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Birte Größner-Schreiber
Maren Herzog
Jürgen Hedderich
Alexander Dück
Matthias Hannig
Michael Griepentrog

Authors’ affiliations:
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Abstract: A major consideration in designing dental implants is to create a surface that

provides strong attachment of the implant to bone, connective tissue and epithelium. The

aim of the present study was to examine the influence of different treatments of titanium

(Ti) implant surfaces on focal adhesion contact (FAC) formation in fibroblast cultures.

Human gingival fibroblasts were cultured on glass sheets and polished Ti discs with

different surface coatings (applied by physical vapor deposition (PVD): Ti, titanium nitride

(TiN), zirconium nitride (ZrN)) or on Ti discs with different surface topographies. For

characterization of all surfaces, modified estimation of surface roughness and spacing

parameter was carried out using a contact stylus profilometer. Contact angle measurements

were carried out to calculate surface energy. Fibroblasts were prepared for transmission

electron microscopy at day 3 after seeding, and the number of FACs and the ratio FAC/

cellular cross-sections was determined at a length of 300 mm in ultrathin sections. To

visualize the extracellular fibronectin and vitronectin molecules and the intracellular actin

and vinculin in FAC areas, immunogold labeling was performed. The results revealed a

strong correlation between the number of FACs and the surface roughness. The highest

number of FACs and the majority of the immunogold-labeled intra- and extracellular matrix

molecules were counted on surfaces with the lowest surface roughness: glass sheets coated

with either Ti, TiN or ZrN (roughness average¼0.03–0.1mm). These surfaces appear to favor

cellular attachment of human gingival fibroblasts and moreover in previous studies the

hard coatings have been shown to reduce bacterial adhesion.

The long-term success of a dental implant

strongly depends on good adhesion of the

surrounding tissue to the biomaterial. At-

tachment of the gingiva to dental implants

and to natural teeth is mediated by the so-

called junctional epithelium (JE). The cells

of the JE attach to the tooth surface by

means of hemidesmosomes, which are

specialized adhesion devices (Schwarz

et al. 1990). In culture, most cells adhere

to their underlying substrate by means of

focal adhesion contacts (FACs), which are

restricted areas of extremely close contact

between the basal cell membrane and the

substratum (Burridge et al. 1988; Burridge

& Fath 1989; Burridge & Chrzanowska-

Wodnicka 1996). Focal contacts can be

identified by the presence of the actin

binding protein vinculin. They provide

sites of mechanical attachment to the ex-

tracellular matrix (ECM), and are points at

which adhesion-associated signal transduc-

tion is initiated. The expression and

organization of focal contacts and hemides-

mosomes are a reflection and indicator of

the efficiency of cell adhesion (Lodish et al.Copyright r Blackwell Munksgaard 2006
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1995). In addition, cellular behavior such

as adhesion, morphologic change, func-

tional alteration and proliferation are

greatly influenced by surface properties,

including hydrophilicity, roughness, tex-

ture and morphology. In extensive investi-

gations of soft tissue responses to oral

implant surfaces, it has been shown that

surface treatment of implant materials sig-

nificantly influences the attachment of

oral fibroblasts as well as epithelial cells

(Pitaru et al. 1984; Inoue et al. 1987;

Brunette 1988; Hormia et al. 1991; Könö-

nen et al. 1992; Mustafa et al. 1998).

Besides good connective tissue adhesion

in the transmucosal part of an implant,

titanium (Ti) implants exposed to the oral

cavity require surface modification to in-

hibit the adherence of oral bacteria (Yoshi-

nari et al. 2000). Parameters like surface

roughness and chemical composition of the

implant surface were found to have a sig-

nificant impact on plaque formation.

While a rough transmucosal part of an

implant will enhance plaque formation,

the bony and connective tissue interface

requires a porous or microtextured surface

to promote tissue ingrowth. From a clinical

study on Ti abutments, it was concluded

that a certain threshold roughness (around

an roughness average (Ra) of 0.2mm) might

be most suitable to obtain a stable soft

tissue sealing around transmucosal abut-

ments (Quirynen et al. 1993, 1996; Bollen

et al. 1996). A Ti surface that is too

smooth, therefore, will prevent cell attach-

ment. However, an increase of surface

roughness of the transmucosal portion

above the Ra value of 0.2 mm will facilitate

early plaque formation. A smoothening

below a threshold Ra of 0.2 mm showed no

further significant changes, either in the

total amount or in the periodontal patho-

genicity of adhering bacteria. Therefore, an

ideal transmucosal implant surface should

not only minimize bacterial adhesion,

but at the same time allow epithelial and

connective tissue attachment.

Previous in vitro and in vivo studies have

shown that Ti implant surfaces coated

with titanium nitride (TiN) or zirconium

nitride (ZrN) reduce bacterial colonization

compared with other clinically used im-

plant surfaces (Grössner-Schreiber et al.

2001, 2004; Scarano et al. 2003, 2004).

The use of an appropriate coating techni-

que allows universal control of the required

surface properties, resulting in reproducibly

thin and extremely wear-resistant hard

coatings on almost any part of an implant

(Milosev & Navinsek 1994; Okumiya &

Griepentrog 1999).

In summary, it appears that an improve-

ment of the transmucosal part of an im-

plant is still necessary. The aim of the

present study was to analyze the influence

of different treatments of Ti implant sur-

faces on FAC formation and the expression

of four specific adhesion-related molecules

in human gingival fibroblast cultures. Sur-

face preparations (wet grinding, blasting

with either glass beads or ceramic beads

of different diameters) with Ra- values

between 0.03 and 2.2 mm were used and

compared against Ti surfaces modified

with different physical vapor deposition

(PVD) coatings. Special attention was fo-

cused onto the Ti and TiN/ZrN coatings

to determine whether these antimicrobial

surface treatments are as good as or better

than other clinically used implant surfaces

for supporting fibroblast adhesion.

Material and methods

Preparation of different surface
modifications

Seventeen different surface modifications

were selected. Based on antimicrobial prop-

erties, TiN or ZrN PVD coatings (Gröss-

ner-Schreiber et al. 2001) either on glass

sheets or on polished Ti discs were com-

pared with uncoated polished Ti and Ti

surfaces with different surface roughness

between Ra¼ 0.03 and 2.20 mm.

Commercially pure Ti discs (grade 2,

Friadent GmbH, Mannheim, Germany)

measuring 10 mm in diameter and 4 mm

in thickness, and glass sheets (1 mm in

thickness and between 0.7 and 0.9 mm2

in surface area) were used as substrates.

Before all surface modifications, the Ti

discs were wet ground on silicium carbide

(SiC) paper. After mirror-like polishing

with Al2O3, further surface treatments

were performed.

(A) Glass sheets were coated with pure

Ti, TiN or ZrN by PVD coating (Ti-glass,

TiN-glass, ZrN-glass). (B) Mirror-like po-

lished Ti discs were either coated with Ti

(TiN pol) or ZrN (ZrN pol) using PVD

coating. PVD coating, performed in the

Federal Institute for Materials Research

and Testing, BAM (Berlin, Germany), was

carried out in an HTC 625 Multilab ABSt

coating system (Hauzer Techno Coating,

Venlo, the Netherlands) with unbalanced

magnetron sputtering as described pre-

viously (Grössner-Schreiber et al. 2001).

The thickness of the coatings was about

2.4mm for Ti, about 1.8mm for TiN and

2.2mm for ZrN for all investigated samples.

(C) Mirror-like polished Ti discs (Ti-pol)

served as controls. (D) To receive different

surface topographies on Ti discs wet grind-

ing on SiC paper with different grits was

performed (Ti 180, Ti 800, Ti 1200 and Ti

2400). (E) Aligned wet grinding on SiC

paper: Ti discs were not allowed to rotate

on the paper so that the resulting surface

topography shows an anisotropy (Ti 320

aligned). (F) Ti discs were blasted with

ceramic (Al2O3) beads of different sizes

(TiB 125 and TiB 40). (G) Ti discs were

blasted with glass beads of different sizes (Ti

GSP1, Ti GSP2 and Ti GSP8). (H) Ti discs

were coated with an organic–inorganic na-

nocomposite material of low surface free

energy (Leibniz Institute for New Materials,

INM, Saarbrücken, Germany). This surface

coating was applied by a sol–gel process

because of polycondensation of organic-al-

coxysilanes, perfluoro-alcoxysilan and me-

tal oxides at a temperature of 2301C. This

procedure results in a surface-free energy of

18–20 mJ/m2. An overview of all prepared

surface modifications is given in Table 1.

After surface modification in the Federal

Institute for Materials Research and Test-

ing, all modified substrates were only

touched with special gloves or sterile for-

ceps to retain contamination as low as

possible. Therefore, no special method of

sterilization was used to keep parameters

that might change surface characteristics of

the substrates as low as possible (e.g.,

Kilpadi & Lemons 1994). The discs were

cleaned by ultrasonication in distilled

water for 15 min, followed by several rinses

with sterile distilled water and a final rinse

in acetone. Ti discs or glass sheets were air-

dried under a laminar flow hood and then

placed on the bottom of Nunc multiwell

dishes (24-well plates) until the beginning

of experiments.

Characterization of surface topography

A two-dimensional contact stylus profil-

ometer (Perthometer S6P, Perthen, Ger-

many) was used for measuring height

(surface roughness) and spacing parameters
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(mean spacing of profile irregularities) in

accordance with DIN EN ISO 4287. To

determine surface roughness for every sur-

face modification, five single measure-

ments with a measuring length of 5.6 mm

using a cut of 0.8 mm were performed on at

least 10 samples. Using these data, the Ra

and the mean roughness depth (Rz) were

calculated. To calculate the mean spacing

of profile irregularities (average spacing

RSm), five measurements on a distance of

100 mm were carried out (RSm is the aver-

age spacing between peaks at the mean line

over the evaluation length. A peak is the

highest point between an upward and

downward crossing of the mean line. It is

calculated as the quotient of all peak spa-

cing results and the number of spaces).

Surface wettability

To characterize surface wettability, contact

angle analysis was performed on all surface

modifications. The tests were performed at

least 21 days after preparation. It was

assumed that changes in surface wettabil-

ity after this time period would not be

significant. The sessile drop method was

used for contact angle measurements with

a commercial contact angle meter (G 402,

FA. Krüss, Germany). For every surface

modification, three measurements (each

with at least five drops of distilled water)

were made at room temperature to provide

adequate replications for statistical analy-

sis. For each drop, contact angle measure-

ments were repeated 25 times.

Cell culture

Fibroblasts were obtained from outgrowth

cultures of healthy human gingival tissues

excised during extraction of wisdom teeth.

After several washes in phosphate-buffered

saline (PBS), tissues were minced into small

pieces (less than 0.5 mm2). These pieces of

gingival tissues were transferred into 25 cm2

tissue culture flasks and were allowed to

adhere to the bottom for 30 min. Subse-

quently, 5 ml of Alpha Minimal Essential

Medium (MEM, Biochrom, Berlin, Ger-

many) containing 10% fetal bovine serum

and antibiotics (100 U/ml medium of peni-

cillin, 100mg/ml streptomycin) was added.

Cultures were maintained at 371C in hu-

midified air and 5% CO2. When substantial

fibroblast outgrowth had occurred (usually

about 3–4 weeks), the cells were released

with trypsin and were grown and passaged

under standard conditions in 5 ml tissue

culture flasks. Cells of the fourth passage

were used for the experiments.

Calculation of cell number

Preliminary experiments with fibroblasts

cultured on polished Ti discs at different

time periods (3, 24, 48 h, 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 expo-

nential 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, day 3 with cells close to

confluence was chosen to carry out the

experiments.

Cellular morphology scanning electron
microscopy (SEM)

At day 3, cells were rinsed three times with

PBS and then fixed with 3% paraformalde-

hyde for 10 min. After extensive rinsing in

PBS, dehydration through a graded series of

ethanol from 30%, 50%, 70%, 90% and

100% followed. After air-drying, surfaces

were thinly sputter-coated with gold (SCD

030, Balzers Union, Liechtenstein) and

examined by SEM (Philips, Eindhoven,

the Netherlands). Fibroblasts on polished

Ti discs were used as controls. Photographs

of discs with different surfaces were ob-

tained both before and following incubation

with the fibroblasts.

Processing of fibroblasts for transmission
electron microscopy (TEM)

Cells were seeded at a density of

2 � 104 cells/ml onto modified Ti discs.

All subsequent experiments were carried

out in duplicate. After 3 days of culture,

cells were rinsed three times with PBS and

then fixed. Fixation was performed with

0.1% glutaraldehydeþ 4% paraformalde-

hyde in PBS for 2 h, followed by dehydra-

Table 1. Description of the surface topography using a 2D contact stylus profilometer (mean values of Ra and Rz and standard deviations
SRa

and SRz
in micrometer for n¼10 titanium discs)

Surface modification Ra � SRa (mm) Rz � SRa (mm)

Ti-glass Ti PVD coating on glass 0.09 � 0.02 0.67 � 0.31
TiN-glass TiN PVD coating on glass 0.03 � 0 0.31 � 0.1
ZrN-glass ZrN PVD coating on glass 0.03 � 0 0.31 � 0.06

Wet ground (SiC-paper) Ti surface:
Ti 180 P180: mean grit size 82 mm 0.23 � 0.02 1.82 � 0.2
Ti 320 aligned P320 mean grit size (46.2 � 1.5mm) 0.19 � 0.03 1.34 � 0.16
Ti 800 P800: mean grit size (21.8 � 1mm) 0.19 � 0.01 1.64 � 0.12
Ti 1200 P1200: mean grit size (15.3 � 1 mm) 0.21 � 0.01 1.36 � 0.06
Ti 2400 P2400: mean grit size (8.4 � 0.5mm) 0.14 � 0.01 0.99 � 0.1
Ti pol Mirror-like polished (OP-Sn Al2O3) Ti surface 0.10 � 0.01 0.79 � 0.08

Mean grit size 0.2–0.3 mm
TiN pol TiN PVD coating on mirror-like polished Ti surface 0.06 � 0 0.47 � 0.13
ZrN pol ZrN PVD coating on mirror-like polished Ti surface 0.05 � 0 0.65 � 0.15

Al2O3-blasted pure Ti surface:
Ti B 40 Grain size 250–425 mm 1.78 � 0.13 11.50 � 0.99
Ti B 125 Grain size 0–125 mm 0.92 � 0.07 6.23 � 0.63

Glass (SiO2)-blasted pure Ti surface:
Ti GSP 1 Grain size 0–50 mm 0.52 � 0.06 3.87 � 0.55
Ti GSP 2 Grain size 40–80 mm 0.61 � 0.06 4.08 � 0.68
Ti GSP 8 Grain size 600–800 mm 2.20 � 0.26 11.65 � 2.44
Nano Organic polymer coating, thermal hardening at 2301C 0.38 � 0.03 2.45 � 0.14

PVD, Physical vapour deposition.
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tion through a graded series of ethanol from

50%, 70%, 80%, 90% and 100%.

Embedding took place in LR White resin

after infiltration with three changes of the

resin, and polymerization was carried out

in an oven at 601C for 48 h. After poly-

merization, Ti discs and glass sheets were

dissolved with 5% hydrofluoric acid. The

resin blocks were then reembedded in LR

White resin to perform ultrathin section-

ing. Ultrathin sections (50 nm) were cut,

and every fourth cut of each sample (alto-

gether four sections – one section for each

antibody) was collected on nickel grids

(hexagonal, Plano GmbH, Wetzlar, Ger-

many). Ultrathin sections were used for

both the immunogold labeling and the

morphometric analysis.

Immunogold-labeling method

To visualize the extracellular fibronectin

and vitronectin molecules and the intracel-

lular actin and vinculin in FAC areas, im-

munogold labeling was performed. Sections

on grids were first incubated in ammo-

niumchloride for 5 min, followed by two

rinses in PBS and then blocked with 2%

bovine serum albumin (BSA) for 10 min.

Sections were then incubated overnight

(16–18 h) at 41C with primary antibodies

diluted in PBS (three parts) containing 2%

BSA (one part); rabbit anti-vitronectin di-

luted 1 : 800; sheep anti-fibronectin diluted

1 : 1500; mouse anti-vinculin diluted 1 : 70;

and mouse anti-actin diluted 1 : 600 (all

primary antibodies: Biotrend, Köln, Ger-

many). Then, the grids were washed (five

changes, 5 min each) and bound primary

antibodies were visualized by incubating

the sections for 2 h with secondary antibo-

dies at room temperature: goat anti-rabbit

gold conjugate (10 nm, Biotrend) diluted

1 : 800; rabbit anti-sheep gold conjugate

(10 nm, Biotrend) diluted 1 : 1500; and

goat anti-mouse gold conjugate (10 nm,

Biotrend) diluted 1 : 70 (vinculin), respec-

tively 1 : 600 (actin) in PBS (three parts)

containing 2% BSA (one part). Finally, grids

were washed on drops of water (three

changes, 5 min each) before being fixed in

1% glutaraldehyde (1 min) and washed

three times in distilled water. For contrast

enhancement, sections were counter-

stained with 2% aqueous uranylacetate

(Servas, Heidelberg, Germany), followed

by three rinses in destilled water. Im-

muno-labeled grids were examined in a

TEM (Philips 201 TEM). Fibroblasts on

polished Ti discs were used as controls.

Morphometric analysis

All morphometric analysis was performed

using prints (Ilford Ilfospeed RC; Kodak

electron microscope film) that were taken

from ultrathin sections. The number of

FACs and the ratio of the number of

FACs to the number of cellular cross-

sections (FACs/CCSs) in fibroblasts were

determined in each ultrathin section on a

length of 300 mm. For this purpose, five

adjacent hexagons (each about 60 mm in

diameter) of the nickel grids that were

used for mounting the ultrathin sections

needed to be evaluated.

To visualize and count immunogold par-

ticles in adhesion-related molecules, four

ultrathin sections (one for each antibody)

for all of the 17 different surface modifica-

tions were examined in the TEM. The

analysis (determination of the number of

FACs containing adhesion molecules la-

beled with gold particles on a length of

300mm) was carried out in duplicate (two

Ti or glass discs of each surface modifica-

tion). Because of the small sample size

(n¼2 for each antibody), the results of

the immunogold labeling were represented

by descriptive analysis.

Statistical analysis

All different surface modifications (n¼ 17)

were examined in duplicate. Therefore, the

number of FACs and the ratio of FACs/

CCSs were measured in four sections (one

section for each antibody) for each sample

(four different antibodies and two samples

of each surface: n¼ 8 sections for morpho-

metric analysis). The resulting values were

very homogeneous within each surface and

could be described by means and standard

deviations. Although the variances slightly

Fig. 1. Scanning electron micrographs of surface-modified titanium (Ti) discs with and without fibroblasts:

(a, b) polished Ti, (c, d) zirconium nitride-coated polished Ti, (e, f) Ti disc modified by blasting with ceramic

(Al2O3) beads (Ti B 125; grain size 0–125 mm). Magnification: a, c, e � 400; b, d, f � 297.
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differed between surfaces, differences were

analyzed with an analysis of variance

(ANOVA), especially by defining homoge-

neous subgroups based on a multiple com-

parison procedure (Scheffé) with a level of

significance set at 0.05 (Figs 1 and 2). All

analyses were performed using SPSS soft-

ware for Windows.

Results

Characterization of surface topography

The results for surface roughness measure-

ments evaluated with a 2D contact stylus

profilometer are shown in Table 1. Ra

values varied between 0.03 and 2.2mm.

Surface roughness was not altered by sput-

tering of a polished Ti surface with nitride.

Depending on the method of surface treat-

ment, results of the spacing parameter

measurements could be divided in to three

groups (results are not shown). Smooth

surfaces with Ra values between 0.03 and

0.1 mm (glass surfaces coated with Ti, TiN,

or ZrN and uncoated polished Ti or po-

lished Ti coated with TiN or ZrN) showed

low RSms (between 2.3 and 8.3 mm). All

surfaces that were wet ground and some of

the surfaces that were blasted either with

ceramic or glass beads (Ra between 0.14

and 0.92 mm) revealed values between 31

and 64 mm. The highest RSm was calcu-

lated for surface modifications with the

roughest surface topography (Ti B 40: Ra

1.78 mm, RSm 112� 40; GSP 8: Ra

2.2 mm, RSm 146� 52 mm).

Surface wettability

For surfaces modified by wet grinding, the

organic–inorganic nanocomposite-coated

surface and TiB 40, values of contact angle

measurements were not reproducible be-

cause of the anisotropy of the different

surface topographies. The shape of the

drops was highly asymmetric and not

stable during the measuring period. Table 2

shows the water contact angles for all other

surface modifications. It was found that

the water contact angle was strongly de-

pendent on surface morphology. With in-

creasing Ra (from 0.03 to 0.52 mm), the

contact angle changed from 1091 to 361.

The roughness enhances the wettability of

the surface modifications under investiga-

tion from a hydrophobic (contact angle

4901) to a hydrophilic character (contact

angle o901). The lowest contact angle was

measured on Ti surfaces modified with

glass beads, followed by ceramic bead mod-

ification. Polished Ti and polished but

cleaned (acetone, ultra sonic bath) Ti

surfaces showed similar values (62.61 and

61.31, respectively). However, the use of

different cleaning agents like propanol or

ethanol resulted in higher values. There-

fore, cleaning with acetone in an ultrasonic

bath was used for all Ti and glass surfaces

in this study. Compared with a polished Ti

surface, PVD coating of a polished Ti sur-

face resulted in slightly higher contact

angle values, but glass sheets coated with

either Ti, TiN, or ZrN showed distinctly

higher values.

Cellular morphology (SEM)

SEM examination revealed that human

gingival fibroblasts displayed good adhe-

sion and spread well on all modified sur-

faces (Fig. 1a–f). However, cellular

morphology varied. Fibroblasts cultured

on surfaces with an Ra between 0.03 and

0.2 mm (e.g., Ti-glass, ZrN/TiN-glass, Ti-

pol, Ti 2400) were mainly spindle shaped

and elongated, with no clear orientation

(Fig. 1a and b). Cells on Ti 800 and Ti

1200 showed a similar picture and were

slightly aligned along grooves produced by

the grinding process. Polished Ti discs

modified by PVD coating (TiN pol, ZrN

pol) showed fibroblasts that were well

spread and had a polygonal cell shape.

Many cells had a flat morphology and

appeared intimately adherent to the surface

with many short and strong processes

(Fig. 1c and d). On surfaces modified either

by organic polymer coating or by blasting

with glass or ceramic beads (Ra¼ 0.52–

2.2mm), fibroblasts appeared spindle shaped

and did not bridge grooves but formed focal

adhesions to the side and bottom of even

quite fine grooves or pits (Fig. 1e and f).

Morphometric analysis

Examination of fibroblasts by TEM

showed that all cells adhered well and

followed the microarchitecture of the un-

derlying substrate surface. The number of

FACs (observed on a length of 300 mm) was

significantly different between modified

surfaces. The means of the number of

FACs were divided into eight homoge-

neous subgroups based on a multiple com-

parison procedure (Scheffé; Fig. 2). Three

subgroups were significantly different from

each other: subgroup 1 with Ti 180, Ti 320

aligned, Ti GSP8, polymer coating, Ti

GSP2, Ti B 40 and Ti B 125, subgroup 5

with Ti GSP, Ti 1200, Ti 800, Ti 2400, Ti
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Fig. 2. Number of focal adhesion contacts on a distance of 300 mm (transmission electron microscopy). The

horizontal bars indicate homogeneous subgroups based on the Scheffé multiple comparison procedure.

Table 2. Surface wettability measurements
of differently modified titanium discs or
glass sheets

Surface Mean contact angle
for water (1)

ZrN glass 109.1 � 1.7
TiN glass 105.3 � 4.4
Ti glass 95.6 � 1.8
ZrN pol 71.3 � 2.2
TiN pol 73.2 � 1.5
Ti pol 73.2 � 1.1
Ti GSP8 45.1 � 2.8
Ti GSP 1 36.2 � 2.2
Ti B125 49.3 � 2.9
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polished and ZrN pol and subgroup 8 with

TiN pol, glass ZrN, glass TiN and glass Ti.

There was a strong correlation between the

number of FACs and the surface roughness

(ANOVA; P¼ 0.008). The highest number

of FACs was counted on surfaces with the

lowest surface roughness: glass sheets

coated with either Ti, TiN, or ZrN (Ra

between 0.03 and 0.09mm) and a TiN

coating on polished Ti (Ra¼ 0.06mm). Sur-

faces with an Ra between 0.23 and 2.2 mm

(Ti 180, Ti 320 aligned, polymer coating,

Ti GSP 2 and 8, Ti B 40 and Ti B 125)

showed the lowest numbers of FACs.

The ratio FACs/CCSs (evaluated on a

distance of 300 mm) showed similar results.

There was again a strong correlation be-

tween the ratio FACs/CCSs and the sur-

face roughness. The highest ratio FACs/

CCSs was evaluated for fibroblasts cul-

tured on surfaces with an Ra of 0.03 and

0.14mm. The lowest values were deter-

mined for surfaces with an Ra between

0.23 and 2.2 mm (Ti 180, Ti 320 aligned,

Ti GSP 2 and 8, Ti B 40 and 125, Ti 800

and Ti 1200). However, the Ti-coated glass

surface (Ra¼0.09 mm) showed a signifi-

cantly higher ratio compared with all other

surfaces (Po0.001). The means (FACs/

CCSs) were divided into five homogeneous

subgroups based on the Scheffé test (Fig. 3).
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There were significant differences between

two subgroups: subgroup 1 with Ti 180, Ti

aligned, Ti GSP 8, Ti B 40, Ti B 125,

Ti 1200, Ti 800 and subgroup 5 with glass

Ti. The resulting values of the surfaces

TiN pol, glass ZrN, ZrN pol and glass

TiN were very similar within subgroup 4.

Immunogold labeling

Visualization of the extracellular fibronec-

tin and vitronectin molecules and the in-

tracellular actin and vinculin in FAC areas

using the immunogold-labeling method

showed distinct tendencies (Figs 4 and 5).

The highest number of gold-conjugated

actin in FACs was calculated for glass

sheets coated with TiN, Ti and ZrN and

Ti 800/1200/2400. FACs labeled with vin-

culin-conjugated gold particles were the

highest on glass sheets coated with TiN,

followed by Ti- and ZrN-coated glass, Ti

GSP 1 and polished Ti. Immunogold label-

ing of ECM molecules revealed similar

results. The highest number of gold con-

jugated fibronectin was determined on

TiN-coated glass sheets, followed by a Ti

and ZrN coating on glass and Ti 1200. The

number of gold particles bound to vitronec-

tin was distinctly higher in fibroblasts

cultured on Ti-coated glass compared

with glass sheets coated with ZrN or

TiN, polished Ti, Ti 1200 and Ti GSP 1.

The majority of the immunogold-labeled

intra- and ECM molecules was detected on

surfaces with the lowest surface roughness

(Ra¼ 0.03–0.52mm). For both intracellular

matrix molecules, glass sheets coated with

TiN represented the highest number of

gold particles. For vinculin and fibronectin

as ECM molecules, the highest number of

gold particles was counted on glass sheets

coated with Ti.

Discussion

A major demand in designing oral implants

is to produce a surface that promotes a

strong attachment of the implant not only

to bone but also to surrounding soft tissues.

Hormia & Könönen (1994) demonstrated

that surface processing influenced the ad-

hesion of human gingival fibroblasts and

the expression of adhesion-related mole-

cules (focal contacts) on their membrane.

The primary goal of this investigation

was to test the influence of different treat-

ments of Ti or glass substrates as potential

implant surfaces on FAC formation in hu-

man gingival fibroblast cultures. Therefore,

17 different modifications of glass or Ti

substrates with the surface roughness vary-

ing between 0.03 and 2.2 mm were exam-

ined. Depending on the method of surface

treatment, results of the spacing parameter

measurements could be divided into three

groups. Surfaces modified by PVD coating

and polished Ti resulted in smooth surfaces

with the lowest Ra and RSm values,

whereas the roughest surfaces showed the

highest RSm values. Within each group,

surfaces with similar Ra values also showed

similar values of the mean spacing of

profile irregularities.

The number of FACs and the ratio

FACs/CCSs determined at a length of

300mm in ultrathin sections (TEM) re-

vealed a strong correlation with the surface

roughness of the substrate. No direct cor-

relation was found with the spacing para-

meter.

The highest number of FACs was

counted on surfaces with the lowest surface

roughness (Ra¼0.03–0.09 mm): glass

sheets coated with either Ti, TiN, or

ZrN. Additionally, the ratio FACs/CCSs

was significantly higher on Ti-coated glass

surfaces (Ra¼0.09 mm) compared with all

other surfaces. These results are similar to

the results obtained in a study of Hormia &

Könönen (1994). In their study, they ex-

amined the adhesion and spreading of hu-

man gingival fibroblasts on glass and

differently processed Ti surfaces by immu-

nolocalization of vinculin and the a- and

b-subunits of the fibronectin and vitronec-

tin receptors. Vinculin-containing focal

contacts were present on surfaces with an

Ra between 0.14� 0.05mm (glass or elec-

tropolished Ti) and 0.41� 0.14mm

(etched Ti). Fibroblasts on rougher surfaces

like sandblasted Ti (Ra¼ 0.8� 0.11mm)

lack focal contacts, which is not in accor-

dance with our findings. Our study showed

focal contacts on all surfaces examined but

their number decreased with increasing

surface roughness. In experiments per-

formed by Dunn & Brown (1986), it was

shown that the distribution of actin cables

that are generally co-aligned with their

associated focal contacts in fibroblasts

could be influenced by the shape of the

substratum. Actin cables extend obliquely

into the cytoplasm from sites of adhesion

and as proposed by Dunn (1991) could not

become assembled in a bent state as it

might be the case on rougher or structured

surfaces. Fibroblasts do not always bridge

grooves, but they can form focal adhesions

to the side and bottom of even quite fine

grooves (Brunette 1986; Dunn & Brown

1986; Clark et al. 1990, 1992; Meyle et al.

1993). On very smooth surfaces, as used in

our experiments (e.g., Ti-glass, ZrN/TiN-

glass, Ti-pol, Ti 2400), fibroblasts might be

capable of optimizing the alignment of

actin cables, and as observed by SEM,

Fig. 5. Focal adhesion contact of a human gingival fibroblast growing on a TiN-coated glass surface

(transmission electron microscopy). Circles: adhesion molecule (vinculin) labeled with gold particles

(10 nm). PM, plasma membrane; SS, surface of the substratum (magnification: � 67000).
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were mainly spindle shaped and elongated

with no clear orientation. Moreover, stu-

dies by Könönen et al. (1992) and Rahn

et al. (1982) demonstrated that a smooth

surface allow a more intimate contact be-

tween cells and the substrate than do

rougher surfaces. Therefore, fibroblasts on

smooth substrata may exhibit the com-

paratively highest number of focal adhesion

sites as seen in our experiments.

The organic–inorganic nanocomposite

polymer coating applied on polished Ti

has been designed as a so-called easy-to-

clean surface coating. Preliminary experi-

ments indicate that intraoral biofilm

formation on Ti specimens coated by

this organic–inorganic nanocomposite is

strongly reduced as compared with un-

coated polished Ti. In the present study,

the ratio FACs/CCSs on polymer-coated

Ti specimens did not differ significantly as

compared with polished Ti surfaces. Thus,

the polymer coating might be an interest-

ing approach to reduce bacterial adherence

and simultaneously allowing fibroblast

attachment.

In addition to surface topography, physi-

cochemical properties of implant materials

including mechanical rigidity and wettabil-

ity (surface-free energy) may affect cellular

behavior. The wettability of the surface

plays an important role with respect to

protein adsorption, cell attachment and

spreading (Grinnell 1978; Baier et al.

1984; Schakenraad et al. 1986). Surfaces

with a high surface-free energy (contact

angle below 901) are reported to be more

adhesive than those with a low surface free

energy (contact angle higher 901). In con-

trast to these findings, den Braber et al.

(1995) found that physicochemical para-

meters such as wettability and surface

free energy play no measurable role in the

shape and orientation of cells on microtex-

tured surfaces. Contact angle measure-

ments in our study showed distinct

differences between surface modifications,

revealing a strong dependence on surface

morphology and mode of production. How-

ever, it should be kept in mind that the

method for contact angle measurement

used here shows the highest reproducibility

on smooth surfaces. Therefore, results

should be interpreted with caution and

only surface modifications that show dro-

plets that did not spread in all directions

were included in our study. Glass

substrates coated with ZrN or TiN with

the lowest Ra (0.03mm) showed the highest

contact angle with 109.11. PVD-coating of

polished Ti did not change the contact

angle; values for polished Ti and ZrN pol

or TiN pol were comparable. The dis-

tinctly higher values for glass surfaces

might be the result of a different sputtering

process that might result in changes of the

surface free energy by charging of the non-

conductive glass surface. Rough surfaces

(Ra between 0.52 and 2.2 mm; Ti GSP1,

Ti GSP8, Ti B125) revealed the best wett-

ability. The roughness enhances the wett-

ability of the surface modifications under

investigation from a hydrophobic (contact

angle 4901) to a hydrophilic character

(contact angle o901). However, in clinical

applications, the oral environment may

alter surface free energies as shown by

van Dijk et al. (1987). Salivary protein

adsorption reduces differences originally

present in surface free energies. Even

though in our study glass surfaces showed

the lowest wettability, the number of

FACs and the ratio of FACs/CCSs were

significantly higher than on rougher sur-

faces. Surface roughness seems to have a

higher influence on FAC formation than

surface wettability. Furthermore, as focal

contacts represent the sites for the stron-

gest cell-to-substrate adhesion, our results

suggest that rougher surfaces (Ra between

0.2 and 2.2 mm) are less effective in

supporting fibroblast adhesion.

Visualization of the extracellular fibro-

nectin and vitronectin molecules and the

intracellular actin and vinculin in FAC

areas using the immunogold-labeling

method showed distinct tendencies. How-

ever, because of the low sample size of two

for each of the 17 surfaces only a descrip-

tive analysis of the results was possible. For

all of the four matrix molecules examined,

the highest number of gold particles was

counted on surfaces with the lowest rough-

ness: glass sheets coated with Ti, TiN or

ZrN. No distinct differences between these

three hard coatings were observed. Polished

Ti coated with TiN or ZrN followed next.

These results suggest that all of the three

hard coatings used either on glass or on

polished Ti seem most suitable in support-

ing fibroblast adhesion.

A previously performed in vitro study

revealed that the MTT activity and total

protein in mouse fibroblasts were signifi-

cantly increased in fibroblasts cultured

on a TiN-coated polished Ti surface

(Ra¼ 0.19mm) compared with an uncoated

polished Ti surface of a similar roughness

(Grössner-Schreiber et al. 2003). It was

assumed that these differences are in part

a result of the composition or the chemical

properties of the TiN coating. The TiN

coating used in that study could have en-

hanced fibroblast adherence and growth by

masking the more reactive underlying Ti

oxide surface. Cells cultured in medium

containing serum proteins do not directly

adhere to the substratum surface, but to an

adsorbed layer of serum components,

which could form on TiN (Jansen et al.

1989). These attachment proteins contain

sites with peptides promoting cell attach-

ment that are recognized by receptors on

the cell surface (mostly by integrins). Even

changes in protein conformation through

interaction with the TiN surface might be

possible.

Other in vitro and in vivo studies con-

ducted in our lab have shown that Ti

implant surfaces coated with TiN or ZrN

reduce bacterial colonization compared

with other clinically used implant surfaces

(Grössner-Schreiber et al. 2001, 2004).

Rough Ti implant surfaces exposed to the

oral cavity promote the adherence of oral

bacteria (Yoshinari et al. 2000). Similar to

the process of FAC formation, surface

roughness has been suggested to be more

important in plaque accumulation than

surface free energy (Nakazato et al. 1989;

Quirynen et al. 1990, 1993). Therefore, an

implant surface ideal to resist bacterial

colonization should be mainly smooth to

allow the formation of an epithelial seal

that prevents plaque accumulation.

Additionally, the surface softness of un-

coated Ti facilitates surface roughening on

abutments during oral hygiene measures

(Fox et al. 1990; Speelman et al. 1992).

However, due to the hardness of the coat-

ings (Ti, TiN or ZrN coatings are non-

abrasive), their use for implant abutments

might prevent surface roughening during

professional oral hygiene procedures as de-

monstrated by Mengel et al. (2004) for

TiN-coated abutments of dental implants.

In conclusion, the findings of the present

study revealed that all surface modifica-

tions examined allowed fibroblast attach-

ment and growth. Provided that a high

number of FACs reflects good adhesion of
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fibroblasts in vitro smooth Ti surfaces with

Ra values between 0.03 and 0.1 mm in

combination with hard coatings may repre-

sent recommendable implant surfaces for

clinical use. Moreover, the property of hard

coatings to reduce bacterial adherence and

to support fibroblast growth might reduce

the possibility, or at least the severity, of

peri-implantitis in vivo.
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Göbel, U.B. (2001) Plaque formation on surface

modified dental implants. Clinical Oral Implants

Research 12: 543–551.
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Grössner-Schreiber, B., Neubert, A., Müller, W.-D.,

Hopp, M., Griepentrog, M. & Lange, K.-P. (2003)

Fibroblast growth on surface modified dental im-

plants. Journal of Biomedical Materials Research

64A: 591–599.

Hormia, M. & Könönen, M. (1994) Immunolocali-

zation of fibronectin and vitronectin receptors in

human gingival fibroblasts spreading on titanium

surfaces. Journal of Periodontal Research 29:

146–152.

Hormia, M., Könönen, M., Kivilahti, J. & Virtanen,

I. (1991) Immunolocalization of proteins specific

for adhaerens junctions in human gingival epithe-

lial cells grown on differently processed titanium

surfaces. Journal of Periodontal Research 26:

491–497.

Inoue, T., Cox, J.E., Pilliar, R.M. & Melcher, A.H.

(1987) Effect of the surface geometry of smooth

and porous-coated titanium alloy on the orienta-

tion of fibroblasts in vitro. Journal of Biomedical

Materials Research 21: 107–126.

Jansen, J.A., van der Waerden, J.P. & de Groot, K.

(1989) Epithelial reaction to percutaneous implant

materials: in vitro and in vivo experiments. Jour-

nal of Investigative Surgery 2: 29–49.

Kilpadi, D.V. & Lemons, J.E. (1994) Surface energy

characterization of unalloyed titanium implants.

Journal of Biomedical Materials Research 28:

1419–1425.

Könönen, M., Hormia, M., Kivilahti, J., Hauta-

niemi, J. & Thesleff, I. (1992) Effect of surface

processing on the attachment, orientation, and

proliferation of human gingival fibroblasts on

titanium. Journal of Biomedical Materials

Research 26: 1325–1341.

Lodish, H., Baltimore, D., Berk, A., Zipursky, S.,

Matsudaira, P. & Darnell, J. (1995) Molecular

Cell Biology. New York: Scientific American

Books Inc.

Mengel, R., Meer, C. & Flores-de-Jacoby, L. (2004)

The treatment of uncoated and titanium nitride-

coated abutments with different instruments.

International Journal of Oral & Maxillofacial

Implants 19: 232–238.

Meyle, J., Wolburg, H. & von Recum, A.F. (1993)

Surface micromorphology and cellular interac-

tions. Journal of Biomaterials Applications 7:

362–374.

Milosev, I. & Navinsek, B. (1994) A corrosion study

of TiN (physical vapour deposition) hard coatings

deposited on various substrates. Surface and

Coatings Technology 63: 173–180.

Mustafa, K., Silva Lopez, B., Hultenby, K., Wenner-

berg, A. & Arvidson, K. (1998) Attachment and

proliferation of human oral fibroblasts to titanium
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