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Gradient nanostructured titanium stimulates cell responses  
in vitro and enhances osseointegration in vivo
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Background: Though titanium (Ti) is widely used as dental materials in the clinic, effective methods to 
treat Ti for higher surface biological activity still lack. Through Surface mechanical attrition treatment 
(SMAT) technology we could endow Ti with gradient nanostructured surface (GNS Ti). To investigate the 
biocompatibility of GNS Ti for its further application in dental implant field, we study the effects of GNS Ti 
on cell responses in vitro and osseointegration of the implant with surrounding bone tissues in vivo.
Methods: In this study, GNS Ti was fabricated by SMAT. In vitro experiment, we co-cultured GNS Ti 
with bone mesenchymal stem cells (BMSCs), surface characterization was detected by transmission electron 
microscope (TEM). Adhesion, proliferation and differentiation of BMSCs were evaluated by scanning 
electron microscope (SEM), MTT, flow cytometry (FCM), alkaline phosphatase (ALP) and osteocalcin 
(OCN) tests. in vivo experiment, the GNS Ti was implanted into the rabbit mandible. Osteogenesis and 
osseointegration were evaluated by Micro CT, toluidine blue staining, and immunohistochemical staining at 4, 
8, and 12 weeks postoperatively.
Results: Both results showed that compared with the coarse grained (CG) Ti, the GNS Ti stimulated the 
adhesion, proliferation, and differentiation of BMSCs and improved osteogenesis and osseointegration.
Conclusions: This study indicates that gradient nanostructured Ti is a promising material for dental 
implant application.
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Introduction

With brilliant biocompatibility and mechanical properties, 
titanium (Ti) is widely used as dental implants and 
orthopedic implants in the clinic (1). However, studies have 
shown that Ti, as an inert metal, has low surface biological 
activity, making it difficult to form stable osseointegration 
and may lead to bone resorption around the implant, peri-
implant inflammation, and even implant failure (2). Many 
bioengineers enhance the biological response of Ti and its 
alloys by coating them with hydroxyapatite (HA) (3) and 
TiO2 (4). Although the coating methods have achieved good 
biological results, the connection strength between the 
coating and the substrate is poor, which is prone to long-
term clinical problems.

To avoid the risk of separation between the coating 
and the base metal and to enhance the osseointegration, 
Lu et al. (5) developed the surface mechanical attrition 
treatment (SMAT) technology. As a surface severe plastic 
deformation (SPD) technology, SMAT can realize the self-
nanocrystallization on the material surface without changing 
the chemical composition. During the SMAT process, steel 
balls with a smooth surface, average size, and high-energy 
impact material surface repeatedly in a vacuum chamber. 
Plastic deformation in the material surface gradually makes 
the surface into the nano-sized grain and coarse grain to 
realize the nanoscale grain from the topmost surface to 
the internal micron level grain, namely characteristic of 
gradient nanostructured surface (GNS).

At present, SMAT technology has been successfully 
applied to a variety of metals, such as stainless steel (6), 
tungsten alloy (7), and magnesium alloy (8,9). On the one 
hand, it is reported that the nanocrystalline layer obtained 
by SMAT improves mechanical properties such as hardness, 
abrasion resistance, ductility, and fatigue resistance (6,10). 
On the other hand, studies also showed that nanostructured 
surfaces can promote the adsorption of proteins, improve 
the hydrophilicity and blood compatibility of materials, 
and greatly promote the biological behavior of osteoblasts 
(11,12), especially when it forms a hierarchical composite 
structure with microstructures such as GNS surface 
obtained by SMAT (13). Qin et al. (14) prepared a micro/
nanostructured surface on a Co-Cr-Mo alloy and the results 
showed that the cell activity of MC3T3-E1 osteoblasts was 
significantly improved. In vivo studies by Rezaei et al. (15) 
showed that the osseointegration strength of zirconia with 
a meso/micro/nano surface is twice than that of mechanical 
zirconia at 2 and 4 weeks postoperatively. In addition 

to the improved surface bioactivity, SMAT also has the 
advantages of easy realization, low energy consumption, and 
environmental protection (16). The researchers believe that 
SMAT technology could be applied as a method to improve 
the comprehensive properties of metal materials.

To apply the SMAT technology into the orthopedic 
and dental implant field, in our previous study, Wen et al. 
fabricated GNS Ti with a nanocrystalline layer of about 30 nm 
thick utilizing SMAT (17). Results showed that GNS Ti shows 
much-improved oxidation kinetics in H2O2 solution, and more 
stable oxide thickness compared with coarse grained (CG) 
Ti. This stable oxide layer has a positive effect on surgical 
healing indicating that the SMAT could be a possible method 
to improve the bioactivity of Ti implants. To realize the 
clinic application, we intend to evaluate the biocompatibility 
of GNS Ti further comprehensively by evaluating the 
adhesion, proliferation, and osteogenic differentiation of bone 
mesenchymal stem cells (BMSCs) in vitro and assessing the 
osteogenesis and osseointegration in vivo.

In this study, GNS Ti was previously fabricated by the 
SMAT. In vitro experiments, GNS Ti was co-cultured with 
BMSCs, and the effects of GNS surface on BMSCs adhesion, 
proliferation, and osteogenic differentiation were respectively 
evaluated by scanning electron microscope (SEM), MTT, 
flow cytometry (FCM), alkaline phosphatase (ALP), and 
osteocalcin (OCN) detection. In vivo experiments, GNS Ti 
was implanted into the rabbits’ mandible, and the effects 
of GNS Ti on the osteogenesis and osseointegration were 
evaluated by Micro CT, histological staining, and the 
immunohistochemical staining of osteogenic factors bone 
morphogenetic protein 2 (BMP-2). We hope that this 
study may lay the foundation for the application of gradient 
nanostructured Ti implants in the fields of dentistry and 
orthopedics in the future.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-7588).

Methods

Sample preparation and characterization

Ti plate (6,000 mm in diameter and 5 mm in thickness) 
obtained from the Institute of Metal Research, Chinese 
Academy of Sciences was used in this research. The Ti plates 
were double-treated at room temperature for 30 min. During 
the SMAT process, spherical steel balls with a smooth 
surface are resonated in a reflecting chamber via vibration of 

http://dx.doi.org/10.21037/atm-20-7588
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an ultrasonic transducer. Typically, the ball sizes are 6 mm 
in diameter and the vibration frequency of the chamber is 
20 kHz. After that, a part of the SMAT-treated plates was 
annealed at 680 ℃ for 2 h.

Subsequently, the squares with the size of Φ64 mm 
× 5 mm for in vitro experiment and Φ8.0 mm × 2.5 mm  
for in vivo  experiment were cut from the SMAT-
processed and annealed disks, and then rinsed with dilute 
hydrochloric acid, acetone, ethanol and distilled water 
for 10 min consecutively, and ultimately dried at 37 ℃ for 
24 h. Hereafter, the samples treated by SMAT technique 
are referred to as GNS Ti and the annealed samples are 
referred to as CG Ti. The surface characterization of 
GNS Ti and CG Ti was detected by transmission electron 
microscope (TEM) (JEOL-201, Hitachi, Japan). Schematic 
diagram of the experiment process was presented in Figure 1.

Cell characterization

Cell adhesion
BMSCs were kindly provided by Stem Cell Bank, Chinese 
Academy of Science. The cells were seeded on the samples 
placed in 24-well plates at a density of 2×104 cells per well. 
After cultured for 1d, the samples were washed with PBS 

for three times. The cells were fixed in 2.5% glutaraldehyde 
for 4 h at 4 ℃, dehydrated in graded ethanol series, vacuum-
dried, and sprayed-coated with gold before observation by 
the SEM (S3400, Hitachi, Japan).

Cell proliferation
For the evaluation of cell viability, the cells were cultured 
on the samples at a density of 1×104 viable cells/disc/well for 
1, 3, 5, 7 and 14 days, with the MTT Cell Proliferation and 
Cytotoxicity Assay Kit (MTT, Solarbio, China). MTT assay 
was precisely performed as described by Kit instructions. 
Briefly, after culturing in the DMEM/F12 medium for 1, 3, 
5, 7 and 14 days, the samples were further cultured for 4 h 
in basic medium added with 10 μL MTT reagent, and then 
prepared for optical density (OD) absorbance measurements 
by using an absorbance microplate reader (Tecan Company, 
Switzerland) at the wavelength of 490 nm. Data were 
expressed as absorbance and the growth curve was plotted.

Flow cytometry (FCM) test was carried out to determine 
the proliferation kinetics of BMSCs on both samples at 5 days.  
Following the instruction given in the Annexin V-FITC 
Apoptosis Detection Kit (ANNEXIN V-FITC/PI, Solarbio, 
China), the samples were successively digested by trypsin and 
rinsed with PBS, suspended with 1 mL 1× Binding Buffer, 

SMAT

GNS Ti

GNS Ti

Ti

In vivo experiments

Mandible implant material

Promote bone formation

Increase cell proliferation

Decrease cell apoptosis

In vitro experiments

Figure 1 Schematic diagram of the experiment process. SMAT, surface mechanical attrition treatment; GNS Ti, titanium with gradient 
nanostructured surface.
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centrifuged, resuspended with 1 mL 1× Binding Buffer, 
added with 5 μL Annexin V-FITC and 5 μL PI. The FCM 
was performed within 1 h and the cell proliferation index (PI) 
was calculated.

Cell differentiation
When the cells reach 80% confluency in the medium, the 
samples were washed and further cultured in the differentiation 
media at 37 ℃ for 3, 5, 7 and 14 days. Subsequently, the 
BMSCs were lysed in PBS at ambient temperature. After 
centrifugation, the supernatant was used to determine ALP 
activity with a p-nitrophenyl phosphate assay kit (ALP activity, 
Solarbio, China), and then prepared for OD absorbance 
measurements by using an absorbance microplate reader (Tecan 
Company, Switzerland) at the wavelength of 510 nm.

Besides, the concentration of OCN production of 
BMSCs was detected by enzyme-linked immunosorbent 
assay kit (Osteocalcin Human Instant ELISA Kit, Thermo 
Fisher, America). After the BMSCs were cultured in the 
osteogenic medium for 7, 10 and 14 days, the supernatant of 
the medium was collected for the OCN measurements. As 
chromogenic substrate to horseradish peroxidase antibody, 
tetramethylbenzidine was used. The concentration of OCN 
was derived by measuring the OD absorbance value of the 
mixed solution on a microplate reader (Tecan Company) at 
the wavelength of 450 nm.

In vivo tests

Surgical procedures
Experiments were performed under a project license 
(No. 2018-13) granted by institutional medical ethics 
committee of School and Hospital of Stomatology, China 
Medical University, in compliance with China national or 
institutional guidelines for the care and use of animals.

The implantation procedure was performed at the 
Department of Laboratory Animal Science of China Medical 
University. 18 New Zealand rabbits (3.4 to 4.0 kg) obtained 
from the Qingdao Kangda Biotechnology Co. Ltd. (Qingdao, 
China) were randomly assigned into two groups, sacrificed 
at 4, 8, or 12 weeks, with 6 rabbits in each group. The 
implant surgery was performed under general anesthesia by 
subcutaneous injection of 20% urethane at a dose of 5 mL/kg 
body weight and local anesthesia by injection of xylocaine.

An incision paralleled with the inferior border of the 
mandible was performed at between the posterior border 
of the centric combination and the anterior border of the 

masseter muscle, which was about 2.0–2.5 mm long and  
10 mm above the inferior border of the mandible. After blunt 
dissection of the underlying tissues, the WH implant unit 
was used to prepare the bone defect of 8 mm in diameter 
and 2 mm in depth on the bilateral mandible. During the 
operation, saline was cooled and cotton swabs were pressed to 
stop bleeding. The implants were slightly inserted into each 
side of the bone defects randomly with good primary stability. 
Postoperatively, the animals were given intramuscular 
injections of penicillin (800,000 IU/mL) for 3 days to prevent 
postoperative infection.

Micro-computed tomography analysis
Three rabbits were respectively sacrificed at 4, 8, and 12 weeks 
postoperatively and the implants with 5 mm surrounding 
bone tissue were harvested and scanned by micro-CT analysis 
(Skyscan 1276, Bruker Micro-CT, Kontich, Belgium). The 
working parameters of CT are set as follows: voltage is  
100 kVp, the current is 200 mA with a 360-degree scan, and 
ROI was set to be the region from 100 to 1,000 mm above the 
Ti implant-bone. Image reconstruction was performed using 
the graphics processing unit (GPU)-based reconstruction 
software, GPU-Nrecon. Data on percent bone volume (BV/
TV: %), trabecular thickness (Tb.th: mm), and trabecular 
separation (Tb.sp: mm) were retrieved from the ROI selected.

Toluidine blue staining
Three rabbits were sacrificed for undecalcified histological 
analysis at 4, 8, and 12 weeks postoperatively. The samples 
were fixed in 4% paraformaldehyde dehydrated in alcohol 
series and infiltrated in methyl methacrylate, and finally 
embedded in polymethyl methacrylate. Bone blocks were 
sectioned along a parallel to the longitudinal axis of Ti discs 
with E300CP diamond saw microtome (EXAKT, Germany), 
obtaining a series of sections and subsequently polished to 
a thickness of 40–50 μm. Four consecutive sections of the 
central portion of the implant site were obtained for each 
sample and stained with Toluidine blue staining solution. 
Histological images were taken by optical microscopic and 
analyzed with a digital image acquisition system at 4× and 
10× of magnification.

BIC was calculated by dividing the length of the traits of 
the implant in contact with the bone to the total length of 
the implant of which the formula was as follows:

% BIC = (length of the osseointegration part of the 
bone-implant interface/length of the whole part of the 
bone-implant interface) ×100%
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Besides, at all experimental times, the rate at which BIC 
is formed in the time was calculated as the ratio of BIC 
percentage per week.

Immunohistochemical staining
At 4, 8, and 12 weeks after implantation, the rabbits were 
respectively sacrificed, and the mandibles were collected. 
For immunohistochemical staining, the specimens were 
decalcified and embedded in paraffin, cut along the sagittal 
plane and deparaffinized. After antigens were recovered 
by 0.05% parenzyme for 20 min and blocked by BSA, 
sections were incubated with primary antibodies (Mouse 
Anti-BMP-2 antibody, ab6285, Abcam, UK). Then, 
secondary staining was observed using the secondary 
antibody (Goat Anti-Mouse, ab205719, Abcam, UK) and 
3,3'-diaminobenzidine (DAB, ab64261, Abcam, UK). 
Microscopic images of representative regions of the 
stained tissues were obtained using Axioskop microscopy 
(Olympus IX71, USA). The images were acquired using a 
ToupCam TP610000A microscope acquisition system. For 
immunohistochemical analysis, BMP-2 positive expression 
was shown in brown. The average optical density (AOD) of 
the positive region was measured using an Image-Pro Plus 
6.0 software (Image-Pro Plus, Media Cybernetics, USA) by 
randomly selecting 3 high-power fields.

Statistical analysis

All data were expressed as mean ± standard deviations (SD). 
Statistical analysis was performed using SPSS 21.0 software 
(IBM, USA) by Independent Samples t-test to compare the 
data between different groups. Statistical significance was 

considered at P value less than 0.05. At least three samples 
were used for each test group.

Results 

Surface characterization

As shown in Figure 2, the nano-scale grains with random 
crystallographic orientations in the topmost surface layer of 
the SMAT samples were clearly revealed by TEM.

Cell characterization

The SEM images of BMSCs on both samples are shown 
in Figure 3A and B. It is observed that BMSCs adhered 
well on both samples for 1 day. Moreover, compared to 
CG Ti, BMSCs spread more homogenously and fully on 
the GNS Ti. Meanwhile, the cells on the GNS Ti were 
predominantly in the shape of a polygon, with numerous 
filopodia protruding into the sample surface and connecting 
neighboring cells.

Figure 3C presents OD absorbance curves obtained by 
MTT of both samples at different time points to evaluate 
the proliferation kinetics of BMSCs (18,19). Although the 
cell densities are at a low level for 1 day on both samples, 
the proliferation kinetics of the cells on GNS Ti showed a 
significant promotion during the incubation for 3, 5, and 
7 days. Statistical analysis showed that there are significant 
differences between the two groups in OD values for 3, 5, 
and 7 days (P<0.01). And it is worth noted that at 7 days, 
the proliferation peak of both samples, the OD value of the 
GNS Ti is 0.812±0.006, while it is only 0.517±0.008 in CG 
group.

FCM tests were performed to further confirm the 
promoted proliferation kinetics of both samples by 
measuring the cell apoptosis of BMSCs (Figure 3D,E). The 
result showed that after incubation for 5 days the PI value 
of the GNS Ti is significantly higher than that of the CG 
Ti (P<0.01). Moreover, it is worth noting that the PI value 
of the GNS Ti is almost twice of that of the CG Ti.

In order to find out the osteogenic differentiation kinetics 
of BMSCs on both samples, we measured the ALP activity 
for 3, 5, 7, and 14 days and OCN activity for 7, 14 days 
respectively (Figure 3F,G). An increasing trend of ALP 
activity with the extension of culture time is observed in both 
samples. At each time point, the ALP activity of GNS Ti was 
always higher than that of CG Ti, and the difference between 
the two groups is significant in statistics (P<0.01). Till the last 

100 nm

Figure 2 Typical plane-view TEM observation of the GNS Ti. 
TEM, transmission electron microscope; GNS Ti, titanium with 
gradient nanostructured surface.
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testing time the ALP activity of the GNS Ti is about 36% 
higher than that of the CG Ti. The OCN concentration of 
GNS Ti is statistical higher than that of CG Ti at 14 days 
(P<0.01).

In vivo performance

General observation
Eighteen New Zealand rabbits  were used in  the 

implantation operation. After implantation surgery the 
rabbits eat a small amount of food at 3–4 days and eat 
normally at 5–7 days. There was no obvious inflammation 
at the implant site (Figure 4), no loosening of the implant, 
and no soft tissue growth at the implant-bone tissue 
interface.

Micro-computed tomography analysis
Micro-CT was used to evaluate new bone formation at the 
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bone-implant interface. In general, compared with the CG 
Ti, the GNS Ti showed significantly more bone formation 
at 4, 8, and 12 weeks postoperatively. As shown in Figure 5,  
on the surface of GNS Ti, new bone was observed at 4 weeks  
postoperatively. As time passed, bone tissue gradually grew 
along the surface of the implant. At 12 weeks, the bone 
tissue was in close contact with the implant and the height 
was uniform and tended to be continuous. In contrast, the 
amount of bone tissue formed on the CG Ti was less than 
that on GNS Ti at 4 weeks after the operation. At 12 weeks, 
the bone tissue on the CG Ti was mostly concentrated on 
the edge of the material, and the bone formed in the center 
of the material was little.

The percent bone volume (BV/TV, %) and trabecular 
thickness (Tb.th, mm) represent the bone volume rate and 
the thickness of the bone respectively. At 100–1,000 mm 
exterior to the implant, both parameters of the GNS Ti 
were significantly higher than that of CG Ti with statistical 
differences (P<0.05). The trabecular separation (Tb.sp, μm) 
represents the average distance between the trabecular. It 
was lower in the GNS Ti group than in CG Ti group with 
statistical significant difference (P<0.05).

Histological analysis
Toluidine blue staining showed that, at 4, 8, and 12 weeks 
after implantation, the amount of new bone formation on 

Figure 4 Schematic plot and implantation process of the surgical procedure in rabbit mandible. (A) The schematic plot of the planting site; (B) 
preparation of mandibular bone defect; (C) bone graft defect of the sample; (D) bone tissue removed by the planter.
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the GNS Ti was higher than that on the CG Ti (Figure 6). 
At 4 weeks postoperatively, the bone tissue on the GNS Ti 
was irregular in shape and extended to the periphery while 
new bones on the CG Ti was thinner and had a certain 
gap with the implant surface. At 8 weeks after surgery, the 
bone tissue on the GNS Ti continued to grow along the 
surface and began to form a mature trabecular shape, while 
the trabeculae around the CG Ti was relatively sparse. 
At 12 weeks after surgery, GNS Ti formed a tight bond 
with surrounding bone tissue, while CG Ti still had gaps 
between the substrate and the bone tissue.

To compare the trend of new bone formation between 
two groups, we quantified bone-implant contacts (BIC) 
value using Image J program (20) (Figure 7). BIC values for 

the GNS Ti and CG Ti were observed at 4, 8, and 12 weeks 
(P<0.05). BIC value of GNS Ti was almost 1.6 times than 
that for the CG Ti at 8 weeks (P<0.01).

The immunohistochemical staining of BMP-2 was 
shown in Figure 8A. A wide range of positive reactions was 
observed in the mesenchymal stem cells and osteoblasts 
between the implant and bone tissue of the GNS sample. 
Figure 8B showed that significantly higher expression of 
BMP-2 was detected in the GNS group compared with 
the CG group (P<0.01) at 4 weeks after implantation. 
Moreover, as time increasing the expression levels of BMP-2  
gradually decreased. At 8 weeks, the expression level of 
BMP-2 in the GNS group was still higher than that in 
the CG group (P<0.05). But at 12 weeks, there was no 

Figure 6 Photomicrography of toluidine blue staining. (A) The CG Ti and (B) the GNS Ti at 4, 8, and 12 weeks postoperatively. 
New bone tissue, the host bone tissue, and the gap between the implant and the bone tissue are indicated by arrows of red, 
yellow and green, respectively. GNS Ti, titanium with gradient nanostructured surface; CG Ti, coarse grained titanium.
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significant difference in the expression of BMP-2 between 
the two groups (P>0.05).

Discussion

Currently, more than 70% of biomedical implants are 
made of metal materials. Considering the growing 
clinical demand, it is necessary to further improve the 
biological activity of the implant materials and enhance the 
osseointegration between the materials and surrounding 
bone tissues (21,22).

SMAT is a promising technology to induce a nanocrystal 
line surface layer on the metal surface without interface 
between the base metal and the nanostructure layer (10). 
This technology could contribute a strong bond between the 
surface layer and the matrix overcoming the disadvantage of 
potential peeling risk of traditional coating methods. TEM 
images of SMAT metals exhibit randomly distributed nano 
grains on the topmost surface indicating that SMAT is a 
stable technology (23,24).

In our research, the SMAT Ti (GNS Ti) was co-
cultured with BMSCs. As one of the most widely studied 
mesenchymal stem cells, BMSCs have low immunogenicity 
and high osteogenic differentiation potential, which is 
very important to the establishment of trabeculae (25,26). 
The SEM images showed that cells cultured on GNS Ti 
have better spread and extended morphology than on 
CG Ti. Cells on GNS Ti extend more uniform than on 
CG Ti. Moreover, cells grown on GNS Ti is polygonal 
with many pseudopods protruding into GNS Ti surface 

and connecting with neighboring cells. However, the 
morphology of cells cultured on CG Ti is mainly spindle 
with little pseudopods. This result suggests that the GNS 
Ti has higher bioactivity and could promote cell spreading 
and adhesion.

It was also found that the proliferation of BMSCs in the 
GNS Ti group was significantly enhanced during 3–7 days 
of culture, mainly manifested in the significant difference 
in OD value between the groups at 3–7 days (P<0.01). The 
enhancement of cell proliferation was further confirmed by 
FCM detection. At day 5, the PI value of the GNS Ti group 
was about 2.5 times higher than that of the CG Ti group 
with statistical significance (P<0.01).

Typically, ALP activity and OCN concentration are 
markers representing the early stage and the late stage 
of the osteogenic differentiation process, respectively 
(27,28). The present study shows that BMSCs cultured 
on GNS Ti has significant higher ALP activity than cells 
grown on CG Ti at days 3–14 (P<0.01). As for OCN 
concentration, there is a same expression pattern as that 
of ALP. The OCN expression in GNS Ti group was 
significantly up-regulated on days 7–14, while the OCN 
concentration in CG Ti is similar in two study period. 
Studies have shown that the nanostructured surface 
can directly promote the proliferation and osteogenesis 
differentiation of mesenchymal stem cells by increasing the 
levels of osteogenic differentiation markers, such as osterix 
(OSX), ALP, and OCN (7,29). The up-regulation of the 
ALP and OLP expression suggests that the GNS surface 
could promote bone formation by promoting osteogenic 
differentiation of stem cells. This result is consistent with 
previous studies (30-32).

Based on the above results, the GNS Ti has great 
biocompatibility in enhancing the adhesion, proliferation, 
and osteogenic differentiation of BMSCs.

It is reported that the roughness of biomaterial surface 
plays a critical role in material biocompatibility (33). In the 
current research and our previous studies (34), to exclude 
the impact of surface roughness in material biocompatibility, 
the control group (CG Ti) is fabricated by SMAT treatment 
followed by recrystallization annealing treatment making 
sure a similar roughness between GNS Ti and CG Ti. 
In our previous research, Wang Wei have found that the 
roughness of GNS Ti is 1.73±0.11 μm and roughness of CG 
Ti is 1.82±0.06 μm (31). There is no statistical difference 
between the two outcomes. Therefore, we could exclude 
the impact of roughness on the biocompatibility of the two 
samples.
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Hydrophilicity of material surface, mechanics of material, 
and nanostructure of surface have all be proven to have 
influence on the material biocompatibility. In this research 
GNS Ti have been found to have higher bioactivity than 
CG Ti in promoting BMSCs proliferation, adhesion, and 
osteogenesis differentiation, which could be explained by 
the better nanostructure, higher hydrophilicity, and better 
mechanics.

It is reported that the nanoscale surface could promote the 
cytoskeleton forming and the interfacial tension of membrane 
receptors and induce the cells to take the surface structure for 
growth orientation (32). Additionally, cells prefer to adhere, 
spread, and grow on hydrophilic surfaces. In our previous 
research, we have measured the hydrophilicity of the two 
samples by contact angle. We found that the contact angle 
of GNS Ti is 53.7°±2.4°, while the contact angle of CG Ti 
is 96.9°±3.8°. There is a significant difference between the 
two groups in contact angle indicating that GNS Ti has high 
hydrophilicity (34). Therefore, the higher hydrophilicity of 
GNS Ti is a promoting factor for its higher biocompatibility.

Material mechanics plays a critical role in the material 
application. In fact, surface properties are determining factors 
in material mechanics (wear, corrosion, fatigue etc.). Materials 
with low wear resistance could release ions into surrounding 
tissues causing inflammation and allergy (35). Wen et al. have 
found that GNS Ti has lower friction coefficient than CG 
Ti (36). It indicates that GNS Ti will perform stable in oral 
environment. Moreover, the strength of GNS Ti is proven 
to be enhanced by its nanocrystalline surface compared with 
CG Ti (37). The increased mechanic properties of GNS Ti is 

a reason for its better biocompatibility.
It is valuable to investigate the promoting osteogenesis 

ability of GNS Ti further. Chen et al. have cultured 
osteoblast cells on Ti6Al4V surface. Over a culture period 
of 35 days, discrete bone-like nodules could be seen by 
naked eyes on the Ti6Al4V surface. After analyzed by 
environmental scanning electron microscopy (ESEM), 
atomic force microscopy (AFM) and energy dispersive X-ray 
(EDX), the outcome showed that the bone-like nodules 
have similar structure and Ca/P ratio to natural bone (38). 
However, it is unclear the facilitating osteogenesis ability 
of GNS Ti in this aspect. In the future, we will prolong the 
experimental period to further study the mechanics of bone 
nodules formed on GNS Ti surface to investigate the bone 
formation ability of GNS Ti deeply.

Based on the above in vitro  studies,  we further 
investigated the promoting osteogenesis ability of GNS 
Ti in vivo by implanting GNS Ti and CG Ti into the New 
Zealand rabbit mandibular. Micro CT scanning showed 
that at 12 weeks after surgery, highly uniform bone tissue 
was formed on the surface of GNS Ti, while the bone 
tissue on the CG Ti is limited on the edge of the material. 
Morphological analysis showed that BV/TV and Tb.th in 
the GNS Ti group were significantly higher than CG Ti 
(P<0.05), and Tb.sp was significantly lower (P<0.05) than 
CG Ti at 4, 8, and 12 weeks. It indicates that the bone 
binding strength in the GNS Ti group was significantly 
higher than that of the CG Ti. This outcome was consistent 
with the research of Johansson et al. (39). Toluidine blue 
staining further confirmed the results of Micro CT as 
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shown in Figure 5. At 12 weeks postoperatively, bone tissue 
on the surface of GNS Ti had formed a close bond with 
the material, while there was still a gap between CG Ti and 
bone tissue. By analyzing the BIC ratio of the two groups, it 
was found that BIC in the GNS Ti group was significantly 
higher than that in the CG Ti group (P<0.05). Especially 
at 8 weeks after the operation, BIC in the GNS Ti group 
was about 1.6 times higher than that in the CG Ti group 
(P<0.01).

Bone tissue parameters and the BIC analysis were 
mutually verified, indicating that GNS Ti could accelerate 
bone formation and improve the microstructure of bone 
tissue, and promote the implant-bone binding. Referring to 
the concept of osseointegration, the increased implant-bone 
contact and promoted bone microstructure of the GNS 
Ti is conducive to the long-term stability of the material. 
In addition, it should be pointed out that the differences 
between GNS Ti and CG Ti mainly occurred at 4–8 weeks 
after the surgery, which can be considered as the main effect 
period of GNS Ti in vivo.

The ability of implant materials with nano/micro surface 
in promoting osseointegration is proved by other researches. 
Zhu et al. (40) implanted bioceramics with nano/micro 
surface into the long bone defect of Beagle dogs, and tight 
osseointegration was observed at 12 weeks after surgery, 
while there were still gaps between the implant surface 
and bone in the control group. In addition, Liu et al. (41) 
implanted strontium-loaded micro/nano Ti into the mandible 
of ovariectomized sheep, and the results showed the BV/TV 
and the Tb.N of nano/micro surfaces are significantly higher 
and Tb.sp is lower than those in other groups. The improved 
bone tissue morphology parameters in the animal model 
indicate that GNS Ti may be further applied in the field of 
dental implants.

The bone reconstruction process is influenced by 
systemic factors. As receptors, the biological activity of 
bone cells is largely regulated by calcitonin, estrogen, 
growth factors, and cytokines (42). Bone morphogenetic 
protein (BMP) is an early signaling molecule for bone 
formation (43,44). Among them, BMP-2 has the strongest 
osteogenic activity (45), which can not only induce bone 
formation in stem cells, but also recruit stromal cells (46). 
In this experiment, the expression of BMP-2 at the implant-
bone tissue interface was detected by immunohistochemical 
analysis. The results showed that at 4 weeks, the expression 
intensity of BMP-2 in the GNS group was significantly 
stronger than that in the CG group, with a statistically 
significant difference (P<0.01). However, the expression 

levels of BMP-2 of the two groups showed a decreasing 
trend over time. At 8 weeks, the difference between the two 
groups was statistically significant (P<0.05), but at 12 weeks, 
there was no statistically significance (P>0.05). The reason 
of this phenomenon is that as new bone maturing, the role 
of BMP-2 in bone metabolism diminishes and BMP-2 is 
stored in calcified substrates (47).

In summary, through in vitro and in vivo experiments, 
we observed the effects of GNS Ti and CG Ti on the 
adhesion, proliferation, and differentiation of BMSCs, as 
well as the effects on the osteogenesis and osseointegration. 
In  v i tro  experiments  showed that  GNS Ti could 
significantly promoted the adhesion, proliferation, and 
osteogenic differentiation of BMSCs compared with CG 
Ti. In vivo experiments showed that GNS Ti has higher 
ability in enhancing osteogenesis and osseointegration  
than CG Ti. 

Conclusions

Gradient nanostructured Ti fabricated by SMAT has high 
biocompatibility in promoting bone formation. In vitro 
experiment showed that GNS Ti significantly improved the 
proliferation and differentiation of BMSCs compared with 
CG Ti. In vivo experiment showed that GNS Ti promoted 
osteogenesis and osseointegration. This study indicated that 
the gradient nanostructured Ti material may be applied as 
dental implants in the future.
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