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Introduction: Despite great progress made in developing orthopedic implants, the development 
of titanium (Ti) implants with ideal early osseointegration remains a big challenge. Our pilot 
study has demonstrated that Si-TiO2 nanotubes on the surface of Ti substrates could enhance their 
osteogenic activity. Hence, in this study, we aim to comprehensively evaluate the effects of 
silicon-doped titania (Si-TiO2) nanotubes on the osseointegration property of Ti implants.
Materials and Methods: The Ti implants were surface modified with Si-TiO2 nanotubes 
through in situ anodization and Si plasma immersion ion implantation (PIII) method. Three 
groups were divided as Ti implants (Ti), Ti modified with TiO2 nanotubes (TiO2-NTs) and Ti 
modified with Si-TiO2 nanotubes (Si-TiO2-NTs). The morphology of Si-TiO2 nanotubes was 
observed by scanning electron microscope. The growth and osteogenic differentiation of 
MC3T3-E1 cells on the Ti implants were evaluated. Further, the pull-out tests and in vivo 
osseointegration ability evaluation were performed after implanting the screws in the femur 
of Sprague Dawley rats.
Results: The Si-TiO2 nanotubes could be seen on the surface of Ti implants. The MC3T3-E1 
cells could grow on the surface of Ti, TiO2-NTs and Si-TiO2-NTs, and showed fast prolif-
eration rate on the Si-TiO2-NTs. Moreover, the production of some osteogenesis-related 
proteins (ALP and Runx2) at one week and calcium deposition at four week was also 
enhanced in Si-TiO2-NTs rather than other groups. In vivo osseointegration results showed 
that Si-TiO2 nanotube-modified Ti screws had higher pullout force at two and four weeks as 
well as enhanced new bone formation at six weeks compared to bare Ti screws and Ti screws 
modified with TiO2 nanotubes alone.
Discussion: The modification of Si-TiO2-NTs on the Ti substrate could generate a nanos-
tructured and hydrophilic surface, which can promote cell growth. Moreover, the existence of 
the TiO2 nanotubes and Si element also can improve the in vitro osteogenic differentiation of 
MC3T3-E1 cells and early bone formation around the implanted screws. Together, findings 
from this study show that surface modification of Ti implants with Si-TiO2 nanotubes could 
enhance early osseointegration and therefore has the potential for clinical applications.
Keywords: osseointegration, implant, silicon, titanium dioxide, nanotubes

Introduction
Titanium (Ti) has been widely used in hard tissue repair such as hip and knee joints 
due to the high mechanical properties and good biocompatibility.1 However, in 
some clinical applications, it is important to achieve faster peri-implant healing. It 
is believed that optimizing the surface properties of implants can facilitate the 
adhesion of bone-forming cells and thereby promote early osseointegration.2–4
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Generally, a thin (2–5 nm) film of titania, or titanium 
dioxide (TiO2), forms on the surface of titanium implant, 
which can protect the titanium substrate from corrosion 
when it is exposed to air.5 However, such a TiO2 layer 
does not effectively recruit cells to facilitate bone 
formation.6 Therefore, a variety of surface modification 
techniques including anodization have been used to 
improve osseointegration.7,8 For example, well-organized 
topographic cues at nano/microscales could improve bio-
compatibility and promote bone formation, which are cru-
cial for successful osseointegration between implant and 
bone.9,10 Thus, implants modified with nano-/micro-struc-
tured surface, being capable of regulating cell behaviors, 
are very promising for orthopedic applications.11 For 
example, the filopodia of cells can go into the pore of 
nanotubes to form a locked-in cell structure for bone 
ingrowth.12

In addition, surface chemistry is another aspect to 
influence the cell/tissue-material interactions.13 In a recent 
study, the surface of a clustered TiO2 nanotubular struc-
ture, fabricated by anodization, was further modified with 
platelet derived growth factor-BB (PDGF-BB) to enhance 
expression of osteogenesis-related genes of bone marrow 
mesenchymal stem cells (BM-MSCs).14 The incorporation 
of bioactive elements such as silicon (Si) was conducted to 
improve the biological performances of biomaterials. The 
element of Si has been reported to accelerate bone miner-
alization and enhance the proliferation, differentiation and 
collagen production of osteoblasts.15–17 Therefore, Si- 
incorporated biomaterials including hydroxyapatite,18,19 

tricalcium phosphate20,21 and polymer scaffold22,23 have 
been applied to stimulate bone growth and bone healing. 
Moreover, our pilot work also demonstrated that Si-TiO2 

nanotubes on the surface of Ti substrates could enhance 
their biocompatibility and osteogenic activity.24,25 

However, the in vivo osseointegration was not comprehen-
sively evaluated in our previous studies.

Therefore, in this study, the Ti screws were surface 
modified with Si-TiO2 nanotubes through in situ anodiza-
tion and Si plasma immersion ion implantation (PIII), 
which is a versatile process and commonly used for the 
surface modification. To confirm the effects of the nano-
tubular structures and biochemical cues on osteogenic 
activity of Ti implants, both in vitro cell, and in vivo 
animal experiments were conducted. Accordingly, three 
kinds of samples, pure Ti implant (termed as Ti group), 
Ti implant surface modified with TiO2 nanotubes (TiO2- 

NTs group) or Si-TiO2 nanotubes (Si-TiO2-NTs group) 
were prepared.

Materials and Methods
Sample Preparation
Commercial pure Ti discs with the same thickness (1 mm) 
and different diameter (5.8 mm, 13 mm and 31 mm) were 
used for the in vitro experiment (Cp Ti, TA1, purity 
>99.85%). For in vivo experiments, pure Ti screws with 
a length of 10 mm, outer thread diameter of 2.0 mm, inner 
thread diameter of 1.7 mm were employed. These tita-
nium-based materials were supplied by Tianjin Zhengtian 
Medical Device Company. Disk samples were polished to 
a near mirror finish and ultrasonically cleaned in acetone, 
ethanol and ultra-pure water prior to use. TiO2-NTs sam-
ples were prepared by anodization according to the method 
described in our previous work.26

Then, Si-TiO2-NTs were produced by Si-PIII with a 
filtered cathodic arc plasma source.24,25 In brief, the 
99.99% pure silicon rods were used as the cathode. 
During Si-PIII, a negative pulse voltage of 20 kV was 
applied, the main arc current and pulsed high voltage 
applied to target was synchronized at a pulsing frequency 
of 8 Hz. The pulse duration of the high voltage was 450 
ms the same as the pulse duration of the cathodic arc 
current. The chamber pressure was 4.0×10−3 Pa, and the 
temperature of sample stage was kept at approximately 25° 
C by circulating water.

Surface Characterizations
The surface morphologies of the samples before and after 
PIII were examined by scanning electron microscopy 
(SEM, S3400, Hitachi, Japan). The surface wettability 
was assessed using a contact angle instrument (SL200B, 
Solon, China) according to previous works.27

Cell Culture
MC3T3-E1 mouse pre-osteoblasts (CRL-2594, subclone 
14, ATCC) were cultured in alpha minimum essential 
medium (α-MEM, Gibco) with 10% FBS (Gibco) and 1 
% penicillin/streptomycin under 37°C, five percent CO2 

environment. The Ti, TiO2-NTs and Si-TiO2-NTs with the 
diameter of 5.8 mm were placed in 96-well tissue culture 
plates, and the density of the cells initially seeded was 
1×104 cells/well. The Ti, TiO2-NTs and Si-TiO2-NTs discs 
(Ф, 13 mm) were placed on 24-well plates and the cell 
density was 3×104 cells/well. The Ti, TiO2-NTs and Si- 
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TiO2-NTs discs (Ф, 31 mm) were placed on six-well 
polystyrene plates and the cell density was 3×105 cells/ 
well. In the osteogenic differentiation assay, after the cells 
were cultured for 24 h, 10 mM β-glycerol phosphate, 50 
μg/mL ascorbic acid, and 10 nM dexamethasone were 
added in the medium as the osteogenic induction medium. 
The cultured media were refreshed every three days.

Cell Morphology
The MC3T3-E1 cells were seeded on Ti, TiO2-NTs and Si- 
TiO2-NTs (Ф, 5.8 mm), respectively, for observing cell 
morphology. After culturing cells for one, three, and five 
days, the samples were washed twice with PBS and fixed 
with 2.5 % glutaraldehyde (Sigma, USA) in PBS for one 
hour. After rinsing three times with PBS for 10 min, the 
samples were dehydrated in a graded series of ethanol 
(30%, 50%, 70%, 90%, and 100%) for 30 min each. The 
samples were dried through a CPD030 Critical Point Dryer 
(Leica Microsystems, Germany) and sputter-coated with a 
gold layer using a Hitachi E-1010 Ion Sputter (Quorum 
Technologies, Laughton, East Sussex UK). Finally, the 
morphology of cells was observed by SEM 
(Quanta, USA).

MTS Assay
The MC3T3-E1 cells were seeded on Ti, TiO2-NTs and Si- 
TiO2-NTs (Ф, 5.8 mm) for MTS assay. After cell culture 
for one, three, and five days, the samples were washed 
three times with PBS to eliminate nonviable cells and 
transferred to a new 96-well plate for analyzing those 
cells on the surface of Ti substrates. Then 100 μL of 
culture medium and 20 μL of MTS reagent (Promega, 
USA) were added to each well following the manufac-
turer’s directions. After incubating for two hours, the 
absorbance of each solution was measured at a wavelength 
of 490 nm using a 96-well plate reader on a spectrophot-
ometer (Spectrophotometer U-3010, Hitachi, Japan).

Calcium Deposition
After seeding MC3T3-E1 cells and subsequent osteogenic 
induction culture, the extracellular matrix (ECM) miner-
alization of cells on the samples was evaluated by alizarin 
red (Sigma) staining. After osteogenic induction for three 
and four weeks, the Ti, TiO2-NTs and Si-TiO2-NTs sam-
ples (Ф, 13 mm) were fixed in 75% ethanol for one hour. 
Then, cells were rinsed with double-distilled water and 
stained 200 μL of 40 mM alizarin red S solution (pH 
4.1) for 10 min at room temperature. Afterwards, the 

unbound stain was washed with distilled water before the 
images were taken. In the quantitative analysis, the stained 
samples were dissolved with 0.5 M HCl-5% sodium dode-
cyl sulphate (SDS) solution for 30 min at room 
temperature.28 Then, the absorbance of the solution was 
determined at 405 nm on a spectrophotometer 
(Spectrophotometer U-3010, Hitachi, Japan).

Western Blot Analysis
The MC3T3-E1 cells cultured on Ti, TiO2-NTs and Si- 
TiO2-NTs (Ф, 31 mm) were harvested at weeks one, two, 
and three, respectively. Thirty micrograms of cell lysate 
were separated by 12% SDS-PAGE gels and transferred to 
nitrocellulose membranes. After blocking in specific 
monoclonal anti-β-actin (ab3280) primary antibodies 
(Abcam Biotechnology) HRP conjugated immunoglobulin 
was used as the secondary antibody (Jackson 
ImmunoResearch Laboratories). Then, West Pico 
Chemiluminescent (Pierce) was adopted as the substrate 
to visualize protein bands, which were quantified using 
densitometry image analysis software (Image Master 
VDS, Pharmacia Biotech). Normalization was made 
against β-actin expression.

In vivo Osseointegration Study
Surgical Implantation
All the animal experiments were approved by the 
Institutional Animal Care and Use Committee (IACUC) of 
Soochow University, and all procedures followed the NIH 
guidelines for the care and use of laboratory animals. Thirty- 
six male Sprague Dawley rats (260–280 g weight) supplied 
by Soochow University Animal Center were used for the 
animal experiment. Among them, 27 rats were used for 
mechanical tests and nine rats for micro-CT and histological 
analysis. Implantations were divided into three groups as 
follows: Ti (pure Ti screws), TiO2-NTs (Ti screws modified 
by TiO2 nanotubes), and Si-TiO2-NTs (Ti screws modified 
by Si-TiO2 nanotubes). Systemic anesthesia injection was 
adopted using ketamine and xylazine at 80–100 mg/kg and 
10–20 mg/kg, respectively. Additional local anesthesia was 
also performed in the surgery field with 2% lidocaine solu-
tion containing epinephrine (1:100,000). The hair of surgical 
site was removed and sterilized with betadine scrubs. Flat 
surface of the distal femur was selected for implant place-
ment. The screws were implanted from the outside to the 
inside in the horizontal direction. Each rat received one 
implant (Ti, TiO2-NTs or Si-TiO2-NTs) in each femur. At 
the tenth and third day before sacrifice, the animals received 
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subcutaneous injections of fluorochrome label (calcein). The 
experimental animals were sacrificed at the time by an 
intraperitoneal excessive dose of sodium pentobarbital.

Mechanical Tests
Three rats of each group were sacrificed at two, four, and six 
weeks after surgery. Pull-out tests were performed for all 
implants (six samples per group) in the femur. The femurs 
were mounted in the machine with the head of the screw 
pointing out of a hole in a metal book holder (Figure 1). The 
screws were tested for pull-out strength using a mechanical 
testing machine (HY-1080, Shanghai, China). A load cell 
(maximum force of 500 N) at a test speed of 1 mm/min was 
applied. The maximal force during the pull-out experiment 
was considered as the pull-out force.

Micro-CT and Histological Analysis
After six weeks, the nine rats were sacrificed and each 
group had six samples for micro-CT analysis. The bone- 
screw interface and trabecular microstructure of specimens 

were scanned on a micro-CT system (18 μm voxel size, 80 
kV, 300 μA, 290 min exposure time, Cu and Al filter, 0.7° 
rotation step; SkyScan1176 In vivo Micro-CT, Brüker, 
Kontich, Belgium). Multilevel thresholding procedures 
(threshold for bone=75, threshold for implant=115) were 
applied to discriminate bone from other tissue. The 
volume of interest (VOI) included the trabecular compart-
ment extending 1.4 mm from the longitudinal axis of the 
screw.

After micro-CT scan, the distal femurs with screws 
were prepared for undecalcified histologic sections, each 
group had six samples for histological analysis. All 
implant sites were processed through gradient ethanol 
dehydration and xylene substitute before being infiltrated 
and embedded in methyl methacrylate to individually 
labeled blocks.

Statistical Analysis
Quantitative data were expressed as the mean ±SD. 
Statistical analysis was performed with unpaired 

Figure 1 Experimental set-up for pull-out analyses: (A) The position of screw at the distal femur, and (B–D) show the mounted femur in the material testing machine.
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two-tailed Student’s t-test for single comparisons with 
SPSS 18.0 (SPSS Inc., Chicago, IL, USA). ANOVA 
was used to compare data from more than two groups. 
A value of p<0.05 denotes statistically significant 
difference.

Results
Surface Properties of Modified Ti Substrates
Figure 2A and B show the SEM images of TiO2-NTs and 
Si-TiO2-NTs. After anodization, the surface of titanium 
substrate showed a regular tubular nanostructure, and the 
outer and inner diameter of these nanotubes are about 80 
nm and 60 nm, respectively (Figure 2A and B). Treated by 
Si-PIII, the nanotubular structures could still be observed 
but some pores are enclosed. The water contact angles of 
Si-TiO2-NTs, TiO2-NTs and pure Ti are 11.25 ± 0.88°, 
35.89±1.38° and 65.14±4.05°, respectively (Figure 2CE). 
The results indicate that Si-TiO2-NTs were more hydro-
philic than TiO2-NTs and Ti.

Cell Morphology
Cell morphology on Ti, TiO2-NTs and Si-TiO2-NTs at one, 
three, and five days was observed by SEM, as shown in Figure 
3. After one day of cultivation, cells on the Ti show a flattened 
morphology, meanwhile the cells on TiO2-NTs and Si-TiO2- 
NTs are round and irregular shape. Moreover, finger-like 
filopodia extensions could be observed on the Si-TiO2-NTs. 
At day three, the cells on the Ti and TiO2-NTs exhibit 

elongated and flattened morphology. Filopodia extensions 
could also be observed on the Si-TiO2-NTs, on which cells 
begin to merge. At day five, all the groups are covered with 
cells. Much more mesh-like filopodia appear on TiO2-NTs 
than Ti, while many filamentous network structures with 
excellent intercellular attachment could be found on Si- 
TiO2-NTs.

Cell Proliferation
Figure 4A shows the MTS assay result of cells cultured on 
Ti, TiO2-NTs and Si-TiO2-NTs for one, three and five 
days. The cells on all samples proliferate gradually. After 
one and three days of incubation, cell proliferation on 
substrate with nanotubular surfaces is higher than that on 
Ti, and there is no significant difference between Si-TiO2- 
NTs and TiO2-NTs. At day five, cells on Si-TiO2-NTs were 
more than on TiO2-NTs, indicating that cell proliferation is 
enhanced after Si incorporation.

Calcium Deposition
The results of extracellular matrix mineralization of the 
MC3T3-E1 cells cultured on three samples are shown in 
Figure 4B. Compared to Ti, cells on TiO2-NTs and Si- 
TiO2-NTs show more calcium mineral nodule formation 
both at three and four weeks. Moreover, the amount of 
deposited calcium mineral on Si-incorporated samples is 
higher than those on TiO2-NTs at four weeks.

Figure 2 SEM images of the TiO2-NTs (A) and Si-TiO2-NTs (B) screws, and water contact angles of Ti (C), TiO2-NTs (D) and Si-TiO2-NTs (E).
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Western Blot
The results of Western blotting analysis are shown in 
Figure 5. The expressions of Runx2, ALP and Col-I of 
cells cultured on the three samples are presented and β- 
actin was adopted as control (Figure 5A). The quantitative 
results of proteins expression are also displayed in Figure 
5B. An enhanced expression of Runx2 is observed on Si- 
TiO2-NTs compared to TiO2-NTs and Ti at weeks one and 
three. The levels of ALP expression are obviously 
increased on Si-TiO2-NTs rather than TiO2-NTs at week 

one. The protein expression of Col-I does not show sig-
nificant difference among these samples.

In vivo Osseointegration
Pull-out Force Measurement
As shown in Figure 6, the pull-out force of TiO2-NTs is 
significantly higher than Ti. Moreover, the Si-TiO2-NTs 
group exhibits the highest pull-out force at two and four 
weeks. The peak pull-out forces increased approxi-
mately 18% and 21% on Si-implanted samples than 

Figure 4 Cell viability and proliferation (A) shown by MTS assay of MC3T3-E1 cells cultured on Ti, TiO2-NTs and Si-TiO2-NTs for one, three, and five days, and calcium 
deposition determined (B) by alizarin red staining for -three and four weeks. *p<0.05.

Figure 3 Morphology of MC3T3-E1 cultured on Ti, TiO2-NTs and Si-TiO2-NTs for one, three, and five days, respectively.
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TiO2-NTs at weeks two and four, respectively. At week 
six, there was no significant difference among the three 
samples.

Micro-CT and Histological Evaluations
The results of micro-CT six weeks after surgery are shown in 
Figure 7. From the two-dimensional micro-CT images, more 
cancellous bone is observed around the Si-TiO2-NTs screws 
than the controls (Figure 7A). Quantitative evaluation is 
presented in Figure 7B, and more detailed information is 
obtained on percentage osteointegration (% OI) and trabe-
cular parameters around screws. Compared to Ti screws, the 
% OI of Si-TiO2-NTs and TiO2-NTs increases to 65% and 
54%, respectively. The bone volume ratio (BV/TV) values of 
Si-TiO2-NTs and TiO2-NTs are about 4.2-fold and 2.4-fold 
than that of Ti. In addition, the trabecular thickness (Tb.Th), 
trabecular number (Tb.N) and trabecular separation (Tb.Sp) 
of Si-TiO2-NTs and TiO2-NTs are all higher than that of Ti.

The histological images are displayed in Figure 8. The 
fluorochrome labels reflect the different patterns of bone 
neoformation and remodeling in three groups. Extensive 
bone apposition could be found between the screw threads 
at the spongy level on the Si-TiO2-NTs and TiO2-NTs. 

Figure 5 (A) Protein expression of Runx2, Collage I and ALP of MC3T3-E1 cells cultured on Ti, TiO2-NTs and Si-TiO2-NTs determined by Western blot, β-actin was used 
as the control, and (B) are the corresponding relative intensity. *p<0.05.

Figure 6 Pullout forces of screws removal after implantation in rat femurs. *p<0.05.

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

DovePress                                                                                                                       
8589

Dovepress                                                                                                                                                            Zhao et al

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


And more bone is observed at the internal part of the Si- 
TiO2-NTs screw compared to TiO2-NTs, indicating a new 
bone trabecular formation on the surface of Si-TiO2-NTs 
screw.

Discussion
Due to the nature of bio-inertness, titanium-based implants 
can lead to capsule formation after hip or knee replace-
ment surgery and the bone bonding tends to become loose 
over the long term.29 Thus, surface modifications are 
essential for titanium-based implants to achieve better 
and more rapid bonding to bone. Surface topography30 

and surface chemical compositions,31 the two major fac-
tors, can affect the interactions between implants and cells/ 
tissues. In this work, titanium screws surface-modified 
with Si-TiO2 nanotubes were produced and their osteogen-
esis potential was investigated. Further, titanium screws 

and titanium screws surface-modified with TiO2 nanotubes 
were adopted as the controls, it may help to understand the 
roles of nanostructured surface and incorporation of sili-
con in regulating osteogenesis.

Si was incorporated into the TiO2 nanotubes on the 
surface of Ti screws using Si-PIII technique described in 
our previous studies.24,25 With this method, Si could be 
successfully incorporated into TiO2-NTs.25 After Si-PIII 
treatment, a nanotubular surface was obtained (Figure 2A 
and B). According to the results of water contact angle, the 
surface wettability of TiO2-NTs is better than pure Ti 
(Figure 2C and D), which could be attributed to the exis-
tence of TiO2 nanotubes on the surface of Ti screws.19 

Further, it is found that a more hydrophilic surface was 
obtained after Si incorporation. Another study has demon-
strated that the existence of Ti-O-Si on the surface of Si- 
TiO2 could improve the hydrophilicity and the capability 

Figure 7 (A) The 2D micro-CT images of the sections along the plane of femurs, and (B) histograms of percentage osseointegration and trabecular parameters within 
volume of interest. *p<0.05. 
Abbreviations: % OI, percentage osseointegration; BV/TV, trabecular bone volume density; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular 
separation.
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to hold absorbed water compared to TiO2 film.32 In our 
current study, Ti-O-Si also existed on the surface of Si- 
TiO2-NTs, resulting in the better hydrophilicity of Si-TiO2- 
NTs compared with TiO2-NTs. Moreover, our previous 
study also found that the hydrophilicity of the Ti substrates 
increases with the incorporated Si amount.24

The adhesion of cells on implant surfaces is the first 
stage after in vivo implantation, which defines the quality 
of the bone bonding.33 When the cells were cultured on the 
samples for one, three, and five days, the cells were 
observed with good adhesion on TiO2-NTs than Ti, 
which may be attributed to the nanostructures on the sur-
face (Figure 3). Oh et al had pointed out that the tubular 
structures could improve cell adhesion by generating an 
interlocked structure when cell filopodia went into the 
pores.12 Moreover, the cells on the Si-TiO2 nanotubes 
showed the best filopodia activities, which may be attrib-
uted to the nanostructures and hydrophilic surface. 
Furthermore, the proliferation of cells was studied by 
MTS test for one, three, and five days (Figure 4A). 
Improved cell proliferation was observed on the samples 
with nanotubular structures. Interestingly, cell proliferation 
appeared faster at day five on Si-TiO2-NTs than on TiO2- 
NTs, which may be related to the Si incorporation. A 
recent study also demonstrated the potential of Si- 

contained biomaterials for patterned cell culture in vitro.34 

Other research groups had reported that the existence of Si 
could improve the metabolism, synthetic activity and 
osteogenic activity of the cells.17,35

To further verify the enhancement of Si on osteogenic 
activity, the matrix mineralization was investigated by 
alizarin red S staining (Figure 4B). As a marker of osteo-
genic activity, the matrix mineralization of TiO2-NTs was 
more than Ti without this surface microstructure. The 
incorporation of Si in TiO2-NTs further enhanced matrix 
mineralization (Figure 4B). This result showed that the 
existence of Si and TiO2 nanotubes could promote osteo-
genic activity. Although the expression of osteogenesis- 
related genes was not detected in this study, in our pre-
vious study these genes were observed upregulated.24 In 
this study, we further determined the expression of osteo-
genesis-related proteins by Western blotting analysis. 
Runx2 and ALP, which are early markers for osteogenic 
differentiation, have been widely used to investigate osteo-
genic activity.36,37 Both the expression of Runx2 and ALP 
increased on Si-TiO2-NTs than Ti and TiO2-NTs (Figure 
5). Increased expression of Runx2 occurred at weeks one 
and three, and ALP at week one. Moreover, Col-I is the 
main content of bone ECM, its expression was higher on 
Si-TiO2-NTs although there is no significant difference 

Figure 8 Histological appearance of Ti (A), TiO2-NTs (B) and Si-TiO2-NTs (C) samples after six weeks of implantation, Green (calcein) lines are presented as the new 
bone around the screw. Scale bars, 500 μm.
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among the three samples. Comparing the results of these 
three groups, it was found that the existence of Si and TiO2 

nanotubes exhibited the highest osteogenic activity in 
vitro. These findings are consistent with previous studies, 
in which Si incorporated TiO2 on titanium showed 
enhanced osteogenic activity.24,38–40

In vivo osteogenesis of Si-TiO2-NTs, TiO2-NTs and Ti 
screws after insertion into the distal femur of rats were 
studied. After two and four weeks, the pull-out force of 
Si-TiO2-NTs group increased about 18% and 21% than 
those of TiO2-NTs (Figure 6). By six weeks, the pull-out 
force showed no significant differences among all the 
groups. The reason might be that rate of bone formation in 
rats could be achieved in 28 days, that was much faster than 
the implants in humans.41 Further, the values of BV/TV, Tb. 
Th and Tb.N as well as Tb.Sp of TiO2-NTs were signifi-
cantly higher than Ti screw. Further, the BV/TV and Tb.N of 
Si-TiO2-NTs showed a significant improvement (Figure 7). 
The results demonstrated that the treatments of nanostruc-
tured surface production and silicon implantation had a 
positive effective effect on implant osseointegration and 
trabecular microarchitecture formation.

In addition, histological analysis was also performed 
on the tissue/implant interface to evaluate the bone 
response on the implants during the healing process. The 
images showed the bone regeneration capacity of the dif-
ferent screw surfaces (Figure 8). All the three materials 
(Ti, TiO2-NTs and Si-TiO2-NTs) exhibited new bone for-
mation within six weeks and newly mineralized trabecular 
bone was formed between screw threads (green region). 
Further, a tight and direct bone bonding between the bone 
and screws modified with Si-TiO2-NTs can be observed. In 
the endosteal region, fluorochrome labels evidenced that a 
parallel disposition was formed and constituted the inter-
nal circumferential lamellae. The similar results of Si- 
induced bone formation and growth were also observed 
by others, such as the enhanced longitudinal development 
of the femur in the Si-OVX group.42

Conclusions
In this work, Si-TiO2 nanotubes were prepared on the surface 
of Ti screws. In vitro results show that cells cultured on Si- 
containing nanotubes exhibited better cell adhesion, prolif-
eration and matrix mineral deposition as well as upregulated 
expression of osteogenic-related proteins. In vivo osseointe-
gration studies revealed that early-stage new bone formation 
was promoted on Ti screws modified by Si-TiO2 nanotubes. 
These results indicate that the Si-TiO2-NTs combining 

nanostructure and Si element have the ability to accelerate 
osseointegration of Ti screws, which would have large poten-
tial in improving the properties of Ti implants.
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