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Abstract
Type I collagen is a major component of the hybrid layer, and improvement of its mechanical
properties may be advantageous during bonding procedures.

Objective—To investigate the effect of three different cross-linking agents (Glutaraldehyde
[GD], Grape seed extract [GSE], and Genipin [GE]) on the tensile bond strength (TBS) of resin-
dentin bonds.

Materials and Methods—Sixty-four sound human molars were collected and their occlusal
surfaces were ground flat to expose dentin. Dentin surfaces were etched using a phosphoric acid
and then teeth were randomly divided according to the dentin treatment: Control group (no
treatment), 5% GD, 6.5% GSE or 0.5% GE. Teeth were restored either with One Step Plus or
Adper Single Bond Plus adhesive systems and resin composite. After 24 hours, teeth were
sectioned to produce a cross-sectional surface area of 1.0 mm2 and tested for tensile bond strength.
Data were statistically analyzed using ANOVA and Fisher's PLSD tests (p< 0.05). There was a
statistically significant interaction between factors (treatment and adhesive p<0.001). Treatment
affected TBS (p< 0.0001), while no differences were observed between the adhesive systems (p =
0.6961).

Conclusion—Chemical modification to the dentin matrix promoted by GD and GSE, but not
GE, resulted in increased bond strength. The application of selective collagen cross-linkers during
adhesive restorative procedures may be a new approach to improve dentin bond strength
properties.
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Introduction
Current adhesive systems bond to dentin through a micromechanical mechanism based on
the formation of a hybrid layer [1,2]. The hybrid layer, a collagen-resin interface, is the most
vulnerable portion of the bonded interfaces where stress tends to concentrate and most
failures take place [3,4]. While bonding to enamel substrate has been shown to be reliable
over-time, bonding to dentin substrate is a great challenge [5,6]. Dentin represents the bulk
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of the tooth and a reliable long-term bond is essential for the success of adhesive
restorations. In lieu of the challenges associated with degradation of the dentin-adhesive
interface over time, continuous research has been done in order to improve the mechanical
properties of the adhesive interface. Two main methods to increase the dentin/resin interface
properties have to be considered: the continuing improvement/development of new adhesive
systems and the establishment of tissue engineering/biomimetics approaches to improve the
intrinsic properties of the substrate.

Intrinsic collagen cross-links provide the tensile properties of collagen molecules. The use of
extrinsic collagen cross-linking agents can induce additional formation of inter and intra-
molecular cross-links [7,8]. Selective cross-linking agents have been demonstrated to
increase the ultimate tensile strength and elastic modulus of demineralized dentin [9,10].
Glutaraldehyde (GD), a synthetic cross-linking agent, is widely used as fixative agent [11]
and has been reported to improve mechanical properties of various collagen-based tissues
[9,10,12,13,14,15]. Genipin (GE), a natural occurring cross-linking agent, not only has
shown to improve the mechanical properties of various protein-based biomaterials
[10,16,17], but presents low toxicity when compared to GD [16,17]. Proanthocyanidin (PA),
widely present in fruits, vegetables, nuts, seeds, flowers is a potent anti-oxidant cross-
linking agent with vast biological activities. Recently, the use of a Grape seed extract,
mainly composed of PA, has been shown to improve the mechanical properties of
demineralized dentin. [9,10]

The aim of this study was to evaluate the effect of 3 collagen cross-link agents on the
microtensile bond strength (μTBS) of two etch-and-rinse adhesive system to dentin. The null
hypothesis tested was that the use of cross-linking agents in vitro would not increase the
tensile bond strength when compared to a control (no treatment).

Materials and Methods
A. Teeth Preparation

The use of sixty-four sound extracted human molars in this investigation was approved by
the Institutional Review Board Committee from the University of Illinois at Chicago
(protocol #2006-0229). The teeth were collected, cleaned from debris and stored in distilled
water with 0.5% thymol crystals solution. Teeth were ground flat and perpendicular to their
long axis using 180, 320 and 600 grit Silicon Carbide (Buehler, Lake Bluff, IL, USA) paper
respectively under running water to exposed dentin (Figure 1).

B. Dentin surface pre-treatment
Teeth were randomly divided according to the dentin treatment (n = 16): Group 1 - control
group (Phosphate Buffer Solution, PBS); Group 2 - treated with 5% Glutaraldehyde in PBS
(Fisher Scientific); Group 3 - treated with 6.5% Grape Seed Extract (MegaNatural-
Polyphenolics Ind) in PBS, and group 4 treated with 0.5% Genipin (Wako Pure Chemical
Ind) in PBS. All solutions had the pH adjusted to 7.4 using NaOH. Prior to treatment, the
dentin surface was etched using a 37% and 35% phosphoric acid gel (3M ESPE, St Paul,
USA or Bisco, Schaumburg, USA), respectively, for 15 seconds, then thoroughly rinsed
with water for 15 seconds and kept moist. Teeth were immersed in their respective solutions
for 1 hour. The concentrations of cross-linking agents were used based on previous studies
[9,10].

C. Restorative procedures
After dentin treatment, the teeth were further divided into two subgroups (n = 8 teeth),
according to the adhesive system used: ethanol-based Adper Single Bond Plus -SB (3M
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ESPE) or acetone-based One Step Plus - OS (Bisco). The adhesive systems were used
following manufacturers instructions. A hybrid resin composite restorative material (Z250,
3M ESPE) was placed over the bonded surfaces incrementally (5 mm total thickness) to
allow for gripping during the tensile testing. Increment thickness was limited to 2mm, and
curing was accomplished for 40 seconds per increment (Demetron LC, SDS Kerr,
Germany).

D. Microtensile bond strength testing (TBS)
For TBS evaluation, all restored teeth were stored in distilled water at 37° C for 24 hours.
After that time, the restored teeth were sectioned perpendicular to the bonded interface into
0.7±0.2 mm2 thick slabs using a slow speed diamond saw (Buehler-Series 15LC Diamond,
Lake Bluff, IL) under cooling water. The slabs were further trimmed at the interface using a
fine diamond bur (no. 557D, Brasseler, Savannah, GA) in a high speed handpiece to produce
a cross-sectional surface area of 1.0 mm2. The specimens were glued on a jig placed on a
tensile tester machine (Bisco, Schaumburg, USA) and subjected to tensile force at a
crosshead speed of 1 mm/min. Means and standard deviations were calculated and expressed
in MPa. Data were statistically analyzed using a 2 way ANOVA and Fisher's PLSD with
95% confidence level.

E. Fracture pattern analysis
The debonded interfaces were visually classified as: adhesive failure at the interface,
cohesive failure in composite, or in adhesive. After debonding, all fractured specimens were
stored in 10% neutral buffered formalin solution (Fisher Scientific) and selected specimens
were evaluated under scanning electron microscopy (SEM). Specimens were mounted on
aluminum stubs, left to dry for 24 hours and gold sputter-coated (SEM Coating Unit E5150,
Polaron Equipment Ltd., PA, USA). The micromorphology of the fractured interface was
assessed using a scanning electron microscope (S-3000N Hitachi, Tokyo, Japan).

Results
The means and standard deviations (MPa, SD) were calculated and are shown in Table 1.
There was a statistically significant interaction observed between factors (treatment and
adhesive systems, p <0.0001). The different treatments resulted in statistically significant
differences (p <0.0001), while the use of different adhesive systems had no effect on the
bond strength (p =0.6961). The highest bond strength was observed for GSE treated groups
(74.4 MPa, p <.0001), which was statistically higher than all the other experimental groups.
GD treatment also resulted in a statistically increase in the TBS when compared to the
control group (68.96 MPa, p <0.0001). There was no statistically significant difference
between the TBS values of GE-treated samples and control groups (44.13 MPa and 43.70
MPa respectively, p =0 .7178).

The mode of fracture interface was visually assessed for every specimen. The majority of
the fractured interfaces were at the interface. When analyzed under SEM, results showed
distinct pattern for GD and GSE treated groups when compared to GE treated and control
group. GD and GSE treated samples presented interface failures at the top of the hybrid
layer (Figures 2 and 3). Hence, the morphology of the fractured interfaces is slighty atypical
because the components of the bond have undergone excessive strain and plastic
deformation. For instance, the fractured resin tags shown in Figure 2 have much larger
diameters than normal due to elastic/plastic recoil. GE-treated and control samples showed
similar pattern of interfacial fractures mostly present at the bottom of the hybrid layer
(Figures 4 and 5).
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Discussion
GD has been investigated in various studies as a potential collagen cross-linking agent
[7,10,13]. Despite its ability to induce cross-links in collagen, it is known for its cytotoxicity
[18,19,20]. In the present study, the use of GD increased the bond strength for both
adhesives when compared to control (Table 1). Bedran-Russo et al., [9] used GD to evaluate
the effect of cross-linking agents on undemineralized and demineralized dentin treated for 4
and 40 hours. Their results showed no difference in tensile strength of GD-treated group
when compared to control. However, increased stiffness of demineralized dentin following
use of 5% and 25% Glutaraldehyde was reported using a 3-point bending method [10]. The
study reported that the modulus of elasticity of GD-treated samples increased as a function
of exposure time and concentration [10]. The present study suggests that the presence of
exogenous cross-links induced by GD were sufficient to positively affect the mechanical
properties of the exposed dentin matrix and consequently increase the TBS. The increase of
TBS was observed for both adhesive systems. GD reacts primarily with the ε-amino groups
of lysyl (or hydrolysyl) residues by using its aldehyde functional groups [11,13,19]. An
experiment proposed by Ritter et al. [13] on bovine teeth showed that the use of GD on
demineralized dentin resulted in reduction of the free lysyl and hydrolysyl residues in
collagen hydrolysates, which likely represent new formed cross-links.

On the other hand, GSE, a natural occurring compound, interacts with proteins to induce
cross-links by four different mechanisms: covalent interaction, ionic interaction, hydrogen
bonding interaction or hydrophobic interactions [7,21,22]. Therefore, GSE has far more
interaction ability with collagen than GD and ability to affect the mechanical properties of
dentin [10]. In the present study, treatment of the dentin surface using 6.5% GSE produced
the highest TBS values that were statistically higher than the control group. It has been
reported that the stiffness of demineralized dentin can be affected by the concentration and
exposure time to GSE solution [9]. The results of the present study demonstrate that changes
to the mechanical properties of dentin matrix promoted by GSE [9,10], resulted in increased
dentin bond strength. In addition, the effect of GSE on TBS was statistically higher than all
the other groups. A competitive binding assay studied the relative affinity of various
proteins and PA showed that proline-rich proteins like collagen have an extremely high
affinity for PA based components [7,23], forming a Proline-PA complex. The stabilization
of collagen fibers through hydrogen bond formation resulted in an increase in the
denaturation temperature of the fixed tissue [7,23]. Therefore, the high TBS of GSE treated
groups are most likely due to changes to the dentin collagen which increased its mechanical
properties and consequently the adhesive bonded interface components that incorporate
collagen, i.e. hybrid layer.

In contrast, GE did not show a significant difference when compared to the control. The GE
reaction mechanism with biological tissue is not clear yet. One proposition by Fujikawa et
al., [17] states that GE reacts with amino acid to form a nitrogeniridoid spontaneously,
which then undergoes dehydration to form an aromatic monomer. GE may react with free
amino groups of lysine, hydroxylysine, or arginine to form intra or intermolecular cross-
links within a collagen molecule or between adjacent collagen molecules [8,18]. The lack of
increase in TBS in the GE-treated group could be explained by the fact that GE has a slower
rate of cross-linking induction when compared to GD and GSE. GE-treated dentin matrix
has been reported to increase only after 40 hours treatment [10]. Hence, the modulus of
elasticity of demineralized dentin treated with GE increased only after 24 hours exposure
(unpublished data). Therefore, one hour of GE treatment most likely did not affect the TBS
of dentin due to limited treatment time for GE to induce exogenous cross-links and
consequently affect the mechanical properties of the dentin collagen.
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When the fractured interfaces were evaluated under SEM analysis, it was observed that the
GD and GSE treated groups showed a more consistent failure mode. The failures were
mainly in the adhesive layer and the top of the hybrid layer (Figures 2 and 3). On the control
and GE treated groups, the fractured pattern was observed on the bottom of the hybrid layer
(Figures 4 and 5). We suggest that changes to the fracture pattern of GD and GSE treated
samples can be related to an increase in the properties of the hybrid layer, since the
chemically modified collagen present improved properties. Control and GE presented
similar patterns as GE did not affect the bond strength when compared to the control group.
The findings support the ability of certain collagen cross-linkers to improve the dentin
matrix properties, thus enhancing dentin bonded interfaces by increasing the hybrid layer
properties. The adhesive bonding process to dentin takes place through a micromechanical
mechanism with the formation of a hybrid layer [1,2]. The bond takes place by the
impregnation of the dentin substrate through blends of resin monomers, where the formation
of a compact and homogeneous hybrid layer is heavily dependent upon the stability of the
bonded interface [24,25]. At the same time that the hybrid layer is essential for dentin
bonding, it is also the weakest and most vulnerable component of the interface. Two dentin
adhesive systems were employed in the study to assess possible effect of the bonding system
components on the TBS after dentin treatment. One Step plus is an acetone-based system,
while Adper Single Bond is a water/ethanol system. The present study observed that no
statistically significant differences were observed between the bonding agents and dentin
treatment. Thus changes to the dentin matrix promoted by GSE and GE, were not adhesive
system dependent. Therefore, the null hypothesis must be rejected.

In conclusion, the use of GD and GSE, as collagen cross-linkers, increased the bond strength
to dentin when compared to the control group. Treatment with GD and GSE more than
doubled the TBS and SB and increased the TBS of OS by 47 and 69%, respectively. GE had
no significant effect on TBS when compared to the control group. Modifications to the
dentin matrix promoted by GD and GSE resulted in increased bond strength. The
pretreatment time may be reduced by increasing the concentration of cross-linkers or by
using several cross-linkers simultaneously to make it more clinical applicable. Thus, the
application of collagen cross-linkers during adhesive restorative procedures may be a new
approach to improve dentin bond strength properties.
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Figure 1.
Illustration of specimen selection (1), treatment (2), restorative procedures (3) and testing
(4). GD (Glutaraldehyde); GSE (Grape seed extract); GE (Genipin).
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Figure 2.
Representative SEM images of the debonded interfaces treated with Control group, One
Step Plus adhesive system. The most common fractured surface was at the bottom of the
hybrid layer. White arrows: Hybrid layer; T: Resin tags.
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Figure 3.
Representative SEM images of the debonded interfaces treated with glutaraldehyde, One
Step Plus system. Debonding pattern present at the adhesive layer/top hybrid layer. White
arrows: Adhesive resin.
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Figure 4.
Representative SEM images of the debonded interfaces treated with grape seed extract, One
Step Plus adhesive system. Debonding pattern present at the adhesive layer/top hybrid layer.
White arrows: hybrid layer; black arrows: Dentin tubules.
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Figure 5.
Representative SEM images of the debonded interfaces treated with Genipin, One Step Plus
adhesive system. Samples fractured at the bottom of hybrid layer. White arrows: peritubular
dentin; Black arrows: Hybrid layer.
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Table 1

Changes to the microtensile bond strength values [MPa, Mean (standard deviation)] for two adhesive systems
following use of collagen cross-linkers.

Adhesive systems Dentin treatment

Control GD GSE GE

Adper Single Bond 33.38 C
(6.79)

68.96 B
(3.91)

71.06 A
(14.59)

43.70 C
(8.23)

One Step Plus 44.13 C
(8.54)

65.46 B
(8.06)

74.40 A
(10.08)

34.80 C
(4.09)

Different letters indicate statistically significant (p<0.05) differences within each horizontal row.

GD (Glutaraldehyde); GSE (Grape seed extract); GE (Genipin)
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