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Titanium (Ti) is widely used in oral implants. However, there is still a challenge to promote the osseointegration of bone tissue on
the surface of Ti. To solve this problem, we prepared novel gradient nanostructured (GNS) Ti and studied the effect of GNS on the
adhesion, proliferation, and apoptosis of MG63 cells in vitro. The results demonstrated that the GNS Ti promoted the adhesion
effect and proliferation of MG63 cells better than the annealed Ti, while the ability of GNS Ti to inhibit cell apoptosis was better
than that of the annealed Ti, the preliminary mechanism of which indicated by this study might be the enhanced mineralization
capacity, protein adsorption ability, and hydrophilicity of the GNS Ti due to its specific nanostructure which improved the cell
behaviours. The results in this study provide the theoretical and experimental foundations for the applications of GNS Ti in
dental implants and joint replacements.

1. Introduction

Titanium (Ti) is widely used in oral implants due to its non-
toxicity, lightweight, high specific strength, corrosion resis-
tance, and fatigue resistance [1–3]. However, Ti is a
biologically inert material [4–6], which tends to form fibrous
bonds with bone tissue instead of osseointegration [7–11].

To improve the combination between Ti to bone tissue, a
large number of researchers have used surface modification
methods to enhance the bonding strength between Ti and
bone tissue [12]. Especially, nanostructured surface could
hopefully bring desired effects on behaviours of surrounding
cells, thereby promoting bone formation [13]. Chen et al.
reported that nano-scale Ti materials demonstrated better
biocompatibility than micron-scale and millimeter-scale

counterparts, and that the ability of the nano-scale Ti mate-
rials to improve osteogenic differentiation of bone marrow
mesenchymal stem cells was significantly better than that of
the control groups [14]. Yang et al. cultured MC-3T3 cells
on micro-scale and nano-scale silicon structures with differ-
ent surface modifications and found that the silicon scaffolds
with nanostructure had better ability to promote MC-3T3
cells proliferation and adhesion than those with coarse struc-
ture [15]. The study of Huang et al. demonstrated that their
prepared nanostructured Ti-25Nb-3Mo-3Zr-2Sn (TLM)
could support the adhesion and proliferation of hFOB1.19
cells better than their prepared microstructured TLM [16].
Moreover, Li et al. found that the compacts made of carbon
nanotubes could promote osteogenic differentiation of
human adipose-derived MSCs in vitro and bone formation
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in vivo, while graphite compacts with the same component
and dimension could not [17]. Therefore, the construction
of nanostructures on Ti surface may be one of the effective
methods to improve its osseointegration.

Surface mechanical attrition treatment (SMAT) is a
potential physical modification method to obtain novel gra-
dient nanostructured surface (GNS) Ti materials. The princi-
ple involves the use of steel balls to impact metal-based
materials at high speed with indefinite impact direction
under the action of ultrasonic waves, by which the surface
of the material undergoes strong plastic deformation, gradu-
ally refined to nano-scale [18–25]. The surface of GNS is
nano-scale and gradually increased to the micron levels as
the distance from the surface increases.

In this study, the GNS Ti samples were prepared by
SMAT, and annealed Ti samples were obtained by recrystal-
lization annealing, making sure that the two kinds of speci-
mens had similar roughness. Then, MG63 cells were
cocultured with the two kinds of different structured Ti to
investigate the material structure effects on the cellular
behaviours. The effects of material structure changes on sur-
face properties including mineralization capacity, protein
adsorption capacity, and hydrophilicity were also compara-
tively investigated. This study aimed at elucidating the effects
of GNS Ti on adhesion, proliferation, and apoptosis of the
cells and clarifying the preliminary mechanism, providing a
theoretical basis for the application of GNS Ti as a new dental
implant or joint replacement material.

2. Materials and Methods

2.1. Preparation of Materials. The Ti plates were put into
ultrasonic-assisted SMAT to produce GNS Ti, as described
in previous work. Briefly, repeated plastic deformation under
high strains and strain rates was produced within the surface
layer of samples using a large number of hardened steel (AISI
52100) balls, which were vibrated in a chamber driven by an
ultrasonic generator. Consequently, grains in the surface
layer were effectively refined on the nano-scale, and a
depth-dependent microstructure was generated. In this
study, the SMAT process was performed for 20min at a
driving frequency of 20 kHz.

The controlled group was prepared by the SMAT proce-
dure and followed by a recrystallization annealing process at
680°C for 2 h, so that the grain size was grown. The surface
roughness values of the experimental group and controlled
group were similar.

The GNS Ti and the annealed Ti were cut into cylindrical
Ti pieces with a diameter of 11mm and a thickness of 2.5mm
by using the electrospark discharge method. After being pick-
led in a 2M HCl aqueous solution to remove any possible
contamination, the samples were subsequently cleaned in
acetone, absolute alcohol, and distilled water under ambient
conditions and finally dried in air before testing.

2.2. Surface Structures and Roughness. The longitudinal
sectional morphology was observed using an FEI Nova Nano
SEM 430 scanning electronic microscope (SEM) operated at
a voltage of 15 kV. Meanwhile, the samples were mechani-

cally ground and polished and then etched in an electrolyte
of perchloric acid, butyl alcohol, and methanol with the ratio
1 : 6 : 10 (in volume). Detailed microstructural characteriza-
tion of the SMAT surface was conducted using transmission
electron microscopy (TEM) with a JEOL-2010 unit operated
at 200 kV. TEM thin foils were cut using the electrospark
discharge technique, mechanically polished, dimpled, and
finally ion milled from the untreated side. The surface
roughness values of the different samples were observed
using an Olympus LEXT OLS4000 confocal laser scanning
microscope.

2.3. Culture of MG63 Cells. MG63 cells were provided by the
Stem Cell and Regenerative Medicine Laboratory of China
Medical University. MG63 cells were cultured in a high-
glucose medium containing 10% fetal bovine serum and
0.2% gentamicin at 37°C with a humidified incubator con-
taining 5% CO2.

2.4. SEM Observation. After 1 day of culture, the two groups
of materials were transferred to a new 24-well plate and
washed three times with PBS for 5min each. Then, the sam-
ples were fixed by 2.5% (W/W) buffered glutaraldehyde in
4°C refrigerator for more than 4h and washed three times
with PBS for 5min each. Finally, the samples were dehy-
drated by gradient concentrations (15%, 30%, 45%, 60%,
75%, 90%, and 100%) of ethanol for 10 minutes each time
and dried overnight. The adhesion and morphology of the
cells were observed with a Hitachi S-3- 400 SEM operated
at a voltage of 15 kV.

2.5. MTS Analysis of Cell Proliferation. The proliferation
behaviour of MG63 cells was analyzed using optical density
(OD) absorbance measurements. MG63 cells were seeded at
2 × 104 cells/cm2 into two groups of materials and blank
plates, and each well was made up with 2ml of culture
medium. Each group of materials was paved with 3 holes.
After 1, 3, 5, and 7 days of culture, each group of materials
was transferred to a new 24-well plate and rinsed twice with
PBS. The samples were further cultured for 2 h in culture
medium added with MTS. The optical density (OD) value
of each well was measured by using an Infinite M200 micro-
plate reader (Tecan Company, Switzerland) at a wavelength
of 450nm.

2.6. Flow Cytometric Analysis of Cell Apoptosis. The two
groups of materials were immersed in DMEM culture
medium at a ratio of 1ml DMEM culture medium per
3 cm2 and placed them in a 37°C incubator for 72 h. Effect
of materials on cell apoptosis was studied using an Annexin
V-FITC cell apoptosis detection kit from Solarbio (Beijing,
China). The cells were seeded in new 24-well plates at a den-
sity of 1 × 106 cells/well. After 24 h of culture, the culture
medium was replaced by the GNS Ti and annealed Ti extrac-
tion medium and incubated in 5% CO2 at 37

°C for 48h. Cells
cultured in the absence of samples were used as the negative
control. The cells were collected by centrifugation and
washed twice with PBS. Cell pellets were resuspended in
195ml of Annexin V-FITC binding buffer. After the addi-
tion of 5ml of Annexin V-FITC and 10ml of propidium
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iodide (PI), cells were incubated at room temperature for
15 minutes and subjected to analysis on a flow cytometer
(Beckman Coulter, USA).

2.7. Biomimetic Mineralization Experiment. The GNS Ti and
annealed Ti were placed vertically into six-well plates and
immersed in simulated body fluid (SBF). The SBF was chan-
ged every two days. The samples were cultured in a constant
temperature incubator (37°C) for 28 days. SEM was used
to observe the change of surface morphology. Energy-
dispersive X-ray spectroscopy (EDX, Hitachi, Japan) was
used to detect the composition of surface deposits.

2.8. Protein Adsorption Experiment. The two groups of sam-
ples after sterilization were placed in 24-well plates with the
treatment surface facing up. Each sample was added culture
medium containing 10% fetal bovine serum and incubated
at a 37°C incubator for 1, 4, and 24 hours. Then, the samples
were transferred to new 24-well plates and gently rinsed 3
times with 1ml phosphate buffer solution (PBS). One percent
(W/V) of sodium dodecyl sulfate (SDS) was added to each
well. The samples were shaken on a shaker at 70 r/min for
30min to elute the protein adsorbed on the surface of the
samples. The total protein concentration collected in the
SDS solution was measured by a microplate reader at a wave-
length of 562 nm.

2.9. Hydrophilic Experiment. The hydrophilicity of GNS Ti
and annealed Ti was studied by measuring the contact angles
with deionized water and materials by using a contact angle
measuring instrument (German DataPhysics Company).
Three parallel samples were set in the experiment. Different
areas of each sample was tested three times with deionized
water. The average value was used as the corresponding
index test value to ensure the reliability of the experimental
results.

2.10. Statistical Analysis. All results were generated in
three independent experiments with three repeats. The
results were processed by the SPSS17.0 software and
expressed as mean ± standard deviation (standard error).
One-way ANOVA was used to compare the OD value
and protein adsorption between the groups. The comparison
between groups was performed by the LSD t test. The differ-
ence was statistically significant at P < 0:05.

3. Results

3.1. Surface Structure and Roughness of the GNS Ti and the
Annealed Ti. In this study, the samples were characterized
by SEM, TEM, and confocal laser scanning microscopy,
respectively. Evidence of plastic deformation, microstructure
refinement, and the differences in surface roughness between
the materials were clearly observed in Figure 1. As shown in
Figures 1(a) and 1(b), the longitudinal section image of GNS
Ti samples displayed a gradient change that the grain size
gradually decreased from the sample interior to the treated
surface, accompanied by gradually intensifying plastic defor-
mation. The microstructure in the top surface layer could not
be clearly observed in the SEM image due to the extremely

small grain size and intensive deformation. In comparison,
no gradient microstructural characterization could be found
in annealed Ti samples. As shown in Figure 1(c), TEM obser-
vation revealed that the grains in the top surface layer of the
GNS Ti samples were refined into nanometer scale with ran-
dom crystallographic orientations. The difference of surface
morphology was further demonstrated by the 3D isoheight
images captured by the confocal laser scanning microscopy
and quantified with surface roughness parameters, as shown
in Figures 1(d) and 1(e). The surface roughness (Ra) values of
the GNS Ti and annealed Ti samples were 1:76 ± 0:13μm
and 1:84 ± 0:09 μm, respectively. After statistical analysis,
there was no statistical difference in surface roughness
between two groups of materials (P > 0:05). The effect of
material surface roughness on the cellular behaviours was
ruled out.

3.2. Behaviours of MG63 Cells on the GNS Ti Samples and the
Annealed Ti Samples. As shown in Figures 2(a)–2(f), the
morphology of MG63 cells cultured on the two kinds of
materials for 1 day was presented. The MG63 cells were
observed to spread homogenously and fully on the surface
of GNS Ti samples. Meanwhile, the MG63 cells were pre-
dominantly in the shape of polygon, reaching out plentiful
filopodia to touch the surface of samples or connecting
neighboring cells. In contrast, the number of MG63 cells that
adhered to the annealed Ti was less than that on the GNS Ti.
MG63 cells were usually isolated on the surface of annealed
Ti, having fewer pseudopods protruding.

Typically, OD absorbance values of samples cultured for
different times were measured to evaluate the proliferation
kinetics of MG63 cells. MG63 cells were cocultured with
GNS Ti and annealed Ti for 1, 3, 5, and 7 days. As shown
in Figure 2(g), MG63 cells proliferated well on the GNS Ti
surface within the entire culturing time, suggesting good bio-
compatibility of the GNS Ti group. There was no difference
in the number of MG63 cells at 1 day between the two
groups, while the GNS Ti group showed significantly higher
OD values at 3, 5, and 7 days (P < 0:05), implying MG63 cells
displayed better proliferation capacity on the GNS Ti. Slopes
of the two group of samples are as follows: from day 1 to
day 3: 0:13185 ± 0:03035 vs. 0:08835 ± 0:03515, P < 0:05;
from day 3 to day 5: 0:05995 ± 0:0018 vs. 0:0338 ±
0:00885, P < 0:05; and from day 5 to day 7: 0:0657 ±
0:01395 vs. 0:04915 ± 0:00335, P < 0:05. After statistical
analysis, the slopes of samples were statistically different
on the 3rd, 5th, and 7th days (P < 0:05).

The scatter plot of cell suspensions was observed to reveal
the results of cell apoptosis, as shown in Figures 2(h)–2(j).
The blank control group and the GNS Ti group were concen-
trated a large number of live cells in the lower left quadrant,
and the late apoptotic cells of the GNS Ti group were signif-
icantly more than the blank control group. Numerous
advanced apoptotic and necrotic cells were identified in the
right upper quadrant of the annealed Ti group. Table 1
showed that no significant differences among the contents
of the early apoptotic cells, late apoptotic cells, and necrotic
cells were found between the blank control group and the
GNS Ti group. However, these three types of cells in the
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annealed Ti group were larger in number than those in the
blank control group (P < 0:05). The early apoptotic cells, late
apoptotic cells, and necrotic cells in the group were higher
than those in the GNS Ti group (P < 0:05).

3.3. Surface Properties of the GNS Ti Samples and the
Annealed Ti Samples. To compare the biomineralization abil-
ity, the samples were immersed in SBF for 28 days. From
Figures 3(a)–3(d), it could be seen that the surface of GNS
Ti induced the formation of new compounds and formed a
spherical coating after 28 days of SBF incubation. The surface
of annealed Ti was snow-like coating that did not induce
the formation of new compounds. Furthermore, the EDX
analysis showed that these new compounds on the GNS Ti
surface (Figures 3(e) and 3(f)) mainly contained calcium
and phosphorus.

The difference in surface properties of the GNS Ti and
annealed Ti was reflected by measuring the total protein
adsorption of the two groups of samples. The total protein
adsorbed on the GNS Ti and annealed Ti surfaces from cell
culture medium containing fetal bovine serum after 1, 4,
and 24 h of incubation are displayed in Table 2 and
Figure 3(g). At each incubation time, the GNS Ti significantly
promoted the adsorption amounts of total protein compared

to annealed Ti. After statistical analysis, the protein adsorp-
tion results between the two groups were statistically differ-
ent on the 1st, 4th, and 24th hours (P < 0:05). Especially,
the amount of protein adsorption of the GNS Ti increased
rapidly during 4 hours compared with that of the annealed
Ti. Overall, the GNS Ti completed the protein adsorption
on the surface in a comparatively short time.

Water droplet contact angle measurements were used to
test the surface hydrophilicity of the GNS Ti and the
annealed Ti (Figures 3(h) and 3(i)). The contact angle of the
GNS Ti surface was significantly smaller than that of the con-
trol surface (53:7° ± 2:4° vs. 96:9° ± 3:8°, P < 0:05), suggesting
relatively better hydrophilicity of GNS Ti surfaces, which
might come from the specific nanostructure of GNS Ti.

4. Discussion

In this study, to improve the osseointegration ability of Ti, we
prepared GNS Ti samples by SMAT. The annealed Ti sam-
ples were used as control. It was shown by SEM that the aver-
age grain size of GNS Ti was nano-scale on the uppermost
surface and gradually increased to submicron and micron
levels as the distance from the surface increases. In compari-
son, no such nanostructural characterization could be found
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Figure 1: (a, b) Longitudinal section SEM images of the GNS Ti samples and the annealed Ti samples. The dashed lines mark the treated
surfaces before and after annealing. (c) Typical bright-field TEM images of the top surface layer of the GNS Ti samples. (d, e) 3D
isoheight images show the surface roughness values of the GNS Ti samples and the annealed Ti samples.
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in the annealed Ti samples, and the average grain size of
annealed Ti was micron-scale in the top surface layer. To
evaluate the effectiveness of the nanostructure in vitro, we
cultured MG63 cells on the two kinds of Ti samples and sub-
sequently compared cellular behaviours. MG63 cells had the

ability of rapid proliferation, strong activity, and unlimited
channels. In recent years, they had been widely used in the
research of coculture of metal materials and osteoblast-like
cells [26]. After 1 day of culture, samples were observed by
SEM operated at voltage of 15 kV, which showed the
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Figure 2: (a–f) SEM morphologies of MG63 cells cultured the surfaces of (a, c, e) the GNS Ti samples and (b, d, f) the annealed Ti samples
after culturing for 1 day. (g) Proliferation curves of MG63 cells on the GNS Ti and the annealed Ti samples, reflected by measuring OD
absorbance values after cultured for 1, 3, 5, and 7 days (mean ± SD, n = 3, ∗ indicates P < 0:05). (h–j) Flow cytometry results show the
MG63 cells apoptosis rate of the blank control group, the GNS Ti group, and the annealed Ti group.
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adhesion and morphology of the MG63 cells. The prolifera-
tion behaviour of MG63 cells was analyzed by optical density
(OD) absorbance measurements after 1, 3, 5, and 7 days of
culture. After 6 days of culture, we analyzed the cell suspen-
sions of each group by flow cytometry to study the effect of
materials on cell apoptosis. Cell adhesion, proliferation, and
apoptosis have been always important indicators for evaluat-
ing osteointegration of implants. Adhesion is usually the ini-
tial event after cells come into contact with materials [27].
Bahl et al. reported that the cellular ability to resist the impact
of body fluids or blood flow increased with the improving cell
adhesion effect in a physiological environment [28]. On the
other hand, Logan et al. found that the enhanced adhesion
effect of mesenchymal stem cells could promote subsequent
cell proliferation and osteogenic differentiation [29]. There-
fore, cell adhesion effect was crucial for regulating subse-
quent cellular behaviours. Wang et al. reported that the
main functions of osteoblasts which induced from stem cells
were to synthesize bone matrix and promote mineralization
of the matrix to form bone tissue [30]. The excellent osteo-
blast proliferation ability could accelerate the occurrence of
osteointegration on the surface of the materials [31]. Yuan
et al. reported that osteoblast apoptosis was related to bone
reconstruction in multiple parts of the body. Inhibition of
osteoblast apoptosis could prolong the survival time of cells
and affect osseointegration around orthopedic implants
[32]. It was found in this study that the MG63 cells on the
GNS Ti spread better and the cells were polygonal with more
pseudopods after 1 day of culture. The result suggested that
GNS Ti could promote the cell adhesion effect better than
the annealed Ti. The OD values of the two groups of mate-
rials were statistically different on the 3rd, 5th, and 7th days
(P < 0:05). Moreover, the slope of the GNS Ti group was
larger than that of the control group, indicating that GNS
Ti could promote the cell proliferation better than the control
group. The results of flow cytometry demonstrated that the
number of viable cells in the GNS Ti group was more than
that in the annealed Ti group, while the number of late apo-
ptotic cells in the annealed Ti group were significantly more
than that in the GNS Ti group, which showed that the ability
of GNS Ti to inhibit cell apoptosis was higher than that of
annealed Ti. The above results demonstrated that the nano-
structure on the Ti surface might be one of the effective
methods to improve cellular behaviours of the osteoblast-
like cells.

In order to explore the related mechanism of GNS Ti
promoting cellular behaviours, we tested the mineralization
ability, protein adsorption, and hydrophilicity of two sets of

materials because it has been shown that cellular behaviours
might be affected by those properties [33–40]. Lee et al. found
that the compound formed by calcium and phosphorus
deposition could significantly improve the adhesion and pro-
liferation of bone marrow mesenchymal stem cells [41].
Moreover, Sharkov et al. reported that the osteoblasts were
cocoltured with compound formed by calcium and phospho-
rus deposition, the results of which showed that the com-
pound could obviously upregulate the expression level of
osteogenesis-related genes of the cells [42]. So, the increased
calcium and phosphorus deposition could promote osteo-
genic behaviours of cells. The results of biomimetic mineral-
ization experiment in this study demonstrated that the
surface of GNS Ti induced the formation of new compounds
and formed a spherical coating. The surface of annealed Ti
was snow-like coating and did not induce the formation of
new compounds. Furthermore, the EDX analysis showed
that those new compounds on the GNS Ti surface mainly
contained calcium and phosphorus. Durmus et al. reported
that the SMAT metal materials showed excellent hydrogen
storage reversibility and promoted surface activation. As
the surface activation energy was increasing, the adsorption
capacity for calcium and phosphorus ions increased [26].
Venkatsurya et al. found that the surface energy of materials
was increased after SMAT, so that the mineralization was
promoted [43]. Therefore, the gradient nanostructure
obtained after SMAT treatment in this study might improve
the surface mineralization ability of materials.

On the other hand, it was well known that the first step
for biomaterial after implantation is protein adsorption,
and the composition and structure of the material surface
determine the amount and type of protein adsorption [44].
The greater the amount of protein adsorbed, the better the
adhesion of subsequent cells [45–50]. In this study, it was
shown that as the incubation time increased, the amount of
protein adsorption of the GNS Ti was always more than that
of the annealed Ti. The amount of protein adsorption was
statistically different on 1st, 4th, and 24th hours (P < 0:05).
Especially, the amount of protein adsorption of the GNS Ti
materials increased rapidly during 4 hours compared with
that of the annealed Ti. So it was indicated that the GNS Ti
had better protein adsorption capacity than the annealed Ti
and completed the protein adsorption on the surface in a
comparatively short time.

Moreover, the cellular behaviours were closely related to
the hydrophilicity of the materials [51]. It was reported that
the surface of untreated Ti implants were generally weakly
hydrophilic or even hydrophobic [52]. However, in this

Table 1: Flow cytometry results showing the MG63 cells apoptosis rate of the blank control group, the GNS Ti group, and the annealed
Ti group.

Cell Blank control (%) GNS Ti (%) Annealed Ti (%)

Late apoptotic cells and necrotic cells 6:76 ± 2:07 10:38 ± 3:52Δ 15:82 ± 3:30∗

Early apoptotic cells 3:93 ± 1:11 4:31 ± 0:97Δ 9:83 ± 3:74∗

Normal cells 88:03 ± 2:43 84:54 ± 3:77Δ 73:42 ± 2:49
Data are presented as mean ± SD, n = 3, and ∗ indicates P < 0:05, compared with the blank control group. Data are presented as mean ± SD, n = 3, Δ indicates
P < 0:05, compared with the annealed Ti group.
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Figure 3: (a–d) SEM images show the results of biomimetic mineralization on the surface of (a, b) the GNS Ti samples and (c, d) the annealed
Ti samples after immersion in SBF for 28 days. (e, f) EDX analysis performed on the GNS Ti samples and the annealed Ti samples immersed
in SBF for 28 days. (g) Protein adsorption results on the GNS Ti samples and the annealed Ti samples immersed in medium containing 10%
fetal bovine serum for 1, 4, and 24 h. (mean ± SD, n = 3, ∗ indicates P < 0:05). (h–j) Water droplet contact angles of the GNS Ti samples and
the annealed Ti samples (mean ± SD, n = 3, ∗ indicates P < 0:05).

Table 2: The protein adsorption results of the GNS Ti and annealed Ti samples at different time points.

Time/h 1 4 24

GNS Ti (μg/ml) 16:3861 ± 3:0270∗ 64:0108 ± 3:1453∗ 75:8873 ± 2:0287∗

Annealed Ti (μg/ml) 11:4245 ± 2:5289 54:0222 ± 1:8226 56:8764 ± 2:9268
Data are presented as mean ± SD, n = 3, ∗ indicates P < 0:05, compared with the annealed Ti group.
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Figure 4: The pattern diagram for the effect of GNS Ti on behaviours of MG63 cells in vitro and its preliminary mechanism.
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study, the results showed that GNS Ti was significantly more
hydrophilic than the annealed Ti. Ji et al. reported that the
surface of the hydrophilic material could increase the amount
of adsorbed protein, thereby promoting the adhesion of
osteoblasts and inhibiting cell apoptosis [53]. Li et al.
found that the excellent surface hydrophilicity could
obtain larger surface energy, promoting the behaviours of
human periodontal ligament stem cells [54]. Edalati et al.
reported that the surface of the hydrophilic material had
a more active biological conformation, which promoted
adhesion of MC-3T3 cells [55].

In this study, the enhanced hydrophilicity might be
another main reason why the GNS Ti promoted cellular
behaviours better.

Above all, this study has demonstrated the effects of GNS
Ti on behaviours of MG63 cells in vitro and elucidated its
preliminary mechanism, as shown in Figure 4. It provides
the theoretical and experimental foundations for the applica-
tions of GNS Ti in dental implants. However, the related
molecular biology mechanism of GNS Ti remains unclear,
and in vivo study is still blank. Before a new material can be
used in clinic, it must undergo a lot of comprehensive
in vivo and in vitro studies [56, 57]. In the near future, we will
focus on whether GNS Ti can promote osteogenic differenti-
ation of bone-related cells to further examine the osteogenic
functions of the GNS Ti. Simultaneously, we will conduct a
series of animal experiments to detect whether the material
has the problems of metal ion release in the body and evalu-
ate the biocompatibility of the GNS Ti. Furthermore, we will
implant GNS Ti into the mandibular defect of animals to
examine the formation of the new bone around the material.
Hopefully, we can come up with more meaningful and con-
structive research results soon.

5. Conclusion

In this study, GNS Ti was successfully prepared by means of
SMAT. In vitro studies into behaviours of the cultured MG63
cells demonstrated that the GNS Ti promoted adhesion effect
and proliferation of the cells better than the annealed Ti,
while the ability of GNS Ti to inhibit cell apoptosis was better
than that of annealed Ti, the preliminary mechanism of
which indicated by this study might be the enhanced miner-
alization capacity, protein adsorption ability, and hydrophi-
licity of the GNS Ti due to its specific nanostructure that
improved the cell behaviours. Although further investiga-
tions into the in vivo responses are needed, we believe that
the GNS Ti will find broad applications in dental implants
and joint replacements.
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