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Abstract: Objective: This study aimed to examine the surface morphology and physical properties of micro-screws
following micro-arc oxidation surface treatment, and to verify the findings using an animal experimental model.
Methods: A comparative analysis was conducted between micro-arc oxidized micro-screws (Group B) and conven-
tional micro-screws (Group A). Suitable animal subjects were selected in accordance with experimental criteria.
All experimental measured data were subjected to statistical analysis. Results: 1) The threaded portion of micro-
screws in Group B exhibited better wettability and roughness compared to those in Group A, along with good coating
adhesion. 2) Both the new bone mass and bone combination rate for Group B micro-screws showed an upward
trend. Conclusion: The study demonstrated that micro-arc oxidation treatment enhanced the surface wettability and
roughness of the micro-screws and significantly increased bone formation, suggesting improved stability following

treatment.
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Introduction

The design and control of orthodontic support
are directly linked to treatment efficacy. Tra-
ditional orthodontic support often yields un-
certain results. The introduction of various
implant support systems has enhanced the
design of traditional orthodontic support,
broadened its, and marked a turning point
for orthodontic concepts as well as clinical
diagnosis and treatment. Due to their small
size, flexibility in implantation, ease of opera-
tion, and minimal mucosal damage to patients,
micro-screws are widely favored in orthodontic
treatment [1].

However, micro-screw dislodgement remains a
challenge for both doctors and patients. Stu-
dies have reported a success rate of only 74%
for micro-implant microscrews [2], and their
stability is influenced by multiple factors, such
as material composition, shape, implantation
site, loading time, patient’s bone quality, and
oral hygiene [3-5].

In recent years, researchers worldwide have
explored various implant surface treatments to
enhance the osseointegration and stability of
the implant. These treatments include acid-
etching, sandblasting, hydroxyapatite coating,
micro-arc oxidation, and ultraviolet light func-
tionalization [6-8]. Among these, micro-arc oxi-
dation (MAO) technology has emerged as one
of the most widely adopted implant surface
modification techniques owing to its ease of
operation, low cost, and the ability to precisely
and effectively adjust the microstructure and
elements of the prepared surface coatings.
This process significantly improved the biocom-
patibility and osteoconductivity of pure titanium
implants [9].

MAQO, also referred to as plasma electrolytic oxi-
dation (PEO) or anodic spark deposition (ASD),
is an anodic oxidation process in which a high-
voltage power supply generates instantaneous
high temperatures and voltages on its anode
surface. This leads to arc discharge in the elec-
trolyte, inducing the formation of a bioactive
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TiO, coating on the anode surface [10, 11]. The
newly formed TiO, layer is both porous and
rough, enabling integration with the bone and
firm adhesion to the substrate. This process
enhances the biological properties of the im-
plant and improves interfacial bonding between
the bone tissue and Ti or its alloys. Recent stud-
ies have shown that MAO is highly effective in
modifying Ti implants [12-14].

Materials and methods

Characterization of micro-implant microscrews
after MAO surface treatment

Experimental materials

A total of 60 orthodontic micro-implant micro-
screws (01.5 x 6.0 mm, thread length 6.0 mm,
pitch 0.6 mm) were prepared, produced by
Hangzhou Pute Medical Instrument Co. Group
A (control group) consisted of 30, while Group B
(experimental group) consisted of 30 micro-
screws subjected to MAO surface treatment.

Experimental steps

MAQO surface treatment of micro-implant micro-
screws: The 30 micro-implant microscrews
(Ti-6Al-4V) in Group B were ultrasonically
cleaned in anhydrous ethanol for 5 min. Next,
the threaded part of the micro-implant micro-
screws was subjected to MAO treatment using
a WHD-20 micro-arc oxidation power supply
with the micro-implant microscrew as the an-
ode and the stainless steel electrolytic tank as
the cathode. The treatment parameters were
as follows: voltage 350 V, frequency 600 Hz,
duty cycle 9%, and electrolyte temperature
maintained below 50°C. The electrolyte con-
sisted of an aqueous solution of 0.1 mol/L
Li,B,0, and 0.05 mol/L NaF. The MAO treat-
ment was applied for 10 seconds. Notably,
1/3" of the tips of the microscrews were left
untreated to preserve their strength and shar-
pness.

Detection of surface properties of micro-im-
plant microscrews: A field emission scanning
electron microscope (Supra 55, Germany) was
used to analyze and compare the surface coat-
ing morphology of the threaded part of the
microscrews in both groups. A field emission
electron microprobe (JXA-8530F PLUS, Japan)
was employed to determine the surface ele-
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mental composition. An X-ray diffractometer
(Empyrean, The Netherlands) was used to mea-
sure the surface phase structure of the two
groups of microscrews, while a contact angle
meter (DSA100, Germany) was used to mea-
sure the contact angle of the microscrew sur-
faces. A laser confocal microscope (OLS4000,
Japan) was employed to measure the three-
dimensional features of the two microscrew
surfaces and to compare the surface rough-
ness. Finally, a cross-hatch adhesion tester
was used to examine the adhesion between
the coating and the substrate in Group B mi-
croscrews.

Animal experiments to determine the effect
of MAO surface-treated micro-implant micro-
screws on bone tissue

Experimental procedure

Nine healthy male New Zealand white rabbits,
aged 4 to 5 months and weighing (2.58+0.18)
kg, were selected and randomly numbered 1 to
9. The rabbits were reared in individual cages
under controlled conditions (temperature aro-
und 25°C and humidity 60% to 65%). All ex-
perimental animals underwent surgery after
being adaptively raised for 1 weeks. The experi-
mental rabbits, feed, housing, and surgical pro-
cedures were provided by the Laboratory
Animal Center of Dalian Medical University.
This study was reviewed and approved by the
Ethics Committee of Dalian Medical University
(Approval Number: AEE23100).

First, the rabbits were anesthetized by intra-
muscular injection of rabbit tachyzoin Il. After
preparing the skin, bilateral incisions were
made in the mid-tibial region of the hind legs to
separate the muscle layer and expose the bone
surface. Two Group A microscrews were im-
planted into the bone surface of the left hind
leg, and two Group B microscrews were implant-
ed into the right hind leg using the non-assisted
method, maintaining a spacing of 14.5 mm.
Next, nickel-titanium tension springs were app-
lied to exert a force of 200 g. Postoperatively,
the rabbit was treated with a cephalosporin Il
and Cefazolin (0.25 g/d) injection for three con-
secutive days.

Three experimental rabbits were sacrificed at
4, 8, and 12 weeks after the operation using
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Group A

Figure 1. The upper three panels show the SEM characterization of group A microscrews (A) 500x (B) 1000x% (C)
2000x. The lower three panels show the SEM characterization of group B microscrews (A) 500% (B) 1000x (C)

2000x.

the air embolism method. First, the rabbit was
fixed in position and a vein on one side was
exposed. A syringe was used to rapidly inject
30 mL of air into the vein, resulting in an air
embolism in a pulmonary or coronary artery,
ultimately causing circulatory obstruction, sh-
ock, and death. After hard tissue samples con-
taining the microscrews were collected. None
of the micro-implant microscrews were 100s-
ened or dislodged. All hard tissue samples were
plastic-embedded and sectioned for analysis.

Specimen processin

The hard tissue specimens were fixed in 10%
neutral formalin, dehydrated and transparent,
and then polymerized for embedding. Next,
the embedded tissue blocks were sectioned
into 200-um-thick thin slices with a hard tissue
slicer (EXAKT 300CP, Germany). The slices
were then polished with an EXAKT 400CS sli-
cer (Germany) using abrasive paper of various
mesh sizes (such as K320, K800, K1200,
K4000) and finally ground into 20-um-thick
slices.
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Setting parameters for morphometric analysis
of new bone

The parameters for the morphological analy-
sis of new bone were set using the Osteo-
Measure analysis software, including B. ARr
(new bone area), B. PAM (new bone circumfer-
ence), BV/TV (volume ratio), Th.Th (trabecular
thickness), Th.sp (trabecular separation), Th.N
(trabecular number). The analysis area contain-
ing the fixation nails was analyzed using a 10x
microscope. Field of view splicing analysis was
performed, and the corresponding relevant
parameter values were exported from the bone
tissue morphology analysis and measurement
system.

Statistical analysis

The experimental data were analyzed using sta-
tistical software (SPSS 27.0, USA). Levene’s
test was used to assess the normal distribution
and homogeneity of variance of the measure-
ment data of the un-MAO surface treatment
group (Group A) and the MAO surface treatment
group (Group B) at 4 w, 8 w, and 12 weeks. All
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Figure 2. Surface element content of the threaded part of group A microscrews. Surface element content map.
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Figure 3. Surface element content of the threaded part of group B microscrews. Surface element content map.
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Table 1. Surface element content of Group B microscrews
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Figure 4. Comparison of the surface crystals of group
A and B microscrews.

data conformed to a normal distribution and
homogeneity of variance. Comparisons bet-
ween Group A and Group B were performed
using an independent sample t-test, while a
one-way ANOVA was used to evaluate the differ-
ences among the 4-week, 8-week, and 12-week
groups. A P value < 0.05 was considered sig-
nificant.

Results

SEM (Scanning Electron Microscope) charac-
terization of the threaded part of the micro-
implant microscrews in Group A and Group B

The surface of the threaded part of the Group B
microscrews appeared uneven, displaying po-
res with relatively uniform diameters, resem-
bling a “crater” like morphology (Figure 1A-C).

Electron microprobe elemental analysis of the
threaded parts of the micro-implant micro-
screws in Groups A and B

The results of electron microprobe probing
revealed that Ti, Al, V, and O were present on
the surface of the Group A microscrews (Figure
2). In contrast the surface of Group B screws
contained Na, F, and B elements from the elec-
trolyte, in addition to the elements detected in
Group A (Figure 3). Notably the O content in
Group B was significantly higher due to the oxi-
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dized layer generated by MAO treatment (Table
1).

Comparison of the surface crystal phases of
the threaded part of the micro-implant micro-
screws in Groups A and B

The surface crystalline phase of Group A micro-
screws consisted primarily of Ti, whereas Group
B exhibited a rutile phase along with a small
amount of anatase phase in addition to Ti
(Figure 4).

Comparison of the wettability of the threaded
part of the micro-implant microscrews in
Groups A and B

As shown in Figure 5, the hydrophilic contact
angle of the threaded part of Group A micro-
screws was greater than that of Group B micro-
screws, indicating superior hydrophilicity in
Group B.

Comparison of the roughness (Ra value) of
the threaded part of the micro-implant micro-
screws in Groups A and B

Roughness measurements revealed an Ra
value of 0.047 um for the surface of the thread-
ed part in Group A microscrews, compared with
a Ra value of 0.312 um for the coated surface
of the Group B microscrews, thereby indicating
that the threaded portion of Group B screws
had greater roughness than that of Group A
(Figure 6).

Coating bond strength of the threaded part of
Group B microscrews

SEM images revealed no obvious surface
detachment on the threaded portion of Group B
microscrews, and the cuts appeared relatively
flush (Figure 7). According to the American
Society for Testing and Materials (ASTM) meth-
od rating criteria [15], the scribed edges were
smooth, with no coating shedding at the inter-
sections, resulting in the highest grade of 5 B.

The volume ratio, trabecular bone thickness
value, and trabecular bone value of the fixation
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Group A
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Figure 5. Comparison of contact angle of group A and B microscrews.

screws in Groups Aand B at 4, 8, and 12 weeks
were all significant (P < 0.05). However, com-
parison of retention screws between Groups A
and B at the same time points revealed that
only the volume ratio at 8 weeks was signifi-
cant (P < 0.05), with no significance at 4 weeks
or 12 weeks (P > 0.05) (Tables 2 and 3).

The bone combination rates of the retention
screws were as follows: at 4 weeks, 0.32+0.08
in group A and 0.33x0.03 in group B; at 8
weeks, 0.34+0.08 in Group A and 0.36+0.00
in Group B; and at 12 weeks, 0.36+0.11 in
Group A and 0.39+£0.05 in Group B. Notably,
there was no significant difference between
GroupsAand Bat4, 8, or 12 weeks (P =0.284,
0.628, and 0.589 respectively). Similarly, there
was also no significant difference in the bone
combination rate across the three time points
(P =0.085).

Discussion

Implants with MAO coating exhibit a greater
bone-implant contact area and increased new
bone attachment. Over time, the immature new
bone matures into a lamellar dense bone and
irregular dense bone, eventually penetrating
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the porous structure of the MAO coating and
becoming firmly anchored within its porous cav-
ity [16]. The interconnected micropores on the
MAO coating are equivalent to a three-dimen-
sional scaffolding structure that increases the
attachment area for tissue cells, which facili-
tates bone tissue growth into the pores, pro-
motes cell adhesion and extension, and pro-
vides an optimal material environment for cell
binding and survival [17]. The newly formed
symbiotic bone tissue is denser and capable of
withstanding greater shear force [18]. The
results of this study revealed that the micro-
implant pegs with MAO coating exhibited a sig-
nificant increase in the amount of new bone
compared to the control group at 4, 8, and 12
weeks in the animal model. However, the differ-
ence was not statistically significant except for
BV/TV at 8 weeks.

The state of osseointegration is critical for the
stability of the micro-screws. Good osseointe-
gration establishes a direct connection bet-
ween the bone tissue and micro-screw, enabling
it to bear substantial loads without the risk of
dislodgement [19]. Additionally, enhancing the
mechanical locking force between the micro-
screws and the bone, along with the osteoblast
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Figure 6. Comparison of 3D topography maps and roughness (Ra) values.

Figure 7. SEM image of Group B peg cross-hatched
grid.

activity and osteogenic differentiation ability, is
extremely essential for the osseointegration of
the micro-implant microscrews. The morpholo-
gy of the surface of the MAO surface-treated
micro-implant microscrews affects the osteo-
blast response, enhancing the adhesion and
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proliferation of preosteo-
blasts, and increasing the
hydrophilicity of the micro-
screws’ surface. This in-
crease in hydrophilicity en-
hances the protein adsorp-
tion capacity and promotes
osteoblast growth and dif-
ferentiation [20]. Animal
experiments revealed that
the implantation of MAO
surface-treated Ti-alloy into
the bones of healthy adult
male New Zealand rabbits
led to prominent new bone
formation around the mi-
croscrews, thereby demon-
strating the effectiveness
of the MAO coating in
promoting osseointegration
and consistent with the
findings of previous studies
[21, 22].

In orthodontic treatment,
the initial stability of the
micro-screws immediately
after their implantation is
entirely dependent on the
mechanical locking con-
nection between the screw
and the bone, referred to
as the initial stability of the micro-implants
[23]. This initial stability relies primarily on the
contact area between the bone tissue and the
micro-screw, guaranteeing stability during the
first weeks after implantation. However, tradi-
tional smooth-surfaced micro-screws are often
unstable at first, while this initial stability can
be increased by enhancing the roughness of
the surface. The formation of new bone around
the micro-implant, together with osseointegra-
tion, further increases the stability, a phenom-
enon termed “secondary stability” [24]. The
successful implantation of microscrews in the
clinic relies on a combination of primary and
secondary stability [25]. New bone forms and
remodels around the microscrews, resulting in
a significantly higher bone-implant contact
value (BIC value) compared to micro-implant
microscrews with smooth surfaces [26]. The
BIC is an essential indicator of primary stability,
which provides fixation strength, and second-
ary stability, which supports osseointegration.
Optimal micro-implant osseointegration ensu-
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Table 2. Comparison of the amount of new bone around the microscrews within the 4 w, 8 w, and 12 w groups

4w 8w 12w
Parameter T-value P-value T-value P-value T-value P-value
Group A Group B Group A Group B Group A Group B
BV/TV 8.57+2.47 9.88+2.03 -0.823  0.443 10.17+0.72 12.32+1.00 -3.497  0.015 13.71+1.67 15.1+1.99 -0.232 0.327
Tb.Th (um) 29.1+3.62 36.5+7.99 -1.687 0.163  34.84+3.09 38.8945.31 -1.137  0.247 63.24+4.76 70.52+9.30 1.787  0.229
Tb.Sp (um) 324.55+78.01 332.65+30.63 -0.193 0.865 307.55+15.15 276.98+33.39 1.667 0.168 470.53+79.39 422.71+121.40 0.659 0.538
Th.N (mm) 2.93+0.64 2.73+0.24 0.605 0.579 2.93+0.14 3.2+0.43 -1.239  0.289 1.8+0.29 2.15+0.60 -1.029 0.358

Table 3. Comparison of new bone volume of microscrews between 4 w, 8 w, and 12 w groups
Group A Group B

Parameter F-value P-value F-value  P-value
4w 8w 12w 4w 8w 12w

BV/TV 8.57+2.47 10.17+0.72 13.71+1.67 8.476 0.034 9.88+2.03 12.32+1.00 15.1+1.99 9.044 0.009

Tb.Th (um) 29.1+3.62 34.84+3.09 63.24+4.76 11.327 0.005 36.5+7.99 38.89+5.31 70.52+9.30 12.215 0.001

Th.Sp (um) 324.55+78.01 307.55+15.15 470.53+79.39 7.633 0.088 332.65+30.63 276.98+33.39 422.71+121.40 3.864 0.061

Tb.N (mm) 2.93+0.64 2.93+0.14 1.8+0.29 9.957 0.008 2.73+0.24 3.2+0.43 2.15+0.60 5.552 0.027
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res clinically stable support while allowing for
easy removal [27]. After MAO surface treat-
ment, the surface of micro-implant micro-
screws exhibited a porous coating with a ‘volca-
nic crater’ like morphology, good wettability,
and increased roughness. These features pro-
moted the stabilization of the micro-implant
microscrews, without a significant difference in
the osseointegration rate. Partial osseointegra-
tion also facilitated the removal of the micro-
implant microscrews.

It is noteworthy that the volume of new bone
surrounding the micro-screws was significantly
increased at 4, 8, and 12 weeks, indicating that
the micro-arc oxidation surface treatment can
enhance the stability of micro-implants in terms
of their micro-screws.

There were several limitations to this study.
First, the sample size was relatively small,
potentially leading to errors in the experimental
data. Second, in the experiment, CT scans were
not conducted to assess the structure of the
bone tissue, and data on bone density mea-
surement were not collected. Further investiga-
tion is needed to address these issues to verify
the current conclusions.
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