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ure and SLA titanium surfaces in
the presence of Porphyromonas gingivalis and its
effects on osteoblast behavior

Li-na Xu,†ab Xiao-yu Yu,†ab Wan-qing Chen,ab Song-mei Zhangc and Jing Qiu *ab

Objective: The study aims to investigate the biocorrosion behavior of Porphyromonas gingivalis on pure and

SLA titanium surfaces and its effects on surface characteristics and osteoblast behavior. Methods: Pure and

SLA titanium specimens were immersed in culture medium with P. gingivalis and incubated for 7 days. P.

gingivalis colonization on the pure and SLA titanium surfaces was observed by scanning electron

microscopy (SEM). The pure and SLA titanium surface characteristics were analyzed via X-ray

photoelectron spectroscopy (XPS), surface roughness and surface wettability. The corrosion behaviors of

pure and SLA titanium specimens were evaluated by electrochemical corrosion test. The osteoblast

behavior of MC3T3-E1 cells on the pure and SLA titanium surfaces after P. gingivalis colonization was

investigated by cell adhesion and western blot assays. Results: P. gingivalis colonized on the pure and

SLA titanium surfaces was observed by SEM. The XPS analysis demonstrated reductions in the relative

levels of titanium and oxygen and obvious reductions of dominant titanium dioxide (TiO2) on both

titanium surfaces after immersing the metal in P. gingivalis culture. In addition, their roughness and

wettability were changed. Correspondingly, the electrochemical corrosion test results revealed

significant decreases in the corrosion resistance and increases in the corrosion rate of the pure and SLA

titanium specimens after immersion in P. gingivalis culture. The results of the in vitro study showed that

the pre-corroded pure and SLA titanium surfaces by P. gingivalis exhibited lower osteocompatibility and

down-regulated the adhesion, spreading and osteogenic differentiation abilities of MC3T3-E1 cells.

Conclusions: P. gingivalis was able to colonize on the pure and SLA titanium surfaces and weaken their

surface properties, especially a decrease in the protective TiO2 film, which induced the biocorrosion and

further negatively affected the osteoblast behavior.
1. Introduction

Pure titanium and its alloys are the rst option for applications
in implant dentistry, because of brilliant biocompatibility,
corrosion resistance, and mechanical property.1 And rough
titanium surfaces have been established to be more suitable for
osteoblast growth than smooth titanium surface.2,3 Sand-
blasting with large grit and acid etching (SLA) is one of the most
widespread surface treatments for dental implants, and this
special hierarchical structure contributes to high osteo-
conduction and clinical success rates.4,5
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Titanium is a material with good chemical stability and high
corrosion resistance compared with other metallic materials
owing to a compact titanium dioxide (TiO2) lm on its surface,
which forms in oxygen containing environments spontane-
ously.6 Although much research has demonstrated that the
protective TiO2 layer is stable on the titanium surface,7,8 the
disintegration of the TiO2 layer may occur in the complicated
oral environment that includes saliva, foodstuffs, toothpaste,
mouthwash, and microbes.9 These agents can induce the
corrosion or biodegradation of metals due to their thermal,
ionic, and microbiological properties.10 Corrosion of the tita-
nium surface may accelerate the release of titanium ions, which
have detrimental inuence on implant osteointegration. The
surfaces of failed titanium implants present clear signs of
localized corrosion on the implant and its abutment.11 While
the corrosion behavior of dental implant is related to various
factors, the most notable one is bacterial adhesion to the
implant surface, with the subsequent formation of a microbial
lm that further inuences the titanium surface
functionality.12,13
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra00154f&domain=pdf&date_stamp=2020-02-24
http://orcid.org/0000-0001-8001-7432


Paper RSC Advances
When considering the factors of implant failure, research on
the corrosion behavior of titanium surfaces upon exposure to
microorganisms has been the focus, due to the complex variety
of microorganisms and corrosive matter in the oral micro-
environment.6 Porphyromonas gingivalis (P. gingivalis),
a member of the human oral ora, is considered to be the main
pathogen of human periodontitis.14 Furthermore, it had been
detected at higher number from microbial lms around
implants in patients with peri-implantitis.15,16 And P. gingivalis
had been found to attach on titanium surfaces in large amounts
during the process of biolm formation on titanium
surfaces.17,18 Meanwhile, P. gingivalis has several virulence
factors like lipopolysaccharides (LPS) and releases volatile
sulfur compounds (VSCs) as a result of its metabolism, which
can potentially promote titanium corrosion.16

Biocorrosion on the titanium surface may damage the oxide
layer and inuence the titanium surface energy or surface
chemical characteristics.19 Carlen et al.20 reported that bacterial
corrosion could roughen the metal surface, and a rough metal
surface became more conducive to bacterial adhesion. This
result closely paralleled the ndings of our previous studies,
which demonstrated that S. mutans could enhance the corro-
sion behavior of the dental alloys and the presence of corroded
alloy surfaces up-regulated the virulent gene expression in S.
mutans.21 Barão et al.19 reported the increased attachment of P.
gingivalis to pre-corroded commercially pure titanium (cpTi)
and Ti–6Al–4V alloy in articial saliva solution with different pH
values. Our previous study has found that the metabolites,
produced by A. naeslundii, could weaken the integrity and
stability of the protective TiO2 in surface oxides and then
enhance the corrosion behavior of pure titanium.22 Further-
more, the results of recent studies conrmed the negative effect
of bacterial colonies, such as S. mutans, on the corrosion
resistance of titanium and its alloys.6,23

Regarding the P. gingivalis, however, few studies are available
in literature demonstrating its impacts on surface properties
and corrosion behavior of titanium implant at present. Based
on the above considerations, the novelty of this work is to
explore the biocorrosion of different titanium surfaces upon
exposure to P. gingivalis and its further effects on osteoblast
behavior. The research hypothesis was that the colonization of
P. gingivalis on titanium might weaken its surface oxide lm,
which might induce the biocorrosion and further negatively
affected the osteoblast behavior.

2. Materials and methods
2.1. Specimen preparation

Square specimens of commercially pure titanium (Grade 4,
99.5 wt% purity, Alfa Aesar, USA) with dimension of 4 mm �
4 mm � 0.25 mm were ground with a series of SiC papers (800,
1000, 1200, and 1500 grit), and then ultrasonically cleaned in
ethanol and distilled water for 5 minutes before being dried at
65 �C in an oven. Next, the SLA titanium surface was acquired by
sandblasting with alumina particles, followed by etching with
a solution including HF/HNO3 for 10 minutes at room
temperature and a solution containing HCl/H2SO4 for 30
This journal is © The Royal Society of Chemistry 2020
minutes in a water bath at 80 �C. Subsequently, all specimens,
including pure and SLA titanium surfaces, were ultrasonically
cleaned, as described above, disinfected in an autoclave for 15
minutes at 121 �C prior to use, and nally dried in an oven for
24 hours at 65 �C.

2.2. P. gingivalis biolm formation and incubation

P. gingivalis (ATCC 33277) was cultured in brain heart infusion
(BHI) (Oxiod Co., Ltd., England) broth containing 0.001%
hemin (Dulai biological Co., Ltd., Nanjing, China) and 0.0001%
vitamin K1 (Aladdin Co., Ltd., Shanghai, China) in an anaerobic
chamber (10% H2, 5% CO2, and 85% N2, RUskinn Bugbox Co.,
Ltd., England) at 37 �C. For attachment assay, 1 � 108 colony-
forming units (CFU) mL�1 of P. gingivalis, evaluated with
a bacterial turbidity meter (WGZ-2XJ, XinRui Co., Ltd.,
Shanghai, China), were used to inoculate for all specimens. The
pure and SLA titanium specimens for experimental groups were
placed in 12-well plates with each well containing BHI for 3 mL,
then inoculated with P. gingivalis, and denoted as Ti-pg and
SLA-pg specimens. The pure and SLA titanium specimens for
control groups were incubated in BHI only and denoted as Ti
and SLA specimens. The main components of BHI are as
following: beef heart infusion solids 17.5 g L�1, proteose
peptone 10.0 g L�1, glucose 2.0 g L�1, NaCl 5.0 g L�1, Na2HPO4

2.5 g L�1. All plates were incubated in an anaerobic chamber
(80% N2, 10% H2, 10% CO2) for 7 days. The medium was
renewed every two days.

2.3. Surface characterization

The growth condition of the bacteria upon the pure and SLA
titanium surfaces was observed by scanning electron micros-
copy (SEM). In order to achieve microscopic analysis, different
titanium specimens with and without biolms were cleaned by
phosphate-buffered saline (PBS), and then xed in 2% glutar-
aldehyde for 30 minutes. Aerwards, the specimens were rinsed
in PBS and dehydrated through a series of graded ethanol
solutions (30, 50, 70, and 90%) for 10 minutes. Finally, the
specimens were dehydrated using anhydrous ethanol and
sputter-coated with gold before SEM (Sirion 200, Philips,
Eindhoven, Netherlands) observation.

X-ray photoelectron spectroscopy (XPS) was utilized to
analyze elemental components and their chemical states on
different titanium specimens with and without biolms. Before
testing, the specimens were ultrasonically washed to clear the
biolms in deionized water, ethanol, and deionized water each
for 5 minutes. XPS was performed (Thermo Scientic Escalab
250Xi, USA) using an Al Ka radiation at 15 kV and 150 W. Survey
and high-resolution spectra were obtained using pass energies
of 160 and 40 eV. Reference binding energy of each element was
obtained from the National Institute of Standards and Tech-
nology XPS Online Database (http://srdata.nist.gov/xps/). Spec-
tral features were compared to the C 1s binding energy signal to
284.8 eV. Quantitative analysis of surface composition was ob-
tained from the peak areas and atomic sensitivity factors.

Aer clearing the biolms as above, the surface roughness
and three-dimensional images of specimens were measured
RSC Adv., 2020, 10, 8198–8206 | 8199
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with an optical prolometer (MicroXam™, Phase-Shi, UP,
Rtec Co, USA). The scanning area of each specimen was 50 mm
� 50 mm. All measurements were performed in triplicate. The
surface wettabilities of specimens were examined from the
contact angle via testing a droplet of pure water on the speci-
mens by an Automatic Contact Angle Meter Model SL200B
(Kenuo, USA) in an ambient environment. All tests were con-
ducted in quintuplicate.

2.4. Electrochemical corrosion test

Aer clearing the biolms as above, each specimen was
mounted in self-cured epoxy resin carefully to expose its test
surface area of 4 mm � 4 mm. Corrosion tests were carried out
using an electrochemical potentiostat (CS310H, Corrtest
Instruments Co., Ltd., Wuhan, China) via a test cell with the
mounted specimen as the working electrode, a high-purity
platinum wire as the counter electrode, and Ag/AgCl as the
reference electrode. Corrosion tests were performed in triplicate
for each group in Hank's solution (Gibco, Life Technologies,
Carlsbad, CA, USA) at 37 � 0.5 �C. The main components of
Hank's solution are as following: NaCl 8.0 g L�1, KCl 0.4 g L�1,
NaHCO3 0.35 g L�1, NaH2PO4$H2O 0.25 g L�1, Na2HPO4$2H2O
0.06 g L�1, MgCl2 0.19 g L�1, MgSO4$7H2O 0.06 g L�1, CaCl2-
$2H2O 0.19 g L�1, glucose 1.0 g L�1. Each specimen was
permitted to gain a stable open circuit potential (OCP) for 2
hours, aer which a 10 mV amplitude sine wave potential was
employed through a frequency range from 1000 kHz to 10 mHz.
The electrochemical impedance spectroscopy (EIS) tests were
applied using dedicated Corrtest soware (CS Studio 5, Corrtest
Instruments Co., Ltd., Wuhan, China). The achieved data,
including Nyquist plot, Bode |Z|, and Bode phase diagrams,
were analyzed and tted using an appropriate equivalent circuit
by the ZsimpWin soware. Aer that, the potentiodynamic
polarization test was initiated within a scanning range from
�800 mV to 3000 mV (vs. reference electrode) at a sweep rate of
2 mV s�1. The acquired polarization curves were analyzed using
curve-tting routine of the dedicated Corrtest soware to
determine the corrosion potential (Ecorr), corrosion current
(Icorr) and corrosion rate.

2.5. Cell culture

An osteoblast-like cell line, MC3T3-E1 cells, obtained from the
Cell Bank of Chinese Academy of Sciences (Shanghai, China),
was chosen to act as an in vitro model of osteoblast develop-
ment. The MC3T3-E1 cells were cultured in alpha-minimum
essential medium (a-MEM; Gibco, Life Technologies, Carlsbad,
CA, USA) containing 10% fetal bovine serum and 1% penicillin/
streptomycin in a humidied atmosphere of 5% CO2 and 95%
air at 37 �C. The cells were passaged when covering 80% area of
the cell culture bottle every 3 or 4 days.

2.6. Cell adhesion and spreading assay

Before testing, four different titanium specimens were washed
with ethanol and distilled water, and disinfected by an auto-
clave before drying at 65 �C for 24 hours in an oven. To evaluate
the morphology of cells grown on specimens, MC3T3-E1 cells (1
8200 | RSC Adv., 2020, 10, 8198–8206
� 105 cells per well) were seeded on different specimens in 12-
well culture plates. Aer culturing the cells for 4 hours, each
specimen was washed using PBS and then xed with 4% para-
formaldehyde in PBS at room temperature for 10 minutes.
Aerwards, each specimen was stained with Rhodamine Phal-
loidin (Cytoskeleton, USA) for 30 minutes at room temperature
in the dark and then stained with 40,60-diamidino-2-
phenylindole (DAPI) (Beyotime, Shanghai, China) for 30
seconds. The adherent cells in three random elds on each
specimen were observed under a laser scanning confocal
microscope (LSM710, Zeiss, GER). The cell number on each
sample was counted at 200� magnication and the cell
morphology was observed at 400� magnication.
2.7. Western blotting

The protein expressions of runt-related transcription factor 2
(Runx2) and osteopontin (OPN) on four different titanium
specimens were analyzed by western blotting. Aer culturing
cells (2 � 105 cells per well) on different specimens in 6-well
plates for 7 and 14 days, the cells were rinsed with cold PBS and
protein samples were harvested by lysis in RIPA buffer. The BCA
protein assay kit (Key-GEN BioTECH, Nanjing, China) was used
to determine total protein concentration. Protein extract
samples (20 mg) were separated by electrophoresis and trans-
ferred to polyvinylidene uoride (PVDF) membranes (Millipore,
Billerica, MA, USA). Themembranes were blocked with 5% skim
milk for 1 hour at room temperature and then incubated with
different primary antibodies against Runx2 (12556, CST, Bev-
erly, MA, USA), OPN (ab8448, Abcam, USA), and b-actin
(BM0627, Boster, Wuhan, China) overnight at 4 �C. Subse-
quently, the membranes were incubated with secondary anti-
bodies (ZB-2301, goat anti-rabbit IgG; ZSGB-BIO, Beijing, China;
AP124P, goat anti-mouse IgG; Millipore, USA) for 2 hours.
Finally, the membranes were visualized via ECL western blot kit
(Millipore, USA). The protein expressions of Runx2 and OPN
were evaluated relative to that of b-actin as the internal control.
The experiments were performed in triplicate.
2.8. Statistical analysis

The acquired data were analyzed using SPSS 22.0 soware (SPSS
Inc., Chicago, IL, USA). The Student's independent-samples t-
test was used to compare differences in numerical results before
and aer immersion in P. gingivalis culture. The probability
level for statistical signicance was set at a ¼ 0.05.
3. Results
3.1. Surface observation and analysis

SEM images of different titanium specimens are shown in
Fig. 1A. Aer 7 days of incubation with P. gingivalis, the Ti-pg
and SLA-pg specimens were occupied by clusters of P. gingiva-
lis, which formed a visible biolm.

The representative XPS survey and high-resolution spectra of
different titanium surfaces are exhibited in Fig. 1B. Ti and
oxygen (O) were shown to be present on the titanium surfaces.
This journal is © The Royal Society of Chemistry 2020



Fig. 1 Surface observation and analysis. (A) SEM images of pure and SLA titanium surfaces before and after immersion in P. gingivalis culture
(magnification 5000�). (B) XPS survey spectra (Left), high-resolution spectra (Middle) of Ti 2p and O 1s, and relative composition of elements
(Right) on pure and SLA titanium surfaces before and after immersion in P. gingivalis culture. (C) Three-dimensional topography of pure and SLA
titanium surfaces before and after immersion in P. gingivalis culture. (D) Roughness values (Left) and contact angles (Right) of pure and SLA
titanium surfaces before and after immersion in P. gingivalis culture (*P < 0.05).
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Adventitious carbon (C) peaks originated from the laboratory
environment. Aer immersing the metal in P. gingivalis culture
for 7 days, both Ti 2p and O 1s peak intensities on the Ti-pg and
SLA-pg surfaces decreased when compared to the control Ti and
SLA surfaces. Moreover, from XPS high-resolution spectra
analysis, the Ti 2p peaks, attributed to two symmetrical peaks at
458.8 eV (TiO2) and 464.4 eV (TiO2), revealed reductions on the
Ti-pg and SLA-pg surfaces, which corresponded with decreases
in their O 1s peaks at 530.1 (O2�) and 531.8 eV (OH�). The
relative composition of Ti and O on the pure and SLA titanium
surfaces before and aer immersion in P. gingivalis culture are
also compared in Fig. 1B. Both pure and SLA titanium surfaces
revealed decreases in the level of Ti and O aer incubation with
the bacteria.
This journal is © The Royal Society of Chemistry 2020
Fig. 1C and D presents the three-dimensional surface
topography and surface roughness values of different speci-
mens with and without immersion in medium containing P.
gingivalis. The surface topography and roughness of Ti-pg
specimen were similar to those of the control Ti specimen,
whereas the surface of SLA-pg specimen became signicantly
rougher aer being exposed to the bacteria (P < 0.05). The
surface contact angles were also shown in Fig. 1D. According to
the American Society for Testing and Materials (ASTM) D7334-
08 specications,24 a surface is hydrophilic while the water
contact angle is less than 45� and hydrophobic while the contact
angle exceeds 90�. It was demonstrated that both Ti-pg and SLA-
pg surfaces were more hydrophobic than the control Ti and SLA
surfaces (P < 0.05).
RSC Adv., 2020, 10, 8198–8206 | 8201



Table 1 Corrosion parameter values for pure and SLA titanium
surfaces before and after immersion in P. gingivalis culture from EIS
testa

Groups

Impedance parameters (n ¼ 3)

Rp Y0-CPE n c2

Ti 2.24 (0.05) 5.18 � 10�5 0.94 10�3

Ti-pg 1.43 (0.17)* 4.16 � 10�5* 0.87 10�3

SLA 8.60 (1.48) 5.96 � 10�5 0.95 10�3

SLA-pg 6.65 (0.18)* 5.73 � 10�5* 0.93 10�3

a Values: mean (standard deviation); Rp (MU cm�2); Y0-CPE (mF cm�2).
*Indicates signicant differences (P < 0.05) in the Rp and Y0-CPE
values between experimental (Ti-pg, SLA-pg) and control (Ti, SLA)
groups.
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3.2. Corrosion behavior

The representative EIS data of different groups are exhibited in
the form of Nyquist plots, Bode phase and Bode |Z| diagrams in
Fig. 2. The Nyquist plots (Fig. 2A) showed that all specimens
yielded data tracing a single semicircle. The diameters of the
impedance loops of pure and SLA titanium specimens obviously
decreased aer immersing the metal in P. gingivalis culture,
indicating less resistance to corrosion. At the lowest frequency
of 0.01 Hz, as shown in Fig. 2B, the phase angles of Ti-pg and
SLA-pg dropped to 74.3� and 81.3� respectively, which were
lower than those of the control groups. As shown in Fig. 2C, the
specimens of Ti-pg and SLA-pg exhibited lower values of the
total impedance magnitude at the lowest frequency. The Bode
phase and Bode |Z| diagrams demonstrated that both pure and
SLA titanium specimens with P. gingivalis exhibited lower
impedance corresponding to corrosion resistance. As displayed
in Fig. 2D, potentiodynamic polarization curves were con-
structed to show typical corrosion behaviors of the metal before
and aer immersion in P. gingivalis culture. The curves of Ti-pg
and SLA-pg groups showed right-shis, which indicated higher
corrosion currents aer exposure to the bacteria.

The spectra gained for all specimens were interpreted using
an equivalent circuit model of Rs(RpQ), which is typical for the
passive oxide layer.25,26 In this model, Rs is on behalf of the
electrolyte resistance, Rp is on the behalf of the corrosion
resistance of surface oxide layer, and Q is on behalf of constant
phase elements (CPE) of the inter-barrier layer. CPE, including
Fig. 2 Corrosion behavior of different titanium surfaces. (A) Nyquist plo
gingivalis culture. (B) Bode phase diagrams for pure and SLA titanium su
diagrams for pure and SLA titanium surfaces before and after immersion i
and SLA titanium surfaces before and after immersion in P. gingivalis cu
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Y0 and n, means a shi capacitive behavior. The corresponding
Rp, Y0-CPE, n, and c2 values are listed in Table 1. The Chi-square
value (c2) close to 10�3 indicated excellent consistency between
the experimental data and tting values. Learning from Table 1,
the experimental Ti-pg and SLA-pg groups presented signicant
lower Rp and Y0-CPE values (P < 0.05) than the control groups.

Moreover, the corrosion potential (Ecorr), corrosion current
(Icorr), and corrosion rate for different groups, as determined
through potentiodynamic curves, are shown in Table 2. The
Ecorr, indicating the corrosion susceptibility, is the potential
where the current density remarkably increases with increasing
potential. According to the results in Table 2, both Ti-pg and
ts for pure and SLA titanium surfaces before and after immersion in P.
rfaces before and after immersion in P. gingivalis culture. (C) Bode |Z|
n P. gingivalis culture. (D) Potentiodynamic polarization curves for pure
lture.

This journal is © The Royal Society of Chemistry 2020



Table 2 Corrosion parameter values of pure and SLA titanium surfaces before and after immersion in P. gingivalis culture from potentiodynamic
polarization testa

Groups

Corrosion parameters (n ¼ 3)

Ecorr Icorr Corrosion rate

Ti �0.32 (0.009) 1.23 � 10�8 (2.12 � 10�9) 1.45 � 10�4 (2.50 � 10�5)
Ti-Pg �0.41 (0.003)* 2.26 � 10�8 (3.68 � 10�9)* 2.66 � 10�4 (4.33 � 10�5)*
SLA �0.38 (0.075) 1.11 � 10�8 (6.25 � 10�10) 1.31 � 10�4 (7.34 � 10�6)
SLA-Pg �0.35 (0.060) 1.55 � 10�8 (1.54 � 10�9)* 1.83 � 10�4 (1.82 � 10�5)*

a Values: mean (standard deviation); Ecorr (mV); Icorr (mA cm�2); corrosion rate (mm A�1). *Indicates signicant differences (P < 0.05) in the Ecorr, Icorr
and corrosion rate values between experimental (Ti-pg, SLA-pg) and control (Ti, SLA) groups.
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SLA-pg groups exhibited decreases in Ecorr values and statistical
increases in values of Icorr and corrosion rate compared with the
control Ti and SLA groups (P < 0.05). It demonstrated that the
exposure to P. gingivalis did lead to more active corrosion
behavior for the pure and SLA titanium.

3.3. Cell adhesion and spreading

Fig. 3A shows the number and morphology of MC3T3-E1 cells
attached to different substrates aer culturing for 4 hours.
Measured by counting the cellular nuclei, the quantitative data
revealed that there were signicantly less adhered cells on the
Ti-pg and SLA-pg substrates than those on the control pure and
SLA titanium substrates (P < 0.05). Also, the cells extended less
pseudopodia and spread less evenly across the pre-corroded Ti-
pg and SLA-pg substrates.

3.4. Western blotting analysis

Western blotting analysis was used to explore the protein
expression levels related to osteogenesis. As shown in Fig. 3B,
MC3T3-E1 cells on the SLA-pg substrates expressed signicantly
less protein levels of Runx2 and OPN than those on the control
SLA titanium substrate aer culturing for 7 and 14 days.
Although not statistical, the data revealed a decline in the
protein expressions of Runx2 and OPN on the pure titanium
substrate aer the incubation with P. gingivalis.

4. Discussion

Based on the SEM, XPS, and EIS data, it was demonstrated that
P. gingivalis colonization damaged the protective oxide lm on
pure and SLA titanium surfaces and induced electrochemical
corrosion, which further negatively affected the osteoblast
behavior according to the results of cell adhesion assay and
western blotting analysis. Therefore, the research hypothesis
was supported.

In this study, the P. gingivalis on pure and SLA titanium
surfaces was observed by SEM. Our previous study has
demonstrated that a bacterial biolm could be formed on the
pure titanium surface aer incubation with P. gingivalis for 3
days and the culture medium changed from neutral to acidic.27

Likewise, Souza et al.23 reported the pH-lowering caused by
microbial species on titanium specimens. Corrosion of
This journal is © The Royal Society of Chemistry 2020
titanium surface is prone to take place in the acid condition.
Our SEM images conrmed that P. gingivalis could adhere,
grow, and form microcolonies on pure and SLA titanium
surfaces. P. gingivalis is recognized to produce acidic substances
and proteases for their adhesion to and colonization on the
metal surface. Moreover, other factors such as mbriae, extra-
cellular vesicles, or lipopolysaccharide may involve in the
mechanism of attachment and a concomitant decrease in pH
values.28

In the oral environment, titanium for dental applications
depends on surface oxides for corrosion resistance.29,30 Aer
immersing the metal in the medium containing P. gingivalis in
this study, the XPS survey spectra demonstrated an obvious
decrease in the relative composition of Ti and O on the pure and
SLA titanium surfaces when compared to the control groups. As
shown in the XPS high-resolution spectra, it was further
conrmed that the oxide layer formed on the outermost surface
of the pure and SLA titanium was composed predominantly of
TiO2, which declined aer exposure to P. gingivalis. This result
was in agreement with some previous studies, which reported
that bacteria could damage the titanium surface oxide layer.22,27

It is well known that the natural oxide lm on the titanium
surface acts as a nonconductive barrier or resistor to electron
ow between metal and an electrolyte to prevent the occurrence
of biological corrosion.31 Thus, the declined TiO2 in surface
oxides would weaken the oxide resistances of the pure and SLA
titanium surfaces and hence their corrosion resistances. This
was conrmed by the results of corrosion tests in the subse-
quent section of this study.

The surface roughness and wettability of the specimens were
also altered aer immersing the metal in P. gingivalis culture.
The surface roughness of SLA-pg group signicantly increased,
compared to that of the control group of SLA, whereas the
specimens of Ti and Ti-pg group revealed similar surface
roughness. Barão et al.19 reported that there was no signicant
difference in surface roughness between cpTi and Ti–6Al–4V
alloy aer the adhesion of P. gingivalis owing to their low
roughness values, which agreed with our results. From the
contact angle results, the two titanium surfaces, especially the
SLA surface, became more hydrophilic, showing signicant
reductions in the wettability aer exposure to P. gingivalis.
Several studies demonstrated that the bacterial coating on
titanium surface was roughness-dependent and its adhesion to
RSC Adv., 2020, 10, 8198–8206 | 8203



Fig. 3 Osteoblast behavior of MC3T3-E1 cells on different titanium surfaces. (A) Fluorescence images of MC3T3-E1 cells spreading (Left) on pure
and SLA titanium surfaces before and after immersion in P. gingivalis culture after 4 hours of incubation (magnification 400�); quantitative
analysis for the number of adherent MC3T3-E1 cells (Right) on different titanium surfaces (*P < 0.05). (B) Osteogenic-related protein expression
levels of Runx2 and OPN of MC3T3-E1 cells (Left) on pure and SLA titanium surfaces before and after immersion in P. gingivalis culture detected
by western blotting after 7 and 14 days of incubation; quantification for relative density of protein expression levels of Runx2 and OPN (Right),
performed by Photoshop software (*P < 0.05).
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the rougher SLA surface was signicantly higher than the
smooth surface.32,33 In addition, as mentioned above, LPS and
VSCs released form P. gingivalis could potentially promote
titanium corrosion.16 Thus, the higher degree of bacterial
attachment, as well as the enhanced corrosion, may lead to
more changes on the SLA titanium surface, including rough-
ness and wettability.

The biocorrosion behavior on pure and SLA titanium
surfaces caused by P. gingivalis was investigated by electro-
chemical techniques. As displayed in Fig. 2, the EIS spectra,
including Nyquist plots, Bode phase and Bode |Z| diagrams,
combined with potentiodynamic polarization curves, gave
a clear picture of the properties of the oxide lms and corrosion
behaviors of the studied titanium surfaces. Aer culturing with
P. gingivalis for 7 days, the reduction of the impedance loop
radius, as well as the decrease in impedance modulus,
demonstrated the corrosive effect of P. gingivalis on both pure
and SLA titanium specimens. The phase angles of Ti-pg and
SLA-pg dropped to 74.3� and 81.3� at the lowest frequency of
0.01 Hz, respectively. A higher phase shi at lower frequency in
Bode phase plots is indicative of a good passive lm.25,34 Thus, it
was obvious that the passive lm formed on both pure and SLA
8204 | RSC Adv., 2020, 10, 8198–8206
titanium specimens became defective or unstable aer expo-
sure to P. gingivalis for 7 days. The results were consistent with
the above XPS results. Due to the weakening of passive lms,
the potentiodynamic polarization curves exhibited concomitant
enhancing of corrosion currents for Ti-pg and SLA-pg speci-
mens. These results were supported by corrosion parameter
values shown in Table 1, the Rp of Ti-pg and SLA-pg was reduced
to 1.43 and 6.65 MU cm�2, which were signicantly lower than
that of the control pure and SLA titanium surfaces. Corre-
spondingly, the potentiodynamic polarization curves showed
active corrosion behaviors of the pure and SLA titanium speci-
mens, which exhibited statistically higher values of Icorr and
corrosion rate aer incubation with P. gingivalis for 7 days.
Therefore, together with the XPS analysis, the corrosion test
results implied that the colonization of P. gingivalis could
breakdown the oxide layers of pure and SLA titanium surfaces,
resulting in weakened corrosion resistances and enhanced
corrosion behaviors. Similar nding was also obtained with
titanium exposed to oral biolms composed of S. mutans and C.
albicans using EIS and OCP tests.23 It demonstrated that the
presence of the oral biolms decreased the titanium corrosion
resistance and OCP, which indicated a tendency to corrosion.
This journal is © The Royal Society of Chemistry 2020
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The corroded titanium surface may lead to increasing
bacterial attachment by oral pathogens.19 The growth of
microorganism and formation of biolm on the titanium
surface could produce a gel phase, as a diffusion barrier, and
create concentration cells for metabolism with its byproducts,
which could further enhance the biocorrosion.35 Moreover, the
biocorrosion of titanium could induce the release of titanium
ions into surrounding environment. In our previous study, it
was found that excessive titanium ions were capable of sup-
pressing osteoblasts growth and inhibiting the osteogenic
differentiation via the Hippo/YAP signaling pathway.36

Changes in the characteristics of titanium surfaces can
directly inuence cell adhesion behavior.37,38 In this study, the
decreased adherent MC3T3-E1 cells and poor cell spreading on
the Ti-pg and SLA-pg surfaces were observed. This result
conrmed that pure and SLA titanium surfaces pre-corroded by
P. gingivalis negatively affected the adhesion and spreading
abilities of osteoblasts. The osteogenic differentiation of cells
on specimens was compared at the protein levels. Runx2 and
OPN were chosen as signicant osteogenic markers to analyze
cell differentiation activities. Runx2 is a vital transcription
factor for osteoblast differentiation which expressed in the early
stage of osteogenic differentiation.38 As a mediating marker for
osteogenic differentiation, OPN is mainly related to osteoblast
maturation in the relatively early stage.39 The western blotting
data clearly showed declined expressions of Runx2 and OPN on
the two titanium surfaces. According to these results, the pure
and SLA titanium surfaces pre-corroded by P. gingivalis could
down-regulate osteogenic activity of osteoblasts, which might
negatively affect the bone formation around the implants.

It is well known that hydrophilicity is regarded as the
promoting factors for cell adhesion.40,41 Toffoli et al.42 reported
that better hydrophilicity could improve the capacity of tita-
nium to selectively adsorb bronectin and brinogen, which
was favorable for the attachment and proliferation of osteo-
blasts. A multitude of researches found that modied titanium
surfaces with decreased contact angles had a potential to
increase cell adhesion.43–45 In our previous study, it was also
conrmed that nanosheets modied titanium surface, which
revealed superhydrophilicity, could dramatically enhance the
cell adhesion and spreading.38 Furthermore, preferential
growth and matrix mineralization of osteoblasts have been
observed on hydrophilic substrates.40 As the rst stage of
interactions between cell and biomaterial, initial cell adhesion
plays a key role in regulating the subsequent cell growth and
differentiation.46,47 In the present study, there were signicantly
less adherent cells on pre-corroded pure and SLA titanium
surfaces, which should be attributed to the inuence of worse
hydrophilicity together with reduced protein adsorption ability.
Both decreased initial number of adhesive cells and poor cell
spreading on the titanium surfaces may have resulted in the
observed attenuation of osteogenic differentiation as well.46

Thus, it was believed that the signicant reductions in the
wettability of pre-corroded pure and SLA titanium surfaces
contributed to the negative results of cell adhesion and
spreading, which, in turn, led to the decline in the osteogenic
activity of osteoblasts. Various factors, including bacterial
This journal is © The Royal Society of Chemistry 2020
colonization, surface roughness, wettability, chemical compo-
sition, and electrochemical corrosion behavior, may involved in
the alterations of osteoblast behavior on the pure and SLA
titanium surface in this work. However, the underlying mech-
anism in the biocorrosion of pure and SLA titanium surfaces in
presence of P. gingivalis with metabolic byproducts as well as its
regulation on the osteoblast behavior still requires further
investigations.
5. Conclusions

P. gingivalis was able to colonize on the pure and SLA titanium
surfaces and weaken their surface properties, especially
a decrease in the protective TiO2 lm, which caused a decline in
the corrosion resistance and further induced the biocorrosion.
The pre-corroded pure and SLA titanium surfaces exhibited
lower osteocompatibility and down-regulated the adhesion,
spreading and osteogenic differentiation abilities of MC3T3-E1
cells.
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