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which received the following luting procedures: (i) SBþARC – two-step etch-and-rinse adhesi-
veþconventional resin cement (Adper Singlebond 2þRelyX ARC, 3M-ESPE); (ii) S3þPAN – one-step self-
etch adhesiveþconventional resin cement (Clearfil S3þPanavia F2.0, Kuraray Medical); (iii) U200 – self-
adhesive resin cement (RelyX U200,3M-ESPE). The specimens were finally restored by indirect resin
composite procedures (Filtek Z100,3M-ESPE). The aging regimens were water storage at 37 °C for one
week (control), one week of 20 cm H2O simulated pulpal pressure (SPP), 200,000 mechanical loading
(ML) cycles, or 5000 thermal cycles (TC). The mTBS data was analyzed by two-way ANOVA and Tukey's
test (α¼0.05). SBþARC showed significantly higher mTBS for control and all aging processes (po0.001).
Nevertheless, TC had no effect on the bond strength of SBþARC. No difference in mTBS was observed
between S3þPAN and U200 after SPP (p¼0.251), but significant lower values were found for U200 after
ML (p¼0.010) besides being superior in the control groups (po0.001). For U200, all ageing regimens
induced significant reductions in the bond strength (po0.001) with a more pronounced negative effect
after ML. S3þPAN showed significant lower bond strength (p¼0.010) only after ML aging. Two-step
etch-and-rinse adhesive associated with dual-curing conventional resin cement may present the highest
overall mTBS. However, the use of S3 one-step self-etch adhesive along with conventional resin cements
may provide the most stable luting performance under the tested aging strategy.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Indirect adhesive procedures represent an important task in
current restorative dentistry. The adhesion of the resin cements
and adhesives to dental substrates has been simplified over the
last years. Adhesive systems have evolved from the three-step to
the two-step, one-step, and more recently to universal bonding
systems in order to reduce the time for clinical procedures as well
as the technical sensitivity. Regarding resin cements, all of them
needed the previous application of a three-step adhesive system
on the dental substrates to achieve a reliable bonding. However,
tic Dentistry, School of Den-
o, 304, Bairro Cruzeiro, Passo
00.
cchi).
this procedure was considered for many clinicians quite time-
consuming and technique sensitive which could compromise the
luting procedures and the longevity of the restorations [1–4].

Nowadays, new generation self-adhesive resin cements (SARC)
rely on an organic matrix composed by traditional di-methacrylates
and phosphoric acid ester methacrylates [5]. The bonding interface
is created by means of a mild demineralization of the dental sub-
strates caused by acidity of the functional monomers [6] resulting in
micromechanical interlocking in a sub-micrometer hybrid layer
[3,6,7]. Moreover, the chemical interaction of the functional
monomers with hydroxyapatite has been also suggested as a fur-
ther mechanism of bonding [3,6,7]. It was previously mentioned
that the bonding mechanism of this cement differs from that of self-
etch adhesives, as TEM morphological examination of the bonding
interface showed distinct demineralization and hybridization
compared to classic self-etching adhesive systems [3,5]. However,
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SARCs have been created with the aim of aggregating the favorable
properties of the traditional cements (such as zinc phosphate, zinc
polycarboxylate and glass ionomer) and the resin-based organic
matrix. Due to its simplified application technique, SARCs rapidly
gained popularity among clinicians in daily practice [1,8].

Nevertheless, it is well known that bond strength and sealing
ability of most bonding agents decrease over time [1,9,10]. Some
degradation strategies are employed to evaluate in vitro the
bonding durability of resin-bonded interface such as mechanical-
and thermo-cycling stress. These methods submit bonding inter-
faces to water infiltration, mechanical stresses and expansion/
contraction strain [11,12,13] and are considered as suitable stra-
tegies to survey different materials in a short period. A further
important method to challenge the resin-bonded interfaces is by
using the simulated pulpal pressure (20 cm H2O) which induces
water seepage, polymer degradation and droplets formation jeo-
pardizing the resin–dentin interface and the mTBS [13,14]. How-
ever, there is little information on the effect of simulated pulpal
pressure, mechanical- and thermo-cycling stress on the bonding
performance of new generation SARCs.

Thus, the purpose of this study was to evaluate the effect of
ageing processes and bond techniques on the bonding perfor-
mance of self-adhesive resin cements for indirect resin composite
restorations. The null hypothesis tested was that the different
aging processes and bonding techniques had no effect on the
bonding performance of self-adhesive resin cements for indirect
resin composite restorations.
2. Materials and methods

Sixty human caries-free third molars extracted for surgical
reasons were used in this study after approval of the institutional
Ethics Committee (protocol 040/2013). The teeth were stored in
0.5% chloramine/water solution at 4 °C no longer than one month
after extraction. Flat deep dentine specimens were obtained by
removing the roots 2 mm below cemento-enamel junction (CEJ)
and the occlusal crown 2.0 mm above CEJ [13] using a slow-speed
water-cooled diamond saw (Isomet 1000; Buehler, Lake Bluff, IL,
USA). The pulpal tissue was removed using small surgical tweezers
without altering or scratching the pre-dentine surface along the
walls of the pulpal chamber. The dentine surface of each specimen
was wet-polished with a 600-grit SiC (CarbiMet 2; Buehler, Lake
Table 1
Materials used in the study.

Material Composition

Condac 37 (Etchant) 37% Phosphoric acid, silica, pigment and deionized water

Adper SingleBond 2 HEMA, Bis-GMA, polyalkenoic acid copolymer, dimethacrylates
ethanol, water and camphorquinone

Clearfil S3 MDP, Bis-GMA, HEMA, dimethacrylates, and photoinitator
Panavia F Paste A: MDP, silanated silica, hydrophobic aromatic and alipha

dimethacrylate photo-initiator, and dibenzoyl peroxide
Paste B: silanated barium glass, sodium fluoride, sodium aroma
monomer, and initiators.

RelyX ARC Bis-GMA, TEGDMA, dimetacrylate polymer, zircone, initiators, a
RelyX™ U200 Base: 2-propenoic acid, 2-methyl, 1,1′-[1-(hydroxymethyl)-1,2-e

treated with silane, glass fiber, sodium persulfate, tere-butylper
Catalyst: dy-methyl methacrylate, silica treated with silane, sod
1-benzyl-5-phenyl barbituric acid, salts of calcium, 1,12-dodeca
hydroxide, and titanium dioxide

Silane MPS, ethanol, and water

Filtek Z100 Bis-GMA, TEGDMA, and silica/zirconia fillers

MPS: monofunctional 3-methacryloxypropyltrimethoxysilane; HEMA: 2-hydroxyethylm
thylene glycol dimethacrylate; and MDP: 10-methacryloxydecyl dihydrogen phosphate.
Bluff, USA) paper for 30 s to create a standard smear-layer. The
specimens were thoroughly rinsed using deionized water (5 s) and
immediately bonded with the tested luting procedures.

2.1. Experimental design

The dentine specimens were randomly divided into three
principal groups (n¼20) based on the bonding and luting systems
selected for this study: (i) two-step etch-and-rinse adhesive with a
conventional resin cement (Adper Singlebond 2þRelyX ARC; 3M
ESPE, St. Paul, USA) – SBþARC group; (ii) one-step self-etch
adhesive with a conventional resin cement (Clearfil S3þPanavia
F2.0; Kuraray Medical, Tokyo, Japan) – S3þPAN group; and (iii)
self-adhesive resin cement (RelyX U200, 3M ESPE) – U200 group.
Further information regarding the composition of the materials
used in the study are shown in Table 1.

Five-mm-thick composite resin discs with 12 mm in diameter
were prepared by layering 2-mm-thick increments of the com-
posite resin Filtek Z100 (3M ESPE) into a silicone mold and light
cured for 40 s each. All materials of the study were light-cured as
near as possible to the molds using a halogen lamp (XL-2500;
3M-ESPE) with 600 mW/cm2 irradiance and 480 nm wavelength;
this was checked periodically using a radiometer (Optilux Radio-
meter Model 100; SDS Kerr, Donbury, USA). The indirect resin
composite specimens were conditioned using a 37% phosphoric
acid gel (Condac 37, FGM Dental Products, Joinville, Brazil) for 30 s,
rinsed with distilled water and strongly air-dried. After the
application of a silane coupling agent (FGM Dental Products) for
1 min the indirect restorations were luted as depicted in Table 2.

Subsequent to the luting procedures, the specimens of each
group were divided into four subgroups (n¼5) based on the age-
ing strategy employed:
1.
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Control (CONT): bonded specimens were immersed in deio-
nized water for one week at 37 °C;
2.
 Simulated pulpal pressure (SPP): bonded specimens were
submitted immediately after luting to 20 cm H2O simulated
pulpal pressure for one week [13]. Briefly, the outer enamel–
resin bonded interface of the specimens was covered with two
coats of nail varnish, the pulpal chamber was filled with dis-
tilled water and the specimens positioned sideways and
attached to the lid of a cylindrical receptacle using dental wax.
The lid was subsequently sealed to the cylindrical receptacle
Manufacturer Lot

FGM Dental Products, Joinville,
Brazil

271112

wt% 5 nm silica particles, 3M ESPE, St. Paul, USA 1220500555

Kuraray Medical, Tokyo, Japan 00027A
imethacrylate, hydrophilic Kuraray Medical, Tokyo, Japan 051222

ulfinate, dimethacrylate

silica 3M ESPE, St. Paul, MN, USA 1235400608
ediyl] ester, TEGDMA, silica
-3,5,5-trimethyl hexanoate

3M ESPE, St. Paul, MN, USA 488412

p-toluenesulfonate,
ol dimethacrylate, calcium

FGM Dental Products ltda, Join-
ville, Brazil

300712

3M ESPE, St. Paul, MN, USA 1124800751

acrylate; Bis-GMA: bisphenol A diglycidyl ether dimethacrylate; TEGMA: trie-



Table 2
Bonding procedures for the three techniques employed in the study.

Materials Bonding procedure

2-Step etch-and-rinse adhesive/conventional resin
cement – (SBþARC)

Dentin acid etch for 15 s, rinse with distilled water for 15 s leaving the dentin blotted moist. Apply the
adhesive in two coats and gently air dry. Light cure for 10 s/mix cement, apply mixture, lute the filling
holding with 3 kg for 3 min and light cure for 20 s each side

1-Step self-etch adhesive/conventional resin cement –
(S3þPAN)

Apply the adhesive actively for 20 s. Air dry for 5 s to evaporate solvent. Light cure for 10 s/mix cement, apply
mixture and lute the filling holding with 3 kg for 3 min and light cure 20 s each side

Self-adhesive resin cement – (U200) Mix cement, apply mixture and lute the filling holding with 3 kg for 3 min and light cure for 20 s each side
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which was previously filled with distilled water up to the
height of 20 cm and the system was turned upside down to
induce the simulated pulpal pressure of 20 cm H2O [9,37];
3.
 Mechanical Loading (ML): the mechanical loading was per-
formed using the MSCM equipment (ME Instrument, São Car-
los, Brazil) which has a stainless steel tip of 4 mm in diameter
in contact with the central part of the restored specimens. They
were submitted to 200,000 mechanical cycles under a load of
50 N, at a rate of 2 Hz during one week [15];
4.
Fig. 1. Mean values and standard deviation of the mTBS (MPa). Different letters
indicate statistical difference among the ageing procedures whilst different num-
Thermal cycling (TC): the specimens were submitted during one
week to thermal cycling challenge using a thermocycling machine
(MSCT-3, ME Instrument, São Carlos, Brazil) programmed to
perform 5000 thermal cycles at temperatures 5 °C and 55 °C, with
a dwell time of 30 s at each bath temperature [15].
bers show statistical difference between the luting techniques within the same
ageing subgroup (po0.05). TC means thermocycling, ML means mechanical load-
ings, PP means simulated pulpal pressure and Cont means control group.
2.2. Microtensile bond strength (mTBS) testing

The specimens were sectioned occluso-gingivally in serial slabs
(1 mm thick) using a diamond-embedded blade under continuous
water irrigation (Buehler, LakeBluff, IL, USA) and subsequently in
1 mm2 match-sticks. The match-sticks from the most peripheral
area presenting residual enamel were excluded. Match-sticks of
the central area of each tooth were selected and fixed to a jig with
cyanoacrylate glue and tested to failure under tension in the uni-
versal testing machine EZ-test (Shimadzu Co., Kyoto, Japan) with a
500 N load cell, at across head speed of 1.0 mm/min. The exact
cross-sectional area of each tested stick was measured after failure
with a digital caliper (Mitutoyo Co., Tokyo, Japan). Approximately,
60 match sticks were tested in each group. Means and standard
deviation were calculated and expressed in MPa. Five restored
teeth (experimental unit, n¼5) were evaluated in each group, the
bond strength of sticks from the same restored teeth was averaged
and the mean bond strength was used as one statistical unit for
the statistical analysis. The microtensile bond strength (mTBS) data
were assessed for normal distribution and statistically analyzed
using two-way ANOVA (bonding technique and ageing strategy) to
identify differences among groups. When significant differences
were found, they were compared using Tukey's test at α¼0.05.

The mode of failure was determined by stereomicroscopy at
60� magnification. The fractures were classified as follows: type
A: adhesive failure at the interface among resin composite, adhe-
sive, cement, and hybrid layer; type B: mixed failure, i.e., both
adhesive and cohesive failures in the same fractured stick; type C:
cohesive failure in resin composite filling; type D: cohesive failure
in the dentin. Five paired representative fractured sticks, exhibit-
ing the μTBS close to the mean, were processed for scanning
electron microscopy (SEM). The parts of the fractured specimens
were paired, air dried and mounted on aluminum stubs, coated
with gold and examined by SEM (JSM-5600LV, JEOL; Tokyo, Japan)
operated at 15 kV.
3. Results

The means and standard deviations of the mTBS are shown in
Fig. 1. The statistical analysis of the mTBS showed significance to
each factor and a significant interaction between the two factors
(bonding technique and the ageing process) evaluated in the study
(po0.001).

The mTBS results showed that the specimens in the SBþARC
group presented the greatest (po0.001) bond strength both when
used as control and after all the ageing processes tested in this
study. The specimens of S3þPAN and U200 did not differ among
them after being submitted to SPP (p¼0.251), although the former
was statistical significant superior after ML (p¼0.010) and after TC
(p¼0.030) and the latter showed significant higher mTBS values in
the control group (po0.001).

For SBþARC, only the thermo-cycling aging strategy induced
no reduction of the bond strength when comparison to its own
control; all the other ageing regimens induced significant reduc-
tion of the bond strength (po0.001) with a more pronounced
negative effect for mechanical loading in comparison to thermo-
cycling and simulated pulpal pressure (po0.05). Finally, for
S3þPAN only mechanical loading led to significant lower bond
strength (p¼0.010). For U200, all ageing regimens induced sig-
nificant reductions in the bond strength (po0.001) with a more
pronounced negative effect after ML.

The fracture pattern of all groups is depicted in Fig. 2. A pre-
dominance of adhesive fractures was observed in all groups. The
mixed fractures were the second predominant type of fracture
more frequent. The incidence of adhesive failures was slightly
lower for S3þPAN after thermocycling, U200 control and U200
after mechanical loading, SBþARC after thermocycling and
SBþARC subjected to simulated pulpal pressure. Representative
SEM images for all groups are presented in Fig. 3.



Fig. 2. Distribution of the fracture pattern within the groups.
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4. Discussion

Although some shortcomings have been advocated regarding
multi-step adhesives such as being time-consuming, technique
sensitive, high costs and evidence of phase separation [10,16–18],
this study showed that the use of multi-step bonding strategies in
luting indirect fillings afford a better bonding interface when com-
pared to the simplified self-adhesive resin cement which may be
affected by ageing regimens (Fig. 1). The outcomes of this study also
showed that after ageing processes the association of an etch-and-
rinse adhesive to a conventional dual-curing resin luting cement
(SBþARC) presented higher mTBS compared to the self-etch adhe-
sives in combination with the conventional dual-curing resin
cement (S3þPAN) and to the self-adhesive cement (U200). The use
of the Adper Single Bond 2 along with RelyX ARC has previously
presented a homogeneous bonded interface in a morphologic ana-
lysis. [19] Moreover, the presence of ethanol as a solvent was also
pointed as responsible for promoting a homogeneous aspect for the
hybrid layer [19,20]. The silica nanofillers (average particle size
5 nm) of the Adper Single Bond 2 have shown to be distributed
uniformly after light-curing procedures, [19,21] thereby reducing the
reaction of camphoroquinone radicals with oxygen molecules to
form non-reactive peroxy-radicals which tend to inhibit the poly-
merization [19,21]. It has been reported that simplified etch-and-
rinse adhesives are more prone to hydrolytic degradation under
simulated pulpal pressure in the presence of open dentinal tubules
[9,22] due to their high content of hydrophilic monomers and resi-
dual solvent [9]. The combination of Single bondþconventional
resin composites also presented high dentin permeability in pre-
vious investigations [22,23]; indeed this may be correlated with the
greater reduction (Fig. 1) on the bond strength of SBþARC after SPP
[14]. Furthermore, Carrilho et al. [24] showed that although Single
Bond may achieve high bond strengths, its sealing ability is com-
promised in comparisonwith systems that are applied onto a smear-
layer covered dentin. The reduction promoted by mechanical load-
ing was expected as this challenge was shown to drive the fastest
degradation in previous investigations [13,25].

Regarding the self-etch adhesive strategy in combinationwith the
conventional dual-curing cement (S3þPAN), more complex chem-
istry is necessary to blend its hydrophilic and hydrophobic mono-
mers, solvents, water and additives [10,26,27]. Although all-in-one
adhesives have a relatively high content of hydrophilic monomers,
the contribution of the smear-plugs in reducing the dentin perme-
ability [24] may have helped these systems to maintain the bond
strength after one week of SPP (Fig. 1). Overall, the dentin bonding
provided by Clearfil S3 along with Panavia was the most stable when
submitted to the ageing regimens (Fig. 1). The use of a self-etch
adhesive instead of the ED Primer from the Panavia system has been
previously demonstrated to achieve higher bond strength and more
resistance to thermal cycling, mechanical load [28] as well as
simulated pulpal pressure [29]. Aguiar et al. [30] found dentin bond
stability for a one-step self-etch adhesive (Clearfil DC Bond) with a
conventional resin luting cement and for the self-adhesive resin
cement RelyX Unicem after 50,000 mechanical load cycles. These
outcomes are in contrast to those of the present investigation which
showed significant degradation of this system after mechanical
loading. Indeed, the notably higher number of mechanical cycles
here (4-fold higher) was able to induce interfacial degradation which
led to reduction on the bond strength of both RelyX U200 (the new
version of Unicem) and Cleafil S3 combined with Panavia.

Regarding the self-adhesive resin cements, although they attain a
similar pH to “mild” and “ultra-mild” self-etch adhesives, a low
etching potential and subsequent capacity to infiltrating was pre-
vious reported [2,7,31–33]. This was attributed to its higher viscosity
which would hamper deeper resin penetration [7,34], explaining its
relatively low mTBS. However, when comparing only the self-adhe-
sive cement with the self-etch adhesive/conventional dual-curing
resin cement, the higher mTBS was dependent on the type of the
ageing process. While the mTBS in the control group was statistically
superior for U200 and after pulpal pressure, there was no difference
between the two luting techniques. Self-adhesive resin cements are
user-friendly due to the fact that no acid etching further adhesive is
required during clinical procedures. Nevertheless, the bond strength
achieved by using the U200 was negatively affected by all ageing
regimens in the present investigation (Fig. 1). In fact, our outcomes
corroborate previous studies which showed significant bond degra-
dation of several SARCs after long-term water storage, simulated
pulpal pressure and thermocycling [29,35,36]. In terms of mechanical
loading, Aguiar et al. [30] found no significant reduction on the bond
strength of two self-adhesive resin cements was observed, but with
only 50,000 mechanical cycles whereas in this study we used
200,000 cycles which indeed was more challenging to assess the
different luting strategies, with a longer simulation of the effects of
masticatory simulation on the bonding interface, which leads to
higher number of micro-cracks between bonded interfaces. More-
over, this study has shown the importance of mechanical-load
simulation on the long-term bond-strength of interfaces, once it
seems to be not one of the most applicable in the literature.

The mechanical loading ageing processes adopted in this study
(200,000 cycles, 50 N, 2 Hz) represented the only challenge able to
reduce the mTBS of all systems. In a similar experimental design,
these outcomes are in concordance with recent findings on the
dentin bond performance of direct bonding agents [13]. Such
results are caused by micro-cracks at the bonded interfaces caused
by the intense and cyclic compression stress of the resin–dentin
interface [13]. The effects of simulated pulpal pressure play an
important role on the degradation of several bonding agents, and
the method utilized in this study (20 cm H2O) has already been
validated in the literature [37]. As previously discussed, the role of
PP on the degradation of resin–dentin bond attained by self-etch
and etch-and-rinse adhesives is well-known [9,23]. Nevertheless,
the degradation promoted by PP on the bonding efficacy of self-
adhesive resin cements is currently poorly investigated. The
reduction on the bond strength of RelyX U200 after SPP may be
correlated with the reduction encountered by De Alexandre et al.
[29], with U100, the precursor of U200. Both could be explained by
the seepage of water within the very thin and weak hybrid layer
obtained by these luting agents [2,7,29,31,32,34].

The thermocycling process aims to simulate the in vivo thermal
changes caused in the oral environment occurring during eating
and drinking. The effect of the thermocycling relies on the accel-
eration of the hydrolysis of non-protected collagen and the leaching
of oligomers and unreacted monomers [11,13]. The TC process
(5000 cycles, 5–55 °C) did not affect the SBþARC and S3þPAN,
which could be explained by the ineffectiveness of a low number of



Fig. 3. Representative SEM images of the dentin side of fractured sticks. (A) Control specimen (no aging challenge) cemented using SBþARC depicting an adhesive failure at
the adhesive/hybrid layer zone. (B) Control specimen of S3þPAN group presenting a mixed fracture among hybrid layer, adhesive and resin cement. (C) Control group
cemented using U200 showing a mixed failure among composite filling, resin cement and hybrid layer. Note the parallel scratches (arrows) of the polishing paper used to
create the smear layers prior to bonding. (D) Thermocycled specimen of SBþARC group presenting an adhesive failure at dentin/hybrid layer and adhesive layer zone.
(E) Specimen cemented using S3þPanavia subjected to thermocycling regimen which fractured in mixed mode with partial adhesive failure at the adhesive layer and
cohesive failure at the resin cement. (F) Cohesive failure at the resin cement in a specimen bonded using U200 which undergone thermocycling. (G) Adhesive failure
between the resin cement (RelyX ARC) and the composite filling of a fractured stick after mechanical loading. Note the droplets (arrows) at the debonded interface
suggesting residual air bubbles during the cementation procedure. (H) Adhesive fracture between the resin cement (Panavia) and the adhesive (Clearfil S3) observed in a
specimen subjected to mechanical loading. Several droplets (arrow) were encountered at the debonded interface suggesting residual air bubbles. (I) Mixed failure of a
specimen cemented using RelyX U200 after mechanical loading. The droplets (arrows) into the resin cement act as stress concentration zones during the mechanical cycling
challenge and could potentially induce more mixed fractures. (J) Debonded specimen cemented using SBþARC which undergone simulated pulpal pressure showing an
adhesive failure at the hybrid/adhesive layer zone. (K) Mixed fracture between the adhesive layer and the resin cement (Panavia) which showed partial cohesive failure after
pulpal pressure challenge. (L) Mixed fracture similar to that in figure K but observed in a specimen cemented using U200 and subjected to pulpal pressure. Note the absence
of fillers in the resin cement suggesting degradation of the silane and filler debonding. The water seepage may likely occur in the resin cement zone achieving polymer
plasticization (also observed in figure K) and degradation of the fillers. nhy – hybrid layer; ad – adhesive layer; rc – resin cement; and cf – composite filling.
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