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Titanium dioxide (TiO2) nanotubes can accelerate the adhesion and differentiation of osteoblasts, yet
little is known how this nano-modified implant surface affects osseointegration at molecular level
in vivo. The aim of this study was to investigate the effects of TiO2 nanotubes with different diameters
(30 nm, 70 nm and 100 nm) on biological attachment mechanism of implants to bone in vivo by
studying the gene expression and bone formation around the implants. The histological features and
fluorochrome labeling changes of bone around implants on the non-decalcified sections (at 3, 5 and 8
weeks after implantation) were investigated by using traditional light- and fluorescent microscopy, and
the gene expression of alkaline phosphatase (ALP), osterix (Osx), collagen-I (Col-I) and tartrate-resistant
acid phosphatase (TRAP) was examined by using real-time PCR at 1, 2, 3, 4 and 5 weeks after
implantation. Comparing with machined titanium implants, a significant increase in boneeimplant
contact (BIC) and gene expression levels was found in the bone attached to implants with TiO2

nanotubes, especially with 70 nm diameter nanotubes. At the same time, the sequential fluorescent
labeling images illustrated dynamic bone deposition. In conclusion, TiO2 nanotubes can modulate bone
formation events at the boneeimplant interface as to reach favorable molecular response and
osseointegration; in addition, the diameters of nanotubes can be precisely controlled in order to obtain
better bone formation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

A rapidly established, strong and long lasting connection
between an implant and bone is essential for the clinical success of
orthopedics and dental implants. Implant topography is critical to
the success of bone-anchored implant [1,2], so the technology of
surface modification has been studied to promote osseointegration
around the implant. Titanium (Ti) is an ideal metal for intra-osseous
implants for its favorable biocompatibility and corrosion resistance.
Many techniques have been developed to further enhance the
bioactivity of pure Ti surface, such as solegel techniques, chemical
treatment (alkali/acid/peroxidation treatment), anodization,
magnetron sputtering, plasma spray, ion implantation, electropho-
resis, lasers technique, self-assembly of monolayers [3e12], etc. The
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surface properties of Ti implants influence biological responses in
the interface between bone tissue and implants and, consequently,
their osseointegration [4,5,7,8]. In recent years, nanoscale surface
modification has been attracting increasing attention. Several
investigatorshad revealed thatnanoscale topography influences cell
adhesion and osteoblast differentiation. These findings reiterate
observations demonstrating that nanotopography may directly
influence adherent cell behavior [1,13e15].

After being treated with controlled anodizing method, a self-
organized and highly ordered coating of Ti and Ti-based
alloyseTiO2 nanotubes was produced [6]. In previous studies, the
titanium dioxide (TiO2) nanotubes improved osteoblast adhesion,
proliferation and exhibited strong bonding with bone [16e18]. It
had been reported that cell fate was determined by the TiO2
nanotube sizes in vitro [19e21], but optimum scale was contro-
versial. To our knowledge, there is little animal experiment for
studying the effect of different nanotube diameters on osseointe-
gration of titanium implants. In addition, the underlying cellular
and molecular mechanism responsible for the favorable osteo-
genesis responses toTiO2 nanotubes is a complex biological process
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not fully understood yet, therefore, it is necessary to examine the
interfacial cell functions and histological features. As a promising
new tool to spatially and temporally analyze biological processes in
cells or tissue with a high level of precision and accuracy, real-time
polymerase chain reaction (real-time PCR) technique has been used
in many in vitro studies analyzing the interactions between cells
and biomaterial surfaces [13,14,16,22]. However, few in vivo studies
by real-time PCR are available [23,24], and detailed in vivo studies
on bone responses to TiO2 nanotubes surface have not been
reported.

Therefore, the purpose of our study was to investigate the
effects in vivo of nanotube sizes on gene expression response and
bone deposition surrounding implants, and we tried to explain the
mechanisms and found out the optimum diameter of TiO2 nano-
tube for early ossiointegration. At 3, 5 and 8 weeks after implan-
tation, boneeimplant contact (BIC) and fluorochrome labelingwere
analyzed using traditional light- and fluorescent microscopy. At 1,
2, 3, 4 and 5 weeks after implantation, gene expression of osteo-
blast (osterix, ALP and collagen-I) and osteoclast (TRAP) markers
from implant surfaces and peri-implant bone tissue was detected
using real-time PCR. The role of distance of cells to the implant was
also assessed by comparing the gene expression of cells at the
immediate vicinity of the implant surface to that detected in the
peri-implant bone.

2. Materials and methods

2.1. Implants and treatments

Titanium cylinder implants (3.3 mm in diameter and 8 mm in height) were
made by a company (LEIDEN, BeiJing, China) according to our order, and the implant
surfaces were machined. A portion of pure titanium cylinder implants was treated
by anodization [25]. The implants were rinsed in an ultrasonic bath of acetone,
ethanol and distilled water respectively for 10 min. The cleaned pure titanium
cylinder implants were anodized using graphite foil as counter cathode in glycerol
electrolyte containing 0.3% NH4HF2 under magnetic stirring. The anodization
voltage was 10 V, 20 V, 30 V respectively and the anodization time was 2 h. After
being anodized, specimens were rinsed with distilled water several times, dried in
Fig. 1. Implantation surgery on minipig. (A) Incision and exposure of surgical fields. (B) Prepa
Suture of wound.
air at 80 �C, and heat treatment performed at 500 �C for 2 h to crystallize the
amorphous TiO2 nanotubes into anatase structure.

The morphologyand alignment of the TiO2 nanotubes array thin films were
characterized by using field emission scanning electron microscopy (FESEM; S4800)
with an accelerating voltage of 15 kV or 5 kV. The phase compositions of the TiO2

nanotube thin films were determined by X-ray diffraction (XRD) using a diffrac-
tometer with Cu Ka radiation.

Both machined and TiO2 nanotube specimens were sterilized in an autoclave for
in vivo experiment.

2.2. Animals and surgery

2.2.1. Animals
The pig is an especially suitable animal to evaluate bone remodeling as its

physiological and anatomical characteristics allow the results obtained in pig to be
compared with those obtained in humans [26].

Forty healthy male minipigs, approximately 10 months old, weighing 30e40 kg,
were obtained from the Institute of Animal Science of China Agricultural University.
All the animals were housed in a temperature-controlled roomwith 12 h alternating
lightedark cycle and were givenwater and food ad labium throughout the study. All
animals were acclimatized for at least 2 weeks before the study began. The exper-
imental protocol in this study was reviewed and approved by the Animal Care and
Use Committees of Capital Medical University, China.

2.2.2. Surgical procedure
Animals were randomly divided into 8 groups (n¼ 5 in each group); 3 groups for

histological observation, and the other 5 groups were used for gene examination.
In each minipig, four implants of each type (machined, 30 nm nanotubes, 70 nm

nanotubes, 100 nm nanotubes) were inserted in the frontal skull and a total amount
of 160 implants were inserted into frontal skull of 40 minipigs (Fig. 1). Before all
experimental procedures, minipigs were anesthetized with an intramuscular
injection of a combination of ketamine chloride (6 mg/kg) and xylazine (0.6 mg/kg)
(Institute of Military and Veterinary Science, Changchun, China). Surgery was per-
formed under sterile conditions. After shaving and cleaning (5 mg/ml chlorhexidine
in 70% ethanol) the front skull was exposed through an incision followed by skin and
mucoperiosteum reflection with blunt instrument. Using a series of implant drills
(2.3-mm round bur, 2.5-mm pilot drill, 2.8e3.2-mm reamer drill, 3.3-mm profile
drill), four identical holes for implantation were drilled with a low speed (800 rpm)
under profuse cooling normal saline (0.9% NaCl) irrigation. Four implants with
different surfaces (machined, 30 nm nanotubes, 70 nm nanotubes, 100 nm nano-
tubes) were inserted by press-fit. The periosteum and skin of the wound were
sutured in two layers. After surgery, the animals were allowed to move freely and to
receive antibiotics for 3 days to prevent postsurgical infection.
ration of holes for implantation. (C) Placement overview of the 4 different implants. (D)



Table 1
Polychromic fluorescence marking schedule for Group I, Group II and Group III.

Group
(n¼ 5)

Xylenol orange
(90 mg/kg)

Calcein
(30 mg/kg)

Alizarin complexone
(20 mg/kg)

Enthanasia

I 1 w 2 w 3 w
II 2 w 4 w 5 w
III 2 w 4 w 7 w 8 w
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2.3. Bone labeling with fluorochromes

Polyfluorochrome tracers (xylenol orange, calcein and alizarin complexone)
were injected intravenously as indicated in Table 1. Details had been published
previously [27]. Briefly, under anesthesia the minipigs were injected with xylenol
orange (90 mg/kg, Sigma), calcein (30 mg/kg, Sigma) and alizarin complexone
(20 mg/kg, Sigma) through ear vein. The minipigs were euthanized for sampling at 1
week after final injection of fluorochrome (Table 1).

2.4. Retrieval procedure of gene sample

The retrieval procedurewasperformedaccording toRNApreservingprotocol at 1,
2, 3, 4 and 5 weeks after implantation under anesthesia. After exposure of implants,
cover screws were unscrewed by an octagonal screw driver and implant retrievers
were screwed in implants, then the implants with adherent tissue were pulled out
and placed immediately in freezing tubes. Peri-implant bonewas separated from the
skull using a trephine with internal Ø 4.1 mm and placed immediately in freezing
tubes. All sampleswere stored in liquidnitrogen for real-timePCRanalysis. At the end
of procedure, the 5 groups of animals (n¼ 5) were euthanized by an intravascular
injection of 20% pentobarbital solution into an ear vein until cardiac arrest occurred.

2.5. RNA isolation and quantification

The implants with adherent bonewere placed in RNAlater solution. Peri-implant
bone samples were triturated in liquid nitrogen, homogenized in RNAlater solution
usingAutomated TissueHomogenization.Homogenized tissue lysateswere collected
by centrifugation and pipetting. Total RNA from the implant surface and from the
surrounding bonewas isolated using the Trizol (SUNBIO, Beijing, China) according to
the manufacturer’s protocol. Total RNAwas quantified using UV spectrophotometry.

2.6. Real-time PCR analysis

Design of primers for OSX, ALP, Col-I, TRAP and GAPDH was performed using the
Primer premier 5 and oligo 6-based software. Primers were designed to yield short
amplicons and to interact well with SYBRGreen I fluorescent dye for detection of the
PCR products in real-time (Table 2). Reverse transcription was carried out using
iScript cDNA Synthesis Kit (TIANGEN, Beijing, China). All cDNAs were subjected to
polymerase chain reaction (PCR) for GAPDH mRNA as a test of RNA integrity and
cDNA synthesis. Subsequently, equal volumes of cDNA were used to program real-
time PCR reactions specific for mRNAs encoding OSX, ALP, Col-I and TRAP.

Real-time PCRwas performed in duplicates using BioEasy SYBRGreen I Real-Time
PCRKitManual (SUNBIO, Beijing, China) in Line-GeneReal-TimePCRDetection System
(BIOER,Hangzhou, China), a total volumeof 50 ml of PCRmixture,which included25 ml
of 2� SYBR Mix, 1 ml of PCR Forward Primer, 0.3 ml of PCR Reverse Primer, 1 ml of Taq
DNA Polymerase, 20.71 ml of double-distilled H2O, and 2 ml of template cDNA, were
loaded in each well of the PCR array. PCR amplificationwas conducted with an initial
2 min step at 95 �C followed by 45 cycles of 95 �C for 20 s, 59 �C for 25 s, and 72 �C for
30 s. The fluorescence was read at the end of the 72 �C step. Melting curves were
recorded after the run by stepwise temperature increase (0.5 �C/1 s) from 70 to 95 �C.
Table 2
Oligonucleotide sequences of sense (S) and antisense (A) primers used in the real-
time PCR of target and housekeeping genes and amplicon size (base pairs) of the
resulting PCR products.

Gene Primer sequence Amplicon size (bp)

Osterix S: 50CGATGAGCTGGTCACCGATT-30 146
A: 50CTTCGGATCTGCGGAACTTCT-30

ALP S: 50AAGAGCATGTGCGGGAAAGT-30 100
A: 50 GGAATTCCCAGACAGCACAAA-30

Collagen-I S: 50 CACCAGTCACCTGCGTACAGAA-30 112
A: 50 ACGTCATCGCACAACACATTG-30

TRAP S: 50 TGAGAATGGCTTGGGCTTTG-30 134
A: 50 AGGCGAAGCCACCTAGTGAGT-30

GAPDH S: 50 ATGGCCTTCCGTGTCCCTACT-30 137
A: 50 TAGCCCAGGATGCCCTTGA-30
The fluorescent signal from SYBRGreenwas detected immediately after the extension
stepof each cycle, and the cycle atwhich theproductwasfirst detectablewas recorded
as the cycle threshold. The housekeeping geneGAPDHwas used as the internal control
gene to normalize the quantities of target genes. The normalized relative mRNA
quantities were calculated by the 2�DDCT method and reported as fold induction. The
experimental time points were at 1, 2, 3, 4 and 5 weeks after operation.

2.7. Histological analysis

2.7.1. Histological preparation
Group I was euthanized at week 3, Group II at week 5, and Group III at week 8

respectively. The implants and their surrounding tissues were retrieved en bloc and
immersed in 4% neutral buffered formaldehyde. The specimens were dehydrated in
an ascending ethanol series (70, 80, 90, 100%) and acetone (100%), and embedded in
MMA for infiltration and polymerization. The embedded specimens were cut into
sections parallel to the central portion of the long axis of the implants (EXAKT-300
cutting equipment, German), and the cut surface was glued to a slide and sections
were ground to a thickness of 30e35 mm (EXAKT-400 grinding equipment, German).

2.7.2. Fluorochromes microscopy imaging
Time course of bone formation was analyzed by polyfluorochromic markers

using fluorescence microscopy (BX61, Olympus, Japan) equipped with a quadruple
filter block (X-Cite� 120Q, EXFO, Canada). Fluorochrome-labeled bone that formed
around the implants was analyzed at 3, 5 and 8 weeks after implantation, the
xylenol orange-labeled lines, calcein-labeled lines, alizaline complexone-labeled
lines were observed in newly formed bone around the implants.

2.7.3. Histological observation
The sections were stained with methylene blueebasic fuchsin and observed

using a computer-connectedmicroscope (BX61, Olympus, Japan). Photomicrographs
of the slides were obtained and bone growth around the implants was evaluated.
The relative amount of boneeimplant contact (BIC) was analyzed using a PC-based
image analysis system (Image-Pro R Analyzer 7.0 Japan), all measurements were
made from bottom to top on both sides of the implants.

2.8. Statistics

In this study, the data were showed in the form of mean values� SD. All data
were analyzed using one-way ANOVA plus LSD (Least Significant Difference
Procedure) test (p< 0.05) with SPSS 13 software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. TiO2 nanotubes and crystal structure of implant
characterization

After anodization in the respective voltage (10 V, 20 V, 30 V) and
annealing at 500 �C, the morphology of TiO2 nanotube array thin
films was characterized by using FESEM to ascertain the nanotubes
dimensions (Fig. 2(aec)). The nanotubes were found to have 30 nm
(10 V), 70 nm (20 V) and 100 nm (30 V) outer diameter.

XRD diffraction patterns of nanotube films before and after
being annealed at 500 �C are shown in Fig. 3. It is clear that, the as-
anodized nanotube thin films were amorphous, and transferred
into anatase after heat treatment at 500 �C for 2 h, the height of the
peak of TiO2 is comparatively low, which implies that the thickness
of the nanotube array film is relatively small.

3.2. Gene expression

3.2.1. Gene expression of osteogenesis-related genes (OSX, ALP and
Col-I) at implant surface

In comparisonwithmachined implant surface, the expression of
OSX, Col-I and ALP at 30 nm, 70 nm,100 nm TiO2 nanotubes implant
surfaces was significantly higher, with the 70 nm TiO2 nanotubes
having the highest level of gene expression at all time points
(Fig. 4(aee), p< 0.05). The OSX expressionwas upregulated at week
1 and subsequently dropped to a low level at week 3, after that
a second expression peak at week 4 occurred (Fig. 5(a)). For ALP,
a high level of expression was observed at week 1, and subse-
quently decreased till week 3, after that the ALP expression
increased continuously toward the end of the experiment



Fig. 2. TiO2 nanotube (aec) SEM micrographs (top view) of self-aligned TiO2 nanotubes with different nanotube pore diameters created by controlling anodizing potentials. (a)
30 nm (10 V), (b) 70 nm (20 V), (c) 100 nm (30 V).
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(Fig. 5(b)). For Col-I, the first peak of expression was at week 2, the
second peak was at week 4, followed by a down-regulation after
week 4 toward the end of experiment (Fig. 5(c)).

3.2.2. Gene expression in the bone around implants
A significant difference was demonstrated in the expression of

ALP and TRAP between bone samples around machined implants
and those around TiO2 nanotubes implants at all specific time
points (Fig. 6(aee), p< 0.00). The highest level of gene expression
was in the bone around implants with 70 nm TiO2 nanotubes at 1, 2
and 3 weeks. The difference between 70 nm and 100 nm nanotubes
was not significant at 4 and 5 weeks. However at all time points, the
gene expression in the bone around 70 nm nanotubes implants was
significantly higher than those around 30 nm nanotubes implants.
Furthermore, the temporal pattern of the gene markers in bone
around implants was similar to that seen at the implants surfaces.
This pattern was characterized by a peak of ALP expression at 1
week and subsequent decrease till week 3, after that the ALP
expression increased continuously toward the end of the experi-
ment (Fig. 7(a)). For TRAP, the temporal pattern was upregulated to
the first peak of expression at week 2, followed by a decrease at
week 3, and the second peak was at week 4with subsequent down-
regulation toward the end of the experiment (Fig. 7(b)).

3.3. Histology

3.3.1. Clinical observations
All animals survived and recovered quickly from implant

surgery, they appeared to be in good health throughout the test
Fig. 3. XRD patterns of TiO2 nanotube arrays before (a) and after heat treatment at
500 �C (b).
periods. Neither clinical signs of inflammation nor adverse tissue
reactions were observed around the implants in the frontal skull.

3.3.2. Histological observation and histomorphometry of
boneeimplant interface

At 3, 5 and 8 weeks after implantation, all implants in the
control and test groups were histologically in direct contact with
the surrounding bone, with no signs of inflammation at the bone-
eimplant interface (Figs. 8e10). At 3 weeks after implantation, the
original bone coloboma prepared by the drill could be recognized in
each section filled with immature woven bone (Fig. 8). The newly
formed bone trabeculae were characterized by osteoid arches
including large and rounded osteoblasts and osteocytes. Some of
newly formed bone extended from the surface of the parent bone
into implant, and some was in direct contact with the implant
surface (without an intervening fibrous tissue layers). Except for
mineralized bone, the rest of implant surface was surrounded by
non-mineralized osteoid matrix that was lined with osteoblasts.
Rod-like trabeculae gradually became mature during 5e8 weeks
after implantation. At 5 weeks after implantation, the woven bone
was reinforced by the deposition of parallel-fibered bone, and bone
density evidently increased. The trabeculae of woven bone were
lined by osteoblasts, indicating that bone formationwas in progress
(Fig. 9). At 8 weeks after implantation, lamellar structure could be
seen in trabeculae bone, spaces of bone marrow in the woven bone
became larger than those at 5 weeks. The bone marrow became
more mature, which was filled with many adipose cells and fewer
osteoblasts and vascular structures. Some narrow non-mineralized
matrix was observed between the blue osteoblasts and the red
mineralized bone, which indicated that osteogenesis was still in
progress (Fig. 10).

At 3 weeks, direct boneeimplant contact (BIC) with machined
implants was 17.61�4.68%. At implants with 30 nm, 70 nm and
100 nm TiO2 nanotubes surfaces, bone was more continuous along
the implants surfaces, and direct boneeimplant contact (BIC) was
36.18� 5.32%, 55.46� 9.71% and 45.19� 4.36% respectively. The
amount of BIC with the machined and 30 nm, 70 nm, 100 nm nano-
tubes implants was 29.14� 6.61%, 52.80� 7.96%, 71.04� 5.3249%
and 62.14� 6.18% respectively, at 5 weeks after implantation. The
amount of BIC with the machined and 30 nm, 70 nm, 100 nm nano-
tubes implants was 28.98� 1.79%, 58.50� 5.12%, 67.97�4.61% and
67.12� 6.36% respectively, at 8 weeks after implantation. Thus, at
weeks 3, 5 and 8, significantly more direct boneeimplant contact
(BIC) with TiO2 nanotubes implants, especially the implants with
70 nm TiO2 nanotubes (Fig. 11, p< 0.05) was found.

3.3.3. Fluorescence microscopy
Bone deposition with fluorescent labels was most noticeable in

photomicrographic images shown in Figs. 12e14. At 3 and 5 weeks
after implantation, the double fluorescent labels (green lines and



Fig. 4. The mRNA expression of the osteogenesis-related genes at implant surface. At 1, 2, 3, 4 and 5 weeks, the total RNA was isolated and extracted from cells adhering to implants
with machined, 30 nm nanotubes, 70 nm nanotubes and 100 nm nanotubes surfaces. The expression levels for OSX, ALP, Col-I, TRAP were compared for all surfaces. The results are
shown in fold change (2�DDCT method, baseline¼week 1 expression at machined implant surface). (a) 1 week, (b) 2 weeks, (c) 3 weeks, (d) 4 weeks, (e) 5 weeks. Asterisk (*) shows
a significant difference in comparison with machined implant (p< 0.05), Double asterisks (**) show a significant difference in comparison with all other groups in the experiment
(p< 0.05).
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orange lines) in the bone around implants of control and test
groups were very marked, calcein-labeled lines adjoining the
marrow cavity were observed. At 3 weeks after implantation (in
Group I), both xylenol orange-labeled (orange) and calcein-labeled
lines (green) were very marked (Fig. 12). At 5 weeks after implan-
tation (in Group II), the brightness of xylenol orange-labeled lines
Fig. 5. Osteogenesis-related mRNA expression trend. Total RNA was isolated from cells at
nanotubes and 100 nm nanotubes. The temporal pattern of expression levels for (a) OSX, (b)
machined implant surface).
was diminished, calcein-labeled lines were more obvious than
orange-labeled lines (Fig. 13). At 8 weeks after implantation (in
Group III), alizarin-labeled lines (red) were most obvious, calcein-
labeled lines (green) came second, xylenol orange-labeled lines
(orange) were nearly invisible (Fig. 14). The fluorescent labels in the
surrounding bone of TiO2 nanotubes implants were more obvious
1,2,3,4 and 5 weeks adhering to implants with machined, 30 nm nanotubes, 70 nm
ALP, (c) Col-I is shown as fold change (2�DDCT method, baseline¼week 1 expression at



Fig. 6. In vivo gene expression trend of ALP and TRAP in bone around implants at 1, 2, 3, 4 and 5 weeks; total mRNA was isolated from bone around implants of machined, 30 nm
nanotubes, 70 nm nanotubes and 100 nm nanotubes and analyzed by real-time PCR. Expression levels (fold change) for ALP and TRAP were compared for all surfaces. The results are
shown in fold change (2�DDCT method, baseline¼week 1 gene expression in bone surrounding machined implants). (a) 1 week, (b) 2 weeks, (c) 3 weeks, (d) 4 weeks, (e) 5 weeks.
Asterisk (*) shows a significant difference in comparison with machined implant (p< 0.05). Double asterisks (**) show a significant difference in comparison with all other groups in
experiment (p< 0.05).
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and continuous than those of machined implants, especially those
around 70 nm TiO2 nanotubes implants.

4. Discussion

The results of our study demonstrate that TiO2 nanotube layer
significantly enhanced osteogenesis gene expression, boneeim-
plant contact and bone deposition of pure titanium implants, and of
all different TiO2 nanotubes implants, the optimum size of nano-
tube for osseointegration was 70 nm diameter.
Fig. 7. In vivo gene expression trend of ALP and TRAP in bone around implants. Total RNA w
70 nm and 100 nm nanotubes. The temporal pattern of expression levels for (a) ALP, (b) TRA
implant surface).
In our study, the high osteogenesis-related expression and
rapid bone formation on TiO2 nanotubes could attribute to its
special nanostructure. Nanostructure surfaces possess unique
properties that influence molecular and cellular activities and
alter the process of osseointegration by direct and indirect
mechanisms [1,13e15]. Several previous studies had demon-
strated the beneficial effects of TiO2 nanotubes on osteoblast
differentiation and bone formation around implants in vivo and
in vitro [16e18,21]. Vertically aligned TiO2 nanotubes exhibit
enormously larger surface areas than the flat Ti surface, and
as isolated at 1, 2, 3, 4 and 5 weeks from bone around implants of machined, 30 nm,
P is shown as fold change (2�DDCT method, baseline¼week 1 expression at machined



Fig. 8. Digital photographs of stained (methylene blue/basic fuchsine) histological sections at 3 weeks after implantation. Implant in the image is (a) machined, (b) 30 nm TiO2

nanotubes, (c) 70 nm TiO2 nanotubes, (d) 100 nm TiO2 nanotubes. The high magnification of interface between bone and implant is shown in (ah) to (dh) which correspond to
machined, 30 nm, 70 nm, 100 nm, respectively. Bone is pink/red, osteoblasts are blue and Ti alloy is black, Ti¼ titanium, BM¼ bone marrow. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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contribute to the interlocked cell configuration. TiO2 nanotube
structure is discrete with a gap between adjacent nanotubes (see
Fig. 2). Such a sub-division structure is important for minimizing
the interfacial stresses between two dissimilar materials joined
together and can allow the passage of body fluid which supplies
the nutrient for cell growth. Meanwhile, the TiO2 nanotubes
surface can mimic the dimensions of components of natural bone,
because natural bone is composed of nanophase hydroxyapatite
in the collagen matrix [28]. It is well established that the anatase
phase TiO2 is much more efficient in nucleation and growth of
Hap than the rutile phase TiO2 presumably because of the better
lattice match with Hap phase [29], so all specimens in this study
were annealed at 500 �C after anodization to get anatase TiO2
nanotubes surface.

The skull of pig is flat bones with two parallel layers of compact
bone sandwiching a layer of spongy bone. Intramembranous
ossification mainly occurs during process of skull formation. After
implantation, the formation of mineralized bone near implant
surface requires the colonization of implant surface by osteoblastic
cells, these cells mainly originate from mesenchymal stem cells
(MSCs) recruited by implant surface [30,31]. MSCs differentiate into
osteogenitor cells, and then into osteoblasts. Osteoblasts synthesize
osteoid that is mineralized to form new bone.

Bone formation is an intricate and ordered cascade of synthesis
of matrix proteins and calcium phosphate in a continuously
renewed biological environment and regulated by a cluster of
growth factors. In bone formation, osteogenesis-related genes are
strictly regulated to ensure correct chronological order and each
gene has a unique expression profile [13,14,16,22,24,31e33]. In our
study, gene expression also showed unique characteristics. Osterix
(Osx) is a zinc finger transcription factor specifically expressed by
osteoblasts which is important for osteoblast differentiation. Osx



Fig. 9. Digital photographs of stained (methylene blue/basic fuchsine) histological sections at 5 weeks after implantation. Implant in the image is (a) machined, (b) 30 nm TiO2

nanotubes, (c) 70 nm TiO2 nanotubes, (d) 100 nm TiO2 nanotubes. The high magnification of interface between bone and implant is shown in (ah) to (dh) which correspond to
machined, 30 nm, 70 nm, 100 nm, respectively. Bone is pink/red, osteoblasts are blue and Ti alloy is black, Ti¼ titanium, BM¼ bone marrow. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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transcription acts by directing pre-osteoblasts to immature osteo-
blasts. Osx-deficient mice show absence of osteoblasts and defec-
tive bone formation [34]. In our study, the expression of Osx peaked
at an earlier time points (week 1), suggesting its importance for
osteoblast differentiation, as has been reported in other studies of
osteoblast differentiation [32e35]. The expression of Osx was
significantly higher at 70 nm nanotubes surface than at other
surfaces in our study, which demonstrated that 70 nm was
optimum size for TiO2 nanotubes to induce osteoblast differentia-
tion. As an osteoblast-specific gene, ALP is active in osteoblast
differentiation and new matrix formation. In cell differentiation,
the increase of ALP activity commits more cells to differentiate into
the osteoblast lineage [13,14,31,32]. Mineralization involves osteo-
blasts secreting vesicles containing alkaline phosphatase, the
vesicles rupture and act as a center for crystals to grow on, then
mineral crystals distributed among the collagen fibrils. Type I
collagen is the most important fibrillar type of collagen
extracellular matrix component and serves as mineralization scaf-
folds and hydroxyapatite initiation sites [36]. Col-I is known to be
an early osteogenitor marker and necessary to bone matrix
formation [32,33]. In our study, ALP expression was upregulated at
earlier time points (week 1), Col-I expression reached to the first
peak at later time points (week 2). At all time points, 70 nm TiO2
nanotubes surface had the highest expression level of ALP and Col-I
comparing with other implant surfaces, suggesting that 70 nmwas
an optimum size for osteoblast differentiation, matrix formation
and mineralization. The tartrate-resistant acid phosphatase (TRAP)
is expressed at high levels in osteoclasts and is therefore used as
a molecular marker for osteoclasts [37]. In our study, comparing
with machined implants, the TRAP expression in bone around TiO2
nanotubes implants, especially around 70 nm nanotubes implants,
was higher, which was similar to osteoblast marker. This result
suggests that TRAP expression is important in normal bone
formation in spite of its resorption function, the high expression



Fig. 10. Digital photographs of stained (methylene blue/basic fuchsine) histological sections at 8 weeks after implantation. Implant in the image is (a) machined, (b) 30 nm TiO2

nanotubes, (c) 70 nm TiO2 nanotubes, (d) 100 nm TiO2 nanotubes. The high magnification of interface between bone and implant is shown in (ah) to (dh) which correspond to
machined, 30 nm, 70 nm, 100 nm, respectively. Bone is pink/red, osteoblasts are blue and Ti alloy is black, Ti¼ titanium, BM¼ bone marrow. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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of bone formation and bone resorption marker indicate an
active formation and remodeling throughout the time periods
concomitant with an increasing ossiointegration of TiO2 nanotubes
Fig. 11. The mean values with SD (error bars) of bone-implant contact (BIC) over the total im
shows a significant difference in comparison with machined implant (p< 0.05). Double
experiment (p< 0.05).
implants to bone. The result is in agreement with previously pub-
lished data where normal TRAP expression was indispensable to
bone formation and remodeling [38,39].
plant length for all implant surfaces at 3, 5 and 8 weeks after implantation. Asterisk (*)
asterisks (**) show a significant difference in comparison with all other groups in



Fig. 12. Fluorescence microphotograph at 3 weeks after implantation. Fluorochrome analysis revealed new bone formation around all implants by the following markers: xylene
orange-labeled lines (orange), calcein-labeled lines (green). Both labeled lines were very marked. (a) machined implant, (b) 30 nm TiO2 nanotubes implants, (c) 70 nm TiO2

nanotubes implants, (d) 100 nm TiO2 nanotubes implants. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In our study, the osteogenesis-related gene expression on TiO2
nanotubes of 30 nm diameter is significantly lower than those on
the nanotubes of larger diameter (70 nm and 100 nm), this
phenomenon can be analyzed by molecular biomechanics. On TiO2
nanotubes, protein aggregates adhere to the top wall surface owing
to the presence of empty nanotube pore spaces and the gap
between adjacent nanotubes [21]. MSCs are forced to elongate and
stretch to search for protein aggregates to establish initial contact,
this elongated morphology probably causes cellular cytoskeletal
tension and stress, larger the nanotube size is, more the cellular
cytoskeletal tension and stress on nanotubes are. It is well known
that various kinds of physical stresses from the substrate
morphology and topography can accelerate stem cell differentia-
tion into a specific cell lineage [14,19,21,40,41], and our study has
Fig. 13. Fluorescence microphotograph at 5 weeks. Fluorochrome analysis revealed new bon
(orange), calcein-labeled lines (green). The brightness of calcein-labeled lines were more obv
70 nm TiO2 nanotubes implants, (d) 100 nm TiO2 nanotubes implants. (For interpretation of
this article.)
obtained similar data. However, gene expressions on 100 nm
nanotubes were significantly lower than that on 70 nm nanotubes.
Probably owing to the larger empty nanotube pore spaces, proteins
on 100 nm TiO2 nanotubes were more sparsely at the top wall
surface than that on 70 nm nanotubes, so cells adhered to 100 nm
nanotubes were less than cells on 70 nm nanotubes. With regard to
the above-mentioned phenomenon, another probable important
cause is that 70 nm is similar to the nanostructure of natural bone,
and previously many groups had already verified the effect of
mimicking the bone surface nanoroughness using various bioma-
terials [13e15]. In natural bone, collagen type-I forms fibrils with an
interfibrillar spacing of 68 nm and 35 nm depth [36,42]. The
hydroxyapatite crystals are embedded in fibrils and have an
average size of 50� 25� 4 nm3 [28]. With the effect of mimicking
e formation around all implants by the following markers: xylene orange-labeled lines
ious than xylenol orange. (a) machined impant, (b) 30 nm TiO2 nanotubes implants, (c)
the references to color in this figure legend, the reader is referred to the web version of



Fig. 14. Fluorescence microphotograph at 8 weeks. Fluorochrome analysis revealed new bone formation around all implants by the following markers: xylene orange-labeled lines
(orange), calcein-labeled lines (green), alizarin-labeled lines (red). alizarin-labeled lines were most obvious due to the latest injection, and the xylenol orange-label was hardly
detected as a result of bone metabolism. (a) Machined implant, (b) 30 nm TiO2 nanotubes implants, (c) 70 nm TiO2 nanotubes implants, (d) 100 nm TiO2 nanotubes implants. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the nature bone nanostructure, the 70 nm TiO2 nanotubes there-
fore induced more osteogenesis gene expression.

In our study, the role of the distance of cells to implant was
examined by comparing the gene expression of cells at the
immediate vicinity of the implant surface to that detected in the
peri-implant bone. At 1, 2 and 3 weeks, the effect of distance on
gene expression had no significant difference, a similar pattern of
gene expression between the cells of implant surface and peri-
implant bone, that is, the effect of distance on gene expression
was not obvious, 70 nm TiO2 nanotubes induced more osteogenesis
gene expression throughout the early stage. Nevertheless at 4 and 5
weeks after implantation, with the increase of distance of cells to
implant, the role of surface regulation in gene expressionweakened
slightly, although the gene expression in peri-implant bone around
70 nm nanotubes was significant higher than those around 30 nm
nanotubes and machined implants, the difference of gene expres-
sion between 70 nm and 100 nm nanotubes in peri-implant bone
was not significant.

In the present study, the histological observations of the
boneeimplant interface (see Figs. 8e10) support the gene
expression data, e.g. a higher degree of new bone formation is
associated with TiO2 nanotubes implants as compared to the
machined ones, with the most osteogenesis occurring in interface
between 70 nm nanotubes implants and bone. Based on histo-
morphometry analysis, the TiO2 nanotubes surface increased the
boneeimplant contact and peri-implant new bone formation at 3,
5 and 8 weeks after implantation. Similar results had previously
been demonstrated by other experiments [17,18]. Distance and
contact osteogenesis were two phenomena of bone healing of
implant [43], these two phenomena could be observed in our
study (Figs. 8e10). Contact osteogenesis relies upon osteo-
conduction, or the recruitment and migration of differentiating
osteogenic cells to the implant surface, together with de novo bone
formation by those cells on the implant surface or down into pores
or pipes [30,44]. In our study, owing to be similar to nature bone
nanostructure, 70 nm nanotubes surface had superior osteo-
conductive ability and led to active contact osteogenesis, so the
highest amount of BIC was observed with 70 nm nanotubes
implants at 3, 5 and 8 weeks. The experimental data (BIC) of this
study was partly different from the results in other studies [17,18],
which was most likely attributed to the fact that other studies used
the different animal models, the different types of implants and
testing methods.

Fluorescent microscopy of the sequential fluorochrome labels
revealed the dynamics of bone formation in different periods of
implantation [27,45]. At 3 and 5 weeks after implantation the two
fluorescent labels (xylenol orange, calcein) and calcein-labeled
lines adjoining the marrow cavity were observed. Calcein was
injected after the injection of xylenol orange, so calcein-labeled
bone was comparatively new deposition, this result indicated
that osteoblastic cells mainly originated from MSCs and the
processes of bone formation were intramembranous ossification
in our study. At 3 weeks after implantation (in Group I), both
xylenol orange-labeled and calcein-labeled lines were very
marked. At 5 weeks after implantation (in Group II), the bright-
ness of xylenol orange-labeled lines was diminished because
xylenol orange had metabolized for a longer period (21 days) than
Group I, on the other hand, calcein was just injected 1 week ago,
so calcein-labeled lines were more obvious than xylenol orange in
Group II. At 8 weeks after implantation (in Group III), alizarin-
labeled lines were most obvious due to the latest injection, and
the xylenol orange-label was hardly detected as a result of bone
metabolism. The sequential fluorochrome labels show that bone
formation and remodeling surrounding implants occur continu-
ously. At 3, 5 and 8 weeks, bone fluorochrome labels around TiO2
nanotubes implants were more obvious and continuous than
those around machined implants, and the fluorescent image
demonstrated that new bone deposition around TiO2 nanotubes
(especially 70 nm nanotubes) implants was more rapid than that
around machined ones.

5. Conclusions

TiO2 nanotubes implants demonstrated a significant increase in
new bone formation and gene expression associated with bone
formation and remodeling during the osseointegration period. The
differences in osteogenesis response among 30 nm, 70 nm and
100 nm nanotubes during the whole test period suggest that 70 nm
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nanotube is the optimum size for TiO2 nanotubes implants to
obtain favorable osteoconductivity and osseointegration. Further-
more, TiO2 nanotubes can control cell fate and interfacial osteo-
genesis by altering their nanoscale dimension, which have no
dependency and side effects. At the early stage of osteogenesis, the
distance from implant to cell does not influence cell regulation
ability of implant surface in interfacial osteogenesis. In the exper-
imental in vivo model, the combination of real-time PCR, fluoro-
chrome labels and histological analysis provides a possibility to
explore the mechanisms of osseointegration in detail. On the
whole, the findings of this study explain the improved osseointe-
grating properties of TiO2 nanotubes implants to a certain extent.
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