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Introduction

The subject of the present thesis is the stability of the adhesive interface created at the level of
the dental substrate. The longevity of dental restorative procedures is mostly dependent on the
success of the adhesive interface over time. The concept of adhesion to the toot structure has
been introduced by Buonocore in 1955, and starting from that moment, continuous
improvement in dental materials and bonding technologies created a great impact on the clinical
practice. However, despite progression, the problem of the preservation of a tight bond to the
tooth structure is still a challenge.

Adhesion to enamel is mostly micromechanical and is considered very stable. It is based on the
partial demineralization of hydroxyapatite crystals produced by acid etching, followed by the
interdiffusion of the resin within the porosities and the polymerization of the material to create a
biocomposite, such as a substrate composed by resin-based material and tooth tissue.

In the same way, the mechanism of adhesion of resin composite restorations to dentin is based
on the penetration of the resin monomers into dentin collagen matrix after the partial dissolution
of the mineral (inorganic) phase. After the curing of the material, this process is finalized to
produce a collagen-reinforced interdiffusion layer called hybrid layer. The connection between
polymerized adhesives and the remaining mineralized dentin occurs through the collagen fibrils
extending from the underlying mineralized matrix towards the hybrid layer. The collagen fibrils
contain bound, non-collagenous proteins such as growth factors and matrix proteases. These
proteases play an important role during dentin maturation, but they become trapped and inactive
after the collagen matrix mineralized. However, during adhesive procedures, the enzymes of the
collagen matrix are exposed and activated, irrespective of the E&R or SE procedure employed,
resulting in the progressive degradation of the collagen fibril anchoring the restorative material
to tooth structure. This leads to solubilization of collagen and loss of retention of the adhesive
restoration.

Two distinct proteases — matrix metalloproteinase (MMPs) and cysteine cathepsins (CCs) —
have been shown to be responsible for time-dependent enzymatic degradation of dentin

collagen matrices. Therefore, the inhibition or inactivation of these enzymes is crucial to



prolong the resin-dentin bond strength over time. Current research in this field aims at
increasing the longevity of the adhesive interface and this doctoral research thesis considers the
fundamental processes responsible for the aging mechanisms involved in the degradation of
resin-bonded interfaces, as well as some potential strategies to prevent and counteract this

degradation.
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Review of the literature - Introduction

Adhesive systems can be considered revolutionary in many aspects of conservative dentistry,
making possible previously inconceivable clinical maneuvers. Current adhesive systems allow
clinicians to bond to tooth structure without the need of a retentive cavity since they provide
immediate bond strength.

Two different strategies can presently be employed in resin bonding procedures: the etch-and-
rinse technique (E&R) and the self-etch (SE) or etch-and-dry technique. Regardless of the
strategy used, dentin bonding relies on the formation of the “hybrid layer” (HL), a structure
composed of demineralized collagen fibrils reinforced by the resin matrix [1,2].

The goal of adhesive procedures is to form and maintain a tight adhesive-dentin interface that is
stable for a number of years, providing retentive strength, marginal seal, and clinical durability
[3]. However, regardless of the advances in dental materials, the HL created on the variable and
dynamic organic dentin phase is not perfect, and may fail over time, inducing marginal
discolorations, marginal leakage and subsequent loss of retention of the composite restoration
[3-8].

The aim of this review is to analyze and critically assess the available research on the factors
that influence the stability of the resin-dentin bonds and the strategies for preservation of the

adhesive interface overtime.

Adhesive Systems and Adhesion Strategies to Dentin

Since resin monomers themselves cannot infiltrate mineralized tissues, traditionally, adhesive
bonding systems consist of an acid, used for the removal of mineral crystals and exposure of the
collagen fibrils, a primer, a hydrophilic solution of resinous monomers, which allows the
infiltration of the resinous monomers, especially in demineralized dentin, and the adhesive itself
containing mixtures of monomers that penetrate the surfaces treated with the primer, creating a
mechanical adhesion to dentin [9]. These components can be presented in separate bottles or

together, being carried out in one, two or three clinical application steps .



Van Meerbeek et al., in 2003, suggested a classification of the adhesive systems according to
the way they interact with the dental substrate, dividing it into two categories: E&R and SE
technique [10] (Figurel).

In the E&R strategy, an acid etchant is used to remove the smear layer and create a superficial
layer of demineralized dentin approximately 5-10 um deep. The exposed mineral-free network
of collagen is suspended in the rinse-water (Figure 2). That water must be completely replaced
by adhesive blends if one wishes to achieve a stable bond [4,10,11]. However, it has been
shown that complete infiltration of monomers into the wet and demineralized dentin is not
consistently achieved, leaving incompletely infiltrated zones along the bottom of the HL
containing denuded collagen fibrils [12—14] surrounded by rinse water. This has been confirmed
by immunohistochemical labeling of resin-infiltrated, acid-etched dentin, after staining with
anti-type I collagen antibodies. This revealed a weak labeling of collagen fibrils at the top half
of the HL, but an intense labeling of collagen fibrils in the deepest part of the HL [15]. These
results suggest that resin encapsulation of acid-etched collagen fibrils is more complete in the
top half of the HL, but not in the bottom half.

In the SE strategy, a separate acid-etching step, is not required since the adhesive co-monomers
simultaneously demineralize and infiltrate the dentinal substrate, decreasing the discrepancy
between the depth of demineralization and the depth of resin infiltration, creating a more
homogenous resin infiltration of demineralized collagen fibrils when compared to E&R systems
[16,17]. The stability of the SE adhesive bonding technique depends on the effectiveness of the
coupling between the collagen fibril substrate and the co-monomers [7]. Some studies reported
a reduced amount of porosities and more homogenous resin infiltration and a better protection
of collagen fibrils in SE adhesives compared to the E&R technique [18]. Immunohistochemical
labeling with anti-type I collagen antibodies bound to colloidal gold nanoparticles confirmed
these findings by presenting a weak, uniform gold labeling of the HL [15]. However, the
efficacy of SE bonding on enamel is still questionable.

Currently, there is an ongoing trend in adhesive dentistry that tends to simplify bonding
procedures by reducing application steps and shortening clinical application time. Thus, a new

adhesive system has been created, the Universal Adhesive (UA). These latest adhesives can be



used either in the E&R or the SE modes with an additional chemical bonding agent. Several
reports indicate that these patients have a reduced incidence of post-operative sensitivity. There
is relatively little information on the performance of UA, but it has been confirmed that this
new type of adhesives cannot infiltrate to the full depth of demineralized dentin created by
phosphoric acid in the E&R strategy [19].

In contrast, the HL of UA with the SE technique seems to be shallower and more durable, since

this adhesive contains functional monomers capable of chemically interacting with

hydroxyapatite and maintaining the collagen fibrils protected over time [19-22].

Figure 1 — FEISEM micrographs of an (a) E&R and (b) SE adhesive system. Bonded interfaces were created with Scotchbond
1(3M ESPE) and Protect Bond (Kuraray) in deep dentin tissue. HLs were then exposed with a slow speed diamond saw anddentin
was dissolved by sequential rinses in hydrochloric acid and sodium hypochlorite to reveal resin penetration. Resintags are clearly
detectable in the E&R adhesive systems (a) since they infiltrated dentin tubules funneled by the etchingagent. SE adhesives often
infiltrate no further than the smear layer and smear plugs, revealing a more homogenousmorphology that is devoid of long resin
tags. Reprinted from Breschi et al. 2008, with permission. FEISEM field emissionin-lens scanning electron microscopy, E&R etch
and rinse technique, SE self-etch technique, HL hybrid layer.



*9ren)sqns [B)udp uo saInpaoold aarsoyp doys-Aq-deyg g danSig




Dentin Collagen Structure

In order to better understand the resin infiltration processes underlying collagen impregnation
during HL formation and degradation over time, it is necessary to understand the basic structure
and composition of dentin, with special attention to the organic matrix, and the changes that
occur in the structure during adhesive procedures.

Dentin is a mineralized collagen matrix that contains approx. 30-50 vol% organic material and
approx. 20 vol% of water [23]. The composition of dentin can vary in different areas of the
tooth, depending on its proximity to the pulp tissue, as well as whether the matrix is
demineralized or caries affected/infected. @ These differences can greatly influence the
mechanical properties of dentin, as well as the success of bonding to dentin [24].

The extracellular organic dentinal matrix (ECM) has been studied by means of transmission
electron microscopy, field-emission scanning electron microscopy and atomic force
microscopy, revealing it as a complex 3-dimensional network of fibrillar collagen and globular
entities that become mineralized by nanoscopic apatite crystallites during the process of
dentinogenesis [25,26].

Collagen type I comprises the majority of the collagen structure (90%wt), that also contains
traces of collagen V and III [23]. The remaining constituents of the ECM are the non-
collagenous proteins, among which the proteoglycans are the most prominent. Others include
dentin sialoproteins, phosphoproteins, bone morphogenic proteins and insulin-like growth
factors 1 and 2 [27].

A collagen molecule consists of three a chains, two al and one a2 chain intertwined into a left-
handed triple helix [28-30]. Collagen molecules are further intertwined into a right-handed
helix (300 kDa, 300 nm of length, 1.5 nm diameter, containing around 1000 amino acids).
Collagen chains consist of three domains: a central triple helical region (>95%), a non-helical
aminoterminal (N-telopeptide) region and a carboxyterminal (C-telopeptide) region [31]. These
peptide chains spontaneously form insoluble collagen fibrils by aggregating and stacking in
parallel. These collagen fibrils contain a 67 nm gap between the neighboring collagen
molecules, and are further organized in bundles [32]. During the process of dentin maturation,

apatitic mineral crystallites precipitate and fill the 67 nm gaps between the collagen molecules



[25,26], thereby inactivating enzymes that are present in the ECM and were active during the
dentinogenesis [33].

Unlike insoluble collagen in other bodily systems, dentinal collagen does not metabolically [23]
turn over, meaning that it is not easily degraded, but once it is, it cannot be replaced. This
stability is due to the slow formation of covalent inter- and intramolecular cross-links, which
occur between the C-terminal of one collagen molecule and the N-terminal of the adjacent
collagen molecule [31]. Because dentin collagen does not turn over, the natural cross-links
accumulate over time and improve the mechanical properties of collagen fibrils [34]. Dentin
collagen is the most cross-linked collagen in the body. These cross-links are responsible for the
ability of dentin collagen to be acid-etched during bonding procedures without denaturing its
collagen [35].

Hydrogen bonds also play a role in the stabilization of the triple helix by bridging the water-
filled gaps between the collagen molecules, thereby bringing them closer together and
facilitating intra- and intermolecular reactions [36].

Type I collagen fibrils represent the pillar of the collagen structure, perpendicularly connected
by non-collagenous proteins [37,38]. Of the non-collagenous dentinal proteins, the most
prominent ones are the proteoglycans (PGs), which consist of a core protein,
glycosaminoglycans (GAGs) and linkage proteins [39]. PGs are shown to be involved in the
process of dentin mineralization and the maintenance of the structural three-dimensional
integrity of collagen fibrillar alignment [39,40]. Moreover, these proteins can bind and organize
water molecules, regulating the affinity of collagen to water and can affect the substitution of
water during the formation of the HL [41-44]. Sensitive selective immunolabeling protocols
can reveal with great precision the three-dimensional relationships between the different
structural elements of the ECM [17,44—46].

There have been conflicting reports on the influence of proteoglycans on collagen degradation.
Bedran-Russo et al. [47] reported a decrease in bond strength after the removal of GAGs from
the demineralized surface of dentin. Mazzoni et al. [48], on the other hand, demonstrated an
increase in resin-dentin bond strength after the removal of PGs. Perhaps this discrepancy can be

attributed to their ability to form a hydrophilic interfibrillar nano-network, supporting the



collagen structure, while simultaneously facilitating the penetration of water, thus contributing
to the hydrolysis of the collagen matrix.

Dentinal collagen can withstand adhesive procedures that would destroy the structure of the
dermal collagen [35]. If the acid etching step is limited to the recommended 15 s, the structural
integrity of the ECM is preserved [17,44,46]. Over-etching could, however, induce structural
changes in the collagen molecules [17] as well as PGs [41,43], introducing a damaged organic

part into the HL, and should therefore be avoided.

Pre-treatment agents of the dental substrate

Tooth whitening is a common procedure, which may be accompanied by some undesirable side
effects. One of these potential drawbacks is the lower bond strength of resin-based restorative
materials following the bleaching procedure [49][50]. The bond strength reduction has been
associated with the residual oxygen derived from the hydrogen peroxide contained in the
whitening agent that remains entrapped in the tooth surface, which can prevent the
polymerization of the adhesive monomers [51]. A delayed placement of the restoration of at
least 1 week following the bleaching procedure may improve the bond strength, allowing the
elimination of residual oxygen. If the bonding procedure cannot be postponed, the use of
antioxidant agents [52] or an increased polymerization time may partly compensate the
conversion inhibition [53][54].

Hydrogen peroxide can also be used as an endodontic irrigant, to help removing residual pulp-
tissue and debris produced by canal instrumentation. Similarly to tooth whitening, canal
irrigation using hydrogen peroxide has been correlated to lower bond strength of resin
adhesives and cements [55]. Hydrogen peroxide reacts with sodium hypochlorite, the most
commonly used irrigant in endodontics, releasing water and oxygen, both of which are able to
negatively affect the polymerization of resin adhesive materials.

In endodontics, RC-Prep (Premier Dental Products) is used as a lubricant and demineralizing
agent containing polyethylene glycol (Carbowax, Dow Chemical). This molecule cannot be
completely eliminated by canal irrigation and has also been found to inhibit resin

polymerization, reducing the bond strength of resin adhesives and cements. Nevertheless, the



application of 10% ascorbic acid after RC-Prep use can neutralize the negative effect of
polyethylene glycol and improve bond strength values [56].

Also eugenol, a common component of some endodontic sealants and zinc oxide—eugenol
temporary materials, can negatively affect bond strength values, because it can infiltrate the
dentin substrate [57]. Eugenol is a phenolic compound that can inhibit monomer
polymerization, acting as a radical scavenger [58]. When eugenol-based materials are used prior
to the application of resin compounds, the contaminated tooth substrate should be thoroughly
cleaned both mechanically and scrubbing the surface with a detergent or alcohol to remove the

oily eugenol remnants, in order to prevent polymerization inhibition and bond strength

reduction [59-61].

Intraradicular polymerization of adhesives

Following root canal treatment, non-vital teeth usually demonstrate an extensive loss of dental
structure and the use of fiber posts and core systems has been widely investigated and supported
by clinical [62,63] and laboratory studies [62,64] to retain the final restoration [65].

However, adhesion inside the root canal can be impaired by several factors [6,66][67]. Besides
the influence of endodontic irrigants and cements, already mentioned in the paper, the adverse
geometric feature of root canal [68][69] the peculiar characteristics of the post space [70] and
possible incompatibilities between simplified adhesives and dual-cure resin-based cements [69]
are important problems that affect polymerization quality and, consequently, the bond strength
within the endodontic space. Part of these factors could not be limited and attenuated by the
control of clinical steps and are strongly related to the root canal itself [71].

The cavity configuration factor (C-Factor), such as the ratio of the bonded to the unbonded
surface area, of an endodontic post space has been estimated to be higher than 200, while
coronal restoration values range between 1 and 5 [72]. During polymerization procedure, the
shrinkage stress relief of resin-based materials is possible due to the presence of unbonded
areas. However, when the unbonded surface area becomes small there is insufficient stress relief
and a high probability to cause debonding of the luting material from the intra-radicular dentin

[69]. Previous authors showed that the geometric factors of the cavity have an important



influence on contraction stress, and post space depth has a greater influence than the measure of
the diameter [73]. Thus, considering the configuration of the endodontic cavity, the
development of high contraction stress during curing procedure cannot be avoided but only
controlled through the rheological and viscoelastic properties of luting materials [67].
Furthermore, the narrow diameter of the post space limits the passage of the curing light
necessary for a correct polymerization and the depth of the post space reduces the radiant
energy proportionally to the increase of distance from the light source, thus affecting the degree
of conversion of the material [74]. It has been demonstrated that a complete polymerization
cannot be guaranteed when the material is placed deeper than 4 to 5 mm because of the limited
transmission of light through intraradicularly placed adhesive [75,76] and bond strength of fiber
posts has been proved to decrease significantly considering the root region, with lower
outcomes in the apical portion of the post space compared to the coronal region [75].

For the abovementioned reasons an adhesive protocol using a light-cured resin system could not
be considered ideal due to the influence of reduced light intensity produced by the shadowing of
the tooth structure and the light scattering within the resin cement and the post [77,78].
Therefore, both dual-cure adhesive systems and resin cements, such as materials combining
self-curing and light-curing capabilities have been suggested. Although the dual-curing systems
allow use with limited light penetration, some authors reported that their activation is in any
case primarily dependent on light presence [79,80]. Therefore, sufficient light penetration and
intensity through the root canal is still fundamental, even when dual-cure resin cements are used
for post fixation [81].

Many post systems available on the market are claimed to be ‘translucent’ and allow light to
pass through the dowel leading to a higher initial polymerization of the resin cement [82].
However, even if translucent, fiber posts can limit light transmission to values lower than 40%
of incident light and may not guarantee an adequate degree of conversion of the resin materials
[79]. In addition, several studies reported that the light transmitted through the post was
drastically decreased when the depth from the top of the post was more than 4-6 mm [76,80,83]
and showed insufficient transmission of light to polymerize the resin materials [76,80].

Furthermore, several manufacturers propose to light cure both the bonding agent and the dual



cement through the translucent post, however the thickness of the resin cement could negatively
affect bonding agent polymerization [66].

Some one-step self-etching adhesives are not compatible with chemically or dual-cured resin
cements [84,85], due to the acidic resin monomers present in these systems [72,86]. The acidic
monomers tend to react with the basic aromatic tertiary amines contained in the composite
cement, inhibiting its polymerization [72]. Thus the use of one-step self-etching adhesives is
discouraged in combination with these luting materials, even though a ternary catalyst might
help overcoming the acid-base reaction [72,86].

On the contrary, three-step etch-and-rinse and two-step self-etching adhesive that do not include
an acidic monomer in their bonding agent, are compatible with chemically or dual-cured resin
cements because of the presence of the hydrophobic adhesive layer, which works as an
intermediate coat preventing the contact with the acidic monomers and the adverse acid-

base reaction [84].

Resin Degradation

Two general patterns of degradation of the HL have been described: the disorganization and
solubilization of collagen fibrils and the hydrolysis and leaching of the adhesive resin from the
interfibrillar spaces [87,88].

Hydrolytic degradation occurs only in the presence of water and is a chemical reaction capable
of breaking covalent bonds between polymers causing loss of the resin mass [6,89]. Hydrolysis
is considered the primary reason for resin degradation within the hybrid layer [90]. Dentin is a
naturally moist substrate, therefore intrinsically hydrophilic. Hence, contemporary adhesives
contain mixtures of hydrophilic resin monomers, such as two-hydroxyethyl methacrylate
(HEMA), in diluents and organic solvents (such as ethanol, acetone, etc). These hydrophilic
resin monomers are essential for the infiltration of the adhesives through the wet and
demineralized dentin causing the hybridization of the adhesive with the substrate [9,91].
However, these hydrophilic resin monomers, in adhesives formulations cause high sorption of
water by the resin systems and generates a HL that behaves as a permeable membrane after

polymerization, permitting water movement throughout the bonded interface [92,93]. The water



movement begins as a diffusion mechanism, followed by the creation of large water-filled
channels that rapidly degrade the hydrophilic phase of the adhesive [94,95]. Water penetration
into the hydrophilic domains of the adhesive facilitates the leaching of the solubilized resin. As
the previously resin-infiltrated collagen matrix is solubilized and is slowly extracted, the
underlying insoluble collagen fibrils are exposed and become vulnerable to attack by proteolytic
enzymes[68]. Matrix proteases are hydrolases. They add water across specific peptide bonds to
break the collagen “polymer” into smaller units.
The presence of residual water in acid- etched dentin and/or adhesives may additionally
decrease the polymerization of the adhesive monomers, contributing to increased permeability
within the adhesive layer [94]. Irrespective of the bonding system and the number of steps
required for its application, all adhesive systems exhibit variable degrees of incomplete
polymerization that can be correlated to the extent of fluid movement throughout the adhesive
layer [6,68]. Besides the presence of water [96], other factors have been investigated as
potential causes of incomplete polymerization of adhesive resin blends, in which both
hydrophilic and hydrophobic domains coexist: adhesive hydrophilicity [97], monomer structure
and functionality [98,99] and solvent type and concentration [97,100,101]. Nano-phase
separation phenomena have been observed in these amphiphilic resin blends, mainly within
simplified adhesives [102-104], leading to the formation of heterogeneous resin layers.
Camphorquinone (CQ), the most common photo-initiator, is hydrophobic, and may cause
suboptimal degree of cure (DC) of hydrophilic monomers [104]. The use of alternative
hydrophilic photo-initiators such as TPO (ethyl 4-dimethylaminobenzoate and diphenyl(2.,4,6-
trimethylbenzoyl)-phosphine oxide), in addition to conventional CQ, has been proposed to
improve the DC of hydrophilic adhesive systems [104,105]. The addition of water-compatible
photo-initiators promotes improved polymerization of both hydrophilic and hydrophobic
domains, increasing the DC [106] and reducing the detrimental effect of phase separation [103].
Due to long-term exposure of restorations to the oral cavity, occlusal forces and repeated
changes in temperature cause contraction and expansion of restorative materials, affecting
interfacial stability by allowing oral fluids and water to penetrate the resin [107]. Water can

penetrate by diffusion into the hydrophilic domains and the resin-infiltrated collagen matrix, or



may become trapped within the matrix during photopolymerization [108,109]. This residual
water fuels the hydrolysis of collagen and resin polymers, accelerating matrix degradation by
abrading the surface, increasing the surface area and allowing greater entrance of both water
and soluble salivary enzymes, which can greatly accelerate ester bond hydrolysis, leading to the

failure of the adhesive interface [68].

Degradation of the Collagen Scaffold/Fibrils

The collagenolytic activity in dentin was first reported by Dayan et al. [109], whereas
Tjdderhane et al. [110] provided further clarification and attributed this activity to the MMPs.
Pashley et al. [111] demonstrated that collagen can degrade over time in aseptic conditions,
indicating that it could be caused by intrinsic matrix proteases. Interestingly, the intrinsic dentin
gelatinolytic and collagenolytic activity reported was significantly lower in specimens treated
with a MMPs inhibitor. Ever since that report, efforts have been made to elucidate the type of
enzymes involved, their localization within the dentin ECM, the significance and the
implications of this endogenous proteolytic activity in the degradation of the HL, as well as to
find strategies to silence this activity. The most prominent groups of endogenous enzymes in

dentin are the matrix metalloproteinases (MMPs) and cysteine cathepsins.

MMPs

MMPs are Zn?* and Ca2*-dependent endogenous proteases that are common to both bone and
dentin. The Zn2* ion plays a part in the activation of the enzyme, while Ca2* is involved in the
preservation of their tertiary structure. These proteases consist of a prodomain with a cysteine
residue, a hemopexin domain, catalytic domain containing the Zn2* ion and a hinge region
[112]. MMPs play an important role during dentin maturation, but they become trapped and
inactive after the collagen matrix becomes mineralized [33]. They are secreted in the form of
pro-enzymes with a bridge between the Zn2* ion and the cysteine residue in the pro-peptide,
creating a “cysteine switch” which, when intact, prevents water binding to the Zn2* ion, thereby

preventing the activation of the enzyme.



The most abundant MMP in dentin is MMP-2, followed by MMP-9. Mazzoni et al. measured
the presence and concentration of all molecular forms of both MMP-2 and MMP-9 in
demineralized dentin quantifying enzyme concentrations by immunoassay, form distribution by
gelatin zymography and immunological characterization by western blotting [113].
Interestingly, both endogenous MMP-2 and -9 are present in latent forms (as proenzymes) in
mature sound mineralized human teeth. When the matrix was demineralized, zymography
identified proMMP-2 migrating at 72-kDa, the zymogen activated form of MMP-2 and, for the
first time, the presence of several forms of both zymogen and activated MMP-9. Dentin extracts
showed zymogen proMMP-9 (92-kDa), activated MMP-9 (86-kDa), and high-molecular weight
enzyme polymer (225-kDa, probably disulfide-bonded dimers of MMP-9) that were separated
and, enzymatically and immunologically detected [114]. MMP-2 and -9 were then three-
dimensionally identified by means of an immunohistochemical approach with monoclonal
antibodies in partially decalcified human dentin under field emission in-lens-scanning electron
microscopy and in demineralized human dentin by transmission electron microscopy,
demonstrating that MMP-2 and MMP-9 are intrinsic constituents of the fibrillar network of the
human dentin organic matrix [114]. The study also showed that the amount and distribution
patterns of MMPs in partially decalcified dentin are different from those in undemineralized
dentin, in which lower labeling was observed, thus suggesting that demineralization affects
MMPs expression and further activation.

The gelatinases MMP-2 and -9 are not true collagenases. However, they are very important for
the process of collagenolysis and the endogenous degradation of dentin collagen. Other studies
reported the presence of additional enzymes such as collagenase MMP-8, stromelysin-1,
MMP-3 and MMP-20 which have been shown in dentin using different methodologies [95,115—
120].

In fact, the true collagenases (MMP-1, -8, -13, -18) cannot cleave collagen at the cleavage site,
due to collagen molecule orientation and the position of the C-terminal end, which sterically
blocks access to the peptide bonds [121]. Gelatinases, which are also telopeptidases, remove the

blocking C-terminal telopeptides [122], thus allowing access to the true collagenases.



Collagenases can only approach the collagen at the cleavage site, fragmenting it into a 3% N-
terminal and a ¥ C-terminal fragment [123].

During adhesive procedures, the MMPs of the collagen matrix are exposed and can become
active, irrespective of the E&R or SE procedure employed [123—125]. The very first studies on
this topic were performed mixing human dentin powder with the adhesive blends and then
evaluating their relative proteolytic activities before and after the sequential applications of the
phosphoric acid-etchant and different E&R [122] or SE [124] adhesives. These studies were
based on the use of a heavily-labelled but quenched fluorescein-labelled substrate that yields
fluorescent peptides upon enzymatic cleavage. When dentin powder mixed with an adhesive
system was placed in contact with the substrate, it generated fluorescent signals that were
proportional to the amount of active enzymes present in the specimen, allowing screening of the
relative proteolytic activity for each adhesive tested. Interestingly, a correlation between the pH
values of the tested adhesives [126] and their rejuvenated proteolytic activities was found due to
the increase in the quantity of activated, non-denatured enzymes, when these adhesives were
applied to acid-etched dentin [127].

However, although the existence of an intrinsic proteolytic activity was clearly revealed, such
activity could not be related to a specific enzyme. For this reason, a different innovative specific
assay was used to selectively relate the activity of the tested specific dentinal MMPs to a
specific adhesive application compared to nonspecific gelatin zymography [125,127]. The assay
confirmed that E&R adhesives contribute to the activation process due to their acidity, but also
revealed that activation is adhesive-dependent [124]. Similarly, with self-etch adhesives, the
exposure of matrix-bound MMPs is accompanied with increased activity, but sometimes
showed reduced extent of activation [124].

All the above-mentioned studies were performed on dentin powder, while three-dimensional
localization of the dentin proteolytic activity at the adhesive interface was achieved by Mazzoni
et al.,, who demonstrated the activity of the MMPs at the hybrid layer by means of in situ
zymography [127]. In situ zymography is a technique that provides direct evidence of the
activity of endogenous dentin in the tissue using a quenched fluorescein-labeled gelatin

substrate that is incubated directly on the specimen surface. The enzyme activity was found to
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be located in the inner tubular walls and at the bottom of the HL. This correlated well with the
layer of demineralized, uninfiltrated collagen previously detected with a highly sensitive
immunogold labeling technique [126], and by confocal microscopy of adhesive interfaces
created by simplified etch-and-rinse adhesives. Interestingly, the areas of exposed collagen also
seem to correlate well with the morphological characteristic of nanoporosities of the hybrid
layer defined as interfacial silver nanoleakage expression [128]. These are locations of the
initial areas of degradation of the hybrid layer over time.

Additionally, physical and chemical factors, such as heat, low pH, chemical reagents, etc. can
remove the cysteine switch and activate the pro-enzyme [112,129], synergistically contributing

to the endogenous enzyme activation.

Cysteine cathepsins

Another prominent group of endogenous proteolytic enzymes in dentin matrices with
implications in dentin degradation are cysteine cathepsins. Their presence in dentin was
recently reported [130,131] . They were shown to play a part in the progression of caries, as
well as in the degradation of the HL [6,131-133]. Cathepsin (CT)-K comprises 98% of
cathepsin activity against collagen and differs from the MMPs and the other cathepsins in its
ability to cleave helical collagen at multiple sites and generate multiple collagen fragments
[134]. Conversely, other CTs can only cleave the non-helical telopeptide part of collagen [135].
It was speculated that CTs and MMPs work synergistically and that these two groups of
enzymes are localized very close together and in the vicinities of their target substrates. This is
supported by studies showing the existence of at least some MMPs and CTs members
distributed in the same space occupied by collagen, both in sound and carious teeth [133],
indicating a possible enzymatic cascade between these different classes of proteases [130,131].
More recently an in-situ co-occurrence/distribution of CTs and MMPs in human dentin matrix
by immunogold labeling correlative FEI-SEM and TEM microscopies was reported, showing
the presence of CT-B and CT-K on the collagen fibrils after demineralization [136].
Additionally, MMPs and CTs activities were observed spectrofluorometrically using

fluorogenic substrates showing that these two families of proteases play different coordinated
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roles in matrix degradation. Interestingly, in other tissues, MMPs and CTs are known to be able
to regulate the activities of each other, and possible CT-MMP interactions have also been

suggested to occur in dentin [131].

Strategies To Reduce HL Degradation

Endogenous proteases are actually hydrolases, since they require unbound water to cleave
collagen peptides. During dentin bonding procedures, it is very difficult, if not impossible, to
fully envelope the deepest portion of the demineralized collagen fibrils within the HL with
resin. The gaps between the exposed collagen fibrils are filled with water, enabling the
activation of the endogenous enzymes, leading to plasticization of the adhesive resin, and
mechanical strain on the exposed fibrils. Hence, there are several bonding strategies designed to
reduce adhesive interface degradation, which involve the removal of water from the gaps

between the exposed collagen fibrils, thereby preventing their activity.

Inhibition of the enzymatic activity

The inhibition of endogenous collagenolytic activity can occur by a chelating mechanism,
since the activity of the MMPs is dependent on the metal ions that can be chelated.

Of the numerous MMPs inhibitors, chlorhexidine (CHX) has been studied the most. It has
been used in dentistry as an antimicrobial agent, and is therefore suitable for use as a primer.
Apart from its antimicrobial properties, CHX was shown to inhibit the activity of the MMPs
[137] and cysteine cathepsins [138]. As low as 0.2% solutions of CHX have been shown to
increase the longevity of the HL [138—147]. After the discovery of CHX as an efficient enzyme
inhibitor when used as a primer, there have been efforts to incorporate it into the components of
dental adhesive systems with the intention of shortening chair time, with promising results
[148-152]. However, CHX binding was shown to be a reversible mechanism, and probably due
to leaching, the resin-dentin interfaces treated with CHX were shown to be unstable after 18
months [153]. In vitro studies demonstrated that cationic CHX binds to anionic sites in
mineralized and demineralized dentin [150,151]. However, sodium chloride was able to

displace CHX from both mineralized and demineralized dentin, indicating that CHX binding to
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dentin is only electrostatic [149,154]. Despite possible leaching, the use of CHX as additional
therapeutic primer is still the most commonly used in vitro and in vivo tested method to stabilize
the adhesive interface with clinical applicability due to the large availability of CHX in dental
offices and the limited clinical application time (as low as 30 s showed efficacy in inhibiting the
enzymatic activity of dentin) [149].

Ethylenediaminetetraacetic acid (EDTA) has been used for decades in the endodontic therapy
for the enlargement of the root canals due to its chelating properties. EDTA removes the Ca2*
from the collagen matrices, and binds the Zn?* ions from the catalytic site of the MMPs
[155,156]. However, several downsides of this agent have been reported, such as long
application time and reversibility caused by water solubility.

Quaternary ammonium compounds, positively charged at physiological pH, can inhibit the
endogenous enzymatic activity of dentin using a cationic mechanism, similar to CHX. One of
the quaternary ammonium compounds already tested as an MMPs inhibitor is benzalkonium
chloride (BAC), which is a mixture of alkylbenzyl-dimethylammonium chlorides of various
alkyl chains that strongly binds to demineralized dentin and that was shown to have an
immediate inhibiting effect comparable to that of CHX [157-159], with promising results in
bond strength preservation over time [158,159]. Integrating methacrylates into these compounds
(quaternary ammonium methacrylates - QAMs) seems to improve their efficiency. 12-
methacryloyloxydodecylpyridinium bromide (MDPB), a quaternary ammonium methacrylate
well-known for its antimicrobial properties, has been incorporated into a commercially
available adhesive system [154,160], showing a good ability to inhibit the MMPs activity
[161,162]. Following the good results obtained with MDPB, other QAMs were investigated as
MMPs inhibitors with encouraging results, comparable to CHX [163]. Researchers are still
focused on the development of new monomers with quaternary ammonium functionalities
[164], and further data are needed to demonstrate that adhesives based on QAM compounds can
effectively counteract the MMPs activity at the adhesive interface and thus, increase the
durability of resin-dentin bonds.

Pharmaceutical agents used for various medical conditions have also been shown to have an

inhibiting effect on the MMPs through a chelating mechanism. For instance, bisphosphonates,
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in particular, polyvinylphosphonic acid, has shown good immediate results, but with
questionable longevity [165,166]. Further, tetracycline and its analogs (doxycycline and
minocycline) have shown collagenases- and gelatinases-inhibitory properties [167—-169]. The
longevity of the resin-dentin bond preservation effect of these antibiotics has not been studied,
and special caution in use of these agents in dentistry should be taken due to the dark photo-
oxidation stains it can cause on dental tissue.

Moreover, specific inhibitors of the MMPs and cysteine cathepsins have been produced and
tested in terms of bond strength preservation. Galardin incorporated within a primer of the E&R
adhesive has shown a reduction in the degradation of the HL after one year [170]. Similarly,
SB-3CT, a specific MMP-2 and -9 inhibitor showed a positive influence on HL preservation
[171]. Specific inhibitors for cysteine cathepsins, such as E-64 and odanacatib express their
inhibiting effect through binding to the enzyme at the cleavage site, mimicking the substrate

[172].

Cross-linking agents

As previously mentioned, cross-linking of dentin matrix collagen is a naturally occurring
mechanism in dentin, and therefore, researchers have attempted to enhance this mechanism
using chemical substances with cross-linking properties. This causes biomodification of the
collagen scaffold enhancing the biomechanical properties of dentin, and making it less prone to
proteolytic attack [173,174].
Aldehydes, such as glutaraldehyde (GD), are used as tissue fixatives, but have been proposed as
potential cross-linking agent for the use in dentistry, since they form covalent bonds between
the amino groups of proteins and the two aldehyde groups of glutaraldehyde. In particular, GD
binds the e-amino groups of peptidyl lysine and hydroxylysine residues within the collagen
scaffold. GD has been extensively studied as a cross-linking agent in dentistry [173-182].
Similarly, acrolein (2-propenal), the simplest unsaturated aldehyde, was used as an additional
primer to improve the mechanical durability of resin-bonded dentin and was as effective in
cross-linking dentin as was GD, which involves much longer application time. Even when

acrolein was applied for only 1 min, at concentration as low as 0.01 wt%, it showed bond
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strength preservation after one year, confirming the validity of the cross-linking approach
[183,184].

Despite the effectiveness of aldehydes in the preservation of the HL, their cytotoxicity makes
them inadequate for every-day clinical practice. Therefore, less toxic agents, such as
carbodiimides and plant-derived cross-linkers have been recently studied. The cross-linking
capability of carbodiimides lies in the ability to form amide bonds between activated carboxylic
and amino groups of the collagen molecules.

The most studied carbodiimide in dentistry is /-ethyl-3-(3-dimethylamino-propyl) carbodiimide
(EDC), which was shown to achieve a similar bond strength preservation to that of GD
[15,185-187] with the advantage of a much lower cytotoxicity. EDC contains a functional
group with the formula RN=C=NR and can react with ionized carboxyl groups in proteins to
form an O-acylisourea intermediate that can react with a non-proteinated amino group and an
adjacent protein chain to form a stable covalent amide bond between the two proteins. EDC has
a two-fold activity being able to cross-link both helical and telopeptide domains in collagen and
also preventing telopeptidase activity that would normally remove telopeptides [186]. Its ability
to increase the stiffness of collagen structure has been well documented by preventing the
unwinding of the collagen molecule, which is needed for the MMPs to cleave the collagen.
Recent zymographic assays on dentin powder [187] and in-situ zymographic three-dimensional
images obtained by confocal microscopy [127], clearly demonstrated that when EDC is used as
additional therapeutic primer on acid- etched dentin, it has also the ability to inhibit dentinal
MMPs.

As previously mentioned, plant-derived cross-linking agents are another prominent group,
gaining much interest in the scientific community. They are characterized by high potency and
low cytotoxicity, and are therefore suitable for use in dentistry. The most studied of these agents
are genipin, polyphenolic compounds, such as tannins, proanthocyanidins and curcumin
[177,179,180,188-191].

Apart from chemical compounds, the cross-linking effect can also be achieved through physical
and photochemical treatment, such as ultraviolet A (UVA) [192] or gamma irradiation, heating

and drying [193].
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Another important feature of cross-linking agents is their ability to react with the other
components of the ECM. In this context, they can covalently bind to the active site of the MMP,
causing long-term irreversible inactivation of the enzyme [124,125,127]. The longevity of this
effect is an advantage of this mechanism over the inhibition of the MMPs through chelation. In
addition, the amount of active MMPs within the HL is very limited since there is no cellular
activity in peripheral dentin. Hence, once deactivated, these enzymes usually do not reactivate,
and due to the lack of synthetic cellular activity, there is no activation of new enzymes. To date,
GD [194], EDC [127,186] and plant-derived cross-linking agents [195,196] have shown this

ability.

Removal of the unbound/residual water within the HL
It is well-known that most dimethacrylates that are capable of creating strong, highly,
crosslinked resin polymers, are so poorly soluble in water that they undergo phase changes
when mixed with water that interferes with monomer infiltration of acid-etched dentin [197].
Manufacturers market their adhesive formulations in ethanol solvents to ensure the mixture
is in a single phase. Most dentists place ethanol-solvated adhesives on water-saturated acid-
etched dentin, a procedure fraught with the danger of creating microscopic phase changes in the
applied adhesive. To avoid such dangers, Pashley et al. [198] altered the wet-bonding technique
by replacing rinse-water with ethanol, so that the dentin was saturated by ethanol rather than
water. That same year, Tay et al. [199] reported excellent resin-dentin bonding by applying bis-
GMA, the least soluble dimethacrylate, to ethanol-saturated dentin. Applying ethanol-solvated
adhesives to ethanol-saturated dentin avoids any risk of phase separations. These approaches
reduce the presence of residual water in the resin-dentin bonds [200]. In the absence of water,
matrix poroteases cannot cleave collagen.
Using ethanol wet-bonding permits infiltration of more hydrophobic resins [201,202] than is
possible with water wet-bonding. Hydrophobic resins absorb less water than hydrophilic resins.
It is well-known that ethanol can remove and replace unbound water from demineralized
dentin [203]. To determine whether ethanol can replace bound water from collagen matrices,

Jee et al. [204] used molecular dynamic simulations to recreate the three layers of bound water
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in collagen matrices. Using this computer simulation, they confirmed that the first and second
layers of tightly-bound water in collagen could not be replaced by ethanol. However, half of
the bound water in the outermost layer of bound water could be replaced by ethanol. Thus,
ethanol wet-bonding brings ethanol-solvated resin closer to collagen than is possible during
water wet-bonding. It is predicted to occur more in the gap regions of collagen. The resin
infiltration of the gap regions may also inactivate collagen-bound proteases.

A second approach to removal of residual water from hybrid layers was the development of
self-etching primer adhesives. Manufacturers selected acidic monomers like 10-
methacryloyloxydecanethylene phosphoric acid (MDP), and added them in higher
concentrations than were used before for wet-bonding adhesives (i.e. 20-25 vol %). They only
added sufficient water to allow the acidic monomers to become ionized, and to solubilize the
mineral phase of dentin. These water concentrations are proprietary, but are generally in the
range of 20-25 vol% [201], unlike the 70 vol% [4] water that is found in acid-etched dentin just
prior to adhesive application. When using self-etching primer/adhesives, one is performing “dry
bonding”. That is, one dries an unetched tooth before applying a self-etching primer that
contains 20-25 vol% water. No water rinsing is employed. After “self-etching” for 10 sec., one
dries the primed dentin and then seals it with a solvent-free adhesive before light-curing.

Such hybrid layers are only 1 um thick and contain much of the smear layer including the

smear plugs that prevent dentinal fluid from wetting the surface during bonding procedures.

These bonds show excellent durability [205-207].

Remineralization of hybrid layers

A novel, exciting approach to HL preservation is biomimetic remineralization. It entails ion-
releasing materials, which are intended to mimic the natural mineralization process. Since
infiltration of resin is incomplete, there are numerous water-filled regions in hybrid layers that
can slowly solubilize the insoluble collagen fibrils. Is it possible to coax hydroxyapatite into
those water-filled spaces? The infiltration of apatite can remineralize the collagen fibrils, and
simultaneously fossilize the MMPs. Tay and Pashley [208] showed that Portland cement in a

phosphoprotein analog-containing fluid can form a meta-stable amorphous calcium-phosphate,
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which can deposit inside the collagen organic network in the form of apatite crystallites.
Further studies confirmed this concept [209—211] and validated the importance of the presence
of biomimetic analogs, since the mineralization achieved without the analogs was in the form of
extrafibrillar mineral deposits. In order to facilitate the transition of this proof- of -concept into
a clinically applicable system, the authors performed a follow-up study, binding the
phosphoprotein analog directly to collagen, instead of having it in the solution [212,213]. The
study showed a complete remineralization of dentinal collagen after 3 to 4 months. It should be
possible to cover resin-bonded dentin with “therapeutic” resin composite containing slow-
release remineralization reagents that can diffuse through the adhesive layer, into water-filled
regions of the hybrid layers to remineralize naked collagen fibrils. The demineralized regions
can be “back-filled” with nanoscopic apatite crystallites. This results in physical displacement
of free water, thereby preventing protease hydrolysis of collagen. It is also very important that
the remineralizing reagents contain an inhibitor of matrix proteases. If the demineralized
collagen matrix degrades before it can remineralize, then remineralization cannot occur.
Recently, certain studies investigated the efficiency of E&R [212] and SE [213] experimental
adhesives and primers doped with phosphoprotein biomimetic analogs to preserve the HL
longevity. Microtensile bond strength was preserved in the experimental groups after 3-, and 6-
month storage in the dentin specimens bonded with E&R and SE adhesive systems,
respectively. Although very interesting, this strategy has not yet become applicable in everyday

clinical practice.

Calcium-chelation dry bonding

Can interfibrillar mineral be selectively removed from between collagen fibrils, without
demineralizing the fibrils? Recent research has revealed that collagen fibrils behave as if they
were size-exclusion beads of Sephadex in column chromatography. While molecules with
molecular weights smaller than 600 Daltons can enter collagen, molecules larger than 40 KDa
are excluded [214-216]. Phosphoric acid, with a MW of 100 Da, is small enough to permeate
throughout collagen fibrils, solubilizing both extra- and intrafibrillar mineral, leaving dentin

completely demineralized and soft.
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If, instead of acid-etching dentin with phosphoric acid, one used 15 wt% of a large molecular
weight (i.e. 225,000 Da) calcium chelator, like sodium polyacrylate, then the chelator would be
too large to permeate collagen. Application of such a chelator would only remove apatite
mineral from the extrafibrillar space, creating interfibrillar spaces for inward monomer
diffusion and uptake into the hybrid layer. After 30 sec of chelation, the reaction is stopped by
water rinsing and air-drying [217]. Because the collagen fibrils remain completely mineralized,
they are too stiff to shrink or collapse when the residual rinse water is evaporated with strong
air blasts. These procedures allow for “dry bonding”, using hydrophobic resins much like pit-
and-fissure sealants [217].

The matrix proteases are not activated by these processes, and there is no residual water to

fuel proteases if they ever become activated. This is an exciting new example of dry bonding.

Conclusions

Although there are many more hurdles to be overcome in the field of adhesive dentistry,
impressive progress in the understanding of the processes underlying HL. degradation, as well as
in the development of strategies for the preservation of the adhesive interface have been
achieved. The removal of the unbound water from the hybrid layer and the silencing of the
endogenous enzymatic activity, have been achieved using chemical agents and physical
approaches, which are increasing in number, effectiveness, biocompatibility and clinical
applicability. This large amount of available research on the topic is an indicator of the
importance of these issues, and of the significant efforts of researchers and dental material

companies to reach a new level of quality and longevity of resin-dentin bonds.
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CHAPTER 3
Collagen Cross-Linkers
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Endogenous crosslinking is a result of maturation of the tissue that occurs over time. This
mechanism includes enzymatic crosslinking mediated by lysine— lysine covalent bonding
between non-helical telopeptides and triple-helical fragments of collagen or/and nonenzymatic
crosslinking by oxidation and glycation[1].

On the other hand, crosslinking may be stimulated by using external collagen crosslinkers to
improve the biomechanical properties of the collagen against proteolytic attack and to
strengthen collagen structure. This exogenous crosslinking may modify the noncollagenous
component of dentin as well as collagen scaffold [2].

As a term, the ‘biomodification’ of dentin collagen matrices was used by Bedran-Russo to
explain the structural changes in the three-dimensional scaffold of collagen treated with an
exogenous crosslinking agent. The aim of modifying dentin matrices by collagen crosslinking
agents is to improve the biomechanical properties of the dentin against dentin protease attacks.
Bedran-Russo et al., for the first time, showed the effect of collagen crosslinkers on dentin
collagen matrices in terms of the increased durability of the hybrid layer. Further studies showed
that various collagen crosslinkers, such as carbodiimides, aldehydes, phenolic compounds and
photochemicals, improve biomechanical properties of the collagen structure on dentin [3-5][5]
[6-8]. Collagen can be modified by using methods such as chemical, physical and
photochemical crosslinking [6,8,9].

A cross-link is a bond that links one polymer chain to another one. They can be covalent bonds
or ionic bonds. "Polymer chains" can refer to synthetic polymers or natural polymers (such as
proteins). Proteins in nature present crosslinks generated by enzyme-catalyzed or spontaneous
reactions. Such crosslinks are important in generating mechanically stable structures such as
hair, skin and cartilage. Cross-linking reactions can be promoted using external cross-linking

molecules.
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Molecules tested
Acrolein
Acrolein (2-propenal or acrylic aldehyde) (Fig.4) is the simplest unsaturated aldehyde. It is a
three-carbon a-B-unsaturated monoaldehyde that provides outstanding stabilization of proteins,
similar to glutaraldehyde, but penetrates tissue more rapidly [10], providing excellent
morphological preservation of fine structure for electron microscopy (EM) studies [11]. The
acrolein exists as a colorless liquid with a piercing, disagreeable, acrid smell. Acrolein is
ubiquitously present in foods, cooked or not, and in the environment. It is formed from
carbohydrates, vegetable oils and animal fats, amino acids during heating of foods, and by
combustion of petroleum fuels and biodiesel [12]. Chemical reactions responsible for release of
acrolein include heat-induced dehydration of glycerol, retroaldol cleavage of dehydrated
carbohydrates and lipid peroxidation of polyunsaturated fatty acids. Smoking of tobacco
products equals or exceeds the total human exposure to acrolein from all other sources [13].
Acrolein is metabolized by conjugation with glutathione and excreted in the urine as
mercapturic acid metabolites. The biological effects of acrolein are a consequence of its
reactivity towards biological nucleophiles such as guanine in DNA and cysteine, lysine,
histidine, and arginine residues in critical regions of nuclear factors,
proteases, and other proteins [14].
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Figure 1. Acrolein molecular structure

Acrolein is commonly used as a tissue fixative although can degrade enzymatic activity or
antigenicity [11] but degradation is not excessive when fixation times are short [15].
Furthermore, the rapid penetration and strong cross-linking abilities of acrolein quickly stabilize

proteins, retaining even small peptides that can be successfully immunolabeled [16]. Likewise,
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other aldehydes the acrolein can be classified as a cross-linker agent. Acrolein reacts
preferentially with cysteine, lysine, and hystidine residues (the lysine adducts being the more
stable products) via Michael-type addition reactions preserving the aldehyde functionality on
the modified protein (Figure 2). The reaction of acrolein with Lys may result in - substituted
propanals (R-NH-CH2-CH2-CHO), but the major adduct formed on reaction with protein is the
Ne-(3-formyl-3,4- dehydropiperidino) lysine adduct [17]. This compound is a reactive
intermediate that can covalently bind to thiols, such as glutathione [18]. The amino groups (N-
terminus [Phel] or lysine29) and the histidine residues (histidine 5 or histidine 10) were
identified as the main sites involved in the formation of inter and intramolecular cross-linkings
adducts. These results allowed the proposal of a mechanism of protein cross-linkings by

acrolein, involving inter- and intra- molecular cross-linking adducts between amino groups and

the side chain of histidine through Michael addition [14].

—0 —0
o s
Lys——NH, N

Lys——NH Lys—N

Lys— N/\:i— S-G ﬂ Lys——N / -~ Lys— NC%*OH
/ /i /
o o o

Figure 2. Acrolein cross-linking reaction: 2 acrolein molecule reacts with a N residue of lysine forming an intermediate that will

bond to a thiolic residue of a glutathione of another collagen chain.
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Carbodiimide

A carbodiimide or a methanediimine is a functional group consisting of the formula RN=C=NR.
Carbodiimides hydrolyze to form ureas, which makes them uncommon in nature. Carbodiimides
are formed by dehydration of ureas or from thioureas. They are also formed by treating organic
isocyanates with suitable catalysts (generally based on phosphine oxides); in this process,
carbon dioxide evolves from the isocyanate [19]. In synthetic organic chemistry, compounds
containing the carbodiimide functionality are dehydration agents and are often used to activate
carboxylic acids towards amide or ester formation. Additives, such as N-hydroxybenzotriazole
or N- hydroxysuccinimide, are often added to increase yields and decrease side reactions. While

the cross-linking potential is limited [20], carbodiimides are less toxic than aldehydes [21].

Carbodiimide hydrochloride (EDC)

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Figure 3) is a water soluble
carbodiimide usually obtained as the hydrochloride. It is typically employed in the 4.0-6.0 pH
range [22]. It is generally used as a carboxyl activating agent for the coupling of primary amines
to yield amide bonds. Additionally, EDC can also be used to activate phosphate groups in order
to form phosphomonoesters and phosphodiesters. Common uses for this carbodiimide include
peptide synthesis, protein cross-linkings to nucleic acids, but also in the preparation of
immunoconjugates [22]. In medical filed EDC was recently studied, with promising results, as

reinforced for collagen scaffold in tissue engineering [23].

Figure 3. EDC molecular structure
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EDC is often used in combination with N-hydroxysuccinimide (NHS) for the immobilization of

large biomolecules.

EDC is known as a zero-length agent due to its ability to cross-link peptides without introducing

additional linkage groups. The cross-linking mechanism is mediated by the activation of

carboxylic acid groups of glutamic and aspartic acids to form an O-acylisourea intermediate.

The latter reacts with the e-amino groups of lysine or hydroxylysine to form an amide cross-

link, leaving urea as the terminal by-product (Figure 4). The addition of N- hydroxysuccinimide

to the EDC-containing solution is effective in increasing the number of induced collagen cross-

linking and preventing the hydrolysis of activated carboxyl groups [24,25]. Cross-linkings with

EDC are especially appealing for biological applications as the carbodiimide does not remain in

the chemical bond but is released as a substituted urea molecule.

@Cl / eCl/

—HN —HN

Figure 4. EDC cross-linking reaction: EDC reacts with carboxylic group of, after the elimination of O-acylisourea intermediate, the

glutamic or aspartic acid bond the N residue of lysine or hydroxylysine.
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Dicyclohexylcarbodiimide (DCC)

N,N'-Dicyclohexylcarbodiimide (DCC) is an organic compound with the chemical formula
C13H22N2 (Figure 5) whose primary use is to couple amino acids during artificial peptide
synthesis. Under standard conditions, it exists in the form of white crystals with a heavy, sweet
odor; DCC is normally used as a condensation reagent in amide synthesis or esterification
reactions [26]. Differently to EDC the DCC is insoluble in water but on the other hand it is well
soluble in other organic compounds, such as ethanol and acetone.

During protein synthesis, the N-terminus is often used as the attachment site on which the
amino acid monomers are added. To enhance the electrophilicity of carboxylate group, the
negatively charged oxygen must first be "activated" into a better leaving group, and DCC is also
used for this purpose. The negatively charged oxygen will act as a nucleophile, attacking the
central carbon in DCC, thus it is temporarily attached to the former carboxylate group forming a
highly electrophilic intermediate, making nucleophilic attack by the terminal amino group on

the growing peptide more efficient [27].

N=C=N

Figure 5. DCC molecular structure

Similarly to the EDC cross-linker mechanism the DCC first reacted with the carboxylic acid
group of the amino acid to form the O-acylisourea intermediate, and then the DCC adduct
underwent a relatively slow rearrangement process to form the final derivative that possesses
higher ionization efficiency and higher molecular weight than the original amino acid [27]

(Figure 6).
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Figure 6. DCC cross-linking reaction: likewise EDC, the DCC reacts with carboxylic group of glutamic and aspartic acids, after the

elimination of O-acylisourea intermediate, the glutamic or aspartic acid bond the N residue of lysine or hydroxylysine.
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Aim of the Thesis

The aim of this study was to evaluate the effect of protein crosslinking agents on dentin MMPs
and CCs on dentin organic matrices. The working hypotheses tested were that various collagen
crosslinkers inactivate dentin MMPs and CCs, preserve microtensile and push-out bond strength
and prevent degradation of dentin collagen.

The specific hypoteses were:

1. that the use of ACR as a collagen cross-linker: 1) has no effect on bond strength deterioration
over time and 2) has no effect on inactivation of endogenous dentine MMPs (Experimental

study 1).

2. Pre-conditioning of dentin with EDC before adhesive system application 1) does not affect

immediate bond strength, 2) does not preserve adhesive interface degradation over time, and 3)
does not inhibit endogenous dentin MMPs activity (Experimental study 2).

3. (1) EDC has no effect on improving post push-out strength in resin-bonded radicular dentine,
(2) EDC has no effect on improving the nanoleakage expression in resin-dentine interfaces
created by the two etch-and-rinse adhesives, and (3) EDC has no effect on reducing endogenous
enzymatic activities within the hybrid layer created in intraradicular dentine (Experimental
study 3).

4. Pre-conditioning of dentin with DCC before adhesive system application 1) does not affect
immediate bond strength, 2) does not preserve adhesive interface degradation over time, and 3)
does not inhibit endogenous dentin MMPs activity (Experimental study 4).

5. (1) DCC has no effect on improving post push-out strength in resin-bonded radicular dentine,
(2) DCC has no effect on improving the nanoleakage expression in resin-dentine interfaces
created by the two etch-and-rinse adhesives, and (3) DCC has no effect on reducing endogenous

enzymatic activities within the hybrid layer created in intraradicular dentine (Experimental

study 5).
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CHAPTER 4
Experimental studies
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1 - Experimental use of an acrolein-based primer as collagen cross-linker for dentine

bonding

Materials and methods

Microtensile bond strength

Thirty-six extracted non-carious sound human third molars were collected after the patients’
informed consents were obtained under a protocol approved by the institutional review board of
the University of Bologna, Italy. Tooth crowns were removed with a low-speed diamond saw
under water irrigation (Micromet, Remet; Bologna, Italy) to expose coronal dentine that was
devoid of occlusal enamel. A standardised smear layer was created on the middle/deep coronal
dentine with 180-grit wet silicon carbide paper. The exposed dentine surfaces were etched with
37% phosphoric acid for 15 sec (etching gel, 3M ESPE; St Paul, MN, USA), rinsed with water,
gently air-dried and kept moist until the adhesive was applied using the wet-bonding technique.
The teeth were divided and randomly assigned to 2 treatment groups (n = 18). In group 1
(experimental), the acid-etched dentine was pre-treated with 0.01 ACR wt% aqueous solution
(MilliporeSigma, St, Louis, MO, USA) for 1 min, gently air-dried and bonded with Adper
Scotchbond 1XT (3M ESPE) in accordance with the manufacturer’s instructions. The
composition of the adhesive is shown in Table 1. In group 2 (control), Adper Scotchbond 1XT
was applied directly on the etched dentine in accordance with manufacturer’s instructions. In
both groups, the adhesive was light-cured (Curing Light 2500; 3M ESPE) for 20 sec after
solvent evaporation. Four 1-mm-thick layers of a microhybrid resin composite (Filtek Z250, 3M
ESPE) were incrementally placed over the bonded dentine surface and individually polymerised
for 20 sec to obtain a final 4 mm-thick composite build-up for microtensile bond strength

(LTBS) testing.
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Composition
Etching: 35% H3PO4

Adhesive: dimethacrylates, 2-hydroxyethyl methacrylate, polyalkenoic acid copolymer, 5 nm silane-treated
colloidal silica, ethanol, water, photoinitiator

Table 1. Composition of Adper Scotchbond 1 XT

Resin-dentine sticks were created with a cross-sectional area of approximately 1 mm x 1 mm
from each bonded tooth using the low-speed saw under water irrigation, in accordance with the
protocol for the non-trimming pTBS technique. The dimension of each stick was measured with
a pair of digital callipers (= 0.01 mm), and the bonded areca was calculated for subsequent
conversion of uTBS values into units of stress (MPa). Sticks from each tooth were randomly
assigned to two storage groups. For time 0 (T0), the sticks were stored in artificial saliva [1][2]
for 24 h at 37 °C; for time 1 year (Tlyr), the sticks were stored for 1 year in artificial saliva at
37 °C.

After storage, the bonded beams were stressed to failure using a simplified universal testing
machine (Bisco Inc., Schaumburg, IL, USA) at a crosshead speed of 1 mm/min. Each specimen
was observed under a stereomicroscope (Stemi 2000-C; Carl Zeiss Jena GmbH, Géttingen,
Germany) at 50x magnification to determine the mode of failure, which was classified as
adhesive (A), cohesive in composite (CC) or cohesive in dentine (CD).

Analysis was performed using the tooth as the statistical unit; bond strength data from each
tooth were averaged to obtain the mean bond strength for that tooth. The acquired data (n = 18)
were evaluated for compliance with the normality (Shapiro-Wilk test) and equality of variance
(modified Levine test) assumptions required for parametric statistical analysis. Because these
assumptions were not violated, the data were analysed with a two-factor analysis of variance, to
examine the effects of “with/without ACR” and “storage time” on pTBS. Post-hoc pairwise
comparisons were conducted using the Holm-Sidak method. For all analyses, statistical

significance was set at o = 0.05.
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Figure 1. Step-by-step procedure for micro tensile bond strength test on dentinal substrate.
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Zymography of dentine extracts

Zymography was performed using the method employed by Mazzoni et al. [3]. Mineralised
dentin powder was obtained from additional eight human third molars by freezing the dentine in
liquid nitrogen and triturating it using a Retsch mill (Model MM400, Retsch GmbH, Haan,
Germany). Aliquots of mineralised dentine powder were divided in 2 groups. For group 1, the
dentine powder was demineralised with 37% phosphoric acid to simulate the etching procedure
used in the application of an etch-and-rinse adhesive. For group 2, the dentine powder was
demineralised in the same manner as group 1 and then treated with 0.01 wt% ACR solution at
4° C for 30 min. For the control, after demineralisation with 37% phosphoric acid, the dentine
powder was incubated with 2 mM of 1,10-phenanthroline at 4° C for 30 min.

After the aforementioned treatments, the dentine powder aliquots were suspended in
extraction buffer (50 mM Tris-HCI, pH 6, containing S mM CaClz, 100 mM NaCl, 0.1% Triton
X-100, 0.1% non-ionic detergent P-40, 0.1 mM ZnCl, and 0.02% NaN3) overnight at 4 °C. The
powders were subsequently sonicated for 10 min (at = 30 pulses) and centrifuged for 20 min at
4 °C (20,800X G); the supernatants were retrieved and re-centrifuged. The protein content in
the supernatants was concentrated using Vivaspin centrifugal concentrator (10,000 KDa cut-off;
Vivaspin Sartorius Stedim Biotech, Goettingen, Germany) for 30 min at 25 °C (15,000X G for 3
times). Total protein concentration of the dentine extracts was determined by Bradford assay.
Dentine protein aliquots (60 pg) were diluted with Laemmli sample buffer in a 4:1 ratio.
Electrophoresis was performed under non-reducing conditions using 10% sodium dodecyl
sulphate-polyacrylamide gel (SDS-PAGE) containing 1 mg/mL fluorescent dye-labelled
gelatine. Pre-stained low-range molecular weight SDS-PAGE standards (Bio-Rad, Hercules,
CA, USA) were used as reference markers. After electrophoresis, the gels were washed for 1 h
in 2% Triton X-100, and incubated in zymography activation buffer (50 mmol/L Tris-HCI, 5
mmol/L CaCl,, pH 7.4) for 48 h. Proteolytic activity was evaluated and registered with a long-
wave ultraviolet light scanner (ChemiDoc Universal Hood, Bio-Rad). Gelatinase activities in
the specimens were analysed in duplicate using gelatine zymography. Densitometric evaluation
of bands obtained from zymography was performed using the ImageJ software (National

Institutes of Health, Bethesda, MD, USA).
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In-situ zymography of resin-dentine interfaces

One millimetre-thick slabs of middle/deep dentine were obtained from extracted
human third molars using the low-speed Micromet saw with water-cooling. A standardised
smear layer was created on each dentine surface using 280-grit silicon-carbide paper. One
surface of each slab was treated with ACR primer and Adper Scotchbond 1XT adhesive as
described for uTBS testing. This was followed by a 1-mm build-up with flowable composite
(Filtek 250 flow; 3M ESPE); the composite was polymerised for 40 sec using a light-emitting
diode light-curing unit (Curing Light 2500; 3M ESPE). After completion of those procedures,
the bonded assemblies were sectioned vertically into 1-mm-thick slabs to expose the adhesive-
dentine interface. Each slab was glued to a microscope slide and polished to the thickness of
approximately 50 um. In-situ zymography was performed according to the protocol reported by
Mazzoni et al. [4], using self-quenched fluorescein-conjugated gelatine as the MMP substrate
(E- 12055; Molecular Probes, Eugene, OR, USA). Briefly, the fluorescent gelatine mixture was
placed over the polished slab on top of the microscopic slide, covered with a coverslip and
incubated in a humidified chamber at 37 °C for 12 h. During incubation, the assemblies were
prevented from direct contact with water, and were protected from exposure to light. After
incubation, the microscopic slides were examined using a confocal laser scanning microscope
(excitation wavelength, 488 nm; emission wavelength, 530 nm; Model A1-R; Nikon, Tokyo,
Japan). For each assembly, a series of 1 um-thick two-dimensional images were made to show
the hydrolysis of the quenched fluorescein-conjugated gelatine substrate, as indicator of
endogenous gelatinolytic enzyme activity. Each image series was subsequently merged into
three-dimensional images, providing additional information on the changes in the gelatinolytic
activity throughout the depth of the sample. Enzymatic activity was quantified on the images as

the integrated density of the fluorescence signals using ImagelJ software (National Institutes of

Health, Bethesda, MD, USA).

The integrated density of the fluorescence signals was quantified as indicator of the dentine

enzymatic activities of the tested groups. Because the data were not normally distributed even
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after nonlinear transformation, they were analysed using the Mann-Whitney U-test, with o =

0.05.
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Figure 2. Step-by-step procedure for in-situ zymography on dentinal substrate.
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Results
Microtensile bond strength

The results of uTBS are shown in Table 2 and Graph 1. The table presents the means and
standard deviations of pnTBS (in MPa) of groups 1 and 2 at TO and Tlyr, respectively. Two-
factor analysis of variance revealed significant difference for the factor “with/without ACR” (p
< 0.001) and the factor “storage time” (p < 0.001). The interaction of these two factors was also
statistically significant (p < 0.001).  Within the factor “with/without ACR”, pairwise
comparisons indicated no significant difference in pTBS between the two bonding methods at
TO (p > 0.05), and significant difference between the two bonding methods at T1 yr (p < 0.05).
Within the factor “storage time” (TO vs T1 yr), pairwise comparisons indicated significant

decline in pTBS for the subgroups “adhesive only” (p < 0.05) and “0.01 wt% ACR +

adhesive” (p < 0.05).
Storage time Adhesive only 0.01 wt% ACR adhesive
To 46.0+4.9 A1 46.6+3.1 B/l
(20A/8CC/25CD/4TM) (43A/30CC/5CD/22M)
T1 24.842.4 a1 39.9+£3.3 b2
yr (25A/20CC/8CD/5TM) (30A/10CC/0CD/60M)

Table 2. Microtensile bond strengths (mean = SD, in MPa) of group 1 (0.01% acrolein pre-treatment) and group 2 (control)

immediately after bonding (T0) and after 1 year of ageing (T1yr) in artificial saliva.

For comparisons within the factor “with/without acrolein (ACR)”, subgroups in the row TO that are labelled with different upper
case superscripts (adhesive only) are significantly different (p < 0.05). Subgroups in the row Tlyr that are labelled with different

lower case superscripts (adhesive only) are significantly different (p < 0.05).

For comparisons within the factor “storage time”, subgroups within the same column that are labelled with the same numerical

designators are not significantly different (p > 0.05).

Percentages of the failure modes (in parentheses) were classified as: A, adhesive; CC, cohesive in resin composite; CD, cohesive in

dentine and M, mixed failure.
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Graph 1. Bond strength values (MPa) reported in Table 1.

Zymography of dentine extracts

The pro-form and active form of recombinant human MMP-2 and -9 for the positive control
are shown in lane 1 of Figure 3a. Phosphoric acid-demineralised dentine extracts contained
multiple forms of gelatinolytic enzymes, including a 72 kDa MMP-2 pro-form, a fainter 86 kDa
band corresponding to the active form of MMP-9, and other minor gelatinolytic bands (Figure
2a, lane 2). Pre-treatment of demineralised dentine powder with 0.01 wt% ACR resulted in
almost complete inactivation of the pro-form and active form of MMP-2 and the active form of
MMP-9 (Figure 3a, lane 3). A band around 100 kDa was still detectable, which could be
attributed to a complex pro-form of MMP-9. Densitometric evaluation of the zymography
bands (Figure 3b) confirmed that ACR inactivated the pro-form and active form of MMP-2. A
band around 100 KDa was still present, although it had a lower intensity compared to the
MMP-9 active form. Control zymograms produced by incubating the phosphoric acid-
demineralised dentine powder with 2 mM of 1,10-phenanthroline showed no enzymatic activity

(data not shown).
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Figure 3. (a) Acrolein zymographic analysis. Lane 1: demineralized dentin powder showing activity of pro- form of MMP-9 (92
kDa) and active form of MMP-2 (66 kDa). Lane 2: demineralized dentin powder after incubation with 0.01% ACR showing
complete inactivation of MMP-2, and reduced MMP-9 activity, although a complex form of MMP-9 around 100 kDa is still
detectable; (b) Graph illustrating the densitometric evaluation of bands obtained from the zymographic analysis of proteins

extracted from dentin powder.

In-situ zymography of resin-dentine interfaces

Confocal laser scanning microscopy images of in-sifu zymography and superimposition of
the fluorescence with light microscopy of the resin-dentine interfaces are shown in Figure 3.
Specimens that were pre-treated with 0.01 wt% ACR prior to adhesive application exhibited
minimal green fluorescence within the hybrid layer (Figures 4a and 4c¢). In contrast, specimens
that were bonded using the dentine adhesive alone (control) exhibited intense green
fluorescence within the hybrid layer (Figures 3b and 3d). Quantification of the fluorescence of

the specimens (Figure 4¢) indicates a 42.76% reduction in enzymatic activity when the ACR-
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based primer was used before the bonding procedure. The difference between the control and

experimental group is statistically significant (p < 0.05).

18.00
16.00

14.00 -42.76%
12.00 <0.05

10.00

SBAXT+0.01 % SBAXT
ACR e

Integrated density of the fluorescence signal §

Figure 4. Resin-bonded dentin interfaces prepared with SB1XT with or without ACR pre-treatment, incubated with quenched
fluorescein-labeled gelatin; (a) Image acquired in green channel, showing fluorescence (identifying intense endogenous enzymatic
activity) in dentinal tubules and within the HL created with SB1XT with ACR pre-treatment; (b) Image acquired in green channel of
the HL created by the application of SB1XT to acid-etched dentin without ACR pre-treatment showing higher fluorescence; (c)
Image of SBIXT with ACR pre-treatment, obtained by merging differential interference contrast image (showing the optical density
of the resin-dentin interface) and image acquired in green channel (showing enzymatic activity); (d) Image of HL created with
SB1XT without ACR pre-treatment obtained by merging differential interference contrast image and image acquired in green
channel; (e) Graph illustrating the quantification of the enzymatic activity of the tested groups. SBI/XT = Adper Scotchbond 1 XT;

ACR = Acrolein D = Dentin; HL = Hybrid Layer; R = Resin Composite.
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2 - EDC Cross-linking effect on dentin bond strength and MMPs activity

Materials and methods

Microtensile bond strength test (uTBS)

Freshly extracted sound human third molars were obtained from anonymous individuals
following their signed consent under a protocol approved by the University of Trieste (Italy).
Eighty tooth crowns (n=20 for each group) were selected to conduct microtensile bond strength
tests, flattened using a low-speed diamond saw (Micromet, Remet, Bologna, Italy) under water
cooling, and a standardized smear layer was created with 600-grit silicon-carbide (SiC) paper
on each tooth surface.

Specimens were then randomly assigned to four different groups as according to the adhesive
procedure performed:

- Group 1 (G1): Clearfil SE primer (Kuraray Dental, Osaka, Japan; abbreviation: CSE) was
applied on unetched, smear layer-covered dentin according to the manufacturers’ instructions.
Then the dentin surface was pretreated with an aqueous solution of 0.3M EDC for 1 min, air-
dried and bonded with Clearfil SE Bond (Kuraray) according to the manufacturer’s instructions;

- Group 2 (G2): CSE was applied on unetched dentin without EDC pre-treatment as per
manufacturer’s instructions;

- Group 3 (G3): dentin was etched for 15s with 35% phosphoric-acid gel (3M ESPE, St. Paul,
MN, USA) and rinsed with water. The acid-etched dentin was than pretreated with the 0.3M
EDC solution for 1 min, air-dried and then bonded with XP Bond (Dentsply DeTrey GmbH,
Konstanz, Deustche; abbreviation: XPB) following the manufacturer’s instructions;

- Group 4 (G4): XPB was applied on etched dentin without EDC pre-treatment as per
manufacturer’s instructions.

Each bonded specimen was then light-cured for 20s using a LED curing light (Demi Light,
Kerr). Four 1-mm-thick layers of microhybrid resin composite (Filtek Z250; 3M ESPE) were
placed and polymerized individually for 20s. Specimens were serially sectioned to obtain

approximately 1 mm-thick beams in accordance with the microtensile non-trimming technique.
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The dimension of each stick (ca. 0.9mmx*0.9mmx6mm) was recorded using a digital caliper
(£0.0lmm) and the bonded area was calculated for subsequent conversion of microtensile
strength values into units of stress (MPa). Beams were stressed to failure after 24h (TO) or 1
year (T12) of storage in artificial saliva at 37°C [5] using a simplified universal testing machine
(Bisco, Inc., Schaumburg, IL, USA) at a crosshead speed of 1 mm/min. The number of
prematurely debonded sticks in each test group was recorded, but these values were not
included in the statistical analysis because all premature failures occurred during the cutting
procedure and they did not exceed the 3% of the total number of tested specimens and were
similarly distributed within the groups. A single observer evaluated the failure modes under a
stereomicroscope (Stemi 2000-C; Carl Zeiss Jena GmbH) at magnifications up to 50x and

classified them as adhesive, cohesive in dentin, cohesive in composite, or mixed failures.

As values were not normally distributed (Kolmogorov-Smirnov test), the collected data were
statistically analyzed with the non-parametric Kruskal-Wallis test followed, when significant,
by pair-wise comparisons using the Mann-Whitney U-test. The Chi-square test was used to
analyze differences in the failure modes. For all tests, statistical significance was pre-set at
p=0.05. Statistical analysis was performed using SPSS 21.0 software for Mac (SPSS Inc.,

Chicago, IL, USA).

Zymographic analysis

The zymographic analysis was performed according to the protocol of Mazzoni et al. 2014 [6].
In brief, mineralized dentin powder was obtained from additional 16 human third molars. Teeth
were ground free of enamel, pulpal soft tissue, and cementum; dentin powder was obtained by
freezing the dentin in liquid nitrogen and triturating it by means of a Retsch mill (Reimiller,
Reggio Emilia, Italy). The fine mineralized dentin powder was pooled, dried, and kept frozen
until use. Aliquots of mineralized dentin powder were divided into 6 groups as follows:

- Group 1 (Lane 1 - L1): dentin powder (DP) left untreated as mineralized control;
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-Group 2 (Lane 2 - L2): DP treated with 1 mL of 10%/wt phosphoric acid for 10 min to
simulate the etching procedure as the first step of the etch-and-rinse bonding technique and used
as demineralized control (DDP);

- Group 3 (Lane 3 - L3): DP treated with 100 pl of 0.3M EDC for 30 min, then gently dried
and treated with CSE primer for 30 min in the dark;

- Group 4 (Lane 4 - L4): DP mixed with 100 pl of CSE primer for 30 min in the dark;

- Group 5 (Lane 5 - L5): DDP treated with 0.3M EDC as for L4, followed by XPB application
for 30 min in the dark;

- Group 6 (Lane 6 - L6): DDP mixed with 100 pl of XPB for 30 min in the dark.

From each group, the adhesive was extracted from the dentin-treated powder with 1 mL of
acetone and centrifuged (20,800 g for 20 min), then re-suspended in acetone and re-centrifuged
2 more times for removal of additional unpolymerized comonomers [6]. For protein extraction,
dentin powder aliquots were re-suspended in extraction buffer (50 mM Tris-HCl pH 6,
containing 5 mM CaClz, 100 mM NaCl, 0.1% Triton X-100, 0.1% non- ionic detergent P-40,
0.1 mM ZnClz, 0.02% NaN3) for 24 hrs at 4°C and sonicated every 20 sec for 10 min (30
pulses), centrifuged for 20 min at 4°C (20.800g), after which the supernatant was removed and
re-centrifuged. The protein content was further concentrated in a Vivaspin centrifugal
concentrator (10,000 KDa cut-off; Vivaspin Sartorius Stedim Biotech, Goettingen, Germany)
for 30 min at 4°C (15,000g, 3 times). Total protein concentration of dentin extracts was
determined by Bradford assay (Bio-Rad, Hercules, CA, USA). Dentin protein aliquots (60 pg)
were diluted in Laemmli sample buffer at a 4:1 ratio and subjected to electrophoresis under
non-reducing conditions in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) containing 1 mg/mL fluorescein-labeled gelatin. Pre-stained low-molecular-
weight SDS-PAGE standards (Bio-Rad) were used as molecular-weight markers. After
electrophoresis, the gels were washed for 1 hr in 2% Triton X-100, and then were incubated in
zymography activation buffer (50 mmol/L Tris- HCl, 5 mmol/L CaCl2, pH 7.4) for 48 hrs.
Proteolytic activity was evaluated and registered under long-wave UV light scanner (ChemiDoc

Universal Hood, Bio-Rad). Gelatinase activity in the samples was analyzed in duplicate by

71



gelatin zymography. Zymographic bands were identified and quantified with Bio-Rad Quantity

One Software (Bio-Rad).

In-situ Zymographic analysis

The procedures were performed using the method reported by Mazzoni and Nascimento, et
al. [6,7]. After aging for the designated period, each bonded slab was glued to a glass slide and
polished to produce an approximately 40-um-thick section. To produce the substrate, 1.0 mg/
mL of a stock solution containing self-quenched fluorescein- conjugated gelatin (E-12055;
Molecular Probes) was prepared by adding 1.0 mL deionized water to the vial containing the
lyophilized gelatin. The substrate was stored at —20°C until use. The gelatin stock solution was
diluted 10 times with dilution buffer (NaCl 150 mm, CaCl2 5 mm, Tris-HCI 50 mm, pH 8.0),
followed by the addition of an antifading agent (Vectashield mounting medium with 4',6-
diamidino-2-phenylindole [DAPI]; Vector Laboratories). Then, 50 uL of the fluorescent gelatin
mixture was placed on top of each polished dentin section and protected with a cover slip. The
glass slide assemblies were light protected and incubated in a humidified chamber at 37°C for
48 h. Detection of endogenous gelatinolytic enzyme activity within the HL was based on
hydrolysis of the quenched fluorescein- conjugated gelatin substrate. The process was evaluated
by examining the glass slides with a multiphoton confocal laser scanning microscope (LSM 5
Pascal; Carl Zeiss), using an excitation wavelength of 495 nm and an emission wavelength of
515 nm. Sixteen to 20 optical sections (350 nm thick) were acquired from different focal planes
for each specimen. The stacked images were analyzed, quantified, and processed with ZEN
2009 software (Carl Zeiss). The fluorescence intensity emitted by the hydrolyzed fluorescein-
conjugated gelatin was isolated and quantified using Image J (ImagelJ; National Institutes of
Health). The amount of gelatinolytic activity was expressed as a percentage of the green

fluorescence within the HL.

Negative control sections were similarly incubated, with the exception that 1) 250 mm
ethylenediaminetetraacetic acid (EDTA) was dissolved in the mixture of quenched fluorescein-

conjugated gelatin, or 2) 2 mm 1,10-phenanthroline, or 3) stan- dard nonfluorescent gelatin

78



instead of fluorescent-conjugated gelatin was used. The EDTA- and 1,10-phenanthroline—

containing gelatin were used as negative controls.
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Results

Microtensile bond strength test (uTBS)

Means and standard deviations of microtensile bond strength (in MPa) at times TO and T12
months are reported in Table 3 and Graph 4. The use of the 0.3M EDC-containing conditioner
before adhesive application did not affect the immediate bond strength of either XPB or CSE
adhesive systems (p>0.05; Table 1). That is, both adhesives showed comparable bond strength
values when employed with or without EDC pretreatment.

However, after incubating the bonded sticks for 12 months, the two control groups (2 and 4)
showed significant (p<0.05) reduction in uTBS compared to EDC-treated experimental groups
(1 and 3).

Group 2 specimens bonded with Clarefil SE Bond fell 35%, while Group 4 specimens
bonded with XP Bond fell 51%.

Specimens pretreated with EDC and bonded with Clarefil SE Bond showed only an 11%
decrease in bond strength compared to the 35% reduction seen in Group 2. Similary, specimens
pretreated with EDC before being bonded with XP Bond (Group 3) showed only 21% decrease
in uTBS compared to the 51% decrease seen in non EDC-treated specimens (Group 4).

A predominance of mixed failures was detected in all groups, except for XPB control that

resulted in increased adhesive fracture at the bonded interface either at TO and T12.
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Bond reduction

t: ti
Storage time after lyear of storage

Treatment Group

To Tz

0 fhzog]gcl + 30.1£6.3 24 26.£8.0 aA 1%
: = 0

Clearfil SE (35A/11CC/12CD/42M) (48A/5CC/7CD/36M)
Group 2 32.8+4.4 aA 21.445.7 bB 35%
Clearfil SE (35A/0CC/10CD/55M) (42A/8CC/SCD/45M) 6
0 fﬁ"ﬁgé + 36.5+7.1 ba 28.6+6.4 2B -
’ - 0

XP Bond (32A/8CC/CD12/48M) (30A/4CC/7CD/59M)
Group 4 37.6£5.9 bA 18.144.9 bB 1o,
XP Bond (69A/8 CC/3CD/20M) (59A/5CC/0CD/36M) o

Table 3. Means and standard deviations of microtensile bond strength (expressed as MPa) obtained by applying primer for 1 min on
the etched dentin surface. To and T2 indicate specimens that were tested after storage for 24 h or 12 months in artificial saliva,
respectively. Distribution of failure mode among tested groups is also reported in square rounds and classified as: A: adhesive; CD:
cohesive failure in dentin; CC: cohesive failure in resin composite; M: mixed. Bond reduction after storage report the percentage of
mean bond reduction after 1 year of storage. Clearfil SE Bond (CSE) and XP Bond (XPB) with or without 0.3M EDC as additional
therapeutic
fPremature failures due to preparation procedures were not included in the statistical analysis. Groups with the same superscripts
are not statistically different (p>0.05). Different superscript lower-case letters (in rows) indicate statistical differences between

storage time. Different superscript upper-case letters (in columns) indicate statistical differences between different adhesive

protocol.
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Graph 4. Graph summarizing the bond strength values (MPa) reported in Table 1
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Zymographic analysis

Zymographic analysis and densitometric evaluation of bands, expressed as percentage of
increase/decrease of MMPs activity among the different treatment groups compared with
mineralized dentin, considered as baseline, are shown in Figs 5 and 6. Proteins extracted from
mineralized and demineralized dentin powder (Lanel, Lane 2, Fig. 5) showed the presence of
MMP-2 pro- and active-forms (72- and 66-kDa, respectively) and pro-MMP-9 (100kDa).
Mineralized dentin powder treated with CSE and XPB resulted in enzymatic activation (Lane 4,
Lane 6 Fig. 5), especially for the XPB where the activity of MMP-2 and -9 are clearly visible,
while for CSE MMP-2 activity was almost absent. Pre-treatment with EDC followed by the
application of CSE resulted in incomplete inhibition of MMPs, and the presence of a band
corresponding to the active MMP-9 was still detectable (Lane 3, Fig. 5). Pre-treatment with
EDC followed by the application of XPB resulted in an almost complete inactivation of dentinal

gelatinases (Lane 5, Fig. 5).
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Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6
250

150
100

75

50

37

Standard ~ Mineralized Demineralized Clearfil SE  Clearfil SE ~ XP Bond XP Bond
dentin dentin Primer Primer 0.3M EDC
0.3M EDC
Figure 5. Zymographic analysis of proteins extracted from dentin powder. Std: Standards (Std) are reported in lane Std. Lane 1:
Mineralized dentin showing the presence of MMP-9 pro-form, MMP-2 pro- and active- form (=92, 72 and 66 kDa, respectively)
and an additional band around 45 kDa. Lane 2: Proteins extracted from dentin powder demineralized with 10% phosphoric acid,
showing an increase of MMP-2 active-form and a slight decrease in the expression of gelatinases pro-forms, and of the additional
band at 45 kDa. Lane 3: Demineralized dentin powder after incubation with 0.3M EDC followed by CSE showing a decrease in the
activity of MMP-9 pro-form and complete inactivation of dentinal MMP-2 pro- and active forms. Lane 4: Demineralized dentin
powder treated with CSE showing a slight decrease in the activity of MMP-9 pro-form and complete inactivation of dentinal
MMP-2 pro- and active forms. Lane 5: Proteins extracted from demineralized dentin powder pre-treated with 0.3M EDC followed
by XP Bond application showing complete inactivation of dentinal gelatinases. Lane 6: Demineralized dentin powder treated with

XP Bond showing enzymatic activation of both MMP-2 and -9 and of the additional band at approx. 45 kDa.
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Figure 6. Graph illustrating the densitometric evaluation of bands obtained from the zymographic analysis of proteins extracted
from dentin powder. The densitometric evaluation of bands is expressed as percentage increase/decrease of MMPs activity among

the different treatment groups compared with mineralized dentin (considered as baseline).

In-situ Zymographic analysis

Representative images of the 4 groups are reported in Figures 1 to 4, and percentages of HLs
exhibiting hydrolysis of the quenched fluorescein-conjugated gelatin in the 4 groups (T0 and T1
y aging in artificial saliva) are shown in the Table 4.

Bonded dentin slabs at TO revealed almost no green fluorescence within the HLs created by
CSE when EDC was applied as additional primer (G1), indicating complete inhibition of
gelatinase activity (Fig. 8a, c, e). In control samples without EDC pretreatment, intermittent
fluorescence in the HL indicated gelatinolytic activity (Fig. 8b, d, f; Table 4). With XPB
adhesive, EDC pretreatment resulted in weak gelatinolytic activity in the HL (Fig. 9a, c, e) that
was about 80% less intense than in XPB control samples with relatively continuous HL
gelatinolytic activity (Fig. 9b, d, f; Table 4). While the difference in activities between the
adhesives was not significant with EDC pretreatment, XPB showed significantly more HL
gelatinolytic activity than CSE in control samples (P < 0.05; Table 4).

At T1 y, EDC-pretreated specimens showed a statistically significant increase in the HL
green fluorescence for both tested adhesives compared to TO (G1 and G3; Fig. 8a, c, e; Fig. 10a,
¢, ¢; Table 4), while the 2 adhesives showed different trends of gelatinolytic expression after

aging for control specimens (Fig. 8b, d, f; Fig. 10b, d, f). CSE-bonded control samples showed
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significantly increased gelatinolytic activity after aging (Fig. 8b, d, f), while no difference was

found for XPB (Fig. 10b, d, f; Table 4).

No fluorescence was detected in negative controls, that is, 1) EDTA-treated 2) specimens

incubated with 2 mm 1,10-phenanth- roline or 3) with standard nonfluorescent gelatin (data not

shown).

Adhesive System and Composition

EDC Pretreatment

% of MMP Activity of the HL

TO

T,

Clearfil SE Bond
Bisphenol A diglycidylmethacrylate
2-Hydroxyethyl methacrylate
10-Methacryloyloxydecy! dihydrogen phosphate
Hydrophobic aliphatic methacrylate
Colloidal silica
dI-Camphorquinone
Initiators
Accelerators

XP Bond
Carboxylic acid-modified dimethacrylate (TCB resin)
Phosphoric acid-modified acrylate resin (PENTA)
Urethane dimethacrylate (UDMA)
Triethyleneglycol dimethacrylate (TEGDMA)
2-Hydroxyethylmethacrylate (HEMA)
Butylated benzenediol (stabilizer)
Ethyl-4-dimethylaminobenzoate
Camphorquinone
Nanofiller
t-Butanol

EDC

Control

EDC

Control

0.01 +0.0*'

52+ 1.7%

2.8+ 02

14.7 £ 2.0%'

6.7 + 082

21.5 + 2,62

7.8+ 1.0M

13.6 + 2.0%'

Table 4. Means of Percentage of MMP Activity (%) and Standard Deviation (SD) Expressed by HLs Created with 2 Adhesives

(Compositions Are Reported as Disclosed by Manufacturers) with and without EDC Pretreatment after the 2 Time Periods, as

Revealed by In Situ Gelatin Zymography.

85



Clearfil SE Bond + EDC  time 0 Clearfil SE Bond control

Figure 7. Resin-bonded dentin interfaces prepared with Clearfil SE (CSE) with or without 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide HCI (EDC) pretreatment and stored 24 h (TO0), incubated with quenched fluorescein-labeled gelatin. D, dentin; HL,
hybrid layer; R, resin composite; bars = 5 pm. (a) In situ zymogram confocal image acquired in green channel of HL created with
CSE applied to dentin pretreated with EDC showing absence of fluorescence. (b) Zymogram image, showing fluorescence
(identifying intense endogenous enzymatic activity) within the HL (pointers) created with CSE without EDC pretreatment. (c)
Optical image of HL created with CSE after EDC pretreatment acquired in optical microscope showing the morphology of the HL.
(d) Optical image of HL created with CSE without EDC pretreatment acquired as for (c). (e) Image of HL created with CSE after
EDC pretreatment obtained by merging differential interference contrast image (showing the optical density of the resin-dentin
interface) and image acquired in green channel (showing enzymatic activity). (f) Image of CSE without EDC pretreatment, obtained

by merging differential interference contrast image as for (¢) and image acquired in green channel (showing enzymatic activity).
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Clearfil SE Bond + EDC time | year Clearfil SE Bond control

Figure 8. Resin-bonded dentin interfaces prepared with Clearfil SE (CSE) with or without 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide HC1 (EDC) pretreatment after 1 y of storage (T1 y), incubated with quenched fluorescein-labeled gelatin. D, dentin;
HL, hybrid layer; R, resin composite; bars = 5 pm. (a) Zymogram confocal image acquired in green channel of HL created with
CSE applied to dentin pretreated with EDC showing weaker and discontinuous fluorescence (pointers). (b) Image acquired in green
channel, showing intense and continuous fluorescence (identifying endogenous enzymatic activity) within the HL (pointers) created
with CSE without EDC pretreatment. (¢) Image of HL created with CSE after EDC pretreatment acquired as optical microscope
showing the morphology of the HL. (d) Image of HL created with CSE after EDC pretreatment acquired as optical microscope. (e)
Image of HL created with CSE after EDC pretreatment obtained by merging differential interference contrast image (showing the
optical density of the resin-dentin interface) and image acquired in green channel (showing enzymatic activity). (f) Image of CSE
without EDC pretreatment, obtained by merging differential interference contrast image as for (e) and image acquired in green

channel (showing enzymatic activity).
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XP Bond + EDC time 0 XP Bond control

Figure 9. Resin-bonded dentin interfaces prepared with XP Bond (XPB) with or without 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide HCI (EDC) pretreatment after 24 h of storage (T0), incubated with quenched fluorescein-labeled gelatin. D, dentin;
HL, hybrid layer; R, resin composite; bars = 5 pm. (a) Zymogram confocal image acquired in green channel of HL created with
XPB applied to acid-etched dentin pretreated with EDC showing slight presence of fluorescence (pointers). (b) Image acquired in
green channel, showing intense fluorescence (identifying endogenous enzymatic activity) in most of the dentinal tubule orifices and
within the HL (pointers) created with XPB without EDC. (¢) Image of HL created with XPB without EDC pretreatment acquired as
optical microscope showing the morphology of the HL. (d) Image of HL created with XPB after EDC pretreatment acquired as
optical microscope. (¢) Image of HL created with XPB after EDC pretreatment obtained by merging differential interference
contrast image (showing the optical density of the resin-dentin interface) and image acquired in green channel (showing enzymatic
activity). (f) Image of XPB without EDC pretreatment, obtained by merging differential interference contrast image as for (e) and

image acquired in green channel (showing enzymatic activity).
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XP Bond + EDC time | year XP Bond control

Figure 10. Resin-bonded dentin interfaces prepared with XP Bond (XPB) with or without 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide HCI (EDC) pretreatment and stored for 1 y (T1 y), incubated with quenched fluorescein-labeled gelatin. D, dentin;
HL, hybrid layer; R, resin composite; bars = 5 pm. (a) Confocal image acquired in green channel of HL created with XPB applied to
acid etched dentin pretreated with EDC showing fluorescence within the HL (pointers) and dentinal tubule orifices. (b) Image
acquired in green channel, showing fluorescence (identifying intense endogenous enzymatic activity) in dentinal tubule orifices and
within the HL (pointers) created with XPB without EDC pretreatment. (c) Image of HL created with XPB after EDC pretreatment
acquired as optical microscope showing the anatomy of the HL. (d) Image of HL created with XPB without EDC acquired as optical
image. (e) Image of HL created with XPB after EDC pretreatment obtained by merging differential interference contrast image
(showing the optical density of the resin-dentin interface) and image acquired in green channel (showing enzymatic activity). (f)
Image of XPB without EDC pretreatment, obtained by merging differential interference contrast image as for (e) and image

acquired in green channel (showing enzymatic activity).
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3- Carbodiimide inactivation of matrix metalloproteinases in radicular dentine

Materials and methods
Specimen preparation

Extracted, caries-free, human single-rooted teeth, with similar radicular length and diameter
were used for the present study (mostly upper central incisors, upper lateral incisors and upper
single-rooted premolars). The specimens were stored in 0.5% chloramine at 4 °C and used
within one month after harvesting. After debriding the root surface, each tooth was sectioned at
the cementoenamel junction, perpendicular to the longitudinal axis of the tooth, to visualise
canal morphology. Among all the collected teeth, sixty-four specimens were selected, each with
a circular-shaped canal and at least 12 mm of root length. Root canal treatment was performed
using Pathfiles (1-2-3) and ProTaper (S1-S2-F1-F2-F3) (Dentsply Sirona, York, PA, USA) to
the working length. During instrumentation, the canals were irrigated with 10 mL of 5% sodium
hypochlorite (Niclor 5; Ogna, Muggio, Italy), alternated with 2 mL of 10% ethylenediamine
tetra-acetic acid (Tubuliclean; Ogna). The clean and shaped root canals were rechecked under
20X magnification using an optimal microscope (Zeiss, Germany) to confirm the shape of the
coronal part of the canal after instrumentation and to exclude the presence of visible cracks
(irregular, oval and cracked canals were discarded). Canals that satisfied those criteria were
obturated with gutta-percha in combination with a root canal sealer (AH-Plus; Dentsply Sirona)

using warm vertical compaction.

Post-luting

Each root-treated tooth was placed in a 100% relative humidity chamber for 24 hours to
facilitate setting of the sealer. A 10 mm post-space was subsequently created in each root-filled
canal using fibre post drills (Rely-X Fiber Post, 3M ESPE, St. Paul, MN, USA). The post space
was etched for 15 seconds with 36% phosphoric acid (Conditioner36, Dentsply Sirona), rinsed
for 60 seconds with air-water spray and dried with paper points. Prior to luting, the correct
length of each fibre post (RelyX Fiber Post, Size 2) was verified. The specimens were randomly

divided into four groups according to the adhesive protocol employed:

90



- Group 1: All-Bond 3 (AB3, Bisco Inc., Schaumburg, IL, USA), a three-step etch-and-rinse

adhesive, was applied on the acid-etched post space following the manufacturer’s instructions;

- Group 2: The acid-etched dentin was pre-treated with an aqueous solution of 0.3 M EDC

for one minute, air-dried, and treated with AB3;

- Group 3: Prime&Bond XP (XPB, Dentsply Sirona), a two-step etch-and-rinse adhesive,
was mixed with the Self-Cure Activator and applied on the acid-etched post space following the

manufacturer’s instructions;

- Group 4: The acid-etched dentin was pre-treated with 0.3M EDC as described in Group 2,

and then treated with Prime&Bond XP.

Each fibre post was cleaned in ethanol for 30 seconds prior to the application of a silane
coupling agent (Ceramic Primer; 3M ESPE). The primer-coupled fibre post was air-dried for 5
seconds. A dual-cure resin luting cement (Core-X Flow, Denstply Sirona) was used according to
the manufacturer’s instructions and inserted into the post-space with a suitable-sized mixing tip.
After the post was inserted into the canal space for one minute, the luting cement was light-
cured with a light-emitted diode curing light (Translux Power Blue, Heracus Kulzer, Hanau,
Germany). Light-curing was performed for 40 seconds each from the cervical surface of the
root in the direction of the longitudinal axis, and then obliquely from the buccal and palatal
surfaces (total 120 seconds). After polymerisation, the post-luted specimens were stored in

distilled water at 37 °C for 24 hours.

Six 1-mm thick slices were prepared from each specimen using a low-speed diamond saw
(Micromet, Remet, Bologna, Italy) using water cooling. A mark was placed on the coronal side
of each section with an indelible marker. The marked specimens were stored in artificial saliva

at 37 °C [2].

Resistance of fibre post to dislodgement
A micro push-out test (N=8) was used to evaluate the ability of the fibre posts to resist
dislodgement from the bonded canal walls (N = 8). Testing was conducted after 24 hours and

after one year of storage in artificial saliva. Push-out was performed by applying an axial load

91



to the post at a crosshead speed of 0.5 mm/min, using an Instron Machine I model 10/D
(Sintech, MTS, USA). The apical surface was placed facing the punch tip, ensuring that loading
forces were introduced from an apical to coronal direction. Bond failure was manifested by the
dislodgment of the fibre post from the root section. Push-out strength data were converted to
MegaPascals (MPa) by dividing the load in Newtons by the bonded surface area (SL) in mm2,
and SL was calculated as the lateral surface area of a truncated cone using the formula: SL=
((R+1))*((h? + (R-1))2)05 where R is the coronal radius of the canal with the post, r the apical
radius and h the thickness of the slice. The wider and the narrowest diameters were digitally
measured using ImagelJ software on a picture of the slice taken on a millimetre paper to set the
scale, while the thickness of the slice were individually measured using a pair of digital
callipers with 0.01 mm accuracy. A single observer evaluated the debonded specimens using a
stereomicroscope at 40x magnification. Failure modes were classified as: adhesive failure
between dentine and cement (AD), adhesive failure between the cement and post (AP),
cohesive failure within the cement (CC), cohesive failure within the post (CP) and mixed failure

(M). The percentage of each type of failure mode within each group was calculated.

Nanoleakage

Specimen were sectioned into Imm-thick slices and immersed in 50 wt% ammoniacal
silver nitrate solution for 24 hours. The silver ion-infiltrated specimens were subsequently
immersed in photo-developing solution to reduce the silver ions into metallic silver grains. The
specimens were fixed on glass slides, flattened with silicon carbide paper under running water
and observed using a light microscope (Nikon E800; Nikon, Tokyo, Japan). Images of the
adhesive interfaces were obtained (original magnification: 100X) and the degree of interfacial
nanoleakage was scored using a four-point scale by two observers. Scoring was performed
using the methodology described by Saboia et a [8]. Intra-examiner reliability was evaluated

using the kappa (k) test.
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In-situ zymography of the hybrid layer

Six additional non-carious human premolars with two distinct roots, extracted for
orthodontic reasons, were used for in-situ zymography. Crown removal and root canal treatment
were performed in the manner described in previous sections. A standardised post-space was
created in all canals and the radicular dentine was etched for 15 seconds with 36% phosphoric
acid, rinsed for 60 seconds and dried with paper points. The etched canals were treated
according to the aforementioned adhesive procedures. The same adhesive (AB3 or XPB) was
used for each tooth; one post-space was pre-treated with 0.3 M EDC while the other post-space
was bonded without EDC pre-treatment. The Core-X Flow resin cement was used for luting of
the fibre posts in the manner previously described. Six 1-mm thick sections were prepared from
each tooth. Each section was fixed to a glass slide using glue and polished with 4000-grit

silicon carbide papers with water cooling to obtain specimens with a final thickness of ~ 50 um.

In-situ zymography was performed with self-quenched fluorescein-conjugated
gelatine as the MMP substrate (E-12055, Molecular Probes, Eugene, OR, USA)[7]. Briefly, the
fluorescent gelatine mixture was placed on top of each slab and covered with a glass cover-slip.
Each glass slide was light-protected and incubated in a humidified chamber at 37 °C for 24
hours. Hydrolysis of quenched fluorescein-conjugated gelatine within the hybrid layer,
indicative of endogenous gelatinolytic enzyme activity, was evaluated by examination of the
glass slides with a multi-photon confocal laser scanning microscope (TCS SP5-AOBS 5-
channel, Leica Microsystems, Buffalo Grove, IL, USA), using an excitation wavelength of 495
nm and an emission wavelength of 515 nm. Images were acquired using a HCX PL APO 40x/
1.25 NA oil immersion objective always maintaining the same microscope setting. Optical
sections (350 nm thick) were acquired from different focal planes. The stacked images were
analysed, quantified, and processed with Imagel] software (National Institute of Health,
Bethesda, MD, USA). The fluorescence intensity emitted by the hydrolysed fluorescein-
conjugated gelatine was quantified and the amount of gelatinolytic activity assessed through the

green signal within the hybrid layer was expressed in arbitrary units.
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Statistical analysis

After ascertaining the normality (Shapiro-Wilk test) and homoscedastic (modified Levene
test) assumptions of the data sets, the bond strength data were analysed with three-way analysis
of variance to examine the effects of the adhesive system, EDC application and storage time,
and the interaction of those three factors on micro push-out bond strength. Post-hoc pairwise
comparisons were performed using the Holm-Sidak multiple comparison procedure. Chi-square
tests were used to analyse nanoleakage scores and differences in the failure modes. Evaluation
of the quantified data obtained from in-situ zymography was performed two-way analysis of
variance to examine the effect of adhesive and EDC pre-treatment on potential gelatinolytic
activities. Pot-hoc comparisons were conducted using the Holm-Sidéak statistic. For all tests,
statistical significance was pre-set at o = 0.05. All statistical analyses were performed using

Stata 12.0 (StataCorp, College Station, Texas, USA).

94



Results

Push-out strength

Bond strength data were expressed as means and standard deviations and summarised in
Table 5.

Results of the three-way ANOVA showed that significant difference was observed for the
factors: “EDC treatment” (p = 0.002) and “time” (p = 0.000). The factor “adhesive” had no
effect on the push-out bond strength (p > 0.05). The interactions between the factors “EDC
treatment” and ‘“adhesive”, “adhesive” and “time”, “EDC treatment” and “time” were not
significant (p > 0.05). Furthermore, also the interaction of the three factors “EDC treatment”,

“time” and “adhesive” was not significant (p > 0.05).

Bond
i =2 e
storage
CORONAL MIDDLE APICAL CORONAL MIDDLE APICAL
— 0,
Gl:aB3 % 5.52 4.50 6,08 4.14 3.34 f/{ - _2235.;) %o
’ (£1.61) (£2.36) (£2.48) (+1.56) (+1.16) (£1.67) A— 2570
— _ 0,
G2: 8.33 6.14 4.95 8.13 5.52 4.47 f/[ B _216‘ ?0/
EDC+AB3  (£2.46) (£3.24) (£1.68) (+1.50) (+1.64) (+1.78) A 07
— _ 0,
Gy xpp 801 5.37 424 5.84 3.30 2.71 §4= 2378 153
' (2.07) (1.61) (#1.17) (+1.78) (+1.12) (+1.29) Az 36 1%
— _ 0
G4: 8.11 5.83 4.50 7.05 4.1 4,01 VR
EDC+XPB  (*1.14) (+1.66) (+1.83) (+1.76) (£1.48) (£1.50) P

Table 5. Push-out strength (mean =+ standard deviation) obtained from the four experimental groups at 24 hours and after 12 month
of aging in artificial saliva. Strength reduction after aging was expressed as a percentage of the 24-hour push-out strength. Root

location designation: C, coronal region; M, middle region; A, apical region.
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Failure mode

Failure modes distribution of the debonded specimens, expressed as percentages of the total
number of specimens tested, are summarised in Table 6. More than 95% of the failures in each
group were either adhesive failure between dentine and resin cement, or mixed failures. Other
failure modes were inconspicuously identified in specimens that were tested after 24 hours.
After artificial aging for 12 months, Groups 1 (AB3) and 3 (SPB) showed an increased number

of adhesive failures between dentine and cement, although the increases were not statistically

significant.
AD AP CC CP M
Gl T=0 75.7 0.7 0 0.2 23.4
T=12 86.9 0.6 0 0 12.5
G2 T=0 73.5 1.2 0 0 25.3
T=12 77.4 1.1 0 0 21.5
G3 T=0 78.6 1.4 0 0 20
T=12 84.1 0.9 0 0 15
G4 T=0 77.3 1.3 0 0 11,4
T=12 78.9 1.7 0 0 19.4

Table 6. Failure mode of debonded specimens from the four experimental groups at 24 hours and after one year of aging in
artificial saliva. Data were expressed as percentages of the total number of specimens tested for each group. Failure mode
designation; AD, adhesive failure between dentine and cement; AP, adhesive failure between cement and post; CC. cohesive failure

within the cement; CP, cohesive failure within the post; M, mixed failure.
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Nanoleakage
Descriptive statistics of interfacial leakage scores are represented in Figure 1. No statistically

significant differences were found among the groups in the extent of silver nitrate penetration (p

=0.052), as shown in Figure 11.

100%
90%
80%
© 70%
% 60%
t 50%
S 40%
& 30%
20%
10%
0%
AB3 EDC + AB3 AB3 EDC +AB3| XPB EDC + XPB| XPB EDC + XPB
24 hours | 24 hours | One year | One year | 24 hours | 24 hours | One year | One year

8575 0.0 4.0 5.0 6.2 0.0 0.0 55 5.0

W 50<75 13.3 14.0 11.2 8.8 14.5 21.2 21.2 15.2

[025<50 20.0 26.6 33.3 36.0 44.0 35.8 33.8 36.3

B<25 60.0 50.0 50.5 49.0 375 43.0 395 415

[8]o] 6.7 54 0.0 0.0 4.0 0.0 0.0 2.0

Figure 11. Percentage of interfacial nanoleakage expression in resin-dentine interfaces created in radicular dentine with All-Bond 3
(AB3) or Prime&Bond XP (XPB), with or without carbodiimide (EDC) pre-treatment of the acid-etched dentine, at 24 hours or

after one year of aging in artificial saliva.
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In-situ zymography
Gelatinolytic activity, expressed as the percentage of the green fluorescence within

the hybrid layer, is represented in Figure 12.

Results of the two-way ANOVA showed that significant difference was observed for the
factors: “EDC treatment” (p = 0.000) and “adhesive” (p = 0.000). The interaction between the

factors “EDC treatment” and “adhesive” was not statistically significant (p > 0.05).

Application of the two-step etch-and-rinse adhesive XPB to acid-etched dentin resulted in
significantly more extensive gelatinolytic activity within the hybrid layer when compared to the
application of the three-step etch-and-rinse adhesive AB3 (p < 0.05). For both adhesives, pre-
treatment of the acid-etched dentin with 0.3 M EDC prior to adhesive application resulted in
significantly reduced gelatinolytic activity within radicular hybrid layer, compared with the
corresponding adhesive (p < 0.05). Confocal laser scanning microscopic examination of in-situ
zymography specimens derived from unaged premolars in the four experimental groups
revealed intense green fluorescence within the dentinal tubules of mineralized radicular dentine
as well as within the hybrid layer (Figure 13). Because the original gelatine substrate was
heavily quenched with conjugated fluorescein and did not fluoresce, regions in the root slice
that exhibit strong fluorescence are indicative of hydrolysis of the extrinsic gelatine substrate,

which in turn, released the conjugated fluorescein molecules.

No fluorescence was detected in negative controls prepared with non-specific inhibitors,
including: 1) EDTA-treated, 2) specimens incubated with 2 mM 1,10-phenanthroline or 3) with

standard nonfluorescent gelatin (data not shown).
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Figure 12. Representative confocal laser scanning microscopy images of resin-bonded radicular dentine interfaces that were
incubated with quenched fluorescein-labelled gelatine. Abbreviations: D, dentine; HL, hybrid layer; R, resin cement. A. Dentine
bonded with All-Bond 3 without EDC pre-treatment. B. Dentine bonded with All-Bond 3 with EDC pre-treatment. C. Dentine
bonded with Prime&Bond XP without EDC pre-treatment. D. Dentine bonded with Prime&Bond XP with EDC pre-treatment. For
each set of images, the top image was acquired in the green channel. The green fluorescence represented areas with intense
endogenous gelationolytic activity within the dentinal tubules and the hybrid layer. The bottom image was produced by merging the
differential interference contrast image (showing the optical density of the resin-dentine interface) and the image acquired in green

channel.
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Figure 13. Gelatinolytic activity, expressed as the percentage of the green fluorescence within hybrid layers created with All-Bond 3
(AB3) or Prime&Bond XP (XPB), with or without carbodiimide (EDC) pre-treatment of the acid-etched dentine. Values are means
and standard deviations. For comparison of the factor “adhesive type”, columns of labelled with the same upper case letters (24
hours) or lower case letters (aging for one-year) are not significantly different (p > 0.05). For comparison of the factor “with or

without EDC pre-treatment”, columns labelled with the same numerals are not significantly different (p > 0.05).
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4- DCC Cross-linking effect on dentin bond strength and MMPs activity

Materials and methods

Microtensile bond strength test (uTBS)

Freshly extracted sound human third molars were obtained from anonymous individuals
following their signed consent under a protocol approved by the University of Bologna (Italy).
Eighty tooth crowns (n=20 for each group) were selected to conduct microtensile bond strength
tests, flattened using a low-speed diamond saw (Micromet, Remet, Bologna, Italy) under water
cooling, and a standardized smear layer was created with 600-grit silicon-carbide (SiC) paper
on each tooth surface.

Specimens were then randomly assigned to four different groups as according to the
adhesive procedure performed:

- Group 1 (G1): DCC pretreatment and Scotchbond Universal (3M ESPE) in efch-and-rinse
mode. Then the dentin surface was etched with 37% phosphoric acid and pretreated with an
ethanol solution of 0.5M DCC for 1 min, air-dried and bonded with Scotchbond Universal
according to the manufacturer’s instructions;

- Group 2 (G2): SBU was applied on etched dentin without DCC pre-treatment as suggested
by manufacturer’s instructions;

- Group 3 (G3): DCC pretreatment and Scotchbond Universal (3M ESPE) in self-etch mode.
Then the dentin surface was pretreated with an ethanol solution of 0.5M DCC for 1 min, air-
dried and bonded with SBU according to the manufacturer’s instructions;

- Group 4 (G4): SBU was applied on unetched dentin without DCC pre-treatment as
suggested by manufacturer’s instructions;

Each bonded specimen was then light-cured for 20s using a LED curing light (Demi Light,
Kerr). Four 1-mm-thick layers of microhybrid resin composite (Filtek Z250; 3M ESPE) were
placed and polymerized individually for 20s. Specimens were serially sectioned to obtain
approximately 1 mm-thick beams in accordance with the microtensile non-trimming technique.
The dimension of each stick (ca. 0.9mmx*0.9mmx6mm) was recorded using a digital caliper

(£0.0lmm) and the bonded area was calculated for subsequent conversion of microtensile
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strength values into units of stress (MPa). Beams were stressed to failure after 24h (TO) or 1
year (T12) of storage in artificial saliva at 37°C [2] using a simplified universal testing machine
(Bisco, Inc., Schaumburg, IL, USA) at a crosshead speed of 1 mm/min. The number of
prematurely debonded sticks in each test group was recorded, but these values were not
included in the statistical analysis because all premature failures occurred during the cutting
procedure and they did not exceed the 3% of the total number of tested specimens and were
similarly distributed within the groups. A single observer evaluated the failure modes under a
stereomicroscope (Stemi 2000-C; Carl Zeiss Jena GmbH) at magnifications up to 50x and
classified them as adhesive, cohesive in dentin, cohesive in composite, or mixed failures.

As values were normally distributed (Kolmogorov-Smirnov test), the collected data were
statistically analyzed with the three-way ANOVA test for the variable DCC pretreatment,
etching mode and aging. The Chi-square test was used to analyze differences in the failure

modes. For all tests, statistical significance was pre-set at p<0.05. Statistical analysis was

performed using SPSS 21.0 software for Mac (SPSS Inc., Chicago, IL, USA).

Nanoleakage analyses

Additional thirty teeth (N=5 per group) were prepared. Slabs of mid-coronal dentine were
treated with the same bonding procedures as previously described for uBST. Further, the
specimens were cut vertically into 1-mm-thick slabs to expose the bonding surfaces. After
storage in artificial saliva at 37°C for 24h (T0), and 12 months (T12), specimens were immersed
in 50 wt% ammoniac AgNO3 solution for 24 h in a dark environment following the protocol
described by Tay et al. [9], thoroughly rinsed in distilled water, and immersed in a photo
developing solution for 8 h under a fluorescent light to reduce silver ions into metallic silver
grain within voids along the bonded interfaces.

For the light microscopy (LM), the specimens were processed in the following manner:
fixed, dehydrated, embedded in epoxy resin (LR White resin, Sigma-Aldrich, St. Louis, MI,
USA), fixed on glass slides using cyanoacrylate glue, fattened on a grinding device (LS2;
Remet, Bologna, Italy) under water irrigation using a series of abrasives (180-, 600-, 1200-,

2400-, and 4000-grit SiC). The precipitation of the silver tracer was analysed along the bonded
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interface using LM (E800; Nikon, Tokyo, Japan), under 20X magnification, and the interfacial
nanoleakage was scored based on the percentage of adhesive surface showing AgNO3
deposition by two trained investigators, following the method of Saboia et al. [8]. The scores
were placed on a scale 0-4 under the following criteria: (0) no nanoleakage; (1) <25% surface
with nanoleakage; (2) 25% to 50% surface with nanoleakage; (3) 50% to 75% surface with
nanoleakage; and (4) >75% surface with nanoleakage. Because the data were normally
distributed, statistical differences among nanoleakage group scores were analyzed with Chi? test

and statistical significance was set for 0=0.05.

In-situ Zymographic analysis

Additional 3 teeth per group were processed for in-situ zymography analyses. The
procedures were performed using the method reported by Mazzoni and Nascimento, et al.
[7,10]. After aging for the designated period, each bonded slab was glued to a glass slide and
polished to produce an approximately 40-pm-thick section. To produce the substrate, 1.0 mg/
mL of a stock solution containing self-quenched fluorescein-conjugated gelatin (E-12055;
Molecular Probes) was prepared by adding 1.0 mL deionized water to the vial containing the
lyophilized gelatin. The substrate was stored at —20°C until use. The gelatin stock solution was
diluted 10 times with dilution buffer (NaCl 150 mm, CaCI2 5 mm, Tris-HCI 50 mm, pH 8.0),
followed by the addition of an antifading agent (Vectashield mounting medium with 4',6-
diamidino-2-phenylindole [DAPI]; Vector Laboratories). Then, 50 pL of the fluorescent gelatin
mixture was placed on top of each polished dentin section and protected with a cover slip. The
glass slide assemblies were light protected and incubated in a humidified chamber at 37°C for
48 h. Detection of endogenous gelatinolytic enzyme activity within the HL was based on
hydrolysis of the quenched fluorescein-conjugated gelatin substrate. The process was evaluated
by examining the glass slides with a multiphoton confocal laser scanning microscope (LSM 5
Pascal; Carl Zeiss), using an excitation wavelength of 495 nm and an emission wavelength of
515 nm. Sixteen to 20 optical sections (350 nm thick) were acquired from different focal planes
for each specimen. The stacked images were analyzed, quantified, and processed with ZEN

2009 software (Carl Zeiss). The fluorescence intensity emitted by the hydrolyzed fluorescein-



conjugated gelatin was isolated and quantified using Image J (ImageJ; National Institutes of
Health). The amount of gelatinolytic activity was expressed as a percentage of the green
fluorescence within the HL.

Negative control sections were similarly incubated, with the exception that 1) 250 mm
ethylenediaminetetraacetic acid (EDTA) was dissolved in the mixture of quenched fluorescein-
conjugated gelatin, or 2) 2 mm 1,10-phenanthroline, or 3) stan- dard nonfluorescent gelatin
instead of fluorescent-conjugated gelatin was used. The EDTA- and 1,10-phenanthroline—

containing gelatin were used as negative controls.
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Results
Microtensile bond-strength

Means and standard deviations of micro-tensile bond strength (in MPa) at times TO and T12
months are reported in Table 7.
The statistical analyses showed that SBU had higher bond strength results when employed in
etch and rinse mode. At baseline, the use of the 0.5M DCC containing primer applied before the
adhesive, improve the immediate bond strength of SBU only when used in self-etch mode
(p>0.05).

However, after incubating the bonded sticks for 12 months, the etch-and-rinse groups and

the self-etch control group showed significant (p<0.05) reduction in pTBS. The bond strength
values were only preserved for the experimental group applied in self-etch mode.

A predominance of adhesive failures was detected in all groups either at TO and T12.

Sistema adesivo Scotchbond Universal Etch-and-rinse Scotchbond Universal Self-etch
Pretrattamento U5 AL Controllo 155 DL Controllo
etanolo etanolo
48,0bA 39,0aA 39,4a.bA 26,3¢A
Test a To
+17,7 +12,6 +184 +17,9
32,3bB 29,6b.B 35,0vA 12,6¢B
Test a T12
+16,7 +12,7 +15,6 +92

Table 7: Means and standard deviations (MPa) of uTBS test at TO and T12.
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Nanoleakage

Figure 14 showed differences between the samples treated with and without pre-treatment
with 0.5M DCC in ethanol at baseline and after one year of storage in artificial saliva. In

particular, DCC treated samples expressed a lower marginal infiltration compared to control

groups.

Examples of nanoleakage infiltration for each group are showed in figures 15-22.
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Figure 14. Percentage of interfacial nanoleakage expression in resin-dentine interfaces created in coronal dentine with SBU in etch-

and-rinse and self-etch mode with or without DCC pre-treatment of dentine, at 24 hours or after one year of aging in artificial

saliva.
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Figure 15: Sample treated with Scotchbond Universal E&R mode.

Figure 16: Sample treated with DCC and Scotchbond Universal E&R mode.
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Figure 17: Sample treated with Scotchbond Universal SE mode.

Figure 18: Sample treated with DCC and Scotchbond Universal in SE mode.
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Figure 19: Sample treated with Scotchbond Universal in ER mode after 1 year of storage in artificial saliva.

Figure 20: Sample treated with DCC and Scotchbond Universal in ER mode after 1 year of storage in artificial saliva.
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Figure 21: Sample treated with Scotchbond Universal in SE mode after 1 year of storage in artificial saliva.

Figure 22: Sample treated with DCC and Scotchbond Universal in SE mode after 1 year of storage in artificial saliva.
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In Situ Zymography of the Hybrid Layer

Representative images of the 4 groups are reported in Figures 23 and 24, and percentages of
HLs exhibiting hydrolysis of the quenched fluorescein-conjugated gelatin in the 4 groups (TO
and T1 y aging in artificial saliva) are shown in Graph 5.

Bonded dentin slabs at TO revealed a reduced green fluorescence within the HLs created by
SBU in ER and SE mode when DCC was applied as additional primer. In control samples
without DCC pretreatment, intermittent fluorescence in the HL indicated gelatinolytic activity.

At T12, both experimental and control groups showed and increased enzymatic activity apart
from the experimental group with SBU in SE mode.

No fluorescence was detected in negative controls, that is, 1) EDTA-treated 2) specimens
incubated with 2 mm 1,10-phenanth- roline or 3) with standard nonfluorescent gelatin (data not

shown).
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Graph 5. Gelatinolytic activity, expressed as the percentage of the green fluorescence within hybrid layers created with SBU or in

self-etch or etch-and-rinse mode with or without DCC pre-treatment of the dentine. Values are means and standard deviations.
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SB Univ SE SB Univ+DCC ETOH 0.5M SE SB Univ E&R SB Univ+DCC ETOH 0.5M E&R

Figura 24. In situ zymography. Samples at TO stored for 24 h: Resin dentine interface treated with Scotchbond Universal in self-
etch mode (a,b); Scotchbond Universal self-etch mode + DCC 0,5M (c, d); Scotchbond Universal etch-and-rinse mode (e, f);

Scotchbond Universal etch-and-rinse mode + DCC 0,5M (g, h). D= Dentin; HL= Hybrid Layer; R= Composite Resin.
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R R
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Figura 25: In situ zymography. Samples at T12 stored for 12 months in artificial saliva: Resin dentine interface treated with

Scotchbond Universal in self-etch mode (a,b); Scotchbond Universal self-etch mode + DCC 0,5M (c, d); Scotchbond Universal
etch-and-rinse mode (e, f); Scotchbond Universal etch-and-rinse mode + DCC 0,5M (g, h). D= Dentin; HL= Hybrid Layer; R=

Composite Resin.
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5- DCC inactivation of matrix metalloproteinases in radicular dentine

Materials and methods
Specimen preparation

36 extracted intact single-rooted teeth, single canal without decay, cervical lesions, filling,
canal calcifications, open apex, and radicular reabsorption were selected. After debriding the
root surfaces, Each tooth was sectioned at the CEJ perpendicular to the long axis of the tooth to
visualize canal morphology using water-cooled diamond disk and stored in physiological
solution at 4 ° C until use. Samples were endodontically treated following specific protocol
reaching working length with 10 k-file following by Pathfiles P1-P2-P3 and Protaper Universal
S1-S2 in sequence (Dentsply Maillefer, Ballaigues, Switzerland). After working length control
with 10 K-file finishing Protaper Universal were used. During shaping of the canal 5%
hypochlorite (Niclor 5; Ogna, Muggio, Italy) and 10% EDTA (Tubuliclean; Ogna) were used as
irrigation. the canal were dried using sterile paper points. The canal filling was obtained with
endodontic sealer (Pulp Canal Sealer EWT; Kerr, Sybron, Romulus, MI, USA) and medium-
sized gutta-percha points using DownPack system (Hu-Friedy, Chicago, IL, USA) and Obtura
I (Analytic Technologies, Redmond, WA, USA).

The coronal sealing was made in Fuji and the samples were stored in physiological solution
at 37° C for 7 days. After this time an 8 mm post space was prepared with dedicated
drills(Rely-X Fiber Post, 3M ESPE, St. Paul, USA) under water-cooling . The post space was
etched for 15s with 37% phosphoric acid (Conditioner36, Dentsply) with continues brushing
technique and rinsed with water (endodontic needles) for 15 s.

Samples were randomized into three groups (n= 12) according to the dentinal pretreatment:

- Group 1: water wet bonding (control): post space irrigation with distilled water for 60 s -

- Group 2: Ethanol wet bonding: post space irrigation with 100% ethanol for 60 s

- Group 3: Ethanol wet bonding with DCC: post space irrigation with 0,5 M DCC in 100%
ethanol for 60 s

Every group has been subjected to the same adhesive procedures:

113



Two applications of primer (AllBond3, Bisco, USA) with continuous brushing technique for
10 seconds and removal of excess primer by gentle blow of air for 10 seconds. One application
of bonding (AllBond3, Bisco, USA ) with continuous brushing technique for 10 seconds.

Meanwhile fiber posts were cleaned in ethanol for 30 seconds and air dried for 5 seconds.
Then overspread with silane ( Bis Silane, Porcelain Primer, Bisco Inc.) for 60 seconds and air
dried again for 5 seconds.

We proceeded filling the post space with Dual-cure luting cement ( Duo-Link Universal,
Bisco Inc.), slowly inserting the fiber post in the post space.After 60 seconds waiting light-
curing was performed with a LED polywave light ( Bluephase Style, Ivoclar, Luxembourg) for
40 s each.

After polymerization, the samples were stored in distilled water at 37°C .

Push-out test

After a week every sample was cut perpendicular to the fiber post axis using a diamond saw
0,35 mm thin at low speed (Micromet; Remet, Bologna, Italy) under water-cooling . Six
sections, each of 1 mm thick were obtained from each sample, representative of coronal and
apical regions of post space. Each section was marked on its coronal side with an indelible
marker. Samples were then divided in order to have half of them analyzed at zero time wile the
other half was stored in artificial saliva at 37°C for adhesion strength evaluation at twelve
months.

The push-out test of the sections was made applying an axial load to the post at a crosshead
speed of 0,5 mm/ min using an Instrom Machine I (10/D model; Snitch, MTS, Canton, MA,
USA). The most coronal surface of the section was always turned downward to make the test
(load direction: from apical to coronal). Load peak was recorded in Newtons (N) and converted
into Megapascal (MPa) dividing the value to the fiber post fragment area, that corresponds to

the adhesion area according to Juloski et al. [11].
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Nanoleakage

9 samples from each group were choose for nano leakage evaluation: 3 after 24 hours, 3 after
6 months and 3 after 12 months. Samples were cut as for push out test in 1mm-thick slices and
the central section was selected. On top of them were applied fast nail varnish (twice) until
hardening a mm from adhesive interface. Specimen were then put in silver nitrate solution in
50wt% ammoniacal silver nitrate (AgNO3) 9.5 PH and stored in the dark. After 24 hours they
were rinsed with deionized water for 5 minutes and immersed in photographic developing
solution under fluorescent light for eight hours. Samples were fixed on glass slides then
flattened with sandpaper (600 grit SiC paper) under running water and fine-grained diamond
pastes (6 pm, 3 pum, 1 pum), washed in ultrasonic bath and dried. Specimens were then
positioned on strains of Aluminum placed in the dryer and sputter-coated with carbon.

Samples examination was done with scanning electron microscope 15 kV voltage. This
allowed us to obtain 8 images per sample ( 24 per group). The degree of interfacial nanoleakage

was scored on a scale of 0—4 by two observers following Saboia et al. [8].

In Situ Zymography of the Hybrid Layer
Two freshly extracted non-carious human third molars were selected for in situ zymography
and stored in freezer at -20° C.
The 3 canals of each molar were treated according to the dentinal pretreatment:
- Group 1: water wet bonding (control): post space irrigation with distilled water for 60 s -
- Group 2: Ethanol wet bonding: post space irrigation with 100% ethanol for 60 s
- Group 3: Ethanol wet bonding with DCC: post space irrigation with 0,5 M DCC in 100%
ethanol for 60 s
Each root of the molar was treated as a single canal teeth following the same procedure
illustrated before, obtaining three fiber post interfaces with radicular dentin with the three
different dentinal pretreatments within the same sample.
less than One mm thick disks (70 micron) of middle deep radicular dentin were obtained

from each tooth by means of a slow-speed saw (Micromet; Remet, Bologna, Italy). Each section

115



was marked on its coronal side with an indelible marker, glue on Plexiglas slides and ground
down to obtain specimens ca. 50 micron thick. The samples surface was demineralized using
freshly prepared 1% H3PO4 for 10s and rinsed for 1 min using distilled water. The excess of
water was removed and the surface was bolt dried using laboratory adsorbent paper.

In situ zymography was performed with self-quenched fluorescein conjugated gelatin as the
MMP substrate in accordance with Mazzoni et al.[7].

50 microliter of the fluorescent gelatin mixture was placed on top of each slabs in order to
completely cover the adhesive/dentin interface and immediately covered with coverslip. This
coverslip was glued with a thin layer of nail varnish just on the edge. The plexiglass slides were
than put in humid chamber, light protected and incubated at 37°C for 12/16 hours. the
hydrolysis of quenched fluorescein-conjugated gelatin substrate, indicative of endogenous
gelatinolytic enzyme activity, was assessed by examination with a confocal laser scanning

microscope

Statistical Analysis
Data were analyzed with three-way ANOVA to examine rewetting solution, time and post
space region, and the interaction of these three factors on push-out strength. Post-hoc pairwise
comparisons were performed using the Tukey test. The chi-square test was used to analyze

differences in the failure modes. For all tests, statistical significance was pre-set at p< 0.05.

One way ANOVA was employed to analyze in situ zymography data at TO for the variable

treatment.
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Results

Push-out test

Mean and standard deviation for the different groups are showed in table 8 and graphs 6 and 7.

The ANOVA test showed that both the coronal and apical regions obtained overlapping results

for groups 2 and 3, while for water-wet bonding the coronal region had significantly higher

results (p = 0.0001).

No differences were found between the three pretreatment techniques with respect to the region.

In the aged samples, a statistically significant decrease in adhesion strength compared to the

baseline was observed. Furthermore, the DCC shows a significantly higher protective effect on

adhesion strength than water, but not ethanol (Graph 8).

Area TO0

Coronal 14,72 (£6,05)

Water -
Apical 9,66 (£5,93)
Coronal 17,16 (£6,09)

Ethanol .
Apical 8,00 (£3,26)
Coronal 17,13 (£5,11)

DCC -
Apical 8,07 (£3,53)

T12
8,09 (£3,19)
7,02 (+4,27)
12,32 (+6,90)
6,99 (£2,25)
14,68 (+3,89)
9,02 (+2,41)

Table 8. Push-out strength (mean + standard deviation) obtained from the four experimental groups at 24 hours and after 12 month

of aging in artificial saliva.
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Graphs 6 and 7. Push-out strength (mean + standard deviation) obtained from the four experimental groups at 24 hours and after

12 month of aging in artificial saliva.
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Nanoleakage

No significant differences were detected between the different treatments. Time was the only

variable significantly affecting the results. A significant difference was found in between T=0

and T=12 groups of all treatment (Figure 26).
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Figure 1. Percentage of interfacial nanoleakage expression in resin-dentine interfaces created in radicular dentine in all

different groups at 24 hours or after one year of aging in artificial saliva.

In-situ zymography

Gelatinolytic activity, expressed as the percentage of the green fluorescence within
the hybrid layer, is represented in Figure 2.

Results of the one-way ANOVA showed that significant difference was observed for the
factors: “treatment” (p = 0.000).

Application of water to acid-etched dentin resulted in significantly more extensive
gelatinolytic activity within the hybrid layer when compared to the application of the ethanol
and DCC (p < 0.05). However, pre-treatment of the acid-etched dentin with DCC prior to
adhesive application resulted in significantly reduced gelatinolytic activity within radicular
hybrid layer, (p < 0.05). Confocal laser scanning microscopic examination of in-situ
zymography specimens derived from unaged premolars in the three experimental groups
revealed intense green fluorescence within the dentinal tubules of mineralized radicular dentine

as well as within the hybrid layer. Because the original gelatine substrate was heavily quenched
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with conjugated fluorescein and did not fluoresce, regions in the root slice that exhibit strong
fluorescence are indicative of hydrolysis of the extrinsic gelatine substrate, which in turn,
released the conjugated fluorescein molecules.

No fluorescence was detected in negative controls prepared with non-specific inhibitors,
including: 1) EDTA-treated, 2) specimens incubated with 2 mM 1,10-phenanthroline or 3) with

standard nonfluorescent gelatin (data not shown).
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:

Figure 2. Representative confocal laser scanning microscopy images of resin-bonded radicular dentine interfaces that were
incubated with quenched fluorescein-labelled gelatine at T=0. For each set of images, the top image was acquired in the green
channel. The green fluorescence represented areas with intense endogenous gelationolytic activity within the dentinal tubules and
the hybrid layer. The bottom image was produced by merging the differential interference contrast image (showing the optical

density of the resin-dentine interface) and the image acquired in green channel.
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Discussion

The present series of studies aimed to investigate the effect of various collagen crosslinkers
on dentin protease activity and their effect on bond-strength to the dentinal substrate. Thus,
selected collagen crosslinkers were tested to determine their effect on MPa values on coronal
and radicular dentine, the mariginal infiltration at the resin dentin interfaces, the presence of
endogenous enzymatic activity after treatment and the localization of the gelatinase activity on
dentin. Additionally, the effect of the cross-linkers and the effect of treatment period (duration)
on the degradation of collagen matrices were examined.

Over the last few years, the experimental use of collagen cross-linking agents to increase the
longevity of resin-dentin bonds gained increased popularity. The use of cross-linkers can be
considered as a biological tissue engineering approach where dentin tissue repair/regeneration is
the development of a biomimetic strategy to enhance the tissue properties by modifying the
chemistry of the tissue [1]. The biomodification of the existing tooth hard tissue structures is a
novel approach to improve the biomechanical properties of the tissue for preventive and
reparative/restorative purposes. The approach was thought to be determined by non- enzymatic
inter- or intra-molecular collagen cross-linking [2]. However, the multiple interactions between
bioactive agents with various extracellular components of the dentin matrix are likely the
determinants of the tissue enhanced biomechanics and biostability. Therefore, the term
biomodification is more appropriate to define the bioactivity of these highly bioactive chemical

mediators.

Role of Collagen Cross-Linkers on microtensile bond-strength

The present study demonstrated that increased bond strength can be obtained by the
additional use of different biochemical cross-linkers in association to different dentin bonding
adhesive systems both on coronal and radicular dentin.

The ability of the tested cross-linking agent in increasing the bond strength of the adhesive
interface with several bonding agents, both on coronal and radicular dentin, was assess through
microtensile bond strength test and the cross-linkers application period was established in 1 min

according to the recent finding published by Tezvergil-Mutluay et al. [3], and with the intention
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to test a contact time period feasible in clinical practice. Previous studies investigated the use of
different cross-linkers, such as glutaraldehyde, genepin, proanthocidin and EDC, as biomodifier
agent, although the application time required to be effective (10 min to several hours [4,5])
could not be considered clinically acceptable. For this reason, more recent studies concerning
the use of EDC were conducted to evaluate the capabilities to increase the mechanical
properties of the etching-dentin matrix within 1 min application time, revealing that this short
application time is sufficient to inactivate endogenous protease activity of dentin without
significantly stiffening the collagen matrix[6]. These findings were further confirmed by a
recent study conducted by Mazzoni et al. [6] demonstrating that 1 min is an adequate timing to
positively influence the durability of resin-dentin bond over time.

Bond strength tests are the most frequently used tests to screen adhesives. A tensile bond
strength test is defined “microtensile” when the bonded surface analyzed is 1 mm? or less. The
microtensile bond strength test is calculated as the tensile load at failure divided by the cross-
sectional area of the bonded interface [7].

In the present thesis, in order to reproduce the oral environment as realistically as possible
the specimens were stored in artificial saliva solution at 37°C.

Many studies in literature demonstrated that bond strength values decrease even after brief
period of storage [8,9][10] and Pashley et al. [11] demonstrated that the degradation of the
hybrid layer can occur also in absence of bacteria. Furthermore, several in vitro studies have
provided morphological evidence of resin elution and/or hydrolytic degradation of collagen in
resin-dentin bonds and highlighted that the adhesion interface area is inversely proportional to
the bond strength maintenance, in the same time-line storage [9,12]. Hence, this technique of
storage could to be considered as a method of accelerating aging.

The application of acrolein before bonding to acid-etched dentine resulted in comparatively
better preservation of the uTBS after one year of in vitro ageing. The advantage of using cross-
linking instead of MMPs inhibitors to preserve the integrity of the exposed collagen matrix
within the hybrid layer is that the covalent cross-links formed by cross linking agents are
permanent, whereas inhibitors that are not covalently bonded with the polymerised resin

network may leach out of the hybrid layer after 18-24 months[13—15]. Cross-linking agents
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increase collagen stiffness by creating interfibrillar and intrafibrillar cross-links, thereby
strengthening the collagen network structure[16]. This may prevent unravelling of the triple
helix of collagen molecules, which is necessary for exposure of the catalytic site of the MMPs
to cleave the collagen molecule. This results in the increase in resistance of the collagen matrix
to MMP activities[17].

Several studies have investigated the effect of cross-linking agents, including
glutaraldehyde, on the mechanical properties of the dentine organic matrix, as well as on the
preservation of the hybrid layer [18-27]. Glutaraldehyde improves the mechanical properties
and reduces the degradation rate of biological tissues [28,29]. Glutaraldehyde increases type |
collagen covalent bonding by bridging the amino groups of lysine and hydroxylysine residues
of different collagen polypeptide chains with monomeric or oligomeric cross-links. The
exogenous cross-links introduced by glutaraldehyde improve the mechanical properties of the
exposed dentine matrix[5,18,30-32]. Similarly to glutaraldehyde, ACR is used as a tissue
fixative and is a well-known cross-linking agent [33,34]. Hence, ACR was included in the
present experiments to investigate the influence of a simple unsaturated aldehyde molecule on
cross-linking of demineralised dentine. The ACR cross-linking reaction starts with two
molecules of ACR that react with the free amino terminal groups of lysine (or hydroxylysine),
forming Ne-(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine). The electrophilic o,p-
unsaturated carbonyl moiety is retained in FDP-lysine, allowing it to react further with
sulthydryl compounds of glutathione, creating new intra- and inter-molecular cross-links [35].

As for acrolein, the 0.3M EDC solution as a pre-treatment showed a preservation of the bond
strength after one year of storage in artificial saliva of bot coronal and radicular dentin adhesive
interface.

In coronal dentin, the uTBS results showed that EDC pretreatment can improve the
durability and the structural integrity of the resin/dentin interfaces created either with etch-and-
rinse or self-etch adhesive systems. The results of the uTBS of the EDC experimental groups
showed that bond strength values, even when at baseline were comparable to the control groups,
remained stable over time, or at least more stable than the control groups. Furthermore, in terms

of percentage of bond strength reduction, the self-etch adhesive lost less bond strength
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following EDC pretreatment, compared to etch-and-rinse adhesive system. These data further
confirm previous in vitro findings that showed the improved stability of the 2-step self-etch
system vs the two-step etch-and-rinse system due to the increased hydrophobicity [36] and
curing ability [37,38]. The observed decline in bond strengths of the present study can be
related to the loss of integrity of resinous components within the hybrid layer due to polymer
swelling and resin leaching that occur after water/oral fluid sorption, which is recognized to be
more pronounced for simplified (two-step) etch-and-rinse adhesives than unsimplified systems
(three-step)[39,40]. The 2- step self-etch adhesive is considered the most durable bond [40].
This can be due to the fact that the self-etch adhesives do not completely expose the dentin
collagen matrix [40]. Self-etch adhesives maintain more residual hydroxyapatite crystal in their
hybrid layers which minimizes activation of dentin MMPs [41-43]. Those calcium ions that are
released from the matrix during self-etching are thought to form relatively insoluble calcium
salts with the functional monomers like 10-MDP (10-methacryloyloxydecyl dihydrogen
phosphate) in SE Bond. The slow solubilization of the insoluble salts over 12 months may allow
control SE Bond to lose more bond strength than their EDC-pretreated experimentals [41-43].
The present 4TBS results revealed that bonded dentin interfaces created with EDC pretreatment
improves the durability of the resin-dentin bonds. These results are similar to a recently
published study in which a 3-step etch-and-rinse adhesive (Optibond FL) and a 2-step self-etch
adhesive (CSE) were tested using chlorhexidine as a conditioning primer and MMP inhibitor
[41-43]. The results of that study showed that the use of chlorhexidine stabilized bond strength
values over time for both tested adhesives. Unlike chlorhexidine which only binds to dentin
electrostatically [41-43], EDC reacts with collagen to forming covalent bonds [41-43].

As concern radicular dentin, push-out strength was improved when both adhesives tested
were applied after EDC pre-treatment of the acid-etched dentine, however, the results of the
present study showed that EDC application did not result in statistically significant difference in
immediate bond strength. The reduced quantity of exposed collagen network, due to difficulties
in secondary smear layer removal in deep post spaces [44,45], and the degradation of collagen
network in endodontically-treated teeth [11] could explain the minimal effect of EDC pre-

treatment on immediate fibre post push-out strength from bonded radicular dentin. Indeed, the
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present findings were in agreement with Mazzoni et al. [46], who stated that EDC pre-treatment
has no effect on immediate bond strength to coronal dentine, though reducing the endogenous
enzymatic activity [47].

Whereas EDC pre-treatment did not improve immediate bonding performance, the real
benefits of EDC pre-treatment can only be realised after aging.

Also, a third cross-linking molecule has been tested both on coronal and radicular dentin,
such as DCC. Dicyclohexylcarbodiimide is crosslinker belonging to the same family of EDC,
which activates carboxylic groups for the spontaneous formation of peptide bonds with primary
amines. It differentiates from EDC because of the different solubility. Hence, EDC is soluble in
water, while DCC in organic solvents. In the present study, the cross linker was tested in a 0.5M
ethanol solution and the results on coronal and radicular dentin were in accordance to that
obtained for EDC. No influence was detected on immediate bond-strength, while a preservation
of the values was obtained in the experimental groups after one year of aging in artificial saliva.

EDC and DCC are the most favorable cross-linkers clinical practice use. DCC could be very
promising since its hydrophobicity and its solubility in acetone or ethanol. Indeed, water
molecules present in the HL are responsible of the ester-bonds in adhesive polymers and peptide
bonds in collagen causing the failure of resin-tooth interface. For this reason, many studies
focused on the concept of “ethanol-wet bonding” which provides an opportunity for coaxing
hydrophobic monomers into a demineralized collagen matrix without sacrificing any additional
matrix shrinkage. Infiltration of hydrophobic monomers into a collagen matrix decreases water
sorption/solubility, resin plasticization, and enzyme-catalyzed hydrolytic cleavage of collagen
[15,48], thereby creating more durable resin bonds. Sauro et al [49] demonstrated that ethanol
wet-bonding is capable of increasing resin uptake and producing better sealing of the collagen
matrix, even with the use of hydrophilic adhesives. The presence of ethanol probably also

increases the degree of conversion of the hydrophilic adhesives.
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Role of Collagen Cross-Linkers on nanoleakage analyses

Sano et al. [50] described the nanoleakage for the first time as submicron spaces in the
hybrid layer of the order of 20-100 nm in width. After that many studies have confirmed that
small ions or molecules can diffuse into the hybrid layer in the absence of detectable interfacial
gap formation [50]. Nanoleakage phenomenon has been defined as the passage of a tracer such
as silver nitrate through the hybrid layer. According to its original definition, nanoleakage is
created by the discrepancy between dentin demineralization and adhesive infiltration that occurs
in total-etch adhesive systems, in the absence of marginal gap formation along the resin— dentin
interface [51]. This phenomenon is not necessarily caused by disparities between the depths of
demineralization and resin infiltration. It may also represent the presence of areas in which the
retention of residual water in etched dentin and/or adhesive results in regions of incomplete
polymerization or increased permeability within the resin matrices of the adhesives [52].

In the present thesis, the role of different cross linker molecules in creating a uniform and
durable interface was tested. Independently from the adhesive system associated with the pre-
treatment, the hybrid layer of the experimental groups was less susceptible to time degradation
apart from the radicular dentin evaluation where no differences were detected among the
groups. This could be explained with the different nature of the radicular dentin and the reduced
quantity of exposed collagen network, due to difficulties in secondary smear layer removal in
deep post spaces[44,45], and the degradation of collagen network in endodontically-treated

teeth [11] could explain the minimal effect of EDC pre-treatment on nanoleakage results.

Detection of MMP Inactivation Using Gelatin Zymography

Gelatin zymography is a simple and inexpensive method to measure the activity of several
proteases with same substrate [53]. Its high sensitivity to detect proteolytic activity in samples
with levels of pg of MMPs render it favorable in comparison to ELISA [53][54]. Mazzoni et
al. [55] employed gelatin zymography for the first time, to determine the gelatinase activity of
dentin MMPs using extracted molar teeth. The activation of dentin MMPs following the
demineralization of dentin using acidic monomers has been known [42,56][38]. Mazzoni et

al. [46] reported for the first time the active and pro-forms of MMP-2 and -9 on demineralized
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dentin following the application of both self-etch and etch-and-rinse adhesives by using gelatin
zymography.

To support positive mechanical data concerning the bond strength preservation and reduce
interfacial nanoleakage of the dentinal substrate pre-treated with cross-linkers, the effect on
endogenous enzimatic activity was detected.

Apart from the creating exogenous cross-links within the dentine collagen matrix, bond
preservation in acid-etched dentine that is treated with cross-linking agents may also be related
to the ability of the cross-linking agents to inactivate endogenous MMPs in the exposed dentine
collagen matrix [42][41,56]. It has been hypothesised that cross-linking agents alter the three-
dimensional conformation of the catalytic domain of MMPs, or change their negatively-charged
ionised carboxyl groups into positively-charged amide groups, to inactivate the MMPs. The
advantage of inactivating proteolytic enzymes in the dentine matrix by cross-linking is that it is
a non-specific mechanism [57,58]. These cross-links involve covalent bonds that are stable over
time. Because MMPs do not turn over in dentine, their inactivation by cross-linking agents
should last for a long time and may be even more effective than MMP inhibitors.

The zymographic results obtained for ACR support the speculation that stabilisation of
hybrid layers created after priming with acrolein is related to the inactivation of dentine
gelatinolytic activities. Several authors [59,60] have hypothesised that enzyme inactivation
involves modification of Cys residues critical for the catalytic site, but no definitive structure
characterisation or molecular dynamics simulation have been provided. Hence, the inactivation
capability of ACR may be associated with the modification of Cys residues in the MMPs,
which, in turn, results in the inactivation of these proteolytic enzymes.

The results of the zymographic analysis performed for EDC study are in accordance with
previous findings [41][42,43] and acrolein experiments; thus, the use of the adhesive systems
tested results in increases in MMP-2 and -9 activity, but EDC pretreatment resulted in reduction
or almost complete inhibition of the gelatinolytic activity.

Based on the outcomes of the project, the effectiveness of EDC in improve both the
mechanical properties of collagen over time and in inhibiting the gelatinolytic activity within

the HL has been successfully demonstrated. Previous studies suggested that this may be
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attributed to silencing mechanism of MMPs and probably other exogenous collagen degradation
enzymes via conformational changes in the enzyme 3-D structure. The use of cross-linking
agents may create multiple cross-links between amino acids within their catalytic sites that
irreversibly alter the 3-D conformation or flexibility of the cleft-like catalytic domain and
prevent its optimal recognition and complexing with the type I collagen substrate [61].
Although there is no evidence that the catalytic domain of collagenolytic MMPs can be cross-
linked to inactivate their functions, it has been hypothesized that the use of cross-linking agents
may also contribute to MMPs silencing via allosteric control of non-catalytic domains [62]. For
example, the catalytic domains in collagenolytic MMPs can cleave non-collagen substrates, but
the hemopexin-like domain of these enzymes is crucial to initially unwind and subsequently
cleave the three triple-helical fibrillar elements of the collagen molecule in succession [63]. For
MMP-2, there are three fibronectin-like repeats that form a domain for binding to collagen or
gelatin substrates. This collagen-binding domain binds preferentially to the al chain and
mediates local unwinding and gross alteration of the triple helix prior to the cleavage of the 2
chain [64]. Regardless of which of the two collagen-binding mechanisms is involved, cross-
linking of either the hemopexin-like or fibronectin-like domains may contribute to inactivation
of the associated MMPs and reduction in their collagenolytic efficacy. Cross-linking may also
affect MMP activities known to be modified by non-collagenous proteins [65]. In dentin, MMP
activities and resistance to degradation may be regulated by fetuin-A[66] and the SIBLINGs
Bone Sialoprotein (BSP) and Dentin Matrix Protein-1 (DMP-1) [67] all of them being present
in dentin. Thus, cross-linking of these non-collagenous proteins may indirectly block MMPs via
inactivation of the functional domains of these glycoproteins. Since MMPs do not turn over in
peripheral dentin, their inactivation by cross-linking agents should last for a long time and may

be even more effective than inhibitors such as chlorhexidine [43].

Localization of Gelatinolytic activity Using in-situ Zymography

The final part of the present thesis focused on the localization of the enzymatic activity on

the hybrid layer after different cross-linkers pre-treatment both on coronal and radicular dentin.
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Homogenization of tissues for gelatin zymography is mandatory, while in situ zymography
analysis was performed to localize the MMP activity previously detected by zymography.
Although gelatin zymography is a powerful technique for showing the location and presence of
hydrolytic enzymes, which is based on the degradation of substrate; it does not determine
potential enzymatic activities. The technique was introduced by Galis et al. [68] to localize the
gelatinolytic activity in human atherosclerotic plaques and was adapted to hard tissue sections
such as dentin and bone by Porto et al. and Mazzoni et al.[38], for the first time, indicated the
localization of gelatinolytic activity in the hybrid layer by using in situ zymography after
adhesive application.

Precise localization of gelatinase activity in sections and cells became possible with the
introduction of dye-quenched (DQ)-gelatin, which is gelatin that is heavily labeled with FITC
molecules so that its fluorescence is quenched [69-71][72,73]. After cleavage of DQ-gelatin by
gelatinolytic activity, fluorescent peptides are produced that can be visualized against a weakly
fluorescent background (EnzCheck; Molecular Probes, Eugene, OR). The use of DQ-gelatin
instead of labeled or unlabeled gelatin is superior for in situ zymography because fluorescence
is produced at sites of gelatinolytic activity instead of decreased staining intensity at
gelatinolytic areas.

In-situ zymography of the resin-dentine interfaces confirmed that ACR is efficient in
inactivating endogenous enzymes, since a decrease in MMP activity was observed in
demineralised dentine treated with ACR. Nevertheless, enzymatic activity was detected in the
ACR-treated dentin at around 100 kDa. This activity may be ascribed to the presence of a pro-
MMP-9 complex.

Similar to glutaraldehyde, a disadvantage of ACR compared to the other cross-linking agents
is the cytotoxicity that may arise from residues of unreacted or degraded cross-linking agents
[26]. Although ACR possesses severe cellular toxicity that is similar to other aldehydes, ACR is
ubiquitously present in cooked foods as well as in the environment [35]. Due to its intrinsic
cytotoxicity, a very low concentration of ACR was employed (0.01%) in the present study.
Studies on the adverse effect of chronic ACR ingestion have been performed on rats, and

general recommendations for the safety level of ACR ingestion have been published by the U.S.



Environmental Protection Agency. The no-observed-adverse-effect-level (NOAEL) of ACR is
0.05 mg/kg per day. Hence, after the application of a total uncertainty factor of 100, the
recommended reference dose (RfD) is 0.0005 mg/kg per day. The World Health Organisation
suggests a tolerable ACR intake of 0.0075 mg/kg per day [74]. One drop of the solution that
was used in the present study contains 0.05 mg of ACR. This means that the ACR primer may
be safely used on adults, especially considering that the intake of ACR during dental procedures
would be rare. In addition, ingestion of the primer may be completely avoided by placement of
a rubber dam during the restorative procedure. Nevertheless, because there are other sources of
the ACR in the environment, the toxicity of ACR should be further investigated by testing serial
dilutions of ACR on dental pulp stem cells prior to its recommendation for clinical use.

Although a wide range of cross-linkers is available, their specific antienzymatic effects are
still not clear. Among these cross-linkers, EDC pre-treatment of demineralized dentin matrices
increases the mechanical properties of the dentin matrix and also completely inhibits the
endogenous protease activity [3,32]. Zymographic studies, in fact, have shown that the
pretreatment of acid-etched dentin with a conditioner containing 0.3 M EDC could completely
inhibit the collagenolytic activity of endogenous enzymes [46], even after adhesive application
[41,75].

In situ zymography showed a gelatinolytic activity clearly detectable within the hybrid layer
and along the tubular dentin walls extending from the dentinal tubules in the control groups for
both coronal and radicular dentin. The effectiveness of EDC used as conditioner primer before
the bonding application was evident in the different experiments by the reduced protease
activity detectable within the hybrid layer. These correlative results confirmed and validated the
zymography analysis outcomes.

As concern DCC, also gelatinolitic activity was reduced in experimental groups. Thus, based
on the findings of the present project the double effectiveness of cross-linkers tested in improve
mechanical properties and in inhibit gelatinolytic activity within the hybrid layer has been
demonstrated. The use of DCC in ethanol solution could strengthen the collagen matrix and

creating an hybrid layer in absence of water. Nevertheless the application of ethanol on dentin
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matrix does not completely avoid the presence of water caused by outward fluid flows without

the use of adjunctive tubular occlusion agents [15,76].

Conclusions and Future Directions

Based on the studies included in this thesis, the following conclusions were drawn:

- Collagen cross-linkers tested do not affect bond strength on coronal and radicular dentin,
and are effective molecules in preserving the adhesive interface over time.

- Acrolein, EDC and DCC help in preserving the degradation of dentin organic matrix by
inactivating dentin endogenous enzymes

- The inhibiting effect of cross-linkers detected in the hybrid layer, even if has the tendency to
increase over time, is still present after one year of storage in artificial saliva

- One minute application time of the cross-linkers on dentin is clinically acceptable and is
effective in preventing degradation of the adhesive interface overtime and inhibiting
endogenous enzymatic activity
While ongoing studies have searched for alternative ways to protect dentin collagen matrices
from degradation clinically, the results of this thesis suggest that collagen crosslinkers can
inactivate e the collagen degradation through the inactivation of dentin proteases. Thus, the use
of collagen crosslinkers may help collagen matrices to resist the degradation. The incorporation
of these compounds into current adhesive systems may protect demineralized collagen matrix to
create a favourable tooth-biomaterial interface.
Further studies are needed to better understand the structure of the hybrid layer created using
cross-linkers as conditioning primer, considering the preliminary but encouraging results
obtained from this study. Additionally, in vivo studies will be essential to better understand the

feasibility of the tested molecules as dentin conditioning primer during bonding procedures.
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