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With the introduction of acids as dentin-demineralizing
agents in 1979 (1), the bond strength of resin restorations
to dentin became more reliable. However, a significant
problem with many systems is their technique sensitivity.
Demineralized dentin must be sufficiently hydrated to
maintain the porosities for the mechanical penetration of
resin (2), but it should not be overly wet, because, among
other problems, there may be dilution or deterioration of
the monomer, reduced final degree of cure, and forma-
tion of water-containing defects within the adhesive layer
(3–5). Resin penetration must occur throughout the
whole demineralized layer, or a layer of unprotected
demineralized collagen will be exposed that is prone to
hydrolysis and degradation over time (6,7). Unfortu-
nately, studies have shown that a demineralized dentin
layer is often left unprotected at the bottom of the hybrid
layer (5,8–10).
There is also some concern about the aggressiveness of

the acids used. Studies have suggested that some acids
used to etch dentin can denature the collagen fibrils (11–

13). This denatured collagen, not protected by the
adhesive, can be even more prone to hydrolysis over
time, placing the restoration at risk (6).
The development of self-etching primers that use an

acidic monomer to demineralize dentin at the same time
as it impregnates the dentin matrix should allow the
unprotected layer of collagen beneath the hybrid layer
to be reduced, leading to higher long-term bond
strengths (14). However, the acidic monomer is not
rinsed off the tooth, and if any further demineralization
occurs after its application, a layer of demineralized
dentin would be left to undermine bond strength. Sano
et al. (15) speculated that the acidic environment in
such systems could lead to poor polymerization, and a
recent study (16) reported that the acidic groups of an
adhesive system would interfere with the polymerization
of auto-cure composites.
It has been suggested that the etching process is

stopped by three mechanisms:

(1) The acidic groups are first neutralized by the reaction
with the calcium.

(2) After evaporation of the solvent, the primer’s visco-
sity rises, reducing the diffusion of the monomers.

(3) Polymerization reduces the concentration of free
acidic monomers.
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Self-etching primers (SEP), used for adhesion of resin restorations, contain an acidic
monomer that is not rinsed off after application; therefore, residual acid could further
demineralize dentin, jeopardizing adhesion. This study evaluated whether dentin de-
mineralization continues after a 20-s application of a SEP and also after polymer-
ization of the adhesive. Surface recession was measured, using atomic force
microscopy (AFM), between the masked surface and dentin etched with SEP (Clearfil
SE Bond) or phosphoric acid (pH 1.94) immediately, 5 min, 2 h or 12 h after appli-
cation. AFM-based nanoindentations were performed to determine mechanical
property profiles across resin-bonded interfaces of two sequence groups: SG 1, where
the adhesive was applied and polymerized immediately after application of the primer
and specimens were immersed in Hank’s solution after 5 min, 2 h and 12 h; or SG 2,
where specimens were placed in an incubator before the application of the adhesive,
for the same time periods. Significant surface recession occurred over time for all
groups, except for SEP before desiccation. Nanoindentations yielded decreased
hardness and elastic modulus below the hybrid layer after application of the initial
primer, even after polymerization of the adhesive. The results reveal a demineralized
dentin zone below the hybrid layer formed by the SEP, not fully protected by the
adhesive, which could jeopardize bond strength.
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Atomic force microscopy (AFM) is a powerful tool that
has been used to image tooth structure and to study
dentin demineralization (17–23). Modified AFM is cap-
able of determining the mechanical properties of dentin
by nanoindentations (24,25). The major advantages of
this method are the ability to test under wet conditions
and the immediate imaging of the sample surface, which
allows for the precise positioning of the indentations.
There is at least one study (26) published on the
mechanical properties of the different bonded layers that
did not reveal the existence of any altered dentin layer
within the bonded layers. However, this was carried
out under dry conditions, which can lead to mis-
leading conclusions as the dried demineralized colla-
gen collapses, presenting different mechanical properties
(24).
In the present work, we used AFM to investigate

whether the application of an acidic monomer of a self-
etching primer can result in deeper demineralization
some time after application, and to determine nanome-
chanical properties across the bonded layers to detect
areas of further demineralization.
The null hypotheses in the present study were as fol-

lows:

(1) There is no further demineralization of the dentin
structure after applying and drying the primer.

(2) There is no further demineralization of the dentin
structure after polymerization of the monomers.

Material and methods
The specimens used in this study were prepared from ran-
domly selected human non-carious thirdmolars, as approved
by the UCSF Committee on Human Research. All teeth had
been recently extracted (< 3 months) from patients in need
of extractions as part of their dental treatment. Extracted
teeth were gamma irradiated and refrigerated at 4�C in
Hank’s balanced salt solution (HBSS) prior to use.
The adhesive and restorative materials used in this study

are listed in Table 1, along with the compositions, batch
numbers and codes provided by the manufacturer. Both the
self-etching material and the composite were used according
to the manufacturers’ instructions.

Occlusal dentin disks were sectioned using a water-cooled
low-speed diamond saw (Buehler, Lake Bluff, IL, USA) at
approximately the same depth (occlusal surface � 2 mm
above the pulp horns). The occlusal surfaces were finished
with 320 grit abrasive paper to create a standard smear layer
(27).
As the analysis of both dentin demineralization after

drying the primer, and dentin demineralization after the
application of the adhesive and the polymerization of the
primer, was the subject of this study, two different methods
were used. These methods are described below.

Surface recession

The AFM study was performed using contact mode (Nan-
oscope III; Digital Instruments, Santa Barbara, CA, USA),
as described previously (28). The occlusal surfaces of 18
dentin disks were further polished through 0.05-lm alumina
powder slurry (Buehler Micropolish; Buehler) to provide
flat, smear-layer free surfaces for imaging in the AFM, as
the roughness of the smear-layer would interfere with the tip
from the AFM. This allowed comparison of the effects of
the surface treatments on intact dentin. A phosphoric acid
solution of the same pH as the Clearfil SE Bond [0.0134 m

(0.13 wt.%) aqueous phosphoric acid] was prepared from
85 wt.% phosphoric acid (Fisher Scientific, Fair Lawn, NJ,
USA). The pH value of both etchants was 1.94, measured
using an Accumet 1003 handheld pH meter and a glass
electrode microprobe (Fisher Scientific). The etchants were
applied to the specimen surfaces after half the surface had
been protected with a masking tape to create an unetched
reference layer, as previously described (20,29). After
application for 20 s, each etchant was dried for 5 s with a
gentle air stream from a water- and oil-free air source
(Fisher Scientific), and specimens were soaked in 100%
ethanol for 5 min immediately, or 5 min, 2 h or 12 h after
drying, to remove the resinous components of the etchant
for Clearfil SE (28), thus enabling us to assess whether there
was a difference in demineralization by leaving the dried
primer on the sample surface. The procedure was also used
for the phosphoric acid control samples. Samples were then
soaked in deionized water for 5 min to reverse any desic-
cation effects that the ethanol might have caused, as des-
cribed previously (28). Three specimens were used per
group. Specimens were protected from light during the
waiting periods to avoid possible polymerization of the
monomers.

Table 1

Restorative and adhesive materials

Material Code Composition Batch no. Function

Clearfil SE bond SE Primer: 10-MDP, HEMA, hydrophilic
dimethacrylate, dl-camphorquinone,
N,N-diethanol-p-toluidine, water

Primer-00101A Adhesive
system

Resin: 10-MDP, Bis-GMA, HEMA,
hydrophilic dimethacrylate, dl-camphorquinone,
N,N-diethanol-p-toluidine, silanated colloidal silica

Adhesive-00103A

Z-100 Z100 Bisphenol A diglycidyl ether dimethacrylate;
silanated zirconium silica synthetic mineral,
triethyleneglycol dimethacrylate

OKA Restorative
material

0.13 vol.% phosphoric acid PA 0.13 vol.% phosphoric acid diluted from 85%
phosphoric acid

933812 Acid conditioner

10-MDP, 10-methacryloyloxydecyl-dihydrogen phosphate; Bis-GMA, bisphenol A diglycidyl methacrylate; HEMA, 2-hydroxyl-
ethylmethacrylate.
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Three 50-lm · 50-lm AFM images were taken for each
specimen, while under deionized water. Depth changes of
intertubular dentin, relative to the reference layer (dentin
surface that was protected from the acid with the masking
tape), were measured at five randomly selected locations
within each of the images. Specimens were desiccated in a
desiccator (Bel-Art Products, Pequannock, NJ, USA) con-
taining silica gel desiccant (6–16 Mesh; Fisher Scientific) for
24 h and the same sites were imaged dry and measured
again.

Mechanical properties across the hybrid layer

Two different sequence groups (SG) were used to analyse
the effect of polymerization on the acid activity of the pri-
mer, as shown schematically in Fig. 1.

SG 1 – the primer was applied on the occlusal surface of
dentin disks (prepared with a 320-grit smear layer) for 20 s
and air dried for 5 s. The adhesive of the self-etching primer
system was immediately applied and polymerized for 10 s
with a curing light (Demetron-Optilux, Kerr model-VCL
401; Demetron Research Corporation, Danbury, CT,
USA). The restorative composite (Z100; 3M, St Paul, MN,
USA) was applied incrementally (1 mm layer) and poly-
merized for 40 s, between increments, to a thickness of
� 4 mm. The intensity of the curing light was monitored
periodically with a curing radiometer (acceptable range:
500–600 mw cm)1) (Model 100; Demetron Research Cor-
poration). These specimens were then placed in an incubator
at 37�C, in 100% humidity and darkness, for 5 min, 2 h and
12 h. Subsequently, specimens were immersed in 10 ml of
HBSS in an attempt to limit further acidic reaction.

SG 2 – the primer was applied and dried in the same way
as described above for SG 1 except that specimens were
placed in the incubator before application of the adhesive
and its polymerization. In this way, longer time periods for
eventual acid residues to react with the sample surface were
facilitated after drying the primer, but before application
and polymerization of the adhesive and composite. Speci-
mens were immersed in HBSS immediately after the res-
toration was complete.

After approximately 24 h, specimens were sectioned with a
diamond saw, polished through ascending grades of silicon
dioxide paper, and given a final polish with 0.25-lmdiamond
paste. Three specimens were used per treatment group.
In each specimen, at least three lines of nanoindentations

were made across the bonded layers, using a modified AFM
where the standard head was replaced by a Triboscope
indenter system (Hysitron, Minneapolis, MN, USA), as
previously described (24). This system is capable of inducing
a vertical force to the diamond tip while measuring the tip
force and displacement. A diamond cube corner indenter,
with a tip radius of curvature of � 20 nm, was used for both
imaging and indentation. All images and indentations were
made with the sample submerged in water.
The hardness (H) and reduced elastic modulus (E) were

calculated from the load displacement curves generated
from each indentation, where Fmax is the maximum force
applied, a is the effective contact area of the indentation and
S is the stiffness determined from the initial portion of the
unloading cycle in the force displacement curve:

H ¼ ðFmax � aÞ ð1Þ

E ¼ ½ð
ffiffiffi

p
p

�
ffiffiffi

a
p

Þ � ðS� 2Þ� ð2Þ

E and H were measured at 1.5-lm intervals along lines of
indentations from the adhesive into the dentin, as shown
in Fig. 2A. Indentations were made at a maximum force
of 300 lN. After each line, an image was taken and the
distance of each indentation from the adhesive was
measured. As the hybrid layer thickness was difficult to
identify in the AFM, specimens were also imaged in the
scanning electron microscope (SEM) (Fig. 2B). Therefore,
all samples were then immediately immersed in 3 vol%
glutaraldehyde with 0.2 m sodium cacodylate buffer solu-
tion at 4�C. After 24 h, the hybrid layers were revealed
(i.e. demineralization and deproteinization of the dentin
unprotected by the resin) following the method used by
Schneider et al. (30), so that by the difference in surface
height, the hybrid layer could be identified and measured.
In this procedure, after immersion in glutaraldehyde, but
before desiccation with ethanol, samples were immersed in
0.1 mol hydrochloric acid for 1 min, rinsed in deionizedwater
for 2 min, immersed in 10% sodium hypochlorite for 1 min
and rinsed in deionized water for 2 min. Samples were then
submitted to desiccation and prepared for the SEM as
described previously (28). Using SEM (ISI ABT SX-40 A
SEM; Topcon Instruments, Pleasanton, CA, USA), the large
reference indentation made in the resin layer near each line
with a force of 1000 lN was identified and the position and
thickness of the hybrid layer were determined using image
analysis software (Ultrascan 2.1.1; Soft Imaging Software,
Kevex Sigma, Noran Instruments, Madison, WI, USA).
Thus, the location of each indentation from the bottom of the
hybrid layer was determined and any change in mechanical
properties of the dentin below the hybrid layer could be
evaluated.

Statistical methods

The surface recession data from the AFM measurements
were analysed using logarithmic regression analysis over
time to determine whether there was any change in the
surface recession of dentin after drying of the primer.
Nanoindentations across the resin–bonded interfaces

were made to study whether mechanical properties below

Fig. 1. Mechanical properties of sequence groups. The major
difference between sequence groups is in the waiting periods
that took place after (SG1) or before (SG2) application and
polymerization of both adhesive and composite.
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the hybrid layer decrease as a result of the sample treatment.
The width of the dentin zone with altered mechanical
properties was determined by analysis of elastic modulus
and hardness profiles across the hybrid layer into the nor-
mal dentin. The widths were compared for different delay
times (5 min, 2 h, 12 h) and sequence groups (delay time
before and delay time after polymerization). Two methods
were used to detect when mechanical properties started to
level off at normal dentin values. One method computes the
absolute values of the slope between adjacent measure-
ments, beginning with the first measurements beyond the
hybrid layer into the demineralized dentin. Once the slope
falls below a cut-off point, demineralization is considered to
end at the measurement closest to the hybrid layer. The
second method moves from points within the normal dentin
towards the hybrid layer, computing the percentage differ-
ence between adjacent points. Once this difference falls be-
low a cut-off point, demineralization of the dentin is
considered to have begun. Cut-off point values were deter-
mined statistically, based on the variances of the cut-off
points obtained from hardness and modulus data and the
correlation coefficients between these cut-off points. The
value of the cut-off point affects the width estimate of the
altered dentin below the hybrid layer. Once selected, iden-
tical cut-off points were used throughout this analysis. Of
the two statistical methods used to analyse the width of
altered dentin below the hybrid layer, the slope method
minimized the variance, and gave the maximum correlation
between hardness and elastic modulus, and therefore was
used.
This method of detecting the end of demineralization

yields a total of two estimates of the width of demineralized
layer: one is based upon hardness and one is based upon
elastic modulus measurements. Each was used as the
dependent variable in a mixed linear regression model (SAS
proc mixed). The fixed factor was sequence group (delay
time before and delay time after polymerization).
Hybrid layer thickness data were compared using two-

way analysis of variance (anova), where the factors were
sequence group (waiting before and waiting after polymer-
ization) and time (5 min, 2 h, 12 h). All pairwise compari-
sons were performed using Tukey’s tests at a ¼ 0.05.

Results

Surface recession

There was a statistically significant surface recession over
time (P < 0.05) for all groups except for the self-etching
primer before desiccation. This recession was observed,
in particular, in the 2-h group, where there was a sig-
nificant increase in surface recession for both etchants, as
shown in Fig. 3. Figure 4 shows AFM images of the
surface recession caused by the self-etching primer at
different time-points, before and after desiccation.

Mechanical properties across the hybrid layer

In every group, the mechanical properties of dentin in a
zone below the hybrid layer were lower than in normal
dentin. E- and H values increased with distance from the
bottom of the hybrid layer until they reached a plateau in
normal dentin. The average mechanical properties of this
zone varied with sample and group, but were between
E ¼ 8–10 GPa and H ¼ 0.36–0.47 GPa. Normal hydra-
ted dentin had approximate values of E ¼ 20 GPa and
H ¼ 1 GPa, respectively, in accordance with previous
observations (31, 32).
From the two statistical methods used to analyse the

width of altered dentin below the hybrid layer, the slope
method minimized variability, and gave the maximum
correlation between hardness and elastic modulus, and
therefore was chosen for further application. The value
of the cut-off point will affect the mean width estimate
of the altered dentin below the hybrid layer. We ana-
lyzed the width of this altered dentin zone (Fig. 5) and
found a statistical difference between SGs for the
hardness measurements (P ¼ 0.03), but not for the
elastic modulus measurements (P ¼ 0.08). The effect of
delaying polymerization (SG 2) was to reduce the width
of altered dentin to 1.0 lm(95%confidence interval: 0.76–
1.25), or by 0.3 lm(Fig. 5), as compared toSG1where the

NNaannooiinnddeennttaattiioonnss RReeffeerreennccee
iinnddeennttaattiioonn
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Fig. 2. Cross-section images: (A) atomic force microscopy (AFM); and (B) scanning electron microscopy (SEM). These images are of
the same sample in the same zone. After AFM indentation, an SEM image was taken to measure the hybrid layer (HL) thickness at
the indentation area.
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adhesive was applied and polymerized immediately after
primer application, and that had a mean value of 1.3 lm
(95% confidence interval: 0.97–1.5). This 0.3-lm reduc-
tion is based on hardness measurements.
We examined models that considered time as a discrete

variable and as a continuous variable, with and without
SG, but none of these factors were found to be statisti-
cally significant.
Using this method, mechanical properties of the

adhesive layer could also be determined. The mean val-
ues computed only from the samples that were made
following manufacturer’s recommendation, SG 1, were E
¼ 3.01 (standard deviation ¼ 0.44) GPa, and H ¼ 0.24
(standard deviation ¼ 0.04) GPa.

Hybrid layer thickness

Analysis of the hybrid layer thickness revealed a two-way
interaction. The 12-h group did not react in the same

way as the other groups. In fact, contrary to the other
groups, the 12-h group had a thinner hybrid layer when
polymerization was delayed (SG 2). When the 12-h
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Fig. 3. Surface recession over time, using self-etching primer before (A) and after 24 h (B) of desiccation of the samples, and using
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group was removed from the model there was a signifi-
cant difference between sequence groups. The hybrid
layer was thicker by � 0.3 lm in SG 2 (P < 0.05), when
the application and polymerization of the adhesive was
delayed (Fig. 6).

Discussion

The AFM has proven, on numerous occasions, to be a
valuable tool in dentin demineralization studies (33, 34).
Surface recession studies have shown that, when hydra-
ted, the demineralized dentin shows some recession
(18, 19), probably because the water is less capable of
sustaining the �demineralized mat�. However, when des-
iccated for 24 h this mat collapses, leaving a larger
recession that is a better measurement of the real
demineralization depth, even though, as discussed in
other studies, we have to account for the mesh of colla-
gen that has collapsed, so this is not the real depth of
demineralization, but an approximation (20, 28, 35).
Therefore, we believe that the recession in the self-

etching primer hydrated group was not sufficiently large
to reveal statistically significant differences, or the lack in
recession could be caused by the incomplete removal of
the primer by the immersion in ethanol. However, fol-
lowing desiccation for 24 h, the effect of waiting before
removal of the etchant showed increased surface recess-
ion. This difference can be seen in the samples desiccated
for 24 h (Fig. 3), in which the primer was dried according
to the procedure recommended by the manufacturer.
Phosphoric acid-etched samples also presented a contin-
ued demineralization, and this could be detected even in
the samples before desiccation. This may have resulted
from deeper demineralization as an effect of faster pen-
etration of the phosphoric acid owing to its lower visco-
sity. This progressive demineralization was more intense
in the earlier phase, slowing down with longer incubation

times (Fig. 3), probably ending as the acid was consumed.
The authors are aware that this part of the study does not
resemble clinical conditions, where the adhesive would be
applied immediately after drying the primer, but it was
performed to investigate whether the primer alone would
cause any further demineralization.
In the second part of this study, we used the modified

AFM to test the changes in mechanical properties across
the hybrid layer, which revealed an altered dentin zone
beneath the hybrid layer. The average elastic modulus
values of this zone were between 8 and 10 GPa
(depending on the sample). Katz et al. (36) found a layer
of partially demineralized dentin below the hybrid layer
using a total-etch dentin-bonding system, with values for
elastic modulus of � 13 GPa. These are slightly higher
than ours, but because this test was performed under
different experimental conditions, we cannot directly
compare results. The presence of this layer using a self-
etching system was a surprise, as self-etching systems are
thought to improve bonding by impregnating dentin at
the same time as they demineralize (14), preventing the
creation of an unprotected demineralized layer.
Statistical analysis did not show a difference in the

width of this altered dentin zone over time, perhaps
because the difference was below the resolution limit of
the method, or because the buffered Hank’s solution did
not stop the acidic reaction in the samples during the
time that they were immersed. On the other hand, the
width of this altered dentin zone, evaluated based on
variations in hardness values, differed for the two
sequence groups (Fig. 5). When the application of
adhesive and its polymerization were delayed, as in SG 2,
dentin continued to be demineralized after the 20-s
application period (as determined in the first part of the
study). Therefore, when the adhesive is applied it can
impregnate the whole demineralized layer, creating a
thicker hybrid layer (Fig. 6). As the demineralizing effect
must end at some point, the adhesive impregnates almost
all the demineralized zone, leaving a thinner altered zone
of dentin below the thicker hybrid layer. In SG 1, fol-
lowing the manufacturer’s directions, the layer permeated
by the adhesive had been demineralized only for 20 s,
creating a thinner hybrid layer. However, this group had a
wider altered dentin zone below the hybrid layer, sug-
gesting that demineralization did not stop with poly-
merization. This process is shown schematically in Fig. 7.
These results show that the experimental groups (SG 2)
gave rise to better proportions between hybrid layer and
altered dentin below the hybrid layer than the groups that
were used to simulate clinical application (SG 1).
In the samples in which adhesive application was de-

layed by 12 h, it is conceivable that the dried primer
which was left undisturbed for 12 h would decrease the
permeability of the dentin surface to the adhesive, lead-
ing to a thinner hybrid layer; for this reason, we removed
this group from the analysis, which also eliminated the
two-way statistical interaction that was found.
The fact that we could detect a difference between SGs

with hardness data, but could not with elastic modulus
data (Fig. 5), can be related to the statistical methods
used as well as to the inherent properties of dentin and
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and polymerization of both adhesive and composite was
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the hardness and elastic modulus measurements them-
selves. Elastic modulus is more sensitive to changes in the
inherent structural properties of the substrate, while
hardness is probably sensitive to total mineral content
without regard to how the mineral is incorporated in the
structure. Hardness may also be less variable than elastic
modulus. As there is a mineral gradient from deminer-
alized to mineralized zones (34), the change in elastic
modulus was probably more gradual than in the hard-
ness. Therefore, the cut-off point for elastic modulus was
more difficult to determine, and it may not exactly reflect
where fully mineralized dentin begins.
The altered dentin below the hybrid layer is probably

related to a partially demineralized dentin, as totally
demineralized dentin has been reported to have a lower
elastic modulus, of � 58 MPa (37), or even lower, as
suggested by Balooch et al. (24).
The self-etching primer used in this study is a weaker

acid than the etchants normally used; thus, the collagen
of this layer may be less affected than with a total-etching
system that might denature some of the collagen (11). On
the other hand, the partially demineralized zone might be
remineralizable (38), and this depends, in part, on the
presence of intact collagen fibrils. It would be useful to
study whether this partially demineralized zone contri-
butes to the weakness of the bond strength over time.
There are a few published studies on the long-term bond
strength of self-etching materials. An in vivo study (15) in
monkeys demonstrated stable bond strength over a
period of 1 yr with the same self-etching primer used in
this study. Even though it reveals increased porosity in
the hybrid layer over time, the 1-yr period may not be
sufficiently long to detect an effect on bond strength.
Burrow et al. (39), using a total etch system, reported a
stable bond strength in vitro at 1 yr, but those values
decreased by almost 50% after 3 yr.
It should be noted that only one self-etching system was

used in this study, and although we cannot extrapolate to
other self-etching systems that have different composi-
tions, this study is, to our knowledge, the first to demon-
strate that self-etching systems do not totally prevent the
formation of an unprotected demineralized dentin layer.
In conclusion, our results lead us to reject the null

hypothesis and conclude that, within the limitations of this
in vitro study, there was a slight demineralization after the
initial 20 s application of the primer, even after the appli-
cation of the adhesive and its polymerization. We believe
that the residual acid is consumed andneutralized, at some
point, by reaction with hydroxyapatite (HA + H+ ¼

5Ca2++ 3(PO)4
3)), which is in accordance with the

observation that the difference in recession depth was
smaller at 12 h waiting time. However, the arrest of
demineralization does not occur immediately after drying
and polymerization, conseqently resulting in the forma-
tion of a thin layer of partially demineralized dentin below
the hybrid layer that remains incompletely protected by
the adhesive and could jeopardize the adhesive bond.
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