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Clinical Relevance

Matrix metalloproteinase (MMP) inhibitors prevented bond strength loss of an etch-and-
rinse adhesive over time. Bond strength of a self-etching adhesive was not significantly
reduced with 9 months of aging; thus, MMP inhibitors did not show a significant effect.

SUMMARY

Aim: This study aimed to analyze the effect of

different matrix metalloproteinase (MMP) in-

hibitors on the microtensile bond strength

(microTBS) of an etch-and-rinse and a self-

etching adhesive after 9 months of aging.

Methods and Materials: Flat human dentin

surfaces were bonded either with an etch-and-

rinse adhesive (Optibond FL) or a self-etching

adhesive (Clearfil SE Bond). Dentin surfaces

were left untreated or were pretreated with

MMP inhibitors (2% chlorhexidine digluconate

[CHX], 0.05% green tea extract, 1 mM ferrous

sulfate, or 0.2 mM galardin) prior to applica-

tion of the adhesive. Composite buildups were

made incrementally. Pretreated groups were

tested after 9 months of storage in artificial

saliva (378C) and compared with untreated

groups, which were tested immediately (initial

microTBS) and upon aging (9-month mi-

croTBS). Data were analyzed by linear mixed-

model regression. Failure mode analysis was

performed microscopically and statistically

analyzed by repeated-measures analysis of

variance (p,0.05).
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Results: MicroTBS of the etch-and-rinse ad-
hesive but not of the self-etching adhesive was
significantly decreased by aging. For Optibond
FL, pretreatment with 2% CHX, 0.05% green tea
extract, and 0.2 mM galardin revealed bond
strength values (MPa) similar to the initial
microTBS (32.1614.8) and significantly higher
compared with the microTBS (20.3613.6) of
aged untreated dentin. No significant differ-
ences were observed between groups bonded
with Clearfil SE Bond (initial microTBS:
28.3612.4; 9-month microTBS: 25.3611.8). Ap-
plication of the MMP inhibitors decreased the
number of adhesive failures compared with
untreated controls after 9 months of aging, but
this effect was not significant.

Conclusion: The MMP inhibitors prevented
the decrease in microTBS upon aging of the
etch-and-rinse but not of the self-etching ad-
hesive.

INTRODUCTION

Matrix metalloproteinases (MMPs) and cysteine
cathepsins in dentin and dentinal fluid contribute
to the enzymatic degradation of the adhesive hybrid
layer and thus to the reduction of bond durability
over time. pH changes caused by acid etching or
acidic monomers and the adhesive resin monomers
themselves can modulate the activation and expres-
sion of MMPs and cysteine cathepsins, resulting in
an increased digestion of collagen within the hybrid
layer.1,2

Different strategies have aimed to improve the
bond durability by applying enzyme inhibitors as a
pretreatment before resin infiltration or by admixing
enzyme inhibitors to primers. It has been shown that
chlorhexidine digluconate (CHX) can inhibit3 MMP-
2,�8, and�9 and of cysteine cathepsins,4 preserving
bond strength of etch-and-rinse and self-etching
adhesives over time.5-7

As the application of 2% CHX on phosphoric acid-
etched dentin is the only application procedure that
has been tested clinically and shown to prevent bond
strength loss in vivo,8-10 this procedure can be
considered as a kind of gold standard for maintain-
ing hybrid layer stability. However, in recent
studies, other potential MMP inhibitors, such as
galardin, metal ions, or green tea catechins, were
tested, which were suggested to be as or even more
effective than CHX.11,12 Similar to CHX, galardin as
a synthetic inhibitor of MMP-1,�2,�3,�8, and�9 is
acting as a zinc chelator.13 Green tea catechins,

mainly epigallocatechin-gallate (EGCG), change the
secondary structure of collagenases by hydrogen
bonding and hydrophobic interactions.14 As well,
binding of metal ions might cause conformational
changes that inactivate their catalytic function.15

However, to date, the efficacy of these MMP
inhibitors to prevent dentin bond strength loss over
time has not been determined. Thus, the aim of the
present study was to investigate the microtensile
bond strength (microTBS) of an etch-and-rinse
(Optibond FL) and a self-etching adhesive (Clearfil
SE Bond), both of which have been shown repeatedly
to be excellent adhesives in their respective class,
after pretreatment with different MMP inhibitors.

This study tested the null hypothesis that the
microTBS of an etch-and-rinse and a self-etching
adhesive after 9 months of storage in artificial saliva
is not affected by pretreatment with water-based
solutions containing 2% CHX, 0.05% green tea
extract, 1 mM FeSO

4
, or 0.2 mM galardin.

METHODS AND MATERIALS

Specimen Preparation

Forty extracted, sound human molars were selected
for this study. The teeth were stored in 0.01% (w/v)
thymol at 48C and were used within four weeks after
extraction. Extracted teeth were collected as anon-
ymous by-products of regular therapy. Because of
that, our Medical Ethical Board stated that the
performed research did not fall under the regula-
tions of the ‘‘Act on Medical Research Involving
Human Subjects’’ (METc 2009.305).

The teeth were embedded in circular molds with
self-curing acrylic resin (Paladur, Heraeus Kulzer,
Germany). A flat, mid-coronal dentin surface was
prepared by means of a water-cooled, low-speed
diamond saw (Isomet 1000, Buehler Ltd, Lake Bluff,
IL). Polishing with wet 600-grit SiC paper (Water
Proof Silicon Carbide Paper, Stuers, Erkrat, Ger-
many) created a standardized smear layer. The
dentin surfaces were verified for the absence of pulp
chamber exposition using a stereomicroscope (Stemi
2000, Carl Zeiss, Feldbach, Switzerland).

The teeth were allocated randomly to test (each
n=3) and control (n=5) groups of the two adhesives.

Bonding Procedure

Bonding of dentin surfaces was performed using an
etch-and-rinse (Optibond FL, Kerr, Scafati, Italy) or
a self-etching adhesive (Clearfil SE Bond, Kuraray,
Tokyo, Japan). The two adhesives were applied
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according to the manufacturer’s instructions (Table
1) with or without the additional application of one of
the different MMP inhibitor solutions: 1) CHX (2%),
2) green tea extract (0.05%), ferrous sulfate (1 mM),
or 4) galardin (0.2 mM; Table 2).

To analyze the initial microTBS and the bond
strength after aging (microTBS after 9 months), two
groups of each adhesive were not treated with any
MMP inhibitor. The remaining groups were treated
with one of the MMP inhibitors and tested only after
aging, as the immediate bond strength between the
untreated controls and test groups was shown to be
not different.11,20

The application of the MMP inhibitor solutions
was performed with a microbrush for 60 seconds
under a slight rubbing motion. The excess was
removed using an absorbing paper, leaving the
dentin surface moist.

After light-curing of the bonding, a composite
buildup (CeramX Mono, A3, Dentsply, Konstanz,

Germany) was made in five 1 mm increments, each

light-cured for 40 seconds at 800 mW/cm2 (blue-

phase, IvoclarVivadent, Schaan, Liechtenstein).

MicroTBS Test

After 24-hour storage in water at 378C, the teeth

were sectioned perpendicular to the interface with a

water-cooled diamond saw (Struers-Accutom 50,

Struers, Denmark, and MOD 10, Struers, Denmark)

to obtain rectangular beams of approximately 1

mm2. The interfaces were precisely checked under

a stereomicroscope to examine whether enamel

remained. Sticks with remaining enamel were

discarded, while all other sticks from one tooth were

used. The beams of the control group were tested

immediately (initial microTBS), while the beams of

test groups were stored in artificial saliva21 at 378C

for 9 months. Thereby, all sticks from one tooth were

stored in 3 mL of artificial saliva.

Table 1: Manufacturer, Composition, and Application Procedure of the Adhesive Systems

Adhesive/Manufacturer Batch Number/Composition Application Procedure

Optibond FL, Kerr, Scafati, Italy Primer (LOT: 3490336): HEMA, ethanol, GPDM,
MMEP, water, CQ, BHT
Adhesive (LOT: 3502324): Bis-GMA, HEMA,
GDMA, CQ, ODMAB, approximately 48wt% filled

Dentin conditioning:
37% H

3
PO

4
(15 s)

Water rinsing (15 s)
Gentle air drying (5 s)
Test groups only:
MMP inhibitor solution (60 s)
Excess removal
Adhesive application:
Primer (15 s)
Gentle air drying (5 s)
Adhesive (15 s)
Light curing (20 s)

Clearfil SE Bond, Kuraray, Okayama, Japan Primer (LOT: 00997A): HEMA, 10-MDP,
hydrophilic aliphatic dimethacrylate, CQ, water,
accelerators, dyes
Bond (LOT: 011482A): Bis-GMA, HEMA, 10-MDP,
hydrophobic aliphatic methacrylate, colloidal silica,
QC, initiators, accelerators

Test groups only:
MMP inhibitor solution (60 s)
Excess removal
Adhesive application:
Primer (20 s)
Gentle stream (evaporation)
Adhesive (20 s)
Light curing (10 s)

Abbreviations: 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; BHT, butylhydroxytoluene; Bis-GMA, bisphenol A diglycidyl methacrylate; CQ,
camphorquinone; GDMA, glycerol dimethacrylate; GPDM, glycerol phosphate dimethacrylate; HEMA, 2-hydroxyl methacrylate; MMEP, mono-2-methacryloyloxyethyl
phthalate; MMP, matrix metalloproteinase; ODMAB, 2-(ethylhexyl)-4-(dimethylamino)benzoate.

Table 2: Manufacturers and Concentrations of the Water-Based Matrix Metalloproteinase (MMP) Inhibitor Solutionsa

MMP Inhibitor/Manufacturer Concentration of MMP Inhibitor Solution Reference

Chlorhexidine digluconate, Kantonsapotheke, Zurich, Switzerland 2 wt% 5,16

Green tea extract, OM24, Omnimedica, Zurich, Switzerland 0.05 wt% 14,17

FeSO
4
, Merck, Darmstadt, Germany 1 mM 12,18

Galardin, Merck, Darmstadt, Germany 0.2 mM 11

a MMP inhibitors at the respective concentrations were chosen according to studies demonstrating a reduction in dentin degradation12,16 or MMP-2 and/or MMP-9
activity.5,11,18,19
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The artificial saliva contained 0.7 mmol/L CaCl
2
,

0.2 mmol/L MgCl
2
�6H

2
O, 4.0 mmol/L KH

2
PO

4
, 30

mmol/L KCl, 0.3 mmol/L NaN
3
, and HEPES buffer

(all reagents purchased by Merck, Darmstadt,
Germany) and was renewed weekly.

The tensile load of the beams was tested in a
universal testing machine (Z010, Zwick/Roell, Ulm,
Germany) with a 200 N load cell (KAF-TC, A.S.T.,
Dresden, Germany) at a crosshead speed of 0.15 mm/
min. Therefore, the nontrimmed beams were fixed to
a sandblasted microtensile bond jig with cyanoacry-
late glue (Model Repair II Blue, Dentsply-Sankin,
Tochigi, Japan) and tested under tensile force in a
top-bottom manner described previously.22 The
dimensions of the beams were measured with a
digital caliper to calculate the exact cross-sectional
area.

The bond strength values (MPa) were determined
by dividing the imposed force (N) at the time of
fracture by the bond area (mm2).

In addition, each beam was observed under a
stereomicroscope (Wild M8, WILD HEERBRUGG,
Heerbrugg, Switzerland) at 503 magnification to
determine the mode of failure, classified as adhesive
(A), cohesive in dentin (CD), composite (CC), or
mixed (M).

The number of sticks and pretest failures in each
group is given in Table 3.

Statistical Analysis

The mean microTBS (6standard deviation) for each
group was computed. Kolmogorov-Smirnov and

Shapiro-Wilk tests were applied to check the
assumption of normality. Normal distribution was
found in all groups, and data were further analyzed
by linear mixed-model regression, separately for
each adhesive, to account for the fact that multiple
beams were gained from the same tooth and,
therefore, were not independent from each other.

Relative frequencies of adhesive, mixed, and
cohesive failures were calculated and analyzed by
repeated-measures analysis of variance (ANOVA)
followed by Greenhouse-Geyser correction using the
adhesive and the test groups as independent cova-
riables. As no significant differences with respect to
the adhesives were found, differences between the
test groups were statistically analyzed by one-way
ANOVAs and Scheffé post hoc tests separately for
each failure type.

The level of significance was set at p,0.05.

RESULTS

The microTBS of the etch-and-rinse adhesive was
significantly decreased after 9 months of storage in
artificial saliva (p=0.01). Pretreatment with all
MMP inhibitors except FeSO

4
revealed bond

strength values similar to the initial microTBS
and significantly higher compared with the aged
group without pretreatment (9-month microTBS,
p,0.013).

The microTBS of the self-etching adhesive de-
clined only slightly but not significantly over time
(p=0.49). Bond strength values after pretreatment
with the different MMP inhibitors were not different

Table 3: Microtensile Bond Strength (MPa, mean6standard deviation), Number of Specimens Tested (n), Pretesting Failures
(pf), and Failure Distribution (%) in the Different Groupsa

Adhesive Group Aging MicroTBS, MPa n pf Failure Distribution, %

A M CD CC

Optibond FL Control No (initial testing) 32.1 6 14.8* 68 15 22.1 64.7 4.4 8.8

No treatment 9 mo 20.3 6 13.6 40 2 42.5 52.5 0 5.0

CHX 9 mo 32.9 6 11.3* 35 0 31.4 51.4 5.7 11.4

GTE 9 mo 33.2 6 14.0* 41 0 31.7 53.7 7.3 7.3

FeSO
4

9 mo 25.3 6 10.5 32 0 43.8 43.8 6.2 6.2

Galardin 9 mo 33.6 6 10.5* 35 0 42.9 45.7 2.8 8.6

Clearfil SE Bond Control No (initial testing) 28.3 6 12.4 69 12 13.0 75.4 4.3 7.2

No treatment 9 mo 25.3 6 11.8 37 0 46.0 43.2 5.3 5.3

CHX 9 mo 32.9 6 11.3 41 1 36.6 53.7 2.4 7.3

GTE 9 mo 26.1 6 14.2 38 1 26.3 57.9 5.3 10.5

FeSO
4

9 mo 25.3 6 10.5 30 1 40.0 50.0 0 10.0

Galardin 9 mo 33.6 6 14.1 36 1 38.9 55.6 2.8 2.8

Abbreviations: A, adhesive; CC, cohesive in composite; CD, cohesive in dentin; CHX, chlorhexidine digluconate; GTE, green tea extract; M, mixed.
a Groups marked by an asterisk were significantly different from the group without pretreatment.
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from the initial microTBS nor from the 9-month
microTBS data (p.0.359; Table 3).

The failure mode analyses revealed significant
differences between the test groups for adhesive
(p=0.003) and mixed (p=0.04) but not for cohesive
failures (dentin: p=0.749; composite: p=0.528).
Overall, the frequency of adhesive failures in groups
without MMP inhibitors was significantly (p=0.008)
increased by aging. Application of the MMP inhib-
itors decreased the number of adhesive failures, but
this difference was not significant with respect to the
untreated groups after 9 months of aging (p.0.34).
However, the relative frequencies of adhesive fail-
ures after pretreatment with CHX and green tea
extract were not significantly (p.0.07) different
from the untreated groups tested immediately. Post
hoc comparisons of mixed failures showed no
significant differences between the test groups
(p.0.061).

DISCUSSION

The null hypothesis that the microTBS after 9
months of storage in artificial saliva is not affected
by pretreatment with different MMP inhibitors was
corroborated for the self-etch adhesive but not for the
etch-and-rinse adhesive. Pretreatment with all
MMP inhibitors except FeSO

4
prevented microTBS

loss of Optibond FL significantly and equally
effectively.

In the present study, the MMP inhibitor solutions
were applied in a separate step in addition to the
three-step or two-step application procedure of the
etch-and-rinse or the self-etching adhesive, respec-
tively. This approach might increase the overall
chair time for a composite restoration and might be
less feasible for self-etching adhesives because of the
synchronous demineralization and infiltration dur-
ing treatment. However, the application time of the
MMP inhibitor solutions was limited to 60 seconds,
which seems realizable under clinical conditions.
Moreover, the incorporation of MMP inhibitors into
dental adhesives might affect the mechanical prop-
erties of the products by decreasing the degree of
conversion and the E-modulus.23

The initial microTBS found for Optibond FL and
Clearfil SE Bond correlates with the results found
previously.24,25 Both adhesives have consistently
shown favorable bonding performance in different
protocols for microTBS measurement. As the bond-
ing performance of Optibond FL and Clearfil SE
Bond was shown to be hardly affected by the cavity
configuration26 and dentin location,25 the setup of

the present study was simplified by using flat dentin
surfaces. Flat dentin surfaces allowed for the use of
multiple sticks per tooth; thus, the overall sample
size could be increased. The sticks were aged by
direct exposure to artificial saliva, which is a quicker
aging strategy than aging intact bonded teeth.27

Both adhesives exhibited lower microTBS values
after aging, but this effect was significant only for
the etch-and-rinse adhesive. Moreover, the fracture
analysis revealed predominantly mixed adhesive-
cohesive failure patterns with a clear tendency to fail
more at the interface after 9 months of storage in the
case in which no MMP inhibitor was applied. These
results are in accordance with previous studies
indicating a more rapid destruction of hybrid layers
for three-step etch-and-rinse adhesives compared
with mild two-step self-etching adhesives.20,25 Al-
though adhesive hydrophilicity and water sorption of
adhesive interfaces are still considered the principal
mechanisms of the resin-bond degradation, enzy-
matic degradation of the hybrid layer by MMPs
contributes to the degradation process and loss of
bond strength over time. The higher levels of MMP-2
and MMP-9 activity demonstrated for etch-and-rinse
compared with self-etching adhesives2,20 might
therefore partly explain why the bond durability of
Optibond FL is affected to a higher extent than that
of the Clearfil SE Bond. However, it is likely that
with longer aging times, the effect of enzymatic
degradation might become more apparent for Clear-
fil SE Bond as well.20

For both adhesives, application of the MMP
inhibitors resulted in microTBS values similar to
the initial bond strength. It is likely that this effect is
related to the reduction of enzymatic dentin degra-
dation. In a previous study, the degradation of
demineralized dentin after application of 0.012%
CHX, 400 lM EGCG, and 1 mM FeSO

4
was directly

determined by assaying hydroxyproline. All test
agents reduced enzymatic collagen degradation
distinctly but were not significantly different from
each other.12

As the catechin concentration in the green tea
extract solution is about 30%,28 the inhibitory doses
reported for EGCG and ECG on MMP-2 and MMP-9
were distinctly exceeded.14 EGCG concentrations
between 0.02% and 0.5% were shown to prevent
bond strength loss of an etch-and-rinse adhesive over
6 months,29 thereby being as effective as a 2%
chlorhexidine solution. Because of the low toxicity
and the anti-inflammatory potential, polyphenol
catechins can be considered as very biocompatible,
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with the MMP inhibitor as a possible rewetting
agent.

Pretreatment with the galardin solution was as
effective as chlorhexidine in preserving bond
strength over time, which supports the results of a
previous study, in which 0.2 mM galardin solution
was used as rewetting agent for an etch-and-rinse
adhesive.11 In contrast to these results, galardin-
modified adhesives at lower concentration were
shown to be unable to prevent bond strength loss
after three months of storage time.30

Although ferrous sulfate was applied in a concen-
tration previously shown to inhibit MMP-2 and
MMP-9 activity and to reduce erosive dentin loss
probably by inhibiting enzymatic degradation of the
collagenous dentin matrix,18 it was unable to inhibit
bond strength loss significantly. The inhibitory
action of ferrous sulfate on MMPs might be partly
abrogated by the fact that precipitates formed on the
dentin surface and in the dentin tubules18,31 act as a
mechanical barrier hampering penetration of the
adhesive. Moreover, ferric sulfate might induce some
dentin discoloration,18 which might affect the color of
a composite restoration negatively.

CONCLUSIONS

The MMP inhibitors chlorhexidine, green tea ex-
tract, and galardin preserved the microTBS of
Optibond FL but not of Clearfil SE Bond significant-
ly when aged for 9 months in artificial saliva. In the
case of ferric sulfate application, bond strength was
not affected negatively over time. It remains to be
determined whether these MMP inhibitors will
prevent bond strength loss in long-term experi-
ments.
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Chlorhexidine arrests subclinical degradation of dentin
hybrid layers in vivo Journal of Dental Research 84(8)
741-746.

10. Carrilho MR, Geraldeli S, Tay F, De Goes MF, Carvalho
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