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Abstract

Objectives—This study evaluated the long-term effect of carbodiimide treatments of acid-etched 

dentin on resin-dentin bond strength of a simplified etch-and-rinse adhesive system.

Methods—Forty-eight sound third molars were divided into three groups (n=16) according to the 

dentin treatment: G1: Deionized water; G2: 0.5 mol/L 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) applied for 30 seconds; and G3: 0.5 mol/L EDC applied for 60 seconds. Flat 

dentin surfaces were produced, etched with 37% phosphoric acid for 15 seconds and then treated 

with deionized water for 60s or with 0.5 mol/L EDC for 30 or 60 seconds prior to the application 

of Single Bond 2. Crowns were restored with resin composite and beam specimens were prepared 
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for microtensile testing. The beams from each group were tested 24 hours or 6 or 12 months after 

the adhesive procedures. One slab from each tooth was prepared and analyzed for nanolaekage. 

Bond strength (MPa) data were submitted to analysis of variance and Tukey test (α=0.05).

Results—The treatment of dentin with 0.5 mol/L EDC for 30 seconds (24.1±6.2 MPa) and 60 

seconds (25.5±5.1 MPa) did not negatively affect the immediate bond strength of Single Bond 2 

when compared to the control group (24.6±7.3 MPa). Additionally, EDC prevented resin-dentin 

bond degradation after 12 months in artificial saliva for both periods of treatment. An increased 

accumulation of silver ions was seen for the control group over time, while a much lower amount 

of silver grains was observed for the EDC-treated groups.

Conclusions—0.5 mol/L EDC was able to prevent resin-dentin bond degradation after 12 

months, especially when applied for 60 seconds.
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INTRODUCTION

Cross-linking agents have been reported to increase the stiffness of collagen, making it more 

resistant to degradation.1-3 These reagents link one peptide chain to another by covalent or 

ionic bonds.1,4,5 Endogenous cross-links are naturally present in collagen structure, and its 

mechanical properties depend on a highly regulated mechanism of intra and intermolecular 

cross-linking.6 Increasing the number of cross-links in dentin collagen by applying 

exogenous cross-linking solutions prior to adhesive bonding or incorporating these agents 

into adhesive systems seems to enhance dentin-resin bond durability.1,3,7,8

Degradation of resin-dentin bonds is a complex process involving the deterioration of 

inorganic and organic portions of the hybrid layer.9,10 Dentin matrix contains proteases, such 

as matrix metalloproteinases (MMPs),11-15 that are secreted as inactive proenzyme forms 

during dental development and are released and activated after acid etching during adhesive 

bonding.16 The exposed MMPs on the collagen fibrils at the base of the hybrid layer slowly 

destroy the collagen fibrils to which they are bound, causing the loss of the anchoring 

function of hybrid layers and the loss of bond strength of resin composites.17,18

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is a cross-linker that activates free 

carboxyl groups of glutamic and aspartic acids present in protein molecules19,20 to form new 

peptide bonds. It is able to react with collagen1 and to inactivate matrix-bound MMPs, even 

when applied on demineralized dentin for periods of time as short as 60 seconds.21 

Therefore, EDC may provide long-lasting adhesive bonds by inactivating MMPs16,21 and by 

increasing collagen stiffness.1

The purpose of this study was to evaluate the long-term effect of EDC applied for short 

periods of time on dentin bond strength stability over a period of 12 months. The test null 

hypothesis was that application of 0.5 mol/L EDC has no significant effect on immediate 

and long-term dentin bond strength.
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MATERIAL AND METHODS

Forty-eight sound human third molars were obtained under a protocol approved by the 

Ethics Committee of the Araraquara School of Dentistry (protocol #77/11). The occlusal 

enamel was completely removed from each tooth to obtain flat dentin surfaces using an 

ISOMET saw (Buehler Ltd, Lake Bluff, IL, USA) under water cooling. Then the smear layer 

thickness was standardized by wearing the dentin surface with 320-grit silicon carbide 

sandpaper, and the teeth were randomly divided into three groups, according to dentin 

treatment (n=16): G1: deionized water applied for 60 seconds (control); G2: 0.5 mol/L EDC 

applied for 30 seconds; and G3: 0.5 mol/L EDC applied for 60 seconds.

Bonding procedures

The dentin was etched with 35% phosphoric acid (Scotchbond etchant, 3M ESPE, St. Paul, 

MN, USA) for 15 seconds and then rinsed with deionized water for the same time. After blot 

drying, 20 μL of deionized water or 0.5 mol/L of EDC prepared in Sorensen’s buffer (pH 6) 

were applied on demineralized dentin for 30 or 60 seconds and then rinsed for 15 seconds. 

The excess of water was removed from the surface with absorbent paper prior to bonding. 

The adhesive system Single Bond 2 (Z350, 3M ESPE) was applied according to the 

manufacturer instructions, except for the dentin treatments, and photo-activated for 10 

seconds (Radii Plus, SDI Limited, Bayswater, Victoria, Australia; 1000±10 mW/cm2). A 3-

mm-high resin composite block (Z350, 3M ESPE) was built up incrementally, and each 

increment was light cured for 20 seconds using the LED curing light. The restored teeth 

were then stored in deionized water and kept in an incubator at 37°C for 24 hours.

Microtensile bond strength testing

After 24 hours in deionized water, dentin beams with a cross-sectional area of 0.81 mm2 

were obtained in a high-precision cutting machine (Isomet 1000, Buehler, Lake Bluff, IL, 

USA) using a diamond saw (ISOMET, Buehler Ltd) under water cooling. One-third of the 

beams from each tooth were tested 24 hours after the bonding procedures. The remaining 

specimens were storage in 3 mL of artificial saliva at 37°C for 6 or 12 months before the 

microtensile test. The artificial saliva pH was monitored periodically to ensure that no 

significant changes occurred. The cross-sectional area of each beam was individually 

measured (Model 500-144B, Mytutoyo South America Ltda, SP, Brazil) and the beam fixed 

to a testing device with cyanoacrylate glue (Super Bond Gel, Henkel Loctile, São Paulo, SP, 

Brazil) and subjected to the microtensile strength test in a mechanical testing machine (DL-

Digital Line, EMIC, Parana, Brazil) equipped with a 100-N load cell running at a crosshead 

speed of 1.0 mm/min. Immediately after testing, the debonded halves of each beam were 

dried and stored in closed receptacles at room temperature until analysis of the fracture 

pattern using a stereomiscroscope (Carl Zeiss, Oberkochen, Germany) at approximately 50x 

magnification. Failures were classified as cohesive in resin or dentin, adhesive or mixed.

Nanoleakage analysis

In each group, four 0.9-mm-thick slabs were randomly selected and immersed in 50 wt% 

ammoniacal AgNO3 solution (pH 9.5) in darkness for 24 hours according to the protocol 

described by Tay and others.22 After immersion in the tracer solution, followed by rinsing in 
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deionized water for 5 minutes, the slabs were immersed in photodeveloping solution for 8 

hours under a fluorescent light to reduce silver ions into metallic silver grain. The silver-

stained specimens were polished with silicon carbide sand-paper with different grits (400, 

600, 1200, 2400 and 4000). Then they were cleaned, mounted on aluminum stubs, and 

placed in a desiccator for 24 hours. Digital images were obtained using scanning electron 

microscopy (SEM; XL-30 FEG, Philips, Eindhoven, The Netherlands) with a back-scattered 

electron detector at 10 kV at 2500X magnification.

Statistical analysis

Bond strength recorded for specimens obtained from the same tooth were average in such a 

way that the tooth was used as the statistical unit of the study. Premature failures (failures 

that occurred before testing) were included in the computation of the mean as zero (0 MPa). 

Two-way analysis of variance (ANOVA) and Tukey tests were applied to analyze the effect 

of dentin treatment and storage period on microtensile bond strength (MPa). The 

significance level was 5% for all analyses. Failure mode and nanoleakage data were 

analyzed descriptively.

RESULTS

Microtensile bond strength

The ANOVA test showed a significant effect of dentin treatment (p=0.001) and interaction 

between dentin treatment vs storage period (p=0.041). No significant effect was detected for 

storage period (p=0.653). Bond strength data (MPa) are shown in Table 1 as mean and 

standard deviation. No statistically significant difference was observed among the immediate 

bond strength of Single Bond 2 after the treatment of dentin with deionized water (control) 

or 0.5 mol/L EDC 30 or 60 seconds. After 6 months in artificial saliva, significant bond 

strength decrease was observed only for the control. Bonds made to EDC-treated dentin 

showed bond strength values that were significantly higher than 6-month controls when 

EDC was applied for 60 seconds. The beams treated with deionized water (control) and 

stored for 12 months showed a significant reduction in bond strength when compared to that 

observed after 24 hours. The dentin treated with EDC for 30 or 60 seconds presented no 

statistically significant decrease in bond strength of Single Bond 2 after 12 months of 

artificial saliva storage. However, at the 12-month storage period, higher mean bond strength 

was seen for EDC-treated dentin at 60 seconds.

Failure modes and nanoleakage analysis

The distribution of failure modes is given in Table 2 as absolute values and percentage of 

occurrence within the group. The largest percentages of failures involved the interface, 

adhesive, and mixed fractures. Premature failures were observed in all groups and increased 

as a function of storage period. EDC seems to not influence resin-dentin bond failure mode.

Representative SEM photomicrographs of silver nanoleakage in adhesive bonds created by 

Single Bond 2 on dentin surfaces treated with water (control group) or 0.5 mol/L EDC for 

30 or 60 seconds and stored for 24 hours, 6 or 12 months at 37°C are presented in Figure 1. 

SEM images revealed the presence of silver deposits in all groups and storage periods. The 

Scheffel et al. Page 4

Oper Dent. Author manuscript; available in PMC 2017 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specimens analyzed 24 hours after the bonding procedures showed small silver 

accumulation. In the control group, a gradual increase in nanoleakage was observed over 

time. However, the groups treated with EDC for 30 or 60 seconds showed much lower 

amounts of silver nanoleakage, even after 12 months in the artificial saliva. All the SEM 

images exhibited the presence of polyalkenoic acid copolymer globules in the adhesive layer 

of Single Bond 2, indicating the occurrence of phase separation.

DISCUSSION

Collagen fibrils in mineralized dentin are protected from hydrolytic and enzymatic 

degradation by hydroxyapatite crystals. However, after acid etching, collagen fibrils become 

uncovered, and their bound proteases (MMPs and cathepsins) are activated23 to cleave 

unprotected collagen, resulting in decrease in long-term bond strength,24 as was observed in 

the control group of this study.

In order to reduce the activity of these proteases and preserve the integrity and durability of 

the adhesive interfaces, chlorhexidine (CHX) has been used as a nonspecific MMP18,24-28 

and cathepsin29 inhibitor. However, chlorhexidine is highly water soluble and may be 

leached from the hybrid layer, compromising its antiprotease efficacy.24 The use of cross-

linking agents instead of CHX has the advantage of inactivating endogenous MMPs21,30 and 

simultaneously increasing collagen mechanical properties1 by creating covalent cross-links 

that are stable over time.

The biomodification of collagen by extrinsic cross-linkers can induce the formation of 

additional inter and intramolecular cross-links,31,32 increasing the ultimate tensile strength 

and elastic modulus of demineralized dentin.33,34 Cross-linking agents such as 

proanthocyanidins, glutaraldehyde, and tannic acid are able to7,35 improve immediate resin-

dentin bond strength after one hour of treatment, an observation that was not seen in our 

results. However, we used much shorter periods of treatment. The present study showed that 

0.5 mol/L EDC applied on dentin for short periods of time, such as 30 and 60 seconds, was 

capable of preventing resin-dentin bond degradation after up to 12 months of aging in 

artificial saliva. These results require partial rejection of the tested null hypothesis. These 

findings agree with those of Mazzoni and others,36 which showed that the application of 0.3 

mol/L EDC on demineralized dentin produces long-term inactivation of MMPs, contributing 

to bond strength preservation over time.

To degrade the organic matrix of dentin, MMPs must link their narrow binding sites37 to the 

substrate and unwind collagen molecules,38-40 culminating in collagen peptides cleavage. 

However, the treatment of demineralized dentin with cross-linking agents makes collagen 

more difficult to unwind, preventing the degradation by MMPs. EDC activates the free 

carboxylic groups of glutamic and aspartic acids present on collagen1 and MMPs 

structures.21 It increases collagen stiffness and inactivates MMP activation sites.21 

Additionally, the cross-links created by EDC may reduce the mobility of these enzymes.

Single Bond 2 is a two-step etch-and-rinse adhesive system that contains hydrophilic resin 

monomers to enhance the adhesive wetting properties and avoid phase changes observed 
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when hydrophobic monomers are added to water.41 Therefore, these adhesives have a high 

water affinity42,43 that favors their degradation.42 Over time, it is thought that infiltrated 

resins are extracted from dentin matrix44,45 and that uninfiltrated collagen fibrils are 

hydrolyzed and replaced by water.46 The silver nanoleakage protocol fills water spaces with 

silver nitrate that is later photoreduced to silver grains that can be analyzed by SEM.22 After 

6 and 12 months in artificial saliva, the control showed higher silver accumulation compared 

to the EDC-treated groups. These results indicate that there was a greater degradation of the 

hybrid layer in the control group. Conversely, the cross-linking agent applied for 30 and 60 

seconds on etched dentin was able to prevent the increase in nanoleakage.

Bond strength data and nanoleakage images showed that the treatment of demineralized 

dentin with EDC could be a simple, practical, and clinically applicable method to reduce 

collagen degradation in the hybrid layer, being an efficient alternative to make resin-dentin 

bonds more durable. How much of the increase in durability is due to cross-linking of 

collagen vs collagen-bound MMPs and cathepsins is unclear. Further studies are needed to 

better understand the effects of EDC application in vitro and to demonstrate its efficacy in 
vivo.

CONCLUSION

The treatment of acid-etched dentin with 0.5 mol/L EDC prior to bonding procedures was 

able to prevent resin-dentin bond degradation after up to 12 months especially when applied 

for 60 s.
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Clinical significance statement

Topical treatments of etched dentin with 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) increase resin-dentin bond stability and may provide better quality 

and durability to adhesive restorations. EDC used in short periods of time is able to 

prevent the degradation of the hybrid layer over time and produce long lasting resin-

dentin bonds.
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Figure 1. 
SEM photomicrographs of adhesive bonds created by Single Bond 2 on dentin surfaces 

pretreated with water (control group) or 0.5 mol/L EDC for 30 or 60 seconds and stored in 

artificial saliva for 24hours or 6 or 12months. The zone between white filled arrows 

represents the hybrid layer (HL). ⇧ shows silver deposits in the HL, and ✩ shows 

polyalkenoic acid copolymer globules. AL, adhesive layer; D, mineralized dentin; CR, 

composite resin; DT, dentin tubule. Magnification 2500X.
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Table 1

Bond strength (MPa) of Single Bond 2 to dentin after treatment with 0.5 mol/L EDC for 30 or 60 seconds and 

storage in artificial saliva for up to 12 months.A

Dentin Treatment Storage Period

24 hours 6 months 12 months

Water (control) 24.6 ± 7.3 AB 21.1 ± 3.8 CD 18.5 ± 6.5 D

EDC 30 s 25.1 ± 6.2 AB 22.3 ± 4.8 BC 21.2 ± 4.7 BD

EDC 60 s 26.7 ± 5.1 A 25.9 ± 4.6 A 27.9 ± 7.2 A

A
Numbers are mean±standard-deviation, n=16. Groups identified by the same letter are statistically similar (Tukey test, p>0.05).
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Table 2

Distribution of failure types.

Dentin Treatment Storage Period

24 h 6 mo 12 mo

Water (control) A=64 (88.9); M=1 (1.4); RC=1 (1.4); 
DC=1 (1.4); PF=5 (6.9)

A=47 (83.9); M=3 (5.4); PF=6 
(10.7)

A=67 (82.7); M=2 (2.5); RC=1 (1.2); DC=1 
(1.2); PF=10 (12.3)

EDC 30 s A=78 (95.1); M=1 (1.2); DC=2 (2.4); 
PF=1 (1.2)

A=57 (75.0); M=15 (19.7); 
PF=4 (5.3)

A=76 (82.6); M=3 (3.3); RC=3 (3.3); DC=2 
(2.2); PF=8 (8.7)

EDC 60 s A=68 (95.8); DC=2 (2.8); PF=1 (1.4) A=59 (83.1); M=8 (11.3); 
PF=4 (5.6)

A=63 (78.8); M=4 (5.0); RC=1 (1.3); DC=5 
(6.3); PF=7 (8.8)

Abbreviations: A, adhesive; M, mixed; CR, cohesive in resin; CD, cohesive in dentin; PF, premature failure. Values represent the absolute 
frequency (percentage of total specimens in the group).
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