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This study evaluated the microtensile bond strength (𝜇TBS) of 1-step self-etch adhesives (1-SEAs) and 2-step self-etch adhesives (2-
SEAs) to pulp chamber dentin immediately after bleaching with 2 types of common bleaching techniques. Pulp chamber dentin of
bovine teeth was bleached using 30% hydrogen peroxide (H

2
O
2
) solution with quartz-tungsten-halogen light-curing unit (Group

1) and 3.5% H
2
O
2
-containing titanium dioxide (TiO

2
) (Pyrenees�) activated with 405-nm violet diode laser for 15min (Group 2).

Unbleached specimens were placed in distilled water for 15min and used as controls. After treatment, dentin was bonded with resin
composite using 1-SEA or 2-SEA and stored in water at 37∘C for 24 h. Each specimen was sectioned and trimmed to an hourglass-
shape and 𝜇TBS was measured. Fractured specimens were examined under a scanning electron microscope to determine fracture
modes. All specimens in Group 1 failed before proper bonding tests. In Group 2, the 𝜇TBS of 2-SEA was significantly greater (with
no failed specimens) than 1-SEA (where 21 out of 36 failed).These results indicate that 2-SEA is a better adhesive system than 1-SEA
on bleached dentin. Our results also demonstrated that application of H

2
O
2
significantly decreases bond strength of resin to dentin;

however, in the case of nonvital tooth bleaching, Pyrenees� is a better alternative to the conventional 30% H
2
O
2
bleaching.

1. Introduction

Tooth bleaching techniques such as the walking bleach
technique, also known as internal bleaching technique, are
common treatment methods to manage esthetic concerns
regarding discolored nonvital teeth caused by pulpal necro-
sis or by past history of root canal treatment [1, 2]. A
common component of tooth bleaching agents is hydrogen
peroxide (H

2
O
2
) which when catalyzed by 405-nm violet

laser irradiation generates oxygen hydroxyl radicals and
other species that decompose organic pigments on the teeth
thereby removing dental colorants [3–6]. After bleaching
nonvital teeth, endodontic access cavities are usually filled
with resin composite.

The 2-step self-etch adhesive (2-SEA) system has been
recognized as the “gold standard” and this system has been

widely used for bonding during direct composite restoration
[7]. Since the bonding agent contains acidic monomers, both
the enamel and dentin can be simultaneously conditioned
and primed and the etch-and-rinse phase is no longer
necessary. In particular, the “mild” self-etch adhesives dem-
ineralize only the dentin to a shallow degree while leaving
hydroxyapatite crystals around the collagen fibrils. This type
of adhesion prevents the degradation of resin-dentin inter-
face caused by excessive demineralization [8]. In recent years,
the 1-step self-etch adhesives (1-SEAs), also known as the
“all-in-one” adhesives, have become commercially available
[9]. The 1-SEAs are complex mixtures with both hydrophilic
and hydrophobic components containing large amounts of
solvents, such as acetone, ethanol, and water. This system
enables the combining of etching, priming, and bonding
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Table 1: Test groups.

Agent Light activation
Control Water —
Group 1 30% H

2
O
2

Optilux 501
Group 2 3.5% H

2
O
2
+ TiO

2
405-nm diode laser

phase into 1 step, consequently simplifying the restoration
process and reducing chair time [10].

The bonding behavior of 1-SEAs is different than that
of 2-SEAs because, even after high-pressure air blow, poly-
merization rate and adhesive strength decrease due to their
high hydrophilicity when solvent removal before light curing
is not complete. As a result, the bonding behavior of 1-
SEA on bleaching agent-applied dentin may also differ from
that of 2-SEA. The purpose of this study was to evaluate
the microtensile bond strength (𝜇TBS) of 1-SEA and 2-SEA
to pulp chamber dentin immediately after bleaching with 2
types of common bleaching techniques. The null hypothesis
is that there is no difference between the bonding behaviors
of 1-SEA and 2-SEA on bleached dentin.

2. Materials and Methods

2.1. Tooth Preparation. Thirty bovine teeth, which were
frozen after extraction to maintain freshness, were defrosted
and the tooth crown was cut 3mm below the cement-enamel
junction. Each crown was sectioned mesiodistally along the
long axis and the surface was ground using #400 SiC paper
exposing the enamel and labial pulpal chamber dentin. The
specimens were randomly divided into 3 groups of 10 teeth
(Table 1).

2.2. Test Groups. For Group 1, pulp chamber dentin was
treated with 30% H

2
O
2
solution (Wako Pure Chemical

Industries, Osaka, Japan, pH 3.35). The bleached surface was
irradiated with a quartz-halogen-tungsten light-curing unit
(Optilux 501, Kerr Hawe, Bioggio, Switzerland) for 15min at a
distance of 1mm from the tip of the light source.Thediameter
of the irradiated area was about 8mm and the power density
was 720mW/cm2.

For Group 2, pulp chamber dentin was treated with 3.5%
H
2
O
2
-based bleaching agent containing TiO

2
(Pyrenees,

Mitsubishi Gas Chemical Co., Tokyo, Japan, lot number
07P0601). In order to activate the photocatalytic effect of
TiO
2
, the bleached surface was irradiated with 405-nm

violet diode laser (VLM 500, Sumitomo Electric Industries,
Yokohama, Japan) for 15min.The laser was delivered through
an optical fiber with a core diameter of 800 𝜇m.The specimen
was placed at a distance of 15mm from the fiber tip to obtain
an irradiated area of 8mm in diameter [11, 12]. Energy levels
were measured periodically with a power meter (LaserMate-
P, Coherent, CA) in order to maintain irradiation at a power
density of 800mW/cm2.

The last group served as the control where pulp chamber
dentin was placed in distilled water for 15min.

After treatment, one specimen from each group was
dehydrated and dried, placed on aluminum stab, coated
with Au-Pd using an automatic sputter coater (SC500A,
VG Microtech, East Sussex, UK), and surface-observed
using scanning electronmicroscope (SEM, JSM-6340F, JEOL,
Tokyo, Japan) at 15 kV.

2.3. Specimen Preparation for 𝜇TBS. After treatment, speci-
mens were rinsed with running tap water for 1min and air-
dried using a triple syringe. Clearfil S3 Bond and Clearfil SE
Bond were used as 1-SEA and 2-SEA, respectively (Table 2).
1-SEA was applied on the treated dentin surface using a dis-
posable brush for 20 s, followed by strong air-drying using a
three-way syringe, and then light-cured for 10 s using quartz-
tungsten-halogen light-curing unit (Optilux 501). Thereafter,
resin composite (Clearfil AP-X, Kuraray Noritake Dental,
shade A2) was built up incrementally in 5 steps and light-
cured for 40 s each using Optilux 501 to a height of 5mm.

2-SEA was applied under the manufacturer’s instructions
as in 1-SEA (cited from our previous study) [13].

The bonded specimens were stored in water at 37∘C for
24 h and then sectioned (0.7mm) in a mesial-distal direction
using a low-speed diamond saw (Isomet, Buehler, Lake Bluff,
IL, USA). Four slabs were obtained from each tooth. The
slabs were modified to an hourglass-shape at the bonded
interface and standardized to produce a bonded area of
1.0 ± 0.2mm2 using a superfine diamond bur (SF-114, Shofu,
Kyoto, Japan) and high-speed handpiece under copious air-
water spraying. Specimens were attached to Bencor Multi-T
device (Danville Engineering, San Ramon, CA, USA) using
cyanoacrylate glue (Model Repair II Blue, Dentsply-Sankin,
Otawara, Japan) and the 𝜇TBS was measured on a universal
testing machine (Tensilon RTC-1150-TSD, Orientec, Tokyo,
Japan) at a crosshead speed of 1.0mm/min. After calculating
the exact area of each fractured surface after measuring the
dimensions with a digital caliper (CD-15 CPX, Mitutoyo,
Tokyo, Japan), 𝜇TBS (MPa) was measured by dividing the
recorded force (N) at the time of fracture by the bond area
(mm2) (Figure 1). If a specimen failed before proper testing,
a bond strength of 0MPawas used for statistical analyses.The
number of pretesting failures was also noted.

After 𝜇TBS testing, the fractured dentin-side of each
specimen was placed on an aluminum stub, Au-Pd-coated,
and examined under SEM (SEM: JSM-6340F, JEOL, Tokyo,
Japan) to determine the mode of failure.

2.4. Statistical Analysis. Bonding behavior of 1-SEA and 2-
SEA and bleaching techniques was compared using two-way
analysis of variance (2-way ANOVA) and post hoc Tukey-
Kramer multiple comparison test at a significance level of 5%
using the IBMSPSS 18 statistical software (SPSS Inc., Chicago,
IL, USA).

3. Results

3.1. SEM Observation of Treated Dentin Surface. Dentinal
tubules of pulpal chamber were exposed in the bleach treated
groups (Figures 2(b) and 2(c)) compared to control with
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Table 2: Dental adhesives used in this study.

Code Product Components pH Application protocol

1-SEA
Clearfil S3 Bond
Kuraray Noritake Dental,
Kurashiki, Japan

10-MDP, Bis-GMA, HEMA, initiator ethanol,
water, stabilizer, filler, hydrophobic
dimethacrylate

2.7

(1) Apply adhesive for 20 s
(2) Relatively strong stream of air
for drying
(3) Light cure for 10 s

2-SEA
Clearfil SE Bond
Kuraray Noritake Dental,
Kurashiki, Japan

Primer: 10-MDP, HEMA, hydrophilic DMA,
photoinitiator, aromatic tertiary amine, water
Bonding: 10-MDP, Bis-GMA, HEMA,
hydrophobic DMA, photoinitiator, aromatic
tertiary amine, silanized colloidal silica

1.9

(1) Apply primer for 20 s
(2) Gently air-drying
(3) Apply bonding agent
(4) Light cure for 20 s

“Exposure of labial pulp chamber dentin” “Bleaching”

Applied bleaching agent to pulp chamber
dentin surface and activate it using laser 
or light-curing unit“Bonding”

Built up composite on treated surface
and then sectioned the bonded
specimens perpendicularly to tooth axis

Trimmed each slab to
an hourglass-shape
at the bonded interface Performed 𝜇TBS testing

CHS = 1.0mm/min
Figure 1: Schematic illustration of specimen preparation and 𝜇TBS testing.

No bleached control

10 𝜇m

(a)

30% H2O2-bleached

10 𝜇m

(b)

Pyrenees-bleached

10 𝜇m

(c)
Figure 2: SEM images of pulp chamber dentin surface (1000x). Control: after immersion in distilled water. No dentinal tubules were exposed
and the surface was entirely covered in debris. 30% H

2
O
2
-bleached surface (Group 1): dentinal tubules were exposed and no debris were

detected on the dentin surface. Pyrenees-bleached surface (Group 2): dentinal tubules were not as exposed as Group 1 and some debris were
present covering the tubules.

tubules of Group 2 being exposed to a greater degree.
Dentinal surface of control specimen was covered in smear
debris and dentinal plugs were present (Figure 2(a)).

3.2. 𝜇TBS. The mean 𝜇TBS and SDs and the number of
pretesting failures (ptf) in each group are summarized in
Table 3 and graphically presented in box-whisker plots in

Figure 3. The 𝜇TBS of control was significantly higher than
both treated groups for both adhesive systems. In the control
group, no significant difference in 𝜇TBS was found between
1-SEA and 2-SEA. In Group 1, all 36 specimens from both
adhesive systems failed before testing. In Group 2, 𝜇TBS of
2-SEA was significantly greater compared to 1-SEA. For 1-
SEA, 21 out of 36 specimens failed before testing whereas no
specimens failed in 2-SEA.
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Table 3: Microtensile bond strength (mean ± SD, MPa) and the
number of the pretesting failures (𝑛 = 36).

1-SEA 2-SEA∗

Control 24.0 ± 5.6a (0) 26.5 ± 9.8a (0)
Group 1 0.0 ± 0.0d (36) 0.0 ± 0.0d (36)
Group 2 7.6 ± 9.4c (21) 17.3 ± 5.8b (0)
The same superscript letters represent no statistical differences (Tukey-
Kramer test; 𝑝 > 0.05).
∗
𝜇TBS values of 2-SEA were cited from Haruyama et al., 2010 [13].

Table 4: Failure patterns in 𝜇TBS specimens.

Interfaciala Dentinb Resinc Mixedd Total
Control

1-SEA 7 0 0 29 36
2-SEA 9 16 0 11 36

Group 1
1-SEA 36 0 0 0 36
2-SEA 36 0 0 0 36

Group 2
1-SEA 22 0 2 12 36
2-SEA 26 2 6 2 36

aFailure in the adhesive interface and/or failure within the hybrid layer.
bCohesive failure mainly within the dentin.
cCohesive failure mainly within the resin.
dMixture of interfacial and cohesive failures.

3.3. Failure Analysis. The representative SEM photomicro-
graphs of the dentin-side of the fractured surface after 𝜇TBS
testing are shown in Figure 4. A mixture of cohesive failures
in both dentin and composite regions was observed in a
majority of cases (control, Figure 4(a)). Failures in the vicinity
of adhesive interface were observed in both Group 1 and
Group 2 (Figures 4(b) and 4(c), resp.) (Table 4).

4. Discussion

The purpose of this study was to evaluate the 𝜇TBS of 1-
SEA and 2-SEA to pulp chamber dentin immediately after
bleachingwith 2 types of bleaching techniques. No significant
differences in 𝜇TBS were found between 1-SEA and 2-SEA in
Group 1 using 30% H

2
O
2
whereas significant difference in

𝜇TBS was found between the adhesive systems in Group 2
which used Pyrenees. From these results, the null hypothesis
that there is no difference between the bonding behaviors of
1-SEA and 2-SEAon bleached dentin can be partially rejected.

In this study, 𝜇TBS testing was used because it has been
recognized as a suitable method for investigating resin bond-
ing strength to pulpal dentin [14, 15]. Reports have shown
that resin bond strength to H

2
O
2
-treated intracoronal dentin

is lower than that to nontreated dentin [16–18]. Inhibition
of resin polymerization has been reported to be one of the
reasons for lower resin bond strength to bleached tooth
structure [18]. In addition to the obvious negative effects of
insufficient bonding, residual resin monomer at the bonded
interface may cause degradation which could potentially lead
to the reoccurrence of tooth discoloration. For these reasons,

Control
1-SEA

Control
2-SEA

Group 1
1-SEA

Group 1
2-SEA

Group 2
1-SEA

Group 2
2-SEA
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𝜇
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)

Figure 3: 𝜇TBS of each group. The box represents the spreading of
the data between the first and third quartile.The central vertical line
represents the median. The whiskers denote the range of variance.

it is important to identify the appropriate adhesive system for
optimal bonding.

There have been several reports that the bond strength of
Clearfil S3 Bond to dentin was lower compared to Clearfil SE
Bond [19, 20].This is inconsistent with our study where there
was no significant difference between 𝜇TBS of 1-SEA and 2-
SEA in the control group.The pHof Clearfil S3 Bond has been
reported to be 2.7 [21], which is milder than Clearfil SE Bond;
therefore, its effect on smear removal would be expected to
be smaller yielding lower bonding strength. However, Ermis
et al. [22] demonstrated that the 𝜇TBS of Clearfil SE Bond
and that of Clearfil S3 Bond to medium grit diamond bur-cut
dentin were 60.3 ± 14.8MPa and 8.4 ± 9.0MPa, respectively.
In comparison, the 𝜇TBS to extrafine grit bur-cut dentin were
49.8±18.6MPaand 34.4±22.3MPa, respectively. In this study,
the adhesive agent was applied to the pulp chamber dentin
without grinding or cutting; therefore the lack of smear layer
caused by grinding may have caused the 𝜇TBS of 1-SEA and
2-SEA to be similar.

The 𝜇TBS of 2-SEA was significantly higher than that of
1-SEA in Group 2. This can be explained in 2 reasons. Firstly,
Clearfil SE Bond is well-known for its excellent bonding
performance [23]. The pH of self-etching primer of Clearfil
SE Bond is 1.9–2.0, which is categorized as a “mild” self-etch
adhesive [21]. Instead of dissolving the smear layer, the self-
etching primer of Clearfil SEBond diffuses through the smear
to produce a hybrid layer regardless of smear thickness [23].
The bonding phenomenon is a hypothesized model called
the “AD concept” where MDP contained in the adhesive
agent chemically bond to calcium ions decalcified from
hydroxyapatite, which then copolymerize with the adhesive
resin monomers [7, 24]. High filler content and high poly-
merization rate are responsible for the mechanical properties
which contribute to its exceptional bonding performance
[25–27]. Secondly, SEM images revealed high exposure of
dentinal tubules in Group 1. According to studies, Clearfil S3
Bond is more hydrophilic than Clearfil SE Bond; therefore,
a deep monomer penetration of 1-SEA may lead to diffi-
culty removing excess solvent (water and ethanol) causing
incomplete polymerization [19, 20, 28]. This explanation is
also substantiated by the cohesive failures observedwithin the
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10 𝜇m

No bleached control

(a)

30% H2O2-bleached

WHL

10 𝜇m
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BHL
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AR

10 𝜇m
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Figure 4: SEM images of fractured dentin-side surface of 1-SEA. (a) Control: mixture of the cohesive failures in composite resin (CR) and
adhesive resin (AR) and interfacial failure between AR and dentin (D) can be observed. (b) Group 1: failure within the hybrid layer (WHL)
can be seen. (c) Group 2: failure occurred within AR and within/at the bottom of the hybrid layer (WHL and BHL, resp.).

adhesive resin in the SEM images (Figure 4(a)). In Group 2,
21 out of 36 specimens failed before proper testing in 1-SEA
whereas none failed when 2-SEA was used indicating that 2-
SEA is the better method for bonding resin to dentin after
tooth bleaching.

Two types of bleaching techniques using 30% H
2
O
2
,

which is the conventional concentration used for walking
bleach technique, and Pyrenees, a new photocatalytic activity
technology using TiO

2
and 3% H

2
O
2
, were used in this

study. Conventional bleaching agents contain a considerable
amount of hydrogen peroxide (H

2
O
2
) often causing cervical

root resorption and damage to surrounding periodontal
tissue [29, 30]. The addition of TiO

2
to bleaching agents

followed by activation using a violet light source enhances
the reaction of hydrogen peroxide (H

2
O
2
) in the bleaching

agent enabling the reduction of H
2
O
2
from 30–35% to 3.5%

[4]. As a result, serious side effects of residual oxygen may be
reduced leading to fewer cases of cervical root resorption and
periodontal damage [31].

An important finding was that all the specimens treated
with H

2
O
2
-containing bleaching systems had significantly

lower 𝜇TBS compared to the control. A study suggests that
the reduction in bond strength is due to the decreased
mechanical strength of dentin as a result of the oxidizing
effect of peroxide [32–34]. Our SEM results, however, did
not support this hypothesis because no failure in dentin
was observed. However, our results for reduced bonding of
resin to H

2
O
2
treated dentin can be explained by residual

oxygen remaining in dentin pores after bleaching, which
inhibits resin polymerization cured through the free radical
mechanism [4]. In addition, the high acidity of hydrogen
peroxide could have excessively demineralized the dentin
surface affecting bonding strength [18].

In this study, not only did the specimens treatedwith con-
ventional 30% H

2
O
2
fail before proper testing, but Pyrenees

treated groups showed significantly higher𝜇TBS compared to
the conventional H

2
O
2
treated group. The bleaching effect of

Pyrenees has been reported to be equal to the walking bleach
technique using 30–35% H

2
O
2
and sodium perborate [35,

36]. This indicates that bleaching agent containing TiO
2
is a

better alternative to the traditional walking bleach technique
from the viewpoint of safety and adhesive dentistry.

In this study, resin was bonded to dentin immediately
after bleaching; however, delayed bonding and the application
of antioxidants on treated surfaces to reverse the damage of
H
2
O
2
on the dentin surface are areas of further interest when

considering the situation in a clinical setting [37].

5. Conclusion

This study evaluated the 𝜇TBS of 1-SEA and 2-SEA to pulp
chamber dentin immediately after bleaching with 2 types
of common bleaching techniques. In the 30% H

2
O
2
treated

groups, all specimens failed before proper bonding tests.
In the Pyrenees treated group, the 𝜇TBS of 2-SEA was
significantly greater, with no failed specimens, than 1-SEA
where 21 out of 36 specimens failed. These results therefore
indicate that 2-SEA is a better adhesive system than 1-
SEA on bleached dentin. Our results also demonstrated that
application of H

2
O
2
significantly decreases bonding strength

of resin to dentin; however, in the case of bleaching nonvital
tooth, Pyrenees is a better alternative to the conventional 30%
H
2
O
2
bleaching agent.
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