
INTRODUCTION

The major drawback of the resin-based restorations 
is their limited long-term durability despite the 
continuous evolution in adhesive technology over the 
past sixty years1,2). Over the years, in response to the 
demands of the clinicians, increasingly user-friendly 
and simplified adhesive systems that are less technique-
sensitive have been developed. This trend recently led 
to the introduction of an increasing number of universal 
adhesive systems into the market.

Despite the continuing advances, in vivo as well as 
in vitro studies in the past decades have widely reported 
the progressive degradation of resin-dentin bonds3-5). 
The limited durability of contemporary adhesives has 
been shown to be caused by two main reasons including 
the increased hydrophilicity of the bonding agents that 
leads to water sorption and subsequent degradation of 
the infiltrated polymer matrices during physical and 
chemical challenges in the oral cavity, and degradation of 
the collagen matrix itself from the adhesive interfaces.

Two distinct groups of endogenous proteases; matrix 
metalloproteinase (MMPs) and cysteine cathepsins (CC) 
were shown to be involved in degradation of the collagen 
component of the bonding interface6-9). These endogenous 
enzymes become bound to the collagen matrix in dentin 
during development in their active preforms and could 
be uncovered and activated during routine adhesive 
restorative procedures such as etching with phosphoric 
acid or application of acidic monomers in the self-etch 
adhesives4-7,10).

Although endogenous protease activity following 
acidic treatments has been clearly reported in previous 
studies, most of the evidence is based on the evaluation 

of the activity of proteases extracted from the dentin 
matrix or the addition of recombinant enzymes. This 
does not necessarily reflect the activity of matrix-bound 
proteases in situ in dentin. Additionally, the specific 
effects of universal bonding agents in comparison with 
self-etch adhesives or phosphoric acid on MMP- or CC-
mediated degradation are not well known.

The objectives of the present study were 1) to evaluate 
the total MMP-activity of ethylenediaminetetraacetic 
acid (EDTA)-demineralized human dentin following the 
application of two commercial universal adhesives and 
two self-etch adhesives in comparison with phosphoric 
acid treatment; 2) to evaluate the release of collagen 
telopeptide fragments, C-terminal-telopeptide of type I 
collagen (ICTP) and C-terminal telopeptide (CTX), as 
specific markers identifying MMP- and CC-mediated 
degradation, respectively. The null hypothesis tested was 
that there will be no difference in the total MMP activity 
between the tested adhesives, and no difference will be 
observed between the MMP-mediated or CC-mediated 
degradation of EDTA-demineralized dentin matrix after 
application of the different self-etch adhesives.

MATERIALS AND METHODS

Seventy-eight human third molars were obtained from 
18–22-year-old patients using a protocol approved by The 
Dental College of Georgia at Augusta University. The 
teeth were frozen and stored until required. The enamel 
and superficial dentin of the molars were removed below 
the deepest central fissure by horizontal sectioning and 
dentin discs of 1 mm thickness from the mid-coronal 
dentin were obtained using an Isomet saw (Buehler, 
Lake Bluff, IL, USA) under water cooling. Each dentin 
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Table 1	 Commercial adhesive systems tested

Brand name Abbreviation Company Composition pH Lot No

AdperTM Easy 
Bond

EB
3M, ESPE, 
St. Paul, MN, USA

MHP, HEMA, dimethacrylate resins, 
vitrebond copolymer (VCP), water, 
ethanol, filler, inititators,

2.4–2.7 426992

Scotchbond 
Universal

SU 3M, ESPE
MDP, HEMA, dimetharcylate resins, 
vitrebond copolymer (VCP), water, 
ethanol, silane, inititators,

2.7 4676661

All-bond 
Universal

ABU
Bisco, Schaumburg, 
IL, USA

MDP, Bis-GMA, HEMA, water, 
ethanol, inititators,

2.5–3.5 1200006790

G-aenial 
Bond

GB GC, Tokyo, Japan
4-MET, phosphoric acid ester monomer, 
dimetharcylate monomers, acetone, 
water, silicone dioxide, inititators,

1.5 1102241

Bis-GMA: 2,2-bis[4-(2-hydroxy-3-methacrylyloxy-propoxy)-phenyl] propane, HEMA: 2-hydroxyethyl methacrylate, MHP:  
methacryloxyhexyl phosphate monomer, MDP: 10-methacryloyloxydecyl dihydrogen phosphate monomer, 4-MET: 
4-methacryloxyethyl trimellitic acid, VCP: methacrylate functionalized polyalkenoic acid

disc was further sectioned to obtain dentin beams, 
6×2×1 mm in dimension. All beams were completely 
demineralized in 0.5 M EDTA (pH 7.4) for 30 days at 
4°C with constant stirring. Three-point flexure was used 
to confirm the absence of residual mineral. Mineralized 
dentin has a modulus of elasticity between 16 and 19 
GPa. Dentin beams completely demineralized in EDTA 
have a modulus of elasticity of 2–2.5 MPa11). Thirty 
teeth were used for Generic MMP assay (n=5) and 48 
teeth were used for the other tests (n=8). Commercially 
available universal bonding agents, self-etch adhesives, 
and phosphoric acid used in this study are listed in 
Table 1.

Measurement of total MMP activity of demineralized 
dentin matrices
Generic colorimetric MMP assay (Sensolyte Generic 
MMP assay, Anaspec, San Jose, CA, USA) was used to 
determine the baseline activity of EDTA-demineralized 
dentin beams. After EDTA-demineralization and 
rinsing, the beams were incubated in 300 µL of 
chromogenic thiopeptide substrate and assay buffer in a 
96-well plate for 60 min at 25°C. Following incubation, 
the beams were removed from the wells and the 96-well 
plate was placed in a microplate reader (Synergy HT, 
BioTek Instruments, Winooski, VT, USA) to measure 
the baseline total MMP activity of each beam at 412 
nm12). The beams were then distributed to different 
groups such that the mean baseline activity of each 
group was not statistically significant. The groups were: 
1) Controls (CM) pretreated with distilled water, 2) 37% 
PA, 3) Easy Bond (EB), 4) Scotchbond Universal (SU), 5) 
All-Bond Universal (ABU), and 6) G-aenial Bond (GB) 
(n=5/group). The beams in each group were dipped in 
the respective bonding agents or acidic solution for 2 min 
(Table 1), rinsed, and incubated in fresh chromogenic 
substrate and assay buffer in the 96-well plate for 60 
min at 25°C. After 60 min of incubation, the activity 

was reassessed as previously described. The total MMP 
activity was expressed as a percentage of the untreated 
baseline level to determine the percent activation.

Loss of dry mass
After demineralization, a set of beams (n=8/group) was 
thoroughly washed 4 times with distilled water for 2 h 
at room temperature. The beams were then placed in a 
sealed desiccator containing anhydrous calcium sulfate 
(Drierite, W.A. Hammond Company, Xenia, OH, USA) in 
order to desiccate the beams to a constant weight within 
72 h. The initial dry mass of each beam was measured to 
the nearest 0.001 mg on an analytical balance (Mettler 
XP6 Microbalance, Mettler Toledo, Hightstown, NJ, 
USA). Dried dentin beams were assigned to the six 
groups, each consisting of 8 beams (n=8). The groups 
were arranged so that the mean initial dry mass of 
each group was similar in all groups. Following the 
pretreatment of rehydrated (in water at 4°C for 1 h) 
dentin beams with 37% PA, EB, SU, ABU or GB for 2 
min in a dark environment, all the beams were placed 
in polypropylene tubes containing acetone and washed 
for 1 min using an ultrasonic device to remove possible 
remnants of adhesive resins. Demineralized beams with 
no adhesive pretreatment were used as control. After 
this procedure, all beams were placed into separate tubes 
and rinsed sequentially for 30 min, 10 min, and 10 min 
at room temperature by refreshing the acetone between 
each of the washes, and finally rinsed with distilled 
water for 10 min at room temperature before further 
incubation. After each incubation period, the beams 
were separately washed with distilled water for 12-4-4-4 
h sequentially at 4°C with constant stirring and dried 
again as previously described. The loss of dry mass after 
each incubation period was calculated as percentage dry 
mass change with respect to the baseline dry mass of each 
sample. Dehydrated beams were rehydrated in water at 
4°C for 1 h prior to each incubation period. Previously it 
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Fig. 1	 Percent change in total MMP activity compared 
with untreated control group, using the Sensolyte 
Generic MMP assay kit.

	 Groups identified with different letters are 
significantly different (p<0.05).

Fig. 2	 Loss of dry mass of demineralized dentin beams 
expressed as percent loss.

	 For each time period, the groups with the same 
lowercase letters (among a, b, c; α, β, γ, δ and w, x, 
y, z) are not statistically significant (p>0.05). For 
each adhesive tested as well as the control, the 
time period columns connected by a solid black bar 
are not statistically different (p>0.05).

was shown that 1 h was sufficient time for complete re-
expansion of the dried beams13). The incubation medium 
contained 5 mM HEPES, 2.5 mM CaCl2.H2O, 0.05 mM 
ZnCl2, and 120 mM NaCl adjusted to pH 7.2.

Solubilized telopeptides of collagen
To evaluate collagen breakdown, enzyme linked 
immune-sorbent assays (ELISA) were used to measure 
enzyme-specific degradation products of the collagen. 
We analyzed the incubation media for pyridinoline-
crosslink-containing degradation fragment of the ICTP 
as a determinant for MMP-mediated matrix degradation, 
and deoxypyridinoline-containing degradation fragment 
of the CTX as a determinant for cathepsin-mediated 
matrix degradation over the 24 h, 3 days and 3 weeks 
incubation periods. The amount of liberated telopeptide 
fragments due to MMP activity was measured using an 
ICTP elisa kit (UniQ EIA, Orion Diagnostica, Turku, 
Finland) while the liberated fragments due to cathepsin-K 
activity was measured using the Serum CrossLaps 
ELISA (Immunodiagnostic System, Farmington, UK) 
for the degradation by cathepsin K.

Briefly, aliquots of the incubation medium from 
dentin beams (n=8/group) were diluted 1:10 in saline and 
pipetted (50 µL per well) in dublicate into a 96-well plate. 
Procedures were performed following manufacturer’s 
instructions and absorbance was measured at 450 nm 
using a plate reader (Synergy HT, BioTek Instruments). 
The amount of CTX/ICTP release was calculated 
with a standard curve using standards with known 
concentrations provided in the kits. The assays were 
performed with 8 samples/incubation in duplicates.

Statistical analyses
Normality of the data for dry mass loss, total MMP-
activity, and the ICTP and CTX analyses were evaluated 
with the Shapiro-Wilk test. The data was found to be 
normal, (p>0.05) thus parametrical statistical tests 
were performed. The differences at each time-point were 
determined using ANOVA and Tukey tests. For the 
pairwise comparisons, repeated measures ANOVA was 
applied. For the statistical tests, SigmaPlot Version 13 
software (Systat Software Inc., San Jose, CA, USA) was 
used at p=0.05.

RESULTS

Total MMP activity assay
When demineralized dentin beams were used as a source 
of MMP, after 60 min incubation the baseline activity of 
all dentin beams was not significantly different among 
the groups (p>0.05). However, when the demineralized 
dentin beams were treated with 37% PA and the 
respective universal and self-etch adhesives, significant 
differences were observed among the groups (p<0.05, 
Fig 1). The control beams exhibited a 6% increase in 
total MMP activity during the second incubation period 
which was significantly lower than the beams treated 
with EB, SU, ABU, and GB (p<0.05). The group that 
was treated with 37% PA showed a 70% increase in 

MMP activity which was significantly different from the 
control (p<0.05) but was significantly lower than EB, 
SU, and GB groups (p<0.05). The GB treatment group 
showed a 282% MMP activity which was significantly 
higher than all the other groups (p<0.05).

Loss of dry mass
Thirty-seven percent PA-treated beams showed a dry 
mass loss of 2.77±0.76 % over 24 h of incubation, which 
was slightly higher than control but significantly lower 
than the SU-treated beams, which showed the highest 
amount of dry mass loss (p<0.05), and significantly 
higher than the ABU- and GB- treated beams (p<0.05, 
Fig 2). After the 3-day and 3-week incubation periods, 
dry mass loss in the 37% PA group showed an increase 
resulting in significantly higher dry mass loss than 
all the other groups (p<0.05), except for the SU group, 
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Fig. 3	 The rate of ICTP telopeptide release from 
demineralized dentin beams.

	 Groups identified with different letters are 
significantly different (p<0.05). For each adhesive 
tested as well as the control, the time period 
columns connected by a solid black bar are not 
statistically different (p>0.05).

Fig. 4	 The rate of CTX telopeptide release from 
demineralized dentin beams.

	 Groups identified with different letters are 
significantly different (p<0.05). For each adhesive 
tested as well as the control, the time period 
columns connected by a solid black bar are not 
statistically different (p>0.05).

which showed similar amount of mass loss (p>0.05). 
Comparison of the effect of incubation times showed a 
statistically significant increase in the dry mass loss 
during the 3-weeks incubation period compared to 24 h 
and 3 days (p<0.05) among all the groups, except for SU 
group which showed no significant differences over the 
mentioned time periods (p>0.05).

Release of solubilized telopeptides
The control group with no pretreatment showed the 
lowest ICTP release after 24 h incubation period, which 
was significantly different from all the other groups 
(p<0.05, Fig 3). On the other hand, ICTP release of the 
37% PA-treated beams was significantly higher than 

the ABU- and GB-treated beams (p<0.05). After 3-days 
of incubation, no statistically significant differences 
were observed in the ICTP release among the groups 
(p>0.05), except for the control group which showed the 
lowest release of ICTP (p<0.05). However, after three 
weeks incubation, the ICTP release of all groups showed 
an increase, and among the adhesive groups the ABU-
treated beams was significantly higher than the other 
groups (p<0.05), except for SU-treated beams (p>0.05). 
Additionally, the amount of ICTP release of the SU, 
ABU and GB-treated beams at the end of the 3-week 
incubation period increased significantly compared to 
the 24 h and 3-days of incubation periods (p<0.05).

CTX release for the demineralized beams treated 
with SU, ABU, and GB at 24 h was significantly higher 
than the control, 37% PA, and EB groups (p<0.05), and 
the CTX release for beams treated with GB was almost 
60-fold higher than the control (Fig. 4). At 3 days of 
incubation, the ABU-treated beams showed the highest 
amount of CTX release which was significantly higher 
than the PA-treated group only (p<0.05). Over 3 weeks 
of incubation, CTX release for the GB-treated beams 
was highest among the various groups, which was 
statistically significant (p<0.05). For the SU, ABU and 
GB groups, the amount of CTX release was significantly 
decreased over the 3-week incubation period compared 
to 24 h (p<0.05).

DISCUSSION

Recently, “universal” or “multimode” adhesives which 
represent the last generation of adhesive systems were 
introduced in the market and can be used as either an 
etch-and-rinse or self-etch technique14). In addition, 
this adhesive system allows practitioners to selectively 
etch the enamel margins with phosphoric acid prior to 
application of the self-etch adhesive as indicated.

The ability of etch and rinse or self-etch adhesives 
to increase the host-derived endogenous enzymatic 
activity in dentin matrices has been well documented 
previously15-17). In an effort to compare the universal 
adhesives with self-etch ones, in the present study, 
the total MMP activity of EDTA-demineralized dentin 
was measured immediately after application of the two 
universal and self-etch adhesives. Once activated by self-
etch adhesives, the amounts of ICTP and CTX release 
by endogenous dentin MMPs and CCs, respectively, was 
also evaluated. We also assessed the loss of dry mass 
over time that indicates solubilization of the dentin 
matrix by endogenous MMP and CC activities8,18).

Demineralization of dentin was completed using 
0.5 M EDTA. Despite being relatively slow, EDTA 
demineralization was previously shown to successfully 
preserve most of the matrix-bound proteases19). This 
would allow to expose matrix-bound MMPs and CCs 
to PA or other acidic monomers, without the buffering 
effects of apatite minerals in dentin15). In this study, we 
analyzed the total activity of EDTA-demineralized beams 
by using Generic MMP activity assay kit at baseline and 
after the pretreatment. In line with previously published 
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results, our results confirmed significant increases in the 
total MMP activity after acid treatment. These findings 
negated the null hypothesis of this study that there is 
no difference in the total MMP activity among tested 
adhesives. The control group with no acidic pretreatment 
showed only 6% increase compared to baseline, whereas 
37% PA treated group showed a 70% increase in total 
MMP activity. A recent study reported that, acids were 
not necessary for the activation of dentin proteases due 
to the presence of some other glycoproteins, which could 
activate the MMP proforms20). Therefore, the slight 
increase in activity with demineralized control groups 
are expected, and in line with the previous literature15,17). 
On contrary, increase in PA treated group might seem 
in conflict with the results of previous studies claiming 
that 37% PA could denature the MMP activity during 
demineralization due to rapid exposure of the collagen 
matrix and its matrix-bound MMPs21,22). However, other 
reports also confirmed that the treatment of dentin with 
37% PA did not denature the endogenous proteases in the 
dentin matrix15,17). Continual MMP or cathepsin activity 
of the previously EDTA-demineralized dentin powder 
was observed for 30 days before exposure to PA, where 
all of the calcium was removed, thus eliminating the 
formation of CaHPO4 precipitates over the demineralized 
collagen fibrils15). Furthermore, a direct evidence of 
gelatinase activity was also observed both for MMP-2 
and MMP-919).Thus, previous methods might have 
underestimated the MMP activity21,22), and as confirmed 
also by the results of the present study, matrix-bound 
proteases could be far more resistant to denaturation 
compared to proteases in soluble form15). The increase 
in total MMP activity after treatment with universal 
or self-etch adhesives were adhesive dependent and, 
ranged between 113–282% (Fig. 1). Previous reports also 
confirmed an adhesive-dependent increase in specifically 
MMP-2 and-9 activities when two-step etch-and-rinse, 
as well as self-etch adhesive systems were used11,17). It 
is well known that MMPs can be activated in low pH 
environments by inducing the cysteine switch4), therefore 
the pH of self-etch or universal adhesives can contribute 
to the activation process. Among the tested adhesives, 
EB, ABU and SU are classified as ultra-mild adhesives 
with a pH range of 2.7–3.1 , whereas GB is classified as 
intermediate strong adhesive with a lower pH of 1.523). 
Moreover, 2-hydroxyethyl methylmethacrylate (HEMA)-
free composition of GB compared to the other tested 
adhesives might also contribute to the initial activation 
results observed at this study. In previous studies, the 
presence of HEMA monomer was reported to have an 
inhibitory effect on MMPs17,24). Thus, the lower MMP 
activity of EB, SU, and ABU-treated beams compared 
to GB might be partly related to the HEMA content of 
these adhesive systems.

The dry mass loss as well as quantification of 
solubilized telopeptides were used as evaluate the 
degradation over three weeks of incubation period. The 
only source of ICTP telopeptide fragments in mineralized 
matrices is attributed to the telopeptidase activity of 
MMPs which optimally function at neutral Ph25-27). On 

the other hand, the activity of Cathepsin-K generates a 
linear eight amino acid sequence on the CTX end, which 
is recognized as CTX fragments25). By measuring the 
amounts of ICTP and CTX release in the incubation 
medium, the relative MMP activity vs. cathepsin-K 
activity were followed. The results of telopeptidase 
activity require the rejection of the null hypothesis, 
since both CTX and ICTP activity showed differences 
between the adhesives. Furthermore, the CTX release 
of the beams were 10–20 fold lower than ICTP release 
in this study. Similar trend was observed in previous 
studies and attributed to the incubation medium pH2,15). 
The optimum pH for cathepsin-K activity is around 5.5, 
and a pH dependent activity reduction was observed 
at previous studies showing only 11% of the activity at 
neutral pH28).

After 24 h of incubation, all groups showed  
significantly higher ICTP release compared to no-
treatment control group. The lowest ICTP release was 
observed for the control group, whereas the highest 
ICTP release was observed for the 37% PA group. Mass 
loss of PA and SU group correlated well with ICTP 
results confirming a higher mass loss with higher ICTP 
release. Over 3 days, the ICTP release was almost 
the same among the groups except for control, which 
was the lowest (p<0.05). After 3 weeks of incubation, 
cumulative ICTP release (data not shown) was similar 
among the adhesive or PA groups. This is in line with 
a previous report showing that relatively weak self-
etching adhesives (i.e. pH=2.4) activated MMPs without 
any denaturation21). In a study by Mazzoni et al. acid-
etched dentin powder was treated with five simplified 
etch-and-rinse adhesives for 1 min, and concluded 
that the endogenous enzymes present in dentin could 
be reactivated by the self-etching adhesives, which 
corroborated our findings17). In yet another study by 
Apolonio et al. it was shown that after the application 
of Easy Bond, the dentin-derived MMP-2 and MMP-9 
activities were significantly increased within the hybrid 
layer29).

On the other hand, CTX release did not follow exactly 
the same trend. Similar to ICTP release control group 
showed significantly lower cumulative CTX release 
(203.3 pg/mg dentin) followed by PA group which only 
showed 359.1 pg/mg dentin CTX release. SU, ABU and 
GB ranged between 854.1–1983.8 pg/mg dentin, between 
4–10 fold higher compared to control group. The lower 
CTX release observed with 37% PA brings the question 
if strong acids can denature cathepsin-K resulting in the 
lower amount of CTX fragments. The controlled effect of 
pH on matrix bound cathepsin activity requires further 
investigation.

CONCLUSIONS

Within the limitations of this in vitro study, it may be 
concluded that the universal and self-etching adhesives 
can activate matrix-bound dentin proteinases in the 
demineralized dentin matrices without denaturing the 
enzymes. The universal adhesives tested in the current 
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study showed similar amount of total ICTP release 
compared to the self-etch adhesives. The release rate 
of ICTP and CTX, as well as the percentage loss of 
dry mass following the activation of these endogenous 
enzymes, may vary as a result of the different chemical 
compositions and pH values of the adhesive systems 
used.
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