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Purpose: To evaluate the remineralization effect of calcium phosphate ion clusters (CPICs) on demineralized enamel surfaces and
their effects on bracket shear bond strength.

Patients and Methods: Extracted premolars were prepared in resin blocks. The samples in the form of resin blocks were divided
into five experimental groups: control group, demineralized group, and groups of CPIC solution treatment for 30, 60, and 90s. The
specimens were examined using scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDX), microhardness testing,
micro-computed tomography (micro-CT) assessment, shear bond strength (SBS) test, and adhesive remnant index (ARI) score.
Results: The SEM images revealed epitaxial growth of enamel and a decrease in the thickness of the demineralized enamel layer
when treated with CPIC solution. The EDX analysis revealed an increase in the Ca/P ratio in the CPIC-treated groups. The
microhardness value significantly increased when treated with CPICs; however, it showed a lower value than that of the sound
enamel groups. As a result of the micro-CT test, radiolucency decreased gradually as the CPIC treatment time increased. The SBS test
and ARI score results showed an improvement in bonding stability after treatment with CPICs.

Conclusion: We demonstrated an enamel biomodification approach using CPIC solution treatment, which is a promising strategy for
enamel remineralization. Specifically, remineralization of demineralized enamel improves the orthodontic bracket SBS.
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Introduction
During orthodontic treatment, patients with fixed orthodontic appliances encounter difficulties in maintaining good oral
hygiene and some develop early carious lesions.' The early carious lesions in the enamel are clinically observed as milky-
white opaque surfaces that are softer than the surrounding sound enamel, defined as “white spot lesions” (WSLs). It has been
suggested that these spots are the primary sites of acid penetration during carious lesion formation of bacterial plaques. In
conjunction with orthodontic treatment, enamel decalcification or white spot formation has been observed in patients who
maintain fixed orthodontic appliances for prolonged periods.” A localized dissolution of the superficial enamel was visualized
in patients with WSLs using micro-radiographic images. When the demineralized space of the enamel reaches 400 pm of
depth, which is adequate for light diffraction, the decalcified lesion is visibly detected as a white spot.'* Visible WSLs are
known to clinically develop within 4 weeks, which is the period between one orthodontic appointment and the next.'

Dental practitioners are seeking effective methods to prevent the progression of WSLs to various lesions.> Minimally
invasive management of early carious lesions through enamel remineralization has been widely studied.’

Current remineralization systems can be classified into fluoride-mediated and non-fluoride-mediated treatments.
Traditional fluoride-mediated remineralization, using an arginine-fluoride varnish® or amelogenin with fluoride,” is the most
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widely used method to date. Fluoride effectively interrupts demineralization and promotes remineralization by forming acid-
resistant enamel fluorapatite (Cas(PO4)sF) crystals.® Remineralized fluorapatite is approximately 3—5 times harder than
hydroxyapatite (HAP) and has antibacterial effects.” However, overexposure to fluoride is associated with risk factors, such as
the development of dental fluorosis'® and fluoride syndrome.'" A study reported that fluoride increased friction resistance and
deteriorated the surface of the wire by attacking the titanium oxide (TiO,) layer, which protected orthodontic Ni-Ti wires.'*
Therefore, there is a great need to develop remineralization systems that complement fluoride in its effectiveness and
overcome its shortcomings.

Some approaches have been undertaken to develop new remineralization methods by replacing fluoride with other
materials that can supply calcium and phosphate, which are key to remineralization. The non-fluoride enamel reminer-
alization system can be divided into intrinsic (endogenous) and extrinsic (exogenous) methods. Calcium and phosphate
are internally supplied through the saliva in the intrinsic system, whereas they are supplied externally to form enamel
crystals in the extrinsic system.®

The use of amelogenin-based polypeptides is a representative method for intrinsic remineralization. Amelogenin-
supported enamel mineralization significantly increases the microhardness of the enamel surface.'® However, this method
was found to be unsuitable for clinical use because remineralization of the enamel layer required 7 days.'* For the
extrinsic method, amorphous calcium phosphate (ACP) is discussed as a possible remineralization material. ACP (Ca;
(PO,),. nH,0) serves as a precursor for the epitaxial growth of the enamel surface.'> ACP is in unstable phases and can
transform into HA. With little control, calcium and phosphate ions (free or from ACP) are available long enough to
remineralize enamel surface. Therefore, the control of the reaction time is crucial for durable enamel remineralization
using ACPs. If the reaction is not controlled, the unstable phase of ACP rapidly transforms into a stable HAP (Ca;g
(PO4)s(OH),) state, which inhibits the start of the remineralization process.8

The use of calcium phosphate ion clusters as a way of non-fluoride mediated biomimetic remineralization system has been
a challenge for a long period. The acellular nature of enamel has been a major challenge for its own regeneration. Also,
a precise control of HAP, which is a fundamental element of enamel, has not been successfully solved yet.'® Therefore, a large
number of recently published studies follow biomimetic mineralization to mimic the process of enamel growth.

Recently, enamel repair using a biomimetic mineralization frontier with calcium phosphate ion clusters (CPICs) has
been suggested. The study proposed a new type of calcium phosphate ion clusters (CPICs) as a mineralization frontier to
cause in situ remineralization. During the formation of the CPIC solution, a small highly volatile molecule in the form of
triethylamine (TEA) effectively stabilizes CPIC solution and its controllable removal result in pure hydroxyapatite (HAP,
Cayo(PO4)s(OH),) formation.'> In a previous study of Shao et al, the stabilizing effect of TEA on CPIC solution was
confirmed. CPIC solution was generated by mixing two ethanol solutions which resulted in small clusters with an
average diameter of 1.5 + 0.3nm, stable in ethanol for at least 2 days without any aggregation or size increase. TEA is
volatile which can easily be removed through ethanol evaporation. With ethanol volatilization, the TEA in CPIC solution
decreased resulting in ACP formation which could be explained by reduced stability.'> The experimental results showed
that CPIC solution induced nanoparticles recovered mechanical property of enamel. The study presented a general
pathway for epitaxial construction of enamel.'’

Previously, the effect of CPIC solutions containing metastable calcium phosphate and flavonoids on the demineralized
dentin matrix has been demonstrated.!” Treatment of dentin matrix with CPICs showed remineralization of the dentin,
which ensured epitaxial growth and improved dentin bond strength and stability.'”*'®
Several studies have been conducted to address the storage and clinical application of ACP agents in products such as

h,'%° toothpaste,?' tooth desensitizer,”* ** and in resin products.”> 2’ However, studies on the clinical application

mouthwas
of CPICs on decalcified enamel are still lacking. To further promote the translation of CPIC solution into clinical application,
basic studies with adequate evaluation methods as well as relevant in vivo studies are still needed. In addition, whether CPIC
solution has better remineralization effects compared to other remineralization agents remains to be further explored.

This study aimed to evaluate remineralization effect of CPICs on demineralized enamel surfaces and their effects on
bracket shear bond strength (SBS). Specifically, we characterized CPIC-treated enamel surfaces to demonstrate the

remineralization effect of CPICs using scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDX),
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micro-computed tomography (micro-CT), and microhardness tests. In addition, the SBS and adhesive remnant index
(ARI) scores of the sound, demineralized, and CPIC solution-treated enamels were compared.

Materials and Methods

Specimen Preparation

Freshly extracted premolars from patients aged 18-35 years were used. Informed consent was obtained from the patients.
Teeth were collected from the Orthodontic Department of Pusan National University Dental Hospital (PNUDH),
following the guidelines approved by the ethical committee (PNUDH-2022-03-003-002). The teeth were disinfected
using 0.5% chloramine, stored in distilled water, and used within 3 months of extraction. Teeth with cracks, WSLs, soft-
tissue attachments, or defects were excluded.

As shown in Figure 1, the specimens were prepared according to the evaluation method. Each tooth was embedded in
acrylic resin and prepared as a block. For the SEM, microhardness, and micro-CT tests, the coronal enamel of the teeth was cut
parallel to the occlusal plane using a low-speed diamond saw (Accutom-100; Struers, Clevek, OH, USA). For the micro-CT
test, half of the buccal surfaces of the specimens were varnished. To test the SBS of the orthodontic bracket, the root of each
specimen was embedded in an acrylic resin block with a metal bracket bonded to the buccal surface of each tooth.

As shown in Figure 2, the specimens were randomly allocated to one of the following experimental groups: control
group, demineralized group, and groups of CPIC treatment for 30, 60, and 90s.

Formulation of Experimental Solutions

Preparation of Demineralization Solution

Demineralization solution (2mM Ca(NO3),, 2mM K;PO,, 75 mM CH3;COOH; pH 4.4) was prepared according to the method
proposed earlier.”*2° The following chemicals were used without further purification: calcium nitrate hydrate (Ca(NO3)s,
Sigma-Aldrich), potassium phosphate tribasic (K;PO,, Sigma-Aldrich), and acetic acid (CH;COOH, Sigma-Aldrich).

Preparation of CPIC Solution
CPIC solutions were prepared according to the method specified by Shao et al.'

Two solutions were prepared for the synthesis of CPICs. For solution A, 40 mg of calcium chloride dihydrate
(CaCl,-2H,0; 99.0%) was added to 16 mL of EtOH (C,HsOH; 99.9%) and vortexed until CaCl,-2H,O was completely

dissolved. Following this, 760 uL of TEA ((C,Hs)sN; 99.5%, Sigma-Aldrich, St. Louis, MO, USA) was added.

g @_%L o -

Resin block Half varnished
Resin block
l SEM Micro-CT
EDX
Metal Microhardness
bracket
SBS

Figure | Schematic diagram illustrating the procedures for specimen preparation.
Abbreviations: SBS, shear bond strength; SEM, scanning electron microscopy; EDX, energy-dispersive spectroscopy; CT, computed tomography.
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Figure 2 Experimental design of the study illustrating five experimental groups: control group (CON), demineralized group, and groups treated with the CPIC solution for
30, 60, and 90s. CPICs, calcium phosphate ion clusters.

For solution B, 14 pL of phosphoric acid (H;PO.,; 85% in H,O solution, Sigma-Aldrich) was added to 4 mL of EtOH
and vortexed for 5s. The CPIC solution was generated by adding solution B to solution A with minimal agitation. The
CPIC solution appeared as a white cloud-like agitated solution in a vial within a few minutes. The CPIC solution was
centrifuged at 3000 rpm at 4°C for 10 min. Therefore, gel-like CPIC solution was obtained.

Experimental Design

The specimens (n=10) stored in distilled water, in which no experimental solution was applied, served as the control
group (CON). The specimens were immersed in a demineralizing solution (2 mM Ca(NOs),, 2 mM K5PO,, 75 mM
CH;COOH:; pH 4.4) for 4 days (96 h).?®?° After demineralization, the demineralized specimens (n=40) were stored in
distilled water. For CPIC-treated specimens, 100 pL of centrifuged CPIC pastes were applied on the buccal surface of
demineralized specimens for 30, 60, and 90s. The surfaces were gently air-dried for 5s at room temperature.

SEM and Energy EDX Spectrum

Before demineralization process, all specimens (control, demineralized, and CPIC solution treated) were polished using
a 4000-grit abrasive silicon carbide (SiC) paper (Buehler, Coventry, UK). After dehydration, the specimens were
examined before and after demineralization process, and after CPIC solution treatment via SEM (SU-70, Hitachi,
Tokyo, Japan). Images were obtained randomly on the surface at magnifications of 2000X and 100,000X. The vertical
surface morphology of enamel layer was also examined via SEM to examine the change in demineralized layer according
to CPIC solution application.

To examine the surface morphology and chemical composition of the surface, specimens were examined by scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM/EDX, SU-70, Hitachi, Tokyo, Japan)
under low vacuum conditions. The composition of Ca and P before and after demineralization and after CPIC solution
application was analyzed to prove remineralization. SEM and SEM/EDX analysis were completed at the same time.

Specimens were mounted on an aluminum stage with a carbon tape. The surfaces were sputtered with Pt and observed
under an accelerating voltage of 15kV. Both top-down and side views of the sectioned samples were observed using SEM
and SEM/EDX."

EDX analysis is a method to analyze the component of a sample by detecting specific X-rays with high-energy
electron beams that react with samples with certain information on the structure or chemical composition. EDX can
analyze component elements without damaging the specimen and is a suitable method for analyzing tooth hard tissue
since it shows high sensitivity to the main elements of dental hard tissues.>**' The SEM/EDX analyzed image may be
distorted by the accumulation of charged particles on the surface of the non-conductive sample by the electron beam. To

4368 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Paik et al

resolve the image distortion, the samples were coated with Pt and were measured in low vacuum since the electrons on
the sample surface are removed by ions.

SBS Testing
Thirty specimens were prepared for each group to conduct the SBS test. The buccal surfaces of all specimens were etched with
35% H3PO4 (Ultra Etch; Ultradent, South Jordan, UT, USA) for 20s. The specimens were then rinsed with distilled water and
air-dried for 10s. After complete drying with the chalky surface of the tooth, an adhesive (Adper Scotch Bond Multi-Purpose
Plus, 3M; Monrovia, CA, USA) was applied to the enamel surface for 20s and slightly air-dried for 35s. Light-curing was
performed for 10s using an LED curing unit (Valo Ultradent Products, South Jordan, UT, USA). Metal brackets (Archist;
Daeseung Medical Co., Seoul, Korea) were bonded using Transbond XT (3M; Unitek, Monrovia, CA, USA). The excess
resins were removed, and each increment was light cured for 10s. Samples were stored in distilled water for 24 h, and the shear
bond strength (SBS) was measured using a universal testing machine (Instron, Norwood, MA, USA). The SBS value was
calculated by measuring the maximum load (MPa) with the crosshead speed of 0.5 mm/min.*?

The remaining resins were then evaluated using the adhesive remnant index (ARI) score using an endodontic
microscope (SG/M320 F12, Leica Microsystems, Singapore). ARI scores were classified as shown in Table 1.

Microhardness Test

Microhardness was measured using the Vickers hardness number on the buccal surface of all specimens at five random
spots using a hardness testing machine (MVK-H1 Akashi, Kanagawa, Japan).*> > Each specimen was subjected to five
indentations and the average hardness value was calculated. The applied load was 100 gf, with a dwell time of 10s.

Micro-CT Assessment

To observe the surface changes of the enamel treated with the demineralization solution and demineralized enamel
treated with CPIC solutions (for 30, 60, and 90s), the surface of the specimen was vertically divided into two sides. One
side was covered with acid-resistant nail varnish as control. Owing to the varnish, the surface was not affected by the
CPIC solution treatment. The other side of the surface was treated with CPIC solutions (for 30, 60, and 90s) without
varnish to observe their effect on the demineralized enamel.

The specimens were scanned using a micro-CT machine (Skyscan 1173 ver. 1.6; Bruker-CT, Antwerp, Belgium) at a value
of 100 kV, 100 pA, and 360° rotation with 0.15° steps. The enamel layer was examined with a resolution of 2016 x 1344 pixels
with a voxel size of 8 um. Two reference phantoms (0.25 gHAp/cm3 and 0.75 gHAp/cm3 hydroxyapatite disks) were obtained
and scanned under same conditions as the samples for mineral density calibration. A 0.3 Al/0.25 Cu filter was used to reduce
the beam hardening artifacts of micro-CT and to cut off the low energy x-rays. The density was calculated from the images

using a three-dimensional imaging software (Ondemand3D, Irvine, CA, USA).>*37

Statistical Analysis
For estimating the sample size, power calculation was not separately used, and samples per group were set up with

reference to Shao et al'> and Ibrahim et al.>® The values obtained following the SBS and microhardness tests were
analyzed using the one-way analysis of variance, followed by the Bonferroni’s test for multiple comparisons. The ARI
score was analyzed using the Kruskal-Wallis test. Data were analyzed using a statistical software (R language program,

R Foundation for Statistical Computing, Vienna, Austria). The level of significance was set at p = 0.05.

Table | Definition of the Adhesive Remnant Index (ARI) Score

Score Definition

0 No adhesive left on the tooth

| Less than half of the adhesive left on the tooth

2 More than half of the adhesive left on the tooth

3 All adhesives left on the tooth with a distinct impression of the bracket mesh
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Results
SEM

The surface morphologies of the enamel layers in each group are shown in Figure 3. The specimens of demineralized enamel
presented significant fish scale-like patterns on the surface, which exhibited fewer mineral particles on the enamel core but
retained the periphery (Figure 3B), compared to the specimens in the control group, which showed the sound enamel with
a smooth surface (Figure 3A). Groups treated with CPICs (Figure 3C—E) showed an improvement in the surface, with the
formation of rod-like crystallites in a certain direction of growth. As the application time of CPICs increased, the pattern on
the enamel surface became more pronounced. The size of the “one fish scale” was similar among all groups (Figure 3Ai—Ei).

The vertical surface morphologies of the enamel layers were also examined. Figure 4 shows the SEM image of each
group of specimens in the vertical direction. The specimens of the demineralized group (Figure 4A) showed a noticeable
thickness of the demineralized layer compared with that in other groups. Groups treated with the CPIC solution
(Figure 4B-D) demonstrated a decrease in the thickness of the demineralized layer. A noticeable change in the thickness
of the demineralized surface was observed as the CPIC solution treatment time increased.

Figure 5 shows the SEM images at magnifications of 2000X and 100,000X for each group, along with the EDX analysis
results. To simulate a carious lesion, the enamel was stored in a demineralizing solution. Compared with the sound enamel
(Figure SA), the specimens stored in the demineralizing solution (Figure 5B) showed a distinctive loss of enamel rods. Treatment
with CPIC solution for 30, 60, and 90s showed the formation of rod-like crystallites in certain directions (Figure SC—E). EDX
analysis revealed that the enamel was composed of Ca and P before and after CPIC solution treatment. The Ca/P ratio was the
lowest with demineralization solution treatment, whereas the highest ratio was observed in groups treated with CPIC solution for
60s. CPIC solution treatment for 30, 60, and 90s showed significant improvement in the Ca/P ratio compared with that in the
control group.

Microhardness Test

The microhardness values of the Vickers hardness for each group are summarized in Table 2. The specimens in the control
group showed the highest value (335.78 + 14.38). The demineralized group showed the lowest value (41.24 + 15.03),
indicating that the demineralization process decreased the hardness of the enamel surface. Specimens treated with the CPIC

Figure 3 Representative scanning electron microscopy (SEM) images of the enamel surface for each group. (A) The surface of the sound enamel in the control group. (B)
The surface of the demineralized enamel. (C—E) The enamel surfaces of the groups with calcium phosphate ion cluster application for 30, 60, and 90s, respectively. (Ai—Ei)
High magnification SEM images of each group (A-E) in 100,000X. Magnification, 2000X (A-E), 100,000X (Ai-Ei) with the scale bar, 10 pm (A-E), 2 pm (Ai-Ei).
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Figure 4 Representative scanning electron microscopy (SEM) images of the vertical enamel surface for each group. (A) The surface of the demineralized enamel. (B—-D) The
enamel surfaces of the groups with calcium phosphate ion cluster application for 30, 60, and 90s, respectively.

solutions had values between those of the control and demineralized groups. The microhardness of CPIC-treated specimens
for 30, 60, and 90s were (94.94 £ 18.29), (156.68 £ 13.24), and (172.80 £ 21.30), respectively. The hardness of the enamel
improved as the application time of the CPIC solution increased.

Micro-CT Test

Figure 6 shows the micro-CT images of each experimental group. The control group, with the sound enamel covered with
varnish, is on the left side of the yellow arrow (|) shown in the image. Compared to the sound enamel, the right side of
the yellow arrow shows the enamel layer of each experimental group. The surface of the demineralized enamel is more
radiolucent than that of the sound enamel in image (A).>® As the CPIC solution treatment time increased, the
radiolucency of the enamel decreased. When specimens were treated with CPICs for more than 60s, the enamel surface

was as dense as the sound enamel.>”-*°

SBS Test

The results of the SBS tests are summarized in Table 3. According to the post hoc analysis, only the SBS value of the
control group and the remaining groups (demineralized group, CPICs 30, 60, 90s) showed significance (p<0.001). The
control group exhibited the highest bonding strength (18.41 + 8.27 MPa, p = 0.02), while the demineralized group
exhibited the lowest bonding strength (7.99 + 3.73 MPa, p < 0.001). The specimens treated with CPICs for 90s showed
an SBS value of 12.66 + 7.39 MPa, which was higher than the value of the demineralized group but lower than that of the
control. As the application time of the CPIC solution increased to 30, 60, and 90s, the SBS value also increased, as
follows: 10.16 + 6.03, 11.40 + 4.99, and 12.66 + 7.39 MPa, respectively. The comparison within CPIC solution treated
groups revealed no significance statistically.

ARI Score

The distribution of the ARI scores of the orthodontic brackets on the debonded surface is shown in Figure 7 and in
Table 4. Each group had different debonding patterns; however, an ARI score of 3 was the most frequent. This indicated
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Figure 5 Scanning electron microscopy (SEM) images of the enamel surface for each group with energy dispersive spectroscopy (EDX) analysis. (A) The surface of the
sound enamel of the control group. (B) The surface of the demineralized enamel. (C—E) The enamel surfaces of the groups with calcium phosphate ion cluster application
for 30, 60, and 90s, respectively. (A—E) High magnification SEM image of each group (Ai-Ei) in 100,000X. Magnification, 2000X (A-E), and 100,000X (Ai-Ei). EDX analysis

along with the Ca/P ratio of the elemental composition of enamel in each group, represented as in the graph.

https:

4372

Dove!

International Journal of Nanomedicine 2023:18


https://www.dovepress.com
https://www.dovepress.com

Dove Paik et al

Table 2 The Vickers Hardness (Hv) Value of the Experimental Groups

Groups Vickers Hardness (Hv) Range N Analysis of Variance
(Mean 1SD) Statistics

Control 335.78 + 14.38" 317.97-353.59 25 p <00l

Demineralized 41.24 £ 15.03° 22.58-59.90 25

CPICs 30s 94.94 + 18.29° 72.26-117.66 25

CPICs 60s 156.68 + 13.24 140.34-173.12 25

CPICs 90s 172.80 + 21.30° 146.35-199.25 25

Notes: There are significant differences in microhardness values among the five groups (p < 0.01). Dissimilar letters (a, b, ¢, d, and e)
indicate values that are significantly different from each other (p < 0.05).
Abbreviations: SD, standard deviation; CPICs, calcium phosphate ion clusters.

that all the adhesives remained on the enamel surface with a distinct impression of the bracket mesh.*® The frequency of
the ARI score of 3 was the highest in the control group and lowest in the demineralized group. Application of the CPIC
solution resulted in an increase in the frequency of the ARI score of 3. An ARI score of 0 was frequently observed in the

Figure 6 Micro-computed tomography (Micro-CT) images of enamel surfaces conditioned with the experimental groups compared with those of the sound enamel. Two-
dimensional micro-CT images with a 200 um scale bar. The left side of the yellow arrow (|) represents the sound enamel layer and right side represents the enamel layer of
each group. (A) Demineralized group, (B) 30-s calcium phosphate ion cluster (CPIC) treatment group, (C) 60-s CPIC treatment group, and (D) 90-s CPIC treatment group.
The depth of the demineralized region in group A is approximately 136 pm.
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Table 3 Shear Bond Strength (SBS) Values in MPa of the Experimental Groups

Groups SBS (Mean 1SD) Range N Analysis of Variance
Statistics

Control 18.41 + 827% 8.08—41.21 25 F =9.649

Demineralized 7.99 +3.73° 1.75-15.03 25 df =4

CPICs 30s 10.16 + 6.03° 3.78-24.76 25 p < 0.001

CPICs 60s 11.40 £ 4.99° 2.78-22.17 25

CPICs 90s 12.66 + 7.39° 2.71-28.66 25

Notes: The mean values with standard deviation of the groups are as follows: 18.41 + 8.27° (control), 7.99 + 3.73"
(demineralized), 10.16 + 6.03° (CPICs 30s), 11.40 £ 4.99° (CPICs 60s), and 12.66 + 7.39° (CPICs 90s). One-way
analysis of variance (ANOVA) were performed. Different dissimilar letters (a and b) among the groups indicate
a statistically significant difference at adjusted p-values <0.05 according to post hoc comparisons with a Bonferroni
correction.

demineralized group and the group treated with CPICs for 90s. Kruskal-Wallis test in Table 4 revealed p-value of 0.238
which revealed no significance in the distribution patterns between five groups. The ARI score distribution pattern in
each group and in between groups showed no significance.

Discussion

In this study, we demonstrated an enamel remineralization approach with CPIC solution treatment. Treatment with CPICs
showed remineralization on the enamel surface, which improved its structural and mechanical characteristics. This
approach may be a promising strategy for enamel remineralization that may overcome the limitations of the current
fluoride/non-fluoride-mediated treatment of WSLs.

In a previous study, CPIC solution treatment was effective on demineralized enamel surfaces. However, the
application time of the CPIC solution to the enamel was only 48 h to allow calcium phosphate to crystallize on the
enamel surface.*' This was not suitable for clinical use considering the length of time patients would spend in the dental
chairs. In this study, we reduced the application time of the CPIC solution to 30, 60, and 90s. The remineralization effect
was evaluated using SEM, microhardness, and micro-CT tests. The SBS test and ARI score assessments were used to
investigate whether remineralization of the enamel with CPIC treatment improved the bond strength between the
orthodontic bracket and enamel to a clinically acceptable level.

The enamel surface was observed as shown in the SEM images. The demineralized enamel exhibited well-aligned
enamel rods with fish scale-shaped structures. Groups treated with CPICs (Figure 3C-E) showed improvement in the
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Figure 7 Percentage distribution of the adhesive remnant index (ARI) score of experimental groups.
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Table 4 Adhesive Remnant Index (ARI) Score Analysis of the Experimental Groups

Groups ARI Score (N = 25, %) Kruskal-Wallis

Analysis
0 1 2 3

Control (%) 0 (0) 4 (l6) 2(8) 19 (76) H=15517

Demineralized 2 (8) 7 (28) 4 (16) 12 (48) df = 4

CPICs 30s 0 (0) 1 (4) 10 (40) 14 (56) p =0.238

CPICs 60s 0 (0) 2(8) 7 (28) 16 (64)

CPICs 90s 3 (12) 2(8) 3 (12) 17 (68)

Notes: Kruskal-Wallis test was used to compare the distribution of ARI scores within and between
groups.

enamel surface. Enamel rods were epitaxially grown in all CPIC solution-treated groups, regenerating the hierarchical
enamel microstructure. These results indicated remineralization of the enamel surface by the CPIC solution. The
remineralization of the enamel was observed with the epitaxial growth of enamel rods in a certain direction, which is
consistent with the results of previous studies.'>** As the CPIC solution application time increased, the remineralization
pattern of the enamel surface clarified. This indicates that the remineralization process of enamel proceeds in seconds,
and that a period of 30s can show a significant difference.

A microhardness test was performed to measure the change in the enamel surface hardness after demineralization and
remineralization. In this study, the test was used to evaluate the hardness of the sound, decalcified, and CPIC solution-
treated enamel. The hardness of the demineralized enamel was significantly lower than that of the sound enamel. After
applying the CPIC solution, the hardness value increased significantly; however, it was less than that of the sound
enamel. These results indicate that the CPIC solution has great potential for repairing enamel erosion. In a previous study,
the application of a CPIC solution to demineralized enamel improved the microhardness similar to that of the sound
enamel.*' However, the study did not mention the duration of the CPIC solution treatment. Therefore, we can assume
that an application time of more than 90s is needed for effective repair of the etched enamel. Based on the increase in
microhardness with treatment time, longer application of CPICs may result in a harder enamel layer.

The micro-CT images showed a difference between the sound and demineralized enamel layers. The control group
showed no radiolucency on the enamel surface with or without varnish. Radiolucency, which can be interpreted as
demineralized enamel thickness, decreased gradually as the CPICs were applied for longer periods. This result
corresponds with that of an earlier study, which reported that the remineralization period resulted in a lower radiolucent
density of the enamel surface.>® Based on the results of 30, 60, and 90s of CPIC treatment, the application of CPIC
solution for 60s is suggested for clinical use, because only the 60s treatment resulted in a hardness similar to that with
90s treatment with the consideration of SBS.

Remineralization of the enamel surface using CPICs significantly increased the SBS compared with that of the
demineralized enamel. The bonding strength increased in proportion to the duration of the CPIC application. This can be
interpreted as CPICs of a few nanometers acting as stable building blocks for ACP and HAP. An increase in stability
through the removal of small organic molecules such as TEA induces ACP to assemble with HAP crystals, leading to the
epitaxial growth of the enamel. This generates a precisely continuous enamel structure that promotes the ideal repair of
demineralized enamel structures.'” The range of the bonding strength of metal brackets using Transbond XT was 15.49+
3.28 MPa,** while it was 12.66 + 7.39 MPa using CPIC solution for 90s. Therefore, applying a CPIC solution for more
than 90s is recommended to achieve acceptable hardness and bond strength in clinical practice.

The ARI score was measured using an endodontic microscope. In all groups, a score of 3 was the most frequently
obtained score, as all adhesives remained on the teeth with a distinct impression of the bracket mesh. As the application
time increased, the frequency of the ARI score of 3 also increased. The debonding pattern based on the ARI score
represents the vulnerability of the exposed enamel to demineralization. When the bracket is removed from the enamel for
orthodontic treatment, the enamel surface is peeled off along with the bracket mesh, and its prism is exposed, reducing

the resistance of the enamel to acids and demineralization.*® A higher ARI score indicates that the adhesives remain on
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the surface of the enamel, which is invulnerable to adverse environments. Compared with the demineralized group,
treatment with the CPIC solution resulted in an increase in frequency of the score 3. Therefore, we can conclude that
treatment with a CPIC solution may increase the bond strength and stability at the resin—enamel interface, which
decreases the exposure of the enamel surface after bracket debonding.

The CPICs have an average size of 2 nm.*' Ultrasmall nanoclusters can easily aggregate; however, TEA prevents
CPIC aggregation.'>*! In a previous FTIR spectrum analysis of CPICs, complete evaporation of ethanol and TEA
resulted in pure calcium phosphate, which acts as a frontier to remineralize the enamel.*!

EDX analysis indicated the composition ratio of the CPIC solution: Ca (35.18 wt%), P (23.16 wt%), and oxygen
(41.66 wt%).*! Following repair with calcium phosphate nanoclusters, the elemental composition of the enamel included
Ca (36.82 wt%), P (20.61 wt%), and oxygen (42.57%).** In this study, the EDX analysis data coincided with those of
previous studies, which showed that the enamel was mainly composed of Ca and P before and after CPIC
treatment.*>***> The improvement in the Ca/P ratio supports the remineralization of demineralized enamel and structural
enamel repair using a calcium phosphate solution. Because the Ca/P ratio improved with CPIC application, reminer-
alization of enamel using CPICs is a promising approach for treating the early stages of tooth erosion.**

It has been discussed in a previous study that pH and the Ca/P ratio are important factors for the nucleation of calcium
phosphate.** CPICs have a Ca/P ratio of 1.52, which is similar to that of the Posner’s cluster (Cao(PO4)s), with a Ca/P
ratio of 1.5 in solution of pH 11-13.* It can be assumed that a pH of 11-13 is appropriate for the formation of stable
calcium phosphate clusters. TEA has a pKa value of 10.75, which forms a basic pH environment that assists
remineralization by stabilizing calcium phosphate clusters. However, the use of excessive amounts may be detrimental.
Owing to its toxicity, the permitted daily exposure to TEA is 62.5 mg/day, and it is classified as class 3 according to the
International Council for Harmonisation, Q3C (R6).*® Although TEA is completely removed when CPICs induce ACP
formation during ethanol evaporation, there are still concerns about its detrimental effects on human teeth. Therefore,
further research is needed to evaluate alternative materials that are safe for enamel remineralization.

This study had some limitations. CPIC solution treatment was applied to the demineralized enamel for limited periods
of 30-90s. Further research is required to determine the optimal time to achieve the greatest bonding integrity and
stability of the enamel layer. In addition, the correlation between CPIC application time and enamel color change should
be investigated.

Figure 8 shows a schematic representation of remineralization on enamel surface induced by a CPIC solution. Early
carious lesions, represented as WSLs, demineralize the enamel matrix, resulting in a decrease in the Ca/P ratio of the
enamel. Application of the CPIC solution improves the Ca/P ratio of the enamel matrix and decreases the radiolucency of
the enamel surface. These results coincide with the vertical SEM results presented in Figure 4, where the thickness of the
demineralized enamel decreased with the application of the CPIC solution. The decalcified lesion is known to be
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Figure 8 Schematic representation of enamel remineralization induced by the calcium phosphate ion cluster (CPIC) solution. CPICs gel infiltrate into subsurface decalcified
enamel which applies calcium and phosphorous ion to body of lesion which operate as a frontier of epitaxial growth in enamel rods. (A) The application of CPIC solution to
decalcified enamel is illustrated in (B) in high magnification.
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invisible until it reaches a depth of approximately 400 pm when light diffraction is adequate to be visualized as a WSL.*’
The CPIC solution likely infiltrates below the depth of the early carious lesions. The CPIC solution infiltrates the body of
the carious lesion and supplies calcium phosphate ions that act as frontiers for epitaxial growth in the enamel rods. The
increase in the Ca/P ratio of the enamel suggests that applying CPIC solution modifies the enamel matrix structure and
improves the mechanical properties of the enamel. By applying the CPIC solution, we demonstrated an enamel
remineralization approach that may be a promising strategy for biomimetic enamel remineralization.

Conclusion

This study demonstrated the effect of CPICs on demineralized enamel surfaces and their effects on bracket shear bond
strength. The application of the CPIC solution improved the SBS, microhardness, micro-CT features, and ARI score. As the
application time of the CPIC solution increased, the bonding ability and stability improved. This was visualized in SEM
images as epitaxial growth in the demineralized enamel matrix and an increase in the Ca/P ratio after CPIC treatment. The
application of CPIC solutions on demineralized enamel surfaces suggests a novel preclinical method that overcomes the
limitations of the current fluoride/non-fluoride-mediated treatment of WSLs. We demonstrated an enamel remineralization
approach through applying CPIC solution, which may be a promising strategy for biomimetic enamel remineralization.

Abbreviations

ACP, amorphous calcium phosphate; ARI, adhesive remnant index; CPICs, calcium phosphate ion clusters; EDX,
energy-dispersive spectroscopy; HAP, hydroxyapatite; Micro-CT, micro-computed tomography; SBS, shear bond
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