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Summary  
 
Introduction  
The long-term durability of Dentin-Resin complexes has been a challenge for a long time 

with consistent bond failure after between 12-18 months from the initial procedure. 

Restorative procedures are already very technique and skill dependent in which the skill 

of a clinician can influence greatly the durability of a restoration; however, in addition 

to this, research has shown that the action of proteases, Matrix Metalloproteinases and 

Cysteine Cathepsins have a vast internal influence on the durability of dentin-resin 

complexes due their ability to break down collagen fibrils within the hybrid layer 

complex, independent of the execution of the restorative procedure and protocols 

followed. 

Materials and Methods  
Databases such as PubMed, Google Scholar, NCIM and PMC were used when 

researching for this article using keywords such as ‘MMP’, ‘Cysteine Cathepsins’, ‘Dental 

Adhesion’, ‘Inhibit MMPs’ ‘MMP and Dental Adhesion’. Articles than contained these 

keywords and those that did not mention dental caries were used in an effort to focus 

this study. 49 articles were used to write this paper. 

Discussion and Conclusion  
Understanding the mechanisms of action of MMPs and CCs were key in order to identify 

agents and materials that can be used so as to inhibit their actions within the dentin 

hybrid layer. Multiple agents were found that had proven to be effective such as the 

commonly used Chlorhexidine that function via chelation; others such as 

Glutaraldehyde and Tetracyclines as well as Zinc salts have also been proven to have an 

inhibitory effect on MMP and CC proteolytic action. However, each agent researched 
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has its own drawbacks that require further research and testing to be able to be 

implemented into everyday protocols in restorative procedures.  

Resumen 
 
Introducción 
La durabilidad a largo plazo de los complejos Dentina-Resina ha sido un desafío 

durante mucho tiempo con un fallo consistente de la unión después de un periodo 

entre 12-18 meses desde el procedimiento inicial. Los procedimientos restauradores 

ya son muy dependientes de la técnica y la habilidad en los que la habilidad de un 

odontólogo pueden influir en gran medida en la durabilidad de una restauración; sin 

embargo, además de esto, la investigación ha demostrado que la acción de las 

proteasas, las metaloproteinasas matriciales y las catepsinas cisteínas tienen una gran 

influencia interna en la durabilidad de los complejos dentina-resina debido a su 

capacidad para descomponer las fibrillas de colágeno dentro del complejo de capa 

híbrida, independientemente de la ejecución del procedimiento restaurativo y los 

protocolos seguidos. 

Materiales y Métodos 
Se utilizaron bases de datos como PubMed, Google Scholar, NCIM y PMC para la 

investigación de este artículo utilizando palabras clave como 'MMP', 'Cysteine 

cathepsins', 'Dental Adhesion’, ‘Inhibit MMPs', 'MMP and Dental Adhesion'. Con el 

intento de enfocar este estudio se utilizaron artículos que contenían estas palabras 

clave y aquellos que no mencionaban la caries dental. Se utilizaron 49 artículos para 

escribir este trabajo.  
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Discusión y Conclusión 
La comprensión de los mecanismos de acción de las MMP y de la CC fue importante 

para identificar los agentes y materiales que se pueden utilizar para inhibir sus 

acciones dentro de la capa híbrida de la dentina. Se encontraron múltiples agentes que 

habían demostrado ser eficaces, como la clorhexidina comúnmente empleada que 

funciona a través de la quelación; otros como glutaraldehído y tetraciclinas, así como 

sales de zinc, también han demostrado tener un efecto inhibitorio en la acción 

proteolítica de MMP y CC. Sin embargo, cada agente investigado tiene sus propios 

inconvenientes que requieren más investigación y pruebas para poder ser 

implementado en protocolos cotidianos en procedimientos restauradores 
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Introduction 
 

Enamel Adhesion 
In the matter of adhesion and restorative dentistry, enamel has a distinct advantage 

over dentin in the fact that 88% (by volume) of enamel is made of inorganic 

hydroxyapatite crystals, 10% water and 2% organic materials; which allows techniques 

such as etch-and-rinse (ER) with phosphoric acid to be highly effective. The etching 

creates irregularities in the surface of the enamel increasing its surface free energy; 

when a fluid resin material is applied to the surface, it is aided by capillary action to 

penetrate into the surface and creates microtags. This results in a very strong, durable 

resin-enamel complex (1,2).  

 

Dentin Adhesion 
By contrast to enamel, dentin presents a much more difficult task in achieving a good 

resin-dentin substrate due to its comparatively low mineral content (50% by volume) 

and high organic and water content (25%/25% respectively)(1,2). With the organic 

matrix of dentin being comprised of 90% collagen (Mostly Type 1 collagen synthesised 

by odontoblasts) and 10% non-collagenous proteins; together with the inorganic 

hydroxyapatite crystals all being embedded into an extracellular matrix (ECM).(3,4) 

Dentin naturally has a higher water content and abundant organic components; one 

example being dentinal fluid that is found within dentinal tubules.  

It actively deters adhesion due to the hydrophilic nature of dentinal fluid; the water 

content will eventually leach into the resin-dentin interface that will create spaces 

within the matrix created. These factors affect the durability and strength of bonds 

when employing the ER system and a newer adhesive system, self-etch adhesives (SE) 
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that contain adhesive monomers that infiltrate the collagen in the dentinal substrate 

and once polymerised they form an adhesive/co-monomer-collagen complex that is 

called the Hybrid Layer (HL) (4,5).  

There are two main factors that hinder dentin adhesion, an extrinsic and an intrinsic 

factor; extrinsically, when a tooth is prepared using a dental bur the damaged collagen 

within the debris retained forms a ‘smear plug’ that infiltrates the openings of the 

intertubular dentin. The collagen within the smear plugs gelatinise and form a Smear 

Layer (SL) due to the heat generated by the friction of the dental bur. This layer reduces 

penetration of resins by up to 90% and therefore has to be removed using acid etching 

techniques; proper removal of the SL is heavily dependent on the etching step in an 

adhesive system and improper employment of the technique would result in a weaker 

bond. To achieve the strongest bond possible, removing the SL and exposing the 

collagen fibrils present in the dentin need to be exposed in order for the adhesive and 

resin to penetrate and interlock with (6). The ER technique has the ability to remove the 

SL completely due to having a separate etching step with normally 37% Orthophosphoric 

Acid (PA) for 15-20 seconds; however other acids can be used such as α-hydroxy Glycolic 

Acid (GA) with similar effectiveness in removing the SL and mineralised dentin (7,8). SE 

adhesive systems contain acidic resin co-monomers that concurrently etch and prime 

dentin similarly to phosphoric acid in ER systems but not as efficiently and only partially 

removes the SL. Despite the removal of the SL, there is an increased flow of dentinal 

fluid from deeper within the tubules that hinder adhesion as the hydrophobic properties 

of the resin and hydrophilic properties of the dentinal fluid deters adhesion between 

the two mediums; regardless of the presence of irregularities caused by the acid etching 

in the dentin’s surface that would normally favour adhesion after the etching step.  
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Intrinsically, the nature of the dentin structure when treated with both types of adhesive 

systems demonstrate problems. With the ER system, it is shown that there is a 

decreasing gradient of demineralised dentin that would be infiltrated by the adhesive 

resin leading to a layer of exposed collagen fibrils towards the bottom of the hybrid 

layer. SE systems display a similar effect as they can produce water-filled interfibrillar 

spaces with exposed collagen. The lack of resin in these areas produced by both types 

of systems contribute to the lack of long-term durability of resin-dentin substrates 

created in adhesive procedures (2).  

 

Other Factors that Affect Dentin Adhesion 
Many other factors can affect the quality of the substrate formed between resin and 

dentin such as the acid etching agent used (PA or GA), the duration of time that the 

conditioner is applied can also affect the quality of the substrate; if they were applied 

for less time (7s) then the remaining dentinal tubules would still retain debris. Any longer 

than the prescribed 15-20 seconds would result in damaged dentinal tubules and 

collagen fibrils (8).  

The mineralised dentin and SL formed from previous preparation of the tooth are both 

washed away in a rinsing step using water leaving the collagen fibrils suspended in 

water. The demineralised dentin can then be air dried which results in the collagen fibrils 

joining together; this in turn reduces permeability to resins and adhesive due to the lack 

of space and reduced surface area for the resin to adhere to (6,9,10), which as a result 

produces lower immediate bond strengths (6,11,12). This process is called ‘Dry Bonding’. 

Instead, we can maintain a state of hydration of the dentin to avoid the issues we find 

in dry bonding; this would provide a more porous collagen network and consequently 
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more efficient penetration of the adhesive (6,9). However, the water present within the 

collagen must evaporate to provide space for the resin polymers to interlock with the 

collagen fibrils; any remnants of water within the matrix would make the collagen more 

prone to degradation by endogenous enzymes over time (6). 

Studies have also found that the technique used when applying the conditioner and 

adhesive greatly affects the quality of the bond to the substrate. Depending on the 

adhesive system used and acid (PA or GA), rubbing the acid on exposed dentin can 

produce variable results with some adhesive systems resulting in poorer quality bonds 

and some higher quality. Rubbing in the adhesive has been seen to overall improve the 

quality of the bond produced (6,7). 

 

Matrix Metalloproteinase Enzyme 
As mentioned earlier, exposed collagen in the hybrid layer (those still surrounded by 

water especially) are vulnerable to the activity of host-derived matrix metalloproteinase 

enzymes (MMPs) that are usually contained within the dentin. They have an important 

role in the development of dentin and later become trapped within the dentinal matrix 

and inactive once the dentin mineralises (13).   

MMPs are a group of Ca2+- and Zn2+- dependent endopeptidases that are contained 

within mineralised dentin during tooth development. There are 23 known types of 

MMPs that share a common domain arrangement: A signal peptide, pro-peptide domain 

with cysteine residue, catalytic domain that contains a zinc ion and C-terminal 

hemopexin-like domain (4,14,15). They have the ability to degrade several extra-cellular 

matrices (ECM) and basement membrane (BM) proteins however their primary function 
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is to hydrolise components of the ECM in physiological processes such as tissue 

remodelling, angiogenesis and other developmental processes. Normally, several of 

these MMPs are required in order to convert non-collagenous proteins into signalling 

molecules that govern other cell functions such as proliferation and differentiation; 

however, they are also seen to be involved or contribute to the processes of dental 

caries and periodontal disease as well as adhesive bond failure (1,3,15). 

MMPs are secreted primarily as pro-enzymes/zymogens that are released after physical 

preparation of a cavity in a tooth when removing caries and become active proteinases 

when activated by other proteases such as MT-MMPs or when exposed to an acidic 

environment found after treatment with etch-and-rinse or self-etch adhesives from 

phosphoric acid and acidic monomers respectively, as well as other activation methods 

that will be discussed later (15,16). When inactive, the zinc ion (catalytic domain) is 

bound to the cysteine residue (pro-domain) that stabilises the structure of the enzyme 

by preventing water being able to be bound to the zinc ion (4,16); rendering it unable to 

bind and cleave appropriate substrates, maintaining it in an inactive state. However, 

when the above conditions are met then a process called a ‘cysteine switch’ partially 

actives the enzyme by breaking the zinc-cysteine bond allowing it to interact with some 

substrates. It is fully activated by further cleavage of the pro-domain that is either 

autolytic or governed by other proteases and it is then considered a functional 

endopeptidase (15). 

The most abundant forms of MMPs that are contained within dentin matrices initially in 

an inactive state (as pro-enzymes) being MMP-2 and MMP-9 that function as gelatinases 

(17). Although they are found in abundance in dentin that has been subjected to 
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collagen degradation, MMPs -2 and -9 themselves do not cleave collagen molecules but 

are key in the process of collagenolysis in dentin. True collagenases MMPs -1, -8, -13 and 

-18 cannot cleave intact collagen molecules at the cleavage sites due to the orientation 

of the collagen molecule and position of the C-terminal end, blocking access to the 

peptide bonds within the cleavage site.  

Gelatinases such as MMPs -2 and -9 function as telopeptidases remove the C-terminal 

domain telopeptides allowing true collagenases access to cleave sites (18). This also 

removes C-terminal cross-links which leaves collagen more vulnerable to passive or non-

specific degradation (19). Once vulnerable, collagenases approach the cleavage site 

creating fragments into 3/4 N-terminal and 1/4 C-terminal fragments (16). 

 

Cysteine Cathepsins 
In addition to MMPs, Cysteine Cathepsins (CCs) have been shown to be expressed to a 

similar degree as MMPs; they are lysosomal cysteine proteases from the C1 family of 

papain-like enzymes and both these and MMPs can be expressed within similar spaces 

that is occupied by collagen such as dentin. Additionally, like MMPs, have a wide range 

of functions including the activation of MMPs themselves, e.g. MMP-1 by Cathepsin B 

(1,4). 

They too are endopeptidases that are capable of breaking down ECM proteins such as 

collagen I and III and similar to MMPs there are different types of CCs that vary in their 

ability to cleave collagen into different numbers and types of fragments. However, 

unlike MMPs that can only cleave collagen I at a single site that will generate N-terminal 

and C-terminal fragments; CCs can cleave collagen at numerous sites that result in 
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fragments of various lengths. The most common types that are seen to be expressed 

within odontoblasts and pulp tissues and that are observed within the process of the 

breakdown of collagen are Cathepsin B, L and K (15,20). 

Cathepsins B and L are known to be able to cleave non-helical telopeptide extensions of 

collagen molecules whereas Cathepsin K has the ability to cleave collagen in several 

triple helical regions. In a study by Tezvergil-Mutluay et al. measured the collagenolytic 

activity of Cathepsins B, L, K and S using demineralised dentin beams and measured the 

change in dry mass after incubating them with 10 μg of each substrate. They found that 

the beams that were incubated with Cathepsin K had lost 35% of their dry mass 

compared to only around 4% lost with Cathepsins B, L and S (15). 

The fact that CCs are able to cleave collagen at multiple sites that MMPs usually are not 

able to access, in addition to MMPs and CCs being found in similar spaces suggest that 

CCs, especially Cathepsin K that has seen to be a powerful collagenase and comprises of 

98% of cathepsin activity against collagen (21). Due to the similarity of function and their 

synergistic nature in regards to location and target substrates; CCs too play a role in the 

degradation of the HL in dentin-resin complexes (22). As a result, it is assumed that there 

is a possible enzymatic cascade in the process of the breakdown of collagen fibrils in the 

HL (1,4).  

 

Activation and Triggers of MMPs and CC  
Identifying a cause-and-effect relationship between clinical procedures that are 

currently used, and MMPs and CC activation is essential in order to formulate new 

materials and methods that clinicians can employ to prevent hydrolysis of collagen fibres 
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in the dentin HL and therefore improve the durability of restorations. At this time, 

physical or chemical treatment via preparation of a tooth for a restoration and 

subsequent acid etching or the application self-etch adhesives that contain acidic 

monomers are assumed triggers for the activation of MMPs and CCs due to their 

demineralising effects (1,23,24). These in turn lead to the activation and release of 

MMPs and CC, resulting in collagenolytic-gelatinolytic activity and higher probability of 

bond failure (25). Several strategies to prevent the activation of MMPs and CCs have 

been proposed in order to produce a more durable dentin-resin interface. One such 

method being the inactivation of MMPs and CCs via denaturing enzymes using low pH 

components in adhesive systems. 

It was observed in a study with Hashimoto et al. that when treating dentin powder with 

37% phosphoric acid, the same acid used in the ER technique, the amount of 

collagenolytic activity was reduced by 65% in mineralised dentin; speculated to be due 

to the very low pH (-0.7) of phosphoric acid which would partially denature dentin MMPs 

(26). This suggests that using low pH acids in multiple step techniques or acidic 

components in convenient one-step techniques have the potential to be used to 

denature collagenases and inhibit collagen degradation. However, this observation 

raises further questions about our understanding of adhesive systems and their effects 

on MMPs and CCs as despite this denaturing effect, we still observe bond failures due 

to unstable resin matrices as a result of hydrolysis (23,25). This paper will further explore 

other mechanisms of activation of MMPs and CCs and what materials and methods can 

be employed in order to deactivate or prevent their activation. 
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Figure 1. The structure and method of activation and resulting action of MMPs. A: 
Metalloproteinases consist of an N-terminal pro-peptide (Cysteine residue), a catalytic domain 
(Zinc), hinge region and C-terminal hemopexin domain. Activated when cysteine-switch occurs 
which is the resulting loss of coordination between cysteine and zinc, due to external factors 
such as exposure to proenzymes (MT-MMPs), etc. B: Once activated, collagenase cleaves the 
collage causing it to lose its triple helix structure, this results in 1/3 and 3/4 length fragments 
that are susceptible to action of gelatinases.(27)  
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Objectives 
 

1. Understand and summarise the role of host-derived Matrix Metalloproteinase 

enzymes and Cysteine Cathepsines in dental adhesion. 

2. Explore the mechanisms and pathways of MMPs and Cysteine Cathepsines in 

the degradation of collagen fibrils in the hybrid layer. 

3. Explore the current options to prevent their adverse effects on collagen within 

the hybrid layer and ways to increase bond strength. 

 

Methodology 
 

The research for this paper was found using databases such as PMC, PubMed and Google 

Scholar using keywords such as ‘Matrix Metalloproteinase Enzyme’, ‘MMPs’, ‘Cysteine 

Cathepsines’, ‘MMPs and Dental Adhesion’, ‘Collagenolytic’, ‘Collagenolysis’.  

Inclusion Criteria 
Initially, 40 papers were reviewed that included the keywords listed above and focused 

on the papers that involved dental adhesion; the mechanisms of action and regulation 

of MMPs and CC. A further 20 papers were reviewed that focused on the materials used 

to inhibit MMP and CC action and their mechanisms, such as chelating agents, cross-

linkers, competitive inhibitors of MMP and CCs, etc. 

Exclusion Criteria 
The number of papers used were narrowed down by excluding studies that involved 

dental caries; as studies including caries would involve external factors such as bacteria 

and the acidic environments they create and their influence on dentin-composite bond 

degradation as opposed to only looking at the relationship between metalloproteinases, 
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cysteine cathepsines and how they affect dental adhesion in restorations. The final 

number of papers used in writing this review was 49 that adhered to the above criteria. 

The papers selected included In Vitro studies and review papers that contained the 
above keywords. The papers were limited to English.  

 

Discussion 
 
Strategies of MMP and CC Inhibition 
 

Chelation (Chlorhexidine) 
Chlorhexidine (CHX) is a cationic bisguanide agent that has extensive uses in 

periodontics and endodontics as well as being commercially available at concentrations 

of 0.2% to be used as a mouthwash to treat gingival inflammation via its bactericidal and 

bacteriostatic effects that are dependent on its concentration. In addition to being used 

in other disciplines in dentistry, CHX has been heavily researched and has shown to be 

effective as an inhibitor of MMPs that are commonly found within dentin (MMPs -2, -8 

and -9) as well as exhibit strong inhibition of the activity of CCs within dentin and have 

a preserving effect in the HL in a dentin-resin complex (15,28,29). 

The mechanism behind this MMP inhibiting effect can be attributed to cation chelation, 

where CHX is able to sequestrate both the zinc and calcium ions from the active sites of 

MMPs preventing the activation of the catalytic domain; and as a result the ability to 

modify the three-dimensional structure of the enzyme (30). This effect has been 

observed in concentrations as low as 0.02% but a concentration that has been more 

widely researched is 0.2%; both of these concentrations have been observed to preserve 

the HL and integrity of the dentin-resin bond in restorations (29,31). 
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CHX has been considered to be used as an inhibitor because it has a strong positive ionic 

charge that has the ability to bind to phosphate groups in mineralised dentin/enamel or 

carboxylic acids in demineralised dentin; namely the protonated NH3+ in the CHX 

molecule and the COOH-/OH- in dentin. This binding is further enhanced by acid etching 

that increases the surface-free energy, resulting in a electrostatic bond (32). In addition, 

CHX is able to bind to surfaces that are covered in acidic proteins that depending on the 

concentration used is able to be released at therapeutic levels, enough to inhibit MMPs 

and CCs in a dentin-resin complex via ‘Substantivity’. It allows CHX to remain active after 

the primary application, maintaining its therapeutic effect; this effect can be prolonged 

or shortened depending on the concentration of CHX used, with a higher concentration 

of CHX applied yielding a longer-lasting effect (15). 

There have been attempts to integrate the application of CHX into adhesive systems as 

either a primer to be used before the application of the adhesive as a separate step or 

into 37% phosphoric acid to reduce the incidence of bond failure in the HL (33). 

However, being incorporated into an acid etching step presents the problem that a 

rinsing step follows; in which water is usually used that is able to displace CHX, reducing 

the amount of CHX to untherapeutic levels or completely removing CHX altogether from 

the interface. Other protocols advise to use 2.0% CHX for 1 minute after the dentin has 

been etched and washed as a way to inhibit proteolytic enzymes; alternatively the Peak 

Universal Bond (Ultradent) has incorporated 0.2% CHX into their adhesive blend that 

can be applied in the etch-and-rinse two step technique or a self-etch one step 

technique (15). 
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Although these techniques and protocols have been researched, developed and 

suggested; the use of CHX in inhibiting proteolytic activity still presents many issues, as 

CHX is only able to maintain the stability of dentin-resin complexes in the HL for a 

maximum of between 12-18 months, severely limiting its capacity to maintain bonds in 

the HL for long periods of time (34). This may be largely attributed to leaching, making 

the process reversible; and that the bond between dentin and CHX is electrostatic, 

leaving it vulnerable to be displaced by competing cations from dentinal fluid or saliva 

which have been shown to reduce the inhibitory effect of CHX (4,15). 

In order to overcome these limitations, several authors have suggested different 

systems or approaches, however these systems require further research and trials in 

order to prove its long-term stability. The first suggestion being to chemically graft CHX 

to resin monomers to create CHX-methacrylates, granting these monomers the 

inhibitory effects of CHX while not negatively affecting the properties of the resin 

monomers (15). Alternatively, de Menezes et al. suggested a modified release system 

that uses clay to act as a reinforcing agent and release modulator in adhesives. This 

system showed improved inhibitory effects on MMPs and CC than CHX on its own and 

these effects lasted longer than 18 months (35). 

Despite the shortcomings of CHX as a primer, it is still the most commonly implemented 

technique to inhibit the actions of MMPs and CCs in order to preserve the dentin-resin 

complexes within the HL. Due to its widespread nature that it is already implemented in 

several other disciplines of dentistry, it is very widely available and can be conveniently 

implemented into routine restorative procedures as its effects can be seen in 

applications of as little as 30 seconds (32).     
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Chelation (Quaternary Ammonium Compounds) 
QACs are another positively charged compound that has the ability to inhibit proteolytic 

activity in dentin using a similar cationic mechanism to CHX; it does this by being able to 

bind electrostatically to negatively charged hydroxyapatite phosphate and collagen 

carboxylic groups that are found in collagen, dentin and enamel. The result of which 

create changes in the three-dimensional structure and block the active site, preventing 

MMPs to be able to bind and cleave them.; however as these bonds are electrostatic, 

they are weak (36). This means that QACs are water-soluble and can leach out of the 

dentin-resin complex, resulting in a similar effect as CHX where the proteolytic inhibitory 

effects are lost over time (27). 

Several studies have observed the effects of different QACs in the effort to avoid this 

effect and prolong its inhibitory effects against proteolytic activity. Daood et al. 

researched the effects of Quaternary Ammonium Silane (QAS) at different 

concentrations (2%, 5% and 10%) and found that at all concentrations, MMP and CC 

activity was inhibited. Following this, they used QAS on etched dentin and found that a 

three-dimensional network was formed after condensation in a restoration when a 

tetrafunctional organosilane was used as an anchoring unit for trialkoxysilane 

molecules. This network minimises the leaching effect for the QAS and allows it to act 

for much longer. Finally, they found that 2% QAS was a good substitute for 2% CHX in 

order to inhibit proteolytic MMPs and CCs (37,38).  

Another compound that was investigated was Benzalkonium Chloride (BAC), that is a 

mixture of alkylbenzyl-dimethylammonium chloride of various chain lengths; it 

functions similarly to other QACs in that it is cationic and has antimicrobial effects. It is 

already very widely available commercially in a 1% concentration in combination with 
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37% phosphoric acid, primarily used for its anti-microbial effects and that it has no 

adverse effects on bond strength nor dentin bonding when used in this etchant 

form.(15) BAC too has demonstrated proteolytic inhibitory effects (39). It has a distinct 

advantage over agents like CHX in that it has the ability to bind strongly to demineralised 

dentin even after the rinsing step which would prolong the anti-proteolytic effects; 

however it is still vulnerable to a certain extent in that some BAC is still lost after the 

rinsing step when used in combination with an etchant (40). Comba et al. had attempted 

to see if there were any improvements if they added BAC into a primer and adhesive 

formula in effort to avoid the loss of BAC in the rinsing step; although the research did 

reflect that anti-proteolytic effects were exhibited, the resulting bond strengths after 6 

months did not reflect the impression that the effects of BAC were long-lasting (39). This 

reflects that more research and investigation is required in order to implement BAC in 

ordinary clinical protocols.  

12-methacryloyloxydodecylpyridinium bromide (MDPB) is another QAC that has been 

widely available for a long time; usually used for its anti-microbial effects and as a cavity 

disinfectant when used in a dentin primer such as Clearfil Protect Bond (Kuraray). 

Studies have shown that using 5% MDPB, the concentration usually used in commercial 

adhesion primers, has effective MMP inhibitory effects similar to CHX, leading to more 

durable dentin-resin complexes. MDPB has the ability to copolymerise with other 

adhesive monomers that signifies its MMP inhibitory effects can potentially last for 

many years; however long-term studies have yet to be conducted to confirm this 

(15,27). 
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Chelation (Tetracyclines) 
Tetracyclines are broad-spectrum antibiotics that have many uses in periodontics; their 

semi-synthetic analogues and non-antimicrobial analogues have all shown to have some 

degree of effectiveness when inhibiting the collagenolytic action of MMPs (15,41). 

Tetracyclines became an agent of potential inhibitor of proteolysis when the semi-

synthetic Minocycline had shown inhibition of collagenase activity in rat gingiva. This led 

to further research into the semi-synthetic tetracyclines, both doxycycline and 

minocycline were both shown to have inhibitory effects on collagenases and gelatinases 

(42). It is thought that their mechanism of action, although not completely understood 

yet, is zinc chelation in addition to down-regulating MMP mRNA expression; interfering 

with protein processing leading to irregular protein structures, making it more 

susceptible to agents that degrade MMPs. 

In regard to its clinical use, doxycycline is the only semi-synthetic tetracycline that is 

available for MMP its ability to inhibit MMPs. 20mg of Doxycycline (Periostat) is used in 

the treatment for periodontitis in order to reduce the rate of collagen breakdown within 

periodontal tissues (15). The question remains if it can be effectively integrated into a 

clinical protocol for restorations however it was observed that doxycycline was not 

compatible with acetone-based adhesive systems due to it resulting in lower bond 

strengths in addition to higher silver nitrate penetration in the HL, reducing the overall 

durability of the dentin-resin complex (41). 

The non-antimicrobial chemically modified tetracyclines (CMTs) inherently lack anti-

bacterial activity but retain their ability to inhibit MMPs; CMT-3 (Metastat) has displayed 

this effect in carious dental lesions, it too has an inhibitory effect against gelatinases. It’s 
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mechanism of action is supposed to be calcium chelation in addition to inhibiting 

enzyme secretion and activity; it does this by binding to the zinc ion active site and 

changing the three-dimensional structure of the enzyme and blocking any catalytic 

activity in the ECM.  

In spite of these advantageous effects, further research is required in order to integrate 

these compounds into clinical protocols due to their purple staining effect as a result of 

photo-oxidation; this makes it not suitable for clinical use. (15,41) 

 
Chelation (Bisphosphonates) 
Bisphosphonate derivatives are another class of broad-spectrum proteolytic inhibitor 

that are thought to be able to inhibit the action of MMPs; their assumed mechanism of 

action is zinc and calcium ion chelation from MMPs themselves(15), as demonstrated by 

Tezvergil et al. using polyvinylphosphonic acid (PVPA) when used in demineralised 

dentin. They displayed that PVPA was able to inhibit MMP-9 with little hydroxyproline 

release leading to a more stable collagen structure and dry mass loss (43). 

Due its assumed mechanism of chelation, it is thought that PVPA, similar to CHX binds 

electrostatically to collagen structures; it has an advantage over CHX in that it is able to 

be trapped within collagen matrices via the application of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC). This would allow PVPA to be used for a much 

longer period of time than the current maximum of CHX of 18 months; when it was 

applied in combination with EDC before the application of systems such as One-Step and 

Adpter Single Bond Plus (3M Espe), there were no detrimental effects to the micro 

tensile bond strengths. This research does show promising results however much more 
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research is required in order to evaluate its effectiveness in everyday clinical protocols 

and its long-term effects in inhibiting dentin-resin complex degradation (15). 

 

Collagen Cross-linking Agents 
An alternative strategy to inhibiting or reducing proteolytic activity within the HL is to 

increase the amount of cross-linking between collagen fibrils; it is already a naturally 

occurring mechanism and if it can be activated or mimicked then this biomodification 

will be able to enhance the three-dimensional structure of collagen, making it sturdier, 

improving its biomechanical properties and have a greater resistance to attacks by 

endogenous proteases including MMPs and CCs (15,44). 

It is known that collagenases first unwind the triple helix structure, as the binding sites 

of collagenase are too narrow to accommodate triple helix collagen; this unwinding 

allows single peptides to enter catalytic domains resulting in cleavage of the collagen 

molecule. Cross-linking agents could be applied to collagen that would produce covalent 

bonds and as a result making it stiffer, enough to prevent unwinding through 

collagenases; it too can cross-link proteases preventing their mobility and activation. 

This may be achieved by inactivating C-terminal telopeptidases that have the ability to 

remove the steric block on the collagenase binding site; if they can be inactivated, then 

the telopeptidases have a maintained block on collagenase binding sites, preventing 

collagenase action and collagen attacks (15,18). 

Glutaraldehyde (GA) is one such cross-linking agent, an aldehyde that is normally used 

as a tissue fixative is known to produce cross-linking due to its ability to form covalent 

bonds between the amino groups of proteins and it’s two aldehyde groups. It is already 
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known for its ability to have anti-microbial and anti-MMP benefits; when combined with 

its ability to cross-link, it improves the resistance of uncross-linked/mildly cross-linked 

collagen to proteolytic activity (45). A study demonstrated that the use of 5% GA for 1 

minute following acid etching improved its modulus of elasticity, inferring that as the 

mechanical properties of dentin were improved, as were the resistant properties of the 

collagen against endogenous proteases (46). However, despite these advantages and 

results, GA still displays cytotoxicity making it insufficient for use in clinical protocols. 

Other cross-linking agents such as Carbodiimide (EDC) does not suffer from the level of 

cytotoxicity that GA does. Cross-linking agents such as EDC in addition to being able to 

prevent telopeptidase activity, cross-link collagen molecules via covalent amine bonds, 

increasing their stiffness; are able to cross-link all MMPs, CCs and any other enzymes 

simultaneously. This ultimately removes the need to apply any other agent in order to 

inhibit MMP and CC activity in the HL; as if proteases such as MMPs and CCs are 

covalently bound to the matrix, they do not have the ability to solubilise and diffuse to 

produce degradation leading to their theoretical complete inactivation. This is 

attributable to the bonding process that seals dentin tubules with resin tags, preventing 

any outward diffusion of MMPs that are synthesises by endogenous odontoblasts as 

they only extend 1/4 of the length of the dentinal tubules (4,15,47). 

Again, due to the cytotoxicity of these cross-linking agents, there is also an inability to 

control cross-linking rates resulting in unstable dentin-resin matrices which could 

impede their ability to be used in clinical protocols. Another cross-linking agent, 

Riboflavin (RF) is a biocompatible agent that has the ability to cross-link collagen 

molecules via producing reactive oxygen species such as O2 and O2-; these free radicals 
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are release when RF is photoactivated and light is absorbed, resulting in covalent cross-

linking.  

This like other cross-linking agents increases the bond strength of dentin-resin interfaces 

and inhibits protease activity, increasing the overall durability of these interfaces. It has 

been seen to be able to be used with UVA or the more commonly used blue light with 

good success. This fact allows the clinician to have much better control over the degree 

of cross-linking and achieve more consistent results (15,27,48,49).  
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Figure 2: The proposed mechanism of cross-linking agents interacting with collagen molecules. 
A: Presence of additional cross-links between collagen microfibrils increasing the matrix stiffness 
and possibly improve hydrophobic resin infiltration with fewer possibilities of matrix collapse as 
a result of drying, due to reinforcement. B: A more detailed view off collagen molecules and 
extra cross-links; reinforcing the collagen matrix structure and decreasing the vulnerability 
against collagen-degrading enzymes. C: Individual collagen molecules highlighted with the 
dotted line in B; cross-linking may cause structural changes in the active site/catalytic domain 
and/or binding site of MMPs, possibility eliminating the collagenolytic activity of these 
enzymes.(5) 
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Competitive Inhibition (Zinc Salts)  
Competitive inhibition is another mechanism proposed and studied in order to inhibit 

the action of proteolytic MMPs. MMPs require calcium and zinc ions to function properly 

and maintain their tertiary structure; with zinc being required to bind to the cysteine 

residue to maintain pro-MMPs in an inactive state by preventing water molecules from 

binding to the zinc ion in the catalytic site. Therefore trace amounts of zinc are required 

for proper function of MMPs (4,14). 

It has been demonstrated that zinc can have a protective effect through binding to the 

collagen-sensitive cleavage sites of MMPs via competitive inhibition; this can be 

achieved by an excess concentration of zinc ions and results in their reduced effect or 

inactivation. Studies had shown that an excess of zinc had reduced the amount of MMP-

mediated collagenolysis in dentin beams that were incubated in ZnCl2 solution; 

additionally, MMP-2 and -9 were inhibited with other zinc salts. The inhibitory 

mechanism can also be attributed to the greater molecular stability caused by the excess 

ligand resulting in less enzymatic activity.  

Toledano et al. reported that adding 10 wt% of ZnO particles to Single Bond (3M) had 

resulted in a dramatic reduction of ICTP collagen peptide fragments that usually are a 

result from collagenolysis, than compared to just using Single Bond (3M). The same 

group added ZnCl2 to a final medium concentration of 3.3mg/ml, too inhibited MMP 

activity in demineralised dentin beams over the period of four weeks. Although ZnCl2 

had reduced the microtensile bond strength of other bonding systems such as Clearfil 

SE Bond (Kuraray), ZnO had no effect on bond strength; however, they observed that 

the addition of either molecules resulted in a reduction of MMP activity.  
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It is speculated by several authors that the correct concentration of zinc is important to 

find in determining the resulting effect on MMPs and collagen molecules while 

preventing toxicity. As there are many materials used in dentin restorations that 

incorporate ZnO in their formulas; it is expected that new adhesive systems that use ZnO 

at correct concentrations with adequate MMP-inhibiting effects will be compatible and 

viable for us in dental restorations, however more research and experimentation is 

required (15,27). 

 

Conclusion 
1. Identifying the detrimental effect that endogenous MMPs and CCs have on the 

dentin-resin complex after dentin restorations has allowed us to understand why 

bond failure after 12-18 months is so common in composite restorations, despite 

the many advances in adhesive system technology. With MMPs and CCs having 

strong proteolytic behaviour and being synergistic with one another, they 

present an extremely detrimental effect on collagen fibrils present in the hybrid 

layer via cleavage of collagen into fragments; resulting in a more fragile 

restoration as many of the commonly implemented protocols have little or no 

means to protect against endogenous MMP and CC activity in the long term.  

 
2. This had created a sense of importance that encouraged more research into 

exploring the mechanisms of MMPs and CCs, and understanding what activates 

and triggers these proteases. Such an example was exploring the effect that the 

commonly used etchant 37% phosphoric acid had on the degree of expression of 

these enzymes, but this study also identified that low pH acids (~0.2 pH) have 
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the capacity to produce a denaturing effect on them, discovering a potential 

vulnerability.  

 
 

3. Observing the effects of commonly used agents such as Chlorhexidine that is 

regularly used as an antimicrobial in endodontics and periodontics yielded proof 

that it had an inhibitory effect on MMPs and CCs via ion chelation. However, 

CHX’s effect is short-lived driving research into exploring different agents and 

other methods of employing CHX in adhesive systems that could potentially last 

longer such as grafting CHX into methacrylates or employing a different release 

system such as clay into the dentin-resin complex, both showing positive results.  

After attaining a thorough understanding of the mechanisms of MMPs and CCs, 

other agents that use alternative mechanisms of action such as cross-linking 

agents like GA or EDC and inhibitory agents like zinc; others and these types of 

agents have their own respective disadvantages that make it difficult to be able 

to safely implement them into routine clinical protocols in everyday restorative 

work. Ultimately meaning that further research is required to create optimal 

agents that are able to function within the HL and prolong the life and strength 

of dentin-resin interfaces.   

Responsibility 
This paper amongst others has emphasised the current limitations of adhesion in 

composite restorations. Hopefully, this paper raises awareness about which agents and 

protocols can be followed safely to improve the durability of restorations; as well as 

provide a platform for others to build upon by researching and investigating the 
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mentioned materials that still have potential to be implemented in adhesive procedure 

that can prevent MMP and CC action in resin matrices. 
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Annex 
• Figure 1: de Moraes IQS, do Nascimento TG, da Silva AT, de Lira LMSS, Parolia 

A, Porto ICC de M. Inhibition of matrix metalloproteinases: a troubleshooting 
for dentin adhesion. Restor Dent Endod. 2020;45(3):1–20. 

o Activation and Mechanism of MMPs 
• Figure 2: Tjäderhane L. Dentin bonding: Can we make it last? Oper Dent. 

2015;40(1):4–18.  
o Mechanism and benefits of cross-linkers. 
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