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Objectives  To evaluate the effect of different artificial aging methods on the bond 
strength of a resin composite associated with a universal adhesive (Scotchbond 
Universal) used under two etching approaches (self-etch [SE] or etch-and-rinse [ER]) 
to enamel and dentin substrates. 
Materials and Methods  A total of 96 noncarious human third molars were prepared 
and randomly divided according to three factors ( n  = 6): substrate (enamel and dentin), 
adhesive approach (SE and ER), and aging method (water storage for 24 hours, 
6 months, or 1 year; subjected to 10,000, 20,000, or 30,000 thermal cycles; and 
sodium hypochlorite [NaOCl] storage for 1 or 5 hours). 
Statistical Analysis  Microshear bond strength tests were conducted, and the col-
lected data (MPa) were subjected to three-way analysis of variance (ANOVA) with 
post hoc Bonferroni tests ( p  < 0.05) and Weibull analysis. The failure pattern was also 
evaluated. 
Results  Three-way ANOVA revealed that the factors “substrate” ( p  = 0.00) and 
“aging method” ( p  = 0.00) had a significant effect on the bond strength, but the factor 
“adhesive approach” did not ( p  = 0.84). The bond strength in the enamel group for the 
SE approach was negatively affected under 20,000 and 30,000 thermal cycles. Weibull 
presented the highest  m  in the NaOCl storage for the 5 hours group to enamel using 
the SE and to dentin using ER approaches. Adhesive/mixed failures were predominant 
for all groups. 
Conclusion  Thermocycling aging (20,000 and 30,000 cycles) significantly reduced 
the bond strength to enamel using the SE approach. On the contrary, storage with 
the NaOCl method proved to increase bond strength under the evaluated conditions. 
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            Introduction 
 Human enamel and dentin tissues present clear differ-
ences regarding their micromorphology and the balance of 
organic and inorganic contents, which consequently result 
in different performance of adhesive systems onto such 
tissues.   1,2   The interface between the resin composite and the 

cavity walls is the most critical region in bonded restorations. 
Unprotected collagen depleted fibrils   3   and chemical hydro-
lysis of the ester bonds are considered the main reasons for 
hybrid layer degradation. These processes occur concomi-
tantly and definitively contribute to reducing bond strength 
over time.   4
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The newest universal adhesives enable dentists to apply 
the adhesive following a self-etch (SE), etch-and-rinse (ER), 
or an alternative selective enamel etching approach. The lat-
ter is an association of an ER approach onto enamel and the 
SE approach to dentin.5 Universal adhesives in the literature 
are described as a single-bottle and no-mix adhesive system 
which performs satisfactorily using any adhesion strategy 
and to any substrate considering the restorative dentistry 
scenario (dental tissues, as well as different direct or indirect 
restorative materials).6

In vitro aging methods have been considered a must in any 
laboratorial adhesion study, as they may help the researchers 
better understand and predict the performance of adhesives 
systems concerning bonding degradation.7 Thus, microshear 
bond strength testing (μSBS) values may represent valu-
able information concerning the influence of different aging 
methods on bond strength. Different aging methods such 
as storage in water,4 thermocycling,8 and storage in sodium 
hypochlorite (NaOCl) solution,9 as well as associations 
between them10 have been applied to predict the clinical 
behavior and its repercussions on the bonding efficacy in the 
long term of the adhesive systems.11,12 Despite these studies, 
comparisons and guidance to which is the best in vitro aging 
method for these objectives are lacking.

Aging by storage in water commonly uses immer-
sion of the samples in distilled water at 37°C from 3 to 
12 months13 to partially simulate the oral environment 
conditions. Moreover, 10,000 to 30,000 cycles8 are used 
in the thermocycling method, in which hot and cold water 
intermittently can stimulate the hydrolysis of unprotected 
collagen fibrils by repetitive contraction/expansion stress, 
resulting in gap propagation along the adhesive interface, 
thereby allowing water and pathogenic oral fluid penetra-
tion.14,15 The storage method in 10% of NaOCl solution from 
1 to 5 hours10,15 uses the nonspecific proteolytic effect prop-
erties of the hypochlorite to degrade the organic resin and 
tooth interface components (as unprotected collagen fibrils) 
to simulate the aging effect.9,10,15

Thus, based on the limited information in the current 
literature comparing distinct aging methods and its effect 
on enamel and dentin, the present study aimed to evaluate 
and compare the effect of different artificial aging meth-
ods on the bond strength of composite resin restorations 
associated with a universal adhesive under μSBS. The null 
hypothesis is there would not be differences regarding the 
different aging methods in promoting interfacial bond  
degradation.

Materials and Methods
Study Design
This in vitro study was approved by the local ethics com-
mittee in research (protocol number 2.054.447, CAAE  
67687417.9.0000.5346). A total of 96 noncarious and 
crack-free human third molars were collected from an insti-
tutional teeth bank up to 3 months after extraction by clini-
cal indications. The teeth were stored in 0.5% chloramine-T at 
37°C during 7 days to disinfection, since it has no influence 
on bond strength.16

Specimen Preparation
The roots were cut off and the crowns were mesiodistally 
sectioned using a low-speed water cooled diamond saw in a 
cutting machine (Labcut 1010, ExtecInc, Enfield, Connecticut, 
United States). The sections were embedded in PVC rings 
with self-curing acrylic resin (JET, Classico Art Od, São Paulo, 
Brazil). The thickness of smear layer was standardized by 
using a 600-grit silicon carbide paper for 1 minute in a cir-
cular mechanical polishing machine (EcoMet 250; Buehler, 
Lake Bluff, Illinois, United States) under water irrigation.17

Approved samples were then randomized and divided 
into 32 groups (n = 6) according to three factors: “adhesive 
approach” (2): ER and SE; “substrate” (2): enamel and dentin; 
and “aging methods” (8): water storage at 37°C for 24 hours 
(W24h as control group), 6 (W6m), 12 months (W12m); 
thermocycling in 10,000 (T10,000), 20,000 (T20,000), or 
30,000 (T30,000) cycles; and 10% NaOCl storage for 1 (SH1h) 
and 5 hours (SH5h) as described in ►Table 1.

Bonding and Restoration Procedures
A universal adhesive (Scotchbond Universal—3M ESPE Dental 
Products; St. Paul, Minnesota, United States) using SE and 
ER approaches was applied according to the manufacturer’s 
instructions to enamel and dentin (►Table  2). Next, three 
starch tubes (Renata; PastificioSelmi, Londrina, Parana, 
Brazil) of 1 mm height and 0.96 mm internal diameter hole 
were positioned on mesial, central, and distal thirds over 
each substrate before adhesive photocuring, as is described 
by Tedesco et al (2013).18 A light-emitting diode (Emitter D—
Shuster Eq. Od. Ltd, Santa Maria, Brazil) with 900 mW/cm2  
light output was used to light activate the adhesive for 
10 seconds, and then, a resin composite (Filtek Z350 XT 
shade A2; 3M ESPE Dental Products) was used to fill in the 
starch tubes, followed by light activation using the same light 
unit for 20 seconds.

Table 1   Experimental design

Study factors

Adhesive 
approach

Substrate Aging method

W24h W6 m W12 m T10,000 T20,000 T30,000 SH1 h SH5 h

Etch-and-rinse Dentin Samples prepared and immediately 
stored in distilled water at 37°C for  
24 h, 6 mo, or 12 mo before testing
For the longer periods (6 and 12 mo), 
water was changed weekly

Samples thermocycled 10,000; 
20,000; or 30,000 times at 5–55°C  
for 30 s each batch, 5 s of transfer 
time, before testing

Samples kept immersed 
in 10% NaOCl solution at 
room temperature for  
1 or 5 h, before testing

Enamel

Self-etch Dentin

Enamel
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Finally, the samples were stored for 24 hours in distilled 
water at 37°C, and the starch matrix was removed with air–
water spray. The enamel/resin and dentin/resin interfaces 
were examined using a stereomicroscope at ×10 magnification 
(Discovery V20, Zeiss; Oberkochen, Germany), and speci-
mens which presented interfacial defects such as bubbles or 
voids were substituted.

Microshear Bond Strength Test
After the aging process, the μSBS tests were executed using 
the wire loop technique19 with a 0.2-mm stainless steel wire 
attached to a specific device in a universal testing machine 
(EMIC DL 1000; Instron, S.J. Pinhais, Brazil). Shear load was 
applied at a crosshead speed of 1.0 mm/min with cell of 1 kN 
until failure of the bonded restoration. Caution was taken 
for the parallelism between the wire, the load cell, and the 
adhesive-resin interface, as well as to make the load applica-
tion as close as possible to the bond interface.

Failure Analysis
The failed specimens were examined by a trained and blinded 
single operator in a stereomicroscope (Discovery V20, Zeiss) 
at ×40 magnification to determine the failure mode, which 
was categorized as adhesive/mixed, cohesive in enamel/den-
tin, or cohesive in resin composite.

Statistical Analysis
All statistical tests were performed at OriginPro 2015 
(OriginLab Co.; Northampton, Massachusetts, United States) 
with a significance level of 5%. The bond strength result in MPa 
was considered as the measuring unit for each sample. Thus, 
after assuring parametric data distribution (Shapiro–Wilk’s 
test), the three-way analysis of variance (ANOVA) was used 
for the factors “adhesive approach,” “substrate,” and “aging 
method.” Multiple comparisons were tested with post hoc 
Bonferroni. In addition, a Weibull statistical analysis using 
the maximum likelihood method was run to obtain the shape 
(Weibull modulus—m) parameter for each condition.20,21 
The Weibull modulus is a measure of the variability of the 

results,22 where a low value of m indicates a wide scatter of 
results, while a high value of m indicates a close grouping of 
fracture stress values. Thus, the value of m can be interpreted 
as giving an indication of the dependability of the material.23

Statistical differences of Weibull parameters were 
detected by maximum likelihood estimation (absence of 
overlap of 95% confidence intervals).

Results
The μSBS expressed in MPa and standard deviations are 
summarized in ►Table  3. Three-way ANOVA for repeated 
measures revealed that the factors “substrate” (p = 0.00) and 
“aging method” (p = 0.00) had significant effects on bond 
strength. Meanwhile, the factor “adhesive approach” (SE or 
ER) did not (p = 0.84). The triple interaction (adhesive  sub-
strate  aging method) also did not present a statistically sig-
nificant effect (p = 0.86). The “in pairs” interactions revealed 
a significant effect on the comparisons of “substrate” × “aging 
method” (p = 0.01), and the “adhesive approach” × “aging 
method” (p = 0.00).

The results showed that the different aging methods pro-
moted distinct results for each approach of adhesive and 
substrates. The bond strength in the enamel group using the 
SE approach under 20,000 (7.00 MPa) and 30,000 (8.26 MPa) 
thermal cycles was negatively affected in comparison with 
the control group (W24h) (12.02 MPa). Six months of water 
storage using the SE adhesive approach for both substrates 
affected the bond strength less using 20,000 thermal cycles. 
The opposite happened when the ER approach was used, in 
which water storage for 6 months affected the bond strength 
more than the 20,000 thermal cycles and storage in hypo-
chlorite regardless of the time.

►Table  4 summarizes the Weibull distribution present-
ing the highest m in the SH5h group for ER (5.42) to dentin, 
while the highest m to enamel was presented for the W24h 
group (5.48), also using the ER approach. The probability 
plot regarding failure over time for enamel and dentin is 
presented separately for each aging method (►Fig. 1A–C). It 
was noticed that the NaOCl aging presented more predictable 

Table 2   Materials used in this study—application procedure

Material Manufacturer Composition Usage approach

SE approach Etch-and-rinse approach

37% phosphoric 
acid

Condac 37—FGM, 
Joinville, SC, Brazil

37% phosphoric acid, filler,  
pigment and deionized water

– 1. Apply phosphoric acid gel 
for 20 s
2. Rinse with water
3. Dry with cotton pellets

Adhesive 
system

Scotchbond 
Universal—3M ESPE 
Dental Products,  
St. Paul, Minnesota, 
United States

2-HEMA, 10-MDP, phosphate 
monomer, dimethacrylate resins, 
methacrylate-modified,  
polyalkenoic acid copolymer, filler, 
ethanol, water, initiators, silane

1. Actively apply the  
adhesive to the prepared 
tooth for 20 s
2. Gently air-dry for 5 s
3. Light activated for 10s

1. Steps 1 to 3 of the above cell
2. Apply adhesives as 
described in the SE approach
3. Light activated for 10 s

Resin 
composite

Filtek Z350—3M 
ESPE Dental 
Products

Silica 20 nm, zirconia 4–11 nm,  
Bis-GMA, Bis-EMA, UDMA, 
TEGDMA

1. Apply two increments of resin composite
2. Light activated for 20 s after each increment

Abbreviations: 2-HEMA, 2-hydroxyethyl methacrylate; 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; Bis-EMA, bisphenol A polyethylene 
glycol dimethacrylate; Bis-GMA, bisphenol A glycidyl dimethacrylate; SE, self-etch; TEGDMA, triethylene glycol dimethacrylate; UDMA, urethane 
dimethacrylate.
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results in both substrates, since the confidence interval was 
higher than the other aging methods.

Adhesive/mixed failures were predominant for all groups, 
regardless of the substrate, adhesive, or aging methods 
(►Table 5).

Discussion
This study focused on testing and comparing the effects of 
different aging methods on the bond strength of a universal 
adhesive using SE and ER approaches to dentin and enamel 
substrates. In vitro studies of bond stability associated with 
aging methods may be considered more reliable to predict 
adhesive performance. Despite this, it is suggested that the 
mechanism of bond degradation observed in laboratory tech-
niques may not be applied at the same rate clinically and the 
bond strength has a secondary role in the clinical success of 
bonded restorations.24

The null hypothesis was rejected, since the different aging 
methods studied affected the bond strength independently 
of the adhesive approach and substrate.

Water Storage
The most frequent aging method related in the literature is 
the storage in distilled water under room temperature or 

37°C, since this method has been generally accepted as a 
way to predict the time in which an adhesive interface would 
remain stable.1,12,13 Studies performed with water storage 
indicate that degradation was accelerated by hydrolysis of 
the hydrophilic resin components and by host-derived pro-
teases with collagenolytic activity.4

Storage for 6 months using the ER approach reduced 
the bond strength more than storage in hypochlorite and  
20,000 thermal cycles, suggesting that this method is more 
effective when using this approach. This also leads us to believe 
that the SE approach is more resistant to this aging, since the 
bond strength in this and other studies with universal adhe-
sives remains stable, even after 1 year of water storage.13,25

According to Scherrer et al,11 the behavior of these adhe-
sives bonded to dentin is better evaluated using the Weibull 
distribution function, predicting the likelihood of failure at 
specific stress levels in which Weibull m reports the variabil-
ity of the results. The highest m value was reached in enamel 
and the lowest was in the dentin group, both with the ER 
approach after 24 hours.

Regional variability of dentin tissue and more recently 
chemical bonding component of dental adhesives was added 
to bond strength studies.26,27 It was observed that contempo-
rary adhesives follow the tendency of having the 10-methac-
ryloyldecyl dihydrogen phosphate (MDP) in their formulation 

Table 3   Microshear bond strength, standard deviation, and statistical significance

Adhesive 
approach

Substrate W24 h W6 m W12 m T10,000 T20,000 T30,000 SH1 h SH5 h

SE E 12.02 
(3.85)ab

12.06 
(3.52)ab

10.32 
(5.23)ab

9.70 
(3.73)bc

7.00 
(3.74)c

8.26 
(3.38)c

12.56 
(3.95)ab

13.15 
(2.82)a

D 15.59 
(3.55)b

23.66 
(5.89)a

18.51 
(7.70)ab

20.26 
(5.55)ab

14.97 
(6.45)b

17.40 
(6.18)ab

20.97 
(6.99)ab

25.66 
(6.18)a

ER E 15.52 
(3.34)ab

11.49 
(5.52)b

13.80 
(5.82)ab

15.63 
(4.03)ab

17.73 
(4.55)a

13.72 
(6.91)ab

17.13 
(5.19)a

17.66 
(5.17)a

D 13.42 
(4.22)bc

7.52 
(7.63)c

13.20 
(8.33)bc

16.34 
(5.97)ab

15.92 
(9.77)ab

11.16 
(7.87)bc

21.16 
(6.75)ab

22.79 
(4.59)a

Abbreviations: D, dentin; E, enamel; ER, etch-and-rinse; SE, self-etch; SH1h, NaOCl storage for 1 hour; SH5h, NaOCl storage for 5 hours; T10,000, ther-
mocycling in 10,000; T20,000, thermocycling in 20,000; T30,000, thermocycling in 30,000; W24h, water storage at 37°C for 24 hours; W6m, water 
storage at 37°C for 6 months; W12m, storage at 37°C for 12 months.
Notes: Different lowercase letter in lines indicate statistical significant differences by three-way analysis of variance and Bonferroni post hoc tests  
(α= 0.05). As the “adhesive approach” factor proved not to be statistically significant, Bonferroni post hoc tests for such factor were omitted.

Table 4   Weibull analysis—modulus, confidence intervals, and statistical significance

Adhesive 
approach

Substrate W24 h W6 m W12 m T10,000 T20,000 T30,000 SH1 h SH5 h

SE E 3.80 
(2.58–5.61)ab

3.96 
(2.77–5.68)ab

2.25 
(1.55–3.26)a

4.63  
(3.13–6.86)ab

3.11 
(2.14–4.52)ab

3.47  
(2.42–4.91)ab

3.45  
(2.46–4.85)ab

5.32  
(3.76–7.51)b

D 4.51 
(3.24–6.28)a

4.45 
(3.15–6.28)a

3.58 
(2.47–5.17)a

4.05 
(2.86–5.73)a

3.14 
(2.15–4.59)a

3.21 
(2.23–4.63)a

3.33 
(2.25–4.91)a

4.68 
(3.29–6.64)a

ER E 5.48 
(3.79–7.93)b

2.29 
(1.62–3.25)a

2.70 
(1.85–3.94)ab

4.77 
(3.28–6.92)b

4.17 
(2.98–5.82)ab

3.64 
(2.51–5.28)ab

3.82  
(2.65–5.51)ab

4.20 
(2.85–6.17)ab

D 3.70 
(2.56–5.33)ab

1.94 
(1.27–2.74)a

3.08 
(2.12–4.46)ab

3.06 
(2.13–4.39)ab

1.84 
(1.25–2.71)a

2.44 
(1.71–3.47)a

3.76  
(2.57–5.51)ab

5.42 
(3.83–7.68)b

Abbreviations: D, dentin; E, enamel; ER, etch-and-rinse; SE, self-etch; SH1h, NaOCl storage for 1 hour; SH5h, NaOCl storage for 5 hours; T10,000, ther-
mocycling in 10,000; T20,000, thermocycling in 20,000; T30,000, thermocycling in 30,000; W24h, water storage at 37°C for 24 hours; W6m, water 
storage at 37°C for 6 months; W12m, storage at 37°C for 12 months.
Note: Different lowercase letter in lines indicate statistical significant differences depicted by maximum likelihood estimation via Weibull analysis 
(absence of overlap of 95% confidence intervals).
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as a functional monomer.28 The obtained results in the W24, 
W6m, and W12m groups onto the dentin substrate using the SE 
approach revealed that W6m showed an unexpected increase 
of bond strength comparing with the baseline (W24h), which 
is in accordance with Kawazu et al (2020).8 These results can 
be explained by the composition of adhesive that contains 10 
to 15% water which helps ionize the functional resin mono-
mer.29 The Weibull analysis presented no relevancy since 
these groups reached m values of 4.51 (W24h), 4.45 (W6m), 
and 3.58 (W12m). Therefore, it can be assumed that the cited 
groups showed a regular distribution of defects.

Thermocycling
Research protocols conclude that 500 cycles through water 
baths at 5 and 55°C, as preconized by ISO TR 1145030 is very 
limited to promote effects on bond strength and/or micro-
leakage of the adhesive interface.15,31 Therefore, the studies 
arbitrarily determine the number of thermocycles, accept-
ing that 10,000 thermocycles correspond to 1 year of in vivo 
degradation.14

Based on this information, this study performed the 
equivalent of 3 years of clinical use (T30,000) of Scotchbond 
Universal in both strategies, which may be considered as a 
reasonable aging time. Under the SE approach, the values for 
dentin after thermocycling were generally higher for bond 
strength than enamel. Nevertheless, corroborating a study by 
Hariri et al,31 the aging with thermocycling presented more 
predictable enamel results than is sustained by the Weibull 
analysis, since the shape, m, and confidence interval values 
were adequately distributed. The 20,000 and 30,000 cycles of 
the enamel group using SE approach presented significantly 
lower results than the baseline, contradicting other studies,25,32  
which could be explained by the use of other bond strength 
tests and substrate.

Storage in 10% NaOCl
It is known that for clinical uses, the concentration of 
NaOCl is lower than 10%. In this study, the 10% NaOCl solu-
tion is considered an extreme condition of aging, and it was 
used according to the previous studies10,33,34 as a guarantee 
of the organic component of dentin been degraded. This 
study showed that the storage in 10% NaOCl solution did 
not reduce the bond strength for any time tested. Other 
studies which stated lower bond strength had used the 
same concentration of the NaOCl solution but different 
adhesives and bond strength testing.10,33,34 On the contrary, 
the m showed higher values in dentin with the ER approach 
in the SH5h group, indicating lower variability (meaning 
lower spread) in bond strength, which means a high reli-
ability of the characteristic bond strength and probable 
absence of critical flaws.11 This may also have been the 
influence of incorporating the 10-MDP monomer in the 
adhesive, increasing the SE capability and higher chemi-
cal stability and the presence of polyalkenoic acid copo-
lymer,35,36 which may explain the better results for bond 
strength.37

The aging methods focused on this study influenced the 
bond strength to Scotchbond Universal as the adhesive sys-
tem. These findings support that bond strength remains sta-
ble under some artificial aging methods. However, this is an 
in vitro study, so further clinical trials are needed to better 
understand the behavior of bonded restorations using other 
adhesives.

Conclusion
Thermocycling prove to be the method, which promoted the 
most intense degradation of bond interface and induced the 
lowest bond strength (especially at 20,000 or 30,000 cycles). 

Fig. 1  Probability plot with Weibull curves at maximum likelihood 
estimation. Estimate scale (σ) and shape (m) values with standard 
error and lower confidence level (LCL) and upper confidence level 
(UCL). The confidence interval (95% CI) is the band between LCL and 
UCL. (A) Groups aged in water for 24 hours, 6 months, and 12 months 
(self-etching and etch-and-rinse), enamel and dentin, respec-
tively. (B) Groups thermocycled 10,000, 20,000, and 30,000 times 
(self-etching and etch-and-rinse), enamel and dentin, respectively. 
(C) Groups aged in sodium hypochlorite, 1 and 5 hours (self-etching 
and etch-and-rinse), enamel and dentin, respectively.

Table 5   Failure mode

Groups Failure mode (%)

Adhesive/ 
mixed

Cohesive 
in enamel

Cohesive 
in dentin

Cohesive 
in resin

Control 
(W24 h)

100% – – –

W 80% 5% 15% –

T 86% 4% 10% –

SH 100% – – –
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On the contrary, storage with NaOCl method proved to 
increase the bond strength in the evaluated conditions.
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