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Abstract 
The hybrid layer is the key for bonding between composite resins and mineralized dental tissues. 

Bonding to dentin is problematic because of the morphological complexity, high content of water and organic 

components, and lack of compatibility with hydrophobic monomers. Moreover, the stability of the hybrid layer 

is challenged over time by degradation phenomena that affects both components of the hybrid layer: the dentin 

organic matrix and the adhesive resin. Both degradation phenomena are the result of hydrolysis mechanisms 

involving the residual water preserved in the hybrid layer. The main problem continues to be the dentin collagen 

degradation determined by host-derived metal proteinases. Various strategies have been proposed to improve 

the bond stability at dentin-composite resin interface, which aim either to increase the resistance of 

demineralized dentin and resin to degradation or to decrease the residual water within the hybrid layer. Further 

studies should aim to identify the most effective combination adhesive - metalloproteinase inhibitor and the 

most suitable strategy for improved dentin hybridization and stability of the hybrid layer. 
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Most situation in adhesive dentistry 

implies the formation of an adhesive joint 

between the dental tissue and the 

restorative material and involves 

micromechanical, chemical or combined 

interactions mediated by an adhesive (the 

bonding system) [1]. The bonding systems 

have been developed in order to mediate 

the adhesion between the hydrophilic 

dental tissues and the hydrophobic resin-

based materials used for dental 

restorations. Enamel is a highly 

mineralized tissue, therefore it is a 

substrate easy to bond with. On the other 

hand, dentin is a poor adherend since it 

contains a substantial proportion of water 

and organic material [2]. Modern adhesive 

systems promote adhesion to both enamel 

and dentin despite the unsuitable 

properties of dentin. The mechanisms of 

bonding involve either complete 

dissolution and removal of the smear layer 

by rinsing, or dissolution of smear layer 

and including the components into the 

adhesive joint. Depending on these 

underlying strategies, any contemporary 

adhesive can be classified as an “etch and-

rinse” or a “self-etch” system. Both types 

of systems create a hybrid layer consisting 

of partially-demineralized dentine 

impregnated with resin [2]. 

 The hybrid layer is the key for 

adhesion and sealing at the interface 

between the tooth substrate and the 

composite resin, and at the same time it is 

the element most exposed to interactions 

and alterations. Both adhesion and sealing 

are problematic when dentin is involved 

because of the complexity of the tissue, 

high content of water and organic 

components, and lack of compatibility 

with hydrophobic monomers.  

 Besides, the difficulties of creating 

an interdiffusion layer between dentin and 

the bonding resin, the stability of this layer 

is challenged by degradation phenomena 

that affects both components of the hybrid 

layer: the dentin organic matrix and the 

adhesive resin. Both degradation 

phenomena are the result of hydrolysis 

mechanisms involving the residual water 

preserved in the hybrid layer. The residual 
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water can originate from the intrinsic 

dentinal moisture or from the adhesive 

system in case of water-based solvent.  

Water can also derive from the external 

environment by contamination of the 

substrate during the application of the 

adhesive or subsequently by marginal 

microleakage of the restoration. Although 

the hydrolysis of collagen may precede the 

dissolution of the resin, the two degrading 

processes follow one after another and 

potentiate each other. The degradation of 

the resin exposes new collagen fibers, 

which makes them vulnerable to the 

enzymatic attack, which leads to the 

propagation of the deteriorating processes. 

 

DEGRADATION OF THE DENTIN 

ORGANIC MATRIX 

Degradation of the dentin matrix is 

possible due to the intrinsic characteristics 

of dentin that makes demineralized 

collagen extremely susceptible to 

hydrolysis. When demineralized dentin is 

concerns, three elements are responsible 

for the enzymatic hydrolysis: 

- the collagen polymers; 

- the enzymes; 

- the reaction environment (water 

from intrinsic dentinal moisture); 

Dentin collagen polymers 

Dentin collagen includes type I 

collagen (90% by weight) and traces of 

types V and III collagen. Among the non-

collagenous dentinal proteins, the most 

important are the proteoglycans. Dentin 

collagen is the highest cross-linked 

collagen in the body. These cross-links 

allow the acid etching of the dentin during 

adhesive procedures without degradation 

to occur. The demineralization may 

involve the interfibrillar mineral or both 

the extra- and intra- fibrillar mineral. 

Over-etching can induce structural changes 

of collagen molecules and proteoglycans, 

resulting in the inclusion of an already 

injured organic component within the 

hybrid layer. On the other hand, the mild 

acidity of self-etching adhesive systems 

might cause inadequate etching, impairing 

their ability to mechanically interact with 

the dentinal surface. 

Endogenous dentinal enzymes 

The most important groups of 

endogenous enzymes in dentin are the 

matrix metalloproteinases and cysteine 

cathepsins. The matrix metalloproteinases 

are endogenous proteases dependent on 

Zn
2+

 and Ca
2+

 produced by odontoblasts 

during the formation of the dentin organic 

matrix [3]. The inactive enzymes remain 

trapped as the collagen matrix is 

mineralized [4]. The acidic environment 

that occurs during caries attack or etching 

procedures can expose and activate 

metalloproteinases. Once activated, these 

enzymes will affect dentin collagen [5,6].  

The most abundant matrix 

metalloproteinase in dentin is MMP-2, 

followed by MMP-9, which are not true 

collagenases, but they intervene in opening 

the access of true collagenases (MMP-1, -

8, -13, -18) to intact collagen molecules. 

Cathepsin CT-K is responsible for 98% of 

the activity of cathepsins against collagen 

and differs from matrix metalloproteinases 

and other cathepsins in its ability to cleave 

helical collagen in several sites and 

generate multiple collagen fragments. It 

seems that cysteine cathepsins and matrix 

metalloproteinases can act synergistically 

[7]. 

Dentin moisture 

The water content of dentin near 

the DEJ is about 1% by volume, while that 

of dentin near the pulp is about 22%. This 

difference in intrinsic moisture may result 

in differences in bond strengths between 

superficial and deep dentin [8]. These 

differences tend to diminish when the 

smear layer is left intact, but lower bond 

strengths occur in deep dentin when the 

smear layer is removed [9]. Besides the 

immediate effects of dentin water on the 

adhesive system due to the incompatibility 

with most of the monomers, phase 

separation and incomplete polymerization 

of the resin, the dentin water constitutes 

the reaction medium of collagenolytic 

phenomena, and it also contributes to the 
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degradation of the resin by hydrolysis [10]. 

In deep dentin, the effects of high humidity 

are more severe because the consequent 

degradation of resin can release substances 

with toxic potential for dental pulp [10].  

The degradation of the organic 

matrix is influenced by the dentin status 

and preparation procedures. 

The morpho-physiology, the 

chemical and adhesive properties of 

caries-affected dentin are different 

compared to those of healthy dentin. 

Besides the decreased phosphates and 

carbonates, the affected dentin contains 

modified collagen, fewer intact collagen 

fibrils and proteoglycans [11]. Activation 

of metalloproteinases by the acidic pH 

induced by the caries process seems to be 

partially responsible for these changes 

[12]. Moreover, deep carious lesions 

contain more water which has immediate 

and long-term detrimental effects on the 

hybrid layer [13]. All these characteristics 

make the affected dentin a less effective 

adhesive substrate, which generates a 

weaker hybrid layer [14].  

In the case of sclerotic dentin, 

different levels of metalloproteinases were 

found compared to healthy dentin [15]. 

MMP-2 is reduced, while MMP -8 and -9 

are increased [15, 16]. 

In normal dentin, the space 

between the collagen molecules is around 

1.3 nm and it is fully occupied by tightly 

bound water molecules, while the most 

common dental monomer molecules are 

around 2 nm diameter. Therefore, this 

intermolecular space is too small to 

accommodate one single extended 

monomer molecule of monomer [17]. In 

order to allow the penetration of the 

adhesive between the collagen molecules it 

is necessary either the grinding or the acid 

etching of the dentin. In the case of 

fragmentation that occurs during the 

preparation of the dentine surface, a smear 

layer is generated. The smear layer is a 

superficial detritus composed of 

disorganized organic residues and 

hydroxyapatite minerals weakly bonded to 

the underlying substrate (5 MPa) [18]. 

Smear layer has lower mechanical 

properties than dentin and can prevent the 

penetration of resin monomers to the 

underlying dentin, influencing the 

characteristics of the hybrid layer. In the 

case of self-etching systems, the 

infiltration and chemical bonding abilities 

may be more important than the etching 

efficacy for proper dentin hybridization. 

The characteristics of the 

remaining dentinal detritus depend on the 

abrasive used for surface preparation. Fine 

abrasives generate a compact and thin 

layer of detritus and coarse abrasives 

create a thicker and more porous layer 

[19]. If large fragments of detritus are 

included in the hybrid layer, they can 

create footholds for crack initiation and 

routes for crack propagation from 

accumulated fatigue stress [18]. It seems 

that thicker detritus could have a negative 

impact on the durability of the hybrid 

layer.  

In terms of etching strategy, etch 

and rinse adhesives remove both inter- and 

intra-fibrillar mineral, expose the collagen 

and contribute to the activation process of 

metalloproteinases due to their acidity, 

which could increase the risk for hybrid 

layer degradation. Self-etch adhesives 

could also activate the metalloproteinase 

activation, but to a lesser extent [20] since 

their acidity is milder. They also have the 

advantage of decreased demineralization 

and concurrent infiltration, which expose 

less collagen for enzymatic degradation.  

 

DEGRADATION OF THE RESIN 

WITHIN THE HYBRID LAYER 

Degradation of the resin within the 

hybrid layer is also the result of a 

hydrolysis process. Water adsorption is 

possible because the adhesives contain 

hydrophilic monomers in order to allow 

the bonding with the hydrophilic dentin. 

Water diffusion is followed by the creation 

of large channels filled with water [7]. 

Consequently, the adhesive and the hybrid 

layer behave as a permeable membrane 
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after polymerization, allowing the 

movement of water [21]. 

Hydrolytic degradation breaks 

covalent bonds causing plasticization and 

solubilization of resin polymers followed 

by exposure and damage of collagen 

fibers. The main factors influencing the 

degradation of the resin are the degree of 

monomer conversion after photoactivation 

and the residual water from etched dentin 

and / or adhesive [7,22]. 

The factors that can reduce the rate 

of polymerization are the hydrophilicity 

and high content of water within the 

adhesive [23]; the low pH of monomers 

that can inhibit the polymerization reaction 

[24]; the use of a hydrophobic 

photoactivator (Camforquinone) within 

mixtures of hydrophilic monomers [11];  

the nanophase separation phenomena in 

amphoteric resin mixtures, mainly in 

simplified adhesives [7,11,25]. 

 

III. STRATEGIES TO REDUCE 

HYBRID LAYER DEGRADATION 

 

Inhibition of enzymatic activity of 

dentin metalloproteinases 

 This strategy aims to inhibit the 

activity of endogenous metalloproteinases 

by using substances that binds to either the 

catalytic sites of collagenases or the 

cations in the environment that these 

enzymes need to initiate catalytic 

degradation. 

 

Chlorhexidine (CHX) 

Chlorhexidine is used to disinfect 

the dentin due to its antimicrobial 

properties and substantivity for 

mineralized and demineralized dentin [26]. 

It has been suggested that the durability of 

the adhesive interface is improved by the 

wetting capacity and the strong affinity for 

the dental structures of Chlorhexidine [27]. 

Furthermore, there is evidence that CHX 

inhibits the activity of MMPs and cysteine 

cathepsins by binding to the Zn
2+

 and Ca
2+

 

ions necessary for their activity and by 

reacting with sulfhydryl and/or cysteine 

groups at their catalytic sites [28,29,30]. 

These properties seem to recommend the 

application of chlorhexidine on dentin in 

order to reduce the susceptibility to 

degradation of the hybrid layer. However, 

the use of chlorhexidine as a cavity 

disinfectant has led to contradictory results 

in terms of adhesive interface. The 

mechanism of CHX binding to dentin is 

only electrostatic [31] and there is concern 

that CHX could be displaced by cations 

from dentinal fluid or saliva [32].  

Several studies found a positive 

effect of chlorhexidine application on 

marginal sealing and adhesive bond 

strength. A meta-analysis that included in 

vitro studies concluded that the most 

widely used matrix metalloproteinases 

inhibitor was chlorhexidine in 

concentrations of 0.2% and 2%. 

Chlorhexidine pre-treatment of dentin 

decreased the loss of bonding strength 

after aging the samples for 6 months 

although this effect was not maintained for 

longer periods of time [33]. Another 

research found that CHX pretreatment of 

healthy dentin was able to inhibit the 

gelatinolytic activity and did not impair the 

bond strength initially and after 6 months 

of storage, suggesting that it may promote 

collagen stability overtime [34]. Other 

studies have found evidence of 

chlorhexidine preservation within the 

hybrid layer for 2 years, [35], 5 years [36] 

and 10 years [28]. However, another study 

did not confirm the efficacy of 

chlorhexidine application on long term, 

finding that the adhesion to chlorhexidine 

pre-treated acid-etched dentin in case of 

wet-bonding strategies were preserved 

only after 9 months but not after 18 

months, with severe hybrid layer 

degradation [37].  

The inhibitory effect of 

chlorhexidine on matrix 

metalloproteinases appears to be dose-

dependent but the correlation between 

chlorhexidine concentration and adhesion 

strength is not linear [38]. The minimum 

effective concentration that ensures the 

https://www.amazon.de/chlorhexidine-mouthwash/s?k=chlorhexidine+mouthwash
https://www.amazon.de/chlorhexidine-mouthwash/s?k=chlorhexidine+mouthwash
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substantivity for partially demineralized 

dentin and increases the durability of the 

hybrid layer is considered 0.2% [28,36] 

and the minimum clinical application time 

is 30 s [26]. However, another study 

concluded that chlorhexidine in a 

concentration of 0.2% negatively affected 

the immediate bond strength, while a 

concentration higher than 2% had no 

significant effects. Yet, this result was not 

confirmed after the aging of the samples 

with both 0.2% and 2% chlorhexidine 

showing favorable results after aging [33].  

The effect of chlorhexidine 

application could depend upon the 

composition and etching strategy of the 

bonding system. A negative interaction 

between chlorhexidine and a functional 

monomer (10-MDP) was suggested.  It 

appears that chlorhexidine does not 

improve the durability of adhesion when 

associated with an adhesive system 

containing 10-MDP, however this problem 

is still controversial [34]. 

Several attempts have been made 

for prolonged preservation of 

chlorhexidine within dentin including 

using of chlorhexidine diacetate instead of 

chlorhexidine digluconate and new slow-

release systems [39]. 

The effects of the application of 

chlorhexidine on the dentin modified by 

the evolution of the caries process were 

studied mainly because chlorhexidine is 

widely used as a disinfectant of the cavity, 

with broad antibacterial spectrum. Some 

researchers have concluded that the 

application of a self-etch adhesive system 

on the chlorhexidine-treated dentin, did not 

produce any change for short term in terms 

of micro tensile bond strength with 

demineralized dentin [40]. An exploratory 

study found that chlorhexidine associated 

with 10-MDP based dentin-bonding 

system notably compromised bonding 

durability overtime, suggesting a negative 

interference between these agents [34]. On 

the opposite, another study concluded that 

disinfection of the cavity with 

chlorhexidine showed the highest values of 

adhesion strength, compared to Er Cr 

YSGG laser and photodynamic therapy 

[14]. 

Regarding sclerotic dentin, Oliveira 

Reis et al concluded that the application of 

2% chlorhexidine determined the increase 

of tensile bond strength, nanohardness and 

modulus of elasticity immediately and 

after enzymatic degradation [41], although 

other studies claim that the effects of 

dentin conditioning with chlorhexidine 

become obvious only after 6 months of 

application, due to the time required for 

matrix metalloproteinases to degrade 

collagen fibers [42]. The beneficial effects 

of 2% Chlorhexidine on sclerotic dentin 

are due to the high affinity of the 

chlorhexidine solution for MMP-9 present 

in sclerotic dentin [15]. 

 

Ethylenediaminetetraacetic acid (EDTA) 

 EDTA is a molecule containing 4 

carboxylic acid groups which provide 

chelating properties. Therefore, EDTA has 

both the ability to remove the dentinal 

smear layer and to demineralize dentin. 

The chelation of Ca
2+

 from the collagen 

matrices is less aggressive than phosphoric 

acid etching, avoiding the major alterations 

of the native fibrillar structure of dentin 

collagen [43]. These collagen fibrils are 

thought to contain most of their 

intrafibrillar mineral, contrary to the 

demineralization produced by  phosphoric-

acid-etching of dentin when both the 

extrafibrillar and the intrafibrillar mineral 

are dissolved. In case of bonding to 

EDTA-treated dentin a 3-phase 

hybridization was suggested, including the 

collagen fibrils, adhesive monomer and 

partially demineralized hydroxyapatite 

bound to exposed collagen fibril, instead 

of the usual 2-phase hybridization of 

collagen fibrils and adhesive monomer 

[44]. Consequently EDTA- demineralized 

dentin would be less susceptible to 

dehydration [45] and enzymatic 

degradation.  

 Moreover, chelation of calcium and 

zinc with EDTA inactivates dentinal 
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MMPs [46]. Besides the studies which had 

already reported that an EDTA treatment 

of the dentin surface has a an immediate 

favorable effect on the resin-dentin bond 

[47], Osorio et al. reported that the 0.1M 

EDTA-treated group had a more durable 

resin-dentin bond after NaClO aging when 

compared to the total-etch dentin adhesive 

and self-etch dentin adhesive [45]. 

Washing EDTA away after 

demineralization leaded to significant 

reduction in mechanical properties of 

EDTA-demineralized dentin and 

degradation of collagen already in 1-week 

incubation [48]. This finding confirms the 

efficiency of EDTA- treatment in MMP 

inhibition and also indicates that this 

inhibition is reversible [48].   

 In case of EDTA, the long-term 

aging studies, allowing dentin endogenous 

collagenolytic enzyme function, have not 

yet been done, therefore the durability of 

the effects ond the hybrid layer remains to 

be demonstrated. However, the relatively 

long application time of 60 seconds could 

be a discouraging factor in clinics. Further 

studies will be needed on the concentration 

of EDTA capable of having the same 

effect with a shorter application time [45]. 

Quaternary ammonium derivates 

Quaternary ammonium compounds 

are cationic surfactants that combine 

bactericidal and virucidal activity with 

good detergency and, therefore, cleaning 

ability. They are positively charged and 

can inhibit the endogenous enzymatic 

activity of dentin using a cationic 

mechanism, similar to chlorhexidine.  12-

methacrylyloxyoxidodecylpyridinium 

bromide (MDPB) is a quaternary 

ammonium methacrylate well known for 

its antimicrobial properties that had been 

incorporated into a commercially available 

adhesive system - Clearfil Protect Bond 

(Kuraray) [49] and showed a good ability 

to inhibit the activity of MMPs [50, 51]. 

Research is still focused on the 

development of new monomers with 

quaternary ammonium functionalities [52]. 

 Benzalkonium chloride (BAC) is a 

mixture of benzyl-dimethylammonium 

alkyl chlorides that binds strongly to 

demineralized dentin and has been shown 

to have an immediate inhibitory effect 

comparable to that of CHX, with 

promising results in preservation of the 

adhesion over time [51]. Mixing BAC 

(0.5% BAC or 1% BAC methacrylate) 

with an adhesive resulted in inhibition of 

enzymatic activities, the maximum effect 

being for the group with 1% BAC 

methacrylate. However, in situ 

zymography showed a general trend of 

enzymatic activity increase after aging and 

a decrease in microtensile bond strength 

(especially in the BAC + 1% methacrylate 

groups), probably due to impaired 

polymerization properties [53]. 

Pharmaceutical agents 

 Several pharmaceutical agents have 

been also proposed for the inhibitory effect 

on metalloproteinases through a chelating 

mechanism. Bisphosphonates, especially 

polyvinyl-phosphonic acid, showed good 

immediate results, but with a questionable 

longevity. Use of the zoledronate-

containing primer along with ion-releasing 

filler materials induced mineral formation 

within demineralized dentin, which 

impaired the metlloproteinases mediated 

degradation activity. Anti-cathepsin K 

activity was also observed but only when 

used with unfilled resins [54].  

 Collagenase and gelatinase 

inhibitory properties had been also 

reported for tetracycline and its analogues 

(doxycycline and minocycline) [55]. The 

binding of calcium and zinc to the carbons 

-11 and -12 of tetracycline seems to be 

involved in this mechanism of inhibition 

[56]. Adhesives with 0.5 and 1 wt% of 

doxycycline presented reduced pH and 

degree of conversion. Doxycycline-doped 

dental adhesives were able to inhibit 

metalloproteinases activity, diminish 

nanoleakage, and maintain the resin-dentin 

bond-strength after 1 year of artificial 

aging [57]. Another study confirmed the 

reduced metalloproteinases (MMP-2 and 
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MMP-9) activity for the doxycycline-

containing fillers and also demonstrated 

antibacterial properties against tested 

bacteria and similar mechanical properties 

as compared to the control. Concerning 

bonding performance to dentin, the 

experimental adhesives showed similar 

immediate bond strengths to the control 

[58]. The long-term effects of these 

antibiotics and the risk of dental staining 

caused by photo-oxidation have not been 

studied yet [7].  

Specific inhibitors  
 These compounds selectively 

inhibit one or multiple metalloproteinases 

by acting specifically in the catalytic 

domain. These specific inhibitors seem to 

be effective at very low concentrations. 

The most known synthetic inhibitor is 

Galardin, which has a structure similar to 

collagen, which facilitates its binding to 

the active site of MMP -2, -3, and -9 [59].  

 

Use of collagen crosslinking agents 
The crosslinking agents have the 

role of stabilizing the collagen network, 

making it resistant to enzymatic 

degradation. This group includes 

glutaraldehyde [60], riboflavin [61], and 

several plant-derived crosslinking agents 

[62].  

Glutaraldehyde stabilizes collagen 

by irreversible binding with the amino 

groups in the collagen network proteins 

[60]. However, it has the disadvantage of 

being highly cytotoxic. 1-ethyl-3-(3-

dimethylamino-propyl) carbodiimide 

(EDC) achieves a similar bond strength 

preservation to that of glutaraldehyde [63]; 

increases the rigidity of the demineralized 

dentinal matrix [64] and HL [65]; inhibits 

dentinal MMPs [66], with the advantage of 

much lower cytotoxicity [7]. 

Riboflavin (also known as vitamin 

B2) releases free radicals when UVA 

photo-activated which can form covalent 

crosslinks between the adjacent collagen 

molecules. Riboflavin enhances immediate 

bond strength to dentin, stabilizes the 

adhesive interface and inhibits dentin 

MMPs, enhancing the durability of resin-

dentin bonds and it is biocompatible. Blue 

light photoactivated 0.1% riboflavin 

modified adhesives improved the 

biochemical and biomechanical properties 

of demineralized dentin as well as the 

long-term resin-dentin interfacial integrity 

and bond strength of universal adhesive to 

dentin [61]. 

Plant-derived crosslinking agents 

are characterized by high efficiency and 

low cytotoxicity. The most studied of these 

agents are the polyphenolic compounds 

such as tannins, proanthocyanidins and 

curcumin [7]. Among polyphenols, 

epigallocatechin gallate (EGCG) extracted 

from tea leaves (Camellia Sinensis) is an 

antioxidant with numerous medical 

applications. In dentistry, EGCG is used to 

prevent the alveolar bone loss due to 

periodontal disease, the dentin loss due to 

erosion and abrasion and caries [67]. 

EGCG inhibits the same proteinases as 

Chlorhexidine [68] by hydrophobic 

interaction [69]. Oliveira-Reisa et al found 

increased values of nanodurity and tensile 

bond strength of affected dentin treated 

with EGCG 0.5% prior to enzymatic 

degradation, suggesting that EGCG 0.5% 

may be more effective in inhibiting the 

matrix metalloproteinases in affected 

dentin than Chlorhexidine. On the other 

hand, EGCG is unstable in aqueous 

solutions and is susceptible to degradation 

under the action of environmental factors 

[70], which decreases its efficiency after 

enzymatic challenge [41]. 

 

Alternative strategies 

Numerous studies have proposed 

new strategies for conservation of the 

hybrid layer during the recent years [7]. 

One of the first strategies was to reduce the 

amount of residual water within the hybrid 

layer, which should drastically limit the 

degradation of both dentinal collagen and 

resin polymers as it involves hydrolysis 

processes that are impossible in the 

absence of water. Several strategies had 

been proposed from using the "ethanol-wet 
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bonding" [71] to "dry bonding" with self-

etching primers/adhesives containing high 

concentrations of acidic monomers [72]. 

Another approach suggested the use of 

primers/solvents containing dimethyl 

sulfoxide that form complexes with stable 

water, turning it into "hydrophobic" water 

[73]. 

"Biomimetic remineralization" is a 

more recent approach, involving the 

remineralization of collagen fibrils with 

hydroxyapatite crystals and the 

fossilization of MMPs by using bioactive 

materials which contain slow-release 

remineralization agents and inhibitors of 

matrix proteases [7]. Biodentine has been 

found to produce a high pH and to release 

calcium and silicon ions, creating a 

“mineral infiltration zone” along the 

dentin-cement interface and apatite 

formation after immersion in phosphate 

solution [74]. Similarly, hybrid layer 

remineralization strategies have been 

proposed using experimental adhesive 

systems containing biomimetic 

phosphoprotein analogues [75]. 

"Calcium-chelation dry bonding" is 

another strategy to decrease the residual 

water and stabilize the hybrid layer by 

selectively removing only the extrafibrillar 

mineral and creating interfibrillar spaces 

for monomer diffusion. In this way the 

matrix proteases are not activated and the 

collagen fibrils remain mineralized and 

rigid enough not to collapse when dentine 

is air-dried. The etching agent proposed 

for this adhesive strategy is sodium 

polyacrylate which is a calcium chelator 

with too high a molecular weight (225,000 

Da) to permeate collagen [7]. 

CONCLUSIONS 

 During and following the 

restorative treatment the adhesive interface 

is subjected to numerous challenges: the 

polymerization shrinkage of the composite 

resins, the lack of compatibility between 

the adhesive substrates, the heterogeneity 

of dental tissues and the exposure to oral 

environment. Each of these factors might 

result in immediate or delayed failure of 

the bonding. However, the main problem 

continues to be the lack of stability of the 

hybrid layer at the dentine-adhesive 

interface as a result of extrinsic factors and 

intrinsic degradations determined by host-

derived metal proteinases 

 Despite the large amount of 

available research, there are still many 

unknowns in terms of understanding the 

mechanisms of degradation and lot of 

controversies regarding the prevention and 

arrest of degradation of both dentin and 

resin components of the hybrid layer.  

 New approaches have attempted to 

address the involved factors with limited 

results. These strategies include improving 

reticulation of dentin collagen, 

preservation of interfibrillar calcium, non-

activation or inhibition of matrix proteases, 

decreasing residual water and development 

of resin-base adhesives more resistant to 

degradation. The most promising approach 

seems to be the development of matrix 

metalloproteinases inhibitors selectively 

targeted for the prevention of enzymatic 

degradation of dentin.  

 Further studies should aim to 

identify the most effective combination 

adhesive - metalloproteinase inhibitor and 

the most suitable strategy for improved 

dentin hybridization and stability of the 

hybrid layer. The results of in vitro studies 

should be validated by carefully controlled 

long-term clinical trials. 

 

 

 

 



Romanian Journal of Medical and Dental Education 

Vol. 10, No. 4, July-August 2021 
 

24 

 

References 

1. Bayne SC, Heymann HO, Swift EJ. Update on dental composite restorations. J Am Dent Assoc. 

1994;125(6):687-701. 

2. Perdigao J, Swift Jr. Fundamental Concepts of Dental Adhesion., Sturdevant’s Art and Science 

of Operative Dentistry.2006; 5 ed., Mosby Elsevier. 

3. Palosaari H, Pennington C, Larmas M,  Edwards D. Expression profile of matrix 

metalloproteinases (MMPs) and tissue inhibitors of MMPs in mature human odontoblasts and 

pulp tissue. Eur J Oral Sci. 2003;111(2):117-27. 

4. Hannas AR, Pereira JC, Granjeiro JM, Tjaderhane L. The role of matrix metalloproteinases in 

the oral environment. Acta Odontol Scand. 2007;65(1):1–13. 

5. Tjäderhane L, Larjava H, Sorsa T, Uitto VJ, Larmas M, Salo T. The activation and function of 

host matrix metalloproteinases in dentin matrix breakdown in caries lesions. J Dent 

Res. 1998;77(8):1622–1629. 

6. Sulkala M, Wahlgren J, Larmas M, Sorsa T, Teronen O, Salo T, Tjäderhane L. The effects of 

MMP inhibitors on human salivary MMP activity and caries progression in rats. J Dent 

Res. 2001;80(6):1545–1549. 

7. Breschi L, Maravic T, Ribeiro Cunha S, Comba A, Cadenaro M, Tjäderhan L, Pashley DH, Tay 

FR, Mazzoni A. Dentin bonding systems: From dentin collagen structure to bond preservation 

and clinical applications. Dent Mater. 2018;34(1):78–96.  

8. Perdigão J, Sezinado A. Non-metallic Biomaterials for tooth repair and replacement. Woodhead 

Publishing Series in Biomaterials. 2013;45-89. 

9. Tao L, Pashley DH. Shear bond strengths to dentin: effects of surface treatments, depth and 

position. Dent Mater. 1988;4(6): 371-378. 

10. Akter RS, Ahmed Z, Yamauti M, Carvalho RM, Chowdhury AFM, Sanoh. Effects of remaining 

dentin thickness, smear layer and aging on the bond strengths of self-etch adhesives to dentin. 

Dental Materials Journal. 2020;40(2):538-546. 

11. Wang Y, Spencer P, Yao X, Ye Q. Effect of coinitiator and water on the photoreactivity and 

photopolymerization of HEMA/camphoquinone-based reactant mixtures. J BiomedMater Res. 

2006;78: 721–8. 

12. Suppa P, Ruggeri A, Jr, Tay FR, Prati C, Biasotto M, Falconi M, Pashley DH, Breschi L. 

Reduced antigenicity of type I collagen and proteoglycans in sclerotic dentin. J Dent 

Res. 2006;85(2):133–137. 

13. Sattabanasuk V, Shimada Y, Tagami J. Bonding of resin to artificially carious dentin. J Adhes 

Dent. 2005;7(3):1. 

14. Al Deeb LA, Bin-Shuwaish MS, Abrar E, Naseem M, Al-Hamdan RS, Maawadh AH, Al Deeb 

M, Almohareb T, Ahdal KA, Vohra F, Abdulijabbar T. Efficacy of chlorhexidine,  Er Cr YSGG 

laser and photodynamic therapy on the adhesive bond integrity of caries affected dentin. An in-

vitro study. Photodiagnosis Photodyn Ther.2020;31:101875. 

15. Wang DY, Zhang L, Fan J, Li F. Matrix metalloproteinases in human sclerotic dentine of attrited 

molars. Arch Oral Biol. 2012;57:1307–1312. 

16. Mazzoni A, Mannello F, Tay FR, Tonti GA, Papa S, Mazzotti G, Di Lenarda R, Pashley DH, 

Breschi L. Zymographic analysis and characterization of MMP-2 and -9 forms in human sound 

dentin. J Dent Res. 2007;86(5):436–440. 

17. Bertassoni LE, Orgel JP, Antipova O, Swain MV. The dentin organic matrix-limitations of 

restorative dentistry hidden on the nanometer scale. Acta Biomater. 2012;8:2419–33. 

https://pubmed.ncbi.nlm.nih.gov/?term=Bayne+SC&cauthor_id=8014334
https://pubmed.ncbi.nlm.nih.gov/?term=Heymann+HO&cauthor_id=8014334
https://pubmed.ncbi.nlm.nih.gov/?term=Swift+EJ+Jr&cauthor_id=8014334
https://pubmed.ncbi.nlm.nih.gov/?term=Palosaari+H&cauthor_id=12648263
https://pubmed.ncbi.nlm.nih.gov/?term=Pennington+CJ&cauthor_id=12648263
https://pubmed.ncbi.nlm.nih.gov/?term=Larmas+M&cauthor_id=12648263
https://pubmed.ncbi.nlm.nih.gov/?term=Edwards+DR&cauthor_id=12648263


Romanian Journal of Medical and Dental Education 

Vol. 10, No. 4, July-August 2021 
 

25 

 

18. Takamizawa IT, Barkmeier WB, Saia K, Tsujimoto A, Imai A, Erickson RL, Latta MA, 

Miyazaki M. Influence of different smear layers on bond durability of self-etch adhesives. Dental 

materials 34 (2018); 246–259. 

19. Thanatvarakorn O, Prasansuttiporn T, Takahashi M. Effect of scrubbing technique with mild 

self-etching adhesives on dentin bond strengths and nanoleakage expression. J Adhes Dent. 

2016; 18:197-204. 

20. Nishitani Y, Yoshiyama M, Wadgaonkar B, Breschi L, Mannello F, Mazzoni A, et al. Activation 

ofgelatinolytic/collagenolytic activity in dentin by selfetching adhesives. Eur J Oral Sci. 

2006;114:160–6. 

21. Tay FR, Pashley DH, Suh BI, Carvalho RM, Itthagarun A. Single-step adhesives are permeable 

membranes. J Dent. 2002;30:371–82. 

22. Cadenaro M, Antoniolli F, Sauro S, Tay FR, Di Lenarda R,Prati C, et al. Degree of conversion 

and permeability of dental adhesives. Eur J Oral Sci. 2005;113:525–30. 

23. Aromaa MK, Vallittu PK. Delayed post-curing stage and oxygen inhibition of free-radical 

polymerization of dimethacrylate resin. Dent Mater. 2018; 34:1247–1252.  

24. Zorzin J, Petschelt A, Ebert J, Lohbauer U. pH neutralization and influence on mechanical 

strength in self-adhesive resin luting agents. Dent Mater. 2012; 28:672–679.  

25. Ye Q, Spencer P, Wang Y. Nanoscale patterning incrosslinked methacrylate copolymer 

networks: an atomicforce microscopy study. J Appl Polym Sci Symp. 2007;106:3843–51.  

26. Kim J, Uchiyama T, Carrilho M, Agee KA, Mazzoni A, BreschiL, et al. Chlorhexidine binding 

to mineralized versus demineralized dentin powder. Dent Mater. 2010;26:771–8. 

27. Sekhar A, Anil A, Thomas M, Ginjupalli K. Effect of various dentin disinfection protocols on 

the bond strength of resin modified glass ionomer restorative material. J Clin Exp Dent. 2017; 

9(7):e837-e841. 

28. Breschi L, Maravic T, Comba A, Ribeiro Cunhab S, D. Loguercio AD, Reis A, Hassd V, 

Cadenaro M, Mancuso E, Mayer-Santos E, Niu L, Pashley DH, Tay FR, Mazzon A. 

Chlorhexidine preserves the hybrid layer in vitro after 10-years aging. Dental Materials. 

2020;36:672–680. 

29. De Munck J, Van Den Steen PE, Mine A, Van Landuyt KL. Inhibition of enzymatic degradation 

of adhesive-dentin interfaces. J. Dent. Res. 2009;88:1101–1106. 

30. Scaffa PMC, Vidal Cmp, Barros N, Gesteira TF, Carmona AK, Breschi L, et al. Chlorhexidine 

inhibits the activity of dental cysteine cathepsins. J Dent Res. 2012; 91:420–5. 

31. Blackburn RS, Harvey A, Kettle LL, Manian AP, Payne JD, Russell SJ. Sorption of 

chlorhexidine on cellulose: mechanism of binding and molecular recognition. J Phys Chem B 

2007;111:8775-8784. 

32. De Moraes IQ, Nascimento G, Da Silva AT, et al. Inhibition of matrix metalloproteinases: a 

troubleshooting for dentin adhesion. Restor Dent Endod. 2020;45(3):e31.  

33. Montagner AF, Sarkis-Onofre R, Pereira-Cenci T, Cenci MS. MMP inhibitors on dentin 

stability.A systematic review and meta-analysis.  J Dent Res. 2014; 93(8):733-43. 

34. Giacomini MA , Scaffa PMC , Goncalves RS,  Zabeu GS,  Vidal CMP, Carrilho MRO, Honorio 

HM, Wang L. Profile of a 10-MDP-based universal adhesive system associated with 

chlorhexidine: Dentin bond strength and in situ zymography performance. J Mech Biomed Mater 

2020;110 103925. 

35. Malaquias P, Gutierrez M, Hass V, Stanislawczuk R, Bandeca M, Arrais C, et al. Two-year 

effects of chlorhexidine-containing adhesives on the in vitro durability of resin-dentin interfaces 

and modeling of drug release. Oper Dent 2018;43:201–12. 



Romanian Journal of Medical and Dental Education 

Vol. 10, No. 4, July-August 2021 
 

26 

 

36. Loguercio AD, Hass V, Gutierrez MF, Luque-Martinez IV, Szezs A, Stanislawczuk R, et al. 

Five-year effects of chlorhexidine on the in vitro durability of resin/dentin interfaces. J Adhes 

Dent 2016;18:35–43. 

37. Sadek FT, Braga RR, Muench A, Liu Y, Pashley DH, Tay FR. Ethanol wet-bonding challenges 

current anti-degradation strategy. J Dent Res. 2010;89:1499-504. 

38. Collares FM, Rodriguea SB, Leitune V C, Celeste RK, de Araujo FB, Samuel SM. 

Chlorhexidine application in adhesive procedures: a meta-regression analysis. J Adhes Dent. 

2013; 15(1):11-8. 

39. da Silva EM, de Sá Rodrigues CU, de Oliveira Matos MP, de Carvalho TR, dos Santos GB, 

Amaral CM. Experimental etch-and-rinse adhesive systems containing MMP-inhibitors: 

physicochemical characterization and resin-dentin bonding stability. J Dent. 2015;43:1491-1497. 

40. de-Melo MAS, Goes DC, de-Moraes MDR, Santiago SL, Rodrigues LKA. Effect of 

chlorhexidine on the bond strength of a self-etch adhesive system to sound and demineralized 

dentin. Braz Oral Res. 2013; 27(3):218-224. 

41. Oliveira-Reis B, Maluly-Proni AT, Fagundes TC, Vasconcelos G, Bresciani E, Prakki A, Dos 

Santos PHJ. Influence of protease inhibitors on the degradation of sound, sclerotic and affected 

demineralized dentin. Mech Behav Biomed Mater. 2019;97:1-6.  

42. Dos Santos RA, De Lima EA, Montes MAJR, Braz R. Pre-treating dentin with chlorhexidine and 

CPP-ACP: self-etching and universal adhesive systems. Acta Biomater Odontol Scand. 2016; 

2:79–85. 

43. Fuentes V,  Ceballos L, Osorio R, Toledano M,  Carvalho R. Tensile strength and microhardness 

of treated human dentin. Dent Mater. 2004;20(6):522-9. 

44. Carvalho RM, Tay F, Sano H, Yoshiyama M, Pashley DH. Long-term mechanical properties of 

EDTA-demineralized dentin matrix. J Adhes Dent. 2000;2:193–9. 

45. Osorio R,  Erhardt M,  Pimenta L,  Osorio E. EDTA treatment improves resin-dentin bonds' 

resistance to degradation. J Dent Res. 2005;84(8):736-40. 

46. Thompson JM, Agee K, Sidow SJ, McNally K, Lindsey K,Borke J, et al. Inhibition of 

endogenous dentin matrix metallo-proteinases by ethylenediaminetetraacetic acid. J Endod 2012; 

38:62–5. 

47. Sauro S, Mannocci F, Toledano M, Osorio R, Watson T. EDTA or H3PO4/NaOCl dentine 

treatments may increase hybrid layers' resistance to degradation: a microtensile bond strength 

and confocal-micropermeability study. J Dent. 2009;37(4):279-88. 

48. Carrilho MR, Tay FR, Donnelly AM, Agee KA, Tjäderhane L,Mazzoni A, et al. Host-derived 

loss of dentin matrix stiffness associated with solubilization of collagen. J Biomed Mater Res B 

Appl Biomater. 2009;90B:373–80. 

49. Imazato S, Tay FR, Kaneshiro AV, Takahashi Y, Ebisu S. An in vivo evaluation of bonding 

ability of comprehensive antibacterial adhesive system incorporating MDPB. Dent Mater. 

2007;23:170–6. 

50. Pashley D, Tay F, Imazato S. How to increase the durability of resin–dentin bonds. Compend 

Contin Educ Dent. 2011;32:60–4. 

51. Tezvergil-Mutluay A, M.M. Mutluay, L.S. Gu, K. Zhang, K.A. Agee, R.M. Carvalho, A. Manso, 

M. Carrilho, F.R. Tay, L. Breschi, B.I. Suh, D.H. Pashley. The anti-MMP activity of 

benzalkonium chloride, J. Dent. 39 (2011) 57–64. 

52. Antonucci JM, Zeiger DN, Tang K, Lin-Gibson S, Fowler BO,Lin NJ. Synthesis and 

characterization of dimethacrylates containing quaternary ammonium functionalities for dental 

applications. Dent Mater. 2012;28:219–28. 



Romanian Journal of Medical and Dental Education 

Vol. 10, No. 4, July-August 2021 
 

27 

 

53. Comba A, Maravic T, Valentea L, Girlandoa M, Cunhab SR, Checchia V, Salgarelloc S, Tayd 

FR, Scottie N, Breschia L, Mazzonia A.  Effect of benzalkonium chloride on dentin bond 

strength and endogenous enzymatic activity. Journal of Dentistry. 2019;85: 25–32. 

54. Tezvergil-Mutluay A, Seseogullari-Dirihan R, Feitosa FP , Tay FR, Watson TF , Sauro S. 

Zoledronate and Ion-releasing Resins Impair Dentin Collagen Degradation. J Dent Res.2014; 

93(10):999-1004. 

55. Sorsa T, Tjäderhane L, Konttinen YT, Lauhio A, Salo T, LeeH, et al. Matrix metalloproteinases: 

contribution to pathogenesis, diagnosis and treatment of periodontal inflammation. Ann Med 

2006;38:306–21. 

56. Tu G, Xu W, Huang H, Li S. Progress in the development of matrix metalloproteinase inhibitors. 

Curr Med Chem. 2008;15:1388-1395. 

57. Freitas PH, André CB, Fronza BM, Giannini M, Rosalen PL, Consani S, França R. 

Physicochemical properties, metalloproteinases inhibition, and antibiofilm activity of 

doxycycline-doped dental adhesive. J Dent. 2021;104:103550. 

58. Münchow EA, da Silva AF, Piva E, Cuevas-Suárez CE, de Albuquerque MTP, Pinal R, Gregory 

RL, Breschi L, Bottino MC.. Development of an antibacterial and anti-metalloproteinase dental 

adhesive for long-lasting resin composite restorations. J Mater Chem B. 2020;8(47):10797-

10811. 

59. de Moraes IQS, Nascimento T, da Silva AT, de Lira LMS, Parolia A, de Moraes ICC. Inhibition 

of matrix metalloproteinases: a troubleshooting for dentin adhesion. Restor Dent 

Endod. 2020;45(3):e31. 

60. Chen C, Mao C, Sun J, Chen Y, Wang W, Pan H, et al.Glutaraldehyde-induced remineralization 

improves the mechanical properties and biostability of dentin collagen.Mater Sci Eng C 

2016;67:657–65. 

61. Fu C, Deng S, Koneski I, Awad MM, Akram Z, Matinlinna J, Pichika MR, Daood U, Fawzy AS. 

Multiscale in-vitro analysis of photo-activated riboflavin incorporated in an experimental 

universal adhesive.Mech Behav Biomed Mater. 2020;112:104082.  

62. Liu Y, Chen M, Yao X, Xu C, Zhang Y, Wang Y. Enhancement in dentin collagen's biological 

stability after proanthocyanidins treatment in clinically relevant time periods. Dent Mater 

2013;29:485-492. 

63. Mazzoni A, Angeloni V, Apolonio FM, Scotti N, TjäderhaneL, Tezvergil-Mutluay A, et al. 

Effect of carbodiimide (EDC) on the bond stability of etch-and-rinse adhesive systems.Dent 

Mater 2013;29:1040–7. 

64. Ryou H, Turco G, Breschi L, Tay FR, Pashley DH, Arola D. Onthe stiffness of demineralized 

dentin matrices. Dent Mater2016;32:161–70. 

65. Zhang Z, Mutluay M, Tezvergil-Mutluay A, Tay FR, PashleyDH, Arola D. Effects of EDC 

crosslinking on the stiffness of dentin hybrid layers evaluated by nanoDMA over time.Dent 

Mater 2017;33:904–14. 

66. Mazzoni A, Angeloni V, Sartori N, Duarte S, Maravic T,Tjäderhane L, et al. Substantivity of 

carbodiimide inhibition on dentinal enzyme activity over time. J Dent Res2017;96:902–8. 

67. Naderi N. J., Naikan M., Kharazi Fard M. J., Zardi S. Antibacterial activity of Iranian green and 

black tea on Streptococcus mutans: an in vitro study. J. Dent. 2011; 8:55–59. 

68. Zarella BL, Buzalaf MA, Kato MT, Hannas AR, Salo T, Tjäderhane L, et al. Cytotoxicity and 

effect on protease activity of copolymer extracts containing catechin. Archives of Oral Biology. 

2016;65:66–71. 



Romanian Journal of Medical and Dental Education 

Vol. 10, No. 4, July-August 2021 
 

28 

 

69. Khamverdi Z, Rezaei-Soufi L, Kasraei S, Ronasi N, Rostami S. Effect of Epigallocatechin 

Gallate on shear bond strength of composite resin to bleached enamel: an in vitro study. Restor 

Dent Endod. 2013;38(4):241–247. 

70. Suzuki Y, Miyoshi N, Isemura M. Health-promoting effects of green tea. Proc Jpn Acad Ser B 

Phys Biol Sci. 2012;88:88–101. 

71. Pashley DH, Tay FR, Carvalho RM, Rueggeberg FA, Agee KA,Carrilho M, et al. From dry 

bonding to water-wet bonding toethanol-wet bonding. A review of the interactions 

betweendentin matrix and solvated resins using a macromodel ofthe hybrid layer. Am J Dent 

2007;20(1):7-20. 

72. Hiraishi N, Nishiyama N, Ikemura K, Jyy Yau, King NM,Tagami J, et al. Water concentration in 

self-etching primersaffects their aggressiveness and bonding efficacy to dentin.J Dent Res 

2005;84:653–8. 

73. Tjäderhane L, Mehtälä P, Scaffa P, Vidal C, Pääkkönen V,Breschi L, et al. The effect of 

dimethyl sulfoxide (DMSO) on dentin bonding and nanoleakage of etch-and-rinse adhesives. 

Dent Mater 2013;29:1055–62. 

74. Saghiri A, Shabani A, Asatourian A, Sheibani N. Storage Medium Affects the Surface Porosity 

of Dental Cements. J Clin Diagn Res. 2017 Aug; 11(8): ZC116–ZC119. 

75. Abuna G, Feitosa VP, Correr AB, Cama G, Giannini M,Sinhoreti MA, et al. Bonding 

performance of experimental bioactive/biomimetic self-etch adhesives doped with calcium-

phosphate fillers and biomimetic analogs of phosphoproteins. J Dent 2016;52:79–86. 

 

 

 

 

 

 

 

  


