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A B S T R A C T

Objective: This in vitro study evaluated at baseline (T0) and over time (T12 months), the effect of a multi-mode
universal adhesive compared with two experimental formulations blended with different concentrations of
benzalkonium chloride (BAC), on bond strength and endogenous enzymatic activity.

Methods and materials: Specimens were assigned to the following groups according to the adhesive protocol:
G1) All-Bond Universal (ABU) self-etch (SE); G2) ABU+0.5% BAC SE; G3) ABU+1% methacrylate BAC SE;
G4) ABU etch-and-rinse (E&R); G5) ABU+0.5% BAC E&R; G6) ABU+1% methacrylate BAC E&R. Gelatin
zymography was performed on dentin powder obtained from eight human third molars. Endogenous enzymatic
activity within the hybrid layer was examined using in situ zymography after 24 h (T0) or 1-year storage in
artificial saliva (T12). Forty intact molars were prepared for microtensile bond strength test at T0 and T12.
Results were statistically analyzed with three-way ANOVA (α=0.05).

Results: Gelatin zymography assay and in situ zymography quantification analyses indicated that all the BAC-
containing formulations decreased matrix metalloproteinase expression. However, in situ zymography showed a
general trend of enzymatic activity increase after aging. Microtensile bond-strength testing showed decrease in
bond strength over time in all the tested groups; performances of the 1% methacrylate BAC experimental groups
were worse than the control.

Conclusions: BAC-containing adhesives reduce endogenous enzymatic activity both immediately and over
time. However, independently from the adhesive employed, increase in the gelatinolytic activity over time and
decrease in bond strength was found (especially in the BAC+1% methacrylate groups), probably due to im-
paired polymerization properties.

Clinical significance: Adhesives containing protease inhibitors are practical and efficient tools in clinical
practice for enhancement of the longevity of dental restorations. However, extensive investigation of the me-
chanical and adhesive properties of the material is necessary prior to their clinical use.

1. Introduction

Adhesive systems introduced a revolution in contemporary re-
storative dentistry by enabling previously inconceivable treatment
plans. Currently available adhesive systems allow clinicians to bond to

tooth structure without the need for a retentive cavity design because
they provide immediate bond strength to the dental substrate [1].

Regardless of advancements in adhesive dentistry over the past
decade, the stability of resin-dentin bonds over time remains an issue
that has not been adequately addressed [1]. Adhesion to dentin is a type
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of in situ tissue engineering that creates a hybrid layer (HL) in dentin by
infiltration of the demineralized collagen fibril network with adhesive
resin monomers [2–4]. Although this interdiffusion layer is responsible
for the retention of resin restorations, it is the most vulnerable com-
ponent of the resin-dentin bond [5]. In vitro and in vivo studies showed
that the degradation of resin-dentin bonds over time is caused by the
hydrolytic breakdown of the resin and denuded dentinal collagen fibrils
at the base of the HL [6,7]. Host-derived proteinases are responsible for
the deterioration of the HL with aging [8–11].

Among the endogenous enzymes, matrix metalloproteinases
(MMPs) and cysteine cathepsins are involved in the hydrolytic de-
gradation of dentin collagen, with a 36–70% decrease in bond strength
after 1 year of storage in artificial saliva [7,12]. Accordingly, increasing
the resistance of collagen fibrils against enzymatic deterioration and
inactivating of the activities of proteinases are fundamental approaches
to improve the longevity of resin-dentin bonds [11,13].

Several natural and synthetic MMPs inhibitors (chlorhexidine, ga-
lardin, quaternary ammonium methacrylates, various collagen cross-
linking agents) have been employed experimentally as part of the
bonding procedures on dentin with the intention of enhancing HL
longevity [10,14–20]. Benzalkonium chloride (BAC), an antimicrobial
agent containing a quaternary ammonium group, has demonstrated
inhibitory potential against endogenous proteases [18]. A commercially
available antimicrobial phosphoric acid etchant containing 1.0 wt%
BAC (Etch-37 w/BAC, Bisco Inc, Schaumburg, IL, USA) is commercially
available and does not immediate bond strength [21]. The etchant
possesses anti-proteolytic properties. However, rinsing of the BAC-
containing etchant in the etch-and-rinse bonding technique limits the
amount that of BAC available in the hybrid layer and hence, its anti-
proteolytic potential [22]. A more effective delivery system may entail
incorporation of BAC into the primer and/or adhesive formulation to
obtain deeper infiltration of the agent into dentin without lengthening
the clinical procedures.

The objective of the present in vitro study was to evaluate at baseline
(T0) and over time (T12 months), the effect of a commercially available
multi-mode universal adhesive compared with two experimental for-
mulations of this adhesive blended with different concentrations of BAC
(0.5% BAC or 1% methacrylate BAC) on endogenous enzymatic activity
and bond strength. The null hypotheses tested were that incorporation
of BAC in an adhesive formulation: 1) has no effect on the activity of
endogenous dentin MMPs immediately or over time; 2) has no effect on
immediate bond strength and bond strength after aging for 12 months.

2. Materials and methods

2.1. Gelatin zymography of dentin powder extracts

Zymography was performed in accordance with a previous pub-
lication [23]. Briefly, mineralized dentin powder was obtained from
eight human third molars by triturating dentin frozen in liquid nitrogen
using a Retsch mill (MM400, Retsch GmbH, Haan, Germany). Aliquots
of mineralized dentin powder (100mg) were treated as follows:

• L1: dentin remained mineralized (DP, control);

• L2: demineralized with 10wt% phosphoric acid for 10min at 4 °C to
simulate the first step of the etch-and-rinse (E&R) approach (DDP);

• L3: All-Bond Universal adhesive (ABU) applied on DP for 30min to
simulate the self-etch (SE) approach;

• L4: ABU+0.5% BAC applied on DP for 30min to simulate the SE
approach;

• L5: ABU+1% methacrylate BAC applied on DP for 30min to si-
mulate the SE approach;

• L6: DDP (as for L2) treated with ABU for 30min to simulate the E&R
approach;

• L7: DDP treated with ABU+0.5% BAC for 30min to simulate the E
&R approach;

• L8: DDP treated with ABU+1% methacrylate BAC for 30min to
simulate the E&R approach.

All treatments involving adhesive resins were performed with light
protection at 4 °C under constant agitation. After treatment, the speci-
mens were rinsed several times with acetone and centrifuged at 4 °C
(20,800 G) to remove the adhesive resins. After the aforementioned
treatments, the dentin powder aliquots were suspended in extraction
buffer (50mM Tris–HCl pH 6, containing 5mM CaCl2, 100mM NaCl,
0.1% Triton X-100, 0.1% nonionic detergent P-40, 0.1 mM ZnCl2,
0.02% NaN3) for 24 h at 4 °C. They were further sonicated for 10min
(ca. ≈30 pulses) and centrifuged two times for 20min at 4 °C
(20,800 G) to collect the supernatant and remove powder remnants.
The supernatant was concentrated using Vivaspin concentrators
(10,000 kDa cut off; Vivaspin Sartorius Stedim Biotech, Goettingen,
Germany) in several rounds of centrifugation of 20min each at 25 °C
(15,000 G). Bradford assay was used to determine the total protein
concentration in the dentin protein extracts. The dentin protein aliquots
were diluted in Laemmli sample buffer in a 4:1 ratio and subjected to
electrophoresis under non-reducing conditions in 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) containing
1mg/m L fluorescein-labeled gelatin. Pre-stained low-range molecular
weight SDS-PAGE standards (Bio-Rad, Hercules, CA) were used as
molecular-weight markers. After electrophoresis, the gels were washed
for 1 h in 2% Triton X-100 and incubated in zymography activation
buffer (50mmol/L Tris–HCl, 5 mmol/L CaCl2, pH 7.4) for 48 h.
Proteolytic activity was evaluated using a long-wave ultraviolet light
scanner (Chemi-Doc Universal Hood, Bio-Rad, Hercules, CA, USA).
Gelatinase activities in the samples were analyzed in duplicate by ge-
latin zymography. Densitometric evaluation of bands obtained from
zymography was performed using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

2.2. In-situ zymography of resin-dentin interfaces

One millimeter-thick slabs of middle/deep dentin were obtained
from three extracted human third molars using a low-speed saw
(Micromet, Remet; Bologna, Italy) with water-cooling. Two slabs were
obtained from each tooth and then further divided into 4 pieces, so that
testing of all groups was performed using the same dentinal substrate. A
standardized smear layer was created on each dentin surface using 600-
grit silicon carbide paper. The dentin specimens were further treated as
follows:

• Group 1 (G1): ABU was directly applied on untreated dentin ac-
cording to the manufacturer’s instructions for the SE mode.

• Group 2 (G2): ABU+0.5% BAC was directly applied on untreated
dentin in the same manner as ABU.

• Group 3 (G3): ABU+1%methacrylate BAC was directly applied on
untreated dentin in the same manner as ABU for the SE mode.

• Group 4 (G4): dentin surfaces were etched with 35% phosphoric-
acid gel (3M ESPE, St. Paul, MN, USA) for 15 s and rinsed with
water. ABU was generously applied according to the manufacturer’s
instructions in the E&R mode.

• Group 5 (G5): dentin surfaces were etched as in G4. ABU+0.5%
BAC was generously applied in the same manner as ABU.

• Group 6 (G6): dentin surfaces were etched as in G4. ABU+1%
methacrylate BAC was generously applied in the same manner as
ABU.

Each bonded specimen was light-cured for 20 s using a LED light-
curing unit (Demi Plus, Kerr Corp., Middleton, USA). The adhesive-
dentin interfaces were then exposed by cutting the bonded specimens
vertically into 1-mm-thick sticks using a slow-speed saw with water
cooling. The sticks were glued to glass slides, ground down and po-
lished to obtain specimens of approximately 50 μm thick, using a series
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of wet silicon carbide papers. Self-quenched fluorescein-conjugated
gelatin was used as the MMP substrate (E-12055, Molecular Probes,
Eugene, OR, USA) for in situ zymography at the baseline (T0) and after
12 months (T12) of storage in artificial saliva at 37 °C as previously
described [24]. Briefly, the fluorescent gelatin mixture was placed on
top of each slab and covered with a coverslip. The slides were incubated
in a humidified chamber at 37 °C overnight. During incubation, the
assemblies were prevented from direct contact with water and were
protected from exposure to light. After incubation, the microscopic
slides were examined using a confocal laser scanning microscope (ex-
citation wavelength 488 nm; emission wavelength 530 nm; Model A1-R;
Nikon, Tokyo, Japan). For each specimen, a series of images were made
to visualize hydrolysis of the quenched fluorescein-conjugated gelatin
substrate as an indicator of endogenous gelatinolytic activity. Enzy-
matic activity was quantified as the integrated density of the fluores-
cence signals using ImageJ software. Because the data were not nor-
mally distributed even after nonlinear transformation, they were
analyzed using the Mann-Whitney U-test (α=0.05).

2.3. Microtensile bond strength (μTBS)

Ninety freshly extracted non-carious sound human third molars
were collected after the patients’ informed consents were obtained
under a protocol approved by the institutional review board of the
University of Bologna, Italy. Tooth crowns were sectioned with the
Micromet diamond saw with water irrigation to expose middle/deep
coronal dentin. A standardized smear layer was created on the dentin
with wet 600-grit silicon carbide paper. The teeth were randomly as-
signed to the same six groups (N=15) described for in situ zymography
and identical bonding procedures were performed. Resin composite
buildups (4-mm thick) were produced with 2 incremental layers of
Filtek Z-250 (3M ESPE) on each bonded specimen.

The specimens were sectioned to produce approximately 1-mm-
thick beams for testing with the microtensile non-trimming technique.
The dimension of each beam (ca. 0.9 mm×0.9mm×8mm) was re-
corded using a pair of digital calipers to the nearest 0.01mm. The
bonded area was calculated for conversion of microtensile strength
values (N) to units of stress (MPa). Beams were tested after 24 h (T0)
and storage in artificial saliva at 37 °C for 12 months (T12). The arti-
ficial saliva consisted of CaCl2 (0.7 mmoles/L), MgCl2 6H2O
(0.2 mmoles/L), KH2PO4 (4.0 mmoles/L), KCl (30mmoles/L), NaN3

(0.3 mmoles/L) in HEPES buffer [29]. After storage, a simplified uni-
versal testing machine (Bisco Inc.) was used to stress the bonded beams
to failure at a crosshead speed of 1mm/min. Each specimen was ob-
served under a stereomicroscope (Stemi 2000-C; Carl Zeiss Jena GmbH,
Göttingen, Germany) at 50× magnification to determine the failure

mode. Failure modes were classified as adhesive (A), cohesive in resin
composite (CC) or cohesive in dentin (CD). Premature failures that
occurred during sectioning were not included in the statistical analysis
because there were less than 3% debonded beams and they were si-
milarly distributed among the groups.

Analysis was performed using the tooth as the statistical unit. Bond
strength data from each tooth were averaged to obtain the mean bond
strength for that tooth. The acquired data were evaluated for com-
pliance with the normality (Shapiro-Wilk test) and equality of variance
(modified Levine test) assumptions required for parametric statistical
analysis. Because those assumptions were not violated, the data were
analyzed with a three-factor analysis of variance, to examine the effects
of “adhesive system”, “aging time” and “bonding strategy” on μTBS.
Post-hoc pairwise comparisons were conducted using the Tukey
method. For all analyses, statistical significance was pre-set at
α=0.05.

3. Results

3.1. Gelatin zymography

Zymography results are shown in Figs. 1 and 2. Zymographic assay
revealed low expression of pro-form of MMP-9 (92 kDa) and active form
of MMP-2 (66 kDa) in the mineralized dentin powder. In contrast,
protease expressions in the demineralized powder were more pro-
nounced. When employed in the SE mode, ABU increased the activity of
MMP-9 pro-form and MMP-2 active form, while BAC-containing ad-
hesive formulations showed reduced expression of MMP-2, and almost
complete inhibition of the bands corresponding to MMP-9. All-Bond
Universal adhesive applied in the E&R mode increased the activity of
MMP-2 and inhibited MMP-9, while all the BAC-containing formula-
tions tested in the E&R mode decreased MMP-2 expression and com-
pletely inhibited MMP-9.

3.2. In situ zymography

Qualitative and quantitative in situ zymography results are shown in
Figs. 3, 4, 5, 6, 7 . There was a decrease in enzymatic activity at T0 in all
the experimental groups compared to controls. All the groups showed a
general trend of increase in enzymatic activity after aging, except for
the ABU SE+1% methacrylate BAC group, which showed further de-
crease. Overall, the experimental groups bonded with ABU+1% me-
thacrylate BAC showed the lowest level of fluorescence over time, re-
gardless of the bonding strategy employed (p < 0.05).

Fig. 1. Zymographic analysis of proteins extracted
from dentin powder. Std: Standards (Std); L1: miner-
alized dentin (DP) showing the presence of activity of
pro-form of MMP-9 (92 kDa) and active form of MMP-
2 (66 kDa); L2: demineralized dentin powder (DDP)
showing an increase of pro-form of MMP-9 (92 kDa),
active form of MMP-2 (66 kDa); L3: DP after incuba-
tion with All-Bond Universal (ABU) showing activity of
active form MMP-9 (86 kDa) and MMP-2 (66 kDa); L4:
DP after incubation with ABU+0.5% BAC showing a
reduction in the activity of MMP-9 active form and an
increase in MMP-2 activity; L5: DP after incubation
with ABU+1% methacrylate BAC showing inhibition
of MMP-9 and a decrease in the activity of MMP-2 ; L6:
DDP after incubation with ABU showing MMP-2 ac-
tivity and inhibition of MMP-9 ; L7: DDP after in-
cubation with ABU+0.5% BAC showing inhibition of
MMP-9 and a reduction in MMP-2 activity; L8: DDP
treated with ABU+1% methacrylate BAC showing an
enzymatic activity similar to that of L7.
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3.3. Microtensile bond strength

Bond strength values (means and standard deviations, in MPa) at T0
and T12 months are reported in Table 1. Statistical analysis showed that
only the variables “adhesive system” and “aging time” significantly
affected the results, but not the variable “bonding strategy”. Post-hoc
analysis indicated that ABU+1% methacrylate BAC performed sig-
nificantly worse than ABU or ABU+0.5% BAC (p < 0.05). In adid-
tion, all groups showed a significant decrease in microtensile bond
strength values over time (p < 0.05).

4. Discussion

The present study investigated BAC blended within a commercially
available multi-mode adhesive in terms of anti-enzymatic activity and
bond strength preservation. The use of two adhesive formulations
containing BAC decreased the activity of MMPs both in the dentin
protein extracts and in the HL. This warrants rejection of the first null
hypothesis that “incorporation of BAC in an adhesive formulation has
no effect on the activity of endogenous dentin MMPs immediately or

over time”. Furthermore, the two formulations of BAC-containing ad-
hesives influenced bond strength differently, both immediately and
after aging. Even though aging in artificial saliva significantly reduced
adhesion values, irrespective of whether BAC was incorporated in the
adhesive formulation or the application mode (ER or SE), 1% BAC
methacrylate formulation showed reduced bond strength values both
immediately and over time. Hence, the second null hypothesis that
“incorporation of BAC in an adhesive formulation has no effect on
immediate bond strength and bond strength after aging for 12 months”
has to be rejected.

Regardless of the bonding system or bonding strategy, adhesive
resin monomers do not completely coat the completely or partially
demineralized collagen fibrils, producing HLs that are susceptible to
enzymatic hydrolytic degradation over time [25]. In addition to the
enzymatic degradation of the collagen, resin-based restorations are
subjected to polymer degradation by enzymes present in the saliva that
results in exposure of more collagen. The unprotected collagen fibrils at
the base of the hybrid layer are attacked by endogenous enzymes that
are bound to the fibrils, causing the loss of the anchoring function of the
HL and bond strength degradation over time [26]. These events occur

Fig. 2. Zymographic assay quantification showing a generally lower enzymatic activity in BAC-containing groups.

Fig. 3. Resin-bonded radicular dentin interfaces prepared with ABU SE (a,d), ABU+0.5% BAC SE (b,e) and ABU+1% methacrylate BAC SE (c,f) at T0, incubated
with quenched fluorescein-labeled gelatin. (a) Image acquired in green channel, showing fluorescence (identifying intense endogenous enzymatic activity) in
dentinal tubules and within the HL created with ABU SE; (b) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created
with ABU+0.5% BAC SE; (c) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+1% methacrylate
BAC SE; (d) Image of the HL created by the application of ABU SE obtained by merging differential interference contrast image (showing the optical density of the
resin-dentin interface) and image acquired in green channel; (e) Image of the HL created by the application of ABU+0.5% BAC SE obtained by merging differential
interference contrast image and image acquired in green channel; (f) Image of the HL created by the application of ABU+1% methacrylate BAC SE obtained by
merging differential interference contrast image and image acquired in green channel. D=Dentin; HL=Hybrid Layer; R=Resin Composite (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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even in the absence of bacteria and may be attenuated by proteolytic
enzyme inhibitors [9].

Benzalkonium chloride has been reported to inhibit MMP activities
within the hybrid layer, when applied on acid-etched dentin [27–29].
The quaternary ammonium salt yielded mixed results when it is in-
corporated into different components of the adhesive system. A com-
mercially available etchant containing 1% BAC (Bisco) was initially
produced by capitalizing on the antimicrobial properties of BAC. Al-
though this antimicrobial etchant was shown to possess anti-col-
lagenolytic potential, dentin bonded with the use of the BAC-containing
etchant showed deterioration of the HLs after 6 months [22,30], 12
months [27–29] and 18 months of aging [31]. This may be attributed to
the unstable electrostatic interaction between BAC and demineralized

dentin and that close to 50% of the BAC is washed off along with the
etchant [18]. Because BAC can be dissolved in ethanol and acetone, and
its activity is rather consistent in different pH, it was anticipated that
BAC may be incorporated into a large variety of adhesive blends
without forfeiting its anti-enzymatic properties [29].

Non-covalently bound molecules, such as non-polymerizable MMP
inhibitors, may leach out of the HL. Instability of these non-poly-
merizable MMP inhibitors compromises long-term anti-proteolytic
benefits and results only in delaying, and not preventing the degrada-
tion of adhesive interfaces [32,33]. Other strategies have been proposed
to circumvent this deleterious issue [28,34,35]. For example, in-
corporation of compounds that copolymerize with resin monomers in
the adhesive blends is promising because the agent becomes

Fig. 4. Resin-bonded radicular dentin interfaces prepared with ABU E&R (a,d), ABU+0.5% BAC E&R (b,e) and ABU+1% methacrylate BAC E&R (c,f) at T0,
incubated with quenched fluorescein-labeled gelatin. (a) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with
ABU E&R; (b) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+0.5% BAC E&R; (c) Image acquired
in green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+1% methacrylate BAC E&R; (d) Image of the HL created by the
application of ABU E&R obtained by merging differential interference contrast image and image acquired in green channel; (e) Image of the HL created by the
application of ABU+0.5% BAC E&R obtained by merging differential interference contrast image and image acquired in green channel; (f) Image of the HL created
by the application of ABU+1% methacrylate BAC E&R obtained by merging differential interference contrast image and image acquired in green channel.
D=Dentin; HL=Hybrid Layer; R=Resin Composite (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).

Fig. 5. Resin-bonded radicular dentin interfaces prepared with ABU SE (a,d), ABU+0.5% BAC SE (b,e) and ABU+1% methacrylate BAC SE (c,f) at T12 months,
incubated with quenched fluorescein-labeled gelatin. (a) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with
ABU SE; (b) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+0.5% BAC SE; (c) Image acquired in
green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+1% methacrylate BAC SE; (d) Image of the HL created by the
application of ABU SE obtained by merging differential interference contrast image and image acquired in green channel; (e) Image of the HL created by the
application of ABU+0.5% BAC SE obtained by merging differential interference contrast image and image acquired in green channel; (f) Image of the HL created by
the application of ABU+1% methacrylate BAC SE obtained by merging differential interference contrast image and image acquired in green channel. D=Dentin;
HL=Hybrid Layer; R=Resin Composite (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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immobilized within the polymer matrix. In the present study, BAC was
blended with a commercially available multi-mode adhesive in dif-
ferent concentrations and formulations (0.5% BAC or 1% BAC metha-
crylate).

The results of both zymographic analyses demonstrated stronger
inhibition of enzymatic activities in the BAC-containing adhesives,
when compared with the BAC-free control adhesive. Protease inhibition
was the most efficient in experimental groups containing 1% BAC
methacrylate, at the baseline, as well as over time. Several other studies
showed the potential of BAC to inhibit endogenous dentinal enzymes
[18,28,31] or to prevent collagen degradation [18,22,29]. However,
they are not comparable to the present study because of the adoption of
different methodologies, and aqueous BAC solution was used in those
studies. The present study was the first to examine the effect of in-
corporation of BAC in an adhesive system on endogenous enzymatic
activity. Investigations of bond strength and material properties are
required before such an experimental adhesive may be recommended
for clinical use.

Incorporation of 0.24–2wt% BAC into two different E&R adhesives
(Optibond Solo Plus, Kerr Corp. and All-Bond 3, Bisco) resulted in

preservation of their bond strengths to dentin after 18 months of aging.
Moreover, in adhesive formulations blended with lower BAC con-
centrations, increase in bond strength was noted [31]. Adper Single
Bond blended with 0.5% and 1% of BAC showed no significant decline
in bond strength after 6 months [22]. Likewise, Adper Single Bond
blended with 0.5% BAC showed no significant decline in bond strength
after 12 months of aging [29]. When a certain concentration of a new
component is incorporated into an adhesive, especially in a form of a
liquid, there is a risk of jeopardizing the balance between the compo-
nents of the system. This may have a detrimental effect on the degree of
conversion, elastic modulus, tensile stresses and other mechanical
properties [36,37]. It is possible that the higher concentration of BAC
utilized in the present study adversely affected the polymerization
quality and mechanical properties of the resin-dentin interface, both in
the E&R and SE mode. The 1% methacrylate BAC showed lower bond
strength even at baseline compared to the other experimental groups.
Contrary to the results of the present study, Sabatini et al. investigated
the use of ABU adhesive system blended with 0.5–2% BAC or metha-
crylate BAC in the E&R mode [28], The authors reported that bond
strength was preserved in all the experimental groups after 6 and 12

Fig. 6. Resin-bonded radicular dentin interfaces prepared with ABU E&R (a,d), ABU+0.5% BAC E&R (b,e) and ABU+1% methacrylate BAC E&R (c,f) at T12,
incubated with quenched fluorescein-labeled gelatin. (a) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with
ABU E&R; (b) Image acquired in green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+0.5% BAC E&R; (c) Image acquired
in green channel, showing fluorescence in dentinal tubules and within the HL created with ABU+1% methacrylate BAC E&R; (d) Image of the HL created by the
application of ABU E&R obtained by merging differential interference contrast image and image acquired in green channel; (e) Image of the HL created by the
application of ABU+0.5% BAC E&R obtained by merging differential interference contrast image and image acquired in green channel; (f) Image of the HL created
by the application of ABU+1% methacrylate BAC E&R obtained by merging differential interference contrast image and image acquired in green channel.
D=Dentin; HL=Hybrid Layer; R=Resin Composite (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).

Fig. 7. In situ zymography quantification at T0 and T12 months showing reduced enzymatic activity in BAC-containing groups, especially when AllBond Universal is
associated with 1% methacrylate BAC. However, the activity increased with storage in artificial saliva for 12 months.
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months of aging. A possible reason for these discrepancies may be due
to the manner in which BAC was incorporated into the adhesive, or the
difference in light-curing intensities utilized by the two studies.

Incorporation of methacrylate BAC into ABU in the present study
yielded the worst results in terms of bond strength after aging.
However, the same experimental group demonstrated the lowest level
of enzymatic activity compared to other groups, especially after aging
for 12 months. One can only rationalize that the abhorrent bond
strength results are attributed to the poor degree of conversion of BAC
methacrylate in the presence of other methacrylate resin monomers in
the ABU adhesive. This could have resulted in the leaching of un-
polymerized BAC methacrylate resin monomer from the resin-dentin
interface. Apart from potentially killing cells in the vital dental pulp,
the resin-dentin interface becomes porous after leaching of the un-
polymerized resin monomer. This, in turn, facilitates ingress of water
and salivary enzymes into the HL and subsequent hydrolysis of the
other polymerized resin components. Although leaching of the BAC
methacrylate monomer could have resulted in better MMP inhibition,
the overall result showed no contribution to the longevity of resin-
dentin bonds.

5. Conclusions

Although the BAC-containing adhesive formulations showed in-
hibitory potential on dentinal endogenous enzymes at the baseline, this
property did not seem to be long-lasting. The MMP inhibition potential
of the experimental adhesive formulation was not reflected by the bond
strength results. Overall, the experiment shows that adhesives blended
with MMP inhibitors should be extensively tested before translation to
clinical use.
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