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Abstract: A major consideration in designing dental im-
plants is the creation of a surface that provides strong at-
tachment between the implant and bone, connective tissue,
or epithelium. In addition, it is important to inhibit the ad-
herence of oral bacteria on titanium surfaces exposed to the
oral cavity to maintain plaque-free implants. Previous in
vitro studies have shown that titanium implant surfaces
coated with titanium nitride (TiN) reduced bacterial coloni-
zation compared to other clinically used implant surfaces.
The aim of the present study was to examine the support of
fibroblast growth by a TiN surface that has antimicrobial
characteristics. Mouse fibroblasts were cultured on smooth
titanium discs that were either magnetron-sputtered with a
thin layer of titanium nitride, thermal oxidized, or modified
with laser radiation (using a Nd-YAG laser). The resulting
surface topography was examined by scanning electron mi-
croscopy (SEM), and surface roughness was estimated using

a two-dimensional contact stylus profilometer. A protein as-
say (BCA assay) and a colorimetric assay to examine fibro-
blast metabolism (MTT) were used. Cellular morphology
and cell spreading were analyzed using SEM and fluores-
cence microscopy. Fibroblasts on oxidized titanium surfaces
showed a more spherical shape, whereas cells on laser-
treated titanium and on TiN appeared intimately adherent
to the surface. The MTT activity and total protein were sig-
nificantly increased in fibroblasts cultured on titanium sur-
faces coated with TiN compared to all other surface modi-
fications tested. This study suggests that a titanium nitride
coating might be suitable to support tissue growth on im-
plant surfaces. © 2003 Wiley Periodicals, Inc. ] Biomed Mater
Res 64A: 591-599, 2003
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INTRODUCTION

The long-term success of an implant is strongly de-
pendent on good adhesion of the surrounding tissue
to the biomaterial. Cellular behavior such as adhesion,
morphologic change, functional alteration, and prolif-
eration are greatly influenced by surface properties,
including hydrophilicity, roughness, texture, and
morphology. In extensive investigations of soft tissue
responses to oral implant surfaces, it has been shown
that surface treatment of implant materials signifi-
cantly influences the attachment of oral fibroblasts as
well as epithelial cells.'™ Furthermore, titanium im-
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plants exposed to the oral cavity require surface modi-
fication to inhibit the adherence of oral bacteria.® Ad-
ditionally, these modified surfaces must resist me-
chanical wear such as brushing and professional
cleaning.” It is therefore important to evaluate system-
atically the role of different surface properties (chemi-
cal composition as well as microstructure) and to as-
sess the biological performance of different implant
materials.®

In our previous study,” bacterial colonization was
examined on titanium implant surfaces modified with
a titanium nitride (TiN) or zirconium nitride (ZrN)
coating, thermal oxidation (TiO,), or laser radiation
(Ti-laser). When compared with polished titanium (Ti-
pol), the number of adhering bacterial colonies was
significantly reduced on titanium surfaces coated with
inherently stable titanium hard materials such as TiN
and ZrN. Similar results were achieved by thermal
oxidation. In contrast, laser radiation did not result in
a significant reduction of bacterial colonization.
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For an endosseous implant surface, Gaggl et al.'’
showed that laser treatment of implant surfaces led to
an optimal surface structure free of contamination
with foreign elements. Although a certain roughness
was defined as a necessary surface requirement to
promote soft tissue growth, the influence of laser-
modified surfaces has to date remained largely unex-
plored.

Titanium normally is covered with a thin protective
oxide film, which largely determines the surface prop-
erties of an implant. The oxide film is presumably re-
sponsible for the excellent biocompatiblity of titanium
implants as a result of a low level of electronic con-
duc’civity,11 a high corrosion resistance, and a thermo-
dynamically stable state at physiological pH values.'?
Several studies have shown that different surface
properties of titanium oxides have a significant effect
on biological response.*'*71¢

The properties of hard-coated surfaces such as tita-
nium nitride are presently a focus of interest, particu-
larly with respect to their performance on the surfaces
of cutting, punching, or shaping tools, as well as on
machine parts and decorative coatings on consumer
goods. Metallic dental prostheses and instruments are
coated with TiN to improve corrosion resistance and
mechanical resistance. Furthermore, it is preferred be-
cause of its golden color.'”'® The use of an appropriate
coating technique allows universal control of the re-
quired surface properties, resulting in reproducible,
thin hard coatings on almost any part of an implant. If
the sputtering parameters are optimized, sputtering
can be used to produce dense, homogeneous corro-
sion-protective TiN coatings free of pinholes and
cracks.'”!” The physical vapor deposition (PVD) pro-
cess can also be used to deposit multilayer coat-
ings. 2021

The aim of the present study was to analyze the
influence of different surface treatments of titanium
implant surfaces (polished titanium, a TiN coating,
thermal oxidation, laser radiation) on fibroblast
growth and protein synthesis. Furthermore, the effect
of the different surface treatments on cellular mor-
phology was evaluated, on the assumption that in
each case a lengthening of the cells can be expected to
provide a more favorable adhesion behavior than a
spherical cell shape. Special attention was focused
onto the TiN coating to determine whether this anti-
microbial surface treatment is as good as or better than
other clinically used implant surfaces for supporting
fibroblast growth.

MATERIAL AND METHODS

Four different surfaces were selected. Based on antimicro-
bial properties, TiN and TiO, were compared against un-
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coated polished titanium.” The influence of laser-modified
surfaces has to date remained largely unexplored. Similar to
techniques using physical vapor deposition or thermal oxi-
dation, the laser enables implant surface treatment without
direct contact and therefore without contamination.'® There-
fore, we used laser radiation as another surface treatment.

Preparation of titanium surfaces

Commercially pure titanium discs (grade 2, Friadent
GmbH, Mannheim, Germany) measuring 10 mm in diam-
eter and 2 mm in thickness were hand finished by wet grind-
ing to 1200 grit on SiC paper. A final polishing with 6- and
3-um diamond suspension followed. Before coating the sub-
strates were cleaned with ethanol (70%) in an ultrasonic
bath.

After polishing, three different surface treatments were
performed: Titanium discs were either coated with TiN by
(PVD coating) or modified by thermal oxidation or laser
radiation. PVD coating, performed in the Federal Institute
for Materials Research and Testing (BAM Berlin, Germany)
was performed in a HTC 625 Multilab ABS™ coating system
(HAUZER Techno Coating) with unbalanced magnetron
sputtering as described previously.” The medium thickness
of the TiN coating was 1.8 pm * 0.2 wm. The coating did not
change or cover the original texture of the surface.

Thermal oxidation of the titanium discs was performed in
a laboratory furnace at 700°C. For solvent-cleaned machined
titanium surfaces, the oxide thicknesses were typically 2-3
nm."? Thermal oxidation in air resulted in an oxide compo-
sition that was mainly TiO, (rutile). The thickness of the
thermal oxides was dependent on the time and temperature
of oxidation. For example, the oxide thickness of titanium
samples oxidized for 60 min at temperatures between 100
and 450°C was in the range of 640 nm. The amount of
surface contamination, predominantly hydrocarbons and
sometimes traces of Cl, decreased with increasing oxidation
temperature. Therefore, in our study, thermal oxidation of
titanium discs was performed at 700°C for 60 min so that
they could grow a thick oxide layer.

Structuring with laser radiation was performed using a
Nd-YAG Laser (pulse power: 50 Joule, pulse length: 8.4 ms;
spot diameter: 0.8 mm; wave length 1.064 wm; Laser Star,
BEGO, Bremen). Polished titanium discs and tissue culture
polystyrene plastic were used as controls.

After surface preparation, the discs were cleaned by ul-
trasonication in absolute ethanol for 15 min followed by
several rinses with sterile sodium chloride and distilled wa-
ter. Titanium discs were placed on the bottom of Nunc mul-
tiwell dishes (24-well plates) until the beginning of experi-
ments. Surface topography and wettability were analyzed.

Characterization of surface topography

To describe surface topography, a two-dimensional pro-
filometer was used (2D contact stylus profilometer, Per-
thometer S6P, Perthen, Germany). Before topography modi-
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fication, 10 polished discs were picked randomly and exam-
ined by scanning the surface profile over a distance of 1.25
mm total length.>> Maximum roughness within the distance
measured (R,,,), mean value of five single measurements
within the distance examined (R,), and the arithmetical
mean of surface roughness of every measurement within the
total distance (roughness average = R,) were assessed (in
accordance with DIN EN ISO 3274, 4287, 4288).

Scanning electron microscopy of modified surfaces

Scanning electron microscopy (SEM) was used to examine
the surface topography of the modified titanium discs before
incubation with fibroblasts (Hitachi S 4100 with field emis-
sion gun; BAM, Berlin).

Surface wettability

Surface free energies (SFE) were determined from contact
angle measurements with benzylethanol, dijodmethane,
formamide, and water as wetting agents by using the con-
cept of polar and dispersion components.”

Cell culture

Mouse fibroblasts (balb/3T3; ATCC; in accordance with
DIN EN ISO 10993-5) were used as a cell model to investi-
gate the effects of surface and material variations on soft
tissue response. Preliminary experiments with fibroblasts
cultured on polished titanium discs at different time periods
(3,24,48, 3, 4, 6, and 7 days) were carried out to determine
both the best cell passage number to use and plating time.
The growth curve revealed an exponential growth of the
fibroblasts between day 3 and day 6 after plating, and the
growth plateau was reached at day 7. Based on these results,
days 4 and 5 were chosen to carry out the experiments.

The fibroblast cultures were maintained in Dulbecco’s
Modified Essential Medium (Sigma) supplemented with 10
mM Hepes (4-(2-Hydroxyethyl)-1-piperazinethansulfonic
acid), 10% fetal bovine serum (Sigma), and 1% penicillin/
streptomycin at 37°C in humidified air and 5% CO,.

Cultures were subdivided by trypsinisation using Tryp-
sin-EDTA solution (0.05% trypsin:0.1% EDTA). The modi-
fied titanium discs were placed in standard 24-well tissue
culture plates (Nunc), and cells were then seeded. One mil-
liliter of cell suspension containing 1 x 10* cells/mL was
added to each well. As a control substrate for cell attachment
and growth, fibroblasts were plated directly onto tissue cul-
ture polystyrene plastic. The culture medium was changed
every 3 days and cells were incubated for 4 days at 37°C in
humidified air and 5% CO,. All subsequent experiments
were performed in triplicate and were repeated three times.

Cell spreading and morphology

Cellular behavior of the fibroblasts (spreading and mor-
phology) was analyzed using SEM (Cambridge 360 S, Leica,
UK) and fluorescence microscopy.

593

SEM of fibroblasts

Cells were seeded at a density of 5 x 10° cells/mL onto
modified titanium discs. At day 4, cells were rinsed 3 times
with phosphate-buffered saline (PBS) and then fixed with
3% paraformaldehyde for 10 min. After a final rinse with
PBS, a contrast treatment in 1% osmium tetroxide (Alfa) for
1 h was performed, followed by extensive rinsing in PBS and
dehydration through a graded series of ethanol from 30%,
50%, 70%, 90%, and 100%. After air drying, surfaces were
thinly sputter coated with platinum (Super-Cool SCD 050,
Balzers; with 60 mA about 5 min). Fibroblasts on polished
titanium discs and on glass cover slips were used as con-
trols. Photographs of discs with different surfaces were ob-
tained both before and after incubation with the fibroblasts.

Fluorescence microscopy of fibroblasts

Cells were seeded at a density of 1 x 10* cells/mL onto the
test specimens. At day 4, fibroblasts were rinsed three times
with PBS, and 500 p.L of a fluorescein-diacetat solution was
added (50 pL of 1 mg fluorescein-diacetat /1 mL ac-
etone were subsequently diluted with 50 mL of PBS). After
10 min, five areas were chosen randomly, and cells were
examined and photographed using a fluorescence micro-
scope (Axioplan 2/Axiophot 2; Zeiss, Jena; Kodak Ekta-
chrome P 1600 ASA). Fibroblasts on polished titanium discs
and on tissue culture polystyrene plastic served as controls.

Growth and proliferation assays

Activity of the mitochondrial dehydrogenases
(MTT test)

A quantitative colorimetric MTT test was performed after
4 days of culture to characterize cellular metabolism (vital-
ity) and, by implication, proliferation.One-hundred ten mi-
croliters of MTT solution [5 mg/mL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide in PBS] was added
to each well, and the cells were incubated at 37°C for 3 h. The
medium was then removed, and the discs were placed in
new wells. One milliliter of dimethylsulfoxide was added to
each well, followed by a 10-min incubation at room tem-
perature on a shaker. The optical density (OD) was mea-
sured at 560 nm with an ELISA Reader.

Protein determination (BCA protein assay)

The BCA protein assay estimates total protein in the cell
layer. Estimation of protein content was performed after 4
days of culture using the Pierce BCA Protein Assay Kit
(Pierce Chemicals). All discs were placed in new wells and
washed extensively with PBS. One milliliter of working re-
agent was added to each well followed by 30 min of incu-
bation. OD was measured at 540 nm.
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Statistical analysis

The Student’s t test was used for comparisons between the
different surfaces. Data were found to follow a Gauss Nor-
mal distribution (Kolmogoroff-Smirnov test). The p values
have been corrected for multiple testing with the Bonferoni
method. Corrected p values below 0.05 were considered sta-
tistically significant. The analyses were performed using
SPSS for Windows.

RESULTS
Material surface analysis
Surface topographical description

Results for surface roughness measurements evalu-
ated with a 2D contact stylus profilometer are shown
in Table I. With the exception of the laser-treated sur-
face, R, values were between 0.1 and 0.2 pm, indicat-
ing a comparable rough structure of the surfaces. La-
ser radiation resulted in melting of the upper surface
layer followed by recrystallisation and solidification.
The resulting R, value for this rougher surface was
approximately 1 wm. However, surface roughness
was not altered by sputtering of a polished titanium
surface with nitride or thermal oxidation.

SEM of modified surfaces

Micrographs of each surface modification are
shown in Figure 1(a—d). With the exception of the la-
ser-altered surface, all other surfaces revealed a simi-
lar picture with some unevenly distributed micro-
grooves showing occasional scratching and pitting.
PVD coating with TiN [Fig. 1(b)] or thermal oxidation
of a polished titanium surface [Fig. 1(c)] did not
change or cover the original texture of the surface;
instead, the PVD layer showed crystallization and fol-
lowed the underlying surface structure. The resulting

TABLE 1
Description of the Surface Topography Using a 2D
Contact Stylus Profilometer

R, [um] R, [um] R, [pm] n

Surface + SD + SD + SD (discs)
Ti polished 0.14 = 0.01 1.69 = 0.21 1.33 £0.11 10
TiO, 0.11+0.02 098 +0.146 0.87 +0.07 3
TiN 019+0.03 1.82+024 143+0.18 3
Ti-laser 1.00 + 0.04* 8.17+2.28* 5.61 +0.87* 3

Mean values of R,, R, .., and R, in pm (x SD).

TiO,, oxidized titanium surface; TiN, titanium coated with
titanium nitride.

*p < 0.005.
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medium thickness of the coating was approximately 2
pwm. The irregular laser structured surfaces exhibited
metal grains and lines that appeared after melting of
the upper layer of the surface after recrystallisation
and solidification [Fig. 1 (d)].

Surface wettability

Values for SFE were assessed using the sessile drop
technique. Polished titanium, TiN, and laser-altered
titanium surfaces did not show any significant differ-
ence. Values for SFE varied between 34.3 mN/m and
38.7 mN/m (Table II). Because of drop formation, it
was not possible to use this technique for the TiO,-
modified surface.

SEM of fibroblasts

SEM showed mouse fibroblasts on day 4 after plat-
ing on four different titanium surfaces [Fig. (2a—d)].
Cells grown on all modified surfaces tested displayed
good adhesion and spread well. However, cellular
morphology varied. Fibroblasts cultured on polished
titanium discs showed a wide variety of shapes.
Spindle shaped, elongated cells as well as spread mul-
tipolar or round fibroblasts were seen. The majority of
the fibroblasts on oxidized titanium surfaces showed a
more spherical or triangular cell shape with fine and
long filopodia. Filopodia of cells cultured on laser-
treated titanium surfaces and on discs coated with TiN
appeared to be stronger, cells were well spread and
showed a polygonal cell shape. Many cells had a flat
morphology and appeared intimately adherent to the
surface. Cellular growth seemed to be denser, as on
polished or oxidized titanium. After 4 days in culture,
no clear orientation of cells could be noticed on any of
the surfaces examined.

Fluorescence microscopy of fibroblasts

Cellular morphology and spreading revealed a
similar behavior as observed with SEM. Fibroblasts on
polished [Fig. 3(a)] and oxidized titanium discs were
evenly distributed and showed a spherical or oval
shape. Cells on laser-treated titanium surfaces re-
vealed a similar shape. The discs coated with TiN
showed both spindle-shaped fibroblasts with long fi-
lopodia or cells that were flatly stretched out. Many of
them had strong filopodia [Fig. 3(b)]. Such processes
are supposed to aid in anchoring the cell to the sub-
strate during division.

Growth and proliferation assays

Activity of the mitochondrial dehydrogenases
(MTT test)

The activity of mitochondrial dehydrogenases was
significantly higher in fibroblasts cultured on discs
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Figure 1. SEM of surface modified titanium discs. (a) polished titanium (control); (b) titanium discs coated with TiN; (c)
thermal oxidation of a polished titanium surface; and (d) a laser structured titanium surface. Magnification 1:2000.

coated with TiN as compared to cells on all other sur-
faces tested (Fig. 4). Differences in mean values be-
tween cells cultured on polished, oxidized, or laser-
treated titanium discs did not reach statistical signifi-
cance.

Protein determination (BCA protein assay)

The amount of total protein in the cell layer was
determined for all modified titanium surfaces at day 4
after plating. Because the surface areas on each disk
were comparable results were expressed as pg pro-
tein/well (Fig. 5).

Fibroblasts on all surfaces tested showed a higher
protein content than cells on tissue culture polysty-
rene plastic. The protein content in fibroblasts on discs
coated with TiN was significantly higher compared to
cells cultured on TiO, and polished titanium. The dif-
ference in mean values of total protein content be-
tween cells cultured on polished, oxidized, or laser-
treated titanium discs was very low and not statisti-
cally significant.

DISCUSSION

The successful incorporation of dental implants
strongly depends on a firm longstanding adhesion of
the tissues surrounding the implant. Deeper periodon-
tal structures need to be protected from bacterial in-
vasion and subsequent infection. The cellular reaction
is influenced by the properties of the bulk material as
well as the properties of the surface, that is, the chemi-
cal composition and the topography.**>*

TABLE II
Contact Angle Measurements Using the Sessile
Drop Technique

Surface Energy [mN/m]

Titanium Discs
(n=25)

Ti-polished 356+ 1.1 =332 =04 (d) +24 07 (p)
TiN 387 +12 =352 %05 (d) +35 0.7 (p)
Ti-Laser 353+ 13 =340 + 0.5 (d) + 1.3 £ 0.7 (p)

Disperse (d) Polar (p)

The surface energy is shown with disperse (d) and polar
(p) parts in [MN/m]. N = 5 discs examined.
TiN, titanium coated with titanium nitride.
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Figure 2. SEM of mouse fibroblasts on four different titanium surfaces after 4 days in culture. Fibroblasts on polished
titanium surfaces were either spindle shaped and elongated or spread multipolar or round fibroblasts were seen (a). The
majority of the fibroblasts on oxidized titanium surfaces showed a more spherical or triangular cell shape with fine and long
filopodia (b). Filopodia of cells cultured on laser-treated titanium surfaces and on discs coated with TiN appeared to be
stronger; cells were well spread and showed a polygonal cell shape (c,d).

In our study, surface topographical description of
all modified titanium discs examined showed that,
with the exception of the R, of the laser structured
surface that could not be reduced below 1 pm, other
treatments had little effect on surface roughness
(Table I). Determination of surface roughness for TiN,
TiO,, and polished titanium surfaces showed similar
low R, values between 0.11 pm and 0.20 pm.

SEM and fluorescence microscopy revealed that fi-
broblasts on all modified surfaces tested adhered and
spread well but showed variation in cellular morphol-
ogy. The majority of the fibroblasts cultured on laser-
treated titanium surfaces and on discs coated with TiN
had a flat morphology and appeared intimately ad-
herent to the surface, indicating good attachment. Cel-
lular growth seemed to be denser than on polished or
oxidized titanium. The majority of fibroblasts on oxi-
dized titanium surfaces showed a more spherical cell
shape with fewer filopodia.

It is assumed that cell shape can regulate cell
growth,” gene expression,® and extracellular matrix
metabolism.>! TiN, which appeared to have a higher
density of cells by morphological analysis, also

showed the highest MTT activity and total protein val-
ues. The simultaneous increase in both assay systems
would be compatible with an increased number of
fibroblasts in comparison to the other surfaces. How-
ever, this interpretation of the results is based on the
assumption that the MTT test is not influenced by
functional regulation. The MTT assay and total pro-
tein in the cell layer did not show significant differ-
ences between Ti-pol, Ti-laser, and TiO.,.

In addition to surface topography, the properties of
implant materials that affect cellular behavior include
mechanical rigidity and wettability (SFE). The wetta-
bility of the surface plays an important role with re-
spect to protein adsorption, cell attachment, and
spreading.”®*** Surfaces with a high surface free en-
ergy are reported to be more adhesive than those with
a low surface free energy. In contrast to these findings,
den Braber et al.*® found that physicochemical param-
eters such as wettability and SFE play no measurable
role in the shape and orientation of cells on microtex-
tured surfaces.

In this study values for surface free energy did not
reach significant differences between surface modifi-
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(b)

Figure 3. Fibroblasts on polished titanium discs were
evenly distributed and showed a round or oval shape (a).
The discs coated with TiN showed both spindle-shaped fi-
broblasts with long filopodia or cells that were flatly
stretched out. Many of them had strong filopodia (b). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

cations (Table II). The polar and the dispersion com-
ponent of the SFE showed a tendency towards higher
values for TiN compared to Ti-pol and Ti-laser. How-
ever, the slight differences are unlikely to be a major
factor inducing the observed differences in fibroblast
growth.

In our study the actual properties of the oxide films
on the various surfaces are not known. Normally tita-
nium is covered with a thin protective oxide film that
is rebuilt within milliseconds after any damaging. Pol-
ished titanium surfaces spontaneously oxidize in air
and thus may be contaminated with carbon. However,
the thick oxide layer that was intentionally produced
to obtain a well-defined and reproducible surface
(TiO, rutile) may be more hydrophobic than a pol-
ished titanium surface (as indicated by the drop for-
mation in the wettability test). Apparently, the cell
morphology on TiO, surfaces was different from all
other cell surfaces. The spherical cell shape of the ma-
jority of fibroblasts on oxidized titanium could be an
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Figure 4. Box-plots of the activity of the mitochondrial de-
hydrogenases (MTT test) on modified titanium surfaces after
4 days of culture. Mean OD (white square in the box) and the
25th/75th percentiles as well as the non-outlier maximum
and minimum are shown in box-plots. Outliers are denoted
by circles. Control, fibroblasts on tissue culture polystyrene;
Ti pol, polished titanium; TiN, titanium coated with tita-
nium nitride; TiO, oxidized titanium surface. Statistically
significant differences are indicated (p < 0.05).

effect of the thicker oxide layer and an increased hy-
drophobicity, respectively. Many studies have shown
that different surface properties of titanium oxides
have a significant effect on biological response.*'>163¢
Williams and Williams'® studied the adsorption of al-
bumin to different metal surfaces. Among other met-
als, the study included titanium covered by a native
oxide and bulk TiO,. The authors found a significant
difference in the albumin adsorption for the two dif-
ferent types of titanium oxide. Kénonen et al.* studied
the influence of titanium surfaces prepared by elec-
tropolishing, acid etching, and alumina grit blasting

40 - P=0.03

P=0.024

P=0.0012
r 1

30

lo 0Ol

Ti-Polished Tio,

Cell layer protein [ug protein/ well]

Plastic Ti-Laser TiN

Figure 5. Box plots of protein content in fibroblasts on
modified titanium surfaces after 4 days of culture (indicated
as ug protein/well). Mean OD (white square in the box) and
the 25th/75th percentiles as well as the non-outlier maxi-
mum and minimum are shown in box-plots. Outliers are
denoted by circles. Control, fibroblasts on tissue culture
polystyrene; Ti pol, polished titanium; TiN, titanium
coated with titanium nitride; TiO,, oxidized titanium sur-
face. Statistically significant differences are indicated (p <
0.005).
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on fibroblast behavior in vitro. Significant differences
in cell shape, orientation, and proliferation were ob-
served. These differences were attributed mainly to
the different textures of the titanium surfaces, but dif-
ferences in oxide composition and impurities were
also considered to be likely contributing factors. The
different surface treatments remove the native oxide
layers and cause different charge distributions below
the newly formed thin oxide layer. Looking at differ-
ent pre-oxidized biomaterials, Oshida et al.*” investi-
gated the effect of surface texture on wettability,
evaluated by measuring the surface contact angles. It
was suggested that wettability might be related to the
crystalline structure of the oxide films formed on these
biomaterials. Based on our findings, it would be of
interest to systematically investigate the role of the
microstructure of the oxides (crystal structure and
morphology), which both can be expected to be of
importance.

The laser surface used in our study may also have
been oxidized. As the laser technique enables implant
surface treatment without direct contact and therefore
without contamination, the laser surface may have
been cleaner and more hydrophilic (and more bioad-
hesive) compared to the polished titanium discs.

TiN-coated surfaces showed higher MTT values and
total protein levels. Together with the morphological
analyses, we suspect an enhanced ongrowth of fibro-
blasts. It is most likely that a significant percentage of
the total protein synthesized by the fibroblasts repre-
sents type I collagen. It is possible that these differ-
ences are in part a result of the composition or the
chemical properties of the TiN coating. The hard coat-
ing used in our study (TiN) could enhance fibroblast
adherence and growth by masking the more reactive
underlying titanium oxide surface. Cells cultured in
medium containing serum proteins do not directly ad-
here to the substratum surface, but to an adsorbed
layer of serum components,® which could form on
TiN. These attachment proteins contain sites with pep-
tides promoting cell attachment that are recognized by
receptors on the cell surface (mostly by integrins).
Even changes in protein conformation through inter-
action with the TiN surface might be possible. Addi-
tionally, in vitro and in vivo experiments are under
way to examine these interactions.

TiN may be a suitable surface for implant coating
because it also reduces bacterial adhesion. In previous
studies, it was found that titanium discs coated with
TiN or Zrn and a thermically oxidized titanium sur-
face were able to reduce the number of adhering bac-
terial colonies compared to polished titanium.” This
view is supported by earlier small clinical studies,
which suggest that physical modifications (such as
hard coatings) may have an influence on bacterial ad-
herence.’**' Hard coatings were used to reduce
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plaque formation on implants** or metal parts of par-
tial dentures.?**04243

In conclusion, the findings of the present study re-
vealed that all surface modifications examined al-
lowed fibroblast attachment and growth. The property
of hard coatings to reduce bacterial adherence (in
vitro) and to support fibroblast growth might reduce
the possibility, or at least the severity, of periimplan-
titis in vivo. Furthermore, the use of titanium hard
coatings for implant abutments might prevent surface
roughening because TiN or ZrN coatings are nonabra-
sive and have a high durability. The results from the
present study provide valuable insights as to the suit-
ability of TiN coating to support tissue growth on den-
tal implant surfaces.

The authors thank the FRIADENT GmbH (Mannheim,
Germany) for providing the polished titanium discs and Dr.
Ingrun Haustein for making the surface wettability mea-
surements.

References

1. Brunette DM. The effects of implant surface topography on the
behavior of cells. Int ] Oral Max Impl 1988;3:231-246.

2. Hormia M, Kénonen M, Kivilahti J, Virtanen I. Immunolocal-
ization of proteins specific for adhaerens junctions in human
gingival epithelial cells grown on differently processed tita-
nium surfaces. ] Periodont Res 1991;26:491-497.

3. Inoue T, Cox JE, Pilliar RM, Melcher AH. Effect of the surface
geometry of smooth and porous-coated titanium alloy on the
orientation of fibroblasts in vitro. ] Biomed Mater Res 1987;21:
107-126.

4. Konénen M, Hormia M, Kivilahti J, Hautaniemi J, Thesleff 1.
Effect of surface processing on the attachment, orientation and
proliferation of human gingival fibroblasts on titanium. J
Biomed Mater Res 1992;26:1325-1341.

5. Mustafa K, Lopez SB, Hultenby K, Wennerberg A, Arvidson K.
Attachment and proliferation of human oral fibroblasts to ti-
tanium surfaces blasted with TiO, particles. A scanning elec-
tron microscopic and histomorphometric analysis. Clin Oral
Impl Res 1998;9:195-207.

6. Yoshinari M, Oda Y, Kato T, Okuda K, Hirayama A. Influence
of surface modifications to titanium on oral bacterial adhesion
in vitro. ] Biomed Mater Res 2000;52:388-394.

7. Fox SC, Moriarty JD, Kusy RP. The effects of scaling on tita-
nium implant surface with metal and plastic instruments. An
in vitro study. ] Periodontol 1990;61:485-490.

8. Kasemo B, Lausmaa J. Biomaterial and implant surfaces: A
surface science approach. Int ] Oral Max Impl 1988;3:247-259.

9. Grossner-Schreiber B, Griepentrog M, Haustein I, Miiller W-D,
Lange K-P, Briedigkeit H, Gobel UB. Plaque formation on sur-
face modified dental implants. An in vitro study. Clin Oral
Impl Res 2001;12:543-551.

10. Gaggl A, Schultes G, Miiller WD, Kédrcher H. Scanning electron
microscopical analysis of laser-treated titanium implant-
surfaces—a comparative study. Biomaterials 2000;21:1067-
1073.

11. Zitter H, Plenk HJ. The electrochemical behaviour of metallic
implant materials as indicator of their biocompatibility. |
Biomed Mater Res 1982;21:881-896.

12. Solar RJ, Pollack SR, Korostoff E. In vitro corrosion testing of


andrea
Hervorheben


FIBROBLASTS ON DENTAL IMPLANT SURFACES

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

titanium surgical implant alloys: an approach to understand-
ing titanium release from implants. ] Biomed Mater Res 1979;
13:217-250.

Keller JC, Stanford CM, Wightman JP, Draughn RA, Zaharias
R. Characterizations of titanium implant surfaces.III. ] Biomed
Mater Res 1994,28:939-946.

Velten D, Biehl V, Aubertin F, Valeske B, Possart W, Breme J.
Preparation of TiO, layers on cp-Ti and Ti6Al4V by thermal
and anodic oxidation and by sol-gel coating techniques and
their characterization. ] Biomed Mater Res 2002;59:18-28.
Williams RL, Williams DF. Albumin adsorption on metal sur-
faces. Biomaterials 1988;9:206-212.

Eriksson C, Lausmaa ], Nygren H. Interactions between human
whole blood and modified TiO,-surfaces: Influence of surface
topography and oxide thickness on leukocyte adhesion and
activation. Biomaterials 2001;22:1987-1996.

Jehn HA, Baumgértner ME. Corrosion studies with hard coat-
ing-substrate systems. Surface Coatings Technol 1992;54/55:
108-114.

Griepentrog M, Mackrodt B, Mark G, Linz T. Properties of TiN
hard coatings prepared by unbalanced magnetron sputtering
and cathodic arc deposition using a uni- and bipolar pulsed
bias voltage. Surface Coatings Technol 1995;74/75:326-332.
Milosev I, Navinsek B. A corrosion study of TiN (physical
vapor deposition) hard coatings deposited on various sub-
strates. Surface Coatings Technol 1994;63:173-180.

Knotek O, Loffler F. Physical vapor deposition coatings for
dental prostheses. Surface Coatings Technol 1992;54/55:536—
540.

Okumiya M, Griepentrog M. Mechanical properties and tribo-
logical behavior of TiN-CrAIN and CrN-CrAIN multilayer
coatings. Surface Coatings Technol 1999;112:123-128.
Putthamer H. Rauheitsmessung mit elektrischen Tastschnitt-
gerdten. Technisches Messen 1983;50:5-6.

Busscher HJ, van Pelt AW], de Boer P, de Jong HP, Arends J.
The effect of surface roughening of polymers on measured
contact angles of liquids. Colloids and Surfaces 1984;9:319-331.
Dunn GA, Brown AF. Alignment of fibroblasts on grooved
surfaces described by a simple geometric transformation. J Cell
Sci 1986;83:313-340.

Brunette DM. Fibroblasts on micromachined substrata orient
hierarchically to grooves of different dimensions. Exp Cell Res
1986;164:11-26.

Curtis ASG, Clark P. The effect of topographic and mechanical
properties of materials on cell behavior. Crit Rev Biocompat
1990;5:343-362.

Meyle J, Wolburg H, von Recum AF. Surface micromorphol-
ogy and cellular interactions. ] Biomat Appl 1993;7:362-374.
Grinnell F. Cellular adhesiveness and extracellular substrata.
Int Rev Cytol 1978;53:65-144.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

599

Chou L, Firth JD, Uitto V-], Brunette DM. Substratum surface
topography alters cells shape and regulates fibronectin mRNA
level, mRNA stability, secretion and assembly in human fibro-
blasts. J Cell Sci 1995;108:1563-1573.

Folkman ], Moscona A. Role of cell shape in growth control.
Nature 1978;273:345-349.

Werb Z, Hembry RM, Murphy G, Aggeler ]. Commitment to
expression of the mettalloendopeptidases, collagenase and
stromelysin: relationship of inducing events to changes in cy-
toskeletal architecture. J Cell Biol 1986;102:697-702.
Kawahara H. Cellular responses to implant materials: biologi-
cal, physical and chemical factors. Int Dent J 1983,33:350-375.
Schakenraad JM, Busscher HJ, Wildevuur CRH, Arends J. The
influence of substratum surface free energy on growth and
spreading of human fibroblasts in the presence and absence of
serum proteins. ] Biomed Mater Res 1986;20:773-784.

Baier RE. Surface properties influencing biological adhesion.
In: Manly RS, editor. Adhesion in biological systems. New
York: Academic Press; 1970. p 15-48.

den Braber ET, de Ruijter JE, Smits HTJ, Ginsel LA, von Recum
AF, Jansen JA. Effect of parallel surface microgrooves and sur-
face energy on cell growth. ] Biomed Mater Res 1995; 29:511-
518.

Lausmaa J. Surface oxides on titanium: Preparation, character-
ization and biomaterial applications. Thesis, Department of
Physics, Chalmers University of Technology, Goteborg 1992.
Oshida Y, Sachdeva R, Miyazaki S. Changes in contact angles
as a function of time in some pre-oxidized biomaterials. ] Mater
Sci Mater Med 1992;3:306-312.

Jansen JA, van der Waerden JP, de Groot K. Epithelial reaction
to percutaneous implant materials: in vitro and in vivo experi-
ments. ] Invest Surg 1989;2:29-49.

Kramer A, Weber H, Geis-Gerstorfer J. Plaqueansammlung an
Implantat und prothetischen Werkstoffen—eine klinische
Studie. Z Zahnérztliche Implantol 1989;5:283-286.

Giitschow F. Untersuchungen zur Beschichtung von Co-Cr-
Mo-Legierungen mit Titannitrid. Zahnarztl Welt 1994;102:350—-
355.

Siegrist BE, Brecx MC, Gusberti FA, Joss A, Lang NP. In vivo
early human dental plaque formation on different supporting
substances. A scanning electron microscopic and bacteriologi-
cal study. Clin Oral Impl Res 1991;2:38—46.

Graf H-L, Barenklau U. Vergleichende experimentelle Unter-
suchungen zur Plaqueadhédsion an oberflichenmodifiziertem
Titan. Jahrbuch der Gesellschaft Orale Implantologie; 1993. p
81-84.

Wisbey A, Gregson PJ, Tuke M. Application of PVD TiN coat-
ing to Co-Cr-Mo based surgical implants. Biomaterials 1987;8:
477-480.



