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Abstract The anchorage failure of titanium implants in
human body is mainly due to biointegration problem. The
proposed solution is to graft a bioactive polymer at the
surface of the implant in order to improve and control the
interactions with the living system. In this paper, we
describe the grafting of poly sodium styrene sulfonate on
titanium surface by using a silanization reaction. The key
point is to increase the TiOH content at the surface of the
implant which can react with methoxy silane groups of
3-methacryloxypropyltrimethoxysilane (MPS). Two pro-
cedures were used: chemical oxidation and electrochemical
oxidation. The last oxidation procedure was carried out in
two different electrolytes: oxalic acid and methanol. These
different oxidation methods allow controlling the rough-
ness and the depth of the oxide layer. The methacryloyl
group of MPS grafted at the titanium surface by silaniza-
tion reaction is copolymerized with sodium styrene sulfo-
nate using a thermal initiator able to produce radicals by
heating. Colorimetric method, ATR-FTIR, XPS techniques
and contact angle measurements were applied to charac-
terize the surfaces. MG63 osteoblastic cell response was
studied on polished, oxidized and grafted titanium samples.
Cell adhesion, Alkaline Phosphatase activity and calcium
nodules formation were significantly enhanced on grafted
titanium surfaces compared to un-modified surfaces.
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1 Introduction

Osteointegration of titanium implants is weakened by the
absence of strong chemical bonding at the bone-implant
interface. This is due to the natural oxide layer formed on
the titanium surface which is bioinert and cannot directly
bond to bone. Several years after implantation, titanium
implant may become encapsulated by a fibrous tissue that
isolates it from the healthy bone tissue [1]. Consequently,
implants will fail under shear stress, requiring revising
surgery.

For this reason, surface modification of titanium is still
a very active area of research. Various surface modifica-
tions, including chemical treatment [2-5], thermal treat-
ment [6, 7], electrochemical method [8] and anodization
[9, 10] have been applied to form a bioactive titanium
oxide layer on the metal surface. An alternative method to
control the tissue-implant interface consists in grafting
peptides such as RGD sequence [11, 12] or biomolecules
such as collagen [13] to the titanium surface. Surface
functionalization of the material by pro-adhesive ligands
would improve cell adhesion and enhance osseointegration
on these materials. Cell response is controlled by intra-
cellular signalling pathways that are originally triggered by
transmembrane proteins interacting with the modified
surface. However, if improvements have been obtained
with these materials of new generation, the problem is on
one hand the cost of the biological products from an
industrial point of view and on the second hand the lost of
activity for long period of time.

Our approach was to graft a “model” polymer at the
surface of the titanium implant by covalent bonding.
Studies carried out in our laboratory have shown that
anionic polymers or copolymers such as poly(sodium sty-
rene sulfonate) (pNaSS), poly(methacrylic acid) (pMA),
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poly(methacryloyl phosphate) (pMP) can favour osteoblast
cell adhesion and differentiation [14, 15]. Recently, the
grafting of pNaSS was successful by using radicals issued
from titanium peroxides able to initiate the radical poly-
merization of sodium styrene sulfonate monomer [16].
Titanium peroxides were generated at the titanium surface
of implants by immersing them in a solution of pure sul-
phuric acid and hydrogen peroxide. The inconvenience of
this oxidation method is the quality of the obtained tita-
nium oxide layer with many defects and uncontrolled
thickness.

In contrast, anodic oxidation allows controlling the oxide
layer and optimizing surface density of hydroxyl groups
that are propitious to the silane—derivatized spacer arms
anchorage. Electrochemical oxidation allows controlling
the nature of the titanium oxide layer (thickness, porosity,
crystallinity) by modifying parameters such as potential,
nature of electrolyte solution, temperature, current density.
Hydroxyl-rich oxide layers react with trialkoxysilane cou-
pling agent with an organofunctional substitute as metha-
crylic group 3-methacryloxypropyltrimethoxysilane (MPS).
The radical polymerization of monomers bearing bioactive
ionic groups in the presence of the modified titanium
surface with pendant methacrylic function allows grafting
these ionic groups to the titanium implant.

In this paper, grafting of sulfonate groups to the titanium
implant surface was obtained by radical copolymerization
of sodium styrene sulfonate NaSS and pendant methacrylic
functions linked to the titanium oxide layer. To ensure the
grafting success, modified surfaces were characterized by
various techniques such as ATR-FTIR, X-ray photoelec-
tron spectroscopy XPS, colorimetric method, contact angle
analysis.

The goal of this work was to control the cell response as
a function of the chemical surface modification. This will
be assessed through cell attachment, alkaline phosphatase
activity, morphological studies and calcium formation.

2 Materials and methods
2.1 Preparation of titanium samples

A pure titanium rod (Alfa Aesar) of 12.7 mm in diameter
was cut in discs of 2 mm thickness. The samples were
ground sequentially using paper from 800 to 1200. All the
samples were ultrasonically washed in pure acetone for
10 min, and then dried for more than 24 h. In order to
remove contaminants and the natural oxide layer, samples
were immersed in a mixture of H,O/HNO5/HF (88/10/2 in
volume) for 30 s at ambient temperature. After water
washing, samples were kept under inert gas. Samples were
referenced as Ti;qo.
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2.2 Oxidation of metal surfaces

Two different ways were used to oxidize Tijzq0:

e Chemical oxidation
e Electrochemical oxidation

(a) Chemical oxidation was carried out by immersing
Tijp00 in sulphuric acid during 1 min in order to
remove contaminants. Then, an identical volume of
hydrogen peroxide (30wt%) was added to the pure
sulphuric acid and titanium samples were let in
contact with this solution during 3 min. Then, sam-
ples were extensively rinsed with water and immedi-
ately used for silanization reaction. Samples were
referenced as Ti..

(b) Electrochemical oxidation was performed under gal-
vanostatic condition at temperature of 25°C according
to two procedures:

e Aqueous electrolyte (oxalic acid 0.5 M).
e Organic electrolyte (methanol/NaNO3 10 g/l).

Titanium sample (1 cm?) and graphite (50 cm?) were
used as anode and cathode, respectively.

The oxidation in aqueous electrolyte was conducted
with a low current density of 1 mA/cm? for 1 min. These
conditions are assumed to give a thin titanium oxide layer.
Samples were referenced as Tioy/aq. At the inverse, a thick
unorganized titanium oxide layer could be obtained in
organic electrolyte with a high current density of 20 mA/cm?
for 12 min. Samples were referenced as Tiox/ore

After anodizing, samples were either washed with
distilled water (aqueous electrolyte) or methanol (organic
electrolyte), then whatever the procedure, washed with a
50/50 v/v mixture of water/methanol and finally exten-
sively with water. A Hokuto HA-3001 power supply was
used.

2.3 Silanization of metal surface

3-methacryloxypropyltrimethoxysilane (MPS) from ABCR
firm was used as received. MPS-coating was performed in
a flask containing oxidized titanium samples immersed in a
5% viv xylene solution of MPS. Silanization occurs at
140°C during 5 h. The coated samples were subsequently
washed in xylene and dried in vacuum before use. Samples
were referenced as Tig;;.

2.4 Grafting of bioactive polymer

Sodium styrene sulfonate (Aldrich) (NaSS) was purified as
previously described. Radical copolymerization of NaSS
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and methacrylic group linked to titanium oxide was carried
out at a NaSS monomer concentration of 0.7 M in DMSO
as solvent under inert gaz. 1-1’-azobis(cyclohexane-car-
bonitrile) from Aldrich was used as initiator at a concen-
tration of 7 x 107° M. After elimination of oxygen,
polymerization solution was heated at 70°C overnight
under stirring. Then samples were washed with DMSO and
water to remove un-reacted monomer. Samples were ref-
erences as Tigaf.

2.5 Surface characterization

a. FTIR-ATR

IR spectroscopic investigations were carried out with a
Thermo Nicolet Avatar 370 Fourier transform infrared
(FTIR) spectrometer. Spectra are recorded in air in the
attenuated total reflection mode (ATR) using a Ge-crystal

b. Toluidin blue

Measurement of amount of grafted polymer was carried
out by using the toluidin blue as complexing agent
according to the method described by Helary et al. [16]

c. X-ray photoelectron spectroscopy (XPS)

A VG Scientific ESCALAB photoelectron spectrometer
was used for the surface analysis with a monochromatic
AlKo source at 1486.6 eV of 70 W. The area of the ana-
lytical X-ray spot on the sample surface is about 200 pum.
Fitting was then realized with software provided by VG
scientific, each spectrum being referenced to carbon at
284.8 eV. Binding energies values are given with a preci-
sion of £0.1 eV.

d. Contact angle measurement

The contact angles of various solvents droplets on the
different surfaces were measured using a DSA10 contact
angle measuring system from KRUSS GmbH. Static sol-
vent contact angles were measured by deposing a 0.5 pl
droplet of solvent on Tijppp, Tigxo, Tigi and Tigp.. The
dispersive (y°) and polar (%) components of the surface
energy were calculated from the contact angle measure-
ments using the Owens—Wendt method. Surface energy
7 was calculated by addition of y° and 7.

2.6 Cell-materials interactions studies

MG63 osteoblast-like cells from the American Type Cul-
ture Collection (ATCC N° CRL 1427) were cultured in
Dulbecco’s modified Eagle medium (DMEM) containing
10% foetal bovine serum (FBS) and 1% penicillin/strep-
tomycin at 37°C in an atmosphere of 5% CO, and 100%
humidity. 2 ml containing 10° cells were seeded on

titanium samples placed on the bottom of 24-wells culture
plate. Cells were cultured at 37°C under a humidified
atmosphere in 5% CO, incubator during different periods
of time according to the study on the way. After an incu-
bation time of 30 min or 4 h, cells were submitted to a
shear stress during 15 min. The shear stress was applied
using a rotary stirring device. According to the equation
proposed by Garcia [17] T = 0.8r \/puw?, where r is the
radial distance from the centre of the disc and the symbols
0, U, w are respectively the fluid density, fluid viscosity and
the angular velocity of the disc, it is possible to define a
shear stress 7 of 8 dynes/cm?”. Then, the solution containing
non-adhered cells was removed and adhered cells were
detached by trypsin digestion. Number of adherent cells on
each titanium sample was quantified using a cell counter
(Multisizer III—Coulter Counter from Beckman). Result-
ing cell number was expressed as a percentage of the cells
originally seeded on the assessed surface. Experiments
were performed in triplicate in three separate experiments.

For each support (Tij2g0, Tiox and Tige), the following
function defined as (Ncwa—Ncaa)/Ncs is calculated where
Ncaa and Ncwa are the number of adhered cell submitted
or non submitted to the shear stress of 8 dynes/cm” and Ncs
is the number of seeded cells. This function is represen-
tative of the cell detachment.

Adherent cells were stained with phalloidin 4 h after
seeding onto titanium samples. Pictures of stained cells
observed under an inverted fluorescence microscope (Ax-
iolab, Zeiss, Germany) were taken with a digital camera
(Diagnostic Instruments, USA).

(a) Alkaline phosphatase (ALP) biochemical activity

After 14 days, ALP activity was evaluated according to
the quantitative method previously described [16]: briefly
p-nitrophenylphosphate is quantitatively transformed into
p-nitro phenol by ALP enzyme extracted from cells at 37°C
and pH 10.2. Enzymatic activity expressed in nanomoles of
p-nitrophenol/min was standardized to the mass of protein
(expressed in mg). Protein content was measured using a
commercially available colorimetric assay (BCA assay,
Interchim). Thus, enzymatic activity is expressed in nmol
of p-nitrophenol/min/mg of protein.

(b) Calcium incorporation assays

During the culture of MG63 osteoblast-like cells on
samples, alkaline phosphatase enzyme activity allows the
liberation of phosphate in the extracellular matrix which
forms by complexation solid calcium phosphate nodules.
To determine the quantity of liberated phosphate, an easy
way was to measure calcium content by titration after
28 days of culture on the various supports [16]. After this
period of time, the supports were rinsed with PBS at 37°C
and then calcium phosphate nodules were dissolved with
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400 pl of trichloroacetic acid during 60 min. 5 pl of the
solution was added to 300 pl of arsenazo III-containing
Calcium Reagent (Diagnostic Services Ltd). The absor-
bance of the resulting samples was measured at 650 nm
and compared to a linear standard curve of CaCl, from 50
to 1000 pg/l in trichloroacetic acid (5% w/v).

Calcein labelling was performed after 4 weeks of cell
culture. Briefly, the cells were incubated with calcein at a
concentration of 25 mg/ml for 4 h at 37°C. After this
period, cells were twice washed with phosphate buffered
saline, fixed in 3.7% paraformaldehyde in 0.1 M Na-cac-
odylate buffer, pH 7.4. After rinsing three times with PBS,
pictures of stained cells observed under an inverted fluo-
rescence microscope (Axiolab, Zeiss, Germany) were taken
with a digital camera (Diagnostic Instruments, USA).

3 Results and discussion
3.1 Oxidation of titanium samples

Two ways were used to increase the content of TiOH at the
surface of titanium implants Ti;,gy: chemical and electro-
chemical oxidation.

Chemical oxidation was obtained by immersing Ti;zq9
in a mixture of sulphuric acid and hydrogen peroxide
during 5 min. A dark oxide layer of high porosity (diameter
of around 5 pm) was observed on SEM images (see
Fig. 1).

For electrochemical oxidation according to the method
described by Shirkhanzadeh [18, 19], two different elec-
trolytes were used: oxalic acid and methanol. Oxidation in
aqueous solution with a current density of 1 mA/cm? for
1 min gives a yellow oxide layer with a thickness of 21 nm
measured by ellipsometry. Raman spectra of the oxide
layer show a peak of weak intensity, at 608 cm ™' charac-
teristic of rutile phase (Fig. 2).

Fig. 1 Oxide layer of high porosity on Til200 immersed during
5 min in a mixture of sulphuric acid and peroxide hydrogen (x 10000)
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Oxide layer thickness formed by anodic oxidation in
methanol, with a current density of 20 mA/cm? for 12 min
is of about 8 pum, the same order of magnitude as the values
mentioned in the literature [18, 20]. Raman spectra (Fig. 2)
demonstrated a mixture of anatase (bands at 144 and
513 cm™ ') and rutile phases (bands at 440, 608 cm 'and a
shoulder at 245 cm™'). A mixture of anatase and rutile
phases was already cited by Sul and co-workers [21] for
electrochemically oxidized titanium implants. The crys-
tallinity of the titanium oxide varied substantially with the
oxide thickness. The analysis of the oxide layer (10 um)
obtained after an oxidation period of 1 h 30 only shows
peaks of anatase at 144, 513 and 640 cm ™

However, the weak intensities of bands obtained with
our experimental procedure suggest that oxide layer,
whatever the mode of electrochemical oxidation, is mainly
amorphous with some scattered crystallites.

3.2 Silanization reaction

Coating of the oxidized titanium surfaces with methacrylic-
functionalized silane MPS was carried out in anhydride
xylene in order to prioritize the reaction between Ti—~OH
and silanol groups. MPS concentration in xylene was of
4 x 1072 M, in the same order of magnitude as concen-
trations reported in the literature for silanization of titanium
oxide surfaces [22]. The immobilization of methacryloyl
group containing silane coupling agents on the surface of
titanium was proved by FTIR-ATR and XPS analyses. IR
spectrum shows characteristic bands at 1715 cm™' (C=0
of methyl ester) and 1080 cm ™! (Si—-0-C) of MPS grafted
to titanium surface (Fig. 3).

On Table 1 are reported the atomic compositions on the
upper surfaces after oxidation and silanization for Tigx.,
Tiox/aq and Tigyore samples. Whatever the oxidation pro-
cedure (chemical or electrochemical), carbon, oxygen and

— Ti ox/org
6000 144 —— Tioxaq
I'd
608
= 245 —
] = 513
S /
2 '
0 4
T T T T T
300 600 900

Wavelength (cm™)

Fig. 2 Raman spectra of the oxide layer of Tigy/uq and Tigyore
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Table 1 Atomic compositions on the titanium surface after oxidation and silanization for TioC, Tiox/ag @nd Tigx/org
C (0] Ti Si S Na Contaminants
Tii200 332+ 44 46.4 £ 2.1 147 £ 0.4 - - - 544+22
Tioxe 322+ 44 474 £ 2.1 147 £ 0.4 - - - 57+£22
Tiox/aq 37.0 £ 24 45.8 £ 0.2 14.6 £ 0.1 - - - 26 £04
Tiox/ore 272 +£0.2 52.7£0.2 16.7 £ 0.3 - - - 34+03
Tiox/aqrsil 564 £ 1.3 333 £ 1.50 22+03 7.5+£0.8 - - 0.6 £0.3
Tioxsorgssil 55.8 £ 0.2 320+ 0.8 1.8 £0.2 9.2+03 - - 12 +£0.2
Tigx/agssit/graft 63.2 + 1.6 234+ 1.0 0.1 £0.2 1.7 £ 0.6 7.1 £0.2 1.5+ 1.1 30+ 1.2
Tiox/orgssil/graft 61.5 + 0.9 23.7£03 0.1 £0.1 23+£04 6.2 £0.7 13 £08 49 £05

Tiox/agrsit and Tigy/orgssii cotrespond to the titanium surfaces grafted with MPS according to the nature of the electrolyte. Tigx/ag/mps/pNass and
Tiox/org/mps/grate are the references of titanium surfaces grafted with poly NaSS

titanium are detected with similar compositions. Carbon
components are characteristic of pollution contribution.

As expected, an increase of carbon content and a
decrease of oxygen and titanium contents appear after MPS
grafting. The value of around 55% of carbon after silan-
ization is due to the increase of a peak at 285.2 eV char-
acteristic of carbon linked to CO group. The presence of
MPS at the titanium surface is also proved by the appari-
tion of a peak at 283.8 eV of small intensity attributed to
the carbon linked to the group Si—O. Another proof of the
presence of MPS is the decrease of the peak O~ at
530.2 eV on the O  spectrum due to the titanium oxide
layer. The percentage of oxygen due to O°~ decreases from
70 to 14% after silanization of the electrochemical oxide
layer. Grafting of MPS hides the titanium atoms confirmed
by a titanium component decrease by a factor 7 or 8
according to the electrochemical procedure. Finally, a peak
due to Si,, component at around 102 eV appears which
corresponds to Si—O group.

3.3 Grafting of polyNaSS

After copolymerization of NaSS and the double bond of the
methacrylic group linked to the titanium surface, XPS
analysis show the disappearance of the peak at 288.8
and 283.8 eV, respectively, characteristic of COOR and

Si—O-C groups. It is noteworthy that titanium component
is not detectable (less than 0.1%). The apparition of S and
Na components confirms the grafting of polyNaSS at the
titanium surface (Table 1).

The IR spectrum shows peaks at 1008 and 1040 cm ™
corresponding to the sulfonate groups SO°~ whereas they
are not detectable on the IR spectra of the samples Tigxc,
Tioxsorg, Tioxsaq and Tigye considered as reference.

Toluidin blue was used to evaluate the density of
sulfonate groups from the pNaSS macromolecular chains
linked to the titanium surface. No coloration was
observed with Tigy.q and Tig. As earlier mentioned,
oxide layer thickness with methanol electrolyte is
important and highly porous retaining the dye even after
many washings. For this reason, quantification of grafted
polyNaSS was carried out with Tigke, Tiox/aq and Tioy/ore
but values mentioned for the last reference should be
considered as information. Amounts of grafted polymer
on Tigxe, Tioxaq and Tigxorg Were found to 1.9 &+ 0.3,
7.2 £ 1.1 and 8.5 £ 1.2 pg/cm?, respectively. It is diffi-
cult to give an explanation to the different amounts of
grafted polyNaSS measured onto Tigy. and Tigx/q. Elec-
trochemical oxidation drives to high concentration of
Ti—OH groups which can easily react with MPS during
the silanization reaction. According to the literature [23],
the density of Ti—-OH groups is of 1.8 107> mol/m?
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which would correspond for each sample to 4.3 10~ mol
of MPS grafted in the case of a yield of 100%. The
assumption of a complete reaction can be considered as
accurate considering that the concentration of cysteine
grafted [24] to titanium disks by silanization reaction was
estimated to 2 x 107> mol/mz, value similar to the TiOH
density. From the value of 4.3-10~° mole of MPS grafted
onto one titanium sample and the amount of grafted
polyNaSS, it is possible to calculate a virtual degree of
polymerization of around 15. This degree of polymeri-
zation could be higher assuming that the copolymeriza-
tion of NaSS and the double bond of the methacryloyl
group linked to the titanium sample can be made hin-
dered due to the formation of a network of polysiloxane
by reaction of Ti-OMe during the silanization or poly-
merization reactions. However, this hypothesis is con-
firmed by Durrieu et al. [24] which show that during
silanization reaction of 3-aminopropyltriethoxysilane
APTES, each TiOH reacts with only one SiOMe of
APTES on the fact that the density of APTES is equal to
that of TiOH. The probability that the SiOMe groups
linked to each MPS react with those linked to other MPS
molecules is high driving to the formation of a polysi-
loxane network

An important parameter is the stability of grafted
polyNaSS at the surface of titanium sample in water. To
check this parameter, grafted titanium samples were
immersed in water at a temperature of 37°C under stirring.
At various period of time, the amounts of polyNaSS on
grafted titanium samples were determined using the tolui-
din blue method. As reported on Table 2, we can notice a
decrease of the amount of grafted polymer which varies
from 7.2 £ 1.1 to 5.5 £ 0.6 pg/cm? after 1 month for the
system Tioy/aqssivverart- After this period, there is no signifi-
cant variation of the amount of grafted polyNaSS which
can be considered as constant. In the case of polyNaSS
grafted onto the chemically oxide layer or Tigyore, a
decrease is rapidly observed. After 2 months, the amount
of grafted polyNaSS is low 1.0 ug/cm? £ 0.3 for the sys-
tem Tioworgssiverare and 0.2 £ 0.1 Mg/cm2 for the system
Tioxessivzgrar- The explanation could be a weathering of the
oxide layer which is porous and heterogeneous for the two
systems studied and in fact, small wear debris in shape of
particles were found in the washing solution.

Table 2 Stability of polyNaSS layer grafted to titanium surface

1 day 2 months 2 months
Tioxc/;il/gmft 1.9 £ 0.3 0.2 £ 0.1
Tiox/aq/sil/graﬂ 72+ 1.1 55+£0.6 52 +0.6
Tiox/org/sil/graﬂ 85+ 12 1.0+ 0.3

Values reported on the table are expressed in pg/cm?
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3.4 Biological tests

In order to briefly check the efficiency of the polyNaSS
grafted to titanium implants according to the different
above described methods, three current biological tests
were carried out: cell attachment, alkaline phosphatase
activity and calcification.

e As mentioned in a previous paper [16], application of a
shear stress of 8 dynes/cm”® during 15 min allows
evidencing the different cell behaviour at the level of
cell adherence on Tijzg, Tiox and Tigrs. The values
calculated for each support from the function defined in
Sect.2 representative of the cell detachment are reported
on Figs. 4 and 5. The shear stress of 8 dynes/cm? was
applied after cells have been incubated on each support
during 30 min and a longer period of time: 4 h. After
30 min of incubation (Fig. 4), grafting of polyNaSS
favours the cell adherence by a factor of 3 or 2
depending of the electrochemical oxide layer used for
the grafting (Tigx/aq and Tigx/ore). For a longer period of
time (4 h), the improvement of cell adhesion is less
important: values are similar for the systems Tigy/orges
grafts Lloxcrgrafe and increase by a factor 2 for the system
Tiox/aq (12%)/Tigras (6%) (Fig. 5). The improvement of
cell adherence for a short period of incubation has been
already observed by Kowalczynska et al. [25] who have

Shear stress of 8 dynes/cm? - 30 minutes of incubation
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Fig. 4 Cell detachment of MG63 osteoblast-like cells on Tijz00, Tiox
and Tigras. Newa and Ny, are the number of adhered cell submitted or
non-submitted to the shear stress of 8 dynes/cm? after 30 min of
incubation Nsc is the number of seeded cells
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Shear stress of 8 dynes/cm? - 4 hours of incubation

(Ncwa-Ncaa)/Ncs

Fig.

and

non-submitted to the shear stress of 8 dynes/cm?
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5 Cell detachment of MG63 osteoblast-like cells on Tijzq9, Tigx
Tigrai- Newa and N, are the number of adhered cell submitted or
after 4 h of

incubation. Nsc is the number of seeded cells

shown that for a density of sulfonate groups of
3.3-107° mol/m?, the rate and strength of the early
phase of cell adhesion is favoured. In our case, the
density of sulfonate groups on titanium samples was
found in a domain between 9.2:10~® and 3.5-10™> mol/
m?, higher than the value reported by these authors. The
sulfonate groups stimulate cell spreading and the cell
average surface is increased by a factor of 1.7 for the
system Tigx/agrerare (1426 um2 4 58) after 4 h of incu-
bation when compared t0 Tigy/aq (838 umz + 25). It is
noteworthy that the cell average surface is lightly
increased for the system Tioy/org/grat = 1326 pmz + 52
compared to Tigyorg = 1172 pm” £ 52) which is cor-
related to the weak improvement of cell adhesion after
4 h of incubation. One explanation could be the highest
roughness of the system Tioy/ore/grare cOmpared to Tigy,
ag/erafe a8 €arly mentioned. But the other is that surface
chemistry of pNaSS grafted Ti samples differs signif-
icantly from non grafted ones, the presence of this thin
surface layer of grafted pNaSS is expected to have a
pronounced effect on protein adsorption and cell
adhesion. For example, we have previously shown that
poly(methyl methacrylate) (PMMA) surfaces with
sulfonate and carboxylic acid groups showed an
enhanced affinity for fibronectin over albumin, resulting
in adsorbed protein film that were significantly enriched

nmol/min/mg of proteins

in fibronectin compared to the PMMA surface without
anionic groups [26-32]. These differences in the
concentration and conformation of adsorbed proteins
can have a significant influence on cell interactions with
biomaterials surface since protein adsorption is one of
the first events that occur when a biomaterial is placed
in contact with biological fluids. It is well documented
that the adhesion of cells is mediated by adhesion
proteins such as fibronectin, vitronectin, collagen and
fibrin. Among these proteins, fibronectin and vitronec-
tin are two ubiquitous glycoproteins that are synthe-
sized by a large variety of cell types. These two proteins
have been proposed to play a major role in the cell
adhesion process on biomaterials, even when present at
low concentration in plasma. Both proteins were
present in the 10%FCS-DMEM solutions used to
precoat the samples surfaces prior to the cell adhesion
experiments.

Alkaline phosphatase ALP, an early marker of osteo-
blast differentiation relating to the production of a
mineralized matrix, was measured after 14 days of
osteoblasts seeded on Tij200, Tiox/orgs Tiox/ags Tioxe and
Tigrase. ALP activities are close to 1.4 nmol/min/mg of
proteins, whatever the titanium surfaces, except for
Tiox/agreratt AN Tiox/oreserart Where ALP is increased of
19 and 26%, respectively (Fig. 6). For the system Tigy,
agreraft, ALP activity was found to 1.68 nmol/min/mg of
proteins, value comparable to those reported in the
literature with MG63 cells. For instance, Ramires et al
[33] have found a value of 1.5 nmol/min/mg of proteins
with MG63 cells cultured on titania/hydroxyapatite
composite coatings.

Calcium contents of 4 weeks cultured MG63 cells on
titanium samples are reported on Fig. 7. The hypothesis
that precipitation of calcium could be formed indepen-
dently of the cell activity was rejected by leaving on
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* Significantly different between Tiox and Tigratt p<0.05

Fig. 6 ALP activity of MG63 osteoblast-like cells after 14 days of
proliferation on various supports
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Fig. 7 Calcium content of MG63 osteoblast-like cells matrix at
4 weeks of proliferation

titanium, during 4 weeks, Dulbecco’s modified Eagle
medium (DMEM) containing 10% foetal bovine serum
(FBS). No calcium nodule was detected indicating that
precipitation of calcium is due to MG63 cells. Amounts
of calcium increased on all pNaSS grafted titanium
surfaces which confirm previous results [16].

As mentioned earlier [16], the hydrophilic character of
polyNaSS surface is not sufficient to explain our results.
From contact angles determined on each surface using sol-
vents with various polarity (water, formamide, ethylene
glycol, diiodomethane), the surface energies were calcu-
lated and reported on Table 3. Whatever the mode of oxi-
dation and treatment, values of surface energy are close. For
instance, a surface energy was found to 60.9 £ 2.6 mN/m
for Tigwaq and 67.3 £ 1.4 mN/m for Tigyore. Electro-
chemical oxidation induce an increase of the hydrophilic
character as expected due to the increase of the polar surface
tension component (49.5 £ 0.7 mN/m) by a factor 3 com-
pared to the value for Tijzg (16.5 £ 1.2 mN/m). On the
contrary, MPS grafting induces an increase of the hydro-
phobic character of the titanium surface as revealed by the

decrease of the surface energy from 60.9 £ 2.6 for Tigy/aq t0
36.5 £ 0.9 mN/m for Tig; The grafting of polyNaSS pro-
vokes an increase of the surface energy mainly due to the
polar component which has similar value (44.1 £ 0.9 mN/m)
to that of the anodic oxide layer (49.5 & 0.7 mN/m). The
explanation to the cell behaviour between oxidized titanium
surface and grafted titanium surface is not due to their
hydrophilic character which is similar. In fact the difference
is the presence of the ionic groups which may play a role on
the conformation of the adhesive proteins such as fibro-
nectin [26, 29, 34], vitronectin with the consequence to
favor the differentiation of MG63 cells as detailed above.

4 Conclusion

A three-step reaction procedure was developed to cova-
lently link a bioactive polymer (polyNaSS) onto titanium
implant. First, chemical or electrochemical oxidation was
applied to increase the amount of TiOH groups at the sur-
face of titanium. Secondly, hydroxyl titanium groups were
attached to the hetero-cross-linker: 3-methacryloxypropyl-
trimethoxysilane MPS. Finally, radical copolymerization of
methacryloyl end group of MPS with sodium styrene sul-
fonate was carried out in order to immobilize cell-adhesive
polymer (polyNaSS). The presence of the different mole-
cules at each reaction step was confirmed by XPS and IR
analysis. PolyNaSS density was evaluated by colorimetric
method and high amounts of linked-polymer were found
with oxide layer prepared by electrochemical oxidation:
7.2-8.5 + 1.2 pg/em?® depending of the electrolyte nature.
Cell attachment was improved on grafted titanium samples
correlated with an increase of the cell average surface. The
key point is the improvement of MG63 cell osseointegration
as shown by a better ALP and formation of calcium nodule
when these cells are seeded on polyNaSS grafted titanium
samples. The stability of the polymer layer covalently
linked to titanium surface with time is an important factor to
decrease the anchorage failure of titanium implants in the
human body. Nevertheless, various chemical compositions

Table 3 Surface free energy of

Surface energy

Dispersive component Polar component

caboated with Ovicns-Wends 7 (mNim) P (mNrm 1 (i)
model Tioxe 64.1 £ 1.9 336+ 1.7 30.5 + 0.9
Tion/a 60.9 + 2.6 15.0 + 0.9 459 + 1.6
Tiosor 673 + 1.4 17.9 + 0.7 495 + 0.7
Tiowaqsi 36.5 + 0.9 315+ 0.6 49 + 03
Tioworgssi 449 + 1.0 412407 37 403
Tioxe/eratt 67.5 + 2.0 254+ 1.6 45.0 + 2.3
Tiox aqsieratt 62.3 + 0.9 202 + 0.5 420+ 05
Tion orgsilfgrat 61.0 + 1.5 16.8 + 0.6 4.1 + 0.9
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of appropriate ionic groups and densities of these groups
grafted at the titanium surface would be biologically tested
in order to find the ideal material.
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