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Abstract The biocompatibility of dental implant abut-
ment materials depends on numerous factors including the
nature of the material, its chemical composition, roughness,
texture, hydrophilicity and surface charge. The aim of the
present study was to compare the viability and adhesion
strength of human gingival fibroblasts (HGFs) grown on
several dental materials used in implant prosthodontics.
Surfaces of the tested materials were assessed using an op-
tical imaging profiler. For material toxicity and cellular
adhesion evaluation, primary human gingival fibroblast cells
were used. To evaluate the strength of cellular adhesion,
gingival fibroblasts were cultured on the tested materials and
subjected to lateral shear forces by applying 300 and
500 rpm shaking intensities. Focal adhesion kinase (FAK)
expression and phosphorylation in cells grown on the spe-
cimens were registered by cell-based ELISA. There was a
tendency of fibroblast adhesion strength to decrease in the
following order: sandblasted titanium, polished titanium,
sandblasted zirconium oxide, polished zirconium oxide,
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gold—alloy, chrome—cobalt alloy. Higher levels of total as
well as phospho-FAK protein were registered in HGFs
grown on roughened titanium. Material type and surface
processing technique have an impact on gingival fibroblast
interaction with dental implant abutment materials.

1 Introduction

Dental implant abutment materials are in close contact with
the surrounding soft tissues. Their biocompatibility is
crucial as this influences the condition of bone and gingiva
surrounding the implants. Biocompatibility depends on
numerous factors including the nature of the material, its
chemical composition, roughness, texture, hydrophobicity/
hydrophilicity, and surface charge [1, 2]. An appropriate
host cellular response to foreign body surfaces is essential
for successful function of prosthetic materials.

When inserted into a tissue, a foreign material gets into
contact with bodily fluids, and subsequently multiple
events are triggered [3]. Fluid components such as lipids,
carbohydrates and proteins adsorb to the material surface
and serve as extracellular matrix (ECM) for cell adhesion
[4]. Although the influence of material properties on sub-
sequent tissue response is not yet fully understood, it is
widely documented that surface features can affect the
amounts and types of bound proteins, as well as their
conformation, orientation and binding strength [5, 6]. The
patterns in which adhesion proteins and other bioactive
molecules adsorb and elicit cellular reactions are specific to
the underlying physicochemical properties of the material.
In vitro studies generally demonstrate favorable cell re-
sponses to charged, hydrophilic surfaces, corresponding to
superior adsorption and bioactivity of adhesion proteins

[7].
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In the organism, cell adhesion is important for a variety
of physiological and pathological processes, such as host
response to implanted devices and integration of tissue-
engineered constructs [8, 9]. Cell adhesive interactions are
complex mechanisms integrating binding of membrane
proteins to ECM, intracellular cytoskeleton reformation,
and signal transduction. In vivo, cells are surrounded by
ECM, which organizes cells into tissues. In vitro, ECM
molecules are found naturally in some media supplements,
and are secreted by cells themselves. Cell contacts with
ECM are mediated by adhesion molecules, which serve as
receptors sending signals into the cells. Focal adhesion
kinase (FAK) is an essential non-receptor tyrosine kinase
regulating cell migration, adhesion signaling, and
mechanosensing [10, 11]. It is typically located at multi-
protein structures, known as focal adhesions that link the
ECM to the cytoskeleton [12, 13]. The autophosphorylation
of FAK is critical to this regulation of adhesion strength-
ening [13-15]. Phosphorylated FAK becomes a docking
site for mediators of multiple signaling events that regulate
cell survival, proliferation and morphogenesis [16]. During
the early stages of adhesion, FAK activates integrins by
increasing their binding over time, which results in adhe-
sion strengthening. These data demonstrate an important
role for FAK in the time-dependent generation of cell-
ECM forces [15]. Currently, the use of biomaterials for
implant/abutment manufacturing is increasing. In addition,
several clinical studies have shown that soft tissues may
have different adaptation quality to various prosthetic
materials [17-19].

The aim of the present study was to compare the via-
bility and adhesive intensity of human gingival fibroblasts
(HGFs) grown on several implant abutment materials.

2 Materials and methods
2.1 Manufacture of specimens

Material samples included commercial pure titanium
(Grade 2, Everest® T-Blank, KaVo, Biberach, Germany),
zirconium oxide ceramic (Everest® Z-Blank, KaVo),
chrome-cobalt alloy (Ceralloy C, Eukamed, Essen, Ger-
many) and dental gold alloy (Bio Heragold B, Heraeus
Kulzer, Hanau, Germany). Cast chrome—cobalt (Cr—Co)
and gold (Au) alloys were fabricated using a conventional
lost wax technique. Polished specimen (titanium, zirconi-
um oxide, chrome-cobalt alloy and gold alloy) surfaces
were treated with 1200 grit silicon carbide paper (Imperi-
al™ WetordryTM, 3 M, USA) with water cooling to
eliminate surface irregularities. The samples were subse-
quently washed with water and dried to remove any silicon
carbide particles. Next, the specimens were polished
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consecutively using 6 and 1 pm diamond paste and thor-
oughly washed in ethanol following each step. Addition-
ally, titanium and zirconium oxide specimens were
sandblasted with aluminium oxide particles sized 50 pm
(Siladent, Munich, Germany). The procedure was per-
formed at a distance of 1 cm at a pressure of 3 bars for 3 s.
All specimens were equal in their diameter and height (5.2
and 2 mm, respectively). Fabricated specimens were di-
vided into six groups (five specimens in each group):
polished titanium (Ti-P), sandblasted titanium (Ti-S),
polished zirconium oxide ceramic (ZrO-P), sandblasted
zirconium oxide ceramic (ZrO-S), chrome-cobalt alloy
(Cr—Co), gold alloy (Au). Surface roughness of the tested
materials was assessed using an optical imaging profiler
PLp 2300 (Sensofar, USA) with manufacturers software.
Specimen surface topographies were visualized using a
TM-1000 scanning electron microscope (SEM; Hitachi
High-Technologies Co., Japan).

For cell experiments, the specimens were sterilized in
96 % ethanol with subsequent exposure of both sample
sides to UV light for 15 min. Later, the specimens were
transferred into the wells of a 96-well plate and put in a
direct contact with fibroblast suspension.

2.2 Establishment of human gingival fibroblast cell
culture

The study protocol was approved by the institutional Ethics
review board at Vilnius University (No. 158200-11-116-
28). Gingival tissues were obtained from a healthy patient
undergoing gingivectomy of the premolar region. Primary
HGF culture was derived following an established proce-
dure [20]. Briefly, the grafted tissue (6-8 mm®) was
minced under sterile conditions. Fine-cut tissue suspension
was diluted in cell growth medium [Iscove’s modified
Dulbecco’s minimum essential medium (IDMEM, Biolo-
gical Industries, Israel)] with antibiotics: 100 U/mL peni-
cillin, 0.1 mg/mL streptomycin and 12.5 U/mL nystatin
(Biological Industries, Israel) as well as 20 % of fetal calf
serum (FCS, Biological Industries, Israel), and cultured at
37 °C in humidified 5 % CO, atmosphere for 1-2 weeks.
Cells started moving from the explants after 7-10 days.
After a monolayer was formed, it was dispersed using a
trypsin—EDTA solution (0.25 %) (Biological Industries,
Israel) and subcultured in IDMEM supplemented with
10 % of FCS and antibiotics. Cells of 5-10 passages were
used for the experiments.

2.3 Assessment of cytotoxicity
For the determination of cytotoxicity, HGF suspension

(5 x 10* cells/mL) was prepared and 100 pL of it was
placed onto tested specimens in a 96-well cell culture plate.
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The cells were incubated for 48, 72, 96 and 120 h. Control
HGFs were maintained in polystyrene plate wells.

The effect of tested materials was evaluated on the
HGFs using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT, Sigma-Aldrich Inc., USA) as-
say in a direct-contact format according to the ISO-10993-
5:1999 specifications. In test culture, MTT assay was used
to register the amount of viable cells as well as to estimate
the toxicity of the tested materials. After dissolving for-
mazan (MTT metabolism product) in ethanol, optical
density (OD) of the resulting solution was measured using
a microtiter plate reader TECAN Infinite 200 PRO (Tecan
Group Ltd., Switzerland) at 570 nm. The OD value indi-
cated the proportion of viable cells.

The effects of surface topography and material type on
cell orientation and shape were analyzed by SEM. After
HGF cultivation on the specimens for 72 h, cells were
fixed with 2.5 % glutaraldehyde (Sigma-Aldrich Inc.) for
30 min at room temperature, followed by fixation with
2 % 0sO4 (Sigma-Aldrich Inc.) for 20 min at room
temperature. The samples were subsequently dehydrated
by immersion in progressively higher ethanol concentra-
tions (25, 50, 75, 90, and 96 %, for 5 min each). Subse-
quently, the samples were dried using a critical point
dryer (K850, Quorum Technologies, UK), then covered
with a 20 nm conducting layer of gold using a sputter
coater (Q150R, Quorum Technologies). Images were ob-
tained using a SEM.

2.4 Evaluation of adhesion strength

After incubation for 24 h, specimens with adherent cells
were transferred to new plate wells with fresh culture
medium; the plate was immobilized on a Thermomix
Comfort shaker (Eppendorf, Hamburg, Germany) used to
create lateral shear forces. First part of the experiment was
carried out using the shaking device in 300 rpm mode for
15 min, at 37 °C. Next, the samples were transferred to
wells with trypsin/EDTA mixture; the device was used at
600 rpm at 37 °C for 10 min to detach all remaining cells
from specimen surfaces. Hemocytometer and optical mi-
croscope were used to calculate the number of detached
cells. Two calculations were performed. The first cell
counting was done for cells that had detached from the
specimen into IDMEM after the first shaking procedure.
The second counting was performed for all remaining cells
that were detached using trypsin—-EDTA mixture. Calcu-
lated ratio (detached cell number after shaking at
300 rpm/total number of detached cells) expressed in per-
centages reflect the adhesion strength. Later, all specimens
were cleaned and sterilized as described above and a sec-
ond experiment was carried out with 500 rpm shaking
mode for 15 min at 37 °C.

2.5 Cell-based ELISA

To determine FAK expression and phosphorylation, the
cells were grown on the specimens in 96-well plates at a
density of 1.5 x 10* cells/cm® 1 day prior to manipulation.
Next day, the cells were fixed with 4 % paraformaldehyde
at room temperature for 15 min, followed by washing with
PBS containing 0.1 % Triton X-100. Then the cells were
incubated in an antibody blocking buffer, followed by
incubations with phospho- or total anti-FAK—(Cell
Signaling Technology, Inc. and BD Bioscience, USA,
respectively) as well as B-actin-specific primary antibodies
(Millipore, USA) for 1 h at room temperature. After
washing steps, HRP-conjugated antibodies were added and
the cells were incubated for one hour at room temperature.
Subsequently, the plates were subjected to 0.1 mg/mL
TMB (3,3',5,5'-tetramethylbenzidine, Sigma-Aldrich Inc.),
according to the manufacturers protocol. The reaction was
stopped with 2 M sulphuric acid and absorbance was
measured at 450 nm using a Varioskan Flash plate reader
(Thermo Fisher Scientific, Inc., USA). The change in FAK
expression and phosphorylation status was calculated by
dividing absorbance detected using phospho- or total pro-
tein-specific antibodies with that of the B-actin-specific
antibody.

2.6 Statistical analysis

For all measurements, means and standard errors were
calculated. Variables were checked for normal distribution
by Shapiro-Wilk statistic and compared by one-way
ANOVA followed by Tukey’s HSD post hoc test when
normally distributed or by Kruskal-Wallis H test for non-
normally distributed variables (IBM SPSS Statistics for
Windows, Version 19.0. Armonk, NY: IBM Corp.).
Comparison of adhesion strength between the groups was
done by two-way ANOVA test. A P value < 0.05 was
considered statistically significant.

3 Results
3.1 Surface analysis of tested prosthetic materials

Topographical analysis of the specimens showed surface
roughness ranging from 0.03 to 0.79 pm (Fig. 1). It is
evident that the most irregularities were observed on
sandblasted titanium and sandblasted zirconium oxide
surfaces. There were a lot of small crests, valleys and some
scratched areas. Particularly many irregularities with pits
and spikes were observed on the sandblasted titanium. The
surfaces of polished titanium, chrome-cobalt and gold al-
loys had some similarities. Surface of sandblasted
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Fig. 1 Optical profiler images of disc surfaces: Surface roughness
scale bars (in colour) are shown beneath the profiler images. 1 to
—1 pm scale represents the Ti—P, ZrO-P, Cr—Co and Au samples,
while 5 to -5 um scale represents Ti—S and ZrO-S samples, which
had a higher surface roughness. Black scale bars are 50 pm

zirconium oxide specimens contained more irregularities
compared to polished ones. The polished zirconium oxide
specimens were prone to scratching. Surface roughness
(R,) values are presented in Fig. 2. R, values were highest
in Ti-S and Zr-S groups (0.48-0.79 pm) while for other
groups it was in the range of 0.03-0.11 um.

3.2 Cytotoxic effect
Surface effect on HGFs was evaluated using MTT assay.

After 48 h of culture, Cr—Co and Au samples were ob-
served to be the most toxic with 80 and 86 % cell viability,

1.0 4

0.8

Surface roughness (Ra), pm

-
C
: B _I
Ti-P Ti-S zr-pP S Cr-Co Au
Materials

Fig. 2 Specimen surface roughness (R,) values
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respectively (Fig. 3). After a longer (120 h) culture period,
however, the amount of viable cells reached control level
on Au, but remained diminished on Cr—Co. There were no
statistically significant differences in cytotoxicity between
polished and sandblasted titanium as well as zirconium
oxide ceramics. After 120 h, no statistically significant
differences (P < 0.05) were detected between the speci-
men groups except for Cr—Co group (Kruskal-Wallis H
test). Remarkable overrun of percentage ratio on the tita-
nium shows favorable environment for the cells.

SEM analysis of fibroblast-seeded samples revealed
typically mosaic-shaped confluent cell layer formed on all
the specimen surfaces. The cells appeared to be intimately
attached to the surfaces and aligned in rows (Fig. 4—SEM
pictures of specimens without cells and Fig. 5—SEM
pictures of cells grown on the specimens).

3.3 Cell adhesion

Adhesion strength evaluation showed that after shaking at
300 rpm, the least number of cells detached from Ti-P, Ti—
S and ZrO-S (<20 % cells, P < 0.05) (Fig. 6). Maximum
quantity of detached cells was observed on Cr—Co and
Au specimens (25-30 % cells). Statistically significant
(P < 0.05) changes were observed between all specimen
groups except for Ti—-P and ZrO-S specimens (two-way
ANOVA test). A similar cell detachment tendency was
noticed after shaking at 500 rpm. The least number of
detached cells was observed in Ti and ZrO groups
(<35 %). Meanwhile, 43 % of cells detached in Au and
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Fig. 3 Viability of cells grown on the tested materials after 48, 72,
96, and 120 h. Results are presented as a ratio of the optical density
measured in cell culture grown on tested surfaces for 48, 72, 96 or 120
h to the optical density measured in control cell culture grown on
polystyrene, expressed in percentage
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Fig. 4 SEM pictures of
specimen surfaces. Scale bars
are 300 pm

Fig. 5 SEM pictures of cells
grown on specimen surfaces
after 72 h. Cells are colored in
blue for better visualization.
Fibroblasts formed confluent
monolayers on all tested
surfaces. Scale bars are 300 pm
(Color figure online)

Materials

60 HTi-p
HTi-s
Hzr-P
50 Ozrs
Ecr-co

Oau
40 —

Mean quantity of detached cells (%)

300 500
Shaking intensity (RPM)

Fig. 6 Evaluation of HGF adhesion strength after 24 h culture on
tested materials: Ti-P, Ti-S, ZrO-P, ZrO-S, Cr—Co and Au alloy.
Data is presented as ratio of detached cell number after 300 or
500 rpm shaking mode to total detached cell number, expressed in
percentages

53 % in Cr—Co groups. Differences between all groups
were statistically significant (P < 0.05).

Influence of material type and shaking intensity on cell
adhesion strength was evaluated. Shaking intensity had the
most significant effect (F-value = 3629) on cell adhe-
sion strength whereas material type had less effect (F-
value = 1639).

3.4 FAK measurement results

FAK expression and phosphorylation in HGFs grown on
the surfaces was registered by cell-based ELISA (Fig. 7).
Significant increase of total FAK expression was observed
on Ti-S surface as compared to Ti-P (Fig. 7, A). Mean-
while, surface modifications of ZrO did not affect regis-
tered amount of FAK. A similar tendency was observed in
the levels of phospho-FAK, but the difference between the
groups was less expressed (Fig. 7, B). Therefore, in HGFs
grown on Ti-S, higher levels of total and phospho-FAK
proteins were registered.

@ Springer
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Fig. 7 FAK expression and phosphorylation in HGFs grown on
tested materials: Ti-P, Ti-S, ZrO-P, ZrO-S, Cr—Co and Au alloy

4 Discussion

This study investigates surface impact on cell viability and
adhesion strength of primary HGFs on materials widely
used as implant abutments. To obtain consistent cellular
response and behavior of HGFs, the cells within the fifth
and tenth passages were used in this study. Such cells retain
phenotypically similar features to their counterparts in vi-
vo. This means that meaningful conclusions can be drawn
from the observed cell behavior in vitro.

It is known that connective tissue cells normally interact
through a protein environment and usually do not touch
each other [21, 22]. In addition, when a prosthetic material
such as an implant abutment is introduced, healing takes
place and epithelial as well as connective tissue matures.
Direct connective tissue attachment to the implant/abut-
ment surface is intended to prevent apical migration of the
junctional epithelium and prevent crestal bone resorption
[23]. It was shown that implant abutment modification al-
lows direct connective tissue attachment to the abutment
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surface [24]. Among different methods to modify the
abutment surface (surface anodization, acid etching, UV
and laser irradiation, use of biomolecules etc.), sandblast-
ing is widely used for these purposes [25-28].

In our study, sandblasting was applied only to the tita-
nium and zirconium oxide groups. Polished surfaces had a
flat profile, whereas sandblasted surfaces showed distinct
topographical differences such as strongly pronounced
micro-scale roughness and wave-like configuration. De-
spite equal sandblasting protocol for Ti and ZrO groups,
optic profiler images revealed rougher Ti surfaces. Ac-
cording to our data, cytotoxic effect was not influenced by
surface modification. Titanium and zirconium oxide spe-
cimens showed similar biocompatibility which was in line
with previous reports [29].

In this study, two shaking intensities were used to
evaluate fibroblast adhesion strength to different materials
and their surface modifications. Due to a high diversity of
methods used to test cell adhesion strength it is impossible
to make direct comparisons with other studies [30]. In our
case, HGFs showed stronger adhesion to roughened tita-
nium and zirconium oxide surfaces. These findings are in
agreement with other authors [31, 32]. There is data
showing that a higher number of focal contacts and a better
organization of the cytoskeleton including stronger net-
work of actin fibers of fibroblasts were observed on rough
titanium surfaces compared to smooth surfaces [33]. Re-
sults of this study indicate that increased FAK expression
in Ti—S group negatively correlate with the mean quantity
of detached cells after shaking. This is in accordance with
the data showing that expression of FAK may play an
important role in the maintenance of a mucosal tissue
barrier [34].

Various studies [35-38] report that micro-grooved sur-
faces may aid fibroblast attachment to substratum forming
a more stable connective tissue zone that inhibits down-
growth of the epithelium. Visually, the growth of fibrob-
lasts on the micro-grooved surfaces is orientated by fine
irregularities, whereas cells on sandblasted surfaces seem
to be randomly aligned. A study on HGF behavior, adhe-
sion, orientation and proliferation on nickel-titanium alloys
with different surface roughness showed a relation between
the alignment and proliferation of fibroblasts and the sur-
face roughness of nickel-titanium alloy [39]. Still, direct
cell adhesion strength was not measured, thus, it may well
be that the alignment itself may have significant impact on
adhesion strength. In this study, however, surface rough-
ness values were relatively small compared to the size of
fibroblasts. Therefore, it was possible to directly compare
groups with polished and sandblasted surfaces.

Reports show that fibroblasts grown on rougher titanium
surfaces tend to proliferate slower, so initial attachment
occurs later [40]. Despite the before mentioned fact,
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fibroblasts still proliferate, flatten and form cellular bridges
with adjacent cells on surfaces with various roughness,
indicating good attachment to surfaces. Optimal surface
roughness (R,) for fibroblasts is reported to range between
0.1 [41] and 0.15 pm [42]. In our study, surface rough-
nesses (R,) of polished titanium and zirconium oxide were
0.04 and 0.1 pm, whereas for sandblasted specimens, it
was 0.79 and 0.48 pum respectively. According to our data,
sandblasted specimen surfaces favored stronger fibroblast
adhesion. It was reported that fibroblasts could form actin
fiber terminations both in the grooves and on the ridges
[43]. It may be speculated that collagen produced by fi-
broblasts had better mechanical interlocking on rougher
surfaces as well as better resistance for lateral shear force
due to rough surface grooves that acted as anchoring sites.
Still, this hypothesis should be confirmed by additional
physiochemical studies.

Although Au and Cr—Co alloys had comparable rough-
nesses to polished ZrO and Ti specimens, fibroblast adhe-
sion strength was weaker. These findings support the idea
that material type has a strong influence on cellular adhe-
sion strength [23, 44, 45]. The latter fact shows that the
chemical composition of Au and Cr—Co alloys may be less
compatible with gingival fibroblasts despite similar or even
higher roughnesses compared to ZrO and Ti specimens.
Welander et al. [23] studied mucosal barrier with various
implant abutments in vivo and concluded that abutments
made of ZrO and Ti favored better mucosal barrier than Au
alloy because Au led to an apical shift of the barrier ep-
ithelium as well as marginal bone occurring between 2 and
5 months of healing.

Because alumina particles used for sandblasting could
remain embedded into the surface of titanium or even
zirconia specimens, it should be also considered as a
factor, which could affect the measured outcomes.
However, previous studies have failed to show the bio-
compatibility issues of implant abutment materials made
from aluminum oxide [46, 47].A controversy exists
among various researchers on the topic of surface
roughness in relation to cell interaction quality. Some
studies report that smoother surfaces increase fibroblast
proliferation [48], while others oppose [49]. For instance,
Meyle [50] reported that sandblasted titanium surface
enhanced fibroblast as well as osteoblast proliferation
and adhesion, whereas epithelial cells showed a contrary
response to the same surfaces. Moreover, Cochran et al.
[40] compared attachment and proliferation of human
periodontal fibroblasts and epithelial cells cultured on
titanium surfaces with different roughnesses (fine or
coarse sandblasted/acid-etched vs. electro-polished) and
found that initial adhesion of periodontal fibroblasts was
greater on smooth titanium, however, after 5 days of
incubation, there were no differences in cell numbers

between all surfaces. In addition, it was found that ep-
ithelial cells had a lower growth rate on rough surfaces.
It should also be noted that an increase in surface
roughness facilitates biofilm formation on dental implant
and abutment surfaces, as R, values above 0.2 um were
associated with early plaque formation [51, 52]. Con-
sidering these facts, surface characteristics of implant
abutment materials should enhance epithelial and con-
nective tissue attachment and at the same time minimize
bacterial adhesion. However, it is still not clear what is
the recommended surface roughness for dental implant
abutment materials in vivo. A study comparing rough-
ened and turned surfaces of dental implants failed to
demonstrate any clinically significant differences [53].
Moreover, it was shown that the location of rougher
surface in relation to gingival margin is important, as
rougher surfaces at subgingival areas have not influenced
biofilm formation comparing with supragingival areas.
This study has investigated modification methods of
subgingival part of the implant abutment, therefore it
could be hypothesized that negative influence of in-
creased roughness would be limited [53, 54].

Fibroblasts from human gingival tissue were cultured
in vitro to get a close imitation of in vivo circumstances. In
this model, material type as well as surface processing
techniques had an impact on gingival cell adhesion
strength. In spite of that, it should be noted that cells from
different species or other cell lines might behave in a dif-
ferent manner. Moreover, as this study was performed in an
artificial environment, the findings should be verified fur-
ther by in vivo investigations.

5 Conclusions

Within its limitations, the present study shows that material
type and roughness have an effect on gingival fibroblast
adhesion strength. There was a tendency of gingival fi-
broblast adhesion strength to decrease in the following
order: sandblasted Ti, polished Ti, sandblasted ZrO, pol-
ished ZrO, Au alloy, Cr—Co alloy. Higher levels of total
and phospho-FAK protein were registered in HGFs grown
on roughened titanium.
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