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Effect of Phosphoric Acid Pre-
etching on Fatigue Limits of Self-
etching Adhesives
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Clinical Relevance

The effect of phosphoric acid pre-etching of enamel and dentin prior to the use of self-
etching adhesives is dependent on the mineralized substrate and the adhesive material.

SUMMARY

The purpose of this study was to use shear bond
strength (SBS) and shear fatigue limit (SFL)
testing to determine the effect of phosphoric
acid pre-etching of enamel and dentin prior to
application of self-etch adhesives for bonding
resin composite to these substrates. Three self-
etch adhesives—1) G- senial Bond (GC Corpora-
tion, Tokyo, Japan); 2) OptiBond XTR (Kerr
Corp, Orange, CA, USA); and 3) Scotchbond
Universal (3M ESPE Dental Products, St Paul,
MN, USA)—were used to bond Z100 Restorative
resin composite to enamel and dentin surfaces.
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A stainless-steel metal ring with an inner diam-
eter of 24 mm was used to bond the resin
composite to flat-ground (4000 grit) tooth sur-
faces for determination of both SBS and SFL.
Fifteen specimens each were used to determine
initial SBS to human enamel/dentin, with and
without pre-etching with a 35% phosphoric acid
(Ultra-Etch, Ultradent Products Inc, South Jor-
dan, UT, USA) for 15 seconds prior to the
application of the adhesives. A staircase meth-
od of fatigue testing (25 specimens for each test)
was then used to determine the SFL of resin
composite bonded to enamel/dentin using a
frequency of 10 Hz for 50,000 cycles or until
failure occurred. A two-way analysis of vari-
ance and Tukey post hoc test were used for
analysis of SBS data, and a modified #-test with
Bonferroni correction was used for the SFL
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data. Scanning electron microscopy was used to
examine the area of the bonded restorative/
tooth interface. For all three adhesive systems,
phosphoric acid pre-etching of enamel demon-
strated significantly higher (p<0.05) SBS and
SFL with pre-etching than it did without pre-
etching. The SBS and SFL of dentin bonds
decreased with phosphoric acid pre-etching.
The SBS and SFL of bonds using phosphoric
acid prior to application of self-etching adhe-
sives clearly demonstrated different tendencies
between enamel and dentin. The effect of using
phosphoric acid, prior to the application of the
self-etching adhesives, on SBS and SFL was
dependent on the adhesive material and tooth
substrate and should be carefully considered in
clinical situations.

INTRODUCTION

With the increased popularity of adhesive restor-
ative dentistry, many dental manufacturers have
introduced self-etching adhesive systems to the
profession. Self-etch adhesive systems are promoted
as being more efficient for bonding procedures in
that they require fewer treatment steps to condition
tooth surfaces for bonding resin-based materials.
However, self-etching adhesive systems are not able
to etch enamel as effectively as the phosphoric acid
used in etch-and-rinse adhesive systems, and most
published work!” indicates that self-etching adhe-
sive systems provide lower resin composite to enamel
bond strengths than do etch-and-rinse adhesive
systems, which may be related to their lower etching
capability. In order to achieve a durable bond to
enamel with self-etching adhesive systems, selective
etching of enamel with phosphoric acid before the
application of self-etching adhesives has been pro-
posed.®® However, it may be difficult to precisely
etch only the enamel region, and there is certainly
the possibility of affecting exposed dentin.

A major concern in adhesive dentistry is whether
the resin monomer of a self-etching adhesive infil-
trates into the entire depth of demineralized dentin.
Incomplete penetration of a resin monomer into the
demineralized dentin might lead to bond degradation
from oral fluids and bacterial enzymes.'* 6

The ability of adhesive agents to bond resin-based
materials to tooth structures has been measured
extensively in the laboratory using various methods
to determine bond strengths. Common laboratory
methods employed to determine shear bond strength
(SBS) or microtensile bond strength (u-TBS) use a
monotonically increasing load until bond failure
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occurs. These standardized tests provide valuable
information regarding the ability of adhesive agents
to bond resin-based materials to demineralized tooth
structures. However, this type of force is not the likely
mode of failure for bonds in the oral cavity, where
failure is considered to result from repeated loading
over many months or years, and at lower force levels.
Adhesive bonds to both enamel and dentin substrates
in the mouth are subjected to repeated stress over
long periods of time by the process of loading on tooth
structure or restorations that apply compressive,
flexural, or tensile stresses to the bonds.

Cyclic loading of specimens to elicit failure is often
referred to as fatigue testing.!”2! A common method
of fatigue testing is the staircase method,?? in which
the load on a specimen is increased or decreased by a
fixed amount depending on whether the preceding
specimen survived or failed, respectively. With this
type of test, a parameter called the fatigue limit,
which represents the load (stress) at which half the
specimens fail during the cycling period, can be
calculated.

Limited information is available regarding the
ability of enamel bonds produced by self-etching
adhesives to resist the forces of fatigue cycling.'%2!
Further research is also needed regarding dentin
bonding with self-etching adhesives and the rela-
tionship of shear fatigue limit (SFL) and SBS. The
purpose of this study was to use fatigue testing to
examine the effect of phosphoric acid etching of
enamel and dentin, prior to the application of self-
etching adhesives, for bonding resin composite, the
latter group being included to test the effect of
inadvertent exposure of dentin to phosphoric acid
during selective enamel etching. The null hypothesis
proposed was that pre-etching with phosphoric acid
does not affect the SBS and SFL regardless of tooth
substrate (enamel/dentin) and self-etching adhesive
system (material).

METHODS AND MATERIALS
Study Materials

The materials used in this study are shown in Table
1. The self-etching adhesives used were 1) G- @nial
Bond [GB]; (GC Corporation, Tokyo, Japan); 2)
OptiBond XTR [OX]; (Kerr Corp, Orange, CA,
USA); and 3) Scotchbond Universal [SU]J; (3M ESPE
Dental Products, St Paul, MN, USA). The phosphoric
acid pre-etching agent was Ultra-Etch (Ultradent
Products Inc, South Jordan, UT, USA). The resin
composite used for the bonding procedure was Z100
Restorative (Shade A2; 3M ESPE).
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Table 1: Study Materials
Manufacturer Main Components Code
Adhesive
G-aenial Bond, Lot No. 1102221 GC Corporation 4-META, UDMA, TEGDMA, phosphoric acid monomer, acetone, GB
Tokyo, Japan water, silanated colloidal silica, initiator
OptiBond XTR Kerr Corp Primer: GPDM phosphate monomer, HEMA, dimethacrylate OX
Primer: Lot No. 4483016 Orange, CA, USA monomers, acetone, ethyl alcohol, water, initiator
Adhesive: Lot No. 4544058 Adhesive: ethyl alcohol, dimethacrylate monomers, barium
aluminoborosilicate glass, fumed silica, sodium
hexafluorosilicate
Scotchbond Universal, 3M ESPE Dental Products MDP phosphate monomer, HEMA , dimethacrylate resins, SuU

Lot No. 451192 St Paul, MN, USA

Vitrebond copolymer, filler, ethanol, water, initiators, silane

Pre-etching agent

Ultra-Etch,
Lot No. G017

Ultradent Products Inc
South Jordan, UT, USA

35% Phosphoric acid

Resin composite

Z100 Restorative,
Lot No. N416713 (Shade A2)

3M ESPE Dental Products
St Paul, MN, USA

Zirconia/silica, 0.01-3.5 um
Filler load: 84.5% weight, 66% volume

Abbreviations: GPDM — glycero-phosphate-dimethacrylate; HEMA — hydroxyethylmethacrylate; 4-META — 4-methacryloxyethyl trimellitate anhydride; MDP —
methacryloyloxydecyl! dihydrogen phosphate; TEGDMA — trietyleneglycoldimethacrylate; UDMA — urethanedimethacrylate

Specimen Preparation

The enamel/dentin bonding sites were prepared by
sectioning extracted human molar teeth mesio-
distally and then removing approximately two-
thirds of the apical root structure. The buccal and
lingual tooth sections were mounted with Triad
DuaLine (DENTSPLY International, York, PA,
USA) in 25-mm-diameter brass rings. The enamel/
dentin bonding surfaces were ground flat to 4000
grit using a water coolant and a sequence of carbide
polishing papers (Struers Inc, Cleveland, OH,
USA).

Metal rings machined from 304 stainless steel with
an inner diameter of 2.4 mm, an outer diameter of 4.8
mm, and a length of 2.6 mm were used to bond resin
composite (Z100 Restorative) to enamel/dentin surfac-
es for SBS and SFL tests. The bonding procedure
resulted in a resin composite cylinder inside the ring
that was 2.36 mm in diameter and approximately 2.5
mm in length. The ring was left in place for the tests.

SBS Tests

Fifteen specimens each were used to determine
initial SBS to enamel/dentin with and without
phosphoric acid (15 seconds) pre-etching prior to
the application of the adhesive. The adhesive agents
were applied according to manufacturers’ directions,
as shown in Table 2.

Following the treatment of the enamel or dentin
flat ground tooth surface with the adhesive agent,
the metal ring was positioned over the bonding site
and secured in place by clamping in a custom fixture.

The resin composite material was placed into the
ring using a condenser and polymerized for 40
seconds with a Spectrum 800 Curing Unit (DENTS-
PLY Caulk, Milford, DE, USA) set at 600 mW/cm?.
The bonded specimens were stored for 24 hours in
distilled water at 37°C before testing. The specimens
were loaded to failure at 1 mm/min using a MTS
Insight machine and TestWorks 4 software (MTS
Systems Corporation, Eden Prairie, MN, USA). A
metal rod with a chisel-shaped end was used to apply
the load on the metal ring immediately adjacent to
the flat ground tooth surface. The SBS values (MPa)
were calculated from the peak load at failure divided
by the bonded surface area. After testing, the
bonding-site tooth surfaces and resin composite
cylinders were observed under an optical microscope
(MZ16; Leica Microsystems Ltd, Heerbrugg, Swit-
zerland) at a magnification of 20X to examine the
bond failure site. The type of bond failure was based
on the percentage of substrate area (adhesive - resin
composite - enamel/dentin) observed on the de-
bonded cylinders and tooth bonding sites and was
recorded as 1) adhesive failure, 2) cohesive failure in
composite, 3) cohesive failure in enamel or dentin, or
3) mixed failure—partial adhesive and partial
cohesive.

SFL Testing

A staircase method of fatigue testing described by
Draughn®? was used for SFL testing. Test specimens
were made as described above for SBS testing. The
lower load limit was set near zero (0.4 N), and the
initial maximum load applied was 50%-60% of the SBS
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Table 2:  Application Protocol for Pre-etching and Self-etching Adhesives

Method code Pre-etching Protocol

Adhesive Application Protocol

dental syringe) and air-dried.

With 1. Enamel/dentin surface was phosphoric acid conditioned for 15 s.
2. Conditioned surface was rinsed with water for 15 s (three-way

Without Phosphoric acid pre-etching was not performed.
Adhesive
GB 1. Adhesive applied to air-dried enamel/dentin surface for 10 s.
2. Adhesive light-cured for 10 s.
OoX 1. Primer applied to air-dried enamel/dentin surface with
rubbing action for 20 s. Medium air pressure applied to
surface for 5 s.
2. Adhesive applied to primed surface with rubbing action for
15 s and then air-thinned for 5 s.
3. Primer/adhesive light-cured for 10 s.
SuU 1. Adhesive applied to air-dried enamel/dentin surface with

rubbing action for 20 s.

2. Gentle stream of air applied over the liquid adhesive for 5 s
or until adhesive no longer moved and the solvent has
completely evaporated.

3. Adhesive light-cured for 10 s.

Abbreviations: GB, G- senial Bond; OX, OptiBond XTR; SU, Scotchbond Universal.

determined for each of the adhesive systems tested.
The load was applied at a frequency rate of 10 Hz with
an ElectroPuls E1000 machine (Instron Worldwide
Headquarters, Norwood, MA, USA) using a sine wave
for 50,000 cycles or until failure occurred (Figure 1a,b).
The load was incrementally adjusted upward or
downward (depending on survival or failure) approx-
imately 10% of the initial load. For each test condition
25 specimens were used to determine the SFL. After
testing, the specimens were examined to define the
location of the bond failure in the same manner as
described above for SBS.

Scanning Electron Microscopy (SEM)
Observations

The restorative/tooth interfaces were observed by
SEM. For the ultrastructure observation of the
restorative/tooth interface, bonded specimens (stored
in 37°C distilled water) were embedded in epoxy
resin and then longitudinally sectioned with a
diamond saw (Isomet Low Speed Saw, Buehler,
Lake Bluff, IL, USA).

The sectioned surfaces were polished to a high
gloss with abrasive discs (Fuji Star Type DDC,
Sankyo Rikagaku Co Ltd, Saitama, Japan) followed
by diamond pastes down to 0.25-um particle size
(DP-Paste, Struers, Ballerup, Denmark). The speci-
mens were dehydrated in ascending grades of tert-
butyl alcohol (50% for 20 minutes, 75% for 20
minutes, 95% for 20 minutes, and 100% for two
hours) and then transferred from the final 100%

bath to a critical-point dryer (Model ID-3, Elionix,
Tokyo, Japan) for 30 minutes. The polished surfaces
were then subjected to argon-ion beam etching (EIS-
200ER, Elionix) for 45 seconds with the ion beam
(accelerating voltage 1.0 kV, ion current density 0.4
mA/cm?) directed perpendicular to the polished
surfaces. The surfaces were coated in a vacuum
evaporator with a thin film of gold. Observation was
done under a SEM (FE-8000, Elionix) at an operat-
ing voltage of 10 kV.

Statistical Analysis

A two-way analysis of variance (ANOVA) and Tukey
post hoc test were used for analysis of SBS data, and
a modified ¢-test with Bonferroni correction was used
for SFL data.

RESULTS
SBS and SFL—Enamel

The study results for SBS and SFL for resin
composite bonded to enamel with the three adhesive
systems with and without phosphoric acid pre-
etching are shown in Table 3.

The two-way ANOVA revealed that the factors
(pre-etching vs no pre-etching and adhesive system)
significantly influenced the SBS values (p<0.001).
Interaction between the two factors was not statis-
tically significant (p=0.154).

The SBS of resin composite to enamel produced by
the three self-etching adhesives, after phosphoric
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Figure 1. (a) ElectroPuls E1000 testing machine. (b) Test specimen mounted in custom fixture on ElectroPuls E1000 testing machine.

acid pre-etching, ranged from 42.0 + 3.5 to 48.1 =
6.1 MPa. The SBS for the same adhesives for enamel
surfaces that were not pre-etched with phosphoric
acid ranged from 27.7 * 3.8 to 34.2 * 3.8 MPa. For
all three of the self-etching adhesives, the SBS of
resin composite to enamel was significantly higher
(p<0.05) in the phosphoric acid pre-etching group
compared to the group without pre-etching.

There appeared to be a trend toward differences in
the failure mode between enamel pre-etching groups
and the groups without pre-etching. All three self-
etching adhesive systems exhibited more cohesive
failures in enamel with pre-etching when compared
to surfaces that were not pre-etched. The predomi-
nant failure mode without phosphoric acid pre-
etching of enamel was adhesive failure for all the
self-etching adhesives.

The SFL of self-etching adhesives was significant-
ly higher in specimens with phosphoric acid etching
of enamel (19.6-25.1 MPa) than in specimens
without phosphoric acid pre-etching (12.9-17.8
MPa). The predominant failure mode for all the
self-etching adhesives without phosphoric acid pre-
etching was adhesive failure. However, for the
groups with phosphoric acid pre-etching, mixed

failures and cohesive failures in enamel were
increased for all of the self-etching adhesives. OX
demonstrated a higher ratio of SFL/SBS than did SU
and GB, regardless of whether the enamel was pre-
etched with phosphoric acid or not pre-etched.

SBS and SFL—Dentin

The results for SBS and SFL of resin composite
bonded to dentin are shown in Table 4. The two-way
ANOVA revealed that the factors (pre-etching vs no
pre-etching and adhesive system) significantly in-
fluenced the SBS values (p<0.001) to dentin.
Interaction between the two factors was not statis-
tically significant (p>0.05).

The SBS of resin composite to dentin using GB
was significantly lower in specimens with phospho-
ric acid pre-etching than in specimens without
phosphoric acid etching. The SBS of SU and OX to
dentin with phosphoric acid pre-etching tended to
decrease compared to values associated with no pre-
etching, but there was no significant difference
(p>0.05) in SBS.

The failure site locations for OX and SU with
phosphoric acid pre-etching tended to exhibit more
mixed failures when compared to those with no pre-
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Table 3: Influence of Phosphoric Acid Pre-etching of Enamel on Shear Bond Strength (SBS) and Shear Failure Limit (SFL), in
MPa (Standard Deviation) [Failure-mode Percentages] 2 & ©

HsPO, With Without With

SBS SBS SFL
[0)4 48.1 (6.1) a, [73.0/6.7/13.3/6.7] 34.2 (3.8) a,5 [80.0/0.0/6.7/13.3] 25.1 (1.8) a, [50.0/33.3/16.7/0.0]
su 44.7 (6.1) ab,a [60.0/6.7/20.0/13.3] 27.7 (3.8) b,s [86.7/0.0/0.0/13.3] 21.7 (2.3) b,a [54.5/9.1/27.3/9.1]
GB 42.0 (3.5) b, [80.0/0.0/13.3/6.7] 28.1 (4.0) b,s [93.3/0.0/0.0/6.7] 19.6 (4.8) b,a [83.3/0.0/8.3/8.3]

Abbreviations: GB, G- eenial Bond; OX, OptiBond XTR; SBS, shear bond strength; SFL, shear fatigue limit; SU, Scotchbond Universal.

2 Same lowercase letters in vertical columns are not different at the 5% significance level. Same capital letters between columns indicate no difference at the 5%
significance level in H3PO, pre-etching vs no pre-etching groups of the same adhesive.

b Failure mode percentages (adhesive failure/cohesive failure in resin composite/cohesive failure in enamel/mixed failure).

etching. The predominant SBS failure mode for GB
was adhesive failures for all the specimens tested
regardless of phosphoric acid pre-etching or no pre-
etching.

There was not a significant difference (p>0.05)
between phosphoric acid pre-etching (20.3-25.3MPa)
and no phosphoric acid pre-etching (17.6-22.6 MPa)
for the SFL of SU and OX; however, the SFL tended
to decrease in specimens with phosphoric acid pre-
etching for these two self-etching adhesive systems.
The SFL of the GB self-etching adhesive was
significantly lower (p<0.05) with phosphoric acid
pre-etching compared to values associated with no
phosphoric acid pre-etching.

The predominant SFL testing failure mode with
phosphoric acid pre-etching was adhesive failure for
all of the self-etching adhesives. However, mixed
failure and cohesive failure in dentin were increased
for OX and SU without phosphoric acid pre-etching.
For all the adhesives without phosphoric acid pre-
etching of dentin, a higher ratio of SFL/SBS was
found compared to the same adhesives with phos-
phoric acid pre-etching.

SEM Observations

SEM observations of the restorative-enamel inter-
face are shown in Figures 2 through 4. The
restorative-enamel interface of all adhesives showed
excellent adaptation regardless of phosphoric acid

pre-etching or no pre-etching. The resin tags into the
enamel surfaces were longer for the groups with
phosphoric acid pre-etching when compared to those
associated with no pre-etching.

SEM observations of the restorative-dentin inter-
face are shown in Figures 5 through 7. The
restorative-dentin interface of all adhesives showed
excellent adaptation to the dentin surface. For the
groups with phosphoric acid conditioning and using
SU and OX, a hybrid layer of approximately 3-5 pym
was found between resin adhesive and tooth struc-
ture (Figures 5a,b and 7a,b), compared to a layer of
2-5 um for the GB adhesive (Figure 6a,b). For the SU
and GB groups without pre-etching with phosphoric
acid there was formation of a thin transitional layer
between the adhesive resin and tooth structure
(Figures 5c¢,d and 6¢,d). A dentin hybrid layer was
observed for OX regardless of phosphoric acid pre-
etching (Figure 7a,b) or no phosphoric acid pre-
etching (Figure 7c,d). The thickness of the hybrid
layer using OX with phosphoric acid pre-etching
(Figure 7a,b) was greater (3-5 pm) when compared to
dentin surfaces without pre-etching with phosphoric
acid (Figure 7c,d).

DISCUSSION

Laboratory bond strength tests are a common ap-
proach to evaluating the potential effectiveness of
adhesive systems. Over the years, many studies have

Table 4: Influence of Phosphoric Acid Pre-etching of Dentin on Shear Bond Strength (SBS) and Shear Failure Limit (SFL), in

MPa (Standard Deviation) [Failure-mode Percentages]? & °
H;PO,4 With Without With
SBS SBS SFL
OoX 44.8 (8.1) a,A [33.3/13.3/20.0/33.3] 50.9 (4.9) a,Aa [0.0/33.3/40.0/26.7] 22.2 (6.2) a,A [63.6/0.0/9.1/27.3]
SuU 39.2 (6.7) b,a [33.3/6.7/40.0/20.0] 42.6 (4.0) b,a [20.0/20.0/46.7/13.3] 17.6 (1.4) b,A [81.3/0.0/0.0/18.7]
GB 24.6 (2.8) c,a [100.0/0.0/0.0/0.0] 31.1 (3.8) ¢, [100.0/0.0/0.0/0.0] 11.5 (2.8) c,a [100.0/0.0/0.0/0.0]

Abbreviations: GB, G- aenial Bond; OX, OptiBond XTR; SBS, shear bond strength; SFL, shear fatigue limit; SU, Scotchbond Universal.

2 Same lowercase letters in vertical columns are not different at the 5% significance level. Same capital letters between columns indicate no difference at the 5%
significance level in HsPO, pre-etching vs no pre-etching groups of the same adhesive.

b Failure mode percentages (adhesive failure/cohesive failure in resin composite/cohesive failure in dentin/mixed failure).

$S900E 98] BIA |0-60-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



Takamizawa & Others: Fatigue Limits of Self-etching Adhesive Systems 385

Table 3: Influence of Phosphoric Acid Pre-etching of Enamel on Shear Bond Strength (SBS) and Shear Failure Limit (SFL), in
MPa (Standard Deviation) [Failure-mode Percentages] 2 % (ext.)
H3;PO, Without With Without
SFL Ratio SFL/SBS Ratio SFL/SBS
(0) 17.8 (1.9) a,8 [90.0/0.0/0.0/10.0] 522 520
Su 12.9 (1.5) b, [100.0/0.0/0.0/0.0] 485 466
GB 13.4 (2.5) b, [100.0/0.0/0.0/0.0] 467 477

been reported in the literature regarding the bonding
effectiveness of adhesive systems to mineralized tooth
structures using shear bond strength tests and p-TBS
testing. These types of laboratory tests routinely use a
monotonically increasing force to the bonded assembly
until failure occurs, while in most clinical situations,
adhesively bonded restorations are typically subjected
to subcritical loading during function.'”?1?® While
repeated loads typically encountered in the oral cavity
are insufficient to provoke failure, they induce damage
by generating cracks that grow over time and
eventually result in deterioration of adhesively bonded
restorations through marginal failure or, in extreme
cases, bulk fracture.

Fatigue can be defined as the degradation or
failure of mechanical properties after repeated
applications of stress at a level well below the
ultimate fracture strength of the material or inter-
face.?* Consequently, fatigue tests provide not only
information on the ability of a material or interface
to resist the development of cracks but also infor-
mation related to the endurance characteristics of a
bonding system (ie, materials and technique).

A popular method of fatigue testing, referred to as
the staircase method, involves selecting a starting
stress of approximately one-half of the ultimate
strength. The load is applied at a set frequency until
the specimen survives a specific number of cycles or
fails during the cycling. Draughn®® developed an
analytical approach to determining the fatigue
strength of materials using the staircase method.
Previous studies'® have demonstrated that fatigue

limits are much lower than the initially measured SBS
and may be on the order of 40%-60% of that strength.

In the present study, SBS values were determined
for two single-step self-etching adhesives (SU and GB)
and a two-step self-etching adhesive (OX) to provide a
relative comparison of the bonding performance to
both enamel and dentin using a resin composite
material. The results of these SBS tests were subse-
quently used as baseline values for SFL testing. The
results of this study demonstrated that OX produced
higher SBS and SFL to enamel (p<0.05), when
compared to SU and GB, with the exception of the
SBS of SU when the enamel was pre-etched with
phosphoric acid. Additionally, regardless of phosphoric
acid pre-etching or no pre-etching, OX demonstrated a
higher ratio of SFL/SBS than did SU and GB. These
results were consistent with those of previous stud-
ies*?527 comparing multiple-step self-etching adhe-
sives and single-step self-etching adhesives with SBS
and pu-TBS testing of enamel and dentin.

Recently, single-step self-etching adhesives have
been advocated to reduce the number of application
steps and eliminate technique-sensitive factors that
may negatively impact the ability of resin materials to
bond to enamel and dentin. Single-step self-etching
adhesives combine the functions of a self-etching
primer (acid monomer) and a bonding agent. These
types of adhesives typically contain both hydrophilic
and hydrophobic monomers and require a high
concentration of solvent to keep them in solution.?®?°
Additionally, most incorporate water, which is essen-

Table 4: Influence of Phosphoric Acid Pre-etching of Dentin on Shear Bond Strength (SBS) and Shear Failure Limit (SFL), in
MPa (Standard Deviation) [Failure-mode Percentages]? % © (ext.)

H3PO, Without With Without
SFL Ratio SFL/SBS Ratio SFL/SBS
oX 25.3 (3.7) a,a [23.0/0.0/38.5/38.5] 496 497
su 20.3 (2.7) b,a [75.0/0.0/8.3/16.7/0] 449 477

GB 15.9 (2.2) ¢,s [100.0/0.0/0.0/0.0] 467 511
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Figure 2. (a) Scotchbond Universal—restorative/enamel interface with phosphoric acid pre-etching (5000X). (b) Scotchbond Universal—restorative/
enamel interface with phosphoric acid pre-etching (10,000X). (c) Scotchbond Universal—restorative/enamel interface without phosphoric acid pre-
etching (5,000X). (d) Scotchbond Universal—restorative/enamel interface without phosphoric acid pre-etching (10,000X).

tial as an ionization medium, to enable self-etching
activity to occur.?®

Previous studies®"3? have reported that one of the
characteristics or vulnerabilities of single-step adhe-
sives is phase separation, which may result in
droplets and blisters in the adhesive layer and at
the interface of the tooth substrate and the adhesive
layer. In addition, single-step self-etching adhesives
may contain high concentrations of water, which
purportedly lower the degree of conversion.?? These
drawbacks might reduce the mechanical properties
of an adhesive layer and also produce a weak point,
resulting in crack initiation and propagation. The
composition (Table 1) of the two-step adhesive
system in this study (OX) may result in improved
physical or mechanical properties when compared to

the single-step adhesives (SU and GB). Improvement
in physical properties may relate closely to the
higher SBS and SFL exhibited by OX.

In the present study, phosphoric acid pre-etching
of enamel significantly increased SBS and SFL. The
range of SBS was 42.0 = 3.5 to 48.1 + 6.1 MPa for
phosphoric acid pre-etched enamel surfaces, com-
pared to 27.7 = 3.8 to 34.2 = 3.8 MPa for surfaces
that were not pre-etched. The SFL ranged from 19.6
+ 4.4 to 25.1 = 1.8 MPa for phosphoric acid pre-
etched enamel surfaces, compared to a range of 12.9
+ 1.5 to 17.8 = 1.9 MPa for surfaces without pre-
etching. SEM observations also revealed that resin-
tags into the enamel bonding sites were longer and
more extensive for the groups with phosphoric acid
pre-etching when compared to groups without
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Figure 3. (a) G-eenial Bond—restorative/enamel interface with phosphoric acid pre-etching (5000X). (b) G-eenial Bond—restorative/enamel interface
with phosphoric acid pre-etching (10,000X). (c) G-eenial Bond—restorative/enamel interface without phosphoric acid pre-etching (5000X). (d) G-eenial
Bond—restorative/enamel interface without phosphoric acid pre-etching (10,000X).

phosphoric acid pre-etching (Figures 2a through 4d).
Therefore, the null hypothesis that phosphoric acid
pre-etching does not affect the SBS and SFL of
enamel was rejected for all of the adhesive systems.

Some recent studies’” on bonding to enamel have
found that self-etching adhesive systems, whether
two-step or one-step systems, have inferior bond
strengths compared with total-etch systems. In
addition, pre-etching of enamel with phosphoric acid
was shown'??334 to improve the bond strengths of
both two-step and single-step self-etching adhesives
when compared with bond strengths achieved with-
out pre-etching. Also, SEM studies™”3® examining
the morphology of enamel surfaces revealed that the
application of a self-etching primer and single-step
adhesives did not create as deep of an enamel
etching pattern as did phosphoric acid conditioning.

Over the years phosphoric acid has become the
standard procedure for conditioning to modify the
enamel structure prior to the application of
adhesive bonding agents. The infiltration of an
adhesive resin monomer into the porous zone
results in the formation of resin-tags, thereby
establishing micromechanical retention to the
etched enamel. Phosphoric acid treatment of
enamel increases the bonding area and wettability
of the adherent surface. Treating enamel with
phosphoric acid improves the surface free energy
by about 30% compared with treating with a silica-
carbide paper (grit #180, #600, and #2000) ground
enamel surface without phosphoric acid treat-
ment.36

With the introduction of self-etching dental adhe-
sives to the profession, phosphoric acid pre-etching
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Figure 4. (a) Optibond XTR—restorative/enamel interface with phosphoric acid pre-etching (5000X). (b) Optibond XTR—restorative/enamel
interface with phosphoric acid pre-etching (10,000X). (c) Optibond XTR—restorative/enamel interface without phosphoric acid pre-etching (5000X).
(d) Optibond XTR—restorative/enamel interface without phosphoric acid pre-etching (10,000X).

of enamel is not routinely recommended by manu-
facturers. The evidence from several studies,”1%!°
including the present study, comparing phosphoric
acid pre-etching of enamel vs no pre-etching clearly
shows increased enamel bond strengths following
pre-etching.

Bonding resin-based materials to dentin contin-
ues to be a challenge. 2-hydroxyethyl methacrylate
(HEMA) is a water-soluble methacrylate monomer
frequently employed in dental adhesives. HEMA
purportedly enhances the wetting properties of the
adhesive solution and the penetration efficacy of the
adhesive into demineralized dentin as a result of its
polar properties and small dimensions.?”*® HEMA
has been reported®® to have the capability of
increasing the bond strength to dentin. Because of

its hydrophilic character, HEMA is frequently used
as an ingredient to improve miscibility of both the
hydrophobic and hydrophilic components of adhe-
sive solutions to prevent phase separation.®!

While HEMA has known advantages for adhesive
bonding to mineralized tooth structures, concerns
have been expressed about the use of HEMA in
adhesive dental products. One of the reported
drawbacks of HEMA is the potential for allergenic
issues, especially to the skin.*®*! Other problems
reported®®*? include deterioration of mechanical
properties of the polymerized adhesive caused by
its characteristics, which enhance water uptake,
swelling, and staining.

In an effort to reduce possible allergenic problems
and to achieve long-term durability, some single-step
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Figure 5. (a) Scotchbond Universal—restorative/dentin interface with phosphoric acid pre-etching (5000%). (b) Scotchbond Universal—restorative/
dentin interface with phosphoric acid pre-etching (10,000X). (c) Scotchbond Universal—restorative/dentin interface without phosphoric acid pre-
etching (5000X). (d) Scotchbond Universal—restorative/dentin interface without phosphoric acid pre-etching (10,000X).

self-etching adhesives do not include HEMA in the
composition. In this study, SU and OX contain
HEMA; however, GB does not contain HEMA as an
ingredient and is classified as a HEMA-free, single-
step self-etching adhesive. The results of this study
show that the SBS and SFL to dentin for SU and OX
tended to decrease with phosphoric acid pre-etching
of the dentin surface prior to the application of the
adhesives but that this decrease was not significant
(p>0.05). For the HEMA-free GB adhesive, phos-
phoric acid pre-etching of the dentin surface signif-
icantly decreased (p<<0.05) SBS and SFL, and the
values were significantly less (p<<0.05) than for OX
and SU. Therefore, the null hypothesis that phos-
phoric acid pre-etching does not affect the SBS and
SFL of dentin was not rejected for SU and OX, but it
was rejected for GB.

The SEM examinations of the adhesive interface
with the mineralized tooth structures revealed
differences among the self-etching systems and with
phosphoric acid pre-etching vs no pre-etching. With
phosphoric acid pre-etching of dentin, a hybrid layer
of approximately 2-5 um was observed with the GB
adhesive (Figure 6a,b), compared to a hybrid layer in
the range of 3-5 um for both the SU and OX
adhesives (Figures 5a,b and 7a,b). A typical hybrid
layer was not found with SU and GB when
phosphoric acid pre-etching was not used on dentin
(Figures 5c¢,d and 6¢,d). For the OX adhesive, a
hybrid layer was found with or without the use of
phosphoric acid pre-etching of dentin; however, the
width of the hybrid layer with phosphoric acid pre-
etching (Figure 7a,b) was approximately double (3-5
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Figure 6. (a) G-aenial Bond—restorative/dentin interface with phosphoric acid pre-etching (5000X). (b) G-aenial Bond—restorative/dentin interface
with phosphoric acid pre-etching (10,000X). (c) G-eenial Bond—restorative/dentin interface without phosphoric acid pre-etching (5000X). (d) G- eenial
Bond—restorative/dentin interface without phosphoric acid pre-etching (10,000X).

um) that found without phosphoric acid pre-etching
(Figure 7c,d).

Phosphoric acid conditioning of dentin, followed by
air-drying of the treated surface, has been shown*?
to result in collapsed collagen fibrils that inhibit
resin monomer penetration into the entire depth of
the decalcified dentin. Adhesives that contain hy-
drophilic HEMA and water, such as the SU single-
step self-etching adhesive and the OX two-step self-
etching adhesive, may help to re-expand collapsed
collagen fibrils and enhance the penetration of
adhesive monomers into demineralized dentin. In
an effort to further facilitate bonding to mineralized
tooth structures, SU also contains 10-methacrylox-
ydecyl dihydrogen phosphate (MDP) and Vitrebond
copolymer. The MDP purportedly has the potential

to develop chemical bonds to hydroxyapatite, and the
Vitrebond copolymer is included to develop ionic
bonds to hydroxyapatite and/or collagen.**** How-
ever, even if hydrophilic components of an adhesive
have penetrated into demineralized surfaces, it is
possible that the resin components themselves may
have been hampered in penetrating the exposed
collagen network, leading to a decrease in bond
strength.

The GB adhesive demonstrated statistically
significant (p<0.05) lower SBS and SFL values
when using phosphoric acid pre-etching of the
dentin. While a HEMA-free single-step adhesive
may have benefits for long-term bonding durabil-
ity,*¢#8 it might induce droplets and blisters in the
adhesive layer or on the interface due to phase
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Figure 7. (a) Optibond XTR—restorative/dentin interface with phosphoric acid pre-etching (5000%). (b) Optibond XTR—restorative/dentin interface
with phosphoric acid pre-etching (10,000X). (c) Optibond XTR—restorative/dentin interface without phosphoric acid pre-etching (5000X). (d) Optibond
XTR—restorative/dentin interface without phosphoric acid pre-etching (10,000X).

separation or the more hydrophobic nature of the
components.?! It may be possible that these defects
provide vulnerable regions for crack initiation and
propagation from load stress resulting in lower
bond strength. In addition, a previous study?® of
the GB adhesive demonstrated that resin tag
formation, produced under vacuum treatment of
dentin, did not contribute to the p-TBS. Therefore,
the principal method of adhesion to the dentin for
GB was not dependent on resin tag formation but
on chemical bonding to the hydroxyapatite. From
this perspective, using phosphoric acid pre-etching
on dentin may have extensively removed hydroxy-
apatite from the surface, which is necessary to
achieve chemical bonding, resulting in an adverse
effect on the dentin bonding of GB. The results of
the present study clearly demonstrated a decrease

in SBS and SFL with the GB system when the
dentin surface was pre-etched with phosphoric acid
and support the theory that the loss of mineralized
dentin from the surface resulted in lower adhesion
because of reduced chemical bonding.

Fatigue failure is a result of nucleation of micro-
cracks, propagation and eventual coalescence of
cracks leading to catastrophic failure.?* Nucleation
is considered to occur at flaws in the materials or at
interfaces, such as scratches, voids, and inclusions,
which might be weak points where high stress
intensities can develop under load applications. In
addition, it is important to consider the influence of
different adherent substrates, as well as mechanical
properties of adhesives, and crack propagation from
repeated subcritical loading.
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Manufacturers’ directions for self-etching adhe-
sives now often give practitioners a choice of whether
to use phosphoric acid pre-etching on enamel. The
SBS and SFL data in the present study clearly show
that phosphoric acid conditioning of enamel prior to
the application of the three adhesive systems tested
improved the adhesion of a resin composite material
(Table 3). The opposite was true for dentin. The SBS
and SFL to dentin for all three systems were
decreased with phosphoric acid pre-etching (Table
4).

It is interesting to note that the system (OX) that
produced the highest SBS and SFL values also
yielded the highest ratio of SFL/SBS for both
enamel and dentin. While the SBS values provide
a relative ranking of the adhesive characteristics of
a system, the SFL value is a better measure of
endurance. The data in Table 3 for enamel and in
Table 4 for dentin demonstrate clear differences in
the resistance of bonds to failure with cyclic
loading.

It might be speculated that the reason for
differences in SFL between enamel and dentin were
caused by not only physical properties of adherent
substrates themselves but also by adhesive layer
conversion after evaporation of water and solvent.
Enamel is homogeneous in nature and is primarily
composed of hydroxyapatite. In comparison, dentin
is heterogeneous, consisting of hydroxyapatite and
collagen. Overall, the water content of dentin is
significantly higher than that of enamel, and this
may influence the effectiveness of evaporation of
solvents, which may result in a reduction of the
degree of conversion, leading to lower mechanical
properties. From the results of the failure modes
observed in dentin bonding, adhesive mode failures
tended to increase in SBS and SFL specimens with
phosphoric acid pre-etching, except in the case of the
GB adhesive (GB demonstrated 100% adhesive
failure for all conditions). On the other hand, failure
modes of enamel for all three adhesives demonstrat-
ed a different trend between SBS and SFL; adhesive
mode failures tended to decrease in SBS, when the
use of phosphoric acid pre-etching was compared to
the same self-etch system without the use of pre-
etching, but in SFL adhesive mode failures tended to
increase.

The clinical relevance of fatigue testing gains
strength from an earlier study®® showing a larger
percentage of gap formation at resin composite/
enamel margins for self-etching systems when
compared to etch-and-rinse adhesives. Franken-
berger and Tay®® conducted a study comparing

Operative Dentistry

marginal gap formation of Class II resin composite
restorations bonded with both etch-and-rinse and
self-etching adhesives using simultaneous mechan-
ical loading and thermocycling (thermomechanical
fatigue loading, TML). In reporting the results for
marginal quality in enamel, these authors reported
that while all adhesive systems showed a signifi-
cant loss (p<<0.05) of gap-free margins after TML
compared to results prior to TML, etch-and-rinse
systems performed significantly better than did
self-etching systems. Dentin margins, like enamel,
showed a high percentage of gap-free margins
before TML. All the adhesive systems exhibited a
significant decline in the percentage of gap-free
dentin margins after TML. The results of their
study clearly show the effect of TML fatigue loading
on both enamel and dentin margins of adhesively
bonded Class II resin composite restorations. In
addition, clinical studies!®*"®'%* have found in-
creased marginal breakdown for restorations bond-
ed with self-etching adhesives compared to those
with etch-and-rinse adhesives. Since some of the
self-etch adhesives may have laboratory bond
strengths that are similar to those of the etch-and-
rinse adhesives, the reason for more and earlier
failures may be attributed to lower fatigue resis-
tance.

Generally, failure in fatigue testing is the result of
cumulative damage over time. How different adher-
ent substrates, especially enamel and dentin, are
related to crack propagation and bond failures
requires further investigation. Additional fatigue
testing is needed to investigate the long-term
durability of adhesively bonded materials to miner-
alized tissues.

CONCLUSIONS

Phosphoric acid pre-etching of enamel produced
significantly higher (p<0.05) SBS and SFL of a
resin composite bonded to enamel using three self-
etching adhesive systems when compared to similar
values associated with no pre-etching. The use of
phosphoric acid pre-etching on dentin prior to the
application of the three adhesive systems resulted in
a decrease in SBS and SFL when compared to values
obtained using the adhesives without pre-etching
with phosphoric acid.

SBS and SFL testing of bonds using phosphoric
acid etching prior to application of the self-etch
adhesives clearly demonstrated different tendencies
between enamel and dentin. The effect of phosphoric
acid pre-etching (prior to application of self-etch
adhesives) on bond performance was adhesive
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system and tooth substrate dependent. The results of
this study have significant implications for the
selection and technical use of self-etching adhesive
systems.
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