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Chemical Surface Modifications of Titanium Implants
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summary: In the present work, various surface modifications have been applied to
titanium surface. The aim of the modifications was to improve cell adhesion and to
determine their influence on the properties of titanium surface. The unmodified and
modified surfaces were observed using SEM. Subtle changes in modified surface layer
of titanium samples were examined using the Auger Electron Microanalysis and
Photoelectron Spectroscopy. The properties of surfaces were evaluated by contact
angle and roughness measurements. The results revealed large differences in
morphology of Ti modified with different procedures whereas only minor differences
in the chemistry of the surfaces were detected. Preliminary quantitative measure-
ments (cell number, viability and differentiation) of the MG 63 osteoblast-like cells in
the direct contact with the surface of the investigated materials show that both the
not pre-treated titanium surface and the surfaces modified by the methods used in
the this work are all well tolerated by the living cells. Within the experimental scatter
all the surfaces provided good substrate for proliferation and growth of the cells.

Introduction

Titanium is known as a biocompatible
metal™ which exhibits corrosion immunity
as well as good mechanical properties,
including high fracture toughness. For these
reasons, it is mainly used as bone sub-
stitutes, e.g. hip joints and dental roots for
which high mechanical strength and corro-
sion resistance is required to assure negli-
gible ion release from the implant into
human body. Nowadays, titanium in the
form of porous structures and meshes is
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taken into account as a potential support
for living cells./?!

Although titanium and its alloys are well
known for their biocompatibility,[3’4] still
some work is going on forward improve-
ment of its osteoconductivity. Strategies
used are based mainly on surface modifica-
tions, e.g.: protein immobilization,! phos-
phonic acids grafting,m ion implantation,m
polymer,[g] carbyne,[Q] polysaccharide[w]
ceramic and bioactive glass!'!! coating.

In this experiment the influence of
selected surface modifications on cell
behaviour in direct contact in titanium is
investigated. Particularly consequences of
‘piranha’ (mixture of sulphuric acid and
hydrogen peroxide) etching, sodium hydro-
xide soaking and dextran coating on
titanium were examined in contact with
human osteogenic cells in culture. In
previous examinations it was shown that
these modifications introduce significant
changes in surface morphology of titanium
samples.[lz] Cell response was observed in
the case of the bulk samples and also on
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titanium mesh in order to make the system
closer to the potential clinical application
and to watch additionally the role of the
sample architecture.

Materials and Experimental
Procedure

The material used in this study was pure
titanium in the form of: (1) a commercially
available titanium mesh (Tiomesh) com-
monly used in clinical applications, #
0.2 mm and (2) pure titanium (Grade 2)
rod @ 6 mm cut into # 2 mm cylinders. The
samples were mechanically polished and
rinsed in distilled water. Then, three types
of modifications have been applied:

e soaking in 5.0 M NaOH aq at 60 °C for
24h; the samples were then gently washed
in distilled water, at 40°C for 48h and
additionally annealed at 600°C for 1 h
(Ti/NaOH modification);

e ctching in “piranha” solution (98%
H,SO, +30% H,O, mixture, the volume
ratio 1:1). This type of pretreatment was
carried out at room temperature for 4h
(Ti/PRT modification)or in boiling solu-
tion for 10 min (Ti/PBS modification)

e immersing in a 0.05wt.% water dextran
solution (Ti/dextran modification).

The topography of unmodified and
modified surfaces were observed using
SEM. Subtle changes in modified surface
layer of titanium samples were examined
using the Auger Electron Microanalysis
(AES) and Photoelectron Spectroscopy
(XPS). The physical properties of surfaces
were evaluated by contact angle measure-
ments. Since titanium is mainly dedicated
to the applications in bone surgery, human
osteogenic cells were used in the experi-
ments. All investigations were performed
twice by using MG-63 cell line and repeated
once with human bone derived cells.

The human osteoblastic cell line MG-63
was purchased from American Type Cul-
ture Collection (ATCC CRL-1427). Cells
were cultured in medium containing
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DMEM, 10% Foetal Bovine Serum, 1%
L-glutamine, 1% Antibiotic-Antimycotic
(all substrates from Gibco). Experiments
were performed using cells between 97 and
99 passages. Human Bone Derived Cells
(HBDC) were obtained from bone tissue
harvested during surgery, which would be
otherwise discarded. The procedure of
HDBC isolation was based on the protocols
described by Gallagher et al.l'®! with
modifications.'! Cells in the first passage
were used. They were cultured in medium
supplemented with 0,12 mM ascorbic acid.

In order to determine the effect of
surface treatment on osteoblast-like cells
in vitro, samples of titanium were put into
the wells of 96-well culture plate. Cell
population was enzymatically detached and
suspended in culture medium and then cells
were seeded on the surface of titanium
samples. The initial seeding density was
2500 cells per well. After 24 hours medium
was change into the medium supplemented
with 0,12 mM ascorbic acid (Sigma) and
10 nM dexamethasone (Sigma). Cells
on solid samples were cultured under
standard conditions for 7 days. Culture on
titanium mesh was being continued up to
28 day; medium, additionally supplemented
with 14 mM g-glycerophosphate disodium
salt (Sigma), has been changed every 2
days.

To estimate cell viability, tetrazolium
salt-based colorimetric assay was perform-
ed. In this test 2,3-bis(2-methoxy-4-nitro-
S-sulfophenyl)-5-[(phenylamino)carbonyl]-
2H-tetrazolium hydroxide (XTT) is meta-
bolically reduced in viable cells to a
water-soluble formazan product.“‘ﬂ Med-
ium in experimental culture was changed
into XTT and phenazine methosulphate
(PMS) solution in DMEM. After 4 hours
long incubation in 37 °C, solution was collec-
ted and its absorbance was read at 450 nm.
Cell viability on the surface of solid titanium
samples was investigated after 7 days of
culture and on the titanium mesh after
28 days. In both cases cells cultured on tissue
culture polystyrene (TCPS) served as a cont-
rol. Results are shown as a percentage of a
control.
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Viability of MG-63 and HBDC expressed as a percent of control (culture on TCPS): a) cells on solid samples after
7 days of culture, b) cells after 28 days of culture on mesh samples. All data are expressed as means =+ standard
error. Asterisks show significant difference between the groups at ** p < 0,01, according to Kruskal-Wallis Test

with Dunn’s post hoc test.

To estimate the extracellular matrix
production, collagen was visualised and
measured in spectrophotometer. Cells cul-
tured in contact with titanium mesh were
rinsed with PBS (Gibco) and incubated
with solution of Direct (Sirius) Red (Fluka)
for 1 hour. Then cells were rinsed with
10 mM HCl and Direct Red stained
collagen was dissolved in 0,1 NaOH.
Absorbance of solution was measured at
540 nm.[*®! Results are shown as a percen-
tage of a control.

Morphological observations of cells in
contact with titanium mesh were performed
during culture. After 4 weeks long culture,
cells were stained with Hoechst33342
(Sigma) in order to visualise their nuclei.
Pictures were taken using inverted micro-
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scope Nikon Eclipse 2000-U equipped with
Digital Sight DS-U1 camera.

Experiments in which MG-63 cell line
was used were performed twice. Results
were confirmed in HBDC experiment once.
Six samples of any type were used in each
particular experiment. Kruskal-Wallis Test
(non-parametric ANOVA) with Dunn’s
Multiple Comparisons post test at a con-
fidence level of 95% was used. Viability of
cells cultured on modified titanium samples
were compared with viability of cells on
non-modified titanium.

Results and Discussion

Viability of MG-63 cells cultured on modi-
fied and non-modified titanium samples
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Synthesis of collagen by MG-63 osteoblast-like cells after 4 weeks long culture. All data are expressed as
means =+ standard error. Asterisk show significant difference between the groups at * p < 0,05, according to

Kruskal-Wallis Test with Dunn’s post hoc test.

does not differ significantly neither after
7-days long culture on the bulk samples
(Figure 1a), nor after 28 days on the meshes
(Figure 1b). Viability of HBDC cultured on
Ti/NaOH is significantly lower than on
non-modified titanium after 7 days of
culture on the bulk samples.

As can be seen in Figure 2, the amount of
collagen on titanium mesh is higher than in
the control, on the nonmodified titanium
samples as well as on the mesh modified
by high temperature piranha and on those
coated by dextran, but the differences
are not statistically significant. Collagen
amount in the culture of HBDCs in contact
with Ti/NaOH is significantly lower (p <
0,05) than on non-modified titanium.

a)

Figure 3.

b)

Microscopic observation did not elicit
differences between cell cultures on mod-
ified and non-modified titanium meshes.
Both MG-63 and HBDC cells form a kind
of a sheet which is directly adhered to the
metal surface. (The example is shown in the
Figure 3a). Numerous cells are visible in it
as well as on titanium surface (Figure 3b)
This view is similar for all investigated
titanium samples.

In order to better understand the results
of in-vitro study, the surface characteristics
has been performed. SEM observations
(Figure 4) have shown that Ti/NaOH and
Ti/PBS modifications introduce significant
changes in surface topography whereas
dextran modification leaves titanium sur-

a) Light microscopy image of MG-63 cells after 4 weeks long culture in contact with titanium mesh soaked in5 M
NaOH. The left narrow indicates the edge of titanium mesh, the right one indicates tissue-like sheet.
b) Fluorescent microscopy of HBDC after 4 weeks long culture in contact with Ti/PBS titanium mesh.

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



Macromol. Symp. 2007, 253, 115-121

as-received

Figure 4.

Surface topography of titanium meshes after modifications: (a) Ti/NaOH, (b) Ti/PRT, (c) Ti/PBS, (d) Ti/dextran

face unchanged in this term (characteristic
oriented grooves resulting from grinding
can be still seen). The NaOH pretreated
surface is the most developed with the small
pores (about 0.2 wm in diameter) visible in
the “honeycomb” islands. In the case of
piranha pretreatment sub-microporosity
effects can also be seen, e.g. in boiling
“piranha” solution a high population of
shallow depressions about 0.5+1 m in
diameter is formed.
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Figure 5.

A typical Auger survey spectra taken at Ti mesh
surface after Ti/NaOH modification.
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As for the chemical composition, the
surfaces modified in both alkaline and acid
solution do not differ significantly. The
AES survey spectra have shown that Ti is
oxidized on all the surfaces (the signals
from Ti and O are well distinguishable).
Moreover, in the case of Ti/NaOH mod-
ification, an incorporation of Ca was also
noted (Figure 5). This apparently results
from the preparation procedure. Compar-
ison of high resolution Ti LMM spectra
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Figure 6.
Intensity of -CH2 Raman signal on the Ti surface.
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Table 1.
Values of contact angle measured on unmodified and
modified titanium surfaces.

modification  Ti Ti/NaOH Ti/PRT Ti/PBS Ti/dextran
contact angle 62 83 59 74 45

does not reveal any very distinct difference
in their shape.!'?! This suggests that simi-
lar Ti-oxides are formed as a result of
all modifications. Ti/dextran modification
results in an inhomogeneous coating
(Figure 6). However, the advantage of this
modification is the presence of hydroxyl
groups.

Applied modifications influence also the
wettability of surfaces. The value of contact
angle is significantly higher for Ti/NaOH
and Ti/PBS modifications while it is lower
in the case of Ti/dextran modification (see
Table 1).

Discussion and Conclusions

Any of the applied modifications resulted in
the improvement of the titanium as a
support for osteogenic cells in vitro under
the specific conditions of this experiment.
All modified surfaces were well tolerated
by cells, although both cell viability and
collagen production were diminished in
contact with NaOH-soaked titanium, as
compared to non-modified titanium. This
was the case only in the culture of HBDCs
and not in the culture of MG-63. The worse
results for the NaOH-soaked titanium are
probably the consequence of the most evi-
dent changes in the surface topography
after this modification. Any significant
differences in cell response to the other
investigated modified materials were not
demonstrated. Similar cell response to
modified and non-modified titanium is
probably the result of similar samples’
chemistry, which was examined by AES.
The most promising results are those for
dextran-coated titanium. It was shown in
the preliminary studies that this might
promote cell maturation, as can be judged
on the basis of collagen production.['”! This
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result was not confirmed here, but this
may be due to the discontinuity in the
dextran cover, which was shown in Raman
(Figure 6). Good cell viability on dextran
covered titanium is anyway a good news
in respect to the potential usage of dextran
coating as the attractive surface for protein
immobilisation.

Dextran was reported to be used as a
material for hydrogel and scaffolds for cell
culture,[lg’w] and also, as a carrier for bio-
active molecules, particularly DNA_[2-21]
Thus dextran coating of titanium, which
was found here to be well accepted by cells,
can be taken into account as a carrier for
molecules (proteins, DNA) that could
promote osteoinductive potential. Results
of our experiment encourage to further
investigation with using this polysaccharide
for coating scaffolds for cell culture and
differentiation.

Investigated meshes seem to be a good
support for osteoblast-like cells to prolif-
erate and differentiate. It seems that due to
its architecture, titanium mesh forms a good
support for cells in respect to the produc-
tion of extracellular proteins, as shown here
for collagen. The dense tissue-like sheet
found at the edges of titanium mesh may
potentially play stimulating role for tissue
remodelling after the implantation of the
mesh together with cells cultured in vitro.
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