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With the development of nanotechnology, many researches have shown that nanometer-scaled materials especially TiO
2
nanotube

have a positive effect on cellular behavior and surface characteristics of implant, which are considered to be crucial factors in
osseointegration. However, it has not yet been verified which nanotube size is effective in osseointegration in vivo. The aim of this
studywas to evaluate the effect of implant surface-treatedwith different size of TiO

2
nanotubes on osseointegration in rat femur.The

customized implants (threaded and nonthreaded type), surface-treated with different diameter of TiO
2
nanotubes (30 nm, 50 nm,

70 nm, and 100 nm nanotube), were placed on both sides of the femur of 50 male Sprague-Dawley rats (6 weeks old). Rats were
sacrificed at 2 and 6 weeks following surgery; then the specimens were collected by perfusion fixation and the osseointegration of
implants was evaluated by radiographic and histologic analyses and removal torque value test. The mean of bone area (%) and the
mean of removal torque were different in each group, indicating that the difference in TiO

2
nanotube size may influence new bone

formation and osseointegration in rats.

1. Introduction

Titanium has been used extensively in dentistry and/or
orthopedics as a material for implants since the osseointe-
gration between titanium and bone had been found by a
Swedish orthopedic surgeon, Branemark, in 1952. Following
the introduction of the smooth surface implant to dentistry,
dental implant has become the most well-recognized treat-
ment option for the restoration of maxillooral functions [1]
and a successful long-term survival rate of dental implant has
also been documented by many researches [2].

Titanium is anticorrosive and has an excellent physical
property and biocompatibility, which is partly attributed to
an oxide layer formed on the surface of titanium implant

in the process of manufacturing. There have been many
attempts to reduce healing period and to acquire more stable
osseointegration between implant and bone by altering oxide
layer on the surface of titanium implant and by improving
the characteristics of implant surface [3–5]. Buser et al.
reported that, amongmany factors affecting osseointegration
of implant, surface property of implant itself plays a key role
in the speed of osseointegration [6, 7]. In 1996, Schwartz et al.
also reported that, in order to achieve optimumosseointegra-
tion, ideal combination of surface properties of implant such
as roughness, surface energy, composition, and topography
is required, and these properties affect cell adhesion and
propagation as well as protein adsorption in early healing
period [8–10].
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According to studies on the speed of osseointegration,
implant with rough surface showed a faster and stronger
osseointegration than implant with smooth surface [7]. This
results from the idea that rough surface has better early
mechanical fixation [7, 11, 12] and has positive effect on
adhesion and differentiation of osteoblast [8, 13, 14]. Up to
date, the ideal roughness of implant surface for successful
osseointegration with increased survival rate is known to be
between 1 𝜇m and 2 𝜇m [15, 16] and the various methods
for surface treatment which gives surface roughness such
as sandblasting, acid etching, and anodizing oxidation have
been introduced.

In addition to altering the surface roughness of implant,
there have been many attempts to increase bioactivity of
implant surface by chemical treatment involving altering
composition of oxide layer. Anodic oxidation on the surface
of implant throughout chemical treatment was carried out
for faster adhesion of calcium ion in vivo [17]. Injection of
certain ions such as calcium, phosphorous, magnesium, and
fluoride which stimulate the growth of bone tissue was also
investigated [18–20].

Meanwhile, with the development of nanotechnology, it
has been reported from many studies that the cell is very
sensitive to the surrounding microenvironment. In 1997,
Chen et al. reported that life of the cell is determined by geom-
etry of surrounding microenvironment [21] and Engler et al.
reported that fate of the cell is affected by elasticity of
surrounding microenvironment [22]. In consequence, it has
been attempted to investigate the movement, morphology,
and progression of the cell by creating the same cell-sized
nano structure or even smaller nano structure on the surface
of the biomaterials [23]. It was reported that nanosized pro-
trusion structure using polymer, gold cluster, and nongrained
ceramic has shown good results [24–29]. In particular, among
many biomaterial studies, a study using TiO

2
nanotube draws

attraction and has recently been of the greatest interest.This is
because TiO

2
nanotube is fabricated on the surface of oxide

layer, becoming biocompatible. Also, it can be fabricated in
different sizes and therefore, uniformed surface treatment
with controlled diameter is possible. Moreover, it has an
advantage that positive biological reaction can be induced in
early healing period by altering the surfacemorphologywith-
out altering surface roughness, thereby increasing wettability
[30–33].

According to previous studies on the biological appli-
cation of TiO

2
nanotube, the structure of TiO

2
nanotube

aligned perpendicular to the titanium surface has induced
the formation of hydroxyapatite at nano level [34] and
influenced osteoblast adhesion, proliferation, morphological
growth, and even differentiation of mesenchymal stem cells
into osteoblast [32, 35–38]. From previous in vitro studies, it
was also reported that diameter of nanotube controlled the
cell response. InOh et al.’s study, the rate of protein absorption
and cell adhesion was the highest when the diameter of
TiO
2
nanotube was 10 nm whereas the shape of cells became

elongated and elevated alkaline phosphatase level was found
when the diameter of TiO

2
nanotube was increased to 70 nm

and 100 nm. In contrast, Park et al. reported that among

TiO
2
nanotubes with diameter between 15 nm and 100 nm,

15 nm diameter and 30 nm diameter of nanotube showed
the most active cell adhesion and differentiation. Cellular
activities, however, were reduced in TiO

2
nanotube with

diameter greater than 50 nm and cell apoptosis occurred in
100 nm TiO

2
nanotube [39, 40].

Likewise, although numerous positive results were
reported from experimental cell studies on TiO

2
nanotube,

yet only few were experimented in vivo [41, 42] and little is
known regarding how the difference in diameter of nanotube
affects the cells in theory and in vivo. Thus, in this study,
using Sprague-Dawley rat animal model, we are aiming
to investigate the effect of TiO

2
nanotube with different

diameter on new bone formation and osseointegration both
histologically and mechanically by measuring the bone
surface around the implant (%) and the removal torque
value.

2. Materials and Methods

2.1. Implant Design. Customized implants are designed and
fabricated as below. Figure 1 shows a schematic diagram of
customized implants involving nonthreaded type implant
placed in right femur of the rat (Figure 1(a)) and threaded
type implant placed in left femur of the rat (Figure 1(b)). Fifty
implants were fabricated for each type.

2.2. TiO
2

Nanotube Fabrication. Customized titanium
implants were rinsed with acetone, ethanol, and distilled
water. Then, TiO

2
nanotubes were generated on the whole

surface of implant by anodization in the mixture of 875mL
of 0.5 wt% hydrofluoric acid (Merck, NJ, USA; 48%) and
125mL of acetic acid (JT Baker, NJ, USA; 99%, volumetric
ratio = 7 : 1) at 5, 10, 15, and 20V for 1 h at room temperature
to obtain 30, 50, 70, and 100 nm TiO

2
nanotube, respectively

(Figure 2). TiO
2
nanotube fabrication was carried out at

biomaterial laboratory at Wonkwang University, College of
Dentistry, Seoul, Korea, and all fabricated TiO

2
nanotubes

were then observed by using scanning electron microscopy
(SEM). After anodization, the specimens were rinsed with
distilled water, dried in the oven for 24 h at 60∘C, and
heat-treated in the air for 2 h at 500∘C (temperature rising
and cooling speed: 1∘Cmin−1).

2.3. Experimental Animals and Classification of Experimental
Groups. Fifty male Sprague-Dawley rats (body weight 200 g,
6 weeks old) were divided into experimental groups in
which implants surface-treated with different diameter of
TiO
2
nanotubes (30 nm, 50 nm, 70 nm, and 100 nm) were

placed and control groups in which nontreated implants were
placed. Each group is divided into 5 subgroups (total 10
subgroups) according to time of sacrifice (2 weeks and 6
weeks).

Experimental rats were housed at the animal experi-
mental laboratory at Yonsei University, College of Dentistry,
Seoul, Korea. All experiments were performed in accordance
with the guidelines for animal experiments of Yonsei Univer-
sity College of Dentistry.
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Figure 1: A schematic diagram of customized implant (Add-Tech, Seoul, Korea). (a) Nonthreaded type implant for right femur and (b)
threaded type implant for left femur.
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Figure 2: SEM images of TiO
2
nanotubes with different diameters, 30 (a), 50 (b), 70 (c), and 100 nm (d), created by controlling anodizing

potentials ranging from 5 to 20V (scale bar, 200 nm).

2.4. Experimental Procedures. Surgical interventions were
conducted under general anesthesia by intramuscular
injection of an anesthetic cocktail composed of Rompun
(10mg kg−1) and Zoletil (30mg kg−1). Surgical site was then
isolated 10min after injection of anesthesia by shaving and

sterilizing with povidone-iodine solution. 2% lidocaine was
injected subcutaneously and surgical sites were drilled in left
femur and right femur with 1.5mm and 2.0mm in diameter,
respectively, and the customized implants were then inserted
into the osteotome sites until the top of the implants reached
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Figure 3: The new bone area was calculated in defined area which
was designated below the cortical layer, within 400 𝜇m from the
implant surface.

the peripheral bone, followed by suturing with 3.0 silk.
Nonthreaded and threaded type implants were inserted on
the right femur and left femur, respectively, and rats were
sacrificed at 2 weeks and 6 weeks after surgical intervention.
Experimental animals were perfused with 10% neutral
buffered formalin under general anesthesia and sacrificed.
Torque removal test was performed with the specimen
collected from left femur whereas histomorphological
and histomorphometric analysis were performed with the
specimen collected from right femur.

2.5. Radiographic Analysis. In order to evaluate the position
of implant in relation to surrounding bone and new bone for-
mation around implant, micro CT (Skyscan 1076, Aartselaar,
Belgium) was taken at 50 kv and 30 𝜇a with 18 𝜇m distance
interval.

2.6. Histomorphometric Analysis. After taking micro CT, the
samples were collected from right femur which were fixed
with 10% neutral buffered formalin at 4∘C for 14 days and
then decalcified with 1% EDTA for 14 days. The decalcified
samples were embedded in paraffin wax and then sectioned
into 2𝜇mthick, parallel to the axis of femur usingmicrotome.
The sectioned samples were stained with hematoxylin-eosin
(H&E) stain. The samples were then observed with a light
microscope (Leica DM 2500, Leica Microsystems, Wetzlar,
Germany). After samples were magnified by ×12.5, ×50 and
×100 and captured accordingly, bone area were marked using
image analysis software (IMT i-solution Lite version 8.1,
Vancouver, BC, Canada) and calculated using Image Pro Plus
4.5 (Media Cybermetrics, Bethesda, MD, USA). The new
bone was calculated in a defined area which was designated
below the cortical layer, within 400 𝜇m from the implant
surface (Figure 3).

Control

30nm

50nm

70nm

100nm

2 weeks 6 weeks

Figure 4: Micro CT images of representative sample of each group.
All the implants were placed favorably in femur of rats.

2.7. Removal Torque Measurements. After taking micro CT,
the samples collected from left femur in which threaded type
implant was placed were fixed at specially designed removal
torque test apparatus, connected with conventional digital
torque gauge (Mark-10, MGT12, New York, USA). Implants
were fixed to removal torque test apparatus, making sure
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Figure 5: 3D reconstructed images of implant area.

implants were aligned to the axis of apparatus. Screw driver
whichwas installed in removal torque test apparatus was then
connected to the upper notch of implant and the apparatus
was rotated in an anticlockwise direction. Peak value when
implant-bone interface is broken was recorded.

2.8. Elemental Analysis of the Bone-Implant Interface. In
order to investigate the physical strength of nanotube treated
implant, implant-side interface of one sample in each group
was observed using scanned electron microscope (S-3000N,
HITACHI, Schamburg, IL, USA) and energy-dispersive X-
ray spectroscopy (EMAX, HORIBA, UK). Elemental analysis
of the bone-implant interface was also performed to see
the involvement of bone cell formation in bone-implant
interface.

2.9. Statistical Analysis. Mean value and standard deviation
of each group were calculated to see if there is a statistically
significant difference in the removal torque value and area
of bone (%) of each group according to different diameter
of nanotube at 2 weeks and 6 weeks. The comparison of
mean value was analyzed via one-way ANOVA. All statistical
analyses were performed using SPSS 18.0 statistical software.

3. Results

Among the total of 50 rats, one rat in control group (2 weeks)
died during implant surgery due to facture of the femur. Two
rats in 100 nm nanotube experimental group (2 weeks and 6
weeks) also died during healing period after surgery. All the
rest were well healed and recovered without any significant
complications.

3.1. Micro CT Scan. Having observed micro CT images of
all the samples, it can be observed that all the implants were
placed favorably in the femur. New bone was formed around
the implant (Figure 4) and three-dimensional reconstructed
images were presented in Figure 5.

3.2. Histological and Histomorphometric Analysis. Through-
out H&E stained images, it was found that new bone was
formed, encircling around the implant. In contrast to the new
bone formed near cortical bone, which can be difficult to
differentiate, the new bone within the sponge bone is easy to
differentiate therefore and is measured. During the removal
of implants, the samples with disturbed implant new interface
or severely damaged samples were difficult to analyze and

therefore were excluded from the histomorphometric anal-
ysis. The results showed the higher mean of bone area (%) in
30 nm experimental group and in 70 nm experimental group
at 2 weeks and 6 weeks, respectively.There was no statistically
significant difference (𝑃 > 0.05) (Figures 6, 7, and 8).

3.3. Removal Torque Test. Among the experimental sam-
ples, the samples with new bone covered on the implant
were excluded from analysis. Regardless of the diameter of
TiO
2
nanotube, TiO

2
nanotube surface-treated group showed

higher value than the control group (nontreated group).
30 nm experimental group and 70 nm experimental group at
2 weeks and 6 weeks showed the highest value, respectively;
however, there was no statistically significant difference (𝑃 >
0.05) (Figure 9).

3.4. Elemental Analysis of the Bone-Implant Interface. After
removal torque test, in the SEM, EDX analysis of the bone-
implant interface in the nanotube surface-treated experimen-
tal group, TiO

2
nanotube was clearly seen on the top of

implant which did not contact the bone (Figure 10(a)). In
the thread area which contacted the newly formed bone, the
surface consists of the layer containing Ca and P elements.
(Figure 10(d)) In all the samples, nanotube was not found
near the thread area of implant (Figure 10(c)).

4. Discussions

As recent studies reported that cells display a sensitive
response to surrounding microenvironment at nano level
[21, 22, 43, 44], many efforts were made to investigate the
cell’s behavior at nano level with a size of less than 100 nm
[23, 25–28]. It has been reported that cell adhesion and differ-
entiation on and near implants surface after titanium implant
placement play critical roles in successful osseointegration
[35–38]. Therefore, many studies are under investigation to
find methods for implant surface treatment at nano level
in order to enhance cell attachment and osteogenic ability
of osteoblast. Of all, TiO

2
nanotube, a biocompatible layer

formed after titanium implant etching, has a low chance of
delamination compared to other surfaces and increases the
contact area with bones.

According to previous in vitro findings regarding TiO
2

nanotube, by treating the surfacewithTiO
2
nanotube, protein

absorption, cell adhesion rate, and cell motility can be
increased [32, 35–38]. Altering of diameter of TiO

2
nanotube

also induces differentiation of osteoblast from stem cells and
affects the cell adhesion, osteoblast formation, and osteogenic
ability [39, 40]. Thus, even a small difference in diameter of
nanotube remarkably changes cell adhesion, growth,motility,
and differentiation. Therefore, the aim of this study was to
investigate whether this difference in nanotube size would
result in change in osseointegration in vivo and to find the
optimum range of diameter of TiO

2
nanotubes.

In fact, It will be more ideal to observe implant in oral
cavity of animal model for in vivo study. Instead, we chose to
use Sprague-Dawley rat model which has advantage of low
cost that could maximize the sample size and easy manage-
ment. They also have fast turnover rate of bone, which can
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Figure 6: Measurement of bone area (%) at 2 weeks (a) and 6 weeks (b) in defined area which is designated below the cortical layer, within
400 𝜇m far from the implant surface. The results showed the higher mean of bone area (%) in 30 nm experimental group and in 70 nm
experimental group at 2 weeks and 6 weeks, respectively (𝑃 > 0.05).

shorten the experimental period. Previous studies reported
that in Sprague-Dawley rat model, new bone formation and
osseointegration occur after 5 days and 28 days, respectively
[45–47].Therefore, in the present study, we sacrificed the rats
in experimental groups at week 2 and week 6 to observe early
healing status and completion of osseointegration status,
respectively.

In order to evaluate new bone formation after implant
placement, we used micro CT and tissue specimens to
measure the amount of newly formed bone (%) and removal
torque value to analyze degree of osseointegration. All sam-
ples were examined for radiographic analysis by using micro
CT prior to the preparation of tissue specimens and removal
torque test and positional relationship between the femur and
the implant placement were evaluated. Bone volume around
the implant was also measured. However, due to potential
scattering phenomena caused by titanium, the values of
bone volume measured by micro CT were excluded from
quantitative analysis.

After micro CT imaging, H&E stained specimen was
prepared and observed under a light microscope to measure
newly formed bone around the implants. The newly formed
bone was measured within 400𝜇m from the implant surface
placed spongy bone under compact bone. This is because
newly formed bone in spongy bone is easier to distinguish
than in compact bone. Futami et al. showed that the affected
region from implant placement is within 100 𝜇m around the
drilling area [47], whereas Kenzora et al. described that it
is within 500𝜇m [48]. We chose the area within 400 𝜇m to
include the affected region and thick layer of triangle-shaped,
newly formed bone right below the compact bone. From
the histomorphometric analysis, the more bone formation
was observed in the 30 nm experimental group sacrificed
after 2 weeks and in 70 nm experimental group sacrificed
after 6 weeks. However, there was no statistically significant
difference (𝑃 > 0.05).

In addition, we measured removal torque value using
digital torque gage. In 1991, Johansson and Albrektsson
discovered that the force to remove implant was proportional
to rate of bone-implant contact [49]. In this experiment,

the highest torque values were obtained in the 30 nm experi-
mental group sacrificed after 2weeks and 70 nmexperimental
group scarified after 6 weeks. There was a similar pattern in
both histological finding of new bone formation and result of
removal torque test.

Assuming that the differences of individual subject are
minimized by controlling weight, age, sex, and random-
ization, 30 nm experimental group has more new bone
formation around implant and stronger bone to implant
bonding strength than 70 nm experimental group during
early healing period. However, after 6 weeks, when healing
is completed, 70 nm experimental group revealed more new
bone formation and stronger bone to implant bonding, which
is in line with Park et al.’s study in which the highest cell
vitality and differentiation were observed in 15 nm TiO

2

nanotube group [39, 40]. von Wilmowsky et al. compared
BICmeasurement and immunohistological analysis in 30 nm
nanotube surface treated versus untreated implants in vivo
using swine skull [42]. They showed that there was no
bone to implant contact (BIC) difference in both groups but
collagen type I formationwas higher in 30 nmTiO

2
nanotube

group. Collagen type I is an essential bone matrix protein
during early bone formation and plays an essential role as
a scaffolding protein during cell adhesion. It also has an
important role in cell differentiation andmorphogenesis and,
therefore, increased collagen type I expression indicates the
active process of early stage of bone formation. Moreover,
Oh et al. compared cell behaviors using TiO

2
nanotube with

various diameters (30 nm, 50 nm, 70 nm, and 100 nm) on
titanium surface and showed that 30 nm TiO

2
nanotube

group showed the best protein absorption and cell adhesion
[32, 35]. In 70 nm TiO

2
nanotube and 100 nm nanotube

group, however, nucleus and cytoplasm of osteoblast became
elongated and alkaline phosphatase activity, a marker of bone
formation, was increased the most among the groups. This
previous report could be an explanation why 70 nm group
sacrificed at 6th week in the present study showed increased
rate of new bone formation and removal torque value. They
also suggested that the reason why TiO

2
nanotube treated

group has better cell response compared to control group
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Figure 7: Histologic images of control ((a), (b), and (c)) and 30 nm ((d), (e), and (f)) groups at 2 weeks after implantation. ((a) and (d)) H&E
stained images at lowermagnification (×12.5), ((b) and (e)) H&E stained images of red boxes in the A&D (×50), and ((c) and (f)) H&E stained
images of red boxes in the B&E (×100).
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Figure 8: Histologic images of control ((a), (b), and (c)) and 70 nm ((d), (e), and (f)) group at 6 weeks after implantation. ((a) and (d)) H&E
stained images at lowermagnification (×12.5), ((b) and (e)) H&E stained images of red boxes in the A&D (×50), and ((c) and (f)) H&E stained
images of red boxes in the B&E (×100).
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Figure 9: The removal torques mean value at 2 weeks (a) and 6 weeks (b) after implantation. TiO
2
nanotube surface-treated groups showed

higher value than the control group (nontreated group). 30 nm experimental group and 70 nm experimental group at 2 weeks and 6 weeks
showed the highest value, respectively (𝑃 > 0.05).
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Figure 10: SEM image (×20,000) (a) and comparative elemental mapping (×2,000) (b) of the top of implant of the sample in 100 nm group
after removal torque test. SEM image (×20,000) (c) and comparative elemental mapping (×2,000) (d) of the thread area of implant of the
sample in 100 nm group after removal torque test showing Ca ion besides Ti and O.

is that there exists three-dimensional space where fluid can
freely flows, enabling active ion exchange that is essential for
sufficient nutritional supply and cell signaling cascade. As the
diameter of TiO

2
nanotube becomes longer therewill bemore

interconnecting space; therefore the surface area of 100 nm is
three times larger than that of 30 nm, leading to positive cell
responses [23, 25].

This study has several limitations: small sample size
for each group, placement of implant in femur which is
long bone instead of maxillary or mandibular bone, and a
variation of bone thickness in different area of femur [50].
However, we clearly showed the mechanical and histological
difference in osseointegration depending on the diameter

of TiO
2
nanotube and healing period. Not only does TiO

2

nanotube surface direct fate of osteoblasts during osteoge-
nesis in early healing period after implant placement but
also three-dimensional spaces inside the nanotubes might be
used as a mediator, conveying specific medication or growth
factors. Therefore, further study regarding treatment of TiO

2

nanotube surface would be required.

5. Conclusion

Within the limitations of experiment, the highest mean
of new bone area (%) and the highest mean of removal
torque value were observed in 30 nm experimental group
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and in 70 nm experimental group at 2 weeks and 6 weeks,
respectively. Also, in comparative elemental analysis, bone
compositionswere foundon the implant side of bone-implant
interface, confirming that new bone formation had occurred.
Based on the results described above, it can be suggested that
difference in diameter of TiO

2
nanotube may influence new

bone formation andosseointegration in rats and therefore can
be further utilized for clinical application.
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