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Grafting bioactive polymers onto titanium implants by UV
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The anchorage failure of titanium implants in human body is mainly due to biointegration problems. The use of bioactive

polymers bearing anionic groups (such as sulfonates) in combination with titanium-based materials has been shown to be

an excellent solution. In this paper, we report the grafting of an ionic polymer poly(sodium styrene sulfonate) (polyNaSS),

in two-step reaction procedure using UV irradiation. First, the titanium surfaces were chemically oxidized to allow the

formation of titanium hydroxide and titanium peroxide. Then, titanium samples were immersed in a solution of sodium

styrene sulfonate (NaSS) and were placed under UV irradiations to induce the decomposition of titanium peroxides with

the formation of radicals able of initiating the polymerization of the monomer NaSS. Various parameters, such as

polymerization time, monomer concentration and lamp power were studied in order to optimize the yield of polyNaSS
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grafting. Fourier-transform infrared spectra recorded in attenuated total reflection mode (ATR-FTIR), scanning electron

microscopy with Oxford energy dispersive spectroscopy (SEM-EDS) and contact angle measurements were applied to

DOI: 10.1039/x0xx00000x

the toluidine blue colorimetric method.
www.rsc.org/

Introduction

Titanium is widely used as implantable biomaterials for its
good corrosion resistance, its excellent mechanical properties
and “acceptable” biocompatibility with human tissues,™ but
insufficient integration into surrounding bone often occurs.
This rejection is due to an uncontrolled inflammation process
which induces fibrous capsule formation, causing the implant
to poorly bind to the host tissue and consequently the
implants can fail under shear stress, requiring revision
surgery.4 In order to overcome this problem, different
techniques have been proposed over the years to modify the
surface of titanium. These approaches vary from mechanical to
thermal and electrochemical methods.>® An alternative
method that is gaining popularity, is the grafting of
biomolecules and/or bioactive polymers.5

Previous studies carried out in our laboratory have shown that
anionic polymers or copolymers such as poly(sodium styrene
sulfonate) (polyNaSS), poly(methacrylic acid) (polyMA),
poly(methacryloyl phosphate) can favor osteoblast cell
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characterize the poly(NaSS) grafting. The amount of the poly(NaSS) grafted onto the titanium surfaces were determined by

adhesion and differentiation.”® The distribution of these ionic
groups along the molecular chains creates active sites which
can interact with extracellular proteins, such as fibronectin,
implicated in cell response. Recently, the grafting of polyNaSS
was successful by using radicals issued from titanium
peroxides able to initiate the radical polymerization of sodium
styrene sulfonate (NaSS) monomer.*™ Oxidation of titanium
creates titanium peroxides at the surface; which, under
heating, produce radicals to initiate the polymerization of ionic
monomer NaSS. The drawback of this method is the long
polymerization times (15 h). To this end, this study
demonstrates the use of UV irradiation to decrease the
polymerization time.

UV irradiation has initiate radical
polymerization of

15-19
surfaces.

been used to graft
bioactive compounds on polymer
When exposed to UV light, polymer surfaces
generate reactive sites which can be used to initiate graft
polymerization. For example, UV irradiation has been used to
introduce carboxylic acid functionality to PMMAZ, as well as
to activate polystyrene surfaces for cell tissue.”!

Chemical modification using UV irradiation is an easy process
that can also be used as a suitable alternative due to its low
cost and fast reaction rate. In this paper, we describe a simple
method to graft sulfonate groups to the titanium implant
surface by using UV radiation. This new method is the object of
a patent.22 To demonstrate the success of the procedure,
modified surfaces were characterized by various techniques
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including colorimetric method, contact angle analysis, ATR-
FTIR and MEB (EDS).

Experimental section

Materials

Titanium (Grade 2) disks were obtained from Goodfellow, the
surfaces of 1.5 cm diameter were polished. The two disk faces
were polished with two SiC consecutive papers 500 and 1200.
After polishing, the surfaces were cleaned in acetone
overnight under stirring. The following day, the surfaces were
successively cleaned once in acetone bath and three times in
distilled water (dH,0) bath with sonication for 15 min. Then,
the disks were put in Kroll’'s reagent (2 % HF, Sigma; 10 %
HNO;, Acros and 88 % dH,0) for one minute with stirring
followed by five consecutive dH,0O baths with sonication for
15 min each time. Sodium styrene sulfonate (NaSS, Sigma)
used for the grafting process was purified by recrystallization
in a mixture of water/ethanol (10:90 v/v)."****® The purified
NaSS was then dried under atmospheric pressure at 50 °C
overnight and then stored at 4 °C.

Grafting polyNaSS onto titanium surfaces

After washing the surface with Kroll’s reagent, the surfaces
were immersed in a Piranha solution (H,SO,/H,0, 50:50 v/v) in
a controlled and inert atmosphere (> 99 % argon) (Scheme 1).
First, the surfaces were immersed in sulfuric acid for one
minute with stirring, then hydrogen peroxide was been added
resulting in a color change and an exothermic reaction. The
disks were amply rinsed with dH,0 before putting them into a
round bottom flask containing an aqueous solution of NaSS
(0.32 M or 0.7 M). The round bottom flask containing NaSS
and the titanium surfaces was irradiated with UV light
(365 nm) at ambient temperature with stirring. The grafted
surfaces were then rinsed for 48 h with dH,0 and dried
overnight at 37 °C before characterization.

Instrumentation and measurements

UV lamp: The UV device used from Lot Quantum Design
generated a power from 200 W to 500 W (arc light source). All
experiments were done at 365 nm at ambient temperature.

Gel permeation chromatography - Size exclusion
chromatography (GPC-SEC): GPC-SEC was performed on a
Shimadzu Prominence instrument equipped with a SIL-20ACHT
auto sampler and a Shimadzu RID-10A differential refractive
index detector. The system was fitted with an UItrahydrogeIT'vI

(Waters) gel guard column (6x40 mm) and two
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Ultrahydrogel™ (Waters) analytical columns (7.8x300 mm).
NaNO; (0.1 M) was used as the mobile phase, eluting at 0.7
mL/min at 40 °C. Samples were dissolved in an aqueous
solution of NaNO; (0.1 M). Prior to injection, the samples were
filtered through cellulose acetate membranes (0.45 um pore
size). The molecular weights of the polymers were determined
using LCsolution GPC software by a conventional calibration
obtained from poly(NaSS) standards (Sigma-Aldrich) ranging
from ~ 4x10° to ~ 150x10° g/mol.

Surface characterization

The grafting of poly(NaSS) was confirmed using the toluidine
blue (TB) colorimetric method, contact angle, Fourier-
transform infrared (FTIR) spectra, recorded in an attenuated
total reflection (ATR) mode and scanning electron microscopy
with energy dispersive X-ray spectroscopy analysis (SEM-EDS).

Toluidine blue colorimetric method: For the toluidine blue
(CARL ROTH) test, 3 titanium disks were used for each
different grafting. The grafted disks were immersed in a
toluidine blue solution (5><10'4 M) at 30 °C for 6 h to allow
complexation of toluidine blue with the surface grafted
polymers. It is assumed that 1 mol of toluidine blue forms a
complex with 1 mol of carboxylate groups or 1 mol of
sulfonate groups.zs’27 Non-complexed TB molecules were
removed by gentle rinsing of the sample with a NaOH aqueous
solution (1x10° M). Decomplexation of the toluidine blue was
done by soaking the samples in 10 mL mixture of acetic
acid/dH,0 (50:50 v/v, Fisher) for 24 h at ambient temperature.
Concentration of decomplexed toluidine blue was measured
by visible spectroscopy at 633 nm using a Perkin Elmer lambda
25 spectrometer. Ungrafted Ti samples were used as controls
and were found not to react with the toluidine blue solution. 3
titanium disks were used per analysis.

Contact angle measurements: Static solvent contact angles
were measured using a DSA10 contact angle measuring system
from KRUSS GmbH. A droplet of solvent was suspended from
the tip of a microliter syringe supported above the sample
stage. The image of the droplet was captured and the contact
angle was measured using DSA drop shape analysis program
from KRUSS. The contact angle of distilled water (2 uL) on the
surface was recorded 10 s after contact, 3 measurements were
taken and averaged.

Analyses by ATR-FTIR: The Fourier-transformed infrared (FTIR)
spectra, recorded in an attenuated total reflection (ATR), were
obtained using a Perkin EImer Spectrum Two Spectrometer. A
diamond crystal (4000 cm™ - 500 cm™) with a resolution of
4cm™ was applied. The disks were uniformly pressed against
the crystal and for each surface, 128 scans were acquired.
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Scheme 1 UV grafting process of polyNaSS onto the titanium surface. The surface is oxidized with peroxide formation and the
UV irradiation give radicals by homolytic cleavage which initiates the polymerization.

SEM-EDS analyses: The surface micro-topography of the
grafted titanium disks were analyzed by scanning electron
microscopy (SEM, Hitachi TM3000) with Oxford energy
dispersive spectroscopy (EDS) without sample preparation, the
instrument operated at 5 kV to 15 kV.

Results and discussion
Polymer grafting

The grafting of polymers (polyNaSS) onto titanium (Ti) surfaces
can be achieved by radical polymerization.23 This method
involves the immersion of titanium surfaces in a mixture of
sulfuric acid and hydrogen peroxide (30 %) produces a surface
layer of titanium hydroxide and titanium peroxide species. The
existence of the Ti-peroxide proposed
independently by different research groups based on the
vibrational modes in the range of 890 - 900 em™ of H,0,-
oxidized Ti powder.23 have shown that the
amount of Ti peroxide present decreases upon heating.

radicals was

Takemoto et al.?®

Immersion of the titanium samples in a heated aqueous
solution of the NaSS monomers induces decomposition of the
Ti-peroxide radicals and initiates polymerization of the
monomers, as shown previously on pure titanium.*>? Here,
we expand on the concept to replace source of radicals from a
thermal source to a UV source to reduce reaction times.

We expected that the grafting efficiency of polyNaSS onto
titanium surfaces would be strongly dependent on the power
of the UV source. Keeping the concentration of NaSS constant
(at 0.7 M), we tested several powers (from 75 to 220 mW/cm?)
of the UV source. At each power, the sample was irradiated

This journal is © The Royal Society of Chemistry 20xx

for the same duration (45 min) and we found that a maximum
grafting efficiency could be obtained at 160 mW/cm?, 1.75 =
0.1 ug/cm2 (Figure 1). With this optimized power we carried
out a kinetic study (Figure 2) where we observed that the
curve followed a “Gaussian curve” with an optimum at one
hour, 2.48 £0.3 ug/cmz.

The optimization of power and a kinetic study at the optimum
power further had also been done at 0.32 M (Figures 1, 2). The
optimum power was found to be at 220 mwW/cm? (1.27 £ 0.1
ug/cmz), stronger than 0.7 M and we observed at one hour a
grafting maximum (4.35 * 0.1 ug/cmz). Indeed, the
polymerizations are significantly faster (complete in 1 h) over
previous studies using thermal initiation (complete in 15
h).n’za'25 Furthermore, a comparable grafting efficiency
(4.35 ug/cm2 compared to 5.0 ug/cmz) can be achieved at a
lower monomer concentration (less wastage). With a weak
concentration, it’s necessary to increase the power to have a
good quantity of grafted polyNaSS while a short time reaction.
Beside, with both a high concentration and power, we had
weak results because the viscosity increased. We have studied
various parameters to optimize the conditions, the balance of
the concentration, the power, the viscosity and the exposure
time is important. All these parameters had been analysed to
allow an excellent result: a high grafted polyNaSS rate in a few
time.

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 UV Grafting at 0.32 M and at 0.7 M according to the
power at 45 min.

Journal Name

5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

e |V grafting: 0.7M, P=160 mW/cm2

=== UV grafting: 0.32M, P=220 mW/cm2

Quantity of polyNaSS grafted (ug/cm?)

0 50

100
Time (min)

150 200 250

Fig. 2 Kinetic study of grafting polymerization at 0.32 M and at
0.7 M at 220 mW/cm? and at 160 mW/cm? respectively.

With a UV initiated grafting, we observed a decreasing
quantity of grafted poly(NaSS) if the surface was irradiated for
longer than 60 min. To explain this observation, two scenarios
are possible (Scheme 2): the scission of polyNaSS chains or

entire removal of polyNaSS chains from the surface.
o g
UV exposition ’ , {.
{f{f {{{
Ti | | T

15t degradation way

an

Z“d degradation way

/( (2

Scheme 2 UV degradation of the polyNaSS according to possible
ways.

1717

Ti |
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To test the extend of chain scission, a polyNaSS standard from
Sigma Aldrich (= 10 kDa) was been exposed for 4 hours under
UV light at 220 mW/cm?. The chromatograms before and after
irradiation showed no change, suggesting no chain scission
takes place under the reaction conditions (Figure 3). Thus the
second scenario, involving the entire removal between the
polyNaSS and the titanium, was studied in more detail. A
grafted surface was exposed for 4 hours with the UV light (220
mW/cmZ) in distilled water analysed with TB. The results
showed a decrease of more than 90 %. We can conclude that
the second hypothesis is checked: an important UV exposition
is going to break the bound between the polyNaSS and the
titanium.

e PolyNaSS before UV irradiation

e PolyNaSS after UV irradiation

y,

Retention time (min)

17 22 27 32

Fig. 3 GPC-SEC chromatogram of polyNaSS before and after UV
irradiations.
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Indeed, a long UV irradiation time does not degrade the
polyNaSS but the bond between the polymer and the Ti
surface is easily cleaved.

Moreover, others analysis were done to check the presence of
polyNaSS on the surface. Firstly, we evaluated the contact
angle: the contact angle (0) is a measure of the wettability of a
solid by a liquid. In the case of complete wetting, the contact
angle is close to 0° (super-hydrophilic surface), between [0° -
90°], the surface is wetting and above 90°, the surface is
hydrophobic (Figure 4).29’30

The two different graftings (thermal and UV), gave a contact
angle around 15° suggesting the presence of polyNaSS which is
known to be a hydrophilic polymer. In contrast the control
sample (polished Ti disk, cleaned with Kroll’s reagent and
oxidized with Piranha solution) gave a contact angle of 57°.
Absolutely, the polyNaSS is an anionic polymer bearing
sulfonate groups, allowing when it is grafted to give to the
surface a hydrophilic property (interesting wetting, 0 inferior
at 45°).

Fig. 4 No grafted surface (left) and grafted surface (right).

ARTICLE

compounds of the polyNaSS (Table 2). The percentage of
oxygen is bigger after grafting because of one hand the
oxidation step using peroxide hydrogen permitting to generate
more oxygen atoms (Ti-OOH) and the other hand the grafting
of polyNaSS (SO;). A higher carbon percentage is observed
due to the grafting of the bioactive polymer.

100
1635,
99 1498
1452
1603
98 1414
§ 97 Grafted Ti
No grafted Ti
96
95
1009
1 1178
94 039 112
900 1100 1300 1500 1700
cm?

Fig. 5 Enlargement of FTIR-ATR spectrum of grafted polyNaSS onto
titanium surface.

Table 1 Adsorption bands characteristics of polyNaSS

Wavenumber (cm™) Peak intensity Chemical groups &

interactions

The FTIR spectra showed in the two UV initiated graftings, the
presence of specific peaks of the polyNaSS at the surface of
the titanium disk. The spectra (Figure 5) shows the titanium
surface ungrafted and grafted with polyNaSS between 900 and
1800 cm™.

The aromatic ring and the symmetric vibrations of the SOj
groups generated a NaSS doublet (0=S=0) located at 1009 and
1039 cm™ (Table 3). The absorption of the sulfonate was
detected by the peaks between 1130 - 1185 cm™, which is also
associated with asymmetric vibrations (Table 2). Asymmetric
vibrations are also found for the group SO, at 1414 em™.
Finally, the series of peaks between 1635 and 1452 cm™ are
attributed to stretching vibrations of bonds (C=C) of the
benzene ring (Table 1). Whereas, the ungrafted titanium was
not IR active.

The EDS element chemical analysis showed the presence of
different atoms (C, O, Na, Ti, S), especially Na and S, essential

This journal is © The Royal Society of Chemistry 20xx

1635-1452 Weak v(C=C) from the
aromatic ring
1414 Medium v(SO,)
1178-1129 Strong SOj5 (Salt)
1039 Strong v(0=S=0)
1009 Strong Aromatic ring

Table 2 Analysis of atomic (%) of elements at the titanium surface.

EDS atomic composition %

C (0] Na S Ti
Ungrafted 6.5+0.2 8.0%0.6 - - 85.5+0.6
Thermal grafted 20.8+0.4 23608 15%0.2 19%0.3 522%2.0
UV grafted0.32M 21.7+1.5 19.7+0.8 1.8+0.1 1906 549%3.2
UV grafted0.7M 209+15 19315 15%02 1.7+04 56.6+2.2

J. Name., 2013, 00, 1-3 | 5
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In order to have a clear view of the distribution of the
elements at the surface of the grafted titanium and to confirm
the homogeneity of the polyNaSS coating, elemental mapping
was carried out using the EDS system on grafted samples
(Figure 6). The same analysis has been done for a no-grafted
titanium (Figure 7), we don’t have any sodium and sulfur
elements which are characteristic elements of polyNaSS.

100um

Carbon

100pm 100pm

Sodium

Sulfur

00 Titanium

Fig. 6 Element mapping/distribution on a grafted titanium surface.

3

T oonea!

100pm

100 Carbon

3 3
Sodium Sulfur

100pm 100pm

100pm

Titanium

Fig. 7 Element mapping/distribution on an ungrafted titanium
surface.
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Conclusions

We have developed a new approach to graft bioactive
polymers covalently to a titanium surfaces. UV irradiation was
used to induce decomposition of titanium peroxide to radicals
to initiate the polymerization of an aqueous solution of
monomer (NaSS) in which oxidized titanium samples were
immersed. Different parameters, such as the time of the
irradiation exposure, the monomer concentration and the
power of the lamp were found to influence the efficiency of
the grafting. Using a range of different techniques to measure
the presence of bioactive polymers at the surface of titanium
samples, this study has shown a grafting maximum (4.35 + 0.1
pg/cm?) with a power lamp at 220 mW/cm?, with 0.32 M of
monomer concentration and an UV exposure of 1 h. Compared
with other modification methods, surface graft polymerization
induced by UV irradiation exhibit some advantages such as fast
reaction rate, low cost processing, simple equipment, easy
industrialization. So, this finding might be adapted to graft
bioactive polymers on other metallic devices, such as titanium
alloys implants, which are widely used in medical application.
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