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Abstract

Background. Orthodontic mini-implants can undergo corrosion and the release of metal ions can affect
cellular behavior. Osteoclasts are involved in orthodontic tooth movement and implant stability. Osteo-
clasts and their precursors can be exposed to metal ions released from orthodontic mini-implants.

Objectives. This study aimed to investigate the effect of metal ions released from orthodontic mini-
implants on human osteoclastogenesis.

Material and methods. Stainless steel and titanium alloy mini-implants were separately immersed in
culture media for 14 days (days 1-14), and then moved to new media for a further 14 days (days 15—28).
The concentration of the released metal ions was measured. Osteoclast precursors derived from human
(D14* monocytes were cultured in these media and in a control medium without mini-implant immer-
sion. Cell viability, the number of osteoclasts and the area of resorption were investigated.

Results. A higher concentration of metal ions was detected during the first 14 days as compared to the
control. The concentration of these metal ions then declined after this period. The viability of osteoclast
precursors was not affected by the released metal ions. There was a significant reduction in the number
of osteoclasts when cultured in the medium with the titanium alloy mini-implants immersed for days
1-14. The area of resorption was also significantly reduced in this group. The media with the titanium alloy
mini-implants immersed for days 15—28 and with the stainless steel mini-implants immersed for both
study periods did not show statistically significant changes in the number of osteoclasts.

Conclusions. Metal ions were released from orthodontic mini-implants in the early period and declined
thereafter. Metal fons released from titanium mini-implants in the early period inhibited osteoclasto-
genesis, while metal fons from stainless steel mini-implants had no effect on osteoclast differentiation.
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Introduction

Orthodontic mini-implants, also known as orthodon-
tic miniscrews or temporary anchorage devices, have in-
creased in popularity for use in orthodontic treatment in
recent decades. Mini-implants are placed into bone dur-
ing orthodontic treatment to act as skeletal anchorages
in order to provide tooth movement, which is impossible
with the use of tooth-borne anchorages.!

Materials commonly used for orthodontic mini-
implants are titanium or titanium alloy and stainless steel.?
All metals that are in contact with a biological fluid can
undergo corrosion and metal ions are released into the
biological system.>-> Orthodontic mini-implants undergo
corrosion. Metal ions released from orthodontic mini-
implants can be detected locally in the saliva of patients after
mini-implant placement, and also systemically in remote
organs in animal studies.®”

Metal ions can affect various cell types in the human
body, including osteoclasts.®® When mini-implants are
placed into bone, osteoclasts and their precursors can
be exposed to the released metal ions. Osteoclasts are
bone-resorbing cells involved in implant stability; thus,
any disturbance of osteoclast activity can be related to
implant failure.!®!! Osteoclasts are crucial in orthodon-
tic tooth movement and the inhibition of osteoclasts may
compromise tooth movement. In certain situations, the
tooth is expected to move toward the mini-implant dur-
ing the treatment period, such as in retromolar place-
ment for distalization.!? Prolonged effects of metal ions
released from mini-implants on osteoclastogenesis may
affect tooth movement in such cases. In a previous report,
mini-implants were used to create micropores in bone to
accelerate tooth movement.'® In such circumstances, the
teeth are quickly moved toward the sites of the previously
placed mini-implants. It is important to recognize and
better understand factors related to mini-implant stabi-
lity as well as to determine ways of utilizing mini-implants
for different purposes. Therefore, this study aimed to in-
vestigate the effect of metal ions released from orthodon-
tic mini-implants on osteoclastogenesis during different
periods of time.

Material and methods

Preparing culture media with
mini-implant immersion

Titanium alloy (TigAl,V) mini-implants (Renew Biocare
Corporation Asia Pacific, Taipei, Taiwan) and stainless
steel mini-implants (Bio-Ray Biotech Instrument Co.,
Ltd., Taipei, Taiwan) were used in this study. The titanium
alloy consisted of titanium-based metal with 6% alumi-
num, 4% vanadium and trace amounts of other elements.
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The stainless steel mini-implants contained 63% iron,
17% chromium, 14% nickel, 3% molybdenum, 2% manga-
nese, and 1% other elements.

The titanium alloy and stainless steel mini-implants were
separately immersed in culture media containing a-MEM
(Minimum Essential Medium) (HyClone, Logan, USA) at
a ratio of 1 mL/0.1 g and 1 mL/0.2 g, respectively. These
ratios are recommended by the International Standards
Organization (ISO) and the Japanese Ministry of Health,
Labour and Welfare. Both kinds of mini-implants were
immersed in the media for 14 days (days 1-14), and then
moved to new media for another 14 days (days 15-28). The
media were kept in a humidified atmosphere at 37°C dur-
ing the immersion periods. The media from each period
were then collected and divided into 2 parts. One was used
to measure the concentration of metal ions, and the other
was used to culture osteoclasts in order to determine their
number and cell viability, and the area of resorption.

Measurement of metal ion release

The concentration of metal ions was detected using in-
ductively coupled plasma mass spectrometry (ICP-MS)
(iCAP™ RQ ICP-MS; Thermo Fisher Scientific, Bremen,
Germany). The instrument parameters are shown in
Table 1. The concentrations of iron, chromium and nickel
ions — the 3 main components of stainless steel mini-
implants — were measured in the media in which the stainless
steel mini-implants were immersed. The concentrations
of titanium, aluminum and vanadium ions — the compo-
nents of titanium alloy mini-implants — were measured in
the media in which the titanium alloy mini-implants were
immersed.

Osteoclast differentiation

Human osteoclast precursors were derived from mono-
cytes obtained from the peripheral blood of healthy donors.
The protocol was approved by the Ethics Committee of the
Research Institute of Rangsit University, Thailand (RSEC
33/2559) and informed consent was obtained from the sub-
jects. Briefly, 50 mL of peripheral venous blood was collect-
ed from each healthy donor. Peripheral blood mononuclear
cells (PBMCs) were separated through density gradient
centrifugation, using Histopaque®-1077 (Sigma-Aldrich,
St. Louis, USA). CD14* monocytes were further sorted

Table 1. General operational conditions of inductively coupled plasma
mass spectrometry (ICP-MS)

Parameter Value

| Plasma power 1,550 W |
‘ Cool flow 14 L/min ‘
‘ Augxiliary flow 0.8 L/min ‘
‘ Nebulizer flow 1.043 L/min ‘
‘ Dwell time 0.1s ‘
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using human CD14 MicroBeads (Miltenyi Biotec, Auburn,
USA). The cells were then plated on a 96-well plate at
a density of 10° cells per well to determine cell viability and
the number of osteoclasts. For the detection of a resorption
pit, 7 x 10* cells were plated in each well of a 96-well plate
containing dentin slices, 5 mm in diameter, which were
prepared from cylindrical elephant ivory cut to a thickness
of 300 pm, as previously described.!* The cells in each well
were maintained in 50 pL of the culture media in which
the mini-implants were previously immersed or in a medi-
um without mini-implant immersion, which served as the
control. All of the culture media were supplemented with
10% fetal bovine serum (FBS) (Gibco™, Thermo Fisher
Scientific, Rochester, USA), 0.2 mM GlutaMAX™ (Gibco),
100 U/mL penicillin (Gibco), 100 mg/mL streptomycin
(Gibco), 0.25 pg/mL amphotericin B (Gibco), 25 ng/mL
recombinant human receptor activator of nuclear factor
kappa-B ligand (rh-RANKL) (PeproTech Inc., Rocky Hill,
USA), and 25 ng/mL recombinant human macrophage-
colony stimulating factor (thM-CSF) (PeproTech Inc.). The
media were changed every 2—4 days. At least 3 different
lines of osteoclast precursors were used and at least 2 inde-
pendent experiments were performed.

Cell viability assay

The viability of osteoclast precursors was determined
after 20 h of cell culture. Briefly, the cells were incubated
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (USB Corporation, Cleveland,
USA) for 40 min at 37°C with 5% CO,. Formazan crystals
were dissolved with a solubilization agent containing 1:9
dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany)
and glycine buffer (0.1 M glycine/0.1 M sodium chloride;
pH 10). The absorbance of the solution at 570 nm was then
measured using a microplate reader (ELx800™; BioTek
Instruments, Winooski, USA).

Determination of the number
of osteoclasts

After 14 days of differentiation, the cells were stained for
tartrate-resistant acid phosphatase (TRAP) and the num-
ber of osteoclasts in each sample was determined. Briefly,
the cells were fixed with 10% neutral buffered formalin
followed by washing with 95% ethanol. The cells were
then stained for TRAP with 0.1 mg/mL naphthol AS-MX
phosphate (Sigma-Aldrich) and 0.5 mg/mL fast red violet
LB salt (Sigma-Aldrich) in 50 mM sodium acetate buffer
(pH 5.0) containing 50 mM sodium tartrate for 20 min.
After washing, the cells were visualized under bright-field
microscopy. Images were obtained from at least 3 fields
for each culture well with the use of x100 stage objec-
tives (Olympus DP72; Olympus, Tokyo, Japan). Cells that
were TRAP-positive and contained at least 3 nuclei were
counted as osteoclasts.
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Determination of resorptive activity

After 14 days of osteoclast differentiation, the cells were
removed from the dentin slices by sonication in 25-30%
ammonium hydroxide. After washing, the dentin slices
were stained with 1 mg/mL toluidine blue and visual-
ized under bright-field microscopy. Images were obtained
from at least 3 fields for each dentin slice under x100
stage objectives (Olympus DP72; Olympus). The area
of resorption was measured using the measurement tool
in the cellSens software (Olympus).

Statistical analysis

The mean concentration of metalions in the mediain which
the mini-implants were immersed was compared to the con-
trol using the one-sample ¢ test. Cell viability was analyzed
by comparing the mean absorbance value among all groups
using the one-way analysis of variance (ANOVA). The num-
ber of osteoclasts was calculated as fold changes compared
to the control from the same precursor lines. The mean fold
changes in the number of osteoclasts were compared among
all groups using the one-way ANOVA. The least significant
difference (LSD) post-hoc test was performed for any sig-
nificant difference identified with ANOVA. The resorption
area was calculated as a fold change compared to the control
from the same precursor lines. The mean fold change in the
resorption area in the test group was compared to that of the
control using Student’s £ test.

Results

Metal ions released from orthodontic
mini-implants

The presence of metal ions in the media in which the
mini-implants of either material were immersed was con-
firmed. The concentrations of iron, chromium and nickel
ions were significantly higher in the medium with the
stainless steel mini-implants immersed for days 1-14 as
compared to the control (p < 0.01, p < 0.05 and p < 0.01,
respectively) (Table 2). The medium with the titanium alloy
mini-implants immersed for days 1-14 had significantly
higher concentrations of titanium and vanadium ions as
compared to the control (p < 0.01) (Table 2). This indicates
a substantial release of metal ions from the mini-implants
of either material during this period. At days 15-28, the
level of metal ions declined until no significant difference
was observed for all metal ions except titanium ions; their
concentration was significantly higher than in the control
medium (p < 0.01). We were unable to detect any increase
in the concentration of aluminum ions after mini-implant
immersion in either period due to a high background
amount of aluminum ions in the media. Taken together,
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Table 2. Concentration of metal ions in the control medium without mini-implant immersion and the media in which the stainless steel and

titanium alloy mini-implants were immersed [ug/L, ppb]

Group Fe Cr T
control <0.1 <0.02 3.50
‘ SS1-14 9.67** 5.67* 8.83%*
‘ S515-28 <0.1 <0.02 267

Group Ti \% Al

control 1.50 <0.02 138.50
Ti1-14 23.17%* 3.83** 13433 ‘
Ti 15-28 15.33%* 0.33 117.50 ‘

SS - stainless steel; Ti - titanium alloy; 1-14 — days 1-14 of immersion; 15-28 — days 15-28 of immersion;

*p < 0.05 compared to the control; ** p < 0.01 compared to the control.

the results confirm that metal ions were released from the
orthodontic mini-implants of either material. The release
of metal ions was higher during the initial period and de-
creased over time, with a prolonged release of titanium
ions from the titanium alloy mini-implants.

Viability of osteoclast precursors

The number of viable osteoclast precursors indicated
by the absorbance measured after the MTT assay was
not statistically different while comparing the control
medium, the media in which the titanium alloy mini-
implants were immersed and the media in which the stain-
less steel mini-implants were immersed (p = 0.05) (Fig. 1).
This indicates that the presence of metal ions from both
the stainless steel and titanium alloy mini-implants used
in this study was not cytotoxic to osteoclast precursors.
Thus, metal ions influenced the ability of osteoclasts to
differentiate rather than caused cell death, which is con-
firmed by the results presented below, regarding the num-
ber and resorption ability of osteoclasts.

0.25
ns

- ] I I I E
0.00 -

SS1-14  Til-14 SS15-28 Til5-28

IS
"
1

absorbance at 570 nm
(=)
=
1

control

Fig. 1. Viability of osteoclast precursors. The absorbance measured after
the MTT assay indicated no statistically significant differences in the
number of viable cells between all media groups

ns — not significant (p > 0.05).
Data presented as mean + standard deviation (M £SD) (n = 3).

Effect on osteoclastogenesis

There was a significant reduction in the number of os-
teoclasts when cultured in the medium with the titanium
alloy mini-implants immersed for days 1-14 (p < 0.05).

For the medium with the stainless steel mini-implants
immersed for days 1-14, although there was a tenden-
cy toward a reduction in the numbers of osteoclasts,
no significant change was observed (p > 0.05) (Fig. 2).

1 T

L 1.0
on
g *
=
Q
=
L

0.5 1

0.0 =
B control SS 1-14 Ti 1-14 SS 15-28 Ti 15-28

Fig. 2. Changes in the number of osteoclasts. A. Representative images

of the TRAP staining of osteoclasts in the control and mini-implant
immersion media after 14 and 28 days of differentiation. B. The number
of osteoclasts in the mini-implant immersion media was calculated as fold
changes compared to the control. Fold changes in the osteoclast number
compared to the control in SS 1-14, Ti 1-14, SS 15-28, and Ti 15-28 were
0.85 +0.30, 0.49 £0.24, 0.94 +£0.05, and 0.89 +0.20, respectively

* statistically significant (p < 0.05).
Data presented as M +5D (n = 4).
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For days 15-28, no significant change in the osteoclast
number was noted for the mini-implants of either mate-
rial (p > 0.05) (Fig. 2).

The ability of osteoclasts to resorb the mineralized tis-
sue was further researched in the medium with the tita-
nium alloy mini-implants immersed for days 1-14; in this
group there was a significant decrease in the osteoclast
number. It was found that the area of resorption was also
significantly reduced in this case (p < 0.05) (Fig. 3). Col-
lectively, the results indicate that there was a significant
suppression of osteoclastogenesis in the presence of metal
ions released from the titanium alloy mini-implants at
days 1-14.

o 1.0

)

g

=

[}

=} *

=}
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0.5 T
0.0

B control Ti 1-14

Fig. 3. Changes in the area of resorption. A. Representative images

of resorption pits on the dentin slices in the control medium compared
to the medium with the titanium alloy mini-implants immersed for days
1-14. B.The area of resorption of the osteoclasts cultured in the medium
with the titanium alloy mini-implants immersed for days 1-14 was
calculated as a fold change compared to the control. A fold change in
the area of resorption in the Ti 1-14 group compared to the control was
0.31 £0.26.

* statistically significant (p < 0.05).
Data presented as M £5D (n = 3).

Discussion

The results of this study confirm that metal ions were
released from both stainless steel and titanium alloy
orthodontic mini-implants. After the initial release, it is
possible that soluble metal ions transformed into solid
corrosion precipitates, which may have lowered the con-
centrations of metal ions detected in the solution over
time. However, a previous study indicated that within
a 28-day period, the level of metal ions released from
titanium alloy mini-implants continued to increase with
longer immersion durations from 1 day to 28 days.'®
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In this study, the release of metal ions from orthodon-
tic mini-implants was found to be higher when the mini-
implants were initially in contact with the media and
decreased over time. This could be due to the formation
of a thin barrier film on the surface of the initially corrod-
ed mini-implants, which served to prevent further cor-
rosion of deeper metal atoms.!® Nonetheless, since me-
chanical force may disrupt this barrier layer,'° it should be
noted that when force is applied to mini-implants in the
patient’s mouth, the release of metal ions may continue
beyond the periods investigated in this study.

The stainless steel mini-implants used in this study were
made of type 316L stainless steel from the American Iron
and Steel Institute. This material is recommended by the
American Society for Testing and Materials (ASTM Inter-
national) for use as implant material. Stainless steel 316L
contains molybdenum and has a low carbon content,
which minimizes intergranular corrosion, and also makes
the material more resistant to chlorine-bearing solutions.?

The presence of metal ions at high concentrations can
be cytotoxic to cells,!’~1? but with biocompatible material,
the release of metal ions should not affect cell viability.
This study demonstrated that the concentrations of metal
ions released from the orthodontic mini-implants of ei-
ther material were within a non-cytotoxic range for osteo-
clast precursor cells. This result is consistent with previ-
ous studies which investigated the biocompatibility and
cytotoxicity of orthodontic miniscrews in L929, HaCaT,
HGEF, and U20S cells.}”?° They reported that there was no
cytotoxicity due to titanium mini-implants when in con-
tact with a physiologic pH solution.!”?

Different metal ions may have different effects on osteo-
clasts. However, this study was not designed to separately
evaluate the effect of each type of metal ions. Instead, we
employed the direct elution of orthodontic mini-implants,
so the effect on osteoclasts was from the combination
of various metal ions released in a proportion that corre-
sponded to the corrosion rate of each ion type. This should
represent the release of metal ions in clinical situations, in
which mini-implants are inserted into the patient’s bone.

The results of the present study indicate that metal
ions released from the titanium alloy mini-implants dur-
ing the initial period (days 1-14) had a suppressive effect
on osteoclastogenesis. These results support the findings
of previous studies, which found that titanium ions might
reduce the number of osteoclasts and resorption pits.??2
Vanadium ions were shown to have an inhibitory effect
on osteoclasts in previous studies.!®?2 Metal ions released
from the titanium alloy mini-implants during the later
period (days 15-28) did not affect the number of osteo-
clasts. This could be due to the fact that the concentra-
tions of metal ions found in this period were too low to
have an effect on osteoclasts.

The effect of iron and chromium ions — the com-
ponents of stainless steel — on osteoclasts has been re-
ported previously with conflicting results. Iron ions were
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reported to stimulate osteoclast formation by Jia et al.,®
yet significantly reduced the osteoclast number in a study
by Rousselle et al.?> Chromium was found to have no ef-
fect on osteoclasts when using animal cells,?! whereas
a study using human PBMCs found an inhibitory effect
of Cr® and a biphasic effect of Cr3* on osteoclasts.?* In
the present study, metal ions released from the stainless
steel mini-implants in both study periods were found not
to affect the number of osteoclasts. This could result from
each of these metal ions having no effect on osteoclasts
or the effect on osteoclasts was neutralized, since some
of these metal ions may have an inhibitory effect, while
others have a stimulatory effect. Additionally, since the
concentrations of the ions of each metal producing the ef-
fect on particular cells is varied, it is also possible that the
level of metal ions released from the stainless steel mini-
implants did not reach a sufficient concentration to affect
osteoclasts.

The suppression of osteoclastogenesis by metal ions
from the titanium alloy mini-implants did not result from
the death of monocyte precursors according to cell vi-
ability results (Fig. 1). Therefore, a reduction in the os-
teoclast number must have been a result of disturbance
in the differentiation and maturation process of osteo-
clasts, which is regulated by various mechanisms. Zinc
has been reported to suppress osteoclasts by inhibiting
the Ca?*-calcineurin-NFATc1 signaling pathway.?> Mean-
while, magnesium has been shown to inhibit osteoclasts
through the inhibition of the nuclear factor kappa B
(NF-xB) pathway.?® However, the mechanisms underlying
the inhibition of osteoclasts by metal ions from titanium
mini-implants require further investigation.

Changes in osteoclastic activity may affect mini-
implant stability. It has been reported that the local deli-
very of bisphosphonate — a drug that inhibits osteoclastic
activity — can enhance mini-implant stability.?” Therefore,
the results of the present study suggest that metal ions
released from the titanium alloy mini-implants during the
early period may be one factor that promotes the stability
of orthodontic mini-implants according to their inhibit-
ing effect on osteoclastogenesis.

Early mini-implant loading is beneficial in terms of re-
ducing treatment time; however, stability is of concern in
instances of early loading. Previous studies reported that
the early loading of orthodontic force onto mini-implants
did not compromise their stability as compared to delayed
loading.?®?° The results of this study also support the early
loading of the titanium alloy mini-implants, since a de-
crease in osteoclastic activity should minimize the likeli-
hood of the loosening of mini-implants during the first
2 weeks.

Recently, orthodontic mini-implants have been re-
ported to be used for micro-osteoperforation to acceler-
ate tooth movement.'>% In this procedure, mini-implants
are placed and removed at the alveolar bone adjacent to
the teeth to create microperforations prior to rapid tooth
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movement toward the mini-implant sites. Since the stimu-
lation of osteoclasts is expected at mini-implant place-
ment sites following this procedure, stainless steel mini-
implants would be preferred according to the results
of this study.

After 2 weeks, the release of metal ions from orthodontic
mini-implants decreased until no effect on osteoclasts was
observed for the mini-implants made of either material.
According to this result, in certain cases in which the teeth
must be moved toward mini-implants during treatment,
such as in retromolar placement for molar distalization,
after a 2-week period, metal ions from the mini-implant
should no longer affect osteoclasts and tooth movement.

Conclusions

This study demonstrated that metal ions were released
from stainless steel and titanium alloy orthodontic mini-
implants at non-cytotoxic levels for osteoclast precursor
cells. The release of these metal ions was found to be higher
during the initial period, but then declined over time.
Finally, metal ions released from titanium mini-implants
during the initial period inhibited osteoclastogenesis,
while metal ions from stainless steel mini-implants were
found not to affect osteoclast differentiation.
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