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Abstract: The surface topography of medical implants plays an important role in the regulation
of cellular responses. Microstructure and nanostructure surfaces have been proved to enhance
cell spreading and proliferation with respect to smooth surfaces. In this study, we fabricated a
new structure including micro-pits and nano-pits on the surface of titanium via sandblasting,
acid etching and chemical oxidation to investigate the influence of composite structures on cell
behavior. Meanwhile, the surface properties and corrosion resistance of treated samples were
also tested. The micro/nanostructured titanium surface comprising of micro-pits and nano-pits
presented enhanced roughness and hydrophilicity. In addition, the corrosion resistance of the
titanium substrate with micro-pits and nano-pits was significantly improved compared to that of
polished titanium. More importantly, the micro/nanostructured titanium surface proved a good
interfacial environment to promote osteoblast functions such as cell adhesion and spreading. Taken
together, these results showed that the construction of micro/nanostructure on the titanium surface is
an effective modification strategy to improve osteoblast cell responses.
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1. Introduction

Titanium (Ti) and its alloys are commonly used for manufacturing dental and orthopedic implants
because of their excellent biocompatibility and mechanical properties [1-3]. However, implant failures
still occur frequently in clinical applications due to the low bonding strength and bonding speed of
implant and bone tissues [4,5]. It has been reported that surface specificities (e.g., topography, chemical
composition, hydrophilicity, roughness) have an important influence on the interaction of cells or
tissue and implants [5-7]. Therefore, a great number of surface modification techniques on implants,
such as alkali-heat treatment, anodic oxidation, micro-arc oxidation, and ion implantation, have been
proposed to stimulate desired biological responses for enhancing osseointegration [8-12].

Surface topography is one of the key factors in the manufacture of medical Ti implants, and affects
the response of cells to implants [13,14]. It is generally accepted that the microstructured surface
is beneficial to increasing bone-implant contact and anchorage for improving the bonding strength
of interface [5,15]. Nevertheless, natural bone is a hierarchical structure containing macroscale,
microscale, sub-micro scale, nanoscale, and sub-nanoscale organizations [16]. The influence of
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micro-topography on the osseointegration of the implant is unsatisfactory. Nano-topography is also
important for regulating the interaction between the implant and bone tissues. Previous studies have
shown that the nanostructured surface was conducive to promoting cell attachment, proliferation,
and differentiation [9,17-20]. This is considered relevant to the interaction of nanostructure and cell
membrane receptors. From a biomimetic perspective, the micro/nanostructured surface can mimic
the structure of bone tissue and present great potential for enhancing cell responses. Moon et al. [21]
demonstrated that the synergistic effects of micro- and nano-textural surface significantly improved
cell attachment, proliferation, and bone regeneration. Therefore, the fabrication of micro/nanostructure
on Ti surface has attracted much scholarly attention.

In recent years, many methods for constructing micro/nanostructure on the Ti surface have been
developed. For example, Huang et al. [22] constructed micro/nanostructures on Ti surfaces via micro-arc
to construct micro-crater and hydrothermal treatment for 24 h to form nanoplates. Experimental results
showed that the micro/nanostructured surface contributed to enhancing cell spreading, adhesion,
and proliferation. Zhao et al. [23] produced micro/nanostructures by constructing titania nanotubes on
micro-topographies via the methods of acid etching and anodic oxidation, which improved the multiple
osteoblast functions such as cell proliferation and mineralization. Despite previous studies reporting
some promising results, further research is still required on the preparation of micro/nanostructures on
the surface of Ti, their surface properties, as well as their biocompatibility. This will be conducive to
enriching the surface modification strategies of implants.

Sandblasting with large grit and acid etching have been widely used to modify the surfaces of Ti
implant in recent years, and this is one of the most successfully commercialized surface modification
methods. However, it is difficult to produce homogenous nanostructures on the surface of Ti using
this method. In addition, the oxide layer on the surface of titanium is also relatively thin. Chemical
oxidation, as a simple method, has been used for constructing nano-pits on Ti surface [24]. With this
approach, the thickness of the dioxide layer on the Ti surface is significantly increased [24]. Meanwhile,
nanostructures fabricated on the surface also promote the growth of osteoblasts. To our knowledge,
the influence of the complex structures including micro-pits and nano-pits on osteoblasts has seldom
been reported. Accordingly, in this study, complex structures were constructed on the Ti surface through
a combination of sandblasting, acid etching, and chemical oxidation. Following this, the surface
topography, hydrophilicity, and corrosion resistance of differently treated Ti samples were measured by
scanning electron microscopy, contact angle goniometer, and electrochemical workstation, respectively.
Furthermore, the influence of micro/nanostructures on cell responses was also investigated in order to
evaluate the biocompatibility of Ti samples. The purpose of this study was mainly to evaluate the
feasibility of constructing complex structures containing micro-pits and nano-pits using the novel
pathway combined with sandblasting, acid etching and chemical oxidation.

2. Materials and Methods

2.1. Samples Fabrication

Pure Ti (TA2) was purchased from Baoji Titanium Industry (Shanxi, China), which was
manufactured into a square block with a size of 10 X 10 X 1 mm?. The Ti substrates were polished
with a polish-grinding machine and cleaned in acetone, anhydrous ethanol, and deionized water
successively using an ultrasonically cleaner. The polished Ti was defined as P-Ti. After that, the samples
were sandblasted with Al,Oj3 particles (125-150 um) in a sandblasting device. The sandblasting was
performed at a distance of 10 cm from the nozzle to the substrate in the vertical direction under a
pressure of 0.34 MPa for 20 s. To remove the residual grit particles, the samples were immersed in
a mixed solution of HF (2%) and HCI (1.8%) for 150 s. The treated samples were defined as M-Ti.
Thereafter, the M-Ti samples were soaked in a piranha solution at 80 °C for 2 h to form nanostructure
on the surface (MN-Ti). A schematic diagram of the fabrication process presented in Figure 1.
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Figure 1. The equipment (a) and schematic diagrams (b) of the sandblasting process, and the process
of fabrication of micro/nanostructure on the surface of Ti (c).

2.2. Surface Characterization

Field-emission scanning electron microscopy (SEM, Carl Zeiss, Oberkochen, Germany) was used
to evaluate the surface topography of different samples. The roughness and three-dimensional (3D)
profile images were investigated by a laser scanning microscope (LSM, VK-X200K, Osaka, Japan).
To evaluate the crystalline phase of treated samples, X-ray diffraction (XRD, D8 Advance, Karlsruhe,
Germany) was used in this study. The scan was carried out in the 20-80° range with an angle of the
incident beam of 0.02°. The water contact angle (CA) of the samples was measured by a contact angle
goniometer (SL200KS, Boston, MA, USA). The distilled water used in this study was dropped onto the
surface of samples by a syringe. The drop size of the distilled water was set as 2 L.

2.3. Corrosion Resistance Evaluation

The corrosion resistance of P-Ti, M-Ti, and MN-Ti samples was investigated by an electrochemical
workstation (Corrtest, Wuhan, China). Physiological saline solution (0.9wt% NaCl, pH = 7) was used as
the electrolyte solution [25]. The specimens (exposed area: 1 cm?) were immersed in the physiological
saline solution for several minutes under open circuit potentials (OCP). Potentiodynamic polarization
curves were measured according to our previous study [3].

2.4. Cell Culture

Mouse osteoblasts (MC3T3) were used to evaluate the biocompatibility of P-Ti, M-Ti, and MN-Ti
samples in this study. MC3T3 cells were cultured in x-MEM that included 10% fetal bovine serum and
1% penicillin/streptomycin. The culture flask contained MC3T3 cells and culture medium were put in
37 °C incubators with the atmosphere of 5% CO;. The culture medium was refreshed every two days.
Cell passage was carried out when MC3T3 cells fusion reached 70%-80%. Cells at passage 3-5 were
seeded onto different sample surfaces to investigate their response to the sample surfaces.
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2.5. Cell Attachment

The samples were removed from the culture medium and gently washed with PBS after 24 h
of culture. Then, 4% of paraformaldehyde was used to fix the cells that grow on different samples.
After that, the nucleus of osteoblasts was stained by Hoechst 33258 (Beyotime, Jiangsu, China) at room
temperature. Finally, the number of cell nuclei was counted in three random fields on each sample by
the confocal laser scanning microscope (CLSM, LSM 780, Oberkochen, Germany).

2.6. Cell Morphology

After 48 h of culture, MC3T3 cells cultured on the surfaces of P-Ti, M-Ti, and MN-Ti substrates
were fixed for 30 min by paraformaldehyde at 4 °C and rinsed three times with PBS. Then, 0.2%
Triton X-100 solution was used to permeabilize MC3T3 cells at 4 °C. After that, cells were stained with
rhodamine-phalloidin (Beijing, China) and Hoechst 33258 (10 pg/mL) at room temperature according to
the steps specified in the instructions successively. Finally, the strained cells on the surface of different
samples were observed using CLSM.

2.7. Cell Proliferation

MC3TS3 cells were seeded onto the different sample surfaces at a density of 2 x 10* cells/well.
MTT (Beijing, China) assay was used to investigate MC3T3 cells proliferation behavior at day 1, 4,
and 7. At the end of each culture period, the samples were removed from the cell culture plate and
washed with PBS. Then, the rinsed samples were transformed into a new plate that contained 1000 pL
mixed solution (900 pL cell culture medium + 100 uL MTT solution) and placed in the incubator for
4 h at 37 °C. Next, the mixed solution was removed from the plate by pipette and 500 uL DMSO was
added to each well. The absorbance of the solution (200 uL) was investigated by a spectrophotometric
microplate reader at 490 nm.

2.8. Alkaline Phosphatase (ALP) Activity Assay

After culture for 7 days, MC3T3 cells adhered on P-Ti, M-Ti, and MN-Ti substrates were rinsed
with PBS. Then, they were lysed by 0.1% Triton X-100. The total intracellular protein and ALP activity
were investigated in accordance with the instructions. The ALP activity was normalized according to
the method in Reference [26].

2.9. Mineralization Assay

Mineralization assay was carried out after culture for 21 days. MC3T3 cells adhered on Ti samples
were stained with alizarin red according to the method in the literature [27]. Briefly, cells grown
on different Ti surface were fixed with 4% paraformaldehyde and stained with 40 mM alizarin red.
After that, 400 uL of acetic acid (10%, v/v) was added to each well with shaking. Subsequently,
the cell monolayer was scraped from the Ti surface. They were transformed into new centrifuge
tubes, respectively. The solution was heated to 85 °C for 10 min and centrifuged in a centrifuge.
Next, the supernatant (200 pL) of each tube was removed, transferred into a new vial, and neutralized
with ammonium hydroxide (200 uL, 10%, v/v). Finally, the absorbance of the reaction solution was
investigated under a wavelength of 405 nm.

2.10. Statistical Analysis

The experimental data in this study were shown as mean + standard deviation (SD). The statistical
analysis was executed by GraphPad Prism 5 software with confidence levels of 0.95 and 0.99.
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3. Results and Discussion

3.1. Surface Characterization

The surface topographies of different Ti substrates are shown in Figure 2. Apparently, the P-Ti
substrate showed a smooth surface topography with visible scratches because of the influence of
physical polishing (Figure 2a). After sandblasting and acid etching, many micro-pits appeared in the
Ti substrate surface (Figure 2c). There was no obvious difference between M-Ti and MN-Ti substrates
at low magnification (Figure 2c,e). However, a network with nano-pits presented on the surface of
MN-Ti substrate (Figure 2f) due to the effect of chemical oxidation. To evaluate the physical structure
of MN-Ti sample, we obtained its XRD spectrum. As shown in Figure 3, only a peak of Ti appeared on
the MN-Ti surface, demonstrating the crystal phase was not altered after surface modification. It is
generally accepted that sandblasting and acid etching can change surface topography, but not alter the
crystal phase of the Ti surface [28,29]. In addition, the surface oxide layer on Ti substrate that treated
with chemical oxidation is mainly composed of amorphous TiO;, [24]. Therefore, the XRD spectrum of
MN-Ti only presented a peak of Ti. These results demonstrated that the micro/nanostructure containing
micro-pits and nano-pits was successfully constructed on the surface of Ti by sandblasting, acid etching,
as well as chemical oxidation.

Figure 2. SEM images of (a,b) P-Ti, (c,d) M-Ti, and (e f) MN-Ti.
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Figure 3. XRD spectrum of MN-Ti.

The LSM images and surface roughness of P-Ti, M-Ti, and MN-Ti are displayed in Figures 4 and 5,
respectively. As shown in Figure 4, the P-Ti showed a flat surface with some scratches (Figure 4a),
while the M-Ti (Figure 4b) and MN-Ti (Figure 4c) showed many micro-pits on their surfaces. No evident
difference between M-Ti and MN-Ti was observed in the surface topography at low magnification.
These results were in accord with the results of SEM. In Figure 5, it was clear that the roughness of
M-Ti was rougher than that of P-Ti due to the existence of micro-pits. The roughness of MN-Ti was
slightly decreased compared to M-Ti because the M-Ti samples were the further reaction in the piranha
solution. In general, the surface roughness was good for the anchoring of implants to the bone and for
promoting osteoblast differentiation [5,13,30,31]. Therefore, MN-Ti and M-Ti samples maybe exhibit
better biocompatibility than P-Ti in this research.
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Figure 4. LSM images of different Ti samples: (a) P-Ti, (b) M-Ti, and (c¢) MN-Ti.
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Figure 5. The surface roughness of P-Ti, M-Ti, and MN-Ti. Error bars represent means + SD for n = 5.
3.2. Contact Angle Measurements

The water contact angle was used to evaluate the effect of surface topography on the hydrophilicity
of Ti samples. In biological systems, protein adsorption and cell adhesion are highly depended on the
hydrophilicity of biomaterial surfaces [1]. As shown in Figure 6, the P-Ti substrate showed hydrophilic
property and its water contact angle was 79.15°. This was due to the existence of hydrophilic hydroxyl
group on the surface of polished Ti [5]. The contact angle of the M-Ti surface was 88.2°, implying that
the hydrophilicity of Ti was reduced due to the effect of micro-pits. The contact angle of MN-Ti was the
lowest among all groups. Therefore, the MN-Ti samples exhibited the best hydrophilicity, which may
be more conducive to regulating cell responses than other samples.

120

I“i i E

P-Ti M-Ti MN-Ti

=]
<
T

=
<
T

Contact angle/°
c-\
=)
I

[
<
T

Figure 6. Water contact angles of P-Ti, M-Ti, and MN-Ti. Error bars represent means + SD for n = 5.
3.3. Corrosion-Resistance Measurement

For biomedical metallic materials such as Ti and Ti alloys, corrosion is unavoidable, which is
responsible for implant failures. When the implant was implanted into the human body, biocorrosion,
tribo-corrosion, and their combination would lead to the release of metal ions and metallic particles
from the implant surface. This phenomenon would be more serious in the existence of fluoride ions.
Therefore, biological complications (toxicity, carcinogenicity, and hypersensitivity) would happen due
to the corrosion of biomaterials [32]. The polarization curves for P-Ti, M-Ti, and MN-Ti samples were
measured in a NaCl solution, and the results were presented in Figure 7. The polarization curve shows
the relationship between electrode potential and polarization current or polarization current density,
which is widely used to evaluate the corrosion resistance of metallic materials. In general, the more
electropositive of the polarization potential, the nobler the corroding material is [33]. The corrosion
current represents the speed of corrosion of materials. The higher the corrosion current, the faster the
corrosion rate. From Figure 7, it can be apparently seen that the corrosion potential of M-Ti was the
lowest, and the corrosion potential was the highest. Thus, the corrosion resistance of M-Ti was the
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worst in all of the samples. This result indicated that the microstructure has a negative effect on the
corrosion resistance of Ti in this study. It was found that the MN-Ti samples exhibited the highest
corrosion potential and the lowest corrosion current. Hence, the corrosion resistance of the MN-Ti
samples was the best in this study. It is demonstrated that chemical oxidation is helpful for improving
the corrosion resistance of Ti. A recent study demonstrated that the corrosion resistance of Ti6Al4V is
improved by turning in an oxygen-rich atmosphere, implying the increased thickness of the oxide film
has a positive effect on the anticorrosion property [34]. It is reported that the thickness of the dioxide
layer increased after chemical oxidation [24]. Therefore, the MN-Ti exhibited good corrosion resistance.
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Figure 7. Polarization curves of P-Ti, M-Ti, and MN-Ti in NaCl solution.

3.4. Cell Attachment

Cell attachment is the first event when cells come into contact with a material, which is an essential
parameter for determining whether biomaterials are fit for medical use [9,35]. Therefore, excellent
cell adhesion to the implant surface is needed for regulating subsequent cell behaviors and increasing
the success rate of the implant [36-38]. The adherent cell number was measured by Hoechst 33258
staining, and the results were shown in Figure 8. The average cell numbers on the M-Ti and MN-Ti
surfaces were higher than that on the P-Ti surfaces. However, there was no significant difference
in the numbers of MC3T3 cells between P-Ti and M-Ti. The cell numbers cultured on the MN-Ti
surfaces presented statistically larger than that on the P-Ti surfaces, which is in good accordance with
previous work [28]. It is reported that microstructure can regulate cell microenvironment to enhance
cell adhesion [39-42], the nanostructure can increase protein adsorption, regulate the formation of
adhesion plaques, and change protein conformation to promote cell adhesion [43—46]. The MN-Ti
samples that contained microstructure and nanostructure were most conducive to cell adhesion in our
research. This is mainly because the micro-pits and nano-pits have a synergistic effect in improving the
adhesion of osteoblasts. In addition, the excellent hydrophilicity of MN-Ti samples also helped for
cell adhesion.
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Figure 8. Initial adherent MC3T3 cell numbers measured by counting cells stained with Hoechst 33258
under a fluorescence microscope after 24 of incubation. * p < 0.05.

3.5. Cell Morphology

The morphology of MC3T3 cells adhered on different specimens was displayed in Figure 9. It was
clear that the MC3T3 cells on samples P-Ti, M-Ti, and MN-Ti all exhibited spreading cell morphology.
However, the MC3T3 cells possessed a larger spreading area on MN-Ti surfaces than those of other
sample surfaces. Accordingly, MC3T3 cells grown on the MN-Ti surface exhibited a good stretch and
strong adhesion ability [47]. Many previous studies showed that both microstructure and nanostructure
can regulate cell spreading by affecting integrin signaling [46,48-51]. In this study, the MN-Ti substrates
containing micro-pits and nano-pits were more propitious to cell spreading than other substrates. It is
indicated that microstructure and nanostructure have a synergistic effect in improving cell spreading
by affecting integrin signaling.

40pm

Figure 9. Fluorescent micrographs images of attachment of MC3T3 cells on P-Ti surface (a), M-Ti
surface (b), and MN-Ti surface (c). Note: actin, red; nuclei, blue.

3.6. Cell Proliferation

To evaluate the effect of different samples on the growth of MC3T3 cells, MTT assay was performed.
Figure 10 presented the experimental results of cell proliferation. After 1 day of culture, cells grown
on the MN-Ti surface were prominently higher than those on the P-Ti surface, which was consistent
with the results of cell attachment. Although cells grown on M-Ti surface exhibited higher viabilities
than those on the P-Ti surface, no significant differences existed between them at 1 and 4 days.
The MC3T3 cells grown on the M-Ti and MN-Ti sample surfaces displayed remarkably higher cell
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viabilities than that on the P-Ti surfaces after culture for 7 days. Meanwhile, the viability of MC3T3
cells on MN-Ti surface was conspicuously higher than that on the M-Ti surfaces after 7 days of
culture. The results proved that microstructure has a limited ability to regulate cell proliferation.
Micro/nanostructure was more conducive to promoting cell proliferation than a single microstructure
due to the existence of the nanostructure. It is most likely that the micro/nanostructure provides a wide
range of dimensions from micron to nano for cell proliferation [52]. Moreover, the hydrophilic property
of the micro/nanostructured surface also plays an essential role in promoting cell proliferation [53,54].

0.6

Bl P-Ti
M M-Ti sk
B MN-Ti *

05 F
04
ok

03 F

0.2

Cell viability (490nm)

0.1

0.0
Time (days)

Figure 10. MTT assay of cell proliferation on different Ti samples after 1, 4 and 7 days of culture.
# p < 0.05 compared with the M-Ti sample. * p < 0.05 and ** p < 0.01 compared with the P-Ti sample.

3.7. Cell Differentiation

In this study, ALP activity and mineralization were tested to assess the differentiation of MC3T3
cells grown on P-Ti, M-Ti, and MN-Ti surfaces. ALP is extensively used to evaluate cell differentiation
at the early stage [9]. Mineralization is employed to investigate the level of cell differentiation [55].
The experimental results of ALP activity were presented in Figure 11. Osteoblasts grown on the
MN-Ti surface showed significantly higher ALP activities than those on the P-Ti surface. However,
the ALP activity of osteoblasts cultured on P-Ti and M-Ti showed no statistical difference. In addition,
osteoblasts adhered onto the MN-Ti surface also presented higher ALP activities than those on the
M-Ti surface.
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Figure 11. ALP activity of MC3T3 cells adhered to different Ti samples after culture for 7 days. # p < 0.05
compared with the M-Ti sample. ** p < 0.01 compared with the P-Ti sample.

Figure 12 presented the mineralization of MC3T3 cells cultured on P-Ti, M-Ti, and MN-Ti samples.
Apparently, MC3T3 cells grown onto the MN-Ti substrate exhibited noteworthily higher mineralization
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than those of the P-Ti and M-Ti surfaces. There was no remarkable difference in cell mineralization
products between P-Ti and M-Ti. These results demonstrated that the osteogenic differentiation of
MC3T3 cells was improved on the MN-Ti surfaces due to the effect of microstructure and nanostructure.
Wang et al. studied the mechanism of surface morphology on cell differentiation, they reported
that micro/nanostructure can promote cell differentiation by regulating integrin-mediated signaling
pathways (integrin-linked kinase/[3-catenin pathway and Wnt/3-catenin pathway) [56,57].
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Figure 12. Mineralization of MC3T3 cells grown on different sample surfaces for 21 days. # p < 0.05
compared with the M-Ti sample. * p < 0.05 compared with the P-Ti sample.

4. Conclusions

In this study, micro/nanostructure consisting of micro-pits and nano-pits is fabricated on the surface
of Ti by sandblasting, acid etching, and chemical oxidation. The roughness of the micro/nanostructured
surface was significantly improved compared to polished Ti because of the influence of the micro-pits.
There is no obvious difference in the surface roughness between M-Ti and MN-Ti. The micro-pits
on the surface of Ti have a negative effect on corrosion resistance and hydrophilicity. However,
the complex structures containing micro-pits and nano-pits displayed the enhanced hydrophilicity
and corrosion resistance. The improvement of corrosion resistance is mainly due to the influence
of chemical oxidation. Furthermore, MN-Ti sample has a great potential to improve the adhesion,
spreading, proliferation, and differentiation of osteoblasts. This study provides a simple and effective
method to construct the surface that contained micro-pits and nano-pits for improving the responses
of osteoblasts to implants.

Author Contributions: Conceptualization, G.W., Y.W. and Z.L.; Methodology, G.W.; Software, G.W.; Validation,
G.W.,; Formal analysis, G.W.; Investigation, G.W.; Resources, G.W.; Data curation, G.W.; Writing—original draft
preparation, G.W.; Writing—review and editing, G.W. and Y.W.; Visualization, Y.W.; Supervision, Y.W.; Project
administration, Y.W.; Funding acquisition, Y.W. and Z.L.

Funding: The authors would like to acknowledge the financial support from the National Science Foundation of
China (51575320). This research was also supported by grants from Taishan Scholar Foundation (T520130922).

Acknowledgments: The authors are grateful to Bing Ren for English proofreading.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jia, Z; Xiu, P; Li, M; Xu, X,; Shi, Y.; Cheng, Y.; Wei, S.; Zheng, Y.; Xi, T.; Cai, H.; et al. Bioinspired anchoring
AgNPs onto micro-nanoporous TiO; orthopedic coatings: Trap-killing of bacteria, surface-regulated osteoblast
functions and host responses. Biomaterials 2016, 75, 203—222. [CrossRef] [PubMed]

2. Zhang, X.;Wang,H.;Li,].; He, X;; Hang, R.; Huang, X; Tian, L.; Tang, B. Corrosion behavior of Zn-incorporated
antibacterial TiO, porous coating on titanium. Ceram. Int. 2016, 42, 17095-17100. [CrossRef]

3. Wang, G.; Wan, Y,; Liu, Z. Incorporation of antibacterial ions on the micro/nanostructured surface and its
effects on the corrosion behavior of titanium. Mater. Lett. 2018, 216, 303-305. [CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2015.10.035
http://www.ncbi.nlm.nih.gov/pubmed/26513414
http://dx.doi.org/10.1016/j.ceramint.2016.07.220
http://dx.doi.org/10.1016/j.matlet.2018.01.070

Materials 2019, 12, 2820 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Yu, Y,; Jin, G.; Xue, Y.; Wang, D.; Liu, X.; Sun, J. Multifunctions of dual Zn/Mg ion co-implanted titanium
on osteogenesis, angiogenesis and bacteria inhibition for dental implants. Acta Biomater. 2017, 49, 590-603.
[CrossRef] [PubMed]

Liang, J.; Song, R.; Huang, Q.; Yang, Y.; Lin, L.; Zhang, Y.; Jiang, P.; Duan, H.; Dong, X.; Lin, C. Electrochemical
construction of a bio-inspired micro/nano-textured structure with cell-sized microhole arrays on biomedical
titanium to enhance bioactivity. Electrochim. Acta 2015, 174, 1149-1159. [CrossRef]

Liu, X.; Chu, PK,; Ding, C. Surface nano-functionalization of biomaterials. Mater. Sci. Eng. R 2010, 70,
275-302. [CrossRef]

Geetha, M; Singh, A K.; Asokamani, R.; Gogia, A K. Ti based biomaterials, the ultimate choice for orthopaedic
implants—A review. Prog. Mater. Sci. 2009, 54, 397-425. [CrossRef]

Su, Y.; Komasa, S.; Sekino, T.; Nishizaki, H.; Okazaki, J. Nanostructured Ti6Al4V alloy fabricated using
modified alkali-heat treatment: Characterization and cell adhesion. Mater. Sci. Eng. C 2016, 59, 617-623.
[CrossRef]

Lai, M,; Cai, K.; Zhao, L.; Chen, X.; Hou, Y.; Yang, Z. Surface functionalization of TiO, nanotubes with
bone morphogenetic protein 2 and its synergistic effect on the differentiation of mesenchymal stem cells.
Biomacromolecules 2011, 12, 1097-1105. [CrossRef]

Shayganpour, A.; Rebaudi, A.; Cortella, P.; Diaspro, A.; Salerno, M. Electrochemical coating of dental
implants with anodic porous titania for enhanced osteointegration. Beilstein J. Nanotechnol. 2015, 6, 2183-2192.
[CrossRef]

Cimenoglu, H.; Gunyuz, M.; Kose, G.T.; Baydogan, M.; Ugurlu, F,; Sener, C. Micro-arc oxidation of Ti6Al4V
and Ti6Al7Nb alloys for biomedical applications. Mater. Character. 2011, 62, 304-311. [CrossRef]

Rautray, T.R.; Narayanan, R.; Kwon, T.Y.; Kim, K.H. Surface modification of titanium and titanium alloys by
ion implantation. J. Biomed. Mater. Res. B 2010, 93, 581-591. [CrossRef] [PubMed]

Flemming, R.G.; Murphy, C.J.; Abrams, G.A.; Goodman, S.L.; Nealey, PF. Effects of synthetic micro-and
nano-structured surfaces on cell behavior. Biomaterials 1999, 20, 573-588. [CrossRef]

Lumetti, S.; Manfredi, E.; Ferraris, S.; Spriano, S.; Passeri, G.; Ghiacci, G.; Macaluso, G.; Galli, C. The response
of osteoblastic MC3T3-E1 cells to micro-and nano-textured, hydrophilic and bioactive titanium surfaces.
J. Mater. Sci. Mater. Med. 2016, 27, 68. [CrossRef] [PubMed]

Lee, H.].; Lee, J.; Lee, ].T.; Hong, J.S.; Lim, B.S.; Park, H.J.; Kim, Y.K.; Kim, T. Microgrooves on titanium
surface affect peri-implant cell adhesion and soft tissue sealing; An in vitro and in vivo study. J. Periodontal.
Implant Sci. 2015, 45, 120-126. [CrossRef]

Wang, X.; Xu, S.; Zhou, S.; Xu, W.; Leary, M.; Choong, P.; Qian, M.; Brandt, M.; Xie, Y.M. Topological
design and additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: A review.
Biomaterials 2016, 83, 127-141. [CrossRef]

Lai, M.; Cai, K,; Hu, Y;; Yang, X,; Liu, Q. Regulation of the behaviors of mesenchymal stem cells by surface
nanostructured titanium. Colloid Surf. B 2012, 97, 211-220. [CrossRef]

Salerno, M.; Caneva-Soumetz, F; Pastorino, L.; Patra, N.; Diaspro, A.; Ruggiero, C. Adhesion and proliferation
of osteoblast-like cells on anodic porous alumina substrates with different morphology. IEEE Trans. Nanobiosci.
2013, 12, 106-111. [CrossRef] [PubMed]

Ingham, C.J.; ter Maat, J.; de Vos, W.M. Where bio meets nano: The many uses for nanoporous aluminum
oxide in biotechnology. Biotechnol. Adv. 2012, 30, 1089-1099. [CrossRef]

El Merhie, A.; Salerno, M.; Toccafondi, C.; Dante, S. Neuronal-like response of N2a living cells to nanoporous
patterns of thin supported anodic alumina. Colloid Surf. B 2019, 178, 32-37. [CrossRef]

Moon, B.S; Kim, S.; Kim, H.E.; Jiang, T.S. Hierarchical micro-nano structured Ti6Al4V surface topography
via two-step etching process for enhanced hydrophilicity and osteoblastic responses. Mater. Sci. Eng. Mater.
Med. 2017, 73, 90-98. [CrossRef] [PubMed]

Huang, Q.; Elkhooly, T.A.; Liu, X;; Zhang, R.; Yang, X.; Shen, Z.; Feng, Q. Effects of hierarchical
micro/nano-topographies on the morphology, proliferation and differentiation of osteoblast-like cells.
Colloid Surf. B 2016, 145, 37-45. [CrossRef] [PubMed]

Zhao, L,; Liu, L.; Wu, Z; Zhang, Y.; Chu, PK. Effects of micropitted/nanotubular titania topographies on bone
mesenchymal stem cell osteogenic differentiation. Biomaterials 2012, 33, 2629-2641. [CrossRef] [PubMed]
Variola, F; Yi, ].H.; Richert, L.; Wuest, ].D.; Rosei, F.; Nanci, A. Tailoring the surface properties of Ti6Al4V by
controlled chemical oxidation. Biomaterials 2008, 29, 1285-1298. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.actbio.2016.11.067
http://www.ncbi.nlm.nih.gov/pubmed/27915020
http://dx.doi.org/10.1016/j.electacta.2015.06.100
http://dx.doi.org/10.1016/j.mser.2010.06.013
http://dx.doi.org/10.1016/j.pmatsci.2008.06.004
http://dx.doi.org/10.1016/j.msec.2015.10.077
http://dx.doi.org/10.1021/bm1014365
http://dx.doi.org/10.3762/bjnano.6.224
http://dx.doi.org/10.1016/j.matchar.2011.01.002
http://dx.doi.org/10.1002/jbm.b.31596
http://www.ncbi.nlm.nih.gov/pubmed/20127988
http://dx.doi.org/10.1016/S0142-9612(98)00209-9
http://dx.doi.org/10.1007/s10856-016-5678-5
http://www.ncbi.nlm.nih.gov/pubmed/26886816
http://dx.doi.org/10.5051/jpis.2015.45.3.120
http://dx.doi.org/10.1016/j.biomaterials.2016.01.012
http://dx.doi.org/10.1016/j.colsurfb.2012.04.029
http://dx.doi.org/10.1109/TNB.2013.2257835
http://www.ncbi.nlm.nih.gov/pubmed/23722279
http://dx.doi.org/10.1016/j.biotechadv.2011.08.005
http://dx.doi.org/10.1016/j.colsurfb.2019.02.038
http://dx.doi.org/10.1016/j.msec.2016.12.064
http://www.ncbi.nlm.nih.gov/pubmed/28183677
http://dx.doi.org/10.1016/j.colsurfb.2016.04.031
http://www.ncbi.nlm.nih.gov/pubmed/27137801
http://dx.doi.org/10.1016/j.biomaterials.2011.12.024
http://www.ncbi.nlm.nih.gov/pubmed/22204980
http://dx.doi.org/10.1016/j.biomaterials.2007.11.040
http://www.ncbi.nlm.nih.gov/pubmed/18155762

Materials 2019, 12, 2820 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Jin, G.; Qin, H.; Cao, H,; Qian, S.; Zhao, Y.; Peng, X.; Zhang, X.; Chu, PK. Synergistic effects of dual Zn/Ag
ion implantation in osteogenic activity and antibacterial ability of titanium. Biomaterials 2014, 35, 7699-7713.
[CrossRef] [PubMed]

Chen, X,; Cai, K.; Lai, M.; Zhao, L.; Tang, L. Mesenchymal stem cells differentiation on hierarchically
micro/nano—Structured titanium substrates. Adv. Eng. Mater. 2012, 14, B216-B223. [CrossRef]

Park, J.; Bauer, S.; Schlegel, K.A.; Neukam, EW.; von der Mark, K.; Schmuki, P. TiO, nanotube surfaces: 15
nm—An optimal length scale of surface topography for cell adhesion and differentiation. Small 2009, 5,
666-671. [CrossRef] [PubMed]

Wang, T.; Wan, Y.; Liu, Z. Fabrication of hierarchical micro/nanotopography on bio-titanium alloy surface for
cytocompatibility improvement. J. Mater. Sci. 2016, 51, 9551-9561. [CrossRef]

Wang, G.; Wan, Y.; Wang, T.; Liu, Z. Corrosion Behavior of Titanium Implant with Different Surface
Morphologies. Procedia Manuf. 2017, 10, 363-370. [CrossRef]

Kubo, K.; Tsukimura, N.; Iwasa, F; Ueno, T.; Saruwatari, L.; Aita, A.; Chiou, W.A.; Ogawa, T. Cellular
behavior on TiO; nanonodular structures in a micro-to-nanoscale hierarchy model. Biomaterials 2009, 30,
5319-5329. [CrossRef]

Zhu, X.; Chen, J.; Scheideler, L.; Reichl, R.; Geis-Gerstorfer, G. Effects of topography and composition of
titanium surface oxides on osteoblast responses. Biomaterials 2004, 25, 4087-4103. [CrossRef] [PubMed]
Kirmanidou, Y.; Sidira, M.; Drosou, M.E.; Bennani, V.; Bakopoulou, A.; Tsouknidas, A.; Michailidis, N.;
Michalakis, K. New Ti-alloys and surface modifications to improve the mechanical properties and the
biological response to orthopedic and dental implants: A review. BioMed Res. Int. 2016, 2016, 2908570.
[CrossRef] [PubMed]

Li, B.; Wang, X.; Min, Y,; Liang, C.; Li, H,; Guo, L.; Liu, S.; Wang, H. Corrosion resistance and mechanical
properties of titanium with hierarchical micro-nanostructure. Mater. Lett. 2016, 182, 43—46. [CrossRef]
Zhang, R.; Ai, X.; Wan, Y.; Liu, Z.; Zhang, D.; Feng, S. Surface corrosion resistance in turning of titanium
alloy. Int. J. Corros. 2015, 2015, 823172. [CrossRef]

Demetrescu, I.; Pirvu, C.; Mitran, V. Effect of nano-topographical features of Ti/TiO, electrode surface on cell
response and electrochemical stability in artificial saliva. Bioelectrochemistry 2010, 79, 122-129. [CrossRef]
[PubMed]

Yoneyama, Y.; Matsuno, T.; Hashimoto, Y.; Satoh, T. In vitro evaluation of H,O, hydrothermal treatment
of aged titanium surface to enhance biofunctional activity. Dent. Mater. J. 2013, 32, 115-121. [CrossRef]
[PubMed]

Dalby, M.].; Di Silvio, L.; Harper, E.J.; Bonfield, W. In vitro adhesion and biocompatibility of osteoblast-like
cells to poly (methylmethacrylate) and poly (ethylmethacrylate) bone cements. J. Mater. Sci. Mater. Med.
2002, 13, 311-314. [CrossRef] [PubMed]

Grigoriou, V.; Shapiro, LM.; Cavalcanti-Adam, E.A.; Composto, R.J.; Ducheyne, P.; Adams, C.S. Apoptosis
and survival of osteoblast-like cells are regulated by surface attachment. J. Biol. Chem. 2005, 280, 1733-1739.
[CrossRef] [PubMed]

Abron, A.; Hopfensperger, M.; Thompson, J.; Cooper, L.F. Evaluation of a predictive model for implant
surface topography effects on early osseointegration in the rat tibia model. J. Prosthet. Dent. 2001, 85, 40—46.
[CrossRef] [PubMed]

Ogawa, T.; Nishimura, I. Genes differentially expressed in titanium implant healing. |. Dent. Res. 2006, 85,
566-570. [CrossRef] [PubMed]

Buser, D.; Broggini, N.; Wieland, M.; Schenk, R.K.; Denzer, A.].; Cochran, D.L.; Hoffmann, B.; Lussi, A.;
Steinemann, S.G. Enhanced bone apposition to a chemically modified SLA titanium surface. J. Dent. Res.
2004, 83, 529-533. [CrossRef] [PubMed]

Zhao, G.; Schwartz, Z.; Wieland, M.; Rupp, E; Geis-Gerstorfer, ].; Cochran, D.L.; Boyan, B.D. High surface
energy enhances cell response to titanium substrate microstructure. J. Biomed. Mater. Res. A 2005, 74, 49-58.
[CrossRef] [PubMed]

Sinha, R.K.; Tuan, R.S. Regulation of human osteoblast integrin expression by orthopedic implant materials.
Bone 1996, 18, 451-457. [CrossRef]

Webster, T.].; Ergun, C.; Doremus, R.H.; Siegel, R.W.; Bizios, R. Specific proteins mediate enhanced osteoblast
adhesion on nanophase ceramics. J. Biomed. Mater. Res. 2000, 51, 475-483. [CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2014.05.074
http://www.ncbi.nlm.nih.gov/pubmed/24947228
http://dx.doi.org/10.1002/adem.201180073
http://dx.doi.org/10.1002/smll.200801476
http://www.ncbi.nlm.nih.gov/pubmed/19235196
http://dx.doi.org/10.1007/s10853-016-0219-7
http://dx.doi.org/10.1016/j.promfg.2017.07.006
http://dx.doi.org/10.1016/j.biomaterials.2009.06.021
http://dx.doi.org/10.1016/j.biomaterials.2003.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15046900
http://dx.doi.org/10.1155/2016/2908570
http://www.ncbi.nlm.nih.gov/pubmed/26885506
http://dx.doi.org/10.1016/j.matlet.2016.06.079
http://dx.doi.org/10.1155/2015/823172
http://dx.doi.org/10.1016/j.bioelechem.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20189888
http://dx.doi.org/10.4012/dmj.2012-087
http://www.ncbi.nlm.nih.gov/pubmed/23370879
http://dx.doi.org/10.1023/A:1014071120078
http://www.ncbi.nlm.nih.gov/pubmed/15348630
http://dx.doi.org/10.1074/jbc.M402550200
http://www.ncbi.nlm.nih.gov/pubmed/15522882
http://dx.doi.org/10.1067/mpr.2001.112415
http://www.ncbi.nlm.nih.gov/pubmed/11174677
http://dx.doi.org/10.1177/154405910608500617
http://www.ncbi.nlm.nih.gov/pubmed/16723657
http://dx.doi.org/10.1177/154405910408300704
http://www.ncbi.nlm.nih.gov/pubmed/15218041
http://dx.doi.org/10.1002/jbm.a.30320
http://www.ncbi.nlm.nih.gov/pubmed/15924300
http://dx.doi.org/10.1016/8756-3282(96)00044-0
http://dx.doi.org/10.1002/1097-4636(20000905)51:3&lt;475::AID-JBM23&gt;3.0.CO;2-9

Materials 2019, 12, 2820 14 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lim, J.Y.; Hansen, J.C.; Siedlecki, C.A.; Runt, J.; Donahue, H.]. Human foetal osteoblastic cell response to
polymer-demixed nanotopographic interfaces. J. R. Soc. Interface 2005, 2, 97-108. [CrossRef] [PubMed]
Cavalcanti-Adam, E.A.; Volberg, T.; Micoulet, A.; Kessler, H.; Geiger, B.; Spatz, ].P. Cell spreading and focal
adhesion dynamics are regulated by spacing of integrin ligands. Biophys. J. 2007, 92, 2964-2974. [CrossRef]
[PubMed]

Zhu, C.; Bao, N.R,; Chen, S.; Zhao, J.N. Antimicrobial design of titanium surface that kill sessile bacteria but
support stem cells adhesion. Appl. Surf. Sci. 2016, 389, 7-16. [CrossRef]

Cooper, L.F. Biologic determinants of bone formation for osseointegration: Clues for future clinical
improvements. J. Prosthet. Dent. 1998, 80, 439-449. [CrossRef]

Schwartz, Z.; Lohmann, C.H.; Oefinger, J.; Bonewald, L.E; Dean, D.D.; Boyan, B.D. Implant surface
characteristics modulate differentiation behavior of cells in the osteoblastic lineage. Adv. Dent. Res. 1999, 13,
38-48. [CrossRef]

Schneider, G.B.; Perinpanayagam, H.; Clegg, M.; Zaharias, R.; Seabold, D.; Keller, J.; Stanford, C. Implant
surface roughness affects osteoblast gene expression. J. Dent. Res. 2003, 82, 372-376. [CrossRef]

Dike, L.E.; Chen, C.S.; Mrksich, M.; Tien, J.; Whitesides, G.M.; Ingber, D.E. Geometric control of switching
between growth, apoptosis, and differentiation during angiogenesis using micropatterned substrates.
Vitro Cell. Dev. Biol. Anim. 1999, 35, 441-448. [CrossRef] [PubMed]

Jiang, P,; Liang, J.; Lin, C. Construction of micro—nano network structure on titanium surface for improving
bioactivity. Appl. Surf. Sci. 2013, 280, 373-380. [CrossRef]

Park, JW,; Kim, YJ.; Jang, ].H.; Kown, T.G.; Bae, Y.C.; Suh, ]J.Y. Effects of phosphoric acid treatment of
titanium surfaces on surface properties, osteoblast response and removal of torque forces. Acta Biomater.
2010, 6, 1661-1670. [CrossRef] [PubMed]

Eriksson, C.; Nygren, H.; Ohlson, K. Implantation of hydrophilic and hydrophobic titanium discs in rat
tibia: Cellular reactions on the surfaces during the first 3 weeks in bone. Biomaterials 2004, 25, 4759—-4766.
[CrossRef] [PubMed]

Yan, H.; Cai, K,; Luo, Z.; Zhang, Y,; Li, L.; Lai, M.; Hou, Y.; Huang, Y,; Li, J.; Ding, X,; et al. Regulation
of the differentiation of mesenchymal stem cells in vitro and osteogenesis in vivo by microenvironmental
modification of titanium alloy surfaces. Biomaterials 2012, 33, 3515-3528.

Wang, W.; Zhao, L.; Ma, Q.; Wang, Q.; Chu, PK.; Zhang, Y. The role of the Wnt/p3-catenin pathway in the
effect of implant topography on MG63 differentiation. Biomaterials 2012, 33, 7993-8002. [CrossRef] [PubMed]
Wang, W.; Zhao, L.; Wu, K.; Ma, Q.; Mei, S.; Chu, PK,; Wang, Q.; Zhang, Y. The role of integrin-linked
kinase/p-catenin pathway in the enhanced MG63 differentiation by micro/nano-textured topography.
Biomaterials 2013, 34, 631-640. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1098/rsif.2004.0019
http://www.ncbi.nlm.nih.gov/pubmed/16849169
http://dx.doi.org/10.1529/biophysj.106.089730
http://www.ncbi.nlm.nih.gov/pubmed/17277192
http://dx.doi.org/10.1016/j.apsusc.2016.07.080
http://dx.doi.org/10.1016/S0022-3913(98)70009-5
http://dx.doi.org/10.1177/08959374990130011301
http://dx.doi.org/10.1177/154405910308200509
http://dx.doi.org/10.1007/s11626-999-0050-4
http://www.ncbi.nlm.nih.gov/pubmed/10501083
http://dx.doi.org/10.1016/j.apsusc.2013.04.164
http://dx.doi.org/10.1016/j.actbio.2009.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19819355
http://dx.doi.org/10.1016/j.biomaterials.2003.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15120522
http://dx.doi.org/10.1016/j.biomaterials.2012.07.064
http://www.ncbi.nlm.nih.gov/pubmed/22889483
http://dx.doi.org/10.1016/j.biomaterials.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/23107296
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Samples Fabrication 
	Surface Characterization 
	Corrosion Resistance Evaluation 
	Cell Culture 
	Cell Attachment 
	Cell Morphology 
	Cell Proliferation 
	Alkaline Phosphatase (ALP) Activity Assay 
	Mineralization Assay 
	Statistical Analysis 

	Results and Discussion 
	Surface Characterization 
	Contact Angle Measurements 
	Corrosion-Resistance Measurement 
	Cell Attachment 
	Cell Morphology 
	Cell Proliferation 
	Cell Differentiation 

	Conclusions 
	References

