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Abstract
This study aimed to demonstrate and compare the accuracy of tooth shade selection due to the remineralized enamel crystal 
with enamel matrix derivative (EMD) in vitro. Etched enamel slices were immersed in four types of mineralization buffers 
for 16 h. Sodium fluoride (NaF) was added to final concentrations of 1–100 ppm with the mineralization buffer that dem-
onstrated the highest mineralization efficiency. EMD was added to the mineralization buffer containing NaF to see if it has 
any remineralization capacities. The remineralized enamel crystal was analyzed by SEM and XRD. The tooth shade was 
evaluated by CIE L*a*b*. The results showed that, without NaF, plate-like nanocrystals were formed on the enamel surface, 
but with NaF, needle-like nanocrystals were formed. By adding EMD, a layer of well-compacted hydroxyapatite crystals 
was successfully precipitated onto the natural enamel surface. No significant differences were observed in the L* value of 
the mineralization surface pre-etching and after mineralization buffer containing NaF and EMD. A new method has been 
developed to recover the color quality of enamel, as well as to mineralize the tooth enamel by constructing hydroxyapatite 
crystals with mineralization buffers containing NaF and EMD on the etched tooth surface.
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Introduction

Dental enamel is the hardest mineralized tissue in the human 
body and is composed of more than 95% hydroxyapatite 
crystals by weight [1]. A sound enamel surface in the oral 
environment conserves the subtle balance between the 
demineralization and remineralization processes. How-
ever, decalcification, when dental enamel loses miner-
als due to various intraoral acid conditions, occurs easily. 

Demineralization of enamel results in visible changes such 
as loss of gloss and shine and an opaque and chalky-white 
appearance, clinically known as white spot lesions (WSLs) 
[2]. Mouth rinses and toothpastes with fluoride have been 
applied to WSLs for remineralization [3–5]. However, the 
fluoride applications frequently do not provide esthetic res-
toration of the WSLs [6].

In addition, casein phosphopeptide-amorphous calcium 
phosphate (CPP-ACP) paste, bioglass materials, have been 
attempted to promote enamel remineralization at the early 
stage of demineralization of the enamel surface, but regen-
eration of the enamel is not established [7, 8]. The rem-
ineralization outcomes and its consequences in the optical 
properties of enamel depend on the extension/depth of the 
demineralized tissue.

Regeneration of enamel provides enough hardness for the 
oral environment, prevention of initial caries, and improved 
esthetic features on the surface of the tooth. Enamel demin-
eralization should be restored with the regenerative enamel 
more than the mineralization. The regenerated enamel is 
distinguished from the mineralization by the presence of 
the crystal structure of hydroxyapatite [9].
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Various studies of regenerating enamel-like hydroxyapatite 
crystals have been performed under extreme non-physiological 
conditions, such as a high-temperature, high-pressure, low 
acidic pH, or in the presence of surfactants [10–12]. These 
biomimetic approaches for regenerating enamel that do not 
require extreme conditions would be clinically useful in pediat-
ric, preventive, and operative dentistry. Such biomimetic meth-
ods are performed in physiological conditions using calcium 
phosphate buffer including amelogenin [13, 14].

Enamel formation is started by the secretion of the 
enamel matrix protein that promotes differentiated amelo-
blasts in the enamel organ of the bell stage during enamel 
development. Secreted amelogenin accounts for more than 
90% of enamel matrix protein from ameloblasts, and enam-
elin or ameloblastin is present in small amounts [15, 16]. 
Self-assembly of amelogenin controls the oriented and elon-
gated growth of the hydroxyapatite crystals within enamel 
prisms [17–19]. Use of recombinant amelogenins to form 
hydroxyapatite crystals has been attempted under several 
in vitro conditions [13, 20]. Although the recombinant 
amelogenins have been produced by several methods includ-
ing Escherichia coli-based, yeast-based, and virus expres-
sion systems, no methods have been widely adopted due to 
uncertainty, such as involvement of its phosphorylation [21]. 
Moreover, the recombinant amelogenins are very expensive 
for clinical applications. Instead, enamel matrix derivative 
(EMD:  Emdogain®, Straumann, Allschwil, Switzerland) 
from porcine tooth buds, consisting mainly of amelogenin 
fragments, has been clinically applied for periodontal regen-
eration. EMD could promote the remineralization of enamel 
in vitro [22, 23]. An electron microscopic study showed 
that formation of enamel crystals on the sliced enamel was 
induced by EMD with fluoride soaked into calcium chloride 
solution for 96 h [24]. This study did not examine esthetic 
features, which is an important finding of the regenerated 
enamel. The whole tooth should be used to evaluate the 
esthetic features of the regenerated enamel.

Therefore, we hypothesized that the hydroxyapatite crys-
tals formed with mineralization buffer containing EMD pro-
vide esthetic remineralization. This study examined how a 
calcium phosphate mineralization buffer containing EMD 
induced mineralization on the etched enamel slices within 
16 h, and how the mineralization was esthetic on the etched 
enamel, mimicking WSLs in the extracted whole tooth 
crown.

Materials and methods

Ethics

The study was approved by the research ethics committee of 
our Institution (Reference No. 2016-0010). All patients who 

underwent tooth extraction provided written, informed con-
sent in accordance with the revised Declaration of Helsinki 
(World Medical Association Declaration of Helsinki 2008).

Enamel slice samples

Thirty human permanent maxillary and mandibular central 
teeth that were extracted due to periodontal problems were 
chosen. The teeth were caries-free and had no coronal res-
toration, crack, or fractures. Extracted teeth were washed 
in 3% hypochlorous acid and saline solution, and 1-mm-
thick slices of enamel were cut using a low-speed, preci-
sion sectioning saw (Buehler, Lake Bluff, IL, USA). The 
prepared enamel slices were stored in saline solution at 4 °C. 
The slices were surface-treated with 40% phosphoric acid 
(K-ETCHANT GEL, Kuraray Noritake Dental Inc., Tokyo, 
Japan) for 60 s and then washed in distilled water and dried, 
and then subsequently immersed in mineralization buffer.

Mineralization buffers

Four mineralization buffers were prepared, solutions A, B, 
C, and D [25, 26].

Mineralization buffer A was prepared with 2.12 mM cal-
cium chloride dihydrate  (CaCl2·2H2O: Fujifilm Wako Pure 
Chemical Co., Osaka, Japan), 1.27 mM K-PO4, which is a 
mixture of potassium dihydrogenphosphate and dipotassium 
hydrogen phosphate  (KH2PO4,  K2HPO4: Kanto Chemical 
Co., Inc., Tokyo, Japan). Mineralization buffer B was pre-
pared with 2.24 mM  CaCl2·2H2O and 1.34 mM K-PO4. Min-
eralization buffer C was prepared with 2.35 mM  CaCl2·2H2O 
and 1.41 mM K-PO4. The final pH of mineralization buffers 
A, B, and C was adjusted to 7.4 by 10 mM HEPES–KOH 
[prepared from 10 mM hydroxyethyl piperazine ethane sul-
fonic acid (HEPES: Nacalai Tesque, Inc., Kyoto, Japan) 
mixed with potassium hydroxide (KOH: Nacalai Tesque, 
Inc.), and 150 mM potassium chloride (KCl: Nacalai Tesque, 
Inc.)].

Mineralization buffer D was prepared with 2.58 mM 
CaCl2·2H2O, 1.55  mM  KH2PO4, and 180  mM sodium 
chloride (NaCl); the pH was adjusted to 7.6 with 50 mM 
Tris–HCl.

With all mineralization buffers, pH adjustment was car-
ried out using a pH meter (F-22: Horiba Ltd., Kyoto, Japan). 
All of the mineralization buffers used in the present study 
had a Ca/P molar ratio of 1.67; the degrees of solution 
saturations with respect to HAp were (A) 2.58 ×  107, (B) 
3.85 ×  107, (C) 5.50 ×  107, and (D) 8.32 ×  107 [25].

Remineralization of enamel slices

Enamel slices were immersed for 16 h in mineralization 
buffer A, B, C, or D (n = each 10 slices). After immersion, 
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the slices were held on copper plates (ϕ13.4 mm) covered 
with electrically conductive double-sided tape for carbon 
deposition. Following this, the surface of the enamel slices 
was observed using a field emission scanning electron 
microscope (SEM: JSM-7800F, JEOL Ltd., Tokyo, Japan) 
to determine which mineralization buffer showed the best 
mineralization efficiency.

Determination of the amount of fluoride

Sodium fluoride (NaF: Kanto Chemical Co., Inc.) was added 
to final concentrations of 1, 10, and 100  ppmF− with the 
mineralization buffer that demonstrated the highest miner-
alization efficiency. Enamel slices were then immersed for 
16 h in the mineralization buffer containing NaF at each of 
these concentrations, and assessed under the SEM.

Determination of the amount of EMD

Emdogain® (EMD: Straumann, Allschwil, Switzerland) was 
added at concentrations of 0.05%, 0.1%, 0.5%, and 1% to 
the mineralization buffer containing NaF, and the enamel 
slices were immersed and assessed under the SEM. Since 
EMD contains 6% propylene glycol alginate (PGA), 6% 
PGA (Wako Pure Chemical Co., Tokyo, Japan) was added 
to the mineralization buffer containing NaF as the control.

X‑ray diffraction analysis of the remineralized 
enamel surface

Enamel slices were prepared for analysis using an X-ray dif-
fraction (XRD) device (RINT200: Rigaku, Tokyo, Japan; 
Cu X-ray source, output: 40 kV at 200 mA) after being 
immersed in mineralization buffer alone, mineralization 
buffer containing NaF, and mineralization buffer contain-
ing NaF and EMD. The two-dimensional X-ray diffraction 
patterns were used to identify the deposited crystals and to 
study their crystallinity. Enamel slices without etching and 
enamel slices after surface treatment with 40% phosphoric 
acid for 60 s were used as controls. The hydroxyapatite 
(HAp) patterns were examined to identify any differences 
between the groups. For the intensity ratio of the samples, 
the ICDD PDF values were used  (Ca5(PO4)3OH: 00-034-
0010: Quality S,  Ca10(PO4)6OH2: 01-072-1243: Quality I).

Color tone changes in the tooth crown

Extracted teeth were first rinsed with 3% hypochlorous 
acid and saline solution, the entire enamel surface-treated 
with 40% phosphoric acid for 60 s, and then immersed for 
16 h in mineralization buffer alone, mineralization buffer 
containing NaF, and mineralization buffer containing NaF 
and EMD. All teeth were photographed using a digital 

camera (D5200, Nikon, Tokyo, Japan), 100-mm macro 
lens and speed light ring flash in a windowless room under 
standardized setting [exposure, 1/200 s; aper-ture, f/11; 
white balance flash at a fixed object-lens distance (22 cm)] 
and recorded in TIFF file format. To standardize color 
and the exact location each time a photograph was taken 
with a Casmatch (Bear Medic Corporation, Tokyo, Japan) 
placed near the tooth examined in Fig. 7b. The captured 
images were recorded as TIFF data, and colorimetry was 
performed in Photoshop CC (Adobe Inc., San Jose, CA, 
USA). Color correction was carried out using black, gray, 
and white, and then levels were corrected in Photoshop 
[27, 28]. The values were determined from 10 randomly 
selected sites on the enamel surface. Colors were classified 
using the L*a*b* color system [Commission Internation-
ale de l'Eclairage (CIE) 1976], where L* is the brightness 
index and a* and b* are indices of perceived chromaticity. 
The mean values of L*, a*, and b* were measured. For 
color tone correction separately from the Casmatch, each 
tooth was partially filled with A2 composite resin (Kuraray 
Noritake Dental Inc., Tokyo, Japan) as a control [29].

The CIELAB system systematically arranges colors in a 
way that correlates with visual perception, allowing them 
to be shown as a specific color. Higher values of L* indi-
cate greater brightness and whiter colors, higher values of 
a* indicate more red in the positive (+) direction and more 
green in the negative (−) direction, and higher values of 
b* indicate more yellow in the positive direction and more 
blue in the negative direction. Changes in color over time 
were determined by measuring the values pre-etching (lp*, 
ap*, bp*), after etching (lb*, ab*, bb*), and after immersion 
in mineralization buffer (lq*, aq*, bq*). Color differences 
(ΔEab) pre-etching and after immersion in mineralization 
buffer were compared by calculating the values of ΔL, Δa, 
and Δb at each of these two times. 10 sites were randomly 
selected in each tooth for the calculation.

Difference in color was calculated by the following 
formula:

Statistical analysis

From the colorimetric results, the values of L*, a*, and 
b* pre-etching, after etching and after immersion in min-
eralization buffer were analyzed using IBM SPSS Statis-
tics version 21 (IBM, Armonk, NY, USA). Differences in 
the values were tested using one-way analysis of variance 
(ANOVA) followed by Scheffe’s test, with p < 0.05 taken 
to be significant.

ΔE =
{

(

lp ∗ −lq ∗
)2

+
(

ap ∗ −aq ∗
)2

+
(

bp ∗ −bq ∗
)2
}1∕2

.
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Results

Mineralization buffer

SEM was used to assess remineralization after enamel 
slices were immersed in mineralization buffers A, B, C, 
and D for 16 h. Figure 1 shows the structures deposited on 
the surface of the enamel slices by different mineraliza-
tion buffers. Plate-like structures were found in all samples 
with mineralization buffers A, B, C, and D. With minerali-
zation buffers A, B, and C, the plate-like structures were 
denser with higher HAp ratios. Compared to A, B, and C, 

the plate-like structures were sparse with mineralization 
buffer D. The calcified precipitates appeared in all miner-
alization buffer at 16 h, and amount of the precipitation in 
C was lowest among the mineralization buffers. Therefore, 
mineralization buffer C was selected for use in the subse-
quent experiments.

Determination of the amount of fluoride

Sodium fluoride was added to mineralization buffer C to 
final concentrations of 1, 10, and 100 ppm, and remineraliza-
tion procedures were carried out. The plate-like remineral-
ized structures were transformed into needle-like structures 

Fig. 1  SEM images of the dem-
ineralized enamel surface after 
immersion in mineralization 
buffer. A Mineralization buffer 
A, B mineralization buffer B, 
C mineralization buffer C, 
D mineralization buffer D. 
Mineralization buffers A, B, 
and C formed denser plate-like 
structures with higher Ca/P 
ratios than mineralization buffer 
D. Images were taken at 1 k and 
5 k magnifications
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as a result of the addition of NaF. The needle-like deposi-
tions were thicker at higher fluoride concentrations (Fig. 2). 
On the basis of these results, a fluoride concentration of 
100 ppm was selected for use in the subsequent experiments.

Determination of the amount of EMD

EMD (0.05%, 0.1%, 0.5%, and 1%) or 6% PGA (control) 
was added to the NaF-containing mineralization buffer, and 
mineralization was evaluated by SEM. No differences in the 
deposited crystals were observed between the mineraliza-
tion buffer containing-NaF and the mineralization buffer 
containing-NaF with 6% PGA (Fig. 3).

Needle-like deposits were formed with the mineralization 
buffer containing-NaF with 0.05% and 0.1% EMD. In con-
trast, the needle-like deposits aggregated to form columnar 
shapes with the mineralization buffer containing-NaF with 

0.5% and 1% EMD. At higher EMD concentrations, these 
aggregated columnar structures were larger (Fig. 4).

XRD analysis of the remineralized enamel surface

Figure 5 shows the two-dimensional X-ray diffraction XRD 
patterns that were obtained. In comparison to the enamel 
slices before and after etching, different peaks were found on 
the enamel surface depending on the immersion conditions.

While clear HAp diffraction peaks were visible at 
2θ = 25.9°, 32.2°, and 34.0° in the enamel slices pre-etch-
ing, the intensity of the peaks was less, and the width of 
the peaks was greater in enamel slices after etching. With 
the enamel slices after immersion in mineralization buffer 
alone, mineralization buffer containing-NaF, and minerali-
zation buffer containing-NaF and EMD,: HAp peaks were 
found at 2θ = 25.9°, 31.7°, 32.2°, 32.9°, and 34.0°. With the 
mineralization buffer, high-intensity HAp peaks not present 

Fig. 2  SEM images of the 
demineralized enamel surface 
after immersion in mineraliza-
tion buffer C. A Mineralization 
buffer C + 1 ppm NaF, B min-
eralization buffer C + 10 ppm 
NaF, C mineralization buffer 
C + 100 ppm NaF. The addition 
of NaF transformed the plate-
like remineralization structures 
into needle-like structures. At 
higher fluoride concentrations, 
the needle-like depositions were 
thicker. Images were taken at 
1 k and 10 k magnifications
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in enamel after etching were found at 2θ = 31.7° and 32.9°. 
With mineralization buffer containing-NaF, high-intensity 
HAp peaks were found at 2θ = 31.7°, 32.2°, and 34.0°. With 
mineralization buffer containing-NaF and EMD, high-inten-
sity HAp peaks were found at 2θ = 31.7°, 32.2°, and 32.9°.

Color tone changes in the tooth crown

Photographs of immersed teeth and changes in the L*a*b* 
values are shown in Figs. 6 and 7. With the mineralization 
buffer alone, the mean L* value pre-etching was 84.5, after 
etching was 93.1, and after immersion was 91.2; the differ-
ence with respect to the value pre-etching was significant 
after etching (p = 0.001) and after immersion (p = 0.04). The 
mean a* value pre-etching was 6.1, after etching was 1.4, 
and after immersion was 2.9, with no significant difference 
after etching (p = 0.4) or after immersion (p = 0.9). The mean 
b* value pre-etching was 22.4, after etching was 11.4, and 
after immersion was 15.4; the pre-etching value was signifi-
cant after etching (p = 0.00) and after immersion (p = 0.025).

With the mineralization buffer containing-NaF, the mean 
L* value pre-etching was 87.7, after etching was 92.9, and 
after immersion was 92.0, the difference was significant after 
etching (p = 0.002) and after immersion (p = 0.048). The 
mean a* value pre-etching was 4.4, after etching was 0.6, 
and after immersion was 0.5; the difference was significant 
after etching (p = 0.048) and after immersion (p = 0.037). 
The mean b* value pre-etching was 31.0, after etching was 
21.2, and after immersion was 25.5; the pre-etching value 
was significant after etching (p = 0.000) and after immersion 
(p = 0.000).

With the mineralization buffer containing-NaF and EMD, 
the mean L* value pre-etching was 89.7, after etching was 
95.4, and after immersion was 89.9; the difference was sig-
nificant after etching (p = 0.000), but not significant after 
immersion (p = 1). The mean a* value pre-etching was 

− 0.8, after etching was − 3.7, and after immersion was 0.2; 
the difference was significant after etching (p = 0.000) and 
after immersion (p = 0.000). The mean b* value pre-etching 
was 25.7, after etching was 22.5, and after immersion was 
23.7; the pre-etching value was significant after etching 
(p = 0.000), but not significant after immersion (p = 0.716).

The visual differences in tooth enamel were evaluated 
using the CIE L*a*b* system after being immersed in min-
eralization buffer C, mineralization buffer C + 100 ppm NaF, 
and mineralization buffer C + 100 ppm NaF + 1% EMD 
(Fig. 7). The value of ΔE from pre-etching to after immer-
sion was 52.06 with mineralization buffer alone, 31.8 with 
mineralization buffer containing NaF, and 3.525 with min-
eralization buffer containing NaF and EMD.

Discussion

The present study demonstrated that calcium phosphate con-
taining NaF and EMD successfully precipitated hydroxyapa-
tite crystals to cause the whole surface of natural enamel 
to be covered with the crystals for 16 h. No significant dif-
ferences in the mineralization surface’s L* were observed 
pre-and after etching. The present method was developed 
to recover the shiny appearance of enamel, as well as to 
mineralize the tooth enamel.

Enamel slices were immersed in mineralization buffers 
A, B, C, and D for 16 h, and deposition of plate-like struc-
tures was observed in all samples. These deposits have been 
identified as octacalcium phosphate (OCP), and they may be 
a precursor of hydroxyapatite (HAp) [30–33]. In addition, 
dense deposits were found with all of the mineralization 
buffers, suggesting that OCP deposition is affected by the 
degree of HAp saturation.

Addition of NaF to the mineralization buffer caused the 
remineralization to take on a needle-like structure. The 

Fig. 3  SEM images of the 
demineralized enamel surface 
after immersion in mineraliza-
tion buffer C. A Mineralization 
buffer C + 100 ppm NaF, B min-
eralization buffer C + 100 ppm 
NaF + 6% PGA. There are no 
differences between A and B in 
the deposited crystals. Images 
were taken at 1 k, 5 k and 10 k 
magnifications
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needle-like structures became thicker at higher fluoride 
concentrations. Enamel HAp exhibits a needle-like struc-
ture, and the similar structure in the enamel probably possess 
similar mechanical properties [34, 35]. At 100 ppm NaF, the 
needle-like structures had a thick structure, and some hex-
agonal columnar structures were observed, whereas at 1 ppm 
and 10 ppm, the needle-like structures were thin, and no 
clear hexagonal columnar structures were observed. Fluoride 
had an epitaxial action to suppress the plate-like growth of 
OCP and promote needle-like growth, and F-might acts on 

the surface of the plates that make up the plate-like structure, 
resulting in loss of the surface and the formation of needle-
like structures [36]. This suggestion may be exemplified by 
the present data that showed that higher fluoride concentra-
tions induced thicker needle-like structures.

EMD consists of proteins extracted from 6-month-old 
porcine molar and premolar germs, containing more than 
95 wt% amelogenin fragment, and it is used clinically for 
induction and regeneration of alveolar bone [37]. The EMD 
always contains 6% PGA as the solvent. In the present 

Fig. 4  SEM images of the crystals formed on demineralized enamel 
surface after remineralization by mineralization buffer C with NaF 
and EMD added. A Mineralization buffer C + 100 ppm NaF + 0.05% 
EMD, B mineralization buffer C + 100  ppm NaF + 0.1% EMD, C 
mineralization buffer C + 100  ppm NaF + 0.5% EMD, D minerali-

zation buffer C + 100 ppm NaF + 1% EMD. In A and B, needle-like 
deposits formed, and in C and D, needle-like deposits aggregated to 
form columnar shapes. These aggregations are much larger at higher 
EMD concentrations. Images were taken at 1 k, 5 k, and 10 k magni-
fications. The arrows indicate columnar structures
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results, no change in remineralization between with or with-
out PGA in remineralization buffer was observed, suggesting 
that PGA itself has no action with respect to the induction 
or the shape of the mineral deposits. Formation of enamel 
prism-like crystals on the sliced enamel was induced by 
EMD with calcium chloride agarose hydrogel containing 
500 ppm fluoride for 96 h [24]. Since the depositions of HAp 
precursor-like structures were observed on the enamel slices 
with in the mineralization for 16 h, it was we observed how 
addition of EMD to NaF induced affected mineralization and 
their structures on the enamel slice soaked in the buffer for 
16 h. The mineralization experiments were performed with 
the addition of 0.05%, 0.1%, 0.5%, and 1% EMD for 16 h. 
With 0.05% and 0.1% EMD added to mineralization buffer 
containing NaF, needle-like deposits formed in the same way 
as with mineralization buffer containing NaF. With 0.5% 
and 1.0% EMD added to mineralization buffer containing 
NaF, the needle-like structures were observed to aggregate 
into columnar deposits, and the columnar structures were 
thicker at higher EMD concentrations. As stated above, 
fluoride could promote to form the needle-like structures. 
The EMD might provide columnar structures by aggrega-
tion of the needle-like structures. Amelogenin preferentially 
absorbed on the face of hexagonal apatite crystals to induce 
the columnar structure [38, 39]. Amelogenin, a main compo-
nent in the EMD, may contribute formation of the columnar 
structures. Natural enamel consists of tight assemble of the 

columnar structures, whereas the columnal structures were 
loosely packed in the present experiments. The higher con-
centrations of EMD provided thinner columnal structures in 
this study. Recombinant amelogenin induced tightly packed 
columnal structures in vitro [40, 41]. Therefore, purified 
amalogenin may provide enamel prism-like structure better 
than EMD.

XRD intensity is considered a quantitative estimation 
and of the site occupancy of the crystal layer [42–44]. In 
the present results, immersion in mineralization buffer gave 
clear peaks at 2θ = 31.7° and 32.9°, indicating that there was 
formation of deposits, but from the lack of change in the 
intensity, it appears that the site occupancy of the deposits 
was low. With mineralization buffer containing NaF, clear 
peaks were found at 2θ = 31.7°, 32.2°, and 34.0°, with an 
increase in intensity and a decrease in peak width, sug-
gesting a high site occupancy in the deposit and increased 
crystallinity. With mineralization buffer containing NaF and 
EMD, clear peaks were found at 2θ = 31.7°, 32.2°, and 32.9°, 
with an increase in intensity and a decrease in peak width, 
thus also suggesting a high site occupancy in the deposit and 
increased crystallinity. With the enamel slices pre-etching, 
an HAp peak was observed at 2θ = 25.9°. Peak width is used 
to evaluate crystallinity, and the decreased peak width of 
the immersed enamel slices in the present results therefore 
suggests high crystallinity of the deposits [45]. Amelogenin 
is believed to control the elongation, morphology [46, 47], 

Fig. 5  Two-dimensional X-ray diffraction patterns of enamels 
immersed in various mineralization solutions. A Normal tooth (pre-
etching), B after etching, C after mineralization buffer C alone, D 
after mineralization buffer C + 100 ppm NaF, E after mineralization 
buffer C + 100  ppm NaF + 1% EMD. HAp diffraction peaks can be 
seen in A at 2θ = 25.9°, 32.2°, and 34.0°. In B, the intensity of the 

peaks is less, and the width of the peaks is wider. HAp peaks are 
found at 2θ = 25.9°, 31.7°, 32.2°, 32.9°, and 34.0° in mineralization 
buffer C alone (C), mineralization buffer containing NaF (D), and 
mineralization buffer containing NaF and EMD (E). In addition to 
those pre-etching of enamel, several additional high-intensity peaks 
are visible here
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Fig. 6  Mean tooth surface ΔL*, Δa*, and Δb* values pre-etching, 
after etching, and after remineralization with mineralization buffer 
C. A ΔL* values are higher in mineralization buffer C added with 
100 ppm NaF and 1% EMD. B Δa* is shown to be the least in min-

eralization buffer C added with 100 ppm NaF and 1% EMD. C Δb* 
is lowest in mineralization buffer C added with 100 ppm NaF and 1% 
EMD
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and regular arrangement of crystal structures in tooth min-
eralization [48], and therefore the present results indicate 
that EMD assisted in crystal construction and improved the 
crystallinity.

The mean L* value increased significantly after etching. 
A higher value of L* indicates a brighter, whiter color, and 
the increase in L* was therefore the result of demineraliza-
tion of the surface layer of the enamel by 40% phosphoric 
acid. After immersion in mineralization buffer and in min-
eralization buffer containing NaF, the value of L* increased 
significantly with respect to the value pre-etching, but there 
was no significant difference in L* after immersion in miner-
alization buffer containing NaF and EMD with respect to the 
value pre-etching. SEM observation showed that the deposit 
formed a columnar structure with mineralization buffer con-
taining NaF and EMD, suggesting that this columnar struc-
ture affects the color tone.

The value of ΔE from pre-etching to after immersion was 
52.06 with mineralization buffer, 32.9 with mineralization 
buffer containing NaF, and 3.525 with mineralization buffer 
containing NaF and EMD. Most studies set the proposed 
acceptance limit for color matching to 3.7, beyond which the 
differences are clinically visible [49–51]. In the present study, 
ΔE was 3.525 with mineralization buffer containing NaF 
and EMD, suggesting that the appearance of the enamel was 
restored to the acceptable levels as pre-etching. It is, however, 
not known that this method is the best for the color tone among 
the methods previously reported. Further investigations are 
needed to clarify about it.

In conclusion, the present study demonstrated that calcium 
phosphate containing NaF and EMD successfully precipitated 
hydroxyapatite crystals onto the natural enamel surface in 
16 h. These mineralization structures that exhibited HAp struc-
tures at 2θ = 25.9° might restore the color tone of the enamel 

Fig. 7  a The visual differences 
of immersion in mineralization 
buffer C + 100 ppm NaF + 1% 
EMD. b The visual differences 
in tooth enamel were evaluated 
using the CIE L*a*b* system as 
follows: A immersion in miner-
alization buffer C, B immer-
sion in mineralization buffer 
C + 100 ppm NaF, C immer-
sion in mineralization buffer 
C + 100 ppm NaF + 1% EMD

a

b
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after demineralization. The present method may provide a new 
method to regain shiny enamel after initial demineralization 
of enamel.

Data availability The data that support the findings of this study are 
available from the corresponding author, M Saitoh, upon reasonable 
request.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Lefevrn ML, Manly RS (1938) Moisture, inorganic and organic 
contents of enamel and dentin from carious teeth. J Am Dent 
Assoc Dent Cosmos 25:233–242

 2. Thylstrup A, Fejerskov O (1978) Clinical appearance of dental 
fluorosis in permanent teeth in relation to histologic changes. 
Commun Dent Oral Epidemiol 6:315–328

 3. Fontana M (2016) Enhancing fluoride: clinical human studies 
of alternatives or boosters for caries management. Caries Res 
50(Suppl 1):22–37

 4. Wang H, Xiao Z, Yang J, Lu D, Kishen A, Li Y, Chen Z, Que 
K, Zhang Q, Deng X, Yang X, Cai Q, Chen N, Cong C, Guan B, 
Li T, Zhang X (2017) Oriented and ordered biomimetic remin-
eralization of the surface of demineralized dental enamel using 
HAP@ACP nanoparticles guided by glycine. Sci Rep 7:40701

 5. Premnath P, John J, Manchery N, Subbiah GK, Nagappan N, 
Subramani P (2019) Effectiveness of theobromine on enamel 
remineralization: a comparative in-vitro study. Cureus 11:e5686

 6. Øgaard B (1989) Prevalence of white spot lesions in 19-near-
olds: a study on untreated and orthodontically treated per-
sons 5 years after treatment. Am J Orthod Dentofac Orthop 
96:423–427

 7. Oshiro M, Yamaguchi K, Takamizawa T, Inage H, Watanabe T, 
Irokawa A, Ando S, Miyazaki M (2007) Effect of CPP-ACP paste 
on tooth mineralization: an FE-SEM study. J Oral Sci 49:115–120

 8. Apel C, Schäfer C, Gutknecht N (2003) Demineralization 
of Er:YAG and Er, Cr:YSGG laser-prepared enamel cavities 
in vitro. Caries Res 37:34–37

 9. Philip N (2019) State of the art enamel remineralization systems: 
the next frontier in caries management. Caries Res 53:284–295

 10. Chen H, Clarkson BH, Sun K, Mansfield JF (2005) Self-assem-
bly of synthetic hydroxyapatite nanorods into an enamel prism-
like structure. J Colloid Interface Sci 288:97–103

 11. Chen H, Tang Z, Liu J, Sun K, Chang SR, Peters MC, Mans-
field JF, Czajka-Jakubowska A, Clarkson BH (2006) Acellular 
synthesis of a human enamel-like microstructure. Adv Mater 
18:1846–1851

 12. Ren F, Ding Y, Ge X, Lu X, Wang K, Leng Y (2012) Growth of 
one-dimensional single-crystalline hydroxyapatite nanorods. J 
Cryst Growth 349:75–82

 13. Fan Y, Sun Z, Moradian-Oldak J (2009) Controlled reminerali-
zation of enamel in the presence of amelogenin and fluoride. 
Biomaterials 30:478–483

 14. Fan Y, Nelson JR, Alvarez JR, Hagan J, Berrier A, Xu X (2011) 
Amelogenin-assisted ex vivo remineralization of human enamel: 
effects of supersaturation degree and fluoride concentration. 
Acta Biomater 7:2293–2302

 15. Termine JD, Belcourt AB, Christner PJ, Conn KM, Nylen MU 
(1980) Properties of dissociatively extracted fetal tooth matrix 
proteins. I. Principal molecular species in developing bovine 
enamel. J Biol Chem 255:9760–9768

 16. Smith CE (1998) Cellular and chemical events during enamel 
maturation. Crit Rev Oral Biol Med 9:128–161

 17. Wen HB, Moradian-Oldak J, Fincham AG (1999) Modulation of 
apatite crystal growth on Bioglass by recombinant amelogenin. 
Biomaterials 20:1717–1725

 18. Iijima M, Moradian-Oldak J (2004) Control of octacalcium 
phosphate and apatite crystal growth by amelogenin matrices. 
J Mater Chem 14:1

 19. Beniash E, Simmer JP, Margolis HC (2005) The effect of recom-
binant mouse amelogenins on the formation and organization of 
hydroxyapatite crystals in vitro. J Struct Biol 149:182–190

 20. Danesi AL, Athanasiadou D, Mansouri A, Phen A, Neshatian M, 
Holcroft J, Bonde J, Ganss B, Carneiro KMM (2021) Uniaxial 
hydroxyapatite growth on a self-assembled protein scaffold. Int 
J Mol Sci 22:1

 21. Gabe CM, Brookes SJ, Kirkham J (2017) Preparative SDS 
PAGE as an alternative to his-tag purification of recombinant 
amelogenin. Front Physiol 8:424

 22. Sculean A, Donos N, Windisch P, Brecx M, Gera I, Reich E, 
Karring T (1999) Healing of human intrabony defects following 
treatment with enamel matrix proteins or guided tissue regen-
eration. J Periodontal Res 34:310–322

 23. Wang F, Okawa H, Kamano Y, Niibe K, Kayashima H, Osatha-
non T, Pavasant P, Saeki M, Yatani H, Egusa H (2015) Con-
trolled osteogenic differentiation of mouse mesenchymal stem 
cells by tetracycline-controlled transcriptional activation of 
amelogenin. PLoS ONE 10:e0145677

 24. Cao Y, Mei ML, Li QL, Lo EC, Chu CH (2014) Enamel prism-
like tissue regeneration using enamel matrix derivative. J Dent 
42:1535–1542

 25. Ito S, Saito T, Toyooka CMA, Matsuda K (2001) In vitro min-
eral induction by immobilized phosphoprotein-effect of phos-
phoprotein concentration on interfacial tension for mineral 
induction. Jpn J Conserv Dent 44:79–85

 26. Zhang YY, Wong HM, McGrath CPJ, Li QL (2018) In vitro 
and in vivo evaluation of electrophoresis-aided casein phospho-
peptide-amorphous calcium phosphate remineralisation system 
on pH-cycling and acid-etching demineralised enamel. Sci Rep 
8:8904

 27. Cochrane NJ, Walker GD, Manton DJ, Reynolds EC (2012) 
Comparison of quantitative light-induced fluorescence, digital 
photography and transverse microradiography for quantification 
of enamel remineralization. Aust Dent J 57:271–276

 28. Wakamatsu N, Ogika M, Okano T, Murabayashi C, Kondo T, 
Iinuma M (2018) Effect of tooth surface coating material con-
taining S-PRG filler on white spot lesions of young permanent 
teeth. Pediatr Dent J 28:40–45

 29. Jiang T, Guo YR, Feng XW, Sa Y, Yang X, Wang M, Li P, Wang 
YN (2018) Hydrogen peroxide might bleach natural dentin by 
oxidizing phosphoprotein. J Dent Res 97:1339–1345

http://creativecommons.org/licenses/by/4.0/


127Medical Molecular Morphology (2023) 56:116–127 

1 3

 30. Crane NJ, Popescu V, Morris MD, Steenhuis P, Ignelzi MA Jr 
(2006) Raman spectroscopic evidence for octacalcium phos-
phate and other transient mineral species deposited during 
intramembranous mineralization. Bone 39:434–442

 31. Grynpas MD, Omelon S (2007) Transient precursor strategy or 
very small biological apatite crystals? Bone 41:162–164

 32. Ozawa H, Hoshi K, Amizuka N (2008) Current concepts of bone 
biomineralization. J Oral Biosci 50:1–14

 33. Suzuki O (2010) Biological role of synthetic octacalcium 
phosphate in bone formation and mineralization. J Oral Biosci 
52:6–14

 34. Fan Y, Sun Z, Moradian-Oldak J (2009) Effect of fluoride on 
the morphology of calcium phosphate crystals grown on acid-
etched human enamel. Caries Res 43:132–136

 35. Fan Y, Sun Z, Wang R, Abbott C, Moradian-Oldak J (2007) 
Enamel inspired nanocomposite fabrication through amelogenin 
supramolecular assembly. Biomaterials 28:3034–3042

 36. Iijima M, Moradian-Oldak J (2005) Control of apatite crystal 
growth in a fluoride containing amelogenin-rich matrix. Bioma-
terials 26:1595–1603

 37. Miron RJ, Sculean A, Cochran DL, Froum S, Zucchelli G, 
Nemcovsky C, Donos N, Lyngstadaas SP, Deschner J, Dard M, 
Stavropoulos A, Zhang Y, Trombelli L, Kasaj A, Shirakata Y, 
Cortellini P, Tonetti M, Rasperini G, Jepsen S, Bosshardt DD 
(2016) Twenty years of enamel matrix derivative: the past, the 
present and the future. J Clin Periodontol 43:668–683

 38. Aoba T (1996) Recent observations on enamel crystal formation 
during mammalian amelogenesis. Anat Rec 245:208–218

 39. Pandya M, Diekwisch TGH (2021) Amelogenesis: transforma-
tion of a protein-mineral matrix into tooth enamel. J Struct Biol 
213:107809

 40. Fan D, Du C, Sun Z, Lakshminarayanan R, Moradian-Oldak J 
(2009) In vitro study on the interaction between the 32 kDa enam-
elin and amelogenin. J Struct Biol 166:88–94

 41. Pandya M, Lin T, Li L, Allen MJ, Jin T, Luan X, Diekwisch TGH 
(2017) Posttranslational amelogenin processing and changes in 
matrix assembly during enamel development. Front Physiol 8:790

 42. Alexander L, Klug HP (1950) Determination of crystallite size 
with the X-ray spectrometer. J Appl Phys 21:137–142

 43. Sakae T, Davies JE, Frank RM, Nagai N (1989) Crystallographic 
properties of a series of synthetic hydroxyapatites. J Nihon Univ 
Sch Dent 31:458–463

 44. Monshi A, Foroughi MR, Monshi MR (2012) Modified Scherrer 
equation to estimate more accurately nano-crystallite size using 
XRD. World J Nano Sci Eng 02:154–160

 45. Ooi CY, Hamdi M, Ramesh S (2007) Properties of hydroxyapatite 
produced by annealing of bovine bone. Ceram Int 33:1171–1177

 46. Nylen MU (1979) Matrix–mineral relationships—a morpholo-
gist’s viewpoint. J Dent Res 58:922–929

 47. Fearnhead RW (1979) Matrix–mineral relationships in enamel 
tissues. J Dent Res 58:909–921

 48. Aoba T, Tanabe T, Moreno EC (1987) Function of amelogenins 
in porcine enamel mineralization during the secretory stage of 
amelogenesis. Adv Dent Res 1:252–260

 49. O’Brien WJ, Groh CL, Boenke KM (1990) A new, small-color-
difference equation for dental shades. J Dent Res 69:1762–1764

 50. Kim NH, Tominaga K, Tanaka A (2005) Analysis of eosinophilic 
round bodies formed after injection of enamel matrix derivative 
into the backs of rats. J Periodontol 76:1934–1941

 51. Paravina RD, Kimura M, Powers JM (2006) Color compatibility 
of resin composites of identical shade designation. Quintessence 
Int 37:713–719

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Regaining enamel color quality using enamel matrix derivative
	Abstract
	Introduction
	Materials and methods
	Ethics
	Enamel slice samples
	Mineralization buffers
	Remineralization of enamel slices
	Determination of the amount of fluoride
	Determination of the amount of EMD
	X-ray diffraction analysis of the remineralized enamel surface
	Color tone changes in the tooth crown
	Statistical analysis

	Results
	Mineralization buffer
	Determination of the amount of fluoride
	Determination of the amount of EMD
	XRD analysis of the remineralized enamel surface
	Color tone changes in the tooth crown

	Discussion
	References




