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Background: Improvements in the early osseointegration of titanium implants require 
investigations on the bone-implant interface, which is a critical and complex challenge. 
The surface cleanliness of titanium implants plays an important role at this interface. 
However, the implant surface would inevitably absorb contamination such as organic 
hydrocarbons, which is not conductive to the establishment of early osseointegration. 
Herein, an optimized approach for removing contamination from titanium surfaces was 
studied.
Methods: The TiO2-B＠anatase NWs (nanowires) were prepared on titanium substrates 
through a hydrothermal process. A methylene blue degradation experiment was performed to 
assess the photodegradation activity. The cleaning effect of the photocatalysis of TiO2- 
B＠anatase NWs on a titanium surface and the cellular early response was determined by 
analyzing cell morphology, attachment, proliferation and differentiation.
Results: The results indicated that the photocatalysis of TiO2-B＠anatase NWs could 
effectively remove hydrocarbons on titanium surfaces without sacrificing the favourable 
titanium surface morphology. The methylene blue degradation experiment revealed that the 
photocatalysis of TiO2-B＠anatase NWs had powerful degradation activity, which is attrib-
uted to the presence of strong oxidants such as ·OH. In addition, compared to the merely 
ultraviolet-treated titanium surfaces, the titanium surfaces treated after the NWs photocata-
lytic cleaning process markedly enhanced cellular early response.
Conclusion: The photocatalysis of TiO2-B＠anatase NWs for the removal of contamination 
from titanium surfaces has the potential to enable the rapid and complete establishment of 
early osseointegration.
Keywords: photocatalysis, nanowires, TiO2, titanium implant, osseointegration

Introduction
Titanium has been widely used for dental implants and orthopaedic surgery due to 
its excellent physiochemical properties and biocompatibility. The clinical long-term 
success of implants is related to their early osseointegration. Osteoconduction is 
defined as appositional bone growth permitting bone formation into the structure of 
an implant.1,2 Improvement in the osteoconductive capacity of an implant is the 
critical factor in improving early osseointegration, requiring focused research 
efforts on the bone-implant interface.3,4 Therefore, the surface characteristics of 
implants play important roles in the progression of osseointegration.1,5 Most of the 
challenges of osseointegration focus on improving the surface topography of 
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implants to enhance early osseointegration. In addition, the 
surface energy, chemical composition and time-related 
bioactivity of titanium merit special attention.1,6,7 

Moreover, surface cleanliness has a significant effect on 
determining the biocompatibility of implants.8 The con-
taminated implant surface has been reported to exhibit 
disadvantages in osteoconduction that negatively influence 
the migration and attachment of osteogenic cells9,10 and 
even result in failure of the implant.11 Many studies have 
reported that the titanium surface adsorbs inorganic ions 
and organic hydrocarbons or carbon/oxygen-containing 
species from air in 1 min or even in a few seconds.12,13 

These types of contamination were reported to change the 
surface chemical composition and the surface energy of 
implants.14–16 However, in the product information of 
clinical dental implants, there is no information for users 
to know when the products were manufactured, except for 
the expiration date of the sterilization. This information is 
useful because a contaminated titanium surface would be 
unsuitable for early osseointegration.

The generation of a superhydrophilic titanium surface 
by ultraviolet (UV) irradiation was discovered in 1997.17 

This unique change of the titanium surface provides 
advantages for the cellular responses to an implant, includ-
ing cell attachment, proliferation and differentiation.6,10,18 

These excellent properties are ascribed to the changed 
surface chemical composition due to the photocatalytic 
activity of TiO2. Two possible mechanisms could account 
for these properties, including the conversion of the rele-
vant Ti4+ sites to Ti3+ sites, which are favourable for 
dissociative water adsorption and the removal of 
hydrocarbons.7,18,19 However, most titanium surfaces 
were UV-treated in air in previous studies;6,7,18,19 there-
fore, the titanium surface is inevitably exposed to the air 
during or after UV irradiation, which could cause further 
problems with contamination, as exposure to air is also not 
suitable for clinical applications. Furthermore, the crystal 
phase and photocatalyst concentration are two important 
impact factors of the photocatalytic activity of TiO2.20,21 

A previous study confirmed that there is an absence of the 
crystal phase of TiO2 after acid-etched titanium at a high 
temperature.19 Consequently, the altered surface chemical 
composition and the hydrophilic phase are attributed to the 
photocatalysis of TiO2 that forms a thin oxide film on the 
titanium surface in the air. The thickness of the TiO2 oxide 
film plays an important role in photocatalysis.22 Moreover, 
enhanced photocatalysis can be achieved by sputtering 
TiO2 particles onto the titanium surface.23 These 

observations indicate that the photocatalytic activity gen-
erated by only a small amount of TiO2 oxide film oxidized 
in the air may not sufficiently remove contamination on 
the titanium surface.

Recently, one-dimensional nanostructures, such as ana-
tase phase TiO2 nanowires, have provided greater photo-
catalytic degradation of organic pollutants because their 
photogenerated charge carriers recombine at the lowest 
rate in anatase24–26 with a larger surface area20 and effi-
cient charge transfer.27 However, the recombination of 
photogenerated electrons and holes in anatase is still 
rapid, which limits the photocatalytic activity of anatase.28 

TiO2-B is a metastable monoclinic modification of TiO2, 
and its energy bandgap is very close to that of anatase.29 

Therefore, the energy bandgap similarity and electronic 
energy level differences can boost the charge transfer 
from one phase to the other if anatase and TiO2-B are 
combined together, resulting in enhanced photocatalytic 
activity. Recently, TiO2-B＠anatase nanowires have been 
successfully prepared and were found to exhibit excellent 
photocatalytic degradation activity.28

In fact, photocatalysts such as TiO2 have been widely 
used in the field of water pollution control. In this article, 
we propose that the preparation of a photocatalyst with 
strong photocatalytic activity for TiO2-B＠anatase nano-
wires can effectively remove contamination on the tita-
nium surface by photocatalysis. The objectives of this 
study were to provide a new approach for removing con-
tamination from titanium surfaces, which would be bene-
ficial for establishing early osseointergration, and to 
examine the cleaning effect of the photocatalysis of TiO2- 
B＠anatase nanowires on a titanium surface. In addition, 
the early cellular behaviours and functions of cells in vitro 
and potential bone-titanium integration in vivo on photo-
catalytically cleaned titanium surfaces were explored.

Methods
Synthesis of TiO2-B＠ Anatase Core- 
Shell NWs
TiO2-B＠anatase NWs were prepared according to 
a previously described method.28 Briefly, titanium disks 
(15 millimetres (mm) in diameter, 1.5 mm in thickness) 
surfaces were ground with 400 grit, 600 grit, 800 grit and 
1000 grit SiC papers and ultrasonically cleaned with acet-
one, absolute ethanol and distilled water for 15 minutes 
(min) twice in series. Next, the titanium disks were 
placed at an angle against the walls of a 25 millilitre (mL) 
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Teflon-lined stainless-steel autoclave filled with 10 mL of 1 
mole per litre (M) aqueous NaOH solution. The autoclave 
was kept inside an oven at 220°C for 8 hours (h). After the 
autoclave was cooled, the titanium disks covered with 
sodium titanate NWs were removed from the Teflon-lined 
vessel and washed with ultrapure water before immersion in 
0.02 M hydrochloric acid for 1 h to exchange Na+ with H+. 
The sodium titanate NWs were then transformed to hydro-
gen titanate NWs. Next, the hydrogen titanate NWs were 
placed in 200 mL of titanium tetrachloride (TiCl4) solution 
and kept at 50°C for 4 h to develop anatate nanocrystals 
around the hydrogen titanate NWs. The TiCl4 solution was 
prepared by mixing 0.18 mL of TiCl4 with 0.8 mL of 
hydrochloric acid (HCl) solution (36–38% by weight), 
with deionized water added to reach a final volume of 
200 mL. Finally, the hydrogen titanate NWs covered with 
anatate nanocrystals were calcined at 500°C for 1 h to con-
vert the hydrogen titanate NWs to TiO2-B＠anatase NWs.

Characterization of the NWs
The morphology of the TiO2-B＠anatase NWs was 
observed using field emission scanning electron micro-
scopy (FESEM, JSM-6330F, JEOL, Japan) and high- 
resolution transmission electron microscopy (HRTEM, 
JEM-2010, JEOL, Japan). The crystalline structure of the 
nanowires was determined using X-ray diffraction (XRD, 
D8 ADVANCE, Bruker, Germany) with a Cu Kα radiation 
source (λ=0.15418 nm, 40 kV, 40 mA) and scanning the 
diffraction angle from 20 to 60 degrees at a scanning speed 
of 0.2 degrees per second.

Photocatalytic Activity
A schematic diagram of the experimental setup is shown in 
Figure 1. The photoreactor consisted of one 15-Watt (W) 
bactericidal UV-C lamp (Philips, Amsterdam, Holland) 
(λ=250±20 nm) with a quartz tube placed in the centre of 
the cylindrical container with a capacity of 300 mL. The TiO2 

-B＠anatase NWs solution was circulated through the reactor 
system using a peristaltic pump (Langyin, Guangzhou, 
China) at a flow rate of 1000 revolutions per minute (rpm), 
with the reactor operating in recirculation mode.

The generation of ·OH radicals under UV light irradia-
tion was analysed via the fluorescence technique using 
terephthalic acid, which readily reacted with ·OH radicals 
to generate a fluorescent product, 2-hydroxyterephthalic 
acid.24,30 One hundred milligrams (mg) of the prepared 
TiO2-B＠anatase nanowires that were ultrasonically 
detached from the titanium disks were added to 500 mL 

of 5×10−4 M terephthalic acid in a 2×10−3 M NaOH solu-
tion. The mixture was ultrasonicated for 15 min to disperse 
the nanowires and then added to the photoreactor. The 
mixture was circulated in a dark room at room temperature 
for 1 h to reach adsorption equilibrium and was later 
irradiated using a UV lamp for 2 h. The sample solution 
was extracted every 15 min and filtered through a 0.22- 
micrometer (μm) membrane filter, followed by analysis 
using a fluorescence spectrophotometer (SpectraMax M5, 
Molecular Devices, USA) at a wavelength of 425 nm, 
which corresponded to the fluorescence peak intensity of 
the product of 2-hydroxyterephthalic acid.

To assess the photodegradation activity, 100 mg of the 
prepared TiO2-B＠anatase NWs and TiO2 nanoparticles 
(NPs) were added to 500 mL of methylene blue (MB) 
aqueous solution (Cmethylene blue=10 ppm). As previously 
stated, the mixture solution was circulated in a dark room 
at room temperature for 1 h and later irradiated using a UV 
lamp for 2 h. The sample solution was extracted every 
15 min and filtered through a 0.22 μm membrane filter, 

Figure 1 Schematic diagram of the experimental setup. 1 UV lamp. 2 TiO2- 
B＠anatase nanowires aqueous solution. 3 Sampling. 4 Peristaltic pump.

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
9641

Dovepress                                                                                                                                                              Gao et al

http://www.dovepress.com
http://www.dovepress.com


followed by analysis using a spectrophotometer 
(SpectraMax M5, Molecular Devices, USA) at 
a wavelength of 664 nm, which corresponded to the peak 
optical density of methylene blue.

Titanium Disks Cleaning and Surface 
Characterization
The SLA (sandblasting with large grit and acid-etching) 
titanium disks (15 mm in diameter, 1 mm in thickness) 
were sandblasted using Al2O3 particles and etched using 
a mixture of 18% HCl and 49% H2SO4 at 60°C for 30 min 
and then ultrasonically cleaned twice in deionized water 
for 15 min. The prepared surfaces were used for the 
experiments after storage in sealed containers under dark 
ambient conditions for 4 weeks. The SLA disks were hung 
in the photoreactor, and the surfaces prepared for cleaning 
faced the light. Next, 500 mL of the TiO2-B＠anatase 
NWs aqueous solution was circulated in a dark room at 
room temperature for 1 h and later irradiated with a UV 
lamp for 2 h. Finally, the SLA disks were ultrasonically 
cleaned twice in deionized water for 15 min to remove the 
nanowires attached onto the titanium surface. The titanium 
disks were divided into four groups: SLA, NWs-SLA, UV- 
SLA and NWs+UV-SLA. The NWs-SLA and NWs+UV- 
SLA groups were treated as mentioned above, while the 
NWs-SLA group was treated without UV irradiation in 
water. The SLA group was the control group. The UV- 
SLA group was treated with UV irradiation in water. All 
specimens were then stored in deionized water and ster-
ilized via irradiation with a dose of 25 kGy for 12 h.

The surface morphology of the titanium disks was 
characterized via SEM. XRD experiments identified the 
crystalline phase of the surfaces of the titanium disks. The 
three-dimensional profile of the surfaces of the titanium 
disks was measured using an optical profilometer 
(Breitmeier Messtechnik GmbH, BMT, Germany), and 
the surface roughness parameter Ra was measured over 
a scanning area of 300 μm × 300 μm. The hydrophilicity 
of the titanium surface was determined by measuring the 
contact angle of 1 μL of H2O using a contact angle 
measuring device (OCA40, Dataphysics, Germany). The 
elements and chemical composition of the titanium surface 
were evaluated via X-ray photoelectron spectroscopy 
(XPS) (ESCALAB 250, Thermo Fisher Scientific, US) 
under high vacuum conditions. This XPS system was 
equipped with a monochromatic Al Κα X-ray source 
(hv=1486.6 ev photons) at a 90° take-off angle. The 

binding energy was calibrated by the C 1s (C-C, C-H) 
contribution at 284.8 eV.

Osteoblastic Cell Experiment
Human osteoblast-like MG-63 cells (the Laboratory of cell 
biology of Southern Medical University, Guangzhou, 
China), isolated from human osteosarcoma, were placed 
into Dulbecco’s modified Eagle’s medium (DMEM; 
HyClone, Thermo Fisher Scientific, US) supplemented 
with 10% fetal bovine serum and 1% antibiotic solution 
(penicillin-streptomycin; HyClone). The cells were cul-
tured at 37°C under a humidified atmosphere of 5% CO2. 
The cells were detached using 0.25% trypsin-EDTA-4Na 
(HyClone) when they reached 80% confluency and seeded 
onto the titanium disks that were placed in 24-well plates 
at a density of 1×104 cells/cm2cells/cm2. The culture med-
ium was renewed every two days. Based on the above 
experimental results, without UV irradiation, only the 
NWs treatment had no effect on the titanium surface. 
The titanium disks were divided into three groups in the 
cell experiment: SLA, UV-SLA and NWs+UV-SLA.

The migration of MG-63 cells to the titanium surface 
was evaluated using a dual-chamber transwell migration 
assay. The cells were detached from the culture plates 
using trypsin and then washed twice in DMEM and resus-
pended at a density of 1.5×105/mL in DMEM. Two hun-
dred microlitres of the cell suspension was seeded into the 
upper chamber of a polyester membrane with an 8-μm 
pore size. The titanium disk was placed at the bottom of 
the lower chamber, and 500 μL of DMEM culture solution 
containing 10% foetal bovine serum was added. After 12 
h of incubation, the cells were fixed with 4% paraformal-
dehyde for 30 min and then stained with 0.1% crystal 
violet. The nonmigratory cells on the upper surface of 
the membrane were removed, and the migrated cells 
were counted in six random fields at a magnification 
of 400×.

The initial attachment of the cells was measured by 
calculating the fluorescently stained nuclei on the titanium 
surface after 1 h, 2 h and 4 h of incubation. At each 
selected time point, the non-adherent cells were removed 
from the titanium surface after rinsing with phosphate 
buffered saline (PBS, HyClone). The adherent cells on 
the titanium were fixed with 4% paraformaldehyde for 
30 min. Some of the samples were sputter-coated with 
Au/Pd for observation using SEM (JSM-6330F, JEOL, 
Japan) at a magnification of 2000×. The remaining sam-
ples were then stained with the fluorescent dye rhodamine 
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phalloidin (Alexa Fluor 635, Invitrogen, USA) for 30 min 
in dark ambient conditions. The number of adherent cells 
was estimated by counting the number of red stained actin 
filaments using a fluorescence microscope (IX51, 
Olympus, Japan) (magnification, 100×; area, 1800 × 
1350 μm2). Four different fields of each disc were selected 
randomly to evaluate cell attachment.

After 8 h of culturing, the titanium surfaces were rinsed 
three times using PBS, and then the cells were fixed in 4% 
paraformaldehyde for 30 min. Next, the fixed cells were 
permeabilized using 0.1% Triton X-100 in PBS for 5 min 
and then blocked with 1% bovine serum albumin (BSA/ 
PBS) for 30 min. Protected from light, the cells were then 
stained with Hoechst 33,342 (nuclei blue colour) and 
rhodamine phalloidin (actin filament red colour). 
Confocal laser scanning microscopy was used to observe 
the cell morphology and cytoskeletal arrangement (magni-
fication, 600×).

Cell proliferation was evaluated using a tetrazolium 
salt (MTS)-based CellTiter 96® AQueous proliferation 
assay at culture days 1, 3 and 5. At each prescribed time, 
the titanium disks were gently rinsed using PBS and 
transferred into a new 24-well plate. Then, 500 μL of 
DMEM was added to each well, followed by 100 μL of 
MTS reagent. After the mixture was incubated at 37°C for 
3 h, 100 μL of the culture solution was transferred to a 96- 
well plate for measurement using a microplate reader 
(SpectraMax M5, Molecular Devices, USA) at 490 nm.

The ALP activity of osteoblasts was examined by 
colourimetry-based assays using the ALP reagent 
SIGMAFAST p-Nitrophenyl phosphate Tablets (p-NPP) 
(Sigma-Aldrich, Missouri, USA). After 3 d, 7 d and 
14 d of incubation, the cells were washed three times 
using PBS and incubated in 200 μL 1% Triton X-100 for 
40 min at 37°C. 50 μL solution was transferred into a 96- 
well plate and incubated with 200 μL of p-NPP reagent 
solution at 37°C for 30 min. The ALP activity was eval-
uated by the amount of nitrophenol released and measured 
at 405 nm using a microplate reader (SpectraMax M5, 
Molecular Devices, USA).

ALP gene expression was quantitatively analysed using 
fluorescence real-time quantitative PCR (FQ-PCR) after 
cell culture for 7 and 21 d. Total mRNA was obtained 
using TRIzol (Takara Bio, Kyoto, Japan) and purification. 
Reverse transcription was performed using the 
PrimeScriptR RT reagent kit (Takara Bio, Kyoto, Japan). 
The complementary DNA was generated using the SYBR 
Premix DimerEraser kit (Takara Bio, Kyoto, Japan). ALP 

primer designs and PCR conditions were established 
previously.26 The GAPDH gene was amplified as 
a normalized control.

The mineralization capability of cells on the titanium 
surface was examined by alizarin red staining. After 14 
days of incubation, specimens were washed twice with 
PBS and then fixed with 4% paraformaldehyde for 30 
min. The titanium disks were rinsed and stained with 40 
mM alizarin for 20 min. Subsequently, the disks were 
washed with ddH2O. After drying in air, mineralized 
nodules on titanium surfaces emerged.

Statistical Analyses
There were six samples for the cell studies, except for the 
cell attachment assay, which was examined for 4 different 
fields in 3 samples of different groups. One-way ANOVA 
was used to analyse the effects of UV photocatalysis 
cleaning. A post-hoc Bonferroni test was used to assess 
differences between the control and the test groups, if 
necessary. All statistical analyses were performed using 
SPSS 26.0 software (© 2004 by SPSS Inc.), where p<0.05 
was considered to be statistically significant and p<0.01 
was considered to be highly statistically significant.

Results
Structural and Chemical 
Characterizations of the NWs
A schematic diagram of the formation process of TiO2- 
B＠anatase NWs is shown in Figure 2.

FESEM and TEM images of sodium titanate NWs and 
TiO2-B＠anatase NWs are shown in Figure 3A–H. 
Sodium titanate NWs were generated on the titanium 
disk surface after alkali-heat treatment at 220°C for 
8 h. The nanowires were abundant in quantity and quite 
clean with smooth surfaces (Figure 3A, C and E). After 
immersion in a TiCl4 solution for 3 h to form anatase 
nanocrystals followed by calcination at 500°C for 1 h, 
the sodium titanate NWs were transformed into TiO2- 
B＠anatase NWs, which were covered with spines and 
apparently round and rough (Figure 3B and D). Figure 
3F further illustrates that the hierarchical anatase nano-
crystal arrays formed a thick layer over the surface of 
sodium titanate NWs. Figure 3G is a typical HRTEM 
image of a core-shell NWs. The average diameter of the 
sodium titanate NWs was approximately 100 nm, which 
was thinner than the TiO2-B＠anatase NWs diameter 
(~130 nm). Figure 3H displays an HRTEM image captured 
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near the interface between the TiO2-B core and anatase 
nanocrystal shell NWs. The lattice spacing between adja-
cent lattice planes of the TiO2-B core was approximately 
0.65 nm and 0.39 nm, while the anatase nanocrystal shell 
was clearly visible at 0.35 nm. The HRTEM images 

confirmed that single-crystal anatase grew on the TiO2-B 
core NWs. The TiO2-B core and anatase shell crystal 
structures were well matched. This kind of transition 
from one crystalline phase to the other could facilitate 
interfacial charge transfer to enhance photocatalysis.

Figure 2 Schematic route diagram of the formation process of TiO2-B＠anatase nanowires. In the first step, sodium titanate nanowires were self-assembled hydrothermally 
onto the titanium substrate surface. Next, the sodium ions were exchanged with protons to convert the sodium titanate nanowires to hydrogen titanate nanowires. Finally, 
TiO2-B＠anatase nanowires were fabricated by immersing hydrogen titanate nanowires in TiCl4 solution to form anatase phase nanowires, followed by calcination at 500°C.

Figure 3 (A, C and E) FESEM and TEM images of the hydrogen titanate nanowires. (B, D and F) FESEM and TEM images of TiO2-B＠anatase nanowires (Bar = 500 nm). 
(G and H) Typical HRTEM image of a TiO2-B＠anatase core-shell nanowire.
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The diffraction peaks of the NWs after each step of the 
synthesis are shown in Figure 4. The Ti (JCPDS#44-1294) 
diffraction peaks in Figure 4A are attributed to the titanium 
substrate. After the high temperature and pressure reaction, 
the diffraction of sodium titanate NWs could be detected on 
the titanium surface (Figure 4B). In Figure 4C, the diffrac-
tion pattern is consistent with the body-centred orthorhom-
bic H2Ti2O5·H2O phase, which contains two-dimensional 
sheets of edge sharing TiO6 octahedra.28,31 Although the 
diffraction pattern in Figure 4D is similar to that of Figure 
4E, well-resolved anatase diffractions can be distinguished 
from the H2Ti2O5·H2O phase. This result further confirms 
that anatase nanocrystals formed on the surface of hydrogen 
titanate NWs after immersion in TiCl4 solution. Figure 4E 
shows the diffraction pattern of the NWs after calcination. It 
was reported that if the calcination temperature is increased 
above 650°C, then the H2Ti2O5·H2O phase can be trans-
formed into anatase.28 Therefore, after calcination at 500°C 
in the present study, the diffraction peak widening can be 
attributed to the coexistence of TiO2-B and anatase.

Photocatalytic Activity of the NWs
The fluorescence emission spectrum of the terephthalic acid 
solution was measured every 15 min during irradiation at an 

excitation wavelength of 315 nm. As shown in Figure 5A 
(Supplementary Table S1), the spectrum had an identical 
shape and maximum emission wavelength to that of 
2-hydroxyterephthalic acid, which indicated that ·OH was 
generated during TiO2-B＠anatase NWs photocatalysis. It 
shows the alteration of the fluorescence intensity with illu-
mination time at 425 nm. Almost no ·OH radicals were 
generated without UV treatment or without the NWs photo-
catalyst. Moreover, the fluorescence intensity increased over 
time under the action of TiO2-B＠anatase NWs photocata-
lysis, especially during the first 15 min, and reached 
a maximum at 75 min (Figure 5B, Supplementary Table S2).

The photocatalytic activity of TiO2-B＠anatase NWs 
was investigated by the degradation of MB. The remaining 
concentration of MB in the solution was measured and 
plotted at each selected time. As shown in Figure 5C 
(Supplementary Table S3), the peak optical density of MB 
at approximately 664 nm gradually decreased with increas-
ing illumination time. More importantly, a remarkable 
decrease in the optical density could be observed during 
the first 15 min, indicating that the degradation rate of MB 
is prominent during this time. The photodegradation activity 
of TiO2 nanoparticles and TiO2-B＠anatase NWs is reflected 
in Figure 5E. We may conclude that the relative 

Figure 4 X-ray diffraction patterns of (A) titanium disk, (B) sodium titanate nanowires, (C) hydrogen titanate nanowires, (D) hydrogen titanate nanowires decorated with 
anatase, and (E) TiO2-B＠anatase nanowires.
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Figure 5 (A) Fluorescence spectral changes detected during irradiation of TiO2-B＠anatase nanowires for 2 h in 2×10−3 M NaOH solution of terephthalic acid (excitation 
at 315 nm). (B) Fluorescence intensity of the samples in the corresponding time interval. (C) The change in the absorbance value of MB under the photocatalytic activity of 
TiO2-B＠anatase NWs at each selected time. (D) The change in the normalized concentration (C/C0) of MB with irradiation time. (E) Comparison of the photodegradation 
activity of MB between TiO2 nanoparticles and TiO2-B＠anatase NWs.
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photodegradation rate of TiO2-B＠anatase NWs exhibited 
significant improvement compared to TiO2 nanoparticles. 
The colour of the MB faded over time and became transpar-
ent at approximately 75 min of illumination in the TiO2- 
B＠anatase NWs group. The normalized concentration 
(C/C0) changes of MB with irradiation time should be pro-
portional to the normalized absorbance (A/A0). As shown in 
Figure 5D (Supplementary Table S4), only a slight decrease 
in the MB concentration was observed in the presence of 
either UV or nanowire photocatalyst exposure alone, which 
implies that both the light source and the photocatalyst are 
necessary for photodegradation to occur.

Surface Characterization of the Titanium 
Surface After Photocatalytic Cleaning
The SEM images revealed that the SLA, UV-SLA, NWs-SLA 
and NWs+UV-SLA samples were characterized by similar 

multilevel pores (Figure 6A and B), including the primary 
roughness due to 10–30 μm diameter features generated by 
sandblasting and the secondary roughness with a honeycomb 
structure in the range of 1–3 μm diameter formed by acid 
etching. After XRD analyses (Figure 6C), the SLA surface 
exhibited only diffraction patterns attributed to Ti metal and 
did not exhibit any other peaks of crystalline structure. As 
shown in the three-dimensional reconstructed image (Figure 
6D), the surface roughness parameter Ra of the SLA was 1.56 
± 0.32 μm, which was similar to that of the other groups.

The measured contact angles are displayed in Figure 
7A–D. The contact angle of a H2O droplet on the SLA 
surface was 110°, while after exposure to UV light or after 
the NWs+UV photocatalytic cleaning treatment of the 
SLA surface for 2 h, both contact angles decreased to 0°. 
However, for only the NWs photocatalyst treatment, the 
contact angle did not change very much.

Figure 6 (A and B) SEM image of an SLA surface used in this study ((A) 1000×, (B) 5000×). (C) X-ray diffraction spectrum of the SLA surface. (D) Three-dimensional 
reconstructed image of an SLA surface.
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The XPS high-resolution spectra of C 1s, O 1s and Ti 2p 
from the SLA surface of the different groups are shown in 
Figure 8A–C (Supplementary Tables S5-S7). From the C 1s 
spectra, the C 1s peak at approximately 284.8 eV that is 
ascribed to hydrocarbons (C-C, C-H)10,32,33 decreased after 
UV or NWs+UV treatment. This is especially true after NWs 
+UV treatment for 2 h when the content of C decreased from 
49.49% to 25.3% but was basically remaining unchanged 
after the NWs treatment (Figure 8D). Meanwhile, the O 1s 
peak at approximately 530.1 eV assigned to TiO2 (O2-)33 and 
at approximately 531.3 eV fitted to Ti-OH34,35 increased 
after the UV or NWs+UV treatments. Compared with the 
SLA and NWs-SLA groups, the Ti 2p3/2 peaks at approxi-
mately 458.5 eV and Ti 2p1/2 peaks at approximately 464.2 
eV were both slightly shifted to a higher energy for the UV- 
SLA and NWs+UV-SLA surfaces. In combination with the 
XPS spectra of O 1s and Ti 2p, these data indicated that the 
surfaces of the substrates were oxidized to stoichiometric 
TiO2 layers,19 especially on the surfaces of the NWs+UV- 
SLA group.

Cell Migration, Attachment and 
Morphology
The effect of photocatalytic cleaning on the migration capa-
city of MG-63 cells was evaluated via a transwell migration 

assay. The assay results demonstrated that the SLA surface 
had a positive affinity for the cells after photocatalytic clean-
ing. After 12 h incubation, the number of migrated cells to 
the NWs+UV-SLA surfaces was 2-fold greater than that of 
the SLA surfaces (p < 0.01) and 10% greater than that of the 
UV treatment alone (p<0.05) (Figure 9A–C, Figure 9J, 
Supplementary Table S8).

The image of the MG-63 cells attached onto the titanium 
surfaces after 2 h incubation is presented in Figure 9D–F, 
with the red stained actin filament directly counted on fluor-
escently stained images at 100×. Figure 9L–T shows the 
morphology of cells cultured on the different titanium sur-
faces after 1 h, 2 h, and 4 h of culturing. The cells on the 
titanium surfaces were all round-shaped after 1 h of incuba-
tion. Cells on the UV-SLA and NWs+UV-SLA surfaces 
turned into an oval shape after 2 h incubation. After 4 h of 
culture, the cells on the UV-SLA showed slender filopodia, 
while sturdy lamellipodia were present on the NWs+UV- 
SLA surfaces. The cell attachment rate on the SLA, UV- 
SLA and NWs+UV-SLA surfaces gradually increased with 
the cell attachment rate on the NWs+UV-SLA surfaces 
exhibiting better performance than those of the other two 
surfaces (p<0.01) (Figure 9K, Supplementary Table S9).

Figure 9G–I show the immunofluorescent images of MG- 
63 cells on different surfaces after 8 h incubation. Red-stained 

Figure 7 Photographic images of H2O droplets pipetted onto the titanium surfaces: (A) SLA, (B) NWs-SLA, (C) UV-SLA, and (D) NWs+UV-SLA.
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actin was the main cytoskeleton arranged around the blue 
nuclei. Most of the cells had begun to spread and displayed 
a morphology similar to that of a triangle or polygon. 
Furthermore, the cells on the UV-SLA and NWs+UV-SLA 
surfaces extended further; in particular, some of the spindle- 
like filopodia exhibited a more extensive arrangement on the 
NWs+UV-SLA surfaces.

Cell Proliferation and ALP Activity
The cell proliferation evaluated via an MTS assay is 
shown in Figure 10A (Supplementary Table S10). Cell 
proliferation increased over time on three different sur-
faces after 1 d, 3 d and 5 d of culture. The NWs+UV- 
SLA surface exhibited greater proliferative activity than 
the other two surfaces, especially at 3 d and 5 d of incuba-
tion (p<0.01). Compared to the SLA surface, the UV-SLA 
surface exhibited superior performance at 3 d (p<0.05) and 
improved at 5 d after seeding (p<0.01).

The ALP activity was determined to evaluate the early 
differentiation of MG-63 cells. As presented in Figure 10B 
(Supplementary Table S11), there was no significant dif-
ference in the differentiation activity of the cells among 
the groups at 3 d of incubation (p>0.05). The ALP activ-
ities of the cells on the three groups of surfaces increased 
at 7 d after the seeding was performed, with the NWs+UV- 
SLA surface exhibiting a greater ALP activity than those 
of the other two surfaces. However, the ALP activity of 
the cells decreased at 14 d of incubation among the three 
groups, but the ALP activity on the NWs+UV-SLA surface 
was still higher than that of the SLA surface (p<0.05). 
Consistent with the results above, as presented in Figure 
10C (Supplementary Table S12), the expression of ALP on 
the NWs+UV-SLA surface was greater than those of the 
other groups at 7 days. On day 14 of culture, the area of 
mineralized nodules detected by alizarin red staining was 
also greater on the NWs+UV-SLA surface (Figure 10D).

Figure 8 (A–C) Changes in the XPS profile for C 1s, O 1s and Ti 2p. (D) Atomic percentages of the SLA, NWs-SLA, UV-SLA and NWs+UV-SLA surfaces.
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Discussion
In this study, TiO2-B＠anatase NWs were prepared on 
titanium substrates through a four-step process. In the 
first step, sodium titanate NWs were self-assembled hydro-
thermally onto the titanium substrate surface. Next, the 
sodium ions were exchanged with protons to convert the 
sodium titanate NWs to hydrogen titanate NWs. Finally, 
TiO2-B＠anatase NWs were fabricated by immersing 
hydrogen titanate NWs in TiCl4 solution to form anatase 
phase NWs, followed by calcination at 500°C.

The HRTEM images confirmed that single-crystal anatase 
grew on the TiO2-B core NWs. The TiO2-B core and anatase 
shell crystal structures were well matched. This kind of 
transition from one crystalline phase to the other could facil-
itate interfacial charge transfer to enhance photocatalysis.

One-dimensional nanostructures, such as TiO2 NWs, 
enable greater photocatalytic degradation of organic pollutants 
due to their larger surface area and efficient charge transfer and 
have attracted keen interest in recent years.20,27 Binary phase 
NWs, such as TiO2-B＠anatase NWs, can increase the photo-
degradation rate of organic compounds by a factor of 5 than 
the control single-phase photocatalyst as a result of a smaller 
energy bandgap.28 In our study, the degradation of MB was 
chosen as a model reaction to measure the photocatalytic 
activity of TiO2-B＠anatase NWs. Figure 5D shows the 
decay of the MB concentration versus UV irradiation time in 
the aqueous solution with and without TiO2-B＠anatase NWs 
acting as a photocatalyst. It is obvious that the photocatalyst of 
TiO2-B＠anatase NWs had greater photocatalytic activity than 
the sample without NWs. However, the light source and 

Figure 9 (A–C) Osteoblast-attracting ability of three differently conditioned titanium surfaces at 12 h of incubation (Bar=50 μm). (D–F) Images of the fluorescently stained 
actins of MG-63 cells attached on different surfaces after 2 h of incubation (Bar=100 μm). (G–I) Initial cellular spread and cytoskeletal arrangement on titanium surfaces. 
Confocal microscopic images of MG-63 cells after 8 h incubation. (J) The number of cells migrating to titanium surfaces after 24 h of incubation. (K) The adhesion rate of 
cells on the titanium surfaces after 2 h of incubation. (mean±SD, n=6; *p<0.05, **p<0.01). (L–T) SEM images of the morphology of cells cultured on the different titanium 
surfaces after 1 h, 2 h, and 4 h of culture (2000×, bar=10).
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photocatalyst are two indispensable components of photoca-
talysis. The decrease in the concentration of MB with increas-
ing illumination time can result from the generation of ·OH 
radicals.28,30,36 The photooxidation and photoreduction activ-
ities of TiO2 were estimated by detecting the amount of ·OH 
radicals.24,37 A few strong oxidants can be generated during 
photocatalysis, such as O2- and H2O2, but they do not interface 
with the reaction between the ·OH radicals and terephthalic 
acid.30 Furthermore, the identical shape and maximum wave-
length of the spectrum produced in the present study were 
consistent with that of 2-hydroxyterephthalic acid (Figure 5A). 
Similar to the results of a previous study,30 the larger the 
amount of the formation of ·OH radicals was, the higher the 
photocatalytic activity.

In the present work, a new titanium surface cleaning 
method was developed by performing photocatalysis using 

TiO2-B＠anatase NWs. Unlike the previous study,38 

photocatalysis of TiO2-B＠anatase NWs effectively 
removed contamination from the titanium surface without 
sacrificing the surface topography and roughness. In addi-
tion, in most recent studies,6,7,18,19 titanium surfaces were 
treated by UV irradiation in air; therefore, the surface is 
inevitably exposed to air during or after UV irradiation, 
thereby causing further problems with contamination 
while complicating further experiments. In our study, the 
XPS spectra showed that the predominant peak at 284.8 
eV, which is ascribed to oxygen-containing hydrocarbons 
adsorbed onto the SLA surfaces, decreased after UV or 
NWs+UV treatment but basically remained unchanged 
after treatment with only NWs (Figure 8A). The 2p3/2 
peaks of Ti and TiO2 were deemed to be at 453.8 eV and 
458.5 eV, respectively.19 In addition, the peaks attributed 

Figure 10 (A) Proliferation of cells on titanium surfaces at days 1, 3 and 5. (B) The alkaline phosphatase activity of MG-63 cells on different titanium surfaces at days 3, 7 and 
14. (mean±SD, n=6; *p<0.05, **p<0.01). (C) ALP gene expression in osteoblasts on different titanium surfaces. (mean±SD, n=6; **p<0.01). (D) Alizarin red-stained 
mineralized nodules deposited on different titanium surfaces.
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to species such as Ti0, Ti2+ and Ti3+ were not detected in 
the lower energy regions among the titanium surfaces of 
different groups. These results indicated that the very near 
surfaces of the titanium surfaces were all fully oxidized to 
stoichiometric TiO2 thin films. From another point of view, 
the results also demonstrate that photocatalysis cannot 
occur without a light source. However, compared to the 
NWs+UV-SLA group, the photocatalytic activity gener-
ated by only the TiO2 oxide film formed on the UV-SLA 
surface was substantially lower. Clinical dental implants 
are typically considered to be contaminated with hydro-
carbons, as progressive accumulation of organic molecules 
is unavoidable in ambient conditions.12,39 This study 
demonstrated that contamination, particularly from hydro-
carbons, was effectively cleaned under the photocatalysis 
of the NWs+UV.

The photoinduced superhydrophilicity of TiO2 thin 
film was first discovered in 1997.17 Our results demon-
strate that either UV or UV+NWs treatment can generate 
superhydrophilicity (contact angle <5°) on the SLA sur-
faces. This unique characteristic is ascribed to the altered 

molecular structure of the titanium surface generated by 
photocatalysis of the TiO2 thin film.7,18,19 Two mechan-
isms have been proposed to describe photocatalysis. In this 
model, strong oxidizing oxygen vacancies generated dur-
ing hydrocatalysis can result in the conversion of relevant 
Ti4+ sites to Ti3+ sites, which is conducive to dissociative 
water adsorption to form basic Ti-OH. In addition, photo-
catalysis of TiO2 can remove contamination on the tita-
nium surface (Figure 11). In fact, for clinical dental 
implants, there is no information for users to determine 
when the products were manufactured. However, organic 
impurities such as hydrocarbons accumulate progressively 
onto the titanium surface exposed to air.12,39 In our study, 
the C 1s peak at approximately 284.8 eV ascribed to 
hydrocarbons decreased after UV or NWs+UV treatment, 
while the corresponding atomic percentage of C decreased 
from 49.49% down to 36.63% and 25.3% after UV or NWs 
+UV treatment, respectively. Nevertheless, to what extent 
the generated superhydrophilicity removed hydrocarbons 
from the titanium is a truly complicated question. 
Moreover, the hydrocarbons on the NWs+UV-SLA 

Figure 11 Schematic diagram of the proposed photocatalysis of TiO2 illustrating the reactivation of the TiO2 surface that enhances the activity of the titanium surface.
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surfaces still could not be completely cleaned, possibly 
due to insufficient irradiation time or the residual hydro-
carbons existing in the oxide film. More importantly, 
organic impurities inevitably accumulate progressively 
onto the titanium surface. Meanwhile, the O 1s peak at 
approximately 531.3 eV fitted to Ti-OH increased after 
UV or NWs+UV treatment. Ti-OH generation was 
reported on TiO2 surfaces during UV light irradiation.40 

Moreover, UV irradiation in water facilitates more basic 
Ti-OH production than that in air.32 In this study, the effect 
of UV or NWs+UV treatment on the amount of Ti-OH 
formation was similar. As previously mentioned, Ti-OH 
generation is associated with the dissociative water 
adsorbed onto the TiO2 surface. The adsorption of disso-
ciative water on solid surfaces was reported to be sensitive 
to temperature changes;41 however, the definitive relation-
ship among them has yet to be clearly reported. Another 
mechanism of the photoinduced superhydrophilicity of 
a TiO2 surface involves desorption of H2O molecules 
from the TiO2 surface by the effect of heating from the 
absorption of light.41 Consequently, how the superhydro-
philicity of a TiO2 surface should be modelled is compli-
cated and controversial.

The titanium surfaces cleaned via photocatalysis 
enhanced the affinity between the biomaterials and the 
cells. A notable result regarding the initial behaviours of 
cells was the significantly increased number of migrated 
and attached cells onto the SLA-UV and NWs+UV-SLA 
surfaces compared with that of the SLA surfaces. These 
results revealed that age-related alterations occurred on the 
SLA surfaces, which diminished their attraction to osteo-
blast cells. More importantly, the number of migrated and 
attached cells onto the NWs+UV-SLA surfaces increased 
even higher than that of the UV-SLA surfaces. The amount 
of hydrocarbons was strongly correlated with the rates of 
cell attachment.19 In light of this theory, the amount of 
hydrocarbons removed from either the NWs+UV-SLA sur-
faces or the UV-SLA surfaces was greater than that from 
the SLA surfaces, which seems to account for the results in 
our study. However, another study demonstrated that Ti-OH 
groups enhance cell response.32 Similarly, both the NWs 
+UV-SLA surfaces and the UV-SLA surfaces have more Ti- 
OH groups than do the SLA surfaces. Therefore, the hydro-
carbon, Ti-OH groups, or another dominant factor, or the 
combined effect of them, must be investigated in the future. 
Furthermore, cell spreading behaviours occurs after the 
cells attach to biomaterials. Development of a cellular ske-
leton and extension are necessary steps to initiate cellular 

functions and intracellular signalling.18 Apparently, UV and 
NWs+UV cleaned titanium surfaces facilitated the spread of 
osteoblasts, which exhibit triangular and polygonal shapes. 
In particular, some spindle-like filopodias exhibited a more 
extensive arrangement on the NWs+UV-SLA surfaces. In 
contrast, the cytoskeletal arrangement on the SLA surfaces 
was insufficiently spread. In the present results, the NWs 
+UV-SLA surfaces could be more favourable to cellular 
attachment and spreading. The interactions between the 
cells and the biomaterials are complicated and represent 
a controversial question. Excluding the impact of hydrocar-
bons and Ti-OH groups on titanium surfaces, the surface 
electronic charge, surface energy and other properties are 
required to identify the underlying mechanism.

An inverted correlation between proliferation and dif-
ferentiation in osteoblasts has been reported.42 However, 
in accordance with other studies,10,18,19,34 the photocataly-
sis of TiO2 enhanced osteoblastic proliferation and differ-
entiation. Compared with the other two surfaces, the NWs 
+UV-SLA surface exhibited greater proliferative activity 
at 3 d and 5 d of incubation and better ALP activity at 7 
d. This behaviour indicated that the titanium surfaces 
cleaned by photocatalysis are conductive to bone forma-
tion around titanium implants, but this must be investi-
gated further. In this phenomenon, a large number of cell 
signalling pathways and intercellular interactions were 
increased and were regulated by cellular attachment.43 

Moreover, an aryl hydrocarbon receptor-mediated contam-
ination could influence gene expression and lead to 
a reduction in the ALP activity of the osteoblasts.44 

Thus, the greater ALP activity may be attributed to the 
effective removal of hydrocarbons in this study.

The surface chemistry would influence not only the 
initial bone-implant interaction but also the later bone for-
mation around the implant. Cleanliness, a crucial aspect of 
surface chemistry, plays an important role in determining 
the early osseointegration of titanium implants. Organic 
impurities, such as polycarbonyls and hydrocarbons 
adsorbed onto titanium surfaces, are considered to be una-
voidable under ambient conditions. Thus, the role of surface 
contamination on the bioactivity of titanium is of great 
interest and should be the focus of future studies. The 
photocatalysis of TiO2 has been widely used in dealing 
with water pollution. The present study regarding the effect 
of NWs+UV treatment on the titanium surface indicated 
that photocatalysis using TiO2-B＠anatase nanowires could 
effectively remove hydrocarbons. We expect that this tech-
nology would be immediately and extensively applied to 
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cleaning titanium implants, which is an important step in 
the process of implant production.

Conclusion
In this study, we demonstrated that the photocatalysis of 
TiO2-B＠anatase NWs could effectively remove hydro-
carbons on titanium surfaces without sacrificing the 
favourable surface morphology. In addition, compared 
to titanium surfaces without the use of a photocatalytic 
cleaning process, UV-SLA and NWs+UV-SLA titanium 
surfaces markedly enhanced cellular migration, attach-
ment, spreading, proliferation and early differentiation, 
especially on NWs+UV-SLA surfaces. The photocataly-
tic activity generated by a TiO2 film that spontaneously 
formed in air did not sufficiently remove the contamina-
tion from the titanium surface. Furthermore, the hydro-
carbons on the NWs+UV-SLA surfaces could not be 
entirely cleaned, which may be attributed to the insuffi-
cient irradiation time or the residual hydrocarbons exist-
ing in the oxide film. More importantly, organic 
impurities inevitably accumulate on the titanium surface. 
Thus, this study provides a new approach for contamina-
tion removal from titanium surfaces, which is beneficial 
for establishing early osseointergration.
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