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Bonding Efficacy of
Single-step Self-etch Systems
to Sound Primary and
Permanent Tooth Dentin

S Uekusa ® K Yamaguchi ®* M Miyazaki
K Tsubota ® H Kurokawa ® Y Hosoya

Clinical Relevance

Single-step self-etch systems are capable of producing a predictable bond to primary
dentin, although the bond strength was found to be lower than permanent dentin.

SUMMARY

Currently, there is little information regarding the
bonding efficacy of single-step self-etch systems to
primary tooth dentin. This study examined the
microtensile bond strength of single-step self-etch
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systems (Clearfil tri-S Bond and One-Up Bond F
Plus) to sound primary and permanent tooth
dentin. Adhesives were applied to flat samples of
primary and permanent tooth dentin, and resin
composites were bonded according to the manu-
facturers’ instructions. After 24 hours of storage in
distilled water at 37°C, hour glass-shaped speci-
mens were produced. They were subjected to
microtensile testing at a crosshead speed of 1.0
mm/minute. The results were analyzed using 2-
way analysis of variance (ANOVA) followed by the
Tukey HSD post-hoc test (0=0.05). Field-emission
scanning electron microscopy (FE-SEM) observa-
tions of the adhesive-treated dentin surfaces and
the resin/dentin interface were also conducted.
The bond strengths of primary tooth dentin were
significantly lower than that of permanent tooth
dentin for both self-etch systems: 44.7 + 10.4 versus
54.3 = 9.0 MPa for Clearfil tri-S Bond and 40.6 = 9.9
versus 50.0 = 8.7 MPa for One-Up Bond F Plus
(p<0.001). There was no statistically significant
interaction between the type of adhesive system
and the dentin substrate (p=0.957). Although there
was no statistically significant difference in the
mean values among the different adhesive sys-
tems (p=0.094), there was a statistically significant
difference in mean values among the different
dentin substrates (p<0.001), which were lower for
primary tooth dentin than for permanent tooth
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dentin. The failure modes were also independent
of the type of dentin but dependent on the adhe-
sive systems, an equal distribution among the 3
types of failure for Clearfil tri-S Bond and cohe-
sive failures in adhesives for One-Up Bond F Plus.
FE-SEM observations of dentin to which adhesive
had been applied revealed that the smear layer
had been removed and the collagen fibers
exposed. Though the bond strengths to primary
tooth dentin were lower than to permanent tooth
dentin, excellent adaptation of the single-step self-
etch systems to both dentin substrates was
observed by FE-SEM. Further studies are
required to determine the long-term clinical per-
formance of these adhesive systems when applied
to primary tooth dentin.

INTRODUCTION

The single-step self-etch system is one of the bonding
techniques developed to simplify and shorten bonding
procedures by combining the dentin conditioning, prim-
ing and Dbonding agent-application steps.!
Simplification of the clinical procedure that is provided
when using the single-step self-etch systems will be
especially beneficial when treating potentially uncoop-
erative patients, such as children. These adhesive sys-
tems form a continuous layer between the composite
and dentin surface, which is simultaneously deminer-
alized, followed by resin monomer penetration. Proper
demineralization of the dentin substrate, uniform resin
impregnation and sufficient mechanical strength of the
cured adhesive resin are important factors required to
create a high-quality resin/dentin interface for good
dentin bonding.*® However, there are few laboratory
data discussing the bonding characteristics of the
newly developed single-step self-etch systems to pri-
mary tooth dentin (primary dentin).

Several reports have compared bond strength
between primary and permanent tooth dentin (perma-
nent dentin) with varying results.*® Primary dentin has
been assumed to be different from permanent dentin
due to the variable amounts of mineral components, as
well as morphological and structural differences. There
might be substantial differences in the properties of
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primary dentin compared to permanent dentin.” The
lower thickness of primary dentin compared to perma-
nent dentin could be responsible for the lower bond
strengths on primary dentin caused by the proximity of
the adhesive to pulp. It has been suggested that pri-
mary dentin is more susceptible to acidic conditioners
and, therefore, a shorter conditioning time in primary
dentin treatment has been advocated.** However, other
authors have tested different bonding systems and
reported that the porous zone in primary dentin is not
as distinct as that seen in permanent teeth. All of these
factors might contribute to differences in dentin bond
strength between primary and permanent dentin.*

This study examined the bonding ability of single-
step self-etch systems to sound human primary and
permanent dentin using measurements of microtensile
bond strength. The adhesive-applied dentin surface
and the resin/dentin interfaces were compared using
FE-SEM. The null hypothesis to be tested was that the
bond strengths of the single-step self-etch systems are
not influenced by the type of dentin substrate, primary
or permanent dentin.

METHODS AND MATERIALS
Materials Tested

The single-application self-etch adhesive systems used
in this experiment, which both contained a combination
of resin composites, were Clearfil tri-S Bond and Clearfil
AP-X (TSB, Kuraray Medical, Tokyo, Japan) and One-
Up Bond F and Palfique Estelite >(OBF, Tokuyama
Dental, Tokyo, Japan). The ingredients and bonding
procedures for TSB and DBF Plus are shown in Tables
1 and 2. All of the adhesive systems were used in com-
bination with the manufacturers’ suggested resin com-
posites.

A curing unit (Optilux 501; sds Kerr, Danbury, CT,
USA) was used, and the power density (800 mW/cm?) of
the curing light was checked with a dental radiometer
(Model 100, sds Kerr) before preparing the specimens.

Bond-strength Test

The buccal surfaces of caries-free human primary
molars and premolars extracted and frozen in physio-
logical saline soon after extraction were used. The teeth

Table 1: Single-Step Self-Etch Systems Tested

fluoroaluminosilicate glass, water
photoinitiator (aryl borate catalyst)

Code Adhesive Main Components Lot # Restorative Lot #
(Manufacturer) Shade
TSB Clearfil tri-S Bond MDP, bis-GMA, HEMA, initiator, 040219 Clearfil AP-X 00841A
(Kuraray Medical) ethanol, water, stabilizer, filler (A2)
hydrophobic dimethacrylate
OBF One-Up Bond F Plus MAC-10, HEMA, MMA, A: 004 Palfique Estelite > J009
(Tokuyama Dental) multifunctional methacrylic monomer, B: 504 (A2)

11-methacryloxy-1,1-undecandicarboxylic acid; MMA: metyl methacrylate.

Abbreviations: MDP: 10-methacryloxydecy! di-hydrogen phosphate; bis-GMA: 2, 2bis[4-(2-hydroxy-3-methacryloyloxypropoxy)]phenyl propane; HEMA: 2-hydroxyethyl methacrylate; MAC-10:
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Table 2: Application Protocols of Single-step Self-etch Systems

One-Up Bond F Plus

Adhesive Application Protocol
Clearfil tri-S Bond Dispense one drop of liquid into well.
(single bottle) Apply to dentin for 20 seconds. Subject to a relatively strong

stream of air to dry and light irradiation for 10 seconds.
Mix equal amounts of the bond agents A and B until a pink
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fine diamond point under a
constant water spray until a
1.0 x 1.0 mm bonded surface
remained (Figure 1). Cross-
sectional areas were individ-
ually measured to the near-

(2 bottles)

light irradiation for 10 seconds.

homogenous liquid mixture is obtained. Apply to dentin for 10
seconds with agitation. Subject to a mild stream of air to dry and

est 0.01 mm for each speci-
men, using a digital caliper
(500-151 CD-15C; Mitutoyo,

Tokyo, Japan). Fifteen speci-

esin
C -
\ ' Put the specimen
on the jig
Tooth dentin

Hourglass shape specimen

The jig for measurement of
the microtensile bond strength

mens for each group were
attached to a microtensile apparatus with a
cyanoacrylate adhesive (ZAPIT; Dental
Ventures of America Inc, Corona, CA, USA),
then subjected to a tensile load in an Instron
testing machine (Type 4204; Instron Corp,
Canton, MA, USA) at a crosshead speed of 1.0
mm/minute. The tensile strength (MPa) was
calculated from the peak load at failure divid-
ed by the original cross-sectional area at the
smallest section.

Statistical analysis was carried out with the
Sigma Stat software system (Ver 2.01; SPSS
Inc, Chicago, IL, USA) using 2-way analysis
of variance (ANOVA) in conjunction with the
Tukey HSD post-hoc test. A probability (p)
value of <0.05 was considered statistically
significant.

Figure 1. Methods to measure the microtensile bond strength. An hour glass shape spec-

Upon completion of the testing, the speci-

imen was bonded to the jig with a cyanoacrylate adhesive and subjected to a tensile load. ~TENS were examined using an optical micro-

were collected under a protocol approved by the Ethics
Committee of the Nihon University School of Dentistry,
Japan. Informed consent was obtained from parents
and patients before collecting the teeth. All teeth were
used within 6 months of extraction. In order to obtain
flat dentin surfaces, the buccal surfaces of the teeth
were ground with a water-cooled air turbine using a 301
diamond bur (Shofu Inc, Kyoto, Japan), then they were
abraded on wet 600-grit SiC paper to expose the middle
dentin between the dentino-enamel junction and the
pulp chamber wall. After ultrasonic cleaning with dis-
tilled water for 1 minute to remove excess debris, these
surfaces were washed and dried with oil-free com-
pressed air.

The adhesive was applied on the dentin surface
according to the manufacturers’ instructions and irra-
diated with the curing unit. A Teflon (Sanplatec Corp,
Osaka, Japan) mold (height x diameter = 2.0 x 8.0 mm)
was used to form and hold the resin composites to the
dentin surface prior to curing for 40 seconds. The fin-
ished specimens were transferred to distilled water
and stored at 37°C for 24 hours. After incubation, the
specimens were sectioned at the widest section of the
tooth crown using a diamond saw. The bonded slices
were trimmed into an hour glass shape using a super-

scope (SZH-131; Olympus Ltd, Tokyo, Japan)
at a magnification of 20x to define the location
of the bond failure. The mode of failure for each speci-
men was then classified into 1 of 3 types: adhesive fail-
ure between restorative material and dentin, cohesive
failure in adhesive resin and cohesive failure in dentin.

Scanning Electron Microscopy (SEM)

The treated dentin surface and restorative/dentin
interface were observed by field-emission (FE)-SEM.
Sample preparation involved treatment of the dentin
surfaces with adhesives according to each manufactur-
er’s instructions, followed by rinses with acetone and
water. For ultrastructural observation of the
resin/dentin interface, bonded specimens were stored
in distilled water at 37°C for 24 hours, then embedded
in self-curing epoxy resin (Epon 812; Nisshin EM,
Tokyo, Japan) at 37°C for 12 hours. The embedded
specimens were vertically sectioned through the resin
composite buildups and dentin, and the surfaces of the
cut halves were polished with an Ecomet 4/Automet 2
(Buehler Ltd, Lake Bluff, IL, USA), using SiC papers of
600, 1,200 and 4,000-grit size, successively. The surface
was finally polished with a special soft cloth and dia-
mond paste (Buehler Ltd) with a grit size of 0.1 um. All
of the SEM specimens were dehydrated in ascending
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concentrations of fert-butanol (50% for 20 minutes,
75% for 20 minutes, 95% for 20 minutes and 100% for
2 hours), then transferred to a critical-point dryer for
30 minutes. These surfaces were then subjected to
Argon-ion-beam etching (Type EIS-200ER, Elionix
Ltd, Tokyo, Japan) for 30 seconds, with the ion beam
(accelerating voltage = 1.0 kV; ion current density = 0.4
mA/cm?) directed perpendicular to the polished sur-
face. The surfaces were coated with a thin film of gold in
a vacuum evaporator (Quick Coater Type SC-701;
Sanyu Denshi Inc, Tokyo, Japan). The specimens were
then observed using FE-SEM (ERA 8800 FE, Elionix
Ltd).

RESULTS

The mean microtensile bond strengths and standard
deviations for each adhesive system to primary and
permanent dentin are listed in Table 3. The results of
2-way ANOVA showed that there was no statistically
significant interaction between the type of adhesive
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system and the dentin substrate (p=0.957). Although
there was no statistically significant difference in the
mean values among the different adhesive systems
(p=0.094), there was a statistically significant differ-
ence in the mean values among the different dentin
substrates (p<0.001), which were lower for primary
dentin (40.6 MPa for TSB and 44.7 MPa for OBF) than
for permanent dentin (54.3 MPa for TSB and 50.0 MPa
for OBF).

The failure modes were also independent of the type
of dentin but dependent on the adhesive systems used.
The fractured surfaces for most specimens using TSB
showed an almost equal distribution among the 3 types
of failure. However, OBF showed predominantly cohe-
sive failure in the adhesives, followed by failure at the
interface between dentin and the adhesives.

Figure 2 shows the representative SEM observations
of the treated dentin surfaces. The smear layer and
plugs were removed, and dentinal tubules were opened
for both dentin substrates. Remnants on the treated

dentin  surfaces

Table 3: Microtensile Bond Strength (Mean (SD) in MPa) to Human Primary and Permanent Dentin were more pro-
Code Tooth u-TBS Tukey Group* Mode of Fracture nounced for pri-
A R D mary than perma-
TSB Primary 447 (10.4) a 4 3 3=10 2;?:1 deéletﬁ-’nggf
1 1 -

Permanent 54.3 (9.0) b 4 4 2-10 cating
OBE Primar 40.6 (9.9) a o . —10 ization was more
y o - pronounced in pri-

Permanent 50.0 (8.7) b 2 7 1=10

mary dentin than

SD: standard deviation, n=15. in permanent

*: Matching letters indicate no significant difference (p>0.05). .

Failure mode: A, adhesive failure; D, cohesive failure in dentin; R, cohesive failure in adhesive. dentln fOT bOth Sys-
tems.

# 600 TSB

Primary

Permanent

The representa-
tive SEM micro-
graphs of the
dentin/resin inter-
face after argon-
ion-beam etching
are shown in
Figure 3. For both
adhesive systems,
excellent adapta-
tion to both dentin
substrates was
observed. A hybrid
layer with a low
resistance to argon-
ion etching was not
observed. No
apparent morpho-
logical differences
in the resin-dentin
interface were

Figure 2. SEM observations of the treated dentin surfaces of Clearfil tri-S Bond (TSB) and One-Up Bond F Plus (OBF). The observed for both
smear layer and plugs were removed, and dentinal tubules were opened and remnants on the treated dentin surfaces were

more pronounced for primary than for permanent dentin.
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Composite

Adhesive

Adhesive
Primary ’

Permanent

drawn as a result of differences in stress-
strain fields.®

Based on the results from this study,
the microtensile bond strengths of pri-
mary dentin were lower than permanent
dentin, and there were statistically sig-
nificant differences. The differences in
chemical composition and structural
components between primary and per-
manent dentin might be related to differ-
ences in the microtensile bond strengths
obtained. Due to the reduced mineral
content of primary dentin compared to
permanent dentin, a different effect of
acidic primers on primary dentin has
been suggested.* FE-SEM observation of
the dentin surfaces to which single-step
self-etch adhesive had been applied
revealed that demineralization was
slightly more pronounced in primary
than in permanent dentin. The dentinal

Figure 3. SEM micrographs of the dentin/resin interface after argon-ion-beam etching. Excellent tubule and diameter of primary dentin
adaptation to both dentin substrates and no apparent morphological differences in the resin- have been reported to be greater than for

dentin interface were observed for both dentin substrates.

dentin substrates, irrespective of the type of adhesive
systems used.

DISCUSSION

Previous studies on the suitability of newly developed
adhesive systems for primary teeth have been compli-
cated by the limited bonding area available for produc-
ing specimens. In this study, use of the microtensile
bond-strength test has enabled the authors to evaluate
bond strength on small areas of primary dentin.
Obtaining multiple specimens from a single tooth is
considered advantageous in cases where teeth are diffi-
cult to obtain. Each microtensile specimen is interpret-
ed as a separate experimental unit, regardless of
whether it is obtained from the same or different
teeth."” The small adhesive interface used in the
microtensile test contains fewer defects compared with
larger interfaces, resulting in higher recorded bond
strengths compared with other test methods that use
larger surface areas."” Resistance against the initiation
of crack growth and propagation depends on the geom-
etry and load configuration of the specimen. Smaller
specimens contain less initial defects and more homo-
geneous stress distributions; hence, bond strengths and
adhesive failure between the bonding agent and dentin
can be more accurately examined. Bond strength values
can be used as a comparison of the effectiveness of
bonding systems; however, they cannot be related
directly to what might happen clinically. Care must be
taken when comparing results from different testing
procedures, because inappropriate conclusions might be

permanent dentin, indicating a decrease

in the dentin substrate available for
bonding with adhesives. As peritubular dentin, which
was demineralized rapidly during acid treatment, was
thicker for primary than for permanent dentin, further
decreases in the available bonding substrate might
occur.

To create a stable bonding to dentin, the self-etch
adhesive should penetrate beyond the smear layer into
the underlying dentin. Current dentin-bonding systems
rely on partial demineralization of the dentin surface by
acidic monomers to remove the smear layer and expose
collagen fibrils to penetration by resin monomers. The
presence of the smear layer could affect penetration of
the self-etch adhesive, due to neutralization of the acid
monomers by buffering components.’® However, anoth-
er report suggested bond strength of the self-etch sys-
tem was not affected by smear-layer thickness.'* The
smear layer is a porous substrate through which acidic
functional monomers can diffuse to the basal portion of
the layer and react with the mineralized dentin under-
neath. The depth to which the resin monomers can pen-
etrate into dentin depends on the acidity of the adhe-
sives, and there is no correlation between bond strength
and thickness of the resin/dentin interaction zone. The
thickness of this layer depends on the adhesive systems
used, but variations in thickness have been observed
between specimens prepared from different dentin sub-
strates using the same adhesive system.'®

The application of acidic self-etch adhesive should be
sufficient to remove the smear layer and partially, but
not excessively, demineralize the intertubular dentin. If
the depth of demineralization is too aggressive to be
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replaced by resin monomers, a weak zone that allows
nanoleakage® might be left at the bottom of the bond-
ing interface.” Theoretically, single-step self-etch adhe-
sives prevent discrepancies between the depth of dem-
ineralization and the ability of the resin monomer to
penetrate the same depth of mineral removal. The etch-
ing effect of the self-etch adhesive is related to the
acidic functional monomers that interact with the min-
eral component of the tooth substrate and create a con-
tinuum between the tooth surface and the adhesive by
simultaneous demineralization and resin penetration.
The single-step system has to contain water and water-
soluble hydrophilic monomers such as 2-hydroxyethyl
methacrylate (HEMA), so that the acidic monomer can
dissociate and penetrate into hydrophilic dentin. The
depth of demineralization during adhesive application
depends on the type of acidic monomers, their concen-
tration, the duration of application and the composition
of the dentin. The adhesive TSB contains MDP, while
OBF contains MAC-10 as an acidic functional monomer
(Table 1). From a previous study* that compared the
chemical bonding efficacy of functional monomers,
MDP has been reported to have a high chemical bond-
ing potential to hydroxyapatite within a clinically rea-
sonable application time. Furthermore, the calcium
salt of MDP was highly insoluble and, consequently,
was able to resist ultrasonic cleaning. According to the
adhesion-decalcification concept,?** the less soluble the
calcium salt of the acidic molecule, the more intense
and stable the molecular adhesion to a hydroxyapatite-
based substrate. The higher and more stable bonding
performance of MDP might be reflected in the thin, but
clear presence of a resin/dentin interaction zone
observed in the FE-SEM images of the MDP-based
adhesive system TSB.

It has been demonstrated that bond strength should
theoretically be proportional to the strength of the
adhesive resin that infiltrates into the demineralized
dentin.?* Consequently, adhesive resins have lower ten-
sile strengths than resin-infiltrated demineralized
dentin.® Since adhesive resin might be the weakest
component of the adhesive interface, the mechanical
strength of cured monomers could reflect the quality of
the bonding interface.”* The layers of adhesive and the
resin/dentin interaction zone might act as strain-
absorbing layers in an adhesive system.”*® The
dentin/resin interface is comprised of several layers of
materials with differing elastic properties. The elastic
moduli of the successive layers across a resin/dentin
bonding area was determined by the ultrasonic tech-
nique,” and a gradient of elastic modulus was observed
from the relatively stiff dentin through to a more flexi-
ble hybrid layer and through the bonding agent layer to
the stiffer resin composite. An elastic resin, together
with the resin-impregnated dentin, might relieve
stresses induced by the polymerization shrinkage of

Operative Dentistry

resin composites, thereby improving the marginal
integrity and retention of the restoration.*® Adequate
bonding of the resin composite to dentin depends not
only on penetration of the adhesive resin into dentin to
create a resin/dentin interaction zone, but also on the
mechanical properties of the cured adhesive. Further
studies are required to determine the mechanical prop-
erties of adhesive systems that produce a thin adhesive
layer.

Solvents such as water are also included in the self-
etch adhesive, as they play an important role in the
demineralization of dentin. For TSB, the adhesive-
applied dentin surface should be air dried in order to
evaporate the solvents, and this can result in a thin
adhesive layer. By contrast, the adhesive OBF was not
strongly air dried, leading to a thicker adhesive layer
(~60-80 um). Although the applied adhesive was thick-
er than that of TSB, the remaining solvents, such as
water, do not appear to be an obstacle for the polymer-
ization of OBF. This is presumably caused by the excel-
lent polymerization ability of the dye-sensitized pho-
topolymerization system employed in this adhesive.
OBF’s initiator system contains dye-sensitizer, co-ini-
tiator and the borate derivative. The energy transfer
reaction from the dye-sensitizer to the co-initiator takes
place by light irradiation to form an excited state of the
co-initiator. Following this, the polymerizable radical
species is formed by reaction of the borate derivative
with the activated co-initiator containing hydrogen ions
derived from the dye-sensitizer and acidic functional
monomers.” However, air drying is essential for obtain-
ing adequate dentin bond strengths for TSB. From the
FE-SEM pictures of the resin/dentin interface, the dif-
ference in adhesive thickness was obvious.

In the microtensile bond-strength test, the applied
force is transmitted through the body of the dentin and
resin, so that partial cohesive failure, rather than inter-
facial failure, often occurs. The dentin-bonding system
comprises 3 materials, with each layer showing differ-
ent mechanical properties. Crack resistance is a func-
tion of the plastic behavior of the material at the site of
the crack tip and fracture characteristics. When placed
under tension, the fracture will pass through the weak-
est areas in the bulk of the adhesive area or interface.*
The hardness and elastic modulus of the primary
dentin were lower than that of permanent dentin.’
Dentin is a mineralized tissue that lies between enam-
el and pulp and consists of a hydrated matrix of type I
collagen reinforced with hydroxyapatite crystallites.®
The microstructure of dentin is dominated by the pres-
ence of dentinal tubules that transverse the entire
dentin thickness and occupy ~10% of the total dentin
volume.* Dentinal tubules are oriented in dentin from
the pulp chamber to the dentin/enamel junction. The
density of tubules increases from ~4vol% near the
dentin/enamel junction to ~16vol% near the pulp cham-
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ber.*® The shear strength of dentin differs in the central
and cusp areas and is dependent on dentinal tubule ori-
entation in the central area.’® However, tubule orienta-
tion has no appreciable effect on the elastic behavior of
normal dentin, as intertubular dentin governs the elas-
tic behavior of the dentin substrate.’” Any increase in
the elastic modulus is offset by the decrease in the vol-
ume fraction of the matrix phase.

The results of this investigation reject the null
hypothesis that microtensile bond strength does not dif-
fer between primary and permanent dentin. The
microtensile bond strengths of single-step self-etch sys-
tems were found to be lower for primary dentin than for
permanent dentin. Further research is needed to deter-
mine the long-term bonding ability and clinical per-
formance of single-step self-etch restorative systems.*

CONCLUSIONS

Within the limitations of this in vitro study, the follow-
ing conclusions can be drawn:

1. The microtensile bond strengths of single-step
self-etch adhesives (Clearfil tri-S Bond and
One-Up Bond F Plus) to primary dentin were
significantly lower than those obtained for per-
manent dentin (p<0.001).

2. There was no statistically significant difference
in mean microtensile bond strengths among
the different adhesive systems (p=0.094).

3. From the SEM observations of adhesive-
applied dentin surfaces, the smear layer and
plugs were removed and the dentinal tubules
were opened with the application of both adhe-
sive systems. This effect was similar for both
types of dentin substrate.

4. For TSB, formation of a thin resin/dentin inter-
action zone was observed, which was more eas-
ily distinguished for Clearfil tri-S Bond than for
One-Up Bond F Plus.
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