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Abstract We examined shear bond strengths (SBSs) of

various tooth-coating-materials including the experimental

materials to dentin and demineralization resistance of a

fractured adhesive surface after the SBS testing. Three

resin-type tooth-coating-materials (BC, PRG Barrier Coat;

HC, Hybrid Coat II; and SF, Shield force plus) and two

glass-ionomer-type tooth-coating-materials (CV, Clinpro

XT Varnish; and FJ, Fuji VII) were selected. The experi-

mental PRG Barrier Coat containing 0, 17, and 33 wt%

S-PRG filler (BC0, BC17, and BC33, respectively) were

developed. Each tooth-coating-material was applied to

flattened dentin surfaces of extracted human teeth for SBS

testing. After storing in water for 32 days with 4000 ther-

mal cycling, the specimens were subjected to the SBS test.

Specimens after SBS testing were subjected to a pH

cycling test, and then, demineralization depths were mea-

sured using a polarized-light microscope. ANOVA and

Tukey’s HSD test were used for statistical analysis. The

SBS value of FJ and CV was significantly lower than those

of other materials except for BC (p\ 0.01). The lesion

depth of FJ was significantly shallower than those of other

materials (p\ 0.01); that of CV was significantly shal-

lower than those of BC, HC, SF, and the control; and those

of BC0 and BC17 were significantly shallower than that of

the control (p\ 0.05). The resin-type tooth-coating-mate-

rials demonstrated significantly higher SBS for dentin than

the glass-ionomer-type tooth-coating-materials; however,

they were inferior to the glass ionomer-type tooth-coating-

materials in regards to the acid resistance of the fractured

adhesion surface.

Keywords Tooth coating materials � Dentin bonding �
Dentin demineralization � Shear bond strength � Water
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Introduction

The exposure of the root surface occurs following gingival

retraction caused by various factors, including deterioration

with age, periodontal treatment, and occlusal trauma [1, 2].

The exposed root surface is covered with cementum, which

includes a large quantity of organic substances [3]. Dentin

is exposed on the root surface after root scaling and planing

and is thereafter susceptible to demineralization, thus

resulting in caries or dentin hypersensitivity [4–8]. It is

well-known that the critical pH at which demineralization

occurs on the root surface is as high as that for deciduous

teeth [9, 10]. Recently, elderly population has been

increasing, and their natural teeth are retained owing to the

development of periodontal treatment and dental home-

care. Since root surface caries has also been increasing

[11], preventive treatments are equally important for

elderly people.

Various resin-type tooth coating materials have been

recently used for the prevention and treatment of dentin

hypersensitivity, and the protection of exposed dentin

surface following gingival retraction or tooth preparation
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[12–15]. Previous studies reported that a tooth coating

material demonstrated a closing effect on open dentinal

tubules and an increasing acid resistance effect on the root

surface, due to the release of various ions, such as F, Ca,

and P ions [14, 16]. A unique resin coating material which

includes surface reaction type pre-reacted glass ionomer

(S-PRG) fillers has been developed [17, 18]. The S-PRG

filler comprises a glass core and glass ionomer phase that is

generated by a reaction between a polyacrylic acid and

glass powder, including fluoride ions [17, 18]. This filler

can release not only fluoride but also various other ions

[17–21]. Resistance to acid on the root surface is reinforced

by various ions that are gradually released from coating

materials. Therefore, to be effective, the coating materials

are required to attach to the root surface for a while.

However, both the ion releasing ability and dentin

bonding strength of a coating material would be weakened

with the passage of time [16, 18–20]. Moreover, thermal

and mechanical stresses during eating or tooth brushing

may unexpectedly cause an early abrasion and detachment

of the tooth coating materials from the root surface

[21–23]. Recently, several studies reported that tensile or

compressive stress concentrations at the cervical areas of

the teeth during mastication may cause a non-caries cer-

vical lesion or abfraction such as a wedge-shaped defect

[22–24]. The stress concentrated at the cervical area during

mastication may also affect the adhesive interface between

the tooth coating material and root surface, and cause an

early detachment of the coating material. Nevertheless, no

studies reported the bond strength of tooth coating mate-

rials to root dentin after long-term storage and the dem-

ineralization resistance of the fractured adhesion surface

after the bond strength testing.

The purpose of this study was to examine shear bond

strengths (SBSs) of two types of tooth coating materials to

root dentin after 32 days storage with thermal cycling test,

and lesion depths of the fractured surfaces of the dentin site

after the SBS testing. Furthermore, the invasion of various

ions into the root dentin surface was investigated using an

electron probe microanalyzer (EPMA).

Materials and methods

Figure 1 shows the experimental design.

Materials used in the experiment

The materials used in this study are listed in Table 1. Three

commercial resin-type tooth coating materials (BC, HC and

SF) and two commercial glass ionomer-type tooth coating

materials (CV and FJ) were selected. Moreover, the

experimental PRG Barrier Coat containing 0, 17, and 33

wt% S-PRG filler (BC0, BC17, and BC33, respectively)

were developed and used in the long-term storage

experiments.

Preparation of extracted teeth for specimens

A total of 157 extracted human teeth (anterior teeth and

premolars) were collected for this study and stored in a

solution of 0.1% thymol at 4 �C. The labial and buccal root

surfaces close to cement-enamel-junction of anterior teeth

and premolars were ground with a 120-grit silicon carbide

paper (Bühler Inc., MN, USA) and finished with 600-grit

carbide paper (Bühler Inc., MN, USA) using a polishing

machine (Refine Tec Ltd, Kanagawa, Japan) under water

irrigation to obtain the flat dentin surface. The crowns of

157 anterior teeth and premolars were removed using a

#201R diamond point with an air-turbine. Of 157 anterior

teeth and premolars, the 144 teeth were divided equally

into 8 tooth coating material groups of 18, and the

remaining 13 teeth were used as a control.

SBS test

From each tooth coating material group, 16 of 18 sections

of anterior teeth and premolars were subjected to the SBS

tests (Fig. 1). The tooth section was embedded in the

specimen holder ring using a self-curing resin (Province,

Shofu Inc., Kyoto, Japan) so that the flat dentin surface was

parallel to and projected above the rim of the cylindrical

specimen holder ring. A section of a double-coated adhe-

sive tape (0.12 mm thick) with a 3 mm-diameter opening

Specimen preparation 

SBS test (n=16)

Failure mode analysis (n=16)

SEM observation 
(n=3) 

Demineralization test with 
pH cycling (n=13) 

Storage for 32 days with 4,000 thermal cycling (n=18)

EPMA analysis (n=2)

Measurement of the 
lesion depth (n=10) 

SEM observation 
(n=3) 

Fig. 1 Experimental design
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was attached to the flat dentin surface to define the bonding

area. After the laminated paper was peeled from the

attached adhesive tape, a transparent acrylic tube (3 mm in

diameter, 2 mm in height) was placed onto the adhesive

tape. Each tooth coating material was applied to the dentin

surface according to the instruction of the manufacturer,

and then each flowable resin composite of the same man-

ufacturer was placed in the acrylic tube and photopoly-

merized for 40 s (600 mW/cm2) using a light-curing unit

(Candelux, Morita Corp., Tokyo, Japan). Clinically, a thin

layer of tooth coating material is applied on the tooth

surface. In this study, after each resin-type tooth coating

material was applied to the dentin surface, each flowable

resin composite of the same manufacturer was placed on

the tooth coating material. Fuji VII was placed in the

acrylic tube without pre-conditioning the dentin surface.

The specimen holder rings with embedded teeth were

stored in distilled water at 37 �C for 32 days, and then the

acrylic tubes were removed from the specimens. During

the storage for 32 days, the specimens were thermo-cy-

cled using thermo-cycle apparatus (Thermal cycling

K178, Tokyo Giken Inc. Tokyo, Japan) between 5 and

55 �C with a dwell time of 30 s. The thermal cycling

(500 cycles/day) was conducted every 4 days for 32 days.

In total, the specimens were subjected to 4000 thermal

cycles (Fig. 1).

Table 1 Materials used in this study

Materials Code Lot No. Composition Manufacturer

PRG Barrier Coat

S-PRG filler 50 wt% BC 140306 Base: glass powder

Purification water

Methacrylic acid-based monomer

Shofu Inc., Kyoto,

Japan

Experimental

PRG Barrier

Coat

S-PRG filler

0 wt%

BC0 11301 Active: phosphonic acid-based monomer

Methacrylic acid-based monomer

Bis-MEPP

Carboxylic acid-based monomer

TEGDMA

Reaction start materials

S-PRG filler

17 wt%

BC17

S-PRG filler

33 wt%

BC33

Hybrid Coat II HC FX1 Liquid: acetone, Methacrylate esters (MMA, 4-META)

Water

Sponge brush: aromatic amine

Aromatic sulfonate

Sun Medical Ltd.,

Shiga, Japan

Shield force plus SF 0760Z2p Phosphate monomer, bis-GMA, TEGDMA, HEMA, Alcohol

Purification water, Camphorquinone

Tokuyama Dental

Corp., Tokyo,

Japan

Clinpro XT Varnish CV N436473 Paste: inorganic filler, water

Liquid: acrylic acid itaconic acid, copolymer

3 M Japan Ltd.,

Tokyo, Japan

GC Fuji VII FJ 1210131 Powder: fluoroaluminosilicate glass

Liquid: polyacrylic acid, distilled water

GC Corp., Tokyo,

Japan

Beautifil Flow Puls – 021424 Bis-GMA, TEGDMA, glass powder, reaction start materials, coloration

materials

Shofu Inc.

Metafil Flo – FV22 Methacrylate esters (TEGDMA, bis-MEPP), Barium silica glass, aromatic

amine

Sun Medical Ltd.

Estelite Flow Quick – J2561 Silica zirconia filler, Silica titania filler, bis-MEPP, TEGDMA, UDMA,

camphorquinone, radical amplification agent

Tokuyama Dental

Corp.

Filtek Supreme Ultra

Flowable Restorative

– N445281 Methacrylate (bis-GMA, TEGDMA, other methacrylate), mineral matter

filler, polymerization catalyst, stabilizer and coloring agent

3M Japan Ltd.

S-PRG surface reaction type prereacted glass-ionomer, bis-MEPP 2,2-bis-[4-(methacryloxypolyethoxy)-phenyl]-propane, MMA methyl

methacrylate, 4-META 4-methacryloxyethyl trimellitate anhydride, HEMA 2-hydroxyethyl methacrylate, bis-GMA 2,2-bis[p-(20-hydroxy-30-
methacryloxypropoxy)phenyl]propane, UDMA: TEGDMA Triethylen glycoldimethacrylate
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The specimen holder rings were placed on a tabletop

material tester (EZ Test 500N, Shimadzu Corp, Kyoto,

Japan), and the specimens were subjected to SBS testing at

a crosshead speed of 1 mm/min using a flat end blade [25].

Failure mode analysis

Fractured surfaces of the specimens were examined using a

stereomicroscope (Leica EZ4D, Leica Camera AG, Wet-

zlar, Germany) at 309 magnification, and the fracture

modes were determined according to the evaluation criteria

shown in annotation of Table 2.

EPMA analysis

After the 32 days storage, the remaining two specimens in

each tooth coating material group were dried well, and then

a carbon paste (Colloidal graphite, EM Japan Co, Ltd,

Tokyo, Japan) was painted onto the surface of the coating

materials (Fig. 1). The specimens were embedded with

epoxy resin (Epon812 Resin Embedding Kit, TAAB Lab-

oratories Equipment Ltd, England) using a rubber mold.

After the epoxy resin was polymerized, the specimens

were ground using a 120-grit silicon carbide paper and

finished with a 1 lm diamond paste using a polishing

machine under water irrigation to obtain the observation

surface with the interface between the coating material and

dentin. After the observation surface was sputter coated

with Au, the concentration of the distribution of the ele-

ments (F, Sr, Si, C, Al, and Na) were examined using the

EPMA (JXA-8900 WD/ED Combine microanalyzer, JEOL

Ltd, Tokyo, Japan).

Demineralization test

Thirteen of 16 specimens which had been used for the SBS

tests in each tooth coating material group, and 13 teeth in

the control group were subjected to the demineralization

test (Fig. 1).

After fracture modes of the specimens were examined,

the fractured dentin surfaces in the teeth used for SBS tests

and the dentin surface in the control were protected using a

masking tape (2 9 2 mm). The entire tooth surface was

double coated with Protect Varnish (Kuraray Noritake

DENTAL Inc., Tokyo, Japan) and nail varnish. After the

varnishes were dried, the masking tape was removed.

The specimens were subjected to pH cycling for 7 days.

Thirteen specimens from each group were daily immersed

in a demineralizing solution (pH 4.8, containing 0.05 M

acetic acid, 2.2 mM calcium, and 2.2 mM phosphate ions)

for 18 h, following which they were immersed in a re-

mineralizing solution (pH 7.0, containing 0.15 M potas-

sium chloride, 1.5 mM calcium, and 0.9 mM phosphate

ions) for 6 h. The solutions were maintained at 37 �C and

stirred at 132 rpm. The specimens were irrigated with

deionized water for 5 min during transfer between solu-

tions and at the conclusion of the cycling process [26].

Measurement of the lesion depth

Ten of 13 specimens applied with the demineralization

tests in each tooth coating material group (Fig. 1) were

perpendicularly sectioned to the root surfaces and through

the center of each window using a hard-tissue microtome

(Isomet, Bühler Inc., MN, USA). Three sections with a

thickness of approximately 200 lm were obtained from

each window of the specimens. Each section was ground to

a thickness of approximately 100 lm using a lapping film

sheet.

The sections were examined at 2009 magnification

using a polarized light microscope (Eclipse LV100POL,

Nikon Corp, Tokyo, Japan). Digital photomicrographs

were obtained using a CCD camera (DS-L2, Nikon Corp,

Tokyo, Japan). The lesion depth in each section was

Table 2 Results of the failure

mode analysis
Adhesive Cohesive in resin composite Cohesive in dentin Mixed

BC 16 0 0 0

BC0 11 1 0 4

BC17 9 0 0 7

BC33 9 0 0 7

HC 7 2 0 7

SF 7 1 0 8

CV 16 0 0 0

FJ 16 0 0 0

Adhesive: failure occurred entirely at the interface between the coating material and dentin

Cohesive in coating material: failure occurred exclusively within the coating material

Cohesive in dentin: failure occurred exclusively within the dentin area

Mixed: failure continued from the adhesive interface into either the coating material or dentin

Odontology (2017) 105:426–436 429
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determined by measuring the width between the original

dentin surface and the deepest position of the lesion using

the camera control software. The mean lesion depth of the

three sections was used as the lesion depth for each

specimen.

Scanning electron microscopy observation

The remaining 3 specimens without the demineralization

tests and 3 specimens with demineralization tests were

selected from each tooth coating material group for scan-

ning electron microscopy (SEM) observation (Fig. 1). The

fractured surfaces of the selected specimens were sputter

coated with palladium and platinum and observed using

SEM (S-800; Hitachi Ltd, Tokyo, Japan) at an acceleration

voltage of 15 kV.

Statistical analyses

One-way analysis of variance (ANOVA) and Tukey’s HSD

post hoc test were used to compare the values between the

tooth coating material groups in each storage group at a 5%

significant level. All analyses were performed using a

statistical analysis in add-in software package for Micro-

soft Excel (Ekuseru-Toukei 2012, Survey Research Infor-

mation Co, Ltd, Tokyo, Japan).

This study was conducted after obtaining the approval of

the Ethical Review Board of The Nippon Dental University

School of Life Dentistry at Niigata, Japan (approval No.

ECNG-H-156, 196).

Results

One-way ANOVA indicated that the effect of the tooth

coating material on the SBS was significant (p\ 0.01). As

shown in Fig. 2, Tukey’s HSD post hoc test revealed that

the SBS value of FJ was significantly lower than those of

other materials except for CV (p\ 0.01); and that of CV

was significantly lower than those of other materials except

for BC and FJ (p\ 0.05). There were no significant dif-

ferences in the SBS values among BC0, BC17, BC33 and

BC, which contained S-PRG fillers (p[ 0.05). Table 2

shows that the predominant mode of failure is the adhesive

failure (71%), followed by the mixed failure (26%).

One-way ANOVA indicated that the effect of the tooth

coating materials on the lesion depth was significant

(p\ 0.01). As shown in the Fig. 3, Tukey’s HSD post hoc

test revealed that the lesion depth of FJ was significantly

shallower than those of other materials and the control

(p\ 0.01); that of CV was significantly shallower than

those of BC, HC, SF, and the control (p\ 0.05); and those

of BC0 and BC17 were significantly shallower than that of

the control (p\ 0.05). There were no significant differ-

ences in the lesion depth among BC0, BC17, BC33 and BC

(p[ 0.05).

Representative SEM images (10009) of the specimens

after SBS and demineralization testing are shown in Figs. 4

and 5, respectively. As shown in Fig. 4, the positions of

dentin tubules were recognized on the SEM images of BC,

BC33, and HC, and a slight destruction of the dentin sur-

face was observed on that image of SF. This figure also

shows remnants of the coating materials on the SEM

images of BC0, BC17, CV, and FJ. Figure 5 shows that the

dentin surface with slightly opened dentin tubules was

observed on the SEM images of BC17 and CV; some

remnants of the coating materials and dentin surface with

opened dentin tubules were observed on those of BC,

BC33, HC and SF; and only the remnants of the coating

materials were observed on those of BC0 and FJ.

EPMA analysis revealed that F and Sr ions were pre-

dominantly detected in the high level on the dentin surface
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Fig. 2 Shear bond strength. BC PRG Barrier Coat with 50 wt%

S-PRG filler, BC0 PRG Barrier Coat with 0 wt% S-PRG filler, BC17

PRG Barrier Coat with 17 wt% S-PRG filler; BC33 PRG Barrier Coat

with 33 wt% S-PRG filler; HC Hybrid Coat II, SF Shield foce plus,

CV Clinpro XT Varnish, FJ Fuji VII. Means with the same letter are

not significantly different each other
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Fig. 3 Lesion depth. BC PRG Barrier Coat with 50 wt% S-PRG

filler, BC0 PRG Barrier Coat with 0 wt% S-PRG filler, BC17 PRG

Barrier Coat with 17 wt% S-PRG filler, BC33 PRG Barrier Coat with

33 wt% S-PRG filler, HC Hybrid Coat II, SF Shield foce plus, CV

Clinpro XT Varnish, FJ Fuji VII. Means with the same letter are not

significantly different each other
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of the CV and FJ specimens. However, these ions were not

clearly detected on the specimens of other groups. Fig-

ures 6 and 7 are representative EPMA images of FJ and

BC, respectively. The EPMA image of the FJ specimen

demonstrates that various ions were detected not only on

the dentin surface beneath the coating material but also on

the dentin surface around the dentin tubules (Fig. 6). The

EPMA image of the BC specimen demonstrates that vari-

ous ions were rarely detected on the superficial dentin

surface beneath the coating material (Fig. 7).

Discussion

From the results of the SBS test in this study, the resin-type

tooth coating materials with flowable resins exhibited

higher SBS than the glass ionomer-type tooth coating

materials. The adhesive monomer contained in the resin-

type coating materials contributed to an increase in the

dentin bond strength. The adhesive monomer could pene-

trate superficial dentin matrix and dentin tubules, and

formed hybrid layer and resin tags after photo-

Fig. 4 Representative SEM images of specimens after SBS tests. BC

PRG Barrier Coat with 50 wt% S-PRG filler, BC0 PRG Barrier Coat

with 0 wt% S-PRG filler, BC17 PRG Barrier Coat with 17 wt%

S-PRG filler, BC33 PRG Barrier Coat with 33 wt% S-PRG filler, HC

Hybrid Coat II, SF Shield foce plus, CV Clinpro XT Varnish, FJ Fuji

VII. On the SEM images of BC, BC33, and HC, the slightly opened

dentin tubules are observed. The SEM image of SF shows a slight

destruction of the dentin surface. Some remnants of the coating

materials are observed on the SEM images of BC0, BC17, CV, and FJ

Odontology (2017) 105:426–436 431
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polymerization [21]. The formation of resin tags may be

useful for increasing the strength of dentin bonds [27]. In

contrast, dentin bonding of the glass ionomer-type material

is generated by the embedding of polyelectrolyte chains

into hydroxyapatite, which is produced by a substitution

reaction between the phosphate ion and polyelectrolyte

chain [28]. However, the chemical bond strength to dentin

with the glass ionomer-type coating materials is low

compared with the mechanical bond strength produced by

the resin-type coating materials [29]. On the other hand, the

previous clinical research reported that resin-modified

glass ionomer cement showed higher retention rate than

resin composite in class 5 restorations [30]. Thus, the bond

strength is not the only factor for retention of restorations,

the retention mechanism of the restorative materials must

be considered.

Our results showed that the strength of the bonds of all

tooth coating materials was relatively high even after

32 days storage with thermal cycling. We also have the

data of SBSs of tooth coating materials (BC, HC, SF, CV

and FJ) crown dentin after 24 h storage without thermal

cycling using extracted human molar. In these data, the

SBSs (S.D.) in MPa of BC, HC, SF, CV and FJ were 8.2

(1.7), 10.7 (3.2), 12.1 (3.0), 6.5 (2.7) and 4.3 (1.5),

Fig. 5 Representative SEM images of specimens after pH cycling.

BC PRG Barrier Coat with 50 wt% S-PRG filler, BC0 PRG Barrier

Coat with 0 wt% S-PRG filler, BC17 PRG Barrier Coat with 17 wt%

S-PRG filler, BC33 PRG Barrier Coat with 33 wt% S-PRG filler, HC

Hybrid Coat II, SF Shield foce plus, CV Clinpro XT Varnish, FJ Fuji

VII. The dentin surface with slightly opened dentin tubules are

observed on the SEM images of BC17 and CV. Some remnants of the

coating materials and opened dentin tubules are observed on the SEM

images of BC, BC33, HC and SF. The SEM images of BC0 and FJ

show the only remnants of the coating materials
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respectively. The data after 32 days storage obtained in the

present study cannot significantly compared with the data

after 24 h storage, because the kind of tooth and lesion

used for adhesion test are different each other. However,

the strength of the bonds of the tooth coating materials after

32 days storage with thermal cycling was slightly higher

than that after 24 h storage without thermal cycling. These

results could corroborate previous studies by Kakuda et al.

[31] and Asaka et al. [32]. Kakuda et al. [31] reported that

the dentin bond strength of a resin composite with an all-in-

one adhesive exhibited no significant decrease after ther-

mal cycling. Asaka et al. [32] showed that the dentin bond

strength of resin composite with self-etch adhesive was

increased by thermal cycling. Therefore, it is speculated

that the resin-type coating materials containing adhesive

monomer similar to all-in-one adhesive may demonstrate a

slight increase in the strength of the dentin bond after

thermal cycling. Hoshika et al. [33] reported that chemical

bonding of glass ionomer cement without pre-treatment

with a polyalkenoic acid conditioner was increased after

1 month storage in water.

In this study, the coating material with the highest

content of S-PRG filler (BC) revealed the lowest dentin

bond strength among three experimental and one com-

mercial PRG Barrier Coat with different amounts of this

filler. Our results could support the fact that bond strength

of resin-type coating materials could depend on the amount

of adhesive monomer [17], because the amount of adhesive

monomer could be relatively decreased with increasing

amount of S-PRG fillers.

Original dentin bond strength of each resin-type tooth

coating material used in this study would be slightly dif-

ferent from the data shown in this study, because the sur-

face of the tooth coating material was covered by the

flowable resin when preparing specimens for SBS test.

However, almost specimens after SBS testing showed

adhesive and mixed failure modes and the failure occurred

at the interface between the tooth coating material and

Fig. 6 EPMA images of the representative FJ (Fuji VII) specimen.

The EPMA image of the FJ specimen demonstrates that various ions,

especially F and Sr ions were detected not only on the dentin surface

beneath the coating material but also on the dentin surface around the

dentin tubules. Colors of F, Si, Al and Sr level

Odontology (2017) 105:426–436 433
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dentin, and never occurred at the interface between the

tooth coating material and the flowable resin. Therefore,

the methodology of the SBS test carried out in this study

was able to achieve measurement of the bond strength of

the resin-type tooth coating materials to dentin. In clinic,

we assume that covering the resin-type tooth coating

material with thin layer of flowable resin could be effective

in staying longer the tooth coating material on the root

surface due to increase of wear resistance.

The resin-type coating materials did not demonstrate

increasing of the resistance to demineralization for the

fractured surface after SBS testing compared with the

controls, in this study. Moreover, the glass ionomer-type

coating materials exhibited more resistance to demineral-

ization than the resin-type coating materials. This dis-

crepancy of the resistance to demineralization was

considered to be due to the differences in the failure modes

between the resin-type and glass ionomer-type coating

materials. This consideration was based on the results

achieved in the present study, in which several specimens

in almost all of the resin-type coating materials groups

showed mixed failure with dentin chips, although the

failure modes of the glass ionomer-type specimens almost

exhibited adhesive failure. The exposure of freshly dentin

surface occurred by mixed failure might cause to increase

the demineralized depth of the specimens in the resin-type

coating materials groups. Moreover, the result of EPMA

analysis showed that F and Sr ions were not clearly

detected on the specimens of the resin-type coating mate-

rials groups. This result implies that ability of a resin-type

tooth coating material would be low for providing resis-

tance to demineralization on the dentin surface applied the

material.

Previous studies reported that glass ionomer cement

releases a large amount of F ions during hardening [34–36].

The EPMA analysis of the dentin surface applied with FJ

and CV revealed that F and Sr ions penetrated into the

superficial dentin surface in this study. The F and Sr ions

released from the glass ionomer-type tooth coating mate-

rials might react with hydroxyapatite and fabricate

Fig. 7 EPMA images of the representative BC (PRG Barrier Coat with 50 wt% S-PRG filler) specimen. The EPMA image of the BC specimen

demonstrates that various ions were rarely detected on the superficial dentin surface beneath the coating material. Colors of F, Si, Al and Sr level
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fluoroapatite and strontiumapatite on the dentin surface,

thus generating resistance to demineralization. This infer-

ence was supported by Thuy et al. [37], who reported that

the simultaneous presence of strontium with fluoride at

specific concentrations enhances enamel remineralization

in vitro. From the results of the failure mode analysis and

SEM observation in this study, all specimens of the glass

ionomer cement demonstrated adhesive failure and slight

remnants of the materials were observed on the failure

surface. The remnants may assist in increasing the resis-

tance to the acid of the de-bonded dentin surface. In a

clinical situation, it is expected that a glass ionomer cement

could provide an acid-resistance layer for the dentin sur-

face after detaching it from the dentin surface.

PRG Barrier Coat contains S-PRG fillers that release

various ions, such as F-, SiO3-, and Sr2? [14]. Several

studies have reported that these ions are useful for re-

mineralization of the tooth surface [17–21]. It was reported

that PRG Barrier Coat released six ions (F-, BO3
3-, Sr2?,

Na?, Al3?, and SiO3
2-), and F, Sr, and SiO ions in par-

ticular participated in remineralization of the tooth sub-

stance [38–42]. In this study, it was hypothesized that

application of tooth coating materials that release F, Si and

Sr ions would provide resistance to demineralization after

detaching from the root surface, and it is was observed. In

addition, it was expected that a high amount of S-PRG

filler coating material could demonstrate high resistance to

pH cycling. However, a remarkable effect of S-PRG filler

on the acid resistance of the dentin surface was not rec-

ognized in this study. Furthermore, this study revealed an

unexpected result in that a higher content of S-PRG filler

coating material demonstrated a larger demineralization

depth. From our results of EPMA analysis for PRG Barrier

Coat, including the experimental ones, the F, Sr, and Si

ions were barely detected on the dentin surface, which

were applied with PRG Barrier Coat independent of the

S-PRG filler content. Therefore, a limitation of this study is

that it was assumed that various ions released from S-PRG

filler may not be incorporated into the dentin surface.

Because our results were contradictory to those of previous

studies [13, 43, 44], further study concerning the effects of

S-PRG filler on acid resistance of dentin surface would be

required.

Conclusion

Within the limitation of this study, the following conclu-

sions were drawn:

1. The SBS values of resin-type coating materials with

flowable resin to dentin (approximately 8–12 MPa)

were significantly higher than those of glass ionomer-

type coating materials (approximately 4–6 MPa) after

32 days storage.

2. The lesion depths of dentin surface detached materials

after SBS test in the glass ionomer-type coating

material groups (approximately 110–180 lm) were

shallower than those in the resin-type coating material

groups (approximately 200–260 lm).

3. The amount of S-PRG fillers did not affect the SBS

values to dentin and the lesion depths of dentin surface

detached materials after SBS test in the experimental

tooth coating materials.
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