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Abstract To gain more insight into the consequences of
curing contraction within the tooth cavity, we assessed the
margin behavior of 12 contemporary restorative systems in
class V restorations with margins located on enamel and
dentin after mechanical loading and water storage. Mixed
class V cavities were prepared on extracted human molars and
restored using five etch and rinse and seven self-etch adhesive
systems with their corresponding composites. Marginal
adaptation was evaluated by using a computer-assisted
quantitative marginal analysis in a scanning electron micro-
scope (SEM) on epoxy replicas before, after thermal and
mechanical stressing and after 1 year of water storage. The
interactions of “testing conditions”, “adhesive–composite
combination” and “tooth substrate” with “marginal adapta-
tion”were evaluated by two-way ANOVA. Fatigue, stress and
storage conditions had significant effects on the marginal
adaptation. Only two groups (Optibond FL and G Bond)
presented equal percentages of marginal adaptation on enamel
and dentin; in the other groups, the rate of degradation was
product dependent. All materials tested showed a distinct
behavior on enamel and dentin. In addition to mechanical
resistance and long-term stability, differences within materials
also exist in their ability to simultaneously bond to enamel and
dentin.
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Introduction

Direct adhesive fillings are progressively becoming the
restorative procedure of choice in modern operative
dentistry [1, 2]. One of the requirements for this type of
restoration is to achieve a stress-resistant adhesion between
tooth substrate and filling composite to ensure restorations'
marginal integrity and retention. It has been suggested that
degradation of the resin–dentin interface basically occurs in
three steps: water is absorbed into the polymer component
of the adhesive system, then resin is eluted from the hybrid
or adhesive layer and finally, exposed collagen fibrils are
degraded by matrix metalloproteinase coming from either
dentinal fluid or saliva [3–7].

Enamel preservation at the restoration margins plays an
important role in the protection of the resin–dentin interface
against degradation. If dentin surfaces are protected by
peripheral enamel, the resin–dentin interface can better
resist chemical attack [8–14]. In terms of vectors generated
by curing contraction of the restorative composite, it is
known from early studies [15, 16] that in the case of
restorations with margins located on enamel and floors cut
into dentin, the use of bonding agents that cannot withstand
composites' contraction stress will result in detachments
from the dentin part of the cavity while the composite
restoration will remain attached only to the enamel walls.
However, many cavities in the clinical situation, especially
the ones located in the cervical area, can involve both
enamel and dentin margins. In this context, a recent study
has found an important effect of the tooth substrate (enamel
and dentin) on adhesion [17]. The authors observed that
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within a restoration–adhesive interface, there are stronger
and weaker areas of attachment to the tooth tissue. This
means that if contraction stresses due to polymerization
overcome the weakest attachment to the tooth, the
restoration surface will be detached from this area and will
shrink to the area that offers the most durable adhesion or
towards the intact bonding areas. They concluded that the
bonding quality at the interface restoration–tooth is a
critical factor for evaluating the direction of polymerization
contraction. However, this study reported the results in
terms of deformation analysis of the resin composite, but no
effect on marginal adaptation was investigated.

The main parameters evaluated for rating the clinical
success of a restoration are: retention or percentage of
lost restorations, marginal adaptation, color match,
marginal discoloration, secondary caries and surface
roughness. The percentage of lost restorations is
considered an important parameter in the material's
bonding ability. However, microleakage and not retention,
has been reported to be the primary cause of clinical
failure in cervical restorations [18]. Because microleakage
occurs at the composite–tooth interface, initial signs of
adhesive degradation can be already visible at the
restoration margins before the restoration detaches from
the tooth cavity. Dental restorations are continuously
subjected to several environmental factors such as the
presence of moisture and saliva, chewing forces, changes
in temperature and pH, and chemical and enzymatic
attack. Similar to dentin, enamel adhesion could be
equally prone to degradation over time and deformation
vectors generated by curing contraction [17] could
influence the adhesive interface's integrity at the marignal
level.

Therefore, it was the purpose of this in vitro study to
investigate whether 12 contemporary adhesive–composite
combinations are able to provide a stress-resistant adhesion
on enamel and dentin after the effect of artificial aging
conditions.

The null hypothesis tested was that there would be no
difference in marginal integrity and degradation potential of
enamel and dentin with the different materials tested.

Materials and method

Selection and preparation of teeth

The setup of the study is resumed in Fig. 1. Caries-free
human molars stored in 0.1% thymol solution at 9°C were
used for the experiment within a month after extraction.
After scaling and pumicing, the teeth were mounted on
custom-made specimen holders with their roots in the
center using a cold-polymerizing resin (Technovit 4071,

Heraeus Kulzer GmbH, Wehrheim, Germany) and then
randomly assigned to 12 experimental groups (Table 1).
Prior to the mounting procedure, the apices were sealed
with two coats of nail varnish. To simulate dentinal fluid
flow, a cylindrical hole was drilled into the pulpal chamber
approximately in the middle third of the root and a metal
tube, with a diameter of 1.4 mm, was then adhesively luted
using a dentinal adhesive (Syntac Classic, IvoclarVivadent
AG, Schaan, Liechtenstein). The pulpal tissue was not
removed. This tube was connected by a flexible silicone
hose to an infusion bottle placed 34 cm vertically above the
test tooth. The infusion bottle was filled with horse serum
(PAA Laboratories GmbH, Linz, Austria) and phosphate-
buffered saline solution (PBS; Oxoid Ltd., Basingstoke,
Hampshire, England) diluted in a 1:3 ratio under a
hydrostatic pressure of about 25 mm Hg. Twenty-four
hours before starting the cavity preparations, dentinal fluid
was evacuated through the pulp chamber with a vacuum
pump by using a three-way valve and subsequently bubble-
free filled with the above solution. As of this moment, the
intrapulpal pressure was maintained at 25 mm Hg through-
out the testing, i.e., during cavity preparation, restoration
placement, finishing and stressing.

Class V restorations,
margins located

on enamel and dentin

12 groups
Groups of etch & rinse adhesives tested: Tenure Unibond, 
Optibond FL, Stae, Scotchbond 1XT, Cumdente
Groups of self-etching adhesives tested: Optibond Solo Plus, 
Unifil Bond, Prelude, Adper Prompt L Pop, G-Bond, Exp. Adhesive,  
iBond

Gold coated epoxy 
resin replicas and 

SEM evaluation (T0)

Thermocycling and 
mechanical loading

Gold coated epoxy 
resin replicas and 

SEM evaluation (T1)

Storage in water 
for 1 year

Gold coated epoxy 
resin replicas and 

SEM evaluation (T2)

Statistical analysis
Dependent variable: percentage of continuous margins
Independent variables: loading intervals (TO, T1, T2), Group 
of materials (12), tooth substrate (enamel and dentin)

Analysis of Variance and Post Hoc test, 
level of confidence 95%. 

Fig. 1 Set up of the study
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Cavity preparation

Seventy-two V-shaped standardized class V cavities were
prepared on the teeth's cervical area [19] with half of the
margins located in enamel, half in dentin (Fig. 2) and
further restored with the different resin composites detailed
in Table 1. Eighty micrometer diamond burs (Diatech
Dental, Coltène-Whaledent, Altstätten, Switzerland) were
used under continuous water cooling; each bur was
replaced by a new one after three cavity preparations. The
dimensions of the V-shaped cavities were measured with a
periodontal probe and their size was of 3.0–3.5 mm in
mesiodistal direction, 2.5–3.0 mm in occlusogingival
direction and 1.5 mm in depth. The margin in enamel was
bevelled to a crescent shape with a maximum width of
1.2 mm. The entire cavity was finished using 15 μm
finishing diamond burs (Diatech Dental, Coltène-Whale-
dent, Altstätten, Switzerland). Then, the cavity preparations
were checked for marginal imperfections such as fractures
or chipping under an optical microscope (Wild M5, Wild
AG, Heerbrugg, Switzerland) at 12× magnification and
corrected if necessary.

Restoration placement

The adhesive systems and their corresponding restorative
composites were applied following the manufacturers'
recommendations. One operator prepared, restored and
polished the restorations. This operator could not be blinded
as during cavity filling, application instructions had to be
carefully read before application of each product. After the
placement and light-curing of the adhesive system by using a
halogen light source (Optilux 501, Kerr/Demetron,
Danbury, CT, USA) with a constant relative power density
output of at least 800 mW/cm2 (Curing Radiometer Model
100, Serial No. 134089, Demetron Research Corp.
Danbury, CT, USA), the composites were inserted into the
cavity in two layers, the first layer being placed cervically up
to one-half of the cavity and the second layer occlusally
filling the other half of the cavity. Both layers were light-
cured for 40 s each (Optilux 501). Immediately after
polymerization, the restorations were finished and polished
by using flexible aluminium oxide discs with different grain
sizes (SofLex PopOn, 3 M ESPE AG, Seefeld, Germany).
The final polishing was controlled using an optical

Table 1 Description of the experimental groups

Class of adhesive
(number of components/
number of steps)

Groups adhesive system
filling composite

Manufacturer Batch number

Etch and rinse (4c/3 s) Tenure UniBond Virtuoso Den Mat, Santa Maria, California, USA 35% H3PO4, Solution A 039851901,
Solution B 039851902,
Gloss 030451001, Filling composite
030381953

(3c/3 s) Optibond FL Premise Kerr, Orange, CA, USA 35% H3PO4, primer 414998, bond
014550, filling composite 011572

(2c/2 s) Stae Ice SDI, Bayswater, Victoria, Australia 37% H3PO4 03071120, adhesive 030720,
filling composite 030831

Scotchbond 1XT Filtek Supreme 3 M ESPE, Seefeld, Germany 35% H3PO4 4CF, adhesive 4AJ, filling
composite AM

Cumdente Viscous Cumdente GmbH, Tübingen,Germany 35% H3PO4, adhesive 5409429, filling
composite 301547

Self-etch (2c/2 s) Optibond Solo Plus Premise Kerr, Orange, CA, USA Primer 408740, bond 408200, filling
composite PR-A2

UniFil Bond Gradia GC Corporation, Tokio, Japan Primer 0309021, bond 0309011, filling
composite 0302241

Prelude Accolade Danville, California, USA Primer 6763, bond 6764, filling
composite 6684

(2c/1 s) (1c/1 s) Adp Prompt L Pop Filtek
Supreme

3 M ESPE, Seefeld, Germany Single component L5 198902, Filling
composite 5FG

G Bond Gradia GC Corporation, Tokio, Japan Single component 0404011 Filling
composite 0302241

Exp. adhesive Clearfil AP-X Kuraray Medical Inc., Tokio, Japan Single component 040219 Filling
composite 00824B

iBond Venus Heraeus Kulzer, Dormagen, Germany Single component 010046 Filling
composite 030023

c components, s steps
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microscope under 12× magnification and corrected if
necessary.

Thermomechanical loading

After storage in the dark in 0.9% saline solution at 37°C for
1 week, the restored teeth were loaded in a computer-
controlled chewing machine [20]. Thermal and mechanical
loading were applied simultaneously. Thermal cycling was
carried out in flushing water with temperatures changing
3,000× from 5°C to 50°C with a dwelling time of 2 min
each. The mechanical stress comprised in total 1.2 million
load cycles transferred to the center of the occlusal surface
with a frequency of 1.7 Hz and a maximal load of 49 N
applied by using a natural lingual cusp taken from an
extracted human molar. Simulation of dentinal fluid flow was
permanently maintained throughout the loading procedure.

Water storage

Following the loading procedure, the teeth were stored in
0.5% chloramine-containing water to prevent bacterial
growth [21]. Throughout the 12-month immersion period,
the teeth were placed in a Memmert oven (Schwabach,
Germany) at a constant temperature of 37°C.

Assessment of marginal adaptation

Immediately after completion of the polishing procedure
(T0), after loading (T1), and after loading and 1 year water
storage (T2), the teeth were cleaned with rotating brushes

and toothpaste. Then, impressions with a polyvinylsiloxane
material (President light body, Coltène-Whaledent, Altstätten,
Switzerland) were made of each restoration. Subsequently,
gold-coated epoxy replicas were prepared for the computer-
assisted quantitative margin analysis in a scanning electron
microscope (XL20, Philips, Eindhoven, The Netherlands) at
200× magnification by using a custom-made module
programmed with an image processing software (Scion
Image, Scion Corp., Frederik, MA 21703, USA). All speci-
mens were subjected to the quantitative evaluation, examined
by a blinded and trained lab technician, and classified
according to the criteria detailed in Table 2. The marginal
quality, expressed in percentages of continuous margins

Fig. 2 SEM micrograph
(50× magnification). Represen-
tative frontal view of a class V
restoration with margins located
on enamel and on dentin. A gap
can be observed in several
segments of the dentinal margin
while no gaps are visible on
enamel margins

Table 2 Criteria used for the quantitative margin evaluation

Microscopic quantitative evaluation of restoration margins

Margin type Explanation

Percentage of continuous
margins

• No gap, no interruption of
continuity

Percentage of noncontinuous
margins

• Gap due to adhesive or
cohesive failure

• Fracture of restorative material

• Fracture of enamel related to
restoration margins

Composite overhangs • Excess of material at the
restoration margins

Underfilled margins • Margins not covered by
composite resin
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(% CM), was reported for the total marginal length
(average value of enamel and dentin marginal adaptation),
as well as for enamel and dentin margins separately at
each interval T0, T1 and T2.

Statistical analysis

Statistical analysis was performed with SPSS 14.0 for
Windows. Levene's test was used to assess the equality of
variance in the different samples. In fact, this procedure
tests the null hypothesis that variances of the populations
from which different samples are drawn are equal. As the
p-value was higher than 0.05 (p=0.06), the null hypothesis
could not be rejected; therefore, we assumed equality of
variances. Kolmogorov–Smirnov tested the null hypothesis
that the samples came from a normally distributed
population. As the resulted p-value was higher than 0.05
(p=0.079), this null hypothesis could not be rejected;
therefore, the data was normally distributed. Equality of
variances of samples and normally distributed data enabled
the use of a two-way analysis of variance (ANOVA) to
study the effects of: 1. Testing intervals (T0, T1, and T2)
and adhesive–composite combinations (the 12 groups) on
the marginal adaptation and 2. Tooth substrate (enamel and
dentin) and adhesive–composite combinations on the
marginal adaptation. Duncan post hoc test was used to
visualize differences in marginal adaptation means among
groups. The confidence level was set to 95%. To determine
if the number of samples was adequate, group size was
statistically evaluated with specific software (Statistics
Calculator, StatPac, Inc., Bloomington, MN, USA). The
software asked to introduce three values: 1. The population
standard deviation (in the case of our study, the mean
standard deviation was around 12.8), 2. The maximum
acceptable difference, i.e., the maximum difference that the
sample can deviate from the true population mean before
one can call the difference “significant” (in the present
study, a maximum deviation of ten was considered
acceptable) and 3. The confidence level that was estab-
lished as 95%. The sample size given by the calculator was
of six, as used in the present study.

Results

The results of marginal adaptation, presented as the mean
value of T0+T1+T2, for the total margin length, enamel
and dentin margins are detailed in Figs. 3 and 4. The
highest scores of marginal integrity, when the total margin
length was considered, were observed in a three-step etch-
and-rinse (Fig. 3a: Optibond FL, % CM of 73.7±12.6) and
a one-step self-etching adhesive (Fig. 4a: G Bond, % CM of
78.8±8.1).

In the case of the etch and rinse groups, no significant
differences at the total margin length could be detected

C              A            A             A             B

A

D             B             A             C             D

B

C                   A                B                 A             A
C

Fig. 3 Etch and rinse groups. Graphic representation of the
percentage of continuous margins after testing observed on the total
margin length (a), on enamel (b) and on dentin (c)
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between Optibond FL, Stae and Scotchbond 1XT (Fig. 3a,
groups connected by the letter A). However, when enamel
and dentin margins were evaluated separately (Fig. 3b and c),

a distinct behavior was observed in these groups with respect
to both tooth substrates. For example, Stae delivered more
continuous or gap-free margins on enamel (Fig. 3b: % cont.
margins 85±10.4) than on dentin (Fig. 3c: 38.3±33.8).
Scotchbond 1XT was the contrary; a higher percentage of
continuous margins was observed on dentin (Fig. 3c: 82±
15.2) with respect to enamel (Fig. 3b: 50.9±20). Optibond
FL was the only material that presented a relatively equal
marginal adaptation on enamel (Fig: 3b: 67.5±20.9) and
dentin (Fig. 3c: 78.7±29.1). For the other materials, the
performance on enamel and dentin was either dissimilar or
antagonic. In the self-etch groups (Fig. 4a), no significant
differences at the total margin length were detected between
UniFil Bond (65.7±19.9), G Bond (78.8±11.9) and the exp.
adhesive (69±15.6). Once again, a distinct behavior was
observed with these materials when confronted to enamel
(the case of the exp. adhesive with lower percentage of cont.
margins, Fig. 4b, letters A,B) and dentin (the case of UniFil
Bond with lower percentage of cont. margins, Fig. 4c, letter
B). G Bond still presented the highest percentage of cont.
margins on both enamel and dentin (60.9±21.5 and 98±2.9,
respectively). Two-way ANOVA showed a significant
interaction between the factors “tooth substrate” and “adhe-
sive–composite” combination, indicating that the differences
that existed between marginal adaptation in enamel and
dentin were dependent of each material. In other words,
some materials performed better on enamel, some on dentin
and very few performed equally on both substrates. This was
the case for iBond and G Bond; both are very similar in their
composition and pH. Nevertheless, the highest results on
marginal adaptation were observed on dentin for both
materials (Fig. 4c) while iBond presented significantly lower
percentage of cont. margins on enamel (Fig. 4b).

The average mean value attained by all groups on
enamel and dentin at each testing interval is presented in
Fig. 5. Both enamel and dentin margins degraded due to
loading and further water storage. When compared to T0
(before loading), we observed an increased percentage
(28%) of marginal gaps on dentin after thermomechanical
loading and 1 year of water storage (T2). Enamel margins
also suffered from degradation as an increased percentage
(32%) of marginal gaps were observed after T2.

Discussion

This study evaluated the behavior of a large number of
adhesive–composite combinations in a cervical restoration
model with margins located on enamel and dentin. Twelve
currently used adhesive systems and 12 resin composites
recommended by the manufacturer to be used with each
adhesive system were selected to be tested in this study.
The decision to follow such protocol was not easy; while

B               A            B            A              A            B              B

A

C              A            B              A          A,B          C            B

B

A             B             B           A             A            A             B
C

Fig. 4 Self-etch groups. Graphic representation of the percentage of
continuous margins after testing observed on the total margin length
(a), on enamel (b) and on dentin (c)
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some studies recommend to use an adhesive–composite
combination from the same manufacturer [22–24], others
showed that combining materials from the same manufac-
turer had no significant influence on bond strength [25, 26].
Unfortunately, these studies used bond strength as a testing
method. Only one early report found high correlations
between tensile bond strength, tensile strength, flexural
strength and Young's modulus of eight commercial resin
composites but found no correlation between these proper-
ties and marginal gap of restored cavities with the same
composites [27]. The clinical relevance statement of this
study was: “higher tensile bond strengths cannot be used to
predict improved marginal adaptation of composite restora-
tions” and this has also been confirmed in a recent study
[28]. In addition, the main purpose of our investigation was
not to compare the marginal performance of the different
materials to search for the best one but to compare general
properties, that is, the adhesion behavior on enamel and
dentin, within the whole group. Therefore, we have
followed manufacturer recommendations against mixing
brands of composites and adhesive systems.

The rationale for using thymol as storage solution before
cavity preparation was not arbitrary; it was our intention
when preparing the protocol of this study, to follow the
guidelines of tooth preservation in 0.1% tymol solution that
were established several years ago by our research group
[29–31]. Still, investigations on bond strength and micro-
leakage in dentin indicated that thymol reduced adhesion to
dentin [32–34] and that storage in chloramine T followed
by storage for 2 h in distilled water prior to the experiment

[35] may be the first choice in tooth preserving solutions.
Yet, the importance of storage solutions on enamel
adhesion and on marginal adaptation is unknown. Studies
that used the same methodology as the one in the present
study, i.e., SEM quantitative margin analysis, have stored
their specimens in varied liquids such as 20% ethanol [36],
0.5% chloramineT [37], 1% chloramine-B hydrate solution
[38], 0.9% sodium chloride in water [39], 0.25% mixture of
sodium azide in Ringer solution [40], 0.1 M thymol [41]
and water [42]. In the context of our study, storage medium
was not a variable because specimens from all groups were
stored in the same solution. Therefore, comparison of our
results with those of other authors that used different
storage solutions should be carefully interpreted.

Class V cavities were selected as the experimental model
because they are easy to perform. Additionally, the fact that
enamel and dentin are present in the same cavity can
provide with additional information on how a given
material behaves when confronted to both substrates.
Scanning electron microscopy (SEM) and quantitative
margin assessment proved to be complementary evaluation
methods. SEM analysis provided with microscopic details
of the continuity of resin–enamel and resin–dentin inter-
face. Margin analysis allowed the quantification of the rate
of continuous or gap-free margins on both tooth interfaces.
This technique has six interesting characteristics: 1. It is
truly quantitative because numerical data is being collected
by a trained technician who is observing the margins at
200× magnification, 2. The entire tooth/restoration interface
is assessed, 3. It investigates both micromorphology and
microleakage as 100% “excellent margin” (i.e., a perfect
transition along the entire tooth/restoration interface), is
associated with a perfect seal, 4. It is nondestructive as by
analyzing gold-coated replicas, marginal qualities can be
assessed both before and after exposure to thermomechan-
ical stressing, 5. The method is highly discriminative,
allowing the potential of different operative techniques to
be quantified in terms of the percentage of “excellent
margin” and 6. The technique is able to detect the early
presence of an adhesive breakdown (marginal gaps) before
catastrophic failures like loss of restoration's retention can
occur. The presence of marginal gaps facilitates marginal
coloration and microleakage. This is clinically relevant as
both situations (marginal coloration and microleakage)
usually require restoration replacement or retreatment on
the mid-/long-term. Degradation resistance of the restora-
tion margins was evaluated by the use of available
methodologies with specific fatigue conditions and humid
environment [43]. The specimens were subjected to
thermomechanical loading and to additional 12 months of
water storage. Thermomechanical loading provided us with
the information on the materials' stress resistance under
simulated oral conditions. It is well-known that materials

Fig. 5 Degradation of enamel and dentin margins across the three
testing intervals. See that margins located on enamel and dentin
suffered from degradation after each testing interval
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that are placed for long periods in the oral environment will
undergo an interaction with oral fluids [44]. Therefore,
additional water storage over a period of 1 year would give
us information on the stability of these adhesives.

Fatigue process has been found responsible for the
degradation of materials over time (Fig. 5). Restoration
margins also suffer from degradation, the rate of degrada-
tion being material-dependent. This can explain the
significant influence of thermomechanical loading and
adhesive–composite combination on the marginal adapta-
tion found in this study. Chemical changes or elution of
resin components from the adhesive system due to water
exposure might have been responsible for further increase
of marginal gaps (Fig. 5). Cyclic chewing forces and
thermocycling in the simulated oral environment induced
fatigue at the adhesive interface, enabling microleakage
and/or fluid permeation that probably accelerated the
degradation process under water storage [45]. Although
the factors “testing conditions” and “adhesive–composite
combination” had a significant effect on marginal adapta-
tion, the interaction between both factors was not signifi-
cant. This means that none of the 12 combinations tested
could be considered as superior over the others regarding
the hydrolytic stability during a storage period of
12 months. Common degradation mechanisms might have
affected the current materials tested [46].

A recent report found that resin–dentin interfaces
surrounded by enamel resist better to hydrolytic degrada-
tion [13]. On the other hand, cavities with margins located
in enamel and dentin are frequently found in clinical
practice. The well-established concept that resin–enamel
bonds are more durable than resin–dentin bonds [47] could
not be corroborated in the present study. Increases of 32%
and 28% marginal gaps (Fig. 5) were observed on enamel
and dentin margins after one-year water storage, when
compared with the initial results (T0). A previous study
[48] also found up to 50% decrease in bond strength of
resin–enamel interfaces after 4 h storage in water. Although
a direct comparison between results are not suitable due to
the use of different testing methodologies, this would
support our findings that enamel–resin interfaces are also
prone to chemical attack. Similar degradation mechanisms
like the ones that occur on resin–dentin bonds are thought
to be responsible for enamel bond degradation. Due to
water sorption, delamination of the adhesive from enamel
can occur due to water blisters present within the adhesive.
Foxton et al. [49] described this phenomenon to explain the
degradation on enamel–resin bonds observed in their study
after 1 year of water storage, supporting our findings.

The observed trend that etch and rinse adhesives had
higher percentages of continuous margins on enamel
(Fig. 3b) and self-etching adhesives performed better on
dentin (Fig. 4c) was demonstrated, for several, but not all

groups. This finding is in contrast with the common beliefs
that etch and rinse adhesives usually perform better on
enamel while self-etching adhesives perform better on
dentin. Instead, we observed a material-related behavior
that was independent of the adhesion strategy [50]. Said
differently, the chemical composition of each material was
one major determinant of the quality of adhesion to enamel
and dentin and not the adhesion strategy, i.e., etch and
rinse, self-etch, three-step, two-step, and one-step. Similar
conclusions were recently reported in a 13-year clinical
evaluation of class V restorations when etch and rinse and
self-etching adhesives were used, supporting our findings
[51]. In addition, a recent literature review [52] of 85
published class V clinical trials evaluated the annual failure
rate, that is, the number of lost restorations per year, of
class V fillings restored with 45 different adhesive systems
belonging to all categories (three-step etch and rinse, two-
step etch and rinse, two-step self-etch, and one-step self-
etch). The authors found no statistically significant differ-
ence in the average annual failure rate between the different
adhesive systems. However, within each category of
adhesive, they did find variations in their performance that
were explained by the composition of each material such as
the presence/absence of filler, acetone, a certain type of
copolymer, etc.

In the context of the present study, the materials'
composition might have certainly accounted for the results.
In the case of Optibond Fl, the highest results obtained on
both enamel and dentin margins confirm those of other
authors [52, 53] that rank this adhesive system as “gold
standard”. In the case of GBond, it is a HEMA-free
adhesive and therefore, less hydrophilic and more hydro-
lytically stable if correctly applied. It is composed of the
functional monomer 4-MET that has shown salt formation
with hydroxyapatite [54]. It might explain why despite its
high pH (around two), the highest results of marginal
adaptation were obtained not only on dentin, but also on
enamel. Seemingly, the well-known classification of adhe-
sive systems (etch and rinse/self-etch, 3–2–1 step) is still
useful for didactic purposes, but does no longer “speak”
about the performance of a given adhesive, probably
because manufacturers have been continuously improving
the chemical formulations and new adhesive systems with
better adhesion potential and simpler to use are no longer
an ideal, but available materials. Our results confirm those
of Blunck and Zaslansky [55] as they did not find, as well,
any significant difference between G Bond and Optibond
FL when enamel marginal adaptation was assessed on class
I restorations.

Nevertheless, in addition to the chemical composition,
results might be explained by a different behavior of the
material when confronted to enamel and dentin within the
same cavity. This behavior has, unfortunately, not been
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detected in previous studies as most of the protocols
dealing with adhesion use bond strength tests where enamel
and dentin adhesion is usually tested in different teeth [56].
In the context of our study, among all the adhesive–
composite combinations tested, only two groups (Optibond
FL and G Bond) presented relatively equal percentages of
continuous margins on enamel and dentin (Figs. 3 and 4).
In the rest, different scores of marginal adaptation, within
the same cavity, were observed on enamel and dentin. Said
differently, if a higher percentage of continuous margins
was observed on enamel, a lower percentage would be
observed on dentin and vice versa. This proves that there is
effectively a competition between enamel and dentin
adhesion, especially when the restorative material is not
able to efficiently bond to both substrates. In such a case,
the restorative composite will shrink toward the superior
bond at one margin and, at the same time, away from the
weaker bond at the other margin [57]. These findings were
recently corroborated by Chiang et al. [17] in their
evaluation of the direction of polymerization vectors. They
observed that shrinkage direction is affected by the
adhesion of the filling material to enamel and dentin. When
polymerization contraction stresses overcome the weakest
attachment to the tooth substrate, the restoration surface is
detached from this area and shrinks towards the area that
offers the most durable adhesion. In the context of our
study, this may explain why some adhesives performed
better on enamel while others on dentin.

Interesting behaviors were the ones of iBond (chemical
composition: UDMA, 4-MET, glutaraldehyde, acetone,
water, photoinitiator, and stabilizer) and G Bond (chemical
composition: UDMA, 4-MET, phosphate monomer, ace-
tone, water, photoinitiator, and silica filler), whose chemical
compositions are almost identical, except for glutaralde-
hyde that is contained in iBond and an additional phosphate
monomer contained in G Bond. Both are HEMA-free and
therefore more prone to phase separation, requiring careful
drying of the solvent before polymerization [58]. Mean-
while, almost 100% continuous margins and no significant
differences were detected between both materials on dentin,
as shown in Fig. 4c. However, the results on enamel
margins were significantly lower for iBond with respect to
G Bond (Fig. 4b). Similar results were reported by Blunck
and Zaslansky [55] in a recent evaluation of class I enamel
margins. This was astonishing as both are one-step self-
etching materials, have almost the same pH (G Bond 2.0
and iBond 1.8 [55], both are HEMA-free and very similar
in their composition. Why one material performs better on
enamel than the other is a good question. The authors
speculate that it is due to the presence of glutaraldehyde
and its effect on enamel adhesion. Söderholm et al. [59]
tested different dental adhesives under shear bond strength
and also found higher results on enamel with G Bond with

respect to iBond. These authors gave no explanation to their
findings, as the main purpose of their study was to test the
influence of six operators on the results. Blunck and
Zaslansky [55] also observed significantly higher percen-
tages of continuous margins on enamel with G Bond with
respect to iBond. Malkoc et al. [60] also found a negative
effect when a primer containing glutaraldehyde (Gluma
Desensitizer) was applied over enamel. The authors argued
that it was due to the presence of a layer of the antibacterial
agent that contributed to incomplete resin penetration on
the enamel surface. It is interesting to note that no
information is available in the literature on this topic and
it might be reasonable if we consider that when the first
glutaraldehyde-containing adhesive was introduced by
Asmussen in the mideighties [61], only multistep adhesives
were available at that time and enamel etching with
phosphoric acid was the only way to achieve mechanical
interlocking on enamel. Today, with simplified self-etch
adhesive systems, chemical components that in the past
were applied only on dentin (like glutaraldehyde) are also
applied on enamel. In addition, as enamel with self-etching
material conditioning with phosphoric acid is no longer
mandatory, these adhesive systems have to deal with a
smear layer that is present also on enamel, as shown in a
recent study [62]. It is impossible to prove, without more
scientific evidence, if glutaraldeyde has a negative effect on
enamel adhesion, but in any case this topic certainly needs
further investigation.

Because 12 composite resins were used in this study, it is
possible that differences in polymerization shrinkage of the
materials tested may have influenced the results. Peutzfeldt
and Asmussen [63] found, after testing 11 different
composite resins, that viscous flow and polymerization
shrinkage were significant determinants of dentinal gap
formation. Takahashi et al. [64] corroborated these findings
after testing eight different composite resins on dentin
cavities and concluded that the adhesive system, polymer-
ization shrinkage, viscoelastic properties and stiffness of the
restorative material, cavity size and geometry, restorative
placement and curing techniques were important determi-
nants of marginal adaptation or gap formation. From the
author's point of view, the important contribution of our
study is that because our class V restorations had margins
located on both enamel and dentin, we were able to
demonstrate that for a given adhesive system and composite
resin, marginal gap formation also depends, in addition to
the aforementioned factors, on to which tooth substrate
(enamel or dentin) the strongest and weakest adhesion will
take place.

As mentioned above, the authors are certain that the
chemical composition and mechanical properties of each
material may have played an important role in the results
[65, 66]. However, due to the design of the study where
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different adhesive systems and restorative composites were
tested, it is not possible to conclude whether results were
due to the influence of a given adhesive system or
restorative composite. Consequently, the present results
apply for the material combinations tested in the present
study. Therefore, the null hypothesis that there would be no
difference in marginal integrity and degradation potential of
enamel and dentin with the different materials tested must
also be rejected. In materials with a similar performance at
the total margin length, some will equally bond to enamel
and dentin, and some materials will better interact either
with enamel or with dentin.

In conclusion, thermomechanical loading and water
storage had significant effects on marginal adaptation of
all materials. Regarding hydrolytic stability that was
indirectly assessed through marginal degradation, none of
the materials could be considered superior than others after
the water storage period, indicating that chemical degrada-
tion affects all restorative systems in a similar way. A
distinct behavior was also observed in their bonding ability
to enamel and dentin. This indicates that within the same
restoration, only few materials can equally bond to both
tooth substrates. From the clinical standpoint, the results
showed that restoration margins will be more prone to
degradation depending not only on the material that is used,
but also on the nature of the substrate to which the material
is bonded.

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Dietschi D (1995) Free-hand resin composite restorations: a key to
anterior aesthetic. Pract Periodont Aesthet Dent 7:15–25

2. Molinari C, Pazos E, Grundman M, Bortolotto T, Krejci I, Budtz-
Jorgensen E (2007) Restorative caries therapy in nursing home
residents using composite resins and compomers. Quintessence
Int 38(11):60–66

3. Abo T, Asmussen E, Uno S, Tagami J (2006) Short- and long-term in
vitro study of the bonding of eight commercial adhesives to normal
and deproteinized dentin. Acta Odontol Scand 64:237–243

4. Asmussen E, Peutzfeldt A (2003) Short- and long-term bonding
efficacy of a self-etching, one-step adhesive. J Adhes Dent 5:41–
45

5. Armstrong SR, Jessop JLP, Vargas M, Zou Y, Qian F, Campbell
JA, Pashley DH (2006) Effects of exogenous collagenase and
cholesterol esterase on the durability of the resin–dentin bond. J
Adhes Dent 8:151–160

6. Nishitani Y, Yoshiyama M, Wadgaonkar B, Breschi L, Mannello
F, Mazzoni A, Carvalho RM, Tjäderhane L, Tay FR, Pashley DH
(2006) Activation of gelatinolytic/collagenolytic activity in dentin
by self-etching adhesives. Eur J Oral Sci 114:160–166

7. Reis AF, Arrais CAG, Novaes PD, Carvalho RM, De Goes MF,
Giannini M (2004) Ultramorphological analysis of resin–dentin
interfaces produced with water-based single-step and two-step

adhesives: nanoleakage expression. J Biomed Mater Res Part B:
Appl Biomater 71B:90–98

8. De Munck J, Van Meerbeek B, Yoshida Y, Inoue S, Vargas M,
Suzuki K (2003) Four-year water degradation of total-etch
adhesives bonded to dentine. J Dent Res 82:136–140

9. De Munck J, van Landuyt K, Peumans M, Poitevin A,
Lambrechts P, Braem M, Van Meerbeek B (2005) A critical
review of the durability of adhesion to tooth tissue: methods and
results. J Dent Res 84:118–132

10. Gamborgi GP, Loguercio AD, Reis A (2007) Influence of enamel
border and regional variability on durability of resin–dentine
bonds. J Dent 35:371–376

11. Hashimoto M, Ohno H, Sano H, Tay F, Kaga M, Kudou Y (2002)
Micromorphological changes in resin–dentine bonds after 1 year
water storage. J Biomed Mater Res 63:306–311

12. Hashimoto M, Nagano F, Endo K, Ohno H (2011) A review:
biodegradation of resin–dentin bonds. Jpn Dent Sci Rev 47:5–
12

13. Reis AF, Giannini M, Pereira PNR (2008) Effects of a peripheral
enamel bond on the long-term effectiveness of dentin bonding
agents exposed to water in vitro. J Biomed Mater Res Part B:
Appl Biomater 85B:10–17

14. Torkabadi S, Nakajima M, Ikeda M, Foxton RM, Tagami J (2009)
Influence of bonded enamel margins on dentin bonding stability
of one-step self-etching adhesives. J Adhes Dent 11:347–353

15. Davidson CL, de Gee AJ (1984) Relaxation of polymerization
contraction stresses by flow in dental composites. J Dent Res
63:146–148

16. Davidson CL, de Gee AJ, Feilzer A (1984) The competition
between the composite–dentin bond strength and the polymeriza-
tion contraction stress. J Dent Res 63:1396–1399

17. Chiang YC, Rösch P, Dabanoglu A, Lin CP, Hickel R,
Kunzelmann KH (2010) Polymerization composite shrinkage
evaluation with 3D deformation analysis from microCT images.
Dent Mater 26:223–231

18. Wilder AD Jr, Swift EJ Jr, Heymann HO, Ritter AV, Sturdevant
JR, Bayne SC (2009) A 12-year clinical evaluation of a three-step
dentin adhesive in noncarious cervical lesions. J Am Dent Assoc
140:526–535

19. Göhring T, Schönenberger K, Lutz F (2003) Potential of restorative
systems with simplified adhesives: quantitative analysis of wear and
marginal adaptation in vitro. Am J Dent 16:275–282

20. Krejci I, Kuster M, Lutz F (1993) Influence of dentinal fluid and
stress on marginal adaptation of resin composites. J Dent Res
72:490–495

21. Burrow MF, Satoh M, Tagami J (1996) Dentin bond durability
after three years using a dentin bonding agent with and without
priming. Dent Mater 12:302–307

22. Asmussen E, Peutzfeldt A (2005) Resin composites: strength of
the bond to dentin versus surface energy parameters. Dent Mater
21:1039–1043

23. Heymann HO, Roberson TM, Sockwell CL (1995) Direct tooth-
colored restorations for class III, IV and V cavity preparations. In:
Duncan LL (ed) The art and science of operative dentistry.
Mosby-Year Book, Inc, St. Louis

24. Schwartz RS, Summitt JB, Robbins JW (1996) Enamel and dentin
adhesion. In: Solaro EM (ed) Fundamentals of operative dentistry
—a contemporary approach. Quintessence, Chicago

25. Roh BD, Chung JH (2005) Micro-shear bond strength of five
resin-based composites to dentin with five different dentin
adhesives. Am J Dent 18:333–337

26. Thomsen KB, Peutzfeldt A (2007) Resin composites: strength of
the bond to dentin versus mechanical properties. Clin Oral Invest
11:45–49

27. Hasegawa T, Itoh K, Koike T, Yukitani W, Hisamitsu H,
Wakumoto S, Fujishama A (1999) Effect of mechanical properties

1134 Clin Oral Invest (2012) 16:1125–1135



of resin composites on the efficacy of the dentin bonding system.
Oper Dent 24:323–330

28. Bortolotto T, Mileo A, Krejci I (2010) Strength of the bond as a
predictor of marginal performance: an in vitro evaluation of
contemporary adhesives. Dent Mater 26:242–248

29. Krejci I, Lutz F (1990) Mixed Class V restorations: the potential
of a dentine bonding agent. J Dent 18:263–270

30. Krejci I, Lutz F (1991) Marginal adaptation of class V restorations
using different restorative techniques. J Dent 19:24–32

31. Krejci I, Häusler T, Sägesser D, Lutz F (1994) New adhesives in
Class V restorations under combined load and simulated dentinal
fluid. Dent Mater 10:331–335

32. Drosch HH, Wendl B (2007) Comparison of bond strength using
various fixation methods. World J Orthod 8:153–156

33. Haller B, Hofmann N, Klaiber B, Bloching U (1993) Effect of
storage media on microleakage of five dentin bonding agents.
Dent Mater 9:191–197

34. Zheng TL, Huang C, Zhang ZX, Wang S, Zhang G (2005)
Influence of storage methods on microtensile bond strength of
dentin adhesive system. Shanghai Kou Qiang Yi Xue 14:147–150

35. Rolland SL, Carrick TE, Walls AW, McCabe JF (2007) Dentin
decontamination using chloramines T prior to experiments
involving bacteria. Dent Mater 23:1468–1472

36. Thomas D, Kraemer MLJ, Rouler JF (2002) Blood contamination
and dentin bonding—effect of anticoagulant in laboratory studies.
Dent Mater 18:159–162

37. RoggendorfMJ, Krämer N, Appelt A, NaumannM, Frankenberger R
(2011) Marginal quality of flowable 4-bb base vs. conventionally
layered resin composite. J Dent 39:643–647

38. Ernst CP, Galler P, Willershausen B, Haller B (2008) Marginal
integrity of class V restorations: SEM versus dye penetration.
Dent Mater 24:319–327

39. Magni E, Zhang L, Hickel R, Bossù M, Polimeni A, Ferrari M
(2008) SEM and microleakage evaluation of the marginal integrity
of two types of class V restorations with or without the use of a
light-curable coating material and of polishing. J Dent 36:885–891

40. Manhart J, Chen HY, Mehl A, Weber K, Hickel R (2001)
Marginal quality and microleakage of adhesive class V restora-
tions. J Dent 29:123–130

41. Stricker EJ, Göhring TN (2006) Influence of different posts and
cores on marginal adaptation, fracture resistance, and fracture
mode of composite resin crowns on human mandibular premolars.
An in vitro study. J Dent 34:326–335

42. Balkenhol M, Huang J, Wöstmann B, Hannig M (2007) Influence
of solvent type in experimental dentin primer on the marginal
adaptation of class V restorations. J Dent 35:836–844

43. Bortolotto T, Ferrari M, Tay F, Krejci I (2007) Degradation of
thermo-mechanically loaded adhesive class V restorations after
18 months of water storage. Am J Dent 20:83–89

44. McCabe JF, Rusby S (2004) Water absorption, dimensional
change and radial pressure in resin matrix dental restorative
materials. Biomaterials 25:4001–4007

45. Koshiro K, Inoue S, Tanaka T, Koase K, Fujita M, Hashimoto M,
Sano H (2004) In vivo degradation of resin–dentin bonds
produced by self-etch vs. a total-etch adhesive system. Eur J Oral
Sci 112:368–375

46. Armstrong SR, Vargas MA, Fang Q, Laffoon JE (2003) Micro-
tensile bond strength of a total-etch 3-step, total-etch 2-step, self-
etch 2-step, and a self-etch 1-step dentin bonding system through
15-month water storage. J Adhes Dent 5:47–56

47. Pashley DH, Tay FR, Breschi L, Tjäderhane L, Carvalho RM,
Carrilho M, Tezvergil-Mutluay A (2011) State of the art etch-and
rinse-adhesives. Dent Mater 27:1–16

48. Yoshida E, Hashimoto M, Hori M, Masayuki K, Sano H, Oguchi
H (2004) Deproteinizing effects on resin–tooth bond structures. J
Biomed Mater Res Part B: Appl Biomater 68B:29–35

49. Foxton RM, Melo L, Stone DG, Pilecki P, Sherriff M, Watson TF
(2008) Long-term durability of one-step adhesive–composite
systems to enamel and dentin. Oper Dent 33:651–657

50. Kubo S (2011) Longevity of resin composite restorations. Jpn
Dent Sci Rev 47:43–55

51. Van Dijken JWV, Sunnengårdh-Grönberg K, Lindberg A (2007)
Clinical long-term retention of etch-and-rinse and self-etch
adhesive systems in non-carious cervical lesions. A 13 years
evaluation. Dent Mater 23:1101–1107

52. Peumans M, Kanumilli P, De Munck J, Van Landuyt K,
Lambrechts P, Van Meerbeek B (2005) Clinical effectiveness of
contemporary adhesives: a systematic review of current clinical
trials. Dent Mater 21:864–881

53. Banu Ermis R, Van Landuyt KL, Cardoso MV, De Munck J, Van
Meerbeek B, Peumans M (2011) Clinical effectiveness of a one-
step self-etch adhesive in non-carious cervical lesions at 2 years.
Clin Oral Invest. doi:10.1007/s00784-011-0565-4

54. Borrow MF, Tyas MJ (2011) Comparison of two all-in-one
adhesives bonded to non-carious cervical lesions-results at 3 years.
Clin Oral Invest. doi:10.1007/s00784-011-0595-y

55. Blunck U, Zaslansky P (2011) Enamel margin integrity of class I
one-bottle all-in-one adhesives-based restorations. J Adhes Dent
13:23–29

56. Mine A, De Munck J, Cardoso MV, Van Landuyt KL, Poitevin A,
Kuboki T, Yoshida Y, Suzuki K, Lambrechts P, Van Meerbeek B
(2009) Bonding effectiveness of two contemporary self-etch
adhesives to enamel and dentin. J Dent 37:872–883

57. Asmussen E (1975) Composite restorative resins composition
versus wall-to-wall polymerisation contraction. Acta Odontol
Scand 33:337–344

58. Ikeda T, De Munck J, Shirai K, Hikita K, Inoue S, Sano H,
Lambrechts P, Van Meerbeek B (2008) Effect if air-drying and
solvent evaporation on the strength of HEMA-rich versus HEMA-
free one-step adhesives. Dent Mater 24:1316–1323

59. Söderholm KH, Soares F, Argumosa M, Loveland C, Bimstein E,
Guelmann M (2008) Shear bond strength of one etch-and-rinse
and five self-etching dental adhesives when used by six operators.
Acta Odont Scand 66:243–249

60. Malkoc S, Demir A, Sengun A, Ozer F (2005) The effect of shear
bond strength of different antimicrobial agents after acid etching.
Eur J Orthod 27:484–488

61. Munksgaard EC, Asmussen E (1985) Dentin–polymer bond
mediated by glutaraldehyde/HEMA. Scand J Dent Res 93:463–
466

62. Bortolotto T, Ferrari M, Susin A, Krejci I (2009) Morphology of
the smear layer after the application of simplified self-etch
adhesives on enamel and dentin surfaces created with different
preparation methods. Clin Oral Invest 13:409–417

63. Peutzfeldt A, Asmussen E (2004) Determinants of in vitro gap
formation of resin composites. J Dent 32:109–115

64. Takahashi H, Finger WJ, Wegner K, Utterodt A, Komatsu M,
Wöstmann B, Balkenhol M (2010) Factors influencing marginal
cavity adaptation of nanofiller containing resin composite restora-
tions. Dent Mater 26:1166–1175

65. Ilie N, Hickel R (2009) Investigations on mechanical behaviour of
dental composites. Clin Oral Invest 4:427–438

66. Yoshida Y, Nagakane K, Fukuda R, Nakayama Y, Okazaki M,
Shintani H, Inoue S, Tagawa Y, Suzuki K, De Munck J, Van
Meerbeek B (2004) Comparative study on adhesive performance
of functional monomers. J Dent Res 83:454–458

Clin Oral Invest (2012) 16:1125–1135 1135


	The competition between enamel and dentin adhesion within a cavity: An in vitro evaluation of class V restorations
	Abstract
	Introduction
	Materials and method
	Selection and preparation of teeth
	Cavity preparation
	Restoration placement
	Thermomechanical loading
	Water storage
	Assessment of marginal adaptation
	Statistical analysis

	Results
	Discussion
	References




