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Abstract
Integration of titanium implants into bone is only passive and the resulting ﬁxation is mainly mechanical in nature, with anchorage
failure. Our objective, to increase the biointegration of the implant and the bone tissue, could be obtained by grafting a bioactive ionic
polymer to the surface of the titanium by a covalent bond. In this paper, we report the grafting of an ionic polymer model poly(sodium
styrene sulfonate) (polyNaSS), in a two-step reaction procedure. Treatment of the titanium surface by a mixture of sulfuric acid and
hydrogen peroxide allows the formation of titanium hydroxide and titanium peroxide. In the second reaction step, heating of a metal
implant, placed in a concentrated solution of sodium styrene sulfonate monomer (NaSS), induces the decomposition of titanium
peroxides with the formation of radicals capable of initiating the polymerization of NaSS. Various parameters, such as temperature
of polymerization and time of polymerization, were studied in order to optimize the yield of polyNaSS grafting. Colorimetry,
Fourier-transformed infrared spectra recorded in an attenuated total reﬂection, X-ray photoelectron spectroscopy techniques and
contact angle measurements were applied to characterize 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 samples compared to unmodiﬁed surfaces.
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1. Introduction
Although titanium implants are widely used in orthopaedic ﬁelds, insuﬃcient integration into surrounding bone
often occurs. An uncontrolled inﬂammation process inducing ﬁbrous capsule formation prevents the generation of a
stable implant to host tissue binding and consequently
implants can fail under shear stress, requiring revision surgery [1].
Over the last 10 years, many studies have been devoted
to increasing the osteointegration by modifying surface
properties (roughness, topography, surface charges, passivation and wettability) using diﬀerent methods, such as
mechanical treatment [2,3], chemical treatment [4], thermal
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treatment [5,6] and electrochemical methods [7,8]. However, even if modiﬁed surfaces have a higher early level of
cell attachment than untreated titanium surface, the successful implantation rate is not satisfying.
Biochemical methods of surface modiﬁcation are promising approaches, at least at the laboratory level [9–11]. The
aim is to control the tissue–implant interface by the immobilization of proteins, enzymes or peptides for the purpose
of inducing speciﬁc cell responses. The most investigated
peptide sequence immobilized to titanium or polymer surfaces is RGD (arginine–glycine–aspartic acid) derived from
ﬁbronectin and recognized by almost all a/b integrins [12].
The main diﬃculty is to ensure the stability of the biomolecules binding to the surface of the implant and its accessibility to active sites of cells. Physical adsorption is not
successful for long-term implantation mainly due to the
desorption of biomolecules. The covalent attachment of
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biomolecules to the titanium surface allows the problem of
disruption under physiological medium or mechanical
stress to be resolved. Covalent attachment requires the
use of diﬀerent chemical reactions which can be aggressive
towards the biomolecules, reducing their potential bioactivity [13]. Other problems are the cost of the biomolecules,
which can be a limitation to industrial applications, as well
as the possible in vivo enzymatic degradation.
In our laboratory, we have shown that polymers bearing
appropriate chemical functions can modulate the cell
attachment and spreading onto these bioactive polymers
and the cell activity [14,15]. The distribution of these ionic
groups along the macromolecular chains creates active sites
which can interact with extracellular proteins, such as
ﬁbronectin, implicated in cell response.
In this paper, we describe the grafting of an ionic group
such as sulfonate groups by radical polymerization of
monomers bearing these chemical functions (sodium styrene sulfonate NaSS). Oxidation of the titanium creates
titanium peroxides at the surface which under heating produce radicals initiating the polymerization of ionic monomer NaSS. Various parameters to optimize the grafting
of polyNaSS on titanium samples were studied. The inﬂuence of the grafted surfaces on MG63 cells adhesion and
mineralization is discussed.
2. Materials and methods
2.1. Materials
Titanium foil from Alfa Aesar (purity: 99.7%; 0.5 mm in
thickness) was cut into squares 1 cm2 in size. Sodium styrene sulfonate NaSS, hydrogen peroxide (30 wt.%) were
purchased from Fluka. Sodium styrene sulfonate was puriﬁed by recrystallization in a mixture of water/ethanol 10/
90 vol.%.
2.2. Preparation of titanium samples
Titanium samples were mechanically polished with wetted metallographic polishing (grade 800, 1000 and 1200).
These samples were referred to as Ti1200. After polishing,
Ti1200 samples were cleaned in an ultrasonic bath: 10 min
in acetone followed by 20 min in distilled water. Prior to
cell culture, all samples were washed with 1.5 M NaCl,
0.15 M NaCl, pure water and phosphate-buﬀered saline
(PBS), three times each, and sterilized by ultraviolet (UV)
irradiation under a germicide UV lamp with a power of
30 W applied for 15 min on each titanium face, which is
not enough to degrade the polymeric coating.
2.3. Grafting of bioactive polymers on titanium
Ti1200 samples were ultrasonically cleaned in the following solvents: hexane, acetone and water, for 15 min each.
After drying under vacuum for a few hours, there were
kept under argon. Oxidation was performed by immersion
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in sulphuric acid for 1 min before an identical volume of
hydrogen peroxide solution was added. (The details of this
procedure will be presented in the Sections 3 and 4.) Then
samples were rinsed extensively with water. After drying,
samples were immersed in an aqueous solution containing
monomers (NaSS) at a concentration of 0.7 M. The solution was heated at a temperature of 70 °C for 15 h. Samples
were rinsed three times under stirring with water to remove
non-reacted monomers.
2.4. Surface characterization
2.4.1. ATR–FTIR
Fourier-transformed infrared (FTIR) spectra, recorded
in an attenuated total reﬂection (ATR), were obtained using
a Thermo Nicolet Avatar 370 Spectrometer. Spectra were
obtained with a 4 cm 1 resolution using a 45° Ge crystal.
Samples were pressed against the crystal using a smart Omni
sampler. Data presented are averaged from 128 spectra.
2.4.2. Colorimetric method
Complexation of quaternary ammonium groups of toluidine blue with sulfonate groups allows the amount of
NaSS grafted to titanium samples to be determined.
According to Ikada et al. [16], the toluidine blue is capable
of making a complex through its N+(CH3)2 with the sample’s carboxylate. This concept was transposed to the
sodium styrene sulfonate by preparing a network of polyNaSS which was immersed in a solution of toluidine blue.
After rinsing, each sulfonate group was complexed with
the N+(CH3)2 of the marker. Grafted samples were
immersed in an aqueous solution of toluidine blue
(5  10 4 M) for 6 h at 30 °C. Then samples were rinsed
with an aqueous solution of NaOH (5  10 3 M) in order
to remove uncomplexed dye. A standard series was done
with seven diﬀerent concentrations between 4  10 6 and
5  10 5 M, which allows us to determine the concentration of decomplexed toluidine blue thanks to the molar
extinction coeﬃcient. Decomplexation of toluidine blue
occurs by immersing titanium samples in an aqueous solution of acetic acid (50 vol.%) for 24 h. Concentration of
decomplexed toluidine blue is measured by visible spectroscopy at 633 nm using a Perkin-Elmer spectrometer lambda
25.
2.4.3. XPS
X-ray photoelectron spectroscopy (XPS) analyses were
conducted using an Escalab VG 220i-XL spectrometer
(VG instruments). X-rays were produced by a monochromatic Al Ka source of 1486.6 eV. The photoelectron takeoﬀ
angle (the angle between the sample normal and the input
axis of the energy analyzer) for all XPS experiments was
45°. This takeoﬀ angle corresponds to a sampling depth
of approximately 10 nm. The energy resolution was
0.1 eV. Four spots were analyzed for each sample.
The Ellipse program from VG was used to determine
peak areas, calculate the elemental compositions from
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