
J Appl Oral Sci. 56

ABSTRACT

www.scielo.br/jaos
http://dx.doi.org/10.1590/1678-7757201302370

Effect of phosphoric acid etching on the shear 
bond strength of two self-etch adhesives
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Objective: To evaluate the effect of optional phosphoric acid etching on the shear 
bond strength (SBS) of two self-etch adhesives to enamel and dentin. Material and 
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dentin substrates. A two-step self-etch adhesive (FL-Bond II) and a one-step self-etch 
adhesive (BeautiBond) were applied with and without a preliminary acid etching to both 
the enamel and dentin. The specimens were equally and randomly assigned to 4 groups per 
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BeautiBond un-etched. Composite cylinders (Filtek Z100) were bonded onto the treated 
tooth structure. The  shear bond strength was evaluated after 24 hours of storage (37°C, 
100% humidity) with a testing machine (Ultra-tester) at a speed of 1 mm/min. The data 
was analyzed using a two-way ANOVA and post-hoc
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the use of an optional phosphoric acid-etching step (p<0.05). Preliminary phosphoric acid 
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BeautiBond. FL-Bond II applied to un-etched dentin demonstrated the highest mean bond 
strength (37.7±3.2 MPa) and BeautiBond applied to etched dentin showed the lowest mean 
bond strength (18.3±6.7 MPa) among all tested groups (p<0.05). Conclusion: The use 
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effect on the dentin bond strength of the self-etch adhesives evaluated while providing 
improvement on the enamel bond strength only for FL-Bond II. This suggests that the 
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does not justify the risk of adversely affecting the bond strength to dentin. 

Key words: Shear strength. Dentin-bonding agents. Acid etching. 

INTRODUCTION

The current self-etching approach of dental 
adhesives is based on the use of acidic resin 
monomers that allow simultaneous de-mineralization 
and infiltration of the partially desmineralized 
���������
����
����
�������=
+��
���9��8��
���"�
����
�����[��
������
�
������8�������
\��
����

co-exists with minerals after only partial dissolution 
of hydroxyapatite17. Theoretically, an equivalent 
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can be obtained with these systems,3 minimizing 
nano-leakage at the dentin-resin interface20. In 
addition, fewer procedural steps and overall less 
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to the clinician22.

Self-etching systems are composed of aqueous 
mixtures of acidic functional monomers, generally 
phosphoric acid esters with a pH higher than 
phosphoric acid27=
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intermediate or strong, based on their acidity16. 
Strong self-etch adhesives have a pH of around 
1, yielding ultra-morphological characteristics 
and etching patterns similar to those obtained 
with etch-and-rinse adhesives4. Conversely, mild 
self-etch systems have a pH of around 2 and yield 
only superficial desmineralization normally no 
greater than 1 μm4. Despite the less aggressive 
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etching pattern and shallower resin tag formation, 
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bond strengths may be obtained with mild self-etch 
systems. This may be the combined result of the 
simultaneous desmineralization and resin monomer 
�8�������4,10,11, and the remnant hydroxyapatite 
left attached to the collagen, which may serve as 
receptor for additional chemical adhesion32,33. 

Despite the advantages associated with the use 
of self-etch adhesives, they still exhibit a number 
of shortcomings. Their acidic functional monomers 
create highly hydrophilic interfacial structures 
making them more susceptible to water sorption 
and hydrolytic degradation24. Particularly, the “all-
in-one adhesives”, which combine a self-etching 
primer and a hydrophobic resin into a single 
application, yielding highly hydrophilic polymers 
that are much more permeable to water movement 
after polymerization24. 

The shallower etching pattern and reduced 
micro-mechanical retention has been reported to 
be a concern with mild self-etch adhesives16,25,32, 
especially when bonding to unprepared enamel16,18 
perhaps jeopardizing the strength of the resin-
enamel interface. Studies have also shown that 
bonding to ground versus unprepared enamel yields 
similar bond strengths of self-etching adhesives8. 
Since the evidence in the subject remains 
controversial, manufacturers often recommend 
a preliminary phosphoric acid etching step prior 
to the application of mild self-etch adhesives to 
improve the bond strength to enamel6,12,29. Good 
bond strengths to dentin have been shown with self-
etch adhesives2,13; and thus, the use of preliminary 
phosphoric acid etching has not been advocated. 
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the application of mild self-etch adhesives have 
been well documented in the literature for both 
one-step5,21 and two-step5,28,29 self-etch adhesives. 
However, limiting the application of phosphoric 
acid to only enamel, is virtually impossible with the 
concern that dentin bond strength may be adversely 
affected if the etchant inadvertently reaches the 
dentin9,29. Hence, gaining a better understanding of 
the effect of phosphoric acid etching on smear layer-
covered dentin is critical.  Studies have shown a 
decreased bond strength to dentin when phosphoric 
acid was used prior to the application of two-step 
mild self-etch adhesives5,7,28,29. There is controversy 
as to the use of phosphoric acid etching in 
conjunction with one-step self-etch adhesives, with 
studies showing an improved bond strength21, no 
effect5 or reduced bond strength9 when phosphoric 
acid-etched dentin was subsequently treated with 
all-in-one adhesives. Most of these studies report 
on a single generation of adhesives or adhesives 
with different monomeric compositions. Self-etch 
adhesive formulations (FL-Bond II and BeautiBond, 

Shofu, Kyoto, Japan) include a combination of 
carboxylic and phosphonic acid monomers as dentin 
and enamel adhesion promoters respectively. The 
combination of the two monomers is expected to 
provide  similar bond strength to both enamel and 
dentin. 

Since the bonding performance of self-etch 
adhesives is dependent on both adhesive generation 
and functional monomer composition, studies are 
required to evaluate different types of adhesives 
with similar monomeric composition. The present 
study aimed to evaluate the effect of an optional 
etching step with 37.5% phosphoric acid on the 
shear bond strength (SBS) of a one-step and two-
step self-etch adhesive to enamel and dentin. The 
null hypothesis was that there would be no effect 
of the phosphoric acid etching on the shear bond 
strength to enamel and dentin. A second null 
hypothesis was that there would be no effect of 
the adhesive generation on the bond strength to 
enamel and dentin.

MATERIAL AND METHODS

Ninety-six freshly extracted, non-carious bovine 
mandibular incisors were used to obtain enamel 
and dentin substrates for bonding. The study was 
conducted under the Institutional Animal Care 
and Use Committee (IACUC) Approval number 
SIS07049N. The crowns were separated from the 
roots with a circular band saw (Isomet, Buehler, 
Lake Bluff, IL, USA) and embedded in a chemically 
polymerized methacrylate (Fastray, HJ Bosworth, 
Skokie, IL, USA) with the facial surface exposed. 
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abrasive paper (BuehlerMet Abrasive Papers, 
Buehler, Lake Bluff, IL, USA) and stored in de-
ionized water at 4°C for less than one month until 
ready to be bonded. One hour prior to bonding, the 
specimens were acclimatized to room temperature 
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paper to expose a fresh surface for bonding.  A 
two-step self-etch adhesive FL-Bond II and a one-
step self-etch adhesive BeautiBond were evaluated. 
The composition and application procedures for 
each of these adhesives, as per manufacturer’s 
recommendations, are summarized in Table 1. The 
specimens were equally and randomly assigned to 
"���
 ����9�
 9��
 ���������
 ����!
 "��
 ���������

of the variables adhesive generation (two-step 
self-etch vs. one-step self-etch) and conditioning 
technique (etch vs. non-etch) as follows: FL-Bond II 
etched; FL-Bond II un-etched; BeautiBond etched; 
BeautiBond un-etched. 

The adhesives were applied following the 
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manufacturer’s instructions with or without 
preliminary etching treatment with 37.5% 
phosphoric acid (Ultra-etch, Ultradent, South Jordan, 
UT, USA). The groups treated with phosphoric acid 
were etched for 15 seconds, rinsed and air-dried 
prior to the application of the adhesives as per 
the steps outlined in Table 1. The enamel was 
thoroughly air-dried, while the dentin was gently 
air-dried. An LED light curing unit (Bluephase 16i, 
Ivoclar-Vivadent, Amherst, NY, USA) was used, 
ensuring a minimum power density of 800 mW/cm2 
at all times by periodic monitoring with a radiometer 
(Demetron, Kerr, Orange, CA, USA).  Immediately 
after polymerization of the adhesive, the specimens 
were placed on a specially fabricated jig (Ultradent, 
South Jordan, UT, USA) with a cylindrical mold (2.38 
mm in diameter and 2.00 mm in height), which was 
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Saint Paul, MN, USA), shade A2 in a single 2.00 
mm-increment and polymerized for 40 seconds. 
The specimens were stored in an incubator (37°C, 
100% humidity) and the shear bond strength was 
evaluated after 24 h with a calibrated testing device 
(Ultratester, Ultradent, South Jordan, UT, USA) 
loaded at a crosshead test speed of 1 mm/min 
and a load cell of 1,000 lbs. (453.6 g). A notched 
crosshead designed to match the diameter of the 
bonded cylinder was used to apply the testing load. 
The load required to de-bond the specimen was 
recorded and expressed in megapascals (MPa) and 
the descriptive statistics were determined. 

Two separate two-way analysis of variance 
tests (ANOVA) were conducted for enamel and 
dentin substrates with the main variables adhesive 
generation (two-step self-etch vs. one-step self-
etch) and conditioning technique (etch vs. non-
etch). The post-hoc multiple comparisons Tukey’s 
test was used for pairwise comparisons between 
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was used for all tests. All statistical analysis was 
performed with Statistical Package for Social 
Sciences (SPSS) version 16.0 (SPSS Inc, Chicago, 
IL, USA). The analysis of the failure mode was 
conducted through observations by a single trained 
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microscope (FE-SEM), using a secondary electron 
and back-scattered detector (Hitachi SU-70, Hitachi, 
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enamel or dentin, cohesive in composite, or mixed21.

RESULTS

Both adhesive generation and conditioning 
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respectively) and dentin (p<0.001 and p<0.001, 
respectively). For both enamel and dentin, the 
interactions between the variables adhesive 
generation and conditioning technique were shown 
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The mean shear bond strength and failure mode 
distribution for the two adhesives evaluated to 
enamel and dentin substrates are summarized in 
Table 2 and 3 respectively. Although both adhesives 
demonstrated increased bond strengths to enamel 
when applied followed treatment with phosphoric 
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FL-Bond II (p<0.05). Following phosphoric acid 
etching, the mean bond strengths for FL-Bond II 
increased approximately by 15%, from 28.3±6.3 
to 33.3±2.7, and those for BeautiBond increased 
approximately by 7%, from 26.4±6.8 to 28.4±3.4. 
When dentin was etched with phosphoric acid, 
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bond strength (p<0.05). The mean bond strength 

Adhesive 
(manufacturer)

�* Batch No. �������$��� Application Protocol

FL-Bond II 
(Shofu, Kyoto, Japan)

Two-step self-etch

2.4 309 Primer: Water, ethanol, carboxylic 
acid monomer, phosphoric acid 

monomer & initiator
Adhesive: S-PRG based on 
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UDMA, TEGDMA, 2-HEMA, initiator

Apply primer, leave undisturbed for 
10 s, air dry

Apply bonding agent, do not air dry
Polymerize for 5 s with LED

BeautiBond
(Shofu, Kyoto, Japan)

One-step self-etch

2.4 20936 Bis-GMA,TEGDMA, phosphonic 
acid monomer, carboxylic acid 

monomer, acetone, water

Apply adhesive, leave undisturbed 
for 10 s

Strong air dry for 3 s
Polymerize for 5 s with LED

Table 1- Study materials, composition and application protocol as per manufacturer description

S-PRG, silica pre-reacted glass; UDMA, di(methacryloxyethyl)trimethylhexamethylene diurethane; TEGDMA, triethylene 
glycol dimethacrylate; 2-HEMA, 2-hydroxyethyl methacrylate; Bis-GMA, 2,2bis[4-(2-hydrogen-3-methacryloyloxypropoxy)
phenyl]propane.
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values for FL-Bond II decreased approximately by 
26%, from 37.7±3.2 to 28.0±8.5, and those for  
BeautiBond decreased approximately by 34%, from 
27.8±8.0 to 18.3±6.7. 

For both enamel and dentin, whether the 
adhesives were applied following phosphoric acid 
treatment or according to the manufacturer’s 
instructions without phosphoric acid etching, the 
mean bond strength values were significantly 

higher for FL-Bond II than BeautiBond (p<0.05) 
for all groups except when bonding to un-etched 
enamel. FL-Bond II applied to un-etched dentin 
demonstrated the highest mean bond strength 
(37.7±3.2 MPa) and BeautiBond applied to etched 
dentin showed the lowest mean bond strength 
(18.3±6.7 MPa) among all tested groups (p<0.05).

Failure mode distribution of the specimens 
bonded to enamel and dentin are also provided in 

Enamel etched Enamel non-etched
SBS Failure mode SBS Failure mode

Mean ± SD 	+�,+��+� Mean ± SD 	+�,+��+�
FL-Bond II 33.3 ± 2.7 a,A 0 / 0 / 2 / 10 28.3 ± 6.3 b,A 0 / 1 / 2 / 9

BeautiBond 28.4 ± 3.4 a,B 2 / 1 / 2 / 7 26.4 ± 6.8  a,A 5 / 1 / 2 / 4

Table 2- Mean shear bond strength results and failure mode distribution for both adhesives applied to phosphoric acid-
etched vs. non-etched enamel substrates (n=48). Modes of failure described as adhesive (A), cohesive in enamel (CE), 
cohesive in composite (CC), and mixed (M)
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adhesive (horizontal). Upper case denotes differences between adhesive generations within each conditioning treatment 
(vertical).

Dentin etched Dentin non-etched
SBS Failure mode SBS Failure mode

Mean ± SD 	+�4+��+� Mean ± SD 	+�4+��+�
FL-Bond II 28.0 ± 8.5 a,A 6 / 0 / 1 / 5 37.7 ± 3.2 b,A 0 / 0 / 0 / 12

BeautiBond 18.3 ± 6.7 a,B 12 / 0 / 0 / 0 27.8 ± 8.0 b,B 6 / 0 / 0 / 6
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adhesive (horizontal). Upper case denotes differences between adhesive generations within each conditioning treatment 
(vertical).

Table 3- Mean shear bond strength results and failure mode distribution for both adhesives applied to phosphoric acid-
etched vs. non-etched dentin substrates (n=48). Modes of failure described as adhesive (A), cohesive in dentin (CD), 
cohesive in composite (CC), and mixed (M)

Figure 1- FE-scanning-electron microscopy (SEM) images in secondary electron and back-scattered electron mode of 
the fractured interface for representative failure modes. 1.A. Mixed failure: towards the right, large cohesive failure in 
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where the fracture transitions from cohesive failure in composite to cohesive failure in dentin across the different interfacial 
layers. 1.B. Adhesive failure: spotted areas of adhesive-coated dentin (A) and dentin (D)

Effect of phosphoric acid etching on the shear bond strength of two self-etch adhesives
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Tables 2 and 3. Overall, adhesive and mixed failures 
were the most prevalent types of failure. Higher 
bond strength values were generally associated 
with mixed failures and lower bond strength values 
with adhesive failures. BeautiBond bonded to etched 
dentin revealed 100% adhesive failures and the 
lowest bond strength of all groups (18.3±6.7 MPa), 
whereas FL-Bond II bonded to un-etched dentin 
demonstrated 100% mixed failures and the highest 
bond strength of all groups (37.7±3.2 MPa).

DISCUSSION

The present study evaluated the effect of an 
optional etching step with 37.5% phosphoric acid 
on the shear bond strength of a one-step and two-
step self-etch adhesive to enamel and dentin. Both 
null hypotheses were rejected since the conditioning 
technique and adhesive generation were both 
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strength to the enamel and dentin.

Similar to the results from previous studies, 
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enamel etching with phosphoric acid5,21,28,29, our 
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bond strengths for surfaces etched with phosphoric 
acid for the two-step adhesive FL-Bond II, but not for 
the all-in-one adhesive BeautiBond. The nature of 
enamel bonds being primarily micro-mechanical14,21 
provides at least a partial explanation for the 
enhanced bond strengths observed for FL-Bond II 
to etched enamel. Nevertheless, the bond strength 
values to the un-etched enamel, in the range of 26-
28 MPa, suggest that the acidity of the monomers 
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strength to achieve intimate micro-mechanical 
retention.
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when dentin was etched with 37.5% phosphoric acid 
prior to the application of both self-etch adhesives. 
This result is in agreement with previous studies, 
which have demonstrated decreased dentin bond 
strengths when phosphoric acid etching was 
used prior to the application of one-step5,9 and 
two-step5,7,28,29 self-etch adhesives. Among other 
aspects, the negative effect of phosphoric acid in  
dentin may be the combined result of over-etching, 
sub-optimal removal of the phosphoric acid; 
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collagen network15,28; and removal of residual 
hydroxyapatite from the collagen mesh, which could 
compromise the potential for chemical adhesion32,33.  
The adverse effects of phosphoric acid treatment 
on dentin bond strength were more pronounced 
for the single step adhesive BeautiBond than for 
the self-etching primer FL-Bond II, which showed 
a decrease in bond strength of approximately 34% 
and 26% respectively. This result may suggest that 

BeautiBond may be more dependent on residual 
hydroxyapatite than FL-Bond II or other alterations 
of the etched dentin structure.

In general, the effect of additional de-
mineralization with phosphoric acid is expected to be 
dependent on aspects such as functional monomer 
composition and adhesive generation, since the 
properties and interactions taking place in adhesive 
interfaces created differently are also expected 
to vary30. However, since there is a high product-
dependency aspect associated with the interactions 
taking place between the functional monomers 
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be made as to effect of additional phosphoric acid 
etching on the dentin bond strength of different 
adhesive compositions. Most available studies have 
evaluated adhesives corresponding to a single class 
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included both a two-step and one-step self-etch 
adhesive5; however, the adhesives tested were from 
different manufacturers and possessed different 
monomeric compositions. The more hydrophilic 
nature of all-in-one adhesives creates weaker, 
unstable hybrid layers that are more susceptible to 
hydrolytic degradation and proteolysis26. Moreover, 
the greater hydrophilicity of all-in-one adhesives 
has been reported to compromise their bonding 
ability, particularly to inherently hydrophilic dentin 
by preventing complete polymerization of the 
acidic monomers within the hybrid layer31. Due to 
their inherent hydrophilicity, it is thus likely that 
additional dissolution of the smear layer following 
acid etching may be more detrimental to interfaces 
created by all-in-one adhesives than those created 
by self-etching primers23.

With exception of all-in-one BeautiBond bonded 
to etched dentin, which showed a mean bond 
strength value of 18.3 MPa, bond strengths ranging 
from 26 to 37 MPa were demonstrated irrespective 
of phosphoric acid treatment. This result indicates 
that despite the less aggressive etching pattern 
obtained with self-etch adhesives, enough micro-
mechanical interlocking through hybridization and 
strong bonds can still be obtained through the 
combined mechanical and chemical adhesion of self-
etch adhesives with the dental hard tissues4,10,11. 
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that could be derived from an additional etching 
step prior to the application of self-etch adhesives 
to enamel does not justify the risk of adversely 
affecting the bond strength to dentin. Further 
studies are required to evaluate the implications 
of additional desmineralization in the enamel and 
dentin and its effect on the bond strength when 
using self-etch adhesives.

In agreements with the results from previous 
studies1,13,19, our study showed increased bond 
strengths for the self-etching primer FL-Bond II 
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than for the single step adhesive BeautiBond, 
except when bonding to un-etched enamel. The 
commercially available adhesives evaluated in this 
study are mildly acidic with a pH of arround 2.0. 
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containing phosphonic and carboxylic acid adhesive 
monomers that etch dental hard tissues, promoting 
wetting and monomer penetration into the surface15. 
In addition to a good micro-mechanical interlocking, 
the presence of phosphonic acid and carboxylic acid 
groups may contribute to the overall bond strengths 
due to the chemical adhesion to the calcium in the 
residual hydroxyapatite32,33.

In this study, a back-scattered electron mode 
was used to observe the failed bond interfaces.  
In this imaging mode, the contrast is principally 
determined by the average atomic number; 
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(bonding agent, composite, and tooth structure) 
present at the interface is possible by the observation 
of the contrast in gray-scale images. Tooth structure 
(containing calcium and phosphorus), adhesive 
(primarily organic) and composite resin (containing 
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the system under investigation, the composite 
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particles, dentin presents an intermediate gray 
level due to the calcium, phosphorus and oxygen 
content, and the adhesive appears dark since its 
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Similar to what has been reported previously21,29, 
our FE-SEM observations revealed that higher 
bond strength values were generally associated 
with mixed failures and lower bond strength 
values with adhesive failures. This was especially 
true for BeautiBond bonded to etched dentin, 
which revealed 100% adhesive failures while also 
showing the lowest bond strength of all groups 
(18.3±6.7 MPa), and FL-Bond II bonded to non-
etched dentin, which showed 100% mixed failures 
while also showing the highest bond strength of all 
groups (37.7±3.2 MPa) (Table 3). Figure 1 provides 
representative images of the main failure modes 
observed. Figure 1A illustrates a mixed-type failure 
corresponding to the highest bond strength value 
(38.9 MPa) obtained from FL-Bond II group bonded 
to un-etched dentin. The image shows an area of 
cohesive failure in composite and dentin. Figure 1B 
depicts an adhesive failure mode corresponding to 
the lowest bond strength value (7.3 MPa) obtained 
from the BeautiBond group bonded to etched 
dentin. The image shows spotted areas of adhesive-
coated dentin and zones of dentin with resin tags 
protruding from the dentinal tubules. 

CONCLUSIONS

Within the limitations of this in vitro study, we 
can conclude that an acid-etching step with 37.5% 
phosphoric acid prior to the application of the self-
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improvement on the enamel bond strength for 
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derived from an additional etching step with 
phosphoric acid does not justify the risk of adversely 
affecting the bond strength to dentin. 

Overall, the two-step self-etch adhesive FL-
Bond II demonstrated higher bond strengths 
than the one-step self-etch system BeautiBond, 
except when bonding to un-etched enamel. Future 
studies evaluating different adhesive systems 
under a variety of testing and storage conditions 
are required to validate the results of the present 
investigation.
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