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Abstract

osteoconductivity.

Purpose: Antibacterial iodine-supported titanium has an anodized oxide layer; thus, it can be expected to have a
higher osteoconductivity than untreated titanium. This study aimed to compare the osteoconductivity between
untreated titanium (Ti), anodically oxidized titanium (AO-Ti), and iodine-supported titanium (I-Ti) screws.

Methods: The screws were inserted into the vertebral bodies of 30 dogs (12 for the biomechanical, and 18 for the
histological examination). The vertebral bodies were analyzed at 4 or 8 weeks after screw insertion. Biomechanically,
rotational torque of the screw was measured. Histologically, bone formation index (ratio of the length of the part
where the bone directly contacts with the length of the screw) and bone volume density (ratio of the area of the
bone tissue to the area between the threads of the screw) were measured.

Result: At 4 weeks, the torque value was significantly higher in the AO-Ti (0.59+ 0.16 Nm) and I-Ti (0.72 + 0.14 Nm)
groups than in the Ti group (0.39 +0.12 Nm), with the AO-Ti and I-Ti groups showing no significant difference.
Bone formation index was significantly higher in the AO-Ti (72.5% + 0.8%) and I-Ti (73.4% + 1.5%) groups than in the
Ti group (64.6% +1.7%), with the AO-Ti and I-Ti groups showing no significant difference. Bone volume density did
not show a significant difference. At 8 weeks, the results were similar to those at 4 weeks.

Conclusions: I-Ti had a higher osteoconductivity than Ti, indicating that iodine coating did not adversely affect
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Background

For the prevention of surgical site infection, innovative
technologies such as silver coating, copper coating, gold
coating, and fluorine coating on titanium implant sur-
faces has been attempted [2, 11, 14, 17]. In our institu-
tion, antibacterial iodine-supported titanium has been
developed. One of the advantages is that iodine is con-
sidered to be safer than heavy metals, because it is
physiologically used in the thyroid and excreted in the
kidney [13, 16]. To make iodine-supported titanium,
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first, titanium is anodically oxidized so that the micro-
porous structure appears on its surface, and second, the
microporous structure is filled with povidone-iodine
using special techniques [3].

According to the previous reports, anodically oxidized
titanium showed excellent osteoconductivity on the
metal surface [5, 7, 9, 10, 19]. Given that iodine-
supported titanium also has an anodized oxide layer, it
can be expected to have a higher bone conductivity than
untreated titanium.

In the rabbit model, a study using a titanium cylin-
drical rod with a smooth surface compared the osteo-
conductivity between untreated titanium, anodically
oxidized titanium, and iodine-supported titanium. In this
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study, anodic oxidized titanium and iodine-supported ti-
tanium showed a higher osteoconductivity than the un-
treated titanium histologically and biomechanically [15].
On the other hand, histological or biomechanical investi-
gations of the screws having more complicated shapes
than the cylindrical rods have not been conducted. Clin-
ically, screws are frequently used in surgery; thus, inves-
tigation using screws is highly significant.

The purpose of the present study was to compare the
osteoconductivity between untreated titanium, anodi-
cally oxidized titanium, and iodine-supported titanium
screws inserted into the vertebral body biomechanically
and histopathologically. In a previous report, iodine-
supported titanium implants showed clinically excellent
antimicrobial activity, osteoconductivity, and biocom-
patibility; thus, it was hypothesized that the osteocon-
ductivity of I-Ti is higher than that of Ti and
comparable to that of I-Ti [16].

Methods

This study was designed for biomechanical and histo-
logical investigation by animal experiments. This study
was conducted with approval from the Committee of
Animal Care and Experimentation at Kanazawa University
(Kanazawa, Japan, AP-163763). The animals used in this
study were 1-year-old female beagle canines (body weight
10-12 kg) purchased from Japan SLC (Shizuoka, Japan).
The dogs were housed separately in a stainless-steel cage,
fed per the institutional animal care program feeding
standard operating procedure, and provided with access
to water ad libitum.

Implant preparation

The implants used in this study were screws for spinal in-
strumentation with a length of 20 mm and a diameter of
3.5mm (Vertex®, Medtronic Sofamor Danek, Memphis,
TN, USA). The screw materials were untreated Ti-6Al-4
V titanium (Ti), Ti with anodic oxide layer on the surface
(AO-Ti), and AO-Ti with iodine supported on the same
anodic oxide layer (I-Ti). The iodine supports were pro-
duced by the Chiba Institute of Technology (Narashino,
Japan) using a technique described by Hashimoto [3]. The
thickness of the anodic oxide layer was between 5 and
10 um with > 50,000 pores/mm?, which had the capacity
to support 10-12 pg/cm? of iodine. All screws were proc-
essed by Promedical Instruments Company (Kanazawa,

Japan).

Implantation

Thirty female, 1-year-old beagle dogs were used in this
study. Twelve dogs were used for the biomechanical
examination, and 18 dogs were used for the histological
examination. Dogs were anesthetized using an intraven-
ous injection of propofol, inhalation anesthesia of
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nitrous oxide, and intramuscular injection of carprofen.
All surgery was performed by the same surgeon (first au-
thor). A longitudinal skin incision was made in the mid-
dle of the back, and the fascia and paravertebral muscle
were carefully retracted to expose the vertebral body.
Screws with a length of 20 mm and a diameter of 3.5
mm were inserted directly into the vertebral bodies.
Screws were inserted into L1 to L6 vertebral bodies (one
screw was inserted into each vertebral body). With refer-
ence to previous reports, the vertebral bodies were re-
moved at 4 or 8weeks after implantation [10]. After
propofol (3 mg/kg) was intravenously administered to
sedate the animal, 20 mL of 1 M potassium chloride was
administered intravenously for sacrifice. The insertion
position of the screw was checked on the X-ray image.
The specimens were examined if the screw was in con-
tact with the cancellous bone only, and excluded if the
screw was in an inappropriate position, i.e. any part of
the screw was in contact with the cortical bone (Fig. 1).

Biomechanical examination

Each vertebral body for biomechanical examination was
fixed in polyethylene resin. The screw was fixed to a
screwdriver and attached longitudinally to the load cell.
Then, the torque value of the screw was measured using
the torque meter MAX-T200NM (JAPAN INSTRU-
MENTATION SYSTEM CO,, Ltd.). The torque examin-
ation was performed at the rate of 60°/sec until the
screw turned 360° (65s). The peak of the torque during
the examination was adopted as the maximum torque
value (Fig. 2) [1].

Histological examination
The removed vertebral bodies were fixed with 10% forma-
lin solution and 70% ethanol at room temperature. After
fixation, the samples were fixed in methyl methacrylate
resin, and specimens were ground to a thickness of 30 pm.
The specimens were stained with Villanueva bone stain.
Bone formation and bone contact around the screw
were evaluated with an optical microscope. According to
previous reports, the bone formation index and the bone
volume density were analyzed through a histologic
evaluation. The bone formation index was defined as the
percentage of the length of bone contact on the surface
of the screw to the total length of the surface of the
screw (Fig. 3) [18]. The bone volume density was defined
as the percentage of the area of the bone in the area be-
tween the threads of the screw (Fig. 4) [8]. Image | [12]
was used for the analysis in this study. The bone forma-
tion index and bone volume density of Ti, AO-Ti, and I-
Ti screws were compared at 4 and 8 weeks after screw
insertion. Two thread points nearest to the tip of the
screw in each specimen were also used for the measure-
ment (Fig. 5).
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contact with cortical bone (the arrow in the lower image)
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Fig. 1 X-ray image of specimen. The insertion position of the screw was checked by an X-ray image. Specimens were adapted for examination if
the screw was in contact with cancellous bone only (upper image), and excluded as an inappropriate position if any part of the screw was in

Statistical analysis

The data were statistically analyzed using the Steel-
Dwass test to make the following comparisons: Ti vs.
AO-Ti, Ti vs. I-Ti, and AO-Ti vs. I-Ti using the software
R version 3.3.0 (Copyright® 2016 The R Foundation for
Statistical Computing). The differences were considered
significant at the 95% confidence level (P <0.05). After
the examinations, the post hoc effect size (Pearson’s cor-
relation coefficient; r) and the actual power of the sam-
ples were calculated using G-power software (Franz
Faul, Univesitat Kiel, Germany).

Results

Biomechanical examination

For the biomechanical test, 12 vertebral bodies (2 dogs)
were removed from L1-L6 at 4 and 8 weeks after screw in-
sertion in each group (Ti, AO-TI, and I-Ti). Inappropriate

specimens, such as those with poor insertion position of
the screw, were excluded. Hence, the number of samples
actually adopted for the biomechanical examination was
10 for the Ti and AO-Ti groups and 9 for the I-Ti group
at 4 weeks after screw insertion, and 9 for the Ti group
and 10 for the AO-Ti and I-Ti groups at 8 weeks after
screw insertion.

At 4 weeks after screw insertion, the maximum torque
value of the AO-Ti group (0.59+0.16 Nm) and I-Ti
group (0.72 + 0.14 Nm) was significantly higher than that
of the Ti group (0.39 £ 0.12 Nm) (p < 0.05), with the AO-
Ti and I-Ti groups showing no significant difference
(Steel-Dwass test). At 8weeks, significant differences
were found between the Ti (0.46 + 0.08 Nm) and AO-Ti
(0.68 + 0.06 Nm) groups, and between the Ti and I-Ti
(0.73+0.15Nm) groups (p<0.05) (Steel-Dwass test)
(Fig. 6).
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Fig. 2 Maximum torque value. The torque value was measured continuously. The torque value reached the maximum at the moment when the
screw began to rotate, and the value at that time was defined as the maximum torque value

Histological examination

None of the specimens were excluded in the histo-
logical evaluation. Three vertebral bodies were ana-
lyzed at 4 and 8weeks in each group. At 4 weeks
after screw insertion, the bone formation index of the
AO-Ti (72.5% +0.8%) and I-Ti (73.4% + 1.5%) groups
was significantly higher (p <0.05) than that of the Ti
group (64.6% * 1.7%), with the AO-Ti and I-Ti groups
showing no significant difference (Steel-Dwass test).
At 8 weeks after screw insertion, the bone formation
index of the AO-Ti (77.1% +1.0%) and I-Ti (80.0% +

1.8%) groups was also significantly higher than that of
the Ti group (68.4% + 2.0%), with the AO-Ti and I-Ti
groups showing no significant difference (Steel-Dwass
test) (Fig. 7).

The percentage of bone volume density was not sig-
nificantly different between the Ti, AO-Ti, and I-Ti
groups at 4 weeks (Ti group: 64.9% + 4.9%, AO-Ti group:
53.8% +3.2%, I-Ti group: 56.7% + 1.9%) and 8 weeks (Ti
group: 49.0%% + 2.4%, AO-Ti group: 60.1% +4.9%, 1-Ti
group: 63.4% + 4.5%) after screw insertion (Steel-Dwass
test) (Fig. 8).

screw (green line) was termed bone formation index
A\

Fig. 3 Bone formation index. The ratio of the length of the part where the bone is in direct contact (yellow line) with the length of the inserted
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termed bone volume density

Fig. 4 Bone volume density. The ratio of the area of the bone tissue (yellow area) to the area between the threads of the screw (green area) was

Discussion
In our results, the torque value and the bone formation
index of I-Ti were significantly higher than those of Ti
and comparable to those of AO-Ti, and the bone volume
density showed a similar tendency, although there was
no statistically significant difference. This result supports
the hypothesis that the osteoconductivity of I-Ti is
higher than that of Ti and comparable to that of AO-Ti.
There are several reports that showed the good osteo-
conductivity of anodically oxidized titanium. Anodically
oxidized titanium has a porous and moderately rough

structure on the surface, and the surface topology may
play an important role in the enhancement of the bone-
bonding ability. Liang et al. showed that bone formation
was observed on the surface of anodically oxidized titan-
ium directly without intervening the soft tissue [10].
Iwai-Yoshida et al. reported that, on the surface of anod-
ically oxidized titanium, osteogenic gene expressions and
nano-biomechanical properties are enhanced [5]. Kim
and Ramaswamy reported that the anodically oxidized
layer made by anodizing at a high voltage is electrically
charged, which also improves the bone reaction and

Fig. 5 The screw threads used for the histological evaluation. Samples were stained after grinding on the long axis of the screw. The two threads
of a screw nearest to the tip were used for histological evaluation (red circles)
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Fig. 6 Results of biomechanical examination (maximum torque value). At 4 and 8 weeks after screw insertion, the maximum torque value of the
AO-Ti and I-Ti groups was significantly higher than that of the Ti group (p < 0.05). There was no significant difference found between the AO-Ti
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enhances the crystallinity of the oxide [7]. Wang and Li
showed that an anodically oxidized titanium surface is
covered with a layer of mineral in a simulated body fluid
[19]. In our study, AO-Ti and I-Ti had a significantly
higher osteoconductivity than Ti, indicating that the anod-
ized layer on the surface of our implant had excellent bio-
compatibility as reported in previous studies. Previously,

Taga et al. showed that I-Ti has a higher pull-out strength
than Ti using a cylindrical rod [15]. In our study, we com-
pared the torque values between Ti, AO-Ti, and I-Ti using
screws and showed that AO-Ti and I-Ti had higher torque
values than Ti. This result suggested that AO-Ti and I-Ti
had biomechanical advantages over Ti even when a com-
plex shape, such as a screw, was inserted into the bone.
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Fig. 7 Results of histological examination (bone formation index). At 4 and 8 weeks after screw insertion, bone formation index of the AO-Ti and
I-Ti groups was significantly higher than that of the Ti group (p < 0.05). There was no significant difference found between the AO-Ti and
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between the Ti, AO-Ti, and I-Ti groups at 4 and 8 weeks after screw insertion
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Iodine-supported titanium was originally developed for
the purpose of preventing infection as an antibacterial im-
plant. Shirai et al. cultivated Staphylococcus aureus and
Escherichia coli on stainless steel, untreated titanium, and
iodine-supported titanium implants, and showed that both
S. aureus and E. coli formed fewer colonies on the iodine-
supported titanium implants than on the stainless steel and
untreated titanium implants [13]. Inoue et al. showed that
on the surface of the iodine-supported titanium Kirschner
wire inserted into the femur of rats inoculated with S. aur-
eus, both viable bacteria and biofilm were lesser than those
of the untreated titanium and anodized titanium wires at
24, 48, and 72 h after insertion [4]. Although our study did
not analyze the antimicrobial activity of I-Ti, we used im-
plants that were made in the same process as that of the
previous reports. Therefore, it was considered that the I-Ti
implant used in our study had an antibacterial activity
equivalent to that shown in the previous reports.

Iodine-supported titanium is made by filling the
microporous composite of the anodically oxidized layer
with povidone-iodine [3]. Given that iodine-supported
titanium has a microporous structure through anodic
oxidation on its surface, an excellent osteoconductivity
is expected if the encapsulation of povidone-iodine does
not have adverse effects.

When using povidone-iodine, toxicity, such as sup-
pression of cell proliferation and povidone iodine-
induced burn, is a concern. However, it has been previ-
ously shown that iodine-supported titanium has excel-
lent biocompatibility. In basic research, Shirai et al.
showed that, when culturing fibroblasts on stainless
steel, titanium, and iodine-supported titanium discs,

colony formation was not inhibited in either group, and
there was a good osteoid formation on the surface of the
iodine-supported titanium pin inserted into the femora
of the rabbit [13]. Clinically, Tsuchiya et al. reported that
none of the iodine-supported implants showed loosening
in patients with postoperative infection or compromised
status [16]. Kabata showed that good bone formation
was observed around the iodine-supported hip pros-
thesis used for patients with a compromised status or
pyogenic arthritis [6]. These reports show that the
iodine-titanium implant has a minimum adverse influ-
ence in clinical use. Our results also showed that the ad-
verse effects of povidone-iodine were minimal.

Although our findings showed that I-Ti had a higher
osteoconductivity than Ti biomechanically and histologi-
cally, our study still had some limitations. First, the sample
size was small in consideration of the highly invasive surgical
procedures. Second, the screws inserted into the vertebral
bodies were not connected by rods to eliminate factors, such
as loosening due to an external force; thus, they were not
suitable for clinical use in spinal surgery. Further investiga-
tion is required to determine the biomechanical advantages
of I-Ti implants in clinical use with dynamic factors.

Conclusions

The iodine-supported titanium (I-Ti) implant had a higher
osteoconductivity than the titanium implant both bio-
mechanically and histologically. This result indicated that
coating anodically oxidized titanium with iodine did not
negatively influence the osteoconductivity. In addition to
the prevention of surgical site infection, I-Ti can also be
expected to decrease the loosening of the screws.
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