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Abstract
Objectives The present study aimed to investigate the changes in the enamel bond strengths of universal adhesives in the early
phase of specimen creation and evaluate the effect of double-layer application on enamel bond effectiveness using different
etching modes.
Method Four universal adhesives, namely Clearfil Universal Bond Quick, G-Premio Bond, Scotchbond Universal, and
Tokuyama Universal Bond, were used. Clearfil SE Bond two-step self-etch adhesive system was used as a comparison.
Fifteen specimens per group were used for determining the shear bond strength (SBS) to bovine enamel in the etch-and-rinse
or self-etch mode. The adhesive was applied to specimens in accordance with the manufacturers’ instructions (single-layer
application), or the adhesive was applied twice (double-layer application). The bonded specimens were stored in distilled water
at 37 °C for 5 min or 1, 6, 12, or 24 h before SBS testing. The flexural properties of the resin composite Clearfil AP-X were
measured for the same storage periods.
Results All universal adhesives exhibited increased SBS values with prolonged storage periods regardless of the application
technique or etching mode used. Double-layer application was associated with higher SBS values than single-layer application
for most universal adhesives over the same storage period.
Conclusion Phosphoric acid pre-etching and double-layer application of universal adhesives resulted in increased enamel bond
strength in the early phase of specimen bonding.
Clinical relevance Care should be taken when using universal adhesives in the self-etch mode for enamel bonding because the
enamel adhesion is sensitive to the duration after filling.
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Introduction

Functional monomers have been added to the formulations of
adhesive materials for facilitating both mechanical
interlocking and chemical bonding to tooth structures. At
present, two- and three-step etch-and-rinse (ER) and one-
and two-step self-etch (SE) adhesive systems are used [1–3].

Even though the durability of bonding is crucial for the long-
lasting outcome of resin composite restorations, initial bond-
ing effectiveness is also a critical factor in preventing restor-
ative failure and post-operative sensitivity.

In clinical situations, external and internal forces that arise
shortly after completing resin composite restorations may di-
minish the bonding performance of adhesive systems [4–6].
For instance, considerable external forces are created by re-
moving the matrix after filling the resin composite or finishing
and polishing procedures, and internal forces are caused by
the contraction stress of the polymerization reaction. Although
several laboratory bond strength tests have been performed
after storage for 24 h or longer in 37 °C distilled water, previ-
ous studies have illustrated that bond strengths in the early
phase were lower than those after 24 h of water storage
[6–8]. Irie et al. [6] compared the immediate enamel and
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dentin bond strengths of eight single-step SE adhesives and
one two-step SE adhesive with those after 24 h of water stor-
age. Most of the single-step SE adhesives displayed signifi-
cantly lower enamel and dentin bond strengths immediately
after creating specimens than after 24 h of water storage.
Although it is difficult to describe the reason for the increased
bond strength over time, post-polymerization effects after light
irradiation of the adhesive layer and resin composites might be
extremely important [9–13]. For single-step SE adhesives, wa-
ter is essential to ionize functional monomers [1, 3]. However,
water and solvent remaining in the adhesive layer after appli-
cation and the low pH of the functional monomermight lead to
lower C=C double-bond reactions in the adhesives [1, 14–16].

Although the latest adhesive systems, namely universal
adhesives, are based on single-step SE adhesives, they have
different characteristics regarding their composition and clin-
ical procedures, as either the ER or SE mode can be used for
the tooth substrate [17–20]. In addition, they can be used with
resin cement for indirect restorations because of the presence
of chemical polymerization initiators [21]. In terms of enamel
and dentin bonding, several investigations revealed that uni-
versal adhesives have equal or higher bonding effectiveness
than the previous generation of single-step SE adhesives [17,
18, 20, 22]. Although universal adhesives are widely used
because of their versatility, universal adhesives cannot
completely overcome the drawbacks of single-step SE adhe-
sives. To simplify the bonding procedures of universal adhe-
sives, certain amounts of water and solvents are necessary,
similarly as required for the conventional single-step SE ad-
hesives [1, 3]. Therefore, similar phenomena might occur at
the interface, leading to compromised bonding effectiveness
in the early phase and reduced long-term durability of bond-
ing. To improve the long-term durability of restorations using
universal adhesives, several techniques such as hydrophobic
layer addition, double-layer adhesive application, and hot air
blowing have been investigated [23–28]. Double-layer appli-
cation techniques have proven effective for enhancing the
bond durability of universal adhesives in terms of fatigue
stress [28]. Conversely, it remains unclear whether double-
layer application is also effective for enhancing bonding qual-
ity in the early phase. However, there is little information
regarding the changes in bonding performance within 24 h
or the effect of double-layer application on the bonding effec-
tiveness in the early phase.

This study was designed to determine the changes in
the early enamel bond strengths of universal adhesives
and clarify whether double-layer application enhanced
enamel bonding performance. The null hypotheses to be
tested were as follows: (1) the early bonding performance
of universal adhesives would not change during the test
period, and (2) the double-layer application technique
would not increase the enamel bond strength of universal
adhesives.

Materials and methods

Study materials

Thematerials used in this study are shown in Table 1. The four
universal adhesives used were Clearfil Universal Bond Quick
(CU, Kuraray Noritake Dental, Tokyo, Japan), G-Premio
Bond (GP, GC, Tokyo, Japan), Scotchbond Universal (SU,
3M Oral Care, St. Paul, MN, USA), and Tokuyama
Universal Bond, which is known as Bondmer Lightless in
Japan (TU, Tokuyama Dental, Tokyo, Japan). A conventional
two-step SE adhesive system, Clearfil SE Bond (CB, Kuraray
Noritake Dental) was used as a comparison material. The
phosphoric acid etching agent Ultra-Etch (Ultradent
Products, South Jordan, UT, USA) and the resin composite
Clearfil AP-X (Kuraray Noritake Dental) were used. An
Optilux 501 visible-light curing unit (sds Kerr, Danbury, CT,
USA) was used, and the light irradiance (> 600 mW/cm2) of
the curing unit was checked using a dental radiometer (Model
100, Kerr, Orange, CA, USA).

Specimen preparation

Bovine incisors were used as substitutes for human teeth.
Each tooth was cut at the cervical line using a diamond-
impregnated disk in a low-speed saw (Isomet Low Speed
Saw, Buehler, Lake Bluff, IL, USA) to remove root structures.
Pulp tissues were then removed, and the labial surfaces were
ground with wet 240-grit silicon carbide (SiC) paper (Fuji Star
Type DDC, Sankyo Rikagaku, Saitama, Japan) for 20 s to
create a flat enamel surface. Each tooth was then mounted in
self-curing acrylic resin (Tray Resin II, Shofu, Kyoto, Japan)
to expose the flattened area. The flattened area was polished
using 320-grit SiC paper (Fuji Star Type DDC) for 5 s with
running water and then dried under oil-free compressed air.
Finally, an approximately 30 mm2 (6 mm in diameter) flat-
tened enamel surface at the center of the tooth surface was
obtained.

Adhesive application protocol

The adhesive application protocols are shown in Table 2.
Fifteen specimens were used for each test group to determine
the shear bond strength (SBS) to enamel in the SE (without
phosphoric acid pre-etching) or ER mode (phosphoric acid
pre-etching for 15 s). For single-layer application, the adhe-
sives were used in accordance with the manufacturers’ in-
structions. For double-layer application, the adhesives were
applied twice, each time in accordance with the duration rec-
ommended by the manufacturers’ instructions. For the two-
step SE mode, the second application of adhesive resin was
performed without priming, followed by exposure to light
irradiation. Regarding the adhesive application, only SU was
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applied with a rubbing motion, in accordance with the manu-
facturers’ recommendations.

SBS tests

Specimens were clamped in an Ultradent Bonding Jig
(Ultradent Products), and resin composites were placed on
the enamel surfaces using plastic molds with an internal diam-
eter and height of 2.38 and 2.0 mm, respectively, followed by
light irradiation for 30 s. The molds were removed and the
excessive adhesive around the assembly was removed with a
sharp scalpel, and then the bonded specimens were stored in
distilled water at 37 °C in the dark for 5 min or 1, 6, 12, or 24 h
before SBS testing.

After each storage period, the SBS to enamel was measured
using the notched-edge SBS test according to the ISO 29022
specification [29]. An Ultradent bonding assembly (Ultradent
Products) was used to measure SBS. The specimens were
loaded to failure at a crosshead speed of 1.0 mm/min with
anUltradent shearing fixture using a universal testing machine
(Type 5500R, Instron, Canton, MA, USA). The SBS values
(MPa) were calculated as the peak load at failure divided by
the bonded surface area. After testing, the bonded tooth sur-
faces and resin composite cylinders were observed under an
optical microscope (SZH-131, Olympus Ltd., Tokyo, Japan)
at × 10 magnification to determine the bond failure mode.
Based on the percentage of substrate area (adhesive-resin

composite-tooth) observed on the debonded cylinders and
tooth bonding sites, the types of bond failure were recorded
as (1) adhesive failure, (2) cohesive failure in composite, (3)
cohesive failure in enamel, or (4) mixed failure (partially ad-
hesive and partially cohesive).

Flexural strength test

To understand the changes in the mechanical properties of the
used resin composite in the early phase after light irradiation,
flexural properties were determined following the ISO 4049
specifications [30]. The resin composite was filled into a
stainless-steel split mold with the dimensions of 25 × 2 ×
2 mm. The mold was then positioned on a glass slide. The
middle third of the specimen was irradiated for 30 s, after which
the other thirds were irradiated for 30 s each. The hardened
specimen was removed from the mold, and all six sides were
wet-polished with 1200-grit SiC (Fuji Star type DDC) under
running water. The dimensions of the polished specimen were
checked with a digital caliper (500-151, CD-15C, Mitsutoyo,
Tokyo, Japan) during the polishing procedures to obtain stan-
dard specimens (25 × 2 × 2 mm). Specimens were divided into
five groups to measure the flexural strength at 5 min or 1, 6, 12,
or 24 h after light irradiation. The 5-min group was tested im-
mediately after the completion of polishing. The other groups
were stored in distilled water at 37 °C in the dark for the spec-
ified times. Twelve specimens per test group were subjected to

Table 1 Materials used in this study

Code Adhesive (lot. no) Main components pH Manufacturer

CU Clearfil Universal Bond
Quick (9T0050)

bis-GMA, MDP, HEMA, hydrophilic amide monomer,
filler, ethanol, water, NaF, photo initiators, chemical
polymerization, accelerator, silane coupling agent, others

2.3 Kuraray Noritake Dental,
Tokyo, Japan

GP G-Premio Bond
(4G0011)

MDP, 4-MET, MEPS, BHT, acetone, dimethacrylate resins,
initiators, filler, water

1.5 GC, Tokyo, Japan

SU Scotchbond Universal
(41256)

MDP, HEMA, dimethacrylate resins, Vitrebond copolymer,
filler, ethanol, water, initiators, silane

2.7 3M Oral Care, St. Paul, MN, USA

TU Tokuyama Universal
Bond (004067)

Liquid A: phosphate monomer, bis-GMA, TEGDMA,
HEMA, MTU-6, others

Liquid B: acetone, isopropanol, water, acryl borate catalyst,
γ-MPTES, peroxide, others

2.2 Tokuyama Dental, Tokyo, Japan

CB Clearfil SE Bond
(Primer: 5852494)
(Adhesive: 5847004)

Primer: MDP, HEMA, water, initiators
Adhesive: MDP, HEMA, bis-GMA, initiators,

microfiller

2.0 (Primer) Kuraray Noritake Dental,
Tokyo, Japan

Pre-etching agent Main components Manufacturer

Ultra-Etch (G017) 35% phosphoric acid Ultradent Products,
South Jordan, UT, USA

Resin composite Main components Manufacturer

Clearfil AP-X (380094) bis-GMA, TEGDMA, silane barium glass filler, silane
silica filler, silanated colloidal silica, CQ, pigments, others

Kuraray Noritake Dental

bis-GMA 2,2-bis[4-(2-hydroxy-3- methacryloyloxypropoxy) phenyl] propane, MDP 10-methacryloyloxydecyl dihydrogen phosphate, HEMA 2-
hydroxyethyl methacrylate, 4-MET 4-methacryloyloxyethyl trimellitate,MEPSmethacryloyloxyalkyl thiophosphate methylmethacrylate, BHT butylat-
ed hydroxytoluene, MCAP methacrylated carboxylic acid polymer, TEGDMA triethyleneglycol dimethacrylate, MTU-6 6-methacryloyloxyhexyl-2-
thiouracil-5-carboxylate, γ-MPTES γ-methacryloyloxypropyltriethoxysilane
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the three-point bending test (span length = 20 mm) using a uni-
versal testing machine (model 5500R; Instron) at a crosshead
speed of 1.0 mm/min until the breaking point was reached. The
flexural strength (σF) and elastic modulus (E) were determined
from the stress–strain curve using the built-in computer soft-
ware (Bluehill version 2.5; Instron) connected to the testing
machine.

SEM observation

Resin composite/enamel interfaces from each group and rep-
resentative fracture sites after the SBS test were observed via

field-emission microscopy (FE-SEM, ERA-8800FE, Elionix,
Tokyo, Japan). For ultrastructural observations of the resin
composite/enamel interface, specimens bonded using single-
or double-layer application were embedded in epoxy resin
(Epon 812, Nisshin EM, Tokyo, Japan) and then longitudinal-
ly sectioned using a low-speed saw (Isomet Low Speed Saw,
Buehler). The sectioned surfaces were polished to a high gloss
with abrasive discs (Fuji Star Type DDC) followed by dia-
mond pastes down to a particle size of 0.25 μm (DP-Paste,
Struers, Ballerup, Denmark). All scanning electron microsco-
py (SEM) specimens were dehydrated in ascending grades of
tert-butyl alcohol (50% for 20 min, 75% for 20 min, 95% for

Table 2 Application protocol for
pre-etching and universal
adhesives

Etching mode Pre-etching protocol

SE (self-etch) Phosphoric acid pre-etching was not performed.

ER (etch-and-rinse) Enamel surface was phosphoric acid etched for 15 s. Etched surface was rinsed with
water for 15 s (three-way dental syringe) and air-dried until white turbidity was
visible.

Adhesive Adhesive application protocol

CU Single layer

Adhesive was applied to air-dried enamel surface for 10 s and then medium air pressure
was applied over the liquid adhesive for 5 s or until the adhesive no longer moved
and the solvent had completely evaporated. Light irradiated for 10 s.

Double layer

The above application procedure was performed twice, applying the second coat of
adhesive immediately after completing light irradiation.

GP Single layer

Adhesive was applied to air-dried enamel surface for 10 s and then a strong stream of air
applied over the liquid adhesive for 5 s or until the adhesive no longer moving and
the solvent had completely evaporated. Light irradiated for 10 s.

Double layer

The above application procedure was performed twice, applying the second coat of
adhesive immediately after completing light irradiation.

SU Single layer

Adhesive was applied to air-dried enamel surface with rubbingmotion for 20 s and then
medium air pressure was applied over the liquid adhesive for 5 s. Light irradiated for
10 s.

Double layer

The above application procedure was performed twice, applying the second coat of
adhesive immediately after completing light irradiation.

TU Single layer

Adhesive was applied to the air-dried enamel surface for 10 s and then medium air
pressure was applied over the liquid adhesive for 5 s. No light irradiation.

Double layer

The above application procedure was performed twice. After air blowing the first layer,
the second layer of adhesive was applied for 10 s. No light irradiation.

CB Single layer

Primer was applied to air-dried enamel surfaces for 20 s followed by medium air
pressure was applied to surfaces for 5 s. Adhesive was then applied to primed sur-
faces and was air thinned gently. Adhesive was light irradiated for 10 s.

Double layer

The primer was applied once, followed by two applications of adhesive, as above.
Applying the second coat of adhesive immediately after completing light irradiation.
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20 min, and 100% for 2 h) and then transferred from the final
100% bath to a freeze dryer (Model ID-3, Elionix, Tokyo,
Japan) for 30 min. Resin composite/enamel interface speci-
mens were then subjected to argon-ion beam etching (EIS-
200ER, Elionix, Tokyo, Japan) for 40 s with the ion beam
(accelerating voltage 1.0 kV, ion current density 0.4 mA/
cm2) directed perpendicular to the polished surfaces. Finally,
fracture sites and interface specimens were coated in a vacuum
evaporator (Quick Coater, Type SC-701, Sanyu Denchi,
Tokyo, Japan) with a thin film of Au. SEM observations were
conducted at an operating voltage of 10 kV.

Statistical analysis

The SBS data for each group were tested for homogeneity of
variance (Bartlett’s test) and normal distribution
(Kolmogorov–Smirnov test). To analyze the SBS data,
three-way analysis of variance (ANOVA) followed by
Tukey’s honestly significant difference (HSD) test (α = 0.05)
was used. The SBS data in the SE and ER modes were ana-
lyzed separately. The analysis factors included the (1) appli-
cation technique, (2) storage time, and (3) adhesive system.
One-way ANOVA followed by Tukey’s HSD test (α = 0.05)
was used for comparisons within subsets of the data.

To analyze the flexural properties data, one-way ANOVA
followed by Tukey’s HSD test (α = 0.05) was used. The sta-
tistical analysis was performed using the Sigma Plot software
system (Ver. 11.0; SPSS, Chicago, IL, USA).

Results

SBS

The SBS results are presented in Tables 3 and 4. Three-way
ANOVA illustrated that the application technique, storage pe-
riod, and adhesive system all significantly influenced the SBS
values (p < 0.001) regardless of the etching mode. In addition,
all of the interactions between the factors were significant
(p < 0.05) in both etching modes.

The results for the SBS in SE mode are presented in
Table 3. For the single-layer application, the mean SBS values
ranged from 16.6 (1.1) to 26.9 (2.2) MPa in CU, ranged from
21.4 (2.5) to 28.9 (1.9) MPa in GP, ranged from 14.8 (1.4) to
28.6 (1.7) MPa in SU, ranged from 15.4 (1.7) to 29.6
(4.1) MPa in TU, and ranged from 30.5 (1.4) to 41.6
(3.4) MPa in CB, respectively. For the double-layer applica-
tion, the mean SBS values ranged from 22.6 (2.4) to 34.1
(4.0) MPa in CU, ranged from 25.4 (1.1) to 34.4 (4.5) MPa
in GP, ranged from 25.0 (2.7) to 36.4 (4.5) MPa in SU, ranged
from 21.8 (2.4) to 36.1 (1.1)MPa in TU, and ranged from 32.3
(1.5) to 40.9 (3.9) MPa in CB, respectively. Although the SBS
values were higher for double-layer application than for

single-layer application for all universal adhesives and storage
periods excluding GP at 6 h, no differences were observed
between single- and double-layer application for CB for any
storage period. The SBS values of all adhesives increased with
prolonged storage regardless of the application technique.
Conversely, no differences in SBS were noted for CB between
6 and 24 h of storage. Setting the SBS values of single-layer
application in the 5-min storage group for each tested adhesive
at 100%, we found that the SBS values ranged from 99.4 to
245.9% for prolonged storage. In particular, the SBS values
for CU, SU, and TU after double-layer application and 24 h of
storage were higher than those of GP and CB (Fig. 1).

The results for the SBS in ER mode are presented in
Table 4. For the single-layer application, the mean SBS values
ranged from 28.0 (2.1) to 46.8 (4.5) MPa in CU, ranged from
26.4 (2.0) to 35.0 (2.5) MPa in GP, ranged from 27.2 (2.7) to
39.1 (4.0) MPa in SU, ranged from 26.6 (2.1) to 42.8
(2.5) MPa in TU, and ranged from 37.6 (1.1) to 44.7
(2.9) MPa in CB, respectively. For the double-layer applica-
tion, the mean SBS values ranged from 34.9 (2.2) to 47.5
(2.3) MPa in CU, ranged from 29.7 (2.2) to 34.5 (2.1) MPa
in GP, ranged from 30.0 (3.8) to 46.4 (3.6) MPa in SU, ranged
from 30.6 (3.0) to 50.3 (5.5)MPa in TU, and ranged from 37.2
(2.4) to 46.6 (1.6) MPa in CB, respectively. The SBS values of
all adhesives increased with prolonged storage regardless of
the application technique. However, three trends were ob-
served when comparing the SBS values for single- and
double-layer application for the same storage period. No sig-
nificant differences in SBS were observed for GP and CB
between single- and double-layer application for any storage
period.Meanwhile, no differences in SBS between single- and
double-layer application were noted for SU and TU after
5 min of storage, whereas the values were significantly higher
for double-layer application in both groups for longer storage
periods. Although significantly higher SBS values were ob-
served for double-layer application for CU in the early phase
storage groups, no significant differences were found between
single- and double-layer application in the 12- and 24-h stor-
age groups. Setting the SBS values of single-layer application
in the 5-min storage group for each tested adhesive at 100%,
the SBS values ranged from 98.9 to 189.1%. Comparing the
SBS changes over time in the SE and ERmodes, all adhesives
displayed smaller proportional increases in the ER mode than
in the SE mode (Fig. 2).

Failure mode

Regarding the SE mode, the failure mode of the tested univer-
sal adhesives was adhesive failure regardless of the applica-
tion technique or storage period. Conversely, although the
predominant mode of failure for single-layer application of
CB was adhesive failure for all storage groups, for double-
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layer application, the proportions of mixed and cohesive fail-
ures in enamel increased with increasing storage time.

For the ER mode, the universal adhesives only exhibited
adhesive failure for both single- and double-layer application
in the 5-min and 1-h storage groups. However, excluding GP,
mixed and cohesive failures in enamel were observed in the
6-, 12-, and 24-h storage groups regardless of the application
technique. Contrarily, although only adhesive failure was ob-
served for CB in the 5-min group for both application tech-
niques, mixed and cohesive failures in enamel were found
after 1 h of storage, and the frequencies of these failure modes
increased with prolonged storage.

Flexural properties

Changes in the flexural properties of the tested resin compos-
ite over time are shown in Table 5. The tested resin composite
displayed increased σF and E with prolonged storage.
Significant lower σF values were observed after 5 min and

1 h than after longer storage periods. Setting the σF values in
the 5-min storage group for each for each adhesive at 100%,
the σF values ranged from 118.0 to 138.9%. The tested resin
composite exhibited significantly lower E values after 5 min
and 1 h of storage than after longer storage periods. Setting the
E values in the 5-min storage group for each adhesive at
100%, the σF values ranged from 134.1 to 175.8%.

SEM observations

Representative SEM images of restorative/enamel interfaces
are shown in Figs. 3 and 4. For each adhesive, the thickness of
the adhesive layer (AL) was similar between the SE and ER
modes. However, the AL thickness differed between the ap-
plication techniques. The AL thickness of universal adhesives
was similar, ranging from 5 to 10 μm for single-layer appli-
cation and from 15 to 20 μm for double-layer application.
However, the AL thickness of CB was 30–40 μm for single-
layer application and 50–60 μm for double-layer application.

Fig. 1 Changes in shear bond
strength (%) in self-etch mode.
Abbreviations: CU, Clearfil
Universal Bond Quick; GP, G-
Premio Bond; SU, Scotchbond
Universal; TU, Tokuyama
Universal Bond; CB, Clearfil SE
Bond

Fig. 2 Changes in shear bond
strength (%) in etch-and-rinse
mode. Abbreviations: CU,
Clearfil Universal Bond Quick;
GP, G-Premio Bond; SU,
Scotchbond Universal; TU,
Tokuyama Universal Bond; CB,
Clearfil SE Bond
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Regarding the AL/enamel interface, all of the tested adhe-
sives displayed excellent adaptation between the enamel sub-
strate and adhesive regardless of the application technique and
etching mode. However, the morphological features near the
AL-enamel interface differed between the etching modes. For
all tested adhesives, the smear layer was completely dissolved
in the ER mode regardless of the application technique.
Additionally, adhesive interpenetration with enamel in the
ER mode was indicated by the presence of the typical etching
patterns. Regarding universal adhesives in the SE mode, the
smear layer remained and formed a hybrid smear layer (indi-
cated by small arrows) in which the resin monomers

penetrated beyond the smear layer into the intact enamel sur-
face. Contrarily, although typical etching patterns were not
observed for CB, the remaining smear layer appeared to be
smaller than that of the universal adhesives, excluding GP.

Representative SEM images of the debonded specimens
are presented in Figs. 5 and 6. The appearance of the failure
pattern was adhesive system-, application technique-, and
etching mode-dependent. For the 5-min groups with single-
layer application of the universal adhesives, although a similar
morphological appearance typified by numerous bubbles was
found at lower magnification in both the SE and ER modes
(Fig. 5 a and e), attached enamel fragments were observed
only in the ER mode at higher magnification. Contrarily, for
the 5-min groups with double-layer application, failure pat-
terns with cracks and cleavages were observed at lower mag-
nification in both etching modes. In particular, the ER mode
was associated with a higher number of attached enamel frag-
ments (indicated by En) than the SEmode. The 24-h groups of
both application techniques were typified by complicated fail-
ure patterns with cracks, cleavages with beach mark patterns
(arrows), and clear evidence of enamel fragments (En), ex-
cluding the single-layer pattern for the SE mode.

Although the 5-min group for the single-layer application
of CB displayed a somewhat flat failure pattern in both etching
modes at lower magnification, the ER mode was associated
with cracks, cleavages (arrows) in the adhesive layer, and
attached enamel fragments at higher magnification.
However, for the 5-min group for double-layer application,
clearer cracks and cleavages in the adhesive were observed

Fig. 3 Representative SEM
micrograms of the resin-enamel
interface of the universal adhesive
CU. a Single-layer application in
SE mode at magnifications of ×
2500 and × 20,000. b Double-
layer application in SE mode at
magnifications of × 2500 and ×
20,000. c Single-layer application
in ER mode at magnifications of
× 2500 and × 20,000. d Double-
layer application in ER mode at
magnifications of × 2500 and ×
20,000. Abbreviations: AL, ad-
hesive layer; HSL, hybrid smear
layer

Table 5 Flexural properties of AP-X

Time Flexural strength (MPa) Elastic modulus (GPa)

5 min 121.8 (9.4)c

[100%]
9.1 (0.7)c

[100%]

1 h 143.7 (9.6)b

[118.0%]
12.2 (0.9)b

[134.1%]

6 h 158.1 (10.4)a

[129.8%]
15.0 (1.2)a

[164.8%]

12 h 163.2 (12.3)a

[134.0%]
15.8 (0.8)a

[173.6%]

24 h 169.2 (10.0)a

[138.9%]
16.0 (0.9)a

[175.8%]

Percentage values in brackets indicate flexural strength and elastic mod-
ulus values relative to values at 5 min. Same lowercase letter in vertical
columns indicates no difference at 5% significance level
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at lower magnification. The 24-h groups of CB exhibited com-
plicated failure patterns with cracks, cleavages, and clear ev-
idence of enamel fragments in both etching modes.

Discussion

Although conflicting opinions exist regarding whether bovine
teeth can be used as an appropriate substitute for human teeth
in bond strength tests, there have been many previous studies
that found no significant differences in SBS test results be-
tween human teeth and bovine teeth [31]. The reasons for
using bovine teeth are that it is easy to obtain large quantities
of them in good condition, and they have a less variable com-
position than human teeth. In addition, bovine teeth have large
flat areas and have not had prior acid challenges that might
affect the test results. Therefore, bovine enamel was used as a
substitute for human enamel in this study. However, the intact
enamel of bovine teeth has more asperities and irregularities
than human teeth, and therefore ground enamel must be used
for bond strength testing.

The bond strength test in this study was conducted in ac-
cordance with ISO 29022 [29]. The fabrication of bonded
specimens for this test is relatively easy, and there is little risk
of damage to bonded specimens before and during testing.
The μ-TBS (tensile bond strength) test is a well-established
method and it is thought to be useful when human teeth are
used [32]. However, there are concerns about technique sen-
sitivity, inconsistent geometry, and labor intensity when fab-
ricating specimens [33]. External forces applied to the bonded
tooth during cutting or shaping may damage the interface of
the specimen or cause pre-failure before testing, thus
distorting the results. Further, when using universal adhesives
in SE mode to enamel, it may be hard to fabricate bonded
assemblies due to the weak enamel adhesion. In particular,
specimens for the early phase of enamel bonding may be very
hard to create.

This study aimed to determine the changes in the bonding
performance of universal adhesives in the early phase of cre-
ating bonded specimens and evaluate the effect of double-
layer application on bonding effectiveness. From the results
of the bond strength tests, the storage period of bonded spec-
imens before testing significantly influenced the SBS values,

Fig. 4 Representative SEM micrograms of the resin-enamel interface of
the two-step self-etch CB. a Single-layer application in SE mode at mag-
nifications of × 2500 and × 20,000. b Double-layer application in SE
mode at magnifications of × 2500 and × 20,000. c Single-layer

application in ER mode at magnifications of × 2500 and × 20,000. d
Double-layer application in ER mode at magnifications of × 2500 and
× 20,000. Abbreviation: AL, adhesive layer
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and the SBS values of all universal adhesives increased with
increasing storage duration regardless of the etching mode or
application technique. Therefore, the first null hypothesis that
the early bond performance of universal adhesives would not
change over time was rejected.

The main reasons for the increasing bond strength over
time are believed to be increased mechanical properties of
interface materials including adhesives and resin composites
due to increased post-polymerization reaction over time
[9–13, 34–36]. However, the details of the effects of polymer-
ization of each resin-based material on the bonding effective-
ness of universal adhesives have not yet been clarified.
Therefore, to investigate the effects of resin composite

polymerization over time, only the single resin composite
Clearfil AP-X was used as a restorative material for bonding
to enamel. The results of the flexural strength test revealed that
Clearfil AP-X was associated with increased σF and E values
with prolonged storage, in line with the findings for SBS.
Regarding the changes in the flexural properties of the resin
composite, σF and E were not significantly different among
measurements conducted after 6 h or more of storage.
Theoretically, strong and stiff resin composite is believed to
lead relatively higher bond strength [37]. A previous study
investigated the relationship between the mechanical proper-
ties and tensile bond strength of eight resin composites with an
experimental adhesive system, and a strong positive

Fig. 5 Representative de-bonded
failure sites of CU. a Single-layer
application in SEmode at 5 min at
magnifications of × 40 and ×
1000. b Double-layer application
in SE mode at 5 min at magnifi-
cations of × 40 and × 1000. c
Single-layer application in SE
mode at 24 h at magnifications of
× 40 and × 1000. d Double-layer
application in SE mode at 24 h at
magnifications of × 40 and ×
1000. e Single-layer application
in ER mode at 5 min at magnifi-
cations of × 40 and × 1000. f
Double-layer application in ER
mode at 5 min at magnifications
of × 40 and × 1000. g Single-layer
application in ER mode at 24 h at
magnifications of × 40 and ×
1000. h Double-layer application
in ER mode at 24 h at magnifica-
tions of × 40 and × 1000.
Abbreviations: Ad, adhesive; En,
enamel
Arrows indicate cracks and
cleavages.
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correlation was observed between bond strength and mechan-
ical properties [38]. In addition, Irie et al. [6] also measured
and compared the immediate flexural properties of nine resin
composites with specimens fabricated after 24 h. Their find-
ings were in line with the present data, in which significantly
higher σF and E were observed after 24 h of storage than for
shorter storage periods. One possible explanation is that the
increasing E values of resin composites may result in more
uniform stress distribution at the bonding interface and avoid a
concentration of stress at the point of load application [39].
Therefore, the increased strength and stiffness of the resin
composite over time were confirmed as important factors for
the increased bond strength with increasing storage time.

Although the same resin composite was used for each ad-
hesive system, the changes of the SBS values differed by
adhesive type. Compared with the findings in the 5-min group
for single-layer application as a baseline, CB exhibited a
smaller rate of increase of the SBS value than the universal
adhesives after 24 h of storage. In addition, no differences in
SBS were observed for CB among the 6-, 12-, and 24-h stor-
age groups in the SEmode or for any storage period other than
5 min in the ER mode. On the contrary, the SBS values for
most of the universal adhesives increased with prolonged stor-
age. This is probably primarily attributable to the higher hy-
drophilicity and water content of the universal adhesives, lead-
ing to lower C=C double-bond conversion in the early storage

Fig. 6 Representative de-bonded
failure sites of CB. a Single-layer
application in SEmode at 5 min at
magnifications of × 40 and ×
1000. b Double-layer application
in SE mode at 5 min at magnifi-
cations of × 40 and × 1000. c
Single-layer application in SE
mode at 24 h at magnifications of
× 40 and × 1000. d Double-layer
application in SE mode at 24 h at
magnifications of × 40 and ×
1000. e Single-layer application
in ER mode at 5 min at magnifi-
cations of × 40 and × 1000. f
Double-layer application in ER
mode at 5 min at magnifications
of × 40 and × 1000. g Single-layer
application in ER mode at 24 h at
magnifications of × 40 and ×
1000. h Double-layer application
in ER mode at 24 h at magnifica-
tions of × 40 and × 1000.
Abbreviations: Ad, adhesive; En,
enamel. Arrows indicate cracks
and cleavages
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of bonding. For universal adhesives, decalcification of miner-
alized tissue, penetration of resin monomers, and polymeriza-
tion of adhesive occur simultaneously, and thus, the composi-
tion of universal adhesives should be complex [20].

After adhesive application, some ingredients such as re-
maining water and solvents and the low pH of functional
monomers might inhibit the polymerization reaction [1,
14–16]. Meanwhile, although CB contains low-pH 10-
methacryloyloxydecyl dihydrogen phosphate (MDP), the ad-
hesive is separately applied onto the primed surface, leading to
a hydrophobic nature compared with the features of the uni-
versal adhesives. Therefore, polymerization of this adhesive
might proceed more quickly, leading to better bonding perfor-
mance in the early phase of creating specimens and thus small-
er increases of SBS values with prolonged storage.

The effect of chemical interactions between the functional
monomer and hydroxyapatite (HAp) over time should be con-
sidered. Chemical interactions between the functional mono-
mers and HApmight be time-dependent, leading to increasing
SBS values with prolonged storage regardless of the etching
mode or application technique. Fukegawa et al. [40] reported
that MDP ionically bonds to HAp. This reaction was detect-
able after 5 min, and it became more widespread after 1 and
24 h. Although most of the adhesives used in this study con-
tain MDP, the quantity and purity of MDP might be different.
Previous studies found that differences in purity and quantity
affected adhesive performance [41]. Therefore, such differ-
ences might explain the different rates of increases in SBS
values among the different adhesive systems.

The effect of double-layer application on universal adhe-
sives differed from the findings for CB. Compared with the
findings for the SE mode, double-layer application was asso-
ciated with significantly higher SBS values than single-layer
application groups for the same storage period for all universal
adhesives, excluding GP after 6 h of storage. Although the
effect of double-layer application in the ER mode was adhe-
sive-dependent, a similar trend was also observed for the SE
mode. Therefore, the second null hypothesis that double-layer
application would not increase the enamel bond strength was
also rejected.

Double-layer application of universal adhesives may be
performed in two ways, with or without light irradiation of
the first layer. When light irradiation is not performed for the
first layer, unpolymerized acidic monomers from the second
layer may improve the etching ability of the adhesive and
increase of adhesive layer thickness to a certain degree [42,
43]. However, this study protocol was designed to test the
hypothesis the double layer application of universal adhesives
increases their enamel bond effectiveness due to increased
adhesive layer thickness. Because universal adhesives have a
thin adhesive layer, mechanical destruction may occur in the
vicinity of the enamel/adhesive interface [44]. Therefore, in
order to more easily obtain a thicker adhesive layer, we

investigated the influence of double-layer application with
light irradiation of the first layer.

The present findings are in line with previous data illustrat-
ing that the double-layer application of universal adhesives in
the SE mode effectively enhances enamel SBS [28]. In addi-
tion, this technique was also effective even when repeated
subcritical loads were applied [28]. Load stress from bond
strength testing generates cracks at the bonded interface, and
plastic deformation zones are formed near the ends of cracks
during testing [44]. The crack propagation and subsequent
fracture might be influenced by the size of the plastic defor-
mation zone. The plastic deformation zone is defined as a zone
in the crack tip region where permanent deformation or
change in shape of the solid body occurs without fracture
under the action of a sustained force [44]. When the thickness
of the adhesive layer is much greater than the size of the plastic
deformation zone, the stress distribution at the interface during
testing might be more dispersed. According to SEM observa-
tions of the bonding interface, the AL thickness was higher for
double-layer application. An increased AL thickness for uni-
versal adhesives is believed to improve tolerance to load
stress. Ikeda et al. [45] reported a correlation between the
microtensile fracture strength of cured adhesive and the
microtensile bond strength. From the perspective of the me-
chanical properties of the adhesive layer, the properties of the
first layer of universal adhesives might be improved due to the
repeated light irradiation and additional opportunities for the
evaporation of remaining water and solvent. Meanwhile, the
thin adhesive layers might exhibit incomplete resin polymer-
ization due to oxygen-mediated inhibition, thereby explaining
the lower mechanical properties of the adhesive layer [46, 47].

Conversely, CB exhibited showed no significant differ-
ences in enamel strength between single- and double-layer
application for the same storage period regardless of the etch-
ing mode. Meanwhile, SEM revealed that the AL thickness
was higher for the double-layer application of CB. Thus, an
increased AL thickness did not have positive effects on its
early enamel bond strength. Fujiwara et al. [28] investigated
the effect of double-layer application on enamel and dentin
bond durability for several types of adhesive systems under
fatigue stress. Although the single-step SE adhesives and uni-
versal adhesives displayed higher shear fatigue bond strength
(SFS) after double-layer application than after single-layer
application in both enamel and dentin, the opposite result
was observed for the two-step CB adhesive. This suggests that
there is an optimal AL thickness for each adhesive, and
double-layer application may be counterproductive for two-
step SE adhesives in terms of bond durability [28].

When comparing the early enamel bond effectiveness of
the tested universal adhesives over time in different etching
modes, most showed similar trends. However, for the SE
mode, GP in the 5-min and 1-h storage groups with single-
layer application showed significantly higher SBS values
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when compared to the same storage period of the other uni-
versal adhesives. This might be due to its lower pH value and
distinct composition. The pH value of GP has been reported to
be 1.5, indicating higher acidity than the other universal ad-
hesives [48, 49]. The higher acidity of GP induces demineral-
ization of the enamel surface, creating micro mechanical re-
tention. In addition, a strong stream air-blow and the acetone
content might induce volatility and hygroscopicity of the ad-
hesive layer of GP [50]. It is probable that these factors con-
tribute to a higher bond strength of GP in SEmode in the early
phase of enamel adhesion. On the other hand, both single- and
double-layer application groups of GP in ER mode showed
significantly lower SBS values at 24-h storage when com-
pared to the same storage period of the other universal adhe-
sives. Although it is difficult to determine the reasons for this
phenomenon, one possible explanation is that the higher acid-
ity of GP may cause excessive decalcification of a phosphoric
acid etched enamel surface, and might create vulnerable re-
gions leading to lower SBS values.

One of the concerns about double-layer application is
prolonged application time. However, previous studies have
reported acceptable performance when using abbreviated
bonding procedures (quick bonding), such as reduction of
application time before light irradiation of the adhesive
[51–53]. Therefore, when selecting optimal universal adhe-
sives that allow quick bonding, it is possible to use this
double-layer application technique with acceptable bonding
procedure time in clinical situations. The clinical implication
from this study is that care should be taken when applying
universal adhesives to enamel in the SE mode because of the
lower enamel performance in the early phase of bonding pro-
cedures. Therefore, it is important to handle resin composite
restorations with caution, taking care to not apply extra loads
after filling the resin composite during the finishing and
polishing procedures. To increase the enamel bonding of uni-
versal adhesives in the early phase, both phosphoric acid pre-
etching and double-layer application might be useful.

Conclusion

The results of this study indicated that the adhesive appli-
cation technique, storage period, and adhesive system sig-
nificantly influence the SBS values of adhesives regard-
less of the etching mode. The SBS values of all adhesives
increased with prolonged storage regardless of the appli-
cation technique or etching mode. However, these find-
ings differed from those for a two-step SE adhesive.
Double-layer application might be effective for increasing
enamel bond strengths of universal adhesives in the early
phase of bonding procedures, similarly as observed for
phosphoric acid pre-etching.
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