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Objective: This study evaluated the effect of cyclic pre-calcification treatment
on the improvement of bioactivity and osseointegration of Ti-6Al-4V miniscrews. Methods: The experimental groups were: an untreated group (UT), an
anodized and heat-treated group (AH), and an anodized treatment followed
by cyclic pre-calcification treatment group (ASPH). A bioactive material with
calcium phosphate was coated on the mini-screws, and its effects on bioactivity
and osseointegration were evaluated in in vitro and in vivo tests of following
implantation in the rat tibia. Results: As a result of immersing the ASPH group
in simulated body fluid for 2 days, protrusions appearing in the initial stage
of hydroxyapatite precipitation were observed. On the 3rd day, the protrusions
became denser, other protrusions overlapped and grew on it, and the calcium
and phosphorus concentrations increased. The removal torque values increased
significantly in the following order: UT group (2.08 ± 0.67 N·cm), AH group
(4.10 ± 0.72 N·cm), and ASPH group (6.58 ± 0.66 N·cm) with the ASPH group
showing the highest value ( p < 0.05). In the ASPH group, new bone was
observed that was connected to the threads, and it was confirmed that a bony
bridge connected to the adjacent bone was formed. Conclusions: In conclusion,
it was found that the surface treatment method used in the ASPH group
improved the bioactivity and osseointegration of Ti-6Al-4V orthodontic miniscrews.
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INTRODUCTION
The use of mini-screws for orthodontic treatment allows the operator to simply proceed with the implantation process and apply orthodontic force immediately
after implantation. In addition, since the use of an
extraoral device can be excluded, this does not depend
on the patient’s cooperation.1,2 It is easy to adjust the
strength of the orthodontic anchorage and the direction
of traction depending on the situation, and various uses
are possible through the combination of teeth intrusion,
extrusion, protraction, retraction, maintenance, and intraoral devices.3 From the patient’s point of view, miniscrews are non-invasive compared to dental implants,
have less discomfort than an extraoral device, and do
not interfere with life because they are invisible.4,5 However, orthodontic mini-screws have low stability because
they acquire retentiveness through mechanical bonding.
When titanium orthodontic mini-screws are implanted, about 10% of them fail, with most failures occurring within 1–2 months after implantation, and 90% of
failures occurring within 4 months.6 To improve these
problems and increase the clinical success rate, coating
of the titanium orthodontic mini-screws with bioactive ceramic material or hydroxyapatite, a component
of bone, has been used to impart surface activity.1,7-9
However, these methods induce osseointegration at the
initial stage of implantation, and it is difficult to obtain
bond strength between the coating layer and the underlying titanium. Reports have demonstrated that the
coating layer that forms thickly on titanium is weak and
can be easily peeled off from the surface.10,11
For this reason, several studies have investigated the
effect of hydroxyapatite coating on titanium mini-screws
and surface treatment methods in which the coating layer does not easily peel off. A surface treatment
method of forming nanotube-structured TiO2 layers on
the titanium mini-screws and then applying a nanothick bioactive coating layer by synthetic hydroxyapatite
deposition has been introduced.12,13
This study investigated the use of a bioactive surface
on the Ti-6Al-4V alloy orthodontic mini-screws in terms
of its ability to obtain retention through mechanical interlocking and enhancement of osseointegration in the
short-term. In vitro and in vivo experiments were conducted to evaluate the effect of cyclic pre-calcification
on bioactivity and osseointegration.

MATERIALS AND METHODS
Preparation of specimens
In this study, a Ti-6Al-4V extra low interstitials (ELI)
alloy plate with a thickness of 100 μm was cut into 10
mm × 10 mm specimens and used for cytotoxicity test-
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ing and X-ray diffraction analysis. For the orthodontic
mini-screws used in the in vivo test, a 4-mm Ti-6Al-4V
ELI alloy rod (Fort Wayne Metals Research Products Co.,
FortWayne, IN, USA) was computer numerical control
(CNC) machined (Cincom L20; Citizen Machinery Co.,
Ltd., Miyota, Japan), and mini-screws with a thread
diameter of 1.4 mm × length of 3.3 mm were manufactured by a specialized company (Doiff Co., Suncheon,
Korea).
Surface treatment
To create a nanotube structured TiO2 layer on the
surface of the specimens, a platinum plate and a specimen were connected to the anode and cathode of a DC
power supply (Inverter Tech Co., Ltd., Gwangju, Korea),
respectively. Anodization was performed for 1 hour at
a voltage of 20 V and a current density of 20 mA/cm2,
and aqueous electrolyte solution was used by including
1 wt.% NH4F, 20 wt.% H2O, and 79 wt.% glycerol.
Anodized specimens were immersed in 0.5 vol% silica
aqueous solution for 5 minutes and dried at 100°C for
1 hour. After that, the specimens were alternately immersed in 0.05 M KH2PO4 aqueous solution and 0.01 M
Ca(OH)2 aqueous solution at 90°C at 1 min/cycle, and
cyclic pre-calcification was performed 20 times. Then,
the specimens were raised to 500°C at a heating rate of
10°C/min for 2 hours in an electric furnace for removal
of impurities and structural stabilization of the nanotube TiO2 layer and the Ca-P layer. The three types of
groups are summarized in Table 1.
Surface analysis
The crystal phase of the surface-treated mini-screws
was analyzed in the 2θ range, from 10° to 90° using an
X-ray diffractometer (XRD; X’PERT-PRO Powder; PANalytical Co., Almelo, The Netherlands). The morphological
microstructure of the surface-treated specimens that
were immersed in simulated body fluid (SBF) for 1, 2,
and 3 days were analyzed with a field emission scanning
electron microscope (FE-SEM; SUPRA40VP; Carl Zeiss
Co., Oberkochen, Germany). The change in the concentration of the surface layer element immersed in SBF for
1, 2, and 3 days was analyzed by energy-dispersive X-ray
Table 1. Experimental groups
Group Anodization Heating Cyclic pre-calcification
UT

No

No

No

AH

Anodization

Heating

No

ASPH

Anodization

Heating

Cyclic pre-calcification

UT, untreated group; AH, anodized and heat-treated
group; ASPH, anodized treatment followed by cyclic precalcification group.
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spectroscopy.

In vitro test
All specimens were autoclaved at 120°C for 20 minutes, immersed in 10 mL of SBF adjusted to a pH 7.4,
and maintained at 37°C and 5% CO2 incubator for 1, 2,
and 3 days, respectively.
The cell culture medium was prepared by adding antibiotics 500 unit/mL (Gibco Co., Waltham, MA, USA) and
fetal bovine serum to alpha minimum essential medium,
and mouse-derived osteoblast cells (MC3T3-E1; American Type Culture Collection, Manassas, VA, USA) were
used. All specimens were used after sterilization with
ethylene oxide (EO) gas, and the cells were cultured at a
temperature of 37°C and 5% CO2 incubator.
The cytotoxicity test was performed on the extraction
medium of the specimens by water-soluble tetrazolium
salt (WST)-8 assay (Enzo cell counting kit-8), which is
one of the methylthiazolyldiphenyl-tetrazoliumbromide
(MTT) tests. 1 × 104 cells were seeded in a 48 well-plate.
Then, the cells were cultured for 1 and 3 days, and the
media was exchanged with the extractionmedium. The
medium was removed from the cultured cells, washed
with phosphate-buffered saline, and 500 µL WST-8 assay reagent was added to each well and incubated for
1.5 hours. The absorbance was measured at the 450-nm
wavelength using the ELISA microplate reader (Model
Spectra MAX PLUS; Molecular Devices, Sunnyvale, CA,
USA) after 200 µL was transferred to the 96-well plate.
In vivo test
Nine male Sprague-Dawley rats (8 weeks old and 230
± 20 g) were used and bred in an animal breeding center
for 1 week. This animal test was conducted in compliance with the Declaration of Helsinki. Ethical clearance
was approved by the Institutional Animal Care and Use
Committee of the Jeonbuk University Laboratory Animal
Center (JBNU 2020-0124). All groups used six miniscrews each, and they were sterilized with EO gas for 24
hours before implantation.
The rats were given general anesthesia by intramuscular injection of 0.1 mL/kg tiletamine and zolazepam
(Zoletil 50; Virbac Laboratories, Carros, France) and 0.1
mL/kg xylazine hydrochloride (Rompun, Bayer Korea,
Seoul, Korea). Additionally, 0.1–0.2 mL/kg of 2% lidocaine with 1:100,000 epinephrine (lidocaine-HCl; Huons,
Seoul, Korea) was injected under the skin of the surgical
site for local anesthesia. An incision was made on the
lateral side of the tibia below the femur on both sides
of the rat, and the skin and muscle were separated. Selftapping of the sterilized mini-screws, one each on the
distal side under tibia epiphysis, was vertically implanted
into the bone. The rats were sacrificed by isoflurane
(Hana Pharm Co., Ltd., Hwaseong, Korea) at 4 weeks af-
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ter implantation.
The removal torque of the mini-screws was measured
using a digital torque gauge (9810P; Aikoh Engineering Co., Osaka, Japan) with a precision of 0.1 N.cm
after sacrificing the experimental rats at 4 weeks. After
measuring the removal torque values, the surface of the
mini-screws was observed by FE-SEM.
The bone blocks around the mini-screws were removed
from the sacrificed rats and histologically observed. After
fixation in 10% formalin solution for 2 days, they were
washed with water and immersed in Villanueva solution (Polysciences, Inc., Warrington, PA, USA) for 3 days
to stain the bone tissue. The stained bone blocks were
dehydrated by increasing the concentration of ethanol
(80, 90, 95, and 100%) and 100% acetone. It was then
embedded by polymerization in methyl methacrylate
with 2 wt.% benzoyl peroxide (Sigma-Aldrich, St. Louis,
MO, USA) at 35°C for 1 day. The final specimens were
polished to 40 μm thickness and observed with an optical microscope (DM2500; Leica Microsystem, Wetzlar,
Germany).
Statistical analysis
Statistical analysis of the test results was conducted
using SPSS 12.0 software (SPSS, Chicago, IL, USA). The
significant difference between groups of the measured
data was analyzed by one-way analysis of variance
(ANOVA) with Tukey’s post hoc test (p < 0.05).

RESULTS
Bioactivity analysis by immersion in SBF (Figure 1,
Table 2)
There was no difference between the 1-day immersed
surface (Figure 1A and 1D) and the non-immersed ASPH
surface. After 2 days of immersion, protrusions appearing in the initial stage of hydroxyapatite precipitation
were observed (Figure 1B and 1E), and on the 3rd day,
the protrusions became more densified, growth occurred
in the thickness direction (Figure 1C and 1F), and Ca
and P concentrations increased (Table 2). From the 2nd
day, bone-like apatite nanocrystals were observed in the
shape of a needle on the high-magnification images
(Figure 1E and 1F).
XRD analysis (Figure 2)
The Ti peaks were commonly observed in all groups.
Ti and TiO2 peaks were observed in the AH and ASPH
groups. Hydroxyapatite and octa calcium phosphate
peaks were additionally observed in the ASPH group.
Cell cytotoxicity test (Figure 3)
There was a significant difference between the UT
(0.462 ± 0.008) and the AH (0.314 ± 0.009) group, and
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1 day

2 days

A

3 days

B

C

10 m

D

10 m

10 m

E

F

1 m

1 m

1 m

Figure 1. FE-SEM images (×5,000 in top row and ×50,000 in bottom row) of ASPH group immersed in SBF for 1 day (A, D),
2 days (B, E), and 3 days (C, F).
FE-SEM, field emission scanning electron microscope; ASPH, anodized treatment followed by cyclic pre-calcification;
SBF, simulated body fluid.
Table 2. Analysis results of Ca and P concentrations on
the surface immersed in SBF for 1, 2, and 3 days
P (wt.%)
5.54
13.01
15.57

Ca/P (at.%)
1.36
1.47
1.51

a significant difference was also found between the UT
and the ASPH (0.308 ± 0.011) group at 1 day (p < 0.05).
On the 3rd day, there was a significant difference between the UT (1.312 ± 0.106) and the AH (0.500 ± 0.018)
group, and there was a significant difference between
the AH and the ASHP (1.048 ± 0.032) group (p < 0.05),
but there was no significant difference between the UT
and the ASPH group (p > 0.05).
Measurement of removal torque and surface analysis of
removed mini-screws (Figures 4 and 5)
The values significantly increased in the following order: UT (2.08 ± 0.67 N·cm), AH (4.10 ± 0.72 N·cm), and
ASPH (6.58 ± 0.66 N·cm) groups, and the ASPH group
showed the highest value (p < 0.05).
The mini-screws of the UT group showed no adhesion
to bone material and interfacial fracture. Only uniform
directional machining traces generated by CNC machin-
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Intensity

Group
Ca (wt.%)
1-day immersion
9.75
2-day immersion
24.71
3-day immersion
30.37
SBF, simulated body fluid.

Hydroxyapatite
Octacalcium phosphate
TiO2
Ti

UT
AH
ASPH

20

30

40

50
60
2Theta (degree)

70

80

Figure 2. X-ray diffraction analysis of UT, AH, and ASPH
groups.
UT, untreated group; AH, anodized and heat-treated
group; ASPH, anodized treatment followed by cyclic precalcification group.
ing were observed (Figure 5A and 5D). The AH (Figure
5B and 5E) and ASPH (Figure 5C and 5F) mini-screws
showed bone material that was locally attached to the
surface of the screw, and cohesive and interfacial fractures were mixed. The pattern was well observed in the
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MTT assay absorbance at 450 nm

1.6

UT

UT
AH
ASPH

1.4

*

*

AH

A

ASPH

B

C

1.2
1.0
0.8
0.6

*

*

0.4

D

1 mm

1 mm

1 mm

0.2

E

F

0
1 day

3 days

Figure 3. Cytotoxicity test of MC3T3-E1 osteoblast cells
in the UT, AH, and ASPH groups for 1 and 3 days (MTT
assay). The results are presented as the means ± standard
deviation.
UT, untreated group; AH, anodized and heat-treated
group; ASPH, anodized treatment followed by cyclic precalcification group; MTT, methylthiazolyldiphenyl-tetrazolium bromide.
*p < 0.05.

Mean removal torque (N cm)

10

*
8

*

500 m

500 m

500 m

Figure 5. Surface morphology (×40) of mini-screws removed after implantation in rat tibia for 4 weeks. UT (A,
D), AH (B, E), and ASPH (C, F) groups. The black squares
show high-magnification images (×100).
UT, untreated group; AH, anodized and heat-treated
group; ASPH, anodized treatment followed by cyclic precalcification group.

*

tially continued along the thread. In the ASPH group
(Figure 6C and 6F), new bone was observed connected
to the threads, and formation of a bony bridge connected to the adjacent bone was observed.

6
4
6.58 + 0.66

2

DISCUSSION

4.10 + 0.72
2.08 + 0.67

0
UT

AH
Group

ASPH

Figure 4. Mini-screws removal torque values of the UT,
AH, and ASPH groups at 4 weeks after implantation. The
results are presented as the means ± standard deviation.
UT, untreated group; AH, anodized and heat-treated
group; ASPH, anodized treatment followed by cyclic precalcification group.
*p < 0.05.

ASPH group.
Histomorphometric analysis (Figure 6)
The new bone was formed between the threads of
mini-screws and the bone interface in all groups. In the
UT (Figure 6A and 6D) and AH groups (Figure 6B and
6E), the new bone did not extend to the thread or par-
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Unlike conventional orthodontic devices, the introduction of titanium orthodontic mini-screws minimizes unwanted tooth movement and makes it possible to apply
orthodontic force in various directions.1-3 However, the
titanium orthodontic mini-screws have the disadvantage
of being easily removed due to inadequate osseointegration.6,14 To improve the clinical success rate, a method
of inducing osseointegration between the bone and the
titanium mini-screws has been proposed.14
The osseointegration of metallic implants is highly dependent on the material structure and texture. Processing often changes not only surface roughness, but also
chemical factors such as wettability, solid/solution residues, and surface charge due to surface oxidation. For
these reasons, it takes a long time for osseointegration
to occur because the surface exhibits bioinert properties.15
The following methods are applied to improve osseointegration by changing the surface of the titanium
orthodontic mini-screws. The first method is to add
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UT

A

D

AH

B

E

other materials to the surface of the mini-screws. One
example is coating with hydroxyapatite or bioactive ceramic particles using the physicochemical method.16,17
The second method is to remove the less reactive surface
layer created during the machining process. This method
includes blasting treatment of high-strength ceramic
particles, chemical acid etching, and electrochemical
etching treatment methods.18-20 The third method is to
change the properties of the mini-screw surface layer by
ion deposition, anodization, laser, and plasma treatment
methods. Typically, surface treatment methods change
the morphology and roughness of the mini-screw surface layer or bond the bioactive materials on the surface.7,21,22
Methods of forming the micro/nanostructures on the
surface of titanium mini-screws to increase their osseointegration ability have been investigated. According to
several studies, the nanostructured surface has a larger
surface area than the microstructured surface, leading
to better osseointegration.19,23 The nanotube TiO2 layer
produced by anodizing treatment has enough space to
store various chemicals, including drugs. The space of
the nanotube can be used as a carrier for delivery of
drugs or bioactive materials. Because the drugs or bioactive materials react on the specific target site, they can
exert a great effect even with small doses. This can reduce the systemic side effects that can occur when taking a large amount of drugs.24,25
Cyclic pre-calcification is one of the surface treat-
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ASPH

C

F

Figure 6. Optical microscope
analysis (×30) after 4 weeks
of mini-screws implantation.
Surface morphology of UT (A,
D), AH (B, E), and ASPH (C, F)
group mini-screws removed
after implantation in rat tibia
for 4 weeks. The black squares
show high-magnification images (×100). The red arrow
indicates osteogenesis.
UT, untreated group; AH,
anodized and heat-treated
group; ASPH, anodized treatment followed by cyclic precalcification group.
ment methods that has been attempted to improve
the bioactivity on the surface of the bioinert titanium
orthodontic mini-screws.26,27 In this method, titanium is
deposited in an aqueous solution containing phosphate
and calcium ions, which are the main components of
hydroxyapatite. The titanium surface induces an acidbase reaction between the TiO2 film layer and the ions.28
Nguyen et al.29 conducted studies in which nanotube
layers were formed on the Ti-6Al-7Nb alloy implant and
then the pre-calcification cycle was performed for 20
cycles in 0.05 M NaH2PO4 aqueous solution at 80°C and
Ca(OH)2 saturated aqueous solution at 90°C. As a result,
the bioactivity and osseointegration of the titanium surface were improved.
The results of our study showing three times higher
removal torque values in the ASPH group than the UT
group after 4 weeks of mini-screw implantation into
the tibia of rats were consistent with findings of other
studies which presented osseointergration was improved
after anodization and cyclic pre-calcification.26,29 The increased removal torque values in the ASPH group may be
attributed to the nanostructured surface that promotes
bonding and contact strength. A previous study also
reported that nanostructured surface promotes longterm bonding and contact strength which may lead to
increased removal torque values and be more conducive
to bone formation.30 Optical microscope analysis showed
that more new bones were generated around the threads
in the ASPH group, and they were uniformly distributed.
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The new bones were connected in the direction of the
basal bone, confirming that osseointegration had increased.31 Osseous tissue materials were also attached to
the surface of the mini-screws after the removal torque
was measured, which is considered to be the result of
stronger bonding of the new bone to the surface of the
mini-screws.
The ASPH group was immersed in the SBF solution
for 1–3 days, and the protrusions shown during the
hydroxyapatite precipitation stage were uniformly distributed on the surface of the mini-screws. In addition,
it was confirmed that the bioactivity was improved according to ISO 23317:2014 by increasing the contents
of Ca and P, which are the main components of hydroxyapatite. Similar conclusions have been reported in
other studies,15 in which the developed specific surface
modifications can successfully improve the bone-bonding ability of titanium.
The effect on biocompatibility was evaluated by examining the cytotoxicity of the nanotube TiO2 layer formation and cyclic pre-calcification treatment method in
this study. Results of the MTT assay demonstrated that
there was no significant difference between the untreated UT group and the ASPH group treated with cyclic
pre-calcification, confirming that there was biocompatibility according to ISO 10993-5:2009. In this study,
the bioactivity and osseointegration were improved as a
result of forming the TiO2 layer on the Ti-6Al-4V orthodontic mini-screws and performing cyclic pre-calcification in KH2PO4 and Ca(OH)2 aqueous solutions.
This study had limitations. First, in the in vivo test, the
results were observed only 4 weeks after the implantation of the specimens. Second, in histological analysis,
in vivo bone regeneration was simply investigated using
only the Villanueva staining method. Therefore, further
studies on the previously described limitations are needed to understand the mechanisms of bone formation.

CONCLUSIONS
In this study, it was investigated that the bioactive
surface of Ti-6Al-4V alloy orthodontic mini-screws
obtained mechanical retention and improved osseointegration. The Ca-P bioactive material was coated on
the surface of the titanium mini-screws by the cyclic
pre-calcification method after the TiO2 nanotubes were
formed. Hydroxyapatite was uniformly distributed on
the surface of the ASPH group immersed in the SBF solution, and the Ca-P content also increased over time.
The removal torque values at 4 weeks after implantation of the surface-treated titanium mini-screws in the
rat tibia were the highest in the ASPH group, and new
bones connected to the threads were observed. It can be
concluded that ASPH groups orthodontic mini-screws
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can be combined with bone in a short period of time
with improved bioactivity. The osseointegration of the
titanium orthodontic mini-screws is considered to be
enhanced by the surface treatment of the nanotubes
coated with Ca-P.
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