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ABSTRACT

Resin-dentin bomds are not as durable as was previously thought. Microtensile bond
strengths often fall 30% to 40% in 6 to 12 months, The cause of this poor durability is
a pombination of the activation of matrix metalloproteinases (MMPs) by weak acids
such as lactic acid released by caries-producing bacteria, and acid-etchants used in
adhesive bonding svstems. These acids uncover and aclivate mateie-bound MM Ps. The
pther contributing factor is incomplete resin infiltration. If all exposed collagen fibrils
were enveloped by resin. the MMFPs would not have free access to water, an obligatory
requirement of these enzvmes, Becently, several inhibitors of MMPs have been added
to adhesive primers. Examples include chlorhexidine (CHX), benzalkonium chloride
[(BALCY, and MDPH, an antibacterial monomer used in g two-step self-etching primer
adhesive, The advantage of MDPE ever CITX and BAC is that it polymerizes with ad-
hesive resins and cannot leach from the hybrid laver. This is an example of what can be
termed a “therapeutic adhesive system” thal provides anti-MMP activity along with

antibacterial qualities
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Ithough the immediate resin

dentin bond strengths of con-

Lemporary adhesives are guite
high, these values gradually fall with ag-
ing.'"® decreasing 30% to 40% in 6 to 12
months. Strategies are, therefore, needed
to increase the longevity of resin-dentin
bonds. Bond durability is vital for the lon-
gevity of esthetic restorations because as
adhesive strength talls, saps form between
teeth and restorative materials. The aver-
age gervice length for tooth-colored res-
torations is only 5.7 vears! Replacements
of these defective restorations cost about
%5 billion annually in the United States
alone” The development of new, more du
rable bonding svstems would potentially
zave patients and governments a great
deal of money. This article examines the
problems that cawse poor durability and

explores possible solutions,

HISTORICAL

Historically, adhesion of resins toenamel
or dentin has been accomplished via hy-
brid laver formation.® That is, the hard
tiszues are acid-etched to remove smear
lavers and increase their permeability, and
theninfiltrated with resin to create hybrid
lavers. In dentin hybrid layers, collagen
fibrilz are the only continuons stricture
between underlying mineralized dentin
and the overlying adhesive layer, Early
investigations on the durability of resin-
dentin bonds demonstrated that their
bond strengths decreased over time ™
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However, the mechanism of the decrease
in bond strengths was not knovwn until
Armstrong et al* published transmission
electron micrographs (TEM=) of etch-
and-rinse resin-dentin hybrid layers af-
ter nearly 4 vears of water storage. Those
TEMs showed that the cause of decreases
ity bond strength was degradalion of the
eollagen fibrils in dentin hybrid layers.

DEGRADATION DUE TO
HOST COLLAGENOUS

That same year, Pashley et al' revealed
that acid-etched dentin matrices sponta-
neously degraded over time invitro when
incubated in agueous buffer, but not if
the buffer contained protease inhibitors
or 025 chlorhexidine (CHX), a known
inhibitor of matrix metalloproteinases
(MMPs)", or were incubated in oil (e,
in the absence of water). Those aulhors
concluded that the degradation of colla-
gen fibrils in vitro was due to the presence
af activated endogenous MMPs that are
neutral hydrolases. That is, the enzymes
add water across specific peptide bonds to
cleave them at neutral pH. The loss of col-
lagen fibrils within the hybrid laver causes
& loss of continuily with underlying den-
tin and a weakening of the coupling of
resin composites to dentin,

MONPOLYMERIZABLE
MMP INHIBITGRS

Rapid research progress followed show-
ing that CHX stabilized hybrid layers in
vitro™ " and in vivo . However, although
CHX binds to demineralized dentin elec-
trostatically,” there is no covalent bond-
ing. It iz likely that MMD inhibitors that
o not covalently hond with collagen or
regins may leach from hivbrid lavers over
the course 0f 1 to 2 vears and will only de-
lay but not stop collagen degradation.”
Selt-etching adhesives are very hydro-
philic because they must contain suffi-

self-etching® Self-etching adhesives may
absorh less water than two-step etch-
and-rinse adhesives,™** but they still
ahsorh significant amounts of water over
time. Some of this water is taken up into
adhesives where the water weakens the
pelymers, Water also reaches the MM Ps
bound to collagen where it can hydrolyze
collagen poeptides,

Fig 1.

Collagen fibril

Collagen moleculs

Fig 2.

Intrafibrillar crystals are partialty dissolvad by

acidic resin in self-atching adhesives

The mild seli-etching adhesives usually
remove the smear layer but leave smear
plugs in the tubules.® " This tends to
prevent convective and osmotic water
movement from dentinal lubules into the
bonded interface ™ However, most self
elehing adhesives etch slightly deeper
than they infiltrate,**** just like cteh-
and-rinse adhesives, Because the hybrid

Extrafibrillar crystal

Intrafilarillar crystal

Fig 3.

Intrafibrillar crystals
campletaly dissohved

Fig 1 through Fig 3. Schematic of mineralized dentin collagen fibrils. (Fig 13 Before acid-

atching. Mote two different types of apatite erystals; extrafibrillar and intrafibriliar. cFig 33
After etching dentin with solf-etching adhesives, all of the extrafibrillar apatite fibrils have
bean removed to provide channals for infiltration of adhesive monomers and space for

rmicromaechanical retention. Note the residual presence of intrafibrillar crystals {Fig 31 After
ackd-etching with 37% phospharie acid, all of the apatite crystallites have baen solubilizad
and extracted from dentin, leaving the collagen matrix finating in water

clent waber (approximately 35% to 405%)
to ionize the acidic monomers used for |
www dentalnegis,com feced
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layers created by mild to moderately ag
pressive self-etching adhesives are only
about 1-pm thiclk, the resin infiltration is
more homogeneous than inhybrid layers
created by etch-and-rinse adhesives,
The hybrid layvers of self-etching adhe-
sives degrade just like those of etch-and-
rinse adhesives > but it is difflcolt to
demonstrate this oven using transmission
electron microscopy because the layers are
g0 thin, This iz because self-etehing adhe-
sives generally have s pH between 1o te 2.9
and cannot eteh very deeply into dentin.
This pIl is sutficiently low to demineral
i dentin and uncover MM Ps and activate
them without denaturing them #
Zchematic drawings of mineralized
dentin collagen fibrils are shown in Fizure
1 through Figure 3. Prior to acid-etching,
the MMPs bound to the collagen matrix
are covered with apatite crystallites; about
halfof the crvstals are outside the collagen
fibrils and are called “extrafibrillar” crys
tallites, and the other half of the crystal-
lites are located inside the collagen fibrils
and are termed “intralibrillar® (Figare 1),
In this mineralized state, the MMPs are

[ossilized and inscelive, When mineralizod

dentin is etched with mild self-etching
adhesives, most of the extrafibrillar crys-
tals are removed to provide space for
resin infiltration (Figure 2). These acidic
self-etehing adhesives also remove some
of the intrafibrillar crystallites, thereby
uncovering MMFP enzymes and activat
ing them, allowing them to slowlv attack
the very collagen fibrils that are vsed to
anchor resin composites to teeth,

Acid-etching dentin with 32% to 37%
phosphoric acid removes both extra
and intrafibrillar crystallites (Figure 3),
thereby uncovering even more matrix-
bound MMPs and activating them, al-
lowing them to slowly attack the hyvbrid
laver, especially in regions that are poorly
infiltrated with resin,

Nonapecific MMP inhibitors like CHX
have been added to bwo-slepsel f=elching
the usual degradation in bond strengths
seen in CHX-free controls. Careful trans-
mission electron microscopy of denlin
honded with mild self~etching primer ad
hesives showed thal asignilficant amouant
of residual apatite crystallites remain in

Lhe hybrid laver™ Tndeed, nanoleakage

Effects of Quaternary Ammonium Methacrylates
on Soluble and Matrix-Bound MMPs

Eowik MDPR 29 £ 3% 97 £ 3%
20wt METMAC 97 & 2% 98 1%
24 witth MAPTAC 34 £ 2% 99 + 1%
30wt MCMS 100 & 2% 96 + 3%
I0% ATA 101 £ 6% 94 £ 3%
0% DDAC 55+ 2% 94 * 2%

Walues are mean £ 5D inhibit'on of seluble, recombinant human MMP-& [rhMMP-8} ar
the total endogencus MMPs in demineralizad dentin oeams incubabed in the presence
af inhibiters for 30 days. Data from Tezvergil-Mutluay et al 4

HMDPB = 12-methacr yloyloxydodecalpyridinium bromice; METMAC = methacryloyloxy
ethyltrimethy! ammonium chiloride; MAPTAC = [3-(methacryloylaminolgropy|ltrimeth-
wlammonium chlorde; MCMS = methacryloylicholine rethyl sulfate; ATA = 2-acryloxy
ethyl-trimalthyl ammanium chlorde, DRAC = duallvidirmethyl ammanivm chionde
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studies reveal no silver uptake inte colla-
gien fibrils (unlike moderate silver uptake
in collagen treated with etch-and-rinse
adhesive systems), suggesting that self-
etehing primers may leave intrafibrillar
apatite crystallites in place (Figure 2).
The authors speculate that this retention
of apatite crvstallites prevents water per-
meation inte the mternal compartments

of collagen fibrils where it could acceler-
ate MMP-induced hydrolysis of collagen
cwver time. The hond strengths of most self-
etching adhesives decrease over Hime; this
is presumably duwe towater uptake inloes-
trafibrillar spaces, facilitating MMP hy-
drolysis of collagen fibrils foom Lhe oulside
only. This i3 in contrast to the presence
ol waler in both extra- and intrafibrillar
vollagen compartments, which facilitates
even more rapid collagen hydrolysis in
eteh-amd-rinse adhesives (Figure 3.

BONDING TO BACTERIALLY
COMTAMINATED DENTIN

Most direct esthetic restorations are placed
in carious teeth. Whether due to primary
or secondary caries, the bacteria-infected
dentin must be removed withowt sacrific-

inyg normal dentin, This is notb always pos-
sible, For instance, as the clinician exca
wvabes caries-in[ecled dentin boward a pulp
horn, a decision nesds to be mades; overly
agpressive excavation of residual caries-
infected dentin may not only cause a pulp
exposure but also inadvertently result in
foreing chips of bacterially infected dentin
into the pulpchambser, requiring expensive
endodontic treatment. What is needed is
an antibacterial adhesive that would kill
bacteriaon contact, The pHofself-etching
adhesive monomers ranges from Lo 29
I'his is acidic enough tokill many bacteria.
However, the pH of these adhesives rapidly
rises s soon a5 it contacts dentin due to the
strong bufler capacity of dentin.®* Thus,
clinicians cannot rely on low pH to Jill all
residual bacteria.

In the mid-1990s, Imazato and his col-

leagnes™"

synthesized an antibacterial
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analog of a zelf” ctehing monomer from
Kuraray Medical Inc., 10-methacryvloy-
loxydecamethvlene phosphoric acid
(MDP}, by substituting an antibacterial
pyridinium group for the terminal phos-
phate group. The resulting antibacterial
monomer, called 12-methacrylovioxy-
dodecyl-pyridinium hromide, is usually
identified by its abbreviation, MDPR.
The company incorporated 5 wits MDER
inte its Clearfil™ SE Boned self-etching
primer adhesive to create a new product,
Clearfil™ Protect Bond. An updated ver-
stom of that product is currently called
Clearfil™ 5E Protect. The antibacterial
macmer MIDPH is incorporated into the
gell-etching primer, not the adhesive, The
product has been shown 1o have strong
bacteriocidal activity while a liguid; as
lomg as il i in lHguid form it can diffuse
into dentin. After photopolymerization,
itcopolymerizes with the adhesive, form-
ingan antibacterial polymer that kills any
bacleria that contact {¢ %4
Theantimicrobial propertics of MDPE
reside in its terminal pyridinium group
Thiz group isa member of a broad class of
antimicrobial agents termed guaternary
ammanium compounds such as benzalko-
nium chlorvide (BAC).

USE OF POLYMERIZABLE
INHIBITORS OF DENTIN MMFs

The authors sereened a number of guater-
mary ammuonivm compounds, including
BAC, for their ability toinhibitendogenous
MMPs indentin as well as for their antimi-
crobial activiby™ These matrix-bound
MM Ps are responsible for the degradation
ot hybrid layers over ime. 1 they could be
inhibited by anli-MMP compounds that
contain polymerizable acrylate o methae-
rylate groups, they might remain in hybirid
laers for many vears. IF their anti-MMP
activity compounds remain effective for
vears, then the durability of the hybrid Lay-
ers o1 resin-dentin bonds would likely be
extended, thereby making resin-bonded
composites more durable vver time.

woww.dentalaegis,com seced

In a recent paper, the suthors sereenad
the anti-MMP activity of MDPE along
with a number of cther quaternary ammao-
nium methacrylates® Among the quater-
nary ammonium methaceviales lested, 5
with MDPB showed the highest inhibition
of suluble recombinant human MMP-9
(rhMMP-9) and matrix-bound MMP=z
compared to all olhers tested (Table 1.
Thus, in addition to its antimicrobial ac-
tivity, MIDPB also has polent anti-MMP
activity. This is highly desirable because
the caries process involves demineraliza-
tion of the dentin matrix by bacterially de-
rived organic acids. These aeids lower the
pH of the matrix to around 4.5 to 5, which
can both uncover and aetivate AP
Onee activated, the MM Ps can destroy the
exposed collagen and deepen the lesion
The presence of MDPBin the self-etching
primer of Clearfil SE Protect should in-
hibit the endosenous MMPs of dentin and
prevent further progression of the lesion;
howwever, this assumption is speculative,
and future experiments must be designed
to confirm these potential actions.

HUAWY DENTIN MMPs ARE ACTIVATED

The dentin matrix contains MMPs-2, -8
and -9555 These host-derived proteases
contribute to the breakdown of collagen
matrices in dental carjes S5+

The acid-etching step in bonding is
thought to uncover and activate peo-MMPs
trapped within mineralized dentin,'™
However, 37% phosphoric acid is highly
acidic (pH 04 to -1 and may denature ex-
posed MMPs due to thelr low acidity. The
acidic resin components of eteh-and-rinse

adhesives™ and self-etch adhesives ™ haye

RELATED CONTENT:
Shear Bond Strenath with cressing
Light-Guice Distancs from Dentin
dentalacgis com/go/ooed]d

PDF created with pdfFactory Pro trial version www.pdffactory.com

heen shown to increase the gelatinolytic
and collagenolytic activities of completely
or partially demineralized dentin, A self-
etching adhesive was also shown toincrease
the synthesis of MMP-2 in human odon-
toblasts,* which may secrete MMI-2 into
dentinal fluid and then into hybrid layvers.
Mildlv acidic zelf-etchingmonomers seem
to activate latent forms of MMPs {pro-
MMPs) viathe cysteine-switch mechanism
that expases the catalvtic site of these en-
gymes that were blocked by propeptides.™
These same self-etehing monomers may
also activate dentin MMPs by displacing
lissue inhibitors of melalloproteinases
(TIMPs)™ in MMP-TIMP complexes 5
Solubilization of collagen from the hybrid
layer can result in the loss of mechanical
propertios of the collagen matris ¥ and 3
loss in resin-dentin bond strength.
Cysteine cathepsing are another class
ol endopeptidases that participate in in-
tracellular proteclysis with the lyzosomal
compartments of living cells™ Tloweyer,
they are also teapped in the dentin matrix
during dentinogenesis but are inactive be
ause they are enviered with mine ral crys-
tallites."*™ During acid-etching, they be-
come uncovered and active and can serve

as proteases by cleaving to collagen in hy-
brid layers. Recent unpublished research
has shown that chlorhexidine can inhibit
cathepsing as well as it inhibits MMPs.
Future studics arc planmed to determine
if MIDPB inhibits cathepsins as well as it
inhibits MMPs.

THERAPEUTIC ADHESIVES

Ina recent review of three-step elch-and-
rinse adhesives,® the authors suggested
that such adhesives provide a number of
therapeutic apportunities to inhibit bac-
teria as well as dentin MM Ps, Two-step
primer adhesives provide similar thera-
peutic opportunities.

The incorporation of MDPR into the
self-etching primer of a self-etching prim
er/adhesive produoct as deseribed herein
is an example of 4 so-called “therapeutic
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wilhesive.” In addition to simply bonding
to dentin, this new class of dental adhe-
sivies prowides specific, value-added thera-
peutic activity that Kills residual bacteria
in caries-infected dentinand inhibils any
'::‘!1-:|.lll|.'|'{.‘lil.IIJ!- MM Ps that are activated by
the caries process or exposed and activat-
ed by the zelf-etching adhesive system. 1t
is the authors” hope that the dental indus-
try will emulate this innovative approach

o product developrenl,
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