
Effect of
Double Layering and

Prolonged Application Time on
MTBS of Water/Ethanol-based
Self-etch Adhesives to Dentin

SUMMARY

One way of possibly improving bond strength is
by changing the application mode of self-etch
adhesives. The current study evaluated the
resin-dentin microtensile bond strength (MTBS)
promoted by two- and one-step self-etching adhe-
sives after different bonding application proce-
dures. Flat dentin surfaces from extracted
human molars were bonded: 1) according to the
manufacturers’ instructions, 2) duplicating the
number of adhesive coats and 3) doubling the
application time of the acidic primers. Two-step
(Clearfil SE Bond/SEB and Resulcin
AquaPrime/RE) and one-step (Etch & Prime
3.0/EP and One-Up Bond F/OUB) self-etch adhe-
sives were used. Resin-dentin beams were tested
in tension at 0.5 mm/minute. Selected debonded
beams were observed under scanning electron
microscopy (SEM). MTBS data were analyzed by
ANOVA and multiple comparison tests (p<0.05).
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572 Operative Dentistry

The highest MTBS was always attained with
SEB, regardless of the bonding procedure. RE,
EP and OUB showed similar MTBS when bonded
as per the manufacturers’ instructions. The
MTBS of OUB increased after doubling the appli-
cation time and duplicating the adhesive coats.
The two-step self-etch adhesives were insensible
to changes in bonding application procedures.
Attempts to improve the bonding performance of
water/ethanol-based self-etching systems by
using different bonding application parameters
were system-specific and only effectively detect-
ed in one-step adhesive systems.

INTRODUCTION
The use of self-etching agents eliminates the condition-
ing, rinsing and drying steps that have been shown to
be both critical and difficult to standardize in operative
conditions, because of the instability of the demineral-
ized dentin matrix.1-2 Two-step self-etching primers
combine the acid and the primer in one solution to form
an acidic monomer, followed by the application of a
resin monomer.3 One-step self-etching adhesives were
developed in order to shorten the bonding procedure
and reduce the sensitivity of the technique,4 since all of
the components are blended in one solution.1

A poor bonding performance has been reported for
some of these simplified adhesives,5-6 the main reasons
being: 1) the presence of highly hydrophilic monomers
that are sensitive to water sorption from the underlying
dentin,7 increasing hybrid layer permeability and
nanoleakage;4,8-9 2) a differential infiltration gradient
through the dentin related to differences in the molecu-
lar weight of the adhesive system compounds;10 3) a
high concentration of protic solvents and dissolved
molecular oxygen within the adhesive layer as a result
of poor evaporation;11-12 4) the limited thickness of the
adhesive layer,12 which may also magnify the oxygen
inhibition effect on adhesive polymerization13 and 5)
their low degree of cure.11

Interactions of the self-etch agents with dentin are
limited by many factors from both the substrate14 and
the adhesive itself.6,9,15 Optimal resin infiltration is
important to achieving adequate bond strengths,9,16-17 as
effective resin-dentin bonds may only be formed if
primers and resins are able to penetrate through the
smear layer and interact with the underlying dentin.18-20

The infiltration of the adhesive blend, solvent/water
evaporation and thickness of the adhesive layer are
directly related to chemical and rheological proper-
ties,11-12,21-22 but may be influenced by the application
mode.23 It has been hypothesized that more uniform
adhesive infiltration and greater solvent/water evapo-
ration would be achieved when bonding with double

layering13,24 or by a prolonged application time of the
primers/adhesives onto the dentin surface.22,25-26

Therefore, the current study determined the effect of
duplicating the coats or extending the application time
of self-etch bonding systems on dentin microtensile
bond strength (MTBS). The null hypothesis tested was:
1) there is no difference in attained MTBS to dentin
between the tested adhesives and 2) duplicating the
number of adhesive layers or doubling their application
time does not affect MTBS to dentin of any of the self-
etch adhesives tested.

METHODS AND MATERIALS

Thirty-six extracted caries-free human third molars
were stored at 4°C in 1% thymol solution for up to one
month. The occlusal enamel was ground under run-
ning water with 180-grit SiC papers to provide uniform
dentin surfaces with clinically relevant smear layers
for bonding.27

Table 1 displays the mode of application and compo-
nents of the self-etch adhesive systems used in the
experiment: Clearfil SE Bond (Kuraray Co Ltd, Osaka,
Japan), Resulcin AquaPrime (Merz Dental,
Lütjenburg, Germany), Etch & Prime 3.0 (Degussa AG,
Hanau, Germany) and One-Up Bond F (Tokuyama
Europe GmbH, Dusseldorf, Germany). The surfaces
were rinsed for one minute with distilled water and
gently air-dried before adhesive application. The teeth
were randomly divided into 12 equal groups to be bond-
ed with the four different self-etch adhesives as fol-
lows: 1) according to the manufacturers’ instructions;
2) the application of two layers of primer (for the one-
step systems, after light-curing the first layer, the
adhesive was reapplied and light-cured) and 3) dou-
bling the primer/adhesive application time.

Resin build-ups, each 6 mm in height, were con-
structed incrementally (2.0 mm) with Tetric Ceram
(Ivoclar Vivadent, Schäan, Liechtenstein) light-cured
hybrid resin composite. Each layer of the composite
was light activated for 40 seconds with a Translux EC
halogen light-curing unit (Kulzer GmbH, Wehrheim,
Germany). Light intensity was monitored with a
radiometer (Model 100, Kerr Demetron, Danbury, CT,
USA) to be at least 600 mW/cm2. After 24 hours of
water storage at 37°C, the bonded teeth were vertical-
ly sectioned into serial slabs that were further sec-
tioned into 1.0 mm2 composite-dentin beams.

The beams were attached to a modified Bencor Multi-
T testing apparatus (Danville Engineering Co, San
Ramon, CA, USA) with a cyanoacrylate adhesive
(Zapit, Dental Ventures of America Inc, Corona, CA,
USA) and tensioned in a universal testing machine
(Instron Inc, Canton, MA, USA) at a crosshead speed of
0.5 mm/minute. The fractured beams were carefully
removed from the apparatus and the cross-sectional
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area at the site of failure measured to the nearest 0.01
mm with a pair of digital calipers (Sylvae Ultra-Call
LI, Fowler Inc, Newton, MA, USA). The fractured spec-
imens were examined with a stereomicroscope
(Olympus/DeTrey, Konstanz, Germany) at 40x magni-
fication to determine the mode of failure. The failure
modes were classified as adhesive, cohesive or mixed.
Representative specimens of each group were kept for
48 hours in a desiccator (Sample Dry Keeper Simulate
Corp, Tokyo, Japan), then mounted on aluminum
stubs with carbon cement. The specimens were then
sputter-coated with pure gold by means of a sputter-
coating Unit E500 (Polaron Equipment Ltd, Watford,
England) and observed with a scanning electron micro-
scope (SEM) (1430 VP, LEO Electron Microscopy Ltd,
Cambridge, UK) at an accelerating voltage of 20 kV, in
order to observe the microscopic fracture patterns and
morphology of the debonded interfaces.

A two-way analysis of variance (ANOVA) was used to
examine the effect of the variable adhesive system and
bonding procedure on the MTBS. Multiple compar-
isons were performed using the Student-Newman-

Keuls test. The statistical significance was set at
α=0.05.

The pH of the bonding systems was assessed using
pH indicator strips (Duotest, Macherey-Nagel, Düren,
Germany).

RESULTS

The pH values of the primers of each adhesive system
are shown in Table 1. The mean MTBS values obtained
in each group are summarized in Table 2. Bond
strength to dentin was affected by the adhesive system
(p<0.001) and bonding procedure (p<0.0001). The inter-
actions of these two factors were also significant
(p<0.0001). The power of the multiple ANOVA (R2) was
around 63%.

Once bonded per the manufacturers’ instructions, the
highest MTBS was attained by SEB, and the rest of the
adhesives that were tested performed similarly.
Regarding bonding procedure, the highest MTBS was
always attained with SEB. MTBS attained by two-step
self-etch adhesives (SEB and RE) was not affected by

Self-etching Components Principal Ingredients Mode/Steps of Application
Category (according to the manufacturers)

2-step Clearfil SE Bond
(pH= 2.1)

Primer 10-MDP; HEMA; hydrophilic Apply Primer for 20 seconds. Mild air
dimethacrylate; dl-camphorquinone; stream. 
N,N-diethanol-p-touidine; water.

Bond 10-MDP; Bis-GMA; HEMA; hydrophobic Apply Bond. Gentle air stream.
dimethacrylate; di-camphorquinone; Light cure for 10 seconds.
N,N-diethanol-p-toluidine; silanated
colloidal silica.

Resulcin AquaPrime +
Monobond (pH= 1)

AquaPrime 2-methacryloyloxyethyl- Mix AquaPrime with water (1:1). Scrub
dihydrogen-phosphate. into the dentin surface for 30 seconds.

Gently air dry.

Monobond Bis-GMA, TEGDMA, polymethacryl- Apply Monobond. Air blow gently.
oligomaleic acid. Light cure for 20 seconds.

One-step Etch & Prime 3.0
(pH= 0.76)

Universal HEMA, water, ethanol, stabilizer. Mix Universal and Catalyst. Apply for 30

Catalyst HEMA, initiators, stabilizers, tetra- seconds. Air blow gently. Light cure for

methacryloyloxyethylpyrophosphate 10 seconds.

(HEMA-phosphate)

One-Up Bond F
(pH= 1.2)

Agent A Phosphoric monomer, MAC-10, Mix bonding A & B (1:1). Apply mixed
multifunctional methacrylic monomer, material for 20 seconds. Gently air
co-initiator. stream. Light cure for 20 seconds.

Agent B HEMA, water, fluoroaluminosilicate
microfiller, dye-sensitizer, borate derivative
catalyst.

Abbreviations: Bis-GMA: bis-phenol A diglycidylmethacrylate; TEGDMA: triethylene glycol-dimethacrylate; MAC-10: Methacryloyloxyalkyl acid phosphate; 10-MDP: 10-methacryloxydecyl
dihydrogen phosphate; HEMA: 2-hydroxyethyl methacrylate.

Table 1: Main Components and Application Mode of Bonding Agents Used in the Experimental Groups
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double layering or extended appli-
cation time. However, the efficacy of
the one-step adhesive systems was
affected by these different applica-
tion procedures. Duplication of the
adhesive coats lowered the MTBS
values of EP. Duplicating the layer-
ing and doubling the application
time significantly increased bond
strength values when OUB was
tested.

Table 3 displays the percentage of failure modes of
the debonded specimens. Most of the failures were
adhesive, except for SEB (regardless of the bonding
technique), and when OUB was used, either when
doubling the adhesive layers or extending the appli-
cation time. In both cases, a higher percentage of
mixed failures was obtained. No cohesive failures
were observed.

SEM examinations of debonded dentin surfaces
after MTBS testing are shown in Figures 1 to 4.
Images from SEB specimens showed predominately
mixed failures (Figure 1A). At high magnification,
cohesive failures within the hybridized smear layer
are observed (Figure 1B). For the RE groups (Figure
2), failures usually occurred at the bottom of the
hybridized complex (scratches from previous dentin
grinding are clearly observed) and tubule entrances
are enlarged and completely devoid of resin tags. In
general, specimens bonded with one-step self-etch
systems presented adhesive failures that were found
at the bottom of the hybridized complex, usually asso-
ciated with low bond strength data. When EP speci-
mens were examined (Figure 3), opened and
enlarged, dentin tubule entrances without resin tags
were encountered. A mixed failure could be observed
after prolonged application time in OUB-bonded speci-
mens (Figure 4). Small areas exposing resin-covered
dentin were detected and a few tubules were visible.

DISCUSSION

The two-step self-etching system SEB always
revealed the highest MTBS, irrespective of the bond

574 Operative Dentistry

Figure 1. SEM images of the debond-
ed dentin surface of an SEB speci-
men applied as per the manufactur-
ers’ instructions. (A) A mixed failure,
in which a large area of remaining
adhesive resin may be observed
(bar=30 µm). (B) At a higher magnifi-
cation, entrances of the dentinal
tubules may be observed. They are
not enlarged and are occluded by
hybridized resin plugs. Zones of cohe-
sive fracture within the hybridized
smear layer are shown (bar=10 µm).

Bonding Parameter
Adhesives Manufacturers n Double Layer n Double Time n

SEB 44.0 (12.2)A,1 32 34.7 (8.3)A,1 32 39.0 (8.8)A,1 34

RE 11.5 (4.9)B,1 31 8.6 (2.8)C,1 30 12.6 (3.6)C,1 28

EP 17.0 (7.8)B,1 29 9.0 (2.9)C,2 30 22.1 (9.8)B,1 31

OUB 15.5 (5.6)B,2 30 20.0 (7.5)B,1 31 21.8 (7.6)B,1 32

*Results of post-hoc multiple-comparison tests are indicated in the superscripts. For each column, groups labeled with the same letter superscripts are not significantly different (p>0.05). For
each row, groups labeled with the same number are not significantly different (p>0.05).
Beams that failed prematurely were not included in the statistical analysis. The actual number of composite-dentin beams tested for each subgroup (n) is included.

Table 2: Mean MTBS (MPa) and Standard Deviation (SD) of the Four Self-etch Adhesives Bonded After Different Application 
Procedures

Bonding Parameter

Manufacturers Double Layer Double Time

Adhesives/Fracture Mode A M A M A M

SEB 37 63 41 59 32 68

RE 55 45 73 27 61 39

EP 57 43 68 32 63 37

OUB 62 38 46 54 38 62

Table 3: Distribution (as percentage) of Failure Modes: A—adhesive, M—mixed

Figure 2. SEM images of the debond-
ed dentin site of an RE specimen
after a double layering application
procedure. (A) An adhesive failure is
shown, which mainly occurred below
the hybrid complex, and a few areas
of adhesive resin remain at the
periphery (bar=100 µm). (B) At a
higher magnification, areas of frac-
ture exposing the underlying dentin
are shown, dentinal tubules are
enlarged and few resin tags were
observed (bar=10 µm).
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ing application procedure. The higher performance of
this adhesive system has been previously reported5,9,20

and may be related to: 1) use of a mild self-etching
primer (pH=2.1) that leads to a negligible dissolution
of the smear plugs,9,21,28 facilitating penetration, entan-
glement and polymerization of monomers with the
underlying dentin to form accurate hybrid layers;1,5,6 2)
incorporation of the functional monomer 10-MDP in
combination with HEMA, which improves the wetting
of the tooth surface and chelates to calcium ions of
dentin,6,22 creating hardly soluble calcium-salts21 and 3)
the presence of photoinitiators in both components
(primer and bond), which increases the photo-polymer-
ization efficacy of the monomers and facilitates solvent
evaporation.11,29 A high percentage of mixed failures
was obtained (Table 3), probably due to SEB’s
improved dentin hybridization, since a mild dentin
demineralization pattern that did not affect the per-
itubular dentin and permitted hybridized resin plugs
formation was encountered (Figure 1).

RE is a two-step self-etch adhesive that also showed
stable performance regardless of the applied bonding

procedure. However, the bond strength attained by
RE was lower than that of SEB. “Strong” self-etch
adhesives (pH≤1, eg, RE) performed poorly, com-
pared with “mild” self-etch adhesives (pH≤1, eg
SEB).9,28 When aggressive versions (pH≤1) of simpli-
fied adhesives are applied, the smear plugs are dis-
solved and the tubules opened,7 facilitating phase
separation and dilution of the subsequent applied
resin.10 Water entrapment also adversely affects
adhesive polymerization.7 Diffusion of Resulcin
Monobond (which is mainly Bis-GMA and TEGDMA-
based resins) on this demineralized dentin surface
with enlarged tubules (Figure 2B) may be strongly
limited, as these resin monomers have a high molec-
ular weight and low affinity to water-rich substrates.
This results in the formation of a superficial
hydrophobic layer that may offer rigidity but exhibits
low monomer conversion.10,30 The existence of a par-
tially etched but poorly infiltrated dentin zone
beneath the hybridized smear layer may lead to the
formation of a weak potential site for bonding failure
prone to degradation.31-32 Self-etching systems are
very complicated chemistries. Even though most
adhesive systems contain the same components, they
may differ significantly, considering the proportional
amount of ingredients, such as resin, initiator,
inhibitor, solvent and filler particles.22,28 As a conse-
quence, particular shortcomings related to the spe-
cific composition of the tested adhesive systems
might be considered as explaining the different bond-
ing effectiveness obtained with these adhesives.

Extending the priming time of RE or the supplemen-
tary application coat of the RE primer did not increase
resin-dentin MTBS. These procedures are not able to
overcome the main problem, which is the poor infiltra-
tion and polymerization of hydrophobic resins into this
water-rich substrate. Moreover, increasing the concen-
tration of 2-methacryloyloxyethyl-dihydrogen-phos-
phate at the tooth surface may result in dentin
overetching and/or a decrease in adhesive layer poly-
merization related to an increase in the oxygen inhibi-
tion effect.33-34

The one-step systems OUB and EP consistently
obtained lower MTBS values when compared to the
two-step system SEB.5-6,9,20 The lower MTBS of these
one-step self-etch bonding agents may be associated
with phase separation and a competitive and differen-
tial diffusion of hydrophilic and hydrophobic
monomers into dentin, resulting in heterogeneous
hybrid layers.7,30 These complex blends contain high
concentrations of solvents that are not properly evapo-
rated,8,30,35 affecting resin polymerization and lowering
the strength of the resin-dentin bonds.7,11

When two coats or double application time were used
with OUB, the MTBS was higher than when the man-
ufacturers’ instructions were followed. Increasing the

Figure 3. SEM observations of the
debonded surface along the dentin
side of a specimen bonded with EP
as per the manufacturers’ instruc-
tions. (A) An adhesive failure at the
bottom of the smear layer may be
observed (bar=100 µm). (B) At a high-
er magnification, the dentinal tubules
are enlarged with no resin tags.
Intertubular dentin appeared porous
as after being etched and improperly
infiltrated by resin (bar=2 µm).

Figure 4. SEM images of the debond-
ed interface on the dentin side when
OUB was used with a prolonged
application time. (A) A mixed failure is
presented (bar=100 µm). (B) At a
higher magnification, a fracture within
the hybridized complex is shown;
some tubule entrances are visible,
dentin appears covered with resin
(bar=2 µm).
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application time may facilitate solvent evaporation
and adhesive infiltration.23,25-26 Since defective bond for-
mation can also be related to oxygen inhibition of the
thin adhesive layer, multi-layering also has a benefi-
cial effect, creating a thicker adhesive layer and/or
improving resin infiltration and covering decalcified
dentin.36-38 It is also possible that the application of a
supplementary coat of OUB or doubling the applica-
tion time helped to overcome the differential infiltra-
tion effect that is produced when hydrophilic and
hydrophobic resins are placed simultaneously in a
water-rich substrate.7,10,30 As a result of these changes
in the bonding procedure, a more homogeneous, thick
adhesive layer can be obtained. How successfully these
bonding protocols are in the long run remains to be
determined.

Increasing the application time did not improve the
dentin MTBS of EP. When water is added as a solvent
to comonomer-ethanol mixtures, an increased reten-
tion of ethanol and water is produced, since both can
hydrogen bond to the monomers.39 In these cases, air-
drying11,39 or a prolonged application time cannot
induce greater solvent evaporation. Duplication of the
number of coats lowered the MTBS of EP, as it was not
enough to compensate for the lack of an additional sol-
vent-free hydrophobic resin-layer application.11,35 Since
this adhesive does not contain any hydrophobic
dimethacrylates in its formulation (Table 1), it is
expected that the application of an additional HEMA
layer would also facilitate water retention at the adhe-
sive layer, due to the lowering of vapor pressure of the
water by HEMA.1

The null hypothesis that there is no difference in the
resin-dentin MTBS of the tested self-etching adhesive
systems when using different bonding procedures
must be rejected. One-step self-etch adhesives, which
were introduced and marketed as user-friendly bond-
ing agents, are highly technique-sensitive. Problems
relating to the chemical formulation and/or molecular
dispersion of hydrophilic/hydrophobic components
seem to limit the efficacy of these simplified adhesives.

CONCLUSIONS

Within the limits of the current study, it may be con-
cluded that:

1. Bonding of the water/ethanol-based two-step
self-etch adhesives Clearfil SE Bond and
Resulcin Monobond is less technique-sensitive.
The bond strengths attained with two-step
adhesives seem to be higher when using milder
(pH>1) formulations that possess an additional
mechanism of ionic bonding (10-MDP) to dentin.

2. Bonding to dentin with the one-step adhesives
Etch and Prime 3.0 and One-Up Bond F is less
reliable and technique-sensitive. Bond strength

improvements may be achieved by selected
changes in bonding parameters, but the results
are system-specific.
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