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Statement of problem. Titanium is the most important material for biomedical and dental

implants because of their high corrosion resistance and good biocompatibility. These beneficial prop-

erties are due to a protective passive oxide film that spontaneously forms on the surface.

Purpose. The purpose of this study was to evaluate the responses of osteoblast-like cells on different

surface treatments on Ti discs.

Material and Methods. Group 1 represented the machined surface with no treatment. Group 2

surfaces were sandblasted with 50um ALOs under 5 kgf/ cm” of pressure. Groups 3 and 4 were sand-

blasted under the same conditions. The samples were treated on a titanium oxide surface with reac-

tive sputter depositioning and thermal oxidation at 600°C (Group 3) and 800°C (Group 4) for one

hour in an oxygen environment.

The chemical composition and microtopography were analyzed by XRD, XPS, SEM and optical in-

terferometer. The stability of TiOz layer was studied by potentiodynamic curve. To evaluate cell re-

sponse, osteoblast extracted from femoral bone marrow of young adult rat were cultured for cell

attachment, proliferation and morphology on each titanium discs.

Results and Conclusion. The results were as follows :

1.Surface roughness values were, from the lowest to the highest, machined group, 800°C thermal
oxidation group, 600°C thermal oxidation group and blasted group. The Ra value of blasted group
was significantly higher than that of 800°C thermal oxidation group (P=0.003), which was not dif-
ferent from that of 600°C thermal oxidation group (P<0.05).

2.The degree of cell attachment was highest in the 600°C thermal oxidation group after four and eight
hours (P<0.05), but after 24 hours, there was no difference among the groups (P>0.05).

3.The level of cell proliferation showed no difference among the groups after one day, three
days, and seven days (P>0.05).

4.The morphology and arrangement of the cells varied with surface roughness of the discs.
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Titanium is the most important material for
biomedical and dental implants because of its rel-
atively high corrosion resistance and good bio-
compatibility. These beneficial properties are due to
a protective passive oxide film that spontaneously
forms on the surface. It has been suggested that
the physiochemical and dielectric properties of the
oxide film play a decisive role in determining the bio-
compatibility of the implants, and that the special
osseointegration feature of titanium oxide films is
responsible for a direct bone-titanium contact and
strong bonding,.

The natural passive film on titanium is formed in
many aqueous solutions, air, or other oxygen-con-
taining environments, is normally only a few
nanometers thick, and consists essentially of titanium
dioxide. Despite frequent report of negligible corrosion
rates of titanium in vitro, there is increasing evidence
that titanium may be released extensively in vivo,
and, under certain conditions, may accumulate in ad-
jacent tissues or be transported to distant organs.
These observations indicate that the biological en-
vironment may be quite aggressive towards titanium
or its thin oxide film. Also, oxide growth and the in-
corporation of ions into the titanium oxide film
have been observed in human bodies. Both the re-
lease of titanium and surface oxide growth are of great
importance for the biocompatibility of titanium
implant materials.

The morphology of an implant surface, including
microtopography and roughness, has been shown
to be related to successful bone fixation."” In addi-
tion, the manufacturing process used to achieve
the surface texture, either chemical® or mechani-
cal,* also influences clinical success. Currently, the
clinical use of titanium implants varies with re-
spect to surface roughness and composition. Generally
speaking, bone forms more readily on a rough sur-
face, whereas fibrous connective tissue is found
more frequently on a smooth surface.®

In vitro studies have provided some insights in-
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to the response of specific cell types to surface
properties. It is clear that the degree of surface
roughness affects cell response. In particular, os-
teoblast-like cells exhibit roughness-dependent
phenotypic characteristics, tending to attach more
readily to surfaces with a rougher rnic:rotop‘ography.""7
Moreover, they appear to be more differentiated on
rougher surfaces with respect to morphology, ex-
tracellular matrix synthesis and alkaline phos-
phatase specific activity.** The morphology of the sur-
face also plays a role. A variety of cells can orient
themselves in the grooves of micromachined sur-
faces.™ Depending on the degree of roughness, these
cells may actually see the grooves as smooth. On a
randomly rough surface created by grit blasting
or chemical etching, cells may form different focal
attachments, which result in a phenotype that is dis-
tinct from that seen on the grooved surface with the
same degree of roughness. Several studies have
shown that even subtle differences in surface com-
position, including Ti oxide crystallinity, can mod-
ify cell response, even when surface roughness is held
constant.”*?

For this study, smooth surfaces were obtained by
machining, rough surfaces were obtained by sand-
blasting, and compositional change of the TiO: lay-
er was achieved by thermal oxidation with TiOz re-
active sputter deposition. This vacuum-deposition
technique produces high quality coatings with
good bonding to either smooth or rough titanium sur-
faces, but it usually requires a heat treatment in a con-
trolled atmosphere in order to attain high crys-
tallinity. To determine whether the composition
of the surface or microtopography are important vari-
ables for determining osteoblastic phenotype, we ex-
amined the response of osteoblast cells on various

treated titanium disc surfaces.
MATERIALS AND METHODS

2.1. Titanium disc preparation and characterization
Titanium discs were fabricated from a bar of
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commercially pure titanium (Ti:medical grade 2.
ASTM). The chemical composition was provided by
the supplier and was not verified prior to surface
preparation. All samples were air dried and steril-
ized with ethylene oxide gas for 24 hours.

The experiment was composed of four groups.
Group 1 represented the machined surface with
no treatment. Group 2 surfaces were sandblasted with
50gm ALOs under 5 kgf/cm” of pressure. Groups 3
and 4 were sandblasted under the same condi-
tions. The samples were treated on a titanium oxide
surface with reactive sputter depositioning and
thermal oxidation at 600°C (Group 3) and 800°C
(Group 4) for one hour in an oxygen environment.

The reactive sputter deposition was carried out in
an environment targeting TiOz, 300 watt power,
15 scem total gas flow, and 5 mTorr working pres-
sure. The gas flow was maintained at 5 sccm Oz and
10 scem argon (Fig. 1). After 300 minutes of sputter
deposition , the specimens underwent additional an-
nealing by thermal oxidation in an O2 environ-
ment for one hour (Fig. 2). Representative disks
from each group were subjected to surface analysis.

2.1.1 SEM analysis
The surface microtopography of the discs was ex-
amined using a scanning electron microscope (S-800,
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Fig. 1. Schematic diagram of RF magnetron sputtering
system.

Hitachi, Japan). Samples from each group were
examined at 200 to 700 X magnification.

2.1.2 Optical interferometer analysis

The optical interferometer is the instrument used
to analyze light interference phenomena. Incident flux
is divided into reference flux and measurement
flux, and they incident reference surface and mea-
suring surface respectively. The two fluxes, then, com-
bine together to develop an interference pattern
that represents the optical path difference. This
pattern is captured by a CCD camera and is analyzed
using an image process and analyzing method that
produces a three dimensional image. We used the
Optical Dimensional Metrology Center (Intek
Engineering, Korea) (Fig. 3).

Ra : This is the arithmetic mean of the absolute val-
ues of the surface departures from a mean plane with-
in the sampling area. The parameter is measured in
pm and is a general and commonly used parameter.

Rt : This extreme value is the distance between the
highest peak and the lowest valley within the sam-
pling area, and is measured in gm.

Rsk : Skewness is the measure of the symmetry of
surface deviations about the mean plane (e.g. a
negatively skewed surface has more valleys than
peaks).
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Fig. 2. Schematic diagram of rapid thermal anneal-
ing system.
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Fig. 3. Schematic diagram of optical interferometer.

2.1.3 XRD analysis

XRD analysis was performed to identify the sur-
face composition and structure of the thermally
treated samples. The instrument used was the
Rotaflex RTP 300RE with a thin film attachment
(Rigaku co. Japan ), 2- 6 mode (26:10° ~70° ) was
used. The X-ray source was Cu-Kae, the tube voltage
was 30 kV, the tube current was 20 mA and the scan-
ning speed was 4° /min.

2.1.4 XPS analysis

Using the ESCALAB 220i spectrometer (VG
Scientific Co.), each surface to be studied was irra-
diated with high-energy X-rays, creating an emission
of the inner shell electrons of the atoms. All electrons
whose binding energies were less than the energy
of the exciting X-rays were ejected. The kinetic en-
ergy of these photoelectrons was measured with an
electron energy analyzer. Because the energies of the
excited electrons were very low, only those electrons
originating in the few top monolayers could be
detected, leading to a high surface sensitivity. The
electrons originating far below the surface lost in-
tensity because of the inelastic scattering effect,
and remained in the background of the spectrum. To
minimize further scattering, XPS analysis was per-
formed (using the Al Ka X-ray) in an ultrahigh

vacuum (10° torr).
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Fig. 4. Schematic diagram of potentiodynamic test.

2.1.5 Potentiodynamic curve

The flat cell (EG & E Co.) was used for potentio-
dynamic experiment (Fig. 4). The saturated calomel
electrode (SCE) was used as the reference elec-
trode, and platinum wire was used as counter elec-
trode. The potential was scanned from 0.2 V below
corrosion potential to 2 V, and the scan rate was 2

mV/sec.

2.2 Cell culture

For all experiments, cells were extracted from
the femoral bone marrow of young adult rats, and
were cultured on discs placed in 24 well plates
(Nalge Nunc International). Controls consisted of cells
cultured directly on the polystyrene surface of the
24 well plate. The cell were plated at 10,000 cells/ discs
in a e-minimal essential medium (e-MEM) con-
taining 10% fetal bovine serum (FBS) and 1% antibiotic
solution (diluted from a stock solution containing 5000
Uml" penicillin, and 5000 Uml" streptomycin: GIB-
CO. Grand Island, NY). The cultures were incu-
bated at 37°C in an atmosphere of 100% humidity and
5% COx (incubator from Forma. USA), and the me-
dia were changed every third day throughout the ex-
periment.

2.3 Cell morphology
To determine whether cell morphology varied as



a function of the surface roughness and composition,

the cultures were examined by scanning electron mi-

croscopy. The samples were harvested and the cul-
ture media were removed. The samples were then
rinsed three times with Hank’ s balanced salt solu-
tion (HBSS) and fixed with 1% OsOs. After being
fixed, the disks were rinsed with HBSS, sequentially
incubated for 30-45 minctes each in 50, 75, 90 and 100
% ter-butyl alcohol, and vacuum dried. A thin lay-
er of gold-palladium was sputter-coated orto the sam-

ples prior to examination in a JEOL JSM-840A cold .

field emission scanning microscope (JEOL Ltd.
Akishima Tokyo, Japan).

2.4 Cell number .

Upon harvesting, the cells were released from
the culture surface by adding a mixture of 0.25%
trypsin in Hank' s balanced salt solution (HBSS)
and 1 mM ethylenediamine tetra-acetic acid (EDTA)
for ten minutes at 37°C . The number of cells was de-
termined with a Hemocytometer.

2.4.1 Cell attachment

The osteoblast-like cells were treated with a 0.05%
Trypsin-0.02% EDTA solution and distributed, ac-
cording to the number of 1 x 10° cell, to a 24 well plate
with the Ti disc. During incubation the environment
was maintained at 37°C, and 5% CQz. The cell at-
tachment level was counted with a hemocytometer
after four hours, eight hours and 24 hours.

% cell attachment =
number of attached cell

number of attached cell + number of unattached cell

2.4.2 Cell proliferation

The osteoblast-like cells were treated with a 0.05%
Trypsin-0.02% EDTA solution and distributed, ac-
cording to the number of 5 X 10" in 100,41, to a 24 well
plate with the Ti disc. After four hours in an incubator,
the minimal essential medium (a- MEM) containing
10% fetal bovine serum and 1% antibiotics was

supplemented. The cell proliferation level was
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counted with a hemocytometer after one day, three
days and séven days. '

2.5 Statistical Analysis
The microtopographical values of the optical in-
terferometer were Ra, Rt and Rsk. Data were first an-

‘alyzed by analysis of variance. When statistical

differences were detected, the LSD (Least Significant
Difference) was used, where P < 0.05 was considered

" significant. In the cell number test, each data point

represented the mean of six individual cultures.
Data were analyzed by ANOVA, LSD and, for
non-parametric analysis, the Mann-Whitney test
(P <0.05).

RESULTS

3.1 Disc characteristics

- SEM of machined discs.

Typical machining grooves, as produced by the
manufacturing instruments, were observed on the
surface of the titanium discs (Fig. 5a).

- SEM of sandblasted discs.

The surface appeared glazed, and a very rough
surface produced by the blasting procedure was ob-
served. The surface was highly irregular, with
many depressions and small indentations (Fig.
5b).

- SEM of thermal oxidation discs after TiO:z

sputter deposition.

In the 600°C thermal oxidation group (Fig. 5¢c), the
irregularities formed by the blasting procedure
were masked by an oxide layer growth that looked
like a lamella structure. In the 800°C thermal oxidation
group (Fig. 5d), continued oxide layer growth resulted
in irregularities expecting mechanical strength.
Looking at cross sections from each group, it was ob-
served that the oxide layer was thicker in the 800°C
thermal oxidation group (Fig. 6). -



Table 1. Optical Interferometer Result

Ra(zm) Rt(¢am) Rsk
Machined Mean 0.508 5.897 0.04°
S.D. 0.102 0.695 0.197
Blasted Mean 0.904¢ 15218 -0.0206
S.D. 0.060 2.459 0.277
5.600C Mean 0.869° 15.290° 0.389°
S.D. 0.127 3.503 0.599
S.800°C Mean 0.758° 15.387° 1.264¢
S.D. 0.112 3.116 0.908
a<b<c at P<0.05 (ANOVA and LSD test)
3. The Rt values of the blasting and thermal oxidation

$.600T $.800T

Fig. 7. The effect of surface treatment on surface rough-
ness(Ra, gm).

3.1.1 Surface roughness
Table I and Fig. 7-8 show the results of the op-
tical interferometer analyses.

1. The lowest surface roughness was observed in the
machined group (Ra value=0.508um) and the
highest was in the blasting group (Ra value=0.904
). The thermal oxidation procedure reduced sur-
face roughness (ANOVA, LSD P<0.05).

. There was no significant difference in the Ra
values of the blasting group.and 600C thermal
oxidation group. The Ra value of the 800°C ther-
mal oxidation group was significantly lower
than that of the blasting group (ANOVA, LSD
P<0.05).
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groups were significantly higher than that of
machined group (ANOVA, LSD P<0.05).

. The Rsk value of the 800°C thermal oxidation
group was unique, showing a much higher pos-
itive shift.

3.1.2XRD

In the machined and blasting groups, the X-ray dif-
fraction spectroscopy expressed only a Ti peak.
Since the titanium surface in air conditions has a nat-
urally-formed very thin oxide layer about 5 nm
thick, which is not detected by XRD, there was no
TiOz peak in the XRD pattern (Fig. 9). After TiOz sput-
ter deposition and thermal oxidation, the TiO: lay-
er thickness and crystallinity increased (Fig. 10).

In the XRD pattern, the overall TiOz peak was high-
er in the 800°C thermal oxidation group than in
the 600°C thermal oxidation group. Looking at the

" TiOz2 crystallinity, increased rutile form was out-

standing in the 800°C thermal oxidation group.
The anatase form increased slightly due to TiOz
sputter deposition and thermal oxidation.

3.1.3 XPS
Fig. 11 shows the XPS pattern of the 800°C thermal
oxidation group. All of the surface Ti was bound with

oxygen, and there was no contamination attrib-
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Fig. 9. XRD pattern of mach-ined,
blasted group.

Table I1. Percent cell attachment level (%+5.D.)

dhr 8hr 24hr
Machined 17.62+8.7  413£79  67.6/+9.6
Blasted ~ 36.5°15.6  49.4'+150 50.6°+9.4
S.600C 708192 7451103 64771169
S.800°C 385°+192 49.3°+142 51.5+122

=6. a<b<c at p=0.05(ANOVA, LSD and Mann-whitney)

uted to the fact that the thermal oxidation was car-
ried out in a pure oxygen environment. The XPS
analysis revealed that the oxygen binding state of ti-
tanium was TiO:z or TiO. The TiO may be generat-
ed from the destruction of Ti-O binding in the TiOz
layer by an argon beam sputter during the procedure.
This means that the biocompatibility of the TiOz lay-
er can be acquired through thermal oxidation in a

pure oxygen environment.

3.1.4 Potentiodynamic polarization curves

Fig. 12 shows the polarization curve of the TiO2/Ti
samples in 0.15 M NaCl solution. In the graph of non-
treated Ti, the current density was nearly constant
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Fig. 10. XRD pattern of TiOz2 sputtering and thermal oxidation.
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Fig. 14. Percent of cell attachment level.

in some potential range (-0.2V~1.5V), which is
characteristic of the so-called valve-metal behavior
of titanium. The current density was about 1 x 10°
A/cm?, and is significantly lower value in metals. In
blasted sample, an increased potential resulted in pit-
ting, and the pitting current increased to 10°A / em>.
TiOz sputtering with the thermal oxidation samples
showed better corrosion resisting properties. Pitting
currents of the groups that underwent sputtering and
heat treatments at 600°C and 800°C were 10#A/cm?
and 10°A /em?, respectively, which means that the




Table I11. Cell proliferation (x 10°‘mean+S.D.)

1day 3day 7day
Machined 0.87+041  657+1.80 12.63£3.06
Blasted 200042 7.03+1.19 14.17+352
S.600C  1.83+057 710+1.85 11.80+3.00
S800C  167+043 407+1.16 1147+3.14

*=singnificant difference at p<0.05(ANOVA and LSD)

sample treated at 800°C has better anti-corrosion prop-
erties than the sample treated at 600°C.

3.2 Cell morphology

The appearance of the cells varied with surface
roughness and chemical composition of the discs. The
cells that grew on the machined surface were along
the groove as a monolayer. The cells had an elongated
dendritic appearance, where the extensions con-
nected with others. In the cultures on the blasting and
oxidation surfaces, the cells grew in multiple layers
in a cuboidal shape with a long dendritic appearance
(Fig. 13).

3.3 Cell number

3.3.1 Cell attachment

At the four-hour and eight-hour marks, the per-
cent attachment level of the 600°C thermal oxidation
group was higher than that of the others (P<0.05).
After 24 hours, there was no significant difference
between the attachment levels of the groups. It is in-
teresting to note that there was a consistently sim-
ilar pattern between the blasting group and the
800°C thermal oxidation group (Table II, Fig. 14).

3.3.2 Cell proliferation

Taking measurements on days one, three and
seven, the cell proliferation pattern was observed to
be quite similar among all the groups (P<0.05)(Table
I, Fig. 15).
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DISCUSSION

This study was performed to evaluate the previ-
ous observations that osteoblast-like cells respond
in a differential manner to both surface rough-
ness'*® and material composition.” Cell culture
may be used to investigate the surface-dependent re-
sponses of bone-forming cells.” The surface topo-
graphic features of commercially pure titanium
substrates can alter the extracellular matrix forma-
tion and mineralization of cultured osteoblasts.
Similar molecular and cellular assessments of in
vivo responses to implant surface topography may
contribute to improved engineering of endosseous
implants. Understanding the relationships between
material surface properties, adsorbed proteins, and
cellular responses is essential to designing opti-
mal material surfaces for implantation and tissue en-
gineering."

In the cell proliferation experiment, there was
no difference among the groups throughout. This re-
sult supports the notion that roughness may play
a more important role in determining cell response
than the type of topography, as long as the Ra val-
ues can be sensed by the cells. Kieswetter,” Lyndon®
and Martin” reported that there was an inverse
relationship between cell number and the Ti surface
roughness. Stanford mentioned that, on a per-cell ba-



sis, the levels of the bone-specific protein, osteocalcin,
and the enzymatic activity of alkaline phosphatase
were highest on the smooth 1-micron polished sur-
face, and were lowest on the roughest surfaces for
the plasma-cleaned cpTi. Lincks® stated that the
optimal surface appeared to be one with an Ra
value of around 4gm, such that the cell proliferation
was reduced but not blocked and the phenotypic dif-
ferentiation was enhanced, and that this rough-
ness can be gained by blasting.

Adriano,® Degasne,* Bowers® and Ong* said
that significantly higher levels of cellular attachment
were found using rough, sandblasted surfaces with
irregular morphology. Qu” stated that a grooved sur-
face permitted the attachment of more cells than a
smooth one. Cell shape and cytoskeleton were
strikingly influenced as early as 20 minutes after cell
attachment, when the cytoskeleton begins to align
with the topography.

The morphology of the cells on the oxidized sur-
face demonstrates that they have assumed a more
cuboidal shape with dendritic extensions, typical of
a more differentiated osteoblast. In contrast, cells on
the smoother surfaces appeared more flattened
and fibroblastic. Scanning electron microscopy ex-
amination revealed that the osteoblasts cultured
on implant metals synthesized and deposited an ex-
tracellular matrix containing collagenous and non-
collagenous components, as well as mineral nodules
of various morphologies. The bulk of the osteoblast
mineral deposits was amorphous hydroxyapatite.
In addition, electron diffraction analysis revealed small
regions of crystalline hydroxyapatite.”

Though a titanium oxide layer formed on each disc
surface, it is unlikely that the oxides were identical.
The TiOz sputter deposition and Oz annealing pro-
cedures by thermal oxidation in various manner will
differentiate the oxide thickness and crystallinity. This
would have a direct effect on the nature of the con-
ditioning film that forms as the material surface
interacts with the culture medium.? In addition, ions

released from the titanium surface could also mod-
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ulate the cellular response. The protein adsorption
events are necessary to control the attachment and
subsequent spatial distribution of the bone-derived
cells exposed to the chemically modified surfaces.®
In our experiment, the surface of the 600°C thermal
oxidation group may have a microtopography that
easily bound protein substrates in the culture media
because of a high level of initial cell attachment.

The composite effects of surface energy, compo-
sition, roughness and topography plays a major
role during the initial phases of the biological response
to the implant, such as protein adsorption and cel-
lular adherence, as well as during the later and
more chronic phases of the response. For bone, the
successful incorporation (and hence the rigid fixa-
tion) of an alloplastic material within the sur-
rounding bony bed is called osteointegration. The
exact surface characteristics necessary for optimal os-
teointegration, however, remain to be elucidated

In the case of osteointegration, if the implant
surface is inappropriate or less than optimal, cells will
be unable to produce the appropriate complement
of autocrine and paracrine factors required for the
adequate stimulation of osteogenesis at the im-
plant site. In contrast, if the surface is appropri-
ate, the cells at the implant surface will stimulate in-
teractions between the cells at the surface and those
in the distal tissues. This, in turn, will initiate a
timely sequence of events which include cell pro-
liferation, differentiation, matrix synthesis, and lo-
cal factor production, thereby resulting in the suc-
cessful incorporation of the implant into the sur-
rounding bony tissue.”

CONCLUSIONS

1. Surface roughness values were, from the lowest
to the highest, machined group, 800°C thermal ox-
idation group, 600°C thermal oxidation group and
blasting group. The Ra value of blasting group was
significantly higher than that of 800°C thermal ox-
idation group (P=0.003), which was not different



from that of 600°C thermal oxidation group
(P=0.345).

2. The microtopographic profile of the 800°C ther-
mal oxidation group showed a positive shift of Rsk,
which was significantly different from other
groups (P=0.000).

3. The thickness and crystallinity of the TiOz layer
were higher in the 800°C thermal oxidation
group than in the 600°C thermal oxidation group.

4. The degree of cell attachment was highest in
the 600°C thermal oxidation group after four
and eight hours (P<0.05), but after 24 hours,
there was no difference among the groups .

5. The level of cell proliferation showed no differ-
ence among the groups after one day, three days

and seven days.
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'EXPLANATION OF PHOTOGRAPHY

i ASEM of machmed surface ( x 700, 3500).

SEM of blasted surface (x 700 3500).
SEM of 600°C thermal oxidation surface with TiO2 sputtering (X 700, 3500).

.SEM of 800°C thermal 0x1dat10n surface with TiOz sputtermg (x 700, 3500).
-SEM of: sectlomng surface : 600°C thermal oxidation surface with TiO2 sputtering ( x 6000)

SEM of sectioning surface’: 800°C thermal oxidation surface with TiOz sputtering ( x 3000)
Microtopography of machined surface.

Microtopography of blasted surface.

Microtopography of 600°C thermal oxidation surface with TiOz sputtering.
Microtopography of 800°C thermal oxidation surface with TiOz sputtering.
XPS pattern of 800°C thermal oxidation group.

Potentiodynamic curve of machiried, blasted, S.600°C and S.800°C Ti disc.
SEM of cell morphology : machined surface at 1 day ( x 700).

SEM of cell morphology : blasted surface at 1 day (x 700).

SEM of cell morphology : 5.600°C at 1 day ( x 700).

SEM of cell morphology : 5.800°C at 1 day ( x 700).
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