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A B S T R A C T   

Objectives: We investigated remineralization effects of enamel binding peptide (EBP), 
WGNYAYK, on enamel subsurface demineralization in vitro. 

Methods: Bovine lower incisor crowns were used as subsurface enamel demineralization 
samples, and changes of EBP binding, remineraliztion rate, hardness and microstructure were 
investigated. Binding of EBP, remineralization rate, hardness and structural changes were 
investigated. Fluorescein isothiocyatate (FITC)-labeled EBPs (0.4 mM, 4.0 mM, and 7.0 mM) were 
applied to the samples for 30 min at 37 ◦C, with sample surfaces and cross-sections observed by 
confocal laser scanning microscope (CLSM). Mineralization analysis samples were divided into 4 
experimental groups; distilled water (DW), EBP 0.4 mM, EBP 4.0 mM, and EBP 7.0 mM. Mineral 
density changes were measured by micro-CT with hardness measured by nano-indentation. 
Samples were also observed by scanning electron microscope (SEM) for surface and longitudi
nal microstructure. 
Results: CLSM images indicated that increased fluorescence was observed in the surface layer and 
up to about 20 μm below the surface layer. The remineralization rate was significantly higher for 
EBP 7.0 mM compared to DW (p = 0.008). Enamel surface hardness was significantly higher in all 
EBP groups compared to DW (p < 0.05) and was highest in the 7.0 mM group. SEM images 
showed obscuring of the superficial columnar structure in the 7.0 mM EBP group, indicating 
subsurface crystalline structure recovery. 
Conclusion: The results of this study suggest that EBP binds to demineralized enamel and promotes 
remineralization.   

1. Introduction 

Early enamel caries is characterized by subsurface demineralization while the enamel surface is continuous and carious fossae are 
not yet formed. Subsurface lesions are an early stage of dental caries in which an imbalance between demineralization and remi
neralization exists, characterized by the acid-induced dissolution of calcium ions (Ca2+) and phosphate ions (PO4

3-) from subsurface 
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enamel [1,2]. Recovery from this is induced by remineralization, in which Ca2+ and PO4
3- from saliva are supplied to these lesions, 

promoting ion deposition in the demineralized enamel crystalline voids [3]. For this reason, a method to detect remineralization and 
manage early-stage caries (remineralization therapy) is advocated [4], with the minimal intervention dentistry issued by the FDI 
World Dental Federation in 2016 [5]. Typical treatments include the application of remineralization-promoting substances such as 
fluoride, casein phosphopeptide-amorphous calcium phosphate, and nano-hydroxyapatite [6]. Fluoride interrupts the demineraliza
tion process and promotes the remineralization of enamel. These properties of fluorides are still used approaches by adding fluoride, 
for example to increase the hardness of the remineralized enamel. However, there are risk factors such as fluorosis associated with too 
frequent fluoride intakes in children under 6 years of age [7], and alternative materials have been developed. 

Biomimetic enamel remineralization attracts attention [8] as a novel approach to treating and preventing early enamel caries by 
mimicking natural remineralization processes. Biomimetic remineralization is guided by substances that provide a scaffold for hy
droxyapatite crystals to nucleate and grow, generating enamel-like structures [9]. The mineral crystals in carious lesions that is re
generated by fluoride are disordered, but biomimetic enamel remineralization induces mineral deposition and promotes oriented 
crystal regeneration. As biomimetic materials, amelogenin, peptides, and calcium phosphate nanoparticles are listed [10]. These 
specific substances include enamel matrix proteins such as enamel matrix derivative (EMD) [11] and peptides such as P11-4, a 
self-assembling peptide, and amelogenin-derived peptides [12,13], previously shown to remineralize enamel [11,12]. Polyamido
amine (PAMAM) dendrimers, another type of artificial protein, function well for enamel subsurface remineralization [14]. The use of 
proteins and protein-like molecules is often ineffective, possibly due to the inability of large molecular-weight species to penetrate the 
tooth subsurface. Indeed, salivary phosphoproteins such as statherin, proline-rich proteins, and histatin inhibit calcium phosphate 
crystal nucleation and apatite surface precipitation by enamel surface absorption [15]. On the other hand, peptides are biocompatible, 
specific properties are easily designed, and are more able to permeate than large proteins [16]. Phage display is one method to identify 
peptides with specific functions [17]. A large random library of peptides with the same number of amino acids is used in this method, 
identifying sequences that bind strongly to inorganic surfaces. Using this method, the 7 amino acid peptide, WGNYAYK, was identified 
as the enamel binding peptide (EBP) from a linear peptide library [18]. The in vitro study demonstrated that EBP precipitated 
amorphous calcium phosphate (ACP) particles from a remineralization solution containing Ca2+ and PO4

3− , implying involvement in 
calcium phosphate crystal growth [18]. However, it remains unclear whether EBPs induce the remineralization of enamel subsurface 
demineralization. We hypothesize that EBPs bind to demineralized enamel and promote remineralization. 

Fig. 1. Flow chart of the experimental design in the study.  
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In this study, we investigate the binding and remineralization properties of EBPs using demineralized enamel subsurface samples 
that mimic early enamel caries. 

2. Materials and methods 

2.1. 2-1. Peptide preparation 

Fluorescein isothiocyatate (FITC)-labeled enamel-specific binding peptide (EBP; amino acid sequence: WGNYAYK) was designed 
and purchased from BEX (Tokyo, Japan). Lyophilized peptide was dissolved in distilled water (DW) at 10 mg/mL to prepare EBP 
solutions at concentrations of 0.4 mM, 4.0 mM, and 7.0 mM [18]. 

2.2. 2-2. Enamel sample preparation 

The method flowchart is shown in Fig. 1, according to the method by Ishizuka et al. (2022) with modification [19]. Thirty bovine 
incisors free of visible dental caries and cracks were frozen and preserved after extraction, purchased from Yokohama Meat Corpo
ration. (Yokohama, Japan). The incisors were washed under running water to remove all adherent soft tissue. The crowns were cut to 3 
x 3 × 2 mm using a precision low-speed cutting machine (Isomet, Buehler, Lake Bluff, IL, USA) and embedded into epoxy resin 
(EpoxiCure 2, Buehler, Lake Bluff, IL, USA). with the smooth enamel surface exposed. The enamel surface was then ground with 
600–2000 water-resistant abrasive paper and ultrasonically cleaned for 5 min. The edge (1 mm) of the surface was coated with nail 
varnish (Revlon Red 680; Revlon, New York, NY, USA) and an observation window (2 × 2 mm) was created by exposing the polished 
enamel surface of each specimen [20]. Holes (1.0 mm in diameter and 0.5 mm in depth) were drilled on the side of each sample with a 
diamond-pointed bur for analytical alignment [21]. The prepared samples were randomly divided into the DW group, 0.4 mM EBP 
group, 4.0 mM EBP group, and 7.0 mM EBP group (n = 10 each). In addition, untreated enamel and demineralized enamel were added 
to the experimental group after 1 week of remineralization for hardness testing. 

2.3. 2-3. Subsurface demineralization sample preparation 

Subsurface demineralized lesions were prepared by immersion in demineralization solution (50 mM acetic acid, 2.2 mM Ca(NO3)2, 
2.2 mM KH2PO4, 5.0 mM NaN3, and 0.5 ppm NaF, pH 4.5) at 37 ◦C for 7–9 days to align the region depths [22,23]. In this study, 
mineral recovery is determined from mineral loss, which is different from demineralized depth, and is not affected by demineralized 
period. 

2.4. 2-4. Confocal laser scanning microscope (CLSM) 

Samples were prepared separately from the experimental group. To the treated surface was added 10 μL of the FITC-labeled EBP 
solution, adjusted to each concentration, and allowed to react for 30 min at 37 ◦C, then rinsed and dried. As a control group, 0.4 mM 
FITC was applied under the same conditions. To confirm enamel binding, some sample surfaces were evaluated by confocal laser 
microscope (LSM 880 Airy NLO, Zeiss, Jena, Germany). The samples were then cut longitudinally in the center with nippers and 
polished with water-resistant abrasive paper, then the longitudinal sections were evaluated. We used 3 teeth for each group, and 
evaluated 3 surfaces and 3 longitudinal regions. 

2.5. 2-5. Micro-computed tomography (micro-CT) 

Demineralized specimens were imaged using a micro-CT system (SMX-100CT, Shimadzu, Kyoto, Japan) at a tube voltage of 70 μA 
and a current of 100 kV. The subsurface region depth of each specimen was confirmed by micro-CT. The X-ray beam was oriented 
perpendicular to the enamel surface. To prevent drying during imaging, specimens were placed in plastic tubes and secured with a 
damp wipe at the top. A brass plate 0.2 mm thick was placed in the irradiation path to block low-energy X-rays and reduce line beam 
hardening [24]. 

Data were reconstructed into 3D images with a resolution of 1024 x 1024 pixels and a voxel size of 5.0 μm. A reference phantom 
was also scanned for calibration and included three hydroxyapatite (HAp) disks (TRI/3D-BON, Ratoc, Tokyo, Japan); two with 
different concentrations (0.50 and 0.70 gHAp/cm3) of HAp crystals mixed with epoxy resin (Epoxicure Resin, Buehler) and one pure 
HAp disk (3.16 gHAp/cm3) (Cellyard, Hoya, Tokyo, Japan). Enamel specimens with mean thickness of 1194 ± 96.7 μm were selected. 

2.6. 2-6. Mineral increase rate by remineralization 

Each sample was immersed in remineralization solution (0.9 mM KH2PO4, 1.5 mM CaCl2, 130 mM KCl, and 1.0 mM NaN3, 20 mM 
HEPES pH 7.0) at 37 ◦C for 7 days [19]. This solution was changed daily [25]. After remineralization, specimens were photographed 
with a micro-CT system (SMX-100CT, Shimadzu). 3D evaluation software (TRI/3D-BON, Ratoc, Tokyo, Japan) was used to align the 
mineral density profile by referring to the outer surface and reference hole of the CT data after demineralization and remineralization, 
and the mineral density profile was measured. Assuming the mineral density of the untreated enamel around the treated surface to be 
100 %, the amount of mineral decreased after demineralization (ΔZd) and remineralization (ΔZr) was determined, from which the 
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mineral change was calculated and divided by the mineral decrease after demineralization (ΔZd), from which the rate of mineral 
increase (%R) was obtained. 

%R= [(ΔZd-ΔZr) /ΔZd× 100]

2.7. 2-7. Hardness test 

In addition to the experimental group after 1 week of remineralization, untreated enamel and demineralized enamel were subjected 
to surface hardness testing using Nano-indentation (ENT-1100a, ELIONIX, Tokyo, Japan) (n = 6 each). Specimens were adjusted to a 
thickness of 2 mm, fixed to the stage with instant adhesive, and hardness (N/mm2) was measured with a test load of 20 mN. Twenty 
indentations were formed in the center of each specimen [26]. The fused silica was measured and calibrated before each test for 

Fig. 2. CLSM observation of surface (I) and cross sections (II) FITC-labeled EBP fluorescence intensity increased in the superficial and cross sections 
compared to the control (FITC). 
In the surface observation (I), EBP showed an increase in fluorescence intensity compared to the control (a). EBP 0.4 mM group (c) showed lower 
fluorescent intensity compared to the 4.0 mM (e) and 7.0 mM (g) groups. Fluorescence indicating EBP was observed in the 4.0 mM (e) and 7.0 mM 
(g) groups throughout the surface layer covering the enamel rod area and inter-rod enamel area 
In the longitudinal section (II), increased fluorescence was observed in the surface layer and up to about 20 μm below the surface layer. An increase 
in fluorescence intensity was confirmed for all EBP (d, f and h) concentrations compared to the control DW (b). 

Y. Miyayoshi et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e23176

5

reference. Enamel specimens with mean of the sound area hardness of 33256 ± 5625.8 N/mm2 were selected. 

2.8. 2-8. Scanning electron microscope (SEM) 

A portion of the remineralized specimen was deposited with carbon, and the surface layer and longitudinal section microstructure 
was observed with a scanning electron microscope (SEM, SU-6600, Hitachi, Tokyo, Japan). The longitudinal samples were prepared in 
the same manner as the CLSM samples. The surface layer was observed at 7,000x magnification and the longitudinal section at 2,000x 
magnification (n = 3 each). 

2.9. 2-9. Statistical analysis 

All data were statistically tested for Kolmogorov–Smirnov test and the Levine’s test was 
applied to test for equal variance between the groups, and processed by One-way anova with. 
Welch’s correction and post hoc comparison by the Games-Howell test a 5 % significance level. All statistics and measure of effect 

size and power were performed in a statistical program. 
(SPSS Version 27 for Windows, SPSS, Chicago, IL, USA). 

3. Results 

3.1. CLSM findings 

In the surface observation (I), EBP showed an increase in fluorescence intensity compared to the control (Fig. 2a). EBP 0.4 mM 
group (Fig. 2c) showed lower fluorescent intensity compared to the 4.0 mM (Fig. 2e) and 7.0 mM (Fig. 2g) groups. Fluorescence 
indicating EBP was observed in the 4.0 mM (Fig. 2e) and 7.0 mM (Fig. 2g) groups throughout the surface layer covering the enamel rod 

Fig. 3. Two-dimensional micro-focus X-ray computed tomography (micro-CT) images of the same specimens. X-ray transmission image showing 
enamel subsurface lesions after demineralization. 
In all groups, the radiopacity increased post-remineralization (a, b, c, d). 
(a) DW, (b) EBP 0.4 mM, (c) EBP 4.0 mM and (d) EBP 7.0 mM. Bars = 500 μm. 
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area and inter-rod enamel area. 
In the longitudinal section (II), increased fluorescence was observed in the surface layer and up to about 20 μm below the surface 

layer. An increase in fluorescence intensity was confirmed for all EBP (Fig. 2d, f and 2h) concentrations compared to the control DW 
(Fig. 2b). Representative CLSM images are shown in Fig. 2. 

3.2. Micro-CT and remineralization rate 

In all groups, subsurface demineralization was observed, in which the most superficial layer showed a white lineation and an 
increase in the underlying layer permeability. In addition, an increase in radiopaque opacity of the demineralized area was observed in 
the micro-CT image on the 7th day of remineralization. Representative 2D images of the micro-CT are shown in Fig. 3. In all groups, the 
radiopacity increased post-remineralization (Fig. 3a, b, 3c and 3d). Representative 3D images of the micro-CT are shown in Fig. 4. X- 
ray transmission image showing enamel subsurface lesions after demineralization (Fig. 4a). 

The radiopacity increased post-remineralization (Fig. 4b). 
The mineral profiles of each experimental group are shown in Fig. 5. There was a decrease in mineral density at approximately 30 

μm below the surface compared to the surface, resembling the subsurface demineralization characteristic of early caries. In all groups, 
a mineral density increase was observed after one week of immersion in the remineralization solution(Fig. 5a, b, 5c and 5d). 

The remineralization rates are shown in Table 1. The calculated effect size was 0.259 and the power achieved was 0.815. There was 
no significant difference in the recalcification rate among the DW, 0.4 mM, and 4.0 mM groups, and among the 0.4 mM, 4.0 mM, and 
7.0 mM groups, but there was a significant difference between DW and 7.0 mM (p = 0.008). 

3.2.1. Hardness changes in remineralized enamel after EBP application 
Nano-indentation results are shown in Table 2. The unimpaired enamel showed the highest values, while the demineralized enamel 

showed the lowest ones. The hardness in the DW group was significantly lower than that in the demineralized group (p < 0.001), and in 
all EBP groups (p < 0.05). The hardness in the EBP 0.4 mM and 4.0 mM groups did not differ significantly(p = 1.00), and the 7.0 mM 
group showed the highest hardness. However, the hardness in the EBP 7.0 mM group did not recover to the level of unimpaired enamel. 

SEM observation. 
Representative SEM images are shown in Fig. 6. Unimpaired enamel surface was smooth with polishing scratches (Fig. 6a). After 

demineralization, the enamel rod structure of the surface layer was clearly observed (Fig. 6b). Inter-prism gaps were seen in dem
ineralized enamel, DW (Fig. 6c), and EBP 0.4 mM (Fig. 6d) and 4.0 mM groups (Fig. 6e). Obscured inter-rod structures were observed 
in the EBP 7.0 mM group. On the other hand, in the 7.0 mM group, the enamel prism structure was unclear (Fig. 6f). In the longitudinal 
section, the remaining surface layer and the loss of subsurface structure were seen in all groups (Fig. 7a, b, 7c, 7d 7e, and 7f). In the 7.0 
mM group, crystal accumulation was observed in the surface region (Fig. 7f). 

4. Discussion 

In this study, the binding and remineralizing effects of EBPs to demineralized enamel were evaluated. We preliminarily carried out 
experiments using three peptides identified in the previous study by Mao et al. (2016) [18]. WGNYAYK showed the highest remi
neralizing effect, and we decided to employ this peptide. The results suggest that EBPs bind to and penetrate demineralized enamel and 
promote its remineralizing effect. Therefore, the hypothesis proposed in this study was supported. The preliminary data on WGNYAYK 
as supplementary material is not shown. 

Our results showed EBP bound to the enamel surface layer, with an increase in EBP fluorescence intensity. Previous studies re
ported peptide binding to enamel [13,18]. In this study, we used FITC-labeled EBP to confirm EBP binding to enamel, as the previous 

Fig. 4. Representative three-dimensional micro-focus X-ray computed tomography (micro-CT) images of the same specimens. X-ray transmission 
image showing enamel subsurface lesions after demineralization (a). 
The radiopacity increased post-remineralization (b). Bars = 1000 μm. 
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study did not visually confirm this [18]. A previous study reported the penetration of a fluorescent dye-labeled protein into longi
tudinal enamel sections [27]. Longitudinal section images showed FITC localization approximately 20 μm below the surface layer, 
implying involvement in mineral uptake. Increasing EBP concentration was associated with an increase in fluorescent intensity of the 
surface layer and deeper regions, suggesting concentration-dependent binding and permeabilization. The method in our study differs 
from that in the previous study by Mao et al. [18]. In our study, we used demineralized enamel as in a clinical setting. It is possible that 
the roughening of the surface layer and disruption of the subsurface structure resulted in more bonding and penetration compare to the 
sound enamel surface. 

Micro-CT is a nondestructive technique to assess mineral content primarily used in mineral density studies and mineral tissue 
structure, such as bones and teeth [28]. It is useful in evaluating sample remineralization over time [21]. Micro-CT results showed that 

Fig. 5. Mean mineral density profiles of representative specimens from experimental groups. Blue line: after demineralization; orange line: after 1 
week of remineralization. 
Mineral density increased in all groups after 1 week of remineralization (a, b, c, d). 
(a) DW, (b) 0.4 mM EBP, (c) 4.0 mM EBP and (d) 7.0 mM EBP. 

Table 1 
Games Howell test of Percentage of Remineralization (%R).   

mean (%)  Mean Difference Standard Error p-value 95 % Confidence Interval       

Lower Bound Upper Bound 
DW 10.41 EBP 0.4 mM − 0.807 3.008 0.993 − 9.73 8.116   

EBP 4.0 mM − 2.214 3.073 0.887 − 11.345 6.918   
EBP 7.0 mM − 10.706 2.726 0.008* − 18.723 − 2.688 

EBP 0.4 mM 11.21 DW 0.807 3.008 0.993 − 8.116 9.73   
EBP 4.0 mM − 1.407 3.973 0.984 − 12.635 9.822   
EBP 7.0 mM − 9.899 3.711 0.069 − 20.401 0.604 

EBP 4.0 mM 12.62 DW 2.214 3.073 0.887 − 6.918 11.345   
EBP 0.4 mM 1.4067 3.973 0.984 − 9.822 12.635   
EBP 7.0 mM − 8.492 3.764 0.147 − 19.151 2.167 

EBP 7.0 mM 21.11 DW 10.706 2.726 0.008* 2.688 18.723   
EBP 0.4 mM 9.899 3.711 0.069 − 0.6039 20.401   
EBP 4.0 mM 8.492 3.764 0.147 − 2.167 19.151 

The rate of remineralization of EBP 7.0 mM treatment was significantly higher than that of DW treatment (p = 0.008). An asterisk in the p-value 
indicates a significant difference. 
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the most superficial layer remained after 7–9 days of demineralization, while the mineral profile showed a subsurface layer loss, 
confirming subsurface demineralization. In addition, after remineralization, the subsurface demineralized area radiopacity increased 
and %R of EBP 7.0 mM treatment was higher than that of DW treatment. These results indicate that EBP promotes subsurface 
remineralization. EBP 4.0 mM did not improve mineral recovery because a certain concentration is required before passing through the 
surface layer and permeating inside. The increased concentration and supersaturation may have allowed EBP to rapidly penetrate the 
enamel substructure. 

While most studies evaluated hard tissue remineralization by measuring mineral content [29,30], it is also important to evaluate 
mechanical properties to assess the remineralized hard tissue quality [31]. Enamel mechanical properties are strongly related to 
mineral content [32], and mineral loss causes decreased enamel surface hardness and modulus [33]. Nano-indentation, used in this 
study, measures indentation depth by displacement, rather than by visually measuring indentation, and is often used to measure 
demineralized enamel [34]. The results of this study showed that the hardness in demineralized areas was significantly lower than that 
in unimpaired areas. Compared to immediately after demineralization, each experimental group showed significantly higher hardness 
values, demonstrating that remineralization restores hardness. In addition, the hardness of all EBP groups was significantly higher than 
that of the DW group, demonstrating the hardness increase due to the remineralization-promoting effect of EBPs. 

In this study, the EBP concentration of up to 7.0 mM demonstrated remineralization, but the concentration dependency was 
incompletely confirmed. The peptide concentration of 7 mM was the limitation in this study, and the optimal concentration of EBP may 
be higher. On the other hand, the use of high concentrations or long peptide sequences does not always improve the degree of hardness 
recovery as shown by Hsu et al. [35]. Further concentration studies are necessary to prove the concentration dependent manner. 

Microstructurally sediment-like structures were observed on the surface layer and, in the 7.0 mM EBP group, the interrod structures 
were obscured, resembling ACP accumulation [18]. The microstructural findings of this study reflected those of Hsu et al., who re
ported that the 8DSS peptide (derived from the human dentin phosphoprotein) resulted in mineral deposition to the enamel rods and 
interrod spaces of the demineralized enamel [36]. This study implies that hardness recovery occurs due to surface-layer structure 
changes. 

Protein penetration along with mineral evaluation and microstructural changes in longitudinal sections was reported [13,37]. 
However, previous studies do not appear to discuss the relationship between the ability of peptides to permeate the tooth and 
microstructural changes. CLSM data identified FITC-labeled EBP localization approximately 20 μm below the surface layer, but lon
gitudinal SEM sections identified no differences in this area except in the 7.0 mM group. Furthermore, some subsurface crystalline 

Table 2 
Games Howell test of Enamel surface hardness by nano-indentation.   

mean (N/mm2) Mean Difference Standard Error p-value 95 % Confidence Interval       

Lower Bound Upper Bound 
Sound 32141.780 Dem 28706.363 572.777 <.001* 26315.841 31096.885   

DW 25022.224 582.907 <.001* 22650.654 27393.794   
EBP 0.4 mM 22720.238 634.279 <.001* 20357.570 25082.906   
EBP 4.0 mM 22754.441 724.261 <.001* 20214.783 25294.098   
EBP 7.0 mM 18156.085 727.572 <.001* 15607.226 20704.944 

Dem 3435.417 Sound − 28706.363 572.777 <.001* − 31096.885 − 26315.841   
DW − 3684.139 171.298 <.001* − 4298.575 − 3069.703   
EBP 0.4 mM − 5986.125 303.105 <.001* − 7189.015 − 4783.235   
EBP 4.0 mM − 5951.922 462.726 <.001* − 7861.786 − 4042.059   
EBP 7.0 mM − 10550.278 467.892 <.001* − 12482.801 − 8617.755 

DW 7119.556 Sound − 25022.224 582.907 <.001* − 27393.794 − 22650.654   
Dem 3684.139 171.298 <.001* 3069.703 4298.575   
EBP 0.4 mM − 2301.986 321.839 0.001* − 3505.668 − 1098.304   
EBP 4.0 mM − 2267.783 475.209 0.022* − 4160.142 − 375.425   
EBP 7.0 mM − 6866.139 480.240 <.001* − 8780.996 − 4951.282 

EBP 0.4 mM 9421.542 Sound − 22720.238 634.279 <.001* − 25082.906 − 20357.570   
Dem 5986.125 303.105 <.001* 4783.235 7189.015   
DW 2301.986 321.839 0.001* 1098.304 3505.668   
EBP 4.0 mM 34.203 536.985 1 − 1899.968 1968.374   
EBP 7.0 mM − 4564.153 541.443 <.001* − 6517.590 − 2610.716 

EBP 4.0 mM 9387.339 Sound − 22754.441 724.261 <.001* − 25294.098 − 20214.783   
Dem 5951.922 462.726 <.001* 4042.059 7861.786   
DW 2267.783 475.209 0.022* 375.425 4160.142   
EBP 0.4 mM − 34.203 536.985 1 − 1968.374 1899.968   
EBP 4.0 mM − 4598.356 644.518 <.001* − 6837.033 − 2359.678 

EBP 7.0 mM 13985.694 Sound − 18156.085 727.572 <.001* − 20704.944 − 15607.226   
Dem 10550.278 467.892 <.001* 8617.755 12482.801   
DW 6866.139 480.240 <.001* 4951.282 8780.996   
EBP 0.4 mM 4564.153 541.443 <.001* 2610.716 6517.590   
EBP 4.0 mM 4598.356 644.518 <.001* 2359.678 6837.033 

Unimpaired enamel showed the highest hardness and demineralized enamel showed the lowest hardness. 
There were no significant differences among the 0.4 mM and 4.0 mM groups, but the 7.0 mM group showed significantly higher hardness (p < 0.05). 
An asterisk in the p-value indicates a significant difference. 
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structure recovery was observed, with increased mineral density in the demineralized area approximately 20 μm below the surface for 
the 7.0 mM group. These results suggest that the ability of EBP to permeate at 7.0 mM promoted mineral uptake and subsurface 
microstructural changes. 

The predicted mechanism of EBP remineralization is shown in Fig. 8, where Ding et al. demonstrated amelogenin-derived peptide 
QP5 binding to the enamel surface, ACP stabilization, hydroxyapatite crystallization control, and promotion of remineralization in 
caries lesions [38]. EBP is assumed to interact with calcium because there was a high consumption of calcium ions when EBPs were 
immersed in remineralizing solution [18]. EBP may function similarly, binding to and penetrating demineralized enamel and pro
moting mineral uptake, thereby generating ACP and crystallizing HAp. We will conduct elemental analysis to analyze newly formed 
crystals and investigate the characteristics of EBPs to understand the remineralization mechanism of EBP as further studies. Based on 
the results of the present and further studies, we will consider topical application of EBPs on surface of early enamel caries clinically. 

5. Conclusion 

At higher concentrations, EBP binds to demineralized enamel to promote remineralization under the present experimental 
conditions. 

Data Availability Statement 

Data included in article/supp. material/referenced in article. 

Fig. 6. enamel surfaces SEM images. 
The surface layer was observed at 7,000x magnification. Unimpaired enamel surface was smooth with polishing scratches (a). Inter-prism gaps were 
seen in demineralized enamel (b), DW (c), and EBP 0.4 mM (d) and 4.0 mM (e) groups. Obscured inter-rod structures were observed in the EBP 7.0 
mM (f) group. 
(a) Unimpaired enamel, (b) Demineralization, (c) DW, (d) EBP 0.4 mM, (e) EBP 4.0 mM, (f) EBP 7.0 mM. Bars = 5 μm. 
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Clinical significance 

EBPs promote remineralization, supporting EBP-based early treatment of enamel caries.                                                                                                                                                                        

(continued on next page) 

Fig. 7. Cross-sectional SEM images of enamel specimens. 
The longitudinal section was observed at 2,000x magnification. Unimpaired enamel (a) was smooth, but in the demineralized enamel (b), subsurface 
lesion-like structures were seen, DW (c), EBP 0.4 mM (d), EBP 4.0 mM (e), and 7.0 mM (f) groups. Note crystal accumulation (white arrow) was seen 
in subsurface regions of the 7.0 mM group (f). 
(a) Unimpaired enamel. (b) Demineralization. (c) DW. (d) EBP 0.4 mM. (e) EBP 4.0 mM. (f) EBP 7.0 mM. Bars = 20 μm. 
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(continued )                                                                                                        
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