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Methods. Etched dentin surfaces from extracted sound molars were randomly bonded in wet
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or dry conditions (30 s air drying) with DMSO/ethanol or DMSO/H2 O as pretreatments using
a simpliﬁed (Scotchbond Universal Adhesive, 3M ESPE: SU) and a multi-step (Adper Scotchbond Multi-Purpose, 3M ESPE: SBMP) etch-and-rinse adhesives. Untreated dentin surfaces
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served as control. Bonded teeth (n = 8) were stored in distilled water for 24 h and sectioned
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into resin–dentin beams (0.8 mm2 ) for microtensile bond strength test and quantitative
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interfacial nanoleakage analysis (n = 8) under SEM. Additional teeth (n = 2) were prepared for
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Results. While dry-bonding of SBMP produced signiﬁcantly lower bond strengths than
wet-bonding (p < 0.05), DMSO/H2 O and DMSO/ethanol produced signiﬁcantly higher bond
strengths for SBMP irrespective of dentin condition (p < 0.05). SU presented signiﬁcantly
higher nanoleakage levels (p < 0.05) and micropermeability than SBMP. Improvement in
hybrid layer integrity occurred for SBMP and SU for both pretreatments, albeit most pronouncedly for DMSO/ethanol regardless of dentin moisture.
Conclusion. DMSO pretreatments may be used as a new suitable strategy to improve bonding
of water-based adhesives to demineralized air-dried dentin beyond conventional wetbonding. Less porous resin–dentin interfaces with higher bond strengths on air-dried etched
dentin were achieved; nonetheless, overall efﬁciency varied according to DMSO’s co-solvent
and adhesive type.
Clinical signiﬁcance. DMSO pretreatments permit etched dentin to be air-dried before
hybridization facilitating residual water removal and thus improving bonding effectiveness.
This challenges the current paradigm of wet-bonding requirement for the etch-and-rinse
approach creating new possibilities to enhance the clinical longevity of resin–dentin interfaces.
© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1.

Introduction

Despite the evolution in adhesive dentistry over the past
decades [1–3], degradation of tooth-bonded interfaces [2] still
contributes to the reduced long-term clinical success of adhesive restorations [4–6]. Currently, resin–dentin bonding relies
on effective adhesive penetration into demineralized collagen matrix for proper hybrid layer formation [2,7]. The hybrid
layer is characterized by the creation of complex collagenresin biopolymers aiming to provide a continuous and stable
link between the bulk adhesive and dentin substrate [1,2]. In
face of the limitations of most current clinically-feasible bonding protocols and inherent drawbacks of the etch-and-rinse
approach per se [1] an ideal resin-enveloped collagen scaffold
is unlikely to be produced in a consistent manner. In dentin
hybridization, adhesive inﬁltration is far from perfect [1,8,9]
resulting in poorly formed hybrid layers. Replacement of all
70 vol% residual water in etched-dentin [1] with monomers
is hardly achieved. For this reason, the hybrid layer may be
considered as the weak link in resin–dentin bonds [10,11]. All
in all, improvements in resin–dentin bonding effectiveness
using simple time-efﬁcient bonding protocols [9,11,12] aiming to eliminate the presence of residual water during dentin
hybridization are still required.
The etch-and-rinse dentin bonding approach still relies
on traditional wet-bonding technique to couple relatively
hydrophilic adhesives to the hydrated dentin substrate in
clinically relevant protocols. A partially wet dentin substrate
has been consensually advocated to maintain the demineralized collagen matrix expanded for proper resin inﬁltration
by relatively hydrophilic monomers [13]. Nevertheless, management of adequate moisture is not easily accomplished,
and either excess or lack of dentin moisture may compromise
resin–dentin bonding [14–16]. Although adequate resin–dentin
bonding is usually immediately achieved, reduced bonding
efﬁciency occurs with time [2,4–7]. Such lack of durability may be partly attributed to the involvement of excess
residual water with poorly formed hybrid layers [17,18] for

water: (i) causes phase separation of adhesive components
[19] during hybridization, (ii) accelerates hydrolysis of polymers containing ester linkages [20] on the long run; and (iii)
allows endogenous host-derived collagen-hydrolytic enzymes
(i.e. matrix metalloproteinases and cathepsins) to degrade
demineralized collagen. In this sense, creation of less porous
hybrid layers with reduced water content and afﬁnity could
indeed improve dentin bonding.
The main problem lies on how to remove excess water
without compromising resin–dentin interaction. Previous
attempts to remove excess residual water from the bonded
interface using dry-bonding protocols have generally produced inadequate resin–dentin interfaces [14]. Collapse of
air-dried collagen drastically reduces the interﬁbrillar spaces
that serve as diffusion paths for resin inﬁltration [13] and
produces a surface more resistant to wetting [21]. To overcome the drawbacks of excessive air-drying, the ethanol
wet-bonding technique was proposed to gradually replace
free water from the dentin substrate before resin bonding.
Even though encouraging in vitro results have been presented
[1,13], the technique proved to be clinically unfeasible and
highly technique sensitive [1] due to the extra bonding steps
and higher likelihood of demineralized collagen matrix collapse after ethanol evaporation. Recently, dimethyl sulfoxide
(DMSO) has been introduced as a new potential solvent to
be used in adhesive dentistry [8,22]. DMSO [(CH3 )2 SO] is a
polar aprotic solvent that dissolves both polar and non-polar
compounds. It is a polyfunctional molecule, with a highly
polar S O group and two hydrophobic methyl groups, fully
miscible in most solvents and monomers used in adhesive
dentistry [23]. DMSO is perhaps the best currently known penetration enhancer for medical purposes [24] with the ability
to dissociate the highly crosslinked collagen into a sparser
network of apparent ﬁbrils [25] concentration dependently.
In addition, dissociation of water self-associative tendency
by DMSO [26] improves wettability of demineralized dentin
[27,28], monomer diffusion into the collagen matrix [8] and
concomitantly re-expands collapsed collagen to a fairly modest level [28].
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The possibility of combining DMSO and ethanol to displace
and reduce water from the bonded interface and improve
resin–dentin interaction brings up unexplored possibilities
regarding resin–dentin bonding to dry dentin. The aim of this
study was to examine the central hypothesis that biomodiﬁcation of the dentin substrate produced by DMSO mixtures
would permit adequate resin bonding to dehydrated demineralized dentin. Therefore, the effect of new dentin bonding
approaches, consisting of DMSO/H2 O and DMSO/ethanol pretreatments applied onto wet and extensively air-dry dentin,
on the bond strength micropermeability and nanoleakage of
three-step and two-step etch-and-rinse adhesives was investigated. The null hypotheses to be tested were that irrespective
of dentin moisture, pretreatments containing DMSO would
have no effect on (i) bond strength and (ii) and hybrid layer
integrity.

2.

Material and methods

2.1.

Tooth preparation and bonding procedures

Sound human third molars were extracted for surgical reasons under an informed consent from the patients (age: 18–24
years) reviewed and approved by the Ethics Committee of
the University of Oulu, Finland (19/2006). The teeth were
cleaned and stored in 0.5% chloramine-T at 4 ◦ C for one week,
rinsed and stored in distilled water (pH 7.1) until use for
no more than 3 months at 4 ◦ C. Teeth were sectioned 1 mm
beneath the cemento-enamel junction using diamond wafering blades in a slow-speed saw (Isomet 1000 Precision Saw,
Buehler, Lake Bluff, IL, USA) and occlusal enamel was subsequently removed with a parallel cut to expose ﬂat midcoronal
dentin surfaces. Bonding surfaces were standardized using
P320 silicon carbide paper (CarbiMet, Buehler) for 60 s under
water cooling. Teeth were randomly divided into 12 groups
(n = 8) following a study design composed of three studying factors: (i) “adhesive system” in two levels composed by
a three-step etch-and-rinse (Adper Scotchbond Multi-Purpose:
SBMP, 3M ESPE, St Paul, MN, USA) and a universal adhesive
in etch-and-rinse mode (Scotchbond Universal Adhesive: SU,
3M ESPE); (ii) “dentin moisture” in two levels using the dryand wet-bonding approach; and (iii) “dentin pretreatment”
in three levels consisted of no treatment following manufacturer instructions and application of two DMSO solutions
for 60 s after dentin etching. The 50%(v/v) solutions were
prepared immediately before use mixing DMSO (Dimethyl Sulfoxide, Sigma-Aldrich, St Louis, MO, USA) in distilled water
or ethanol (Ethanol, Sigma-Aldrich). The rationale for using
50%(v/v) DMSO was based on previous studies that employed
the same concentration, albeit only in aqueous solutions,
reporting signiﬁcant improvements in resin–dentin interactions under wet conditions [29–31]. Table 1 displays the mode
of application, components and batch number of the adhesives. For the wet-bonding protocols, blot-drying with paper
ﬁlters was carefully performed leaving the dentin surface visibly moist. Dry-bonding was performed by blot-drying until no
signs of visible moisture were detected followed by continuous
air blast using a 3-way syringe at a distance of 10 cm for 30 s.
Dentin pretreatments consisted of active application of 50 L
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DMSO/H2 O or DMSO/ethanol solutions on etched-dentin followed by blot drying until paper ﬁlters were no longer able to
remove liquids from the bonding surface by capillarity. Adhesive systems were applied with slight rubbing action onto the
demineralized dentin surface totaling 20 s for SU and 10 s for
each of SBMP Primer and Bond with manual pressure of approximately 4.0 g ±1.6 [32]. Adhesive procedures were carried out
in a controlled environment with a temperature of 24 ◦ C and
a relative humidity of 45–55%. Resin composite restorations
(Z250, shade A2, 3 M ESPE) were built on top of the bonded
dentin surfaces in four 1-mm increments that were individually light-cured for 40 s. Light curing of all resin materials
was performed using a LED device (Bluephase 20i, Ivoclare
Vivadent, Schaan, Liechtenstein) that delivered 1100 mW/cm2 .

2.2.

Microtensile bond strength (TBS) test

After storage in distilled water at 37 ◦ C for 24 h, the restored
crown segments were longitudinally sectioned into 0.9-mm
slabs across the adhesive interface with a water-cooled diamond wafering blade. The slabs were further sectioned into
resin–dentin beams with cross-sectional area of approximately 0.8 mm2 in accordance with the “non-trimming”
technique [33]. Beams were individually attached to a
microtensile ﬁxture (OD03d, ODEME Biotechnology, Luzerna,
SC, Brazil) with a cyanoacrylate adhesive (Zapit, Dental Ventures of America, Corona, CA, USA) and submitted to the
test (DL2000, EMIC, São José dos Pinhais, PR, Brazil) in tension, at a crosshead speed of 0.5 mm/min until failure. The
cross-sectional area of each beams was measured with a digital caliper (Absolute Digimatic, Mitutoyo, Tokyo, Japan) to
the nearest 0.01 mm to calculate the actual bond strength
(MPa). The failure pattern modes were evaluated at 40×
magniﬁcation under a stereomicroscope (Leica M60, Leica
Microsystems, Heidelberg, Germany) and classiﬁed as cohesive (C) when exclusively within dentin or resin composite,
adhesive (A) when failure occurred at the dentin/resin interface, or mixed (M) when two modes of failure happened
simultaneously.

2.3.
Assessment of micropermeability with confocal
laser scanning microscopy (CLSM)
Further teeth for each group (n = 2) were prepared for hybrid
layer micropermeability analysis under simulated pulpar
pressure. The pulpal tissue was carefully removed with
tweezers, after sectioning off the roots 1 mm below the
cemento-enamel junction. Bonding procedures were performed as previously described except that the adhesives
were doped with 0.1 wt% Rhodamine B (Sigma-Aldricht, Louis,
MO, USA) [34]. The ﬂuorescent dye used to trace the waterﬁlled spaces along the bonded interface was a solution
of Sodium Fluorescein 5 mM (Sodium Fluorescein, SigmaAldricht) under simulated pulpar pressure (20 cm H2 O) for
3 h [34,35]. Then, the teeth were rinsed in ultrasonic bath
for 60 s, and sectioned into six 0.4 mm mesio-distal slabs
using a slow-speed water-cooled diamond wafering blade.
Both sides of the resin–dentin slabs were slightly polished
using 1200-grit SiC paper for 30 s followed by ultrasonic bath
for 60 s. The bonded interfaces of all slabs were completely
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Table 1 – Adhesive systems, main components, bonding protocols and mode of application.
Adhesive system/composition
Adper Scotchbond Multi-Purpose (3M/ESPE)
Water, 32% phosphoric acid,
Universal Etchant
synthetic amorphous silica,
polyethylene glycol, aluminium
oxide.
Batch# 501113
HEMA, polyalkenoic acid
Primer
methacrylate copolymer,
water
Batch#N751217
BisGMA, HEMA, dimethacrylates
Bond
photoinitiators
Batch#N668837
Scotchbond Universal Adhesive (3M/ESPE)
Adhesive
Batch#506848

MDP phosphate monomer,
dimethacrylate resins, HEMA,
methacrylate-modiﬁed
polyalkenoic acid copolymer, ﬁller,
ethanol, water, initiators, silane

Bonding protocol

Mode of application1

Wet-bonding
Wet-bonding DMSO/H2 O

a, b, c, e, f, g, f and i
a, b, c, d, c, e, f, g, f and i

Wet-bonding DMSO/ethanol

a, b, c, d1, c; e, f, g, f and i

Dry-bonding
Dry-bonding DMSO/H2 O
Dry-bonding DMSO/ethanol

a, b, c1, e, f, g, f and i
a, b; c1,d, c, e, f, g, f and i
a, b, c1; d1; c, e, f, g, f and i

Wet-bonding
Wet-bonding DMSO/H2 O
Wet-bonding DMSO/ethanol
Dry-bonding
Dry-bonding DMSO/H2 O
Dry-bonding DMSO/ethanol

a, b, c, h, f and i
a, b, c, d, c, h, f and i
a, b, c, d1, c, h, f and i
a, b, c1, h, f and i
a, b, c1, d, c, h, f and i
a, b, c1, d1, c, h, f and i

Abbreviations: MDP: 10-methacryloyloxydecyl-dihydrogen-phosphate; BisGMA: bisphenyl-glycidyl methacrylate; HEMA: 2-hydroxyethyl
methacrylate.
1
a: etching for 15 s; b: rinse with water for 15 s; c: blot drying; c1: continuous air drying for 30 s; d: active application of 50% DMSO/H2O 60s; d1:
active application of 50% DMSO/Ethanol 60s; e: Primer application 10 s; f: gentle blow dry 5 s; g: Bond application 10 s, h: Adhesive application
for 20 s; i: light cure for 10 s.

investigated and representative images of the most common patterns of micropermeability were randomly recorded.
Two experienced blinded examiners evaluated all slabs. The
imaging procedures were performed using a confocal laser
scanning microscope (Leica SP5 TCS-CLSM, Leica Microsystems) equipped with a 63 × 1.4 NA oil immersion lens using
488 nm Argon and a 633 nm Helium–Neon ion laser illumination. CLSM ﬂuorescence images were obtained from 20 m
optical sections using a 0.5 m z-step, starting 1 m below the
surface. The z-axis scans were compiled into a single and topographic projections using Leica SP5 CLSM image-processing
software (Leica, Microsystems).

2.4.

Nanoleakage evaluation

Two resin–dentin beams from each tooth (n = 8 teeth/group)
were randomly selected and submitted to nanoleakage evaluation according to a protocol previously described by Tay
et al. [36]. Brieﬂy, beams were placed in the ammoniacal silver
nitrate in dark for 24 h, rinsed thoroughly in distilled water
and immersed in photo-developing solution for 8 h under ﬂuorescent light to reduce silver ions to metallic silver grains
within the nanosized water ﬁlled voids along the bonded interface. Resin–dentin beams were gently wet-polished using 600,
1000, 1200 and 4000-grit SiC paper followed by 6, 3, 1 and
0.25 m diamond pastes (Buehler) and ultrasonically cleaned
for 5 min between polishing steps. Samples were dried in
silica overnight and carbon coated (CA7625 Carbon Accessory, Quorum Technologies Ltd, United Kingdom). The bonded
interfaces were analyzed in a scanning electron microscope
(Phenom ProX, Phenom-World, Eindhoven, Netherlands) in
backscattered electron mode. Magniﬁcations ranging from
2500× to 6000× were used to qualitatively characterize the
nanoleakage patterns. Sequential micrographs (2500× magniﬁcation) including the entire length of the adhesive interface

were obtained from each resin–dentin beam. Silver nitrate
uptake was quantitatively assessed using open-source image
software (ImageJ, National Institute of Health, Bethesda, MD,
USA) by a single-blinded examiner and the overall extension
of silver uptake (m) for each group was converted into percentage values.

2.5.

Statistical analysis

Nanoleakage and TBS data were evaluated separately. Tooth
was considered the statistical unit. For the TBS data, the
average value of a minimum of 8 beams per tooth was used
for statistical analysis. The number of beams with premature
failures were recorded and included as 0 MPa. Data from the
TBS test were normally distributed (Kolmogorov–Smirnov
Test, p = 0.200) and homoscedastic (Levene Test, p = 0.529).
Three-way ANOVA was performed to evaluate the statistical
interactions of the independent variables “adhesive system”,
“dentin moisture” and “dentin pretreatment”. Microtensile
bond strength (MPa) was considered the dependent variable.
Statistical signiﬁcance level was set in advance at ˛ = 0.05.
Post hoc multiple comparisons were performed with Tukey’s
studentized range (HSD) test. As the normality assumption
of the nanoleakage data was violated, data was analyzed
by Kruskal–Wallis followed by Dunn-Bonferroni multiple
comparison test. Statistical signiﬁcance was preset at ˛ = 0.05
using SAS statistical software (SAS 9.4 Software, SAS Institute,
NC, USA).

3.

Results

3.1.

Microtensile bond strength

Three-way ANOVA showed that the interactions between
“adhesive system” * “dentin pretreatment” (p < 0.0001) and
“adhesive system” * “dentin moisture” (p = 0.005) had signif-
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Table 2 – Microtensile bond strength values of wet- and dry-bonding protocols using DMSO/H2 O and DMSO/ethanol
solutions as dentin pretreatments.
Scotchbond Multi-Purpose
Wet-bonding
30.13 ± 4.99 [64–25/35/4]
(4.5%)
43.68 ± 7.03Aa [64–21/38/5]
(3%)
42.86 ± 5.87Aa [65–22/41/2]
(4.4%)
Ba

Control
DMSO/H2 O
DMSO/ethanol

Scotchbond Universal

Dry-bonding

Wet-bonding

17.53 ± 2.81 [58–44/12/2]
(20.5%)
40.47 ± 4.29Aa [67–24/35/8]
(4.3%)
41.80 ± 4.73Aa [69–22/41/6]
(2.8%)
Bb

27.46 ± 4.01 [69–28/39/2]
(5.5%)
30.31 ± 3.35Ab [64–23/36/5]
(7.2%)
32.91 ± 3.29Ab [66–21/36/9]
(4.3%)
Aa

Dry-bonding
27.58 ± 4.55Aa [64–22/40/2]
(5.9%)
31.13 ± 3.66Ab [67–22/42/3]
(6.9%)
31.78 ± 5.61Ab [66–19/43/4]
(5.7%)

Dentin bond strength (MPa) means and standard deviation for all groups (n = 8). Similar superscripts capital letters indicate no signiﬁcant
differences within each group (columns) and similar superscript lowercase letters indicate no signiﬁcant differences between the groups with
the same treatment (rows) according to Tukey’s studentized range (HSD) test (p > 0.05). The total number of tested resin–dentin beams and their
failure modes for each group are expressed into brackets as [total number of tested beams—adhesive/mix/cohesive failures]. The percentage
of premature failures is indicated in parentheses.

icant effects on dentin bond strength. The triple interaction
“dentin pretreatment” * “adhesive system” * “dentin moisture” (p = 0.1) was not signiﬁcant. The mean cross-sectional
area of tested resin–dentin beams (0.76 mm2 ±0.2) ranged
from 0.71 to 0.84 mm2 with no signiﬁcant differences between
the groups (p = 0.64). Microtensile means (MPa), standard
deviations, pretest failures and fracture pattern distribution for all groups are reported in Table 2. Wet-bonding
SBMP with DMSO/H2 O and DMSO/ethanol pretreatments provided signiﬁcantly higher bond strengths (p < 0.05) compared
to SBMP wet-bonding control group roughly by 45%. Drybonding signiﬁcantly reduced SBMP bond strength by over 40%
(p < 0.05). However, when DMSO/H2 O and DMSO/ethanol pretreatments using SBMP were performed on dehydrated dentin,
signiﬁcantly two-fold higher bond strengths were obtained
compared to the dry-bonding control group (p < 0.05), without signiﬁcant differences between the DMSO-pretreatments.
No signiﬁcant differences in SBMP dentin bond strengths
occurred when DMSO/H2 O or DMSO/ethanol treatments
were used irrespective of dentin condition. No signiﬁcant
differences were observed between SBMP and SU when manufacturer’s instructions using the wet-bonding technique were
followed. Unlike SBMP, dry-bonding had no signiﬁcant impact
on SU bond strength. DMSO/H2 O and DMSO/ethanol pretreatments had no signiﬁcant inﬂuence on SU bond strength irrespective of whether wet or dry-bonding approaches were used.
Mixed failure was the most common fracture pattern. Drybonding produced higher percentages of adhesive failures for
SBMP compared to wet-bonding over 60%, on top of producing a total of 20% pre-test failures. No substantial changes
occurred when both DMSO pretreatments were used with
SBMP under dry and wet conditions, producing similar failure modes to SBMP control. Dry-bonding had no impact on
SU failure modes. Wet-bonding of SU with DMSO/ethanol
produced 20% reduction in adhesive failures compared to control group; dry-bonding with DMSO/H2 O and DMSO/ethanol
reduced approximately 20% and 30%, respectively.

3.2.
CLSM

Hybrid layer micropermeability evaluation using

Representative CLSM images of resin–dentin interfaces are
shown in Fig. 1. All samples presented some degree of ﬂu-

orescein penetration (i.e. micropermeability of water from
the dentinal tubules) along the hybrid layer and/or around
resin tags with differences in the extent of micropermeability levels in accordance with the bonding protocol used.
SBMP wet-bonding (Fig. 1A) produced micropermeability sites
throughout the entire bottom and lower half of the hybrid
layer: ﬂuorescein easily penetrated around resin tags extending throughout the hybrid layer thickness. Porous zones
3–4 m wide immediately below the hybrid layer were identiﬁed. SU (Fig. 1C) produced a similar micropermeability
pattern except that heavy ﬂuorescein deposits around resin
tags extending towards the hybrid layer were more evident.
In general, wet-bonding of SU produced wider ﬂuorescent
bands below the hybrid layer depicting higher micropermeability compared to SBMP, irrespective of dentin pretreatment.
While DMSO/H2 O had no considerable impact on micropermeability levels of wet-bonded SBMP (Fig. 1E), it reduced
the extension of ﬂuorescein deposits for SU in wet-bonding
(Fig. 1G). Conversely, DMSO/ethanol markedly reduced ﬂuorescent sites nearby the hybrid layer for wet-bonded SBMP
and SU: for SBMP (Fig. 1I) ﬂuorescein uptake was limited to
minimal deposits sparsely located mostly around resin tags;
while for SU (Fig. 1K), diffused-scattered ﬂuorescent sites were
observed.
Dry-bonding of SBMP (Fig. 1B) produced extensive ﬂuorescein deposits throughout most of the hybrid layer and
around resin tags forming wide ﬂuorescent bands (roughly
7–10 m). Differently from SBMP, similar levels of ﬂuorescein
uptake in dry-bonded SU (Fig. 1D) and SU control group were
evident, but with reduced ﬂuorescein accumulation around
dry-bonded resin tags. DMSO/H2 O (Fig. 1F) and DMSO/ethanol
(Fig. 1J) pretreatments reduced micropermeability in drybonded SBMP samples, with the latter producing only sparse
ﬂuorescein deposits mainly around resin tags. For dry-bonded
SU interfaces, both DMSO pretreatment solutions generally
reduced the extension of ﬂuorescein bands regardless of
dentin moisture. Micropermeability levels for dry-bonded SU
using DMSO/H2 O (Fig. 1H) were lower than dry-bonded SU
(Fig. 1D). DMSO/H2 O produced comparable results in both wet
and dry dentin; however, DMSO/ethanol (Fig. 1L) reduced ﬂuorescein deposition within the hybrid layer when SU was
applied on dry dentin. Dry-bonding of SU with DMSO/ethanol
produced thin ﬂuorescent bands (1–3 m) several microns
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Fig. 1 – Representative micropermeability confocal laser scanning micrographs of DMSO-treated etched-dentin bonded with
SBMP and SU following wet- and dry-bonding protocols. Sodium ﬂuorescein under simulated pulpar pressure was used as
a tracer solution to evaluate the dentin sealing ability of the proposed bonding protocols.

away from the hybrid layer. Nevertheless, dry-bonding of
SU using DMSO/H2 O and DMSO/ethanol generally produced
higher micropermeability levels compared to the respective
dry-bonded SBMP groups.

3.3.

Nanoleakage evaluation

Representative backscattered SEM micrographs showing the
most common nanoleakage patterns/levels for all groups are
presented in Fig. 2. The distributions of nanoleakage percentages along the hybrid layer for all groups are quantitatively
shown in Fig. 3. All analyzed beams presented silver deposits
within the resin–dentin interfaces. While wet-bonded SBMP
presented few discontinuous areas of reticular silver deposits
mostly located at the base of the hybrid layer (Fig. 2A), dry
bonding produced a signiﬁcant two-fold higher silver uptake
composed mostly of dense reticular deposits along the entire
extension of the bulk of hybrid layer (Fig. 2B). Regardless of
dentin conditions (i.e. dry or wet) prior to bonding, pretreatment with DMSO/H2 O produced similar patterns nanoleakage
levels (Fig. 2E and F) compared to SBMP control group (Fig. 2A)

without signiﬁcant differences in nanoleakage extension. Signiﬁcantly lower silver uptake occurred when DMSO/ethanol
pretreatments were performed on wet (−54%), but especially
on dry dentin (−71%). High-magniﬁcation views of SBMP
DMSO/ethanol specimens revealed the existence of isolated
minor silver grains along the deepest part of the hybrid layer
for both wet and dry bonding protocols (Fig. 2I and J). In general, SU presented signiﬁcantly higher silver uptake when
bonded to acid-etched dentin compared to SBMP. In SU wetbonding control group, spotted silver grains could be identiﬁed
along most of the extension of the hybrid layer with few
areas presenting reticular deposits (Fig. 2C). SU wet-bonded
to DMSO/H2 O pretreated dentin also presented mostly a spotted pattern with sparse reticular silver deposits occupying
most of the bulk of the hybrid layer without signiﬁcant differences in silver uptake compared to SU wet-bonding control
group. Signiﬁcant lower extents of nanoleakage occurred on
dry-bonding with (−22%) and without DMSO/water (−28%)
compared to SU wet-bonding control group. Similar spotted
patterns (Fig. 2H and D) to the SU wet-bonded group (Fig. 2C)
were observed, but with reduced silver grain size and over-
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Fig. 2 – Representative nanoleakage backscattered SEM micrographs of DMSO-treated acid-etched dentin with SBMP and SU
following wet- and dry-bonding protocols. Silver deposits within the hybrid layer depict the formation of porous water-ﬁlled
interfaces.

all density. DMSO/ethanol pretreatment also produced sparse
spotted silver deposits with signiﬁcantly 30% lower nanoleakage expression compared to SU wet-bonding control group,
irrespective of either wet- (Fig. 2K) or dry-bonding protocol
(Fig. 2L).

4.

Discussion

Since the interactions between the tested “dentin pretreatments” containing DMSO and “dentin moisture” (p = 0.005)
had a signiﬁcant impact on dentin bond strength, the ﬁrst
null hypothesis was rejected. In this context, the effects
of “dentin pretreatment” and “dentin moisture” on dentin
bond strength were adhesive-dependent. Both DMSO/H2 O and
DMSO/ethanol pretreatments produced higher bond strengths
irrespective of whether dry- or wet-bonding were performed
when the multi-step etch-and-rinse adhesive was used.
The mechanism in which DMSO-pretreatments affect dentin
bonding is still not yet fully understood. However, DMSO
improves adhesive inﬁltration into demineralized dentin [8]

most likely due to biomodiﬁcation of the collagen matrix
as a result of: (i) increased spacing between the collagen
microﬁbrils [22,25]; (ii) improvement in dentin wettability
[28]; (iii) reduction in water’s self-associative tendency [26];
and (iv) DMSO’s ability to act as a penetration enhancer
[24]. Therefore, DMSO/H2 O dentin pretreatment improved the
monomer-dentin interaction contributing to enhanced bond
strengths as previously presented [8].
The ability to bond relatively hydrophobic adhesives to
dry demineralized collagen matrix in a clinically relevant
time frame is somewhat controversial. According to Raoult’s
law, removal of excess water by evaporation before it has
been mixed with solvated monomers allows rapid residual
water removal [37,38]. Hydrogen bonding between water and
monomers hinders effective water removal by evaporation
[37]. For this reason, the dry-bonding approach used with etchand-rinse adhesives to eliminate water before hybridization
has regained attention as an efﬁcient method to reduce water
afﬁnity of resin–dentin bonds [14,39–41]. The main limitation is that chemical or physical dehydration of demineralized
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Table 3 – Hoy’s solubility parameters of common
solvents used in adhesive dentistry including their
mixtures for the tested pretreatment solutions (v/v),
monomers and collagen in different conditions.
Substance
Water
Ethanol
DMSO
50% DMSO/H2 O
50% DMSO/ethanol
BisGMA
HEMA
Wet collagen
Dry collagen

Fig. 3 – Boxplot of nanoleakage extension (%) within the
hybrid layer of wet- and dry-dentin samples (n = 8) bonded
with SBMP and SU using DMSO solvated in either water
(DMSO/H2 O) or ethanol (DMSO/EtOH) as pretreatments. The
box contains 50% of the data and the middle line of the box
represents the median nanoleakage percentage
distribution. The whiskers extend between the minimum
and maximum value measured. Different capital letters
indicate signiﬁcant differences in nanoleakage percentages
according to Dunn-Bonferroni post-hoc test (p < 0.05).

dentin brings collagen ﬁbrils into contact facilitating hydrogen
bonding between polypeptide chains. This shrinkage phenomenon reduces collagen interﬁbrillar spaces that serve as
diffusion channels for resin inﬁltration. If the air-dried shrunk
collagen matrix is not re-expanded before adhesive application, bonding to dry dentin can be severely jeopardized
[13,14]. This is in agreement with the present results showing that in general dry-bonding of etch-and-rinse adhesives
produce lower microtensile values compared to conventional
wet-bonding. Previous attempts to enable dry-bonding of
etch-and-rinse adhesives to demineralized dentin (e.g. vigorous adhesive application) produced at best comparable bond
strengths to the conventional wet-bonding protocol [40,42].
Nevertheless, the collapse of dried collagen matrix caused
by air-drying can be reversible [13,40] as previously reported
with the use of DMSO-water solutions [28] in a concentration dependent manner. Hoy’s solubility parameters of the
tested pretreatment solutions (Table 3) and their interaction
with wet or dry collagen provide a plausible insight to stablish the ability of treatment solution re-expand collapsed
collagen [13]. To re-expand dried collagen allowing proper
adhesive penetration, interpeptide hydrogen bonding (hydrogen bonding force (ıh ) 14.8 (J/cm3 )½ ) must be broken [13]. 50%
DMSO/H2 O (ıh 26.8) and 50% DMSO/ethanol (ıh 16.6) dentin
pretreatments actively applied for 60 s acted as re-expanding
solutions with higher ıh than air-dried collagen and thus were
likely able to break such hydrogen bonds resulting with matrix
re-expansion [13]. Even though the maximal expansion of
dried dentin organic matrix using 50% DMSO/H2 O is lower
than pure water, the overall re-expansion of collapsed collagen is around 70% [28]. In the present study, higher dentin
bond strengths were obtained for SBMP when air-dried dentin

ıd

ıp

ıh

ıt

12.2
12.6
13.1
12.6
12.8
16.6
13.3
11.8
11.7

22.8
11.2
16.2
19.4
13.7
13.4
12.3
15.3
12.1

40.4
20.0
13.1
26.8
16.6
5.8
15.2
22.5
14.8

48.0
26.1
24.6
35.4
25.0
22.1
23.6
30.1
22.5

Values are in (J/cm3 )½ . ıd —Hoy’s solubility parameter for dispersive forces; ıp —Hoy’s solubility parameter for polar forces; ıh —Hoy’s
solubility parameter for hydrogen bonding forces; ıt —Hoy’s total
solubility parameter.

was pretreated by either one of the DMSO solutions. Biomodiﬁcation of the collagen matrix [8,22] by DMSO pretreatments
containing either water or ethanol improved multi-step etchand-rinse adhesives’ bond effectiveness [8] irrespective of
dentin moisture. Increased and faster dentin wettability with
a fairly modest re-expansion ratio of collapsed collagen [28]
may explain the higher bond strengths. To the best of our
knowledge, production of higher immediate bond strengths
on completely air-dried dentin compared to the conventional
wet-bonding has not been previously presented.
In this new proposed bonding approach, application of
DMSO/ethanol pretreatment-solution for 60 s on either wet
or dry dentin produced higher bond strengths than the
conventional wet-bonding protocol when SBMP was used.
When the amphiphilic DMSO/ethanol pretreatment was performed on wet dentin, ethanol dehydrated the collagen matrix
to some extent contributing to water removal. However,
the presence of remaining DMSO (vapor pressure 0.6 mmHg
at 25 ◦ C) most likely changed the residual water behavior
due to DMSO’s ability to break water self-associative tendency and displace water molecules [26]. In this sense,
the mechanism involved in the DMSO/ethanol wet-bonding
protocol aggregates water displacement when compared
to the original ethanol-wet bonding technique, certainly
making water replacement/displacement more effective in
a relatively short application period. In addition, DMSO
competes with water molecules in collagen interpeptide
hydrogen bonding [26] and increases collagen interﬁbrillar
spacing [25]. The triple-helical collagen molecules are covered with bound water [43], which limits the interaction
of hydrophobic crosslinking monomers with collagen. The
oxygen atom in DMSO hydrogen bonds with two [26] or
three [44] water molecules, while the methyl groups form a
hydrophobic end displacing water from demineralized collagen matrix [28]. Therefore, DMSO may disrupt this layer
of water and improve the interaction between collagen and
hydrophobic monomers irrespective of the vehicle used in the
pretreatment solutions. Indeed, DMSO improves resin inﬁltration [8] and bond strength [8,22], as shown also in this
study.
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SU is a universal etch-and-rinse adhesive containing
ethanol and silane in addition to water having part of
the original dimethacrylate monomers substituted by the
functional monomer 10-methacryloyloxydecyl dihydrogen
phosphate (10-MDP). This invariably reduces the overall availability of hydrophobic dimetacrylates crosslinking monomers.
Although adhesives with higher crosslinking rates present
improved mechanical properties [45], no signiﬁcant differences in dentin bond strength were observed between SBMP
and SU wet-bonded control groups. This is supported by previous ﬁndings [46] suggesting that universal adhesives should
not perform differently from previous generations of etchand-rinse adhesives, at least in immediate conditions. Unlike
SBMP, dry-bonding did not reduce SU bond strength which
is in accordance with previous studies [47,48]. The longer
application time of SU (10 s for SBMP vs. 20 s for SU) apparently produced re-expansion of collagen ﬁbrils by the water
present in the adhesive composition producing similar immediate bond strengths to wet-bonded samples. Even though
SBMP presented higher bond strengths irrespective of dentin
moisture for both pretreatments, DMSO pretreatments had
no signiﬁcant effect on immediate bond strength of SU. Similarly, it has been reported that the immediate bond strength
of a simpliﬁed etch-and-rinse adhesive was not affected by
the same DMSO/H2 O pretreatment [31]. Normally, diffusion
of high molecular weight monomers across the extension of
demineralized dentin is deﬁcient [49]. For instance, the absolute molar concentration of BisGMA at the middle of the hybrid
layer is only about 10% of the expected concentrations in an
ideally inﬁltrated hybrid layer [50]. Since DMSO is an effective
penetration enhancer [24], it possibly improved BisGMA diffusion across the hybrid layer contributing to polymer chain
crosslinking contributing to higher bond strengths for SBMP.
Due to reduced availability of crosslinking dimetacrylates
monomers in SU, solely favoring their penetration with DMSO
limited the improvement of bond strength to the same extent
as in SBMP. Reduction of ﬂexible poly-HEMA gel formation
in deeper portions of the hybrid layer [49,51] was most likely
not as efﬁcient which might explain similar bond strengths in
SU treated and untreated groups. More studies using Raman
spectroscopy and nanoindentation should be performed to
evaluate the monomer composition and mechanical properties of DMSO-treated hybrid layer.
The presence of excess water during dentin hybridization increases the formation of hydrogels at the HEMA-rich
lower half of hybrid layer [49,50] resulting in water permeable resin–dentin interfaces. Silver [36] and ﬂuorescein [34,35]
deposition on the bonded interface reﬂected the presence of
such water-rich zones revealing inconsistent resin-inﬁltration
of demineralized collagen in both adhesives. While nanoleakage analyses in SEM permits a precise interpretation with
higher resolution images of the silver deposition within the
microporosities at the hybrid layer, micropermeability provides an indication of the relative sealing of the bonded
interface [52,53]. Moreover, using a water-based ﬂuorescein
tracer solution under simulated pulpar pressure and CLSM for
micropermeability assessment allows direct ﬂuid movement
visualization with minimal specimen preparation reducing
possible artifacts [53]. Since the extension of ﬂuorescein and
silver deposition along the bonded interface of SBMP and SU
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samples was affected by dentin moisture and the DMSO solutions used, the second null hypothesis was rejected. While
dry-bonding severely compromised the sealing ability of SBMP,
no negative effects were observed on SU. However, DMSO
pretreatments reduced micropermeability and nanoleakage
levels for both adhesives, reducing the extension of the porous
water-rich poorly impregnated resin layer immediately below
the hybrid layer even when dry-bonding was performed.
The vehicle used for DMSO application also had an impact
on micropermeability and nanoleakage levels: DMSO/ethanol
pretreatment produced the lowest leakage levels irrespective
of the adhesive used, especially in dry-bonding. Extensive
air-drying followed by application of DMSO/ethanol solution
invariably reduced the amount of water present at the hybrid
layer and produced a favorable dentin bonding substrate.
Therefore, the combination of residual water evaporation by
extensive air drying and DMSO/ethanol pretreatment seems
to be a highly promising method to reduce microporosities
at the hybrid layer irrespective of dentin moisture condition.

5.

Conclusion

This study presents compelling evidence that residual water
removal from resin–dentin interfaces of simpliﬁed and threestep etch-and-rinse adhesives may be possible by air drying
in a clinically realistic time frame without compromising – bonding effectiveness. Furthermore, DMSO/H2 O and
DMSO/ethanol pretreatments on either dry or wet dentin
improved resin–dentin interfaces by increasing SBMP bond
strength and reducing overall nanoleakage and micropermeability levels of both SBMP and SU bonded interfaces.
The proposed DMSO-pretreatments may have potential beneﬁts on the etch-and-rinse bonding mechanism producing
improved hybrid layers with reduced defective and vulnerable
degradation sites irrespective of whether dry- or wet-bonding
techniques are employed.
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