly only at day 3.
ITGα1 and α2 increased at day 1 and remained
unchanged at day 3, contrary to ITGαv and α5 which
were stable at day 1 and increased slightly at day 3. The
genes for FN and collagen 1α (COL1α) (i.e. the main
components of the ECM) were also analyzed. COL1α

Figure 1.Proliferation and differentiation ofHOS grownonTi-SLA andTiNxOy fromday 3 to 21. (A)Resazurin assay. Data
(mean±sem, n=12) expressed as percent of control (i.e. day 3, Ti-SLA).White bars: Ti-SLA; black bars, TiNxOy.

*: p<0.05 as
compared to Ti-SLA at the same day. (B) Semi quantitative RT-PCR analysis for runx2, ALP andOPGgenes. (One experiment
representative of six).
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expression was equal on both surfaces at day 1 and 3,
whereas FN expression, which was the same at day 1
on both surfaces, thereafter decreased on Ti-SLA but
remained stable onTiNxOy.

Adhesionmechanisms

To elucidate the early mechanisms of cell adhesion on
TiNxOy as compared to Ti-SLA, we performed immu-
nostainings at 6 and 24 h, focusing on those ITG
subunits for which the expression differed at day 1. The
cells were first co-stained using primary antibodies in
four combinations (α1/β1, α2/β1, Vinculin/β1 and
Paxillin/β1) before adding secondary antibodies tagged
with fluorophores: FITC (green: ITG β1), Cy-5 or
Dylight549 (red: ITG α1, α2, Vinculin and Paxillin).
Fluorescent intensities (i.e. reflecting target–protein
quantities), colocalizations (i.e. reflecting target–pro-
tein interactions) and focal adhesions were quantified.
The gene expression analysis was confirmed as ITGβ1
fluorescence was increased by ca. 1.5 times on TiNxOy

at 6 and 24 h (figures 3–6 E)when compared to Ti-SLA
while the response of ITGα1 and α2 was essentially the
same (figures 3 E and 4 E). ITGβ1 (figures 3–6, A2, B2,
C2 and D2), ITGα1 (figure 3 A3, B3, C3 and D3) and
ITGα2 (figure 4 A3, B3, C3 and D3) were uniformly
distributed on the cells’ surfaces, either at 6 h or 24 h.
The cells spread and elongated more on TiNxOy than
on Ti-SLA as early as 6 h after seeding (figures 3–6, A2,
B2, C2 and D2). ITGβ1 was colocalized with ITGα1
and ITGα2 on both surfaces. At 6 h, α1-β1 subunits

were colocalized 1.3 fold more on TiNxOy hence
suggesting more interactions (figure 3 E). Note that
some clusters—visible as little yellow dots on the cells’
periphery—were present only on cells grown on
TiNxOy and not on Ti-SLA (figure 3 A4, B4). The
difference in colocalization was no longer significant at
24 h at which time some clusters appeared on cells
grown on Ti-SLA, although still more were found on
TiNxOy (figure 3 E, C4, D4). For α2-β1, the colocaliza-
tion coefficient was equal at 6 h, and increased by 1.3
times onTiNxOy after 24 h (figure 4 E). Some clusters in
close vicinity to nuclei were more visible at 6 h on
TiNxOy when compared to Ti-SLA (figure 4 A4, B4);
after 24 h, the clusterswere distributed on thewhole cell
surface but to a greater extent on TiNxOy (figure 4
C4,D4).

Focal adhesions were analyzed by scrutinizing
ITGβ1 colocalization with vinculin and paxillin
(figures 5–6). There was no difference in terms of
fluorescence intensity for vinculin, either at 6 or 24 h
(figure 5 E, A3, B3, C3, D3). However, the colocaliza-
tion β1-vinculin was markedly more pronounced
(three times) and homogeneously distributed on the
surface of cells grown on TiNxOy as compared to Ti-
SLA at 6 h. Only few focal points (yellow clusters)
could be detected at that time on either surface
(figure 5 E, A4, B4). After 24 h, ITGβ1 and vinculin
were equally colocalized (figure 5 E) in a multitude of
sites on the cells’ periphery; note that the cells were
indeed largely more spread on TiNxOy (figure 5 C4,
D4). Some focal adhesions were also observable as red

Figure 2.Gene expression of integrins (ITG) (β1,β3,α1,α2,αv,α5), collagen 1α1 andfibronectin inHOS seeded onTi-SLA and
TiNxOy at day 1 and 3 (1 experiment representative of 4).
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clusters (no colocalization β1-vinculin), suggesting
the implication of other ITGβ subunits in the initial
mechanisms of cell adhesion and spreading (figure 5
C4, D4). The same staining procedures were also con-
ducted on human primary osteoblasts at 6 and 24 h

and demonstrated a similar pattern to that of HOS
cells in terms of expression-colocalization of β1-vin-
culin (figure 5A5, B5, C5,D5).

As shown in figure 6 (E, A3, B3, C3, D3), paxillin
expression was not modified at 6 and 24 h, despite a

Figure 3.Typical immunostainings (ITGα1 andβ1) ofHOS grown onTi-SLA (6 h: A1–4; 24 h: C1–4) andTiNxOy (6 h: B1–4; 24 h:
D1–4)plates. Blue, nuclei; green, integrinβ1; red, integrinα1; yellow (merged green+red), integrinα1-β1.White caret: examples of
artifacts or saturated areas caused by the surface reliefs, excluded from computations; white arrows: examples ofα1-β1 colocalization
clusters. The fluorescence intensities for each channel (E)were calculated per cell and expressed asmean+/− sem; three separate
experiments in duplicate (18 plates for ITGβ1, 2–20 cells/section; six plates for ITGα1, 1–18 cells/section). The Pearson’s correlation
index (E)was calculated to assess forα1-β1 colocalization (expressed as percent of Ti-SLA at 6 h or 24 h,mean+/− sem).*: p<0.05.
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slight tendency for overexpression on TiNxOy at 24 h
when compared to Ti-SLA. Six hours after seeding, no
difference regarding the colocalization of ITGβ1 and
paxillin was observable. Most of these interactions
were encountered in the vicinity of the nuclei on both
surfaces (figure 6 A4, B4). This profile was almost the

same after 24 h on Ti-SLA (figure 6 C4), while many
focal points β1-paxillin were visible on the periphery
of cells grown on TiNxOy (figure 6 D4), combined to a
~1.3 times increase (significant) in colocalization
(figure 6 E). Again, some focal points (red) not invol-
ving ITGβ1 were present. Repeating the procedure on

Figure 4.Typical immunostainings ofHOS (ITGα2 andβ1) grown onTi-SLA (6 h: A1–4; 24 h: C1–4) andTiNxOy (6 h: B1–4; 24 h:
D1–4)plates. Blue, nuclei; green, integrinβ1; red, integrinα2; yellow (merged green+red), integrinα2-β1.White caret: examples of
artifacts or saturated areas caused by the surface reliefs, excluded from computations; white arrows: examples ofα2-β1 colocalization
clusters. The fluorescence intensities for each channel (E)were calculated per cell and expressed asmean+/− sem; three separate
experiments in duplicate (18 plates for ITGβ1, 2–20 cells/section; six plates for ITGα2, 1–15 cells/section). The Pearson’s correlation
index (E)was calculated to assess forα2-β1 colocalization (expressed as percent of Ti-SLA at 6 h or 24 h,mean+/− sem).*: p<0.05.
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Figure 5.Typical immunostainings (ITGβ1 and vinculin) of osteoblasts (HOS and primary osteoblasts (hOBs)) grown onTi-SLA
(6 h:HOSA1–4, hOBsA5 ; 24 h:HOSC1–4, hOBsC5) andTiNxOy (6 h:HOSB1–4, hOBs B5; 24 h:HOSD1–4, hOBsD5) plates.
Blue, nuclei; green, integrinβ1; red, vinculin; yellow (merged green+red), integrinβ1-vinculin.White caret: examples of artifacts or
saturated areas caused by the surface reliefs, excluded from computations; white arrows: examples ofβ1-vinculin colocalization
clusters (focal adhesions); white circle-cross: example of focal adhesion clusters where vinculin is involved and ITGβ1 is not. The
fluorescence intensities (E) for each channel were calculated per cell and expressed asmean+/− sem; three separate experiments in
duplicate (18 plates for ITGβ1, 2–20 cells/section; six plates for vinculin, 1–16 cells/section). The Pearson’s correlation index (E)was
calculated to assess forβ1-vinculin colocalization (expressed as percent of Ti-SLA at 6 h or 24 h,mean+/− sem). *: p<0.05.
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Figure 6.Typical immunostainings (ITGβ1 and paxillin) of osteoblasts (HOS and primary osteoblasts (hOBs)) grown onTi-SLA
(6 h:HOSA1–4, hOBsA5 ; 24 h:HOSC1–4, hOBsC5) andTiNxOy (6 h:HOSB1–4, hOBs B5; 24 h:HOSD1–4, hOBsD5) plates.
Blue, nuclei; green, integrinβ1; red, paxillin; yellow (merged green+red), integrinβ1-paxillin.White caret: examples of artifacts or
saturated areas caused by the surface reliefs, excluded from computations; white arrows: examples ofβ1-vinculin colocalization
clusters (focal adhesions); white circle-cross: example of focal adhesion clusters where paxillin is involved and ITGβ1 is not. The
fluorescence intensities (E) for each channel were calculated per cell and expressed asmean+/− sem; three separate experiments in
duplicate (18 plates for ITGβ1, 2–20 cells/section; 6 plates for paxillin, 1–14 cells/section). The Pearson’s correlation index (E)was
calculated to assess forβ1-paxillin colocalization (expressed as percent of Ti-SLA at 6 h or 24 h,mean+/− sem). *: p<0.05.
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human primary osteoblasts duplicated and thus con-
firmed the results presented above (figure 6 A5, B5,
C5,D5).

Endothelial cell proliferation

Osseointegration is a multicellular process, in which
endothelial cells support blood vessel formation and
hence play a major role. Three sets of experiments
were conducted with human endothelial cells alone or
in co-culture with HOS cells. The human umbilical
cell line EAhy926 (EA)was used.

In a first set of experiments, the effect of bare Ti-
SLA and TiNxOy coatings on EA cell proliferation was
compared over a period of 21 days. As shown in
figure 7, the proliferation of EA cells on TiNxOy was
increased by 2.5 times during the first week after seed-
ing. No difference though, was observable after
oneweek.

Cocultures osteoblasts—endothelial cells

In another set of experiments, we colcultured EA and
HOS cells on Ti-SLA and TiNxOy. The aim was to
investigate the effect of a direct HOS-EA contact on
the cells’ survival and proliferation. A 5/1 EA-HOS
ratio was used for seeding. After 1, 3, 6 and 8 days, the
cells were detached and immunostained with an anti-
CD31 expressed on EA membranes and not on HOS.
The cells were then analyzed by flow cytometry and
discriminated according to their CD31 expression.

Eventually their respective proportions were calcu-
lated. As shown in figure 8 (G), the EA proportion
decreased to a total of about 20% on both surfaces,
without any notable difference. Consequently, by
mirror effect, the HOS proportion increased to about
80% of the total, on both surfaces and without
difference (figure 8 (H)).

Cell to cell communication

A last set of experiments was designed to assess the
mechanisms by which HOS cells in the early period
after adhesion, possibly modulated their own prolif-
eration andmigration as well as that of the EA cells, via
the release of soluble factors. A wound assay was
conducted on confluent EA and HOS cultures. The
covering of the wound stripe was assessed after it was
exposed to the media obtained from HOS cells grown
for 1 day either on Ti-SLA or on TiNxOy. As shown in
figure 9(A), at day 1, EA cells recovered about 65% of
the wound when they were cultured with a medium
fromHOS grown on Ti-SLAwhile a 85% recovery was
observed with media from TiNxOy. In both instances,
the wound was largely filled by a dense cell layer after
two days.When thewoundwas created on anHOS cell
layer, no substantial difference was observable as the
scratched stripe was already largely covered at day 1 in
both instances (figure 9(B)). However, the layer that
grew with Ti-SLA-HOS conditioned medium
appeared less dense in comparison with the layer

Figure 7.Endothelial cells proliferation fromdays 3 to 21 onTi-SLA (white bars) andTiNxOy (black bars). Day 3 and day 7were
represented with a smaller scale on the lower panel. (n=9,%Ti-SLA at day 3,mean+/− sem). *: p<0.05.
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grown with TiNxOy-HOS medium. About 10% of the
surface was left uncovered with Ti-SLA-HOSmedium
versus 3% for TiNxOy-HOS. There were no observable
differences at day 2.

Modulation of inflammation

Finally, we aimed at analyzing the capacity of HOS
cells to modulate inflammation by producing cyto-
kines. To this end, the gene expression of some
cytokines was analyzed. HOS cells were grown either
on Ti-SLA or TiNxOy for 3 days. RT-PCR analyses

were performed at day 1 to day 3 (table 1). They
revealed a net decrease of IL8 and IL-11 on TiNxOy at
day 1 when compared to Ti-SLA. Only at day 3 did
HOS cells on Ti-SLA reach the low level of expression
observed on TiNxOy at day 1. For IL-6, no significant
difference was observed between Ti-SLA and TiNxOy

at day 1 and 3, except for a slight decrease at day 3 on
both surfaces. IL-10 expression was not significantly
different on both surfaces at day 1 and 3 but a tendency
to the decrease was recorded on Ti-SLA when the
expression remained stable onTiNxOy.

Figure 8.Proportion of endothelial cells (EA) and osteoblasts (HOS) in cocultures onTi-SLA andTiNxOy fromday 1 to 8. Typical
plots obtained by flow cytometrywith EA (A), (B), HOS (C), (D) and EA+HOS (E), (F) (gated on living cells (P1); P3: CD31 negative
cells, P2: CD31 positive cells). Relative proportions of EA andHOSwere calculated from these plots, with an initial ratio EA/HOS=5
(G), (H). Dark line: Ti-SLA, dashed line: TiNxOy (n=9,mean+/− sem).
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Discussion

The present project was designed to investigate the
mechanisms of osteoblast adhesion on microrough
titanium and especially on TiNxOy coatings taken as
catalysts for cell adherence, spreading and prolifera-
tion. The expression of integrins, their location,
activation and implication in focal adhesion were
analyzed. Through a set of pilot experiments aimed at
elucidating the relation between bone-, inflammatory-
and endothelial cells on these films, an overview of the

osseointegrative process on TiNxOy was developed
and is presented below.

In contrast to our previous studies where we used
primary human osteoblasts, the present study was
essentially conducted with the ‘osteoblast-like’ cells
HOS. The HOS line was originally isolated from a
human osteosarcoma and is now an establishedmodel
for in vitro studies [24]. We used these cells primarily
due to their availability. In effect, the immunostain-
ings and mRNA extractions requested large amounts
of cells—quantities that primary osteoblasts from the

Figure 9.Effect of conditionedmedia (conditioned byHOS grownonTi-SLA orTiNxOy for one day) on themigration of EA orHOS.
Cells plated on polystyrene dishes were cultured until they reached confluence. Thewoundwas then performed and the cells were
exposed to conditionedmedia. Representative views of EA (A) andHOS (B)wound assay fromday 0 to day 2. At day 1, the cell layer
was digitally extracted to visualize easily the area that remained uncoveredwithin thewound. The percentage represent proportion of
uncovered area versus total wound area. One representative experiment out of three realized in triplicate.
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same lineage would be unable to provide. The pre-
requisites for the choice of the HOS line was that it
duplicated the data obtained with primary osteoblasts
grown on TiNxOy versus Ti-SLA, that is, (i) a 50%
increase in proliferation and (ii) the preservation of a
high level of differentiation [5]. HOS cells met these
requirements on the basis of reasazurin assays and
gene expression analyses (figure 1) and were therefore
chosen as model for the entire study. MG63 is another
osteoblastic cell line commonly used in studies on
bone metabolism. MG63 also satisfied our require-
ments (data not shown), but the cells’ proliferation
was too rapid under our conditions (especially for
adhesion assays) and therefore they were excluded
from this study. Still, recognizing the superiority of
primary cells for in vitro testing we conducted assess-
ment verifications with primary cells, especially dur-
ing the identification of focal adhesions.

Finally, the endothelial cell line Eahy926 that was
used in a series of assays is a standardmodel for in vitro
testing [25]. These cells are issued from the fusion of
primary human umbilical vein endothelial cells with
the humanpulmonary adenocarcinomaA549.

In a recent study, we observed that cells grown on
TiNxOy spread faster than cells grown on Ti-SLA very
early after contacting the surfaces [8]. Except for cell
density, no further difference between surfaces could
be detected after 3 days. Therefore we hypothesized
that the cells grown on TiNxOy behaved similarly to
those grown on Ti-SLA, but initiate their proliferation
and migration faster. The important effects observed
at day 7 may merely result from improved mechan-
isms of adhesion [5, 7, 8]. To verify this hypothesis, we
analyzed the adhesion of HOS cells at 6 and 24 h after
seeding. Focusing on differential integrin expression
in the HOS lineage at day 1, we observed a net increase
for ITGβ1, α1 and α2 on TiNxOy when compared to
Ti-SLA. ITGβ1 has a pivotal role in osteoblast adhe-
sion on rough titanium [13] while α1 and α2 are also
known as key players,mainly in spreading,maturation
and differentiation processes [12, 26]. Still, their
potential involvement in adherence mechanisms is
unknown. After 6 h, we confirmed that ITGβ1 was
markedly more expressed on HOS membranes when
the cells were grown on TiNxOy. ITGβ1 was also more
recruited in newly engaged focal adhesion clusters on
TiNxOy, as shown by higher vinculin colocalisations

when compared to Ti-SLA. After 24 h, not only were
the focal adhesions involving β1 more numerous on
TiNxOy but also more active. In effect, Paxillin that
succeeds vinculin in the recruitment process for focal
adhesion activation [27] was markedly more coloca-
lized on TiNxOy cells when compared to those grown
on Ti-SLA. Regarding the dimer associated to ITGβ1
in these adhesions, there was clear evidence that α1
was more expressed and more colocalized to β1 on
TiNxOy at 6 h and then replaced byα2 at 24 h.

To summarize, the initial cell attachment (at 6 h)

most likely is mediated by ITGβ1, probably associated
to ITGα1. The engagement of these integrins (ITGβ1)
in focal adhesions is proven by their clustering with
vinculin. Thesemechanisms are observed on both sur-
faces but aremore pronounced on TiNxOy than on Ti-
SLA. After 24 h, the engagement of β1 in focal adhe-
sions is more advanced, as shown by the recruitment
of paxillin. The cell spreading that follows initial cell
adherence could be facilitated byα2-β1 onTiNxOy.

ITG α1-β1 and ITG α2-β1 are receptors for col-
lagen 1 [10]. Their expression is stable at 24 h either on
Ti-SLA or TiNxOy. Our results thus suggest that col-
lagen is of prime importance in cell adhesion and
migration on implant surfaces, and especially on
TiNxOy coatings.

In addition to collagen, FN is another important
component of the ECM and is stably expressed in
hOBs grown on TiNxOy, whereas it is lessened on Ti-
SLA from day 1 to day 3. The dimer α5-β1, a receptor
for FN, [10] was described as mediating adhesion and
proliferation in osteoblasts starting from day 3 [16]. In
our conditions, α5 was stably expressed at day 1, and
indeed overexpressed on TiNxOy versus Ti-SLA at day
3, but very slightly. Therefore, based on gene expres-
sion, if we could not rule out α5-β1’s involvement in
HOS cell adhesion on microrough titanium at day 1
(the gene is expressed), it does not, however, con-
tribute to facilitating the processes observed on
TiNxOy as compared to Ti-SLA. On the other hand,
the overexpression of ITG α5-β1 from day 3 on
may explain a faster initiation of proliferation. Further
analyses will be needed since we did not perform co-
stainings in first intention. In addition to α5, some
other α subunits are expressed in osteoblasts (namely
α3,α6 andαv) and can dimerize with β1. Still, as none

Table 1. Interleukines gene expression ofHOS onTi-SLA andTiNxOy at day 1–3.

Cytokines
Day 1 Day 3

Ti-SLA TiNxOy Ti-SLA TiNxOy

IL-8 1 0.31±0.09 * 0.46±0.3 0.25±0.12

IL-11 1 0.57±0.17* 0.27±0.06 0.28±0.1

IL-6 1 0.94±0.05 0.78±0.1 0.88±0.09

IL-10 1 0.91±0.13 0.79±0.04 0.93±0.05

%Ti-SLA at day 1,mean±SEM, n=6. * p<0.05 as compared to Ti-SLA at the

same day.
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of these associations was described on titanium, they
were not investigated further.

Finally, ITG αv-β3 is another receptor for FN.
ITGβ3 dimerizes solely withαv [10]. The two subunits
are expressed equally on Ti-SLA and TiNxOy. We
noticed at day 1 that vinculin and paxillin were
implied in focal adhesions in which ITGβ1 was not
detected. ITGβ3 thereforemay be an ideal candidate as
a partner in these sites. Future experiments with the
aimof identifying a possible implication ofαvβ3 in the
early adhesion of osteoblast on microrough titanium
may be of interest, although a recent study only found
a minor implication of αv in osteoblasts grown on Ti
[13]. In conclusion, gene expression at day 1 does not
plead for an implication of this dimer in the benefic
effects of TiNxOy.

Except from gene expression analysis, we did not
pursue the study of adhesion mechanisms beyond day
3. Due to the large cell density, many cells overlapped
causing additive fluorescent signals that hampered
interpretation—note that this effect was added to a
surface topography that was unfavorable for such ana-
lyses from the onset. Regarding gene expression, we
observed that ITGα1 and α2 were no longer over-
expressed on TiNxOy versus Ti-SLA, in contrast to
ITGβ3, α5 and αv. As to ITGβ1, it was still largely
overexpressed on TiNxOy. It therefore follows that the
FN receptors α5-β1 and αv-β3 may be overexpressed
and active on TiNxOy coatings with respect to Ti-SLA
as well. This hypothesis is reinforced by the observa-
tion thatHOS cells producedmore FNonTiNxOy.

Finally, an explanation for the mechanisms of
facilitated adhesion of HOS cells on TiNxOy coatings
could be (i) an improvement of cell adhesion on col-
lagen via α1-β1 and α2-β1—the accelerated cell
spreading of the osteoblasts on TiNxOy [8] would be
due specifically to α2-β1 and, (ii) an initiation of the
proliferation eased by FN and α5-β1 and αv-β3 once
the adhesion is completed.

Osseointegration is a complex process that
requires the collaboration of several cell types. Neu-
trophils, mesenchymal stem cells, osteoblasts, endo-
thelial cells and osteoclasts communicate via direct
contacts or secretion of soluble factors [9]. For
instance, endothelial cells are capable of producing
BMP2 and thus stimulate osteoblast proliferation and
differentiation [17–19]. Conversely osteoblasts can
produce growth factors such as VEGF which will sti-
mulate endothelial cell proliferation, migration and
differentiation [20–22]. Osteoblasts also secrete some
pro- and anti-inflammatory cytokines so they can
modulate the inflammatory response from inside the
integration interface [28]. In this context, we were
interested in the relation between osteoblasts and
endothelial cells with the aim of evaluating the effects
of TiNxOy in this interaction.

We first demonstrated that endothelial cells may
also benefit of a direct contact with TiNxOy since their
proliferation is increased during the first week. In this

regard, TiNxOy surfaces have primarily found accep-
tance in cardiovascular (i.e. stent) applications as they
largely prevent restenosis [29, 30] and improve endo-
thelial regeneration [31]. The exact mechanism by
which TiNxOy becomes active has not been elucidated
even if it was reasoned that the films would somehow
counteract the inflammatory process [32, 33]. In the
present report, we provide an element of response by
demonstrating that TiNxOy coatings may promote
endothelial cell proliferation and thus improve endo-
thelial regeneration in endosseous- as well as in cardi-
ovascular applications.

We also wondered whether a direct contact between
osteoblasts and endothelial cells would affect the survi-
val- and proliferation rate of both cells in coculture on
Ti-SLA or TiNxOy. We used a ratio of 5/1 (EA/HOS)
that is described to allow a cell contact during a 1 week
experiment [34]. We could not provide evidence that a
physical contact improves the survival of the endothelial
cells over a period of 1 week—whether the cells were
grown on Ti-SLA or on TiNxOy. Osteoblasts also were
not impacted regarding their proliferation. However, in
a recent study, it was shown that a coculture of Ob and
EA cells affected the angiogenic potential of the EA line-
age [35]. Their production of angiogenic factors such as
vWF, thrombomdulin, E selectin or VEGF varied with
the microroughness and the degree of hydrophilicity of
the surface. As we have now developed and control the
coculture model, it will therefore be of great interest to
analyze the differentiation of the EA cells in detail when
they are grown alone, on TiNxOy or in coculture with
osteoblasts.

Regarding soluble factors and cell communica-
tions, our work on conditioned media with HOS
grown on Ti-SLA or TiNxOy for 1 day demonstrated
that a single day of contact with TiNxOy suffices for
osteoblasts to produce and secrete factors capable of
stimulating endothelial cell migration (as well as their
own, but to a lesser extent). It is known that osteoblasts
secrete growth factors such as VEGF, EGF or FGF
when they are grown on microrough titanium [36].
Hence they appear as prime candidates when search-
ing for an explanation as to how HOS cells would
increase the migration of EA cells after only one day of
culture. Whether TiNxOy also modulates the produc-
tion of these factors remains to be assessed.

Osseointegration implies a moderate and well
coordinated inflammatory process [9]. Osteoblasts
grown on microrough titanium, can modulate the
inflammatory response, especially via a decrease in the
production of proinflammatory cytokines such as IL-6
or IL-8, in parallel with an increase of anti-inflamma-
tory cytokines such as IL-10 [28]. Hence, IL-6 func-
tions as an activator of oscteoclasts [37], similar to the
cytokine IL-11 which also promotes the degradation
of collagen 1 [38, 39]. As for IL-8, IL-11 is a potent che-
moattractant for neutrophils [40] while IL-10 blocks
the production of proinflammatory cytokines [41]. In
the present work, we demonstrate that HOS cells
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express 2- to 3 times less IL-11 and IL-8 at day 1 when
they had been in contact with TiNxOy (i.e. at day 1) (as
opposed to Ti-SLA). After 3 days, the cytokines levels
were equivalent on both surfaces. By maintaining an
osteoblastic cytokine production as low as on Ti-SLA
nay weaker, TiNxOy permits a modulation of the
inflammatory response driven by osteoblast and the
development of a favorable environment for bone
regeneration. These observations match those
obtained with ‘SLActive’, a hydrophilic and micro-
rough surface treatment [28] also known for its
improvements of early osseointegration [42] in
equivalent amounts to TiNxOy [6].

Altogether, these results demonstrate that TiNxOy

coatings facilitate osteoblast adhesion and spreading
when compared to the microrough standard SLA. The
integrin β1, associated to α1 and α2 subunits plays a
central role in these mechanisms. In the early days
after initial cell contact, integrins αv-β3 and α5-β1
take over and accelerate the proliferation of osteo-
blasts on TiNxOy films. As such, it appears that the
osteoblasts’ affinity for collagen 1 (ITG α1-β1/α2-β1
ligand) first and later for FN (ITG α5-β1/αv-β3
ligand) is augmented when cells are grown on TiNxOy

as compared to Ti-SLA.
Beyond the specific effects of TiNxOy versus Ti-

SLA, the present work offers a broader perspective as it
points out the importance of integrins α1-β1 and α2-
β1 in osteoblast adhesion on microrough titanium—a
surface structure that was hitherto primarily known for
its role inosteoblastmaturation anddifferentiation.

In conclusion, TiNxOy coatings optimize the pro-
cess of osseointegration at several levels, that is, (i) on
osteoblast adhesion and proliferation, (ii) by support-
ing neovascularization and (iii) by fostering the devel-
opment of a suitable inflammatory environment.
Obviously, further work is needed, most particularly
to complete our knowledge of the mechanisms of
adhesion on TiNxOy and to confirm the impact of
these coatings on neovascularization. Still, the general
pattern that emerges from these studies indicates that
the effect of TiNxOy on osseointegration is global and
notmerely targeted towards a specific cell population.
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