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The demand for tooth-colored indirect restorations has
grown considerably in the past few years. The increase in

this demand can be attributed to, among other factors, the

reliable bond between adhesive cementing systems (re-
sin cements/bonding agents) and mineralized dental tis-
sues.15,26 A stable and durable bond of indirect restorations
to teeth is also related to good marginal adaptation, which
prevents microleakage, recurrent caries, and pulpal irrita-
tion.28 In an attempt to improve marginal adaptation and
bond strength of indirect restorations using 4th or 5th gen-
eration adhesive systems,10,29 different luting procedures
have been proposed.

The luting procedure for indirect restorations most rec-
ommended by manufacturers is based on light activation
of the adhesive resin before indirect restoration cementa-
tion. Because the bonding agent is accessible to direct
light exposure in this procedure, maximal monomer con-
version and bond strength can be achieved.18 However,
some studies have demonstrated that a thick, cured ad-
hesive layer can affect full restoration seating, and thus
marginal adaptation of indirect restorations.11,13,19 Fur-
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Purpose: This study evaluated the differential composition of resin/dentin interfaces of indirect restorations created
by the application of 4th and 5th generation dual-curing luting systems (bonding agents/resin cements), when each
material was either light cured or allowed to self-cure.

Materials and Methods: Occlusal flat dentin surfaces of 60 human third molars were assigned into 12 groups (n = 5)
according to curing mode and dual-curing cementing system: 4th generation All Bond2 (AB2)/Duolink (Bisco) and 5th
generation (B1) Bond1/Lute-it (Pentron). Fluorescein-labeled dextran (FDx) was mixed with the bonding agents, while
rhodamine-labeled dextran (RhDx) was incorporated into resin cements and Pre-Bond resin from AB2. Resin cements
were applied to 2-mm-thick, precured resin composite disks (Z250, 3M ESPE), which were fixed to dentin surfaces con-
taining adhesive resin in either cured (light cured; LC) or uncured (self-cured; SC) states. The restored teeth were light ac-
tivated (XL3000, 3M ESPE) according to the manufacturers’ instructions (LRC) or allowed to self-cure (SRC), were stored
for 24 h, and then vertically, serially sectioned into 1-mm-thick slabs, which were analyzed using confocal laser scanning
microscopy. Fluorescent additives indicated where individual components of the bonding/cement systems were located.
Additional specimens were prepared and analyzed using a conventional scanning electron microscope. 

Results: AB2/LC and B1/LC exhibited nonuniform primer/adhesive layer thickness. AB2/SC showed adhesive resin
penetration within the primed dentin, and resin cement penetration at the entrance of the dentin tubules.
B1/SC/LRC demonstrated resin cement penetration within the hybrid layer and into the dentin tubules. More resin
cement penetration was observed in B1/SC/SRC groups than in its LRC equivalent. 

Conclusion: The morphological features and component interactions among materials at resin/dentin interfaces are
related to the activation modes of the primer/adhesive layer and of the resin cement used.
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thermore, polymerized adhesive layers created by 5th gen-
eration bonding agents usually contain residual water and
have a high content of hydrophilic monomers. The pres-
ence of these components makes the polymerized bond-
ing layer more susceptible to hydrolytic degradation than
layers containing more hydrophobic monomers and less
residual water, such as those created by 4th generation
adhesive systems.8,30 

To overcome these limitations, another clinical ap-
proach was developed in which the dentin bonding agent
is left unpolymerized before application of the resin ce-
ment. Some studies demonstrate that the pressure of
resin cement during delivery of a restoration may cause
collapse of demineralized dentin.9,17 However, this tech-
nique allows maximum restoration seating11 and might
create an adhesive layer composed of the mixture of bond-
ing agent and resin cement. This new, combined layer
would contain fewer hydrophilic monomers and more hy-
drophobic monomers that are attributed to the resin ce-
ment components, improving the long-term durability of
the bonded interface as a consequence.8,30 However, no
information exists regarding the creation of such a layer
when dentin bonding agents are left in the uncured state
before resin cement application. 

Confocal laser scanning microscopy (CLSM) is well
suited to study the presence of bonding agent compo-
nents and resin cement on the dentin surface or even
within the hybrid layer. This technique permits accurate co-
localization of resins by the incorporation of fluorescent
markers prior to their application. CLSM is capable of indi-
vidually exciting different fluorochromes by applying selec-

tive wavelengths.6,7 Therefore, fluorochromes with well-
separated emission spectra allow analysis of the mixture
and interaction between adhesive resin and resin cement
components. 

The purpose of this study was to evaluate by CLSM and
SEM the features of bonded interfaces of indirect resin
composite restorations placed in extracted human teeth
created by 4th and 5th generation dual-curing dentin
bonding agents combined with their respective dual-curing
resin cements when each was either allowed to self-cure
or was exposed to light through a precured disk of resin
composite. Visualization of specimen cross sections was
made using both CLSM and conventional scanning elec-
tron microscopy (SEM). The null hypotheses were that: 1)
when not light activated prior to resin cement application,
the dentin bonding agent and resin cement components
will be observed on the dentin surface and/or within the
hybrid layer created by these materials used in their dual-
curing form; and 2) light activation of the bonding agent
prior to cementation will produce a uniform adhesive layer
and only a superficial mixture between adhesive and resin
cement with no presence of cement resin at or within the
hybrid layer. 

MATERIALS AND METHODS

Adhesive Resin Preparation for Confocal Laser Scanning
Microscopy
Commercial 4th- and 5th-generation, dual-curing dentin ad-
hesive systems and their corresponding dual-curing resin

Table 1  Manufacturers and compositions of dual-curing adhesive systems used

Product 
(code)
(manufacturer) Composition (batch number) Manufacturer’s instructions 

All Bond 2 Primer A: acetone, ethanol, Na-N-tolylglycine, glycidyl- Mix primers A and B. Apply 5 consecutive coats to 
(AB2) methacrylate dentin; dry all surfaces for 5 to 6 s with an air syringe, 
(Bisco) (0500003574). light cure 20 s. Apply thin layer of Pre-Bond
4th Generation Primer B: acetone, ethanol, biphenyl dimethacrylate Resin immediately prior to cementation. 

(0500003579). Air thin. Do not light cure.
Pre-Bond Resin: bis-GMA, TEG-DMA, 
benzoyl peroxide, BHT (0500004345).

Bond 1 Activator: methacrylate monomers in ethanol and/ Mix one drop of Bond1 Dual Cure Activator
(B1) or acetone, benzoyl peroxide, acetone (128878). with 2 drops of Bond1 Primer/Adhesive. Using a
(Pentron) Resin: mixture of PMGDM, a condensation product fully saturated brush tip each time, apply two coats of  
5th Generation of PMDA and glycerol, dimethacrylate HEMA and Bond1 Primer/Adhesive to tooth within 10 s. Apply a 

TMPTMA in ethanol and/or acetone with photoinitiator, gentle stream of air for a minimum of 10 s. Hold 
amine accelerator and stabilizer, pyromellitic dianhy- air syringe 1 inch (2.54 cm) from site, positioned 
dride (129121). so as not to disturb resin surface. (Avoid excess of 

Bond1 Primer/Adhesive in internal line angles or point 
angles.)

TEG-DMA: triethylene glycol dimethacrylate; bis-GMA: bisphenol A diglycidyl ether methacrylate; PMDA: pyromellitic dianhydride; PMGDM: pyromellitic glycerol
dimethacrylate; BHP: butylated hydroxytoluene; TMPTMA: trimethylolpropane trimethacrylate; HEMA: 2-hydroxyethyl methacrylate; GPDM: glycerophosphoric acid
dimethacrylate.
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cements were used (Table 1). Fluorescein-labeled dextran,
neutral. 4000 average-molecular weight (FDx, 4KD; batch
#123K0723, Fluorescein-Isothiocyanate-Dextran, FD4,
Sigma; St Louis, MO, USA) was incorporated into Primers A
and B of All Bond 2 (40 μg/ml in each bottle) and into
Bond 1 primer/adhesive resin (Pentron; Wallingford, CT
USA) (160 μg/ml in each bottle). Rhodamine B (RhDx;
batch #121K3688, RITC/Rhodamine B, R6626, Sigma)
was mixed with Pre-Bond resin of All Bond 2 (6.4 μg/ml)
(Bisco; Schaumburg, IL, USA), as well as with the dual-cur-
ing resin cements Duolink (0.32 μg/mg) (Bisco) and Lute-it
(0.32 μg/mg) (Pentron). When added to the resin cements
(Table 2), the dye was incorporated into the base paste
and was mixed with a spatula until the base paste chang-
ed shade uniformly. The dye-laden cement component
was returned to the original syringe from which it was ex-
truded. The dyes were added directly to the containers of
the adhesive resins provided by the manufacturers and
were continually agitated in a mixing device (Vortex Ma-
chine, Scientific Industries; New York, NY, USA) for at least
2 h to provide complete dye dissolution. 

Indirect Restorative Bonding Procedures
Sixty freshly extracted, erupted human third molars, which
were stored in saturated thymol solution at 5°C for no
longer than three months, were used following a protocol
approved by the Human Assurance Committee at The
Medical College of Georgia (HAC #0403333). Teeth were
transversally sectioned in the middle of the crown using a
diamond blade (number 11-4244, Series 15HC Diamond,
Buehler; Lake Bluff, IL, USA) on an automated sectioning
device (Isomet 2000, Buehler) under water irrigation, ex-
posing areas of middle-depth dentin. The exposed dentin
surfaces were wet polished by machine (Supermet
Grinder, item #48-1581, Buehler) with 600-grit SiC paper
(pn 810-281-PRM, Silicon Carbide PSA Discs, Leco; St
Joseph, MI, USA) to create a flat surface with standard
smear layer formation before being bonded with the adhe-
sive systems.31

Sixty light-activated composite resin disks (2 mm thick
and 10 mm in diameter, A2 shade, Z250, lot #5LB, 3M
ESPE; St Paul, MN, USA) were prepared to simulate overly-
ing laboratory-processed indirect composite resin restora-
tions. The surface of each precured resin disk that was 
to be bonded was sandblasted (air pressure: 80 psi; dis-
tance from the tip: 1.5 cm; Comco MB 1002, COMCO; Bur-
bank, CA, USA) with 50-μm aluminum oxide particles (lot 
# 51116150, micron white, Danville Engineering; San Ra-
mon, CA, USA) for 10 s. 

Prepared teeth were randomly divided into twelve
groups (n = 5). Flow charts of the fabrication of each spec-
imen type are presented in Figs 1 and 2. All adhesive sys-
tems and resin cements were manipulated and applied to
the dentin surfaces according to manufacturers’ instruc-
tions (control): light activation (20 s, sn #202149, XL
3000, 3M ESPE), power density of 600 mW/cm2 (as mea-
sured using a laboratory grade spectral radiometer DAS
2100, Labsphere; Sutton, NH, USA) of the Primer A and B
mixture of All Bond 2. The mixture of Bond 1 and the acti-
vator component was left in the uncured state prior to
placement of the respective resin cements (Table 1). For
the experimental groups of the 4th generation product, the
mixture of primers A and B were applied and left in the un-
cured state, relying completely on any self-curing mecha-
nism, and Bond 1 was light activated for 20 s prior to the
resin cement application. The penetration pattern of Pre-
Bond resin into the primed dentin when All Bond 2 was
used was evaluated using four additional experimental
groups, in which rhodamine B was incorporated into the
Pre-Bond resin instead of into the resin cement (Fig 1).

The mixed resin cement pastes were applied to the 
precured composite disk following manufacturers’ in-
structions, and the disk was positioned and fixed to the
adhesive-coated dentin surface under a load of 500 g for
5 min, during which the resin cement was allowed to self-
cure. When the cementing materials were light activated
through the precured composite disk, the curing unit tip
was positioned against the composite disk surface and
each specimen was exposed for 40 s (XL 3000, 3M ESPE). 

Table 2   Manufacturers and compositions of the dual-curing resin cements used

Product (Manufacturer) Composition Batch number

Duolink
(Bisco) Base: bis-GMA, TEG-DMA, glass filler, urethane dimethacrylate.

Catalyst: Bis-GMA, TEG-DMA, glass filler. 0500003751

In both base and catalyst: UDMA, HDDMA, amine and inorganic
Lute-It! pigments (in base only), benzoyl peroxide (in Catalyst only), Base: 130666
(Pentron)  UV Stabilizers (in both base and catalyst), barium glass, 

inorganic fluoride, borosilicate glass, silane silica zirconia. Catalyst: 126388

TEG-DMA: triethylene glycol dimethacrylate; bis-GMA: bisphenol A diglycidyl ether methacrylate; UDMA: urethane dimethacrylate; HDDMA: 
1,6-hexanediol dimethacrylate. 
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Confocal Laser Scanning Microscopy Analysis
The restored teeth were stored in vegetable oil (Crisco
Pure Vegetable Oil, J. M. Smucker Company; Orrville, OH,
USA; expiration date Oct 2007) for 24 h to prevent loss of
water and dye and were vertically, serially sectioned into
several 1-mm-thick slabs using a diamond blade (Buehler;
Lake Bluff, IL, USA) on a sectioning device (Isomet Low
Speed Saw, Buehler; Evanston, IL, USA) under oil lubrica-
tion. The slabs were stored in vegetable oil for 24 h and
were analyzed under CLSM (LSM 510 Meta Confocal Mi-
croscope, Zeiss; Göttingen, Germany) performed at the
Cell Imaging Core Facility of the Medical College of Geor-
gia. Images were recorded onto DVD disks for further
analysis by Zeiss Image Examiner Physiology image analy-
sis software. An argon laser at 488 nm and He-Ne laser at
543 nm provided excitation energies. The intensity of the
excitation source and photomultiplier amplification were
kept constant during the investigation period. CLSM im-
ages were recorded in the fluorescent mode. The visual-
ized layer was selected approximately 10 μm below the
sample surface and images were recorded with an oil im-
mersion objective (40X, numerical aperture 1.3). The sizes
of the recorded images were 230.3 x 230.3 μm2 and 76.8
x 76.8 μm2, at a resolution of 1024 x 1024 pixels. Images
were recorded at magnifications of 770X and 3000X from
three different regions along the bonded interface of each
specimen. The different dyes provided specific emission
wavelengths for each resinous component at the resin/
dentin interface. Therefore, the mixture of primers A and B
from All Bond 2 and Bond 1 emitted a green shade and
Pre-Bond resin and the resin cements emitted a red shade
when excited by the appropriate lasers. Because this was

an observational evaluation only, no statistical analysis
was performed and only visual differences among experi-
mental groups were considered as findings. The general
appearance of the 5 replications from each experimental
group was used to characterize trends observed for that
test condition.

Scanning Electron Microscopy Analysis
An additional 24 extracted, caries-free, erupted human
third molars were prepared, restored with the same dual-
curing cementing systems and pre-cured composite disks
as described before, and were stored in water at 37°C for
24 h. The restored teeth were vertically sectioned in 
the middle using a diamond blade (Buehler; Lake Bluff, IL,
USA) on a sectioning device (Isomet Low Speed Saw,
Buehler) to expose the resin/dentin interface. The bonded
interfaces were wet polished with 1200- and 2000-grit SiC
paper and with 6- and 3-μm diamond pastes. A 5N HCl so-
lution was applied to the specimen interfaces for 10 s to
remove the inorganic components from the dentin sur-
face. The specimens were washed with water, immersed
in 2.5% NaOCl for 10 min, and then ultrasonicated for 1
min to remove all exposed collagen after treatment with
acid, so only the hybrid layer and resin tags remained at
the adhesive interface. Afterwards, the specimens were al-
lowed to dry overnight at 37°C. They were then sputter
coated with gold (MED 010, Balzers; Balzers, Liechten-
stein) and examined using a scanning electron microscope
(VP 435, Leo; Cambridge, UK) at 770X and 3000X.

Arrais et al
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Fig 1 Schematic diagram of the experimental
groups created according to the curing modes
of the adhesive layer and resin cement for All
Bond 2/Duolink.
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RESULTS

Figures 3A, 3B, and 3C show CLSM images, and Fig 3D
presents the SEM image of bonded interfaces created
when All Bond 2/Duolink was applied according to manu-
facturer’s instructions (control), where the mixture of
primers A and B and the resin cement were each light acti-
vated separately. The primer light activation formed two
different interfacial morphologies, one exhibiting a nonuni-
formly thick primer layer (arrows, green shade, Fig 3A) and
the other one showing the bonded interface without
primer layer (Fig 3C). A thin yellow line was observed be-
tween the adhesive and resin cement layers (Fig 3B).
When the primer layer was not evident on the SEM image
(Fig 3D), it was noticed that the resin cement penetrated
into the entrance of the dentinal tubules (asterisks, red
shade, Fig 3C) and a red line was noted between the
dentin surface and the resin cement layer (arrows). Similar
morphological features were observed (not presented
here) when All Bond 2 was applied according to the manu-
facturer’s instructions and the resin cement was allowed
to self-cure.

Figures 4A and 4B present the bonded interface cre-
ated when All Bond 2 was applied to dentin, the mixture of
primers A and B was left in the uncured state, and the
resin cement was light activated through the pre-cured
composite disk. Figure 4C shows an SEM image from

specimens restored following the same experimental pro-
tocol. In this experimental group, fluorescein (green) was
added to the primer and rhodamine (red) was added to the
resin cement. A superficial penetration of the resin ce-
ment was observed at the top of the hybrid layer (arrows,
Fig 4B), and dark spots, related to the presence of Pre-
Bond resin, were noted within the resin cement layer at
the top of the dentin surface (asterisks, Figs 4A and 4B).
SEM images demonstrated a thinner hybrid layer than that
observed in CLSM images.

Figures 5A and 5B show the bonded interface using
CLSM. Figure 5C presents the SEM image created when All
Bond 2 was applied to the dentin surface, the primer was
left in the uncured state, and the resin cement was light
activated, but rhodamine was added to the adhesive resin
(Pre-Bond) instead of to the resin cement. Pre-Bond resin
(red) penetrated into all dentin tubules to apparently simi-
lar depths, approximately 12 μm (Fig 5A), and changes in
the red shade (from light to dark red) were also observed at
the adhesive/resin cement layer (asterisks, Fig 5B). A light
orange-shaded area was noted at the top of the hybrid
layer (arrows, Fig 5B), indicating the mixture between
primer and Pre-Bond resin at the top of the hybrid layer.
When compared to the hybrid layer in the CLSM image, the
thinner hybrid layer in the SEM image (Fig 5C) after acid-
base challenge seemed to correspond to the hybrid layer
region containing both primer and Pre-Bond resin.

Vol 11, No 1, 2009 19
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Fig 2 Schematic diagram of the experimen-
tal groups created according to the curing
modes of the adhesive layer and resin ce-
ment for Bond 1/Lute-it.
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Fig 4 Bonded interface created when All Bond 2/Duolink was applied to the dentin surface; the primer (green) was left in the uncured
state (experimental group) and the resin cement (red) was light activated. (A) A uniform hybrid layer and a dark red layer (asterisk) were
noted along the whole extension of the dentin surface. The green shade above the resin cement corresponds to the primer AB, which was
applied to the resin disk’s surface according to the manufacturer’s instructions. (B) Superficial resin cement penetration (arrows) was
noted at the entrance of the dentin tubules, and a dark red layer (asterisk) corresponding to the presence of Pre Bond resin was observed
within the resin cement layer (RC). (C) Representative SEM image of the bonded interface. HL – hybrid layer; RT – resin tag; D – dentin; CD
– composite disk.

Fig 3 Bonded interface cre-
ated when All Bond 2/Duolink
was applied to the dentin sur-
face, and the primer (green)
and the resin cement were
light activated for the 40 s as
recommended by the manu-
facturers (control). RC – resin
cement; HL – hybrid layer; RT
– resin tag; D – dentin; AL –
adhesive layer; CD – compos-
ite disk. (A) Representative
CLSM image exhibiting a
nonuniform primer layer (ar-
rows). (B) The presence of a
primer layer (AL) and the mix-
ture between oxygen-inhibited
uncured primer and resin ce-
ment components were noted
(between arrows). (C) No pri-
mer layer was observed in
some regions, which showed
the resin cement penetration
at the entrance of dentin tu-
bules (asterisks) and a red
line corresponding to the de-
position of organic matrix
from the resin cement (be-
tween arrows). (D) Represen-
tative SEM image of the
bonded interface. 
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Figures 6A and 6B show the bonded interfaces created
by All Bond 2/Duolink on the dentin surface when the mix-
ture of primers A and B was left in the uncured state and
the resin cement was allowed to self-cure. Figure 6C corre-
sponds to the SEM images obtained from dentin restored
following a similar experimental protocol. The penetration
of resin cement was observed at the entrance of most
dentin tubules (Figs 6A and 6B, arrows). However, no mor-
phological evidence of the presence of resin cement in the
dentin tubules, such as the presence of filler particles at

the entrance of the dentin tubules, was found in SEM im-
ages (Fig 6C). 

Figures 7A and 7B present CLSM images of the bonded
interfaces. Figure 7C shows the SEM interface created
when Bond 1 was left in the uncured state and the resin
cement was light activated through cured composite resin.
The change in shade from green to light yellow, orange, or
even to red represents mixing between the bonding agent
and resin cement within the hybrid layer (Figs 7A and 7B).
The SEM image indicates a hybrid layer thickness similar

Vol 11, No 1, 2009 21
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Fig 5 Bonded interface created when All Bond 2/Duolink was applied to the dentin surface, the primer (green) was left in the uncured
state (experimental) and the resin cement was light cured for 40 s, but rhodamine was incorporated to Pre-Bond resin (red) instead of in
the resin cement (RC). (A) Pre-Bond resin penetration (red) into the dentin tubules and at the top of the hybrid layer was noted throughout
the length of the dentin surface. (B) Orange areas indicating the mixture between Pre-Bond resin (red) and the primer (green) within the
hybrid layer (arrows) and the mixture between Pre-Bond resin and resin cement (darker red areas, asterisks) were noted more clearly at
higher magnification. (C) Representative SEM image showing corresponding areas of the bonded interface. RC – resin cement, HL – hy-
brid layer; RT – resin tag; D – dentin.

Fig 6 Bonded interface created when All Bond 2/Duolink was applied to the dentin surface. The mixture of primers A and B (green) was
left in the uncured state (experimental) and the resin cement (red) was allowed to self-cure. (A) The penetration of the resin cement com-
ponents (red) was noted at the entrance of dentin tubules along the whole extension of the bonded interface. (B) Deeper resin cement
penetration (red, arrows) at the entrance of the dentin tubules was observed when compared to the resin cement penetration observed
when the resin cement was light activated (Fig 4B). (C) Representative SEM image showing the bonded interface. RC – resin cement layer;
HL – hybrid layer; RT – resin tag; D – dentin; CD – composite disk.
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to that observed in the CLSM images; however, no evi-
dence of mixed components was seen. 

When Bond 1 was not light activated and the resin ce-
ment was allowed to self-cure (Figs 8A and 8B), a darker
red shade was observed at the bottom of the hybrid layer
in comparison to the shade observed within the hybrid
layer when the resin cement was light activated (Figs 7A
and 7B). Deeper penetration of resin cement components
(red) into dentin tubules along the entire bonded interface
was also observed (Figs 8A and 8B). Filler particles within

the resin cement layer were visible (arrows), but no such
particles were noted within the dentin tubules.

Figures 9A and 9B show the bonded interfaces using
CLSM, and 9C presents the SEM images created by Bond
1/Lute-it when the adhesive and resin cement layers were
each light activated separately. A nonuniformly thick adhe-
sive layer was observed (Fig 9A). Some regions exhibited
thick adhesive layers (Fig 9B, approximately 22 μm) and
the mixture between resin monomers from the oxygen-in-
hibited uncured adhesive and resin cement layers was

Arrais et al
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Fig 7 Bonded interface created when Bond 1/Lute-it was applied to the dentin surface, the bonding agent (green) was left in the uncured
state and the resin cement was light activated (manufacturer’s recommended directions, control). (A) Resin cement (red) penetration was
observed into the entrance of all dentin tubules. A change in shade from green to yellow within the hybrid layer is seen denoting mixture
between resin cement components (red) and bonding agent (green) along the whole bonded interface. (B) Higher magnification showing
the resin cement (red) penetration into the dentin tubules and within the hybrid layer. (C) Representative SEM image of the bonded inter-
face. RC – resin cement; HL – hybrid layer; RT – resin tag; D – dentin; CD – composite disk.

Fig 8 Bonded interface created when Bond 1/Lute-it was applied to the dentin surface, the bonding agent was left in the uncured state
(control) and the resin cement was allowed to self-cure. (A) Intense resin cement penetration (red) was observed into all dentin tubules
and within the hybrid layer along the entire bonded interface. (B) Higher magnification showing the change in shade from green to red
within the hybrid layer denoting the higher concentration of resin cement components within the hybrid layer. The distribution of filler par-
ticles (dark areas, arrows) was also noted within the resin cement layer, but none were present in the hybrid layer. RC – resin cement; HL
– hybrid layer; RT – resin tag; D – dentin; CD – composite disk.
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noted along the entire interface length (Fig 9B, orange
line, arrows). Separate adhesive and hybrid layers were
also evident in the SEM images. The same application
technique of Bond 1/Lute-it also created bonded inter-
faces without a separate adhesive layer above the hybrid
layer (Figs 10A to 10C). Those interfaces were character-
ized by resin cement infiltration at the top of the hybrid
layer (Fig 10B, arrows) and at the entrance of the dentinal
tubules (Fig 10C, asterisks). 

DISCUSSION

The results of this study demonstrated that resin cement
and bonding agent components created a combined,
mixed layer on the dentin surface when both the 4th and
5th generation adhesive systems were applied to den-
tin and left in the uncured state. Therefore, the first null 
hypothesis was validated for the cementing systems. 
However, only the bonded interfaces created by the 5th
generation adhesive and its respective resin cement exhib-
ited a new combined layer within the hybrid layer. 

The bonded interfaces created by the 5th generation
bonding agent differed from those created by the 4th gen-
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Fig 9 Bonded interface created in the 5th generation product when Bond 1/Lute-it was applied to the dentin surface and bonding agent
and resin cement were light activated separately (experimental). (A) A nonuniform adhesive layer (green) and a 9-μm thick hybrid layer
(green) were observed along the entire bonded interface. (B) A thick hybrid layer (green) and a yellow/orange line denoting the mixture be-
tween uncured, air-inhibited dentin bonding layer (AL) and resin cement (between arrows) were noted. (C) Representative SEM image of
the bonded interface. HL – hybrid layer; RT – resin tag; RC – resin cement; D – dentin; AL – air-inhibited layer; CD – composite disk.

Fig 10 Bonded interface created when Bond 1/Lute-it was applied to the dentin surface and bonding agent (green) and resin cement
(red) were light activated separately. (C) Representative SEM image of the bonded interface. (C) No adhesive layers were observed at
some regions of the bonded interface when the bonding agent was light activated and resin cement penetration (red) into the dentin
tubules (arrows) in those regions. (B) Resin cement penetration was also observed into the demineralized dentin (yellow-orange area, as-
terisks). RC – resin cement; HL – hybrid layer; RT – resin tag; D – dentin.
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eration system (All Bond 2/Duolink), which demonstrated
penetration of resin cement components only at the en-
trance of the dentin tubules (Figs 4 and 6). A singular fea-
ture of 4th generation adhesives is the use of separate
bottles containing primer and bonding resin. According to
the manufacturer’s instructions, Pre-Bond bonding resin
must be applied to the dentin surface after application
and light activation of the mixture of primers A and B. The
adhesive resin functions to link resin composite to primed
dentin, and is composed of a high concentration of hy-
drophobic monomers, such as bis-GMA (Table 1). This
monomer may be responsible for the high viscosity ob-
served in Pre-Bond resin. As can be observed in Fig 3, Pre-
Bond resin combines with the resin cement during seating
of the indirect restoration. Therefore, it is possible to spec-
ulate that presence of the viscous Pre-Bond resin impairs
resin cement diffusion through it and within the hybrid
layer when the primer was left in the uncured state. This
speculation may be confirmed by the observation that an
apparently deeper penetration of the resin cement at the
entrance of the dentin tubules was observed when the
resin cement was allowed to self-cure only (Fig 6).

Surprisingly, the 5th generation dual-curing cementing
system (Bond 1/Lute-it) showed resin cement components
not only into the dentin tubules, but also within the hybrid
layer (Figs 7 and 8). The darker orange and red shades
correspond to higher concentrations of resin cement com-
ponents within the hybrid layer, while the yellow color 
represents lower concentration. Therefore, higher concen-
tration of resin cement components was observed at the
top of the hybrid layer and into the dentin tubules as well,
and lower concentration of those components was ob-
served at the bottom of the hybrid layer. The infiltration of
such resin cement components within the hybrid layer can
be attributed not only to the low viscosity of the 5th genera-
tion bonding agent Bond 1, but also to the low viscosity of
Lute-it when compared to that of Duolink (Table 2). The re-
sultant effects of this mixture between dentin bonding
agent and resin cement components on the mechanical
properties at the hybrid layer will depend on the chemical
compatibility among components, monomer conversion,
and curing mode as well.1,2,24 However, assuming conflu-
ence, it is reasonable to assume that presence of the
more hydrophobic resins from the cement at and into the
hybrid layer would substantially improve the physical prop-
erties of the polymer formed in those areas.

Self-curing components, or co-initiators, were added to
these bonding systems to overcome the chemical incom-
patibility between dual-curing resin cements and acidic
monomer from the bonding agents.14 Otherwise, the ter-
tiary amines from the peroxide-amine component can
react with acidic monomers to form a charge transfer com-
plex (CT complex)4 and lose their ability as reducing
agents in the redox reaction.23,24,34 As a consequence, a
poor polymerization reaction would be expected from the
combined adhesive/resin cement layer or from the mix-
ture between the primer/adhesive oxygen-inhibited
layer21,23 and resin cement components at the top of the
light-activated bonding agent layer. This mixture between
the primer/adhesive oxygen-inhibited layer was repre-

sented by the light orange line between the primer/ad-
hesive and resin cement layers (arrows) (Figs 3B and 
9B). Therefore, this interaction between resin cement and
bonding agent components is only acceptable when dual-
curing adhesive systems are used, even when the primer
and adhesive layer are light activated prior to resin cement
application.

When Bond 1 was applied to dentin and left in the un-
cured state (the manufacturer-recommended condition), a
significant change in shade within the hybrid layer was ob-
served when self-cured resin cement groups were com-
pared with the light-activated ones. A light yellow hybrid
layer was observed when the resin cement was light acti-
vated, while a dark red hybrid layer was noted when Lute-it
was allowed to self-cure. Such differences in shade are
probably related to the longer resin cement setting time
promoted by its self-polymerization, which can take sev-
eral minutes.20,22 Therefore, the longer setting time al-
lowed deeper resin cement penetration within the hybrid
layer and co-mixture of these compounds with those of the
primer/adhesive material. This change in monomer com-
position within the hybrid layer may result in higher con-
tent of hydrophobic monomers, which can contribute to
longer durability at not only the adhesive layer but also
within the hybrid layer.8,30

A nonuniformly thick adhesive layer, which was totally
absent at some bonded interfaces, was observed when
the primer/adhesive layers of both 4th and 5th generation
bonding agents were light activated before the indirect
restoration was seated (Figs 3A, 3C, 10A, 10B). Therefore,
the second hypothesis of the current study was rejected.
Although the 3-D features of the CLSM images do not pro-
vide a clear indication about differences in dentin tubule
density, it is possible that a thinner or absent primer/ad-
hesive layer is related to the higher density of dentin
tubules when the bonding agents were applied to these
deep dentin surfaces.12 More primer/adhesive resin
would be necessary in deep dentin to compensate its
higher permeability due to the higher dentin tubule den-
sity, and consequently create a uniform layer on the
dentin. On the other hand, the same amount of primer/ad-
hesive resin may create a thick layer when applied to other
dentin surfaces where tubule size and density may be less
(Figs 3B and 9B). The layer thickness observed in some re-
gions (approximately 25 μm, Fig 9B) can compromise the
internal adaptation of indirect restorations and, as a con-
sequence, may promote a thicker luting space at some in-
ternal and marginal areas of the restoration.11,13,19

Several clinical and in vitro investigations revealed the lut-
ing space as being the weakest part of a ceramic inlay
restoration.16,25,27 For these reasons, in order to avoid a
nonuniform or thick polymerized adhesive layer (Figs 3B,
9B, 9C), care must be taken when a gentle air stream is
applied before light activation, in order to create a uniform
layer not only at the preparation surfaces, but also at its
internal line angles. Moreover, careful visual analysis of
the bonded restoration may allow the clinician to distin-
guish regions with a thick adhesive layer before light acti-
vation.

Arrais et al
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The SEM analysis (Figs 3D, 4C, 5C, 6C, 7C, 9C, 10A)
was a useful tool to distinguish and confirm the micromor-
phological structures observed at the adhesive interface
of the CLSM images. The acid treatment (5N HCl) com-
bined with 2.5% NaOCl was used to provide clear observa-
tion of the hybrid layer morphology and resin tags:
demineralization of dentin and removal of unprotected col-
lagen fibrils. However, other studies demonstrated that
specimen polishing and acid treatment can damage the
micromorphology and change hybrid layer composi-
tion.5,32,33 On the other hand, as specimen preparation
for CLSM analysis does not involve chemical superficial
treatments, and imaging is obtained below the surface,
the micromorphology of the adhesive interface is pre-
served.3 Furthermore, the CLSM images provided detailed
information about component distribution from the adhe-
sive resin and resin cements at the resin cement layer and
within the hybrid layer as well, while such distinctions were
not possible using SEM analysis.

In summary, bearing in mind the limitations of this stu-
dy, the following statements can be made:

• A combined layer composed of primer/bonding agent
and resin cement was observed on the dentin surface
and at the entrance of the dentinal tubules when a 4th

generation dual-curing adhesive system was used; the
5th generation dual-curing bonding agent used created
the combined layer not only on the dentin surface, but
also within the hybrid layer and in the dentin tubules.

• Light activation of the primer for All Bond 2 and bond-
ing agent for Bond 1 before cementing an indirect
restoration provided a nonuniform adhesive layer, which
was also totally absent in some regions, and did not
allow monomer infiltration from the resin cement or
Pre-Bond resin into the hydrophilic bonding agent and
dentin. 

• The option of not light curing the bonding agent prior to
the application of resin cement can be a reliable tech-
nique considering the changes in composition and mor-
phology of the adhesive interface. However, only
evaluation of the mechanical properties of adhesive in-
terfaces created when this technique is used will con-
firm its effectiveness. 

CONCLUSION

Based on the findings of this study, it is recommended
that care be taken when dual-curing 4th or 5th generation
adhesive systems are applied and indirect restorations are
cemented on bonded dentin. Much more knowledge is
needed to reliably provide adequate marginal adaptation
and proper formation of a combined layer at the bonded
interface. Further in vivo studies are needed to evaluate
the effects of dentinal fluids under pulpal pressure on the
penetration of dual-curing resin cements into dentin
tubules and within the hybrid layer, as well as to validate
the clinical performance of the mixture created by dual-
curing bonding agents and resin cements such as those
observed in this study.
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Clinical relevance: A new combined resin cement/
bonding agent layer is created during the cementation
of indirect resin composite restorations when the bond-
ing agent is left in the uncured state prior to the appli-
cation of the resin cement. This combined layer would
be more hydrophobic than the layer composed of solely
bonding agent due to the addition of hydrophobic
monomers from the resin cement.




