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Abstract: We used optical coherence tomography 
to examine the effect of a coating material containing 
surface reaction-type pre-reacted glass-ionomer 
(S-PRG) filler on primary enamel demineralization 
in 18 extracted human primary teeth. The pulp was 
removed, and each tooth was ultrasonically cleaned 
with distilled water. Six teeth were treated with 
0.1-M lactic acid buffer solution (De group). In the 
second group (n = 6), a thin film of coating material 
was applied before demineralization (PRG group). A 
third group (Control group; n = 6) was maintained in 
artificial saliva. Using optical coherence tomography, 
we measured peak signal intensity (dB) and width at 
1/e2 (µm) at predetermined locations on the enamel 
surface and calculated integrated values. All data 
were analyzed with ANOVA and the Tukey-Kramer 
test (α = 0.05). Although changes in integrated values 
differed between groups, there was a small but 
significant increase in the Control group and a small 
but significant decrease in the De group. In the PRG 

group, integrated values were significantly higher at 
7 days after the start of the experiment and signifi-
cantly increased thereafter. Our findings indicate 
that a coating material containing S-PRG fillers may 
prevent primary enamel demineralization.

Keywords: enamel; demineralization; optical coherence 
tomography; S-PRG filler; coating material.

Introduction
Although the incidence of caries in primary dentition 
has declined, not all children have benefited equally. The 
frequency of early childhood caries, and more typical 
primary caries in young children with low socioeconomic 
status, remains considerable, and the number of untreated 
primary teeth with carious lesions in these children is high 
(1,2). Early oral examinations and preventive and restor-
ative dental treatments are crucial in combating dental 
diseases in young populations (3). The marked increase 
in caries risk among young children highlights the need 
for optimized caries-preventive regimens and innovative 
preventive techniques (4). Treatment to arrest caries is 
also useful for treating incipient lesions in teeth that 
have not fully erupted and are immaturely mineralized. 
Systemic and topical fluoride has reduced caries inci-
dence in primary and permanent dentition (5). Recently, 
a new fluoride-releasing coating material containing a 
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surface reaction-type pre-reacted glass-ionomer (S-PRG) 
filler was introduced for use in caries prevention and may 
help enhance mineralization and reduce acidic attack by 
oral cariogenic bacteria (6,7).

S-PRG fillers are prepared via an acid-base reac-
tion between fluoroaluminosilicate glass powder and 
polyacrylic acidic solution, which forms a stable glass-
ionomer phase on a glass filler surface (8). A ligand 
exchange mechanism within the pre-reacted hydrogel 
enables S-PRG fillers to release and recharge fluoride (9). 
In addition to fluoride ions, S-PRG fillers release ions 
such as SiO3

2−, Sr2+, Al3+, BO3
3−, and Na+ (10,11). Fluo-

ride and silicate induce pronounced remineralization of 
the tooth substrate, thus repairing incipient lesions (12). 
Strontium and fluoride also improve acid resistance of 
teeth by converting hydroxyapatite to strontium-apatite 
and fluoroapatite (13). When S-PRG filler comes into 
contact with acids, it can change the pH of solutions to 
within a weakly alkaline range (14). Coating materials 
containing S-PRG filler can flatten the tooth surface 
and protect against bacterial retention in incipient caries 
(15,16). However, few studies have evaluated the effects 
of coating materials containing S-PRG filler as a caries-
preventive treatment for primary tooth enamel.

Numerous diagnostic techniques have recently been 
developed to detect demineralization and remineraliza-
tion during formation of carious lesions (17). Optical 
coherence tomography (OCT), a diagnostic technique for 
obtaining cross-sectional images of the internal structure 
of lesions, has considerable potential for noninvasive 
imaging of demineralizing lesions, because it obviates 
the need to remove the surface and eliminates radiation 
exposure (18,19). In the detection of re- and de-miner-
alization, the mechanisms of OCT differ from those of 
transverse microradiography, the standard method for 
assessing mineral changes in experimental lesions of 
teeth.

In this study, we used OCT to examine the effects of 
a coating material containing S-PRG filler on changes in 
the structure of artificially demineralized primary tooth 
enamel. The null hypothesis tested was that the coating 
material would not affect the structural condition of 
artificially demineralized primary tooth enamel.

Materials and Methods
Eighteen healthy primary teeth (nine primary canines 
and nine primary molars) that were extracted to expedite 
eruption of permanent teeth or for orthodontic reasons 
were used as substrates for this study. Informed consent 
for tooth collection was obtained from parents and 
patients, in accordance with the regulations of the Ethical 
Committee of Nihon University School of Dentistry, 
Tokyo, Japan (EP2008-19). The teeth were frozen in 
physiologic saline within 10 min of extraction.

After separating the root with a low-speed diamond 
saw (IsoMet 1000; Buehler Ltd., Lake Bluff, IL, USA), 
the pulp was removed, and each tooth was ultrasonically 
cleaned in distilled water. The enamel surfaces of the 
teeth, excluding the labial surfaces of primary canines 
and buccal and lingual surfaces of primary molars, were 
coated with a light-cured varnish intended to enhance 
intraoral health by controlling areas at high risk of caries. 
The composition of the varnish, which contained S-PRG 
filler (PRG Barrier Coat; Shofu Inc., Kyoto, Japan), is 
shown in Table 1.

One group of six specimens was treated with a demin-
eralizing solution containing undersaturated 0.1-M lactic 
acid buffer solution (pH 4.75; 0.75 mM CaCl2•2H2O and 
0.45 mM KH2PO4) for 30 min and then placed in artifi-
cial saliva (pH 7.0; 14.4 mM NaCl, 16.1 mM KCl, 0.3 
mM MgCl2•6H2O, 2 mM KH2PO4, 1 mM CaCl2•2H2O, 
and 0.1 g/100 mL sodium carboxymethyl cellulose; De 
group). These procedures were conducted twice daily 
throughout the 4-week test period, and the specimens 
were maintained in artificial saliva at 37°C between 
treatments. For the specimens in the second group, a thin 
film of the coating material containing S-PRG filler was 
applied. The specimens were then light-irradiated for 10 s 
with a curing unit (Optilux 501; Kerr, Orange, CA, USA) 
before treatment with the demineralizing solution (PRG 
group). Specimens in the third group were maintained in 
artificial saliva for the same time period (Control group), 
as shown in Fig. 1.

The present OCT system (J. Morita Tokyo Mfg. Corp., 
Saitama, Japan) and methods for data correction were 
described in a previous report (20). A scanning probe 
connected to the OCT device was fixed 2 mm from the 

Table 1  The surface reaction-type pre-reacted glass-ionomer varnish used in this study
Ingredients

Base S-PRG filler (mean diameter, 3.0 µm), distilled water, methacrylic acid monomer, others

Active Phosphonic acid monomer, methacrylic acid monomer, bis-MPEPP, carboxylic monomer, 
TEGDMA, initiator, others

S-PRG: surface reaction-type pre-reacted glass ionomer; bis-MPEPP: 2,2’-bis(4-methacryloxy polyethoxyphenyl) 
propane; TEGDMA: triethylene glycol dimethacrylate.
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treated enamel surface, and the width between points 
where intensity decreased to a value of 1/e2 was calcu-
lated (21). Calculation of the integrated value (dB·µm) 
was based on the area of peak intensity as determined 
by OCT.

The data for each group were analyzed by repeated-
measures analysis of variance followed by the 
Tukey-Kramer post-hoc multiple-comparisons test, 
with a significance level of 0.05. Statistical analysis 
was performed with commercial statistical software 
(SigmaPlot 13; Systat Software, Inc., Chicago, IL, USA).

Specimens from each group were treated with the 
same methods and observed with a three-dimensional 
laser-scanning microscope (LSM; VK-8700; Keyence 
Corp., Osaka, Japan) (20,21).

Results
B-scan images of specimens obtained by OCT are shown 
in Fig. 2. The x-axis of each tomogram shows the scan 
depth, and the y-axis shows the vertical measurement 
position on the tooth surface. In the De group, a weak 
and narrow signal from the enamel surface, without any 

Table 3  Effect of treatment procedure and duration on width at 1/e2 (µm)
Treatment time (days)

Group 0 7 14 21 28
Control 80 (11.6) aA   80 (11.6) aA   80 (10.0) aA   80 (13.3) aA   80 (13.3) aA
De 80 (13.3) aA   70 (13.3) aA   70 (10.0) aA   70 (10.0) aA   70 (13.3) aA
PRG 80 (11.6) aA 110 (11.6) bB 180 (13.3) cB 180 (13.3) cB 180 (15.0) cB
De, Demineralization group; PRG, PRG filler extraction solution. Data are means (standard deviation). n = 6 per group. Values 
in the same group with the same lowercase letters indicate no significant difference (P > 0.05). For values in different groups at 
the same treatment time, means with the same uppercase letters are not significantly different (P > 0.05).

Table 2  Effect of treatment procedure and duration on signal intensity (dB)
Treatment duration (days)

Group 0 7 14 21 28
Control −47.1 (6.3) aA −47.7 (5.4) aA −47.1 (4.9) aA −47.6 (5.1) aA −47.9 (5.2) aA
De −49.1 (5.6) aA −39.6 (7.4) bA −36.7 (5.7) bA −36.7 (5.9) bA −38.3 (5.6) bA
PRG −47.2 (5.1) aA −62.8 (6.6) bcB −65.1 (7.3) bcB −66.7 (7.6) bcB −73.8 (5.5) cB
De, Demineralization group; PRG: PRG filler extraction solution. Data are means (standard deviation). n = 6 per group. Values 
in the same group with the same lowercase letters indicate no significant difference (P > 0.05). For values in different groups at 
the same treatment time, means with the same uppercase letters are not significantly different (P > 0.05).

Fig. 2   Representative B-scan images of enamel surfaces of the 
De and PRG groups. The x-axis of each tomogram shows scan 
depth, and the y-axis shows the vertical measurement position at 
the tooth surface. In the De group, a weak, narrow signal without 
back-scattered intensity was observed on Day 0, with little change 
in optical coherence tomography images during the test period. In 
contrast, signal intensities in the PRG group weakened after the 
28-day storage period.

Fig. 1   Experimental protocol of the present study.
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back-scattered intensity, was observed on Day 0, and little 
change was evident in OCT images during the 28-day 
test period. In the PRG group, visible signals from the 
enamel surface and back-scattered light were consider-
ably above the noise level on Day 0, which caused a 
grainy appearance on OCT images. After 28 days, areas 
of weak scattering were observed on the enamel surface, 
and the back-scattered grainy appearance was weak.

Peak signal intensity (dB) and width at 1/e2 (µm) are 
shown in Tables 2 and 3. Although there were no signifi-
cant changes in signal intensity or width at 1/e2 in the 
Control and De groups during the test period, significant 
changes were evident in the PRG group during the period 
from Day 0 to Day 7.

The integrated values (dB·µm) of each group are 
presented in Fig. 3, and changes in integrated values 
differed between groups (Table 4). The Control and De 
groups exhibited small and nonsignificant increases in 
integrated values. Seven days after the start of measure-
ment, integrated values had increased in the PRG group 
and significantly increased thereafter.

Representative LSM images of enamel surfaces (Fig. 
4) revealed morphologic differences caused by the 

various treatments. Although the Control and De groups 
did not significantly differ, pronounced morphologic 
changes were visible on the dentin surface of PRG group 
specimens.

Discussion
Like other calcified tissues, enamel has a characteristic 
hierarchic structure, which has an important effect on 
its optical properties (22). Hydroxyapatite crystallites, 
which are rectangular in cross-section, have a mean 
thickness of 26 nm and a mean width of 68 nm at the 
crystal level. Nano-sized crystallites are tightly packed 
in a distinct pattern and form keyhole-shaped rod units 
with a diameter of around 5 mm. These are surrounded 
by an organic-rich sheath at the rod-unit level. Permanent 
enamel contains about 2% w/w (around 6% v/v) water in 
free and bound forms (23). Changes in the water content 
of tooth enamel substantially alter its appearance, and 
decreased translucency was reported to be related to 
replacement of water around the enamel prisms as a 
result of air blowing (24).

OCT is a noninvasive imaging technique that uses 
near-infrared light to obtain information on subsurface 

Fig. 4   Representative laser-scanning microscopy plan-view 
images of enamel surfaces. In the De group, acidic attack had 
caused pronounced morphologic changes in tooth surfaces after 
28 days of treatment. However, the changes were minor in the 
PRG group.

Fig. 3   Change in integrated values differed between groups. 
The Control and De groups exhibited small and nonsignificant 
increases in integrated values. Integrated values were higher in the 
PRG group at 7 days after the start of measurement and continued 
to increase thereafter.

Table 4  Effect of treatment procedure and duration on integrated values (dB·µm)
Treatment time (days)

Group 0 7 14 21 28
Control 1,884 (73.1) aA 1,908 (62.6) aC 1,884 (49.0) aC 1,904 (67.8) aC 1,916 (69.2) aC
De 1,964 (74.5) aA 1,386 (98.4) bB 1,284 (57.0) bB 1,284 (59.0) bB 1,340 (74.5) bB
PRG 1,888 (59.1) aA 3,454 (75.6) bA 5,859 (97.1) cA 6,003 (101) dA 6,642 (82.5) eA
De, Demineralization group; PRG, PRG filler extraction solution. Data are means (standard deviation). n = 6 per group. Values 
in the same group with the same lowercase letters indicate no significant difference (P > 0.05). For values in different groups at 
the same treatment time, means with the same uppercase letters are not significantly different (P > 0.05).
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changes in specimens (25). The present OCT system 
uses low-coherence interferometry to measure echo time 
delay and the magnitude of back-scattered light reflected 
from specimens. Various phenomena occur during the 
interaction between a tooth and light flux, including light 
reflection at the surface, specular reflection at the surface, 
diffuse specular transmission of the light flux through 
the tooth, and scattering and absorption of the light flux 
within the tooth (26).

When attempting to measure lesion depth and severity, 
definition of the cutoff point is difficult because of the 
high dynamic range of reflectivity detected by OCT. The 
depth at which there is a (1/e2) decrease in intensity can 
be used to determine cutoff values for intensity (27), 
and we used this calculation in our study. In addition, 
to define changes in the quantity of tooth substrate, we 
used the area of peak intensity to calculate the integrated 
value, signal intensity, and bandwidth at 1/e2. A previous 
study reported a significant positive correlation between 
lesion severity, as detected by transverse microradiog-
raphy, and integrated reflectivity, in units of dB × μm, 
as detected by OCT (28). Consequently, the lower signal 
intensity and greater width at 1/e2 seen in the PRG group 
after 28 days indicated that light had traveled via a longer 
pathway than in the De group. Because of the release of 
ions from the PRG coating material, pores in the enamel 
surface may have accumulated minerals, thus changing 
its optical properties (29).

OCT images differentiate the optical properties of 
enamel substrates, including light absorption and light 
scattering (30). The perpendicular axis signal from enamel 
specimens was weakened by scattering and depolariza-
tion. After demineralization of the enamel substrates, the 
perpendicular axis signal was high because of intense 
depolarization caused by light scattering. Demineraliza-
tion increases the roughness of enamel surfaces, thereby 
increasing light scattering by two to three orders. There-
fore, a strong increase in the signal visible in B-scans 
indicates severe demineralization and roughening of the 
enamel surface (Fig. 2).

The present coating material containing S-PRG filler 
inhibited demineralization in the acid challenges. Several 
mechanisms explain the protective effects of the coating 
material. One of the most important is sealing of the 
enamel surface with a resinous layer containing inorganic 
fillers. This coating layer may act as a physical barrier 
against penetration of acidic solutions. However, the 
most important mechanism might be the pH-modulating 
effect of the S-PRG filler under acidic conditions, which 
can aid in protecting the enamel surface from acidic 
attack. One study found that S-PRG fillers neutralize 

their storage media (31). In addition, the coating material 
might enhance acid resistance of the enamel surface by 
taking up multiple ions released by the S-PRG filler (14).

Coating materials containing S-PRG filler were devel-
oped for their structural and ion-releasing properties. 
Si is important in mineralization of the tooth substrate, 
as it promotes hydroxyapatite formation by triggering 
hydroxyapatite nucleation in the presence of silica gel 
(32). In aqueous environments, sodium ions (Na+) are 
rapidly exchanged with hydrogen cations (H+ or H3O+) 
from the solution. Soluble silica in the form of Si(OH4) 
is lost into the solution after breakage of Si-O-Si bonds 
and formation of Si-OH (silanols) at the glass-solution 
interface. Migration of Ca2+ and PO3

4− groups to calcium 
sodium phosphosilicate particles through the SiO2

−-rich 
surface causes formation of a CaO-P2O5-rich film on 
particle surfaces, which then crystallizes into hydroxy-
carbonate apatite (33). Si released from bioactive glass 
is thought to adhere to the substance, thus providing sites 
for heterogeneous CaP nucleation (34). Once nucleation 
occurs, spontaneous growth continues in the solution, 
thereby yielding a bone-like apatite layer that arrests 
caries in primary enamel.

Adhesive systems have been suggested as an effective 
measure to protect exposed dentin structures from acidic 
attack (35). Despite encouraging results showing reduc-
tions in the severity of carious lesions, adhesive coatings 
cannot fully protect against demineralization induced 
by acidic attack (36), perhaps because the presence of 
hydrophilic monomers makes some one-step self-etching 
adhesives permeable to water (37). Thus, there is a need 
for new coating materials that can effectively protect 
the tooth surface from chemical and biological attacks. 
The present coating material comprises base and active 
liquids and can release multiple ions, including F−, Al3+, 
B−, and Sr2+, which have an anti-demineralization effect 
on underlying and adjacent enamel (38). In addition to 
their remineralization ability, S-PRG filler-containing 
resins inhibit plaque formation (39,40). This coating 
material is easily applied to the tooth surface and may 
help prevent acidic attack in children and persons with 
poor oral hygiene.

In this study, OCT was successfully used to track 
remineralization and test the ability of a coating mate-
rial containing S-PRG filler to inhibit demineralization. 
Within the limitations of this study, the null hypoth-
esis—that the coating material would not affect the 
structural condition of artificially demineralized primary 
tooth enamel—was rejected. In clinical settings, coating 
materials containing S-PRG filler might help prevent 
demineralization of primary tooth enamel.
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