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ABSTRACT
Statement of problem. Improved stability of the adhesive interface can be obtained using
crosslinkers. However, research on the use of crosslinkers in root dentin is lacking.

Purpose. The purpose of this in vitro study was to evaluate the effect of crosslinkers on the
proteolytic activity of root dentin and on the bond strength of resin-cemented fiber posts.

Material and methods. Single root canals were obtained from premolars (n=48) and endodonti-
cally treated before being divided into 4 groups: deionized water (control), 0.5 mol/L carbodiimide,
5% proanthocyanidin, or 5% glutaraldehyde. After removing the canal sealer, the dentin was etched
with phosphoric acid, followed by water rinsing and the application of the crosslinkers for 60
seconds. Fiber posts were cemented using an adhesive (Single Bond 2) and resin cement (RelyX
ARC). The roots were then transversally sectioned to obtain 1 mm thick specimens from the
cervical, middle, and apical thirds and then aged for 24 hours or 9 months. Nine roots per group
were used for the push-out test and 3 for determining the proteolytic activity of the root dentin
by in situ zymography. Bond strength data were submitted to a mixed-model ANOVA and
Bonferroni tests (a=.05).

Results. Only proanthocyanidin negatively affected the 24-hour bond strength. After 9 months, a
significant decrease in bond strength was seen for all groups, except for the crosslinked treated
specimens from the cervical third of the root canal. Intense gelatinolytic activity was detected in
the control group after 24 hours but was inhibited in the crosslinker-treated groups. Proteolytic
activity was also not detected after 9 months for the groups treated with the crosslinkers,
irrespective of the root canal third. Conversely, proteolytic activity increased for the specimens
from the control group.

Conclusions. Although no proteolytic activity was detected in the hybrid layers along the entire
root canal, dentin biomodification with crosslinkers was effective in preventing bond strength loss
only in the cervical third. (J Prosthet Dent 2018;119:494.e1-e9)
The major cause of adhesive
failures is the degradation of
the hybrid layer,1 a bio-
compound formed by the
entanglement of resin mono-
mers and dentin proteins,
mainly collagen.2-5 This layer
is responsible for the me-
chanical retention of the resin
material and for sealing
dentin.2 However, the pres-
ence of water permeating the
hybrid layer and the action of
dentin proteases degrading
the collagen compromise the
long-term stability of the
resin-dentin bond.6-10

Dentin is composed of
approximately 45% mineral
content by volume, 33%
organic content (mostly type I
collagen), and 22% water.11

After etching, nearly 10 mm of
the surface of the dentin is
demineralized. The composi-

tion of the etched dentin zone then becomes, by volume,
33% organic content and 67% water.12 The presence of
water at this point of the bonding procedure is important
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Clinical Implications
Determining whether dentin biomodification with
crosslinkers interferes with the bond strength of
fiber posts cemented to root canal dentin and
protects hybrid layers from degradation is essential
before considering their clinical use. The
stabilization of bond strengths and the inhibition of
dentin proteases promoted by these crosslinkers
could increase the longevity of prosthetic
procedures that use resin adhesion to root dentin.
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collagen network shrinkage.13 Maintenance of an
expanded collagen network is imperative to keep the
interfibrilar spaces for the adhesive system infiltration
and formation of the hybrid layer.13,14 Conversely,
excessive water at the moment of monomeric infiltration
facilitates the separation of hydrophilic and hydrophobic
monomers15,16 and negatively influences monomeric
conversion,17 contributing to the formation of imperfect
hybrid layers.15,18 Moreover, the presence of water en-
ables the activity of dentin endopeptidases such as matrix
metalloproteinases (MMPs) and cysteine cathepsins,
which break down collagen by adding a water molecule
to the polypeptide chain (hydrolases).6,8 MMP-2, -3, -9,
-8, and -20 are found in sound, mineralized dentin.19-21

The durability of the hybrid layer depends on the
intrinsic resistance of its constituents to the degradation
processes.22 While the resin component is susceptible to
the esterase-catalyzed hydrolysis,23 collagen is suscep-
tible to both hydrolytic and protease-mediated degra-
dation.24,25 Some natural and synthetic agents have
been used to increase the number of crosslinks that
occur naturally within and between collagen molecules
and fibrils (endogenous crosslinks). The new exogenous
crosslinks make the collagen more resistant to degra-
dation.26-34 The most investigated crosslinkers are car-
bodiimide (1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride; EDC), proanthocyanidin
(PA), and glutaraldehyde (GD).29,30,35,36 In addition to
increasing the number of collagen crosslinks, these
agents are MMPs and cysteine cathepsins nonspecific
inhibitors.34,37-39 Thus, hybrid layers produced in the
presence of crosslinkers are more resistant to degrada-
tion and more stable over time.26-34

The effects of crosslinkers have been studied on in-
terfaces produced with coronal dentin,35,36 with little
information available about the performance of these
agents on hybrid layers formed with the root canal
dentin.40-42 Unfavorable conditions at the time of the
establishment of the resin-root dentin bond include the
use of chemical agents during endodontic treatment,41

high cavity configuration factor (C factor) of the root
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canal, difficulties in adequately evaporating solvents,
limited access of light in the deeper portions of the canal
to proper polymerization of the resin material, and
contamination of the dentin walls by root canal filling
material.43

Coronary and radicular dentin differ as to the pres-
ence and concentration of MMP-2, -9, and -1344,45 and
have different mechanical properties, such as lower
hardness and elastic modulus.46 Therefore, investigating
whether the positive effects obtained when crosslinkers
are used in the coronal dentin adhesion process are
also seen in bonding to root canal dentin is important.
Thus, the null hypotheses tested were that the bio-
modification of the root canal dentin with crosslinkers
has no effect on the immediate bond strength of fiber
posts cemented with a resin-based luting material, on the
proteolytic activity of the dentin, and on the stability of
the hybrid layers after aging.

MATERIAL AND METHODS

Forty-eight roots of single-rooted human premolars were
obtained after approval by the institutional review board
of the Araraquara Dental School (FOAr)-UNESP (CAAE,
34373314.6.0000.5416). Thirty-six roots were selected for
push-out testing and 12 for in situ zymography.

The canals were prepared by 1 trained operator
(J.R.L.A.) using the step-back technique up to file num-
ber 35K (Dentsply Sirona), followed by irrigation with 5
mL of 2.5% NaOCl. The canal was then dried with paper
cones and irrigated with 17% ethylenediaminetetraacetic
acid (EDTA) for 3 minutes under agitation, followed by
neutralization, suction, and drying. At the end of the
chemical-mechanical preparation, the canal was filled
with gutta percha with endodontic sealer (AH Plus;
Dentsply Sirona). The teeth were stored for 1 month in
100% humidity at 37�C. The gutta percha was removed
with Gates-Glidden burs (Dentsply Sirona) to a depth of
at least 8 mm. Glass fiber posts (FGM Dental Products)
were disinfected with ethanol (99.8 vol%) for 60 seconds
and then thoroughly air dried before the application of a
silane (RelyX ARC Primer; 3M ESPE).

Before bonding, the root canal dentin was etched
with 35% phosphoric acid (Ultra Etch; Ultradent Prod-
ucts, Inc) for 15 seconds, followed by rinsing with
deionized water for 20 seconds. Excess water was
removed with paper points, keeping the dentin surface
moist. The etched root dentin was treated for 60 sec-
onds with deionized water (control); 0.5 mol/L EDC
solution (Sigma-Aldrich Corp); 5% PA solution (0.0084
mol/L, Vitis vinifera; Shaanxi Sinuoti Biotech Co Ltd), or
5% GD solution (0.0499 mol/L; Sigma-Aldrich Corp).
After 60 seconds, the canal was rinsed for 10 seconds
and dried with paper points. The adhesive (Single
Bond 2; 3M ESPE) was applied in 2 consecutive layers,
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 1. Bond strength (MPa) of fiber posts bonded to root canal dentin
obtained by push-out test. Groups identified by same lowercase or
uppercase letter not statistically different (P>.05). *Nine-month
aging groups statistically different from respective group at 24 hours
(P<.05).

494.e3 Volume 119 Issue 3
followed by solvent evaporation with a mild blast of air.
The adhesive system was light activated for 20 seconds
with a light-emitting diode unit (Radii Plus; SDI Ltd)
emitting an irradiance of 1000 mW/cm2. After applica-
tion of the adhesive, resin cement (RelyX ARC;
3M ESPE) was inserted into the canal with a dental
explorer. The resin cement was also applied to the
surface of the post before it was inserted into the root
canal. The cement was light activated for 40 seconds
with the light tip placed at 1 mm from the cervical end of
the root.

After 24-hour storage at 37�C and 100% humidity,
the roots were transversely cut into 1 mm thick disks
with a diamond blade coupled to a metallographic saw
(ISOMET 1000; Buehler). Two disks were obtained from
each cervical, middle, and apical third of the root. One
disk from each third was used for the immediate tests,
THE JOURNAL OF PROSTHETIC DENTISTRY
and the remaining disks were stored immersed in arti-
ficial saliva solution (50 mM HEPES; 25 mM
CaCl2∙2H2O; 0.2 mM zinc chloride; pH 7.4) for 9
months.

The push-out test was performed in a universal
testing machine (DL-Digital Line; EMIC Ltd) equipped
with a 200 N load cell operating at the speed of 1.0 mm/
min. The dentin disks were placed in the machine in
such a way that the wider surface of the disk remained
facing downward. A metal tip attached to the testing
machine was positioned in the central portion of the
dentin disk and in contact with the glass fiber post;
therefore, it could be freely moved without touching the
walls of the root canal. The movements were initiated by
means of a computer program (Tesc-Script Test; EMIC
Ltd) until the specimen was completely extruded. Bond
strength (in MPa) was calculated by dividing the
extrusion load (N) by the total area (A) of the cemented
post: A=p (r1+r2)√(r1-r2)2+2h, where r1 is the larger
radius, r2 is the smaller radius, and h is the specimen
height.

The specimens were evaluated in a stereomicroscope
(Mod SZX7; Olympus Corp) to determine the type of
fracture in magnifications from ×10 to ×30. The fractures
were classified into 5 groups: adhesive between post and
resin cement (without visible cement around the post);
mixed with resin cement covering up to 50% of the
circumference of the post; mixed with resin cement
covering more than 50% of the circumference of the
post; adhesive between resin luting cement and dentin
(post completely covered with resin cement); or cohesive
in dentin.41

To detect protease activity in the hybrid layer and root
canal dentin, a protocol based on Mazzoni et al10 was
used. Each disk was bonded to acrylic blades with
cyanoacrylate resin (Henkel Ltd), taking care to avoid
blisters between the disk and the acrylic resin surface.
The specimens were then reduced with 1200- and 4000-
grit silicon carbide abrasive papers until the final thick-
ness was 0.3 mm and stored in deionized water at 4�C for
24 hours. The technique of in situ zymography was
performed using a gelatinase/collagenase assay kit
(EnzChek; Thermo Fisher Scientific). Fifty microliters of
gelatinous solution containing fluorescein was applied on
the dentin disks, which were covered by a glass coverslip
and stored in the dark in an incubator at 37�C in 100%
humidity. As a control reaction, a group treated with the
gellike solution but without fluorescein was tested. The
specimens were analyzed under a fluorescence micro-
scope (DM 5500; Leica Microsystems), with excitation
498 nm and emission 530 nm, after 24 hours of incuba-
tion. Images were obtained using a fluorescence micro-
scope green channel, with ×20 increase (objective lens)
and a gain of 1.1. The images were analyzed with ImageJ
software (National Institutes of Health) with an 8-bit
Alonso et al



Table 1.Distribution of failure mode for specimens obtained from cervical third of root canal aged for 24 hours or 9 months in artificial saliva

Aging Period CrossLinker

Failure Mode

Adhesive Between
Post and Cement

Mixed (Up to 50%
Cement-Covered Post)

Mixed (More Than
50% Covered Post)

Adhesive Between
Cement and Dentin Cohesive in Dentin

24 h Deionized water 3 (37.5%) 1 (12.5%) 2 (25.0%) 2 (25.0%) 0

0.5 mol/L EDC 6 (85.7%) 0 0 1 (14.3%) 0

5% PA 0 1 (11.1%) 2 (22.2%) 6 (66.7%) 0

5% GD 7 (77.8%) 0 0 2 (33.3%) 0

Total count 16 (48.5%) 2 (6.1%) 4 (12.1%) 11 (33.3%) 0

9 mo Deionized water 4 (44.4%) 1 (11.1%) 2 (22.2%) 2 (22.2%) 0

0.5 mol/L EDC 6 (75.0%) 1 (12.5%) 0 0 1 (12.5%)

5% PA 2 (22.2%) 3 (33.3%) 2 (22.2%) 2 (22.2%) 0

5% GD 2 (22.2%) 5 (55.6%) 1 (11.1%) 1 (11.1%) 0

Total count 14 (40.0%) 10 (28.6%) 5 (14.3%) 5 (14.3%) 1 (2.9%)

Data presented as count (% within crosslinker). EDC, carbodiimide; PA, proanthocyanidin; GD, glutaraldehyde.

Table 2. Compilation of failure mode distribution for middle and apical thirds of root canal in specimens aged in artificial saliva for 24 hours
and 9 months

Aging Period CrossLinker

Failure Mode

Adhesive Between
Post and Cement

Mixed (Up To 50%
Cement-Covered Post)

Mixed (More Than 50%
Covered Post)

Adhesive Between
Cement and Dentin Cohesive in Dentin

24 h Deionized water 8 (47.1%) 0 3 (17.6%) 5 (29.4%) 1 (5.9%)

0.5 mol/L EDC 10 (58.8%) 2 (11.8%) 3 (17.6%) 1 (5.9%) 1 (5.9%)

5% PA 3 (16.7%) 3 (16.7%) 4 (22.2%) 7 (38.9%) 1 (5.6%)

5% GD 8 (47.1%) 2 (11.8%) 3 (17.6%) 3 (17.6%) 0

Total count 29 (42.6%) 7 (10.3%) 13 (19.1%) 16 (23.5%) 3 (4.3%)

9 mo Deionized water 5 (27.8%) 2 (11.1%) 4 (22.2%) 6 (33.3%) 1 (5.6%)

0.5 mol/L EDC 9 (50.0%) 4 (22.2%) 3 (16.7%) 1 (5.6%) 1 (5.6%)

5% PA 6 (33.3%) 0 5 (27.8%) 6 (33.3%) 1 (5.6%)

5% GD 12 (70.6%) 0 0 5 (29.4%) 0

Total count 32 (45.1%) 6 (8.6%) 12 (16.9%) 18 (25.4%) 3 (4.2%)

Data are presented as count (% within crosslinker). EDC, carbodiimide; PA, proanthocyanidin; GD, glutaraldehyde.
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grayscale, 34 to 200 contrast, and a threshold value of 28
to 30. The presence of fluorescence was indicative of
proteolytic degradation.

Bond strength data were submitted to 3-way mixed
ANOVA with 1 between-group factor (crosslinker) and 2
repeated-measures factors (root canal third and aging
period), complemented by the Bonferroni multiple
comparisons test. The possible association between the
dentin treatment and the mode of failure was analyzed
by Fisher exact tests (a=.05 for all tests).
RESULTS

The bond strength values (immediately [24 hours] and
after 9 months of aging) for the different thirds of the
root canal dentin, as a function of the crosslinkers, are
shown in Figure 1. All 2-way interactions (Cross-
linker×Aging period, P<.001; Crosslinker×Root canal
third, P<.001; and Aging period×Root canal third,
P=.003) and the 3-way interaction (Crosslinkers×Root
canal third×Aging period, P=.045) exerted a significant
effect on bond strength. Overall, bond strength values
Alonso et al
to cervical root canal dentin were statistically higher
(P<.001) than bond strength values to apical root canal
dentin, except for PA groups, at 24 hours of aging
(Fig. 1). For specimens treated with PA, no statistical
differences (P>.05) were noted among the 3 radicular
thirds.

For the cervical third after 24 hours of aging, all
groups had bond strength values statistically similar
(P>.05) to those of the control group, except for PA,
where significantly lower bond strengths (P<.05) were
observed when PA was compared with EDC and GD
(Fig. 1). As for the middle and apical thirds of the root
canal, similar results were seen. The mean bond
strengths of PA and GD were statistically similar to those
of the controls (P>.05), but a significant difference
(P<.05) was detected between these 2 crosslinkers
(Fig. 1). After 9 months of aging, crosslinkers exerted a
protective effect against degradation of the hybrid layer
only for the cervical third of the root canal. Significant
reduction in bond strength was observed in the control
group, while bond strengths did not differ from the
values obtained after 24 hours for all crosslinker groups.
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 2. Fluorescence microscope images from control group (deionized water) (original magnification, ×20). A-C, No fluorescein added to gelatinous
solution applied over specimen; therefore, no proteolytic activity seen. D-F, Fluorescein incorporated into gelatinous solution. As activated proteases
degrade gelatin, emitted fluorescence is captured by microscope. F, Intense proteolytic activity seen in hybrid layer (bright green) (pointer). FP, fiber
post; LC, luting cement; RD, root dentin.
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Conversely, a significant reduction (P<.05) in bond
strength was found after 9 months of storage in artificial
saliva, irrespective of the dentin treatment, for all spec-
imens from the middle and apical thirds of the root canal
(Fig. 1).

A significant association between the type of treat-
ment and the mode of failure was found only for the
cervical third of the root canal at the 24-hour aging
period (Fisher exact test=17.945; P=.005) (Table 1). At the
24-hour aging period, the percentage of failures
increased between the fiber post and the luting cement
after the use of EDC and GD, while after the use of PA,
the percentage of failures increased between the luting
cement and the dentin. For the PA crosslinker, a shift was
noted from predominantly adhesive failures between the
luting cement and the dentin after 24 hours of aging to
mixed failures after 9 months. A shift in the distribution
of failure type was also seen for GD. While adhesive
failures between the fiber post and the luting cement
were predominant at the 24-hour aging period, after 9
months of aging, mixed failures predominated. A
compilation of failure type for the middle and apical
thirds of the root canal is shown in Table 2.

Validation of the in situ zymography is shown in
Figure 2. After aging for 24 hours, specimens from the
control group showed intense fluorescence in the hybrid
layer for all 3 root canal thirds (Fig. 3A-C). In contrast, no
fluorescence in the hybrid layer was detected in speci-
mens treated with EDC (Fig. 3D-F), PA (Fig. 3G-I), or
GD (Fig. 3J-L). After 9 months of aging, fluorescence was
also not seen in the specimens treated with the
THE JOURNAL OF PROSTHETIC DENTISTRY
crosslinkers, while gelatinolytic activity was detected in
all specimens from the control group (Fig. 4).
DISCUSSION

The immediate bond strength of fiber posts cemented to
root canal dentin with a resin-based luting material was
negatively affected by the application of PA, while the
performance of EDC and GD after 24 hours of aging was
similar to that of the control where the traditional wet-
bonding technique using only water was performed.
Therefore, the first null hypothesis, no difference for any
group, was rejected. The 5%PA solution had a dark brown
color, and undissolved particles could be seen in the final
solution. Even after rinsing the PA solution after the 60
seconds of application, the dentin remained brownish.
The pigmentation of dentin is a disadvantage of PA that
could limit its clinical use, especially in anterior restora-
tions. Because PA residues on the dentin could adversely
influence bond strength, filtering the PA solution has been
suggested.35,41 Cecchin et al41 also evaluated the effect of
grape-seed extract, which is rich in PA, on bond strength
between fiber posts and root dentin. However, the authors
used higher concentrations of PA (6.5% and 10%) and a
much longer application time of 5 minutes. Nevertheless,
loss of bond strength was seen after 12 months of aging
when the 10% solution was used.

In specimens treated with PA most immediate failures
between cement and dentin were adhesive, while for
EDC and GD most failures occurred between the fiber
post and the cement (Table 1). An adhesive failure
Alonso et al



Figure 3. Fluorescence microscope images from 24 hours (original magnification, ×20). A-C, Intense fluorescence seen in hybrid layers (pointer,
bright green) from control group (deionized water). No fluorescence within hybrid layers, irrespective of root canal third. D-F, EDC-treated specimens.
G-I, PA-treated specimens. J-L, GD-treated specimens. Fluorescence seen along dentinal tubules corresponds to gelatinolytic activity in lamina limitans,
delicate layer of connective tissue that overlays dentinal tubules internally. EDC, carbodiimide; FP, fiber post; GD, glutaraldehyde; LC, luting cement;
PA, proanthocyanidin; RD, root dentin.
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pattern indicates reduced bonding and suggests that PA
residues might have interfered with the bond. However,
specimens treated with 5% PA had significantly reduced
proteolytic activity.

The same protease inactivation effect was also seen
for 5% GD and 0.5 mol/L EDC (Fig. 3). Therefore, the
second null hypothesis was rejected. Shafiei et al40 also
demonstrated no interference of EDC on the immediate
bond strength values of all the resin cements investi-
gated. The authors applied EDC at a concentration of
0.3 mol/L for 60 seconds. In the present study, a clini-
cally feasible time of application was also investigated,
Alonso et al
and all crosslinkers were therefore kept passively in
contact with the dentin for 60 seconds before
rinsing.32,38-40

The results of in situ zymography demonstrated a
significant reduction in the proteolytic activity of root
dentin, which was virtually absent up to 9 months after
the application of the crosslinkers. Similar results have
been reported for coronal dentin with the same appli-
cation time of 60 seconds.32,33,38,39 Additionally, EDC in
the same concentration used in this study, applied for 30
or 60 seconds, led to the increased modulus of elasticity
of dentin collagen.47
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 4. Fluorescence microscope images from 9 months (original magnification, ×20). A-C, Intense fluorescence evident in hybrid layers (pointer,
bright green) from control group (deionized water), especially for apical third of root canal. Even after 9 months of aging, no fluorescence seen within
hybrid layers, irrespective of root canal third. D-F, EDC-treated specimens. G-I, PA-treated specimens. J-L, GD-treated specimens. Fluorescence seen
along dentinal tubules corresponds to gelatinolytic activity in lamina limitans. EDC, carbodiimide; FP, fiber post; GD, glutaraldehyde; LC, luting cement;
PA, proanthocyanidin; RD, root dentin.
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In situ zymography uses fluorescence48 to identify
active forms of proteolytic enzymes in biological speci-
mens.24 These enzymes degrade the gelatinous substrate
applied on the specimens, and the fluorescence intensity
is directly proportional to the proteolytic activity of the
tissue. As a nonspecific test, fluorescence represents the
total activity of tissue proteases. For dentin, this means
that in situ zymography detects the activity of MMP-1, -2,
-8, -9, -13, and -20 as well as cysteine catepsins.19-21,49

Intense proteolytic activity, which was concentrated in
the hybrid layer, was observed for the water-treated
specimens (control). This high activity in the hybrid
THE JOURNAL OF PROSTHETIC DENTISTRY
layer region indicated the release and activation of dentin
proteases that were not enveloped by the adhesive sys-
tem because of the acid etching.22 Once free, these en-
zymes degraded the gelatinous substrate from the
zymography kit, resulting in the intense fluorescence
observed for the control group. Conversely, absence or
minimal fluorescence was observed in the groups treated
with crosslinkers. These results validate the ability of
these crosslinkers to inhibit dentin proteases as reported
previously.10,27-32,37-39

The inactivation mechanism of MMPs by crosslinkers
is related to changes in the catalytic domain of the
Alonso et al
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enzyme or to the allosteric inhibition of other domains
that participate in the degradation of collagen by modi-
fying the structural conformation of the enzyme.50,51 The
same stiffness on the collagen due to the increased
number of intramolecular, intermolecular, and sinterfi-
brilar crosslinks induced by the crosslinker22,27 also oc-
curs when the dentin enzymes come into contact with
these agents. The new crosslinks between amino acids
within the catalytic site of the enzymes may irreversibly
alter the spatial conformation or flexibility of the cleftlike
catalytic domain and prevent its optimal recognition and
complexing with the collagen substrate.51,52 A recent
study36 demonstrated that the durability of the inhibition
of dentin proteases was both crosslinker and dose
dependent. According to the same study, the proteolytic
inhibitory effect of 5% PA and GD, as used in the present
study, lasts up to 6 months.

Loss of bond strength was seen for the water-treated
group (control) after 9 months of storage in artificial
saliva. Conversely, the use of crosslinkers decelerated
hybrid layer degradation, and bond strengths were
similar. However, that positive effect was limited to the
cervical third of the root canal (Fig. 1). The third null
hypothesis was also partially rejected.

These results should be interpreted with caution
because the interfaces were directly exposed to the aging
solution and consequently subjected to intense chal-
lenge. In the clinical situation, the protective effect
exerted by the crosslinkers might be extended beyond the
cervical third of the root canal and needs further inves-
tigation. Despite the loss of bond strength seen for the
middle and apical thirds of the root canal, no fluores-
cence was detected in the hybrid layer of the crosslinker-
treated specimens (Fig. 4).

The results of the present study indicate that the effects
promoted by the crosslinkers lasted long enough to protect
the collagen against enzymatic degradation.36 However,
both collagen and resin polymer may still have been
subjected to the hydrolytic degradation imposed by the
water content within and around the hybrid layer,
decreasing the bond strength for the middle and apical
thirds of the root canal. Considering the challenging con-
ditions that need to be overcome to create a long-lasting
bond to root canal dentin,43,53 future studies should
investigate the effects of crosslinkers alone or combined
with other antidegradation strategies to improve the bond
strength and retention of radicular posts.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. EDC and GD did not interfere with the immediate
bond strength of fiber posts cemented to root canal
dentin.
Alonso et al
2. After 9 months of aging, all crosslinkers (EDC, GD,
and PA) prevented loss of bond strength, but only in
the cervical third of the canal.

3. Inhibition of proteolytic activity was seen along the
entire fiber posteroot canal dentin interface.
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