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Objectives: This study determined the effect of the air-stream application time and the
bonding technique on the dentin bond strength of adhesives with different solvents.
Furthermore, the content and volatilization rate of the solvents contained in the
adhesives were also evaluated. Materials and Methods:Three adhesive systems with
different solvents (Stae, SDI, acetone; XP Bond, Dentsply De Trey, butanol; Ambar, FGM,
ethanol) were evaluated. The concentrations and evaporation rates of each adhesive
were measured using an analytical balance. After acid-etching and rinsing, medium
occlusal dentin surfaces of human molars were kept moist (conventional) or were
treated with 10% sodium hypochlorite for deproteinization. After applying adhesives
over the dentin, slight air-stream was applied for 10, 30 or 60 sec. Composite cylinders
were built up and submitted to shear testing. The data were submitted to ANOVA and
Tukey's test (a = 0.05). Results: Stae showed the highest solvent content and Ambar
the lowest. Acetone presented the highest evaporation rate, followed by butanol. Shear
bond strengths were significantly affected only by the factors of ‘adhesive’ and ‘bonding
technique” (p < 0.05), while the factor ‘duration of air-stream” was not significant.
Deproteinization of dentin increased the bond strength (p < 0.05). Stae showed the
lowest bond strength values (p < 0.05), while no significant difference was observed
between XP Bond and Ambar. Conclusions: Despite the differences in content and
evaporation rate of the solvents, the duration of air-stream application did not affect
the bond strength to dentin irrespective of the bonding technique. (Restor Dent Endod
2015;40(3):202-208)
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Introduction

Even with the evolution of adhesive systems in recent decades, the establishment
of a predictable bonding interface for dentin tissue has remained a challenge for
clinicians." Although the self-etching adhesive systems have gained popularity, etch-
and-rinse adhesives remain as suitable option for adhesive procedures in clinical
practice. For etch-and-rinse adhesives, phosphoric acid is applied before the adhesive
system, partially removing the mineral content of the dentin tissue to expose the
collagen mesh.“* Subsequently, the dentin is kept moist after acid removal to prevent
the collapse of the collagen mesh and to allow for the penetration of the adhesive
resin.>® Volatile organic solvents are added to the primer/adhesive to permit its
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penetration into the moist collagen mesh to produce hybrid
layer.”* These solvents also facilitate water evaporation
from the dentin, allowing for adhesive polymerization.®

Proper adhesive polymerization results in improved
mechanical properties of the adhesive layer, increasing
the bond strength. In addition to water removal from the
dentin tissue, the elimination of solvent from the adhesive
layer is also an important step for proper polymerization
of the adhesive.™"" Clinically, an air-stream is used
to facilitate solvent removal from the adhesive layer.
However, solvents presenting different volatilities can also
be added to adhesives in concentrations varying from 30%
to 80%."%" Thus, it is reasonable to assume a positive
correlation between the time of air-stream application and
the volatility and concentration of solvents.”* However,
few studies have evaluated possible correlations between
these factors.

Furthermore, alternative techniques have been proposed
to reduce the sensitivity of adhesive procedures to the
moisture in demineralized dentin and to solvent content.
The dentin deproteinization technique was initially
developed to reduce the discrepancy between the depths
of acid etching performed and subsequent penetration of
the adhesive resin." Sodium hypochlorite (NaOCL) solution
is applied over the demineralized dentin to remove the
non-encapsulated collagen, improving the stability of
hybrid layer."® Recently, it was demonstrated that dentin
deproteinization could reduce the dependence on the
solvent content of the adhesive in bonding procedures.®
Thus, the aims of this in vitro study were to measure the
content and volatilization rate of solvents contained in
commercial adhesives, and to evaluate the effects of the
duration of air-stream application on bond strength to
dentin, using a conventional or deproteinization technique.
The hypotheses tested were that adhesive containing
more volatile solvents would require shorter durations of
air-stream application to obtain higher values of bond
strength, and the dentin deproteinization would decrease
the dependency on solvent removal to reach proper bond
strength values.

Solvent volatilization and bond strength to dentin

Materials and Methods
Study design

This investigation was conducted using a 2 x 3 x 3
factorial study design to evaluate the factors of ‘bonding
technique” at two levels (conventional or deproteinization),
‘duration of air-stream’ at three levels (10, 30 or 60
seconds) and ‘adhesive system’ at three levels (Stae, SDI,
Bayswater, Victoria, Australia; XP Bond, Dentsply De Trey,
Konstanz, Germany; Ambar FGM, Joinville, SC, Brazil).
The manufacturers and compositions of the adhesives are
described in Table 1. The solvent content of each adhesive
and its evaporation rate were evaluated in a precision
balance (n = 3). The bond strength of the adhesive applied
to water-wet (conventional technique) or deproteinized
dentin was evaluated by the shear bond strength test,
followed by failure mode analysis (n = 7). This study was
approved by the local Research Ethics Committee (protocol
#606.376,/2014) of Federal University of Sergipe, Brazil.

Content and evaporation rate of the solvents

One drop of each adhesive was dispensed on an analytical
balance (JEX-200, YMC Co. Ltd., Kyoto, Japan) to determine
the solvent content of the adhesives and the evaporation
rate of each solvent. The mass of an adhesive drop was
recorded at 5 seconds intervals until it reached equilibrium
at room temperature. Equilibrium was established when no
significant mass alteration was measured after 1 minute. In
this time, the solvent content was determined as the ratio
between the final and initial weights, according to the
following formula:

N Final weight
Solvent content (in %) = 100 x Tritial weight

To determine the average evaporation rate, the solvent
loss (100% solvent content) was divided by the time
required to achieve equilibrium (time when the last mass

Table 1. Manufacturers and compositions of the adhesives used in this study

Adhesive Manufacturer Composition*
Stae SDI, Bayswater, Acetone, water, proprietary hydrophilic/hydrophobic monomer,
Victoria, Australia HEMA, photoinitiators, coinitiators, stabilizers
Dentsply De Trey, PENTA, TCB, HEMA, TEGDMA, UDMA, tert-butanol, nanofiller,
XP Bond o o rs
Konstanz, Germany photoinitiators, coinitiators, stabilizers
Ambar FGM, Joinville, UDMA, HEMA, acid methacrylated monomers, hydrophilic methacrylated monomers,

SC, Brazil

ethanol, water, silica nanofiller, photoinitiators, coinitiators, stabilizers

*Information provided by the manufacturer. HEMA, 2-hydroxyethyl methacrylate; PENTA, dipentaerythritol penta acrylate
monophosphate; TCB, butan-1,2,3,4-tetracarboxylic acid di-2-hydroxyethylmethacrylate ester; TEGDMA, triethylene glycol

dimethacrylate; UDMA, urethane dimethacrylate.
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alteration occurred). The solvent content and evaporation
rate were measured in triplicate. No air-stream was applied
over the adhesive drop during the measurement that
was performed under controlled temperature (25C) and
humidity (around 60%) conditions.

Bond strength

One hundred twenty-six non-carious human third molars,
stored in 0.05% thymol saline solution at 4C, were
used in this study (Figure 1). Two parallel sections were
created using a slow-speed saw (Extec Corp., Enfield,
CT, USA) to expose a flat occlusal dentin surface and to
remove the roots. The surfaces were inspected with an
optical stereomicroscope at x40 magnification to ensure
the absence of enamel sites. The samples were placed in
acrylic resin cylinders to facilitate handling, and the dentin
surfaces were wet-polished with 600 grit silicon carbide
paper for 1 minute to standardize the smear layer.

The dentin was etched with 37% phosphoric acid for 15
seconds, followed by rinsing with water for 10 seconds.
Samples were randomly allocated to one of following
bonding techniques:

- Conventional: Excess water was removed using absorbent

paper, leaving the dentin surface slightly moist.

Bonding technique

Conventional (n = 63)

Deproteinization (n = 63)

Adhesive system

— XP Bond (n = 21)

— Stae (n =21)

— Ambar (n = 21)

— Stae (n=21)

— Ambar (n = 21)

Restorative Dentistry & Endodontics RD E

- Deproteinization: 5% NaOCl (pH = 12) was applied
over the dentin. After 1 minute, the dentin surface was
rinsed with water for 10 seconds and then dried with an
air-stream.

For each bonding technique, one of the adhesives
evaluated were applied on the dentin surface using a
micro-brush applicator. An air-stream was placed 10 cm
from the dentin surface and was applied for 10, 30 or 60
seconds. Subsequently, the adhesives were light-cured for
25 seconds with a light-emitting diode curing unit (Radii
Cal, SDI, Bayswater, Victoria, Australia). Elastomer molds
with two cylindrical orifices (1.0 mm in diameter x 2.0
mm in thickness) were placed onto the dentin substrate,
and the cylinders were filled with Opallis flow resin (FGM,
Joinville, SC, Brazil). The composite was light-cured for 25
seconds, the molds were removed, and the samples were
stored in distilled water at 37°C for 24 hours.

For the shear bond strength test, a stainless steel wire
(0.2 mm in diameter) was looped around each cylinder
and aligned with the bonded interface. The test was
conducted on a mechanical testing machine (Microtensile
0M100, Odeme Dental Research, Joacaba, SC, Brazil) at a
crosshead speed of 0.7 mm/min until failure. Shear bond
strength was calculated considering the area of bonding
interface and was expressed in MPa. Fractured specimens

Duration of air-stream application
— 10 sec (n=7)
— 30 sec (n=7)
— 60 sec (n=7)
— 10 sec (n=7)
— 30 sec (n=7)
— 60 sec (n=7)
— 10 sec (n=7)
— 30 sec (n=7)
— 60 sec (n=7)

— 10 sec (n=17)

— XP Bond (n = 21) —— 30sec (n=7)

— 60 sec (n=17)
— 10 sec (n=7)
=t 30 sec (n=7)
— 60 sec (n=7)
— 10 sec (n=17)
=T 30sec(n=7)
— 60 sec (n=17)

Figure 1. Allocation of the teeth for experimental conditions in a 2 x 3 x 3 factorial study design.
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were observed under magnifications of up to x500 on an
optical microscope to classify the failure mode into Type I,
adhesive failure, Type II, mixed failure with more than 50%
adhesive, and Type III, mixed failure with less than 50%
adhesive.

Statistical analysis

Data on solvent content and volatilization rate were
individually submitted to one-way analysis of variance
(ANOVA) and Tukey's post-hoc test. Data on bond strength
were analyzed by three-way ANOVA (adhesive x time of air-
stream x bonding technique) and Tukey’s post-hoc test.
The significance level was set to a = 0.05 for all analyses.
Data analysis was performed using the SigmaStat statistical
software package version 3.5 (Systat Software Inc.,
Chicago, IL, USA).
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Figure 2. Box-plot graph for the results of solvent
content. Different letters indicate significant differences
(p < 0.05).

Table 2. Shear bond strength values in MPa

Solvent volatilization and bond strength to dentin

Results

ANOVA showed significant effects for adhesive regarding
the solvent content (p < 0.001). Stae showed the highest
and Ambar the lowest solvent concentrations, while XP
Bond presented intermediate values (Figure 2). Regarding
the evaporation rate, ANOVA also showed significant
effects for adhesive (p < 0.001). The results of the
evaporation rates are presented in Figure 3. Stae (acetone)
demonstrated the highest evaporation rate among the
adhesives evaluated, followed by XP Bond (butanol). Ambar
(ethanol) showed the lowest evaporation rate value.

For shear bond strength, three-way ANOVA showed
significant effects only for the factors of ‘adhesive’ (p <
0.001) and ‘bonding technique” (p = 0.013), while the
factor ‘duration of air-stream’ was not significant (p =
0.463). The interaction effects among the factors were not
significant. The results are displayed in Table 2. The XP

2.0
1.8 A
1.6
1.4
1.2
1.0
0.8
0.6 -
0.4 1 B

0.2 1 1 C
0.0

Evaporation rate (in %/s)

Stae XP Bond Ambar

Figure 3. Box-plot graph for the results of evaporation
rate. Different letters indicate significant differences (p <
0.05).

Duration of

Bonding . Adhesive system
. air-stream Pooled average
technique . .
application XP Bond Ambar Stae

10 sec 39.9 (23.7 - 56.2) 36.2 (28.7 - 43.7) 28.7 (15.0 - 42.4)

Conventional 30 sec 46.2 (30.0 - 62.4)  46.2 (35.0 - 56.2)  35.0 (27.5 - 42.4)  37.5 (33.7 - 41.2)°
60 sec 46.2 (32.5- 61.2)  25.0 (17.5-31.2)  33.7 (18.7 - 48.7)
10 sec 46.2 (38.8 - 53.7)  49.9 (43.7-56.2)  42.4 (27.5 - 57.4)

Deproteinization 30 sec 46.2 (2.5 - 4.9) 54.9 (41.2 - 67.4)  26.2 (20.0 - 58.7)  43.7 (39.9 - 47.4)"
60 sec 46.2 (2.5 - 4.9) 49.9 (39.9 - 61.2)  31.2 (18.7 - 42.4)
( )

Pooled average 44.9 (39.9 - 49.9)"

43.7 (38.7 - 48.7)"

32.5 (27.5 - 37.5)"

For pooled averages, distinct superscript letters indicate significant differences (p < 0.05).
The shear bond strength values are presented in mean values and 95% confidence intervals in parentheses.
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10 sec
30 sec
60 sec

XP Bond

10 sec
30 sec
60 sec

Conventional Ambar

10 sec
Stae 30 sec
60 sec
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10 sec

XP Bond 30 sec

60 sec

10 sec

Deproteinization

Ambar 30 sec

60 sec

10 sec
Stae 30 sec
60 sec

Bl Typel

[ | TypeII

[ Type I1I

Figure 4. Distribution of failure modes among the experimental conditions. Except for Stae, dentin deproteinization
reduced the number of Type I failures and increased the number of Type III failures. Type I, adhesive failure; Type II,
mixed failure with more than 50% adhesive; Type III, mixed failure with less than 50% adhesive.

Bond and Ambar adhesives showed similar bond strength
values that were superior to that of Stae (p < 0.05). The
deproteinization technique showed higher bond strength
than the conventional technique (p < 0.05). The failure
modes are described in Figure 4.

Discussion

The Stae acetone-based adhesive presented the highest
solvent content, while the Ambar ethanol-based adhesive
showed the lowest solvent concentration. Acetone-based
adhesives commonly contain elevated solvent content
due to the higher volatility of the acetone compared
to other solvents used for dentin adhesives. Acetone
presents relatively high vapor pressure (184.3 mmHg at
207C), as confirmed by the highest evaporation rate values
measured for Stae.”” Interestingly, the vapor pressure of

206 www.rde.ac

ethanol (43.7 mmHg at 207C) is almost 10 folds greater
than that of butanol (4.9 mmHg)."® However, the butanol-
based adhesive (XP Bond) presented a higher evaporation
rate than the ethanol-based adhesive (Ambar). It was
demonstrated that the addition of water to ethanol as a
co-solvent increased the retention of both solvents due
the formation of hydrogen bonding of these solvents with
monomers, which could explain the lowest evaporation rate
observed for Ambar and, consequently, the reduced solvent
content.’

Considering the differences found among the evaporation
rates, it was expected that longer durations of air-stream
application would result in higher values of bond strength
for adhesives presenting less volatile solvents. However, the
duration of air-stream application did not affect the bond
strength to dentin of any of the adhesives. Thus, the first
hypothesis of the study was rejected. The manufacturers

http://dx.doi.org/10.5395/rde.2015.40.3.202
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of adhesives recommend air-stream application for times
shorter than 10 seconds, which was the shortest time
used in the present study. It has been demonstrated that
longer durations of air-stream application removed greater
amount of solvents from adhesive layers.”” Based on the
results of this study, it seems possible that additional
solvent removal by increasing the duration of the air-
stream may not affect the immediate bond strength to
dentin. However, it is important to emphasize that the
reduction of the solvent in the adhesive layer can affect
bonding stability, although no aging of the bond interface
was evaluated in the present study.’

Another outcome of this study was that Stae presented
the lowest values of bond strength to dentin compared
to the other adhesives evaluated. The main differences
among the adhesives evaluated were related to their
solvent content. Stae presented 2 folds and 4 folds more
solvent than XP Bond and Ambar, respectively. Similar
to Ambar, Stae also contains water as a co-solvent.
However, different from ethanol, acetone does not form an
azeotropic mixture with water.?” In the azeotropic mixture
between ethanol and water, volatile ethanol evaporates
more rapidly until reaching its azeotrope, when both
ethanol and water present the same speed of volatilization.
Thus, in the absence of an azeotropic mixture, the acetone
evaporated rapidly, with large amount of water remaining
in the adhesive layer. It has been demonstrated that the
presence of residual solvent reduces the cohesive strength
of the adhesive layer.”* Thus, possible higher water content
remaining in the Stae might explain the results observed
for bond strength testing.

Finally, dentin deproteinization increased the bond
strength to dentin. However, similar to the conventional
technique, the duration of air-stream application did not
affect the bond strength when dentin deproteinization
was performed. Thus, the second hypothesis of the study
was also rejected. Interestingly, despite that ANOVA
did not show significant effect for interaction between
bonding technique and adhesive, only the Ambar showed
higher values of bond strength for dentin deproteinization
irrespective of the duration of air-stram. A previous study
demonstrated that dentin deproteinization improved
the values of bond strength for ethanol-based adhesives
presenting low solvent content.” Adhesives with low
solvent content (Ambar is around 10%) presents higher
viscosity, which might impair their penetration into
collagen mesh of etched dentin.” In the deproteinization
technique, the collagen mesh exposed by acid etching is
removed with a NaOCl solution, whereas the bond strength
seems to be provided mainly by presence of resin tags.”
Due to the large diameter of the tubules, the adhesive
penetration into dentin tubules can occur even when more
viscous adhesives are used, favoring the values of bond
strength for Ambar."

http://dx.doi.org/10.5395/rde.2015.40.3.202

Solvent volatilization and bond strength to dentin

Despite the highest values of bond strength being
observed with dentin deproteinization, the results of the
present study demonstrated that increasing the duration
of air-stream application did not affect the bond strength
of 2-step etch-and-rinse adhesives to dentin, irrespective
of the solvent content or volatilization rate. However, the
outcomes of present study must be carefully interpreted
once that the stability of bonding interface was not
evaluated in the present study.

Conclusions

The solvent concentrations and volatilization rates
differed from the type of solvent contained in the adhesive.
However, the application time of air-stream did not affect
the bond strength to dentin irrespective of the solvent
type used in the adhesive.
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