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KEY POINTS

e Resin hydrolysis and collagen degradation by endogenous enzymes influence the long-
term integrity of bonded interfaces.

e Strategies to extend longevity of bonded interfaces include enzymatic inhibition, collagen
cross-linking, and mineral precipitation within the hybrid layer.

* Proper and careful adhesive application by the dentist remains the foremost aspect to
guarantee the longevity of bonded interfaces with currently available systems.

INTRODUCTION

Adhesive systems have been substantially improved over the years regarding their
chemistry, interaction with dental substrates and with restorative materials, and clin-
ical protocols.” Latest advancements have focused on reducing the number of steps
and technique sensitivity, as well as on the development of strategies to extend the
longevity of bonded interfaces. These included increasing the resistance of the resin
components against hydrolysis and inhibiting enzymatic degradation of the collagen
fibrils.”*

Tjaderhane and colleagues (1998) first described the role of dentinal matrix metal-
loproteinases (MMPs), a group of endogenous peptidases, in the dentin matrix break-
down in caries lesions.® Pashley and colleagues (2004) then showed that the
degradation of the collagen in acid-etched dentin is mediated by the activity of
MMPs, activated during dentin bonding procedures® (Fig. 1). Besides MMPs, another
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Fig. 1. Metalloproteinase (MP) breaks the collagen molecules, causing the loss of the triple
helical conformation, resulting in fragments that will be slowly hydrolyzed by the proteo-
lytic enzymes. (Adapted from de Moraes 1QS, do Nascimento TG, da Silva AT, de Lira L, Pa-
rolia A, Porto I. Inhibition of matrix metalloproteinases: a troubleshooting for dentin
adhesion. Restor Dent Endod. 2020;45(3):e31.)

class of enzymes has been identified in human dentin: cysteine proteases, which may
contribute to the slow collagen degradation within the hybrid layer (HL) acting syner-
gically with MMPs.” The elucidation of the role of endogenous proteases in the
longevity of the HL prompted intense research activity aiming at inhibiting protease
activity and/or increasing collagen resistance to enzymatic breakdown. This article de-
scribes the recent advances in dentin surface modification with the purpose of extend-
ing bond longevity.

PROTEASE INHIBITORS

Studies focused on MMPs inhibition in the last years show a great heterogeneity of
molecules proposed: in a recent systematic review, 21 different inhibitors were
identified.® Depending on the strategy chosen, the inhibitors can be used as an addi-
tional priming step after acid etching, included in primer formulations, or the adhesive
resin.’

Chlorhexidine

A large portion of the literature on MMP inhibitors focuses on chlorhexidine (CHX), a
common antimicrobial agent used in dentistry. The ability of CHX to inhibit the
MMPs has been clearly demonstrated,® and since then, several studies have proven
the efficacy of this biguanide compound in preserving the integrity and stability of
the dentinal collagen in the HL and improving bond strength durability both in vivo
and in vitro conditions.’® CHX is readily available in clinical practice, and if applied
at low concentrations (0.05%-0.2%) as an additional priming step on etched dentin,
it effectively inhibits the enzymatic activity of MMPs'" and improves the long-term
bond strength.’ Interestingly, it has been demonstrated that CHX can be retained
within the HL even after 10 years of aging in vitro, maintaining its MMP-inhibitory prop-
erties.'’ Besides its use as a primer, CHX has also been added to adhesive formula-
tions with encouraging results.'®

The likely inhibitory mechanism of CHX against MMPs and cysteine cathepsins is
linked to its ability to subtract zinc and calcium ions essential for the activity of these
enzymes.”'? The cationic nature of CHX explains its ability to react with the anionic
compounds of dentin contained in collagen but also in the inorganic matrix.'
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Quaternary Ammonium Compounds

Similar to the CHX, other cationic molecules, such as quaternary ammonium com-
pounds, may inhibit the collagenolytic activity of dentin endogenous enzymes. Benzalko-
nium chloride is a quaternary ammonium compound with antimicrobial and surfactant
properties that has already been proved to be a MMPs inhibitor with an efficacy compa-
rable to that of GHX, able to prolong the duration of the adhesive interface over time. 1% A
quaternary ammonium methacrylate, 12-methacryloyloxydodecylpyridinium bromide
(MDPB), integrated into a commercial adhesive system thanks to the presence of a
resinous group, which has shown good ability to inhibit the MMPs activity.'®

Therapeutic Drugs

Various therapeutic drugs used against different pathologic conditions have inhibiting
properties on MMPs, and for this reason, their use in adhesive dentistry has been pro-
posed. For instance, broad-spectrum antibiotics such as tetracycline and its analogs
minocycline and doxycycline have cationic chelating properties and are capable of
downregulation of MMPs mRNA expression, effectively blocking their activity.?'%17
The incorporation of nanotubes releasing doxycycline'® and electrospun fibers contain-
ing doxycycline have been tested as fillers'® in dental adhesives, leading to promising
results in terms of MMPs inhibition. Nonetheless, the photo-oxidative stain of teeth
caused by tetracyclines may impair the clinical use of these compounds in dentistry.'®

Bisphosphonates are a class of drugs used in treating osteoporosis and Paget dis-
ease, which are effective inhibitors of MMPs produced by osteoclasts’” by chelating
zinc and calcium ions from the enzymes.” Their application in adhesive dentistry is
promising,”® even though the studies on bisphosphonates as MMP inhibitors in
dentistry are still limited.

Other Inhibitors

Among the various molecules proposed, galardin is a specific synthetic MMP inhibitor
effective against different MMPs at concentrations around 10 to 100 times lower than
CHX.” When added to the primer of an E&R adhesive, galardin reduced the degrada-
tion of the HL after 1 year.?’

Dimethyl sulfoxide (DMSQ) has been recently proposed as a solvent in adhesive
dentistry, being miscible in organic solvents, water and resin monomers commonly
used in dentistry.”> DMSO showed several beneficial properties for the adhesive inter-
face, including a noteworthy inhibitory effect on MMPs when used as dentin pretreat-
ment (Box 1).%°

COLLAGEN CROSS-LINKING

Collagen strength and stiffness is related to its highly cross-linked structure. During the
past 15 years, several synthetic and organic compounds capable of forming additional
interfibrillar and intrafibrillar cross-links have been tested as a strategy to improve the
longevity of the adhesive/dentin interface (Box 2). Although earlier investigations pro-
posed long application times to effect maintenance of interfacial integrity,”” cross-
linkers soon started to be tested in clinically feasible protocols, for instance as an extra
priming step after phosphoric acid etching or the application of the self-etching
primer,”® mixed to universal adhesive systems,”® or mixed to phosphoric acid.””

How Do Collagen Cross-Linkers Contribute to Dentin Bond Stability?

The success of adhesive restorations, both in the short-term and long-term, relies
on the effective adhesive infiltration within the collagen network. In that sense,
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Box 1
Substances tested as protease inhibitors

Group Inhibitor

Cationic compounds e 0.2%-2% CHX gluconate

e Quaternary ammonium compounds (MDPB)
Antibiotics ¢ Minocycline

o Doxycycline
Bisphosphonates Polyvinylphosphonic acid
Other inhibitors * Galardin

SB-3CT 2-[[(4-Phenoxyphenyl)sulfonyllmethyl]thiirane
e E-64 L-trans-Epoxysuccinyl-leucylamido(4-guanidino)butane

Odanacatib

e DMSO

cross-linking was shown to increase the stiffness of the collagen fibrils,*® preventing
their collapse when dried”” and allowing for better resin infiltration. The superior qual-
ity of HLs obtained in dentin samples pretreated with different cross-linkers explains
the higher initial bond strength values in comparison to nontreated dentin sub-
strates.®®°" Yet, the real benefits of collagen cross-linkers are observed after pro-
longed storage. Several in vitro studies testing different cross-linkers attested to
the stability of the bonded interface after 1 to 5 years.®**® In part, this effect can be
ascribed to better resin infiltration because poorly infiltrated demineralized collagen
networks are more susceptible to endogenous proteases. Moreover, because voids
in the HL are filled with dentinal fluid, suboptimal adhesive infiltration increases the
hydrolysis of the resin component.'”

Notwithstanding, to a large extent preservation of the bonded interfaces is
explained by the inhibitory effect of cross-linkers over protease activity. The pro-
posed inhibition mechanisms include (1) irreversible changes in their tertiary
structure by the establishment of multiple cross-links in their catalytic sites, (2)
alosteric control, that is, the modification of noncatalytic domains also involved
in protease activity, and (3) indirectly, by cross-linking functional domains of non-
collagen proteins present in dentin involved in MMP activity (eg, dentin matrix
protein-1/DMP-1 and bone sialoprotein/BSP).** Protease inhibition by cross-
linkers is a long-term effect, as demineralized dentin beams treated with cross-
linkers showed less protease activity than the untreated control after 6 months.*®
In situ zymography, used to quantify MMP activity in bonded interfaces, showed
lower protease activity in interfaces treated with cross-linkers after 1°°°¢ and
5 years®’ (Fig. 2).

Box 2

Substances tested as collagen cross-linkers

Source Group Examples

Synthetic Aldehydes GA, acrolein
Carbodiimides EDC, DCC

Natural Riboflavins RF, riboflavin-5-phosphate
Proanthocyanidins GSE, GTE, CJE




Fig. 2. Representative examples of in-situ zymography of the resin—dentin interfaces after
1 year in artificial saliva. Green fluorescence indicates protease activity. Dentin treated
with a universal adhesive in self-etching (SE) mode (A, B); universal adhesive (SE) + 0.5 M car-
bodiimide, applied for 1 min between the application of 2 layers of the adhesive (C, D); uni-
versal adhesive in etch-and-rinse (ER) mode (E, F); and universal adhesive (ER)+ 0.5 M
carbodiimide for 1 minute, after acid etching (G, H). D, dentin; HL, hybrid layer; R, resin com-
posite. (From Comba A, MaravicT, VillaltaV, et al. Effect of an ethanol cross-linker on univer-
sal adhesive. Dental Materials. 2020;36(12):1645-1654.)

Cross-Linkers

The characteristics of the main compounds tested as collagen cross-linkers are
described below.

Glutaraldehyde

This is an aliphatic molecule containing 5 carbon atoms and one aldehyde (—COH)
group in each extremity, capable of establishing chemical bonds with collagen amino
(=NH,) groups, forming intramolecular and intermolecular cross-links.?® Unfortu-
nately, glutaraldehyde (GA) is cytotoxic, which prevents its clinical use.*®

Carbodiimides

N,N’-dicyclohexylcarbodiimide (DCC) and 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) (see Box 2) have a basic structure represented as R{-N=C=N-R,
(where Ry and R, can be, for instance, a methyl group and an amino group). They
are considered “zero-length” cross-linkers, which mediate the formation of an amide
cross-link between collagen carboxyl and amine groups, without adding extra groups
in between.*®

Riboflavin

Riboflavin (RF) is a water-soluble, nontoxic photosensitizer capable of releasing
oxygen-reactive species when exposed to ultraviolet A (UVA) light (368 nm) and
induce the formation of new cross-links.*? Blue light (470-480 nm) can also be used
but it is less efficient than UVA.*

Proanthocyanidines

These belong to a group of naturally occurring plant metabolite bioflavonoids with
complex molecular structures containing one aliphatic and multiple phenolic hydroxyl
groups.?**? The cross-linking mechanisms promoted by proanthocyanidines (PACs)
include hydrogen bonding and hydrophobic interactions with proline groups of the
collagen at intrafibrillar and interfibrillar levels.*® Collagen cross-linking with PACs
leads to dehydration of the fibrils, improving its resistance to collagenases.”*
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Comparative Studies

Proteolytic activity

Cross-linkers were shown to reduce MMP-2, MMP-8, and MMP-9 activities by 21% to
70% after treatment times of 1 or 5 minutes, with grape seed extract (GSE) showing
the highest percentages, and GA and RF, the lowest.*® In situ zymography revealed
statistically higher MMP inhibition for cranberry juice extract (CJE) in comparison to
green tea extract (GTE) and GSE.*®

Long-term stability of bonded interfaces

When applied as water-based primers on etched dentin, GSE and RF/UVA were able
to maintain bond strength values of etch-and-rinse, 2-step adhesives to dentin during
an 18-month period. When GA was used as primer, however, bond strength was sta-
ble only with one of the tested adhesives.®® Indentation fracture toughness (iFT) test
was used to assess the efficacy of water-based primers containing GSE, RF/UVA,
or GA associated with universal adhesives. After 6-month storage in artificial saliva,
only the specimens treated with GSE showed higher iFT in relation to the control.”®
Acid-eroded dentin samples treated with water-based primers containing GSE or
RF/blue light following phosphoric acid etching showed stable microtensile bond
strength values after 2-year storage in water.*?

Is the Use of Collagen Cross-Linkers Clinically Viable?

Dentin biomodification using collagen cross-linkers seems to be a promising strategy
to extend the durability of bonded interfaces. However, their application as primers
would significantly increase chair-side time. In order to avoid adding an additional
step to the bonding procedure, attempts have been made of adding cross-linkers
to the adhesive or to the etchant.

Etchants

Proanthocianidins remain effective at lower pH and, therefore, can be mixed with
phosphoric acid. Bonded interfaces obtained with the use of an experimental etchant
containing 2% GSE, 20% ethanol, and 10% phosphoric acid associated with 2-step,
etch-and-rinse commercial adhesive showed no reduction in bond strength after
6 months“® and 1 year of storage,”’ as opposed to specimens where dentin was
conditioned with 35% phosphoric acid. The same etchant formulation was shown
to increase the immediate bond strength to caries-affected dentin by nearly 70%
and significantly reduced MMP activity not only in relation to the control group
(87% phosphoric acid) but also to specimens treated with CHX.?” However, the incor-
poration of GSE to 37% phosphoric acid resulted in lower bond strength values in rela-
tion to the control etchant, even though the increase in cross-linking was verified by
infrared spectroscopy.*’

Adhesive systems

RF added to commercial universal adhesives resulted in less severe reductions in bond
strength after 6 months of storage in artificial saliva in relation to the respective controls
without the cross-linker.?® A clinical study evaluated the effect of adding GSE to a com-
mercial 2-step, etch-and-rinse adhesive system. After 2 years, the retention rates of res-
torations of noncarious cervical lesions placed with the modified adhesives were
statistically lower than that of the control adhesive. Authors attributed the results to
reduced degree of conversion of the adhesives, as proanthocyanidins are free-radicals
scavengers.*®



THE USE OF PARTICLES IN ADHESIVES

Several in vitro studies have demonstrated the beneficial effects of the addition of ion-
releasing particles in experimental and commercial adhesives as a strategy to reduce
adhesive degradation (Box 3).%949

Silver ions can induce bacteria cell lysis, prevent bacterial DNA replication, and
disrupt bacterial protein synthesis.°® Adhesives containing silver-based particles
present antibiofilm properties and lower risk for secondary caries development.®'-5?
Other ions such as fluoride, zinc, and copper have been identified as MMPs inhib-
itors because they can bind to their specific sites and induce conformational
changes that hinder enzyme activity.”® Zinc ions can also bind to specific sites
on the exposed collagen fibrils and modify their spatial configuration, protecting
sensitive cleavage sites from the MMPs.”* The addition of ZnO particles to a com-
mercial etch-and-rinse, 2-step adhesive was shown to reduce collagen degradation
after 4 weeks.”®

Calcium-releasing particles, such as amorphous calcium phosphate (ACP), a-trical-
cium phosphate, B-tricalcium phosphate (B-TCP), dicalcium phosphate dihydrate,
octacalcium phosphate, and hydroxyapatite, have been tested as additives in exper-
imental adhesives to promote mineral precipitation and replace water from poorly
resin-infiltrated spaces within the HL.*%-°° Mineral precipitates may also reduce enzy-
matic activity by electrostatic interactions with some MMPs. Calcium-releasing parti-
cles can be also doped with metallic oxides as a strategy to increase the MMP
inhibitory effect.®

Remineralization of the HL not only increases the mechanical properties of the inter-
phase but was also shown to reduce hydrolytic degradation and to inhibit protease
activity." Bioactive glasses (BAGSs) and calcium silicates (CaSi) release calcium
ions that, along with phosphate ions present in physiologic fluids, promote mineral
deposition. CaSi also releases hydroxyl ions from its crystalline calcium hydroxide
phase, which increases local pH and favors mineral precipitation, antimicrobial action,
and MMP inhibition.®? Mineral precipitation (Fig. 3) within the HL reduced the micro-
permeability of dentin-resin interfaces for adhesives containing 30% to 40% of
BAGs or CaSi fillers after 3 to 6 months storage in phosphate-containing medium,
in comparison to unfilled adhesives.”®°":%:5% The elastic modulus of the HL increased
after 3 months for adhesives loaded with 40 wt% BAG or 33 wt% CaSi and B-TCP,
whereas this property was reduced when particles were absent.””-%® The application

Box 3

Particles and their effects on bonded interfaces

Particle Observed Effects

Silver nanoparticles Antimicrobial activity

Metallic oxides Inhibition of enzymatic activity and reduced collagen degradation,
antimicrobial activity, mineral deposition, higher long-term bond
strength

BAGs Reduction of micropermeability and nanoleakage of the HL, higher
long-term bond strength, and remineralization of caries-affected
dentin

CaSi Mineral deposition, enhancement of HL mechanical properties, bond
strength preservation, micropermeability and nanoleakage
reduction

Calcium Mineral precipitation, nanoleakage reduction, and improvement in

orthophosphates bond strength
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Fig. 3. Resin—dentin interfaces of experimental etch-and-rinse adhesive doped with calcium
silicate-based microfillers immersed in simulated body fluid (SBF) solution for 24 hours or
6 months. Orange fluorescence is a calcium-chelator dye. Images indicate the remineraliza-
tion of areas previously detected as poor-resin infiltrated zones of the resin-dentin inter-
face. (A) Resin—-dentin interface created with sodium-calcium-aluminum-magnesium
silicate hydroxide fillers, where mineral deposition is identified within the adhesive layer
(ad), the HL, and along the walls of dentinal tubules (dt), besides the fillers inside the resin
tags (rt). (B) Resin—dentin interface created with aluminum-magnesium-carbonate hydrox-
ide hydrates fillers showing Ca-deposits within the ad, HL, walls of the dt and rt after
6 months of SBF immersion. (C) Resin—dentin interface created with titanium oxide fillers
demonstrate intense calcium deposition at bottom of HL, besides Ca-mineral within ad,
HL, and dt. (D) Resin—dentin interface also with titanium oxide but after 6 months, showing
Ca-mineral presence at the bottom and within the HL, dt, and rt. (E) Resin—dentin interface
created with no-fillers adhesive (control) in which it is possible to note the absence of cal-
cium deposition both within the HL and ad. Only the walls of the dentinal dt were stained
by the fluorescent dye. (From Profeta AC, Mannocci F, Foxton R, et al. Experimental etch-
and-rinse adhesives doped with bioactive calcium silicate-based micro-fillers to generate
therapeutic resin-dentin interfaces. Dent Mater. 2013;29(7):729-741.)



of BAG particles to dentin as pretreatment primers in combination with a commercial
adhesive also resulted in higher elastic modulus values of the HL.%*

The association of ion-releasing particles with biomimetic analogs of noncollagenous
proteins such as poli(acrylic) and poly(aspartic) acids has been suggested.® These mol-
ecules act as stabilizers and templates to guide apatite growth in an oriented manner
along within collagen matrix. Dental adhesives containing ion-releasing fillers treated
with polyacrylic acid have been shown to regulate apatite precipitation.>® Polyaspartic
acid in combination with Si-ACP nanoparticles added into self-etch adhesives pro-
moted the remineralization of the bottom of the HL after 3 months.®”

Studies on long-term dentin bond strength involving particle-containing adhesives
have shown inconsistent results. Some studies report no loss in microtensile bond
strength, whereas adhesion values are significantly decreased for control unfilled
groups.”>%%54 However, no difference between adhesives with or without particles
was found in other studies.”®°’ Indeed, particles size and concentration are determinants
for the mechanical behavior and bond strength of adhesives.**%° Besides, the lack of a
strong chemical interaction between the resin matrix and of the particles jeopardizes
stress distribution and can significantly reduce the material’'s mechanical properties.**5°

Two clinical studies evaluated the use of particles in adhesive systems. The addition
of 0.1 wt% copper nanoparticles in a commercial one-bottle universal adhesive
applied in etch-and-rinse mode improved the retention rate and marginal sealing of
noncarious cervical lesions restorations after 18 months. These findings were attrib-
uted to copper protective action against collagen degradation.®” However, the use
of biosilicate particles (BAG) in different classes of adhesives did not improve the clin-
ical performance of posterior restorations after 18 months.®®

FINAL REMARKS

Adhesive systems have been substantially improved over the years regarding their
chemistry, interaction with dental substrates and restorative materials, and technique
sensitivity. Notwithstanding, the longevity of bonded interfaces remains a clinical
concern. The strategies described here to reduce collagen degradation represent
pathways to increase the long-term success of adhesive procedures. However, clin-
ical studies are necessary to confirm some of the promising results obtained in vitro.

CLINICS CARE POINTS

¢ Most of the strategies to improve the durability of the adhesive interface are still experimental
and need further investigations to be transferred to the clinical practice.

e CHX applied in low concentrations (0.05-0.2%) as an additional priming step on etched
dentin to inhibit the MMPs is the only protocol that can be easily applied in clinical practice.

¢ The dentist should be aware that careful placement of the adhesive system is the first step to
guarantee a stable bonding.
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