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Abstract
This chapter presents an overview of secondary caries development and factors correlated to
it. Secondary caries has been reported as one of the main reasons for failure and replacement
of restorations. Based on this, diverse studies have been performed in an attempt to
investigated the secondary caries development process and the local factors that could
influence it. The mechanisms behind the development of secondary caries are much less clear
and are most probably multifactorial. The presence of biofilm and the presence of gaps are
directly connected to the development of secondary caries. However, the influence of gaps
between composite restorations and teeth has been studied with a very limited model and the
present thesis investigates local factors that could influence secondary caries development
with a more clinically relevant model. The chapter ends with the exposition of the aims of
this PhD thesis.
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1.1. General Introduction
1.1.1. Secondary Caries

N

owadays, composite resin is a suitable direct posterior filling material, presenting
an acceptable survival rate in clinical studies with longer follow-ups.1,2 Even with

this successful survival rates, a considerable proportion of time of dentists in dental practice is
devoted to replacing restorations. The motivation to replace or repair those restorations is
frequently based on preventing or mitigating secondary caries lesions, both in an attempt to
identify the lesion itself and to restore defects that may favour lesion development. 3
The most common reasons for restoration failure are caries and fracture, with
secondary caries as the main cause of composite restoration failures in high caries-risk
patients,4 and this has wide-reaching implications for the longevity of affected teeth and
health expenditure. Secondary caries refers to caries lesions affecting the margins of existing
restorations, and the presence of biofilm is a precondition for caries lesions to occur.5 The
mechanisms behind the development of secondary caries are much less clear and are most
probably multifactorial. Secondary caries development can be influenced by many factors
associated to the presence of biofilm, and the extent to which each factor contributes to the
process of secondary caries is not clear. Secondary caries lesions have been reported to
develop in two locations: as an outer lesion and as a wall lesion. An outer lesion develops at
the tooth surface adjacent to a filling, similar to primary caries, while the wall lesion occurs in
the interfacial gap between tooth and restoration.
Clinical studies have suggested that composite restorations in posterior teeth still have
less longevity and a higher number of secondary caries than amalgam restorations, in high
risk patients.6-8 It proposes that different tooth-restoration interfaces could influence the
caries development. The real mechanism that causes this difference between composite and
amalgam materials front secondary caries is unclear. The tooth-restoration interfaces formed
by these two materials are different. It is suggested that oxides formed in the tooth-amalgam
interface help seal the margins, which may explain the lower incidence of secondary caries.9
In contrast; the adhesive interface seems more instable. Factors such as adhesive technique,
adhesive materials, polymerization shrinkage, type of dental substrate (enamel/dentin) and
16

the quality of the hybrid layer can critically act towards adhesive failure in the interface, thus
increasing the risk of secondary caries for composite restorations.8,10,11 Those aspects are being
investigated in an attempt to improve the clinical performance of composite restorations.
Considering secondary caries, wall lesions seem to be a clinical reality. It was shown
that inner wall lesions of secondary caries could develop without the presence of outer
lesions.12 The wall lesion’s etiology has been proposed by the dental materials scientists to be
linked to microleakage along the tooth-restoration interface,13 which suggests concentrate on
adhesive bond preservation with the aim to improve restoration performance. Although,
investigations based on in situ models have not supported the wall lesion and microleakage
association,14 which is not considered by cariologists who emphasize the presence of an active
biofilm and an interfacial gap for secondary caries development. In spite of opposing views,
the importance of achieving good cavity sealing through the restorative material is
acknowledged as a means to prevent the development of secondary caries and, therefore, to
prolong the composite restoration’s survival.
Moreover, it was shown that the presence of an interfacial gap between tooth and
restoration is a crucial factor for caries development.15,16 Studies have shown that larger gaps
between tooth and restoration are positively correlated with the size of wall lesions, showing
more caries development.15 Interfacial gaps larger than 68μm seem to predispose interfacial
demineralization, and may thus lead to caries development.12,16 The question is therefore
whether such interfacial gaps occur clinically? For composite restorations, an interfacial gap
may originate already during the adhesive procedure due to polymerization shrinkage,
incomplete polymerization, or adhesive technical errors.10 Even after the adhesive procedure,
a gap of 6-10µm could be formed immediately at the tooth-composite interface.17
Furthermore, an interfacial gap could be the result of ageing processes trough time.
Despite all available evidence on secondary caries and composite restoration, the
influence of gap has been studied with a very limited model. Artificial gaps between tooth and
composite have been produced without any presence of adhesive material or previous
bonding procedure.12,15,16,18 However, the presence of adhesive material in gaps between
tooth-composite restorations could influence the caries development and should be
addressed.
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1.1.2. The failed adhesive interface

A
T
N

large proportion of the restorative work provided by dentists is the replacement
of restorations that have failed in some way. There is a high likelihood that

breakdown of the composite-dentin interface, the weak link in the adhesive restorations, will
take place at some point in the restoration’s lifetime as a result of several factors.19
Diverse factors could influence the failure of the adhesive interface long time, such as

thermal, mechanical and chemical processes. The extent to which each factor contributes to is
not determined. Moreover, it is not clear how each of the two structures (composite and
dentin) of the adhesive interface will appear when the composite-dentin bonding has failed in
a clinical situation. For instance, besides the cohesive (in composite material or in substrate)
and mixed fractures, a failure could occur exactly at the adhesive interface (Fig. 1A), or it
could failed above (Fig. 1B) or bellow (Fig. 1C) the adhesive area, exposing or not de tooth
substrate (dentin or enamel) (Figure 1). Furthermore, a composite restoration can be
debonded and remain retained in cavity place because of the retentive configuration design of
the cavity, probably with a gap between the restoration and tooth. This condition, associated
to the mechanical loading of masticatory forces long time, could promote a fast caries
progression.20
Figure 1. Possible types of failures at adhesive interface of debonded restorations.
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Thus, different types of “failed bonded” interfaces may occur when a failure at the
adhesive interface between a composite restoration and enamel or dentin happens, as shown
at Figure 1. The restoration failure could produce a gap, a crucial factor for caries
development,12,15,16 between the tooth and composite. The main concern is that those failed
bonded interfaces may react differently front a cariogenic challenge than previously
unbounded surfaces. The models for studying wall lesion development up to now may
therefore be insufficient. The presence of adhesive materials and the characteristics of
exposed wall surface in an interfacial gap should be attended.
It was shown that the presence of bonding material in a composite-tooth interface with
a gap might influence caries development.11,21 However, in a previous study the bonding
material was only applied on the dentin; condition in which the clinical situation may not be
properly imitated. In a clinical situation, with a debonded adhesive restoration, it is more
likely to find interfaces where the adhesive bonding is present but has failed, perhaps due to
polymerization shrinkage of composites resin or due to ageing processes throughout time.10
Even, the volumetric contraction (1.5%-5%) of composite during polymerization might
significantly affect the adaptation of the composite restoration to the tooth cavity, leading to
the formation of local interfacial gaps.11,22 However, it is still not clear, whether these gaps
could exceed the clinically relevant width of around 60µm16 at the outer margin of the
restoration and make the restoration more susceptible to secondary caries.
No previous study has investigated the caries susceptibility behaviour of “failed
bonded” interfaces, where the adhesion of tooth and composite has failed, and the
restoration remains in place, with the presence of the bonding material between them. As it is
a current clinical condition, it would be interesting to address it in future researches. Based
on that, we explore how the bonding fails, how the mechanical ageing could influence it, and
what is the behaviour of “failed bonded” interfaces front a cariogenic challenge.

1.1.3. Producing a clinically relevant “failed bonded interface”

L
N

aboratory tests used to evaluate the properties of the composite-dentin
interfaces have been referred to as important predictors of the clinical
19

performance of adhesive systems and restorative materials.23,24
The ultimate objective of a laboratory test should be to gather data in prediction of the
final clinical outcome. However, it was stated that composite-dentin bonds might degrade at a
much faster rate in laboratory studies than in real clinical situations. 25 Several methodologies
have been proposed trying to better simulate clinical conditions using laboratory tests,
however the main concern about laboratory protocols is the lack of a standardization of the
methods used to mimic it.24
The thermal cycling, in which the relevance for the clinical situation is still doubtful, 26
and water storage, which needs several months of storing to show some effect,27 are the most
common ageing protocols used when assessing the composite-dentin interface stability.28
Furthermore, mechanical ageing (tooth-tooth or tooth-foreign object contact) and chemical
factors (body fluids and dietary products) may also influence the integrity of the toothrestoration interface. Though, few studies have evaluated the effect of those conditions,
mainly the chemical effect, on the composite-dentin interface behavior.29
An ideal machine that perfectly mimics the oral environment does not exist. Every
machine has advantages, disadvantages, and limitations.30 As most dental restorations fail due
to secondary caries or fracture,2,4 it seems reasonable that mechanical loading may play an
essential role in the fatigue of restorations and promote degradation of the adhesive interface
throughout time. These mechanical stresses repeated over time lead to the fatigue or
weakening of the interface, and once the concentrated stresses exceed the interfacial fracture
toughness, a crack could be formed that on its own turn may further lead to the interfacial
gap formation.23 In this way, it seems reasonable for researches to focus more on this aspect,
and additionally address how a composite-dentin interface that failed after mechanical stress
will behave.
The current challenge in adhesive dentistry is to provide a tooth-composite interface
more resistant against ageing. The longevity of composite restorations is to a large extent
associated to the degradation of the adhesive interface, which may occur in a relatively short
term, depending on the characteristics of the materials used.24 Despite all advancements,
none of the current adhesive materials is able to produce an interface that is absolutely
resistant to ageing/degradation.
As, even if a satisfactory initial sealing of the cavity with composite is achieved, the
20

composite-tooth interface may degrade over time. Therefore, there is a definite requirement
to test bonding effectiveness of adhesive materials under more clinically relevant
circumstances upon ageing of the samples. To perfectly mimic the oral environment is a
challenge, however to focus on mechanical ageing seems reasonable. Thus, improvements in
this field could thereby provide the restorative treatment more predictable in terms of clinical
performance on the long term.
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1.2. Aims of the PhD Research

S
N

econdary caries development can be influenced by many local factors such as
presence and location of adhesive material in gaps, adhesive material type and

mechanical loading of the restoration. The failed bonded interfaces are not well explored. No
previous study has investigated the caries susceptibility behaviour of failed bonded interfaces
with the presence of the bonding material between composite and dentin. As it seems a
current clinical condition, we explore this aspect in the present research. Firstly, investigating
the role of adhesive material in gaps on secondary caries development. Subsequently,
understanding how the bonding fails exploring two different ageing methods, water storage
and mechanical loading. Moreover, understanding what is the behaviour of the failed bonded
interfaces submitted to a cariogenic challenge: initially in a model with non-bacterial caries,
and thus investigating the presence of bonding materials in the gaps using a biofilm model.
The overall aim of this thesis was to study the role of the failed bond interface on the
development of secondary caries and the local factors associate to it.
The specific aims of the PhD research were:
1) Evaluate in situ the caries wall lesion development in different composite-dentin
interfaces to investigate if the presence and location of bonding material in the gaps
influence wall caries lesion development (chapter 2);
2) Evaluate the effect of ageing with a new mechanical device on the microtensile bond
strength and the fracture patterns of adhesive systems to dentin (chapter 3 and 4);
3) Evaluate in vitro dentin caries wall lesion development of failed bonded compositedentin interfaces and compare with non-bonded situations where no adhesive was
used or adhesive was applied only on the dentin, using a gel caries model (chapter 5);
4) Evaluate in vitro the dentin caries wall lesion development of failed bonded compositedentin interfaces investigating the presence of two adhesive bonding materials in the
gaps, using a microcosm biofilm model (chapter 6).
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Abstract
Objectives: This study evaluated the caries wall lesion development in different compositedentin interfaces to investigate if the presence and location of two bonding materials in the
gaps influence wall caries lesion development.
Materials and Methods: Fourteen volunteers wore a modified occlusal splint containing samples
with 4 different interfaces: perfect bonding / no gap, or with a fixed gap (234 ± 30 μm) with
either no bonding material, bonding material (Clearfil Protect Bond -PB- and Clearfil SE
Bond -SE) on dentin or on composite. Eight times a day, the samples were dipped in 20%
sucrose solution for 10 min, during 3 weeks. The samples were imaged with microradiography
(T-WIM), and lesion depth (LD) and mineral loss (ML) were measured. The data were
analyzed with paired T-Test.
Results: The perfect bonding group did not show any caries wall lesion development, whereas
all other interfaces did. The interface with bonding on dentin did not show significantly
different wall lesion development from the interface with no material. However, when
bonding was present on composite, both LD and ML were significantly higher than both
other gap conditions (p-values < 0.05). A difference between the bonding material was only
seen when applied on composite: PB showed less ML than SE (p = 0.01).
Conclusion: The presence of bonding on the composite side of a composite-dentin gap
increased wall lesion development in situ.
Significance: The presence and location of an adhesive bonding material in the compositedentin gaps plays a role on the wall caries lesion development.
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2.1.

Introduction

S

econdary caries refers to caries lesions affecting the margins of existing
restorations1 and has been widely demonstrated to be a common reason for repair

and replacement of posterior failed bond restorations, regardless of the type of restorative
material.2 Secondary caries has been reported to develop in two locations: at the tooth surface
adjacent to a filling, similar to primary caries, but also in the interfacial gap between
restoration and tooth.3 The latter, often called wall lesions, have been implied in the reported
higher susceptibility of composite restorations to secondary caries, as compared to amalgam
restorations.4
Composite resin is a popular filling material bonded to the tooth structure using
bonding agents, creating a composite-tooth interface. This interface is reported as the most
vulnerable structure of the adhesive restorations.5 Since the composite-dentin interface is
instable and fragile, even small defects at the cavosurface angle (detectable) and at the inner
part of the cavity (undetectable) might present voids. These might be created by incomplete
filling of the cavity (particularly in areas of difficult access), by polymerization shrinkage of
resin composites and weak bonding to dentin, by presence of excessive residual water left
from the etching and washing procedures, and by others defects from the hybridization
process.6,7 It was shown that it is almost impossible to prevent creating such voids when using
minimally invasive techniques.8
Caries wall lesions next to composite restorations have been studied recently both in
vitro and in situ.7,9,10,11 These studies used artificially produced interfacial gaps of standardized
dimension, but none reported using adhesive bonding material in creating the composite
restorations (as the gap made bonding superfluous). In a clinical situation, where a void has
been created or an adhesive bond has failed, however, adhesive bonding material will always
be present at some location in the interface. Restorative materials may influence the
secondary caries development in numerous ways. A recent in vitro study reported that the type
of bonding material could influence wall lesion development in gaps, with a protective effect
of an antibacterial bonding agent on caries lesion development.12 Those bonding agents were
developed with the promise of having anti-caries properties through the presence of an
bacterial inhibitor monomer in its composition.
30

There are different types of in vitro caries-like lesion induction models that do not
present a standard pattern of caries development.13 However, in situ models seem to be more
conclusive in predicting clinical behaviour.14 Therefore, the objective of this in situ study was
to evaluate the caries wall lesion depth and mineral loss of different composite-dentin
interfaces to investigate if the presence and location of two adhesive bonding materials (with
or without an antibacterial monomer) in the gaps influence wall caries lesion development.
The null hypothesis tested was that caries development would be similar for all the adhesive
interfaces.

2.2.

Materials and Methods

2.2.1. Study design
This was a mono-center study, randomized (regarding the sequence/location of the
tested conditions) with split-mouth design with respect to gap conditions and bonding
materials. Two bonding materials with (Clearfil Protect Bond – PB, Kuraray, Okayama,
Japan) or without (Clearfil SE Bond – SE, Kuraray) antibacterial monomers were investigated
and applied according the manufacturer’s recommendations. The outcome variable was wall
caries lesion depth (LD) and mineral loss (ML). Results from a parallel study evaluating the
effect of gap size on wall lesion development were reported previously.11

2.2.2. Study Participants
The study design and protocol were approved by the Local Ethics Committee, METC
(CMO file nr. 2011/248, NL33528.01.11). All the participants agreed and signed the written
informed consent. Fourteen volunteers (six men and eight women, aged 20 – 57 yr, mean age
= 30.4 yr) were recruited within the Dental School in Nijmegen, the Netherlands, following
the inclusion criteria of subjects between the ages of 18 and 60 yr and with good general
health. Exclusion criteria were active caries, periodontitis (DPSI > 2), ASA > 2, and the
wearing of orthodontic or a removable prosthetic appliance in the mandibular jaw.

2.2.3. Preparation of samples
Sound human molars were ground flat with 180-grit Sic paper until complete occlusal
31

enamel removal and dentin exposure was reached (Fig. 1a). The roots were cut off, and the
remaining crowns were perpendicularly cut into 4 dentin sections with a fixed width of 3.2
mm and ±2.5 mm of length. The dentin sections were ground with 600-grit Sic paper to
achieve a height of 2.2 mm. The dentin sections were gas-sterilized with ethylene oxide
(Isotron Nederland B.V., Venlo, the Netherlands).14
For each sample, 2 dentin sections were placed in a rectangular putty mould with
dimensions of 15 x 3.2 x 2.5 mm. On the pulpal side of the dentin sections, a self-etching
primer and bonding agent of the adhesive system used for that group (either SE or PB) were
applied on dentin according to the manufacturer’s instructions, and 0.5 mm composite resin
paste (AP-X PLT, shade A2, Clearfil, Kuraray) was inserted and cured in order to fix the two
dentin sections (composite bar, Fig 1b). For the purpose of the microradiographic method
used, utmost care was taken to keep the bars perfectly straight with rectangular angles and to
position the top surface of the dentin in such a way that when placed in the microradiography
holder, it was parallel to the central of the x-ray beam.

2.2.4. Bonding procedure
In each composite-dentin bar, 3 spaces were made (one in each side of the two dentin
sections) roughly parallel to the dentin tubule direction with a 012 cylindrical bur with a
depth of 1.9 mm (bur, Fig. 1b). While the bar was fixed in a mould, the spaces were filled
with the composite resin (AP-X PLT) creating different composite-dentin interfaces:
- Composite-adhesive-dentin perfect bonding / no gap: the space was filled completely by
composite (positive control). The composite and dentin were bonded without any gap
between them and with the adhesive systems (PB and SE) applied following the
manufacturer’s instructions;
In the remaining groups fixed gaps were created using a plastic matrix of standard
thickness of 200 μm.
- Bonding material on dentin / gap: the adhesive systems (PB and SE) were applied just on
dentin side and the composite resin was placed with a fixed gap between them;
- Bonding material on composite / gap: the bonding agents of the adhesive systems (PB and
SE) were applied on the composite side with a fixed gap between them: the plastic matrix was
placed in contact with the dentin, bonding material was applied on the other side of the
32

matrix and light-cured, and then the composite was placed and cured against the matrix;
- No bonding material / gap: no adhesive system was applied in the interface with a fixed gap
between composite and dentin (negative control). The data of this group was obtained from a
parallel study evaluating the effect of gap size, described elsewhere.11
The position of the different composite-dentin interfaces on the composite-dentin bar
was changed per volunteer, following a random sequence generated by computer software
(Excel Program). The 2 adhesive systems were placed at the left or right side of the occlusal
splint alternately per volunteer also following a random sequence. The samples were polished
(600-grit Sic paper) to remove the excess composite, and the final rectangular compositedentin bars had dimensions of 15 mm (length), 3.2 mm (width), and 2.2 mm (height).
Each volunteer received a modified occlusal splint for the mandibular jaw (Fig. 1c),
with buccal flanges holding 4 embedded metal slots of 20 mm x 3.2 mm x 2.5 mm. Both
upper and lower slots were used for this study. The samples on the uppers slots were prepared
specific for the present study, and the samples on the lowers slots were used for the parallel
study, described in detail elsewhere.11

2.2.5. Experimental Protocol
The occlusal splints (device) were worn 24 hours per day for 3 weeks, being removed
only during eating, drinking (keeping their normal diet) or for oral hygiene, with the device
kept in a physiologic salt solution during those periods. Additionally, volunteers were
instructed to dip the device with the samples in a 20% sucrose solution 8 times a day for 10
min. They were instructed to observe intervals between sucrose dipping of at least one hour.
They were given a diary to record the exact moments of sucrose dipping. After being dipped
in sucrose, the device was rinsed with tap water and replaced in the mouth. Volunteers were
asked to apply fluoride toothpaste / saliva slurry on the samples once a day (when they
brushed their teeth). They were explicitly requested to not clean or brush the samples at all.
All instructions were given both orally and in writing by a researcher involved in the study.

2.2.6. Transversal Wavelength Independent Microradiography (T-WIM)
T-WIM pictures were made at baseline (T0) and after 21 days (T21) according to a
method previously described.15 The settings for the microradiography were 60 kV, 30 mA and
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an exposure of 8 sec. A stepwedge with the same absorption coefficient as tooth material
(94% Al/ 6% Zn alloy) was used for proper quantitative measurement of LD and ML.
Figure 1. Schematic design of samples preparation and analysis. (a) Preparation of the teeth.
(b) Preparation of the samples and composite–dentin interfaces. (c) Occlusal splints with the
samples positioned into the samples-holder (metallic slots). (d) T-WIM picture and
measurement details.

2.2.7. Film Processing and Image Measurements
After exposure, films were developed (10 min), fixed (7 min), rinsed, and dried. Digital
images of each sample were recorded with a light microscope (Leica Microsystems, Wetzlar,
Germany) with a magnification of 10x and a CMOS camera (Canon EOS 50D, Tokyo,
Japan). The digital T-WIMs were edited in Adobe Photoshop CS3 (version 10.0; Adobe
Systems, San Jose, CA, USA). The contour of the interfaces on the baseline picture was
selected and copied to the T21 picture to standardize it. The selected contour was colored
black so that in case of caries development, LD could be easily distinguished from gap width.
From each sample, the wall lesions in the dentin facing were measured with a software
program (T-WIM calculation program, version 5.25, J.de Vries, Groningen, NL) at a fixed
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area of 400 μm distance from the outer surface (dashed blue line at Fig. 1d) in order to
prevent overlap with the surface lesion. Baseline measurements (T0) were subtracted from
measurements after 3 wk (T21), to estimate true LD (μm) and ML (μm.vol%). The subtracted
values were used in the statistical analysis.
To obtain the real gap sizes, the gaps were measured on the baseline T-WIM image
using the same software. Since gaps were not always perfectly straight, but slightly tapered, the
distance between restoration material and dentin was always measured at the entrance of the
gap.

2.2.8. Statistical Analysis
The data were analyzed through paired t-Tests to investigate the effect gap conditions
and adhesive bonding material (α = 0.05) (Statistical Package for Social Sciences, version 20,
Chicago, IL, USA).

2.3.

Results
Ten volunteers completed the study successfully. Three volunteers completed only 2

weeks, but since they did show caries development and effects were evaluated within patients,
they were included in the analysis. One volunteer lost their sample device and was excluded
from the analysis.
The actual gap size between the composite and dentin was 234 μm (±30 μm). For all
interface conditions with a gap, the correlation between gap size and LD / ML, was not
statistically significant, with p values ranging between 0.103 and 0.965. Therefore the gap size
was not included in the analysis as a factor.
The perfect composite - adhesive - dentin bonding did not present a development of
caries wall lesions during the 3 weeks of cariogenic challenge at all. All other compositedentin interfaces (adhesive bonding on dentin and on composite, for both bonding materials,
and for the no bonding material group) presented caries wall lesion development (Fig. 2 and
3).
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Figure 2. Boxplot display of lesion depth (mm) values for each group, considering the
interfaces conditions and bonding materials (SE and PB), showing inter-quartile ranges.

Figure 3. Boxplot display of mineral loss (mm vol%) values for each group, considering the
interfaces conditions and bonding materials, showing inter-quartile ranges.

The paired t-Test results of comparisons among the gap conditions groups are
presented in Table 1. When comparing the gap conditions with adhesive to the no adhesive
group, a different effect was seen for the two adhesive locations: where adhesive was present
on dentin no significant difference could be shown (p-values ranging between 0.74 and 0.15),
whereas where adhesive was present on the composite, both LD and ML were significantly
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increased (p-values ranging between 0.05 and < 0.01). For both adhesive bonding materials
together, adhesive presence on composite resulted in significantly more LD and ML than
adhesive presence on dentin (p < 0.01). For both adhesive locations analysed together, the PB
bonding material showed less ML than SE (p = 0.01), no difference was found for LD (p =
0.32).
Table 1. Paired t-test results of comparisons of lesion depth and mineral loss among the
composite–dentin interface conditions Pair Mean Difference* (μm ± SD) p value.
Pair
Lesion depth

Mineral loss

B comp–B dent
PB–SE
PB comp–NB dent
SE comp–NB dent
PB dent–NB dent SE
dent–NB dent
B comp–B dent
PB–SE
PB comp–NB dent
SE comp–NB dent
PB dent–NB dent SE
dent–NB dent

Mean
difference

p value

−76.7
−12.9
43.3
56.3
−35.6
−23.7
−2236.1
−944.9
1163.1
2922.8
−458.9
−156.7

p < 0.01
p = 0.32
p = 0.03
p = 0.04
p = 0.14
p = 0.36
p < 0.01
p = 0.01
p = 0.05
p < 0.01
p = 0.38
p = 0.74

95% Confidence interval of the
difference
Lower
Upper
−99.2
−39.2
5.5
1.4
−85.5
−78.5
−2983.9
−1643.5
10.6
1670.9
−1562.4
−1185.7

−54.1
13.2
81.2
111.3
14.4
30.9
−1488.2
−246.3
2315.5
4174.7
644.6
872.3

B, bonding on; comp, composite; dent, dentin; PB, Clearfil Protect Bond; SE, Clearfil SE Bond; NB, no bonding

2.4. Discussion
This present study investigated the effects of different bonding conditions in caries
development on dentin adjacent to simulated failed bond restorations, showing that the
condition that the composite-dentin interface presents when there is a gap plays a role on the
LD and ML. Thus, the null hypothesis should be rejected as the presence of bonding material
in the gaps influenced the wall caries lesion development.
While it is widely recognized that the characteristics of the bonding substrate plays a
role on the quality of adhesion, the issue of bond behaviour and durability has dominated
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most current research in composite-dentin bonding.16 The breakdown of interfacial sealing
poses a challenge to the longevity of restorations.2 If longevity is mainly affected by leakage of
oral fluids and bacteria along the interface, studies on this phenomenon should be more
clinically relevant to better predict the clinical performance of adhesive restorations. 17 In this
context, the present study was carried out, as the presence of different bonding interfaces of
the restoration could influence the caries development at those interfaces.
To the authors’ knowledge there are no previous studies that have investigated the
effect of different interface conditions, simulating the situation after a failed bond, on
mineral loss in adjacent dentin, making direct comparisons impossible. In this study the
presence of bonding material on composite side of composite-dentin gaps significantly
increased lesion development as compared to bare composite. This negative effect could be
explained by the presence of bonding material acting as a retention factor for the biofilm.
Contrary to expectations, the presence of bonding on dentin portion did not reduce wall
caries lesion development, compared to condition without bonding. This finding highlights
the fragility of the adhesive interface and that the interaction between the adhesive monomer
and the etched dentin is an instable structure when exposed to a cariogenic challenge.18,19
However, in this study caries wall lesions only developed when there was a defect/gap on the
adhesive interface. The presence of a perfect bonding prevented wall lesions, confirming
earlier reports that the presence of a gap is a crucial factor in wall lesion development.7,11
The use of in situ models provides standardized conditions, simultaneously
maintaining the individual variability of the oral cavity complexity.20 During the 3-week
period, the subjects immersed the samples into a sucrose solution, ensuring a standard
baseline cariogenic challenge that was able to promote mineral loss and caries develop in the
dentin. The use of fluoride-containing dentifrice was included because of its widespread use
and to model more closely the in vivo situation. The split-mouth set-up of the study allowed
direct comparison between materials. The adhesive system with antibacterial component (PB)
resulted in less ML when it was applied on composite resin, which may be attributed to the
antibacterial properties of the adhesive. A similar effect was found recently in an in vitro
study.11 Nevertheless, the presence of PB on dentin did not offer any additional protection to
wall caries lesion development, showing similar results to the material without the
antibacterial monomer (SE). In the conditions of this study, secondary caries progression may
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ultimately depend on individual habits and different patterns of oral pathogens prevalence
within the biofilm,20 and the material composition may not have had an effect large enough
to promote significant differences in lesion depth. Therefore, the clinical effect of
antibacterial composites on secondary caries lesion progression remains uncertain.

2.5. Conclusion
In conclusion, within the limitations of the present study, the presence and location of
an adhesive bonding material in the gaps influences wall caries lesion development. Its
presence on the composite side of a composite-dentin gap increased wall lesion development
in situ, and only at this location the bonding materials had different effects, with the
antibacterial adhesive showing less mineral loss, but not less lesion depth.
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Abstract
Objectives: This study evaluated the effect of mechanical loading with a new device on the
microtensile bond strength (µTBS) of adhesive systems to dentin.
Materials and Methods: Forty molars were divided according to adhesive systems: self-etch
(ClearfilTM SE Bond – CSE) and etch-and-rinse (Adper ScotchbondTM 1XT – ASB); and to
ageing protocol (n=5): control; MC1 - 250.000; MC2 - 500.000; and MC3 - 750.000
mechanical cycles. Microtensile bond strength was measured and fracture modes were
analyzed. Data of µTBS were subjected to Kruskal-Wallis and post hoc tests and mode of
fracture to Chi-Square Test (p < 0.05).
Results: Ageing protocol (p < 0.001) and adhesive systems (p = 0.024) significantly affected
µTBS values. The adhesive systems showed a similar behavior, except in the MC3 group,
which the self-etch CSE showed the highest µTBS. There was no difference regarding fracture
modes (p = 0.461).
Conclusion: The new device promotes a decreasing of µTBS as the number of cycles increased.
Difference between materials was observed only after 750.000 mechanical cycles.
Significance: Future research should establish which kind of cycling protocol could be
considered as clinically representative, although increased number of cycles is probably
favorable for that purpose.
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3.1. Introduction

D

Dentists worldwide spend most of their time placing and replacing direct
restorations. Therefore, the long-term survival of clinically placed restorations is

an important focus for dental research. The main reasons for failure of restorations on the
long-term are fracture and secondary caries.1 Considering the high turnover of new materials
on the market, it is important to test these materials first in vitro in a clinical relevant way, in
order to be able to predict possible clinical pathways of failure.2,3 Therefore, ageing processes
resembling those taking place in the oral environment were introduced in laboratory testing
procedures. Simulations of thermal and mechanical stresses have been used to try to
reproduce these conditions. However, the popular thermal cycling method has limited effect
compared to mechanical ageing.3
Mechanical load cycles and forces applied are not standard in most studies, as well as
methods and devices used to apply the force.4,5 Most of those studies use machines that apply
the force on the sample in just one direction, which seems quite different from the
continuous process of chewing forces and bruxism clinically present to the tooth-restoration
complex. Moreover, forces applied in in vitro experiments show a large variation from 15 to 60
N.6-8 A main problem related to the mechanical loading is that when multidirectional forces
are applied, devices become more complicated and expensive. Moreover, the process is timeconsuming as most devices only have a limited number of sample spaces available.
Numerous in vitro studies to test the performance of dentin adhesives systems focus on
its relationship with clinical performance. The potential relationship between marginal
adaptation found in vitro of class V restorations and the clinical longevity of class 5
restorations has been demonstrated.9 Moreover, Van Meerbeek et al. demonstrated
correlation between microtensile bond strength tests on aged samples by storing and the
clinical outcome of class V restorations.10 In class 2 restorations, ageing by mechanical loading
may play an even larger role and therefore, it seems useful to include mechanical loading as
an ageing process to in vitro studies to compare bonding capacities of dental adhesives.
High initial composite-dentin bond strength values are considered desirable, but
durability of the bond over time is also of great interest, especially when the adhesive is
applied in load bearing restorations. Loading stress seems to be concentrated mostly at the
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interface between the adhesive and the top of the hybrid layer. 4 Sano et al.11 introduced the
microtensile bond strength test to measure bonding of small areas surface (≈1 mm²), and
nowadays this test is accepted as the most useful bond strength test showing a higher
discriminative power when compared to other tests.3
So, in order to evaluate the effectiveness of a new device for application of mechanical
loading the present study uses the microtensile bond strength (µTBS) test to evaluate the
effect of ageing with mechanical loading on the adhesive bond between tooth and restoration.
The null-hypothesis tested is that the applied mechanical loading does not influence
microtensile bond strength values.

3.2. Materials and Methods

3.2.1. Description of the device
The device for applying mechanical loading (Rub&Roll) is shown in Figure 1 and
described in detail elsewhere.12 Basically; the Rub&Roll is a new device with multifunctional
characteristics. The machine has one outer cylinder that is mounted fixed on a base, and an
inside cylinder that fits centrally in the outer cylinder. The inside cylinder, which is mounted
on a rotation axle, contains 16 samples holders (20 x 14 x 10 mm dimensions) which are
evenly distributed over the outer surface of the cylinder. The inner cylinder is rotating around
the axle, which is driven by an engine that can be adjusted according to the required rotation
speed. In the space between inside and outside cylinder a loosely fitting rod is placed,
consisting of a metal rod inside a silicon tube. When the inside cylinder is rotated, this rod
rolls over the samples protruding from the inner cylinder, leading to cyclic loading of the
samples. Silicon tubing of 1 mm thickness was used in this study, and the samples protruded
1 mm above the cylinder surface, resulting in a maximum load of 30 N. The actual applied
force on the samples was measured with a force sensor mounted in the surface of the outside
cylinder.

3.2.2. Specimens Preparation
Forty extracted sound human third molars were selected, cleaned and stored in water.
Flat occlusal superficial dentin surfaces were exposed using 200 grit SicPaper under running
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water, and complete removal of enamel was confirmed by stereomicroscopy examination.
Teeth were embedded in acrylic resin resulting in samples of 16 mm in height x 14 mm width
x 10 mm length (Fig. 1). After that, dentin surfaces were polished using 800-grit silicon
carbide paper to create a uniform smear layer.
Samples were assigned randomly to one of eight groups (n=5), receiving one of two
adhesive systems and one of four ageing protocols. Dentin surfaces were treated with a selfetch adhesive system ClearfilTM SE Bond – CSE – (Kuraray, Medical Inc., Tokyo, Japan) or an
etch-and-rinse adhesive system Adper ScotchbondTM 1XT – ASB – (3M ESPE, St. Paul, MN,
USA) applied according to the manufacturer’s instructions as indicated in Table 1. Thin
layers of resin-based composite (Clearfil™ AP-X, Kuraray, Japan), approximately 1.5 mm in
thickness, were bonded incrementally to the cured adhesive, and each increment was
individually light-cured for 20 s using a LED curing unit with an intensity of ≈900 mW/cm2
(FusionTM S7 Curing Light, DentLight Inc., Richardon, USA). This resulted in restorations 4
mm in height (Fig. 1). Ageing protocols were:
- Control (no ageing): samples were stored in distilled water for 24 h, at room temperature;
- MC1: mechanical loading for 1 week, ±250.000 cycles;
- MC2: mechanical loading for 2 weeks, ±500.000 cycles;
- MC3: mechanical loading for 3 weeks, ±750.000 cycles.
Before the samples were exposed to mechanical ageing, they remained in distilled
water for 24 hours.

3.2.3. Mechanical Loading
Samples were mounted into the Rub&Roll device and mechanical loading was applied
by the rotation movement of the inner cylinder (Fig. 1B). In this study samples were loaded at
20 rpm, 0.4 Hz, and ±30 N. Mechanical loading took place in distilled water, which filled the
outer cylinder.

3.2.4. Microtensile Bond Strength Test
After ageing, loaded and unloaded (control) samples were sectioned into beams (stickshaped) with an approximate cross-sectional area of 1 mm2, using a low speed diamond saw
under continuous water-cooling, following the nontrimming method described by Shono et
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al.13 This resulted in 50–75 beams for each experimental group. Each beam was measured for
its cross-sectional dimensions using a digital caliper (Mitutoyo America Corporation, USA) to
calculate the surface area. Beams were tested for microtensile bond strength (µTBS) by
attaching them with superglue gel (Cyanoacrylate Rite-Lok, 3M, UK) adhesive to a movable
jig, a modified Gerlaldeli’s jig, which is attached to the Universal Testing Machine (Materials
Testing Machine LS1, Lloyd Materials Testing, Hampshire, UK) at 1 kN. The beams were
stressed to failure in tension using µTBS tester at a crosshead speed of 1 mm/min. The
fractured beams were removed from the apparatus and the modes of fracture were evaluated.
The bond strength () in MPa was obtained with the formula =F/A, where F=load
for specimen rupture (N) and A=bonded area (mm2). To determine the area, the formula to
calculate was A=b.h, where A=interfacial area, b=base and h=thickness of slices. Pre-testing
failures were included in the calculation of mean µTBS as 0 MPa.

Figure 1. Study Design: specimens preparation, adhesive and restorative procedures, ageing
groups, Rub&Roll device (general schematic overview of the Rub&Roll device - A, closer
overview of the cylinder inside the container - B), composite-dentin beams production,
microtensile test and SEM evaluation.
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Table 1. Study Material.
Material

Type

Adper Scotchbond Etch-and-rinse
1XT (3M ESPE)
two-step
adhesive
system
Clearfil SE Bond
(Kuraray)

Self-etching
two-step
adhesive
system

Clearfil AP-X
(Kuraray)
Shade A2

Hybrid lightcure resinbased
composite

Adper Scotchbond Etching agent
Etchant (3M
ESPE)

Composition a

Application Procedures

Bis-GMA, HEMA,
dimethacrylates,
polyalkenoic
copolymer, ethanol,
water,
photoinitiator
Primer: MDP, HEMA
Dimethacrylate,
monomer
Water. Photoinitiator
Bond: MDP, HEMA
Dimethacrylate,
monomer
Microfiller,
Photoinitiator

1. Apply adhesive under
pressure for 20 s
2. Dry with a gentle air
stream for 5 s
3. Light-cure for 10 s.

188103

1.Apply primer and leave it
undisturbed
for 20 s.
2.Dry thoroughly with mild
air flow for 10s,
3.Apply Bond,
4.Gently air-dry for 5 s,
5.Light-cure for 10 s.

041892

Barium glass, silica
colloidal, silicon
dioxide, Bis-GMA,
TEGDMA,
photoinitiator
35% phosphoric acid
(pH 0.7)

1.Apply composite 2mm
thick,
2.Llight-cure for 20s.

1090AA

1. Apply for etchant 15 s
2. Rinse for 15 s
3. Dry with a mild, oil-free
air spray.

Lot

7KF 2010-08

a

Bis-GMA (bisphenol glycidyl dimethacrylate); HEMA (2-hydroxyethyl methacrylate); MDP 10-methacryloyloxydecyl
dihydrogen Phosphate); TEGDMA (Triethylene glycol dimethacrylate)

3.2.5. Mode of failure determination
All fractured beams were observed under stereomicroscope (M50 Leica Microsystems,
Singapore) and the fracture mode was determined at 75x magnification. Images were captured
by camera (Canon EOS 50D, USA). The fracture surfaces were classified as: apparently
interfacial (fracture occurred within the adhesive interface, between the dentin and
composite); cohesive in dentin (fracture occurred at the dentin portion); cohesive in
composite (fracture occurred at the resin-based composite portion) or mixed failures
(designates a mixture of adhesive and cohesive failure within the same fractured surface).
Subsequentially, selected fractured beams of each group, exhibiting a representative
failure mode, were processed for field-emission-gun scanning electron microscopy. Specimens
were chemically fixed by immersion in 2.5% glutaraldahyde in 0.1 M sodium cacodylate
buffer for 6 h, and dehydrated in an ascending series of ethanol: 50% for 5 min, 90% for 5
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min, and finally 100% ethanol for 3 hours. After that, specimens were dried at room
temperature followed by sputter coating with gold and evaluated in a scanning electron
microscope (Feg-SEM; Philips XL30, Eindhoven, The Netherlands).

3.2.6. Statistical Analysis
The microtensile bond strength values, in MPa, were subjected to Levene Test to
evaluate Homogeneity of Variances, and then, data were analyzed through Kruskal-Wallis
Test (tested variables were: material and ageing times conditions) and a post hoc Tukey Test.
Differences in distribution of failure mode among groups and the relation between bond
strength values and fracture modes were analyzed using Chi-square test, and the relation
between µTBS values and fracture mode was analyzed with one-way ANOVA. All tests were
conducted using a statistical software package (SPSS, version 19, Chicago, IL, USA). The
statistical significance was set at p < 0.05.

3.3. Results

3.3.1. Bond strength
The results are shown in Table 2. There was a significant difference between the
adhesive systems (p = 0.024) and among the different ageing time according to the KruskalWallis test (p < 0.001). MC1 (250.000 cycles) and MC2 (500.000 cycles) showed similar
results, but these were different from the control and MC3 (750.000 cycles). For both
adhesive systems, the control group showed the highest µTBS values and MC3 showed lower
µTBS values when compared to other ageing conditions. So with increasing mechanical load
cycles, bond strength values decreased. The adhesive systems showed similar results at control,
1 week and 2 weeks ageing, but after 3 weeks ageing Clearfil SE Bond showed significantly
higher µTBS values than Adper Scotchbond. So, Clearfil SE Bond was more stable trough
time than the Adper Scotchbond. Mean µTBS varied from 17.9 to 37.4 MPa with the highest
bond strengths obtained for the two-step etch-and-rinse adhesive without ageing and the
lowest with these same adhesive, however after ageing.
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Table 2. Means of µTBS values, in MPa, standard deviations (±SD), pre-testing failures [PF]
and number of beams tested (*n) from each group.
Time

24-hour
Bond
Strength
(MPa)

MC1
Ageing
Bond
Strength
(MPa)

37.4 (14.0)

24.4 (12.6)

24.7 (10.5)

Aa

Ab

Ab

Materials
Adper
Scotchbond
1XT

[2]a

Clearfil SE
Bond

%
Reduction
between
24h
and MC1

MC2
Ageing
Bond
Strength
(MPa)

45.0%

%
Reduction
between
24h
and MC2

MC3
Ageing
Bond
Strength
(MPa)
17.9 (9.5)
Bc

45.1%

63.5%

[13]b *58

[14]b *60

[19]c *53

34.0 (12.2)

25.0 (14.2)

24.7 (10.5)

22.7 (10.7)

Aa

Ab

Ab

[3]

*60

a

*60

[8]

a

32.4%
*60

[9]

a

%
Reduction
between
24h
and MC3

Ac

33.6%
*60

[7]

a

37.3%

*60

For each line, values with different small letters indicate significant difference among the ageing times, within the same
adhesive system (p <0.05). For each column, values with different capital letters indicate significant difference (p <0.05)
between the adhesive systems, within the same ageing time.

3.3.2. Mode of fracture
There was no relation between the bond strength values and the type of fracture
(ANOVA, p = 0.726). A higher frequency of pre-testing failures was observed for the loaded
groups, statistically significantly so for Adper Scotchbond 1XT along the ageing conditions (p
= 0.004, Chi Square Test). Regarding fracture modes, there was no difference between the
materials (p = 0.461); however for Clearfil SE Bond, the control group showed more cohesive
failures than the aged groups (Chi Square Test, p = 0.029) (Table 3). Figure 2 shows some
representative fracture patterns of the studied groups.
Table 3. Number and percentage of mode of failure using different adhesive system and
ageing conditions.
Ageing

24-hour

MC1 (1 week / 250.000 cycles)

MC2 (2 weeks / 500.000 cycles)

MC3 (3 weeks / 750.000 cycles)

Adhesive

AI

CR

CD

M

AI

CR

CD

M

AI

CR

CD

M

AI

CR

CD

M

Adper
Scotchbon
d 1XT

31

1

0

28

26

3

2

27

22

1

2

35

22

0

1

30

51.7%

1.6%

0%

46.7%

44.8%

5.2%

3.5%

46. 5%

36.6%

1.6%

3.4%

58.4%

41.5%

0%

1.8%

56.7%

26

8

3

23

28

0

2

30

2

5

2

26

21

1

4

34

43.4%

13.3%

5%

38.3%

46.7%

0%

3.3%

50%

45.1%

8.3%

3.3%

43.3%

35%

1.6%

6.7%

56.7%

Clearfil
SE Bond

AI= apparently interfacial; CR= cohesive in dentin; CD= cohesive in resin-based composite; M= mixed
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Figure 2. Representative scanning electron micrographs of the most occurred fractures.
Dentin sides of fractured beams are shown. (A): Apparently interfacial fracture along the
composite-dentin interface of Control CSE group in a lower power magnification (75X). Note
that the failure started in the corners of the beams (white arrows). (B): a higher magnification
of 2.000X shows that the failure occurred inside the hybrid layer. (C): Mixed fracture with a
predominance of adhesive failure of ASB at 2-week ageing. (D) Higher magnification (2.000).

3.4. Discussion
The present study investigated the influence of ageing as applied by a new mechanical
loading device on adhesive bond strength and the results demonstrate that the ageing method
results in a decreasing μTBS. Therefore, the null-hypothesis was rejected. The new device
used to apply cyclic mechanical loading, the “Rub&Roll”, is a relatively simple construction
compared to other devices and has as a main advantage the high number of samples that can
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be subject to testing at once. Moreover, the cylindrical construction enables to include
liquids, such as erosive drinks and abrasive foodstuffs in the process. This opens a lot of
opportunities for further research investigating relations between cyclic loading and wear
aspects. Samples are loaded with compressive force from the occlusal restoration in direction
to the adhesive interface. As the device operates, the force is not applied exactly
perpendicularly to the adhesive interface during the whole cycle, which is probably more
clinically relevant. Until now, the device is only described in a technical paper 12 and the
present study is the first to establish its functionality. Future research has to confirm the
validity of the device, and it should be compared to other devices for cyclic loading on the
market. However, a gold standard for mechanical ageing of restorations is not available,
probably because of the complicated nature of most devices.
In this study, mechanical loading statistically influenced the microtensile bond
strength values for all the aged conditions tested. It was observed that with an increasing
number of mechanical cycles, the µTBS decreased significantly with 32% up to 63%,
depending on the number of cycles applied. Clinically, most bonded interfaces are subject to
some degree of cyclic loading due to masticatory function and parafunctional habits, and this
may vary with the size and position of the restoration and individual risk of the patient.14 It is
difficult at this moment to establish which kind of cyclic loading protocol is the most
clinically relevant. In the present study, 30 N of force was applied up to a frequency of
750.000 cycles. A previous study suggested that 150.000 cycles at 60N is able to simulate six
months of oral masticatory stresses,5 which is five times less but at a higher force than applied
in the present study. Future research should establish which kind of cycling protocol could be
considered as clinically representative, although increased number of cycles is probably
favorable for that purpose. Clinical loading force will also show large individual variation, and
people with parafunctional habits will probably apply higher and more frequent forces to the
tooth restoration complex. A small number of mechanical cycles may not be able to produce a
significant decrease in bond strength.6-8
The number of pre-testing failures in the present study confirmed the effect of the
mechanical ageing on the adhesive interface. A higher frequency of pre-testing failures can be
a predictor for diminished bond strength values, which is in accordance with other studies. 15
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However, in the present study this effect was not statistically significant for the self-etch
adhesive system that was more stable on the long term than the etch-and-rinse type.
Apart from mechanical loading, thermocycling and water storage can play a role in the
ageing process of the tooth restoration interface resulting in a decreased bond strength after
combined thermal and mechanical loading.15 This may be due to the degradation of the
adhesive interface by combined hydrolytic deterioration of the resin polymer and the exposed
collagen16). This degradation in the hybrid layer has also been described after 6 months water
storage,17 also when no cyclic loading was applied.18 In the present study, samples were stored
and loaded in water, but the time that the samples remained in contact with water (1 up to 3
weeks) is deemed too short to have a significant effect.19
It was observed that the number of load cycles plays a significant role in the decrease of
adhesion. Both adhesive systems showed a similar performance for the control and 1 week
and 2 weeks ageing groups, but for the 3 weeks ageing groups differences between the
adhesive systems were found, and the two-step self-etch adhesive - Clearfil SE Bond (CSE)
showed higher µTBS values and a more stable behavior when compared to the etch-and-rinse
adhesive - Adper Scotchbond 1XT (ASB), also statistically confirmed by the pre-testing
failures. A similar performance for the investigated adhesives tested without ageing, both in
dentin and enamel, has previously been reported.20,21 Moreover, when using different ageing
protocols such as water storage and thermocycling, the CSE adhesive was also observed to be
more stable than ASB.9 In the present study, only after 750.00 cycles this difference
appeared. Clearfil SE Bond is based on a functional phosphonate acidic monomer (10-MDP)
that is able to establish chemical bonds to calcium ions of hydroxyapatite crystals. This
chemical interaction may be an explanation for the differences between the adhesives as
found in this and other studies.22
There was no relation found between the values of the microtensile test and the type
of fracture. It is reported in the literature that very high microtensile bond strength values are
related to cohesive failures, and because of that, the µTBS values related to cohesive fractures
should be viewed cautiously or can even be discarded out of the statistical analyses as they do
no represent true interfacial bond strength.23,24 In the present study, there was no statistical
difference between groups and the mode of fracture, as the most prevalent fractures were
apparently interfacial and mixed. This supports a study reporting that the mode of fracture
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may also be associated with the kind of gripping device.25 The device used in this study was a
K.U.Leuven-BIOMAT jig, which is a modified Geraldeli’s microtensile testing jig.26 The jig is
designed to ensure that a pure tensile force is applied to the test specimen, but still bending
forces may occur during load application due to non-parallel specimen alignment, the
bonding surface being non-perpendicular to the specimen gripping surface, and uneven
gripping forces. The mixed failures in the present study were predominantly adhesive ones, as
fractures commonly started at the borders, occurring from the corners through the center of
the sticks-shaped samples, which were predicted by finite element analyses in this geometry of
the sample.27

3.5. Conclusion
In conclusion, the new Rub&Roll device was able to promote mechanical loading on
samples and an increased number of load cycles resulted in decreased µTBS values. Moreover,
differences between the materials occurred when a higher number of cycles were applied.
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Bonding effectiveness and fracture pattern of adhesive systems submitted to ageing
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Abstract
Objectives: This study evaluated the effect of water storage and cyclic loading on microtensile
bond strength (µTBS) values and fracture pattern of adhesive systems to dentin.
Materials and Methods: Midcoronal dentin surfaces (n= 36) were prepared and composite
restorations were built-up using two adhesive systems (self-etch and etch-and-rinse). The
samples were randomly divided according to the ageing conditions (n=6): (1) Control –
storage in water for 24 h (CO); (2) Water storage – storage in water for 6-month (WS); (3)
Mechanical loading - 750.000 mechanical cycles (ML) using the Rub&Roll loading device.
Samples were prepared into beams and microtensile bond strength was tested. Fracture
patterns were analysed using stereomicroscopy and fractographic analysis was performed using
SEM. µTBS data (n = 53-72) were subjected to 2-way ANOVA and post-hoc Tukey test. The
Chi-square test was used to compare the distribution of failure modes (p < 0.05).
Results: Ageing conditions and adhesive systems significantly affected µTBS (p < 0.01). The
CO group showed no difference between materials and the highest µTBS. After WS, the selfetch adhesive showed higher µTBS values than etch-and-rinse. ML resulted in a decreased
µTBS for both adhesives. Materials (p < 0.01) and ageing (p < 0.01) significantly influenced
the distribution of failure modes. SEM analysis showed that samples submitted to WS or ML
showed features of degradation and fatigue at the fractured interface, depending on the
adhesive system.
Conclusion: Mechanical loading promoted a negative effect on bonding effectiveness of both
adhesive systems and influenced the fracture pattern, presenting a different fracture surface
from that observed for water-storage.
Significance: Most dental restorations fail due to fracture; therefore, cyclic loading should be a
clinically relevant ageing method in bond strength studies, as promoted by the Rub&Roll
mechanical load device.
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4.1 Introduction

T

he resin-dentin interface is the most vulnerable structure of adhesive restorations.1
Studies have shown that incomplete adhesive infiltration into demineralized

dentin, for both etch-and-rinse and self-etch adhesive systems, could results in a partially
exposed collagen network.2,3 Those exposed collagen fibrils are vulnerable to hydrolysis
resulting in an irreversible process of interface degradation, interfering with stability of the
adhesive restoration on the long term.4 Moreover, presence of hydrophilic polymers in
adhesive systems may play an extra role in the degradation process due to water sorption in
the hybrid area.4,5
There is great variation in adhesive systems and bond strength studies, and most of the
current adhesive systems show favorable immediate results in bond strength.6 However,
adhesion effectiveness may decrease on the long term due to the reasons described before and
therefore dentin adhesive interfaces are submitted to some kind of ageing to reproduce
processes in the oral environment. Several in vitro studies evaluating the performance of
dentin adhesives systems on the long term resulted in a remarkable degradation of the
adhesive interface, showing alteration in the hybrid layer after a period of ageing. 7,8 Long-term
water storage and thermocycling are the most commonly used artificial aging techniques and
both have shown a negative effect on the adhesion.8,9 However, the relevance of this
thermocycling process for the clinical situation is still doubtful.10 While, water is known to be
a key factor in the degradation process of the adhesive interface. However, this technique
needs several months of water storage in order to show some effect. Studies using storing
times up to six months or more have shown decreased bond strengths depending from the
type of adhesive.7,9
In the oral environment restorations are subject to loading due to chewing, but also
parafunctional activities. As most dental restorations fail due to caries or fracture, 11,12 it seems
reasonable that cyclic loading may play an essential role in fatigue of restorations and
degradation of the adhesive interface. A recent clinical study showed the increased risk for
restoration failure in bruxing patients13 and hydrodynamic flow due to cyclic loading has
resulted in caries development at the restorations-tooth interface in an artificial caries
model.14 Therefore, cyclic loading could be a clinically relevant ageing method in bond
64

strength studies. However, until now, the number of studies including cyclic loading as an
ageing method in bond strength studies is limited, especially because devices for cyclic loading
have a limited number of samples that can be included resulting in time consuming tests.
Regarding the properties and composition of the adhesive systems, they are able to
create hybrid layer with different characteristics. For instance, etch-and-rinse adhesives create
a thick hybrid layer, which may act as “shock absorbers” face to mechanical loading. However,
the presence of HEMA (i.e. hydrophilic monomer) in some compositions makes it vulnerable
to chemical attacks (e.g. water storage), resulting in premature interface degradation. Self-etch
adhesives result in a thin hybrid layer, which, although resistant to chemical challenges, may
be vulnerable to mechanical loading.3,5,6
Recently, a new device (Rub&Roll) has been developed to mimic cyclic loading with a
more complex model and which creates the opportunity for a larger number of specimens to
be tested at the same time.15 Using this device, the aim of the present study was to compare
the effect of different ageing methods (water storage and cyclic loading) on bond strength
values of some representative adhesive resins (a self-etch and an etch-and-rinse). Moreover, the
failure pattern of the samples was analysed. The null hypothesis tested was that bond strength
values are not affected by chemical degradation, as evaluated by water storage, nor mechanical
degradation, as evaluated by cyclic mechanical loading.

4.2. Materials and Methods

4.2.1. Samples Preparation
Thirty-six freshly extracted sound human molars stored in water were selected.
Anonymously collected extracted human teeth were used, which does not require ethical
committee approval in The Netherlands. Flat midcoronal dentin surfaces were exposed using
200 grit SicPaper under running water, and complete removal of enamel was confirmed by
stereomicroscopic examination. Teeth were embedded in acrylic resin resulting in block
samples of specific dimensions (16 mm height x 14 mm width x 10 mm length). Teeth were
included pairwise, resulting in each sample block having 2 teeth (n=18) (Fig. 1). Subsequently,
dentin surfaces were polished using 600-grit silicon carbide paper.
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4.2.2. Restorative Procedures
Samples were assigned randomly to two different adhesive systems: a two-step self-etch
adhesive system ClearfilTM SE Bond - CSE - (Kuraray, Japan) and a two-step etch-and-rinse
adhesive system AdperTM ScotchbondTM 1XT - ASB - (3M ESPE, St. Paul, MN, USA) resulting
in 9 block samples for each adhesive system. Adhesives were applied on dentin according to
manufacturer’s instructions (Table 1). A mould was used to build up teeth in 4 mm in height.
Increments of hybrid resin-composite, (Clearfil™ AP-X, Kuraray, Japan) approximately 1.5
mm in thickness, were bonded to the cured adhesive and light-cured each for 20 s using a
LED curing device with an intensity of ≈900 mW/cm2 (FusionTM S7 Curing Light, DentLight
Inc., Richardon, USA), using a specific mould until resin composite was 4mm in thickness.
Table 1. Adhesive systems: characteristics, general composition, manufacturers, batch
numbers, and manufacturers’ instructions.
Adper Scotchbond 1XT
Two-step etch-and-rinse adhesive system

Clearfil SE Bond
Two-step self-etch adhesive system

Composition 1

Etching Agent: 35% phosphoric acid
Adhesive: Bis-GMA, HEMA,
dimethacrylate, polyalkenoic copolymer,
ethanol, water, photoinitiator

Primer: 10-MDP, HEMA, dimethacrylate,
monomer, water, photoinitiator
Bond: 10-MDP, HEMA, dimethacrylate,
monomer, microfiller, photoinitiator

Manufacturer

3M/ESPE; St Paul, MN, USA

Kuraray Medical; Tokyo, Japan

Batch nr.

18810

041892

Manufacturer’s
instructions

Etch tooth surface with acid etchant for
15 s, rinse for 10 s, blot excess water with
cotton pellet, apply 2 coats of bond using
a rubbing motion for 15 s, air thin for 5 s,
photo-cure for 10 s

Apply primer with a brush and leave
undisturbed for 20 s, air blow for 5 s, apply
bonding with a brush and air thin, photocuring for 10 s

Characteristics

1 Bis-GMA - bisphenol glycidyl dimethacrylate; HEMA - 2-hydroxyethyl methacrylate; MDP 10-methacryloyloxydecyl
dihydrogen phosphate

4.2.3. Ageing Conditions
After the restorative procedures, samples were randomly again divided into 3 groups
(n=3 block samples) according to the ageing conditions (Fig. 1):
- Control - CO (no ageing): Samples remained stored in distilled water for 24 h, at room
temperature;
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- Water Storage - WS: Samples remained stored in distilled water for 6 months, at 37 oC.
The water was changed weekly;
- Mechanical loading - ML: Before samples were exposed to mechanical ageing, they
remained in distilled water for 24 h and after that were exposed to ±750.000 mechanical
cycles, during 3 weeks. The samples were loaded in the Rub&Roll ageing device, 15 with
settings fixed at 20 rpm of speed, 0.4 Hz, using ±30 N of compressive force at the adhesive
interface. The mechanical loading was done at room temperature in water as storage-medium,
which was changed weekly.
Figure 1. Diagram of the experimental design.

4.2.4. Rub&Roll Mechanical Device
The device for applying mechanical loading (Rub&Roll) is shown in Figure 2 and
described in detail elsewhere.17 Basically; the Rub&Roll is a device with multifunctional
characteristics. The machine has one outer cylinder that is mounted fixed on a base, and an
inside cylinder that fits centrally in the outer cylinder (Fig. 2A). The inside cylinder, which is
mounted on a rotation axle, contains 16 samples holders (20 x 14 x 10 mm dimensions)
which are evenly distributed over the outer surface of the cylinder. Thus, in the inside
cylinder up to at least 16 specimens can be mounted (i.e. in this study a total of 32 teeth were
mounted). The inside cylinder is rotating around the axle, which is driven by an engine that
can be adjusted according to the required rotation speed (i.e. in this study 20 rpm was used).
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In the space between inside and outside cylinders a loosely fitting rod is placed, consisting of
a metal rod inside a silicon tube (Fig. 2B). When the inside cylinder is rotated, this rod rolls
over the samples protruding from the inside cylinder, leading to cyclic loading of the samples.
The rod rotates in an opposite direction to the rotation of the stirring motor, rolling over the
specimens mounted in the inside cylinder. When the rod contacts the specimen a force is
applied in different compressive directions (Fig. 3). Silicon tubing of 1 mm thickness was used
in this study, and the samples protruded 1 mm above the inside cylinder surface, resulting in
a maximum load of 30 N. The actual applied force on the samples was measured with a force
sensor mounted in the surface of the outside cylinder.
Figure 2. General schematic overview of the Rub&Roll device. A) Closer overview of the
inside and the outside cylinders. B) Note the presence of the samples-holder in the inside
cylinder. C) The rod between the inside and outside cylinders (black arrow).

4.2.5. Microtensile Bond Strength Test
After ageing, samples were sectioned into stick-shaped beams with approximate crosssectional area of 1 mm2, using a low speed diamond saw under continuous water cooling,
following the non-trimming method.16 This resulted in 56–62 beams for each experimental
group. Cross-sectional dimensions of the beams were measured using a digital calliper
(Mitutoyo America Corporation, USA) to calculate surface areas previously to microtensile
bond strength (µTBS) testing. Samples were attached to a modified Geraldeli’s jig using
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superglue gel (Cyanoacrylate Rite-Lok, 3M, UK). Using a Universal Testing Machine
(Materials Testing Machine LS1, Lloyd Materials Testing, Hampshire, UK) at 1 kN, and a
crosshead speed of 1 mm/minute, beams were stressed to failure in tension. Fractured beams
were removed from the testing device and fracture modes were evaluated.
Figure 3. Schematic design of the different compressive forces applied on the top of resin.
The force stars in an angulation of 45o, 65o and just when the rod touches the middle of the
specimen the force is completely perpendicular to the adhesive interface (90 o). A) Rod. B)
Block sample (resin + dentin + acrylic resin).

Pre-testing failures during sample-cutting and after aging procedures were included as
0MPa in the calculation of mean µTBS, while fracture modes of these samples were excluded
from the SEM analysis. The bond strength () in MPa was obtained using the formula
=F/A, with F=load for specimen rupture (N) and A=bonded area (mm2).

4.2.6. Mode of failure determination
All fractured samples were examined using a stereomicroscope (M50 Leica
Microsystems, Singapore) at a magnification up to 75 and one previously trained operator
(AFM) determined the fracture modes. Failure patterns were assessed as: apparently interfacial
(within adhesive interface); mixed (mixture of adhesive and cohesive failure within the same
surface), cohesive in dentin or cohesive in the resin-based composite.
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4.2.7. Fracture pattern analysis with SEM
Subsequently, some representative fractured dentin surfaces (n=10) from each group
were processed and analysed for morphological changes in the interface by scanning electron
microscopy (SEM). Specimens were chemically fixed by immersion in 2.5% glutaraldahyde in
0.1 M sodium cacodylate buffer for 6 h, rinsed with a buffer solution, dehydrated in an
ascending series of ethanol (25%, 50%, 75%, 95%, and 100%) and chemical dried using
hexa-methyldisilazane. Hence, they were sputter coated with gold and examined using
common scanning electron microscopy (Feg-SEM, Philips XL30; Philips, Eindhoven, the
Netherlands), from 75x up to 5000x magnification.

4.2.8. Statistical Analysis
The microtensile bond strength values, expressed in MPa, were subjected to a Levene
Test to evaluate homogeneity of variances, and then analysed using two-way ANOVA (tested
variables: adhesive material and ageing conditions) and post-hoc Tukey tests. For premature
failures the value fixed was “Zero” and the µTBS values of cohesive failures were added to the
statistical analysis. The categorical data was presented as percentages. The Chi-square test was
used to compare the distribution of global failure mode (adhesive, mixed, cohesive in resin
and in dentin) and pre-testing failures among the experimental groups. All tests were
conducted using a statistical software package (Statistical Package for Social Sciences, version
20, Chicago, IL, USA) and the statistical significance was set at p < 0.05.

4.3. Results

4.3.1. Microtensile bond strength testing
The µTBS are summarized in Table 2. Both adhesive material (p < 0.01) and ageing
condition (p < 0.01) factors statistically significant affected the bond strength values (two-way
ANOVA).

The interaction between adhesive material and ageing protocols was also

significant (p < 0.01). Consecutive multiple testing showed that water storage, as well as
mechanical loading do affect bond strength values. The control groups showed no difference
between adhesive materials and presented higher bond strength values than the aged groups.
However, the self-etch adhesive system (CSE) showed higher values than the etch-and-rinse
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system (ASB) after water-storage ageing, while when submitted to mechanical loading ageing,
both adhesive systems showed a similar performance with the lower microtensile bond
strength values (Fig. 4).
Table 2. Mean values for microtensile bond strength (MPa) and standard deviations (±SD) for
the experimental groups.
Adhesive

Ageing

System

Control

Water storage

Mechanical Load

ASB

36.2 (±15.6) Aa

13.6 (±11.5) Bb

13.2 (±11.4) Bb

CSE

32.4 (±14.0) Aa

29.5 (±11.9) Aa

20.3 (±12.3) Bb

Values with different capital letters indicate significant difference (multi-comparison test; p < 0.05) among the
groups; and values with different lowercase letters indicate significant difference among adhesive materials (multicomparison test; p < 0.05).

4.3.2. Stereomicroscopy evaluation
The percentages of fracture modes analysed by stereomicroscopy are summarized in
Table 3. Mostly were interfacial and mixed fractures. Both adhesive materials (Chi-Square, p <
0.01) and ageing protocols (Chi-Square, p < 0.01) significantly influenced the distribution of
failure mode (adhesive, mixed, cohesive in resin and in dentin).
Table 3. Number of tested samples (n), distribution of each fracture pattern (percentage) and pre-test
failures (ptf) for each experimental condition.
Adhesive
System
ASB

CSE

Ageing

n

Interfacial

CO

62

43.5%

WS

53

ML

Cohesive

Mixed

ptf

4.8% / 11.3%

40.4%

2a

79.3%

1.9% / 1 .9%

16.9%

11 b

72

34.8%

6.9% / 2.8%

55.5%

19 b

CO

63

53.9%

0% / 1.6%

44.5%

3a

WS

55

49.1%

1.8% / 3.6%

45.5%

3a

ML

67

47.8%

1.5% / 0%

50.7%

7b

Resin/Dentin

CO, control; WS, water storage; ML, mechanical load

Scotchbond 1XT adhesive presented more cohesive fractures than Clearfil SE Bond
adhesive. Moreover, Scotchbond 1XT showed a relation between the fracture mode and the
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ageing (p<0.001), showing more adhesive fractures in the water storage group, compared to
the other ageing protocols. For Clearfil SE Bond there was no indication for such effect
(p=0.446), as in all ageing groups the distribution of fractures was similar.
Statistically significant more pre-testing failures were present for the etch-and-rinse
adhesive system (ASB), showing an increase of the pre-testing failures when samples were
submitted to both ageing conditions (Chi-Square, p < 0.001) (Table 3).
Figure 4. Box-plot of microtensile values of the tested groups.

4.3.3. SEM evaluation
Figures 5 and 6 show some representative fracture patterns of the studied groups.
For Scotchbond 1XT samples in the control group, failures occurred mostly in the
adhesive resin interface (Fig. 5A and 5B), most often inside the hybrid layer, with no
porosities and/or exposed collagen fibrils. After 6 months of water storage, some collagen
degradation was observed. The fractures were more located in the bottom of the hybrid layer.
It was possible to observe hybridized collagen fibrils with some porosities around, which
indicates the effect of water storage on adhesive resin, which is confirmed by the absence of
failures inside the hybrid layer, different from the control group (Fig. 5C and 5D). After
mechanical loading, interfacial failure at the top of hybrid layer was the most prevalent
fracture pattern, showing a pattern different from that observed in the water storage group. It
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was possible to observed on the remaining hybrid layer some points similar to “adhesive
islands” of polyalkenoic acid (Fig. 5E and 5F). There were also some failures within the
adhesive resin, which was not current after water storage and in control group, suggesting that
the hybrid layer was resistant to the Rub&Roll, while the adhesive resin was not.
For Clearfil SE Bond in the control group, the samples showed a very standard
pattern: the failure occurred mostly into the adhesive resin. The hybrid layer of CSE is too
thin to clearly observe by SEM (Fig. 6A and 6B). After 6 months of water storage, fractures
occurred mostly inside the hybrid layer. The presence of collagen fibrils suggested some
degradation inside the hybrid layer showing the presence of some porous areas caused by
hydrolyses (Fig. 6C and 6D). Samples aged with mechanical loading exhibited a pattern more
similar to the control than to the water stored samples. A typical failure pattern was observed
with the presence of a lot of hackels at the adhesive resin. The samples failed more at the
adhesive resin and dentin. In this central area of the adhesive resin specific lines were
observed, all at the same direction, suggesting some kind of rupture of the material
(“hackels”) (Fig. 6E and 6F).

Figure 5. Representative fracture dentin surface of samples bonded with Adper Scotchbond
1XT. A) SEM of a control (no ageing) microtensile bond strength specimen that showed a
very standard pattern. The failure occurred mostly into the adhesive resin and inside the
hybrid layer. Some ‘bubbles’ were observed inside the composite resin (white arrow). The
adhesive resin layer seems thin. Given the amount and size of dentin tubules, the sample was
probably very close to the pulp. B) Higher magnification: note that the fracture occurred at
various places of the interface (top and bottom of hybrid layer), however the hybridization
seems acceptable, with no porosities and/or exposed collagen fibrils. C) SEM of a 6-month
water storage specimen showing failure at the bottom of the hybrid layer as the predominant
finding, with some remnants of the composite resin on top of it (black arrow) and some
exposed areas of pure dentin and dentin infiltrated with collagen fibrils and hybrid layer
structures. In the inner part the failure is located at the top of the hybrid layer while at the
outside region/outer rim the failure is located more into the bottom of the hybrid layer. D)
High magnification showing clearly the failure at the bottom of the hybrid layer. It is possible
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to observe some hybridized collagen fibrils (hand pointer) with some porosities around. It was
observed some areas where collagen fibrils were considerably thinner. E) SEM of a
mechanically loaded specimen. The fractures were at the top of the hybrid layer. There is
presence of some “adhesive islands” on the remaining hybrid layer (white arrows). F) High
magnification (2.500x) of the “adhesive island” remained on dentin. This structure does not
look as just pure adhesive, suggesting the presence of some polyalkenoic acid remnants. The
hybrid layer appears properly hybridized.

CR, composite resin; AI, adhesive interface; Hb, bottom of the hybrid layer; Ht, top of the hybrid layer; HL, hybrid layer; Ar, adhesive
resin.

Figure 6. Representative fractured dentin surfaces of samples bonded with Clearfil SE Bond.
A) SEM of a specimen of the control group with failures mostly located in the adhesive resin,
which is rather thick in this specimen. Hackle (white arrow). B) Higher magnification of the
area failed at the interface. Note the presence of adhesive resin covering the entire surface and
the absence of any collagen fibrils exposed. C) SEM of a 6-month water storage microtensile
bond strength specimen. The failure inside de hybrid layer was more predominant (arrows),
showing a great tendency to occur from the top toward the inside of the hybrid layer visible.
D) Higher magnification inside the hybrid layer showing the presence of some porous area,
probably produced by hydrolysis (hand pointer). The bottom of the hybrid layer was not
morphologically affected by water storage, although some signs of degradation were observed.
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E) SEM of a mechanical loaded dentin specimen showing a typical failure pattern with the
presence of a lot of hackles at the adhesive resins (white arrows). Most of the failures occurred
more in the adhesive resin and dentin. F) Higher magnification of the adhesive resin with
“hackles” showing the typical parallel “rupture lines”.

CR, composite resin; HL, hybrid layer; Ar, adhesive resin; Hb, bottom of the hybrid layer; Ht, top of the hybrid layer; Hy, hybrid
layer; Ai, adhesive interface.

4.4. Discussion
In the present study it was investigated whether different ageing protocols, water
storage and mechanical loading, could influence microtensile bond strength values of two
representative adhesive resins, a two-step self-etch system and a two-step etch-and-rinse system.
The mechanical aging protocol showed a significant decrease in µTBS values for both systems;
therefore the hypothesis tested was rejected. In this study a new device (Rub&Roll) to test
mechanical loading was used15 and from the results it can be concluded that the applied
loading protocol was effective in ageing the adhesive interface as a decreased bond strength
was found, promoting a negative effect for both adhesives. The device still has to be compared
to other more common used cyclic loading devices like Willitec (Chewing Simulator, Willitec,
Munich, Germany), but it has to be kept in mind that as yet there is no indication which
loading protocol is the most representative to mimic clinical processes and should be
considered as gold standard. The present device has the advantages of the simple technique,
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promotes the storage of the samples in water during the mechanical loading, tests a large
sample size at the same time, and the promotes diverse directions of the load.15
The ageing protocols promoted different performance of the adhesives confirmed by
the evaluation of the fractures by both stereomicroscopy and SEM evaluation, which revealed
different degradation processes, indicating that cyclic loading has a different effect than water
sorption on the long-term. Water-storage and thermo-cycling are the most popular artificial
ageing methods widely used in the literature.17 Storage of micro-specimen in water is a wellvalidated method to assess bond durability and most of the adhesives show some degradation
of the interface, which resembles in vivo ageing.17 Therefore, we used water storage as one of
the ageing protocols in the study to compare with cyclic loading.
With the SEM analysis of the fracture surfaces differences could be observed between
the two ageing groups. For the water-stored aged samples in the present study, results for
degradation of the adhesive interface are in accordance with previous results.18 For the etchand-rinse adhesive the group aged with water-storage failure more at the bottom of the hybrid
layer, while for self-etch it failure inside the hybrid layer. Those differences can be explained
by the composition of each tested adhesive system: ASB presents water and a hydrophilic
monomer that does not resist to degradation long-term, while the CSE provides chemical
stability, by preserving the chemical adhesion through the presence of 10-MDP monomer in
its composition.
For the mechanically loaded samples a different ageing pattern was found in the SEM
analysis probably due to fatigue at the interface as a result of mechanical stress by the
Rub&Roll device. In the SEM images of the self-etch adhesive system, “rupture lines” were
observed in the adhesive resin area (Fig. 6E and 6F). Those characteristics suggest cracks at
the adhesive resin as a result of mechanical fatigue. The Rub&Roll device produces a
compressive force along the center of the samples, but also generates forces in different
directions as the whole set up of Rub&Roll turns around the samples, and the force is not
applied exactly perpendicular to the adhesive interface during the whole cyclic loading process
(Fig. 3). Those specific “rupture lines” were not present in the water stored samples of the
present study and similar other study.18 However, from the SEM analyses the CSE adhesive
seems to be more affected by the mechanical loading than the ASB adhesive, mainly because
of the thin hybrid layer presented by the self-etch tested adhesive.8
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It has been shown that the loading stress is concentrated mostly at the interface
between the adhesive and the top of the hybrid layer.4 Ferracane19 reported that mechanical
loading and thermocycling applying simultaneously water infiltration, mechanical and
expansion and contraction strain to the adhesive interface may be considered as an
appropriate ageing method to test dental adhesive materials.19,20 In the present study only
water storage combined with loading was used in the mechanical ageing group. However,
improvements of the Rub&Roll device have being performed by our research group in order
to include thermocycling in the ageing process in the future, as well as a cariogenic
challenge.15
Regarding the fracture mode evaluated by stereomicroscopy, also adhesive materials
and ageing influenced the distribution of failure mode. ASB presented more adhesive
fractures in the water storage group, which could be linked with the SEM evaluation due to
the degradation process promoted by hydrolyses.
In the present study, the control groups showed higher bond strength values than the
aged groups, without difference between materials. For the experimental groups, the waterstorage ageing protocol promote negative effect only for the etch-and-rinse system, while
mechanical ageing promoted reduction of microtensile bond strength values for both
adhesives, which corroborates with previous studies showing that bond strength values
decreased by 5% up to 39% after ageing.7,18 The decrease in mechanical properties due to the
aging process may be of clinical relevance as a correlation between laboratory data and clinical
outcomes has been demonstrated.17 In the present study the type of adhesive system showed
different results in microtensile bond strength values reduction after ageing and Clearfil SE
Bond was more stable on the water-storage long-term than Adper Scotchbond1XT. Clearfil
SE Bond is a 2-step self-etch adhesive and it showed also in other studies to be the most
ageing-resistant adhesive9,21 showing bond strength values decreasing around 15% after
ageing. Together with the three-step etch-and-rinse systems, these adhesives appear more
resistant to hydrolytic degradation (i.e. chemical ageing) due to a more hydrophobic adhesive
layer compared to other adhesives as the two-step etch-and-rinse adhesive in the present study,
that was much more affected by the water ageing process.9,22 Also in clinical evaluations the
two-step self-etch and three-step etch-and-rinse adhesives show the best results and can be
considered as gold standard adhesives.21,23
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Adper Scotchbond1XT contains a high molecular-weight polyalkenoic acid copolymer
that accumulates on top of the hybrid layer,18 as observed in SEM samples after mechanical
loading (Fig. 5F). This accumulation on top leads to a hybrid layer containing largely collagen
fibers infiltrated by the low molecular-weight monomer (HEMA). This structure offers a very
hydrophilic instable interface prone to rapid degradation and decreased µTBS values after
different types of ageing,24 as observed in the present study (Table 2). The amount of pretesting failures in the ASB aged groups also can be explained by this degradation, while in the
CSE self-etch adhesive group, these pre-testing failures of water-storage samples were not
significantly increased compared to the control group (Table 3).
The SEM observations in the present study do corroborate with results of other
studies.18,25 After 6-month of water storage, images for ASB showed signs of degradation at
the hybrid layer, while fewer signs of degradation were noted for CSE. In this study,
hydrolytic degradation of the interface was observed, especially for etch-and-rinse adhesive
after water storage, while another kind of interface degradation was observed in the
mechanical loaded samples, specially that for CSE, showing a fatigue process produced by the
Rub&Roll device.

4.5. Conclusion
The conclusion of the present study is that mechanical loading ageing promoted a
negative effect on bonding effectiveness of both adhesive systems, with decreased µTBS
values, and also influenced the fracture pattern, presenting a different effect from that
observed for water-storage ageing. The fracture patterns of the samples suggested that water
storage and cyclic loading resulted in different degradation processes.
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Behaviour of failed bonded interfaces under in vitro cariogenic challenge
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Abstract
Objectives: This in vitro study aimed to compare dentin wall caries development at different
composite-dentin interfaces.
Material and Methods: Dentin samples (10.4 mm2) were restored with composite resin using
two adhesive systems (etch-and-rinse and self-etch techniques). Different composite-dentin
interfaces with gaps were produced: a) failed bonded, which were fractured at interface after
being submitted to ageing protocols (no ageing, mechanical loading or water storage); b) nonbonded interfaces, both without any adhesive material or with adhesive material applied only
on the dentin. Adhesively fractured and non-bonded samples were subjected to a lactic acid
gel (pH = 5) caries model with a continuous opening/closing movement of the interfacial gap
for 10 days. Transverse wavelength-independent microradiographs were taken, and lesion
depth and mineral loss were measured. Data were analyzed with linear mixed-effects
regression models.
Results: Caries development differed among the composite-dentin interfaces (p < 0.001). The
non-bonded interface with adhesive material on the dentin showed less lesion depth than the
failed bonded groups, while the non-bonded interface without adhesive on dentin showed the
deepest wall lesions. Difference between the adhesive systems was observed only in the nonbonded groups (p = 0.003), with the self-etch adhesive applied on the dentin showing more
severe lesions. Samples broken after mechanical loading ageing showed deeper lesions than
those broken after water storage (p < 0.001).
Significance:

Composite-dentin

interfaces

failed

after

ageing

presented

different

demineralization from interfaces that were never bonded, indicating that the restorative
treatment changes the tissue in a way relevant to secondary caries development.
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5.1.

Introduction

I

n dental practice a large proportion of time is devoted to replacing restorations.
The most common reasons for restoration failure are caries and fracture, with

caries at the restoration margin as the main cause of composite restoration failures in high
caries-risk patients.1,2 It has been proposed that secondary caries is actually primary caries at a
restoration margin,3 however, interfacial gaps have been reported to result in the unique
feature of secondary wall lesions.4
The adhesive interface is reported as an instable factor in composite restorations. 5
Water sorption has been shown to contribute to hydrolysis, plasticization of the polymer,
promoting deterioration of the mechanical properties of the materials. 6,7 Moreover, cariogenic
bacteria may show esterase activity at a sufficient level to induce hydrolysis-mediated
degradation of the composite and adhesive, leaving the restorative materials open to
biological breakdown.8
Several studies have evaluated caries wall lesion development in restoration gaps, but
most did not include the adhesive bonding step. The presence of a bonding material has
already been shown to influence caries development.9,10,11 However, in some studies bonding
was only applied either on the restorative material, or on the dentin, but did not include the
complete adhesive procedure, as this would not leave any gaps to investigate. Clinically, it is
much more likely to encounter restoration gaps where the adhesive bond was present at
baseline but has failed over time. Failure could start already during the adhesive procedure
due to polymerization shrinkage, incomplete polymerization, or technical errors, or could be
the result of ageing processes. A failure of the adhesive interface between a composite
restoration and enamel or dentin may thus result in different types of ‘failed bonded’
interfaces, which may react differently to cariogenic challenges. For clinical relevance of in
vitro secondary caries models, it would be interesting to observe whether distinct failed
bonded interfaces react differently to a caries challenge.
The objective of this study was to compare in vitro dentin caries wall lesion
development of ‘failed bonded’ composite-dentin interfaces with non-bonded situations
where no adhesive was used or adhesive was applied only on the dentin, for two different
adhesive systems. We hypothesized that lesion depth and mineral loss would be deeper for
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the ‘failed bonded’ interfaces than for interfaces with adhesive applied on dentin, but less
deep than a situation with no adhesive.

5.2.

Materials and Methods
Seventy-eight freshly extracted sound human molars were selected, cleaned and stored

in water. Flat midcoronal dentin surfaces were exposed using #150 grit SiC paper (Siawat
Abrasives, Frauenfeld, Switzerland) under running water. Complete removal of enamel was
confirmed by stereomicroscopic examination. Subsequently, the dentin surfaces were
polished using #600 grit SiC paper (Siawat Abrasives, Frauenfeld, Switzerland).

5.2.1. Sample preparation
One trained operator performed all adhesive and restorative procedures. The samples
were prepared in different ways in order to produce different composite-dentin interfaces, all
with an interfacial gap. Figure 1 illustrates schematically the steps of the study. All groups
with adhesive material were made with one of two adhesive systems: a 2-step self-etch adhesive
(ClearfilTM SE Bond - CSE, Kuraray Noritake, Tokyo, Japan) or a universal adhesive system
applied with a 2-step etch-and-rinse technique (ScotchbondTM Universal - SU, 3M ESPE, St.
Paul, MN, USA). This resulted in the following 9 experimental groups:
Failed bonded, bond broken after no ageing (CSE / SU)
Failed bonded, bond broken after mechanical ageing (CSE / SU)
Failed bonded, bond broken after water storage ageing (CSE / SU)
Non-bonded, with adhesive material on the dentin (CSE / SU)
Non-bonded, with no adhesive material.

Failed bonded samples (Figure 1a)
Sixty teeth were used to produce failed bonded samples. These samples were optimally
bonded with one of the two adhesive systems (n=30 teeth). The prepared teeth were
embedded in acrylic resin samples (16 mm high), leaving the prepared occlusal dentin surface
free. The adhesive systems were applied following the manufacturers’ instructions and light87

cured for 10 s, using a LED curing device with an intensity of ≈900 mW/cm 2 (FusionTM S7
Curing Light, DentLight Inc., Richardon, USA). Restorations of ±4 mm in height were built
up incrementally with a composite resin (ClearfilTM AP-X, Kuraray Noritake, Tokyo, Japan).
Each composite resin increment was light-cured for 20 s. After the restorative procedures, the
teeth remained stored in distilled water for 24 h, at 37 oC. Subsequently, the restored teeth
were randomly allocated (n = 10 per group) to one of three ageing conditions: no ageing,
water-storage ageing and mechanical loading.
Figure 1. Schematic drawing of the study design: a) bonded groups; b) creating the failed
bonded interfaces; c) non-bonded groups; d) cariogenic challenge; e) lesion measurement at
three locations.

Abreviations: Comp (Composite), Dent (Dentin), CSE (Clearfil SE Bond), SU (Scotchbond Universal)

All restored teeth were sectioned into rectangular composite-dentin samples with an
approximate cross-sectional adhesive area of 10.4 mm2 (3.2 x 3.2 x 8 mm), using a low speed
diamond saw under continuous water-cooling. Every restored tooth yielded two compositedentin samples (n = 20 samples per group).
Mechanical loading ageing was performed before sectioning on whole restored teeth,
using a Rub&Roll mechanical device, at 30 N of force, 0.4 Hz, during 3-week, resulting in
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750.000 mechanical cycles. The device used for applying mechanical loading (Rub&Roll) is
described in detail elsewhere12 (Figure 2). Water storage ageing was performed after
sectioning, and consisted of storage in distilled water (37oC, changed weekly) for 5 months.
The non-aged samples were stored in distilled water, at 37oC, for 24 hours after sectioning.
Figure 2. General schematic overview of the Rub&Roll device used for mechanical load
aging. The Rub&Roll consists of a container in which a cylinder is placed that is driven by a
stirring motor (A). The samples are placed in the cylinder (B). Between the cylinder and the
inner wall of the container there is a space where a rod (black arrow) is placed (C). When the
stirring motor (cylinder) starts rotating, the rod rotates in an opposite direction, rolling over
the specimens mounted in the cylinder, applying a standardized loading force.

Creating the failed bond (Figure 1b)
For the non-aged group after 24 h, and for the aged groups after mechanical and water
storage ageing conditions, the composite-dentin blocks were broken to create failed bonded
interfaces. The samples were fixed onto polystyrene bars (Stripstyrene, Item 32 No. 176, .100
x .125”, Evergreen scale models, Kirkland, WA 98034) of 3.2 x 3.2 x 25 mm, with the
adhesive interface placed in the middle of the bar. Subsequently, the samples were subjected
to 3-point flexural loading to promote the fracture of the composite-dentin interface, using
Universal Testing Machine (Materials Testing Machine LS1, Lloyd Materials Testing,
Hampshire, UK) at 1 kN, and 1 mm/min cross speed. The stylus was positioned on the bar
exactly above the interface, thus promoting interface fracture. The polystyrene bar remained
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intact during this procedure, and the dentin and composite blocks, now with an interfacial
gap, remained attached to the bar. The load at fracture for each sample was recorded and the
bond strength (σ) in MPa was obtained with the formula σ = F/A, where F = load for
specimen rupture (in Newton) and A = bonded area (mm 2). To determine the area, the
formula to calculate A (10.4 mm2) = width (3.2 mm) x height (3.2 mm) was employed.
The broken samples were observed in stereomicroscope (40x magnification) and
baseline microradiographs (see later) were assessed to categorize the type of fracture. Only
samples with adhesive fractures were included in the cariogenic challenge test for further
analysis. Samples showing mixed or cohesive failures were discarded, as the focus of this study
was to evaluate the behaviour of the adhesively failed restoration interface with respect to the
caries development. Microradiographs were also used to measure gap size.

Non-bonded samples (Figure 1c)
Eighteen teeth were used to produce non-bonded samples with gap interfaces.
Adhesive material was either not used at all (no adhesive), or placed on the dentin wall using
one of the two adhesive systems (adhesive on dentin) (n=6 teeth). Dentin blocks of 3.2 x 3.2 x
4 mm dimensions (two dentin blocks per teeth, n=12 samples per group) were prepared using
a low speed diamond saw under continuous water-cooling and were fixed onto polystyrene
bars (3.2 x 3.2 x 25 mm). For the groups with the adhesive on dentin, the adhesive materials
were applied on the dentin surface according the manufacturers’ instructions. For the other
samples no adhesive was applied.
The polystyrene bars with mounted dentin samples were secured in a vice, and
matrices were placed to create composite-dentin gaps after composite application. The gap
sizes as measured in the adhesively failed bonded samples ranged between 50 and 300 μm. In
the non-bonded samples matrices were used to create gaps of similar size distribution. Three
matrix types were used: plastic matrices of 50 and 200 μm thickness and metallic matrices of
300 μm thickness. The dentin blocks mounted on the polystyrene bars with the matrix in
position were restored with resin composite material (ClearfilTMAP-X, Kuraray) parallel to the
dentin wall, creating composite resin blocks (3.2 x 3.2 x 4 mm) using a mould. In this way,
final sample configuration was similar for failed bonded and non-bonded samples.
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5.2.2. Cariogenic Challenge (Figure 1d)
All samples, fixed on the polystyrene bars, were suspended in a cariogenic medium and
submitted to cariogenic challenge using a hydrodynamic flow model, to enhance caries
development in the gaps.9 The polystyrene bars rested on the edges of the reservoir, and
horizontal movement was limited by a putty mold. Two layers of an acid-resistant varnish had
been painted onto the dentin surfaces of the samples before the cariogenic challenge, except
the composite-dentin interface. Demineralization was produced with lactic acid gel (10 g of
0.1M lactic acid + 980 ml distilled water + 9.5 ml of 10M KOH) for 10 days (pH = 5). The
solution was renewed every 5 days. A modified brushing machine (instead of toothbrushes,
acrylic points were mounted) was used to load the samples in such a way that the gaps
intermittently opened up and returned to their resting state (16x/min with 300g of load),
creating a cariogenic fluid movement in and out of the gap, enhancing the demineralizing
challenge at the interface.9

5.2.3. Transversal Wavelength Independent Microradiography (Figure 1e)
Caries wall lesion development in dentin of the interfaces was evaluated using
Transversal Wavelength Independent Microradiography (T-WIM). Microradiographs were
made at baseline (T0) and after 10 days (T10) of cariogenic challenge. The microradiography
settings were 60 kV, 30 mA and an exposure time of 8 sec. A step wedge with the same
absorption coefficient as the tooth material (94% Al / 6% Zn alloy) was used for proper
quantitative measurement of lesion depth (LD, μm) and mineral loss (ML, μm.vol%). After
exposure, the films were developed (10 min), fixed (7 min), rinsed, and dried. A digital image
of each sample was recorded with a light microscope (Leica Microsystems, Wetzlar, Germany)
with a magnification of 10 X and a CMOS camera (Canon EOS 50D, Tokyo, Japan).
Lesion depth and mineral loss for T-WIM were measured using thresholds of 8%
(tissue edge) and 43.2% (sound) mineral. Each sample was measured with a software program
(T-WIM calculation programme, version 5.25, J.de Vries, Groningen, NL) at three locations
(Fig. 1e): location 1 (near to gap entrance, 200 μm distance from the sample surface); location
2 (in the middle of the sample) and location 3 (at 200 μm distance from the base). Baseline
measurements (T0) were subtracted from measurements after 10 days (T10) for estimation of
true lesion depth and mineral loss. The subtracted values were used in the statistical analysis.
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5.2.4. Statistical Analysis
The bond strength values in MPa were subjected to 2-way ANOVA (ageing conditions
x adhesive materials) and post-hoc Tukey test. The correlation between lesion depth and
mineral loss was evaluated using Pearson’s Correlation coefficient. The effect of interface
conditions on both lesion severity outcomes was analyzed using linear mixed-effects regression
models, with gap size and lesion location as added factors. All tests were conducted using the
statistical software package R (version 3.0.1, R Foundation for Statistical Computing, Vienna,
Austria), with the significance level set at 5%.

5.3.

Results
The bond strength values of the bonded samples are presented in Table 1. The ageing

conditions statistically influenced the bond strength values (p < 0.001), with both ageing
protocols (mechanical load and water storage) presenting lower values than the control (no
ageing). The adhesive systems did not significantly influence the fracture strength results (p =
0.373). Most fractures were mixed fractures (44.2%), while adhesive fractures occurred in
29.2% of the samples. However, both aged groups showed more adhesive fractures (88.57%)
than the non-aged (control) group.
Table 1. Mean bond strength values (MPa) and standard deviation (±SD) of the bonded
samples, considering all types of fractures [adhesive/mixed predominantly adhesive/mixed
predominantly cohesive/cohesive] (n=20).
Ageing Conditions
Adhesive Material
Clearfil SE Bond

Scotchbond Universal

No ageing

Mechanical loading

Water storage

30.0 (±7.5) a

22.0 (±8.3) b

20.6 (±4.0) b

[2/7/6/5]

[8/5/2/5]

[7/3/4/6]

29.3 (±6.9) a

18.2 (±6.1) b

18.3 (±3.8) b

[3/6/4/7]

[8/5/3/4]

[7/3/5/5]

For each row, values with different small letters indicate significant difference among ageing protocols (p<0.05). No
statistically significant differences were observed between adhesive materials in each column (p>0.05).

Results for the caries development (lesion depth and mineral loss) are shown in Table
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2. Pearson’s correlation analysis showed a high correlation between lesion depth and mineral
loss (R2 = 0.886, p < 0.001). Fig. 3a&b visualize the effect of the interface conditions on caries
development, either bonding on dentin, no bonding, or adhesively failed bonded groups (all
ageing groups together).
Table 2. Lesion depth (LD, μm) and mineral loss (ML, μm.vol%) values (mean, ±SD) for each
group and the number of samples per group [n].
Interface

Failed Bonded Groups

Condition
No ageing
Material
Clearfil SE
Bond
Scotchbond
Universal

Non-bonded Groups

Mechanical load

Water storage

Adhesive on

ageing

ageing

dentin

LD

ML

LD

ML

LD

ML

LD

ML

42.7

832

339.1

11256

144

6677

127.1

3047.1

(±12.8)

(±37.5)

(±141.7)

(±5838)

(±99.7)

(±3646.3)

(±56.8)

(±1573.9)

[2]

[2]

[8]

[8]

[7]

[7]

[12]

[12]

371.2

20467

213.9

6228

222.5

4004

71.9

1869.4

(±107.1)

(±4871.7)

(±94)

(±4853.8)

(±66.5)

(±3050.9)

(±40.9)

(±1133.3)

[3]

[3]

[8]

[8]

[7]

[7]

[12]

[12]

No adhesive
LD

ML

304.7

12326.1

(±151.7)

(±7686.7)

[12]

[12]

The results of the multiple linear regression analyses for lesion depth can be found in
Table 3. As the lesion depth and mineral loss results are highly correlated, the analysis for
mineral loss results showed very similar effects, and therefore this analysis is not presented in
the table. The composite-dentin interface conditions had a highly significant effect on lesion
depth (Table 3-1). The failed bonded samples showed a higher lesion depth than non-bonded
samples with adhesive on the dentin (p < 0.001) and lower lesion depth than the non-bonded
samples with no adhesive (p = 0.044). Comparing the two adhesive systems, no overall
statistically significant differences between the adhesive materials for either lesion depth (p =
0.870) or mineral loss (p = 0.736) were observed (Table 3-2a for lesion depth). However,
when comparing only the non-bonded groups (Table3-2b), there was a significant difference
between them (p = 0.003), with the self-etch (CSE) adhesive showing deeper lesions and more
mineral loss than the etch-and-rinse (SU) bonding material. The ageing condition also
statistically influenced the lesion depth and mineral loss (p < 0.001; Table 3-3). Mechanical
loading ageing with Rub&Roll device resulted in deeper caries lesions than the water storage
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ageing.
Table 3. Multiple linear regression analyses of the lesion depth results. The estimated effect of
factors (interface condition, adhesive material and ageing protocol) on lesion depth increment
is presented in separate analyses, taking into account gap size and measurement locations.
1) Analysis of interface condition effect, comparing failed bond vs. adhesive on dentin vs. no adhesive:
Interface Condition
Effect
95% CI of effect
p value
Lower
Upper
Intercept (failed bond)
136
< 0.001
96
175
Adhesive on dentin
-150
< 0.001
-197
-103
No adhesive
60
= 0.044
3
118
Gap size (μm)
0.6
< 0.001
0.4
0.8
Measurement location 2
-30
= 0.004
-50
-9
Measurement location 3
-40
< 0.001
-60
-20
2a) Analysis of adhesive material effect considering all interface condition, comparing CSE vs. SU:
Adhesive Material
Effect
95% CI of effect
p value
Lower
Upper
Intercept (CSE)
140
< 0.001
83
196
SU
-4
= 0.870
-59
50
Gap size (μm)
0.3
= 0.025
0.1
0.5
Measurement location 2
-34
= 0.004
-57
-11
Measurement location 3
-55
< 0.001
-78
-32
2b) Analysis of adhesive material effect, adhesive on dentin samples only, comparing CSE vs. SU:
Material - Adhesive on dentin
Effect
95% CI of effect
p value
Lower
Upper
Intercept (CSE)
72
< 0.001
36
109
SU
-54
= 0.003
-86
-21
Gap size (μm)
0.2
= 0.008
0.1
0.3
Measurement location 2
11
= 0.052
0.2
21
Measurement location 3
30
< 0.001
20
40
2c) Analysis of adhesive material effect, failed bond samples only, comparing CSE vs. SU:
Material - Failed Bond
Effect
95% CI of effect
p value
Lower
Upper
Intercept (CSE)
97
= 0.001
41
153
SU
-18
= 0.512
-70
35
Gap size (μm)
1.2
< 0.001
0.9
1.6
Measurement location 2
-65
< 0.001
-97
-34
Measurement location 3
-115
< 0.001
-147
-48
3) Analysis of ageing protocol effect, considering mechanical load vs. water storage ageing:
Ageing
Effect
95% CI of effect
p value
Lower
Upper
Intercept (mechanical load)
142
< 0.001
94
191
Water storage
-53
= 0.012
-93
-13
Gap size (μm)
0.9
< 0.001
0.7
1.3
Measurement location 2
-80
< 0.001
-104
-55
Measurement location 3
-178
< 0.001
-161
-113

Gap size was a statistically significant factor in all analyses (p values ≤ 0.02), with wider
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gaps resulting in more caries development. The measurement location also influenced the
caries development; location 1 (near to gap entrance) showed deeper lesions than both
locations 2 and 3 (p values ≤ 0.05).
Figure 3. Box-plot of the caries development results: A) lesion depth (μm) and B) mineral loss
(μm.vol%), for all samples grouped by interface condition and adhesive material (CSE and
SU). The failed bond groups include both non-aged and aged samples.

A

B
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5.4.

Discussion

To the knowledge of the authors, this is the first study to evaluate the caries
susceptibility behaviour of failed bonded interfaces. Moreover, only few studies have
evaluated wall lesion development in the presence of adhesive materials.10,11
The presence of the two adhesive materials on composite-dentin interfaces with an
interfacial gap showed less mineral loss and lesion depth than the other interface conditions,
mainly when the adhesive system used was the etch-and-rinse bonding material. This finding
suggests a protective factor of the presence of the adhesive on the interface. The presence of
the adhesive, however, does not completely inhibit carious demineralization.
The differences between the adhesive materials were not significant for bond strength
values. The two adhesive systems differ in their chemistry, and consequently in their
properties, including resistance to degradation. Although, the simplified etch-and-rinse
adhesives (2-steps) are considered critical in providing resistance to acids and fluids, which
can reduce the longevity of bond,13,14 this was not observed in the present study as the
fracture strength after ageing was comparable between adhesive systems.
The adhesives were statistically significantly different for caries development only in
the non-bonded situations, where the universal adhesive material, applied with the etch-andrinse technique, resulted in less lesion depth and mineral loss than the self-etch adhesive.
This may have occurred because a universal adhesive even when used in an etch-and-rinse
approach may not react to acids and fluids in the same way as genuine etch-and-rinse
materials. Universal adhesives that contain MDP have shown a more stable interface after
ageing.15 Furthermore, adhesives applied with etch-and-rinse techniques produce a thicker
hybrid layer, while the self-etch adhesive (ClearfilTM SE Bond) showed a thin hybrid layer.13,16
A thin layer may result in a less stable interface and present more caries development, even
taking into account that the quality of hybrid layer may be more important than its
thickness.13 Furthermore, the permeability of adhesive systems is very different and varies
according to the composition of each material.17 The permeability of the adhesive materials
tested in this study may also have influenced dentin sealing and caries development. These
aspects should be assessed in future studies. There was no difference between the adhesive
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materials when assessing caries development in the failed bonded interfaces, which can be
considered the most clinically relevant condition.

Both adhesive materials have been

performing well clinically,16,18 with no evidence of differences in secondary caries
susceptibility.
The gap size showed an effect on the caries development. In the failed bonded
samples, gap width often changed from the entrance towards the base of the gap. It has been
reported that such non-uniform gaps between composite-dentin restorations, in which the
dentin and composite walls are not parallel, occur frequently.19,20 In this study, gap width was
often largest at the gap entrance, and this may be part of the reason why this location
(location 1) presented more caries development than the other locations inside the gap. Also,
location 1 was closest to the cariogenic medium. Although voids along the adhesive interface
often occur at the internal cavity walls clinically,21 the cavosurface angle of a tooth-restoration
interface is also likely to present voids. Such surface voids may be more affected by the oral
environment than the internal ones.
Ageing conditions (mechanical loading or water storage) also played a role on the
development of wall lesions and on bond strength results. Both ageing methods resulted in a
similar decrease in the bond strength values. Water-storage is a popular artificial ageing and
well-validated method to assess bond durability, showing decreasing in bond strength results
long time.22 The mechanical aging protocol with the Rub&Roll device has already been
shown to decrease the bond strength values.12 In that study, however, a microtensile test was
employed, different from the flexural force employed in the present research. Water storage
ageing stimulates degradation of the hybrid layer.5,13 The durability of the hybrid layer seems
to involve mechanical, thermal and chemical factors. Acidic chemical agents and also bacterial
products further challenge the composite-dentin interface. It results in various patterns of
degradation of unprotected collagen fibrils and is supposed to affect interface stability.6,22
From this study, it appears likely that different types of interface breakdown may also affect
caries susceptibility differently.
In the new approach (failed bond) performed in the present study, a cariogenic
challenge with lactic acid gel was used. Thus, only the inorganic component of the caries
process was modelled. Clinically, the caries process is driven by the cariogenic biofilm, which
produces organic components, such as enzymes, which may modify the interaction with the
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restoration interface.23 Therefore, further studies using biofilm models should be considered.

5.5.

Conclusion

Adhesively failed bonded interfaces exposed to a cariogenic challenge showed lesions
that were less deep than non-bonded interfaces with untreated dentin, but deeper than nonbonded interfaces with adhesive covered dentin. This indicates that there is a partial
protection of the dentin by the adhesive material. Failed bonded interfaces that had been
subjected to mechanical ageing before failure showed deeper caries lesion than those
subjected to water storage ageing.

98

References
1. Da Rosa Rodolpho PA, Donassollo TA, Cenci MS, Loguércio AD, Moraes RR, et al.
(2011). 22-Year clinical evaluation of the performance of two posterior composites
with different filler characteristics. Dental Materials 27(10):955-963.
2. van de Sande FH, Opdam NJ, Rodolpho PA, Correa MB, Demarco FF, Cenci MS
(2013). Patient risk factors' influence on survival of posterior composites. Journal of
Dental Research 2013;7:78S-83S.
3. Kidd EA, Fejerskov O (2004). What constitutes dental caries? Histopathology of
carious enamel and dentin related to the action of cariogenic biofilms. Journal of Dental
Research 83:C35-8.
4. Hals E, Andreassen BH, Bie T (1974). Histopathology of natural caries around silver
amalgam fillings. Caries Research 8(4):343-358.
5. Spencer P, Ye Q, Park J, Topp EM, Misra A, Marangos O, et al. (2010).
Adhesive/Dentin interface: the weak link in the composite restoration. Annals of
Biomedical Engineering 38(6):1989-2003.
6. Hashimoto M, Fujita S, Nagano F, Ohno H, Endo K (2010). Ten-years degradation of
resin-dentin bonds. European Journal of Oral Sciences 118(4):404-410.
7. Hashimoto M, Fujita S, Kaga M, Yawaka Y (2008). Effect of water on bonding of onebottle self-etching adhesives. Dental Materials Journal 27(2):172-178.
8. Bourbia M, Ma D, Cvitkovitch DG, Santerre JP, Finer Y (2013). Cariogenic bacteria
degrade dental resin composites and adhesives. Journal of Dental Research 92(11):989994.
9. Kuper NK, Opdam NJ, Bronkhorst EM, Ruben JL, Huysmans MC (2013).
Hydrodynamic flow through loading and in vitro secondary caries development.
Journal of Dental Research 92(4):383-387.
10. Kuper NK, van de Sande FH, Opdam NJM, Bronkhorst EM, Soet JJ, Cenci MS, et al.
(2015). Restoration materials and secondary caries using an in vitro biofilm model.
Journal of Dental Research 94(1):62-68.

99

11. Montagner AF, Kuper NK, Opdam NJM, Bronkhorst EM, Cenci MS, Huysmans
MCDNJM (2015). Wall lesion development in gaps: the role of the adhesive bonding
material. Journal of Dentistry 43(8):1007-1012.
12. Ruben JL, Roeters FJ, Montagner AF, Huysmans MC (2014). A multifunctional device
to simulate oral ageing: the "Rub&Roll". Journal of Mechanical Behaviour of Biomedical
Materials 30:75-82.
13. De Munck J, Van Landuyt K, Peumans M, Poitevin A, Lambrechts P, Braem M, et al.
(2005). A critical review of the durability of adhesion to tooth tissue: methods and
results. Journal of Dental Research 84(2):118-132
14. Breschi L, Mazzoni A, Ruggeri A, Cadenaro M, Di Lenarda R, De Stefano Dorigo E
(2008). Dental adhesion review: aging and stability of the bonded interface. Dental
Materials 24(1):90-101.
15. Muñoz M, Luque-Martinez I, Malaquias P, Hass V, Reis A, Campanha N, et al. (2015).
In vitro longevity of bonding properties of universal adhesives to dentin. Operative
Dentistry 40(3):282-292.
16. Van Meerbeek B, Yoshihara K, Yoshida Y, Mine A, De Munck J, Van Landuyt KL
(2011). State of the art of self-etch adhesives. Dental Materials 27(1):17-28.
17. Malacarne-Zanon J, de Andrade E Silva SM, Wang L, de Goes MF, Martins AL,
Narvaes-Romani EO, et al. (2010). Permeability of dental adhesives - a SEM
assessment. European Journal of Dentistry 4(4):429-439.
18. Boeckler A, Boeckler L, Eppendorf K, Schaller HG, Gernhardt CR (2012). A
prospective, randomized clinical trial of a two-step self-etching vs two-step etch-andrinse adhesive and SEM margin analysis: four-year results. The Journal of Adhesive
Dentistry 14(6):585-592.
19. Nassar HM, González-Cabezas C (2011). Effect of gap geometry on secondary caries
wall lesion development. Caries Research 45(4):346-352.
20. Diercke K, Lussi A, Kersten T, Seemann R (2009). Isolated development of inner
(wall) caries like lesions in a bacterial-based in vitro model. Clinical Oral Investigations
13(4):439-444.

100

21. Purk JH, Dusevich V, Glaros A, Eick JD (2007). Adhesive analysis of voids in class II
composite resin restorations at the axial and gingival cavity walls restored under in vivo
versus in vitro conditions. Dental Materials 23(7):871-817.
22. Borges FB, Lima EL, Machado FW, Boscato N, Van de Sande FH, Moraes RR, et al.
(2014). Effect of cariogenic challenge on the stability of dentin bonds. Journal of Applied
Oral Sciences 22(1):68-72.
23. Li Y, Carrera C, Chen R, Li J, Lenton P, Rudney JD, et al. (2014). Degradation in the

dentin-composite interface subjected to multi-species biofilm challenges. Acta
Biomaterialia 10(1):375-383.

101

102

Chapter

6

Failed bonded interfaces submitted to microcosm biofilm caries development
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development.
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Abstract
Objectives: This study aimed to evaluate the dentin wall carious lesion development of
different composite-dentin interfaces in the presence of two adhesive bonding materials in the
gaps, using a microcosm biofilm model.
Materials and Methods: Dentin samples were prepared (10.4 mm2), restored with composite
resin using two adhesive systems (etch-and-rinse and self-etch techniques). Different
conditions with respect to composite-dentin interfaces were produced with a 200μm gap:
failed bond without ageing or after mechanical ageing, or non-bonded with or without the
presence of adhesive material on the dentin wall. For cariogenic challenge, specimens were
subjected a biofilm microcosm model for 14 days to create caries-like wall lesions. Before and
after caries development, transverse wavelength-independent microradiography images were
taken, and lesion depth and mineral loss were measured. Data were analysed with linear
regression models (p < 0.05).
Results: The composite-dentin interface conditions significant influenced the caries
development: lesion development was reduced by the presence of the adhesive material on
dentin wall, while lesion development was increased by the mechanical loading (p = 0.019).
There was no difference between the adhesive materials (p values > 0.05).
Conclusion: Different composite-dentin interfaces influence wall lesion development in gaps,
with the interfaces submitted to mechanical ageing showing less carious protection than those
interfaces with the presence of adhesive covering the dentin.
Significance: Composite-dentin interfaces failed after mechanical ageing present different caries
lesion development, indicating that the restorative treatment changes the tissue in a way
relevant to secondary caries development.
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6.1. Introduction

T

he most common reasons for posterior restoration failure are caries and
fracture.1.2 Secondary caries has been defined as a carious lesion that developed

at the margin of an existing restoration3 and is the main cause of composite restoration failure
in high caries-risk patients.4 Secondary caries is described to consist of an outer and an
inner/wall lesion.5 The outer lesion is caused by the primary caries attack on the tooth
surface, while the inner lesion is the result of bacteria or fluids and acids entering the gap
between restoration and cavity wall.6
Several clinical and in vitro studies have indicated that the width of marginal gaps is
related to the presence of secondary caries development.6-10 One in situ study did not find
such a relationship.11 However, many studies also suggested that a minimum gap size for wall
lesion development is required. 6,8,11,12 Thus, marginal integrity may be an important factor in
restoration longevity.12 Almost all secondary caries studies with interfacial gaps until now have
created artificial gaps without the presence of bonding in the interfacial gap. However, the
presence of adhesive systems in gaps between composite and dentin has recently been
reported to play a role in caries development.13,14
In a clinical situation, the restoration interface with a gap is unlikely to contain an
adhesive simply present on either the tooth tissue or the composite. It is more likely that this
gap has been created through failure of a previously bonded interface, usually after some
degree of degradation by ageing, and the caries susceptibility of such an aged failed bonded
interface is unknown. A previous study showed that such failed bonded interfaces present less
caries development than untreated dentin.15 In that study caries demineralization was
modeled with a lactic acid gel. More complex caries models, such as biofilm models, should
be used to study caries development in failed bonded interfaces in order to increase clinical
relevance. Microcosm biofilms formed in microplates have demonstrated complex community
dynamics similar to natural dental biofilm.16 Oral biofilms are polymicrobial complexes that
under certain environmental conditions may play a critical role in the progression of dental
caries, since metabolic products not only demineralize the underlying dental tissues, but also
degrade the composite and adhesive of a restoration.17,18
Therefore, the aim of this in vitro study was to evaluate the dentin carious wall lesion
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development in failed bonded composite-dentin interfaces in the presence of two adhesive
bonding materials in the gaps, using a microcosm biofilm model.

6.2. Materials and Methods

6.2.1. Study design
This was an in vitro study evaluating different composite-dentin interface conditions
(failed bond broken after no ageing or mechanical ageing, or non-bonded with or without
adhesive on dentin) and adhesive materials (etch-and-rinse and self-etch techniques). A
microcosm biofilm model was used during 14 days to create caries-like lesions. Outcome
variables were dentin wall lesion depth and mineral loss.

6.2.2. Selection and preparation of teeth
Thirty-five freshly extracted sound human molars were selected, cleaned and stored in
water. Flat midcoronal dentin surfaces were exposed using #150 grit SiC paper (Siawat
Abrasives, Frauenfeld, Switzerland) under running water. Complete removal of enamel was
confirmed by stereomicroscopic examination. Subsequently, the dentin surfaces were
polished using #600 grit SiC paper (Siawat Abrasives, Frauenfeld, Switzerland).
Two bonding materials, a two-step self-etch adhesive (ClearfilTM SE-Bond - CSE,
Kuraray Medical Inc., Tokyo, Japan) and an universal adhesive system applied with etch-andrinse technique (ScotchbondTM Universal - SU, 3M ESPE, St. Paul, MN, USA) were applied
on the dentin surface according to the manufacturers’ instructions and light-cured for 10 s,
using a LED curing device with an intensity of ≈900 mW/cm 2 (FusionTM S7 Curing Light,
DentLight Inc., Richardon, USA). The restorations were made with a composite resin
(ClearfilTM AP-X, Kuraray Medical Inc., Tokyo, Japan). Each composite increment was lightcured for 20 s.
Figure 1 illustrates schematically the steps of the study. One trained operator
performed all adhesive and restorative procedures. The samples were prepared in in order to
produce different composite-dentin interfaces, all with an interfacial gap, which resulted in
the following seven experimental groups:
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Failed bonded, no ageing (CSE / SU)
Failed bonded, after mechanical ageing (CSE / SU)
Non-bonded, with adhesive material on the dentin (CSE / SU)
Non-bonded, no adhesive material on dentin.

Failed bonded samples
Twenty teeth were used to produce failed bonded samples (Fig. 1a). The prepared
teeth were embedded in acrylic resin (16 mm high), leaving the prepared occlusal dentin
surface free. These samples were optimally bonded with one of the two adhesive materials
(n=10 teeth), and composite resin restorations were built up to ±4 mm in height. After the
restorative procedures, the samples remained stored in distilled water for 24 h, at 37oC.
Subsequently, the samples were randomly divided according to the ageing conditions (n=5
teeth): no ageing (control – 24 h in distilled water) or mechanical loading. Mechanical loading
ageing was performed using a Rub&Roll loading device (30 N of force, 0.4 Hz) for three
weeks, resulting in 750.000 loading cycles. The Rub&Roll device used for applying
mechanical loading is described in detail elsewhere.19 The mechanical loading was performed
at room temperature in water, which was changed weekly.
All restored teeth were sectioned into rectangular composite-dentin samples with an
approximate cross-sectional adhesive area of 10.4 mm2 (3.2 x 3.2 x 8 mm), using a low speed
diamond saw under continuous water-cooling. This resulted in the generation of two
composite-dentin blocks for each tooth (n = 10 samples per group).
Creating the failed bond (Fig 1b): The composite-dentin samples were fixed onto
polystyrene bars (Stripstyrene, Item 32 No. 176, .100 x .125”, Evergreen scale models,
Kirkland, WA 98034) of 3.2 x 3.2 x 25 mm, with the adhesive interface placed in the middle
of the bar. Subsequently, the samples were subjected to 3-point flexural loading to promote
the fracture of the composite-dentin interface, using an Universal Testing Machine (Materials
Testing Machine LS1, Lloyd Materials Testing, Hampshire, UK) at 1 kN, and 1 mm/min
cross speed. The stylus was positioned on the bar exactly above the interface, thus promoting
interface fracture. The polystyrene bar remained intact during this procedure, and the dentin
and composite blocks, now with an interfacial gap, remained attached to the bar. The
composite and dentin blocks were removed from the bar, after fracturing, and repositioned
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onto polystyrene bars with a plastic matrix of 200μm between then in order to create a fixed
interfacial gap of 200μm.
The load at fracture for each sample was recorded and the bond strength (σ) in MPa
was obtained with the formula σ = F/A, where F = load for specimen rupture (in Newton)
and A = bonded area (mm2). To determine the area, the formula to calculate A (10.4 mm2) =
width (3.2 mm) x height (3.2 mm) was employed.
The broken samples were observed in stereomicroscope (40x magnification) and
baseline microradiographs (see later) were assessed to categorize the type of fracture. Only
samples with adhesive fractures were included in the cariogenic challenge (microcosm model)
test for further analysis. Samples showing mixed or cohesive failures were discarded, as the
focus of this study was evaluating the behaviour of the adhesively failed restoration interface
with respect to caries development.
Figure 1. Schematic drawing of the study design: a) bonded groups; b) creating the failed
bonded interfaces; c) non-bonded groups; d) biofilm model; e) lesion measurement.

Abreviations: Comp (Composite), Dent (Dentin), CSE (Clearfil SE Bond), SU (Scotchbond Universal).

109

Non-bonded samples
Fifteen teeth were used to produce non-bonded samples with artificial gap interfaces
(Fig. 1c). Adhesive material was applied on the dentin wall using one of the two adhesive
systems (adhesive on dentin) or no adhesive material was applied at all (no adhesive) (n = 5
teeth per group).
Dentin blocks of 3.2 x 3.2 x 4 mm dimensions (n=10 samples per group) were
prepared using a low speed diamond saw under continuous water-cooling and were fixed onto
polystyrene bars (3.2 x 3.2 x 25 mm). For the groups with the adhesive on dentin, the
adhesive systems were applied on the dentin surface according the manufacturers’
instructions. For the others no adhesive system was applied.
The polystyrene bars mounted dentin samples were secured in a vice, and a plastic
matrix of 200μm thickness was placed to create composite-dentin gaps. The dentin blocks
mounted on the polystyrene bars with the matrix in position were restored with resin
composite material (ClearfilTMAP-X, Kuraray) parallel to the dentin wall, creating composite
resin blocks (3.2 x 3.2 x 4 mm) using a mould.

6.2.4. Film Processing and Image Measurements
Caries wall lesion development in the dentin at the interfaces was evaluated using
Transversal Wavelength Independent Microradiography (T-WIM). Microradiographs were
made at baseline (T0) and after the microcosm cariogenic challenge model (T14). The
microradiography settings were 60 kV, 30 mA and an exposure time of 8 sec. A step wedge
with the same absorption coefficient as the tooth material (94% Al / 6% Zn alloy) was used
for proper quantitative measurement of lesion depth (LD, μm) and mineral loss (ML,
μm.vol%). After exposure, the films were developed (10 min), fixed (7 min), rinsed, and
dried. A digital image of each sample was recorded with a light microscope (Leica
Microsystems, Wetzlar, Germany) with a magnification of 10 X and a CMOS camera (Canon
EOS 50D, Tokyo, Japan).
Lesion depth and mineral loss for T-WIM were measured using thresholds of 8%
(tissue edge) and 43.2% (sound) mineral for dentin. Each sample was measured with a
software program (T-WIM calculation programme, version 5.25, J.de Vries, Groningen, NL)
at one location: 200μm distance from the entrance of the gap. Baseline measurements (T0)
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were subtracted from measurements after 14 days (T14) and subtracted values were used in
the statistical analysis.

6.2.5. Statistical Analysis
The correlation between mineral loss and lesion depth was subjected to Pearson’s
Correlation analysis. The effect of interface conditions and adhesive materials on both lesion
severity outcomes (mineral loss - ML, μm.vol%; and lesion depth - LD, μm) and the effect of
ageing and adhesive materials on bond strength values (MPa) were analyzed using linear
regression models. All tests were conducted using the statistical software package SPSS
(Statistical Package for Social Sciences, version 22.0, Chicago, IL, USA) and the statistical
significance was set at p < 0.05.

6.3. Results
The width of the standard gap size was measured to be 201.3 um (± 23.3 um).
Descriptive statistics for the bond strength and lesion development results are presented in
Tables 1 and 2 respectively. There was no difference between the adhesive materials, and
therefore Figure 2 shows the lesion results by interface condition. It can be seen that lesion
development was reduced by the presence of adhesive material on dentin wall, however in
interfaces that failed after mechanical ageing lesion development was similar to interfaces
without an adhesive.
Table 1. Mean bond strength values (MPa ±sd), considering all types of fractures, (n=10). The
number of each type of fracture [adhesive / mixed predominantly adhesive / mixed
predominantly cohesive in in dentin / mixed predominantly cohesive in resin].
Ageing
Control (no ageing)

Mechanical load ageing

21.0 (±4.0) A
[3/3/3/1]
22.0 (±5.6) A
[5/3/1/1]

11.0 (±4.7) B
[8/1/1/0]
17.7 (±5.1) B
[4/5/0/1]

Adhesive Material
Clearfil SE Bond
Scotchbond Universal

For each row, values with different capital letters indicate significant difference between ageing protocols (p<0.001). No
statistically difference was observed between adhesive materials in each column (p=0.658).
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Figure 2. Boxplot display of (A) lesion depth (μm) and (B) mineral loss (μm * vol%) values for
the different composite-dentin interface conditions.

A

B
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Table 2. Lesion depth (LD, μm) and mineral loss (ML, μm.vol%) values (mean, ±sd) for each
group and the number of samples per group [n].
Failed Bonded Groups
Condition
Material
LD

Clearfil SE Bond
Scotchbond Universal

ML

Clearfil SE Bond
Scotchbond Universal

Non-Bonded Groups

No ageing

Mechanical ageing

Adhesive on
dentin

155.7 (±42.4)
[3]
185.4 (±71.6)
[5]
2967 (±516.2)
[3]
3349.8 (±837.7)
[5]

225.7 (±51.5)
[8]
241.5 (±37.9)
[4]
3482.4 (±632.7)
[8]
3655 (±572.6)
[4]

154.8 (±26.9)
[10]
167.4 (±45.7)
[10]
2946.5 (±559.5)
[10]
2921.4 (±1117.7)
[10]

No adhesive
208.4 (±81.2)
[10]

3529 (±924.5)
[10]

Table 3. Results of the linear regression analysis, final models.
MPa
Variable
Const (Clearil SE Bond, no ageing)
Rub&Roll
Scotchbond Universal (SU)
Interaction SU and Rub&Roll
adj R2
LD
Variable
Const (=no adhesive, no ageing)
Scotchbond Universal
Clearfil SE Bond
With adhesive
Rub&Roll
adj R2
ML
Variable
Const (=no adhesive, no ageing)
Scotchbond Universal
Clearfil SE Bond
With adhesive
Rub&Roll
adj R2

Effect
21.06
-10.00
0.98
5.66
= 0.413
Effect
208.4
-27.8
-44.7
-11.0
61.7
= 0.189
Effect
3529
-281
-392
-259
366
= 0.04

P value
< 0.001
= 0.658
= 0.078

P value
= 0.299
= 0.116
= 0.63
= 0.019

P value
= 0.479
= 0.350
= 0.448
= 0.334

95% CI for effect
[17.9 _ 24.2]
[-14.4 _ -5.5]
[-3.5 _ 5.4]
[-0.6 _ 11.9]

95% CI for effect
[173.9 _ 242.9]
[-81.3 _ 25.6]
[-101.0 _ 11.6]
[-56.9 _ 34.8]
[10.8 _ 112.5]

95% CI for effect
[3017 _ 4041]
[-1075 _ 512]
[-1227 _ 444]
[-939 _ 422]
[-389 _ 1121]

Table 3 presents the regression models for the three outcome variables of bond
strength, lesion depth and mineral loss. The best fitting model for bond strength showed an
adjusted R2 = 0.413, and included an interaction term for adhesive material and ageing.
Ageing significantly reduced the bond strength values (p < 0.001): 47.61% for the self-etch
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adhesive system (CSE) and 19.54% for the etch-and-rinse adhesive (SU). Most fractures were
adhesive fractures (50%), which were similar allocated between adhesive materials and ageing
conditions (Table 1).
Pearson’s correlation analysis showed a moderate correlation between LD and ML data
(R2 = 0.454).

The linear regression models (Table 3) show contribution of all factors

(condition, adhesive material and ageing), but only a clear significant effect was seen of ageing
(p = 0.019) in increasing lesion depth development.

6.4. Discussion
Most studies evaluating carious wall lesion development at the interface between
composite resin and tooth tissue in the presence of a gap have not included the adhesive
material. Recently some studies have investigated the role of the adhesive material in this
process.13,14 When looking at the effect of the adhesive material when applied to the dentin,
results have been mixed. In a recent study using a chemical cariogenic model (lactid acid gel),
lesion development was significantly reduced by about 70%.15 In a biofilm model wall lesion
extension (into the gap) and depth varied strongly between adhesive materials, but no
uncovered control was included.13 In an in situ study, no protection from the adhesive
material on dentin could be observed.14 The current study using an in vitro biofilm model,
showed an intermediate protective effect. Whereas the challenge in a chemical model is
limited to a permeability and dissolution process, a biofilm model also allows for a
degradation of the composite and adhesive of a restoration by bacterial products.17,18 This
effect may even be stronger in situ than in vitro, and a caries promoting effect of adhesive
presence was found in situ, when the adhesive was present on the composite.14
The main focus of the current study was on the behaviour of the failed bonded
interface, in the assumption that clinically, interfacial gaps are the result of existing adhesive
bonds failing over time. The failed bonded interface showed significantly less protection of
the dentin in a chemical caries model, leading to similar lesion development as uncovered
dentin.15 A similar effect was found in the present study, for failed bonded interfaces that had
been exposed to mechanical ageing. However, samples broken immediately after restoration
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showed similar lesion development to adhesive covered dentin. The mechanical loading
promotes a fatigue effect on the composite-dentin interface due to stress. The device used in
this study to apply the load has already been shown to reduce microtensile bond strength
values of adhesive materials, showing a negative effect on the adhesive interface. 19 Moreover,
the samples also remained immersed in water storage during the mechanical load, which acts
as an additional ageing process and could promote further degradation of the hybrid layer.21,22
Previous studies showed that the mineral loss along the composite-dentin interface was
affected by the hybrid layer formation and by the type of adhesive materials. 23,24 The etch-andrinse materials promote less protection against caries due to the discrepancy between dentin
demineralization and adhesive impregnation,25 however this did not occurred in the present
study. Moreover, the materials applied with etch-and-rinse technique produce a thicker hybrid
layer, while the self-etch (ClearfilTM SE Bond) produce a thin hybrid layer,24 and the different
interfaces regarding its thickness and stability to acids could present different caries
development behaviour, as previously shown.13 However, this expected difference was not
observed in the present study, as the presence of both adhesive materials, irrespective of the
previous phosphoric acid application, resulted in similar behaviour with respect to wall
carious lesion development. The adhesive materials also performed similar according to the
bond strength values, with no bonding effectiveness difference between the etch-and-rinse and
self-etch materials. These results could be regarding to the similar pH and chemical
composition of the tested materials, with the presence of MPD (10-Methacryloyloxydecyl
Dihydrogen Phosphate). It has been suggested that adhesives that contain MDP shown a
more stable interface.26
The durability of the adhesive interface seems to involve mechanical, thermal and
chemical factors.24 Acidic chemical agents in dentin fluid, saliva, food and drinks and also
bacterial products further challenge and degrade the composite-dentin interface,27,28 thus, it is
interesting to further evaluate the effect of cariogenic challenge on composite-dentin
interface. Future research in this field should evaluate the aspect of different compositedentin interfaces, specifically failed bonded interfaces, on caries development in situ.
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6.5. Conclusion
In conclusion, in this microcosm biofilm model, failed bonded interfaces affected
carious wall lesion development, with those interfaces broken after mechanical ageing
showing significantly less protection of the dentin surface than those broken immediately
after restoration or those simply covered with adhesive.
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Abstract
This chapter presents a general discussion on main findings and methodological aspects of
the studies connected to the available literature. The chapter ends with the conclusions drawn
from the thesis.

123

7.1. General Discussion
7.1.1. The influence of ageing in composite-dentin interface behavior

T

he most vulnerable part of the adhesive restorations is the composite-dentin
interface.1 The results of our studies evaluating mechanical properties of

adhesive materials showed that both studied ageing methods (mechanical loading and water
storage) negatively affected composite-dentin bond strength values for the adhesive tested.
However, even with different ageing methods resulting in a similar decrease in bond strength
values, the underlying cause for this decrease was different: mechanical loading ageing
promoted fatigue while water storage ageing promoted degradation at the adhesive interface
(Chapter 4). Our results corroborate previous studies showing the adhesive interface to be
susceptible to both hydrolytic degradation and mechanical fatigue.2,3
Regarding the mechanical loading ageing, a strong dose effect of the number of
mechanical cycles on bond strength values was shown (Chapter 3). Micromorphological
(SEM) analysis showed that mechanical load influenced the fracture pattern (Chapter 4)
probably due to fatigue at the interface as a result of mechanical stress (compressive force)
promoted by the Rub&Roll device.4 Clinically, most bonded interfaces are subject to some
degree of cyclic loading due to masticatory function, and this may vary with the size and
position of the restoration and individual patient risk, such as parafunctional habits.5 Thus, it
is considered to be more clinically relevant to test adhesive interfaces dynamically, 6 as
performed with the loading device used in our in vitro studies (Chapter 3, 4, 5 and 6).
Regarding the water storage ageing, an older and well-validated method to assess bond
durability, it also showed an influence on bond strength values (Chapter 4), as shown in
previous studies.2,3 However, it promoted a different micromorphological fracture pattern
than the mechanical loading, a degradation of the adhesive interface was observed. The
destruction of collagen matrix combined with polymer degradation is described as the main
mechanism of bonding degradation.7
For mechanical ageing, a new device - Rub&Roll -4 was used to apply the mechanical
load in four studies (Chapters 3, 4, 5 and 6). The results demonstrated that the approach for
the mechanical ageing strategy induced a remarkable decrease of bond strength values,
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comparable to the results obtained after long-term storage in water.
More remarkably, ageing also influenced the secondary caries development (Chapters
5 and 6) promoting deeper dentin wall caries lesions and more mineral loss. In our study
using a cariogenic gel model, adhesive interfaces that resulted after breaking the bond after
mechanical ageing showed deeper lesions than those broken after water storage ageing
(Chapter 5), and this may be related to the differences in the fractures patterns, as shown in
Chapter 4. This aspect may have a profound clinical relevance, if it is assumed that, in vivo,
most interfacial gaps are formed and amplified over time as a result of ageing, and are not
created at the time of restoration due to operator errors. Additionally, in our cariogenic gel
caries model we included the mechanical loading factor also during the caries challenge
(Chapter 5), simulating masticatory oclusal loading, as it is reasonable to assume that
interfaces that failed partly due to mechanical loading, will continue to be loaded during
caries development. Such loading has been shown to promote caries progression in narrow
gaps, probably as a result of enhanced clearance of dissolution products.8 Cyclic mechanical
loading has already shown to promote bacterial penetration along composite restoration
marginal gaps, which could ultimately promote secondary caries formation.9

7.1.2. The role of a gap between the composite-dentin interface

G

aps and other marginal defects are a commonly used criterion for replacing
restorations by dentists.10 Even though some researchers question the role of

gaps in microleakage, there are strong indications that interfacial failure may play a role on
caries development. Interfacial gaps have been reported to result in the unique feature of
secondary wall lesions,11 however, there has been no conclusive statement about the
relationship between gap size and secondary caries.12,13 The minimum gap size needed for
caries development was not well established yet. Interfacial gaps larger than 68μm seem to
predispose interfacial demineralization, and may thus lead to secondary caries development. 14
Initially, a small gap (10µm) may originate already during the adhesive procedure due to
polymerization shrinkage, incomplete polymerization, or technical errors, and could be
increased by the result of ageing processes trough time.15,16 Therefore, these initially small
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gaps could allow bacterial penetration along these minor marginal spaces, which could
ultimately promote secondary caries formation.9
Most studies evaluate the relationship between gap size and wall lesion development
using uniform gaps (which the walls of dentin and composite are parallel to each other).
However, after a fracture/debonded of composite-tooth restorations, it may be more common
to find non-uniform gaps: gaps in which the walls of dentin and composite are not parallel to
each other.13,17 In the failed bonded samples in our studies, gap width often changed from the
entrance towards the base of the gap (Chapter 5), as it was kept exactly as it broke to mimic a
clinical situation. It is important to highlight that the failed bond interfaces presented in the
majority gaps larger than 68μm, a gap size showed to predispose interfacial demineralization. 14
We observed that gap width was often largest at the gap entrance, and this may be part of the
reason why this location presented more caries development than the other wall locations
inside the gap (Chapter 4). Our own studies do not lead to clear conclusions about the role of
gap size, as we found an effect on the caries development, similar to previous studies in vitro in
Chapter 5,13,14,18 but our in situ study showed no correlation between it (Chapter 2). Thus, the
gap size and caries progression is not conclusive yet, and seems be dependent of diverse
factors, which should be addressed in futures researches.

7.1.3. The role of the presence of adhesive material on composite-dentin interfaces with a
gap

T

he influence of gaps on secondary caries development has been extensively
investigated, however, only few studies have evaluated the influence of the

adhesive material in a composite-tooth interface with a gap on the caries process.14,19
Clinically, adhesive material will always be present at some location in the interface after an
failure. Furthermore, depending on how the composite-dentin restoration fails, the failed
adhesive interface will present different characteristics and possibly different reactions to the
caries process.
The main concern of the present thesis was to study the role of the failed bond
interface on the development of secondary caries. The results show that the presence and
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location of an adhesive material in the composite-dentin gap, and also the ageing conditions
it has been exposed prior to failure, play a role in caries wall lesion development (Chapters 2,
5 and 6). It indicates that the restorative treatment together with the clinical challenges
during function promote changes in the system in a way relevant to secondary caries
development.
In general, lesion development was reduced by the presence of the adhesive material
covering the dentin wall, whereas failed bonded samples showed a higher lesion development.
Initially, our results using a simple cariogenic model (lactic acid gel) suggested a protective
factor of the presence of the adhesive on the interface; however, it does not completely inhibit
caries (Chapter 5). However, when using a more complex model involving a biofilm, the
results showed less protection from the adhesive (Chapter 6), which could be an effect of the
bacterial presence causing degradation of the adhesive by bacterial products. Finally, in our in
situ study, no protection from the adhesive material on dentin could be observed (Chapter 2),
maybe because the effect of bacterial products in situ conditions could be even stronger.
The worst scenarios for caries development were the absence of bonding material
covering dentin (Chapter 5 and 6) and the presence of bonding material covering composite
(Chapter 2). Conversely, the best scenario was a perfect composite-adhesive-dentin bonding
which did not present a development of caries (Chapter 6), confirming earlier reports that the
presence of a gap is necessary for wall lesion development.13 Failed bonded interfaces showed
significantly less protection of the dentin. In the cariogenic gel study (Chapter 5) the non-aged
failed bonded interfaces appeared to perform well, however, only very few samples were
available and it could not be analyzed statistically. The same trend was found in the
microcosm caries study (Chapter 6), which supports our conclusion that ageing influences
caries increment.

7.1.4. The role of different adhesive materials

S

everal studies have evaluated caries wall lesion development in restoration gaps,
but, as we noted before, most did not include the adhesive bonding step. 13,17,18,20

Current literature suggests that the restorative/adhesive material might also influence the
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development of secondary caries in different ways.14,19 A bonded interdiffusion zone
produced by different dental adhesive systems could protect dentin at different levels against a
caries challenge.19 Materials are being developed with antibacterial and/or remineralization
capabilities for the prevention of secondary caries.21,22 Restorative materials have been shown
to affect outer secondary lesion progression. 5,23,24 However, it should be emphasized that
patient-related factors play a major role in caries progression, and the relative impact of
restorative materials may be small.
Based on the expected influence of adhesive material on caries development, the
studies of the present theses evaluated different adhesive materials. In general, the materials
did not influence the caries development in vitro conditions (Chapter 5 and 6). However,
when looking only at adhesive applied to the dentin without a complete bonding procedure,
the self-etch adhesive (Clearfil SE Bond) showed deeper lesions and more mineral loss than
the etch-and-rinse adhesive (Scotchbond Universal) material (Chapter 5). The different
materials’ composition and characteristics, as the thickness and permeability of hybrid layer
produced by these different categories of adhesive systems may influence this finding.3,19,24,25
When evaluating a material with an antibacterial effect (Chapter 2), it was possible to
observe a clear difference between adhesive materials only when the adhesive was applied on
composite side, of a composite-dentin gap, with the antibacterial adhesive (Clearfil Protect
Bond) showing less mineral loss than the conventional adhesive (Clearfil SE Bond). However,
the presence of antibacterial adhesive on dentin did not offer any additional protection to
wall caries lesion development suggesting that the material composition may not have had an
effect large enough to promote differences in lesion depth. The comparison of different
restorative material in an in situ model that only lasted for three weeks is difficult. Clinically
restoration materials have to serve in the oral environment for years and material properties
change due to aging and oral conditions. Therefore, the clinical relevance of antibacterial
composites in secondary caries lesion prevention remains uncertain.
Regarding bonding effectiveness, the adhesive materials performance was also unclear.
In studies that evaluated flexural force, the adhesive materials also performed similarly
according to the bond strength values (Chapters 5 and 6). However, in studies that evaluated
the microtensile force, the adhesive systems performed similar only when a small number of
mechanical cycles were performed for ageing samples (Chapter 3). When a high number of
128

mechanical cycles were performed, Clearfil SE Bond showed more stable exposed to ageing
than Adper Scotchbond. This finding was confirmed by the other microtensile bond strength
study (Chapter 4) only when water-storage ageing was performed, while both adhesive systems
showed a similar bonding effectiveness after mechanical loading ageing.
Based on our findings, it could be concluded that the type of adhesive material
probably does not play an additional role in caries development. Differences between
materials that we found in bonding effectiveness studies (Chapter 3 and 4) are not observed
in caries studies, maybe because the bacterial effect (Chapters 2 and 6). Thus, other
influencing factors than the material itself could dominant determinant the secondary caries
process, as patient-related factors.5,24

7.1.5. Study design

A

diversity of study designs were used in this present thesis, as in vitro microtensile
studies (Chapter 3 and 4), an in vitro cariogenic gel model (Chapter 5), an in vitro

complex microcosm biofilm model (Chapter 6) and an in situ model (Chapter 6). It is
remarkable that even with different study designs, the findings corroborate each other, which
increases the strength of the conclusion of the present thesis.
In situ models serve as bridges between the natural uncontrolled clinical situation and
the highly controlled laboratory situation, which create defined conditions in the human
mouth that simulate the process of dental caries.26 In situ models seem to be more conclusive
in predicting clinical behavior,27 however our in vitro carious studies sowed similar results to
that achieved with the in situ one. Microcosm model (Chapter 6) has the advantage of
mimicking the des-re cariogenic challenge conditions in a more clinically realistic manner 3
and has the presence of bacteria, which could has a strong effect on our findings, as well as
the in situ results (Chapter 2). In vitro carious studies have greatly improved our understanding
of the caries process and the possible underlying mechanisms.
A relevant aspect that should be highlighted and could be consider a limitation in our
in vitro studies design is that in the failed bond studies (Chapter 5 and 6) samples presenting
mixed or cohesive failures were discarded, and only adhesively fractures were included as our
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main focus was to evaluate the behaviour of the adhesively failed restoration interface with
respect to the caries development. Moreover, adhesively fractures are the type that most
occurred in our bonding effectiveness studies (Chapters 3 and 4) and also in failed bond
studies (Chapter 5 and 6). Additionally, further studies could focus on the microanalysis of
the failed bonded interfaces after the cariogenic challenge to better understand the changes
promoted in the different composite-dentin interfaces.
As the mechanical loading seems to influence on the caries development (Chapter 5
and 6), future researches, both in vitro or in situ models, including mechanical loading could
be performed to approach the clinical situation more nearly. We hypothesise that if a
composite-tooth interface failure and creates an interfacial gap, due to mechanical loading,
the gap at the interface could be subjected to opening and closing forces, and therefore a
hydrodynamic flow could be created.
In ours failed bonded studies (Chapter 5 and 6) non-uniforms gaps the walls of dentin
and composite are not parallel to each other were produced. It has been reported that such
non-uniform gaps between composite-dentin restorations, in which the dentin and composite
walls are not parallel, occur frequently.13,17 Moreover, future researches should produce
interfacial gaps in a more clinical realistic manner, including local factors as the presence of
bonding materials and the non-uniform gaps.
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7.2. Conclusions

T

he present thesis investigated the effects of different bonding conditions in caries
development on dentin adjacent to failed bond restorations and the factors

associate to it. Based on our findings, we conclude that the development of secondary caries is
influenced by many local factors and that the condition that the composite-dentin interface
presents when there is an interfacial gap plays a role on the caries development.
On the basis of the main findings of this PhD research, it is possible to conclude:
- Ageing conditions promote a decreasing in composite-dentin bonding effectiveness and
influence fracture patterns of adhesive systems to dentin. The mechanical ageing promotes
fatigue while water storage promotes degradation at the adhesive interface.
- Moreover, ageing conditions promote more caries lesion increment. Composite-dentin
interfaces failed after ageing present more demineralization than those interfaces with the
presence of adhesive material covering the dentin or no adhesive at all. Additionally, lesion
development was reduced by the presence of the adhesive material covering the dentin wall in
in vitro conditions.
- In in situ conditions, perfect bonding did not show any caries wall lesion development,
whereas all other interfaces did. The presence of adhesive material covering the dentin did
not show less wall lesion development from the interface with no adhesive. However, the
presence of bonding on the composite side of a composite-dentin gap increased wall lesion
development.

131

References
1. Spencer P, Ye Q, Park J, Topp EM, Misra A, Marangos O, Wang Y, Bohaty BS, Singh
V, Sene F, Eslick J, Camarda K, Katz JL (2010). Adhesive/Dentin interface: the weak
link in the composite restoration. Annals of Biomedical Engineering 38(6):1989-2003.
2. Hashimoto M, Fujita S, Nagano F, Ohno H, Endo K (2010). Ten-years degradation of
resin-dentin bonds. European Journal of Oral Sciences 118(4):404-410.
3. De Munck J, Mine A, Poitevin A, Van Ende A, Cardoso MV, Van Landuyt KL,
Peumans M, Van Meerbeek B (2012). Meta-analytical review of parameters involved in
dentin bonding. Journal of Dental Research 91(4):351-357.
4. Ruben J, Roeters J, Montagner AF, Huysmans MC (2014). A multifunctional device to
simulate oral ageing processes: the "Rub&Roll". Journal of Mechanical Behaviour of
Biomedical Materials 30:75-82.
5. van de Sande FH, Opdam NJ, Rodolpho PA, Correa MB, Demarco FF, Cenci MS
(2013). Patient risk factors' influence on survival of posterior composites. Journal of
Dental Research 92:78S-83S.
6. Van Meerbeek B, Peumans M, Poitevin A, Mine A, Van Ende A, Neves A, De Munck
J (2010). Relationship between bond-strength tests and clinical outcomes. Dental
Materials 26(2):e100-121.
7. Manso AP, Bedran-Russo AK, Suh B, Pashley DH, Carvalho RM (2009). Mechanical
stability of adhesives under water storage. Dental Materials 25(6):744-749.
8. Kuper NK, Opdam NJ, Bronkhorst EM, Ruben JL, Huysmans MC (2013).
Hydrodynamic flow through loading and in vitro secondary caries development.
Journal of Dental Research 92(4):383-387.
9. Khvostenko D, Salehi S, Naleway SE, Hilton TJ, Ferracane JL, Mitchell JC, Kruzic JJ
(2015). Cyclic mechanical loading promotes bacterial penetration along composite
restoration marginal gaps. Dental Materials 31(6):702-710.
10. Bader JD, Shugars DA (1993). Agreement among dentists' recommendations for
restorative treatment. Journal of Dental Research 72(5):891-896.
11. Hals E, Andreassen BH, Bie T (1974). Histopathology of natural caries around silver
amalgam fillings. Caries Research 8(4):343-358.
132

12. Cenci MS, Pereira-Cenci T, Cury JA, Ten Cate JM (2009). Relationship between gap
size and dentine secondary caries formation assessed in a microcosm biofilm model.
Caries Research 43(2):97-102.
13. Nassar HM, González-Cabezas C (2011). Effect of gap geometry on secondary caries
wall lesion development. Caries Research 45(4):346-352.
14. Kuper NK, van de Sande FH, Opdam NJ, Bronkhorst EM, de Soet JJ, Cenci MS,
Huysmans MC (2015). Restoration materials and secondary caries using an in vitro
biofilm model. Journal of Dental Research 94(1):62-68.
15. Irie M, Suzuki K, Watts DC (2002). Marginal gap formation of light-activated
restorative materials: effects of immediate setting shrinkage and bond strength. Dental
Materials 18(3):203-210.
16. Purk JH, Dusevich V, Glaros A, Eick JD (2007). Adhesive analysis of voids in class II
composite resin restorations at the axial and gingival cavity walls restored under in vivo
versus in vitro conditions. Dental Materials 23(7):871-977.
17. Diercke K, Lussi A, Kersten T, Seemann R (2009). Isolated development of inner
(wall) caries like lesions in a bacterial-based in vitro model. Clinical Oral Investigation
13(4):439-444.
18. Totiam P, González-Cabezas C, Fontana MR, Zero DT (2007). A new in vitro model to
study the relationship of gap size and secondary caries. Caries Research 41(6):467-473.
19. Espejo LC, Simionato MR, Barroso LP, Netto NG, Luz MA (2010). Evaluation of
three different adhesive systems using a bacterial method to develop secondary caries
in vitro. American Journal of Dentistry 23(2):93-97.
20. Kuper NK, Opdam NJ, Ruben JL, de Soet JJ, Cenci MS, Bronkhorst EM, Huysmans
MC (2014). Gap size and wall lesion development next to composite. Journal of Dental
Research 93(7 Suppl):108S-113S.
21. Cocco AR, de Oliveira da Rosa WL, da Silva AF, Lund RG, Piva E (2015). A
systematic review about antibacterial monomers used in dental adhesive systems:
Current status and further prospects. Dental Materials 31(11):1345-1362.
22. Zhang N, Melo MA, Chen C, Liu J, Weir MD, Bai Y, Xu HH (2015). Development of
a multifunctional adhesive system for prevention of root caries and secondary caries.
Dental Materials 31(9):1119-1131.
133

23. van de Sande FH, Opdam NJ, Truin GJ, Bronkhorst EM, de Soet JJ, Cenci MS,
Huysmans MC (2014). The influence of different restorative materials on secondary
caries development in situ. Journal of Dentistry 42(9):1171-1177.
24. Nedeljkovic I, Teughels W, De Munck J, Van Meerbeek B, Van Landuyt KL (2015). Is
secondary caries with composites a material-based problem? Dental Materials
31(11):e247-277.
25. Breschi L, Mazzoni A, Ruggeri A, Cadenaro M, Di Lenarda R, De Stefano Dorigo E
(2008). Dental adhesion review: aging and stability of the bonded interface. Dental
Materials 24(1):90-101.
26. Zero DT (1995). In situ caries models. Advances in Dental Research 9(3):214-230.
27. Thomas RZ, Ruben JL, ten Bosch JJ, Fidler V, Huysmans MC (2007). Approximal
secondary caries lesion progression, a 20-week in situ study. Caries Research 41(5):399–
405.

134

135

136

Chapter

8

Summary
Samenvatting
Resumo

137

138

8.1. Summary

T

his PhD thesis is based on five studies that aimed to investigate the role of the
failed bond interface on the development of secondary caries and the local factors

associate to it (as ageing, presence / location / type of adhesive material and interfacial gap).
Chapter 1 presents an overview about secondary caries development and the factors
related. Secondary caries has been reported as one of the main reasons for failure and
replacement of restorations. A considerable proportion of time spent by the dentists in dental
practice is devoted to replacing restorations, mainly due to the presence of secondary caries.
Based on this, diverse studies have been performed in an attempt to investigated the
secondary caries development process and the factors associated to it. The mechanisms
behind the development of secondary caries are much less clear and are most probably
multifactorial. The presence of biofilm and the presence of narrow and broad gaps (68200µm) are directly connected to the secondary caries development. For composite
restorations, an interfacial gap of 6-10µm may originates immediately after the restorative
procedure. The question is therefore whether such interfacial gaps occur clinically? The
influence of gap between composite and tooth has been studied with a very limited
methodological model. Artificial gaps have been produced without any presence of adhesive
material or previous bonding procedure. However, clinically, when the adhesive restoration
failure occurs and the restoration remains in place, there is the presence of adhesive material
in the created gap with different types of ‘failed bonded’ interfaces. The main concern is that
those failed bonded interfaces may react differently face to a cariogenic challenge than
previously unbounded surfaces. The models for studying wall lesion development up to now
may therefore be methodological insufficient. The presence of adhesive material and the
characteristics of exposed wall surface in an interfacial gap could influence the caries
development and should be addressed.
Taking into account that secondary caries development can be influenced by many
factors, the Chapter 2 investigated if the presence and location of adhesive bonding material
in the gaps influence the wall caries lesion development. It is an in situ study that evaluated
the caries wall lesion development in different composite-dentin interfaces. Fourteen
volunteers wore a modified occlusal splint containing samples with 4 different interfaces:
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perfect bonding / no gap, or with a fixed gap (234 ± 30 μm) with either no bonding material,
bonding material (Clearfil Protect Bond -PB- and Clearfil SE Bond -SE) on dentin or on
composite. Eight times a day, the samples were dipped in 20% sucrose solution for 10 min,
during 3 weeks. The samples were imaged with microradiography (T-WIM), and lesion depth
(LD) and mineral loss (ML) were measured. The perfect bonding group did not show any
caries wall lesion development, whereas all other interfaces did. The interface with bonding
on dentin did not show significantly different wall lesion development from the interface
with no material. However, when bonding was present on composite, both LD and ML were
significantly higher than both other gap conditions (p-values < 0.05). A difference between the
bonding material was only seen when applied on composite: PB showed less ML than SE (p =
0.01). The presence of bonding on the composite side of a composite-dentin gap increased
wall lesion development in situ showing that the presence and location of an adhesive
bonding material in the composite-dentin gaps plays a role on the wall caries lesion
development.
The Chapter 3 and Chapter 4 investigated the effect of ageing on the microtensile
bond strength and fracture patterns of adhesive systems to dentin to understand how the
failed bond interface looks like after the adhesive interface breakdown.
Most dental restorations fail also due to fracture, therefore, cyclic loading should be a
clinically relevant ageing method in bond strength studies, therefore Chapter 3 evaluated the
effect of mechanical loading with a new device on the microtensile bond strength (µTBS) of
adhesive systems to dentin. Forty molars were divided according to adhesive systems: self-etch
and etch-and-rinse; and to ageing protocols (n=5): control - water storage for 24 h; MC1 250.000; MC2 - 500.000; and MC3 - 750.000 mechanical loading cycles. Microtensile bond
strength was measured and fracture modes were analyzed. Ageing protocol (p<0.001) and
adhesive systems (p=0.024) significantly affected µTBS values. The adhesive systems showed a
similar behavior, except in the MC3 group, which the self-etch showed the highest µTBS.
There was no difference regarding fracture modes (p=0.461). The new device promotes a
decreasing of µTBS as the number of cycles increased. Difference between materials was
observed only after 750.000 mechanical cycles.
In order to compare the effect of mechanical ageing to an usual ageing method, the
water storage ageing also was studied. Chapter 4 evaluated the effect of different ageing
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(mechanical loading and water storage) on microtensile bond strength (µTBS) values and
fracture pattern of adhesive systems to dentin. Midcoronal dentin surfaces were prepared and
composite restorations were build-up using two adhesive systems (self-etch and etch-and-rinse).
The samples were randomly divided according to the ageing conditions: (1) Control – storage
in water for 24 h (CO); (2) Water storage – storage in water for 6-month; (3) Mechanical
loading - 750.000 mechanical cycles using the Rub&Roll loading device. Samples were
prepared into beams and microtensile bond strength was tested. Fracture patterns were
analysed using stereomicroscopy and fractographic analysis was performed using Feg-SEM.
Ageing conditions and adhesive systems significantly affected µTBS (p < 0.01). The CO group
showed no difference between materials and the highest µTBS. After WS ageing, the self-etch
adhesive showed higher µTBS values than etch-and-rinse. Mechanical loading ageing resulted
in a decreased µTBS for both adhesives. Samples submitted to water storage or mechanical
loading showed features of degradation and fatigue at the interface, depending on the
adhesive system. Mechanical loading ageing promoted a negative effect on bonding
effectiveness of both adhesive systems and influenced the fracture pattern, presenting a
different fracture surface from that observed for water-storage ageing.
The Chapter 5 and 6 focused on investigate how those adhesive interfaces that have
failed behaviour face to cariogenic challenge. Different types of ‘failed bonded’ interfaces may
occur when a failure at the interface of a composite restoration happens, producing an
interfacial gap between composite and tooth. The main concern is how those failed bonded
interfaces will react when exposed to a cariogenic challenge and how the characteristics of the
exposed tooth surface in an interfacial gap will react.
Chapter 5 evaluated the dentin wall carious lesion development of different
composite-dentin interfaces in the presence of adhesive bonding materials in the gaps, using a
simple caries gel model to produce demineralization. Dentin samples (10.4 mm2) were
restored with composite resin using two adhesive systems (etch-and-rinse and self-etch
techniques). Different composite-dentin interfaces with gaps were produced: a) failed bonded,
which were fractured at interface after being submitted to ageing protocols (no ageing,
mechanical loading or water storage); b) non-bonded interfaces, both without any adhesive
material or with adhesive material applied only on the dentin. Adhesively fractured and nonbonded samples were subjected to a lactic acid gel (pH = 5) caries model with a continuous
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opening/closing movement of the interfacial gap for 10 days. Transverse wavelengthindependent microradiographs were taken, and lesion depth and mineral loss were measured.
Caries development differed among the composite-dentin interfaces (p < 0.001). The nonbonded interface with adhesive material on the dentin showed less lesion depth than the
failed bonded groups, while the non-bonded interface without adhesive on dentin showed the
deepest wall lesions. Difference between the adhesive systems was observed only in the nonbonded groups (p = 0.003), with the self-etch adhesive applied on the dentin showing more
severe lesions. Samples that broken after mechanical loading ageing showed deeper lesions
than those broken after water storage (p < 0.001). Composite-dentin interfaces failed after
ageing presented different demineralization from interfaces that were never bonded,
indicating that the restorative treatment changes the tissue in a way relevant to secondary
caries development.
Chapter 6 also evaluated the dentin wall carious lesion development of different
composite-dentin interfaces in the presence of two adhesive bonding materials in the gaps,
using a more complex model: a microcosm biofilm model. Dentin samples were prepared
(10.4 mm2), restored with composite resin using two adhesive systems (etch-and-rinse and selfetch techniques). Different conditions with respect to composite-dentin interfaces were
produced with a 200μm gap: failed bond without ageing or after mechanical ageing, or nonbonded with or without the presence of adhesive material on the dentin wall. For cariogenic
challenge, specimens were subjected a complex biofilm microcosm model for 14 days to create
caries-like wall lesions. Before and after caries development, transverse wavelengthindependent microradiography images were taken, and lesion depth and mineral loss were
measured. The composite-dentin interface conditions significant influenced the caries
development: lesion development was reduced by the presence of the adhesive material on
dentin wall, while lesion development was increased by the mechanical loading (p=0.019).
There was no difference between the adhesive materials (p values>0.05). Different compositedentin interfaces influence wall lesion development in gaps, with the interfaces submitted to
mechanical ageing showing less carious protection than those interfaces with the presence of
adhesive covering the dentin.
In Chapter 7 the results of the five studies and the available linked literature are
discussed. The strengths and limitations of the different methodologies used in this thesis are
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also discussed. Based on this thesis we conclude that the development of secondary caries is
influenced by many factors and that the condition that the composite-dentin interface
presents when there is an interfacial gap plays a role on the caries development. Perfect
composite-dentin bonding did not show any caries wall lesion development, whereas all other
studies interfaces did. The presence of adhesive materials on dentin did not show less wall
lesion development from the interface with no adhesive. Ageing conditions promote more
caries lesion increment. Composite-dentin interfaces failed after mechanical ageing presented
more demineralization than those interfaces with the presence of adhesive material covering
the dentin or no adhesive at all. Moreover, the ageing conditions promote a decreasing in
composite-dentin bonding effectiveness and influence the fracture patterns of adhesive
systems to dentin. Mechanical ageing promotes a fatigue at the adhesive interface, while water
storage promotes interface degradation.
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8.2. Samenvatting

D

it proefschrift is gebaseerd op vijf studies waarin werd beoogd de rol te
onderzoeken van het gefaalde hechtvlak bij het ontstaan van secundaire cariës en

de lokale factoren die daarmee verband houden (zoals veroudering, de aanwezigheid van/de
locatie van/het type adhesiefmateriaal en de randspleet).
In Hoofdstuk 1 wordt een overzicht gegeven van het ontstaan van secundaire cariës en
de factoren die daarmee verband houden. In de praktijk besteden tandartsen een aanzienlijke
hoeveelheid tijd aan het vervangen van restauraties, hoofdzakelijk vanwege de aanwezigheid
van secundaire cariës. Daarom zijn er diverse studies verricht naar het ontstaansproces van
secundaire cariës en de factoren die daarmee verband houden. De ontstaansmechanismen
van secundaire cariës zijn nog steeds niet opgehelderd en zijn hoogstwaarschijnlijk
multifactorieel bepaald. De aanwezigheid van een biofilm en van randspleten van 68 tot 200
µm houden rechtstreeks verband met het ontstaan van secundaire cariës. Bij
composietrestauraties kan direct na de adhesieve procedure een randspleet van 6-10 µm
ontstaan. Het is daarom de vraag of zulke randspleten klinisch voorkomen. De invloed van
een randspleet tussen het composiet en het gebitselement is onderzocht aan de hand van een
beperkt model. Kunstmatige spleten zijn gecreëerd in afwezigheid van adhesiefmateriaal of
een eerdere hechtingsprocedure. Wanneer de adhesieve verbinding faalt en de restauratie op
haar plaats blijft, is er echter adhesiefmateriaal in de gecreëerde spleet aanwezig op de gefaalde
hechtvlakken. De voornaamste zorg is dat dergelijke gefaalde hechtvlakken mogelijk anders
reageren op cariësbevorderende invloeden dan oppervlakken waarop geen adhesief aanwezig
is. Daarom zijn de modellen die tot nu toe zijn gebruikt om het ontstaan van wandlaesies te
onderzoeken mogelijk ontoereikend. De aanwezigheid van adhesiefmateriaal en de
eigenschappen van het blootgestelde wandoppervlak in een randspleet kunnen van invloed
zijn op het ontstaan van cariës, en vormen dan ook een punt van onderzoek in dit
proefschrift
Gelet op het feit dat veel factoren van invloed kunnen zijn op het ontstaan van
secundaire cariës, werd in Hoofdstuk 2 onderzocht of de aanwezigheid en locatie van adhesief
bondingmateriaal in de spleten van invloed zijn op het ontstaan van carieuze wandlaesies. Het
betreft een in situ onderzoek waarin het ontstaan van carieuze wandlaesies in verschillende
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composiet-dentine raakvlakken werd onderzocht. Veertien vrijwilligers droegen een
gemodificeerde occlusale spalk die samples met vier verschillende typen interface bevatte,
namelijk een perfecte hechting zonder spleet of met een randspleet van 234 ±30 μm zonder
bondingmateriaal, of met bondingmateriaal (‘Clearfil Protect Bond’, PB, en ‘Clearfil SE
Bond’, SE) op dentine dan wel op het composiet. Gedurende drie weken droegen de
vrijwilligers de spalk en werden de samples acht keer per dag tien minuten in een sucrose
oplossing van 20% gedoopt. De samples werden geanalyseerd met behulp van
microradiografie (T-WIM), en de diepte van de laesies en het mineraalverlies werden gemeten.
De groep met perfecte hechting vertoonde geen enkele carieuze wandlaesie, daar waar alle
andere raakvlakken die wel vertoonden. In de interface waarbij de bonding zich op het
dentine bevond, verschilde het ontstaan van wandlaesies niet significant van het ontstaan van
wandlaesies bij een interface zonder bonding. Zowel de diepte van de laesies als het
mineralenverlies was significant groter bij de aanwezigheid van bonding op het composiet
vergeleken met andere randspleetomstandigheden (p-waarden < 0.05). Er was alleen een
verschil te zien tussen de bondingmaterialen wanneer het materiaal op composiet werd
aangebracht: bij PB was minder mineralenverlies aantoonbaar dan bij SE (p = 0.01). Bij
aanwezigheid van bonding op de composietzijde van een composiet-dentinespleet nam het
ontstaan in situ van wandlaesies toe. Dit duidt erop dat de aanwezigheid en locatie van
adhesief bondingmateriaal in de composiet-dentinespleten een rol speelt in het ontstaan van
carieuze wandlaesies.
In Hoofdstuk 3 en Hoofdstuk 4 werd onderzocht welk effect veroudering heeft op de
microtreksterkte en de breukpatronen van adhesieve systemen op dentine, om te begrijpen
hoe het gefaalde hechtvlak eruitziet wanneer een adhesieve verbinding verloren gaat.
Veel restauraties van gebitselementen falen door breuk van de restauratie of het
element. Daarom lijkt het cyclisch belasten een klinisch relevante verouderingsmethode te
zijn in studies naar hechtsterkte. In Hoofdstuk 3 wordt

het effect onderzocht van

mechanische belasting met een nieuw instrument op de microtreksterkte (µTBS) van
adhesieve systemen met dentine. Veertig molaren werden verdeeld onder de adhesieve
systemen, namelijk ‘self-etch’ en ‘etch-and-rinse’, en verouderingsprotocollen (n=5): een
controlegroep - het bewaren in water gedurende 24 uur; drie belastingscycli: MC1 - 250.000,
MC2 - 500.000 en MC3 - 750.000. De microtreksterkte werd gemeten en de breukvlakken
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werden geanalyseerd. Mechanische belasting (p < 0.001) en adhesieve systemen (p = 0.024)
waren significant van invloed op de µTBS-waarden. De adhesieve systemen vertoonden
hetzelfde gedrag, behalve in de MC3-groep, waarin de ‘self-etch’ CSE de hoogste µTBS
vertoonde. Er was geen verschil wat betreft de type breuken (p = 0.461). De gebruikte
methode met behulp van de Rub&roll machine bevorderde een afname van de µTBS
naarmate het aantal cycli toenam. Een verschil tussen de materialen werd pas na 750.000
mechanische cycli waargenomen.
Om het effect van mechanische veroudering te vergelijken met een gebruikelijke
verouderingsmethode werd ook de wateropslag-veroudering onderzocht. In hoofdstuk 4 werd
het effect onderzocht van verschillende verouderingsmethoden (mechanische belasting en het
bewaren in water) op de microtreksterkte (µTBS) en de breukpatronen van adhesieve
systemen op dentine. Dentine-oppervlakken werden geprepareerd en composietrestauraties
werden opgebouwd aan de hand van twee adhesieve systemen (‘self-etch’ en ‘etch-and-rinse’).
De samples werden willekeurig verdeeld naar verouderingsomstandigheden: (1) controle bewaren in water gedurende 24 uur (CO); (2) wateropslag - bewaren in water gedurende 6
maanden; (3) mechanische belasting - 750.000 mechanische cycli met behulp van het
zogenoemde Rub&Roll apparaat. Balkvormige samples werden geprepareerd en de
microtreksterkte werd bepaald. Breukpatronen werden geanalyseerd met behulp van
stereomicroscopie, en een fractografische analyse werd uitgevoerd met behulp van Feg-SEM.
Verouderingsomstandigheden en adhesieve systemen hadden een significant effect op de
µTBS (p < 0.01). De CO-groep liet geen verschil zien in materialen en toonde de hoogste
µTBS. Na WS (wateropslag)-veroudering vertoonde het ‘self-etch’ adhesief hogere µTBSwaarden dan het ‘etch-and-rinse’ adhesief. Voor beide adhesieven gold dat veroudering door
mechanische belasting in een afgenomen µTBS resulteerde. Samples die werden blootgesteld
aan wateropslag of mechanische belasting vertoonden kenmerken van achteruitgang en
vermoeidheid van het raakvlak afhankelijk van het adhesieve systeem. Veroudering door
mechanische belasting had een negatieve invloed op de effectiviteit van de bonding van beide
adhesieve systemen en beïnvloedde het type breukpatroon.
In Hoofdstuk 5 en Hoofdstuk 6 staan onderzoeken centraal naar de relatie tussen
gefaalde adhesieve raakvlakken en secundaire cariës. Er kunnen verschillende typen gefaalde
hechtvlakken voorkomen, waardoor een randspleet ontstaat tussen het composiet en het
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gebitselement. De voornaamste zorg is hoe deze gefaalde hechtvlakken reageren wanneer ze
worden

blootgesteld

aan

een

cariogene

invloed

en

hoe

het

blootgestelde

gebitselementoppervlak in een randspleet reageert.
In Hoofdstuk 5 wordt het ontstaan van carieuze dentinewandlaesies in verschillende
composiet-dentine

raakvlakken

geëvalueerd

bij

de

aanwezigheid

van

adhesieve

bondingmaterialen in de spleten. Hierbij werd gebruikgemaakt van een eenvoudig
cariësgelmodel om demineralisatie te bewerkstelligen. Dentinesamples (10,4 mm2) werden
gerestaureerd met composiet aan de hand van twee adhesieve systemen ( ‘etch-and-rinse’ en
‘self-etch’). Er werden verschillende composiet-dentine raakvlakken met spleten vervaardigd:
a) gefaalde hechtvlakken die braken bij het raakvlak nadat er verouderingsprotocollen op
waren toegepast b) niet-gehechte raakvlakken zonder adhesiefmateriaal dan wel met
adhesiefmateriaal dat alleen op de dentine werd aangebracht. Samples met gebroken adhesief
en niet-gehechte samples werden gedurende tien dagen blootgesteld aan een cariësmodel met
melkzuurgel (pH = 5) met een continue openende/sluitende beweging van de randspleet. Er
werden T-WIM microradiografische opnamen gemaakt. Daarnaast werden de diepte van de
laesies en het mineralenverlies gemeten. De composiet-dentine raakvlakken verschilden van
elkaar wat betreft het ontstaan van cariës (p < 0.001). Het niet-gehechte raakvlak met
adhesiefmateriaal op de dentine vertoonde een geringere laesiediepte dan de groepen met
gefaalde bonding. Het niet-gehechte raakvlak zonder adhesief vertoonde de diepste
wandlaesies. Het verschil tussen de adhesieve systemen werd alleen waargenomen in de nietgehechte groepen (p = 0.003), waarbij het ‘self-etch’ adhesief dat op de dentine was
aangebracht ernstigere laesies vertoonde. Samples die waren gebroken na veroudering door
mechanische belasting vertoonden diepere laesies dan de samples die waren gebroken na
wateropslag (p < 0.001). Composiet-dentine raakvlakken die faalden na veroudering
vertoonden een andere demineralisatie dan raakvlakken die nooit waren gehecht. Dit duidt
erop dat de restauratieve behandeling het weefsel verandert op een wijze die relevant kan zijn
voor het ontstaan van secundaire cariës.
In Hoofdstuk 6 wordt eveneens het ontstaan van carieuze dentinewandlaesies in
verschillende composiet-dentine raakvlakken bij de aanwezigheid van twee adhesieve
bondingmaterialen in de spleten geëvalueerd. Hierbij werd gebruikgemaakt van een
complexer model, namelijk een Microcosm biofilm-model. Dentinesamples werden
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geprepareerd (10,4 mm2) en gerestaureerd met composiet waarbij gebruik werd gemaakt van
twee adhesieve systemen (‘etch-and-rinse’ en ‘self-etch’ techniek). Verschillende typen interface
werden gecreëerd, allen met een randspleet van 200 μm, namelijk gefaalde hechting zonder
veroudering of na mechanische veroudering, of niet gehecht met of zonder aanwezigheid van
adhesiefmateriaal op de dentinewand. Samples werden gedurende veertien dagen blootgesteld
aan een complex miniatuur biofilm-model met als doel cariësachtige wandlaesies te creëren.
Vooraf en na het experiment werden T-WIM microradiografische opnamen gemaakt, en
werden laesiediepte en mineralenverlies gemeten. De verschillende typen interface hadden
een significant effect op het ontstaan van cariës. De ontwikkeling van laesies werd verminderd
door de aanwezigheid van adhesief op de dentinewand, terwijl de ontwikkeling van laesies
toenam door mechanische belasting (p=0.019). Er was geen verschil tussen de
adhesiefmaterialen (p-waarden>0.05) terwijl interfaces die werden blootgesteld aan
mechanische veroudering minder bescherming tegen cariës boden dan de raakvlakken waarin
het dentine bedekt werd met adhesief.
In hoofdstuk 7 worden ten slotte de resultaten van de vijf studies en de beschikbare
relevante literatuur besproken. De sterke en zwakke punten van de verschillende
methodologieën die in dit proefschrift zijn toegepast worden uiteengezet. Op grond van dit
proefschrift concluderen wij dat veel factoren invloed hebben op het ontstaan van secundaire
cariës en dat de omstandigheden van het composiet-dentine raakvlak een rol speelt in het
ontstaan van cariës wanneer er sprake is van een randspleet. Bij een perfecte hechting
ontstond geen enkele carieuze wandlaesie, terwijl dergelijke wandlaesies wel ontstonden bij
alle andere typen interface. Bij de aanwezigheid van adhesiefmaterialen op dentine was er
geen sprake van een geringere ontwikkeling van wandlaesies dan bij het raakvlak zonder
adhesief. Door verouderingsomstandigheden neemt de vorming van carieuze laesies toe.
Composiet-dentine raakvlakken die faalden na mechanische veroudering vertoonden meer
demineralisatie dan de raakvlakken waarbij de dentine wordt bedekt door adhesiefmateriaal
of

waarbij

helemaal

geen

adhesief

aanwezig

is.

Daarnaast

bevorderen

de

verouderingsomstandigheden een afname van de effectiviteit van de composiet-dentine
hechting en beïnvloeden zij de breukpatronen van adhesieve systemen op dentine.
Mechanische veroudering bevordert vermoeidheid van het adhesief raakvlak, daar waar
wateropslag achteruitgang in de hand werkt.
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8.3. Resumo

E

sta tese de doutorado baseia-se em cinco estudos que tiveram como objetivo
geral

investigar

a

influência

de

interfaces

adesivas

fraturadas

no

desenvolvimento de lesão de cárie secundária e os fatores associados (como envelhecimento /
localização / tipo de sistema adesivo e gap interfacial).
Capítulo 1 apresenta uma sinopse e os fatores associados ao desenvolvimento de lesão
de cárie secundária. Cárie secundária tem sido relatada como uma das principais causas de
falha de restaurações. Considerável proporção do tempo despendido por cirurgiões-dentistas
em seus consultórios é destinado para a substituição de restaurações, principalmente devido à
lesão de cárie secundária. Baseado neste aspecto, diversos estudos tem sido realizados na
tentativa de investigar o processo e os fatores associados ao desenvolvimento da lesão de cárie
secundária. Os mecanismos de desenvolvimento de lesão de cárie secundária não são claros, e
são, muito provavelmente, multifatoriais. A presença de biofilme e de estreitos e amplos gaps
(68-200µm) são diretamente associados com o desenvolvimento de lesão de cárie secundária.
Para restaurações de resina composta, gap interfacial de 6-10µm pode originar-se
imediatamente após o procedimento restaurador. A questão é se esses estreitos gaps
interfaciais realmente ocorrem clinicamente? A influência do gap entre resina composta e a
estrutura dental tem sido estudada com modelos metodológicos limitados. Gaps tem sido
produzidos sem a presença de qualquer material adesivo ou procedimento adesivo prévio.
Porém, clinicamente, quando ocorre a falha de uma restauração de resina composta e a
restauração permanece na cavidade, há a presença de material adesivo no gap criado com
diferentes ‘interfaces fraturadas’. A principal questão é que essas interfaces fraturadas podem
reagir diferentemente frente ao desafio cariogênico. Assim, até o momento, os modelos
utilizados para avaliar o desenvolvimento de lesão secundária podem ser metodologicamente
insuficientes. A presença de material adesivo e as características da superfície do gap interfacial
podem influenciar o desenvolvimento de lesão secundária e deveriam ser investigados.
Considerando que o desenvolvimento de lesão de cárie secundária pode ser
influenciado por diversos fatores, o Capítulo 2 investigou se a presença e a localização do
sistema adesivo em gaps influencia o desenvolvimento de lesão secundária. Este estudo in situ
avaliou o desenvolvimento de lesão secundária em diferentes interfaces resina-dentina.
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Quatorze voluntários usaram placas oclusais modificadas contendo espécimes com 4
diferentes interfaces: perfeita união / sem gap, ou com um gap fixo (234 ± 30 μm) com
ausência de sistema adesivo ou com sistema adesivo (Clearfil Protect Bond -PB- and Clearfil
SE Bond -SE) na resina ou dentina. Os espécimes foram imersos em solução de sacarose 20%
por 10 min, 8 vezes ao dia, durante 3 semanas. Os espécimes foram fotografados com
microrradiografias (T-WIM) e a profundidade da lesão (PL) e a perda mineral (PM) foram
medidos. O grupo perfeita união não apresentou qualquer desenvolvimento de lesão
secundária, entretanto todos os outros grupos apresentaram. A interface com sistema adesivo
na dentina não apresentou diferença significante no desenvolvimento de lesão secundária em
relação à interface sem adesivo. Todavia, para a interface com adesivo em resina, ambos PL e
PM foram estatisticamente maiores do que qualquer outra condição de gap (p < 0.05). A
diferença entre os sistemas adesivos foi apenas observada quando estes foram aplicados em
resina: PB mostrou menor PM do que SE (p = 0.01). A presença de adesivo na resina de gaps
de resina-dentina aumentou o desenvolvimento de lesão de cárie secundária in situ mostrando
que a presença e localização do sistema adesivo em gaps de resina-dentina influencia o
desenvolvimento de lesão secundária.
Os Capítulos 3 e 4 investigaram o efeito do envelhecimento na resistência de união e
padrão de falha de sistemas adesivo à dentina para avaliar como a interface adesiva fraturada
apresenta-se após a falha.
Ciclagem mecânica deveria ser um método de envelhecimento clinicamente relevante
em estudos de resistência de união visto que a maioria das restauração falham também devido
à fratura. Assim, Capítulo 3 avaliou o efeito da ciclagem mecânica (CM) com um novo
dispositivo na resistência de união à microtração (RU) de sistemas adesivos à dentina.
Quarenta molares foram divididos de acordo com o sistema adesivo: autocondicionante e de
condicionamento ácido total; e com o protocolo de envelhecimento (n=5): controle – água
destilada por 24h; CM1 - 250.000; CM2 - 500.000; e CM3 - 750.000 ciclos. A resistência de
união à microtração foi medida e o modo de falha foi analisado. O envelhecimento (p <
0.001) e o sistema adesivo (p = 0.024) significativamente influenciaram os valores de RU. Os
sistemas adesivos apresentaram valores similares, exceto no grupo CM3, no qual o sistema
autocondicionante mostrou os maiores valores de RU. O modo de falha não apresentou
diferenças (p = 0.461). O novo dispositivo promoveu uma diminuição nos valores de RU
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conforme o aumento no número de ciclos mecânicos. Diferença entre os materiais foi
observada apenas após 750.000 ciclos mecânicos.
Com o objetivo de comparar o efeito da ciclagem mecânica promovida pelo novo
dispositivo com um método de envelhecimento usual, o envelhecimento em água foi
estudado. Capítulo 4 avaliou o efeito de diferentes envelhecimentos (ciclagem mecânica e
armazenamento em água) na resistência de união à microtração (RU) e no padrão de
fractografia de sistemas adesivo à dentina. Superfícies de dentina coronária foram preparadas
e restaurações de resina composta foram realizadas utilizando dois sistemas adesivos
(autocondicionante e de condicionamento ácido total). Os espécimes foram aleatoriamente
divididos de acordo com o protocolo de envelhecimento: (1) Controle – armazenamento em
água por 24; (2) Armazenamento em água por 6 meses; (3) Ciclagem mecânica – 750.000
ciclos mecânicos utilizando o dispositivo Rub&Roll. Os espécimes foram preparados e
submetidos ao teste de microtração. Os padrões de fratura foram avaliados usando estéreomicroscópio e a análise fractográfica foi realizada com MEV. Os protocolos de
envelhecimento e os sistemas adesivos significativamente influenciaram os valores de RU (p <
0.01). O grupo controle não mostrou diferenças entre os materiais e apresentou os maiores
valores de RU. Após envelhecimento com água, o adesivo autocondicionante mostrou
maiores valores de RU do que o de condicionamento ácido total. O envelhecimento com
ciclagem mecânica resultou na diminuição dos valores de RU para ambos adesivos. Espécimes
submetidos a envelhecimento em água ou ciclagem mecânica apresentaram padrões de
fractografia de degradação e fatiga na interface, dependendo do sistema adesivo. A ciclagem
mecânica promoveu um efeito negativo na efetividade adesiva de ambos sistemas adesivos e
influenciou o padrão de falha, apresentando superfícies fraturadas diferentes das observadas
com envelhecimento em água.
Os Capítulos 5 e 6 investigaram como as interfaces adesivas fraturadas se
comportariam frente ao desafio cariogênico. Diferentes tipos de ‘interfaces fraturadas’ podem
originar-se quando ocorre uma falha na interface da restauração de resina composta,
produzindo um gap interfacial entre a resina composta e a estrutura dental. A principal
questão é como estas interfaces fraturadas comportam-se quando expostas a desafio
cariogênico, e como as características da superfície dental exposta no gap interfacial podem
influenciar no desenvolvimento de lesão de cárie secundária.
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Capítulo 5 avaliou o desenvolvimento de lesão de cárie secundária de diferentes
interfaces resina-dentina na presença de sistemas adesivo em gaps, usando um modelo de
desmineralização simples. Espécimes de dentina (10.4 mm2) foram restaurados com resina
composta usando dois sistemas adesivos (autocondicionante e de condicionamento ácido
total). Diferentes interfaces resina-dentina com gaps foram produzidas: a) interfaces aderidasfraturadas após protocolos de envelhecimento (controle, ciclagem mecânica e envelhecimento
em água); b) interfaces não-aderidas, sem ou com a presença de sistema adesivo sobre a
dentina. Espécimes com interfaces não-aderidas e aderidas-fraturadas foram expostas à solução
desmineralizadora (pH-5) com contínuo movimento abre/fecha do gap interfacial, por 10
dias. Microrradiografias foram realizadas, e profundidade de lesão e perda mineral foram
medidas. O desenvolvimento de lesão secundária foi diferente entre as interfaces resinadentina (p < 0.001). As interfaces não-aderidas com a presença de adesivo na dentina
apresentou menor profundidade de lesão do que as interfaces aderidas-fraturadas, enquanto
as interfaces não-aderidas sem a presença de adesivo em dentina apresentou as lesões de cárie
mais profundas. Diferença entre os sistemas adesivos foi observada apenas nos grupos
interfaces não-aderidas (p = 0.003), sendo que a aplicação do adesivo autocondicionante na
dentina resultou em lesões de cárie mais severas. Espécimes que fraturaram após
envelhecimento por ciclagem mecânica apresentaram lesões mais profundas do que aqueles
após envelhecimento em água (p < 0.001). Interfaces resina-dentina que fraturaram após
envelhecimento apresentaram desmineralização diferente das interfaces não-aderidas,
indicando que o tratamento restaurador muda a estrutura dental de uma forma relevante para
o desenvolvimento de cárie secundária.
Capítulo 6 avaliou o desenvolvimento de lesão de cárie secundária em diferentes
interfaces resina-dentina na presença de dois sistemas adesivos em gaps, usando um modelo de
biofilme complexo. Espécimes de dentina foram preparados (10.4 mm2), restaurados com
resina composta usando dois sistemas adesivos (autocondicionante e de condicionamento
ácido total). Diferentes condições de interfaces resina-dentina foram produzidas com um gap
interfacial de 200μm: interfaces aderidas-fraturadas sem envelhecimento ou após
envelhecimento com ciclagem mecânica, ou interfaces não-aderidas com ou sem a presença de
sistema adesivo na parede de dentina. Espécimes foram submetidos a desafio cariogênico com
modelo de biofilme complexo de microcosmo, por 14 dias. Microrradiografias foram
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realizadas e a profundidade da lesão e perda mineral foram medidos antes de depois do
desenvolvimento

de

cárie.

A

condição

da

interface

resina-dentina

influenciou

significativamente o desenvolvimento de lesão de cárie, o qual foi reduzido pela presença de
sistema adesivo na dentina. Enquanto o desenvolvimento de lesão de cárie foi aumentado
pelo envelhecimento mecânico (p = 0.019). Não houve diferença entres os sistemas adesivos (p
>0.05). Diferentes interfaces resina-dentina influenciam o desenvolvimento de lesão de cárie
secundária em gaps, com a interface submetida a envelhecimento mecânico apresentando
menor proteção à cárie do que interfaces sem a presença de adesivo cobrindo a dentina.
No Capítulo 7 são discutidos os resultados dos cinco estudos e a literatura associada. A
força e as limitações das diferentes metodologias usadas nesta tese também são discutidas.
Baseado na presente tese, concluímos que o desenvolvimento de lesão de cárie secundária é
influenciado por diversos fatores, e que a condição que a interface resina-dentina apresenta-se
na presença de um gap interfacial influencia no desenvolvimento de cárie. Perfeita união
resina-dentina não desenvolveu lesão de cárie, entretanto todas as outras interfaces estudadas
apresentaram desenvolvimento de lesão. A presença de sistema adesivo cobrindo a dentina
não apresentou menor desenvolvimento de lesão do que

a interface sem adesivo. Os

protocolos de envelhecimento promoveram maior incremento de lesão de cárie. Interfaces
resina-dentina

fraturadas

após

envelhecimento

mecânico

apresentaram

maior

desmineralização do que as interfaces com ou sem a presença de sistema adesivo na dentina.
Ainda, os protocolos de envelhecimento promoveram diminuição na efetividade adesiva e
influenciaram os padrões de fratura de sistemas adesivos à dentina. Envelhecimento com
ciclagem mecânica promoveu fatiga na interface adesiva, enquanto envelhecimento em água
promoveu degradação da interface.
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