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Abstract

Objectives This study aimed at evaluating the microtensile bond strength (W'TBS) and the resin-dentine ultramorphology
(24 h and 10 months ageing) of contemporary universal adhesives applied in self-etch (SE) or etch-and-rinse (ER) mode.
Materials and methods Sixty-four sound human molars were collected and randomly allocated in 4 main experimental
groups (n=16) according to the adhesive system employed and subsequently divided into two subgroups depending on their
application mode SE or ER (n=28): ZipBond X (ZBX-SE; ZBX-ER), Prime and Bond Active (PBA-SE; PBA-ER), Clearfil
Universal Bond Quick (CBQ-SE; CBQ-ER) or Scotchbond Universal (SCH-SE; SCH-ER). The specimens were cut into
sticks with a cross-sectional area of approximately 0.9 mm? and subjected to pTBS testing at 24 h or after 10 months of
ageing in artificial saliva (AS). Five representative fractured specimens from each group were analysed using field-emission
scanning electron microscopy (FE-SEM). Resin-dentine slabs (@ 0.9mm?) from each experimental group were immersed
in Rhodamine B and subsequently analysed using confocal microscopy analysis (CLSM). The pTBS results were analysed
using a two-way ANOVA and Newman—Keuls multiple-comparison test (& =0.05).

Results ZBX, PBA and SCH exhibited greater p'TBS values than CQB at 24 h in both SE and ER modes (p <0.05). CQB
showed a significant decrease in pTBS values after ageing both when used in SE and ER mode (p <0.05). ZBX-ER exhibited
no significant differences in the pTBS test after ageing (p > 0.05), while a significant drop in pTBS was seen in SCH-ER and
APB-ER after 10-month ageing (p <0.05). Clear signs of degradation were evident in the resin-dentine interface created
with CQB regardless of the application mode or the ageing time. In APB-ER and SCH-ER groups, such signs of degradation
were evident after ageing in AS. ZBX showed slight dye infiltration both when used in ER and SE mode.

Conclusions The long-term bonding performance of modern universal adhesives is usually influenced by the adhesive
strategy employed; self-etching application should be prioritised during dentine bonding. Moreover, the use of shortened
bonding protocols may compromise the quality of the resin-dentine interface and the bonding performance of most modern
universal adhesives.

Clinical relevance The use of etch-and-rinse bonding procedures, as well as “shortened” application protocols should be
eluded when using modern universal adhesives in dentine. However, new generation universal adhesives based on innova-
tive chemical formulations may probably allow clinicians to achieve long-term bonding performance with such simplified
system also when employed in ER mode.

Keywords Bond strength - Confocal microscopy - Dentine - Degradation - Hybrid layer - Resin-dentine interface -
Universal adhesives

Introduction

Modern dental bonding systems, also known as universal
adhesives (UA), have been formulated to provide a reli-
able bonding to tooth substrates (i.e., dentine and enamel)
through simplified clinical protocols either when applied in
self-etch (SE) and etch-and-rinse (ER) modes [1, 2]. This
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is possible due to the presence within their compositions of
specific functional monomers such as MDP, which can cre-
ate a strong interaction with calcium ions in hydroxyapatite
[3] as well as to their milder pH, which may also allow the
use of such adhesives when previous etching is preferred.
However, despite their promising results both in vitro [4, 5]
and in preliminary clinical studies [6, 7], degradation of the
hybrid layer (HL) over time remains a matter of concern,
especially when such UAs are used in ER mode. This situ-
ation seems to be related to the presence of several hydro-
philic compounds within adhesives’ composition, along with
incomplete monomer infiltration into the etched collaged
fibrils; they are the main responsible factors for the decrease
of the bonding performance over time [8, 9].

The consequences of such a scenario may be character-
ised by the loss of retention over time [10], accompanied by
the development of secondary caries in those regions adja-
cent to the tooth-composite margins [11]. Indeed, this latter
aspect represents the major cause for restoration replace-
ment, whose operative procedures result in additional and
unnecessary tooth structure loss [12]. In order to overcome
such a drawback, new technologies have been adopted by
dental companies for the formulation of their latest versions
of UAs in order to improve their bonding performance over
time [1, 3]. For instance, some of these improvements are
based on the use of milder acidic functional monomers, as
well as alternative “less-hydrophilic” polymeric compounds
[5] and/or optimisation of the mixture of solvents with
greater vapour pressure and wettability, which may facili-
tate monomer diffusion and the evaporation rate of dentine
fluids during bonding procedures [12—14].

Indeed, it has been demonstrated that the chemical prop-
erties of some specific solvents may favour a proper infiltra-
tion of resin monomers within the demineralised dentine,
so creating a suitable mechanical interlocking (hybrid layer)
upon photo-polymerisation [15]. Moreover, it is well known
that solvents serve as crucial substances to achieve a homo-
geneous blending when mixing hydrophilic and hydrophobic
compounds in dental adhesives [16]. On the other hand, a
greater rate of polymerisation of the adhesive is accom-
plished only when using specific strategies that favour
proper evaporation of the solvents from the dentine [17];
their presence, especially water-based ones, needs to be con-
siderably reduced to attain a high degree of conversion of the
adhesive monomers [18] and appropriate physicomechanical
properties at the resin-dentine interface [19].

The main solvents used to formulate adhesive systems
(i.e. ethanol, acetone and/or water), despite their overall
excellent evaporation rate and capacity to form azeotropes,
are influenced by the overall composition of adhesives
[18, 20]. Indeed, when such systems are characterised by
a formulation not properly balanced, or in case clinical
application steps are not performed as per manufacturers’
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recommendations, solvents may lack in evaporation and
lead to an acceleration of degradation processes within the
polymer matrix [21]. That is why, in order to improve the
evaporation rate of the solvents of the adhesives without
compromising their ability to infiltrate into dentine, alterna-
tive solvents have been considered. For instance, alternative
solvents such as isopropanol or a ternary solvent made of
butanone have been incorporated within the composition
of some contemporary UA, such as Prime & Bond Active
(Dentsply-Sirona, Konstanz, Baden-Wiirttemberg, Germany)
and ZipBond X (SDI Ltd. Bayswater, Victoria, Australia),
respectively. Moreover, some modern UA systems, such as
Kuraray Clearfil Universal Bond Quick (Kuraray Noritake
Dental Inc, Osaka, Japan) are claimed to achieve a suitable
bonding performance when applied using particular proto-
cols of use based on procedures with reduced application
time as short as 5 to 10 s. However, this may be possible
not only because of their specific monomers and activator/
co-activator composition but also to their specific mixture
of solvents [22].

To date, the bonding performance of such modern UA
systems applied on dentine in self-etch (SE) and etch-and-
rinse (ER) mode has not been thoroughly investigated. Thus,
the aim of this in vitro study was to evaluate the effect of
prolonged ageing on the bonding performance of mod-
ern universal adhesives applied on dentine using different
adhesive application strategies (SE; ER mode). This objec-
tive was accomplished by evaluating the microtensile bond
strength (WTBS) and assessing the resin-dentine ultramor-
phology by dye-assisted confocal microscopy (CLSM) at
24 h and after 10 months of storage in artificial saliva (AS).
The tested hypothesis of this study was that, regardless of
their compositions, the tested adhesives would present sig-
nificant differences in bonding performance both at 24 h and
after prolonged ageing in AS when using different applica-
tion strategies (SE vs. ER).

Materials and methods
Preparation of dentine specimens

Sixty-four sound human molars were collected according to
the guidelines of the local Ethics Committee under the pro-
tocol number CEI20/098 and stored in distilled water at 5 °C
for no longer than 3 months. The roots were removed 1 mm
beneath the cemento—enamel junction using a diamond blade
mounted on a low-speed microtome under continuous water
cooling (Remet evolution, REMET, Bologna, Italy). A sec-
ond parallel cut was made to remove the occlusal enamel,
and mid-coronal dentine was exposed using 320-grit SiC
papers. Four main groups (n =16 specimens/group) were
created based on the adhesive systems employed in this
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study: CQB: Clearfil Universal Bond Quick; SCH: Scotch-
bond; PBA: Prime & Bond Active Universal; ZBX: Zip-
Bond X Universal. The information about composition and
manufactures are presented in Table 1. The specimens were
further divided into two sub-groups (n =8 specimens/group)
based on the application mode: self-etching (SE); etch-and-
rinse (ER). The specimens were applied as described in
Table 1, followed by a final light-curing procedure of 10 s
using a LED light source (> 1000 mW/cm?) (Radii Plus,
SDI Ltd., Bayswater VIC, Australia). The specimens were
finally restored using a micro-hybrid dental resin composite
(Clearfil AP-X, Kuraray Noritake, Tokyo, Japan) in 2-mm
increments up to 6 mm and light-cured as per manufacturer’s
instructions. A schematic representation of the entire experi-
mental design of this study is presented in Fig. 1.

Micro-tensile bond strength (uTBS), failure modes
and FE-SEM fractographic analysis

All the specimens created as previously described were
sectioned across the resin-dentine interface using a hard-
tissue microtome (Remet evolution, REMET, Bologna,
Italy) in both X and Y directions in order to obtain approxi-
mately 20 matchstick-shaped specimens from each tooth,
with a cross-sectional area of 0.9 mm?. The matchsticks
were stored in AS for 24 h (24 h) or 10 months (10 m) at
37 °C in the dark in an incubator and subsequently sub-
jected to pTBS to evaluate their bonding performance. The
composition of the artificial saliva (AS) was 0.103 g L™!
of CaCly, 0.019 g L™! of MgCl, x 6H,0, 0.544 ¢ L™! of
KH,PO,, 30 g L™! of KCl and 4.77 g L™' HEPES (acid)
buffer, pH 7.4. The AS storage media was replaced with a
fresh one every 7 days [24].

This latter procedure was performed using a microtensile
bond strength device with a stroke length of 50 mm, a peak
force of 500 N and a displacement resolution of 0.5 mm.
Modes of failure were examined at 30 X magnification using
stereoscopic microscopy and classified as a percentage of
adhesive (A), mixed (M), or cohesive (C) failures. Five rep-
resentative fractured specimens from each sub-group were
mounted on aluminium stubs with carbon glue after the crit-
ical-point drying process. The specimens were gold-sputter
coated and analysed with a field-emission scanning electron
microscopy (FE-SEM S-4100; Hitachi, Wokingham, UK) at
10 kV and a working distance of 15 mm.

The normality of pTBS data was evaluated using Shap-
iro—Wilk test (p >0.05). Homogeneity of variance was cal-
culated using the Brown-Forsythe test. Data were then ana-
lysed using a two-way analysis of variance (ANOVA factors:
bonding system and ageing protocol) and Newman—Keuls
multiple-comparison test (@ =0.05). SPSS V16 for Windows
(SPSS Inc., Chicago, IL, USA) was used.

Ultramorphology bonded-dentine interfaces—
confocal microscopy evaluation

One bonded composite-dentine slab specimen (@ 0.9mm?)
was selected from each experimental sub-group (n=38)
during the cutting procedures to obtain the matchsticks
for pTBS testing. The specimens were aged as previously
described in AS and then coated with fast-setting nail
varnish, applied 1 mm from the bonded interface and left
undisturbed for 30 min. They were subsequently immersed
in a Rhodamine B (Sigma Chemicals) water solution (0.1
wt.%) for 24 h. Subsequently, the specimens were ultra-
sonicated with distilled water for 3 min and then polished
for 30 s each side with a 500-grit and subsequently with
2400-grit SiC papers. The specimens were ultrasonicated
again in distilled water for 3 min and immediately sub-
mitted to confocal microscopy ultramorphology analysis
(CLSM-Olympus FV1000, Olympus Corp., Tokyo, Japan),
using a 63X/1.4 NA oil immersion lens and 543-nm LED
illumination. Reflection and fluorescence images were
obtained with a 1-pm z-step to section the specimens opti-
cally to a depth of up to 20 pm below the surface [25]. The
z-axis scan of the interface surface was pseudo-coloured
arbitrarily for improved visualisation and compiled into
both single projections using the CLSM image-processing
software (Fluoview Viewer, Olympus). The configuration
of the system was standardised and used at constant set-
tings for the entire investigation. Each dentine interface
was completely investigated and five images were ran-
domly captured; these represented the most common
morphological features observed along with the bonded
interfaces [26].

Results
Micro-tensile bond strength (uTBS), failure modes

The results of the microtensile bond strength test (mean
and + SD), the number of specimens that pre-failed before
testing and the number of specimens that fractured during
pTBS in adhesive, mixed and cohesive modes are depicted
in Table 2. A significant interaction was identified between
the two factors analysed (bonding system and ageing pro-
tocol), (p <0.001). There were no pre-test failures before
WTBS assessment in most of the groups, excluding the CQB
applied both in ER and SE mode, which had a pre-failure
rate of 5% and 8% of their specimens, respectively. Moreo-
ver, this latter adhesive (CQB) statistically showed the low-
est bond strength (p <0.05) compared to all the other tested
materials, both when used in ER and SE mode. After pro-
longed storage (10 months in AS), this adhesive showed a
significant drop (p <0.05) in bond strength both when used
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(n: 64) and Randomly /
Smear Layer allocated in one of [— (n=8) _ i 24H
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Fig. 1 Schematic representation of the experimental design

in SE or ER mode. Regarding the failure mode, CQB applied
in ER and SE mode failed prevalently in adhesive mode
(62-78%) and mixed mode (38-22%) at 24 h. However, at
10 m of AS storage, the main failure mode observed in both
CQB groups was adhesive (> 80%). SCH presented no sig-
nificant difference (p > 0.05) at 24 h when applied in ER
or SE mode, and in both cases, the most prevalent failure
mode was mixed. After prolonged ageing in AS, there was
a significant drop (p <0.05) in bond strength only in the
group created in ER mode (SCH-ER), but the number of
failures in adhesive mode also increased in the group cre-
ated in SE mode, compared to the same SE group at 24 h.
Conversely, at 24 h, PBA presented a significantly greater
bond strength (p <0.05) when applied in ER mode com-
pared to SE mode application. Although PBA-ER presented
a greater number of failures in cohesive mode compared to
the specimens created in SE mode, in both cases, the most
prevalent failure mode was mixed. Likewise, in SCH groups,
also PBA after prolonged ageing in AS presented a signifi-
cant drop (p <0.05) in bond strength only with the speci-
mens created in ER mode, with an increase in the number
of specimens that failed in adhesive and mixed-mode. The
adhesive ZBX presented no significant difference (p > 0.05)
at 24 h when applied in ER or SE mode, and in both cases,
the most prevalent failure mode was mixed. After storage in
AS for 10 months, both the specimens in ZBX-ER and ZBX-
SE had no significant drop in bond strength, and again the
prevalent failure mode in both groups was mixed. ZBX-ER

ETCH AND RINSE
(n=8)

and ZBX-SE also presented a great number of specimens
that failed in cohesive mode failure after storage in AS for
10 months.

FE-SEM fractographic analysis

The results of the SEM fractographic analysis performed in
this study at 24 h storage are shown in Fig. 2. It was evident
that in most of the specimens created with Clearfil Univer-
sal Bond Quick (CQB-ER and CQB-ER), which failed in
mixed mode, the presence of characteristic honeycomb-like
sign of phase separation and/or incomplete evaporation of
the solvents and water typically present in dentine during
bonding procedures (Fig. 2A and (A1)), and with the pres-
ence of demineralised collagen fibrils and dentine tubules
completely exposed and poorly infiltrated by the resin adhe-
sive (Fig. 2B). However, the specimens created with CQB
in SE mode often presented exposed dentine and dentine
tubules partially occluded by thin resin tags (Fig. 2C). The
specimens created with Scotchbond Universal in ER mode
(SCH-ER) that failed in mixed or adhesive mode (Fig. 2D
and E) were characterised by the presence of some demin-
eralised collagen and dentine tubules often filled by loose,
fractured resin tags. Conversely, the specimens created with
SCH in SE mode (SCH-SE) were regularly covered by resin,
and only rarely the presence of exposed dentine tubules was
observed (Fig. 2F). The specimens bonded using PBA-ER
(Fig. 2G and H) were often characterised by the presence
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Table 2 The results show the mean (S.D.) of the MTBS (MPa) to
dentin and the percentage (%) of the failure mode analysis and pre-
test fail

24 h 10 m

COB ER 27.9 (5.4)" 13.8 (7.3)
[62/38/0] [94/6/0]
(5%)

COB SE 22.1 (4.5)! 14.8 (5.5)2
[78/22/0) [86/14/0]
(8%)

SCH ER 45.2 (6.3)°! 36.5 (6.2)°?
[23/65/12] [49/48/3]
(0%)

SCH SE 41.1 (5.9 39.8 (6.9)"!
[21/70/9] [44/56/0]
(0%)

APB ER 44.4 (4.9)! 31.9 (8.1)%
[12/61/27) [57/38/5]
(0%)

APB SE 39.3 (4.2)4! 35.3 (7.2)!
[26/69/5] [52/48/0]
(0%)

7ZBX ER 48.7 (4.3)! 45.6 (6.5)!
[22/45/33] [28/61/11]
(0%)

ZBX SE 46.4 (5.1)°! 40.1 (6.1)%!
[16/62/22] [21/73/6]
(0%)

COB, Clearfill Universal Quick Bondr; SCH, Scotchbond Universal;
APB, Prime and Bond Active; ZBX, ZipBond X; ER, etch-and-rinse;
SE, self-etching

Pre-test failure (%). Since the number of pre-failure in all groups
was < 10%, these 0 values were not included in the statistical analysis.
(% failure mode [A/M/C])

The same lowercase letter indicates no differences in columns
(p>0.05). The same number indicates no significance in rows
(p>0.05)

of poorly infiltrated by the resin adhesive and with dentine
tubules obliterated by resin tags (Fig. 2I). The specimens in
group PBA-SE showed a consistent presence of resin cov-
ering the dentine surface and with very few dentine tubules
visibly exposed. The specimens bonded with ZBX-ER
showed very few exposed collagen fibrils, often localised
underneath the hybrid layer (Fig. 2L and M), with most of
the dentine tubules clearly occluded by resin tags (Fig. 2N).
The specimens in the group ZBX-SE were often character-
ised by the presence of a layer of resin covering the dentine
surface.

The results of the SEM fractographic analysis of the
materials tested after prolonged ageing in AS (10 months)
are depicted in Fig. 3. Severe degradation of dentine col-
lagen was detected in the specimens created using CQB in
ER mode (Fig. 3A). Likewise, the specimens created with
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CQB in SE mode showed severe signs of dentine degrada-
tion (Fig. 3B). The specimens in group SCH-ER showed a
clear degradation of dentine collagen and dentine tubules
completely exposed (Fig. 3C).

Conversely, the specimens bonded with SCH in SE
mode presented only slight signs of dentine degradation,
but with the presence of partially exposed dentine tubules
(Fig. 3D). An evident degradation, along with the presence
of some exposed and partially degraded dentine collagen
fibrils, was observed in the specimens created with PBA
in ER mode (Fig. 3E). Conversely, the specimens created
with PBA in SE mode were often characterised by a dentine
surface covered by resin, with the presence of residual resin
tags (Fig. 3F). The specimens created with ZBX created in
ER mode showed only a slight sign of dentine degradation
and the presence of intact demineralised dentin collagen
fibrils (Fig. 3G). Likewise, the specimens created with ZBX
applied in SE mode showed no sign of degradation, and the
dentine surface was often covered by the resin (Fig. 3H).

Ultramorphology bonded-dentine interfaces—
confocal microscopy evaluation

The results of the ultramorphology confocal microscopy
analysis of the bonded-dentine interface at 24-h storage
are shown in Fig. 4. The resin-dentine interface created
with CQB-ER was devoid of gaps, but with a clear sign of
infiltration of the fluorescent dye, in particular within the
hybrid layer and adhesive layer (Fig. 4A). Similar intense
fluorescent signal, as a consequence of water uptake, was
observed in the resin-dentine interface created with CQB-
SE (Fig. 4B). Conversely, the resin-dentine interface of the
specimens in group SCH-ER was characterised by a hybrid
layer totally infiltrated by the fluorescent dye (Fig. 4C). The
specimens in group SCH-SE showed a hybrid layer charac-
terised by slight fluorescent infiltration (Fig. 4D). Prime &
Bond Active (PBA) applied in ER mode generated a hybrid
layer, which was clearly infiltrated by the fluorescent dye
(Fig. 4E). The resin-dentine interface of the specimens cre-
ated using PBA-SE was characterised by fluorescent dye
infiltration only within the interdiffusion layer (Fig. 4F). A
gap-free resin-dentine interface was observed in the speci-
mens created with ZBX applied in ER mode, and it was
often detected a hybrid layer and adhesive layer devoid of
infiltration of fluorescent dye (Fig. 4G). The same “dye-free”
situation was often observed in the specimens created with
ZBX applied in SE mode; only the dentine tubules were
filled with the fluorescent dye (Fig. 4F).

The results of the ultramorphology confocal microscopy
analysis of the bonded-dentine interface after 10 months in
AS are presented in Fig. 4. An interface highly infiltrated
by the fluorescent solution and characterised by clear deg-
radation of the hybrid layer was detected in the specimens
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Fig.2 SEM fractographic analysis of the specimens tested at 24-h
storage (baseline). A Representative SEM fractography of a specimen
created with Quick Bond (CQB) that failed in mixed mode, where it
is possible to see (A1) a clear sign of phase separation and/or incom-
plete evaporation of the solvents and dentine water (arrows). B At
higher magnification in a specimens created with CQB in ER mode,
it is possible to observe the presence of demineralised collagen fibrils
(arrow) and dentine tubules (dt) completely exposed and not infil-
trated by the resin adhesive. C In this specimen created with CQB in
SE mode, there is the presence of residual resin as a result of phase
separation (arrow) and dentine tubules partially occluded by thin
resin tags. D Representative SEM fractography of a specimen created
with Scotchbond Universal (SCH) that failed in mixed mode. E In
this specimen created with SCH in ER mode and analysed at the zone
failed in adhesive mode, it can be seen the presence of some dem-
ineralised collagen poorly infiltrated by the resin adhesive (arrow)
and patent dentine tubules (dt), that are often filled by loose fractured
resin tags (rt). F This specimen created with SCH in SE mode pre-

created with CQB-ER (Fig. 5A). Such degradation was also
observed in the resin-dentine interface created using CQB in
SE mode; an important dye infiltration throughout the entire
adhesive layer was also observed (Fig. 5B). The specimens
created with SCH-ER presented a clear degradation of the
hybrid layer and infiltration of the fluorescent dye within

sents a clear resin layer covering the dentine surface (arrow) without
any dentine tubules exposed. G Representative SEM fractography of
a specimen created with Prime & Bond Active (PBA) that failed in
mixed mode. H This specimen created with PBA in ER mode, when
analysed at the adhesive failure zone, it showed the presence of few
exposed collagen fibrils that were not properly infiltrated by the resin
adhesive (arrow) and very few patent dentine tubules (dt), but most of
them were occluded by resin tags (rt). I The specimens created with
PBA in SE mode show the presence of resin covering the dentine
surface and no dentine tubules visible. L. Representative SEM frac-
tography of a specimen created with ZipBond X (ZBX) that failed in
mixed mode. M This specimen created with ZBX in ER mode shows
little exposure of collagen fibrils, which indicates that the fracture
occurred underneath the hybrid layer. Moreover, most of the dentine
tubules are clearly occluded by resin tags (arrow). N This specimen
created with ZBX in SE mode presents a clear layer of resin covering
the dentine surface and dentine tubules

the adhesive layer (Fig. 5C). Conversely, the specimens in
group SCH-SE were characterised by important fluorescent
dye uptake within the interdiffusion layer and adhesive layer
(AD) (Fig. 5D). The resin-dentine interface generated with
PBA-ER showed a hybrid layer with signs of degradation
and adhesive layer (AD) permeable to the fluorescent dye,
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Fig.3 SEM fractographic analysis of the specimens tested after pro-
longed ageing (10 months in AS). A Representative image of spec-
imens created with CQB in ER mode and failed in adhesive mode.
It is possible to observe a severe degradation of dentine collagen
(arrow) and dentine tubules (dt) completely exposed and only rarely
infiltrated by resin tags (rt). B A severe dentine degradation can be
seen in the specimens created with CQB in SE mode, which is also
characterised by the presence of residual resin tags (arrow). C Repre-
sentative image of specimens created with SCH in ER mode failed in
adhesive mode, which shows a clear degradation of dentine collagen
(arrow) and dentine tubules (dt) completely exposed and only rarely
infiltrated by resin tags (rt). D A slight dentine degradation was also
observed in the specimens created with SCH in SE mode. It is possi-
ble to observe the presence of some partially exposed dentine tubules
and residual resin tags (arrow). E Representative image of specimens
created with PBA in ER mode failed in adhesive mode, showing clear
sign of degradation, but with some dentine collagen fibrils still pre-
sent (arrow). Moreover, it is possible to see patent dentine tubules (dt)
with some fractured resin tags (rt). F In this specimen created with
PBA in SE mode, it is possible to note a dentine surface still covered
by resin and the presence of some partially exposed dentine tubules
and residual resin tags (arrow). G Representative image of specimens
created with ZBX in ER mode failed in adhesive mode, showing a
slight degradation with several demineralised dentine collagen fibrils
still intact (arrow). It is also possible to see patent dentine tubules
(dt) with some fractured resin tags (rt). H In this specimen created
with ZBX applied in SE mode, it is possible to see a clear presence
of resin covering the dentine surface (arrow) and no exposed dentine
tubules
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(Fig. 5E). Conversely, the specimens created with PBA-SE
presented no sign of degradation, but only fluorescent dye
infiltration within the entire resin-dentine interface (Fig. SF).
No evident gaps or clear signs of degradation were observed
in the specimens created with ZBX-ER (Fig. 5G). The same
situation was attained in the resin-dentine created with the
same adhesive applied in SE mode; very few zones charac-
terised by dye infiltration within the interdiffusion layer were
detected (Fig. SH).

Discussion

The current study showed important differences in the bond-
ing performance of the tested UA systems employed in ER
and SE mode at 24 h and 10 months of ageing. Therefore,
the hypothesis that the tested UA systems would present
significant differences in bonding performance both at 24 h
and after prolonged ageing in AS when using different appli-
cation strategies (SE vs. ER) must be accepted.

Undeniably, the application strategy of UA systems in ER
mode may ensure greater immediate bond strength due to a
superior resin-dentine interlocking as a result of the dem-
ineralising effect caused by the etching procedure through
phosphoric acid application in dentine [2]. Indeed, this latter
step permits the exposure of collagen fibrils, which are then
infiltrated by the resin monomers of modern UA systems,
which upon light-curing can form a hybrid layer and achieve
a reliable immediate bond strength; this is usually greater
than that obtained by the same UA system applied in SE
mode [5, 23, 27]. However, the differences in the chemical
composition of UA systems and their adhesive-smear layer
interaction, as well as the application protocol employed,
may be determinant to accomplish a long-lasting and pre-
dictable bonding to dentine [1, 28].

The results of the current study have demonstrated that
CBQ applied in “quick” mode had the lowest bonding
performance (pTBS), along with the greatest degrada-
tion of the HL, regardless the adhesive strategy (SE or
ER) or ageing protocol employed. Moreover, the results
obtained in this study at 24 h and 10 months during the
fractographic and ultramorphological analyses showed
clear signs of phase separation (Figs. 2A-B and 3A-B)
and degradation (Figs. 4A-B and 5SA-B) within the resin-
dentine interface.

The manufacturer of this adhesive system (Kuraray,
Japan) when launched it for the first time in the market,
claimed that a reliable bonding performance could be
achieved by using such a shortened “quick” adhesive pro-
tocol; that consisted in the “passive” (no brushing time,
Table 1) application of the adhesive using short-bonding
method and light-curing for 10 s. Despite their commercial
marketing strategies, scientific studies have shown that such
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Fig.4 Confocal microscopy images of the resin-dentine interfaces »

tested at 24-h storage. A CLSM projection image exemplifying the
interfacial characteristics of the resin-dentine interface created by
application of quick bond (CQB) in ER mode. It is possible to see
a permeable gap-free interface that absorbed the fluorescent solution
thought the dentinal tubules (dt) and, in particular within the hybrid
layer and adhesive layer (AD) (pointer). B In this CLSM projection
image, it is possible to see the resin-dentine interface created by CQB
applied in SE mode characterised by important dye uptake within the
interdiffusion adhesive layers (pointer). C CLSM projection image of
the resin-dentine interface created by application of Scotchbond uni-
versal (SCH) in ER mode where it is possible to see a permeable gap-
free hybrid layer (pointer) to the fluorescent solution, but the adhesive
layer (AD) is devoid of any sign of dye uptake. D This is a CLSM
projection image where it is possible to see the resin-dentine inter-
face created by SCH applied in SE mode characterised by slight fluo-
rescent dye uptake within the interdiffusion layer (pointer). E CLSM
projection image of the resin-dentine interface created by application
of Prime & Bond Active (PBA) in ER mode which shows a hybrid
layer (pointer) permeable to the fluorescent dye, but with an adhesive
layer (AD) completely devoid of any sign of dye uptake. F In this
CLSM projection image, it is possible to observe the resin-dentine
interface created by PBA applied in SE mode, which shows fluores-
cent dye infiltration only within the interdiffusion layer (pointer) and
inside the dentine tubules (DT). G CLSM projection image of the
resin-dentine interface created by application of ZipBond X (ZBX)
in ER mode where it is possible to note gap-free interface with both
hybrid layer (pointer) and adhesive layer devoid of infiltration of fluo-
rescent dye. H The same dye-free situation can be observed within
the interface created with ZBX applied in SE mode (pointer), with
only the dentine tubules (DT) filled with the fluorescent dye

a “quick and passive” application strategy [29], along with
a short-time evaporation period [22, 30] and light-curing
procedure [28, 31], could be detrimental when bonding to
dentine [28, 32]. In this study, the “quick bonding” proto-
col suggested by Saikaew et al. [28] was employed and no
active brushing application was used. Indeed, the current
study is in agreement with those previous studies, and it is
possible to affirm that the use of “quick” application proto-
cols when using modern UA systems can increase the risk
for a decrease in bonding performance and severe degrada-
tion of the resin-dentine interface due to water sorption and
hydrolysis of the interface components (i.e., hybrid layer).
Indeed, such a passive application of CBQ may not be appro-
priate to allow adequate infiltration of adhesive resin mono-
mers into the smear layers or the acid-etched dentine [28,
32]. Clearly, it would be necessary to provide adequate time
to the bonding procedures in order to perform an “active/
scrubbing” application, which will allow acidic monomers
to decalcify dentine and create a reliable interlocking and
formation of the hybrid layer [29]. Moreover, the passive
shortened “quick™ application of such a UA system may be
responsible for incomplete evaporation of solvents; “short”
bonding procedures usually lead to incomplete evaporation
of the solvents [17, 29]. This latter issue has been described
as the main reason for a lower degree of conversion [31]
and phase separation within the resin-dentine interface [33].

\

D -
20 pm
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However, it is important to highlight that when simplified
adhesives are applied in the etch-and-rinse mode in dentine,
they may be more susceptible to degradation of the hybrid layer.
The use of ortho-phosphoric acid to etch the dentine causes
the removal of the underlying intact mineral and exposes the
collagen matrix up to a depth of 8—12 p [34, 35]. Such a col-
lagen network forms a template for the diffusion of adhesive
monomers that, upon polymerisation, generate the hybrid layer.
However, it is well known that monomers are often unable to
fully infiltrate such a demineralised zone, leaving unprotected,
poorly resin-infiltrated dentine collagen [10, 36].

These unprotected collagen fibrils are prone to rapid
hydrolysis, which is the main degradation threshold with
etch-and-rinse adhesives and contributes to bond-strength

@ Springer



4400

Clinical Oral Investigations (2022) 26:4391-4405

Fig.5 Confocal microscopy images of the resin-dentine interfaces »

tested after prolonged ageing (10 months in artificial saliva). A
CLSM projection image illustrating the interfacial characteristics
of the resin-dentine interface created by application of CQB in ER
mode and where it is possible to observe a permeable interface that
absorbed the fluorescent solution thought the dentinal tubules (dt)
and, in particular, it is possible to see a clear degradation (gap) of the
hybrid layer (pointer). B In this CLSM projection image, it is pos-
sible to see the resin-dentine interface created by CQB applied in SE
mode. Please note how this resin-dentine interface is also affected
by degradation (pointer) and by important fluorescence within the
interdiffusion and adhesive layers (AD). C This is a representative
CLSM projection image of the resin-dentine interface created by
SCH applied in ER mode. It is possible to note the degradation of
hybrid layer (pointer) within a permeable resin-dentine interface to
the fluorescent solution. D In this image, the resin-dentine interface
created by SCH applied in SE mode is characterised by an important
fluorescent dye uptake within the interdiffusion layer and adhesive
layer (AD), but without sign of gap (pointer). E This is a representa-
tive CLSM projection image of the resin-dentine interface created
by application PBA in ER mode, which shows a hybrid and adhesive
layer (AD) permeable to the fluorescent dye, with some characteris-
tic signs of degradation within the hybrid layer (pointer). F In this
CLSM projection image, it is possible to observe the resin-dentine
interface created by PBA applied in SE mode, which shows fluores-
cent dye infiltration within the entire resin-dentine interface. G A rep-
resentative CLSM projection image that shows a gap-free resin-den-
tine interface in specimens created by using ZBX in ER. Note how
the hybrid layer (pointer) is characterised by fluorescent dye infiltra-
tion, but with no sign of fluorescence at the adhesive layer (AD). H
This CLSM single projection image show the resin-dentine interface
created by ZBX applied in SE mode. Please note how the resin-den-
tine interface presents only very few zones of dye infiltration within
the interdiffusion layer (pointer), and only the dentine tubules are
filled with the fluorescent dye

reduction over time [37]. It has been demonstrated that met-
alloproteinases (e.g. MMP-2, MMP-9), intrinsic proteases
within the collagen matrix in dentine, may play a crucial role
in the degradation of the hybrid layer. However, the presence
of unprotected collagen has also been identified at the bot-
tom of the interdiffusion layer created when using simplified
adhesives applied in self-etch mode [38, 39].

A further degradation process at the resin-dentine inter-
face created with simplified adhesives applied in self-etching
or etch-and-rinse mode also occurs due to water sorption and
incomplete evaporation of solvents, especially under simu-
lated pulpal pressure [40]. It is also demonstrated that in the
presence of important water sorption, mild acidic adhesives
might release protons that can exacerbate the degradation
of the silane-filler interface [34, 41]. In this regard, artifi-
cial saliva was employed in the current study as an ageing
media to simulate an environment as similar as possible to
that find in the oral cavity. Several studies have shown the
effectiveness of using artificial saliva to promote ageing in
the dentine-adhesive interface as confirmed by the results
obtained in the present study [42, 43].

The results of the current study also showed that PBA
could achieve a greater bond strength when applied to
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dentine in the ER mode rather than SE mode. As previously
mentioned, the use of phosphoric acid etching may have
created a morphological scenario that promoted the diffu-
sion of the PBA system to create a reliable interlocking with
the dentine (hybrid layer). In particular, such an effective
resin monomers infiltration may have been due to the high
hydrophilicity of both its solvent (isopropanol) and func-
tional monomers MDP and PENTA (Fig. 2E) and imme-
diate bond strength [44] (Table 2). Conversely, when such
adhesive was used in SE mode, the results were significantly
lower compared to those obtained in ER mode. We hypoth-
esise that it was probably caused by the presence of two
functional monomers in a single-bottle UA system. Indeed,
dipentaerythritol penta-acrylate monophosphate (PENTA),
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a high molecular weight hydrophilic molecule, might have
interfered with the interaction of MDP with the dentinal sub-
strate due to some sort of competition for calcium ions in
hydroxyapatite [45, 46]. However, PBA applied in ER mode
showed a significant drop in bond strength after prolonged
storage with a clear sign of degradation at the hybrid layer,
along with important fluorescent dye infiltration within the
entire resin-dentine interface (Fig. SE), while PBA applied
in SE mode showed no significant drop in bond strength
after prolonged storage with no clear sign of degradation
but only fluorescent dye infiltration within the entire resin-
dentine interface (Fig. 5F).

Such a difference in bonding longevity between the
results obtained with PBA applied in SE or ER may be due
to the fact that the resin-dentine interface created with mild
SE adhesives has greater resistance to ageing degradation.
This is a result of a higher amount of residual apatite crystal-
lites left within a very thin partially demineralised collagen
matrix upon application of mild-acidic SE systems, which
prevented the hydrolytic denaturation of dentine collagen
fibrils [47, 48] and promoted the interaction of functional
monomers [49] with such inorganic molecules to produce
stable salts less prone to degradation over time [3]. The SE
approach also reduces water displacement within the HL,
and considering that hydrodynamics are essential to pro-
duce degradation and plasticisation of the polymers, reduced
water presence can preserve HL [5]. This is evident in our
fractographic and ultra-morphological analysis, where the
SE strategy leads to less fluorescence and collagen degrada-
tion after ageing.

Scotchbond Universal (SCH) is probably one of the most
tested adhesives in dental research, and it is essentially con-
sidered as a sort of gold standard material to use as a control
group in such a type of study. The results obtained in the
current research are in accordance with previous studies,
which showed no differences in the immediate bonding [2,
47, 50]. One of the reasons why this adhesive system can
achieve similar immediate results either when used in ER
or SE mode may be attributed to its chemical composition.
SCH is formulated with an ethanol-based solvent, which
is known to be effective in the displacement of the water
from the dentine and in favouring a reliable resin mono-
mer infiltration into demineralised collagen fibrils [48];
this allows the formation of an interface characterised by
a well-defined HL with evident resin tags penetration into
the dentinal tubules, especially when SCH was used in ER
mode (Fig. 2E).

Conversely, the bonding performance of a UA system
depends on the capability of its functional and/or acidic
monomers to interact with the smear layer and the underly-
ing mineralised dentine. Indeed, SCH is one of few simpli-
fied adhesives able to form nanolayers within the resin-den-
tine interface; such a chemical interaction created by MDP

seems to allow additional advantages to HL’s interlocking
[51]. Furthermore, the use of a patented polyacrylic acid
monomer, known as Vitrebond Copolymer, within its com-
position has been advocated to provide a further chemical
interaction with hydroxyapatite [52]; the combination of
such self-etch chemical mechanisms may result in stable
bonding over time, as it was confirmed in the present study.

In the current study, all tested adhesives presented mild
to ultra-mild pHs. The pH of SE adhesives can be consid-
ered a primary aspect when predicting the behaviour of the
adhesive after ageing [5]. In this sense, excluding the results
observed in CBQ applied in quick bonding procedures, the
degradation observed after ageing in AS was mainly seen
when the ER strategy was used in PBA and SCH. As previ-
ously mentioned, acid-etching exposes a great deal of col-
lagen fibrils which are often incompletely infiltrated by the
resin monomers adhesive due to the presence of a wet envi-
ronment. Therefore, in such a situation, the HL formed in
the ER technique is more prone to degradation [53] of both
collagen and adhesive over time [54]. Moreover, the impor-
tant presence of hydrophilic molecules and solvents, within
the composition of such simplified one-bottle systems, may
contribute to an increase of sorption and solubility [8, 55]
which may lead to the formation of porosities at the hybrid
and adhesive layer. These aspects were confirmed in this
study during the ultramorphological analysis (Fig. 5B) and
in the fractographic analysis that showed severe collagen
degradation after 10 months of storage (Fig. 3B).

In the present study, ZBX obtained the best bonding per-
formance between all the other tested UA systems, espe-
cially when applied in ER mode. Moreover, there was no
significant difference between the bond strength obtained
when it was applied in SE or ER mode. In both application
modes, there was no significant drop bond strength after
10-month storage in AS, showing a resin-dentine interface
free of gaps and with no evident sign of degradation at the
hybrid layer (Fig. 5G and H).

One of the main differences in ZBX when compared to
the other tested UA systems can be attributed to its chemical
composition, in particular, to the ternary system of solvents
based on ethanol, water and a methyl-ethyl-ketone, also known
as butanone molecule (Table 1); the viscosity and surface ten-
sion of butanone, in combination with water and ethanol, may
have allowed better diffusion of the resin monomers into den-
tine. Indeed, butanone presents intermediate viscosity values
(0.41 cp) to that of ethanol (1.10 cp) or acetone (0.316 cp)
[48]; this latter is known to be the lowest viscosity solvent
used in adhesive formulations. Regarding the surface ten-
sion, butanone (24.6 dyn/cm) behaves similarly to ethanol,
which has a surface tension of 22.3 dyn/cm. On the other hand,
vapour pressure and boiling temperature are essential aspects
to determine the time a solvent will need to evaporate from its
site of application at a certain temperature. It is established that

@ Springer



4402

Clinical Oral Investigations (2022) 26:4391-4405

vapour pressure can influence the applicability of adhesives in
either wet or dry dentine. Excessive high vapour pressure, as
in the case of acetone, can lead to easy and quick evaporation
of the solvent [56]. In spite of the advantages of volatilising
vehicles with regard to polymerisation and achieving optimal
mechanical properties when applying the adhesive system
[30], high vapour pressure may compromise the interaction
of some vehicles like acetone to dry dentine [57, 58]. In this
sense, butanone presents higher vapour pressure (89 mmHg at
25 °C) compared to that of ethanol (40 mmHg at 19 °C), but
still lower than that of acetone (184 mmHg at 20 °C).
Furthermore, solvents are necessary to allow the UA to
form an azeotrope between the solvent in its composition
with water in wet-dentine. Once the azeotrope is formed, the
physical properties of water change, approaching its physi-
cal properties to those of the solvent, and thus the remain-
ing water from dentine can be easily removed to create a
complementary system to improve the adhesive wettability
and change dentine hydrodynamics when the HL is formed
[56]. This can be considered a further advantage of hav-
ing butanone as part of the solvents mixture in adhesives.
Therefore, we can hypothesise that the homogeneous results
obtained by ZBX in all modes and ageing times can be
mainly attributed to the capacity of its solvents to allow bet-
ter monomer diffusion into dentine, promoting optimal poly-
merisation of ZBX due to evaporation of water from dentine.
However, improved potential interaction between MDP pre-
sent in the composition of ZBX and dentinal hydroxyapatite
should not be excluded as a mechanism of stabilisation of
the hybrid layer in the long-term performance. Indeed, the
formation of stable MDP-Ca salts may depend on the overall
composition of UAs, in particular on the concentration of
MDP and water; the efficacy of smear layer removal and
bonding performance may be influenced by the water con-
centration in adhesive systems [59, 60]. Moreover, a high
concentration of ethanol may limit the ionic dissociation
of phosphate groups of the MDP [61]. It has also been pro-
posed that MDP-based adhesives formulated without HEMA
can present a better bonding performance since HEMA can
bring solvents back into solution and create and complex
aggregation with MDP, which can compromise its interac-
tion with the dentine [62—64]. However, this type of solvent
formulation in modern UA is quite new, so further studies
analysing the degree of conversion, volatilisation and the
interaction within dentine of butanone-based adhesives are
required to support the findings of the current study.

Conclusions
Within the limitations of the present study, it is possible to

conclude that the adhesive quick bond universal applied by
using simplified “quick and passive” application protocols
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both in SE and ER mode may have its immediate and long-
term bonding performance jeopardised. The adhesive strat-
egy (ER or SE), as well as the overall formulation of the
bonding systems, can influence the long-term performance
of resin-bonded dentine interface. Indeed, self-etch applica-
tion mode should be prioritised when using modern uni-
versal adhesive systems in dentine. On the other hand, new
generation universal adhesives based on innovative chemical
formulations may probably allow clinicians to achieve sta-
ble bonding performance over time. Indeed, the simplified
butanone-based adhesive system ZipBond X might represent
a suitable choice to create a hybrid layer with reduced deg-
radation over time even when applied in ER mode.
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