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Abstract: Bacterial adhesion on titanium implant surfaces has a strong influence on

healing and long-term outcome of dental implants. Parameters like surface roughness and

chemical composition of the implant surface were found to have a significant impact on

plaque formation. The purpose of this study was to evaluate the influence of two

physical hard coatings on bacterial adhesion in comparison with control surfaces of

equivalent roughness. Two members of the oral microflora, Streptococcus mutans and

Streptococcus sanguis were used. Commercially pure titanium discs were modified using

four different surface treatments: physical vapour deposition (PVD) with either

titanium nitride (TiN) or zirconium nitride (ZrN), thermal oxidation and structuring with

laser radiation. Polished titanium surfaces were used as controls. Surface topography

was examined by SEM and estimation of surface roughness was done using a contact

stylus profilometer. Contact angle measurements were carried out to calculate surface

energy. Titanium discs were incubated in the respective bacterial cell suspension for one

hour and single colonies formed by adhering bacteria were counted by fluorescence

microscopy. Contact angle measurements showed no significant differences between the

surface modifications. The surface roughness (Ra) of all surfaces examined was between

0.14 and 1.00 ~Lm. A significant reduction of the number of adherent bacteria was

observed on inherently stable titanium hard materials such as TiN and ZrN and

thermically oxidated titanium surfaces compared to polished titanium. In conclusion,

physical modification of titanium implant surfaces such as coating with TiN or ZrN may

reduce bacterial adherence and hence improve c1inical results.
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Long-term stability of elental implants
elepenels on the integration of the arti­
ficialmaterial into the surrouneling bone
anel connective tissue. Problems in oss­
eous healing of elental implants appear
to be largely solveel, whereas the sealing
of the implant surface through soft
tissue may be crucial for the therapeutic
success (Berglunelh et al. I992; Abrah­
all1sson et al. I 998). Bacterial aelherence
anel colonization are consielereel to play
a key role in the pathogenesis of infec-

tions relateel to biomaterials (Gristina
r987). Exposure of the implant in the
oral cavity presents a unique surface
that can interact with native host bac­
teria, leaeling to plaque formation.

The interaction of host flora with
teeth involves a highly selective process
related to specific interactions between
tooth-bound salivary pellicles anel bac­
terial surface aclhesions (Gibbons &. Van
Houte r980). Alterations in either sali­
vary pellicles or the bacterial surface can
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modify the initial bacterial attadunent
amI therefore may alter the potential to
develop plaque-derived periodontal dis­
ease (Absolom et a1. 1987 j Busscher et a1.
1986; Pratt-Terpstra et a1. 1991).

It has been reported that different im­
plant materials promote selective adher­
ence during early plaque formation
(Ruona et a1. 1991j Rasperini et a1. 1998).
An in vivo study exposing different im­
plant materials on gingiva to the oral
flora showecl that streptococci were the
predominant colonizing microorganisms
amI that the number of viable plaque­
forming bacteria was dependent on ma­
terial surface properties (Nakazato et a1.
1989). On intra-oral hard tissues Acti­
nomyces species and streptococci are
considerecl early colonizers, preparing
the environment for late colonizers that
require more demanding growth con­
ditions. Many of these bacteria like Fuso­
bactel'ium, CapnocytopllOga amI P1'evot­
ella species that bind to streptococci are
also known to be involved in periodontal
infections. It is therefore most important
to develop implant surfaces (around the
transmucosal portion) that reduce the
number of initially adhering bacteria,
minimizing plaque fonnation and sub­
sequent ulflammation of the soft tissues.

Surface characteristics of implant ma­
terials appeared to influence plaque for­
mation also in Fitl'O (Wu-Yuan et a1.
1995). Parameters like surface free en­
ergy and especially surface roughness
were found to have significant impact on
this process. Surface rouglmess was sug­
gested to be more importaIlt tllan sur­
face free energy (Nakazato et a1. 1989;
Quirynen et a1. 1990; Quirynen et a1.
1993). Therefore, an implant surface
icleal to resist bacterial colonization
shoulcl be mainly smooth to allow the
fonnation of an epithelial seal that pre­
vents plaque accumulation.

While a rough transmucosal part of an
implant will enhance plaque formation,
the bony and connective tissue interface
requires a porous or microtextured sur­
face to promote tissue ingrowth. In a
dinical study on titanium abutments, it
was conduded that a certain threshold
roughness (around an Ra of 0.2 ~lm)

might be most suitable to obtain a stable
soft tissue sealing around transmucosal
abutments. A titanium surface which is
too smooth will therefore prevent cell
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attachment. However, an increase in
sm'face roughness of the transmucosal
portion above the Ra of 0.2 pm will fa­
cilitate early plaque formation. A
smoothening below a threshold Ra of 0.2
~lm showed no further significant
dlanges, either in the total amount or in
the periodontal pathogenicity of aclher­
ing bacteria (Bollen et a1. 1996; Quirynen
et a1. 1996). Therefore, an ideal transmu­
cosal implant surface ShOltld not only
minimize bacterial adhesion, but at the
same time allow epithelial amI connec­
tive tissue attachment.

In the past it was found that the bio­
compatibility of metal implants coulcl be
strongly enhanced by harcl ceramic coat­
ings separating body fluicls from the
metal (Sella et a1. 1991). In seve1al
stuclies, hard coatings were usecl to re­
duce plaque formation on implants
(Graf & Bärenklau 1993) or metal parts
of partial dentures (Wisbey et a1. 1987;
Knotek & Löffler 1992; GÜtschow 1994).
Results of in FiFO experiments using two
different titanium hard coatings recom­
mended the use of an osteophilic ti­
tanium-zirconium-oxicle coating for the
endosseous part of an implant. For the
supragingival part a titanium-niobium­
oxinitride coatulg was suggested which
is extremely wear resistent and reduces
bacterial adhesion (Thull 1993).

Properties of hard coatings, such as ti­
tanium nitride (TiN), are presently in
the focus of ulterest, particularly with
respect to their performance on tools for
CUttUlg, punching or shaping, as well as
on machine parts and decorative coat­
ings Qn consumer goods. Coating of met­
allic clental prostheses and instruments
with TiN is applied to improve corrosion
resistance and shear strength. Further­
more, it is preferred because of its golden
color (Tehn & Baumgärtner 1992; Griep­
entrog et a1. 1995) The use of an appro­
priate coatulg technique allows univer­
sal control of the required surface prop­
erties, resulting in reproducible tlÜn
hard coatings on almost any part of an
implant. Sputtering can be used to pro­
duce dense, homogeneous corrosion-pro­
tective TiN coatings free of pinholes amI
cracks, if the sputtering parameters are
optimized (Tehn & Baumgärtner 1992j

Milosev & Navinsek 1994). The physical
vapour deposition (PVD) process can also
be used to deposit multilayer coatings

(Knotek & Löffler 1992; Okumiya &

Griepentrog 1999).
In summary, it appears that an optim­

ization of implant surfaces is still
necessary. It is therefore importaIlt to
systematically evaluate the role of cliffer­
ent surface properties (chemical compo­
sition as well as microstructure) and to
assess the biological performance of chf­
ferent implant materials (Kasemo &

Lausmaa 1988).
The aim of the present in vitra investi­

gation was to compare bacterial colon­
ization on 5 different implant surfaces
with a similar surface roughness.

Material and methods
Preparation of surfaces

Commercially pure titanium cliscs
(grade 2, Friadent GmbH, Mannheim,
Gennany) measuring 10 mm in diameter
and 2 mm in thickness were hand fin­
ished by wet grulding to 1200 grit on SiC
paper. A final treatment with 6 and 3 ~lm

diamant suspension followed. Before
coating, the substrates were deaIled
with ethanol in an ultrasonic bath.

Discs were divided into 4 groups with
clifferent surface topographies: A. Physi­
cal vapour deposition (PVD coating)
with either titmÜum nitride or B. zir­
conium nitride (ZrN). C. Discs were
modified by thermal oxidation (Ti02;

700°C, 60 min), whereby an ulcreased
temperature resulted Ul an increase\
thickness of the oxide layer. D. Structur­
ing with laser radiation (Nd-YAG Laser,
pulse power: 50 W, pulse length: 8.4 mSj
spot cliameter: 0.8 nun; wavelength 1.06
~lm; Laser Star, BEGO, Bremen). Polishecl
titanium discs were used as contro1.

PVD coatulg was carried out in a HTC
625 Multilab ABSTM coating system
(I-IAUZER Techno Coating) with unbal­
anced magnetron sputtering using a
pulsecl bias voltage (60 V; source power:
6.5 kW; deposition rate: 2.5 ~lln/hj coil
current: 5Aj coating temperature:
410°C). PVD coating was performed in
the Fecleral Institute for Materials Re­
search and Testing, BAM, Berlin, Ger­
many. The medium thickness of the
coatings was 1.8±0.2 ~lm (TiN) anci
2.2±0.2 ~lm (ZrN). The coating did not
change or cover the original texture of
the surface. The criticalload (at this loacl
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the first coating [aHme takes place) to
test aelhesion strength of these coatings
is greater than 50 N (scratch testeri Re­
vetest from CSEM with a Rockwell C in­
elentor anel a eliamonel cone [tip raelius=
0.2 mm]). The microharelness of a TiN
coating on highly polisheel titanium sm­
faces is in the range of 23000 N/n11n2 to
24000 N/mm2 (expresseel as plastic harel­
ness which is comparable with values
for the Vickers harelness) ami of 20000
N/mm2 to 2IOOO N/lllm2 for the ZrN
coating (Fischerscope H IOO). The
Youngs' moelulus is in the range of 330
CPa to 360 CPa for both coatings.

In comparison to these values the mi­
croharelness (plastic harelness) of the
/olisheel (uncoateel) titaniml1, smface is

1800 to 2000 N/mm2 ancl the value for
the Young's moelulus is between 100 anel
I04 CPa.

After surface preparation the eliscs
were cleaneel by ultrasonication in abso­
lute ethanol for 15 min followeel by sev­
eral rinses with sterile soelium chloriele
anel elistilleel water. Titanilun eliscs were
placeel on the bottom of Nunc multiwell
elishes (12-well plates) until the start of
experiments.

Characterization of surface topography

For elescription of the surface topography
a two-elimensional profilometer was
useel (2D contact stylus profilometer,
Perthometer S6P, Perthen, Cermany).
l)efore moelification of the topography,
10 polisheel eliscs were pickeel ranelomly
anel examineel by scanning the surface
profile over a elistance of 1.25 n11n total
length (Putthamer r983). Maximum
roughness within the elistance measureel
(Rmax ), mean value of five single meas­
urements within the elistance examineel
(Rz ) ancl the arithmetical mean of sm­
face roughness of every measurement
within the total elistance (roughness av­
erage=R,tl were assesseel (in accorelance
with DIN EN ISO 3274, 4287, 4288).

Smface free energies (SFE) were eleter­
mineel from contact angle measure­
ments with benzylethanol, elijoelme­
thane, formamiele anel water as wetting
agents by using the concept of polar anci
elispersion components (Busscher et a1.
1984).

Scanning electron microscopy was
useel to examine the sUrf'lC(' topography

of the moeliHeel titanium eliscs (Hitachi
S 4IOO with Helel emission gun).

Saliva coating of the modified titanium discs

ParafHn-stimulateel saliva of healthy
elonors was useel throughout this stuely.
Saliva was collecteel in chilleel test­
tubes, pooled, heateel at 60°C for 30
lllin (in a water bath) to inactivate en­
elogenous enzymes anel then centri­
fugeel (20,OOOXg) for 25 min at 4°e.
The supernatant was saveel anel storeel
in 10 ml aliquots at -20°e. Immeeli­
ately before starting the bacterial cul­
ture, the amount of saliva re.quired was
thaweel at 37°C for one homo Fifty per­
cent of the titanium discs (from all sm­
face moeliHcations) were coateel by in­
cubation with the saliva for I h at 37°C
followeel by a short rinse with distilleel
water.

Bacterial cultures

Pure cultures of bacterial strains were
prepareel anel frozen in aliquots as
stocks. From frozen stock, cultures of
Streptococcus sanguis (clinical isolate,
Institut fÜr Mikrobiologie unel Hygiene,
Universitiitsldinikum Charite) anel
Streptococcus mutans (DSM 10664, De­
utsche Sammlung Mikroorganismen)
were plated onto Columbia blood agar
plates (Columbia blood agar base, Oxoid
CM 331 containing 5% sterile elefi­
brinated blood) and grown aerobically at
35°C in an atmosphere containing 5%

CO2 ·

For further cultivation both bacterial
strains collected from these plates were
inoculated into tryptone soya broth
(Oxoid CM 129) grown to reach the late
stationary phase anel harvested by cen­
trifugation at 2,OOOXg for Ismin. The
bacterial pellet was washeel twice in 3
ml of 50 mmol/l Tris-HCL buffer (pH
7.2). Bacteria were then resuspeneled in
the same buffer anel the concentration
was aeljusted to a density of 1.5XI07

cells/m1. Immeeliately before starting
the experiments, the bacterial suspen­
sion was subjecteel to low-intensity
ultrasonic raeliation for 40 s on crusheel
ice to get single cells or pairs.

Titanium eliscs were incubateel in 5 ml
of a suspension containing 1. 5X107

cells/ml of S. 111utans or S. sanguis, re-

spectively (gentle rotation in a wet
chamber for I h at 37°C).

Experiments with modified titanium
surfaces were repeated three times using
3 eliscs for each run with ancl without
saliva coating. After I h of incubation,
eliscs were rellloveel ancl rinseel 6 times
each with I ml elistilleel water. Bacterial
microcolonies were fixeel in 2.5 % glutar­
alelehyele at 4°C for 30 lllin followeel by
an aelelitional fixation step in 1% Acri­
eline Orange at room temperature for 30
min. Subsequently, eliscs were rinseel
with distilled water to remove excess
elye.

Quantitative analysis was performeel
using a fluorescence microscope
(Olympus BH 2-RFCA X1.25). Sampies
were examineel at 400-folel magnifi­
cation. The number of microcolonies
was ele termineel in five ranelomly se­
lecteel representative fieleIs on each disco
This part of the study was perfoIlneel as
a blindeel investigation carrieel out by a
person not aware of the experimental
conelitions.

Statistical analysis

Non-parametric tests, the Kruskal­
Wallis test anci the Wilcoxon-Mann­
Whitney U-test, were useel for compari­
sons between the different smfaces. The
P-values have been corrected for
multiple testing with the Bonferroni
methoel. P-values below 0.05 were con­
sielereel statistically significant. The
analyses were perfoIlneel using SPSS for
Winelows.

Results
Material surface analysis

Surface topographical description

The Ra (arithmetical mean of surface
roughness of every measurement within
the total elistance=rougl111ess averageL
Rmax (maximum roughness within the
elistance measureel) anel Rz values (mean
value of five single measurements
within the elistance examineel) for sm­
face roughness evaluated with a 2D con­
tact stylus profilometer are shown in
Table r. Except for the laser moclifieel
surface, the Ra values were between 0.14,
anel 0.20 ~lm indicating a comparable
rough structure of the surfaces. Laser
radiation resulteel in melting of the

545 I Clin Oral Imp!. Res. E, 2001 / 543-55
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ßacterial colonization on different titanium

surfaces

As compareel to a11 other surfaces, the
lÜghest number of bacterial colonies was
observeel on polisheel titanium surfaces.
However, while for S. sanguis, eliffer­
ences between polisheel Ti anel Ti-laser
surfaces were not significant, a signifi­
cantly lower number of S. sanguis colo­
nies was seen on Ti-ZrN-, Ti-TiN-coateel
anel Ti02-discs (Fig. 2A).

The results for the colonization of :
l11utans on titanium surfaces are repre­
senteel in Fig. 2B. The number of S. l11ut­
ans colonies on moelifieel titanium eliscs
exceeeled that of S. sanguis colonies. The
highest number of S. nurtans colonies
was registered on polisheel titanium. A
significantly lower number of colonies
was counteel on Ti-ZrN, Ti02 and Ti­
TiN. Differences for Ti-laser anel polish­
eel Ti eliscs were not significant.

The sall1.e experiments done with sal­
iva precoateel titanium eliscs showed a
elistinctly lower number of bacterial
colonies as compared to the uncoateel
surfaces (Table 3). The numbers of S.
l11utans and S. sanguis colonies on Ti­
TiN, Ti-ZrN and the laser moelifieel sur­
face were lower when compareel to
polisheel titanium anel Ti02.

Bacterial counts for S. sanguis on Ti­
ZrN and the laser moelified surface were
significantly lower when compareel to
polisheel titanium. However, high vari­
ation of experimental results coulel be
noticeel for all surfaces.

The excellent biocompatibility of ti­
tanium surfaces mainly results from its
surface properties. While problems in
osseous healing of implants appear to be
largely solveel, biomolecular pellicle ael­
sorption anel subsequent accmnulation
anelmetabolism of bacteria on these sur­
faces is still a main reason for the induc­
tion of inflammatory processes. Many in
vitl'O and in viFo stuelies showeel that
parameters like surface free energy and

DiscussiOl1

l11utans than of S. sanguis were ob­
serveel. Saliva coating seemeel to reeluce
the number of bacterial colonics favor­
ing the colonization of S. sanguis as
compareel to S. nmtans.

polisheel titanium surface (Fig. rd) did
not change or cover the original texture
of the surface, instead the PVD layers
showeel oriented crystal growth and fol­
lowed the underlying surface structure.
The resulting medium thickness of the
coatings was about 2 ~lm. The irregular
laser structured surfaces exhibited metal
grains and lines that appeared after melt­
ing of the upper layer of the surface fol­
lowing recrystallization and solidifi­
cation (Fig. Te).

Bacterial cultures

Kinetics of bacterial colonization

Preliminary experiments were carried
out to analyze the time course of bac­
terial colonization. S. sanguis amI S.
l11utans were cultivateel on titanium
surfaces either untreateel or coated
with saliva for a perioel of ro, 30, 60 or
120 min. Under both conelitions bac­
terial colonization followeel a linear
kinetic over a perioel of 2 h. From the
kinetic data it was elecideel to count
bacterial colonies after 60 min, a time
within the linear range. On saliva un­
coated discs, more single colonies of S.

Table 1. Oescription of the surface topography using a 20 contact stylus profilometer (mean
values of Ra. Rrnax and Rz in 11m (± SO)

surface

upper surface layer followed by recrys­
ta11ization and solidification. The result­
ing Ra value for this much rougher sur­
face is r ~lm. However, sputtering of a
polished surface with nitride or thermal
oxielation diel not alter surface rough­
ness.

Contact angle measurements

Values for surface free energy (SFE) were
assessed by the sessile drop technique.
Polished titanium, Ti-TiN, Ti-ZrN anel
laser-altereel titanium surfaces diel not
show any significant difference. Values
for SFE varied between 34.3 mN/m anel
38.7 mN/m (Table 2). Due to drop fonna­
tion it was not possible to use this tech­
nique for the Ti02-modifieel surface.

scanning electron microscopy

Micrographs of each surface moelifi­
cation are shown in Fig. r(a-e). Except
for the laser altereel surface, all other sur­
faces revealed a similar picture with
some unevenly distributeel microgrooves
showing occasional scratching and pit­
ting. PVD-coating with TiN (Fig. rb) or
ZrN (Fig. rc) or thermal oxidation of a

546 I Chn. OraIlll1[Jl. Res. 12, 2001 / 543-551
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Fig. I. Seanning eleetron mierographs of surfaee 1l10clifiecl titaniu1l1 discs. a)
polished titaniu1l1 leontl'Oll, b) titaniu1l1 dises eoatecl with TiN or c) with
ZrN; cl) thermal oxiclation of a polishecl titaniLlll1 surfaee, el laser structurecl

titanitlll1 surface. Magnifi.cation 1:2000.

especially surface roughness have 01 sig­
nificant impact on de nova plaque for­
mation (Quirynen et oll. 1990, 1993; Wu­
Yuan et oll. 1995; Rimone!ini et oll. 1997).

Within this stue!y, the influence of
various surface moe!ifications of ti­
tanium e!iscs on the colonization of two
plaque buile!ing bacterial species (5. san­
guis, 5. nwtans) was testee! in vit1'O. Ex­
cept for the Ra of the laser structuree!

surface that coule! not be ree!ucee! below
I pm, other treatments hOle! little effect
on the surface roughness. Detenni­
nation of surface roughness for Ti-TiN,
Ti-ZrN ancl Ti02 e!iscs revealee! similar
low Ra values of aroune! 0.2 ~lln. Previous
stue!ies have e!emonstratee! that a ree!uc­
tion of surface roughness is accompaniee!
with ree!ucee! plaque formation until 01

tllIeshole! Ra of 0.2 ~lm (Quirynen et a1.

r996; Bollen et oll. 1996). In the present
stue!y values for surface free energy e!ie!
not show significant e!ifferences between
surface moe!ifications (Table 2). In din­
ical applications the oral environment
may alter surface free energies as shown
by van Dijk et '11. (r 987). Salivary protein
ae!sorption ree!ucee! e!ifferences originally
present in sm'face free energies. There­
fore, the extrapolation of our fine!ings

547 I Clin. Ora!!mpl. Res. 12,2001/'543-55 1
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Fig. 2. A. Box-plots far the nU111ber of baeterial

eol(Jllies (5, s!lllguisl on 1110difiecl titaniul11 sur­

faees after r h ineubation. Mean nU111ber of eolo­

nies (white square in the box) ami the 25'h175'h

pereentiles as well as the non-outlier l11aximul11

anclmini111u111 are shown in box-plots. Outliers

are denoteel by eireles. Ti pol. =pollsheel ti­

taniu111, Ti-TiN=titanium eoated with titaniu111

nitride, Ti-ZrN=titaniu111 eoateel with zireoniu111

nitride, Ti02 =oxielateel titaniu111 smlaee. Statisti­

eally signifieant differenees are indieated

(P<0.05). B. Box-plots far the nU111ber of aelhering

baeterial eolonies (S. 111l1t!lllS) on 1110difieel ti­

taniU111 surfaees after 1 h ineubation. Mean

nU111ber of eolonies (white square in the box) aml

the 25 1h175'h pereentiles as weil as the non-outller

InaxinnUll anel nÜnin1U111 are shown in box­
plots, Outllers are denoted by clreles. Ti pol. =

[lollshed titaniu111, Ti-TiN=titaniul11 eoateel with

titaniu111 nitriele, Ti-ZrN=titaniul11 eoateel with

zireoniul11 nitride, Ti02 =oxidated titaniul11 sur­

face. Statistieally signifieant differenees are in­

elieated (P<0.051.

(GÜtschow 1994). Yet another experi­
mental clinical stuely evaluating plaque
adhesion to titanium, ceramics anel pros­
thetic materials showeel that the highest
plaque accumulation was founel on
polisheel titanium whereas the accumu­
lation on zirconium oxiele ceramic amI
aluminium oxiele ceramic was almost
fifty percent lower [Krämer et al. 1989).
It appears that bacterial aelherence on ce­
ramic material or coatings with ceramic­
like character ras harel coatings) is lower
as compareel to titanium alloys (Siegrist
et al. 1991).

Within our stuely it was shown that re­
proelucible surface coatings may have in­
eleeel a strong effect on bacterial colon-

S. mutans Percentiles S. sanguis Percentiles
[median] [25th/75 Ih] [median] [25(h/75th]

Ti polished 7.8 (n=9) 2.6-8.2 17.6 (n=9) 11.4-19.6

Ti-TiN 3.4 (n=9) 3.0-10.8 7.4 (n=6) 2.0-8.8

Ti-ZrN 3.6 (n=9) 0.8-11.2 5.5 (n=6)* 2.4-7.0

Ti02 9.6 (n=9) 7.8-24.8 27.4 (n=9) 19.0-30.6

Ti-laser 0.4-5.6

Ti-TiN=titanium coated with titanium nitride

Ti-ZrN=titanium coated with zirconium nitride

Ti02 =oxidated titanium surface

P-values for comparisons between polished titanium and modified surfaces:

* P= 0.05; Ii P=0.01

or hydrogen boneling can contribute to
the adS011Jtion of biopolymermolecules,
thus provieling a very reactive surface.
The harel coatings useel in our stuely (Ti­
TiN and Ti-ZrN) seem to reeluce the ac­
cumulation of plaque by masking the
unelerlying more reactive titanium sur­
face (inelependent of surface roughness).

It was alreaely suggesteel earlier by
smaller clinical stuelies that physical
moelifications (such as harel coatings)
may have an influence on bacterial ad­
herence (Graf & Biirenklau 1993; Thull
1993). Another clinical stuely elemon­
strateel that coating of the metal parts of
partial-elentures with TiN resulteel in a
reeluction of plaque formation

into the clinical situation requires ex­
perimental validation. In addition, the
colonization pattern of other oral bac­
teria might be elifferent.

As compareel with polisheel titanium,
the number of aelhering bacterial colo­
nies was significantly reeluceel on ti­
tanium surfaces coateel with inherently
stable titanium harel materials such as
zirconium nitriele [ZrN) although rough­
ness was not altereel. Similar results
were achieveel by TiN coating anel by a
thermic oxielation. hl contrast, laser
raeliation accompanieel by an increase in
surface roughness eliel not result in a sig­
nificant reeluction of bacterial coloniza­
tion.

It appears that in our stuely the re­
eluceel number of aelherent bacteria on
TiN anci ZrN coateel titanium eliscs is
not an effect of surface roughness or sur­
face free energy. The hard coatings seem
to have substantial influence on bac­
terial colonization. Several stuelies have
shown that titanium surfaces are very
reactive [Kasemo & Lausmaa 1988;

Lausmaa 1991). Titanium is covereel by
a surface oxide approximately 2 to 5 nm
thick. This oxiele (mainly titanium diox­
iele) has amphoteric character amI sup­
ports cationic anel anionic exchange ad­
s011Jtion. At the interface between ti­
tanium oxieles anel saliva covalent, ionic

548 I Clin. 01'llllmpl. Res. 12, 200l 1543-55 1



Größncr-Schrciber ct al . Dental implant surfaces and bacterial adhesion

ization. ZrN in partieular appears highly
suitable to reduee plaque formation. The
thenniea11y oxidized titanium surfaee
used in our study as another modifi­
eation is probably the most eost-effee­
tive surfaee treatment. Thenllie oxi­
dation resulted in reduetion of baeterial
eolonization, although less effeetive
than eoating with ZrN.

In a study using eontrolled eleetro­
ehemieal oxidation, it eould be demon­
strated that a thieker oxide layer on ti­
tanium - whieh is also the ease after
using thermal oxidation as in our study­
seems to reduee plaque adhesion
(Krämer et a1. 1989). The reduetion of
oxygen gaps at the titanium surfaee re­
iulting in a more apolar surfaee strue­
ture was diseussed as a possible reason.
In our study, determination of the sur­
faee free energy was not possible for the
oxidated Ti surfaee due to teehnieal rea­
sons. Therefore, we eannot exclude an
influenee of SFE on baeterial adhesion.

Even though thenllie oxidation is a
eost-saving method and resulted in re­
duetion of baeterial adherenee, the sur­
faee softness faeilitates surfaee
roughening on abutments during oral
hygiene measures (Fox et a1. 1990; Speel­
man et a1. 1992). However, 'the use of ti­
tanium hard eoatings for il11plant abut­
ments l11ight prevent surfaee roughening
during professional oral hygiene pro­
eedures. Due to the hardness of the eoat­
ings used and the multilayer teehnique
'Jf the sputter proeess it appears unlikely
that prophylaetie measures (e.g. the use
of sealers) or ehemieals (e.g. fluoride)
eould alter surfaee eharaeteristies.

Results of experiments performed on
modified titanium dises eoated with sal­
iva revealed that the number of adherent
S. l11utans was mueh lower than for S.
sanguis, whieh is in eontrast to the un­
eoated dises. Compared to the uneoated
titanium dises, the number of adhered
baeteria on a11 modified and saliva
eoated dises was distinetly lower for
both baeterial strains. These results are
in eorrespondenee with observations
made by Weerkal11p et a1. (1988), Pratt­
Terpstra et a1. (1991) and Christersson &

Glantz (1992). Pellicle eoating results in
a general reduetion in the number of ad­
hering baeteria, irrespeetive of the sub­
stratum free energy. Adsorption of sali­
vary eomponents to a sm'faee, the princi-

pal part in pe11icle formation, is likely to
be specifie to that surfaee.

At the moment we ean not fully ex­
plain this aspeet of our results. More
baeterial eolonies were eounted for S.
sanguis than for S. l11utans, whieh is in
eontrast to baeterial eounts on uneoated
surfaees. One explanation is that S. san­
guis has a very hydrophobie surfaee amI
there are l11any moleeules in saliva, and
thus in the pellicle, that eould serve as
hydrophobie reeeptors (Cowan et a1.
1986). A lligher number of available
binding sites might be the reason for
these findings. In addition, surfaee free
energy is altered by saliva eoating (van
Dijk et a1. 1987). However, this effeet
needs further investigation.

The eomposition of a titanium pellicle
differs from enamel pe11icle in that eys­
tatins and low-moleeular weight muein
were not deteeted but, in eontrast to the
enamel pellicle, a high-moleeuhu weight
proline-rieh glyeoprotein may be a
prominent eomponent (Edgerton et a1.
1996). In eonsequenee, these differenees
in pellicle eomposition l11ight explain
signifieant differenees in the initial ad­
hesion rate of some specifie baeteria to
the surfaees (Wolinsky et a1. 1989; Ko­
havi et a1. 1995; Edgerton et a1. 1996).

In eonclusion, TiN and ZrN-eoating of
titanium surfaees resulted in a clear re­
duetion of baeterial adherenee regardless
of whether the discs were eoated with
saliva or not. Their use as a eoating for
the part of an implant penetrating the
soft tissue and as implant abutments
might reduee plaque formation and in
this way mucosal inflal11mation.
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Resume

L'adhcsion h<lctericnnc sur les surfaccs implantail'cs

en titane a une inHucncc importantc sur 101 gllcrison

cl I'etat alang terme des implants dentaircs. Des j)ara­

ll1Ctres C0111111C la rugositc de surface ct la composition

chimiquc de la sllrface implantairc üut un impact si~

gnificatif sur In formation de la plaque dentaire. Lc but

de l'etude prescntc CI ctc cl/evainer l'influencc dc dcux

recouvrcmcnts durs sur l'adhcsion bacteriennc eil les

comparant il des surfaces de contr61e de rugüsite equiM

valente. Deux mClllbres de la Hore buccale, Ie Strepto­

coccus mUlc1l18 et 1a Strcptococcus ,')'anguis ont ete uti M

lises. Dcs disqucs cn titanc pur ont ete modi fies eH

utilisant qllatre types dc traitement dc sllrfacc: 1111 de­

pot par vapeur physique avec Boh du TiN ou du ZrN,

oxydation thennique et structuration par radiation la­

ser. Des sllrfaces eH ti ta nc polics nnt servi dc contrÖle.

La topographie de surfacc a ete cxaminee par !VIEB ct

l'estimation de la rllgosite cle surface a cte cffectucc

en utilisant un proRlomCtre cle contact. Dcs meSUl'es

d'angle dc contact ünt ete relevees pour calculer

I'energie de sm'face, Les disques de titane ont ete incu­

bes dans leur suspension cellulaire bactericnne respec­

tive pour une heure et des colonies simples fOrInces

par des bactcries adhercntes ünt ete cümptces sous mi­

croscope 11 Huorcscence. Les meSllres d'angle de

contact n'ünt 1110ntre allcune difference significHtive

entre les modifications de surface. La rllgosite cle surM

face de toutes les surfaces cxaminees se situait entre

0.14 et 1.00 pm, Une rcduction signiflcative du nom­

bre de bacteries adherentes a ete ohservce sur des 11101­

teriaux durs en titane simple comme le nitrite de tita­

ne (TiNI et le nitrite de zirconium IZrN) et les surfaees

en titane oxydces par la chaleur comparces au titane

poiL En conclllsion, la modificatioin physique de sur­

faces implantaires en titane par rccouvrcment de TiN

ou de ZrN peut redtlire Padhcsion hacterienne et done

<1mcliorer les resultats cliniques,

Zusammenfassung

Die Adhäsion von Bakterien auf der Oberlliiche von

TitmÜn1plantaten hat einen grossen Einfluss auf die

Heilung und den Langzeiterfolg von Zahnimplanta­

ten. Parameter wie Oberfliichenrauheit und chemi­

sche Beschaffenheit der Implantatoberfliiehe scheinen

einen signifikanten Einfluss auf die Plaquebildung zu

haben. Das Ziel dieser Studie war es den Einfluss

zweier physikalisch gesehen stabiler Hartstoffbe­

schichtungen auf die bakterielle Adhäsion mit einer

Kontrolloberlliiehe von identischer Rauheit zu verglei­

chen. FÜr den Versuch wurden zwei Vertreter der ora­

len Mikroflora, Streptococcus I11utans und Strept'Ococ­

cus sanguis verwendet. Im Handel erhältliche Reinti­

tanscheihen \vurden luit vier verschiedenen

Oberlliichenbehandlungen modifiziert: Die Bedamp­

fung mit TiN oder ZrN !PVDI, die thermische Oxida­

tion und die Strukturveränderung der Oberfläche mit

einem Hardlaser. Polierte Titanoberfliiehen dienten

als Kontrolle. Die Oberlliiehentopographie wurde mit

einem RE!Vl untersucht und gleichzeitig wurde die

Oberflächenrauheit durch Abtasten nÜt einem Profi­

lometer festgestellt. Ebenso erfolgten Berechnungen

der Oberflächenenergie. Die Titanplüttchen wurden in

der jeweiligen ßakterienzellsuspension fÜr eine Stun­

de inkubicrt und die einzelnen durch adhärierende

Bakterien gebildeten Zellkolonien mittels Fluore­

szenzmikroskopie ausgezählt. Messungen der 1(on­

taktwinkel zeigten zwischen den verschiedenen über­

Hächcnmodifikationen keine signifikanten Unter­

schiede. Die Oberfliiehenrauheit IR"I aller
untersuchten Oberflächen bewegte sich zwischen 0.14

und 1.00 pm. Eine signifikant geringere Anzahl aclhii­

rierender Bakterien, verglichen mit polierten Titano­

berlliiehen, wurde auf Hartstoffsehiehten wie dem Ti­

tannitrid ITiN), und dem Zirkoniumnitrid IZrNj, so­

wie den thermisch oxidierten Titanoberflächell
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ausgezählt. Zusammenfassend kann man sagen l dass

eine physikalische Vcriindcrung der Titanimplantato~

bcrflÜchc wie zum Beispiel durch Beschichtung mit

TiN oder ZrN eine verminderte b"kterielle Adhiirenz

und somit auch eine Verbesserung der klinischen ReM

sultate bewirken kann.

Resunlen

La adhcsi6n bactcriana eH las sllperficics dc los im­

plantcs dc titanio ticne una fucne influcncia eH la ci­

catrizaci6n y los rcsllitados a largo plazo dc los 1111­

plantcs dentales. Sc cncontro quc panlInctros C01110

rugosidad de In supcrficie y composiciÖn quimici1 de

la superficic deI implante tcnian un impacto signifl­

cativo en In formacion de placa. EI proposita dc este

cstlldio fuc evaluar la influcncia c1c dos cubicrtas ffsi­

camente duras en la adhesi6n bacteriana en COlllpara­

ci6n con superßcies de control de rugosidad equiva­

lente. Se usaron dos Iniembros dc la nÜcroflora oral,

cl Estrepwcoco 111utans y EstrepWcoco sanguis. Se

l11odißcaron discos comercialcs de titanio puro lls<1!uIo
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