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Background and methods: Micronanoscale topologies play an important role in implant 

osteointegration and determine the success of an implant. We investigated the effect of three 

different implant surface topologies on osteoblast response and bone regeneration. In this study, 

implants with nanotubes and micropores were used, and implants with flat surfaces were used 

as the control group.

Results: Our in vitro studies showed that the nanostructured topologies improved the proliferation, 

differentiation, and development of the osteoblastic phenotype. Histological analysis further 

revealed that the nanotopology increased cell aggregation at the implant-tissue interfaces and 

enhanced bone-forming ability. Pushout testing indicated that the nanostructured topology greatly 

increased the bone-implant interfacial strength within 4 weeks of implantation.

Conclusion: Nanotopography may improve regeneration of bone tissue and shows promise 

for dental implant applications.
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Introduction
Titanium and its alloys are widely used as orthopedic and dental implant materials 

because of their satisfactory mechanical properties, resistance to corrosion, and 

biocompability.1,2 The initial interaction between an implant and cells plays an 

important role in bone regeneration and osteointegration. Because pure titanium 

implants are bioinert to organisms, attempts have been devoted to modify their surface 

structures to improve the cellular response.

Implants with microporous surfaces have been used in the clinic in recent years. 

Acid etching and sandblasting techniques are two methods commonly used to fabricate 

micropores on titanium implant surfaces. Studies have reported that microporous 

surfaces can increase surface area and hydrophilicity, which benefits protein adsorption 

and interaction. Titanium implants also have a crucial effect on cell behavior, such as 

adhesion, proliferation, differentiation, and bone growth in the presence of microporous 

topologies.2,3 In addition, microporous structures enable bone ingrowth,4,5 improving 

interfacial bonding with alveolar bone.

More recent reports have demonstrated that nanostructures can positively modulate 

cellular reaction and tissue regeneration.6,7 Mature bone has an average inorganic grain 

size of 20–50 nm, whereas the average inorganic grain size of woven bone is 10–50 nm. 

It is suggested that cells sense and respond to surface morphology at the nanoscale level. 

Ordered TiO
2
 nanotubes on titanium can be achieved by anodization in an electrolyte 
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containing hydrofluoric acid.8 TiO
2
 nanotubes have attracted 

much attention because of their favorable biocompatibility, 

and simple and reproducible preparation. Previous studies 

have shown that nanotubes can improve biomimetic apatite 

precipitation, osteoblast adhesion, cytoskeleton organization, 

proliferation, and phenotypic expression.9,10 These research 

findings indicate that modification of titanium implants 

using nanotubes may be a promising way of achieving faster 

osteointegration.

In this work, we compared three kinds of surfaces with 

different structures, ie, nanostructured, microstructured, and 

flat titanium surfaces. We evaluated the effects of structured 

titanium on cellular behavior and then verified the cellular 

response using in vivo studies. Finally, the direct effects of 

structured surfaces on osteointegration were investigated by 

interfacial bonding strength testing.

Materials and methods
Specimen preparation
Different topologies of titanium plates were fabricated by 

mechanical, chemical, and anodization methods. Titanium 

plates 10  mm in diameter and 1  mm in thickness were 

mechanically polished by 1200-grit SiC sandpaper and 

chemically polished by mixed H
3
PO

4
 and hydrofluoric acid 

solutions. TiO
2
 nanotube layers with an average diameter 

of 100  nm were achieved by anodization in an aqueous 

solution of hydrofluoric acid at a constant voltage of 20 V 

for 2 hours at room temperature. Microporous titanium was 

attained by immersing titanium in an aqueous solution of 

HCl and CaCl
2
 with a molar ratio of 7:1 at 60°C for 24 hours. 

Polished titanium plates were used as the control group. After 

treatment, all of the specimens were washed in acetone and 

deionized water in an ultrasonic cleaner and dried.

Cell culture
The MG63  cells used in this experiment were from a 

lineage derived from a human osteosarcoma. The cells were 

purchased from the Cell Bank, Chinese Academy of Sciences, 

Beijing, China. The cells were grown in Dulbecco’s Modified 

Eagle Medium (Gibco, Grand Island, NY) supplemented 

with penicillin 100  U/mL, streptomycin 100  µg/mL, and 

10% fetal bovine serum (Gibco) and cultured in tissue 

culture polystyrene bottles in an incubator at 37°C with 5% 

CO
2
 and 100% humidity. The culture medium was refreshed 

every 3 days. When the cells reached confluence, they were 

subcultured on structured titanium plates at a density of 

5000 cells/cm2.

Cell proliferation
Cell proliferation was investigated after culture periods of 

one, four, and seven days using the commercially avail-

able 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay (Sigma, St Louis, MO). In the MTT 

assay, mitochondrial dehydrogenases of viable cells cleave 

the tetrazolium ring of the substrate to yield purple formazan 

crystals. The resulting purple solution was spectrophoto-

metrically measured at 570 nm using a spectrophotometer.

Alkaline phosphatase activity
After culture periods of four and seven days, alkaline phos-

phatase activity was measured to characterize the normal 

osteoblast phenotypic response. Adherent cells on the titanium 

plates were lysed with 2  mL/L Triton X-100 (Sinopharm 

Chemical Reagent Co, Ltd, Shanghai, China) to release intrac-

ellular alkaline phosphatase. The lysed solution was incubated 

with 500 µL of alkaline phosphatase substrate solution for 

0.5 hours at 37°C. The reaction was terminated by addition of 

250 µL of 0.2 mol/L NaOH. A colorimetric assay was used to 

measure the absorbance of solution at 405 nm. Alkaline phos-

phatase activity was normalized by total protein content.

Western blot analysis
The MG63  cells were trypsinized after seven days in 

culture. The collected cell pellets were lysed in a 1% Triton 

X-100 solution in the presence of protease inhibitors at 4°C 

overnight. The total protein concentration was measured 

using a Coomassie blue assay. Thirty micrograms of protein 

was fractionated by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis on a 7% gel and electrotransferred to 

nitrocellulose paper (Millipore Corporation, Bedford, MA). 

Nonspecific protein-protein interactions were minimized 

by incubation of the blot with 5% skim milk in 0.5% Tween 

20-Tris buffered saline solution for 2 hours. The blots were 

incubated with polyclonal or monoclonal antibodies specific 

to core-binding factor alpha l (Cbfal), osteocalcin, osteoprote-

gerin, or collagen I (Abcam, Cambridge, MA) for two hours. 

The blots were then washed, blocked, and developed with 

peroxidase-conjugated Ig antibody (Wuhan Boster Biological 

Engineering Co, Ltd, Wuhan Hubei, China).

Implant insertion
Fifty-four structured implants (Φ3 × 5 mm) were prepared 

as described above. Eighteen adult male New Zealand white 

rabbits were used in the present study. Each group involved 

18 implants for in vivo studies. The rabbits were anesthetized 
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by intramuscular injection of sodium pentobarbital (Beijing 

Chemical Reagent Company, Beijing, China) at a dose 

of 30 mg per kg body weight. The skin of the rabbits was 

shaved to provide a surgical field and sterilized with 2% 

iodine prior to surgery. Incisions 1.5 cm in length were made 

on the medial-proximal surface of the tibia below the knee. 

A slow-speed handpiece with a drill 3 mm in diameter and 

saline cooling was used to make subperiosteal holes in the 

bone marrow in the tibial metaphysis. Each animal received 

three different structured implants at the same time. Two 

implants were placed in one tibia and the other implant was 

placed in the other tibia. After the implants were inserted 

into the holes, primary closure was achieved for each animal 

by suturing. All of the rabbits recovered from surgery and 

displayed normal mobility and activity after one or two 

hours. The animals were sacrificed with an overdose of 

10 mL of sodium pentobarbital 100 mg/mL after two, four, 

and 12 weeks.

Histomorphometry  
and immunohistochemical analyses
The rabbit tibiae were removed and cleaned of soft tissue 

after implantation for two weeks. The specimens were fixed 

by soaking in 10% phosphate-buffered paraformaldehyde for 

24 hours. The specimens were decalcified by immersion in 

ethylenediamine tetra-acetic acid solution for two months and 

embedded in paraffin. Tissue sections (4–5 µm) from paraffin 

blocks were deparaffinized in xylene and rehydrated with 

graded alcohols. Thin sections were stained with hematoxylin 

and eosin, a Masson kit, or immunohistochemistry.

Following the immunohistochemical procedure, the 

sections were processed by conventional microwave heating 

in 0.01 M sodium citrate retrieval buffer (pH 6.0) for 

20 minutes to retrieve the antigens. The sections were then 

incubated with a primary antibody against osteocalcin (mouse 

monoclonal antibody, ab13418, Abcam) or vascular endothe-

lial growth factor (mouse monoclonal antibody, ab28775, 

Abcam) for 60 minutes at room temperature and subsequently 

incubated with goat antimouse EnVision (Dako, Carpinteria, 

CA) for 30 minutes at room temperature. The reaction product 

was developed with 3,30-diaminobenzidine and counter-

stained with hematoxylin. The sections incubated only with 

conjugated antibody were used as the negative controls.

Interfacial shear strength measurement
Five rabbits were sacrificed at two, four, and 12 weeks after 

surgery. The implant sites were exposed, and the bone and 

soft tissues were carefully removed. The tibiae were cut in 

half along the longitudinal axis. Subsequently, the implants 

were pushed out with a universal mechanical testing machine 

(Instron 5567, Instron, Norwood, MA, Figure 1). The results 

were recorded by measuring the maximum removal torque at 

which fracture occurred between the implant and the bone. 

The ultimate shear strength of the interface (σ
su

, N/mm2) 

was calculated by dividing the maximum pushout force by 

the total bone-implant contact area (πDL), where D is the 

diameter of the cylindrical implant, and L is the mean length 

of bone in contact with the implant at four well defined sites 

(cranial, caudal, anterior, and posterior of the implant) prior 

to mechanical testing.

Statistical analysis
To determine any significant difference between the groups, 

the data were subjected to a one-way analysis of variance test. 

Statistical significance was determined at a 95% confidence 

level. The average  ±  standard error with the sample size 

(n values) is shown in each graph.

Results
Morphology of titanium surfaces
The nanotube arrays were aligned on the TiO

2
 nanotube 

layer surfaces with a diameter of approximately 100  nm 

(Figure 2A). The microporous surface was clearly observed 

on the microporous titanium surface after acid etching 

(Figure 2B). The diameters of pores varied between 1 µm 

and 60 µm and were mostly in the range of 10–20 µm. Many 

small pores (1–10 µm) were distributed on the side walls 

of large pores (10–60 µm) to form a multiscale structure. 

The surfaces of the polished titanium plates were smooth, 

Figure 1 Schematic diagram of pushout testing. Tibiae were incised into halves 
(A) to expose the bottom of the implants (B). Tibiae were fixed by an accessorial 
apparatus (C) and implants were pushed out by the forces (F) loaded using the rod 
(D) of the mechanical testing machine.
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titanium only increased cell proliferation slightly (Figure 3). 

The optical density values of the TiO
2
 nanotube layers and 

microporous titanium were nearly 30% higher than those of 

the polished titanium plates after four days in culture. After 

seven days in culture, apparent differences in optical density 

values were found between the three structured surfaces. The 

results showed increased proliferation of osteoblasts cultured 

on TiO
2
 nanotube layers compared with that cultured on 

microporous titanium or polished titanium plates.

Alkaline phosphatase activity
Cells on TiO

2
 nanotube layers showed higher alkaline 

phosphatase levels compared with those on the microporous 

titanium and polished titanium plate surfaces after four and 

seven days in culture (Figure 4). There was an approximate 

45% increase in alkaline phosphatase levels on the TiO
2
 nano-

tube layers compared with that on polished titanium plates 

after seven days in culture (P , 0.05). Increased alkaline 

phosphatase was also expressed on microporous titanium in 

contrast with polished titanium plates at day 7.

Western blot analysis
Expression of Cbfal, osteocalcin, osteoprotegerin, and col-

lagen I was determined in cells cultured on the three kinds 

of surfaces. Western blot analysis showed greater intensities 

of the immunoreactive protein bands in human osteoblastic 

cells grown on TiO
2
 nanotube layers (Figure 5A) compared 

with those grown on microporous titanium and polished 

titanium plates. Quantitative densitometry of the Western 

blots also confirmed higher protein levels for TiO
2
 nanotube 

Figure 2 Scanning electron microscopic images of specimens. (A) TiO2 nanotube 
layer, (B) microporous titanium, and (C) polished titanium plates.
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Figure 3 Proliferation of MG63 cells on structured titanium after one, four, and 
seven days of culture. 
Notes: Optical density values of the TiO2 nanotube layers were significantly higher 
than those of microporous titanium and polished titanium plates after 7  days of 
culture. *P , 0.05, n = 9.

with small shallow pits and grooves generated by the 

polishing process (Figure 2C).

Cell proliferation
The TiO

2
 nanotube layers increased cell proliferation 

significantly after the first day in culture, while microporous 
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four and seven days of incubation. 
Notes: Cells on the TiO2 nanotube layers expressed higher alkaline phosphatase 
activity after four and seven days of culture as compared with microporous titanium 
and flat titanium plates. More alkaline phosphatase activity was also present on 
microporous titanium after seven days of culture compared with polished titanium 
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Figure 5 Western blot analysis for the levels of core-binding factor alpha l, osteocalcin, 
osteoprotegerin, and collagen I in MG63 cells. (A) Immunoreactive bands for above 
proteins examined on titanium plates with different surfaces. (B) Densitometry 
analysis for osteoblastic proteins cultured on titanium plates. 
Notes: Results are presented as percent increase of band intensity on TiO2 nanotube 
layers and microporous titanium specimens over flat titanium specimens. Results 
indicated enhanced expression of Cbfal, osteocalcin, osteoprotegerin, and collagen I in 
cells cultured on TiO2 nanotube layers than on microporous titanium or flat titanium. 
Abbreviations: flatTi, flat titanium; nanoTi, TiO2 nanotube layer; 
microTi, microporous titanium; Cbfa1, core-binding factor alpha l; OCN, osteocalcin; 
OPN, osteoprotegerin; GADPH, glyceraldehyde 3-phosphate dehydrogenase.

layers compared with those for microporous titanium, with 

increased expression of Cbfal (70%), osteocalcin (40%), 

osteoprotegerin (360%), and collagen I (150%), as shown in 

Figure 5B. Moreover, expression of these proteins slightly 

increased in cells cultured on microporous titanium compared 

with those cultured on polished titanium plates. Among these 

proteins, osteocalcin was expressed at higher levels on the 

titanium plates studied.

Histomorphometry and 
immunohistochemical analyses
Compared with microporous titanium (Figure 6 [MHE]) and 

polished titanium plates (Figure 6 [FHE]), more osteoblasts 

aggregated on the surface of TiO
2
 nanotube layers (Figure 6 

[NHE]). This result was in accordance with the increased 

cellular proliferation on the TiO
2
 nanotube layer specimens 

observed in the in vitro study. Osteoblasts on the surface of 

nanostructured implants had abundant cytoplasm, indicating 

that the osteoblasts were active in synthesis and secretion. To 

investigate the functional condition of the osteoblasts further, 

expression of collagen (Figure 6 [FMA, MMA, NMA]) and 

osteocalcin (Figure 6 [FOC, MOC, NOC]) was examined. 

Collagen was stained blue in Masson staining. Strong positive 

staining of collagen (Figure 6 [NMA]) and osteocalcin (Figure 6 

[NOC]) was expressed in the TiO
2
 nanotube layer specimens, 

which was in line with the results of the in vitro study. In addi-

tion, we found high expression of vascular endothelial growth 

factor and a high degree of capillary formation on the TiO
2
 

nanotube layers and microporous titanium (Figure 6 [NVE] 

and [MVE]) specimens, which was not present on the polished 

titanium plate (Figure 6 [FVE]) specimens.

Bone-implant interface strength
In the early healing period following implantation surgery 

(2–4 weeks), the TiO
2
 nanotube layer implants had 

significantly higher values for maximum pushout force and 

ultimate shear strength than did the other groups (Table 1). 

After 12 weeks, no significant difference in ultimate shear 

strength was found between the experimental groups with 

different topologies, except for the polished titanium plate 

implants. Moreover, the maximum pushout forces of all 

three groups increased significantly between two and four 

weeks (Figure 7).
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Figure 6 Histomorphometric and immunohistochemical images of peri-implant tissue (400×). 
Notes: Osteoblastic cells, collagen, osteocalcin, and vascular endothelial growth factor expression were observed in the TiO2 nanotube layer, microporous titanium, and 
polished titanium plates. More osteoblasts aggregated at the interface of the TiO2 nanotube layers than on the other two groups. Increased staining of collagen, osteocalcin, 
and vascular endothelial growth factor (black arrow) were observed in TiO2 nanotube layer specimens at 2 weeks. NHE, MHE, and FHE: osteoblastic cells stained by 
hematoxylin and eosin on the TiO2 nanotube layer, microporous titanium, and flat titanium specimens. NMA, MMA, and FMA: collagen stained by Masson assay on TiO2 
nanotube layer, microporous titanium, and flat titanium specimens. NOC, MOC, and FOC: osteocalcin expressed on TiO2 nanotube layer, microporous titanium, and flat 
titanium specimens. NVE, MVE, and FVE: vascular endothelial growth factor expressed on TiO2 nanotube layer, microporous titanium, and flat titanium specimens.

Discussion
Previous results have indicated that structured implants 

could improve osteoblastic function and bone formation. 

Therefore, we investigated the effect of nanoscaled and 

microscaled implants on osteogenesis. Our results indi-

cate that nanotube surfaces can enhance cell proliferation 

and lead to a higher level of alkaline phosphatase activity 

compared with microstructured surfaces. Osteoblasts cul-

tured on nanotube surfaces also exhibited upregulated levels 

of Cbfal, osteocalcin, osteoprotegerin, and collagen I. Both 

nanostructured and microstructured implants enhanced 

expression of vascular endothelial growth factor and 

increased the formation of capillaries in peri-implant tis-

sues. The ultimate shear strength of the nanostructured 

implants was significantly boosted within four weeks of 

in vivo implantation.

It was shown that stimulation of cell growth was greater 

when the cells were cultivated on nanostructured titanium. 

Osteoblasts were reported to respond to nanoscale roughness, 

with a greater cell thickness11 due to a larger number of par-

ticle binding sites.12 It was demonstrated that nanostructured 

surfaces induced superhydrophilicity of samples.13,14 Recent 

reports indicated that hydrophilic surfaces could improve cell 

attachment and proliferation15,16 more than could hydrophobic 

surfaces. In addition to surface properties, such as contact 

area and wettability, Feng et  al17 confirmed that chemical 

functional groups were strongly associated with the behavior 

of osteoblasts. Nanostructured surfaces seem to promote 

cellular growth and proliferation due to the higher number 

of hydroxyl groups.17–19

We also found that alkaline phosphatase activity and 

Cbfal, osteocalcin, osteoprotegerin, and collagen I were 
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Figure 7 Maximum pushout force of implants measured after two, four, and 
12 weeks of implantation. 
Notes: The TiO2 nanotube layer implant expressed significantly higher maximum 
pushout force than microporous titanium and polished titanium plates within four 
weeks. No significant difference in ultimate shear strength has been shown between 
TiO2 nanotube layers and microporous titanium at week 12, except for polished 
titanium plates. *P , 0.05, n = 5.

greater in cells cultivated on TiO
2
 nanotube layers than for 

those cultivated on microporous titanium and polished tita-

nium plates. Some previous studies have demonstrated that 

cellular proliferation and differentiation showed the opposite 

trend, depending on surface roughness.20,21 However, our 

study revealed both increased proliferation and enhanced dif-

ferentiation of osteoblasts on TiO
2
 nanotube layers. Implants 

modified with nanotubes may not only accelerate speed but 

may also promote quantity of bone formation, which is ben-

eficial for enhancing osteointegration. This result may be due 

to the modulated cellular orientation, cell spreading,22,23 and 

increased apatite deposition24–26 induced by TiO
2
 nanotube 

layer surfaces. It is reasonable to hypothesize that the way 

in which osteoblasts sense nanostructures is quite different 

from how they sense microstructures. However, the mecha-

nisms that underlie how nanoscaled surfaces affect osteoblast 

behavior remain to be determined.

Osteoprotegerin expressed in cells on TiO
2
 nanotube 

layers was 360% higher than that of cells on microporous 

titanium. Osteoprotegerin suppressed differentiation of 

osteoclasts and inhibited their activation.27 Increased osteo-

protegerin levels on TiO
2
 nanotube layers may suggest 

that the inhibited activity of osteoclasts may be attributed 

to successful osteointegration at the bone-nanostructured 

implant interface.

Histological analysis indicated that more osteoblasts 

aggregated on the nanostructured titanium surfaces than on 

the surfaces of the other two groups. Osteoblast proliferation 

is a prerequisite for bone formation.22 An increased number 

of cells at the bone-nanostructured implant interface may 

contribute to the increase in cellular proliferation due to the 

topology mechanism. These hypotheses were supported by 

the MTT assay results. The nanostructured titanium surfaces 

may attract osteoblasts or mesenchymal stem cells due to high 

affinity and bioactivity9 of surfaces. Immunohistochemical 

analysis also indicated that osteocalcin and collagen proteins 

were highly expressed on the TiO
2
 nanotube layer specimens, 

which confirmed our in vitro study results. Interestingly, the 

high levels of vascular endothelial growth factor expressed 

both on the TiO
2
 nanotube layers and on the microporous 

titanium specimens were accompanied by a high degree of 

capillary formation.28 Capillaries can deliver sufficient nutri-

ents, which may also contribute to bone regeneration.

Being a more direct and sensitive predictor of implant 

stability than histomorphometric analysis,29 biomechanical 

testing is utilized to assess implant anchorage in the sur-

rounding bone in implant orthopedics research.30,31 The TiO
2
 

nanotube layers showed a higher value of shear strength 

than microporous titanium and polished titanium plates 

four weeks after implantation, which indicates that the 

nanostructured titanium implants stimulated bone growth 

and accelerated formation of the bone-implant interface. 

During the early healing period, various environmental fac-

tors, such as occlusal forces, bacteria, and fibrous tissues, are 

capable of impairing interfacial formation and decreasing 

implant success due to the instability of the bone-implant 

interface.32,33 These results suggested that nanostructured 

implants may shorten the healing period and decrease the 

risk of implant failure. However, the shear strength of 

microporous titanium did not appear to be any different 

Table 1 Maximum pushout force and ultimate shear strength 
(σsu) of implants

Implantation  
period

nanoTi 
(n = 5)

microTi 
(n = 5)

flatTi 
(n = 5)

2 weeks
Fmax (n)   48.6 ± 6.2       25 ± 2.9 15.8 ± 3.2
σsu (n/mm2)     4.0 ± 0.5     2.2 ± 0.3   1.3 ± 0.3
4 weeks
Fmax (n)   54.6 ± 4.0   39.4 ± 3.8     19 ± 3.34
σsu (n/mm2)     4.8 ± 0.4     3.5 ± 0.3   1.6 ± 0.3
12 weeks
Fmax (n) 126.2 ± 8.6 125.4 ± 9.6 72.4 ± 5.3
σsu (n/mm2)   10.3 ± 0.7   10.2 ± 1.8   5.9 ± 0.4

Note: Mean value ± standard deviation. 
Abbreviations: flatTi, flat titanium; n, number; nanoTi, TiO2 nanotube layer; 
microTi, microporous titanium.
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from that at 12 weeks post implantation. It is presumed that 

bone tissues can grow into the micropores of microporous 

titanium and form a micro-interlock,5 which greatly enhances 

bone-implant interfacial mechanical bonding. In summary, 

nanotopology is proven to have beneficial effects on the 

osteoblast response and bone growth.

Conclusion
It was shown that TiO

2
 nanotube arrays induced cell prolifera-

tion, alkaline phosphatase activity, and expression of osteo-

genic proteins to a greater extent than could microporous 

surfaces created by the acid etching method. Our in vivo study 

results also verify that nanostructured implants are beneficial 

for cell proliferation, osteogenic protein expression, and 

capillary proliferation in peri-implant tissues. Nanostructured 

implants also greatly increased the bone-implant interfacial 

strength in the early healing period after implantation. We 

believe that application of nanotopography on implant 

surfaces is feasible in clinical practice. It is anticipated that 

nanotube modification may contribute significantly to the 

design of efficient implant materials, although the effects of 

topology should be fully considered.
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