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Abstract 
 
The primary aim of this study was to evaluate the effect of 1-ethyl-3-(3-dimethylamino-propyl) 

carbodiimide (EDC) on endogenous enzymatic activity within radicular dentin and push-out bond 

strength of adhesively luted fiber posts, at baseline and after artificial aging. Additionally, the effect 

of different cementation strategies on endogenous enzymatic activity and fiber post retention was 

evaluated. The experiment was carried out on extracted human premolar teeth, following 

endodontic treatment and fiber post cementation with different strategies. Briefly, 3 cementation 

strategies were performed: resin cement in combination with etch-and-rinse (EAR) adhesive 

system, resin cement in combination with self-etch (SE) system and self-adhesive (SE) cement. 

Each of the mentioned strategies had a control and experimental (EDC) group in which root canal 

was irrigated with 0.3M EDC for 1 minute. The push-out bond strength test was performed 24h 

after cementation and after 40.000 thermocycles. In order to investigate the effect of EDC and 

different cementation strategies, in situ zymography analyses of the resin-dentin interfaces were 

conducted. Analysis of variance (ANOVA) was performed to examine the effects of the dependent 

variables (“EDC pretreatment”, “root region”, “artificial aging” and “cementation strategy”) on 

push-out bond strength. Kruskal-Wallis one way analysis of variance and pairwise multiple 

comparison procedures (Dunn's Method) were used to analyze the data obtained from in situ 

zymography analysis. Statistical analyses were conducted with the software Stata 12.0 (Stata Corp, 

College Station, Texas, USA) and the significance was set for p<0.05. The statistical analysis 

showed that the variables “EDC”, “root region” and “artificial aging” significantly influenced fiber 

posts’ retention to root canal. The highest values were observed in coronal third. The mean values 

observed after artificial aging were lower when compared to baseline, however EDC was effective 

in preserving bond strength. The level of enzymatic activity varied between the groups, with highest 

activity observed in SA groups, and lowest in EAR groups. EDC had a beneficial effect on silencing 

the enzymatic activity. Within the limitations of the study, it was concluded that the choice of 

cementation strategy did not influence posts’ retention, while EDC contributed to the preservation 
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of bond strength after artificial aging and reduced enzymatic activity within radicular dentin. In 

vivo trials are necessary to confirm the results of this in vitro study.  

Key words: cross-linker, radicular dentin, adhesion, enzymatic activity  
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Introduction 
 

Teeth that have undergone root canal therapy are usually characterized by massive loss of 

coronal and/or radicular dental tissues, which makes them prone to fracture and can eventually 

result in tooth loss, causing patient’s dissatisfaction and difficulties in mastication. The material of 

choice which is indicated for luting of fiber posts is resin cement. Currently, 3 different cementation 

strategies can be used during luting procedures: etch-and-rinse (EAR), self-etch (SE) and self-

adhesive approach (SA). The first two groups of cements rely on the use of adhesive systems and 

formation of hybrid layer (HL) - a structure responsible for maintaining the integrity of resin-based 

restorations. Despite the great progress in the filed of adhesive dentistry and improved 

characteristics of resin cements, clinical failure in the form of post debonding still occurs. Failure of 

the post-retained restoration can happen due to the degradation of the HL during which endogenous 

dentinal enzymes, such as matrix metalloproteinases (MMPs), play an important role. In attempt to 

overcome this failures, using cross-linking agents and MMPs inhibitors, among which is 1-ethyl-3-

(3-dimethylamino-propyl) carbodiimide (EDC), can be an interesting approach in preserving resin-

dentin integrity. So far, promising results have been obtained when using EDC on coronal dentin, 

however the literature seems to lack information of the EDC effect within radicular dentin when 

using different adhesive protocols.  

Therefore, the aim of this research was to investigate the effect of EDC on push-out bond 

strength between fiber posts/resin cements and radicular dentin, at baseline and after artificial aging. 

Furthermore, the influence of EDC and different resin cements on endogenous enzymatic activity 

within radicular dentin was assessed.  
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Literature overview 
 
 

Bonding within the root canal space 
Smear layer 

The aim of root canal treatment is to eliminate bacteria and infected dentine from within the 

root canals by means of chemo-mechanical preparation. (1) Similarly to the cutting of coronal 

dentin by rotary instruments, smear layers are formed on the surfaces of radicular dentin during 

cleaning and shaping of canals, as well as during preparation for fiber post placement. (2) The 

creation of smear layer during instrumentation of root canal space is inevitable and its thickness 

depends the type and sharpness of the endodontic instruments as well as on the degree of dentin 

moisture. (3) Generally, endodontic smear layers consist of 1-2 μm thick superficial layers of 

organic and inorganic substances that include fragments of odontoblast processes, microorganisms 

and necrotic material. These structures are organized into globular aggregates that have 0.05-1 μm 

diameter. (4) Their small diameter enables them to be packed into the orifices of dentinal tubules, 

consequently forming smear plugs. The question whether and how to remove smear layer has been 

widely discussed in the past, and several considerations regarding the properties of this structure 

should be mentioned.           

Firstly, the thickness and volume of the smear layer if difficult to predict.  It usually contains 

bacteria and their products, as well as necrotic tissue which can be a favorable substrate for the 

development of infection. Furthermore, it may limit the penetration of disinfecting agents and 

compromise the formation of adequate seal during obturation of root canals. Lastly, it can adversely 

influence the bond strength between resin-based dental cements and walls of radicular dentin. (5) 

In attempt to remove smear layers, several strategies have been suggested and are being used in 

clinical settings nowadays. The most commonly method of smear layer removal is by applying 

chemical agents inside the root canal space. (5) Special attention has been given to studying the 

effect of sodium-hypochlorite (NaOCl) and calcium-chelating agents such as 

ethylendiaminetetaacetic acid (EDTA) on smear layer removal and their potential effect on 
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radicular dentin. Most clinicians use the protocol which combines the joint effect of NaOCl and 

EDTA. (6) NaOCl is a well-known deproteinizing and antibacterial agent that has the ability to 

dissolve the necrotic tissue (7) and organic components of smear layers (8). During irrigation of 

canals, it is applied in concentrations varying from 0.5% - 6.15%. (9) On the other hand, 17% 

EDTA solution leads to the demineralization of the inorganic components of dentin via calcium-

chelation. (10) The use of scanning electron microscopy (SEM) has enabled the evaluation of 

cleanliness of the apical, middle and coronal third of root canal walls following NaOCl/EDTA 

irrigation. (11, 12) In general, there is a tendency of decrease of  canal  walls’ cleanliness from 

coronal to apical part (13), and the introduction of active irrigation techniques may enhance the 

removal of smear layers. (14) 

The biggest concern raised when using combination of these two irrigants is the risk of 

erosion of the underlying radicular dentin which is intact.  (15) Studies have been conducted in 

order to investigate the effect of time exposure and different concentrations of NaOCl and EDTA 

on the structural integrit of mineralized dentin. (8) A recent study found that 3-5% NaOCl followed 

by final irrigation of 8-17% EDTA causes minor changes in the relative proportions of Ca and P, 

leading to minimal erosion of radicular dentin and can be recommended in clinical practice. (16) 

 

Permeability of radicular dentin 

The permeability of radicular dentin depends on the thickness of dentin, the density of its 

tubules and diameter of the tubules. The density of dentinal tubules can vary from 42.000 

tubules/mm2 for coronal to as low as 8.000 tubules/mm2 for the apical part. (17) This number can 

change, depending also on the curvature of the roots. (18) The apical third of the root, close to the 

apex, is the region showing most variability in morphology and is usually composed of accessory 

canals, irregular secondary dentin and sometimes cementum-like tissue. (19) Overall, the various 

morphology found in radicular dentin can lead to different responses to the same etching procedures 

and, consequently, unequal infiltration of resin cements.  
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Differently from the coronal dentin, bonding to radicular dentin is less influenced by dentin 

permeability due to the following reasons: (1) no pulpal pressure is present in the canal space after 

endodontic therapy; (2) the existence of an intact cementum layer; (3) during root canal shaping and 

post space preparation, progress is made from deep radicular towards superficial root dentin. (20) 

However, the creation of the smear layer and smear plugs on the root canal walls’ surface can 

adversely affect the expected increase in dentin permeability which is created by enlarging the 

intracanal space and by decreasing the thickness of dentin during instrumentation. It is worth 

mentioning that a promising effect on increasing dentin permeability has been achieved by applying 

NaOCl and EDTA on radicular dentin surface. (21, 22)  

 

Aspects related to resin polymerization within root canals 

After being subjected to root canal shaping, endodotically treated teeth are usually 

characterized by massive loss of coronal and/or radicular tissue. (23) Fiber reinforced composite 

(FRC) posts have gained great popularity in restoring structurally compromised teeth since they 

performed equally well when compared to traditional metal posts in clinical trials. (24, 25) Besides 

their main indication which is to provide an adequate retention for the coronal restoration, attempts 

have been made to use FRC posts as  intraradicular reinforcing material in order to provide higher 

fracture resistance with less catastrophic failures. (26-29) 

Unlike metal posts which can be cemented using traditional zinc phosphate cement (30), 

resin cements are considered to be the material of choice for luting of FRC posts. (31) Since the 

geometry and configuration of root canals is different than coronal cavities, several aspects related 

to polymerization difficulties of resin cements should be considered.  

One of the greatest concerns during polymerization of resin-based dental materials is 

polymerization shrinkage. (32) The geometry of cavity influences the ease of stress relief during the 

pre-gelatin phase and is expressed as the ratio of the areas of the bonded to the unbounded cavity 

surfaces (C-factor). (33) It was reported that for direct composite restorations placed in coronal 
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cavities, C-factor higher than 3 can cause debonding and leakage. (34) On the other hand, C-factors 

found within root canal spaces have much higher values and can be over 200. During 

polymerization procedures, the shrinkage stress relief of resin-based materials is possible due to the 

presence of large unbonded or freely shrinking surfaces. If the unbonded surface areas are small, 

there is insufficient stress relief via resin flow and a high probability to cause debonding of the 

luting material from the intra-radicular dentin. (35) Bearing in mind the specific nature of root canal 

geometry and that avoiding the development of large contraction stress during the curing procedure 

is practically impossible, polymerization shrinkage can be controlled by rheological properties of 

luting materials – which is a direct consequence of its filler content. (36)  

Another problem related to the anatomy of root canal is its narrow diameter which, 

consequently, reduces the penetration of light in deeper intracanal areas, as the distances increases 

from the light source. (37) The risk of incomplete polymerization is increased when resin cements 

are placed deeper than 4 or 5 mm due to the restricted transmission of light. (38) For the mentioned 

reasons, is it advisable not to use light curing resin cements during FRC post cementation, and 

instead use dual-cure materials. However, even when using dual-cure cements it is generally 

recommended to light-cure them since it was found that in some cases it can influence bond 

strength between the cement and dentin. (39) 

Different from using self-adhesive cements, multi-step resin cements require application of 

adhesive system (with or without acid etching, as discussed in other sections) which allow resin 

penetration into radicular dentin. This is an important consideration, since the use of simplified 

adhesives for bonding to radicular dentin may further raise the question of incompatibility between 

the acidic resin monomers that are resident in the oxygen inhibition layers of these adhesives, and 

the binary peroxide-amine catalysts that are employed in dual-cured resin cements. (40, 41) 

Nowadays, this problem is usually taken care of by the manufacturers. Dual-cure adhesive versions 

are available in which tertiary catalysts such as sodium benzene sulphinate are used to offset the 
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acid-base reaction between the acid monomers and the basic amines along the composite-adhesive 

interface. (42) 

Lastly, remnants found on root canal walls after post space preparation can negatively affect 

the polymerization of resin cements. An example would be the influence of eugenol-based sealers 

on bond strength of adhesively luted FRC posts. Eugenol (4-allyl-2-ethoxyphenol) is a phenol 

component sometimes added to endodontic sealers and can cause delayed polymerization reaction. 

(43) A recent systematic review with meta-analysis investigated the effect of eugenol-based sealers 

on push-out strength of FRC posts, and the following conclusions were drawn: (1) eugenol-based 

sealers reduce the immediate push-out bond strength of FRC posts luted to the root canal with resin 

cements; (2) the bond strength of all types of adhesive systems was influenced; (3) bond strength of 

all types of dual-cure resin cements was influenced. (44) Therefore, root canal obturation with this 

group of sealers is not recommended, if  cementation of FRC post with resin cements are further  

indicated for the reconstruction of the tooth.  

 

Hybrid layer and adhesive systems 
 

Resin-based dental composites are the most commonly used restorative materials in 

everyday dental practice due to their good mechanical and esthetic characteristics and handling 

properties. (45-48) In order to achieve long term bonding to enamel and dentin, composite materials 

require the use of adhesive systems. (49) Based on their interaction with the smear layer and 

number of steps used during bonding procedures, dental adhesives can be classified into etch-and-

rinse (EAR) systems (3- and 2-step) and self-etch (SE) systems (2- and 1-step). (50, 51)  

The application of the adhesive system (either EAR or SE) on dentin surface results in the 

formation of hybrid layer, a structure that is composed of demineralized collagen fibrils reinforced 

by resin matrix. (52) Etch-and-rinse systems are the oldest adhesives in the evolution of dentin 

bonding agents. When supplied in the 3-step version, they involve acid-etching with phosphoric 

acid, priming and application of a separate adhesive. In the 2-step version, after acid-etching, dentin 
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is simultaneously primed and bonded since the hydrophilic primer and the hydrophobic resin are 

blended in one solution. (50) On the other hand, simplified self-etch adhesives do not require 

separate etching step with phosphoric acid. They either come as two- or one-step adhesives, 

depending whether the self-etching primer and the adhesive resin are provided separately or 

combined into one single solution. Simplified adhesives are composed from acidic monomers that 

simultaneously condition and prime dentin, through a partially dissolved smear layer.  Since they do 

not include a separate etching step, the initial substrate for one-step self-etch adhesive systems is 

mineralized dentin. (51, 53) Generally speaking, thicker hybrid layers are observed when using 

EAR adhesive systems when compared to SE systems. (54) However, thicker hybrid layers do not 

necessarily mean higher bond strengths, since both adequate immediate bond strength and good 

clinical behavior was observed when using SE systems. (55-58) Interestingly, neither EAR or SE 

adhesive systems are able to prevent the phenomenon of nanoleakage - the diffusion of small ions 

or molecules within the hybrid layer in the absence of gap formation. (59, 60)  

Unlike self-adhesive resin cements which do not form a typical hybrid layer (as discussed in 

other Chapter), multi-step or conventional resin cements rely on the application of adhesive system, 

and therefore, a true hybrid layer is formed when using this group of cements for luting procedures. 

Adhesive cementation of FRC posts can be achieved using also multi-step resin cements, which are 

modified composite resins with a higher fluidity to improve flow during cementation. (61, 62) 

Multi-step resin cements require more chair-side time and clinical steps compared to self-adhesive 

ones, due to the dentin pretreatment which is necessary when using these cements. Also, they are 

considered to be more technique-sensitive than self-adhesive cements. Although conventional resin 

cements are more technique sensitive, because they require  adhesive cements, these cements are 

more capable of interpenetrating the demineralized dentin substrate. (63, 64) Since details about 

classification of resin cements based on their polymerization method is explained in the previous 

Chapter, a brief overview of comparison between self-adhesive and multi-step cements in bonding 

performance will be given. A recent systematic review and meta-analysis investigated the data from 
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laboratory studies that assessed the adhesion performance of indirect restorations to dentin of two 

different resin cement types: conventional and self-adhesive. The overall results of this article 

reported that the conventional adhesive approach (resin cement applied in combination with an 

adhesive system or primer agent) tends to promote higher immediate- and long term bond strength 

of indirect coronal restorations to dentin. (65) On the other hand, another systematic review 

revealed that self-adhesive cements seem to improve the retention of FRC posts to radicular dentin 

when compared to multi-step resin cements. (66)  

 

Degradation of resin-based interfaces 
 

The application of adhesive systems, whether EAR or SE, results in incomplete 

hybridization of dentin substrate, leaving unprotected collagen fibrils surrounded with water on the 

bottom of the hybrid layer. (67) Two important aspects, described in the following sections, should 

be taken into consideration for better understanding of processes that lead to degradation of resin-

based restorations. 

Resin degradation 

Two main mechanisms are considered to be responsible for HL degradation: the 

disintegration and solubilization of collagen fibers and the hydrolysis and leaching of the adhesive 

resin material from the interfibrillar spaces. The most important reason for resin degradation 

between the hybrid layer is hydrolysis. (68) In an attempt to overcome this problem, contemporary 

adhesive systemts contain a mixture of hydrophilic resin monomers, such as two-hydroxyethyl 

methacrylate (HEMA),in diluents and organic solvents, usually water, ethanol or acetone. These 

hydrophilic resin monomers are important for infiltration of the adhesive systems through the wet 

and demineralized dentin causing the hybridization of the adhesive with the substrate. (69) Still, the 

mentioned hydrophilic resin monomers in adhesives formulations cause high water sorption by the 

resin systems and generate a HL that behaves as a pours membrane after polymerization, which 

permits moving of water throughout the bonded interface. (70) 
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The penetration of water into the hydrophilic domains of the adhesive enables the leaching 

of the solubilized resin material. Consequently, resin-infiltrated collagen matrix is solubilized and is 

slowly leached-out, the underlying insoluble collagen fibrils become exposed and become prone to 

attack by enzymes, such as matrix metalloproteinases (MMPs). (71) Furthermore, the presence of 

residual water in the pretreated (etched) dentin can decrease the polymerization of the adhesive 

monomers which further leads to the increased permeability of the adhesive layer. (72) Even though 

great advances have been made in the field of adhesive dentistry, all adhesives show variable 

degrees of incomplete polymerization that correspond to the extent of fluid movement throughout 

the adhesive layer. (49)  

Finally, long-term exposure of resin-based restorations to masticatory forces and repeated 

changes in temperature and pH which are present in oral cavity may cause deformation of 

restorative materials (contraction and expansion), affecting resin-dentin interface and allowing 

penetration of oral fluids. (73) The infiltration of water molecules into the hydrophilic domains of 

resin-infiltrated matrix collagen matrix can become trapped during the process of 

photopolymerization. This “trapped” water can further enhances the hydrolysis of collagen and 

resin polymers, accelerating degradation by abrading the surface, and allowing entrance of both 

water and salivary enzymes, that can accelerate ester bond hydrolysis, leading to the failure of the 

adhesive interface. (71, 74) 

 

Degradation of the collagen scaffold/fibers and the role of matrix metalloproteinases 

One of the pioneers in explaining collagen degradation over time even in aseptic conditions 

was Pashley et al., who suggested that this phenomenon occurs due to the endogenous enzymes. 

(75) The most widely studied group of enzymes which are considered responsible for resin-dentin 

degradation are MMPs and cysteine cathepsins. In order to understand MMPs mechanism on 

degradation of HLs as well as hybridization process that occur during adhesive procedures, a short 

overview of dentin’s structure should be given. Dentin is a collagen-based mineralized tissue 
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consisting of inorganic apatite crystallites embedded in an extracellular matrix. Type I collagen is 

the main component of the ECM compartment of dentin, representing up to 90% of the organic 

material. (76) In addition, several proteins, collectively referred to as noncollagenous proteins, 

constitute approximately 10% of the matrix. The noncollagenous dentin proteins include 

proteoglycans, phospholipids, and enzymes. (71, 77) The composition of dentin can vary in 

different areas of the tooth, depending on its proximity to the pulp tissue, as well as whether the 

matrix is demineralized or caries affected/infected.  These differences can have an effect on the 

mechanical properties of dentin, as well as the success of bonding to dentin. (78, 79) A collagen 

molecule is composed of three  α-chains, two  α-1and one  α-2 chain intertwined into a left-handed 

triple helix. (80) Collagen chains have 3 main domains: a central triple helical region (>95%), a 

non-helical amino terminal (N-telo peptide) region and a car-boxyterminal (C-telopeptide) region. 

(81) These peptide chains organize unsoluble collagen fibers by aggregating and stacking in 

parallel. These collagen fibers contain a 67 nm gap between the adjacent collagen molecules, and 

are further organized in bundles. (71) During dentin maturation, apatitic mineral crystallites 

precipitate and inactivate enzymes that are present in the extracellular matrix and were active during 

the dentinogenesis. (77, 82) Interestingly, dentinal collagen can withstand adhesive procedures that 

would otherwise destroy the structure of the dermal collagen. (71) However, it is important to 

underline that dentin over-etching with phosphoric acid (etching longer than 15s) may lead to 

structural changes in collagen molecules and therefore it is important to limit etching time to not 

more than 15s. (83) 

MMPs are endogenous Zn2+- and Ca2+-dependent enzymes, capable of degrading almost all 

extracellular matrix components. In human species, the MMPs family consists of 23 members, 

classified into 6 groups based on substrate specificity and homology. (84) MMPs are typically 

present as inactive enyzmes in dentin, and the pro-domain requires to be dissociated from the 

catalytic one in order to be activated. (82) In their non-active form MMPs, the unpaired cysteine in 

the pro-domain forms a bridge with the catalytic zinc (known as “cysteine switch” mechanism), 
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preventing enzymatic activity and acting as a ligand for the catalytic zinc atom in the active site, 

excluding water molecules and rendering the enzyme inactive. (85) Moreover, tissue inhibitors of 

MMPs have an important role in the local control of MMP activities in tissues, and represent the 

main inhibitors of MMPs. The MMPs inhibitor family consists of 4 members that all together 

inhibit MMP activities and prevent breakdown of extracellular matrix. (86)  

The most abundant MMP in human dentin is MMP-2, followed by MMP-9. The gelatinases 

MMP-2 and -9 are not considered to be true collagenases. Yet, they are crucial for the process of 

collagen degradation. The presence of other enzymes such as collagenase MMP-8, stromelysin-1, 

MMP-3 and MMP-20 that have been discovered in dentin using different methods. (71) 

True collagenases such as MMP-1, -8, -13, -18 are not capable of cleaving intact collagen 

molecule at the cleavage site, because of the collagen molecule orientation and the position of the 

C-terminal end, which blocks access to the peptide bonds. (87) Gelatinases, that belong to the large 

group of telopeptidases, can remove blocking C-terminal telopeptides, allowing access to the true 

collagenases. Consequently, collagenases can come in contact with the collagen at the cleavage site, 

turning it into fragments: a 3/4 N-terminal and a 1/4 C-terminal fragment. Removal of the 

telopeptides also eliminates the C-terminal cross-links, most likely making the collagen more prone 

to non-specific degradation. (71) 

As previously explained, when the dentin is mineralized, its proteases remain structurally 

stable and inactive. (67) One of the first studies that investigated the influence of application of 

EAR and SE adhesive systems on MMP-2 and MMP-9 activity by means of gelatin zymography 

was carried out by Mazzoni et al. (2013). (88) Briefly, the authors mixed dentin powder of sound 

human teeth with different brands of EAR or SE adhesives, after which the adhesives were rinsed 

off with acetone. The treated dentin powder was then subjected to zymographic analysis in 

accordance with the previously established protocol. (89) Interestingly, the activity of MMP-2 and -

9 after treatment with either EAR or SE adhesives were adhesive-dependent. Likewise, with SE 

systems, the exposure of matrix-bound MMPs was followed by increased activity, but sometimes 
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showed reduced level of activation. To sum up, the authors concluded that there was direct evidence 

of increased MMP-2 and -9 activities following adhesive application, regardless of the adhesive 

system used (EAR or SE). (88) Another interesting approach using in situ instead of only using 

gelatin zymography was suggested by the same groups of authors. This study was one of the firsts 

to evaluate the activity of endogenous proteases of the HL by means of in situ zymography, 

showing obvious gelatinolytic activity within HLs created with a two-step EAR adhesive. (90)  

 

Strategies for preservation of the HL  
 

As introduced before, degradation of collagen fibers and hydrophilic resin components lead to 

degradation of the hybrid layer and can cause the loss of dentin bond strength over time. Currently, 

the literature suggests two distinct methods of preserving HLs (53, 71, 91): 

1. inhibition of enzymatic activity (mostly referring to MMPs activity) 

2. increasing the collagen resistance to degradation 

 

Inhibition of the enzymatic activity 
 

The inhibition of endogenous collagenolytic activity can be achieved by chelating 

mechanisms, considering the fact that the activity of the MMPs is dependent on the metal ions that 

can be chelated. (71) The most studied MMPs inhibitor is chlorhexidine (CHX) which, apart from 

having antimicrobial effect, increased the longevity of HL in in vitro studies. (89, 92, 93) A recent 

review by Josic et al. (2021) critically discussed the clinical trials in which CHX was used as a 

therapeutic primer in order to obtain superior clinical behavior of resin-dentin restorations. (53) The 

following sections will consider the findings of the review, mechanism of action and potential 

benefits of using CHX in clinical settings.  

Up to this date, 6 clinical trials investigated the effect of CHX pretreatment on clinical 

performance of composite restorations. (94-99) Only one out of six trials investigated the effect of 
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CHX on class II cavities of posterior teeth (97), while the rest of the studies applied CHX within 

non-carious cervical lesions (NCCLs). The details of these studies are presented in Table 1.  

Table 1: Overview of the clinical studies that investigated the effect of CHX on clinical 

performance of composite restorations 

 
Author, year, 

location 

 
Study 
design 

Groups and 
number of 

restorations 
placed 

 
CHX 

application 
details 

 
Adhesive system 
/ composite resin 

 
Outcome 

 
 
 

Neimar Sartori, 
2013, 
Brazil 

 
 
 

CT; split-
mouth; 

single blind 

 
 

2 groups: 1) 
CHX group; 2) 
control group. 
70 restorations 

(n=35 CHX 
group, n=35 

control group) 
 

 
 
 

2% CHX 
solution scrubbed 
on dentin surface 

for 30 s 

Two-step etch-and 
rinse adhesive 
system (Adper 
Single Bond 2, 
3M ESPE, St. 

Paul, MN, USA) 
+ 

nanofilled 
composite (Filtek 
Supreme XT, 3M 

ESPE) 

 
No difference in 
the restoration 
retention and 
failure rates 
between the 
CHX and the 

control groups, 
up to 36 months 

of follow-up 

 
 
 
 
 
 
 

Maristela 
Dutra-Correa, 

2013, 
Brazil 

 
 
 
 
 
 

 
CT; split-

mouth; 
single blind 

 
 
 
 

4 groups: 1) XP 
Bond; 2) XP 

Bond + CHX; 3) 
Xeno V 

adhesive; 4) 
Xeno V adhesive 

+ CHX; 120 
restorations 

(n=30 per each 
group) 

 
 
 
 
 
 
 

2% CHX 
solution applied 
with microbrush 

for 20 s 

Two-step etch-
and-rinse adhesive 

XP 
Bond (XPB, 

Dentsply Caulk; 
Milford, DE, 

USA) + hybrid 
composite 

EsthetX (Dentsply 
Caulk); 

One-step self-etch 
adhesive Xeno V 
(XEN, Dentsply 

DeTrey; 
Konstanz, 

Germany) + 
hybrid composite 

Esthet-X 
(Dentsply Caulk) 

 
 
 
 

 
The application 
of CHX prior to 

the dentin 
adhesive did not 
influence the 6- 
and 18-months 

clinical outcome 
of the two 
adhesives 

 
 
 
 
 
 
 
 

M.S.R.G. 
Araujo, 2015, 

 
 
 
 
 
 
 
 

RCT, split-
mouth 

 
 
 

4 groups: 1) 
Clearfill SE 

group (CSE); 2) 
CSE+CHX 

group; 3) AdhSE 
group (ADS); 4) 

ADS + CHX 

50 mL of 20% 
CHX digluconate 
was incorporated 
into to 950 mL of 

the Clearfil SE 
primer or 

AdheSE primer 
to form a mixture 

with a CHX 
concentration of 

 
 
Two-step self-etch 
adhesives (Clearfil 

SE Bond, 
Kuraray, Osaka, 

Japan) and 
AdheSE (Ivoclar 

Vivadent, Schaan, 
Liechtenstein) + 

 
 
 
 
 

The 
incorporation of 

CHX into the 
primer of the 

tested two-step 
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Brazil (paired 
tooth), 

double blind 

group 
126 restorations 
(n=32 in CSE 
group, n=33 in 

CSE+CHX 
group, n=32 in 

ADS group, 
n=29 in ADS+ 
CHX group) 

1.0 wt%. Clearfil 
SE Primer was 
applied to the 
enamel and 

dentine surfaces 
for 20 s. AdheSE 

primer was 
rubbed into the 

enamel and 
dentine surfaces 

for 30 s 

nanocomposite 
resin (Filtek Z-
250, 3M ESPE, 
St. Paul, MN, 

USA) 

self-etch 
adhesives did not 
add any clinical 

advantage up to 2 
years of follow-

up 

 
 
 
 

Anelise 
Fernandes 

Montagner, 
2015, 
Brazil 

 
 
 
 

RCT, split-
mouth, triple 

blind 

 
 
 
 

2 groups: 1) 
CHX group; 2) 

control (placebo) 
group. 

169 (n=88 CHX 
group, n=81 

control group) 
 

 
 
 
 

2% CHX 
solution applied 
on dentin surface 

for 60 s 

 
 

Two-step etch-and 
rinse adhesive 
system (Adper 
Single Bond 2; 
3M ESPE, St. 

Paul, MN, USA) 
+ 

nanoparticle 
composite resin 

(Filtek Z350; 3M 
ESPE, Irvine, CA, 

USA) 

 
 

No differences in 
the restoration 
retention and 
failure rates 
between the 
CHX and the 

control groups 
after 6 months of 

follow-up 

 
 

 
Morgana 

Favetti, 2017, 
Brazil 

 
 
 

RCT, split-
mouth, triple 

blind 

 
2 groups: 1) 

CHX group; 2) 
control (placebo) 

group. 
182 restorations 

(n=91 CHX 
group, n=91 

control group) 

 
 
 

2% CHX 
solution scrubbed 
on dentin surface 

for 60 s 

Two-step etch-
and-rinse adhesive 

system (Single 
Bond 2, 3M 

ESPE, St. Paul, 
MN, USA) + 

nanocomposite 
resin (Filtek Z350, 
3M ESPE, Irvine, 

CA, USA) 

No differences in 
the restoration 
retention and 
failure rates 
between the 
CHX and the 

control groups, 
up to 36 months 

of follow-up 

 

With the attempt to inhibit endogenous dentinal enzymatic activity and therefore improve bond 

durability of resin-based restorations, CHX can be used in different modes in clinical settings: (1) as 

a separate aqueous primer as shown in Figure 1; (2) blended within the primer of two-step SE 

adhesive systems, or (3) incorporated into adhesives. It has long been known that CHX has a direct 

inhibitory effect against MMP-2 ,-8 and -9, with MMP-2 being more sensitive than MMP-8 and -9. 

(100) Although CHX has been widely investigated in in vitro and clinical studies, the mechanism 

responsible for its MMPs inhibiting property has not yet been entirely elucidated. The proposed 
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mechanism of action involves a chelating mechanism, since CHX is capable of removing zinc and 

calcium ions which are necessary for the activity of MMPs, but it can also react with catalytic sites 

within MMPs. (101) Although the mechanism of MMPs inhibition by CHX is thought to be purely 

electrostatic and therefore reversible, CHX has a high substantivity to dentin, both mineralized and 

demineralized. (92) In the clinical settings, after orthophosphoric acid etching (3-step or 2-step 

EAR strategy) or priming (2-step SE strategy), dentin remains partially demineralized, allowing the 

CHX to exhibit affinity toward the demineralized as well as the underlying mineralized dentinal 

tissue. 

Regardless of the number of steps, when used with etch-and-rinse systems, CHX is usually 

applied as 2% aqueous solution after the dentin surface had been previously etched with 32-37% 

phosphoric acid. The separate etching step removes the smear layer and minerals from the dentin 

surface, and after the phosphoric acid had been rinsed with water, exposed collagen fibrils are left 

behind. (102) In this case, dentin can be considered as partially demineralized, and applying CHX 

to this kind of substrate allows it to bind to both collagen matrix, as well as to the underlying 

mineralized matrix. (92) Once CHX solution is brushed on dentin, no water rinsing is expected to 

be performed, since the bound CHX could be displaced by the presence of abundant water. Rather, 

the CHX-impregnated dentin should be immediately covered by the adhesive system which, if 

followed by an adequate polymerization, should promote the incorporation of CHX within the HL 

over a prolonged period of time. (103, 104) 

On the other hand, simplified SE adhesives do not require separate etching step with 

phosphoric acid. They either come as two- or one-step adhesives, depending whether the SE primer 

and the adhesive resin are provided separately or combined into one single solution. Simplified 

adhesives are composed from acidic monomers that simultaneously condition and prime dentin, 

through a partially dissolved smear layer. (51) Since they do not include a separate etching step, the 

initial substrate for one-step self-etch adhesive systems is mineralized dentin. Compared to partially 

demineralized dentin, mineralized dentin contains inorganic phase in the form of negatively charged 
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hydroxiapatite which are prone to bind positively charged molecules such those of CHX. (104) 

However, for the two-step self-etch adhesives, due to the fact that demineralization is achieved by 

application of primer that contains acidic monomers, the substrate in this specific case can be 

considered to be partially demineralized dentin, with CHX binding mechanisms similar to the ones 

previously described for the etch-and-rinse adhesives. 

Based on the available literature, it can be concluded that, despite several in vitro findings, 

currently there is still no evidence that supports the use of CHX to improve the prognosis of 

adhesively-bonded composite restorations.  

 

Increasing the collagen resistance to degradation 

Even though CHX inhibits MMPs (89), one of its disadvantages is that it may leach out from 

hybrid layers over a period of time and loose its protective function. (105, 106) Therefore, other 

strategies, such as the use of cross linking agents,  in preserving the integrity of hybrid layers have 

been employed and investigated. (107, 108) Both inhibition of MMPs and increase of collages 

resistance can be achieved by using cross-linking agents. The term “cross-link” refers to the 

chemical bond between the side chains of amino acids within collagen molecules. (109)  

In order to understand the rational behind using chemical cross-linking agents, a detailed 

explanation of natural cross-linking mechanism that occur within dentinal collagen should be given. 

Firstly, dentinal collagen does not metabolically turn over and it is not easily degraded. (71, 110) 

This ability is due to the gradual creation of covalent inter- and intramolecular cross-links, which 

occur between the C-terminal of one collagen molecule and the N-terminal of the adjacent collagen 

molecule. (71, 111) Hydrogen bonds are also important for the stabilization of the triple helix by 

bridging the water-filled gaps between the collagen molecules, and they bring them closer together 

and facilitate intra- and intermolecular reactions. Because dentinal collagen does not turn over, the 

natural cross-links accumulate over time and can influence the mechanical properties of collagen 

fibrils.  Dentinal collagen is the most cross-linked collagen in the body. Due to its highly cross-
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linked nature, collagen can be acid-etched during bonding procedures without denaturing its 

structure. (71, 112-114)  

So far, the effect of the following cross-linking agents has been investigated and reported in 

the literature: glutaraldehyde (115-117) and grape-seed extract (118-121). Despite being effective in 

preserving hybrid layers and bond strength, the biggest remark of glutaraldehyde remains its 

cytotoxicity (118). Therefore, previous research sought to investigate the effect of 1-ethyl-3-(3-

dimethylamino-propyl) carbodiimide (EDC) on preservation of hybrid layers. Ideally, a cross-

linking agent should have inhibiting MMP property and should reinforce denuded collagen fibrils. 

EDC is known as zero cross-linking agent since it has the ability to cross-link peptides without 

introducing additional linking groups. (122) Compared to glutaraldehyde, EDC is less cytotoxic and 

contains functional RN=C=NR group and can react with ionized carboxyl groups in proteins to 

form an O-acylisourea intermediate that reacts with a non-proteinated amino group and an adjacent 

protein chain to form a stable covalent amide bond between the two proteins. (71, 123) EDC causes 

cross-linking to occur in dentinal collagen as well as in dentin matrix-bound MMPs. It has a two-

fold activity and is able to cross-link both helical and telopeptide domains in collagen and also to 

prevent telopeptidase activity that would normally remove telopeptides. (71, 124) When EDC is 

applied on demineralized dentin, it was shown that its cross-linking effect occurs more rapidly in 

MMPs as compared to collagen. (124-126) This is usually explained by the fact that carboxyl and 

amino groups in MMPs are more accessible than those in collagen. (87, 126) Therefore, it may be 

considered that the inhibitory effect of EDC is much quicker than its cross-linking effect. (126)  

Biomodification of dentin by using EDC has shown promising results in previous in vitro 

research conducted on coronal dentin. Mazzoni et al. (2014) reported that application of 0.3M EDC 

for 60 seconds can inactivate MMP-2 and -9 after EAR adhesive system has been used during 

bonding procedures.  Furthermore, the images of in situ zymograpy showed that hybrid layers of 

tested EAR adhesives exhibited intense collagenolytic activity, while almost no fluorescence signal 

was detected when specimens were pretreated with EDC. (127) EDC was also able to preserve 
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long-term bond strength of hybrid layers created by 3- and 2-step EAR adhesive systems. Even 

though immediate bond-strength was not influenced by EDC pretreatment, the beneficial effect of 

this cross-linker was observed after 1 year of aging in artificial saliva. (128) Interestingly, EDC was 

able to reduce the matrix-bound collagenolytic enzyme activity over time in hybrid layers created 

with both EAR and SE adhesives. In case of SE adhesives, EDC is usually applied for 60 seconds 

after applying SE primer. (129) Another study confirmed the efficacy of EDC on preserving bond-

strength, as well as reducing MMP activity after resin composite restorations had been placed with 

EAR and SE adhesives. (130) EDC was also able to increase the thermal denaturation temperature 

of dentinal collagen, and this was found to be time and concentration dependent. (131)  

 

Overview of resin-composite cements 
 

The function of dental cements is to retain indirect restorations, orthodontic brackets and 

post/core restorations in their position in which they have been placed during sitting positions. The 

mechanism responsible for keeping in place the restorations can be micromechanical (creation of 

hybrid layer), chemical and mechanical (friction). In the past, non-resin-based cements were used 

for cementation of restorations made of metal, whereas today esthetic restorations are usually 

cemented with resin-based cements, which provide adhesion to tooth tissues. (132)  

Currently, resin-based dental cements are classified based on their polymerization kinetics 

(light-cure, auto-cure and dual-cure cements), and based on the number of steps applied during 

cementation procedure (conventional-multistep and self-adhesive resin cements). (133) 

Light-cured resin cements are usually indicated under thin and translucent restorations 

where there is sufficient light penetration. However, when the restoration thickness is greater than 2 

mm or its opacity inhibits light transmission, the light transmission can be compromised. (134) 

Furthermore, it was reported that the thickness of ceramic restoration has a more important effect on 

light transmission and polymerization of the cement compared to ceramic shade.  (135) Therefore, 

light-cure cements are used in situations such as cementing veneers (in the anterior region) or thin 
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inlays in which the thickness and color of the restoration cannot influence in a great manner the 

ability of the curing light to polymerize the cement. (134) 

When dealing with cases of thick indirect restorations or luting of fiber posts where light 

transmission is relatively limited, dual-cure resin cements are considered to be the material of 

choice. (133, 136, 137) Like light-cure cements, the polymerization of a dual-cure cement is crucial 

to provide adequate bond strength in the interface of restoration–resin cement and resin cement–

dentin. Dual-cure cements can be photo-polymerized or a redox initiator system can initiate the 

polymerization. (138, 139) Interestingly, even though they are meant to polymerize well in the 

absence of light, lower degree of conversions were seen when dual-cure cements were light-cured 

through thicker ceramics, and resin cement shade and light-exposure time also had an affect on the 

degree of conversion on this group of cements. (140) Additionally, it has been observed that when 

light activation was applied, dual-cure resin cements may limit their self-cure mechanism and may 

compromise their mechanical properties. This property has been reported to be product-dependent, 

and cannot be generalized to all dual-cure resin cements. (132) Another in vitro study found 

superior results in terms of post-gel shrinkage when delaying photopolymerization for 5 minutes. 

(141) However, these results referrer to the cases when indirect restorations were cemented with 

dual-cure resin cements. A recent study investigated the effect of delayed light-curing when luting 

FRC posts with dual-cure resin cements. In accordance to the above mentioned studies, the delayed 

light-activation increased the retention of FRC posts of some dual-cure resin cements to radicular 

dentin, most likely due to the reduced polymerization stress and higher degree of carbon double 

bond (C = C) conversion of the cements. (142) 

Another classification of resin cements is based on the number of steps used during their 

application and their interaction with dentin. (132) Although the terminology found in the literature 

is not always consistent, resin cements that require the application of adhesive systems prior to their 

application are referred to as (conventional) multi-step resin cements, while those that can be 

applied directly to the dentin surface without any pretreatment belong to the group of self-adhesive 
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cements. (143) The detailed explanation of mechanism of action and interaction with dentinal tissue 

of multistep resin cements will be discussed in the Chapter about formation and preservation of 

hybrid layer, due to the fact that it depends on the adhesive application. Since it is believed that self-

adhesive cements do not form a true hybrid layer (63), a brief description of their main 

characteristics and their adhesion to dentin will be considered in the following paragraph.  

Unlike multi-step resin cements that require adhesive system application, with or without 

separate acid etching step, self-adhesive cements are considered to be more user friendly and less-

technique sensitive. The incorporation of acidic functional methacrylate or related monomers is a 

critical component in self-adhesive resin cements because effective chemical bonding to tooth 

tissues requires a polyacid matrix structure, based on a preformed polyalkenoate or one that is 

created in situ during a curing process involving acidic monomers. (144) The self-adhesive resin 

cements that can be found on today’s market are two-part materials that require either hand mixing, 

capsule trituration or delivery by an auto-mixing dispenser. (63, 144) According to Ferracane et al. 

(2011), self-adhesive cements are comprised of conventional mono-, di- and ⁄ or multi-methacrylate 

monomers that are used in a variety of resin-based dental materials: Bis-GMA, urethane oligomers 

of BisGMA, UDMA, HEMA, TEGDMA, trimethyloylpropane trimethacrylate (TMPTMA). The 

functional acidic monomers that are utilized to achieve demineralisation and bonding to the tooth 

surface are still predominantly (meth)acrylate monomers with either carboxylic acid groups, as with 

4 methacryloxyethyl trimellitic anhydride (4-META) and pyromellitic glycerol dimethacrylate 

(PMGDM), or phosphoric acid groups, as with 2-methacryloxyethyl phenyl hydrogen phosphate 

(Phenyl-P), 10-methacryloxydecyl dihydrogen phosphate (MDP), bis (2-methacryloxyethyl) acid 

phosphate (BMP) and dipentaerythritol pentaacrylate monophosphate (Penta-P). (144) The presence 

of the acidic monomers is critically important since it forms a strong, aqueous insoluble salt 

complex between Ca and the relatively hydrophobic MDP, whereas 4-Met and Phenyl-P produce a 

Ca-complex with partial stability to dissolution.(144) So far, the proposed mechanism of action of 

the self-adhesive cements has been studied and, in general, most of the authors are in agreement in 
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terms of the cements’ interaction to dental tissues. Briefly, the setting reaction of RelyX Unicem 

(the most investigated self-adhesive cement) is based on the the free radical methacrylate 

polymerisation process as the primary reaction mode. This is then followed by activation by 

chemical and photochemical routes that initiate the cross-linking polymerisation of monomers with 

and without phosphoric acid functionality. The acidic groups bind with Ca in the hydroxylapatite to 

form a stable junction between the methacrylate network and the tooth tissues. Ions released from 

the acid-soluble filler neutralize the residual acidic groups to form a chelate reinforced three-

dimensional methacrylate network. (144) Lastly, there is evidence by X-ray photoelectron 

spectroscopy of good chemical interaction with Ca from hydroxylapatite, which suggests  that 

micromechanical retention is not the most significant mechanism of adhesion, since infiltration of 

more than a μm into the dentinal surface is present, and no real resin tag formation can be observed 

when using self-adhesive resin cements. (145)  

 

FRC posts in adhesive dentistry 
 

As mentioned earlier, the main role of a post system is to retain the coronal restoration of 

structurally compromised teeth. (146) Although a recent clinical study showed that glass fiber and 

cast metal posts showed good and similar clinical performance after 5 years, most clinicians today 

prefer using FRC posts due to their superior esthetic properties and avoiding the laboratory step 

necessary for metallic posts. (147) Non-metallic posts can traditionally be classified into: epoxy 

resin posts reinforced with carbon fiber, epoxy or methacrylate resin posts reinforced with quartz or 

glass fibers, zirconia posts  and polyethylene fiber-reinforced posts. (148)  

FRC posts are made of carbon, quartz or glass fibers which are embedded in a matrix of 

epoxy or methacrylate resin. (149) Fibers are oriented parallel to the post’s longitudinal axis, and 

their number per mm2  varies between 25 and 35, depending on the post type. It is considered that in 

transverse plane, approximately 30-50% of the posts’ surface is filled with fibers. (150) The 
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adhesion between quartz or glass fibers and resin matrix is achieved by fiber silanization prior to 

embedding. (149)  

FRC posts can be found in different shapes: cylindrical, cylindro-conical, conical or double-

tapered. (149) Some authors suggest that parallel-sided posts are more retentive than tapered 

dowels. (151) Furthermore, it was found that double-tapered posts have the ability to adapt better to 

shape of the instrumented canal, therefore reducing the amount of dentine tissue to be removed 

during post space preparation. (152)  

The mechanism responsible for the adhesion between resin based dental cements and FRC 

posts has been widely discussed in the literature, but with inconclusive results. When using a post 

with epoxy resin matrix, the methacrylate-based resin of the cement or the abutment interacts with a 

highly cross-linked polymer with limited sites available for copolymerization. (149) Chemical 

reactions are possible between the resin cement or core material and fibers exposed on the post 

surface. (149, 153, 154) 

In an attempt to secure a more durable adhesion between the posts and cements, several 

strategies can be found in the literature. One of the frequently proposed strategies is the application 

of silane coupling agent, which should promote adhesion by increasing the post surface wettability, 

as well as by chemically bridging methacrylate groups of the resin and hydroxyl groups of quartz 

and glass fibers. (149) However, a recent systematic review reported that silane application played 

no role in improving the adhesion between the FRC posts and resin cements. (155) Different results 

were drawn from in vitro studies investigating the role of pretreatment of FRC post surface with air-

borne particle abrasion or with hydrofluoric acid. (155) Interestingly, FRC post pretreatment with 

10-20% hydrogen peroxide before silane application resulted in higher push-out bond strength 

values. (155-157) Generally, phosphoric acid etching can also be recommended for increasing the 

adhesion of cements to fiber posts, however, it should be considered that all these conclusions were 

drawn from in vitro studies, and that extrapolation to clinical settings should be done carefully. 

(155)  
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Research question 
 

Even though they have been in clinical use for more than 20 years (158), luting of FRC 

posts is still considered as a technique sensitive procedure and clinical outcome of restorations that 

are retained by FRC posts is not always predictable. The most common clinical complication which 

happens in fiber post retained restorations is post debonding. (159) It is influenced by many factors: 

residual tooth tissues (which is considered to be the most important one), type of occlussion and 

number of opposing teeth in function, patient’s periodontal status, possible signs of parafunction, 

presence or absence of ferrule, and quality of adhesion. (146, 159) Other complications include loss 

of retention of single crowns and marginal gaps. (160)  

In an attempt to provide better retention and reduce debonding rates, several papers 

investigated the effect of CHX irrigation on the push-out bond strength between FRC post and 

radicular dentin. Durski et al. (2018) reported that the use of CHX an additional disinfection 

treatment with before the application of self-adhesive and multi-step resin cements produced the 

highest push-out bond strength, regardless of root third. The authors also demonstrated that 

thermocycling procedure decreased the bond strength for both resin cements long-term when CHX 

was not applied before cementation. (161) These results are in line with several other studies which 

reported beneficial effect of CHX on preserving or improving push-out bond strength of FRC posts 

luted with multi-step resin cements. (162-165)  

Since the effect of CHX on long-term bond strength of adhesively luted FRC posts is 

debatable, mostly due to the fact that CHX tends to leach out of the resin-dentin interface (71), 

further attempts in preserving bond strength have been made by pretreating radicular dentin with 

cross-linking agents. So far, positive effect on preserving bond strength after 12 months of artificial 

aging has been reported when using natural cross-linking agents such as grape seed extract during 

luting procedures. Furthermore, gelatin zymography analysis revealed that grape seed extract was 

able to inhibit the MMPs activity when FRC posts were luted with EAR and SE adhesive systems. 

(166) Similarly to this natural cross-linker, EDC was also reported to preserve bond strength after 
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12 months of artificial saliva storage, when FRC posts were luted using EAR, SE and self-adhesive 

strategy. (167) Unlike CHX which was not able to prevent degradation of the adhesive interface 

after 10 months of storage, EDC was found to be effective in preserving bond strength of FRC posts 

in nonirradiated teeth, as well as in teeth that were subjected to radiation therapy. (168) Comba et 

al. (2019) found that the application of 0.3M of EDC solution was able to preserve the bond 

strength over 1 year of storage, when FRC posts were luted using 3- and 2-step EAR adhesive 

systems and dual-cure resin cement. Furthermore, the results of their in situ analyses of hybrid 

layers demonstrated that EDC was successful in inhibiting MMPs activity immediately after the 

cementation procedure. (169)  

Although the effect of EDC on the push-out bond strength of FRC posts has recently been 

studied, the literature seems to lack information on how this cross-linking agent influences the 

enzymatic activity within radicular dentin, immediately after cementation and after simulated aging, 

when three different cementation protocols are employed for luting procedures. Furthermore, the 

evidence of bonding performance of a recently introduced universal self-adhesive resin compared to 

commercially available cements is still scarce. Thus the objectives of this thesis were to compare 

the bonding performance of the new self-adhesive resin cement, as well as to investigate the 

influence of EDC on push-out bond strength and endogenous enzymatic activity using different 

cementation strategies.   

 

Pilot study 
 

Following the cementation strategies for FRC post luting suggested by Radovic et al. (2008) 

(170) and Mazzoni et al. (2009) (171), the preliminary study aimed to investigate the influence of 

different adhesive strategies on immediate push-out bond strength between resin cements and 

radicular dentin. Furthermore, the bonding performance of a recently introduced universal self-

adhesive resin cement was compared to bond-strength achieved by commercially available cements. 



 29 

Lastly, the pilot study was conducted in order to investigate and recommend the most appropriate 

polymerization protocol (light-cured or self-cured) for all tested dual-cure resin cements.  

 

 

Bonding performance of a new universal self-adhesive resin 
cement 

 
Introduction 
 

FRC posts are commonly used for the restoration of endodontically treated teeth that are 

structurally compromised. (26, 27, 172) The complex root canal geometry, limited visibility within 

the canal, residual material and smear layer created with chemo-mechanical preparation make the 

cementation of FRC posts challenging. (173) Resin cements have been considered the material of 

choice for the cementation of FRC posts. (7) Conventional, multi-step resin cements rely on the use 

of adhesive systems, used in the EAR or SE mode to obtain hybridization and intimate adhesion 

through the resin diffusion into the root canal dentin substrate. (71) The tendency to simplify 

clinical procedures and reduce operator sensitivity, has led to the introduction of resin cements that 

could adhere both to the dental substrate and restorations without the need of previous surface 

treatment. (63, 174, 175) Self-adhesive resin cements have enabled shorter working time due to 

reduction of clinical steps, but the need to mix all the components (hydrophilic and hydrophobic 

monomers, catalysts, photoinitiators, etc.) in a single material is a concern, and their use, compared 

to conventional resin cements, is still a matter of interest in dental research. (66) 

Further classification of resin cements is made based on their polymerization modality 

(light-cure, self-cure and dual-cure). (176) In an attempt to overcome the problems related to the 

decreased light transmission in dark areas, such as the apical region of the root canal, dual-cure 

resin cements have been introduced. They were developed by combining the most valuable features 

of the light-cure and self-cure modalities, providing a certain degree of conversion even in the 

absence of light. (133)  
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The topic of resin cement polymerization gives rise to a debate that is currently open. 

Although chemical activation mode is desirable to contrast the clinical adversities related to the so-

called shadow areas, many studies suggest that dual-cure resin cements should be light-cured to 

maximize the polymerization process and optimize the mechanical properties of the materials. (177)  

The choice of the adequate polymerization protocol that contributes to the attainment of a reliable 

adhesive bond both at the coronal and apical level of the root canal, is essential when using resin 

cements for the cementation of FRC posts, whether they are conventional multi-step or self-

adhesive luting materials. 

Therefore, the purpose of this study was to evaluate the push-out bond strength (PBS) and 

interfacial nanoleakage expression (NL) of resin cements relying on different adhesive approaches 

(self-adhesive or conventional multi-steps) for the cementation of FRC fiber posts, and to evaluate 

the bonding performance of the new universal self-adhesive resin cement. The tested null 

hypotheses were that PBS and the level of silver grains deposition at the adhesive interface are not 

influenced by: 1. the type of resin cement; 2. the curing mode (light-cure or self-cure); 3. the root 

region (coronal or apical)  

Materials and methods 
 
Specimen preparation 

The study protocol was approved by the Ethics Committee of the Department of Biomedical 

and Neuromotor Science (DIBINEM), University of Bologna, Italy (protocol N°: 

71/2019/OSS/AUSLBO).   

Fifty extracted, caries-free, mandibular premolars were stored in 0.5% chloramine solution 

at 4°C for no longer than 2 months after harvesting. The teeth were sectioned at the cementoenamel 

junction, perpendicular to the long axis, using a low-speed diamond saw (Microremet, Remet, 

Bologna, Italy) under water cooling. Root canal treatment was performed using Pathfiles (#1-2-3) 

and ProTaper (S1-S2-F1-F2-F3) (Dentsply Sirona, York, PA, USA) until the working length. 
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During instrumentation, the canals were irrigated with 5 mL of 5% sodium hypochlorite (Niclor 5; 

Ogna, Muggiò, Italy), followed by a final rinse with 1 mL of 10% ethylenediamine tetra-acetic acid 

(Tubuliclean; Ogna, Muggiò, Italy). In accordance with the continuous wave technique, the canals 

were filled with endodontic sealer (AH-Plus, Dentsply Sirona), medium-sized gutta-percha points 

with DownPack (Hu-Friedy, Chicago, IL, USA) and warm gutta-percha (Obtura III, Analytic 

Technologies, Redmond, WA, USA). The coronal entrance of the filled roots was then temporarily 

sealed with a glass-ionomer cement (Fuji VII, GC Corp., Tokyo, Japan) and the samples were 

stored for 24h at 37°C and 100% relative humidity.  

Luting of fiber posts 

After the removal of the temporary coronal seal, post space preparation was created in a 

standardized way for each tooth. An 8-mm post space was created by using a low-speed dental hand 

piece and post drill (RelyX fiber post drill Size 2, 3M, Neuss, Germany). The root canal was then 

irrigated with 5 ml of distilled water and dried with absorbent paper points (Dentsply-DeTrey, 

Konstanz, Germany). Before the luting procedures, the fiber post size 2 was inserted into the canal 

to check if it reached the working length, after which the coronal part outside the canal was cut with 

a diamond bur. The teeth were then randomly assigned to one of the following groups, according to 

the luting agent and polymerization protocol employed (N=5): 

Group 1a (RXU LC): light-cure RelyX Universal (3M);  

Group 1b (RXU SC): self-cure RelyX Universal (3M);  

Group 2a (MAX LC): light-cure Maxcem Elite Chroma (Kerr); 

Group 2b (MAX SC): self-cure Maxcem Elite Chroma (Kerr);  

Group 3a (CAL LC): light-cure Calibra Universal (Dentsply Sirona); 

Group 3b (CAL SC): self-cure Calibra Universal (Dentsply Sirona);  
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Group 4a (MUL LC): light-cure Multilink Automix/Multilink Primer (Ivoclar Vivadent);  

Group 4b (MUL SC): self-cure Multilink Automix/Multilink Primer (Ivoclar Vivadent); 

Group 5a (LUX LC): light-cure Luxacore Z Dual/LuxaBond TotalEtch System (DMG);  

Group 5b (LUX SC): self-cure Luxacore Z Dual/LuxaBond Total Etch System (DMG); 

RXU, MAX and CAL are self-adhesive resin cements. MUL is a resin cement that relies on a self-

etch approach (SE). LUX is a core build-up and radicular post luting composite used in combination 

with an EAR bonding system. The details of fiber post surface pretreatments, chemical 

compositions and application modes of the cements are shown in Table 2. 

 

 

Table 2. The details of fiber post surface pretreatments, chemical compositions and application 

modes of the cements. 

 
Resin cement 

 
Composition 

 
Application mode 

 
FRC post 

preparation 

 
 
 
 
 

RelyX Universal, 
3M (LOT 

VTGHESP0019)  

BPA derivative free 
dimethacrylate 

monomers, 
phosphorylated 
dimethacrylate 

adhesion monomers, 
photoinitiator 
system, novel 

amphiphilic redox 
initiator system, 

radiopaque fillers 
and rheological 

additives, pigments  

 
 
 
 
 

Dispense in the post space and insert 
the post. 

 
 
 
 
 

Clean with alcohol 
and air-dry for 5 s. 

 
 
 

Maxcem Elite 
Chroma, Kerr 

HEMA, GDM, 
UDMA, 1,1,3,3-
tetramethylbutyl 
hydroperoxide 

TEGDMA, 

 
 

Dispense in the post space and insert 
the post. 

 
 

Clean with alcohol 
and air-dry for 5 s. 
Apply a layer of 
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(LOT 71887933) fluoroaluminosilicate 
glass, GPDM, 

barium glass filler, 
fumed silica (69 wt 

%) 
 

silane coupling 
agent (Ultradent) for 
60 s and gently air-

dry. 

 
 
 
 
 

Calibra 
Universal, 

Dentsply Sirona 
(LOT 170821) 

UDMA, 
trimethylolpropane 

trimethacrylate 
TMPTMA, bis-

EMA—Bisphenol A 
ethoxylate 

dimethacrylate, 
TEGDMA, HEMA, 
3-(acryloyloxy)-2-

hydroxypropyl 
methacrylate, 

urethane modified 
bis-GMA, PENTA, 

silanated barium 
glass, fumed silica 

(48 vol %) 
 

 
 
 
 
 
 

Dispense in the post space and insert 
the post. 

 
 
 

Clean with alcohol 
and air-dry for 5 s. 
Apply a layer of 
silane coupling 

agent (Ultradent) for 
60 s and gently air-

dry. 

 
 
 

Multilink 
Automix, Ivoclar 
Vivadent (LOT 

Y47572) 

 
 

Dimethacrylate and 
HEMA, barium glass 
and silica filler, 
ytterbiumtrifluoride 
(68 wt %), catalysts, 
stabilizers, pigments 
 

 

 
Mix Multilink Primer (1:1) and 

apply with a endobrush to radicular 
dentin for 30 s. Remove the access 

with an absorbent paper point. 
Dispense the cement in the post 

space and insert the post. 

 
Clean with alcohol 
and air-dry for 5 

sec. Apply a layer of 
Monobond Plus 

(Ivoclar Vivadent) 
for 60 s and gently 

air-dry. 

 
 
 
 
 

Luxacore Z Dual, 
DMG (LOT 

211108) 

 
 
 
 
 

Bis-GMA, UDMA, 
Barium glass, 

colloidal silica, 
nanocomposite, 

zirconium dioxide 
71% weight 

 
Apply DMG etching gel for 15 s on 
radicular dentin, rinse with water for 

15 s. Dry the canal with paper 
points. Work 1 drop of prebond 

(Luxacore Total Etch) to dentin for 
15 s, remove the access with paper 
point, gently air-dry. Mix Bond A 

and Bond B (1:1) and apply to 
dentin surface for 20 s using a 

microbrush, gently air-dry. Dispense 

 
 
 
 

Clean with alcohol 
and air-dry for 5 s. 
Apply a layer of 
silane coupling 

agent (Ultradent) for 
60 s and gently air-

dry. 



 34 

 
  
 

 

the cement in the post space and 
insert the post. 

 

One operator, unaware to the polymerization protocol, performed the fiber post luting 

procedures. Then, a second operator randomly assigned the specimens either to the LC or SC 

groups by means of simple randomization (toss of a coin). Light-curing was performed through the 

fiber post for 60s with a LED curing lamp (1470 mW/cm2, Elipar Deep cure, 3M). The SC groups 

were put in dark chambers for one hour at 37°C to allow exclusively chemical polymerization of the 

resin cements. 

Afterwards, the specimens were wrapped into humid medical gauze, put into plastic 

chambers, and stored in an incubator at 37°C for 24 h. After storage, each root was sectioned in at 

least six 1-mm thick slices using a low-speed diamond saw (Microremet, Remet) under water 

cooling. The first coronal slices were automatically discarded, the coronal side of each slice was 

signed with an indelible marker to later ensure the exact positioning during testing. The specimens 

from each group were immediately processed for PBS test (T0).  

Push-out bond strength test 

The thickness of each slice was measured using a digital caliper (Starrett 727, Starrett, Itu, 

SP, Brazil) with ±0.01 mm accuracy. The slices were then put on 1 mm- square graph paper and 

photographs were taken with a digital camera (D 7200, Nikon, Japan), after which the coronal and 

apical diameters of the posts were measured in ImageJ software (National Institute of Health, 

Bethesda, MD, USA). The push-out test was performed using a universal testing machine (Instron 

4465, Instron, Norwood, MA, USA) by applying an axial load force at a crosshead speed of 0.5 

mm/min. The apical surface of the slice was placed facing the punch tip to ensure that the load was 

applied following an apical-coronal direction, so to dislocate the post towards the wider part of the 
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slice. The load that caused the specimens’ failure (manifested by the dislodgment of the post) was 

recorded in Newtons (N) and it was converted to mega Pascals (MPa) by dividing the load in 

Newtons by the bonded surface area (SL) in mm2. (169) The bonded surface area was calculated 

using the following formula:  

SL= (π(R+r))*((h2 + (R-r))2)0.5, 

where R was the coronal diameter of the canal with the post, r the apical diameter and h the 

thickness of the slice. 

The debonded specimens were analyzed by one investigator under a stereomicroscope at 

40x magnification (Stemi 2000-C; Carl Zeiss Jena GmbH) and the failure mode was classified as 

follows: adhesive, between dentin and the cement (AD), adhesive between the cement and the post 

(AP), cohesive within the cement (CC), cohesive within the post (CP) and mixed (M).  

Interfacial nanoleakage expression 

Additional mandibular premolars (N=2 per group) were used to quantify the interfacial NL 

expression. The endodontic treatment, fiber post cementation and cutting procedures were 

performed as previously described for the PBS test. The specimens were prepared and covered with 

nail varnish, leaving 1 mm free at the interface, then immersed in a 50 wt% ammoniacal silver 

nitrate solution for 24 h. Specimens were then photo-developed to reduce the diamine silver ions 

(Ag(NH3)2+) into metallic silver grains. The silver-impregnated specimens were fixed, dehydrated 

in ascending ethanol solutions, embedded in epoxy resin (Epon 812, Fluka, Switzerland) and 

processed for light microscopy analysis in accordance with Mazzoni et al.(171) Images of the 

adhesive interfaces were captured (20x magnification) and the extent of interfacial NL was scored 

by one observer using a four-point scale.  
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Statistical analysis 

After checking the normality (Shapiro-Wilk test) and homoscedastic (modified Levene’s 

test) assumptions of the data sets, an analysis of variance (ANOVA) was performed to examine the 

effects of the dependent variables “cement”, “curing mode” and “root region” and the interaction of 

these factors on the PBS. Pairwise comparisons were performed using Tukey post-hoc test. In 

addition, one-way ANOVA test with the post-hoc Bonferroni correction was conducted to evaluate 

the differences between the groups. NL scores were analyzed using the Chi-square tests. All 

statistical analyses were conducted with the software Stata 12.0 (Stata Corp, College Station, Texas, 

USA) and the significance was set for p<0.05. 

Results 
 
Push-out bond strength test 

Mean PBS values (MPa) with standard deviations (SD) of specimens tested at T0 are 

presented in Tables 3 for the coronal and apical root regions, respectively. The statistical analysis 

revealed that the “cement” significantly influenced the PBS (p<0.05), but not the variables 

“polymerization protocol” and “root region” (p> 0.05). The results of the one-way ANOVA 

demonstrated the trend of significantly lower PBS values in the CAL groups compared to other 

investigated cements (p<0.05). RXU cement performed either equally well (p>0.05) or better than 

other self-adhesive and multi-step systems (p<0.05).  
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Table 3: Push-out bond strength values (MPa)  with standard deviations in coronal section and 

apical section after 24h of artificial saliva storage. Different superscript upper case letters indicate 

differences within the rows, different superscript lower case letters indicate differences within the 

columns. 
 

Groups 

Coronal section Apical section 

LC SC LC SC 

RXU 16.5±3.7 A a 15.0±4.3 A a 17.7±6.6 A a 19.9±4.8 A a 

MAX 15.6±4.6 A a 19.6±3.1 A a 13.1±7.3 A a 23.3±3.3 A a 

CAL 8.6±4.5 A b 14.7±6.1 A b 5.9±3.9 A b 8.1±2.6 A b 

LUX 17.4±5.4 A a 12.6±3.0 A a 18.7±6.7 A a 20.4±3.3 A a 

MUL 18.4±6.2 A a 20.4±7.3 A a 19.0±4.5 A a 19.9±6.2 A a 

 

The percentage of the types of failure mode within each group is presented in Table 4. A 

predominance of mixed and adhesive failures at the cement/post interfaces were observed among 

the groups, independent of the curing mode and aging conditions. Adhesive failures at the dentin 

side were observed for MAX SC, CAL SC e MUL SC. No cohesive fractures were detected. 

 

 

 

 

 

 

 

 

 



 38 

 

 

Table 4: Failure mode of the dislodged specimens from five experimental groups. Data are 

expressed as percentages (%) of the total number of specimens tested for each group 

Groups T0 

LC SC 
RXU M: 52 

AP: 48 

AD: 0 

CC: 0 

CP: 0 

M: 60 

AP: 40 

AD: 0 

CC: 0 

CP: 0 

MAX M: 70 

AP: 30 

AD: 0 

CC: 0 

CP: 0 

M: 41.6 

AP: 25 

AD: 33.4 

CC: 0 

CP: 0 

CAL M: 62.5 

AP: 37.5 

AD: 0 

CC: 0 

CP: 0 

M: 41.6 

AP: 25 

AD: 33.4 

CC: 0 

CP: 0 

LUX M: 36.3 

AP: 63.7 

AD: 0 

CC: 0 

CP: 0 

M: 33.3 

AP: 66.7 

AD: 0 

CC: 0 

CP: 0 

MUL M: 55 

AP: 45 

AD: 0 

CC: 0 

CP: 0 

M: 52.9 

AP: 11.7 

AD: 35.4 

CC: 0 

CP: 0 

 

Interfacial nanoleakage expression 

Descriptive statistics of interfacial NL scores within the groups in the experimental 

conditions are presented in Figure 1. The statistical analysis showed differences in the interfacial 

silver deposition among the tested groups, and this was material-dependent (p<0.05). LUX and 

CAL revealed higher silver nitrate infiltration both in the LC and SC groups (p<0.05). RXU, MAX 
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and MUL showed comparable results, independently from the curing protocol performed. 

Furthermore, no differences were detected between the apical and the coronal portion of the root, 

except for CAL SC that exhibited significantly higher NL in the apical portion (p<0.05).  

 

 

Figure 1. Interfacial NL scores for different types of cement after 24h of artificial saliva storage 

 
Discussion 
 

In vitro studies are usually conducted to test material’s performance before their clinical 

application can be assessed in randomized controlled clinical trials. Although discrepancies between 

laboratory and clinical conclusions in dental literature exist (178) and it is not always possible to 

precisely predict clinical behavior of materials based on in vitro results, laboratory studies are still 

widely performed in dentistry. The most commonly used method for evaluation of the adhesion of 

FRC posts is the push-out BS test.  (179) Even though a recent systematic review found 

considerable variations in the design of the push-out test among studies (180) and the opinion on 

the value of methodology of the test is divided (181) it is considered to be more appropriate and 

reliable for FRC post testing than microtensile BS tests. (182) Therefore, evaluation of the 

adhesively luted FRC posts by means of push-out BS tests is irreplaceable  in the early screening of 

dental materials’ properties.  
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The bonding performances of a universal self-adhesive resin cement were evaluated and 

compared to those of other self-adhesive, as well as multi-step resin cements. According to the 

results obtained, the first null hypothesis must be rejected since PBS values and interfacial NL 

expression were influenced by the choice of resin cement.  

This study used three different bonding strategies for the cementation of FRC posts into root 

canals. Specifically, LUX and MUL are referred to as multi-step resin cements (E&R and SE 

respectively), as the luting procedures require more than one clinical step, whereas RXU, MAX and 

CAL rely on a self-adhesive approach, and no pre-treatment of dentin is necessary. Additionally, 

the new RXU self-adhesive cement does not require the pretreatment of the post with silane, further 

simplifying the clinical cementation procedure.  

Previous study showed that bonding strategy can influence the hybrid layer appearance, and 

the integrity of the resin-based restorations. Dentin etching with phosphoric acid performed in the 

EAR approach removes the smear layer, opens the dentinal tubules and reveals the intertubular 

dentin collagen network, favoring the penetration of the resin to create longer and thicker resin tags 

and a more uniform hybrid layer than those achieved with the SE approach. (183) On the other 

hand, a superficial dentin demineralization was observed with self-adhesive resin cements with very 

thin and short resin tags. (63, 144) Although it would seem logical to assume that multi-step resin 

cement systems would exhibit a more durable bond strength (BS) to root canal dentin compared to 

the simplified self-adhesive resin cements, the results of the present study emphasize that simplified 

systems can perform equally well or even better, and that the bond strength is correlated to the 

cement type. This observation is in agreement with a recent systematic review. (66) 

The formation of a reliable and stable bond is in part related to the resin cement 

polymerization process. (74) A proper polymerization reaction of the material translates into better 

physical and chemical properties (139), increased stability and integrity at the adhesive interface 

(184), inferior water sorption/solubility phenomena and extended durability of the restoration. (185) 

In the present study, light-curing did not influence BS of the adhesively luted posts but did impact 
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the marginal infiltration of some resin cements tested. Consequently, the second null hypothesis had 

to be only partially accepted. This may be explained by the composition of the resin cements used 

in this study. As the simplified self-adhesive dual-cure cements are expected to prime and bond the 

substrate and the restoration at the same time, they contain acidic monomers. (144) Albeit their 

important role in the interaction with the cementation substrates, these monomers could lead to the 

inactivation of the conventional organic polymerization initiators, such as benzoyl 

peroxide/aromatic tertiary amines system, impairing both the chemical and light polymerization 

process. (132, 139, 184) This particular traditional initiator is present in the CAL cement, possibly 

underlying the generally poor performance of this material. On the other hand, MAX introduced an 

amine-free redox initiator system, while the new RXU contains a novel amphiphilic redox initiator 

system (ARI system). The new self-adhesive resin cement showed comparable or even superior BS 

both in LC and SC when compared to the other cements tested. According to the claims of RXU 

manufacturer, the ARI system, alongside with functional monomers, enables the cement to diffuse 

into the smear layer, achieving a strong bond to dentin. Furthermore, the ARI system and functional 

monomers in the new self-adhesive cement possibly led to the formation of highly crosslinked 3D 

polymer network which is considered to be responsible for the long-term stability of the resin-

dentin interface.  

The establishment of a fine equilibrium between the different components of the cements, 

with an efficient polymerization initiation and propagation, would be expected to resolve the issue 

of differences in the quality of polymerization in different root regions. This is in accordance with 

the present study, as well as previously published research since the root region did not influence 

BS and NL expression, requiring the rejection of the third null hypothesis. (186) 

 

Conclusion 
 

Within the limitations of the study, it can be concluded and the choice of material itself, 

rather than the adhesive approach, can influence the bonding performances of adhesively-luted FRC 
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posts. Certain simplified systems seem equally suitable for clinical use as the multi-step systems, 

with the advantage of having lower technique sensitivity and reduced chair-side time. The universal 

self-adhesive cement showed better or comparable results when compared to marketed cements, 

even without the pretreatment of the post, and could be recommended in the clinical practice.  

 

 

 

 
Main study 

 
Scientific hypotheses 
 
The null hypotheses tested were: 

1. EDC has no effect on post push-out bond strength to radicular dentin achieved by different 

cementation strategies and resin cements, at baseline or after thermocycling procedure; 

2. EDC has no effect on endogenous enzymatic activity within intraradicular dentin, at baseline 

or after thermocycling procedure; 

3. There is no difference in MMPs activity within radicular dentin when different cementation 

strategies and resin cements are used for FRC post luting; 

4. The choice of cementation strategy and resin cement does not influence post push-out bond 

strength, at baseline or after thermocycling procedure; 

5. There is no difference in terms of push-out bond strength values when comparing coronal, 

middle and apical root region, at baseline of after thermocycling;  

6.  Thermocyling has no effect of push-out bond strength and endogenous enzymatic activity 

within radicular dentin. 
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Materials and methods 
 

One hundred and twenty freshly extracted, intact human mandibular premolar teeth were 

kept in 0.5 % chloramine solution for not more than 2 months after extraction. The study protocol 

was approved by the University  Ethical Committee.  

The teeth were sectioned at the cementoenamel junction, perpendicular to the long axis, 

using a low-speed diamond saw (Microremet, Remet, Bologna, Italy) under water cooling. Root 

canal treatment was carried out using Pathfiles (#1-2-3) and ProTaper (S1-S2-F1-F2-F3) (Dentsply 

Sirona, York, PA, USA) until the instrument reached the working length. During root canal 

preparation, the canals were irrigated with 5 mL of 5% sodium hypochlorite (Niclor 5; Ogna, 

Muggiò, Italy), followed by a final rinse with 1 mL of 10% ethylenediamine tetra-acetic acid 

(Tubuliclean; Ogna, Muggiò, Italy). In accordance with the continuous wave technique, the canals 

were filled with endodontic sealer (AH-Plus, Dentsply Sirona), medium-sized gutta-percha points 

with DownPack (Hu-Friedy, Chicago, IL, USA) and warm gutta-percha (Obtura III, Analytic 

Technologies, Redmond, WA, USA). The coronal entrance of the filled roots was then temporarily 

sealed with a glass-ionomer cement (Fuji VII, GC Corp., Tokyo, Japan) and the samples were kept 

for 24h at 37°C and 100% relative humidity.  

 

Luting of fiber posts 

After the removal of the temporary coronal seal, post space preparation was created in a 

standardized way for each tooth. An 8-mm post space was created by using a low-speed dental hand 

piece and post drill (RelyX fiber post drill Size 2, 3M, Neuss, Germany). The root canal was then 

irrigated with 5 ml of distilled water and dried with absorbent paper points (Dentsply-DeTrey, 

Konstanz, Germany). Before the luting procedures, the fiber post size 2 was inserted into the canal 

to check if it reached the working length, after which the coronal part outside the canal was cut with 
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a diamond bur. The teeth were then randomly assigned to one of the following groups, according to 

the luting agent and dentin pretreatment protocol employed (N=20): 

Group 1a: cementation with RelyX Universal (3M);  

Group 1b: pretreatment with 0.3M EDC-containing aqueous primer for 1 min, drying with 

absorbent paper points, followed by cementation with  RelyX Universal (3M); 

Group 2a: dentin treated with Multilink Primer (Ivoclar Vivadent) for 30 s, dried with paper points, 

followed by cementation with Multilink Automix/Multilink Primer (Ivoclar Vivadent);  

Group 2b: dentin treated with Multilink Primer for 30 s, dried with paper points, followed by 

pretreatment with 0.3M EDC-containing aqueous primer for 1 min. Root canal drying with 

absorbent paper points, application of a layer of Multilink Primer for 30 s and cementation with 

Multilink Automix (Ivoclar Vivadent); 

 Group 3a: dentin etching with 37% phosphoric acid for 15 s (Etching Gel, DMG), abundant water 

rinsing for 30 s and root canal space drying with paper points. Application of Pre-Bond (DMG) for 

15 s, drying with paper points, followed by application of previously prepated Bond A/B (DMG). 

Gentle air dry and cementation with Luxacore Z Dual (DMG);  

Group 3b: the cementation protocol as in Group 3a, with 0.3M EDC-containing aqueous primer 

pretreatment for 1 min, immediately after the etching step.  

The details of FRC surface pretreatment are shown in Table 2.  

Light curing was performed immediately after FRC post insertion by placing the light source 

(1470 mW/cm2, Elipar Deep cure, 3M) in close contact with root canal entrance for 60 s. 

After 24h of storage in artificial saliva at 37 oC, the roots were perpendicularly sectioned 

using a low-speed diamond saw (Microremet, Remet, Bologna, Italy). The coronal side of each slice 

was signed with an indelible marker to later ensure the exact positioning during push-out bond 
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strength testing. Half of the roots from each group was subjected to push-out bond strength test (the 

randomization was performed by tossing a coin) immediately after sectioning of roots. The other 

half was put into tea bags and subjected to artificial aging by thermocycling the samples. The 

thermocycling protocols was as follows: 40.000 cycles, 5-55 oC (dwell time 30 s) in accordance 

with Mazzoni et. al. (2009). (171) 

Push-out bond strength test 

The thickness of each root slice was measured using a digital caliper (Starrett 727, Starrett, 

Itu, SP, Brazil) with ±0.01 mm accuracy. The slices were then put on 1 mm- square graph paper and 

photographs were taken with a digital camera (D 7200, Nikon, Japan), after which the coronal and 

apical diameters of the posts were measured in ImageJ software (National Institute of Health, 

Bethesda, MD, USA). The push-out test was performed using a universal testing machine (Instron 

4465, Instron, Norwood, MA, USA) by applying an axial load force at a crosshead speed of 0.5 

mm/min. The apical surface of the slice was placed facing the punch tip to ensure that the load was 

applied following an apical-coronal direction, so to dislocate the post towards the wider part of the 

slice. The load that caused the specimens’ failure (manifested by the dislodgment of the post) was 

recorded in Newtons (N) and it was converted to mega Pascals (MPa) by dividing the load in 

Newtons by the bonded surface area (SL) in mm2. (169) The bonded surface area was calculated 

using the following formula:  

SL= (π(R+r))*((h2 + (R-r))2)0.5, 

where R was the coronal diameter of the canal with the post, r the apical diameter and h the 

thickness of the slice. 

The debonded specimens were analyzed by one investigator, blinded to the groups, under a 

stereomicroscope at 40x magnification (Stemi 2000-C; Carl Zeiss Jena GmbH) and the failure mode 

was classified as follows: adhesive, between dentin and the cement (AD), adhesive between the 
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cement and the post (AP), cohesive within the cement (CC), cohesive within the post (CP) and 

mixed (M).  

In situ zymography analysis of the resin-dentin interfaces  

In order to investigate the effect of EDC on endogenous enzymatic activity following the 

split-tooth design, the roots of maxillary first premolars (N=4 per group) were endodontically 

treated as previously described, after which one root (experimental root) received EDC pretreatment 

for 1 minute while the other root (control root) was left untreated. Cementation of FRC posts was 

carried out with the same methodology as for the push-out bond strength test.  

After 24h hours of storage at 37oC in humid chabmer, one-millimeter-thick slabs of middle 

portion of roots were obtained from the prepared specimens using a low-speed diamond saw 

(Microremet, Remet, Bologna, Italy) under water-cooling. Each specimen was glued to a 

microscope slide, ground down approximately to the thickness of 50 μm and polished. In situ 

zymography was performed following the protocol reported by Mazzoni et al. (2014). (127) Self-

quenched fluorescein-conjugated gelatin mixture (E-12055; Molecular Probes, Eugene, OR, USA) 

was placed on the specimen covering the polished resin-dentin surfaces and then protected with a 

coverslip. The specimens were incubated for 12 h at 37°C in a humid, dark chamber avoiding direct 

contact with water. Confocal laser scanning microscope was used to examine the specimens after 

incubation (excitation wavelength, 488 nm; emission wavelength, 530 nm; Model A1-R; Nikon, 

Tokyo, Japan). For each assembly, a series of images with standardized rectangular selected area 

were made (one image per each 1 μm into the depth of the sample) to show the hydrolysis of the 

quenched fluorescein-conjugated gelatin substrate, presented as green fluorescence. ImageJ 

software (National Institutes of Health, Bethesda, MD, USA) was used to quantify integrated 

density of the fluorescence signals, which correspond to the endogenous enzymatic activity. All 

images were made by one experienced investigator who was blinded to the groups.  

Lastly, in order to investigate the effect of 3 different adhesive strategies (cements) on 

radicular enzymatic activity, freshly extracted first maxillary molars (N=4) were subjected to root 
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canal treatment, after which in each of the roots FRC post was cemented using one of the 

investigated three cements. The specimens were then processed for in situ zymography analysis as 

described earlier.  

 

Tissue processing for Scanning electron microscopy (SEM) analysis 

After performing push-out bond strength test, representative root slices from each group 

(N=2) were selected and processed for scanning electron microscopy (SEM) analysis. The samples 

were prepared for FEI-SEM analysis following the well established protocol: 

 

• Fixation with 2.5% glutaraldehyde in 0.1 M CaCO pH=7.4 for 3 hours 

• Rinsing in 0.1 M CaCO pH=7.4 (3x3 min) 

• Dehydration in graded alcohols  (50%, 70%, 80%, 90%, 95%, 100%) 2x2 min for 

each alcohol concentration 

• addition of 0.1 ml of HMDS 1x10 min 

• 50% alcohol + 50% HMDS 1x10 min 

• pure HMDS 1x10 min 

 

The samples were then placed on absorbent paper and air dried for 1 hour.  Subsequently, 

they were mounted on stubs using a conductive tape and coated with a 1.5 nm thick layer of gold-

palladium using an Emitech K550X system (Quorum Technologies, UK). Observations were 

performed using a scanning electron microscope (JSM 5200, JEOL, Tokyo, Japan) under 50x, 100x 

and 500x magnification. 

Statistical analysis 

After checking the normality (Shapiro-Wilk test) and homoscedastic (modified Levene’s 

test) assumptions of the data sets, an analysis of variance (ANOVA) was performed to examine the 

effects of the dependent variables “cement type”, “pretreatment”, “root region” and “aging” and the 
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interaction of these factors on the PBS. Pairwise comparisons were performed using Tukey post-hoc 

test. In addition, one-way ANOVA test with the post-hoc Bonferroni correction was conducted to 

evaluate the differences between the groups. NL scores were analyzed using the Chi-square tests. 

Evaluation of the quantified data obtained from in-situ zymography analysis of molar teeth was 

performed by two-way ANOVA to examine the effect of “cement type” and “pretreatment” on 

potential gelatinolytic activities. Since the data obtained from in situ zymography analysis of 

premolar teeth were not normally distributed (failed Shapiro-Wilk test, p<0.05) Kruskal-Wallis one 

way analysis of variance and pairwise multiple comparison procedures (Dunn's Method) were run. 

Statistical analyses were conducted with the software Stata 12.0 (Stata Corp, College Station, 

Texas, USA) and the significance was set for p<0.05. 

Results 
 
Push-out bond strength values 

Bond strength data were expressed as means and standard deviations (MPa), and are shown 

in Tables 5 and 6.  

Results of the factorial ANOVA showed that significant differences were observed for the 

variables: “root region” (p=0.0000), “aging” (p=0.0000) and “pretreatment” (p=0.0001). The 

variable “cement type” did not influence the PBS (p>0.05). The interactions between the variables 

“root region” and “aging”, “pretreatment” and “aging” were significant (p=0.0215 and 0.0000, 

respectively). There was no significant difference (p>0.05) for other interactions.  
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Table 5. Push-out bond strength values (MPa)  with standard deviations after 24h of artificial saliva 

storage. Different superscript letters indicate differences within the rows, different superscript 

letters indicate differences within the columns. 

 

 Control EDC 

Groups Coronal Middle Apical Coronal Middle Apical 

RelyX Universal 19.0 ± 5.6Aa 13.7 ± 3.3A,B a 9.7± 3.2B a 20.5 ± 6.9A a 12.6 ± 4.0A,B a 11.2 ± 4.3B a 

Multilink Automix 18.8 ± 7.5Aa 15.8 ± 3.9Aa 12.9 ± 4.8A a 18.0 ± 5.2A a 13.6 ± 4.5A a 12.0 ± 4.6A a 

Luxacore 
Z Dual 17.8 ± 3.3Aa 14.5 ± 2.3Aa 13.9 ± 3.2A a 17.5 ± 4.8A a 14.7 ± 4.9A a 12.2 ± 4.3A a 

 

 

 

Table 6. Push-out bond strength values (MPa)  with standard deviations after 40.000 thermocycles. 

Different superscript upper case letters indicate differences within the rows, different superscript 

lower case letters indicate differences within the columns. 

 

 Control EDC  

Groups Coronal Middle Apical Coronal Middle Apical 

RelyX Universal 11.6 ± 3.4A,Ba 8.8 ± 3.0Ba 9.5 ± 1.6Ba 18.8 ± 4.Aa 11.6 ± 4A,Ba 11.0 ± 3.4A,Ba 

Multilink Automix 10.8 ± 4.1Aa 9.9 ± 4.1Aa 9.2 ± 3.5Aa 16.1 ± 8.5Aa 13.8 ± 5.3Aa  13.7 ± 3.9Aa 

Luxacore 
Z Dual 

14.0 ± 5.3Aa 
 

10.8 ± 4.0Aa 
 

9.1 ± 3.9Aa 
 

17.4 ± 4.5Aa 
 

14.1 ± 2.3Aa 
 

15.5 ± 3.5Aa 
 

 

 

Failure mode 

Failure modes distribution of the tested specimens, expressed as percentages of the total number of 

slices tested, are summarised in Table 7.  No cohesive failures within the post nor within cement 

were observed in any of the groups. In general, artificial aging increased the percentage of adhesive 

failures between dentin.  
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Table 7: Failure mode of the dislodged specimens from three experimental groups. Data are 

expressed as percentages (%) of the total number of specimens tested for each group 

 
Groups T0 Tt 

Control EDC Control EDC 
RelyX 

Universal 

M: 47% 

AP: 18%  

AD: 35% 

CC: 0 

CP: 0 

M: 13% 

AP: 77% 

AD: 10% 

CC: 0 

CP: 0 

M: 24% 

AP: 68% 

AD: 8% 

CC: 0 

CP: 0 

M: 7% 

AP: 79% 

AD: 14% 

CC: 0 

CP: 0 

Luxacore Z 
Dual 

M: 0 

AP: 60% 

AD: 40% 

CC: 0 

CP: 0 

M: 28% 

AP: 66% 

AD: 6% 

CC: 0 

CP: 0 

M: 0 

AP: 63% 

AD: 37% 

CC: 0 

CP: 0 

M: 8% 

AP: 71% 

AD: 21% 

CC: 0 

CP: 0 

Multilink 
Automix  

M: 0 

AP: 74% 

AD: 26% 

CC: 0 

CP: 0 

M: 48% 

AP: 31% 

AD: 21% 

CC: 0 

CP: 0 

M: 12% 

AP: 27% 

AD: 61% 

CC: 0 

CP: 0 

M: 7% 

AP: 37% 

AD: 56% 

CC: 0 

CP: 0 
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In-situ zymography 

The results obtained from in situ zymography analysis of premolar teeth are presented in 

Figures  2 and 3.  

 

 

 

 

Figure 2: Quantification of the gelatinolytic activity within the resin-dentin interfaces of the tested 

groups. Values are presented as means ± standard deviations. RXU – RelyX Universal; MUL – 

Multilink Automix; LUX – Luxacore Z Dual; EDC – EDC pretreatment; T0 – baseline; Tt – 

thermocycling. Red lines indicating statistically significant differences between the groups; y-axis: 

integrated density of the fluorescence signal.  
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Figure 3: Quantification of the gelatinolytic activity within the resin-dentin interfaces of the tested 

groups. Values are presented as means ± standard deviations. RXU – RelyX Universal; MUL – 

Multilink Automix; LUX – Luxacore Z Dual; EDC – EDC pretreatment; T0 – baseline; Tt – 

thermocycling. Red lines indicating statistically significant differences between the groups; y-axis: 

integrated density of the fluorescence signal.  

  

 

 

EDC pretreatment significantly reduced enzymatic activity at baseline when fiber posts were 

cemented using Multilink Automix cement (p=0.015) and Luxacore Z Dual (p=0.01). Similarly, a 

significant difference was observed between control and EDC groups after thermocycling when 

posts were cemented with RelyX Universal cement (p<0.001), however there was a lack of 

significant difference at baseline (p>0.05). Interestingly, thermocycling seemed to reduce enzymatic 

activity in both control and experimental groups when Luxacore Z Dual was used as luting agent 

(p<0.05). 
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Figure 4: Representative confocal laser scanning microscopy images of resin-bonded radicular 

dentine interfaces that were incubated with quenched fluorescein-labelled gelatine. Abbreviations: 

D, dentine; HL, hybrid layer; P, post. T0, baseline; Tt, thermocycling.  For each set of images, the 

top image was acquired in the green channel. The green fluorescence represented areas with intense 

endogenous gelationolytic activity within the dentinal tubules and the hybrid layer. The bottom 

image was produced by merging the differential interference contrast image (showing the optical 

density of the resin-dentine interface) and the image acquired in green channel. 

 

 

As for the data obtained from in situ zymography of molars, significant differences (p<0.05) 

were observed among all tested cements (Figure 5).  The highest level of enzymatic activity was 

observed in RelyX Universal group, while Luxacore Z Dual showed lowest enzymatic activity. 

Considerable level of fluorescence was detected in the dentinal tubules in the RelyX Universal 

group. 
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Figure 5: Quantification of the gelatinolytic activity within the resin-dentin interfaces of the tested 

groups. Values are presented as means ± standard deviations. Stars indicating statistically 

significant differences between the tested groups.  

 

 

 
Figure 6: Representative confocal laser scanning microscopy images of resin-bonded radicular 

dentine interfaces that were incubated with quenched fluorescein-labelled gelatine. Abbreviations: 

D, dentine; HL, hybrid layer; P, post. For each set of images, the top image was acquired in the 

green channel. The green fluorescence represented areas with intense endogenous gelationolytic 

activity within the dentinal tubules and the hybrid layer. The bottom image was produced by 

merging the differential interference contrast image (showing the optical density of the resin-

dentine interface) and the image acquired in green channel. 
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SEM images of the fractured specimens 
 

 
Figure 7: Photomicrographs of the adhesive interface in RelyX Universal control group at baseline. 

Abbreviations: D, dentine; P, post; C, cement. 
 
 
 

 
Figure 8: Photomicrographs of the adhesive interface in RelyX Universal EDC group at baseline. 

Abbreviations: D, dentine; P, post; C, cement. 
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Figure 9: Photomicrographs of the adhesive interface in RelyX Universal control group after 

thermocycling. Abbreviations: D, dentine; P, post; C, cement. 
 
 
 

 
Figure 10: Photomicrographs of the adhesive interface in RelyX Universal EDC group after 

thermocycling. Abbreviations: D, dentine; P, post; C, cement. 
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Figure 11: Photomicrographs of the adhesive interface in Multilink Automix control group at 

baseline. Abbreviations: D, dentine; P, post; C, cement. 
 
 
 

 
Figure 12: Photomicrographs of the adhesive interface in Multilink Automix EDC 

group at baseline. Abbreviations: D, dentine; P, post; C, cement. 
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Figure 13: Photomicrographs of the adhesive interface in Multilink Automix control 

group after thermocycling. Abbreviations: D, dentine; P, post; C, cement. 
 

 
 

 
Figure 14: Photomicrographs of the adhesive interface in Multilink Automix EDC 

group after thermocycling. Abbreviations: D, dentine; P, post; C, cement. 
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Figure 15: Photomicrographs of the adhesive interface in Luxacore Z Dual control 

group at baseline. Abbreviations: D, dentine; P, post; C, cement. 
 

 

 
 

Figure 16: Photomicrographs of the adhesive interface in Luxacore Z Dual EDC 
group at baseline. Abbreviations: D, dentine; P, post; C, cement. 
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Figure 17: Photomicrographs of the adhesive interface in Luxacore Z Dual control 

group after thermocycling. Abbreviations: D, dentine; P, post; C, cement. 
 
 
 

 
 

Figure 18: Photomicrographs of the adhesive interface in Luxacore Z Dual EDC 
group after thermocycling. Abbreviations: D, dentine; P, post; C, cement. 
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Discussion   
 

The experimental use of collagen cross-linking agents during adhesive procedures has 

gained great popularity over the past years. The use of cross-linkers can be seen as a biological 

tissue engineering approach, where dentin tissue repair/regeneration is the development of a 

biomimetic strategy to enhance the substrate properties by modifying the chemistry of the tissue. 

(130) 

One of the main aims of this study was to evaluate the effect of EDC on push-out bond 

strength of adhesively luted fiber posts, 24h after cementation and after simulated artificial aging. 

The first null hypothesis was partially rejected since the application of EDC did not influence the 

immediate push-out strength, however, it was able to preserve the bond-strength after 40.000 

thermocycles. The results are in agreement with previous work which was conducted on coronal 

dentin in which EDC did not influence the immediate bond-strength values. (128, 130, 187) Our 

results support the findings from Comba et al. (2019) and Shafiei et al. (2016) in which no 

beneficial effect of EDC on immediate push-out bond strength of fiber posts was observed when 

posts were cemented using different adhesive strategies. (167, 169) However, Lopes et al. (2020) 

did report higher immediate bond-strength values when EDC pretreatment was carried out and fiber 

posts were luted with SA resin cement. (168) The absence of the positive effect of EDC 

pretreatment on immediate bond-strength values can be explained by the reduced quantity of 

exposed collagen network, due to challenges in secondary smear layer removal in root canal spaces, 

and the degradation of collagen network in endodontically treated teeth. (188-190)  

The true beneficial effect of radicular dentin pretreatment with EDC became evident after 

simulated aging by means of thermocycling. Indeed, previous studies which investigated the effect 

of EDC on bond-strength on coronal dentin reported that EDC was able to preserve long-term bond 

strength (127, 128, 130), and promising results were observed even after 5 years of aging in 

artificial saliva. (187) Similarly, EDC was found to be effective in maintaining the bond-strength of 

fiber posts and the integrity of resin-dentin interface when posts were luted using different resin 



 62 

cements (EAR, SE and SA approach) and stored in artificial saliva or water for 12 months. (167, 

169) Interestingly, EDC was also demonstrated to be very effective in preserving 10-month bond-

strength values in radicular dentin which was submitted to radiation in order to simulate conditions 

seen in cancer treated patients. No such effect was seen in control groups and in groups where CHX 

was used for root canal irrigation. (168) This research seems to be the first to report preservation of 

push-out bond strength values in EDC groups when root slices were submitted to simulated aging 

by means of 40.000 thermocycles. We further demonstrated reduction in push-out bond-strength 

values in control groups, regardless of the choice of the adhesive strategy and resin cements used 

during luting procedures. EDC was most likely able to maintain bond-strength values in EAR and 

SE groups due to the fact that it can alter the configuration of MMPs catalytic domains which 

become exposed during etching of radicular dentin. (169) Furthermore, higher bond-strength values 

in EDC groups can be attributed to the well known fact that EDC can stimulate the formation of 

cross-links and increase the resistance to degradation of collagen. (191) (124, 168) 

The second null hypothesis that EDC has no effect on endogenous enzymatic activity within 

radicular dentin was rejected since it was able reduce the level of enzymatic activity at baseline 

when SE (Multilink Autoimix) and EAR (Luxacore Z Dual) resin cements were used for fiber post 

luting, as well as in SA (RelyX Universal) groups after thermocycling. When cementing fiber posts 

with a multi-step resin cement that requires application of the phosphoric acid, radicular dentin 

becomes demineralized with consequent increased endogenous enzymatic activity. Previous study 

showed that EDC can inactivate matrix-bound dentin proteinases in demineralized coronal dentin 

matrices with a 1 minute application time. (124) Pretreatment with EDC was also able to inhibit 

dentin endogenous MMPs as assayed with the zymography when 3- and 2-step EAR adhesive 

systems were used as bonding agents on coronal dentin. (128) Although conducted on coronal 

dentin, the findings from the mentioned studies are in line with our results which demonstrated the 

ability of EDC to silence the enzymatic activity when EAR system was used during luting of fiber 

posts. Up to this date, two studies evaluated the effect of EDC, by means of in situ zymography, on 
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enzymatic activity within hybrid layers in radicular dentin created by 3- and 2-step EAR adhesives. 

Both Comba et al. (2019) and Alonso et al. (2018) reported reduced gelatinolytic activity in EDC 

groups compared to control groups, thus confirming our findings and the favorable influence EDC 

has on resin-dentin interface in radicular dentin. (169, 192) Similarly, we also observed reduced 

enzymatic activity in EDC groups when SE adhesive strategy was used for fiber post luting. These 

findings are in agreement with Mazzoni et al. (2017) and Maravic et al. (2021) who conducted 

similar experiments on coronal dentin. (129, 187) We speculate that the full effect of EDC in 

silencing MMPs seen in Multilink group was also due to experimental design used in this study. 

Rather then pretreating radicular dentin with EDC prior to adhesive application, Multilink Primer 

which contains phosphoric acid was applied to radicular dentin according to the manufacturer’s 

instructions, therefore partly demineralizing dentin, after which EDC was applied for 1 minute. 

These steps enabled application of EDC on demineralized dentin, and silencing of MMP activity 

even after primer application. (127) To the best of our knowledge, this is the first experiment that 

showed promising results in reducing enzymatic activity within hybrid layers created with SE 

approach in radicular dentin. As seen in Figure 2, there was a tendency in reduction of MMPs 

activity even in RelyX Universal group, however, no statistically significant threshold was reached. 

This is likely due to the fact that, when using a SA resin cement, EDC is applied on mineralized 

dentin, thus underestimating the effect this cross-linking agent may have when applied on 

mineralized dentin. Furthermore, the acidic monomers in SA resin cements, depending on the type 

and concentration of acid functionality as well as the moisture content, can create a pH value of 

around 1.5 in freshly mixed cement, thus causing the activation of the MMPs. The true beneficial 

effect of EDC in silencing enzymatic activity in RelyX Universal group became evident only after 

artificial aging of the samples, thus confirming the positive effect of EDC on long-term preservation 

of resin-dentin interface created by SA cements. (168) 

The third null hypothesis that there would be no difference in MMPs activity within 

radicular dentin when different adhesive strategies and resin cements are used for FRC post luting 
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was rejected, since statistically significant differences were observed among all three tested groups. 

Contrary to the expectations, the highest level of enzymatic activity was seen when SA resin cement 

(RelyX Universal) was used for post luting, while the lowest activity was detected when Luxacore 

Z Dual, a cement used with EAR system, was applied on coronal dentin. Although the results of 

this study are somehow unexpected, there may be several explanations for this finding. Firstly, 

when cementing posts with resin cements that require application of phosphoric acid, the etchant 

needs to be dispensed in the root canal space with the intention of achieving intimate contact with 

canal walls for 15 s and consequently demineralize radicular dentin. This procedure should lead to 

the exposure of collagen fibers and activation of latent MMPs. (71) However, applying an etchant 

into root canal space is more challenging compared to situations when coronal dentin needs to be 

etched, mostly due to the reduced visibility, narrow root canal space and complex morphology of 

the canals. (193) Indeed, when etching gel is applied to root canal space passively (by means of 

needle provided by the manufacturer) SEM images revealed that canal walls are covered with smear 

layer debris and that dentinal tubules are partially opened due to the presence of smear plugs in all 

canal thirds. (194) Considering that in this study the etching gel was dispensed into canal space 

using a needle and that it was left for 15 s, after which it was thoroughly rinsed, it is possible that 

proper demineralization of radicular dentin was not entirely achieved. Consequently, the well 

known effect that phosphoric acid has on MMPs activation may have been diminished in this 

particular case. On the other hand, the increased enzymatic activity observed when SE and SA 

cements were used for luting can be explained by the technique used for applying the primer in SE 

groups and chemistry of the SA cements. Multilink Primer which, as previously mentioned, 

contains phosphoric acid was actively rubbed with microbrush therefore achieving better contact 

with root canal walls and possibly activating latent MMPs in greater percentage than passive 

delivery of etching gel. Lastly, very high enzymatic activity detected in RelyX Universal group can 

be explained by the chemistry of SA resin cements. Self-adhesive resin cements critically rely on 

strongly acidic monomers that impose formulation stability complications. pH of the freshly mixed 
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two-component SA cement can be as low as 1.5 which is certainly enough to achieve 

demineralization of dentin. The neutralization kinetics for RelyX Unicem may take up to 48 h from 

the moment it has been delivered to root canal. (144) Since it was developed by the same 

manufacturer, we speculate that RelyX Universal has similar polymerization and neutralization 

kinetics to RelyX Unicem, and that the time needed for achieving neutral pH value is approximately 

the same. During neutralization process which may take hours, acidic monomers and low pH level 

of the cement could have lead to increased level of enzymatic activity within radicular dentin.  

In every day dental practice clinicians can choose among one of three different adhesive 

strategies when luting fiber posts. Even though SA resin cements have been introduced to the 

market more than a decade ago and the literature reports positive results for this group of cements, 

concerns still exist within dental community when having to cement fiber posts. Therefore, one of 

the aims of this study was to evaluate the push-out bond strength achieved with different adhesive 

approaches and different types of resin cements. Some clinicians claim that multiple steps required 

when using cements with EAR and SE approach can increase technique sensitivity and, if not 

performed properly, can reduce the bond strength. On the other hand, some dentists feel more 

comfortable using multi-step resin cements since, unlike SA cements, they lead to the creation of 

hybrid layers. (63, 71) The fourth null hypothesis that the choice of adhesive strategy and resin 

cement does not influence post push-out bond strength was accepted, since no statistically 

significant difference was observed among the three investigated cements. Sarkis-Onofre et al. 

(2014) conducted a systematic review of in vitro studies that compared bond-strength values 

obtained with multi-step (EAR and SE) and SA resin cements. It was reported that the usage of SA 

cements could improve the retention of fiber posts into root canal. (66) Contrary to the findings of 

the mentioned systematic review, we did not observe significant differences among the tested resin 

cements, neither at baseline nor after simulated aging. These results are in line with the pilot study, 

in which we concluded that retention of fiber posts is more material-dependent than cementation 

strategy-dependent.  



 66 

After push-out bond strength test the highest values were observed in the coronal portion of 

the root, and these values were statistically higher from both middle and apical third. However, no 

differences were observed between apical and middle part of the root. These results led to the 

rejection of the fifth null hypothesis. Our findings are in agreement with Machado et al. (2015) and 

Comba et al. (2019) who reported superior retention of fiber posts in coronal and middle third when 

FRC posts were luted with multi-step resin cement. (169, 195) Similar findings were reported by 

Lopes et al. (2020) who investigated bonding properties of SA resin cement. (168) The results are 

furthermore in line with Rodrigues et al. (2017) who reported the highest bond strength in coronal 

region of the tooth, regardless of the cementation strategy used. (196) The inferior bond strength 

values in apical portion can be explained by impaired bonding to radicular dentin in this part of the 

root, due to reduced access of light which influences polymerization of adhesive systems and resin 

cements. Lastly, the morphology of dentin is less favorable for achieving adequate bonding and it is 

usually characterized by presence of smear layer which is difficult to control. (188, 197) 

Storage of specimens in artificial saliva or water is the most common way to simulate aging 

in dental research. It is considered as a low-cost and simple way, with the possibility of aging the 

resin-dentin interfaces from several months (198), up to 4-5 and even 10 years. (187, 199-201) The 

decrease in bond strength can be observed even after several months of storage and is supposed to 

be caused by degradation of interface components by hydrolysis (mainly resin and/or collagen), as 

explained in the earlier sections. (202) Other proposed mechanisms of degradation of resin-dentin 

interfaces include: “plasticization” – infiltration and decrease of mechanical properties of the 

polymer matrix, by swelling and reducing the frictional forces between the polymer chains (203, 

204) and breakdown of uncured monomers (202, 205).  

Another way of artificial aging is by applying occlusal loading. For this purposes, chewing 

simulator is usually used to simulate clinical conditions and masticatory forces. (206) (202, 207)  

Thermocycling is a method commonly used in in vitro research to facilitate the degradation of 

resin-dentin bonds. The original ISO TR 11450 standard from 1994 suggested a minimum of 500 
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cycles in water between 5-55 oC. However, few years later Gale and Darvell (1998) came to a 

conclusion that 10.000 cycles corresponds to one year of clinical function. (73) Consequently, 

Academy of dental materials published their guidance for the evaluation and aging methods of 

resin-based restorations. According to these guidelines, samples should be subjected to a minimum 

of 10.000 cycles (and by preference more), in aqueous media between 5-55 oC after 1-7 day storage 

in the same media. The exposure in each bath should be at least 20 s, and the transfer time should be 

as short as possible (less than 10 s). (208) The artificial aging occurring within samples exposed to 

thermocycling occurs in two ways. Hot water (55 C) can accelerate hydrolysis of interface 

components, and subsequent uptake of water and extraction of breakdown products or poorly 

polymerized resin oligomers. (209) Next, due to the higher thermal contraction/expansion 

coefficient of the restorative material (as compared with that of tooth tissue), repetitive 

contraction/expansion stresses are generated at the material-tooth interface. The generated stresses 

can cause cracks that propagate along bonded interfaces, and, once a gap is created, changing gap 

dimensions can cause in- and outflow of oral fluids, which is known as “percolation”. (73, 202)  

The rationale for using thermocycling as a way to accelerate degradation of the adhesive 

interface is supported by the previous unpublished data by Josic et al. Their study concluded that 

storage of root slices in artificial saliva for 1 year can lead to increased push-out bond strength 

values when testing 5 different luting agents (stated earlier in the pilot study section). This 

observation was probably due to the fact that long-term exposure of root slices to aqueous media 

may have enabled water molecules to enter the resin cement and fiber posts by diffusion. (210, 211) 

Water diffusion into the material could influence its hygroscopic expansion. The volumetric 

expansion of resin cement and fiber posts could increase the frictional resistance between the 

material and canal walls, resulting in its greater resistance towards the axial forces applied during 

push-out test. (212) It is important to mention that self-adhesive resin cements show different water 

sorption and solubility characteristics. (185) Also, acidic monomers (such as the ones present in 

self-adhesive cements) with hydrophilic characteristics can absorb more water than conventional 
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composites or multi-step resin cements, which would lead to their higher net expansion and more 

intimate contact to root canal walls. (213) Josic et al. (2020) also reported that cyclic loading in 

chewing simulator (100.000 cycles) caused no visible reduction in fracture resistance of 

endodoctically treated teeth restored with FRC posts. (27) Finally, it was reported the elastic 

modulus and shear strength of an endodontic FRC post material is more influenced by 

thermocycling fatigue than by water storage alone. (214) Therefore, thermocycling seems like an 

adequate method to challenge the adhesive interfaces between resin cements – dentin and resin 

cement – FRC post. Even though a standardized thermocycling protocol does not seem to exist and 

high heterogeneity is observed among in vitro research (215), root slices were exposed to 40.000 

thermal cycles (with dwell time of 30 s) in order to stress the adhesive interface and to gain more 

clinical relevance. (171) Lastly, the literature reports no information on how thermocycling 

influences the endogenous enzymatic activity.  

The final null hypothesis, that thermocyling has no effect on push-out bond strength and 

endogenous enzymatic activity within radicular dentin had to be rejected, since this method of 

artificial aging statistically influenced both retention of fiber posts as well as endogenous enzymatic 

activity. Previous research published by Yaman et al. (2014) and Mazzoni et al. (2008) who 

reported that thermocycling was able to reduce push-out bond strengths of adhesively luted fiber 

posts. (171, 216) On the other hand, Dimitrouli et al. (2012) did not observe decrease in bond 

strength when posts luted with SA and multi-step resin cements were subjected to thermocycling. 

(217) The absence of difference can be due to the study design and the low number of cycles 

(5.000) used in this research, since 5.000 thermocycles is insufficient to produce a significant effect 

to materials’ properties.  

This study investigated, for the first time, the influence of thermocycling on endogenous 

enzymatic activity within radicular dentin. When observing Figure 2, a general trend in reduction of 

enzymatic activity can be observed in all groups. However, the only significant difference was 

observed in Luxacore Z Dual group, where differences were detected in both control and EDC 
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groups. These results may seem unexpected, since the level of enzymatic activity usually increases 

with aging and is considered to be responsible for the loss of bond strength in resin-dentin 

restorations. (187) Although surprising, the explanation to this phenomenon may lie in the fact that 

instead of aging samples in artificial saliva as reported by Maravic et al. (2021) (187) and Breschi et 

al. (2020) (200), the root slices in this study were exposed to thermocycling procedure in dwells that 

were filled with distilled water. Unlike artificial saliva which contains Zn and Ca ions necessary for 

MMPs activity, distilled water clearly represents a different storage medium for aging of samples 

due to the lack of ions. Tezvergil-Mutlua et al. (2010) investigated the requirement of Zn and Ca 

ions for functional MMP activity in demineralized dentin matrices. (218) The authors reported that 

“the common use of water as an aging medium may underestimate the hydrolytic activity of 

endogenous dentin MMPs and should be discouraged because it would promote the loss of calcium 

and zinc ions from dentin matrices, rather than restore them”. Since Luxacore groups were the only 

groups in which dentin demineralization was performed with phosphoric acid, we speculate that the 

loss of Ca and Zn ions in this group was higher than in partially demineralized (Multilink Automix) 

or mineralized radicular dentin (RelyX Universal), thus leading to considerable decrease in MMP 

activity.  

Finally, for the first time we demonstrated that the level of MMPs activity seemed to have 

no direct correlation with retention of fiber posts in root canals after simulated aging. This further 

highlights the complex mechanism of posts’ retention, and confirms the previous findings that the 

retention of fiber posts in the root canal cannot be attributed to the mode of interaction of the luting 

cements with dentine nor to their ability to diffuse into dentine. (219) However, the cross-linking 

effect of EDC within radicular dentin should be investigated in future studies, since this zero cross-

linking agent was able to preserve bond strength values.  
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Conclusions and Future Directions 
 
 
Within the limitations of this in vitro research, the following conclusions can be made: 

• The investigated cross-linking agent EDC does not influence immediate push-out bond 

strength, however, it contributes to the preservation of resin-dentin interfaces within 

radicular dentin created by different cementation protocols after simulated aging 

• EDC was effective in reducing endogenous enzymatic activity within hybrid layers in 

radicular dentin 

• The choice of resin cement and cementation strategy did not influence posts’ retention in the 

canal space 

• Coronal third yielded the highest bond strength values, demonstrating the most predictable 

retention of fiber posts in the mentioned root region 

• Thermocycling, as means of simulated aging, significantly reduced retention of fiber posts 

in self-etch and self-adhesive control groups, as well as endogenous enzymatic activity 

when posts were cemented with EAR adhesive and multi-step resin cement. 

 

Considering that pretreating radicular dentin with EDC during 1 minute represents clinically 

acceptable timeframe, randomized controlled clinical trials investigating the potential benefits of 

this cross-linking agent are necessary to confirm the findings of this in vitro study.  
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