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KEYWORDS Abstract Cell-selective biomaterials, i.e. favoring the functions of gingival cells and simultaneously
Titanium; reducing the adhesion of pathogenic bacteria, is highly desired in dental implants. However, due to
Surface modification; the same mechanisms shared in attachment by mammalian and microbial cells, it is hard to increase
Ultraviolet; the functions of the former while acting against the latter. Herein, a cell-selectivity was established
Bacteria; on titanium oxide coatings by combining a plasma immersion ion implantation & deposition (PIII)
Hafnium and a UV pre-illumination. The titanium oxide coatings were produced on pure titanium substrates

by using a plasma electrolytic oxidation technique and then doped of hafnium (Hf) by using a
cathodic arc sourced PIII. The Hf-doped titanium oxide coatings (Hf-PIII groups) were capable
of delaying the recombination of UV-illumination generated electron-hole pairs, which decreased
the adhesion of bacterial cells at the later period (cultured for 24 h). Titanium oxide coating doped
of 4.87 at.% hafnium (Hf) gained the biggest decrease (decreased 52.9% compared to its UV neg-
ative counterparts) in bacterial adhesion among the UV positive (UV ") groups. This study demon-
strates that coupling Hf-doping and UV pre-illumination is promising for improving the cell-
selective performance of titanium-based dental implants.
© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Titanium-based materials are commonly used as dental
implants because of their excellent biocompatibility and
corrosion resistance property (Ananth et al., 2015); however,
these materials are facing the challenge of bacterial adhesion,
which is an answer for the premature failure of a large number
of oral implants annually (Renvert et al., 2018). It was
’ reported that peri-implantitis affects about 28% to 56% of
HLSEVIER Production and hosting by Elsevier implant-carrying patients, which is a key factor undermining
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the stability and lifespan of the implants (Derks and Tomasi,
2015). Peri-implant mucositis (soft tissue infection surrounding
a dental implant) is the precursory step leading to peri-
implantitis, and a good biological sealing decreases the risk
of peri-implantitis (Zhang et al., 2018). Accordingly, making
biomaterials cell-selective, for example favoring the functions
of gingival cells and simultaneously reducing the adhesion of
pathogenic bacteria, is highly desired in clinical applications
(Cao et al., 2018; Gristina, 1987; Sanz-Martin et al., 2018).

It is believed that the excellent biocompatibility of titanium-
based materials stems from the spontaneously formed titanium
oxide layer (Williams, 2008), which can be activated by light
illumination (Miyauchi et al., 2010), becoming more hydrophi-
lic that subsequently contribute to improved mammalian-cell
adhesion and tissue integration (Areid et al., 2018; Iwasa
et al., 2010; Miyauchi et al., 2010; Yadav et al., 2017). And
it was also demonstrated that light illumination could help
titanium oxide decomposing the adherent pathogenic microbes
and viruses via separating the electron-hole pairs on the mate-
rials (Nakano et al., 2012; Visai et al., 2011). Since mammalian
cells and bacteria share many of the same mechanisms in the
attachment (Busscher et al., 2012), it is still unclear whether
a UV treatment can increase the attachment of the former
while simultaneously decreasing the adhesion of the latter. In
addition, most of the previous studies were focusing on acti-
vating the antibacterial actions of titanium oxide by a light-
irradiation in situ bacterial culture (Fujishima et al., 2008),
which may possibly induce serious mutations in mammalian
cells (Glazer et al., 1986), undermining the establishment of
cell-selectivity. Previously, a post-irradiation activity against
bacterial adhesion was found on Ti6Al4V and pure titanium
surfaces (de Avila et al., 2015; Gallardo-Moreno et al.,
2010), which could spontaneously be covered by a thin tita-
nium oxide layer while exposing to the atmosphere (Cao and
Liu, 2013). However, this efficacy of post-illumination could
be lost within a very short time (about 60 min) after UV-
irradiation (Gallardo-Moreno et al., 2010), which is hard to
be applied in clinic treatments. Improving charge separation
by metal doping is believed to be an effective way to modify
the light responsive behaviors of titanium oxide (Cao and
Liu, 2013), which possibly improves the post-irradiation activ-
ity of the material. Although the coupling of hafnium (Hf) was
found effective in enhancing the light sensitivity of titanium
oxide (Cadieu and Murokh, 2017), the effect of Hf-doping
on the cell-selectivity of the material is still enigmatic.

Accordingly, the aim of this study is to fabricate hafnium
(Hf)-doped titanium oxide coating and evaluate its effects on
the adhesion of bacterial cells and gingival fibroblasts. Interest-
ingly, the Hf-doped titanium oxide coatings had a delayed
electron-hole recombination behavior, which likely facilitated
the storage of the charge generated during UV pre-
illumination, and hence the establishment of a cell-selectivity
on the materials.

2. Materials and methods

2.1. Preparation of the coatings

Titanium oxide (denoted as TO) was coated on the commercial
pure titanium plates (10 mm squares with a thickness of 1 mm,
Grade 2) by carrying out plasma electrolytic oxidation in a

solution of glycerophosphate disodium salt pentahydrate
(8.0 g/L, Kelong, China) and sodium metasilicate nonahydrate
(8.0 g/L, Sinopharm, China). Then, the TO coatings were
further treated by hafnium (Hf) cathodic arc sourced plasma
immersion ion implantation & deposition (Hf-PIII) at a bias
potential of 30KV for 30, 60 and 90 min (denoted as TO-Hf30,
TO-Hf60, and TO-H90, respectively). In order to study the post
effects of light-illumination, the coatings were further exposed to
an ultraviolet (UV) lamps for 24 h (UV positive groups, UV ™).
The UV lamps emitted light at a wavelength of 365 nm (Cnlight,
China). The samples were positioned about 8§ cm away from the
lamps, receiving a UV intensity of about 30 mW/cm?.

2.2. Material characterization

The surface morphologies of the coatings were examined by
scanning electron microscopy (SEM; JEOLJSM-6700F,
Japan). The composition and chemical states of the concerned
compositions were determined by X-ray photoelectron spec-
troscopy (XPS) (Physical electronics PHI 5802). The phase
structure of the samples was detected using X-ray diffractome-
ter (D2 PHASER, Bruker, Germany) with a Cu Ka X-ray
source, data sets were collected over the range of 5°-80°, with
a step size of 0.02° (20) and a count rate of 5°/min. Dynamic
potential polarization curves were acquired from the samples
in a physiological saline solution (0.9% NaCl at pH of 7) using
an AUTOLAB electrochemical workstation (Switzerland).
The measurement was conducted using a conventional three-
electrode system, i.e. a saturated calomel electrode (SCE)
was served as the reference electrode, a graphite rod was served
as the counter electrode, and the sample with a 0.3 cm? area
exposed was served as the working electrode. Prior to the
polarization test, the samples were stabilized in the solution
for 30 min and the tests were conducted at room temperature
at a scanning rate of 60 mV/min. The photoluminescence (PL)
spectra of the coatings before and after UVA illumination
were recorded via a Fluoromax-4 spectrometer by using an
excitation wavelength of 300 nm. The wettability of the sample
surfaces with and without a UVA treatment was evaluated by
using an automated contact angle measuring device (SL200B,
Solon, China) and a 1 pL of pure water.

2.3. Adhesion of bacterial cells

The adhesion of Staphylococcus aureus (S. aureus, ATCC
25923) on the coatings was evaluated by SEM. The samples
without UV treatment were sterilized at room temperature
with 75% ethanol and replaced once every half hour for 4
consecutive times. Then, a 60 uL. of bacterial suspension at
a concentration of 10’ CFU/mL was introduced onto each
sample immediately after the alcohol (dried) or UV treat-
ments. After incubating at 37 °C for 6 h or 24 h in the dark,
the bacterial cells were fixed with 2.5% glutaraldehyde solu-
tion and dehydrated as we described previously (Cao et al.,
2013, 2014). The samples were subsequently subjected to
SEM observations. The number (N) of the adherent bacte-
rial cells on each group was counted by using the SEM
images, and the bacterial density (BD) for the samples were
calculated by dividing the area (S) of the corresponding
SEM image, i.e. BD = N/S. Three locations of each group
were estimated to obtain a statistical result.
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2.4. Adhesion of mammalian cells

The adhesion of mammalian cells was evaluated by using the
human gingival fibroblasts (HGF) (Stem Cell Bank, Chinese
Academy of Sciences, Shanghai, China). The cells in a density
of 2 x 10* cells/mL were introduced on the coatings and cul-
tured at 37 °C in 24-well culture plates. Every well contained
I mL of DMEMF-12 supplemented with 10% fetal bovine
serum (FBS) (Hyclone, USA) and 1% antimicrobial of peni-
cillin and streptomycin (Antibiotic-Antimycotic, Hyclone,
USA). After culturing for 1 h and 3 h, the cells were rinsed
twice by phosphate buffer saline (PBS), fixed with 4%
paraformaldehyde (PFA) solution at room temperature, and
stained with FITC-Phalloidin and DAPI. The F-actin and cell
nuclei were examined on fluorescence microscopy (Olympus,
Japan). The areas of the spreading cells and the corresponding
fluorescent image was measured respectively by using Image J,
and then the ratio of the two areas was calculated. Three loca-
tions of each sample group were estimated.

2.5. Statistical analysis

Statistically significant differences between the sample groups
were measured by an analysis of variance. All the analysis
was carried out by using a GraphPad Prism 5 statistical soft-
ware package. The data were reported as the mean and stan-
dard deviation (SD).

3. Results

3.1. Surface characteristics of the coatings

Fig. 1 shows the surface morphologies of the plasma electrolyt-
ically produced titanium oxide (TO) coatings before and after
Hf-PIII treatments at 30 kV for 30, 60 and 90 min (denoted as
TO-Hf30, TO-Hf60, and TO-Hf90, respectively). Incorpora-
tion of Hf did not alter the porous morphology of the TO coat-
ings; however, some small cracks were detected around the
pores (as shown by the insert in Fig. 1a) on the TO samples,
and they healed as the Hf-PIII duration increases and disap-
peared eventually on the TO-Hf90 group (as shown by the
inserts in Fig. 1b, ¢, and d). The phase structure of the TO

Fig. 1

SEM surface morphology of the samples: (a) the TO, (b)
TO-Hf30, (c) TO-Hf60, (d) TO-Hf90.

and Hf-PIII treated groups was examined by X-ray diffraction
(XRD). No significant difference to the peak positions was
recorded in the XRD spectra (Fig. 2), all of the coatings had
the basic phase structure (compose of anatase and rutile).
The concentration and the chemical states of the doped Hf
were evaluated by X-ray photoelectron spectroscopy (XPS).
As shown by the XPS surveys (Fig. 3a), the intensity of the
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Fig. 2 X-ray diffraction spectra of the TO and Hf-doped
titanium oxide coatings.
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Fig. 3  XPS spectra of the samples: (a) the surveys, (b) the high-
resolution spectra of Hf 4f.
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Hf peaks increases as the Hf-PIII duration prolonged from 30
to 90 min, which was consistent with the change of hafnium
concentration for the TO-Hf30, TO-Hf60, and TO-Hf90
groups, i.e. 4.87 at.%, 6.79 at.%, and 9.31 at.%, respectively.
No apparent energy shift of Hf 4f (showed by the high-
resolution spectra, Fig. 3b) among the Hf-PIII groups was
detected. The Hf 4f doublet at 18.1 eV and 16.4 eV (with a sep-
aration of 1.7 eV) is corresponding to the HfO, (Domaradzki
et al., 2006, Wang et al., 2004).

In order to evaluate the corrosion resistance of the samples,
dynamic potential polarization tests were carried out in a 0.9%
NaCl solution. The corrosion potentials acquired from the Hf-
PIII groups shift positively compared to the TO control, from
about —0.46 V for the TO-Hf30 group to about —0.14V for
the TO-Hf90 group (Fig. 4). Moreover, the corresponding
polarization resistance of the TO-Hf30, TO-Hf60, and TO-
Hf90 groups was 1.61 x 10° Q-cm?, 3.18 x 10° Q-cm?, and
4.30 x 108 Q-cm?, respectively, which was 0.99, 1.95, and 264
times that of the TO group (see Table 1).

It was reported that the light sensitivity of hafnium doped
titanium oxide was arisen by the oxygen-depleted regions in
the composite (Cadieu and Murokh, 2017). Since the concen-
tration of oxygen vacancies in a material is highly correlated
to its photoluminescence (PL) signals (Chuang et al., 2012),
the coatings were further studied by using PL spectra. The
results demonstrated that Hf-PIII treatment apparently
decreased the PL signals of TO (Fig. 5), indicating that Hf-
doping was capable of delaying the recombination of photoin-
duced electron-hole pairs formed during light illumination.
Moreover, the TO-Hf30 with small hafnium (Hf) concentra-
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Fig. 4 Dynamic potential polarization curves of the samples.

Table 1 Parameters for the polarization curves.

Samples Corrosion Corrosion Polarization
potential (V)  current (A/cmz) resistance (Q-cm?)

TO 0.66 4.06 x 1077 1.63 x 10°

TO-Hf30  0.46 2.86 x 1077 1.61 x 10°

TO-Hf60  0.38 1.19 x 1077 3.18 x 10°

TO-Hf90  0.14 3.25x 10710 4.30 x 10°
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Fig. 5 Photoluminescence (PL) spectra of the TO and Hf-doped
titanium oxide coatings, obtained by using an excitation wave-
length of 300 nm.

tion (4.87 at.%) gained the biggest PL signal decrease com-
pared to the other Hf-doped groups with big Hf
concentrations, suggesting that the light sensitivity of the com-
posite could be undermined by overdose Hf.

The wettability of the samples was determined by testing
the water contact angles. As shown in Fig. 6, before UV illu-
mination (the UV negative groups), the contact angle of the
TO, TO-Hf30, TO-Hf60, and TO-Hf90 groups was 91.46°,
102.56°, 107.64°, and 110.92° respectively; however, after UV
illumination, the corresponding contact angle was reduced to
58.81°, 75.89°, 82.40°, and 85.48°.

3.2. Adhesion of bacterial cells

The adhesion of the bacterial cells was evaluated by introducing
S. aureus onto the samples and incubating for 6 h or 24 h. The
surface morphology of the adherent microbes was examined by
SEM. The bacterial cells on all the sample groups were normal
without apparent distortion and any cytosolic content leakage

150

Contact angle (degree)

B T ; i T ZnZas
TO-Hf60 TO-H90

TO-Hf30

Fig. 6 Contact angles of the samples with (UV™") or without
(UV™) UV pre-irradiation.
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(Figs. 7 and 8), indicating that Hf-doping and UV illumination
did not dramatically affect the viability of adherent bacteria.
However, the amounts of bacterial cells were remarkably differ-
ent among the groups. As for incubation of 6 h (Fig. 9a), the
average bacterial density (BD) for TO, TO-Hf30, TO-Hf60,
and TO-Hf90 was 6.25 x 10° cell/em?, 1.09 x 107 cell/cm?,
1.10 x 107 cell/em?, and 1.63 x 107 cell/cm?, respectively. And
the BD values for those UV pre-treated groups were all
increased to about 2.10 x 107 cell/cmz, 1.76 x 107 cell/cmz,
1.92 x 107 cell/em?, and 2.20 x 107 cell/cm?, respectively. This
result demonstrated that both Hf-doping and UV pre-
illumination improved the initial adhesion of bacterial cells
on titanium oxide. As for culturing of 24 h, the BD values for
the TO, TO-Hf30, TO-Hf60, and TO-Hf90 groups (UV~
groups) were 5.99 x 107 cell/em?,  3.10 x 10* cell/cm?,
2.33 x 10® cell/em?, and 2.33 x 10® cell/cm?, respectively. And
those for the corresponding UV positive (UV ™) groups were
1.64 x 10% cell/em?, 1.46 x 10® cell/em?, 1.56 x 10® cell/cm?,
and 1.65 x 10® cell/cm?, respectively. The BD values for all
the UV positive Hf-PIII were decreased compared to their
counterpart (the TO-Hf30 gained the biggest decrease among
the Hf-doped groups, i.e. 52.9%), whereas the UV positive
TO group gained an increase (increased 173.7%) compared to
its UV negative counterpart. These results demonstrated that

Fig. 7 SEM morphology of the S. aureus incubated for 6 h on
the samples with (UV ™) or without (UV™) UV pre-treatment: (a)
TO, UV™, (a-1) TO, UV™", (b) TO-Hf30, UV™, (b-1) TO-Hf30,
UV™ (c) TO-Hf60, UV™, (c-1) TO-Hf60, UV*, (d) TO-Hf90,
UV~ (d-1) TO-Hf90, UV ™.

Fig. 8 SEM morphology of the S. aureus incubated for 24 h on
the samples with (UV ™) or without (UV™) UV pre-treatment: (a)
TO, UV™, (a-1) TO, UV™", (b) TO-Hf30, UV™, (b-1) TO-Hf30,
UV* (¢) TO-Hf60, UV, (c-1) TO-Hf60, UV*, (d) TO-Hf90,
UV~ (d-1) TO-Hf90, UV ™.

both Hf-doping and UV pre-illumination improved the initial
adhesion of bacterial cells on titanium oxide, whereas coupling
Hf-PIII treatment and UV pre-illumination had strong activity
against microbial adhesion.

3.3. Adhesion of human gingival fibroblasts

The effect of Hf-doping and UV-treatment on the adhesion of
Human gingival fibroblasts (HGF) was evaluated by a fluores-
cent assay. As culturing the cells for 1 h (Fig. 10), the number of
adherent cells on the Hf-PIII groups (without UV pre-
illumination) was bigger than that on the TO control (the
UV-free group); however, the cell spreading areas of the UV-
treated groups were smaller than that of their UV-free counter-
parts, suggesting a negative effect of UV pre-illumination on
the initial adhesion (in the first hour) of HGF. As the cell cul-
ture duration prolonged to 3 h (Fig. 11), the cell spreading areas
of all the sample groups grown larger and the negative effect of
UV pre-illumination on adhesion of HGF was gone. These
results were consistent with the statistical results shown in
Fig. 12. As for culturing of 1 h (Fig. 12a), the cell spreading area
of TO, TO-Hf30, TO-Hf60, and TO-Hf90 was 8.63%, 10.95%,
12.77%, and 15.20%, respectively; however, this data for those
UV pre-treated groups were only 5.32%, 6.19%, 6.83%, and
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Fig. 9 The corresponding bacterial density on the samples
incubated for 6 h (a) and 24 h (b).

9.72%, respectively. As to a 3-hour culture (Fig. 12b), the cell
spreading ratio of TO, TO-Hf30, TO-Hf60, and TO-Hf90 was
15.95%, 22.46%, 28.41%, and 35.48%, respectively; and this
data for all of the corresponding UV pre-treated groups were
21.02%, 24.87%, 26.77%, and 34.21%, which were about the
same level as that on their UV-free counterparts. These data
demonstrated that the UV pre-treatment had an adverse effect
on the initial adhesion (within the first hour) of HGF cells; how-
ever, this negative influence of UV treatment was successfully
overcome by the cells within 3 h.

4. Discussion

Cell-selective biomaterials, which favor the attachment of
mammalian cells and simultaneously reducing the adhesion
of pathogenic microbes, are highly desired in implantable med-
ical devices (Cao et al., 2018, Gristina, 1987, Sanz-Martin
et al., 2018). However, due to the same mechanisms shared
in attachment by mammalian and bacterial cells (Busscher
et al., 2012), it is hard to increase the functions of the former
while acting against the latter. Herein, a cell-selectivity, i.e. bal-
anced adhesion of Staphylococcus aureus and human gingival
fibroblasts, was established on titanium oxide coatings by cou-
pling Hf-PIII treatment and UV pre-illumination, which is

TO-Hf30, UV~ ¢
(©) X

TO-Hf60, UV~
(d) sl

TO-Hf90, UV ", TO-H90, UV * 100um
Fig. 10  Fluorescent images of the HGF cultured for 1 h on the
samples with (UV™) or without (UV™) UV pre-irradiation: (a)
TO, UV™, (a-1) TO, UV™, (b) TO-Hf30, UV-, (b-1) TO-Hf30,
UV" (c) TO-Hf60, UV™, (c-1) TO-Hf60, UV", (d) TO-HMO,
UV, (d-1) TO-Hf90, UV™. The cell actin stained with FITC
(green) and the nucleus stained with DAPI (blue), with a cell
density of 2 x 10* cell/mL.

promising for improving the biological performance of
titanium-based dental implants.

Inactivating of bacteria by in situ light irradiation of tita-
nium oxide during bacterial cultures was reported by many
previous studies (Fujishima et al., 2008); however, the exact
contribution of UV pre-treatment (the post-illumination
effect) on bacterial adhesion is still uncertain. Previously, a
bactericidal action of post UV-irradiation was found on the
surface of Ti6Al4V (A thin titanium oxide surface layer was
likely formed spontaneously due to exposure to the atmo-
sphere) (Gallardo-Moreno et al., 2010); whereas this biocidal
activity was not found on UV pre-treated pure titanium (was
covered by a thin titanium oxide layer), which merely reduced
bacterial adhesion and did not affect the viability of the bacte-
ria (de Avila et al., 2015). In the present study, titanium oxide
coatings were produced on pure titanium substrates by using a
plasma electrolytic oxidation technique, and some of the tita-
nium oxide coatings were doped of hafnium (Hf) by using a
cathodic arc sourced plasma immersion ion implantation &
deposition (PIII) technique. As a result, the effects of UV
pre-irradiation or/and Hf-doping on S. aureus adhesion were
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Fig. 11  Fluorescent images of the HGF cultured for 3 h on the
samples with (UV™) or without (UV™) UV pre-irradiation: (a)
TO, UV™, (a-1) TO, UV™, (b) TO-Hf30, UV~, (b-1) TO-Hf30,
UV" (c) TO-Hf60, UV, (c-1) TO-Hf60, UV™, (d) TO-HMO,
UV~, (d-1) TO-Hf90, UV™. The cell actin stained with FITC
(green) and the nucleus stained with DAPI (blue), with a cell
density of 2 x 10* cell/mL.

studied. At the early stage of bacterial adhesion (incubated for
6 h, Fig. 9a), the average bacterial density (BD) on the tita-
nium oxide coating was increased due to UV pre-irradiation
or/and Hf-doping. However, at the later period (incubated
for 24 h, Fig. 9b), the Hf-doped and UV pre-irradiated tita-
nium oxide coatings gained a lower BD than that gained by
the groups merely being Hf-doped, indicating a coupling effect
of Hf-doping and UV pre-irradiation on bacterial adhesion.
Here, the adhesion of bacterial cells could be majorly manipu-
lated by two factors, i.e. the change of wettability due to UV
irradiation, and the coupling effect between the doped Hf
and the titanium oxide substrate. The water contact angles
of the UV positive groups were apparently smaller than their
UV negative counterparts. This data indicated that UV pre-
irradiation could facilitate bacterial adhesion, which answered
for the bigger early stage BD of the UV ™ groups compared to
the UV counterparts (Fig. 9a). In addition, delayed electron-
hole recombination (the decrease of the PL signals, Fig. 5)
was detected in the Hf-PIII groups. It was found that the PL
signals for hafnium oxide were highly correlated to the concen-
tration of oxygen vacancies in the material (Chuang et al.,
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Fig. 12 The corresponding spreading area of the HGF cell
cultured for on the samples for 1 h (a) and 3 h (b).

2012), and the oxygen-depleted regions in hafnium oxide or
between hafnium and titanium oxide are sensitive to light illu-
mination (Cadieu and Murokh, 2017). Moreover, ion implan-
tation is a nonequilibrium process (Natsuaki et al., 1980),
which likely facilitate the generation of oxygen-depleted areas
answering for PL signal decreases in the Hf-PIII groups com-
pared to the TO group. Therefore, the prolonged charge sepa-
ration in the Hf-doped titanium oxide coatings was likely
stemmed from the generation of oxygen vacancies in the mate-
rials during Hf-PIII. Due to a prolonged electron-hole separa-
tion (Fig. 5), the Hf-PIII groups was capable of storing the
charges generated by UV pre-illumination, acting against bac-
terial adhesion. This was consistent with the experimental
results on bacterial adhesion (Fig. 9b), which demonstrated
that the TO-Hf30, the strongest in delaying charge combina-
tion among the Hf-PIII group, gained the biggest decrease
(52.9%) compared to its UV negative counterparts. This
UV-sensitive coupling behavior between hafnium (Hf) and
titanium oxide was also harmful to the initial adhesion of
HGEF cells (Fig. 12a), but this negative influence was success-
fully overcome by the cells as the culturing duration prolonged
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to 3 h (Fig. 12b), demonstrating a cell-selectivity on hafnium-
doped and UV-illuminated titanium oxide coatings.

5. Conclusions

In summary, titanium oxide coatings were produced on pure
titanium substrates by using a plasma electrolytic oxidation
technique and then doped of hafnium (Hf) by using a cathodic
arc sourced plasma immersion ion implantation & deposition
(PIIT) technique. The Hf-doped titanium oxide coatings had
a delayed electron-hole recombination behavior and a UV-
illumination dependent charge storage capability, which likely
answered for the decreased adhesion of S. aureus on UV ™ and
Hf-doped groups. This UV-sensitive coupling behavior
between hafnium (Hf) and titanium oxide was also harmful
to the initial adhesion of HGF cells, but the negative influence
was successfully overcome by the cells as the culturing dura-
tion prolonged to 3 h. Taken together, it can be concluded that
a cell-selectivity can be established on titanium oxide coating
by coupling Hf-doping and UV pre-illumination, which is
highly desired in balance the bacterial adhesion and biological
sealing of dental implants.
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