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Abstract
Objectives—Endogenous dentin collagenolytic enzymes, matrix metalloproteinases (MMPs)
and cysteine cathepsins, are responsible for the time-related hydrolysis of collagen matrix of the
hybrid layers. As the integrity of the collagen matrix is essential for the preservation of long-term
dentin bond strength, inhibition or inactivation of endogenous dentin proteases is necessary for
durable resin-bonded composite resin restorations.

Methods—Dentin contains collagenolytic enzymes, matrix metalloproteinases (MMPs) and
cysteine cathepsins, which are responsible for the hydrolytic degradation of collagen matrix in the
bonded interface. Several tentative approaches to prevent enzyme function either directly or
indirectly have been proposed in the literature.

Results—Chlorhexidine, a general inhibitor of both MMPs and cysteine cathepsins, applied
before primer/adhesive application is the most tested method. In general, these experiments have
shown that enzyme inhibition is a promising scheme to improve hybrid layer preservation and
bond strength durability. Other enzyme inhibitors, e.g. enzyme-inhibiting monomers and
antimicrobial compounds, may be considered promising alternatives that would allow more simple
clinical application than chlorhexidine. Cross-linking collagen and/or dentin organic matrix-bound
enzymes could render hybrid layer organic matrix resistant to degradation, and complete removal
of water from the hybrid layer with ethanol wet bonding or biomimetic remineralization should
eliminate hydrolysis of both collagen and resin components.

Significance—Identification of the enzymes responsible for the hydrolysis of hybrid layer
collagen and understanding their function has prompted several innovative approaches to retain
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the hybrid layer integrity and strong dentin bonding. The ultimate goal, prevention of collagen
matrix degradation with techniques and commercially available materials that are simple and
effective in clinical settings may be achievable in several ways, and will likely become reality in
the near future.

Introduction
In 1999, a new method was developed to accelerate the effects of aging [1] on resin-dentin
bonds. The resin-bonded teeth were cut vertically in the × and y directions to form 1 × 1 × 8
mm sticks for storage in water. That study revealed that resin-dentin bond strength fell
significantly in 3 months of storage. Thus, although initial bond strengths were high, they
fell rapidly over time. The mechanism causing this was not known. Others demonstrated that
resin-bonded sticks stored in oil were stable over time, but unstable when stored in aqueous
solutions. This lead to the widespread use of the term “hydrolysis”, although such terms
begged the question of how water lowered bond strength. This problem was only seen in
resin-dentin bonds, because resin-enamel bonds are very stable over time [2].

About 50 vol.% of dentin is composed of minerals, the rest being type I collagen and non-
collagenous proteins (30 vol.%) and water (20 vol.%) (reviewed in [3]). During the bonding
of composite restorations, the surface and subsurface mineral component is removed either
totally by acid etching in etch-and rinse (E&R) adhesives or partially with acidic primers or
adhesives in self-etch (SE) adhesives. The exposed collagen matrix is then infiltrated with
solvated adhesive resin comonomers, ideally encapsulating the entire matrix with resin,
forming the so-called hybrid layer that after monomer polymerization, firmly anchors the
adhesive and the overlaying restoration to dentin (Figure 1).

In reality, however, adhesive monomers are not able to fully encapsulate the exposed
collagen matrix, leaving totally or partially exposed collagen fibrils at the bottom of the
hybrid layer, lacking the protection of polymerized resin. This poorly infiltrated zone is
subjected to nanoleakage and is present especially when E&R adhesives are used [4]. Even
though SE adhesives should theoretically encapsulate the collagen fibrils completely
simultaneously with demineralization, many studies have also shown some nanoleakage
within SE adhesives [5,6], even in the absence of a detectable exposed demineralized
collagen zone [7–15]. Moreover, residual solvents in the hybrid layer contribute to
incomplete infiltration of resin monomers into water-filled collagen fibril matrices, and
more water may enter the hybrid layer not only during the bonding procedure, but also later
[4,12]. As a result, portions of hybrid layers always contain areas filled with water instead or
resin, as has been demonstrated with transmission electron microscopy (TEM) using water-
soluble tracers [6,16]. Even though these water-rich zones are usually sparse immediately
after bonding, they increase in size with time [16,17] indicating that water gradually replaces
the other components of the hybrid layer. The lack of resin protection and presence of water
leaves demineralized collagen fibrils vulnerable to time-related hydrolytic degradation.

Degradation of collagen fibrils, together with degradation of hydrophilic resin components,
leads to destruction of the hybrid layer and loss of dentin bond strength over time [4,18].
The mechanisms involved in the proteolytic degradation of dentin-adhesive interfaces have
been intensively studied in the recent years, and the progression in this field has been rapid.
Several members of collagen-degrading enzymes matrix metalloproteinases (MMPs) and
cysteine cathepsins have been identified in dentin [19,20]. Even though the role of MMPs in
dentin pathologies was first suggested less than 15 years ago [21,22], and cysteine
cathepsins were identified in intact and carious dentin only few years ago [23,24], the
intense research activity has tremendously increased our understanding of their potential
interactions in dentin physiology and diseases, including the loss of collagen matrix in the
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hybrid layer. A recent review discussed in detail the presence, role and function of MMPs
and cysteine cathepsins in dentin [20]. Therefore, this review focuses mainly on different
strategies that have been developed to control and prevent the hydrolytic enzyme-related
loss of the hybrid layer collagen and bond strength.

Enzyme inhibition and hybrid layer
Because the vast majority of the experiments aimed to improve the durability of dentin
bonds using an enzyme inhibition approach have been performed with CHX, we will
concentrate on those studies. Other approaches use synthetic MMP inhibitors, quaternary
ammonium methacrylates or benzalkonium chloride, or act indirectly by chemical chelation
of calcium ion, collagen cross-linking, ethanol wet bonding, or remineralization to protect
the hybrid layer from enzymatic degradation. These will be discussed separately.

Bond strength
Chlorhexidine was a logical choice as the first candidate to be tested in attempts to inhibit
collagenolytic enzymes in dentin. CHX had been demonstrated to effectively inhibit
MMP-2, -9 and -8 [25]. While at the time of the onset of the experiments, only MMP-2 was
known to be present in dentin [26], the data demonstrating the presence of MMP-9 [27] and
-8 [28] was soon published. CHX is well-known and widely used in dentistry as an
antimicrobial compound. Most importantly, Pashley et al. [29] had presented convincing
evidence of its efficacy in inhibiting dentin collagenolytic enzymes. The first study to show
the potential of CHX in preserving hybrid layer integrity came from Hebling and others
[30]. In that study, pediatric patients with carious primary molars on both sides of the mouth
were selected. The experimental tooth was restored as follows: after acid etching and
rinsing, the cavity was scrubbed with 2% chlorhexidine for 30 seconds, gently dried to
remove excess moisture but to leave the exposed collagen matrix slightly moist to prevent
matrix collapse, and then restored in a normal fashion using Single Bond 2 (3M ESPE), an
etch-and-rinse adhesive and composite. The contralateral control molar was treated
similarly, except that water was used instead of CHX. The teeth were collected six months
later when they exfoliated, and were processed for TEM. The results showed practically
perfect hybrid layers in teeth receiving CHX-treatment under the restorations in primary
teeth after six months in function. Control teeth exhibited large voids in the hybrid layers.
The study not only proved that hybrid layer preservation is possible with MMP-inhibition; it
also demonstrated that hybrid layer can be destroyed in alarming speed in vivo, contrary to
the common belief at that time [30]. More evidence came from in vitro [31] and in vivo [32]
studies using the similar protocol, which used 2% CHX to decrease dentin bond strength
loss in vitro by preventing the loss of the base of hybrid layer (the area typically exhibiting
nanoleakage in non-inhibited controls). Surprisingly, in vivo the bond strength was
preserved even better than in vitro: while in vitro the loss of bond strength was 23% in six
months, in vivo it was only 1.5% after 14 months of function [32]!

The findings of these first studies have since been confirmed in numerous studies with
different CHX concentrations and different adhesives (Table 1). With simplified etch-and-
rinse adhesives [4,31,33–39] the loss of bond strength in control teeth (i.e. uninhibited teeth)
over 1–2 years has been approximately 50%. Experimental teeth pretreated with CHX have
shown 20–25% loss of bond strength over comparable times. The effective concentrations
have varied between 0.002% and 4% [37], 0.2% and 2% CHX being the most common
concentrations used (Table 1). Stanislawczuk et al. [39] incorporated 2% CHX into 37%
phosphoric acid. After 2 yrs of storage, control teeth lost 46–53% of their original bond
strength, while the CHX treated teeth only lost between 16–21% of their initial strength
[39]. One study failed to show statistically significant difference between the CHX-treated
and control group. In that study, 0.05% CHX was incorporated directly into Adper
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Scotchbond 1 XT, and bond strengths tested three, six and 12 months later showed no
difference between the groups and even higher loss of bond strength in 12-month testing
with CHX [40]. It is likely that little CHX could leach from the polymerized resin. The
effect of CHX on bond durability with 3-step E&R adhesives (Adper Scotchbond
MultiPurpose (SBMP, 3M ESPE) and All-Bond 2, Bisco) has been tested only in two
studies [4,41]. While in both studies, the use of CHX resulted with slightly better long-term
bond strengths, with the best outcomes of 42 and 44% lower bond strength loss with CHX
applied under SBMP and All-Bond 2, respectively [4], no statistically significant differences
could be found in these studies. The reason may be the relatively low bond strength loss in
the controls, demonstrating again the better long-term function of 3-step etch-and-rinse
adhesives compared to their simplified 2-step versions.

With SE adhesives, fewer studies have been performed, and the results have been
conflicting. Campos and others [36] used 1-step SE adhesive (Clearfil 3S Bond, Kuraray)
with 45% better outcome using 2% CHX, while 0.2% was much less effective. Zhou et al.
[42] demonstrated markedly better 12-month bond strengths with 0.1% to 1% CHX with 2-
step SE (Clearfil SE Bond). However, 0.05% CHX in adhesive using Clearfil Protect Bond
(2-step SE) and G-Bond (1-step SE, GC) could not prevent bond strength loss [40] (for
details, see below). Mobarak [43] using Clearfil SE Bond and 2 and 5% CHX concentrations
in both carious and intact dentin could not find statistically significant difference between
the groups, even though in caries-affected dentin the decrease in 24-month bond strength
was 45% lower than with controls. The comparison with other studies is a bit difficult
because the microshear testing method was used [43], while all the other studies used
microtensile method. Sectioning of large specimens into microtensile beams before storage
reduces cross-sectional area of specimens, allowing faster water diffusion through the hybrid
layer [44]. This mimicks the in vivo conditions where dentinal fluid flow enters hybrid layer
from the tubules due to pulpal hydrostatic pressure, a phenomen called micropermeability
[4,45]. Indeed, composite restorations aged in vivo have demonstrated comparable reduction
in microtensile bond strengths to the specimens aged as beams in in vitro experiments
[17,32,46–48], and in vitro introduced pulpal pressure is almost as effective as beam storage
[49].

CHX has been also added to SE primer with slightly conflicting results. De Munck and co-
authors [40] demonstrated that 0.05% CHX in Clearfil Protect Bond (Kuraray) primer could
not prevent the loss of bond strength in 12-month storage. However, at the same time Zhou
et al. [42] published a study comparing the effect of various CHX concentrations in Clearfil
SE Bond primer and demonstrated that while 0.05% CHX was indeed ineffective in
preserving long-term bond strength, 0.1, 0.5 and 1.0% CHX effectively inhibited the loss of
bond strength after 12 month artificial aging (Table 1). The same group also demonstrated
that 0.05% CHX was not able to inhibit the increase of collagenolytic activity of dentin
powder treated with the same primer, but higher concentrations (0.5%, 1.0% and 2.0%)
dose-dependently inhibited the primer-induced increase in enzyme activity when the primer
was applied as recommended by the manufacturer (20 s) [50]. Interestingly, even though the
inhibitory action with these concentrations was far from complete (from 15.6 to 56.7%,
respectively) [50], the 0.1%, 0.5% and 1.0% CHX concentrations used in a same fashion did
not affect the immediate bond strength [42,51], and completely inhibited the bond strength
loss for 12 months in vitro [42]. The authors speculate that the dose-dependency is related to
the mode of MMP-inhibiting action of CHX. CHX has been shown to lose its MMP
inhibition in the presence of calcium chloride [25], indicating that CHX-related MMP
inhibition would be related to its chelating property. Since 0.05% CHX alone completely
inhibited the collagenolytic activity of untreated (undemineralized) dentin powder but 5% to
20% higher concentrations in SE primer were able to only partially inhibit activity induced
with acidic SE primer, the authors concluded that calcium ions released by the primer are
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responsible for the loss of enzyme inhibition by CHX [50]. This is supported by the finding
that treating dentin powder with Clearfil SE Bond primer for 2 minutes instead of 20 s not
only increased the collagenolytic activity, but also caused the loss of inhibition by 0.5% and
1.0% CHX, with only 2.0% CHX showing statistically significant inhibition [50]. However,
CHX has also been shown to inhibit cysteine cathepsins by a direct interaction of the
enzyme active site [52]. To the best of our knowledge, respective molecular docking
analysis with CHX and MMPs have not been performed, but the possibility remains that
chelating action is not the only reason for CHX-induced MMP inhibition. Even if this is
accepted, the CHX inhibion would still be dose-dependent [42,52]: stronger acid treatment
of dentin (regardless of whether the etchant is phosphoric acid or acidic SE primer) exposes
more MMPs and cysteine cathepsins, and higher concentration of inhibitor would thus be
needed for effective inhibition.

For the successful application of CHX or other inhibitors in adhesives to preserve dentin
bonding, not only the optimum inhibitor concentration but also the optimal mechanical
properties of the adhesives need to be examined. The effect of CHX on mechanical and
other properties of experimental adhesives has been studied in some articles. Incorporation
of high levels of CHX into copolymers increases water sorption due to the osmotic effect
[53] and prevents proper polymerization [54] with resultant reduction in mechanical
properties [55]. Pallan and co-workers [56] investigated the effects of two MMP-inhibiting
drugs, CHX and epigallocatechin gallate (EGCG, a green tea flavonoid belonging to
catechins), incorporated in different ratios into bisGMA-based experimental adhesive
diluted with TEGDMA, to analyze their effects on the degree of copolymer conversion,
water sorption and solubility and mechanical properties. Incorporation of either CHX or
EGCG at the used, reasonably low (0.2%, 1.0% and 2.0%) concentration into methacrylate
comonomers had no effect on water sorption, confirming previous findings that
demonstrated that the water sorption of different resins was proportional and attributed to
their hydrophilicity instead of the presence of CHX [57]. Both 2% CHX and EGCG caused
some decrease in conversion rate. However, with CHX, flexural strength and modulus of
elasticity even increased, while respective effect was observed with EGCG only with lower
concentrations. As expected, drug release form the polymerized adhesive was concentration-
dependent and markedly higher during the first 24 h of the experiment, but retained slow
steady-state level for the duration of the experiment, supporting previous findings [53,57].
Since the idea behind the incorporation of inhibitors into adhesive is their continuous release
to prevent collagen degradation for a prolonged time, these results are promising, especially
since the authors conclude that the CHX concentrations would still be sufficient to inhibit
MMPs in levels present dentin and saliva [56]. The clinical efficacy of CHX has been shown
especially in in vivo studies, where preservation of hybrid layer integrity [30,32] and bond
strength [32] have been demonstrated.

Chlorhexidine has recently been shown to also inhibit cysteine cathepsins [52] (Figure 2),
which may also contribute to its effect on preserving hybrid layer collagen. Since cysteine
cathepsins have their best functional activity in acidic pH, it is possible that in acidic
conditions (during acid etching, or before neutralization of acidic monomers in SE primers),
cysteine cathepsins are activated, and they further activate neighboring latent MMPs by
proteolytic degradation of their prodomains. At least some cysteine cathepsins are active in
or close to neutral pH, so they may also independently be responsible of the degradation of
the hybrid layer or for producing nanoleakage areas in the collagen matrix.

Fractographic analyses
Usually, failure modes are examined by stereomicroscopy and are classified as cohesive in
dentin or composite, adhesive, or mixed failures, even though there is no clear consensus in
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the literature regarding their classification [58]. While this information may be useful, it has
also been recognized that evaluation only with low power microscopy may cause erroneous
interpretations of the materials at the fractured surface and of the distinction of failure
modes [58]. Affirmative decision on the failure mode for the adhesive interface or mixed
failures can only be properly made with scanning electron microscopy (SEM) at high
magnification [58,59]. The laborious sample preparation and large number of samples
seriously limit the use of TEM, while the less demanding sample preparation and
practicality of different magnification with SEM make it more convenient, but still effective.
However, often only “representative” samples are examined with SEM. This makes it
difficult to make definitive conclusions on the exact site of failures especially within the
hybrid layer and at the interface of demineralized and mineralized dentin.

In a study where the effect of CHX on bond strength was examined during six-month
storage in artificial saliva in vitro, Carrilho et al. [31] examined both sides of all the
fractured samples bonded using the 2-step etch-and-rinse adhesive (Single Bond). In
controls, the failures at the bottom of the HL (Figure 3A) increased dramatically after 6-
months of storage (Figure 4A). Application of CHX prior to adhesive application
significantly reduced the failures at the bottom of the HL when compared to the control
group, and completely eliminated the cohesive failures in dentin in 6-month aged samples
(Figure 4A). The cohesive failures in the adhesive layer (Figure 3B) and composite in CHX-
treated aged samples increased significantly, while in controls, clear reductions were seen
especially in cohesive composite failures (Figure 4A). These findings indicate that with
E&R adhesives, especially in the totally or partially denuded collagen at the bottom or
below the hybrid layer, where the fibrils lack appropriate protection by adhesive, the
weakest link in the bonded complex was the area where hydrolytic collagen degradation is
fastest [31] (Figure 3C). Inhibiting collagenolytic enzymes using CHX eliminates or slows
down collagen degradation, and shifts the major site of failure elsewhere. This conclusion
has later been supported by other studies [32,60,61], even though it must be mentioned that
only one of these studies [32] examined all the fractured surfaces with SEM (Figure 4B). It
is logical to assume that “naked” acid-etched collagen fibrils were degraded faster than
resin-encapsulated collagen fibrils that would have less access to water and where resins
may sterically hinder the access of MMPs to collagen fibrils.

Other MMP inhibitors
EDTA

MMPs are known to require calcium to maintain their tertiary structure and zinc ions for
their catalytic hydrolase activity [62]. Chelation of calcium and zinc from acid-etched
dentin, most often with ethylene diamine tetraphosphonic acid (EDTA), inactivates dentinal
MMPs. Indeed, 2 to 10 mM EDTA is often used as a nonspecific inhibitor of MMPs in
many laboratory studies. EDTA-demineralized dentin beams have been shown to retain their
mechanical properties for a prolonged period of time with no apparent degradation of
collagen matrix [63]. This finding was recently challenged by a study demonstrating
significant reduction in mechanical properties of EDTA-demineralized dentin beams
accompanied with degradation of collagen already in one-week incubation [64] and the
release of C-terminal telopeptides related to MMP- and cysteine cathepsin functional
activity (ICTP and CTX, respectively) [65]. The difference between these two studies is that
in the latter, the beams were incubated in simulated body fluid containing Ca- and Zn-ions
necessary for the MMP function [64] instead of zinc-free phosphate-buffered saline. The
importance of Ca- and Zn-ions in the aging medium for the collagenytic function of
endogenous MMPs has only recently been demonstrated [66]. Recently, Thompson et al.
[67] demonstrated a significant and time-related reduction in MMP activity in EDTA-
demineralized dentin beams. EDTA as an etchant has also been suggested to create a HL
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that would be more resistant to degradation [68–70] and produce higher immediate bond
strengths with experimental ethanol wet bonding technique [71]. However, the HL collagen
resistance has in these studies been tested with exposure to NaOCl [68,69], and long-term
aging studies, allowing dentin endogenous collagenolytic enzyme function, have not yet
been done. Also, even though the procedure may be feasible in endodontic treatment [67],
where the main aim for EDTA is the removal of smear layer prior to obturation, the time
needed for efficient etching for restorative adhesive purposes limits its clinical use in
adhesive dentistry [4].

Synthetic MMP inhibitors
In the oral cavity, huge interest has been demonstrated towards the MMP inhibitory effect of
tetracycline and its derivatives and chemically modified analogs (chemically modified
tetracyclines, CMTs) and bisphosphonates because of their potential use as adjunct therapy
in the treatment of periodontitis [72]. Tetracyclines are antibiotics with cationic chelating
properties, and they inhibit MMP extracellularly, including gingival crevicular fluid and
saliva [72–75]. Low-dose doxycycline medication for MMP inhibition is currently used as
an adjuvant therapy for adult periodontitis [72,74]. CMTs are modified tetracyclines that
lack the antibacterial activity, but have more or less retained their MMP-inhibition [72].
CMT-3 (aka Metastat, COL-3) is one of the most potent CMTs against collagenases (as
effective as doxycycline, which is considered the most potent collagenase-MMP inhibitor in
this group), but also effective against gelatinases [76,77], and is particularly effective in
inhibiting MMPs in dentinal caries lesions [78]. Bisphosphonates (BPs) are pyrophosphate
analogs with a high affinity for hydroxyapatite crystals and they are used to treat conditions
involving increased bone resorption, e.g. Paget’s disease and osteoporosis. BPs impair
calcification by inhibiting the dissolution and formation of calcium phosphate crystals;
however, their anti-resorptive effect on bone is mediated mainly via cellular mechanisms
[79]. BPs are also MMP down-regulating and inhibiting agents with chelating activity.
Because phosphonates contain very metabolically stable R-C-P bonds instead of the R-O-P
ester bonds of phosphates, single doses last a very long time. Hydroxamate-based inhibitors,
such as Batimastat, Galardin and Marimastat, also act by chelating active-site zinc [80].
Zoledronic acid (zoledronate) is also effective in inhibiting carious dentin MMPs [78].

It is quite reasonable to speculate that specific MMP-inhibitors that are effective even in
extremely low concentrations could be even more effective than CHX in increasing the
durability of hybrid layers. Galardin (also known as GM6001 or Ilomastat) has been shown
to demonstrate this effect [81]. Galardin has a collagen-like backbone that binds to the active
site of MMPs and a hydroxamate structure which chelates the MMP catalytic domain zinc
ion [82]. Galardin has potent inhibitory activity against MMP-1, -2, -3, -8 and -9, thus
including all the MMPs currently known to present in dentin matrix, in nanomolar
concentrations [83,84]. When Breschi et al. [81] treated acid-etched dentin with Galardin,
after 12 months of storage in the microtensile bond strength of the untreated controls fell
45%, while that of the Galardin-treated group only fell 26.5%. Galardin was also shown to
be effective against dentin gelatinases in zymographic analyses [81]. Since Galardin is a
specific synthetic MMP-inhibitor (contrary to CHX, that also inhibits cysteine cathepsins
[52]), the work supports the concept that the poor stability of hybrid layers is at least partly
related to the activity of endogenous dentinal MMPs. Perhaps the 26.5% fall in microtensile
bond strength in the Galardin-treated specimens was due to the hydrolytic action of cysteine
cathepsins which are not inhibited by Galardin.

The very recent study using two hydroxyamate-based inhibitors, Batimastat (aka BB94) and
Galardin, incorporated into three commercially available adhesives demonstrated partially
conflicting results [85]. Inhibitor-modified adhesives significantly inhibited both
recombinant and dentin MMPs. With inhibitors, the immediate microtensile bond strength
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was enhanced for Optibond FL (3-step E&R, Kerr) and G-Bond (1-step SE), but not for
Prime&Bond NT (2-step E&R, Dentsply DeTrey) when used with composites. After three
month storage in distilled water, the bond strength was retained only with Batimastat in
Prime&Bond NT. With E&R adhesives, the reduced bond strength was accompanied with
significant increase in cohesive failures in dentin or composite, except with Batimastat in
Optibond FL. In control samples, only G-Bond demonstrated significant reduction in bond
strength. With Prime&Bond NT and G-Bond (but not with Optibond FL), both Batimastat
and Galardin also reduced the micropermeability of the hybrid layer in the immediate
samples (the aged samples were not tested) [85]. Because of these contradictory results, it is
difficult to draw any definitive conclusions of this study. The authors speculate that the
absence of a decrease in micropermeability with Optibond FL is related to its better sealing
ability when compared with other adhesives [85], but the explanation for the significant
decrease in micropermeability in the immediate samples remains unknown. The authors also
speculate that reduced bond strengths in aged samples may be related to the increased
cohesive failures [85], which also is surprising considering relatively short aging (3 months)
of the samples in distilled water. There are two major differences in the above study
compared to the Breschi et al. study [81]. The mode of use of the inhibitor and the
concentration used in these studies differed. Breschi and co-workers applied a water solution
of Galardin directly on the acid-etched dentin [81], while Almahdy and others incorporated
the inhibitors directly to the adhesives [85]. More importantly, while Breschi et al. [81] used
0.2 mM Galardin (the highest possible concentration to achieve a saturated water solution),
Almahdy et al. [85] used 40 times lower 5 μM concentration. Even though hydroxyamate-
based MMP inhibitors have been shown to be effective in nanomolar concentration, it must
been noted that most inhibition studies have been performed using soluble enzymes. Since
dentin MMPs in the hybrid layer remain bound to collagen, the concentration of inhibitors
(including bisphosphonates) required to complete inhibition may be much higher in dentin
than with unbound soluble MMPs [81]. Therefore, use of higher concentration of
hydroxyamate-based inhibitors may be necessary to facilitate effective MMP inhibition.

SB-3CT belongs to the new generation thiol-based MMP inhibitors, and is a uniquely
selective gelatinase (MMP-2 and -9) inhibitor [80]. The effect of SB-3CT on hybrid layer
durability has been tested in two studies [40,86]. In both studies, the MMP inhibitors
chlorhexidine and SB-3CT were mixed into the adhesive primers to final concentrations of
0.05% and 10 μM, respectively, and stored for variable times in water. Neither one of the
inhibitors was capable of completely eliminate the loss of bond strength either with 3-step
E&R (Optibond FL), 2-step E&R (Singe Bond 1 XT), or 2-step SE (Clearfil SE Bond,
Clearfil Protect Bond) or 1-step SE (G-Bond) [40,86]. However, using Optibond FL and
Clearfil SE Bond, the long-term (12 months) bond strengths did not show statistically
significant differences when compared to the immediate values [86]. Even though the
findings appear disappointing with respect to the attempted improvement in bond strength
durability, the results may be interpreted with caution. The use of gelatinase-specific MMP-
inhibitor SB-3CT can be justified by the assumption that MMP-2 most likely is the most
abundant MMP in human dentin [19]. However, even though MMP-2 is capable of
degrading collagen at a slow rate, it is still most potent against gelatinases [19] and its ability
to alone degrade highly cross-linked acid-insoluble dentin collagen remains to be
demonstrated. It may be that SB-3CT inhibits MMP-2, which blocks its telopeptidase
activity, so that the C-terminal telopeptides in collagen sterically prevents access of collagen
by collagenase like MMP-8. However, SB-3CT is not known to inhibit MMP-8 or cysteine
cathepsins, collagenolytic and/or telopeptidase enzymes also present in dentin and
presumably participating into matrix degradation [19,23,24,28,87]. CHX, on the other hand,
inhibits soluble MMP-2, -8 and -9 in low concentrations [25], and has recently been shown
to also inhibit soluble cysteine cathepsins [52]. Unfortunately, the CHX concentration used
in these studies (0.05%) may be too low to exert sufficient inhibitory action on matrix-bound
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cathepsins. Zhou and others [42] demonstrated with one of the adhesives used in these
studies (Clearfil SE Bond) that 0.1% or higher CHX concentrations, but not 0.05%,
completely preserved the bond strengths up to 12 months in vitro. As discussed above, the
concentrations needed for the long-term MMP inhibition in dentin matrix may be higher
than those that are effective against soluble recombinant enzymes [81], which may perhaps
be the case also in these studies with SB-3CT. The recent reports of chlorhexidine binding
by dentin collagen [88,89] suggests that collagen may compete with MMPs for CHX
binding, requiring the use of relatively high CHX concentrations.

Quaternary ammonium group
Both E&R [90] and SE [91] adhesives have been shown to activate dentin MMP activity,
and they may at least partially be responsible for the gelatinolytic activity observed in the
hybrid layer [20,92,93]. Adhesive monomers that would possess enzyme-inhibiting
properties offer an appealing alternative to prevent hydrolytic degradation of hybrid layer
collagen.

Polymerizable quaternary ammonium methacrylates (QAMs), especially 12-
methacryloyloxydodecylpyridinium bromide (MDPB) have been incorporated into SE
primers because they possess antimicrobial properties and can copolymerize with adhesive
monomers [94,95]. Similar to CHX, these compounds are cationic, water-soluble, but unlike
CHX they may not leach out of bonded interfaces. These similarities lead to testing whether
QAMs might also inhibit the endogenous dentin MMPs [96]. Four out of six QAMs
inhibited soluble MMP-9 as or more effectively as Galardin, which was used as control, and
all of them almost completely inhibited the release of hydroxyproline-containing collagen
peptides and loss of dentin dry mass over time. MDPB (a component of Clearfil Protect
Bond and Clearfil Protect SE) proved to be among the most effective in spite that it was
used in 5% concentration (the concentration used in commercial adhesives) in contrast to
30% with the other QAMS [96]. Some in vitro and clinical experiments have also indicated
that QAMs (namely MDPB in Clearfil Protect Bond) may inhibit collagenolytic enzymes in
the hybrid layer. Donmez and coworkers [17] demonstrated comparative immediate and 12-
month bond strengths both in vitro and in vivo. Other studies have shown some reduction in
bond strength that did not reach statistically significant differences [15,97], and in some
studies the bond strengths have even increased [98,99]. However, other studies have
reported reductions in bond strength comparable to other adhesives [40,100] (Table 2), so it
may be too early to make any definitive conclusions of the clinical efficacy of MDPB in the
preservation of hybrid layer.

Benzalkonium chloride (BAC) is a mixture of alkylbenzyldimethylammonium chlorides of
various alkyl chains. It is a cationic surface-acting agent with a quaternary ammonium group
used as antimicrobial agent and surfactant [101]. BAC-containing etchants can be used with
E&R adhesives without affecting immediate bond strength to enamel or dentin [102].
Tezvergil-Mutluay et al. [101] demonstrated that demineralized dentin could take up high
(up to 10 times more) concentrations of BAC than mineralized powder, with about half
remaining after water rinsing. 0.5% BAC concentrations completely inhibited soluble
MMP-2, -8 or -9, and produced up to 66% and 81% reduction in demineralized dentin
collagen degradation when measured as mass loss or as hydroxyproline release into medium,
respectively [101]. The results indicate that BAC is effective at inhibiting dentin matrix
enzymatic degradation. It is possible that acid-etching with BAC-containing acid may leave
some (perhaps about half of the original concentration) of this MMP-inhibiting quaternary
ammonium compound into demineralized matrix, possibly contributing to the longer
durability of the hybrid layer. Further experiments are needed to test whether BAC could be
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incorporated into adhesive primers and whether the enzyme inhibition would be effective to
further improve the long-term bonding in dentin.

Other approaches to eliminate collagen degradation
Even though the concept of chemical bonding with self-etch adhesives to dentin
hydroxyapatite is, in a strict sense, not aiming to inhibit dentin enzymatic function, it has
been suggested to preserve the long-term collagen integrity in the hybrid layer (for details,
see the recent review by Van Meerbeek et al. 2011 [103]), and is therefore also briefly
considered here.

The effects of acid-etching mineralized dentin with phosphoric acid versus acidic
monomers

Phosphoric acid (PA) has a molecular weight of 100 g/mole. Thirty-seven percent PA
contains 370 g/L of phosphoric acid which, divided by the molecular weight of PA, gives a
concentration of 3.7 moles/L. The pH of 37% PA is −0.37; that is the pH is minus 0.37,
making it relatively acidic. When this etchant is applied to dentin, the protons of the acid
combine with trivalent phosphate (PO4

−3) in apatite to form HPO4
−2 which strains the

crystalline lattice of apatite so much that it disintegrates within seconds. All the extrafibrillar
apatite crystallites that occupy the space around mineralized collagen fibrils are dissolved to
a depth of 8–10 μm in 15 sec. It is likely that there is some buffering of the PA by apatite
but not much because the PA is present in great excess. Immediately after dissolving the
extrafibrillar apatite crystallites, the PA begins to diffuse into the mineralized collagen
fibrils. Toroian et al. [104] carefully studied the molecular size exclusion characteristics of
demineralized bone collagen. They concluded that molecules smaller than 6 kDa can diffuse
into or out of the water within demineralized bone matrix. As collagen fibrils are not more
than 100 nm in diameter, PA can diffuse from both sides in seconds to completely solubilize
all of the intrafibrillar apaptite minerals. While these crystals are dissolving, the PA is also
activating all preforms of MMPs and cysteine cathepsins to their active forms.

In marked contrast, when self-etching primers or single-step self-etching adhesives are
applied to dentin, most of them have pHs between 2.1–2.8. This is acidic enough to etch its
way through most smear layers and into the underlying mineralized dentin to a depth of 0.5–
1.5 μm. These acidic monomers also attack extrafibrillar apatite crystallites, they protonate
the trivalent phosphate ions in apatite crystallites causing it to rapidly dissolve. About half of
the ionized calcium ions that are liberated from apatite react with the acidic monomers to
create their relatively insoluble calcium salts. Two processes stop acid-etching. First, within
10–20 sec of application, the pH of the acidic monomers increases from its original pH 2.1–
2.5 to reach a pH of 5.6–6.8 [105]. Second, the formation of insoluble calcium salts
precipitates the acids from solution. The result of this is that not all the apatite crystallites
are removed from the extrafibrillar compartment and almost all of the intrafibrillar apatite
crystallites remain intact. Wherever there are nanometer-sized apatite crystallites remaining
in collagen, all of the associated noncollagenous proteins, including MMPs/cysteine
cathepsins will remain mineralized and inactive. Most of the activation of MMPs produced
by self-etching adhesives [42,51,91] was probably extrafibrillar. That is, the endogenous
proteases on the outside of collagen fibrils became uncovered and activated, while those on
the inside of the fibril (i.e. the vast majority of the total theoretical MMPs) probably remain
fossilized and inactive. Much more research is required to prove or disprove these
speculations
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Preservation of collagen hydroxyapatite at the interface to protect collagen
Functional monomers in mild self-etch adhesives, such as 10-methacryloyloxydecyl
dihydrogen phosphate (10-MDP), 4-methacryloxyethyl trimellitic acid (4-MET) and 2-
(methacryloyloxyethyl)phenyl hydrogenphosphate (phenyl-P) mimick the effect seen with
polyalkenoic acids in glass ionomer cements and leads to an electrostatic chemical bond to
calcium ions of the hydroxyapatite crystals. ‘Mild’ self-etch adhesives and glass ionomers
interact only superficially with dentin, forming a thin (even submicron) hybrid layer, and the
bond is considered to result both from micro-mechanical and chemical bonding
mechanisms. This is different form the effect observed with “strong” or “aggressive” SE
adhesives, which create an etching effect fairly similar to phosphoric acid in etch-and-rinse
systems, leading to unstable bonds with the dissociation of the electrostatic bond and
subsequent loss of bond strength [103]. A recent study also demonstrated inherent
deficiencies in hybrid layers created by an “aggressive” 1-step SE that could be identified
only after the resin-dentin interfaces were aged for six weeks in the alkaline glycine buffer
[106]. The use of “mild” SE adhesives is believed to minimize nanoleakage, leave a
substantial amount of hydroxyapatite around the collagen fibrils to mask the collagen
cleavage site and keep the enzymes “fossilized” in the mineralized portion. Thus, the
collagen could not be degraded. The functional monomers mentioned above differ in the
stability of the bond formed with Ca ion, 10-MDP being the most stable [107]. The
importance of bond stability has been confirmed in thermocycling studies, in which the bond
strength to dentin of the 10-MDP-based Clearfil SE Bond has been shown to remain high,
while those of 4-MET-containing Unifil Bond and phenyl-P-containg Clearfil Liner Bond II
gradually decreased over time [103,108]. However, most of the studies showing “chemical
bonding” of mild self-etch adhesives were done under extremely artificial conditions. They
were usually done on synthetic apatite or enamel. No comonomers like HEMA, TEGDMA
or BisGMA were mixed with the self-etching adhesives and the adhesives were not required
to etch into the substrate at high concentrations for only 20 sec before they were light-cured.

Even though the TEM analyses in long-term studies in vitro and in vivo indicate good
preservation of the hybrid layer with the “mild” SE adhesives [15,109], there is evidence
that even with 10-MDP – that is currently considered to form the most stable chemical bond
with hydroxyapatite – the bond strengths do decrease with time, both in vitro and in vivo
[15,17,36,42,47]. Apparently the weakest zone in aged samples with SE adhesives is located
immediately below the hybrid layer observed with TEM [15,47], as the cohesive fractures of
dentin (when observed with SEM) increased significantly in an in vivo study [47]. It is
possible that the loss of collagen integrity still occurs at the base of the hybrid layer due to
the voids and nanoleakage practically undetectable with current techniques [110]. This is
supported by the study by Kim et al. [106], in which alkaline glycine buffer incubation
caused the basal hybrid layer to disappear, creating a 1 to 2 μm gap between the intact top of
the hybrid layer and the mineralized dentin base that was readily detectable with SEM and
confocal microscopy in spite of seemingly perfect hybrid layers in their respective TEM
images. As the acidic monomers require water for their ionization and etching, the
monomers at the bottom of the hybrid layer might be less polymerized, causing a loss of
bond strength due to the hydrolytic degradation of the hydrophilic monomers.

If it is accepted that the enzymatic degradation of collagen is not completely eliminated in
the deepest parts of the hybrid layer, even with the “mild” SE adhesive functional monomers
that partially preserve and chemically bond with the collagen minerals, the need for enzyme
inhibition is still apparent with these adhesives. This assumption is actually supported by
some studies. Adding CHX into self-etching primer of Clearfil SE Bond significantly
improved the 12-month bond strength, as long as the CHX concentration was at least 0.1%
[42]. Also, the use of the self-etching primer containing MDPB (Clearfil Protect Bond) with
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MMP-inhibitory activity (see details above) has been shown to preserve the dentin bond
strength both in vivo [17] and in vitro [15,17,97,17,99].

Collagen cross-linking
The realization that two different types of endogenous proteases in dentin matrix may be
involved in the hybrid layer collagen destruction complicates the enzyme inhibition
approach to preserving hybrid layer integrity. If we used inhibitors of these two classes of
inhibitors, we might have to use two different inhibitors. Even though CHX inhibits both
MMPs [38] and cysteine cathepsins [52], the potential disadvantage is that CHX may leach
out of hybrid layers within 18 to 24 months [41,48].

To find a permanent solution to the presence of two different types of endogenous proteases
in the dentin matrix, inactivation of all endogenous proteases of dentin matrix using a cross-
linking agent is an interesting option. One approach is to apply 0.1% riboflavin to acid-
etched dentin that is then irradiated with UVA light for 2 min prior to resin-bonding. Such
treatment has been successfully used in ophthalmology to treat keratoconus [111]. These
treatments did improve the durability of resin-dentin bonds [112]. Recently, Fawzy and co-
authors [113] showed that treating dentin with 0.1% riboflavin before the application of the
2-step E&R adhesive adhesive (Adper Singlebond 2, 3M ESPE) and curing separately with
blue light (2-step photocuring) significantly improved the durability of dentin bond strength,
although not as much as using UVA [113]. With 1% riboflavin, the immediate bond
strengths were higher, but the relative decrease was also higher than with lower riboflavin
concentration (Table 1). When blue light was used to cure the adhesive placed on riboflavin-
treated dentin without separate irradiation of riboflavin (1-step photocuring), 0.1%
riboflavin treatment still showed markedly better long-term bond strength, even though
statistical significance was not reached. However, with 1-step photocuring 1.0% riboflavin
demonstrated catastrophically lower immediate and long-term bond strengths than all the
other groups, including untreated controls [113] (Table 1). The findings indicate that using
riboflavin to cross-link collagen might be advantageous also with simplified application
technique using blue light irradiation, but further work is needed to find optimum
concentration and to shorten the time needed for cross-linking (5 minutes). Glutaraldehyde
and grape-seed extract [114] have also been also tried with promising results, but were
found to take too long (minimum exposure time 10 minutes) to be clinically useful. A recent
study indicates, though, that an increase in immediate dentin bond strength may be achiavble
with grape-seed extract-based preconditioners even in reduced, clinically applicable
treatment times [115], but the durability of long-term bond strength remains to be examined.
Glutaraldehyde works well but is considered to be too toxic. Bedran-Russo et al. [116] had
better success with carbodiimide, a cross-linking agent with very low cytotoxicity. When we
applied 0.3 M carbodiimide to acid-etched dentin, we found that it completely blocked the
total endogenous protease activity of dentin in as little as 1 min of topical treatment [117].
Because dentin does not turnover, if all of the exposed proteases bound to matrix collagen
are inactivated by a nontoxic cross-linker like carbodiimide, such treatment should lead to a
dentin matrix that is permanently stable.

Carbodiimide contains a functional group with the formula RN=C=NR. The cabodiimide
reacts with ionized carboxyl groups in proteins to form an O-acylisourea intermediate. This
intermediate reacts with a nonproteinated amino group and an adjacent protein chain to form
a stable covalent amide bond between the two proteins, with the only by-product being urea.
It is considered one of the least cytotoxic cross-linkers. These cross-links are very stable.
They may inactivate the active sites of dentin proteases by reducing the molecular mobility
of the active site or by changing negatively charged ionized carboxyl groups into positively
charged amides. Additionally, carbodiimides can cross-link both helical and especially
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telopeptide domains in collagen. They may prevent telopeptidase activity that would
normally remove bulky telopeptides from the specific peptide bond of collagenases.

The use of carbodiimide to inactivate all endogenous proteases in dentin looks like a very
promising procedure. It is currently designed to be used just after acid-etching, in etch-and-
rinse systems. It may be possible to reduce the current treatment time of 60 s to less than 30
s. Preliminary evaluation of the cytotoxicity of carbodiimide on pulpal cells found no
cytotoxicity. In that study (Scheffel et al. 2012, unpublished observations) dentin disks 0.4
mm thick were prepared from mid-coronal dentin. After acid-etching both sides of the disks
to remove smear layers and maximize permeability, odontoblast-like cells (MDPC-23 cells)
were attached to the pulpal side of the disks. Then the disks were placed in split chambers
that permitted the cells to be bathed in tissue culture media, while the “occlusal side” of the
disks were treated with 0.05, 0.1, 0.3 or 0.5 M EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) made up in pH 6 phosphate buffer, that
was applied to the acid-etched dentin for 60 s. Excess unreacted EDC was rinsed away with
a copious stream of water for 10 s. The split chambers were than incubated for 3 days to see
if the EDC had any negative effects on the cells on the other side of the disk. The MTT
assay shown no cytotoxicity of any of the EDC concentrations (Figure 5) compared to water
treatment. The positive control was 37% H2O2 which caused cell death for most of the cells.

The cross-linking that we propose is very different from the natural, time-dependent cross-
linking that occurs in dentin collagen. The natural cross-linking involves oxidative
deamination of free ε-amino groups in lysine and hydroxylysine and lysine hydroxylation of
residues on adjacent peptides to form covalently linked pyridinium containing compounds
[118–121]. These natural cross-links are not altered by acid-etching dentin with 37%
phosphoric acid [122].

Ethanol wet bonding
To ensure proper hybridization of wet collagen matrix, increasing concentrations of
hydrophilic and ionic monomers have been added to new adhesives [123]. These polymers
are vulnerable to water sorption and/or hydrolysis due to the presence of ester linkages
[124], which significantly weakens the mechanical properties of adhesive with time
[123,125,126]. Therefore, hydrolytic degradation of adhesives is the other “weak link” in
bond strength durability. The relative importance of the destruction of the collagen or resin
components can be only indirectly estimated. For example, in a recent study Van Landuyt et
al. [15] compared the immediate and 6-month bond strengths of six commercially available
adhesives both in enamel and in dentin in vitro. Enamel bonds fell in average 13.7%
(minimum 1.6% and maximum 27.3%). Because enamel bonding does not rely on collagen,
the loss of bond strength was presumably due to the water sorption and/or hydrolytic
degradation of adhesive. With dentin, the respective loss of bond strength was 43.1%
(minimum 13.1% and maximum 58.7%) (Figure 6). In TEM analysis of the fractured
surfaces, the most common failure site with SE adhesives was in dentin just beneath the
hybrid layer, which the authors speculate to be associated with insufficient encapsulation of
residual smear [15]. However, since smear layer is located at the surface of dentin, it can be
argued that the smear components should remain at the top half of the hybrid layer. Instead,
the fracture site may represent the partially denuded collagen zone with less-than-ideal
protection by polymerized SE monomers and subsequent enzymatic degradation of exposed
collagen. Alternatively, it might be due to the slow solubilization of the calcium salts of the
acidic monomers used in self-etching adhesives. Although they are relatively insoluble, they
probably solubilize over many months to leave a porous zone containing demineralized
collagen fibrils containing activated collagenolytic enzymes. This speculation is supported
by other studies with TEM analysis of the hybrid layers created with E&R adhesives after
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artificial aging. It is a frequent finding that the collagen matrix at the top of the hybrid layer
is better preserved than in the middle or lower thirds [30,32,127–129]. The difference may
be caused by the phase separation of the hydrophobic and hydrophilic monomers, where the
hydrophobic monomers (such as BisGMA) are more or less restricted to the upper parts of
the hybrid layer, and the bottom is HEMA- and water rich [4,130,131].

Proteoglycans (PGs) form interfibrillar bridges that absorb water with their carbohydrate
side chains, glycosaminoglycans (GAGs) in dentin collagenous matrix [110]. In
demineralized dentin, PG/GAG interfibrillar hydrogel may allow the penetration of smaller
hydrophilic non-cross-linking monomers (such as HEMA), but restrict the entrance of larger
cross-linking monomers (such as BisGMA) into deeper parts of the hybrid layers [4,20].
Several MMPs may bind to PGs or GAGs, which may affect their substrate binding,
activation and activity; GAGs also have an important role in cysteine cathepsin function (for
details, see [20]). This may not only allow enzymatic collagen degradation of collagen, but
also facilitate hydrolytic degradation of the bonding monomers, both leading to increased
nanoleakage. Brackett and co-authors [129] demonstrated the water-related loss of nano-
fillers within a water-rich zone in the adhesive layer in 12 months in vivo irrespective of
degradation of the hybrid layer collagen or its preservation with CHX. Since most studies
with CHX and other enzyme inhibitors show some loss of bond strength (Table 1), that part
of bond strength loss may be attributed to the water sorption or degradation of the adhesive
monomers or polymerized hydrophilic adhesives. In addition, degradation of collagen leaves
the subsequent voids filled with water and increases nanoleakage in the hybrid layer
[30,37,38,81,127,128]. This may increase microfluid fluxes at the interface, accelerating
adhesive component hydrolytic degradation. Since all these aspects may be related to PGs
and GAGs, extracting them prior to adhesive application sounds like an attractive
alternative. However, since removal of PGs and GAGs from dentin has resulted in
conflicting results in bond strength [132–134], and because of 24h treatment required for
their enzymatic removal, this is not clinically relevant approach.

The problem of water hydrolysis of ester-bonds in adhesive polymers and peptide bonds in
collagen might be eliminated if water could be excluded from the bonded interface. This has
been the aim in ethanol wet bonding [4,135,136], where ethanol is used to chemically
dehydrate acid-etched demineralized dentin matrices to reduce dentin hydrophilicity and
facilitate the infiltration of more hydrophobic monomers to dentin [4]. Organic solvents,
including ethanol and acetone, cause a collapse of GAG gels in connective tissues by
removing water [137].

Wang and his colleagues have described the distribution of HEMA and BisGMA across
hybrid layers using confocal μRaman spectroscopy [138–140]. They reported that BisGMA
was only seen in the top half of hybrid layers, while HEMA was uniformly distributed
across the entire hybrid layer. However, when they employed ethanol wet bonding, BisGMA
penetrated much deeper into hybrid layers [131]. Ethanol wet bonding coaxes hydrophobic
monomers into a demineralized collagen matrix with limited matrix shrinkage. The proof-
of-concept was provided in a study in which ethanol-solvated BisGMA bonding resulted
with wider interfibrillar spaces, more extensive collagen fibril shrinkage and narrower
hybrid layers (due to the absence of water) accompanied by high immediate bond strength,
acid-/base-resistant hybrid layers, resin tags, and nanoleakage distribution comparable to
water-wet bonding with commercial adhesive [141]. Infiltration of hydrophobic monomers
decreases water sorption/solubility and resin plasticization, but it has been suggested that the
elimination of residual water also reduces or eliminates enzyme-catalyzed hydrolytic
collagen degradation [41,142], which would also contribute to improved durability of the
resin bonds [4,143]. That the enzyme inhibition is due to removal of water instead of
directly inhibiting or denaturating the enzymes is supported by the study demonstrating that
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different alcohols have different abilities to inhibit recombinant MMP-9 [144]. While
ethanol (used in ethanol wet bonding) and methanol were relatively poor inhibitors of
MMP-9 (12% and 14%, respectively), 1- and 2-propanol, 1-and 2-butanol and tert-butanol
were very effective, with 52% to 91% inhibition [144]. The authors speculate that alcohols
that inhibit MMPs do so by hydrophobic interactions between the catalytic zinc and the
oxygen atom of the hydroxyl group of the alcohol [144]. To the best of our knowledge there
are no studies published where alcohols other than ethanol would have been used to test the
durability of dentin bonding. We have, however, preliminary results where pretreatment of
acid-etched dentin with 0.5% CHX diluted into 64% mixture of alcohols (ethanol, 2-
propanol and tetr-butanol) completely inhibited the reduction in dentin bond strength
reduction with 2-step E&R adhesive for 6 and 12 months, while in controls the reduction
was 37 and 26%, respectively (Tjäderhane et al. unpublished observation). The findings are
in line with those using 2% CHX with 3-step E&R adhesive (Scotchbond MultiPurpose) in
ethanol-wet dentin, in which bonding with and without CHX resulted with unchanged bond
strengths even after 18 months of aging, thus leaving the role of CHX in the preservation of
bond strength open when used in ethanol-wet dentin [4]. With other adhesives (All-Bond 2
and SB1), combining 2% CHX with ethanol wet bonding produced additional 50% decrease
in bond strength reduction when compared to CHX-treatment alone [4]. However, while
“traditional” ethanol wet bonding requires reasonably long treatment times [145], in our
unpublished study acid-etched dentin was only treated with alcohol-CHX mixture for 30
seconds before applying the adhesive, the time being clinically acceptable (Tjäderhane et al.
unpublished observation). Another unpublished observations by Manso et al. suggested that
ethanol bonding under clinically acceptable time was effective in preventing bonding
degradation, regardless of the adjunctive use of CHX or not in the bonding protocol.
Additionally, the same study indicated that bonding technique may play important role in
the bonding effectiveness over time as control groups, in which neither ethanol, CHX or
combination of both were used, the bond strength values did not decrease after 15 months
using either All Bond 3 (Bisco) or Excite (Ivoclar Vivadent) adhesive systems. Together,
these findings indicate that with alcohols capable of direct MMP inhibition it may be
possible to create an ethanol wet bonding technique – perhaps in combination with other
MMP inhibitors, such as CHX - that would be clinically usable yet offer improved bond
strength durability.

However, the concept of completely removing water from the collagen matrix – or at least
complete replacement of the space previously occupied by mineral crystals, with adhesive
monomers - has been questioned based on the space available between collagen molecules
and size of monomers. As discussed above, Bertassoni et al. [110] believe that the lateral
distance between collagen molecules within a fibril is too small (1.26 to 1.33 nm) for even
the smallest monomer triethyleneglycoldimethacrylate (TEGDMA) (appr. 2 nm/molecule) to
fit in. However, if osteocalcin (molecular weight of 5700 Da, 18 nm diameter can equilibrate
with collagen water [104] then dental adhesive monomers should easily permeate into the
available space, especially if water has not been removed. Others might argue that the
catalytic zinc of MMPs is located at the bottom of a deep cleft with the entrance of this
groove being only 0.5 nm wide [146], so how could adhesive resin monomers inhibit MMPs
by flowing into ethanol-saturated dentin matrix and polymerizing in the catalytic sites of
MMPs, as earlier speculated [4].

However, Carvalho et al. [147] using zymography, reported that 5% HEMA inhibited
MMP-2 in polyacrylamide gels. More recently, HEMA was shown to inhibit soluble
rhMMP-9 as well as matrix-bound MMPs [144]. Those results suggest that HEMA must be
able to reach the catalytic site of the enzyme. Water is also believed to be quite tightly
bound to collagen molecule [110]. This concern is certainly valid from the collagen
nanostructural point of view, but whether it creates a problem regarding collagen
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preservation and dentin bond durability is another question. The lateral shrinkage (about
20% [141]) of collagen fibrils in ethanol wet bonding may be caused by the removal of
intrafibrillar water. If this space is not refilled with adhesive monomers, degradation of
collagen may still be prevented provided that infusion of water is also prohibited.
Alternatively, increases in the width of interfibrillar spaces has been suggested to be caused
by the ethanol-induced shrinkage of interfibrillar proteoglycans [128], leading to a higher
resin/collagen ratio within the hybrid layer. The increase of the width of interfibrillar spaces
and reduced hydrophilicity of collagen may, in turn, allow better encapsulation of collagen
fibrils with hydrophobic monomers, thus resulting in water-tight envelopment of collagen
fibrils. This assumption is supported by the recent study by Sadek et al. [128], in which
relatively thin (appr. 3 μm compared to 5 μm in controls) hybrid layer created with ethanol
wet bonding demonstrated almost complete absence of nanoleakage, as well as excellent
durability of bond strength, even after 12-month storage in artificial saliva.

In their book, Nakabayashi and Pashley [148] suggested that if resins could truly infiltrate
collagen, the result would be an “interphase model”, in which resin and collagen would
share the elongation stress in ethanol wet-bonded dentin due to equalizing the mechanical
properties of collagen and resin [4]. In general, resins with one or two hydrophilic
compounds produced the highest bond strengths and excellent resistance to cyclic
mechanical stressing [149]. The authors hypothesize that hydrophilic comonomers, through
their tendency to absorb water after polymerization may have plasticized the resin–dentin
interface enough to tolerate cyclic mechanical stressing without fracturing [149]. If this
assumption is accepted, it not only explains the good bond strength and excellent ability to
tolerate mechanical forces, it may also offer a plausible explanation for the complete
absence of enzymatic collagen degradation in resin-dentin bonds created by ethanol wet
bonding after 12-month storage in artificial saliva [128]. Even though the adhesive used in
that study was basically hydrophobic, the residual ethanol in collagen would allow BisGMA
to dissolve in that ethanol in a manner similar to the hydrophilic comonomers in the study
by Sauro and others [149]. That would leave collagen- and PG-bound hydrolytic enzymes
devoid of water necessary for the activity and thus prevent time-related enzymatic collagen
degradation. In other words: if ethanol wet bonding is capable of removing most of
intrafibrillar water, hydrophilic components of adhesive resins may absorb the rest and
actually improve both the mechanical properties and inhibit the enzymatic degradation. That
way, hydrophilic monomers may be beneficial, provided that the amount of water is not high
enough to allow hydrolytic degradation of polymerized resin.

In summary, even if ethanol wet bonding may still be considered more as a “bonding
philosophy” [150], it offers both important information of the role of solvent or intrinsic
water in the hybrid layer degradation process and interesting potential for the clinically
useable bonding techniques to be developed. As pointed out also in recent reviews [4,110],
these ideas must be regarded as speculations until new nanotechnologies allow testing of
these concepts. Ethanol wet bonding is in spite of recent progress especially in application
time, still demanding and at the current state may not be applicable to everyday clinical
work. Further studies are also needed to create technically less demanding, reproducible and
clinically relevant adhesive bonding methods.

Remineralizing the hybrid layer collagen
The physical packing of the collagen fibril is believed to act as a gatekeeper, preventing
molecules larger than a 40 kDa protein from entering demineralized dentin fibrils [104]. In
turn, during demineralization either by acids or acidic monomers, minerals are removed and
replaced by rinse-water (E&R adhesives) or water used in primer-adhesives (E&R and SE
adhesives) as a solvent. The loss of protection by the mineral phase of dentin renders
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collagen vulnerable to enzymatic degradation in several ways. Acid-etching activates
inactive endogenous proteases bound to collagen, the enzymes themselves are freed from
their “fossilized” state, and chemical and/or mechanical damage may result with the
exposure of the critical collagen cleavage site, facilitating collagen molecule cleavage. The
mechanical damage may be especially important in the hybrid layer. Tay and co-workers
[151] proposed that collagen fibrils in poorly infiltrated hybrid layers, being unsupported by
resin, undergo various degrees of irreversible mechanical disruption under occlusal loads.
This part of collagen fibril network has a much lower modulus of elasticity than resin-
infiltrated fibrils allowing if to strain more than resin-enveloped fibrils causing
microdisruptions [151]. Since strains caused by physical loading may induce local molecular
damage that makes collagen more susceptible to MMP cleavage [152]. Physical loading of
restorations may speed up and escalate enzymatic collagen degradation. For these reasons,
remineralization of the hybrid layer collagen to restore mechanical properties to its
mineralized state is an attractive approach to improving the durability of resin-dentin bonds.

Remineralization by fluoride-containing adhesives
Fluoride-containing adhesives have been suggested to eliminate the time-dependent decrease
in dentin bond strength [17,97,153] or even improve it in a short-term indirect exposure
experiment [99]. However, the ability of fluoride in adhesive resin to remineralize the
collagen matrix [154] has been questioned [17,150], at least with acid-etched dentin or with
more aggressive SE adhesives [150]. Remineralization of collagen requires seed apatite
crystallites that determine the orientation of remineralized crystalline lattices. This limitation
severely restricts the remineralization of hybrid layers that contain little or no residual
apatite [150]. Interestingly, several studies have been performed where the preservation of
long-term bond strength has been attributed to fluoride in the adhesive primer of Clearfil
Protect Bond [15,17,97,99], an adhesive containing 12-methacryloyloxydodecylpyridinium
bromide (MDPB) monomer with antibacterial properties [94,95]. As described above,
MDPB belongs to the group of quaternary ammonium methacrylates (QAMs) that were
recently shown to have MMP-inhibiting properties comparable to CHX [96]. So, at least part
of the preservation of dentin bond strength durability with this fluoride-containing adhesive
resin may be attributable to the inhibition of collagen degradation by MDPB. If endogenous
dentin proteases are not inhibited, demineralized collagen may degrade and solubilize before
it can remineralize [143]. The use of quaternary ammonium methacrylates as functional
monomers to inhibit enzymatic collagen degradation offers interesting possibilities in the
development of new adhesives with better dentin bond durability.

Chlorhexidine can be simultaneously incorporated into the resin matrix together with
fluoride, and the release of either agent may be optimized for therapeutic purposes [155].
Combination of fluoride with an enzyme-inhibiting agent might have synergistic effects in
retaining matrix integrity in hybrid layer. In dentin erosion, where fluoride has long been
known to slow lesion progression, significantly better protective effect was observed in situ
with FeSO4, which also was shown to effectively inhibit dentinal MMPs [156]. This anti-
MMP effect of heavy metals has also been shown for excess zinc [157,158].

Remineralization by adhesives containing bioactive particles
Hydrophilic biodegradable polymers and bioactive silicates have been proposed as useable
materials for remineralizing scaffolds (reviewed by Hoppe et al. 2011 [159]). Osorio and co-
authors [160] investigated the effect of calcium/sodium phosphosilicate (Bioglass 45S5,
BAG) and tricalcium phosphate (TCP)-modified silicate cement incorporated as bioactive
microfillers in adhesive resin containing hydrophilic and –phobic monomers. When
phosphoric acid- or EDTA-demineralized dentin beams were treated with BAG-containing
adhesive, significantly lower degrees of collagen degradation were seen compared with
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neat-resin or even non-demineralized dentin samples after four week incubation in artificial
saliva. At the same time, remineralization detected as a calcium phosphate (Ca/P) surface
layer and mineral precipitates with SEM and energy-dispersive x-ray analysis (EDX) was
observed. With TCP-modified silicate cement inhibition of MMP-related collagen
degradation was less pronounced than with BAG, and only thin Ca/P layer was observed in
EDTA-demineralized dentin, while only scattered microglobular crystals were observed
with phosphoric acid-demineralized dentin [160]. The authors concluded that ionic
dissolution products when exposed to biological fluids are responsible for the biological
activity of the tested inorganic materials. Formation of CaP-MMP complexes may be
responsible for the reduced collagen degradation [160]. However, the question remains
whether the remineralization of the hybrid layer that is based on the degradation of the
adhesive components could lead to the reduction of the mechanical properties of adhesive.
Experiments analyzing the long-term bonding durability together with the analysis of the
structural changes in the hybrid layer are essential to evaluate the potential advantages of the
use of bioactive components in the adhesives aiming to inhibit the hybrid layer collagen
degradation by endogenous enzymes.

Biomimetic remineralization – imitating nature
Due to all of the structural and chemical limitations associated with dentin bonding, and the
clinicians “need for speed”, most resin-dentin bonds are less than perfect. The retention of
rinse water in etch-and-rinse adhesives or of the intrinsic water (about 25%) that must be
added to SE adhesives to allow the acidic monomers to dissociate, permit water-filled voids
to exist in adhesive and hybrid layers, even after resin infiltration. “Water trees” tend to
grow over time [16] increasing nanoleakage. All of this water promotes extraction of
unreacted monomers and hydrolysis of resins over time.

In resin-dentin bonding, the mineral phase of dentin that is responsible for its high stiffness
(ca. 20 GPa) is removed by acid-etching and partially to almost fully replaced with cross-
linked resins with a much lower stiffness (ca. 3.4 GPa). Stress concentrations develop in
resin-bonded assembles where there is a mismatch in the modulus of elasticity of its
constituents, such as at the junction between the bottom of the hybrid layer (E = 3–4 GPa)
and the underlying mineralized dentin (E = 20 GPa).

While protease inhibitors or cross-linking inactivation of proteases can block matrix
degradation, they do nothing to improve the mechanical properties of the hybrid layer above
that of adhesive resins. A new approach to resin-dentin bonding is to perfect the bonds after
they have been made, using remineralizing reagents to backfill the water-filled voids with
nanometer-sized apatite crystallites.

In biomimetic remineralization of resin-dentin bonds, one covers a polymerized resin-dentin
bond with a “therapeutic” flowable composite that contains a source of amorphous calcium
phosphate (ACP). Biomimetic polyanionic analogs of noncollagenous phosphoproteins are
included so that they can bind to collagen and serve as templates to induce nucleation and
growth of apatite in completely demineralized regions of collagen. Polyanions like
polyacrylic acid or polyaspartic acid are included to cluster around nanoprecursors of ACP
to prevent it from growing into crystals that are too large to fit into the gap zone of collagen.
The key to remineralization of dentin is to create “fluidic” nanoprecursors [161] that can
pass through polymerized dental adhesives. This process is thought to use water-filled voids
(i.e. water trees) that extend from the surface of the adhesive layer, through the thickness of
the layer into contiguous water filled spaces in the hybrid layer. When the remineralization
process is finished, the water-trees become saturated with nanoprecursors and ACP and
mineralize. That is, the water-trees become mineral trees. This process is self-limiting.
When it is over, the channels that transported the mineral salts become closed. Indeed, the
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process of mineralization involves replacing water with mineral. Mineralization is a form of
dehydration [162].

There are two forms of remineralization: 1) In demineralized enamel, the residual mineral
crystals can serve as templates for appositional regrowth of apatite crystallites by epitaxial
growth [163]. In dentin that has only been partially demineralized as in caries-affected
dentin, seed apatite crystallites remain and can serve as templates for additional epitaxial
growth. However, remineralization of dentin will not occur in locations where seed apatite
crystals are absent. An example would be in dentin that has been acid-etched with 32–37%
phosphoric acid in preparation for resin bonding. In these situations, all of the apatite
crystallites have been dissolved and extracted from both extrafibrillar and intrafibrillar
collagen fibril compartments. There are no seed crystals remaining and some of the
noncollagenous, developmental phosphoproteins necessary to attract calcium to collagen
may have been extracted. In carious dentin or even in caries-affected dentin, these
phosphoproteins may be masked by bacterially derived proteins or polysaccharides.
Remineralization of such dentin becomes more complex. 2) One of the mechanisms for
apatite nucleation in the absence of seed crystals is to include polyanions such as polyacrylic
acid or polyaspartic acid. These polyanions bind to collagen and serve as templates for
stereo specific calcium binding and promotes apatite nucleation.

Hybrid layers created by etch-and-rinse adhesives have been shown to be remineralizable
using a biomimetic mineralization approach [164,165]. Apatite crystallites were detected in
both extrafibrillar and intrafibrillar compartments after remineralization in phosphoric acid
etched resin-bonded dentin. Self-etching adhesives also have water-filled defects that can be
remineralized [166], but the apatite deposition is largely limited to the intrafibrillar spaces,
because the extrafibrillar spaces were better filled with adhesives (Figure 7). Even the water-
filled spaces (e.g. water trees) in many adhesive layers become filled with apatite
nanocrystals [162,166–168], although they have no hierarchical order because they contain
no collagen.

Unlike epitaxial apatite growth over seed crystals that can occur in weeks, the
remineralization of completely demineralized dentin is much slower, usually taking 3–4
months. This is why we recommend the use of a therapeutic flowable composite that can be
placed over typical polymerized resin-dentin bonds, to allow slow back-filling of any water-
rich, resin-poor regions that might have developed during bonding. When all water-filled
spaces have been filled, the flowable composite mineralizes.

In a proof-of-concept biomineralization strategy, the authors used polyvinylphosphoric acid
as both a templating molecule and to inhibit the endogenous MMPs of dentin, to prevent
collagen degradation during mineralization [169].

The goal of mineralizing resin-dentin bonds is to back-fill water-rich, resin-poor hybrid
layers. However, as etch-and-rinse hybrid layers are only 8–10 μm thick, how can one
demonstrate that local depositions of mineral within hybrid layers can actually improve the
stiffness of hybrid layers. This can be accomplished using a nanoindenter coupled to a
dynamic mechanical analyzer [170] to imaged control unmineralized hybrid layers vs.
experimental mineralized hybrid layers (Figure 8, Figure 9). The results revealed that
statistically significant stiffening of mineralized hybrid layers occurred.

When Kim et al. [162] compared the durability of typical resin-dentin bonds with that of
resin-dentin bonds that had been remineralized, the control bond strength fell 43% over 12
months, while the remineralized resin-dentin bonds showed 3.8% decrease in bond strength
over 12 months. Although such treatments take extra time and need to be optimized, they
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offer the promise of being very durable over time because mineralization inactivates the
endogenous proteases of dentin [150] by embedding them with apatite crystallites.

Conclusions
In the NIDCR 2009–2013 strategic plan on tooth-colored restorations, the authors reported
that the average replacement time for such restorations is only 5.7 years. Replacing defective
esthetic restorations costs five billion dollars per year in the U.S. alone [171].

Resin-dentin bonding is a unique form of tissue engineering in which a demineralized
collagen matrix is used as scaffold for resin infiltration to create a hybrid layer that is
relatively hydrophobic, very organic, soft, acid-resistant and tough. This is done in about 2
min. These physicochemical properties are completely different from mineralized dentin or
enamel that are hydrophilic, crystalline, acid-labile, relatively brittle, and very hard. In most
forms of tissue engineering, the scaffold is designed to be resorbed by host cells and
replaced by natural tissue within weeks to months. In resin-bonded hybrid layers, the
collagen scaffold should last for decades! It should be as stable as possible even though it is
seeded with endogenous proteases that can destroy it. While there are some unresolved
problems regarding the durability of resin-dentin bonds, it is truly remarkable to see how far
adhesive bonding has come in the past 50–60 years. Direct repair of fractured incisors is
routinely accomplished by general practitioners in less than one hour. Fifty years ago, those
teeth would receive full crowns. We predict that stable resin-dentin bonds will be routinely
available in 10–15 years and that tooth-colored restorations will last as long as amalgam
restorations.
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Figure 1.
Transmission electron microscope (TEM) image of undemineralized, unstained human tooth
showing the dentin-adhesive interface created with 2-step E&R adhesive (Scotchbond 1XT,
3M ESPE).
A) On the top of the mineralized dentin (md) is the hybrid layer (hl), where the exposed
dentin collagen mesh is infiltrated with adhesive monomers, creating a mechanical interlock
between dentin-bound collagen and polymerized adhesive. On top of the hybrid layer,
adhesive (a) forms a chemical bond with the restorative resin composite (c). Adhesive resin
tags (rt) penetrate into dentinal tubules, sealing them and providing additional retention.
B) Higher magnification image from the area marked with dashed box in A, with collagen
matrix readily seen in the hybrid layer, even in unstained sections. (Images courtesy of BDs
Pekka Mehtälä and Dr. Saulo Geraldeli).
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Figure 2.
Schematic of the complex of CHX with cysteine cathepsins B, showing CHX (stick model)
completely engulfed in the cathepsin B active site cavity from S2 to S2′: Cys29 and His199
are the active site residues (light yellow). The amino acid residues Tyr75, Pro76, and
Glu245 (red) are at the subsite S2; Gly74 (red) and Cys29 (light yellow) residues are at the
subsite S1, and the His199 (light yellow) residue is at the subsite S1′. The enzyme secondary
structure elements are shown as cyan blue schematics (arrows for extended strands and
cylinders for helices); the carbon atoms of CHX are indicated by light green sticks.
(Reproduced from Scaffa et al. 2012 [52], with permission)
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Figure 3.
A: SEM image of the fracture occurring at the bottom of the hybrid layer. Dentinal tubules
are mostly exposed, with few dentinal tubules containing remaining resin tags. Partially
degraded collagen at the bottom of the hybrid layer gives can be seen (asterisk). B: SEM
image of the fracture cohesive failure localized in the middle of the hybrid layer. Dentinal
tubules are completely filled by resin tags (black arrow), and intertubular dentin is covered
by adhesive (asterisk). C: Schematic presentation of resin-bonded acid-etched dentin
covered with resin composite. The acid-etched tubules no longer contain peritubular dentin,
making the tubules twice their normal diameter. Resin tags extend down from the adhesive
layer. The tags are hybridized with the surrounding demineralized dentin as they pass
through the hybrid layer. There is no such hybridization of the resin tags as it passes into
mineralized dentin. As poorly infiltrated hybrid layers age, the collagen fibrils degrade and
disappear. In such hybrid layers, water replaces the collagen. The spaces in the composite
are due to hydrolysis of nanofillers of silica from the resin composite. These, too become
filled with water. (Figures A and B reproduced from Carrilho et al. 2007 [31], with
permission.)
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Figure 4.
The effect of 2% CHX pretreatment on the distribution of failure modes (in percentage) as
observed with SEM in vitro (A) and in vivo (B). External inhibitor indicates the absence or
presence of a protease inhibitor cocktail used in incubation medium (artificial saliva, AS).
A) In immediate testing, no differences between the fracture modes were detected. After 6-
month incubation, statistically significant increase in failures located at the bottom of the
hybrid layer were seen in control group, but not in CHX group. External inhibitors in AS
significantly reduced the failures at the bottom of the hybrid layer in controls, indicating
partial elimination of endogenic enzyme function; respective effect in CHX-treated samples
was non-significant. (Data from Carrilho et al. 2007 [31])
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B) Failure modes in restorations tested immediately or after 14 months (14 m) in service in
vivo. After 14 months, cohesive failures in the hybrid layer and dentin increased in controls,
while in CHX-pretreated group failures in the hybrid layer decreased and no cohesive
failures in dentin were observed. (Data from Carrilho et al. 2007 [32]).
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Figure 5.
Cellular metabolism (SDH enzyme production detected by MTT assay) of odontoblast-like
cells on the pulpal side of dentin disks following different concentrations of EDC solutions
applied on the occlusal side of 0.4 mm-thick dentin discs. Columns are mean absorbance
(570 nm) and error bars are standard-deviations, n=12. Columns connected by the horizontal
line do not differ statistically.
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Figure 6.
Comparison of the loss of bond strength between enamel and dentin in vitro after 6 month
water storage within the same study [15]. Bond strengths in enamel after the storage did not
show statistically significant difference with any adhesive when compared to the intial bond
strengths. In dentin, significant decrease (p<0.05) was observed with all adhesives except
Protect Bond and Optibond FL.
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Figure 7.
A–E show adjacent confocal laser scanning microscopy (CLSM) and transmission electron
microscopy images obtained from dentin bonds made with the self-etching dental adhesive,
Adper Prompt-L-Pop. After bonding, the bonded tooth was sectioned vertically into 1 mm
thick slabs and incubated in control media (Figs. A and B) or in biomimetic
remineralization medium for 6 months. The specimen in Fig. A was immersed in 0.1%
rhodamine B overnight. The red fluorescent tracer diffused into water-rich, resin-poor
spaces within the hybrid layer (the area between the opposite arrows). In the absence of
remineralizing reagents, no mineralization of the water-filled spaces occurred. The adjacent
TEM shows no remineralization of the hybrid layer (area between opposing arrows). Fig. C
is a CLSM image of the same resin-dentin bond that was allowed to remineralize for 6
months with biomimetic reagents. Note that the hybrid layer (area between opposing arrows)
is less fluorescent and more grey indicating that much of the water was replaced by apatite
mineral. This is better shown in the adjacent TEM images showing mineralization (asterisk
region) of the bottom of the hybrid layer in 2 months and most of the hybrid layer in 6
months (from Kim et al. 2010 [166], with permission).

Tjäderhane et al. Page 37

Dent Mater. Author manuscript; available in PMC 2014 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
A: The effect of biomineralization on the dynamic mechanical behavior of hybrid layers
(between opposing white arrowheads). Specimens were examined in the hydrated condition
after 2 months of biomineralization. R: hydrophilic adhesive resin; T: resin-filled dentinal
tubule; M: underlying mineralized dentin. The color scale shows the complex modulus of
elasticity from 0–30 GPa. Much of the hybrid layer contains blue and green colors
corresponding to complex moduli of 10 to 15 GPa. B: The right image is a TEM micrograph
from the same specimen showing that much of the lower half of the hybrid layer (area
between opposing white arrowheads) is filled with mineralized collagen (dark appearance).
The top of the hybrid layer is electron transparent and not mineralized because the collagen
fibrils were enveloped by adhesive resin.

Tjäderhane et al. Page 38

Dent Mater. Author manuscript; available in PMC 2014 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
A: Control resin-bonded dentin that was subjected to 2 months of immersion in a simulated
body fluid without biomimetic mineralizing reagents. Note that the overlying adhesive resin
(R) has a complex modulus of 2.5 GPa, as does most of the hybrid layer (area between
opposing white arrowheads) indicating that the hybrid layers remained unmineralized and
relatively soft (complex modulus of 2.5 GPa). B: TEM micrographs from the same resin-
bonded dentin specimen that show areas where the collagen within the hybrid layer has been
solubilized by endogenous dentin protease activity (asterisks).
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Table 2

Percentage change of the bond strength between immediate and aged values in the experiments in which
Clearfil Protect Bond has been evaluated.

Author, year Duration (months) Adhesive % change

Nakajima et al. 2003 [97] 6
Clearfil SE Bond −47.1*

Clearfil Protect Bond −7.5

Donmez et al. 2005 (in vivo) [17] 12
Clearfil SE Bond −35,2*

Clearfil Protect Bond 3.9

Donmez et al. 2005 (in vitro) [17]
12 Clearfil SE Bond −36.9*

Clearfil Protect Bond 0.7

Ansari et al. 2008 (microshear) [98] 12

Clearfil SE Bond −25.0

Clearfil 3S Bond −9.7

Clearfil Protect Bond 35.1*

Erhardt et al. 2008 [176] 6

Scotchbond 1 −9.9

AdheSE −3.5

Clearfil Protect Bond 0.8

Reis et al. 2008 [177] 12

Prime&Bond NT −41.2*

Single Bond −25.2*

Clearfil SE Bond −45.5*

One-up Bond −29.1

Clearfil Protect Bond −21.7*

Shinohara et al. 2009 [99] 3

SB MultiPurpose −14.0*

Clearfil SE Bond 0.2

Clearfil Protect Bond 13.2*

De Munck et al. 2010 [40] 12

Single Bond −49.5*

G-Bond −66.2*

Clearfil Protect Bond −33.5*

Van Landuyt et al. 2010 [15] 12

Optibond FL −13.1

Clearfil SE Bond −42.8*

G-Bond −53.1*

iBond −58.7*

Clearfil 3S Bond −62.0*

Clearfil Protect Bond −29.1

De Munck et al. 2011 [100] 12
OptiBond FL −47.2*

ScotchBond 1 XT −70.0*
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Author, year Duration (months) Adhesive % change

Clearfil SE Bond −47.9*

G-Bond −72.4*

Protect Bond −51.6*

*
indicates statistically signficant difference to the respective immediate bond strength as reported in the publication

Dent Mater. Author manuscript; available in PMC 2014 January 23.


