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Abstract: Various surface modification strategies are being developed to endow dental titanium
implant surfaces with micro- and nano-structures to improve their biocompatibility, and first of
all their osseointegration. These modifications have the potential to address clinical concerns by
stimulating different biological processes. This study aims to evaluate the biological responses of
ananatase-modified blasted/etched titanium (SLA-anatase) surfaces compared to blasted/acid etched
(SLA) and machined titanium surfaces. Using unipolar pulsed direct current (DC) sputtering, a
nanocrystalline anatase layer was fabricated. In vitro experiments have shown that SLA-anatase
discs can effectively promote osteoblast adhesion and proliferation, which are regarded as important
features of a successful dental implant with bone contact. Furthermore, anatase surface modifica-
tion has been shown to partially enhance osteoblast mineralization in vitro, while not significantly
affecting bacterial colonization. Consequently, the recently created anatase coating holds significant
potential as a promising candidate for future advancements in dental implant surface modification
for improving the initial stages of osseointegration.
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1. Introduction

Millions of people around the world suffer from edentulism, a condition characterized
by the loss of one or more teeth up to complete edentulous maxillae or mandibulae [1].
Over the last 30 years, the number of dental implants has risen to more than five million per
year, making them the treatment of choice for oral rehabilitation [2–4]. Titanium implants
were introduced in the 1960s and have now become the most common type of dental
implant [5,6]. Originally, titanium implants were made of commercially pure titanium
(cpTi) that was anchored within bone tissue by direct contact, which is also known as
“osseointegration” [7–9]. Currently, most dental implants are made from titanium and
its alloys, which are highly successful and rarely cause complications [10]. The high
success rate of titanium-based implants is attributed to a variety of factors, including
the reliability of their mechanical properties, bone-contact biocompatibility, and their
ability to osseointegrate [11–13]. Although dental implants have a high survival and
success rate [6,14–16], early implant failure due to poor osseointegration occurs in 1–4%
of cases [4,16–18]. Also, infection and inflammation in the peri-implant region (peri-
implantitis) can result in implant failure [19].

In terms of the biocompatibility and osseointegration of titanium implants, surface
properties have been found to have a significant impact. Surface modifications are there-
fore the most common strategy used to improve the titanium implant’s osseointegration
capacity [8,18]. A variety of surface modification approaches have been developed over
the past decades to promote biocompatibility and osseointegration, as well as to accelerate
the healing process and prevent the formation of bacterial biofilms [8,20–22]. Different
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additive and subtractive methods have been used to modify surfaces, such as grit blasting,
acid etching, and anodizing [8]. The titanium metallic bulk is naturally covered by a
titanium oxide layer (TiO2), which contributes to its biocompatibility and osseointegration
features. Furthermore, several studies have shown that the composition, morphology, and
structure of this titanium dioxide passivation layer determine titanium implants’ chemical
resistance [17,23]. In addition to its amorphous state, titanium dioxide has three different
crystal lattices, anatase, rutile, and brookite, two of which are distributed naturally on the
titanium surface (anatase and rutile) [23–25]. Among the three conformations, anatase is
the most stable form, and produces nanocrystalline titanium dioxide at a relatively low
temperature [25]. Several methods allow the preparation and deposition of anatase thin
films on different substrates, such as chemical vapor deposition (CVD) techniques, physical
vapor deposition (PVD), as well as wet chemical deposition techniques [26,27]. PVD is a
thin-film atomic deposition process performed in a vacuum, gaseous, plasma, or electrolytic
environment [28]. PVD processes in gaseous states include evaporation and sputtering,
the latter allowing for the better control of film thickness [28]. Our group investigated
the physico-chemical properties of nanocrystalline anatase thin films prepared by reactive
pulse magnetron sputtering [29], and showed in further studies an increased formation of
macromolecular salivary pellicles [30] as well as improved osteoblast responses compared
to uncoated titanium reference surfaces [17].

Further studies have shown that surfaces rich in anatase increase osteoblast activity [31–33],
enhance osseointegration [34,35], and promote the deposition of apatite [24,31,33]. A titanium surface
coated with anatase also reduces bacterial adhesion and consequent biofilm formation [36–39]. Differ-
ent approaches have been developed to coat titanium surfaces with anatase, resulting in promising
in vitro and in vivo results [13,17,35].

Based on the above study results regarding anatase surfaces at biological interfaces,
the aim of this study is to thoroughly investigate different in vitro biological responses
of anatase, including hemocompatibility, cytotoxicity, osteoblast responses, and bacterial
interactions. We hypothesize that anatase thin films could considerably improve dental
implants’ main features and offer potential clinical value.

2. Materials and Methods
2.1. Samples and Surface Preparation

Machined, round c.p. titanium grade 4 discs, 10 mm in diameter and 1 mm thick, were
included in this study and served as the control group (machined). The machined discs
were modified by grit-blasting and acid-etching, resulting in a microrough sample group
(SLA). In detail, the materials were first blasted with a medical-grade corundum and then
subjected to a thermo-chemical process in a strong acid bath, resulting in a microroughened
surface with an average roughness of Sa (arithmetical mean height) of 1–3 µm. This group
resembles the blasted-etched surface from commercial SLA implants (medentis medical,
Bad-Neuenahr-Ahrweiler, Germany), which is termed SLA in this study.

The microrough discs were further modified in a unipolar pulsed DC sputtering pro-
cess. Dental implants with this new coating are equipped in the anchoring area with a
photoactivatable, nanocrystalline anatase layer of approximately 250–500 nm thickness.
First, the SLA discs were pre-treated with argon plasma, which includes surface clean-
ing and plasma polishing. The titanium dioxide layer is then applied using a unipolar
pulsed, reactive (intake of oxygen) magnetron sputtering process (reactive pulse mag-
netron sputtering, PMS). The sputtering process is followed by the thermal annealing
post-treatment of the substrates according to a proprietary process of medentis medical
GmbH, Bad-Neuenahr-Ahrweiler, Germany. The respective experimental discs modified by
this anatase coating are referred to as SLA-anatase in this study. All samples were prepared
and provided by medentis medical, Bad-Neuenahr-Ahrweiler, Germany. Prior to further
analyses, all samples were ultrasonically cleaned for 5 min in 70% ethanol and autoclaved.
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2.2. Physico-Chemical Characterization
2.2.1. Wettability Analysis

The hydrophilicity of the samples was assessed by measuring the static water contact
angles using a high-resolution drop shape analysis system (OCA 200, Dataphysics, Filder-
stadt, Germany). Accordingly, 1 µL drops of ultrapure water (Milli-Q; Merck Millipore,
Darmstadt, Germany) were deposited on the sample surface, and after 10 s, the contour of
the drop was analyzed using the measurement software (SCA202 V. 6.1.11, Dataphysics,
Filderstadt, Germany) and the corresponding contact angle was calculated by applying el-
lipse fitting to the contour line. A total of five disks and three drops per disc were analyzed
for each surface.

2.2.2. Surface Roughness

The roughness of all surface variants was measured using optical 3D confocal mi-
croscopy (MarSurf CM Explorer, Mahr, Göttingen, Germany). The measurement of each
test disc was conducted in 6 measurement squares of 0.64 mm2 each (0.8 mm edge length)
using a 20× objective. Roughness was analyzed using MountainsMap Imaging Topog-
raphy Software (Version 9.1.9957, Digital Surf, Besançon, France). First, the surface was
leveled using the least square plane leveling method, and then an S-Filter (λs) (Gauss
300:1 (800 µm)) was applied to remove short-scale components introduced by instrument
and environmental noise and an L-Filter (λc) (Gauss (0.05 mm)) was applied to minimize
possible waviness. Sa, Sz (maximum heights) and Sdr (the developed interfacial area ratio)
were calculated from measurements taken on 5 sample disks per surface variant.

2.2.3. Characterization of Surface Structure

The topography of the implant screws was also examined using a field emission
scanning electron microscope (FE-REM, JSM-6500F, Jeol, Tokyo, Japan). Accordingly,
implant screws were directly measured at their heads above the threads (measuring point
a), in their middles between the threads (measuring point b), and at their tips at the gouges
(measuring point c). As a result, two images were taken of each implant at magnifications
of 100×, 1000×, 3000×, 5000×, and 10,000×.

2.3. Cytotoxicity Testing with L929 Fibroblasts

The extract cytotoxicity test was performed using mouse fibroblast cells (L929, DSMZ
GmbH, Braunschweig, Germany) according to ISO 10993-5: 2009 [40]. Accordingly, L929
fibroblasts were cultured in Dulbecco’s modified eagle medium (DMEM, Life Technologies,
Paisley, UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Life Tech-
nologies, Paisley, UK), 1% penicillin/streptomycin (P/S, Life Technologies, Grand Island,
NY, USA) and 1% GlutaMAX (Life Technologies, Paisley, UK) under standard conditions
(37 ◦C, 5% CO2). Sample extracts were prepared in accordance with ISO 10993-12: 2012 [40].
Consequently, discs were immersed in cell culture medium with FBS (ratio of surface
area to extraction medium: 3.0 cm2/mL) under cell culture conditions and agitated for
overnight. Extracts of the Ti disk and pure Cu extract were used as positive and negative
controls, respectively. L929 cells were seeded at a density of 3 × 104 cells/cm2 in 96-well
plates and incubated overnight at 37 ◦C. Afterwards, the obtained extracts were added to
the culture medium of the L929 cells in different concentrations: high (h)—75% by volume;
medium (m)—25% by volume; low (l)—7.5% by volume. Afterwards, a cell counting kit-8
(CCK-8, Dojindo, Minato, Japan) was used to quantify the relative metabolic activities of
cells exposed to different sample extracts for 24 h. The supernatants were removed and the
fibroblasts were incubated with 100 µL fresh DMEM containing 10 µL of CCK-8 reagent for
2 h at 37 ◦C. The optical density of samples was measured at 450 nm using a microplate
reader (Tecan, Grödig, Austria).

To evaluate the direct contact cytotoxicity effect of surfaces, L929 cells were seeded
at a density of 3 × 104 cells/cm2 onto sample discs, placed in 12-well culture plates and
incubated for 24 h. A live/dead staining assay was performed to evaluate the viability of
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cells seeded on different surfaces. After rinsing the cells with Hank’s balanced salt solution
(Sigma-Aldrich, Steinheim, Germany), 1.5 mL of staining reagent, containing 1.25 µg/mL
Ethidium bromide and 25 µg/mL fluorescein diacetate in HBSS (Sigma-Aldrich, Steinheim,
Germany), was added. The cells were incubated for 10 min in the dark and cell viability
was detected using a fluorescence microscope (Optiphot-2, Nikon, Tokyo, Japan).

2.4. Osteoblast Responses to Sample Surfaces

The human osteosarcoma cell line (Saos-2 osteoblast, DSMZ GmbH, Braunschweig,
Germany) was cultured in McCoy’s 5A (Sigma-Aldrich, Steinheim, Germany) supple-
mented with 15% FBS, 1% GlutaMAX and 1% P/S under standard cell culture conditions.
To determine the initial osteoblast adhesion, 3 × 104 cells were seeded on the test materials
for 90 min and washed with 500 µL of HBSS to remove loosely attached cells. The adherent
cells were fixed with 500 µL of 3% paraformaldehyde (MERCK, Haar, Germany) in Dul-
becco’s phosphate-buffered saline (DPBS, without calcium and magnesium, Gibco, Paisley,
UK) for 15 min at RT. After removing the fixation buffer, the samples were stained with
500 µL crystal violet solution (2.3% crystal violet; 20% ethyl alcohol, Sigma-Aldrich) for
15 min at RT, followed by three washes with 500 µL of distilled water.

The samples were visualized using a stereomicroscope (M400, Wild Heerbrugg, Gais,
Switzerland) equipped with a digital camera (EOS 500D, Canon, Tokyo, Japan). Subse-
quently, the crystal violet was dissolved in pure methanol (MERCK, Haar, Germany) and
the absorbance was measured at 550 nm using a spectrophotometer (Tecan F50, Tecan Aus-
tria, Groedig, Austria). The mean OD values of the background controls were subtracted
from the test sample values. To investigate the effects of different surfaces on osteoblast pro-
liferation, 3 × 104 Saos-2 cells were seeded on the test materials in supplemented McCoy’s
5A medium and incubated for 24 h, 48 h and 72 h under standard cell culture conditions.
Relative metabolic activity was then measured using the CCK-8 assay as described before.

Additionally, alizarin Red S (ARS) staining was used to evaluate mineralized de-
positions as a specific marker for osteogenic maturation. Saos-2 were cultivated in os-
teogenic inductive medium (McCoy’s 5A medium supplemented with 100 µM L-Ascorbic
acid 2-(dihydrogen phosphate) (Sigma-Aldrich A8960, Taufkirchen, Germany), 10 mM
ß-Glycerophosphate disodium (Sigma-Aldrich 50020, Taufkirchen, Germany), 4 µM Dexam-
ethasone (Sigma-Aldrich D4902, Taufkirchen, Germany)) at a density of 3 × 103 cells/cm2,
for 14 days. The medium was refreshed every 48–72 h. Following osteogenic induction, the
cells were rinsed with DPBS (w/o Ca and Mg) and fixed with 3% paraformaldehyde (EMD
Millipore, Germany) in DPBS for 30 min. Subsequently, the cells were washed 3 times with
DPBS and stained with alizarin solution (40 mM, Sigma-Aldrich, Germany) for 30 min at
37 ◦C. The ARS dyes were solubilized by adding 100% ice-cold EtOH for 2 min followed
by 10% acetic acid for 30 min under agitation. ARS staining intensity was quantified at a
wavelength of 405 nm.

2.5. Hemocompatibility Testing

Heparinized whole blood (1.5 IU/mL, LEO Pharma, Neu-Isenburg, Germany) was
collected from five non-medicated healthy donors. Among the exclusion criteria were
patients receiving hemostasis-affecting drugs within 14 days of study entry. This procedure
was approved by the Ethics Committee of the medical faculty at the University of Tübingen
(Project identification code: 270/2010BO1) and all subjects gave their written informed
consent for inclusion before they participated in the study. This study was conducted in
accordance with the Declaration of Helsinki. An in vitro hemocompatibility test was carried
out in accordance with ISO 10993-4 by evaluating blood cell counts and platelet activity.
For this purpose, 11 mL of heparinized whole blood was added into a tube containing test
discs and gently agitated (35 rpm) at 37 ◦C for 60 min. Blood cell counting was performed
using a Micros 60 cell counter (ABX Hematology, Montpellier, France), both before and
after incubation with the discs. The analysis of β-thromboglobulin (β-TG) was performed
as previously described using ELISA (Diagnostica Stago, Asnières, France) [41]. After-
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wards, samples were fixed overnight in 2% glutaraldehyde and completely dehydrated via
10 min of incubation in ascending concentrations of ethanol (40% to 100%). Dehydration
was followed by critical point drying (E3100, Quorum Technologies, Laughton, UK) with
liquid CO2. A 20 nm thick Au-Pd film (SCD 050, Baltec, Lübeck, Germany) was then
sputtered onto samples, and platelet adhesion and fibrin network formation was examined
using scanning electron microscopy (SEM).

2.6. Bacterial Interactions

The early colonizer Streptococcus gordonii (S. gordonii) strain DL1 was cultured as a stationary
suspension culture overnight at 37 ◦C in Schaedler medium (Carl Roth GmbH, Karlsruhe,
Germany). Next, the bacteria were harvested by centrifugation at 1646 g for 5 min (MegaFuge
1.0, Heraeus GmbH, Hanau, Germany) and the concentration was adjusted to OD 620 nm
= 0.54 (corresponding to 1 × 108 bacteria per mL) in fresh Schaedler medium. The sample
disks were further incubated with 4 mL of S. gordonii suspension in a stirring system with
continuous stop/stirring cycles (stop 10 min/stirring 2 min in each cycle) for 2 h at 37 ◦C. The
stirring system was designed in order to simulate a dynamic flow situation, as found in the
oral cavity. Following incubation, the samples were examined using either fluorescence-based
live/dead staining (Bacterial Viability Kit L13152, Invitrogen, Carlsbad, CA, USA) or crystal
violet staining (M400, Wild Heerbrugg, Gais, Switzerland) according to the manufacturer’s
instructions. Adherent bacteria were observed using a fluorescence microscope. Finally, the
crystal violet dye was solubilized and measured as described above.

2.7. Statistical Analysis

All data are presented as the mean and standard deviation (SD). All assays were
repeated at least three times (each repeat includes four discs) to ensure reproducibility.
Statistically significant differences among normally distributed data were assessed using
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test.
Non-parametric data sets were analyzed by the Friedman test followed by Dunn’s mul-
tiple comparisons test. Statistics were analyzed using GraphPad Prism 9.4.1. Statistical
significance was considered when the p-value was less than 0.05.

3. Results
3.1. Surface Generation and Characterization
3.1.1. Surface Wettability

Surface wettability was evaluated by measuring static water contact angles. The mean
water contact angles (n = 5) of the machined, SLA and SLA-anatase surfaces were measured
as 82.7 ± 9.2◦, 129.8 ± 1.0◦ and 90.2 ± 32.5◦, respectively. The results indicate that the
contact angle of the SLA disc was significantly higher than that of the machined surfaces.
The surface wettability of the SLA-anatase surface did not differ when compared to the
machined surface (Figure 1a).

3.1.2. Morphology and Topography Analysis

Figure 1b shows representative SEM images of different surfaces. The machined
surface displays characteristic streaks, which illustrate a smooth surface with cutting
marks caused by polishing. SLA surfaces display a typical structure of sandblasted/acid-
etched treatment, with a textured surface formed by ridges and pits with lighter and
darker colors, respectively. The shaped SLA microstructures are characterized by small
compartments resulting from etching on top of macrorough structures created by blasting.
Correspondingly, SLA-anatase surfaces also have similar surface structures, although the
pit rims appear thicker and softer.
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3.1.3. Surface Roughness

An optical profilometry test confirmed that SLA and SLA-anatase surfaces were
rougher than machined surfaces (Figure 1c). The average roughness Sa values for the
machined, SLA, and SLA-anatase surfaces were 0.16 ± 0.01 µm, 1.36 ± 0.04 µm, and
1.32 ± 0.007 µm, respectively. The average roughness values of SLA-anatase and SLA sur-
faces were significantly higher than those of the machined surfaces, respectively
(p < 0.0001). Another roughness amplitude parameter, the maximum height Sz, yielded
comparable results. Regarding a hybrid parameter, the developed interfacial area ratio Sdr,
a statistically significant difference between SLA and SLA-anatase indicates the influence
of the anatase surface modification on the additional surface area as compared to planar
surfaces. This additional surface area seen on SLA was slightly reduced on SLA-anatase.
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3.2. Cytotoxicity Testing with L929 Fibroblasts

In vitro cytotoxicity testing was performed according to ISO 10093-5:2009 after indirect
or direct contact with fibroblasts. As a first step, the metabolic activity of L929 fibroblasts
was investigated after the addition of extracts, which were derived by pre-incubating the
medium with different test samples. Even high extract concentrations (75 vol%) did not
alter cell metabolic activity in all test groups. The incubation with copper extract is the only
one to show a decrease in cell metabolic activity, as expected. As compared with machined
titanium surfaces, metabolic cell activity tends to be slightly increased on the SLA and
SLA-anatase surfaces (Figure 2a). Furthermore, the direct cultivation of L929 fibroblasts
on the sample surfaces confirms the results of the extract test (Figure 2b). The cells on
the different titanium surfaces show high viability, as demonstrated by a few red-marked
dead cells. A comparison of SLA-anatase and SLA surfaces to machined titanium discs
also confirmed the higher cell numbers on modified surfaces (Figure 2b). Hence it can be
concluded that the test materials do not induce any cytotoxic effects on fibroblasts.

J. Funct. Biomater. 2024, 15, x 7 of 15 
 

 

3.2. Cytotoxicity Testing with L929 Fibroblasts 
In vitro cytotoxicity testing was performed according to ISO 10093-5:2009 after indi-

rect or direct contact with fibroblasts. As a first step, the metabolic activity of L929 fibro-
blasts was investigated after the addition of extracts, which were derived by pre-incubat-
ing the medium with different test samples. Even high extract concentrations (75 vol%) 
did not alter cell metabolic activity in all test groups. The incubation with copper extract 
is the only one to show a decrease in cell metabolic activity, as expected. As compared 
with machined titanium surfaces, metabolic cell activity tends to be slightly increased on 
the SLA and SLA-anatase surfaces (Figure 2a). Furthermore, the direct cultivation of L929 
fibroblasts on the sample surfaces confirms the results of the extract test (Figure 2b). The 
cells on the different titanium surfaces show high viability, as demonstrated by a few red-
marked dead cells. A comparison of SLA-anatase and SLA surfaces to machined titanium 
discs also confirmed the higher cell numbers on modified surfaces (Figure 2b). Hence it 
can be concluded that the test materials do not induce any cytotoxic effects on fibroblasts. 

 
Figure 2. Cytotoxicity evaluation of the different surfaces after indirect or direct contact with fibro-
blasts in vitro. (a) L929 fibroblasts were cultured in sample extracts, which were added at different 
concentrations (high (h): 75 vol%; medium (m): 25 vol%; low (l): 7.5 vol%) to the normal cell culture 
media for 24 h. Relative cell metabolic activities of fibroblasts measured by CCK-8 assay are de-
picted. A high-machined-extract (75 vol%) medium was used as a control and set to 100%. The Cu 
extract served as a positive control. The data from three independent experiments are presented as 
bar graphs. (b) Representative fluorescent images after the live/dead staining of L929 fibroblasts 
cultivated in direct contact with the different surfaces after 24 h (100× magnified images have a scale 
of 100 µm). 

3.3. Osteoblast Responses to Sample Surfaces 
Initial osteoblast adhesion to the titanium, SLA and SLA-anatase surfaces was deter-

mined using crystal violet staining after 90 min of incubation (Figure 3a). Microscopic 
analyses of different surfaces show no obvious differences in the number or density of 
cells. In addition, quantitative analysis of the crystal violet staining reveals no significant 
differences in cell adhesion between the surface variants after 90 min (Figure 3b). 

Next, the metabolic activity of the cells was measured using the colorimetric CCK-8 
assay (Figure 3c) to determine the proliferation of cells on different titanium surfaces. Af-
ter 24 h, the metabolic activity of osteoblasts on the SLA-anatase surface was slightly in-
creased when compared to the titanium control surface, and was even significantly higher 
when compared to the SLA surface. 

This effect is even more pronounced following 48 h or 72 h incubation, and cell pro-
liferation (on SLA-anatase surface) is significantly higher than for osteoblasts cultivated 
on SLA surfaces. There was no significant difference in cell metabolic activity between the 
titanium and SLA-anatase surfaces. 

The growth of osteoblasts cultivated on SLA-anatase surfaces increased by 46.9% af-
ter 48 h and by 113.4% after 72 h (Figure 3d). In contrast, the proliferation rate of 

Figure 2. Cytotoxicity evaluation of the different surfaces after indirect or direct contact with
fibroblasts in vitro. (a) L929 fibroblasts were cultured in sample extracts, which were added at
different concentrations (high (h): 75 vol%; medium (m): 25 vol%; low (l): 7.5 vol%) to the normal cell
culture media for 24 h. Relative cell metabolic activities of fibroblasts measured by CCK-8 assay are
depicted. A high-machined-extract (75 vol%) medium was used as a control and set to 100%. The
Cu extract served as a positive control. The data from three independent experiments are presented
as bar graphs. (b) Representative fluorescent images after the live/dead staining of L929 fibroblasts
cultivated in direct contact with the different surfaces after 24 h (100× magnified images have a scale
of 100 µm).

3.3. Osteoblast Responses to Sample Surfaces

Initial osteoblast adhesion to the titanium, SLA and SLA-anatase surfaces was deter-
mined using crystal violet staining after 90 min of incubation (Figure 3a). Microscopic
analyses of different surfaces show no obvious differences in the number or density of
cells. In addition, quantitative analysis of the crystal violet staining reveals no significant
differences in cell adhesion between the surface variants after 90 min (Figure 3b).

Next, the metabolic activity of the cells was measured using the colorimetric CCK-8
assay (Figure 3c) to determine the proliferation of cells on different titanium surfaces. After
24 h, the metabolic activity of osteoblasts on the SLA-anatase surface was slightly increased
when compared to the titanium control surface, and was even significantly higher when
compared to the SLA surface.

This effect is even more pronounced following 48 h or 72 h incubation, and cell
proliferation (on SLA-anatase surface) is significantly higher than for osteoblasts cultivated
on SLA surfaces. There was no significant difference in cell metabolic activity between the
titanium and SLA-anatase surfaces.
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Figure 3. Qualitative and quantitative analysis of osteoblast adhesion and metabolic activity after
incubation with the different sample surfaces. (a) Representative images of sample surface cov-
erage by crystal violet stained osteoblasts after 90 min of incubation (8× and 32× magnification).
(b) After photodocumentation, the crystal violet stain was dissolved from the cells and quantified in
a spectrophotometer. The data are represented as means ± SD (n = 3). The machined group was used
as a control and set to 100%. (c) The quantitative analysis of osteoblast metabolic activity after 24 h,
48 h and 72 h was measured by CCK-8 assay. The machined group was used as a control and set to
100% (n = 3; * p < 0.05). (d) Percentage of proliferation rate over time relative to each surface at 24 h
(n = 3). ns: not significant.
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The growth of osteoblasts cultivated on SLA-anatase surfaces increased by 46.9% after
48 h and by 113.4% after 72 h (Figure 3d). In contrast, the proliferation rate of osteoblasts
was reduced on the machined titanium surface (+0.6% after 48 h and +40.9% after 72 h) and
the SLA surface (+8.4% after 48 h and +40.9% after 72 h).

In order to examine the ability of the different surfaces to promote osseointegration,
mineralized depositions as a marker for osteoblast differentiation were analyzed after
14 days of culture. The calcium precipitates formed by the differentiated osteoblasts were
stained with alizarin red, and undifferentiated cells were used as controls. Microscopically,
it can be seen that most of the calcium precipitates were deposited on the machined titanium
surfaces (Figure 4a). However, more calcium precipitates were formed on the SLA-anatase
surfaces than on the SLA samples. These results are confirmed by the spectrophotometric
quantification of the alizarin red staining by measuring the optical density of the dissolved
dye (Figure 4b). The osteogenic mineralization decreased in the SLA group (p < 0.05) and
the SLA-anatase group (not significant) compared to the titanium surface.
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3.4. Hemocompatibility Testing

In vitro hemocompatibility tests were carried out to determine how different surface
modifications interact with blood, and to identify possible unwanted interactions. Figure 5
shows the number of blood cells in different test groups following incubation in fresh blood.
The results indicate that all groups maintained roughly the same numbers of leukocytes
(Figure 5a) and erythrocytes (Figure 5b). These findings indicate that modified surfaces
do not interact adversely with blood cells. Considering the importance of growth factors
released by activated platelets in tissue regeneration, a further analysis of the number of
platelets and their activation was performed. In all tested groups, free platelet numbers
were lower than in the baseline, suggesting platelets adhere to titanium surfaces and well
plates (Figure 5c). The platelet count was slightly lower when blood was incubated on
anatase surfaces. Additionally, β-TG levels were measured to determine whether different
surfaces affect platelet activation and degranulation (Figure 5d). SLA-anatase discs revealed
a higher secretion of β-TG when compared to all other groups. After incubation in blood,
SEM analyses were performed to assess cell deposition and protein adsorption on different
modified surfaces (Figure 5e). For all tested groups, the SEM images depict uniformly
arranged blood cells (mainly erythrocytes) embedded in a fine fibrin network.
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3.5. Bacterial Interactions

Various modifications of titanium surfaces were evaluated for their effects on bacterial
adhesion. A live–dead staining analysis showed that there was no significant difference
between the bacteria that adhered to different surfaces or to discs that had been treated
with saliva or not (Figure 6a). Live bacteria were evenly distributed on all three surfaces,
although dead bacteria predominated around the edges, possibly due to faster drying.
Crystal violet staining of the bacteria also showed that the bacteria were spread out evenly
on all three surfaces, and that samples treated with saliva and samples not treated with
saliva were not significantly different (Figure 6b). These results were further confirmed by
the quantitative analysis of crystal violet staining (Figure 6c).
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4. Discussion

Titanium has proven to be an excellent implant material; it has been used in joint pros-
theses and dental replacements since the 1960s. Implants constructed from titanium are well
tolerated by the bone and can induce osseointegration [3,5,6]. Despite high rates of implant
survival and success, early implant failure occurs in 1–4% of cases mainly due to poor os-
seointegration [14,15,19]. The concept of surface modification involves maintaining the bulk
properties of implant materials while altering the outlying surface, which interacts with
surrounding tissues. Recent studies have found significant improvements in dental implant
biocompatibility when using a variety of surface modifications [20,21,31]. In particular,
anatase modification has been shown to improve dental implant osseointegration [34,35,42],
increase osteoblast activity [31–33,42,43] and promote osteoblast differentiation [31,33].

The primary objective of this study was to examine the possibility of enhancing tita-
nium osseointegration capacity by applying anatase-coated SLA compared to established
pure titanium SLA implants. A thin layer of nanocrystalline anatase was coated on SLA im-
plants by unipolar pulsed direct current (DC) sputtering. The manufactured materials were
assessed with a variety of in vitro tests to evaluate their biocompatibility, physico-chemical
properties, biological response and antibacterial activity.

The surface roughness of titanium dental implants is known to play a major role in both
osseointegration rate and quality [29,34,35]. The wettability of the material surface is an-
other important factor in the adhesion and activation of cells; it is therefore highly desirable
to produce titanium implants with hydrophilic surfaces [8]. We examined changes in con-
tact angles, surface roughness and surface topography to determine the physico-chemical
properties of the different surfaces. SEM studies have indicated that the topography of
SLA surfaces changed after TiO2 coating. Although the macrorough structures are still
visible on SLA-anatase surfaces, the pits and rims appear thicker, which might be attributed
to TiO2 nanostructure deposition. Further roughness analysis using optical 3D confocal
microscopy revealed that the roughness of machined titanium as quantified by surface
amplitude parameters significantly increased at nearly the same rate in both SLA and
SLA-anatase variants. SLA and SLA-anatase could be distinguished, however, by a hybrid
surface parameter that estimates the developed surface area. The hydrophobicity of pure
titanium was significantly increased by applying sandblasting/acid-etching treatments.
However, further anatase modification reduced the hydrophobicity of SLA surfaces. This
finding indicates that the established anatase coating could improve the wetting behavior
of SLA, which is desirable for cell responses. The results concerning anatase coating-related
hydrophilicity agree with the findings of other research groups [44,45]. The results of our
previous study have also revealed that a thin coating of the crystalline anatase modification
results in a hydrophilic surface [29].

Cell–material interaction begins with protein adsorption, which is strongly influenced
by the surface properties of the implanted material, such as roughness, surface charge,
and wettability [46,47]. Additionally, nanoscaled biomaterials such as crystalline anatase
have been shown to enhance the interaction between material and proteins that control cell
adhesion and proliferation [46–48]. Former studies have shown that anatase-coated surfaces
display good or even better surface properties when compared to other implant variants
for cell interaction. Because of their high biocompatibility, anatase surfaces are associated
with effective cell growth and survival [46–48]. Similarly, in the present study, no cytotoxic
effects of different modifications on fibroblast cells were found. In addition, adhesion rates
were similar on different surfaces after 24 h of incubation. These finding correspond to
those of previous studies, which indicate that anatase coating has no cytotoxic effect on
different cell types [46,49–51]. Regarding osteoblast behavior on anatase surfaces, previous
studies have indicated improved cell adhesion, proliferation, and differentiation. [31,35,48].
These findings are supported by the data obtained from initial cell adhesion and metabolic
activity assays in this study. In both qualitative and quantitative osteoblast adhesion after
90 min of incubation, anatase-coated titanium was comparable to the machined or SLA
titanium surfaces.
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The metabolic activity of osteoblasts was also evaluated in order to determine whether
the tested surfaces affect osteoblast proliferation. Upon incubation for 24 h, 48 h, and
72 h, cell proliferation was surprisingly reduced on SLA surfaces. In part, this reduction
can be explained by the significant increase in hydrophobicity that adversely affects the
surface’s ability to interact with osteoblasts. Nevertheless, the most significant result of
this study was the increase in the proliferation of cells on anatase-coated surfaces. In
addition to the improved wettability of the anatase surface, roughness analysis also showed
higher Sdr values on SLA-anatase, indicating a larger surface area. These factors may
have contributed to the significant improvement in osteoblast proliferation on anatase-
coated SLA surfaces. According to He et al., anatase-coated titanium enhances osteoblast
proliferation mainly due to nanotopography, which improves surface wettability [47]. The
results of our proliferation experiment are confirmed by another study, which showed
that a thin layer of anatase coating over a sandblasted surface significantly increased the
proliferation of osteoblast cells. It is presumed that these proliferation rates are connected
to the superimposed anatase nanostructures [17].

Anatase surfaces have also been investigated for their potential for osseointegration.
Based on a study by Uchida et al., titanium oxide significantly accelerates apatite formation
in a simulated body fluid, with anatase showing the highest increase [28]. In another
in vivo study, anatase-coated implants were found to increase bone growth with more
mature bones surrounding them [34,35]. In our study, the ability of the different surfaces
to promote osseointegration was evaluated in vitro based on mineralized depositions as
a marker for osteoblast differentiation after 14 days of culture. Interestingly, osteoblast
differentiation showed different tendencies in relation to cell adhesion and proliferation.
The precipitation of calcium on machined, SLA-modified, and anatase-modified surfaces
differed profoundly, with pure titanium showing the most deposition. In spite of the fact
that anatase modifications tend to enhance osteoblast differentiation over SLA surfaces,
pure titanium still exhibits a higher level of differentiation. A higher hydrophilicity and
developed surface area may partly explain the improved osseointegration on anatase-
coated surfaces over SLA. The lower calcium deposition on anatase and SLA surfaces
compared with machined surfaces, however, suggests that other factors besides those
influencing adhesion and proliferation affect osseointegration. Hence, to better understand
these effects, further physico-chemical and biological analyses are necessary to detect other
effective factors possibly involved in the osseointegration abilities of the studied surfaces.

The initial attachment of microorganisms to substrates and their subsequent retention,
removal or detachment are generally affected by a variety of factors, including the chemical
and physical properties of the substrate, the presence of salivary proteins and microorgan-
isms that might foul the surface, and the nature of the interface [52]. Since osseointegration
can be jeopardized by bacterial colonization-driven inflammations, antibacterial surfaces
are desired on transgingival implant surfaces or in the case of recessing bone in bone-
contacting implant zones. Titanium dioxide, particularly in its anatase crystalline form,
has been demonstrated to have antibacterial effects both in vitro and in vivo [31–35,48].
Live/dead and crystal violet staining were used to assess the adhesion of an early colonizer,
S. gordonii, to the implant surfaces. The anatase modification investigated in this study
maintained bacterial adhesion levels on smooth and SLA titanium surfaces either with
or without salivary macromolecular conditioning. These results are in agreement with
those of similar studies that demonstrated low or no antibacterial activity in anatase coated
surfaces [37,38,53,54]. According to an in vitro study, bacteria adhered less to anatase
surfaces, but this change was not statistically significant [38]. Another study found no
significant difference in antimicrobial behavior between uncoated and TiO2-coated CP-Ti
implants [54]. It has also been found that bacterial adhesion to anatase-rich surfaces varies
widely. The researchers proposed that a wide range of factors, including the source of
bacteria (clinical isolate or lab strain), the expression levels of adhesion proteins, and saliva
protein adsorption, modulated the antibacterial properties of coated surfaces. For instance,
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anatase exhibited low or significant antibacterial effects for laboratory strains and clinical
isolates, respectively [37].

5. Conclusions

This study investigated the physico-chemical and biological properties of anatase-
modified SLA titanium prepared by reactive pulse magnetron sputtering. Using in vitro
analysis, we have demonstrated that anatase-coated implants can improve in vitro os-
teoblast metabolic activity compared to SLA implants without enhancing bacterial coloniza-
tion. The anatase modification also partially enhanced mineralized deposition, indicating
its good osseointegration properties. Further studies should be carried out in order to
assess the mechanisms behind the different results of cell proliferation and differentiation,
which will help in designing improved, well-functionalized biomaterials.
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