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Abstract: The aim of this study was a comparison of the micro-tensile bond strength (µTBS) to dentin
and microleakage of in vitro class V restorations of three different ion-releasing restorative materials
under various pH conditions: giomer, a resin-modified glass ionomer (RMGI), and a new alkasite
material. A µTBS test was performed using a universal testing machine, immediately and after
storage at different pH (4, 7, and 10) buffer solutions (n = 15) over 24 h, and the failure mode was
analyzed. For microleakage analysis, class V restorations were performed on extracted premolars,
which were sectioned and stored in pH 4-, 7-, and 10-buffered fluorescent 0.02% rhodamine B dye. The
specimens were observed under a confocal laser scanning microscope (CLSM) and scored using the
acquired images. There were no significant differences in the µTBS according to the type of material
(p = 0.518). The giomer showed a decreased bond strength under the pH 4 condition compared with
the immediately tested or pH 7-stored specimens (p ≤ 0.043). In the microleakage analysis, the class V
restoration with giomer showed a higher microleakage than RMGI or alkasite (p = 0.001). For RMGI
and alkasite, the specimens stored at pH 4 showed a significantly lower microleakage than those
stored at pH 7 (p = 0.028). RMGI and alkasite can be adopted as restorative materials in generalized
or localized low-pH conditions.

Keywords: ion-releasing restorative material; giomer; alkasite; micro-tensile bond strength; mi-
croleakage; confocal laser scanning microscope

1. Introduction

Ion-releasing dental restoratives, especially fluoride, have garnered increased atten-
tion, owing to their anti-cariogenic effects and enhanced remineralization of dental hard
tissues, especially in pathologic conditions [1–3]. There are several fluoride-containing
dental restoratives available on the market, including glass ionomers, resin-modified glass
ionomers (RMGI), polyacid-modified composites (compomers), giomers, and compos-
ites [1]. Glass ionomer cements chemically bond to tooth structure, and their fluoride
release ability provides a caries-preventive effect [4]. RMGI is a hybrid material of tradi-
tional glass ionomer cement with a small supplement of light-curing resin [5]. Giomer
is based on the incorporation of surface pre-reacted glass-ionomer fillers into a resin ma-
trix. It has fluoride-releasing property which might enhance the antibacterial effects in
restoration [6]. Recently, a new ‘alkasite’ restorative material was introduced, comprising
an alkaline filler, which releases acid neutralizing ions along with fluorides, calcium and
hydroxide ions along changes of the oral environment [7]. Alkaline glass fillers were
shown to be able to raise the pH and form fluorapatite in media containing phosphate,
which could explain the low incidence of secondary caries in alkasite restorations [8]. Ion
release from fillers has been reported to induce the remineralization of dental hard tis-
sues in previous studies [9]. Fluoride-containing restorative materials may feature greater
longevity, a reduced incidence of marginal failure, an elevated concentration of fluoride in
contingent plaques, and antibacterial action when compared with non-fluoride-releasing
materials [10].
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Intraoral pH can be largely influenced by dietary intake, but also by intrinsic factors,
such as regurgitation [11], and by the flow rate and buffering capacity of saliva [12]. In
a healthy oral cavity, the pH is maintained near neutrality (6.7–7.3) by saliva [13]. In
pathological conditions, such as periodontitis and dental caries, changes in the microbial
and environmental dynamics may yield a shift of the pH level in lesions. The pH, after a
sucrose rinse on localized plaque, can decrease to a cariogenic pH of 4–4.5 [14]. Bacterial
acid production results in a decrease in pH, which may be the driving force behind the
carious process [15]. Natural tooth surfaces and filling materials are not only affected
by bacterial acids, but also by strong acids that induce erosion. This may be induced
by extrinsic acids (soft drinks) and intrinsic acids (refluxed gastric acids). During reflux
episodes, gastric acid attacks the tooth structure with a pH of 1.5–3.1 [16,17].

The aim of this study was to evaluate the bond strength to the dentin of three different
ion-releasing restorative materials: a giomer, an RMGI, and an alkasite restorative material
and the marginal integrity of class V restorations. The null hypotheses were that (1) the
type of materials, (2) various pH conditions, and (3) the locations in the margin (enamel
or dentin) would have no significant effect on the bond strength to the dentin and the
marginal microleakage of the class V restorations.

2. Materials and Methods
2.1. Materials

For the in vitro study, three ion-releasing materials were used and are given as follows:
giomer (Beautifil Flow Plus; Shofu, Kyoto, Japan); RMGI (Fuji II LC; GC, Tokyo, Japan);
and alkasite (Cention N; Ivoclar Vivadent, Schaan, Liechtenstein). In addition, one dentin
adhesive (All-Bond Universal; Bisco, Schaumburg, IL, USA) was used with Beautifil Flow
Plus and Cention N. The compositions of the materials used in this study are summarized
in Table 1.

Table 1. The composition of materials used in this study. % indicates vol% in the table.

Material Composition Filler Manufacturer

Beautifil Flow Plus Bis-GMA, TEGDMA,
Initiator (53%)

S-PRG filler,
Aluminofluoro-borosilicate glass (47%) Shofu, Kyoto, Japan

Fuji II LC Polyacrylic acid, HEMA, UDMA,
distilled water, Initiator (45%)

Fluroalumino silicate glass,
poly-HEMA (55%)

GC corporation, Tokyo,
Japan

Cention N
UDMA, Aromatic aliphatic

UDMA, Initiators
(Ivocerin) (42%)

Barium aluminium silicate glass,
Calcium barium aluminium
fluorosilicate glass, Calcium

fluorosilicate glass, Ytterbium
trifluoride, Isofiller (58%)

Ivoclar vivadent, Schaan,
Liechtenstein

All-Bond Universal 10-MDP phosphate monomer, HEMA, Bis-GMA, Ethanol, Water, Initiators Bisco, Schaumburg, IL, USA

Abbreviations: HEMA, hydroxyethyl methacrylate; UDMA, urethane dimethylacrylate; Bis-GMA, bisphenol
A-glycidyl methacrylate; S-PRG, surface reaction-type pre-reacted glass ionomer; TEGDMA, triethylenglycol
dimethacrylate; 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate.

For micro-tensile bond strength (µTBS) test, 48 extracted human third molars were
prepared and disinfected with 0.2% thymol solution. For microleakage analysis, 27 human
caries-free mandibular premolars were obtained from patients for orthodontic reasons and
were disinfected with a 0.2% thymol solution. The included teeth were obtained from
patients, as approved by the Kyung Hee University Dental Hospital Institutional Review
Board (KH-DT21026), and all methods were performed in accordance with the relevant
guidelines and regulations.

The scheme of this study and the experimental groups and each restoration procedures
can be seen in Figure 1.
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2.2. Micro-Tensile Bond Strength (µTBS) Test
2.2.1. Dentin Specimen Preparation

The occlusal surfaces of the extracted third molars (n = 48) were flattened until super-
ficial, fresh dentin was exposed. The top surfaces of the dentin specimens were serially
polished with 320-, 400-, and 600-grit silicon carbide paper.

2.2.2. Group Assignment, Surface Treatment and Restoration Procedure

The specimens were randomly divided and allocated into three groups (n = 16 per
each group): group G (giomer), group R (RMGI), and group A (alkasite).

For group G, the dentin surfaces were thoroughly cleaned with a 3-way syringe for 20 s
and dried with air. All-Bond Universal was applied to the cleaned surface, and air-dried
for 10 s. An adhesive layer was photopolymerized (Bluephase G2; Ivoclar Vivadent) for
20 s at the intensity of 1200 mw/cm2. Beautifil Flow Plus was applied to a cylindrical
Teflon-coated mold (diameter = 10 mm, depth = 10 mm). The thickness of each increment
was approximately 2 mm, and a restoration with a total thickness of 10 mm was formed.
Each increment was light-cured for 10 s.

For group R, the dentin surfaces were conditioned with dentin conditioner (GC) for
20 s, rinsed for 30 s, and left moist. Fuji II LC was mixed and filled into the mold (diameter
= 10 mm, depth = 10 mm) according to the manufacturer’s instructions. The restoration
was light-cured for 20 s.

For group A, the dentin surfaces were thoroughly cleaned with a 3-way syringe for
20 s. All-Bond Universal was applied to the surface, and photopolymerized like as in Group
G. Cention N was mixed and filled into the mold (diameter = 10 mm, depth = 10 mm)
according to the manufacturer’s instructions. The restoration was light-cured for 20 s.

2.2.3. Micro-Tensile Bond Strength (µTBS) Test and Failure Mode Analysis

Each specimen was sectioned perpendicular to the bonded surface to obtain dentin
restoration beams with a surface area of 1 × 1 mm2 using a high-speed diamond saw
(Isomet 5000; Buehler, Lake Bluff, IL, USA). The sectioned beams were divided into four
subgroups; immediate, pH 4 storage, pH 7 storage, and pH 10 storage (n = 15). For
the immediate group, after the section, the specimens were fixed to the µTBS jig with a
cyanoacrylate adhesive (Zapit; Dental Ventures of America, Corona, CA, USA). The µTBS
was measured using a universal testing machine (AGS-X; Shimadzu, Kyoto, Japan) at
a crosshead speed of 1 mm/min until bond failure occurred. For the pH 4-, pH 7- and
pH 10-storage subgroups, the sectioned beams of each group were stored in pH 4, 7, and
10 buffer solutions: pH 4 (0.05 M potassium biphthalate aqueous solution); pH 7 (0.003 M
potassium dihydrogen phosphate and 0.004 M disodium hydrogen phosphate); and pH 10
(0.006 M sodium borate decahydrate and 0.038 M sodium carbonate anhydrate aqueous
solution) (Samchun Chemical, Seoul, South Korea) at 37 ◦C for 24 h. pH measurements
were carried out before and after completed storage using pH meter (ORION Star A211,
Thermo Scientific, Waltham, MA, USA). µTBS was measured using a universal testing
machine (AGS-X) until bond failure occurred. The obtained data were converted to MPa
using the Trapezium-X software (Shimadzu).

The specimens were then examined under a stereo-microscope (SZN745; Sunny, Shang-
hai, China) at ×40 magnification to identify the location of bond failure. Failure patterns
were classified into one of four modes: adhesive failure, mixed failure, cohesive failure in
dentin and cohesive failure in restorative.

2.3. Microleakage Evaluation
2.3.1. Specimen Preparation for Microleakage Evaluation

After surface debridement with a hand-scaling instrument and cleaning with a rub-
ber cup and pumice slurry of extracted premolars (n = 27), a trapezoidal Class V cavity
preparation (which has a long base on the buccal surface and a short one opposite on the
pulpal side) was placed on the buccal surface at the cementoenamel junction. Preparations
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were made using a no. 170 carbide bur (Kerr, Orange, CA, USA). The prepared sections
were measured to be 5 mm long in the occlusal margin, 4 mm in the gingival margin, 3 mm
in width, and 2 mm deep with the occlusal margin in enamel and the gingival margin in
dentin or cementum.

2.3.2. Group Assignment and Confocal Laser Scanning Microscopic Analysis

The teeth were randomly divided into three groups (n = 9) as described in Section 2.2.2.
The same restoration procedures were performed into the class V cavities. After the
restoration procedures, finishing and polishing were performed with an aluminum oxide
disc system (Soflex discs; 3M ESPE, St. Paul, MN, USA) with serial application according to
the manufacturer’s instructions. The specimens were coated with two layers of nail polish,
leaving a 1 mm space around the cavity margins to avoid ingress of dye through other
microfissures and cracks. The specimens were immersed for 24 h in a buffered fluorescent
0.02% rhodamine B dye (pH 4, 7, and 10). After drying at ambient temperature for 2 h, the
specimens were embedded in a self-curing acrylic resin (MTDI, Daejeon, Korea) for cold
mounting and were sectioned parallel to the long axis of the tooth to observe the bucco-
lingually sectioned surfaces with Isomet 5000. Three sectioned specimens were selected
from the middle segments of each tooth. The specimens were examined using a confocal
laser scanning microscope (CLSM; LSM700, Carl Zeiss, Oberkochen, Germany). The
absorption and emission wavelengths of rhodamine B were 540 nm and 590 nm, respectively.
Each image was acquired in the Z-stack mode using 30 sections with a 10–15 µm thickness
along the z-axis and in tile scan mode to capture the entire surface of the specimens. Image
analysis was performed using ZEN 3.1 (Blue-edition, Zen Software Ltd., Manchester, UK),
and images were acquired in the superimposition mode and fluorescent mode.

2.3.3. Assessment of Microleakage

The microleakage score was recorded using the 0–6 scoring method [18]. The score
was measured in both the enamel and gingival margins of class V cavities using both the
superimposed and fluorescent modes of images. The scoring standards were as follows.

1. No dye penetration.
2. Dye penetration to one-half of the occlusal or gingival wall.
3. Dye penetration extending to the end of the occlusal or gingival walls.
4. Dye penetration through the gingival or occlusal wall to one-third of the axial wall.
5. Dye penetration through the gingival or occlusal wall to two-thirds of the axial wall.
6. Dye penetration throughout the axial wall.

According to different restorative materials and pH conditions, nine subgroups were
categorized and scored by the author (H.-J. Kim), and the data were acquired and analyzed
using the mean and standard deviation of each group (n = 9).

3. Statistical Analysis

The sample size was determined according to previous studies on the µTBS test [19,20]
and microleakage [19,21] using G Power 3.1.9.7.

The µTBS data were analyzed by two-way analyses of the variance (ANOVA) and a
Bonferroni test for post hoc analysis (α = 0.05) using the SPSS software (version 25.0; IBM
Corp, Armonk, NY, USA) for determining the effects of the pH or the restorative materials.
The microleakage scores were analyzed using three-way ANOVA. The data were analyzed
and interpreted using the main effect model.

4. Results
4.1. Micro-Tensile Bond Strength (µTBS) Test and Failure Mode Analysis

Figure 2A shows the µTBS values of all experimental groups. There were no significant
differences in the bond strength among the restorative materials (p = 0.518). In groups
R and A, there were no significant differences in bond strength between the immediate
test and the pH 4-, pH 7-, and pH 10-buffered storage (p ≥ 0.487). However, in group G,
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the immediately tested (p = 0.035) and the pH 7-stored specimens (p = 0.043) exhibited a
significantly higher bond strength than the pH 4-stored specimens. Table 2 presents the
mean and standard deviation of the µTBS data used in this study. At pH 4, group A showed
significantly higher bond strength than group G (p = 0.042) (Table 2). Figure 2B exhibits the
distribution of failure analysis of the debonded surface. There was a tendency to increase
the proportion of adhesive failure in the sub-groups, which showed relatively lower bond
strength. Cohesive failure in dentin was not observed in all experimental groups.
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the bar denote no statistical differences between groups (p > 0.05). Long bar means no significant
differences among groups. (B) Distribution of failure modes.

Table 2. Micro-tensile bond strength (MPa).

Group G Group R Group A

Immediate 12.32 ± 5.56 Aa 8.86 ± 4.85 Aa 10.21 ± 5.28 Aa

pH 4-storage 7.44 ± 4.58 Ba 8.86 ± 4.07 Aab 9.35 ± 4.02 Ab

pH 7-storage 11.30 ± 4.25 Aa 7.64 ± 3.43 Aa 8.74 ± 3.59 Aa

pH 10-storage 8.69 ± 4.62 Aba 7.70 ± 3.40 Aa 7.66 ± 3.47 Aa

Values with same uppercase letters in same column and same lower letters in same row denote no significant
differences, statistically (p > 0.05).
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4.2. Microleakage Evaluation with CLSM Images

Figure 3 shows representative CLSM images for an assessment of the microleakage of
class V restorations with different restorative materials and under different pH conditions.
All images exhibited red fluorescence on the buccal surface of the class V restorations. In
group G, more dye penetration into the axial wall was observed (Figure 3A–C). In groups
R and A, less dye penetration was observed, and penetration of the axial wall was rarely
observed. In Figure 3, the left image with a gray background is a superimposed image
with a sectioned microscopic view and red fluorescence, and the right image with a black
background is the fluorescent mode. Both images were assessed for microleakages.
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Figure 3. Microleakage analysis of the experimental groups. Representative images of confocal laser
scanning microscopic photograph showing the rhodamine B dye penetration. (A–C) Representative
images of pH 4, pH 7 and pH 10-stored giomer restorations, respectively; (D–F) pH 4-, pH 7- and pH
10-stored RMGI restorations, respectively; (G–I) pH 4-, pH 7- and pH 10-stored alkasite restorations,
respectively.

4.3. Microleakage Evaluation with Score

Figure 4 and Table 3 present the microleakage scores of all experimental groups.
Three-way ANOVA revealed that the factors ‘pH’, ‘location of margin’, and ‘material’ sig-
nificantly affected the microleakage score (p = 0.028). Although the interactions between
these three factors were statistically significant, the data were interpreted using the main
effect model. With regards to the materials, groups R and A exhibited a significantly lower
microleakage score than group G (p = 0.001). In group G, statistically significant differences
were noted between the occlusal and gingival margin scores (p = 0.001); however, no
significant difference was detected between the different pH conditions (p > 0.05). The
microleakage score in the gingival margin was higher than that in the occlusal margin
(p = 0.001). In group R, there were significant differences between the different pH condi-
tions and between the locations of the margin. In that group, the microleakage scores in
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the occlusal margin were significantly higher than those in the gingival margin (p = 0.001).
In the gingival margin of group R, the microleakage score of the pH 4-stored specimen
was significantly lower than that of the pH 7-stored specimens (p = 0.028). In the gingival
margin of group A, the pH 4-stored specimens showed lower microleakage scores than
the pH 7-stored specimens (p = 0.028). The enamel margins showed a higher microleakage
than the gingival margins (p = 0.001).
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Figure 4. Mean scores of microleakage analysis of the experimental groups. Different lower letters on
top of the long bar denote statistically significant difference among groups (p = 0.001). Navy lines
mean statistically difference between the marked sub-groups (p < 0.05).

Table 3. Microleakage score assessment.

Groups Margin
Location

p Value
with Margin

Location
pH 4 pH 7 pH 10 p Value

with pH

G a Occlusal
0.001

2.857 ± 1.069 2.714 ± 0.756 2.428 ± 0.787 0.796
Gingival 4.286 ± 1.380 3.143 ± 0.535 4.714 ± 1.254 0.120

R b Occlusal
0.001

1.571 ± 0.535 2.000 ± 0.577 2.143 ± 0.690 0.212
Gingival 1.000 ± 0.000 A 1.714 ± 0.756 B 1.143 ± 0.378 AB 0.032

A b Occlusal
0.001

1.714 ± 0.756 1.429 ± 0.787 2.143 ± 0.900 0.212
Gingival 1.143 ± 0.378 A 1.429 ± 0.535 B 1.429 ± 0.535 AB 0.032

Three-way ANOVA reveals that there was a significant difference in microleakage scores accord-
ing to types of materials (p = 0.001); different lower letters denote the significant difference
(p = 0.001). There are the significant differences of scores between margin location in each material (all
p = 0.001); same upper letters in gingival margin of each group R and A denote no significant difference
(p > 0.05); A and B have the statistical difference of p = 0.028 (post-hoc analysis).

5. Discussion

Despite the remarkable developments of restorative dentistry, there have been de-
mands for ion-releasing restorative materials, especially fluoride, owing to their inherent
functions. In hypomineralized conditions, such as molar incisor hypomineralization,
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enamel hypoplasia, amelogenesis imperfecta, and white spot lesions, fluoride-releasing
materials are considered anti-caries agents [22,23]. Several fluoride-containing restora-
tive materials are available on the market, including RMGI, compomers, giomers, and
bioactive composite resins. These hybrid materials have been introduced to overcome the
problems associated with conventional glass ionomers and composite resins and maintain
their clinical advantages [7]. Fluoride-releasing materials have some limitations, such as
insufficient physical properties and brittleness in high-stress-bearing areas. The need to
improve fluoride-releasing dental materials has led to increasing research efforts focused
on reinforcement techniques.

In this study, the bond strengths of three different ion-releasing materials were evalu-
ated under various pH conditions. There was no significant difference in bond strength
among the materials. For RMGI and alkasite, there was no difference in bond strength
among the specimens immediately tested and those tested after storage under different
pH conditions. However, for giomer, the bond strength after storage in a pH 4 buffer was
significantly lower than for those immediately tested or tested after pH 7-storage.

Some functional monomers in dentin adhesives, especially 10-MDP, can produce an
acid-base resistant zone (ABRZ) on the adhesive interface [24]. This is characterized as a
structure at the resin-dentin interface that is resistant to acid-base challenges and differs
from the hybrid layer [25]. In universal dentin adhesives, a thin ABRZ was observed
in a self-etch application with a thick hybrid layer, and no ABRZ was observed in the
etch-and-rinse mode [26]. In situations of acid challenge, ABRZ might be a protective
layer against attack. Although the giomer exhibited a comparable bonding performance
under other pH conditions (pH 7 and 10) in this study, it showed a significantly lower bond
strength under acidic conditions at pH 4. It is speculated that the thin ABRZ might not
resist acid attacks on the bonding interface, which decreases the bonding durability of the
giomer stored at pH 4. In this study, universal dentin adhesive with self-etch application
was used, for the theoretical ability to etch and infiltrate simultaneously, thus preventing
discrepancies between demineralization and infiltration [27] and the capability of ABRZ
formation [26]. The ABRZ in self-etch mode of universal adhesives might not be enough to
confront the acidic changes of environment in giomer restoration in this study. Universal
dentin adhesive with self-etch application was also used in alkasite restoration. However,
there was no significant difference among various pH conditions. It is assumed that alkasite
has high alkalizing potential with the release of hydroxyl ions [28]. Kasraei S et al. reported
that the RMGI and alkasite showed a significant increase in the pH following acidification
of the environment [28].

Three factors (‘pH’, ‘location of margin’, and ‘materials’) significantly affected the
microleakage scores of in vitro class V restorations. There were significant differences in
the microleakage scores between the three materials (p = 0.001). Giomers showed a higher
microleakage score than RMGI and alkasite. Beautifil Flow Plus, which was used in this
study, has a relatively low (47%) volume of the filler and a higher volume of the resin matrix,
which makes it susceptible to polymerization shrinkage. The resin matrix of giomer is
similar to that contained in a composite, with a base around bis-GMA and other monomers
added for modifying its rheological and polymerization properties [29]. The setting reaction
of the giomer is performed only by photopolymerization, which is the same as that of a
composite. This involves the creation of a resin network and covalent bonds with inorganic
(especially S-PRG) fillers. Tsujimoto et al. reported that bulk-fill giomers exhibit signifi-
cantly higher volumetric shrinkage than bulk-fill composite resins [30]. RMGI and alkasite
have a compensatory mechanism against polymerization shrinkage of the matrix, which is
a hygroscopic expansion with water sorption [7,31]. In addition, the presence of a special
filler (isofiller) in the alkasite, which acts as a stress reliever, may minimize the shrink-
age force [32]. In the case that the composite material has the lower-molecular weighed
monomer (e.g., triethylene glycol dimethacrylate, TEGDMA; 2-hydroxyethyl methacrylate,
HEMA) in the matrix, the tendency of polymerization shrinkage decreases [33]. However,
in addition to the composition of composite matrix, the amount of matrix and the existence
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of the functional monomer or modulator to reduce the polymerization shrinkage can influ-
ence the final volume of polymerization shrinkage. Although polymerization shrinkage
stress must be considered a multi-factorial phenomenon [34], in this study, it is speculated
that higher volume of the matrix might have mainly contributed the higher contraction
and consequential higher microleakage of the giomer. Deliperi et al. exhibited that giomer
showed high microleakage, especially in enamel margin with self-etch adhesive [6]. Sunico
et al. reported reduced marginal adaptation and increased marginal discoloration of class
V restorations with giomer in a two-year clinical study [35].

In addition, for giomer, a higher microleakage was observed at the gingival margin
than at the occlusal margin (p = 0.001). This may be related to a difference between the
bonding ability of enamel (occlusal) and of dentin (gingival). Dentin provides a weaker
bond than enamel, and polymerization shrinkage in one increment may cause debond-
ing at the weaker interface [36]. Previous studies reported that several composite resin
restorations on non-cervical caries lesions (class V cavities) exhibited more microleakage
on the gingival margins than on the occlusal margins because the flexural stresses at the
cervical margins are much higher than those at the occlusal margins [37,38]. Polymerization
shrinkage causes material shrinkage in all directions, and most often, the dentin margins are
unprotected against microleakage [39]. However, RMGI and alkasite exhibited the opposite
result; higher microleakage scores were observed at the enamel margin than at the gingival
margin in the current study. For RMGI, adhesion is mainly due to a physicochemical
reaction with dentin and enamel due to the polar nature of the polyacrylates and minerals
in dental hard tissues. Alkasite is deficient in adhesive potential and does not contain any
acidic monomers or water. Thus, it was applied after universal dentin adhesive application
to class V cavities. For both materials, compensation mechanisms, such as water sorption
and the existence of a special stress reliever, might reduce polymerization shrinkage and
stress. Selective enamel etching was not performed in the absence of shrinkage stress,
which might have increased the tendency of microleakage in the enamel margin.

An intragroup analysis of microleakages in the gingival margin of the RMGI and
alkasite restorations showed significant differences between the pH 4 and pH 7 storage
specimens (Table 3). In the gingival margin, pH 4 resulted in a significantly lower microleak-
age than pH 7. This result suggests that the strong buffering capacity with ion-releasing
property of these materials might counteract a low pH environment.

The current results indicated that the bond strength to dentin is not affected according
to the type of restorative materials. Although the pH condition did not influence to the
bond strength of RMGI and alkasite, that of giomer significantly decreased in acidic pH,
which suggested a relatively lower ion-releasing capacity (esp, hydroxyl ions) of giomer
than RMGI or alkasite. The microleakage scores were affected by three experimental factors
(the type of materials, the location of margin and pH). Related to the types of materials
and the location of margin, it is assumed that the experimental result is mainly due to
polymerization shrinkage, which occurred more in giomer. RMGI and alkasite showed
a lower microleakage in pH 4 than pH 7 (p = 0.028). It is assumed that the ion-releasing
capacities of the materials can be activated under acidic conditions.

Several attempts have been made to develop hybrid restorative materials that combine
the advantages of the resin composite and glass ionomer cement families. In this study,
although the three materials showed no significant difference in bond strength to the dentin
surface, the bond strength of the giomer decreased significantly at pH 4. RMGI and alkasite
exhibited a lower microleakage than the giomer, especially under acidic pH conditions,
and the microleakage under low-pH conditions was decreased compared to when under
neutral pH conditions. It is suggested that the ion-releasing capacity of these materials
is activated under acidic conditions. RMGI and alkasite might be adopted in generalized
or localized low pH clinical conditions (e.g., oral pathologic conditions, and lowered pH
induced by reflux episodes).

In this study, thermocycling was not considered in the microleakage test. Microleakage
specimens were stored at 37 ◦C in a buffer solution at various pH values to control a variable,
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‘linear coefficient of thermal expansion (LCTE)’, which influences the volumetric change of
restorative materials in the oral cavity. The LCTE of resin-based materials is affected by
the amount of filler [40]. Beautifil flow plus has a 47 vol% of filler [41], RMGI has 55 vol%
filler [28], and alkasite has a 58 vol% (78 wt%) filler content in the final mass [28,42]. Thus,
the harsh oral environment could not be simulated, which is a limitation of this study. The
buffer solution was stored for 24 h. The short storage period was intended to limit the
hygroscopic expansion of the resin-based restorative materials. Little is known about the
hygroscopic expansion and water sorption of alkasite; however, a previous study reported
that alkasite exhibited the same or a slightly lower water sorption than conventional glass
ionomer cement [43]. The bulk marginal gap reduction in RMGI occurred within the first
week of water storage [44]. Thus, Toledano et al. reported that 1 week of water storage
can allow for a hygroscopic expansion of the material, which may fully compensate for the
original polymerization shrinkage of the material, allowing for less microleakage [31].

This study focused the mechanical properties of ion-releasing restorative materials
from a clinical aspect (e.g., bond strength and microleakage of class V cavities). In further
studies, new restorative material will be analyzed about the inherent mechanical properties
of polymerization shrinkage, shrinkage stress in various restorative configuration, and
also about the pH buffering capacity in a simulated oral environment, as well as the
remineralizing capacity to the underneath dentin. Alkalizing potential of the materials can
be proved also through in vitro or in vivo anti-bacterial activity in the future.

Although comparison of the commercial materials is not simple, within the limitations
of this study, RMGI and new alkasite might be clinically adopted under low-pH condition.
In further studies, the effect of long-term storage on the mechanical properties of three
ion-releasing materials should be investigated.

6. Conclusions

Based on the findings of this in vitro study, the following conclusions were drawn.

1. Giomer, RMGI, and alkasite exhibited no significant difference in the bond strength
with dentin in this study. The pH 4 condition yielded a decreased bond strength for
the giomer compared with that of the subgroups, which were immediately tested or
stored at a neutral pH.

2. RMGI and alkasite showed a lower microleakage than the giomers. There was a
significant difference in the microleakage scores according to the margin location. The
difference in scores varied according to the materials; a higher microleakage score was
observed in the enamel margin than in the gingival margin for RMGI and alkasite,
and higher microleakage scores were observed in the gingival margin than in the
enamel margin for giomer.

3. For RMGI and alkasite, the specimens stored at pH 4 showed significantly lower
microleakage than those stored at pH 7.

4. RMGI and alkasite might be adopted in generalized or localized low-pH clinical conditions.
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