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ABSTRACT
Bond strength between the dentin and the restorative resins is deeply dependent on the nature of their
interface. Resins impregnate dentin, which is rich in collagen fibers. This in vitro study aimed to
evaluate the effect of collagen carbodiimide cross linker agent (EDC) on the mechanical properties of
the adhesive interface in endodontically treated teeth. Twenty upper premolar teeth were selected and
divided into two groups according to the dentin pretreatment procedures: no EDC application (group
A) and EDC application (group B). Three typical zones, i.e. the dentin, the radicular hybrid layer and
the resin, were analyzed using a Nanoindenter XP equipped with a diamond Berkovich indenter. The
input curve was characterized by loading and unloading phases with a strain rate value of 0.1 s-1
and, an intermediate dumbbell phase of 30 s. The maximum indentation depth was set to be 200 nm.
The load-displacement curves were analyzed by using the “Oliver and Pharr” method. The mean values
of nanoindentation modulus were determined for the dentin, the radicular hybrid layer and the resin for
both the samples with and without crosslinker. In general, the application of EDC was found to modify
the mechanical properties of the radicular hybrid layer. The mechanical properties of the radicular
hybrid layer could be related to the efficient infiltration of the adhesive systems and collagen crosslinker
through dentin.
Keywords: quasi-static nanoindentation, hybrid layer, collagen crosslinker, mechanical properties.

1 INTRODUCTION
The discipline of dental science includes the diagnosis of diseases in the mouth and teeth,
and the procedures involved in restoration of their integrity and function. Restoration of lost
tooth structure with suitable materials play an integral part in the successful rehabilitation of
oral tissue.
There are many examples of clinical problems that went through from a qualitative
assessment to a quantitative evaluation thanks to their modelling [1], [2], furthermore,
the application of classical experimental methods of structural analysis to the evaluation of
the efficacy of procedures or surgical techniques [3]–[7] or to the evaluation of the
mechanical characteristics of the materials used at different scales of investigation [8]–[10]
pushed the dental science forward.
The study of Buonocore [11] was the first to report that etching the enamel, to expose the
underling organic matrix of the tooth, improved the bond strength between the resin and
the enamel. The ability of the resin to penetrate the organic collagen network and envelope
apatite crystallites played a crucial role [12]. A transition zone defined hybrid layer, by
Nakabayashi et al. [13], and better observed through scanning electron microscopy [14]
confirms what was already found by Gwinnett and Matsui [12]. Exposed collagen matrix acts
like a scaffold [15] where the resin can infiltrate and establish a strong and durable bonding
with enamel or dentin.
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As reported in literature [16], the adhesion process to dentin or enamel occurs in two
different phases. In a first step the inorganic component is etched generating the structure
that in a successive step, defined hybridization phase, will be perfused by the resin.
Depending on the adhesion strategy, which Van Meerbeek classified in “etch and rinse” or
“self-etch” [16] the adhesion process can be performed in one, two or three phases correlated
to the number of steps required for the application of the resin. The adhesion strategy adopted
in this study was the “etch and rinse”, in this case the bonding lies mostly on the diffusion of
the resin into the collagen scaffold. The weak affinity between the functional groups of the
monomers and the exposed collagen make their chemical bonding very unlikely [16].
Although the findings of Buonocore pushed the use of dental resins in a new scenario,
some issues still are not completely overcome. Dealing with these adhesion procedures imply
a pre-treatment of dentin to eliminate the inorganic phase by using phosphoric acid solution.
Acidic treatment of the dentin onset the activation of the metalloproteinases (MMPs) through
an acid activation mechanism [17]. This procedure combined with the ionic and hydrophilic
nature of dental adhesives currently adopted, leads to the hydrolysis of collagen fibers [18]–
[20]. The MMPs activation and the water adsorption lead to a decline over time of the hybrid
layer and to a consequent failure of the bonding between the dentin and the resin [21].
Integrity of the collagen network is essential to preserve the stability and ensure the
durability of the hybrid layer over time. The use of crosslinkers is able to establish covalent
bonding with the exposed site of the enzymes in order to inactivate the MMPs is one of the
strategies currently applied [22]–[24]. The 1-ethyl-3(3-dimethylaminopropyl) carbodiimide
(EDC) is able to reduce the hydrolysis of collagen fibers [21] and stabilize the collagen matrix
[25], [26]. Moreover, treating the exposed collagen network with EDC for less than 1 minute
increases its stiffness [25], [27], and preserves the dentin bond strength when aged over than
one year in artificial saliva [28].
Bond strength between dentin and the resin composite is deeply dependent by the nature
of their interface [29], [30]. Nanoscopic Dynamic Mechanical Analysis (nanoDMA) was
applied to investigate the influence of the EDC [31] and, the effect of the biomimetic
remineralization [32] on the hybrid layer, furthermore, combining this technique with fatigue
test allowed to analyze the hybrid layer when undergone to cycling stress [33].
Effectiveness of the application of crosslinkers, such as EDC and chlorhexidine, on the
durability of dentin-resin bond, was also evaluated through microtensile test [33], [34].
All the studies reported the good efficacy of the EDC crosslinker to preserve the bond
strength over time.
Thus far, quasi-static nanoindentation test were performed to evaluate the nanomechanical
properties of the enamel and the dentin [35]–[37] or to evaluate the performance of cements
in dental restoration [10], and in the 1993 by Van Meerbeek’s group to study the effect of 4
different adhesive systems and conditioning agent on the resin-dentin bonding area [29].
Even if the nanoDMA method permits to obtain a useful mapping of the mechanical
properties of the hybrid layer with a very fine resolution, in order to obtain information from
the single phases that compose it, in this in vitro study quasi-static nanoindentation method
was adopted to evaluate the effect of EDC on the mechanical properties of the adhesive.
When opportunely set, through quasi-static nanoindentation method is possible to identify
the mechanical properties of the hybrid layer as a result of the contribution of all the phases
that compose it.
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2 MATERIALS AND METHODS
2.1 Restoration procedure
Twenty upper premolars teeth, extracted for periodontal reasons, were selected. The
inclusion criteria were: sound teeth extracted within one month, with nearly similar root size
(length > 12 mm) and no cracks under trans-illumination and magnification.
After 24 hours in water storage at 37°C, a standardized post space, 8 mm depth, was
prepared in each sample with a dedicated bur, etched for 15 s (Ultraetch, Ultradent Products
Inc.) with phosphoric acid, rinsed for 30 s and dried with air and paper point. Then, samples
were divided in 2 groups (10 samples for each group) according to the dentin pretreatment
procedure: no EDC application (group A) and EDC application (group B). In all samples, a
universal adhesive system (Scotchbond Universal, 3M Science Applied to LifeTM) was
employed in multiple application. A red stain was added to the adhesive system in order to
better recognize the hybrid layer. Then, fiber posts (Rebilda Post  1.2 mm, Voco GmbH)
were luted with a dual-curing luting cement (Rely-x Universal, 3M Science Applied to
LifeTM) and cured for 180 s (Celalux LED lamp, Voco GmbH). The coronal cavity was
restored with a nanohybrid composite (Filtek Supreme XTE, 3M Science Applied to LifeTM).
2.2 Sample preparation
The samples were embedded in resin and then sectioned with diamond saw in 1 mm thick
slices perpendicularly to the longitudinal axis, from the occlusal surface until the post end.
Each slice was flattened with ascending sandpapers till 2400 grit and, opportunely polished
in order to reach a reasonable value of the mean surface roughness [38].
From the center of the slice three typical regions can be identified. The cement in the
center and, in the outermost circular crown the dentin. The hybrid layer is the transition zone
where the adhesive system infiltrates the etched dentin, with and without pretreatment.
2.3 Nanoindentation procedure
Tests were carried out with the Nanoindenter XP (MTS System Corporation), equipped with
a diamond Berkovich indenter and characterized by a theoretical force resolution of 50 nN
and a theoretical displacement resolution lower than 0.01 nm. The shape function of the
indenter and the frame stiffness of the instrument were fine calibrated following the standard
procedure [39]. Input curve is characterized by loading and unloading phases imposing a
strain rate value of 0.1 s-1. Before the onset of the unloading step the maximum load value
was held for 30 s.
Depending on the etching agent used during the pretreatment procedure the width of the
hybrid layer varies from 3 µm to 6 µm [30], [32]. Tests were performed in displacement
control imposing a maximum value of indentation depth of 200 nm to assure that only the
mechanical properties of the hybrid layer were analyzed. The cross-section value obtained
from the calibration procedure at the set indentation depth is compatible with the hybrid layer
width [40]. Imposing such limit of the indentation depth allows to analyze only the
mechanical properties relative to the region of interest given the compatible dimensions of
the area under the indenter and the indented portion of the tooth slice.
The loading-displacement curves were then analyzed by using the Oliver and Pharr
method [39] in order to obtain the nanoindentation modulus.
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2.4 Statistical analysis
For each slice 20 indentation points have been selected for the resin, the hybrid layer and, the
dentin. A total of 800 indentations for group A and for group B for every region respectively
were performed. The outliers were identified and discarded through the modified Thompson
Tau Test before applying the one-way analysis of variance (ANOVA) test (p<0.05). In this
study we recognize two levels: no application of EDC (group A) and application of EDC
(group B). Nanoindentation modulus is the independent variable.
3 RESULTS AND DISCUSSION
Representative nanoindentation curves obtained for the dual-curing cement, the dentin and,
the hybrid layer is shown in Fig. 1.

Figure 1:

Representative nanoindentation curves obtained for: (a) Dentin; (b) Hybrid
layer; (c) Resin.

The amount of residual deformation seems to indicate that plasticization phenomena were
occurred. However, observing the indentation site at the end of the test no residual imprints
were detected. In other words, the misleading plastic deformation is due to the viscous
properties of the materials under investigation. When the load is totally removed the
deformation recovery continues, and the imprint becomes undetectable, such phenomenon
was already observed elsewhere [41]. No plasticization limit was reached to produce
permanent deformation due to the magnitude of the applied load. The holding time defined
before the onset of the unloading phase stabilize the time-dependent phenomena [42], [43],
allowing to apply the Oliver and Pharr method and calculate the nanoindentation modulus
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and the hardness of the cement. The displacement registered during the dwell time reported
in Fig. 1(A) indicates that the collagen fibers, which compose the dentin, heavily contribute
to defining the behavior of the tissue. Such response, better known as creep, characterizes the
class of polymeric materials. The displacement relative to the hybrid layer registered during
the dwell period is the higher when compared with the other two indented materials,
indicating a higher creep rate as summation of the effect due to the cement and to the collagen
fibers. Quantitative analysis of the nanoindentation curves is reposted in Fig. 2.

Figure 2:

Nanoindentation Modulus obtained for: (a) Dentin; (b) Hybrid layer;
(c) Resin. Values of nanoindentation modulus of the dentin and hybrid layer are
significant different for group A and group B (p<0.05).

The higher values of nanoindentation modulus were registered for the dentin due to the
presence of the inorganic material. Nanoindentation modulus mean values of dentin were
respectively 11.255 (± 4.871) GPa and 14.430 (± 7.249) GPa for the samples with EDC and
without.
As can be expected, the values obtained for the cement and the hybrid layer are very close
to each other since the hybrid layer is generated by the impregnation of demineralized dentin
by the cement.
Nanoindentation modulus mean values of cement, obtained for the samples with and
without EDC, were respectively 8.998 (±3.804) GPa and 9.690 (±3.033) GPa.
Nanoindentation modulus mean values of the radicular hybrid layer were respectively 7.828
(± 3.331) GPa and 8.855 (± 4.281) GPa.
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The mechanical properties of the dentin evaluated for the sample obtained using the EDC
are significantly lower than those obtained without EDC (p<0.05). The statistical difference,
however, cannot be ascribed to the EDC application considering that, the indentation sites
for the dentin were chosen far away from the region where the EDC was applied. As matter
of fact the statistical difference is due to the microstructure features of the dentin
composition, in other words the inter-variability between the two samples is due to the
collagen fiber network that encloses the inorganic phase and not to the EDC application [44],
[45].
No significant differences of the resin mechanical properties were found (p>0.05) between
group A and group B, as can be expected. The statistical analysis revealed, furthermore, that
the EDC application slightly modify the mechanical properties of the radicular hybrid layer
(p<0.05). Counterintuitive reduction of the nanoindentation modulus values of the hybrid
layer obtained for the spacemen of group B can be explained observing that the mechanical
properties of the dentin sample of this group are, on average, minor than those registered for
the control sample (group A). In other words, the slight, even if significant difference
between the mechanical properties obtained for the hybrid layer indicates that the EDC
crosslinker increases the links between the collagen fiber, [25]–[27], [46], [47] matching the
mechanical properties of the hybrid layer of the two groups.
4 CONCLUSION
The settings here adopted allow one to homogenize the contribution of the collagen fibers
and the cement trying to understand if the application of EDC for a period of 30 s modifies
the mechanical response of the hybrid layer as whole. The slight reduction of the
nanoindentation modulus of the hybrid layer observed for the EDC treated sample must be
ascribed to the microstructure of the dentin, that is characterized by a lower mean value of
nanoindentation modulus compared to that of the specimens of group B. Indeed, it can be
speculated that the cross-linker application of 30 s increases the links between the collagen
fibers strengthening the demineralized dentin and the resin-dentin bonding.
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