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Abstract: This study investigated the surface modification of orthodontic stainless steel using
electrophoretic deposition (EPD) of bioactive glass (BG). The BG coatings were characterized by
spectrophotometry, scanning electron microscopy with energy dispersive X-ray spectrometry, and
X-ray diffraction. The frictional properties were investigated using a progressive load scratch test.
The remineralization ability of the etched dental enamel was studied according to the time-dependent
mechanical properties of the enamel using a nano-indentation test. The EPD process using alternating
current produced higher values in both reflectance and lightness. Additionally, the BG coating
was thinner than that prepared using direct current, and was completely amorphous. All of the
BG coatings displayed good interfacial adhesion, and Si and O were the major components. Most
BG-coated specimens produced slightly higher frictional forces compared with non-coated specimens.
The hardness and elastic modulus of etched enamel specimens immersed with most BG-coated
specimens recovered significantly with increasing immersion time compared with the non-coated
specimen, and significant acid-neutralization was observed for the BG-coated specimens. The surface
modification technique using EPD and BG coating on orthodontic stainless steel may assist the
development of new non-cytotoxic orthodontic metallic appliances having satisfactory appearance
and remineralization ability.

Keywords: electrophoretic deposition; enamel remineralization; bioactive glass; spectrophotometry;
nanoindentation

1. Introduction

Many orthodontic materials are formed from metals, which typically have superior mechanical
properties compared with other materials. However, there are aesthetic issues with metal orthodontic
materials [1]. More aesthetically attractive orthodontic materials are desirable, especially for adult
patients. Aesthetic brackets made from ceramics and plastics have been widely used in clinical
orthodontics [2,3]. Unfortunately, ceramic brackets have shortcomings stemming from their brittle
nature, e.g., occasional fracture when tying the ligature and fracture from archwire forces, along
with tooth wear during treatment and enamel fracture at debonding [1,4]. Plastic brackets also have
deficiencies, such as a tendency to discolor, wear and creep due to their poor mechanical properties [1,5].
To overcome these issues, glass fiber-reinforced polymer wires have been investigated [6–9] but have
yet to be used widely because of their brittleness and inability to withstand sufficient force [6–8].
Recently, coated archwires, including metal wires coated with polymers and rhodium-plated wires,
have been developed [10–15]. These are preferred by many patients and orthodontists because of their
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improved aesthetic qualities. However, polymer-coated wire loses a significant amount of its coating
layer when used in the areas of archwire engagement [11,12], which affects frictional properties and
bacterial adhesion [13,15].

Acid-etching of enamel surfaces for bracket bonding procedures has been accepted in modern
clinical orthodontics since the direct bonding of orthodontic brackets to enamel was introduced in the
mid-1960s [16,17]. The enamel surface around bonded brackets etched with phosphoric acid is more
susceptible to demineralization because the areas stagnate with plaque, making tooth-cleaning more
difficult and limiting the efficacy of natural self-cleaning mechanisms. Additionally, the mechanical
properties of the enamel surface region decreased after bracket bonding with the etch-and-rinse
adhesive system [18], and irreversible alteration of the enamel might increase the risk of enamel
micro-cracks forming during debonding procedures. Therefore, further demineralization of the enamel
after bracket bonding should be prevented and, ideally, remineralization should be enhanced.

One reasonable way to enhance the remineralization of tooth surfaces is to increase the calcium
or fluoride concentrations of oral fluids [19,20]. Various bioactive glass (BG) have been investigated
since the first ones were reported by Hench et al. (1971) [21]. These studies have included their
osteo-inductive behavior, ability to bond to both soft and hard tissues, the capacity of the glass to
release ions (Ca, Na, Si), and the ability to form a hydroxyapatite layer [22–25]. More recently, attention
has focused on their modification to further enhance osteogenic behavior, or on further compositional
changes to introduce additional multifunctional properties such as antimicrobial activity [26]. If the
surface of the metallic orthodontic materials can be modified with a BG, it may help to prevent the
demineralization of tooth surfaces surrounding brackets and enhance remineralization after bracket
debonding; these features are attractive in the clinical orthodontic setting.

Electrophoretic deposition (EPD) is a simple, rapid, and versatile coating technique, whereby
colloidal particles suspended in a liquid medium migrate under the influence of an appropriate
electric field and are deposited onto an electrode, leading to film formation and coatings with high
microstructural homogeneity and tailored thickness [27,28]. Among the different techniques used
for surface modification in the biomedical field, EPD is particularly attractive because it is does not
require expensive equipment and can be used with colloidal BG particles to form complex-shaped
orthodontic materials.

In this article, BG particles were deposited onto orthodontic stainless steel disks by an EPD
process under various conditions, and the BG coating was characterized esthetically, morphologically,
and compositionally using various methods. Additionally, the effects of the BG coating on the
remineralization ability of etched dental enamel and frictional properties were investigated.

2. Materials and Methods

2.1. Materials

Mechanically polished stainless steel (SUS316) disk specimens (diameter: 14 mm; thickness: 2 mm;
Nogata Denki Kogyo, Tokyo, Japan) were purchased and cleaned ultrasonically and subjected to the
BG coating process. Non-coated specimens served as a control.

The BG (45.0% SiO2 + 24.5% Na2O + 24.5% CaO + 6.0% P2O5) was prepared by melting the raw
materials in a platinum crucible at 1550 ◦C for 90 min using an electrically heated furnace (model
SSFT-1520; Yamada Denki, Tokyo, Japan). The molten glass was rapidly quenched by malleating
(rolling) between two stainless steel plates of 10-mm thickness. After cooling overnight, the glass
was ground for 2 min in a vibrational rod mill (model TI-200; CMT Co., Fukushima, Japan) to yield a
particle diameter of ca. 100 µm. The powders were further milled using a high-pressure gas-milling
apparatus (Nano Jetmizer; Aishin Nano Technologies, Saitama, Japan) under a grinding pressure of
1.4 MPa to provide particles with a median diameter (D50) of 1.98 µm. Analysis of the BG by X-ray
diffraction (XRD) confirmed its amorphous structure.
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2.2. EPD Process

Suspensions containing 20 g/L of BG were prepared in 100 mL of distilled water by dispersing
the particles via magnetic stirring and sonication (model UD-100; Tomy Seiko, Tokyo, Japan) for 600 s
(The BG in distilled water was 0.2 g/mL). The stainless-steel specimens were encapsulated in a silicone
impression material except for an exposed deposition area 14 mm in diameter. The EPD cell included
two parallel stainless steel disk specimens as the deposition and counter electrodes; the distance
between the electrodes was maintained at 3 mm. The coating was deposited using direct current (DC)
or 1-kHz sine-wave alternating current (AC). Constant voltages (10 and 15 V) were applied and the
deposition time was 10 min for all conditions. All measured pH values of the mixed suspension were
pH 12.0 ± 0.1. After deposition, a coated specimen was gently removed from the suspension and dried
at room temperature for 24 h before further characterization (Figure 1).
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Figure 1. Photomicrographs of the non- and bioactive glass (BG)-coated specimens.

2.3. Color Measurements

The color of each specimen was measured using a spectrophotometer (model UV-2600; Shimadzu,
Kyoto, Japan) with an integrated sphere (model ISR-2600 Plus; Shimadzu). Diffuse reflectance
measurements were performed in the range of 350–800 nm in 1-nm steps. Color was measured
according to the Commission International de L’Eclairage (CIE) L*a*b* color system [29] (n = 5),
which has a lightness scale, L*, and two opponent color axes, a* and b*. The redness and greenness are
represented by the a* values and the yellowness and blueness are represented by the b* values.

2.4. Characterization of the Coatings

The surfaces of coated specimens were analyzed using XRD (model Rint-2500; Rigaku Corp.,
Tokyo, Japan) via a parallel-beam method using Cu–Kα radiation (40 kV; tube current: 100 mA).
Representative specimens were analyzed over the 2θ range from 10 to 60◦ using a step size of 0.02◦ and
a scan speed of 0.25◦/min. The XRD patterns were obtained at 25 ◦C and analyzed qualitatively using
PDXL2 software (Rigaku) based on the International Center for Diffraction Data (ICDD) database for
phase identification and quantification.

To observe the coated layers and analyze their compositions on the cross-sectioned surface,
specimens were encapsulated in an epoxy resin (Epofix; Struers, Copenhagen, Denmark) and
cross-sectioned with a slow-speed, water-cooled diamond saw (Isomet; Buehler, Lake Bluff, IL, USA),
then ground and polished using a series of silicon carbide abrasive papers and a final slurry of 0.05-µm
alumina particles. All specimens were sputter-coated with pure gold for scanning electron microscopy
(SEM) evaluation (model SSX-550; Shimadzu); the SEM was operated at 15 kV. The composition of a
coated specimen was determined by energy-dispersive X-ray spectroscopy (EDS) at a working distance
of 15 mm and a data acquisition time of 300 s.



Coatings 2017, 7, 199 4 of 13

2.5. Mechanical Properties of the Coatings

The external surfaces of the specimens were investigated with a nano-indentation apparatus
(model ENT-1100a; Elionix, Tokyo, Japan). The specimens were fixed to the specimen stage with
adhesive resin (Superbond Orthomite; Sun Medical, Shiga, Japan). Nano-indentation testing was
carried out at 28 ◦C using a Berkovich indenter with a 10-mN peak load for ca. 1000 nm depth
analysis (n = 10). Linear extrapolation methods (ISO Standard 14577) were used for the unloading
curve between 95% and 70% of the maximum test force to calculate the elastic modulus [30–33].
The hardness and elastic modulus of the buccal enamel surfaces were calculated using the software
bundled with the nano-indentation apparatus.

2.6. Frictional Properties Measured by the Progressive Load Scratch Test

A microtribometer (model CETR-UMT-2; Bruker, Billerica, MA, USA) was used to characterize
the frictional properties by the progressive load scratch test. A diamond stylus having a 12.5-µm tip
radius was moved 5 mm over a specimen surface with linearly increasing normal load (0.5 to 20 gf) at
a constant speed of 0.016 mm/s, and the value of the friction coefficient was obtained (n = 5).

2.7. Acid-Neutralizing Ability

To estimate the acid-neutralizing ability, disk specimens were immersed in individual plastic vials
containing 10 mL of acetic acid solution (pH = 4.5) at 37 ◦C. The time-dependent changes in the pH
of the solutions were measured (model SI600; Sentron, Roden, The Netherlands) with a micro-pH
electrode (model 9070-008; Sentron) over 24 h (n = 5).

2.8. Enamel Remineralization Ability and Changes in the Mechanical Properties

A total of 38 human non-carious premolars, obtained by extraction from patients undergoing
orthodontic treatment, were cut with a slow-speed, water-cooled diamond saw (Isomet; Buehler,
Lake Bluff, IL, USA) so that they were divided into mesial and distal halves; the sectioned specimens
were then encapsulated in epoxy resin (Epofix; Struers, Copenhagen, Denmark). This in vitro study
was approved by the ethics committee of the Health Sciences University of Hokkaido. After 24 h,
the specimens were lightly ground with 600-grit sandpaper, and polished progressively using
diamond suspensions with particle sizes of 3, 1, and 0.25 µm to obtain a surface suitable for
nano-indentation. This polishing procedure removed approximately 200 µm of the tooth surface;
a total of 75 polished-surface enamel specimens with an approximate area of 4 × 4 mm2 were finally
obtained. The specimens were divided into five groups of 15 specimens. Embedded human enamel
specimens were etched with 35% phosphoric acid gel (Transbond XT Etching Gel; 3M Unitek, Monrovia,
CA, USA) for 15 s, washed for 20 s, and dried in an air stream. Each etched enamel and disk specimen
was fixed on a specimen stage and then immersed in a plastic vial containing 10 mL of artificial saliva at
37 ◦C for 3 months, with the solution changed weekly. Nano-indentation testing of the enamel surfaces
was carried out at 28 ◦C (model ENT-1100a; Elionix) using two different loads (10 and 100 mN),
before and after etching and during immersion periods. The hardness and elastic modulus of the
buccal enamel surfaces were calculated.

2.9. Cytocompatibility

Mouse L929 fibroblast cells were seeded at a density of 5000 cells/cm2 in 96-well plates
and incubated in MEMα (Wako Pure Chemical, Osaka, Japan) containing 5% fetal bovine serum
(ICN Biomedicals, Irvine, CA, USA) for 36 h at 37 ◦C with 5% CO2. Each disk specimen was immersed
into 10 mL of culture solution for 24 h and then 100 µL of the solution was added to each 96-well plate,
followed by 24 h incubation. Finally, the absorbance of each well at 450 nm was recorded using a
microplate reader (model Infinite F200; Männedorf, Switzerland) (n = 10).
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2.10. Statistical Analyses

Statistical analyses were performed using the PASW Statistics software (ver. 18.0 J for Windows;
IBM, Armonk, NY, USA). The mean values with standard deviations obtained for the various
experiments in this study were compared using one-way analysis of variance (ANOVA) followed by
Tukey’s test. For all statistical tests, significance was predetermined at p < 0.05.

3. Results

3.1. Color Measurements

Figure 2 shows the changes in representative diffuse reflectance curves for the specimens.
The lightness (L*) and two opponent color (a*, b*) values are summarized in Table 1. The reflectance
values (%) increased with increasing wavelength for all specimens. Non-coated specimens showed
significantly higher reflectance values in the 350–800 nm range and L*, due to the polished bright
surface acting as a mirror. Among the BG-coated specimens, the one prepared using AC 15 V showed
the highest values for both reflectance in the 350–800 nm range and L*, followed by specimens coated
at DC 15 V, AC 10 V, and DC 10 V. The specimens coated at higher voltage (15 V) showed significantly
higher reflectance and L* values than those coated at lower voltage (10 V). Similar a* and b* values
were obtained for most BG-coated specimens.
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Figure 2. Diffuse reflectance curves of the various specimens.

Table 1. Commission International de L’clairage (CJE) lightness (L*) and color (a*, b*) values for
the specimens.

Coordinate
Non-Coat BG-Coat

(DC 10 V)
BG-Coat

(DC 15 V)
BG-Coat

(AC 10 V)
BG-Coat

(AC 15 V) p Value

mean S.D. mean S.D. mean S.D. mean S.D. mean S.D.

L* 78.02 a 0.14 54.88 a 0.34 63.79 c 0.14 61.83 d 0.36 70.42 e 0.71 0.000
a* −0.12 a 0.03 −0.50 b 0.05 −0.48 b 0.10 −0.48 b 0.02 −0.41 b 0.11 0.000
b* 2.31 a 0.10 7.89 b 0.30 6.12 c 0.65 8.12 b 0.10 6.70 c 0.26 0.000

Notes: Values are mean and standard deviation (S.D.), n = 7. One-way ANOVA followed by Tukey–Kramer multiple
range test. a–e Idential letters indicate that mean values were not significantly different (p < 0.05).

3.2. Crystal Structures, Morphological Features, and Compositions of the Coating Layers

Figure 3 displays representative XRD spectra of non- and BG-coated specimens. Weak broad
feature at around 32◦ was obtained for the BG-coated specimen (AC 15V) because of the amorphous
structure. On the other hand, two peaks at 2θ = 43.5 and 51.0◦ associated with the austenite (γ-Fe)
phase (ICDD PDF 01-071-4649) were observed for the BG-coated specimen (DC 15V), while the broad
feature at around 32◦ was observed.
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Figure 3. Representative X-ray diffraction (XRD) spectra of the non- and BG-coated specimens.

Figure 4 shows SEM photomicrographs and qualitative compositional maps obtained by EDS
of BG-coated cross-sectional specimens. The thickness of the BG coating layers formed on the disk
surfaces was ca. 1.0–4.0 µm and the specimens coated at higher voltage (15 V) tended to have thicker
BG coating layers than those coated at lower voltage (10 V). Additionally, the thickness of the BG
coating layers were similar in both specimens coated with AC and DC. Good interfacial adhesion was
observed between all BG coating layers and the bulk materials. Si and O, the major components of BG,
were enriched in all of the coating layers.
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3.3. Evaluation of the Mechanical Properties of the Coating Layers by Nanoindentation

Table 2 summarizes the mechanical properties of surface regions for non- and BG-coated
specimens. The hardness and elastic modulus of the BG layers were significantly lower than those of
the non-coated specimen. The specimens coated at higher voltage (15 V) showed significantly higher
the hardness and elastic modulus of the BG layers than those coated at lower voltage (10 V). The elastic
modulus of the BG layers formed by AC were significantly higher than those for the BG layers formed
by DC.

Table 2. Mechanical properties of the non- and bioactive glass (BG)-coated specimens.

Mechanical Properties
Non-Coat BG-Coat

(DC 10 V)
BG-Coat

(DC 15 V)
BG-Coat

(AC 10 V)
BG-Coat

(AC 15 V) p Value
mean S.D. mean S.D. mean S.D. mean S.D. mean S.D.

Hardness (GPa) 6.11 a 0.22 0.49 a 0.10 1.99 c 0.52 0.85 b 0.48 1.98 c 0.73 0.000
Elastic modulus (GPa) 192.46 a 4.96 70.47 b 23.22 109.12 c 23.39 84.32 bc 15.28 128.5 d 27.65 0.000

Notes: Values are mean and standard deviation (S.D.), n = 7; One-way ANO VA followed by Tukey–Kramer multiple
range test. Identical letters indicate that mean values were not significantly different (p < 0.05).

3.4. Frictional Properties Measured by the Progressive Load Scratch Test

Figure 5 shows the change in representative frictional force obtained by the progressive load
scratch test. The BG-coated specimens (DC 15 V) showed significantly higher frictional force
than the other specimens when measured over 5 mm. Over approximately the first 4 mm of the
measurement distance, the other BG-coated specimens displayed slightly higher frictional force than
the non-coated specimen.
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3.5. Analysis of Acid-Neutralizing Ability

Figure 6 shows the time-dependent changes in the pH of the solutions as an indication of the
acid-neutralizing ability. Immersion of BG-coated specimens in acetic acid solution caused an increase
in the pH, and the acid-neutralizing ability increased with increasing output voltage.
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3.6. Enamel Remineralization Ability in Artificial Saliva and Mechanical Property Changes Determined
by Nanoindentation

Figures 7 and 8 show the mean hardness and elastic modulus values of the enamel surface before
and after etching and during the 3 months of immersion. There was no significant difference in the
hardness or elastic modulus between the groups before and immediately after etching. Phosphoric acid
etching markedly decreased the hardness and elastic modulus of the enamel surfaces. The hardness
and elastic modulus of the enamels of BG-coated specimens increased gradually with increasing
immersion time. The recovery of the mechanical properties of a specimen immersed with a non-coated
specimen was unremarkable. However, the hardness and elastic modulus of etched enamel specimens
immersed with most BG-coated specimens recovered significantly compared with a non-coated
specimen. Similar behavior was observed for both load conditions (10 and 100 mN).
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1M, 1-month immersion; 3M, 3-month immersion.
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3.7. Cytocompatibility Assays

Figure 9 shows the absorbance at 450 nm as a function of the L929 fibroblast cell number at 36 h.
No significant difference was noted in the mean fibroblast cell growth for 36 h, which indicated that
the BG coatings were not cytotoxic.Coatings 2017, 7, 199 
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4. Discussion

In the present study, thin BG coating layers with a milky-white appearance were formed on
mechanically polished stainless steel specimens using an EPD process with a BG suspension and this
is the first study that has investigate the esthetic performance of the BG coating. Quantitative color
measurements showed that the EPD process using AC at 15 V produced higher values for both the
reflectance (%) in the range of 350–800 nm and L* (mean value: 70.42). The range of L* values measured
for the BG coating layers in the present study (54.88 to 70.42) was greater than that (36.2 to 50.3)
reported for ceramic and plastic brackets [34], although the color values (a*, −0.50 to −0.41; b*, 6.12 to
8.12) for the BG coating layers were similar with published values (a*, −1.3 to 3.8; b*, −2.9 to 11.2) [34].
The color for orthodontic appliances, such as brackets and archwires, should ideally match that of
natural teeth, although natural tooth color varies according to race, gender, and age [35]. A previous
study measured the CIE L*a*b* color values for the Vita Lumin Vacuum shade guide (A3.5, B1, B3,
C4), which is the color selection scale most widely used in dentistry; the values ranged from 43.2 to
61.4 for L*, from −1.6 to 6.8 for a*, and from 13.2 to 28.8 for b*. The L* and a* values from the present
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study are fairly similar, although our mean b* value was smaller than that of the Vita Lumin Vacuum
shade guide. Thus, the BG coatings formed by the EPD process in the present study likely produced a
clinically acceptable color appearance, but further research is warranted to fine-tune the color.

SEM observations showed that the thickness of the BG coating layers were similar in both
specimens coated with AC and DC. However, surface-sensitive parallel-beam XRD analysis revealed
that the peaks at 2θ = 43.5◦ and 51.0◦ associated with the austenite (γ-Fe) phase of the bulk substrate
were observed for the BG-coated specimens when DC (DC 15 V) was used. This suggested that the BG
coating layer that formed on the specimen using DC had a too-low density. On the other hand, the
XRD pattern obtained for thin BG coating layer formed on the specimen using AC (AC 15 V) indicated
a completely amorphous phase, even for thinner BG coating layers, which suggested that thin BG
coating layers formed using AC had better quality with high density. This difference in crystallinity is
because undesired electrolysis of water at the electrodes occurred with the DC, which entrapped the
coating and degraded the coating quality [36]. This was partly confirmed by the nano-indentation test
results, which found that the elastic modulus of the BG layers formed by AC were significantly higher
than those of the BG layers formed using DC.

The frictional force between the bracket and the archwire during tooth movement is a primary
issue in orthodontics. If the frictional force can be decreased, then the efficiency of tooth movement
can be improved [37,38]. The frictional properties are attributed to multiple factors, such as surface
roughness, hardness, elastic modulus, and the cross-sectional dimensions of the orthodontic wires and
brackets [37,38]. A recent study reported that commercially available esthetic coating wire influences
the frictional properties [15] and the esthetic polymer coating may increase the frictional resistance
due to increased wire-binding at the edge of the bracket. The progressive load scratch test used in the
present study showed that the BG-coated specimens (DC 15 V) displayed significantly higher frictional
forces than the other BG-coated specimens (DC 10 V; AC 10 and 15 V), although the other BG-coated
specimens produced slightly higher frictional forces compared with the non-coated stainless steel
specimen. The stainless steel wire alloy generally generates lower levels of frictional resistance than
coated wires [15], and the BG-coated specimens, in some conditions, displayed frictional performance
that was similar to that of the non-coated stainless steel specimens. Thus, the BG coating can likely
provide acceptable clinical frictional characteristics. Evaluation of specimens with thin, high elastic
modulus coatings are required to fully explore this aspect.

The results of this study showed that BG-coated specimens had significant acid-neutralizing
capability due to their ability to release various ions. This suggests that the BG layer may be able
to mitigate enamel demineralization [39,40]. Additionally, this in vitro study demonstrated that
remineralization of etched enamel was accelerated for the BG-coated specimens, which is the most
important finding of the present study. Nano-indentation testing with a 100-mN load showed that
the hardness recovered by 49%–60%, and elastic modulus by 77%–84%, after 3 months of immersion.
In comparison, the recovery of the mechanical properties of the etched enamel surface of non-coated
specimens was unremarkable: The hardness recovered by 13% and the elastic modulus by 15%,
although artificial saliva contains the inorganic ions necessary for remineralization [41]. A similar trend
was observed for the mechanical properties of the top surface regions measured by nano-indentation
testing with a 10-mN load (ca. 1000-nm depth analysis).

BG with an amorphous structure can release multiple ions into the oral environment [22–25],
which may help to prevent the demineralization of tooth surfaces surrounding brackets and enhance
remineralization after bracket debonding. In the present study, XRD analysis confirmed that the EPD
coating process had little influence on the crystal structure of the BG coatings, and these enhanced
enamel remineralization. However, the BG coatings slightly increased the frictional force. The BG
coating formed using AC had acceptable quality and a completely amorphous structure, favorable
esthetic character and mechanical properties. Thus, AC may be more suitable for the EPD coating
process, although there was no significant difference between the BG-coated specimens formed by
DC and AC in terms of their enamel remineralization ability. EPD as a new BG coating process in the
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present study can possibly produce acid-neutralizing and remineralizing capabilities of the enamel
surfaces around orthodontic appliances. Further research to optimize the EPD coating conditions
is warranted.

5. Conclusions

The surface modification technique using EPD and BG for orthodontic stainless steel offers the
possibility of developing new orthodontic metallic appliances with satisfactory esthetic appearance
and remineralization ability, without being cytotoxic.
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