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ABSTRACT 
The objective of this study is to evaluate the effect of two exogenous enzymes on the resin-

dentin interface.  The collagenase (Col) and actylcholinesterase (Ach) were used to simulate the salivary 

enzymes and also accerelate the aging processs.  Four bonding systems Adper Single bond, Clearfil SE 

bond, Clearfil Tri-S bond and G bond (SB, SE, S3, G ) were used. The specimens kept in water for 24 

hours were used as a control.  The specimens after storage within water, with collagenase or 

acetylcholinesterase, were subjected to microtensile bond strength test (MTBS) and nanoleakage 

observations under a scanning electron microscope (SEM).  The MTBS results demonstrated 

significantly lower bond strength in groups kept in both enzymes.  The nanoleakage patterns were 

different among adhesives and storage conditions.  SB showed severe degradation under collagenase.  G 

Bond showed severe degradation under acetylcholinesterase.  All self-etching systems (SE, S3, G) 

exhibited water tree patterns within adhesive layer when immersed in water for three months.  The total 

etching system (SB) showed nanoleakage at the bottom of the hybrid layer, within the hybrid layer and 

within the adhesive layer.  Within the limitations of this study, it can be concluded that the two 

exogenous enzymes can affect the resin-dentin interface of all tested materials.    

 

KEY WORDS: INTERFACE/ SELF-ETCHING ADHESIVE/ BOND STRENGTH/ 
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บทคัดยอ 
วัตถุประสงคของการทดลองนี้เพื่อจะศึกษาผลของเอนไซมสองชนิดตอรอยตอระหวางเนื้อ

ฟนกับสารยึดติด คอลลาจีเนส(Col) และ อเซททิลโคลลิเนสเทอเรส (Ach) ถูกใชเพื่อลอกเลียนแบบ
เอนไซมในน้ําลายและเรงปฏิกิริยาเส่ือมอายุของวัสดุ สารยึดติดส่ีชนดิไดแก Adper Single bond, 
Clearfil SE bond, Clearfil Tri-S bond and G bond (SB, SE, S3, G ) ถูกใชในการทดสอบนี้. กลุม
ตัวอยางถูกเกบ็ในน้ํา 24 ช่ัวโมง เพื่อเปนกลุมควบคุม  กลุมตัวอยางท่ีถูกเก็บในน้ํา ใน คอลลาจีเนส 
และ อเซททิลโคลลิเนสเทอเรส ถูกนํามาทดสอบคาการยึดติดแบบไมโครเทนไซล(MTBS) และ
การตรวสอบการรัวซึมแบบนาโนภายใตกลองอิเลคตรอนแบบสองกราด(SEM) คาการยึดติดแสดง
ถึงความแตกตางอยางมีนัยสําคัญของการยึดติดในกลุมท่ีเก็บในเอนไซมท้ังสองสองชนิด  รูปแบบ
การร่ัวซึมระดับนาโนแตกตางกันตามชนดิของสารยึดติดและสภาวะท่ีใชเก็บ กลุมSB แสดงถึงการ
เส่ือมสภาพเม่ือถูกเก็บในคอลลาจีเนส กลุม G แสดงถึงการเส่ือมสภาพในอเซททิลโคลลิเนสเทอเรส 
สารยึดติดแบบ self-etching ท้ังหมด (SE, S3, G) แสดงลักษณะ water tree ในช้ันของสารยึดติดเม่ือ
ถูกเก็บในน้ําสามเดือน สารยดึติดระบบ total etching system (SB) แสดงการร่ัววึมท่ีช้ันลางสุดของ
hybrid layer, ภายใน hybrid layer และ ภายในช้ันของสารยึดติด ภายใตขอจํากัดของการทดลองนี้
สามารถสรุปไดวาเอนไซมจากภายนอกท้ังสองชนิดสามารถสงผลตอรอยตอระหวางเนื้อฟนและเร
ซิน ในวัสดุทุกชนิดท่ีใชในการทดลอง 
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CHAPTER I 

INTRODUCTION 

 

 
 Dentin bonding system has been widely used according to the increasing 

demand of esthetic dentistry.  Many generations of dentin bonding has been developed 

to overcome the flaw of the previous generations.  Due to the technique sensitivity of 

the material, many researches have been focused on the simplified version of the 

material.  Recently, the all in one bonding system has been launch into the market 

which is called self-etching adhesive system (1) .  However, many studies have shown 

that the system can not achieve the same standard as the three step bonding system (2). 

There are also some differences among self-etching materials.  A study has shown that 

the performance of self-etching adhesive system depends on the composition of each 

material (3). The comparative studies of these materials have been done in many 

aspects.  Microtensile bond strength test is the test that commonly used to evaluate the 

effectiveness of bonding material.  Studies have shown that microtensile bond strength 

of self-etching adhesive systems were gradually decreased over time (4). Thus, the 

changing under TEM was observed prominently such as an increasing of nanoleakage 

(5), change of collagen fiber during a period of time (6)  , the water tree phenomenon 

caused by bond failure in this material (7) . However, there is no evidence that 

whether the nanoleakage of total-etching system or the water tree phenomenon can 

deteriorate the bond interfaces over time.   
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CHAPTER II 

OBJECTIVES 

 

 
 The objectives of   this study were: 

 To study the effect of artificial aging process with two enzymes 

(collagenase and acetylcholinesterase) to the microtensile bond strength of self-etching 

adhesives compared with total-etching adhesives.  

 To study the effect of artificial aging process with two enzymes  

( collagenase and acetylcholinesterase) to the nanoleakage pattern applied on to 

resin/dentin interface and the morphological change at resin/dentin  interfaces of all in 

one bonding system compared to two-step self-etching adhesive and total-etching 

bonding system. 
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CHAPTER III 

HYPOTHESIS 

 

 
1. H0:   There was no significantly different of microtensile bond strength to dentin 

among groups that were bonded with total-etching, two-step self-etching or all-

in-one tested which were kept in water, collagenase and acetylcholinesterase  

enzyme  for three months.   

H1:   The microtensile bond strength was significantly different between tested     

groups. 

2. H0:  There was no significantly different of  nanoleakage pattern at resin/dentin 

interfaces among groups that were bonded with total-etching, two-step self-

etching or all-in-one tested which were kept in water, collagenase and 

acetylcholinesterase  enzyme  for three months. 

       H1:   The nanoleakage pattern was different among the tested groups. 
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CHAPTER IV 

LITERATURE REVIEW 

 

 

Mechanism of adhesions  
 The principle of adhesion was first investigated by Buonocore in 1955.  

His first trial on applying phosphoric acid to enamel provided valuable inspiration into 

dentistry (8).  Now the concept of extension for prevention has been made obsolete by 

the development of adhesive dentistry.  Since then bonding systems have been 

developed in many ways. They can be classified by mode of application or by 

chronological classification.  Generally by mode of application, adhesive systems were 

divided into two groups: total-etching adhesive system and self-etching adhesive 

system. 

 The total-etching adhesive system is the most effective approach for 

achieving efficient and stable bonding to enamel and requires only two steps.  

Selective dissolution of hydroxyapatite crystals through etching (commonly with 30-

40% phosphoric-acid gel) is followed by in situ polymerization of resin that is readily 

absorbed by capillary attraction within the created etch pits, thereby, enveloping 

individually exposed hydroxyapatite crystals (9).  At dentin, this phosphoric-acid 

treatment exposes a microporous network of collagen that is nearly totally deprived of 

hydroxyapatite.  The primary bonding mechanism of etch and rinse adhesives to 

dentin is primarilydiffusion-based and depends on hybridization or infiltration of resin 

with in the exposed collagen fibril scaffold, which should be as complete as possible 

(10).  True chemical bonding is rather unlikely, because the functional groups of 

monomers may have only weak affinity to the hydroxyapatite depleted collagen.  

 Such challenging monomer-collagen interaction might be the principle 

reason for what has been documented as manifesting in the form of nanoleakage. 

 The self-etching adhesive system combines both the etching and priming 

steps. With the different bonding mechanisms of self-etching system when compared  
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with total-etching system, the acidic primer in the self-etching adhesive system has 

been reported to remove or dissolve the smear layer, demineralize the underlying 

dentin, and simultaneously create a hybrid layer (11). 

 

Classification of adhesive systems by mode of application 
 When the tooth structure is cut, the cutting debris may be left on the 

substrate which is called the smear layer.  Adhesive systems can be classified by the 

way they interact with the smear layer:  

1. Smear layer modification 

2. Smear layer removal 

3. Smear layer dissolution 

 

Smear layer modification 
 This group of bonding systems has been developed from the concept that 

the smear layer provides a natural barrier to the pulp, protecting it against bacterial 

invasion and limiting the outflow of pulpal fluid that might impair bonding 

efficiency(12).   Efficient wetting and in situ polymerization of monomers infiltrated 

into the smear layer are expected to reinforce the bonding of the smear layer to the 

underlying dentinal surface, forming a micro-mechanical and perhaps a weak clinical 

bond to underlying dentine(13).   The interaction of these adhesives with dentine is 

very superficial, and only a limited penetration of resin into the dentinal surface is 

observed (14). Clinically, these systems require selective etching of enamel.  The 

adhesives in this group can be divided into two subgroups depending on the providing 

of adhesive only or together with primer.   

 

Smear layer removal  
 Another approach to the smear layer is to remove it completely.  The 

acidic conditioner is applied simultaneously to the enamel and dentine utilizing a total-

etching technique (15). The mechanism is principally based on the combined effect of 

hybridization and formation of resin tags.  These systems are most commonly applied 

in three consecutive steps.  The first step is to use the acid conditioner to remove the 
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smear layer and expose the micro-porous structure of collagen fibrils by superficial 

demineralization.  On intertubular dentine, the exposed collagen fibrils are often 

covered by an amorphous phase with relatively few micro-porosities and variable 

thickness, having been ascribed to the combined effect of denaturation and collapse of 

residual smear layer collagen. The etching agent thickened with silica leaves residual 

particles deposited on the surface, but does not appear to plug intertubular micro-

porosity.  At the tubule orifices, peritubular dentine is often completely dissolved to 

form a funnel shape with exposure of circularly oriented collagen fibrils that offer 

additional retentive sites at the tubule wall area.  The acid conditioners in this group 

are citric, maleic,  nitric, oxalic, and phosphoric acids, in varying concentrations.  

However, the most effective acid conditioner is phosphoric acid.  After conditioning, 

maintenance of a moist dentinal surface is recommended following the so-called wet-

bonding technique to prevent collapse of unsupported collagen and to promote 

subsequent wetting and infiltration of resin.  The second step of this system is priming 

the dentine.  Primers are the actual adhesion promoting agents and contain monomers 

with hydrophilic properties that have an affinity for the exposed collagen fibril 

arrangement and hydrophobic properties for co-polymerization with the adhesive 

resin.  These monomers are often dissolved in organic solvents, such as acetone and 

ethanol that due to their volatile characteristics can displace water from the dentinal 

surface and moist collagen network (16).   The primary objective of the priming step is 

to transform the hydrophilic dentinal surface into a hydrophobic and spongy state, 

which allows the adhesive resin in the final step to wet and penetrate the exposed 

collagen network efficiently(17). The major role of the adhesive resin is the 

stabilization of the formed hybrid layer and the formation of resin tags in the 

unplugged dentinal tubules.   

 Adhesive resins can be light and/or chemical curing (18). Chemical curing 

adhesive resins have the theoretical advantage of initial polymerization at the interface 

by the higher temperature of the body heat, but the disadvantage of being slow.  For 

light curing bonding agents, it is recommended to polymerize the adhesive resin prior 

to the application of the restorative resin. In this way, the adhesive resin is not 

displaced and adequate light intensity is available to sufficiently cure and stabilize the 

resin/tooth bond to overcome the polymerization shrinkage of resin composite (19). 
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Since oxygen inhibited layer of 15 µm will always be formed on top of the adhesive 

resin, even after light curing. This will offer sufficient methacrylate bonds for co-

polymerization with restorative resin (20).  It is recommended to do brush thinning for 

the adhesive layer rather than air thinning,  since air thinning may cause the 

permeation of an air inhibited layer into the resin layer which may reduce the bond 

effectiveness (21). Besides contributing to the overall strength of the resin-dentin 

bond, the major role of resin tags is to effectively plug the tubule orifices, reducing the 

chance for increased permeability and pulpal irritation (22).  This tubule hybridization 

must be intimate and hermetic to prevent micro-leakage, even when the bond is 

disrupted (23). 
 

Smear layer dissolving adhesives 
 This adhesive system provides slightly acidic primers or so-called self-

etching primers, that partially demineralize the smear layer and the underlying dentin 

surface without removing the dissolved smear layer remnants and unplugging the 

tubule orifices (24).  Apart from simplification, the rationale behind this system is to 

superficially demineralize dentine and penetrate it with monomers, which can be 

polymerized in situ (25).  The dentin surface alterations produced by 37% phosphoric 

acid appeared to be a very severe demineralization pattern, quite irregular and less 

permeable to monomer infiltration, while the surface provided by the self-etching 

primer appeared to be a more uniform, less porous surface, and the association with 

simultaneous monomer infiltration may reduce the occurrence of mistakes in clinical 

bonding procedures (26).   

 The adhesives currently available in the market fall into two categories:  

smear layer removal, which is so-called total etch adhesives; and, smear layer 

dissolving group achieved by deminerization of dentin with an acidic monomer.  This 

approach omits the use of phosphoric acid and a rinsing step and  is called self -etching 

adhesive (27). 
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Self-etching approach 
 The self-etching system no longer needs etch and rinse phase.  This not 

only lessens the clinical application time, but also significantly reduces technique-

sensitivity or the risk of making errors during application and manipulation (27).  Self-

etching adhesives can be divided into strong and mild self-etching adhesives Strong 

self-etching adhesives are the adhesives that have a pH of 1 or below.  Mild self-

etching systems, in general, have a pH of around 2 and demineralize dentin only to a 

depth of 1µm.  A study has shown that the mild self-etching systems can not totally 

remove the thick smear layer. The hybrid layer by this system is thinner than that of 

strong self-ething adhesive or etch and rinse approach (28).   It was reported that fewer 

resin tags were formed with self-etching adhesives than with the total-etching system.  

It was found that acid etching prior to application of conventional and self-etching 

adhesive materials provided higher penetration of the adhesive into the unground 

enamel surface compared to that achieved solely by application of self-etching 

adhesive (29). The degree of demineralization and interaction with dentin correlated 

with the acidity of the adhesives/primer (30).  However, the bond strength provided by 

some strong self-etching adhesives are quite low especially at dentin (31).  Pashley and 

Tay reported that both etching efficacy and strength of the resins are important 

contributing factors in the bonding of self-etching adhesives to unground enamel.   In 

this study, the aggressiveness of three self-etching adhesives was investigated.   

Ultrastructural features and microtensile bond strength were examined.  The etching 

efficacy of these adhesives was investigated alone and together with resin infiltration.  

The result showed that etching patterns of aprismatic enamel, as revealed by SEM, and 

the subsurface hybrid layer morphology, as revealed by TEM, varied according to the 

aggressiveness of the self-etch adhesives.  Clearfil Mega Bond (pH 2.0) exhibited the 

mildest etching patterns, while Prompt L-Pop (pH1.0) produced an etching effect that 

approached that of the total-etch control group.  However, the microtensile bond 

strength of all three self etch adhesives were not significantly different from each 

other.  But the microtesile bond strength of the total-etching adhesive as a control 

group was significantly higher than the three tested self etch adhesives.  This study 

concluded that the efficacy of self–etching primers on unground enamel does not 

depend solely on their etching aggressiveness (32).   Evaluation of the dentin interface 
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also showed that the morphological differences at the interface depended on adhesive 

composition.  The differences mainly concerned the thickness of the hybrid layer, the 

absence or presence of microscopic voids at the interface and whether the dentin tubuli 

were completely sealed. The pH was not the determining factor conditioning the 

performance of adhesives (33).   

 A study has shown that the tested self-etching systems produced different 

reductions in dentin permeability.  For some, the reduction was markedly greater than 

the decrease in dentin permeability provided by the total-etching systems, and for 

others the reduction was small, indicating poor sealing (34).  Also the effect of 

residual water in the adhesive interface can reduce the bond strength dramatically (35).   

The preservation of hydroxyapatite within the submicron hybrid layer serves as a 

receptor for additional chemical bonding. Carboxylic acid-based monomers like 4-

MET (4-methacryloxyethyl trimellitic acid) and phosphate based monomers such as 

phynyl-P (2-methacryloxyethyl phynyl hydrogen phosphate) , and 10-MDP (10-

methhacryloxydecyl dihydrogen phosphate) have a chemical bonding potential to the 

calcium of residual hydroxyapatite (36).  The weakest property of mild self-etching 

adhesives is their bonding potential to enamel. The most widely used self-etching 

adhesive systems involve two application steps: the conditioning of dentin and enamel 

with a self-etching primer, followed by the application of an adhesive resin. 

Nowadays, one-component self-etching adhesives are increasingly being introduced to 

the market. However, most of the currently available self etching-primers/adhesives 

are methacrylate-based with a pH-value in the 1.5–2.5 range. Under these strong 

acidic conditions, esters such as 2-hydroxyethyl methacrylate (HEMA), 

triethyleneglycol dimethacrylate (TEGDMA) ,methacryloyloxydecyl dihydrogen 

phosphate (MDP) or HEMA-phosphate, are hydrolytically degraded (37).    Another 

disadvantage of one component self-etching adhesives is seen in their relatively high 

water uptake, resulting in the formation of water trees at the interface (38). One of the 

first acidic monomers that was developed is 4-methacryloyloxyethyl trimellitate 

anhydride (4-META) which is still very often used in self-etching primer systems. 

Clinically, it has been shown that self-etching systems exhibit, a low technique 

sensitivity with regard to the conditions of the dentin surface (dry, wet, moist etc.), 

resulting in a very low level of postoperative sensitivity. It is obvious that the low risk 
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of postoperative sensitivity has to do with the fact that dentin decalcification and the 

penetration of dentin by the acidic and co-monomers occur up to the same depth (39). 

  

Chemical aspects of self-etching adhesives 
 General Aspects 

 The compostion of self-etching adhesives can be divided into 

three main groups according to their function: (1) self-etching adhesive 

monomers; (2) cross-linking monomers and (3) additives and  photoinitiators 

(Fig1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Component of currently available self-etching adhesives. 

  

 The general requirements for these monomers are: high rate of free-radical 

homopolymerization or copolymerization with the other monomers in the adhesive.  

Optimal solubility in the adhesive composition, i.e. the monomers should be 

conveniently miscible with aqueous solutions of acetone and ethanol, which are 

mainly used as solvents in commercial self-etching adhesives, and the other monomers 

and additives (40).  Stability of the monomer does not only comprise the stability 

against premature polymerization, but also the stability against degradation by oxygen, 

heat, light and, of course, water during storage.  This will lead to a long shelf life of 

materials (41).   Minimal water uptake and low swelling degree of the formed polymer 

Self-etching enamel-
dentin adhesives 

Self-etching adhesive monomers 
eg.HEMA-phosphate 

Cross-linking monomers 
Additives,Photoinitiators,sol
vents,stabilizers,fillers etc. 
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and the monomers should not impair the sufficient mechanical strength of the adhesive 

layer.  Low polymerization shrinkage or at least contribution of the monomer to 

reduce shrinkage or thermal stress in the adhesive layer. Low oral toxicity and 

cytotoxicity of the monomers are also required.  These general requirements can be 

fulfilled with structure-designed monomer containing one or more polymerizable 

groups and additional functional groups, which are combined by a tailor-made spacer 

group. Among the various free-radically polymerizable groups methacrylate functions 

show sufficient reactivity (42).   

 Self-etching adhesive monomers are monomer components in a self-

etching enamel–dentin adhesive, which are responsible for the specific interaction of 

the adhesive with the dental hard tissue. Therefore, they should meet, beside the above 

mentioned general requirements, the following additional demands: capability of self-

etching the enamel surface in a relatively short time while forming a surface with 

increased roughness that enables micromechanical bonding of the adhesive on enamel.  

Optimal wetting and film-forming behavior on the tooth surface and the capability of 

penetrating, for example, into the dentinal tubules are also required. Fast ionic or 

covalent interaction with components of the dental hard tissue, e.g., the formation of 

low soluble calcium salts or formation of covalent bonds with collagen  It was 

proposed that "Nanointeraction Zone (NIZ)" is a new complementary classification for 

partially demineralized resin-dentin interdiffusion zones. Thus, one-step self-etching 

adhesive systems can be classified into three categories, etch-and-rinse type, mild self-

etching type, and NIZ type, by their morphological appearance of the interface (43).  

 To achieve these specific requirements, a great number of acidic 

monomers with the potential for generating a self-etching enamel–dentin adhesive 

have been described in the literature. In general, these self-etching adhesive monomers 

are bifunctional molecules containing at least the following components: first, a 

polymerizable group, which can react both with the other monomers of the adhesive 

and the restorative material by copolymerization, second, an acid adhesive group  

capable of both etching the dental hard tissues and interacting with the tooth 

substance, and, finally, a spacer group designed to influence, e.g. the solubility, 

flexibility and wetting properties of the adhesive monomer (Fig.2) 
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 Suitable adhesive groups are acidic groups (Fig. 5), in particular, 

phosphonic acid and mono- or dihydrogenphosphate groups, which form stronger 

acids than the corresponding carboxylic acids.  A study aimed to characterize acidic 

monomers used in self-etching primers/adhesives by determination of their pKa values 

and by calculation of their calcium dissolving capacity in comparison with phosphoric 

and hydrochloric acid. The  acidic monomers  included in the study were 4-

methacryloyloxyethyl trimellitate anhydride (4-META), 10-methacryloyloxydecyl 

dihydrogen phosphate 10-(MDP), dimethacryloyloxyethyl hydrogen phosphate (di-

HEMA-phosphate), ethyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl]acrylate (EAEPA), 

2-[4-(dihydroxyphosphoryl)-2-ox-abutyl]acrylic acid (HAEPA), and 2,4,6 

trimethylphenyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl]acrylate (MAEPA). The 

result showed that the ability of these acids to dissolve HA increases as their molecular 

weight decreases.  The study of chemical interaction of phosphoric acid ester with 

hydroxyapatie indicated that the partially dissolved hydroxyapatie resulted in the low 

solubility calcium salt However, The ability to form the stable calcium salts is  varied 

among the functional monomer used in adhesives (44).  Mild self-etch adhesives 

demineralize dentin only partially, leaving hydroxyapatite around collagen within a 

submicron hybrid layer. A study hypothesized that this residual hydroxyapatite may 

serve as a receptor for chemical interaction with the functional monomer and may 

contribute to adhesive performance in addition to micro-mechanical hybridization. 

Therefore researchers chemically characterized the adhesive interaction of 3 functional 

monomers with synthetic hydroxyapatite, using x-ray photoelectron spectroscopy and 

atomic absorption spectrophotometry. They further characterized those interaction 

with dentin ultra-morphologically, using transmission electron microscopy. The 

monomer 10-methacryloxydecyl dihydrogen phosphate (10-MDP) readily adhered to 

hydroxyapatite. This bond appeared very stable, as confirmed by the low dissolution 

rate of its calcium salt in water. The bonding potential of 4-methacryloxyethyl 

trimellitic acid (4-MET) was substantially lower. The monomer 2-methacryloxyethyl 

phenyl hydrogen phosphate (phenyl-P) and its bond to hydroxyapatite did not appear 

to be hydrolytically stable. Besides self-etching dentin, specific functional monomers 

have additional chemical bonding efficacy that is expected to contribute to their 

adhesive potential to tooth tissue (45). 
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Figure 2. General structure of self etching adhesive monomer 

 

 

Composition of self-etching adhesives 
 1) Self-etching adhesive monomers  

  1.1 Phosphorus-containing monomers 

   Phosphorus-containing monomers, e.g. phosphonic acids or 

acidic phosphates, are capable of etching enamel and dentin and promoting monomer 

diffusion into dentin. Polymerizable acidic phosphates are mainly used. Glycerol 

dimethacrylate ester of phosphoric acid (GDMP) was one of the first chemical 

compounds proposed to improve bonding with human dentin.  Another examples of 

acidic methacrylate phosphates con applied to improve bonding on dentin are the 

reaction products of phosphorus oxychloride with bis-GMA , methacryloyloxyethyl 

phenyl hydrogen phosphate (MEP-P), MDP, methacryloyloxypropyl dihydrogen 

phosphate (MPP), methacryloyloxyethyl dihydrogen phosphate (MEP, HEMA-

phosphate), and dipentaerythrolpentaacryloyl dihydrogen phosphate (PENTAP), 

(Fig.3,4).  These compounds are mainly mixtures of different phosphoric acid 

derivatives. Thus, MEP additionally contained both di-(DMEP) and tri-HEMA ester 

(TMEP) of phosphoric acid, as well as pyrophosphates (PMEP) and even free 

phosphoric acid. Among functional monomers used in contemporary dental adhesives, 

10-methacryloyloxydecyl dihydrogen phosphate (MDP) has been found to interact 

chemically with hydroxyapatite (HAp) most strongly and stably. This effect was 

thought to be the basis of the superior bonding effectiveness of MDP-based self-etch 

adhesives to enamel/dentin. It was concluded that the intense chemical interaction of 

MDP with HAp must be ascribed to superficial dissolution of HAp induced by the 

MDP adsorption and subsequent deposition of MDP-calcium salt with a low solubility 

(46). 

Polymerizable group Spacer group Adhesive group 
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Figure 3.   Example of polymerizable acidic phosphate used in current dentin adhesive 

 

 
Figure 4.  Various esters of HEMA and phosphoric acid 

 
(Courtesy Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-dentin 

adhesives: a systematic review. Dent Mater 2005; 21 (10):895-910) 

 Mono and dialkylesters are actually stronger acids than phosphoric acid 

itself and that dialkyl hydrogen phosphates are stronger acids than the corresponding 

monoalkyl dihydrogen phosphates. However, di esters are under acidic conditions, less 

hydrolytically stable than in the monoesters, which is the case e.g. when the pH-value 

reaches 1–2. An additional hydronlysis results from the hydrolysis of the methacrylate 

ester bond taking place in the presence of water, which is frequently used as co solvent 

in self-etching enamel–dentin adhesives and is catalyzed by hydrogen ions of the 

phosphoric acid group. For MEP, the hydrolysis of both the methacrylate and 

phosphate ester bonds resulted in the formation of methacrylic acid (MAA) (A) and 2-

hydroxyethyl methacrylate (HEMA) (B), as is shown in Fig.5 In general, the 

hydrolytic stability of the phosphoric acid esters increases in the following order: 

dialkyl hydrogen phosphate < trialkyl phosphate < monoalkyl dihydrogen phosphate. 
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Therefore, hydrolysis of the phosphate ester bond in the monoester MEP was not 

expected. Furthermore, in the case of MDP, the phosphate ester bond was significantly 

more stable. However, aqueous solutions of MDP are not hydrolytically stable, if 

stored at room temperature for weeks and therefore, they have to be stored in a 

refrigerator. In summary, MDP, MEP, DMEP and GDMP are used as monomers in the 

current self-etching enamel–dentin adhesives (40).  

 
Figure 5   Hydrolysis of MEP in the presence of water 

 
(Courtesy Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-dentin 

adhesives: a systematic review. Dent Mater 2005;21 (10):895-910) 
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  1.2 Polymerizable carboxylic acids 

  The polymerizable carboxylic acids used in self etching 

adhesives are 4 methacryloyloxyethyl trimellitic acid (4-MET), 4-META, and 10 

methacryloyloxydecyl malonic acid (MAC-10) (Fig. 6). Aqueous solutions of these 

polymerizable unsaturated carboxylic acids show a pH-value below 2.0 which can be 

used as enamel and dentin etchant(40).  

 

 
 

Figure 6 Structure of self-etching polymerizable carboxylic acid 
(Courtesy Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-dentin 

adhesives: a systematic review. Dent Mater 2005;21 (10):895-910) 
 

 2) Monofuntional and Cross-linking monomers  

  The currently used self-etching enamel–dentin adhesives contain both 

mono- and difunctional non-acidic methacrylates, which are equipped in influencing 

the properties of the liquid adhesive, such as miscibility, viscosity, wetting and film 

forming behavior, monomer penetration and polymerization reactivity, as well as the 

properties of the polymerized solid adhesive layer, such as mechanical strength, water 

uptake or stability against hydrolytic or enzymatic degradation. HEMA is the most 

frequently applied monomer.   HEMA is a water soluble, low viscous monomer that 

improves the miscibility and solubility of the polar and non polar adhesive 

components and the wetting behavior of the liquid adhesive on the dental hard tissue.  

In addition, it is well known that HEMA may stabilize the collagen fibril network and 

improves the dentinal permeability and monomer diffusion.   However, HEMA is 

prone to hydrolysis due to its properties. This monomer is not hydrolytically stable and 

forms compound in concentrated solutions (47).  Furthermore, a high content of 

monofunctional monomers in the adhesive impair its polymerization rate. This may 
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lead to a significant lower density of cross-linkage in the polymerized adhesive layer, 

which may result in weakened adhesive bonds, in particular, after aging. 

  Cross-linking dimethacrylates are used in enamel–dentin adhesives to 

provide the formation of the polymer network.  The formation of network will lead to 

favorable effect such as, the increasing of polymerization rate because of the gel-

effect. The mechanical properties of a polymer network are also improved in 

comparison to linear polymers. Finally, the formed cross-linked layer is not water 

soluble and the degree of swelling decreases with increasing polymer network density. 

The most popular cross-linking dimethacrylates used in enamel–dentin adhesives are 

2,2-bis[4-(2-hydroxy-3-methacryloyloxypropyl) phenyl]propane (Bis-GMA), 1,6-bis  

[2 methacryloyloxyethoxycarbonylamino] -2,4,4-trimethylhexane (UDMA), glycerol 

dimethacrylate (GDMA), and TEGDMA (Fig.7). The dimethacrylates demonstrate 

different properties such as viscosity, polarity and water solubility, polymerization 

shrinkage, film formation behavior and reactivity. Thus, Bis-GMA shows high 

reactivity, however, it exhibits also high viscosity and low water solubility. In contrast, 

TEGDMA and GDMA are dimethacrylates featuring low viscosity and improved 

solubility in water.   Unfortunately, all these dimethacrylates are not hydrolytically 

stable in aqueous acidic solutions and degrade under formation of corresponding diols 

and methacrylic acid  (40).   
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Figure 7 Cross linking dimethacrylates used in dentin adhesives 

(Courtesy Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-dentin 

adhesives: a systematic review. Dent Mater 2005;21 (10):895-910) 
 

 3) Additives and photo initiators 

 Initiator systems and solvents for self-etching adhesives  

  3.1 Initiators 

  The polymerization of adhesives can be initiated by a redox 

initiator system.  An intrinsic problem of self etching enamel–dentin adhesives is the 

acid–base reaction of the acidic monomers with amines often used in the initiator 

systems, such as the camphorquinone/amine system in visible light curing adhesives 

(Fig.8) or the amine/peroxide system in chemically curing adhesives (Fig9). In both 

cases, the concentration of the amine decreases. Retarded polymerization not only 

occurs in the adhesive layer, but also in the oxygen-inhibited surface zone that bonds 

the composite to the adhesive.  A study reported the correlation of adhesive resin and 

polymerization initiator chemistry with bonding to dentin that had been treated with 

N-phenyliminodiacetic acid (PIDAA), a self-etching primer with initiator and co-

initiator potential. The results suggested that formulations based on PIDAA, PMDM 

and camphorquinone are more effective as bonding systems than those formulations 

without PMDM and camphorquinone. PIDAA, a self-etching primer with initiator and 

co-initiator abilities, appears to interact positively with both carboxylic acid monomers 

such as PMDM and the photooxidant camphorquinone (48).  The acid–base reaction 

results in an equilibrium between the protonized and unprotonized form of the amine 

and the acid. Therefore, the amine concentration needs to be exactly adjusted to the 
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concentration of acid in self-etching systems.   Chemically cured adhesives are more 

sensitive due to thicker oxygen inhibition layer.  This has resulted in alternatively 

using less sensitive redox initiatiors containing reductants such as barbituric, ascorbic, 

sulfinic acids, or combinations of them with amine/peroxide system.  The initiator 

components are often contained in a thin coat on purpose-designed applicators to 

facilitate the application and prolong the storage stability of the material(40). 

 

 
 

Figure 8  Initiator system for the photopolymerization of light curing adhesives 

 
(Courtesy Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-dentin 

adhesives: a systematic review. Dent Mater 2005; 21 (10):895-910) 
 

 
Figure 9 Acid–base reaction of an amine/peroxide redox initiator system for radical 

polymerization 
(Courtesy Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-dentin 

adhesives: a systematic review. Dent Mater 2005; 21(10):895-910) 
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  3.2 Solvents 

  Water is the most important solvent in self-etching adhesives. 

Decalcification of enamel and dentin, and removal of the smear layer, which is created 

during cavity preparation on top of the dentin, are ionic processes. Calcium ions are 

chelated by acidic monomers, and parts of collagen fibres are solubilized or 

hybridized. For these ionic processes water is required, and therefore, self-etching 

adhesives or primers are generally water based. In contrast to the acid etch technique, 

self-etching adhesives/primers do not exhibit an equal sensitivity to moisture on dentin 

surfaces due to their water base. However, excess water could decrease the content of 

the adhesives’s monomeric components within the collagen network and probably 

interfere with their polymerization.  This phenomenon can result in a lower cross-

linking density of the formed hybrid layer.  Co-solvents like ethanol are added to self-

etching adhesives to form an isotropic mixture with water.  The mixture can accelerate 

the surface dehydration by means of air syringe drying. Excessive dehydration of 

dentin, however, negatively affects the mechanical substrate properties.  If acetone is 

used as a cosolvent , phase separation and precipitation of adhesive components can 

occur (41). 

 

  3.3 Further additives for dentin–enamel adhesives 

  3.3.1 Fillers 

  The filler content in adhesives plays the minor role compared 

to resin composite filling material. Nevertheless, the whole range of different fillers 

from spherical glass fillers, silicates to nanometer-sized pyrogenic silica as well as ion 

leachable glass fillers are used for adhesive formulations. Adhesive systems are 

influenced by inorganic fillers in several ways.  The advantage of filler application is 

the increasing of bond strength. However, the disadvantage is that the filler particles 

may have negative effect on the penetration behavior of adhesives. However, the 

influence of fillers in adhesive formulations as stress buffers remains unpredictable 

and has not been confirmed in clinical trials. In contrast to total-etching adhesives, the 

self-etching bonding systems, where adequate wetting of the surface and penetration 

of the acidic monomers is essential for reliable adhesion, contain only small amounts 

of fillers.  Especially in single-step systems, silica fillers are often used as thickener to 
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increase the viscosity; thus, a film is reliably formed, which results in an adequate 

thickness of the film. Effects The adequate film thickness is requited to prevent over-

thinning and incomplete polymerization due to oxygen inhibition .  In addition to 

conventional fillers, some adhesive systems contain filler particles featuring specific 

properties like the capability to release fluoride ions or to provide radiopacity (41). 

 

  3.3.2 Additives which facilitate the application 

  Some manufacturers add different dyes to their adhesive 

formulation. In two-component systems, dyes are used with the intention to clearly 

indicate to the clinician that if both components have been properly mixed by 

featuring a color change.  When the adhesive layer is light-cured, the color of both 

systems fades.   

  The antibacterial components are added to adhesive systems in 

several ways to ensure the biological sealing of the restoration. To integrate 

antimicrobial effects into self-etching primers appears to be attractive because the 

system has no phosphoric acid etchant.  For many years, glutaraldehyde has been a 

well-known as antibacterial agen. It is applied in total etch multi-bottle systems like 

Syntac (Ivoclar Vivadent, Liechtenstein) or Gluma Bond (Heraeus Kulzer, Germany) 

as well as in I-Bond, a one component self-etching adhesive system of the latest 

generation (Heraeus-Kulzer, Germany). Due to the fact that glutaraldehyde cannot be 

polymerized into the adhesive matrix, the antibacterial effect persists after 

polymerization because the molecules are leaching.  In contrast, a polymerizable 

antibacterial monomer MDPB (12-methacryloyloxydodecylpyridiunium bromide) was 

introduced by Kuraray Company. If this monomer is used, the adhesive system will 

provide antibacterial effects before polymerization, whereas the polymerized adhesive 

will feature only bacteriostatic activity  (41). 
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Durability of self-etching adhesives 
 The clinical performance of adhesives is limited by their bond durability.  

The excellent clinical performance of Clearfil SE bond, the two-step self-etching 

adhesive, was reported (49). This high performance may, in part, result from 

simultaneous demineralization and infiltration of dentin, providing a shallow but 

uniform resin-infiltrated dentin layer (50).  A valuable approach to prolonging the 

clinical life of adhesive materials might be to improve the stability of the bond to tooth 

tissue.  Studies of durability can be done in many ways.  Factors influenced durability 

include: time; temperature; and chemical interaction.  Therefore, researchers have 

proposed various methods to test durability.  

 

Aging by water storage 
 The most commonly used artificial aging is long term water storage.  The 

bonded specimens are stored in fluid at 37°C for a specific period.  This period may 

vary from a  month up to many years (51, 52).  It is thought that water-filled channels 

and nanovoids in resin-dentin bonds represent potential sites for degradation of bonds 

or hydrolysis of collagen or both.  Water gradients produced by bonding systems 

contribute to water movement across the dentin-adhesive interfaces during bonding 

procedures.  Differences in chemical formulations for adhesive systems may lead to 

differences in the extent of diffusion-induced water movement and the amount of 

water within the resin-dentin bonds.  This study reported that diffusion-induced water 

movement seen during placement of dissolved monomers on acid-etched dentin 

surface may contribute to resin– dentin bonds. They may also contribute to subsequent 

convective   fluid movements across the adhesives after polymerization (53).  All-in-

one adhesives containing acidic resin monomers generate a relatively thin bonding 

zone between dentin and composite.  This zone may be left acidic and permeable 

when polymerization is poor. A study reported that nanoleakage was presented to a 

variable extent within all the hybrid layers examined (54).  This leakage was 

responsible for the short life of the bond interface.  Different types of nanoleakage 

occurred as specimens were aged in vitro. When these water-filled channels are 

stained with silver, they often look like microscopic trees and so are called "water 
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trees". These water trees might act as potential sites for hydrolytic degradation of 

resin/dentin bonds. All marketed products permitted some amount of nanoleakage and 

water-tree formation (55).  A study evaluated the ability of etch-and-rinse and self-

etching adhesive systems to prevent time-and water-induced nanoleakage in resin-

dentin interfaces over a 6-month storage period. Different levels of water-induced 

nanoleakage were observed for the different bonding strategies.  The two-step self-

etching primers, especially the antibacterial fluoride-containing systems , showed the 

least nanoleakage after 6 months of storage in water (56).   

Storage time significantly affects the bond strength of materials through time 

dependent hydrolysis and other changes that are likely to occur in water-containing 

self-etching agents at high temperatures.  The effect of storage time and temperature 

were investigated in a study  using two self-etching systems: an all-in-one adhesive, 

Clearfil Tri-S Bond (TS) and a two-step adhesive, Clearfil SE Bond (SE) .  The nano-

indentation hardness of the polymerized bonding, tested adhesives were measured at 

the baseline and after 60 weeks of storage at three different temperatures. The bond 

strength of adhesives stored at 37ºC significantly decreased during the storage period; 

with the earliest significant decreases observed at 4 weeks for TS and at 16 weeks for 

SE. After 60 weeks of storage, the pH of both self-etching materials decreased when 

they were stored at 37 º C  (57). The resin adhesive itself also has the potential for 

hydrolysis.  Self-etching adhesives contain 30% to 40 % water. If water is mixed with 

an acidic monomer, it becomes acidified and slowly hydrolyzes the ester bond of 

methacrylic derivatives such as HEMA of TEGDMA (41).   Therefore, the 

incorporation of acidic monomer into bonding resin may reduce the performance and 

shelf life of the material.     
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Aging by NaOCl 
Of all the available methods, the fastest method to age tooth-biomaterial 

interfaces is to immerse microtensile specimens in NaOCl.  Resin-dentin bonds are 

prone to chemical degradation. After NaOCl immersion, microtensile bond strength 

decreased in all adhesive groups. One study reported that the highest microtensile 

bond strength values were obtained for Clearfil SE Bond and Prime&Bond XP. The 

extent of the resin degradation is adhesive system specific. Chemical degradation of 

the non resin infiltrated collagen fibers also occurs in total-etch adhesives. Both 

processes may reduce long-term resin-dentin bond strength(58).  It was reported that 

the deteriotion by NaOCl may occur in humans in case of deproteinization within the 

bond. This study showed that the bond strength decreased with increasing time storage 

in NaOCl.(59) 

 

 

Aging by thermocycling 
 Another widely used aging technique is thermo-cycling.  The ISO TR 

11450 standard (1994) indicates that a thermo-cycling regimen comprised of 500 

cycles in water between 5 and 55ºC is an appropriate artificial aging test. The artificial 

aging effect induced by thermo-cycling can occur in two ways:  Hot water may 

accelerate hydrolysis of interface components, and subsequent uptake of water and 

extraction of breakdown products or poorly polymerized resin bloomers or due to the 

higher thermal contraction/expansion stresses are generated at the tooth-biomaterial 

interface (60). The effects of thermally stressing composite-dentin bonds in teeth were 

evaluated.  Tensile specimens were tested after 24-hour water storage or after 

thermocycling 2400 times at 5 and 55ºC. The thermocycling group showed 

significantly lower bond strength (61).  Thermo-cycling can be used in combination 

with the microleakage test to evaluate the performance of adhesives (62). 
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Biological degradation 
 Effect of esterase 

 One class of salivary components that have some interest in terms of 

composite biodegradation were the esterases (63). 

 Esterases can be produced by mononuclear phagocytic cells such as 

macrophages and monocytes which can be found in normal and inflamed gingiva. 

Most of the esterase- related activity in mature macrophages is cholesterol esterase 

(CE).  Cholesterol esterase generation increases in macrophages under a variety of 

conditions (64).  A study reported hydrolase activities in saliva at levels that could 

degrade composite resins. The mean (+/- SD) highest measured activity for all subjects 

was 0.59± 0.18 unit/ml with a range between  0.14 unit/ml and 1.48 unit/ml.  

Phynylmethylsulfonyl fluoride (PMSF) was used in this study to reduce the enzyme 

activity. The addition of PMSF to the Cholesterol esterase incubation group produced 

a significant reduction in the amount of methacrylic acid produced (65).  A more 

recent concern is the possible effect of resin degradation by-products on the function 

of host cells and microorganisms.  It has been reported that TEGDMA resin can be 

associated with biomass in bacterial cultures and thus may have some clinically 

relevant role in microenvironments where bacteria interface with teeth and restorative 

resins (66). 

 Since resin composites undergo degradation over time leading to the 

release of toxic compounds such as methacrylate acid (MA) and formaldyhyde,  

studies have investigated the material loss or degradation in dental composites caused 

by three processes:  mechnical wear; elution;and chemical degradation (67-70).   

Santerre et al. reported a biodegradation of commercial dental composites by 

cholesterol esterase.  Biodegradation was readily detected by liquid chromatography 

and its sensitivity was shown to be substantially greater than that of weight loss or 

surface hardness measurements, although surface hardness measurements did not 

show some agreement with liquid chromatography data.  The data also indicated that 

the levels and distribution of released degradation products can vary substantially from 

one product to another (71). 

 The chemistry of dental composites also affected the level of 

biodegradation by cholesterol esterase.  Di- and monomethacrylates hydrolyze to 
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methacrylic acid and the alcohol part at neutral pH catalyzed by an unspecific esterase 

(hydrolase) and by enzymes in saliva.  The rate constants of enzymatic hydrolysis of 

various (di) methacrylates increase in following order HPMA< BisGMA< LAMA< 

DECMA< TEGDMA< UEDMA< DEGDMA. It was estimated that a TEGDMA- 

polymer will be hydrolyzed faster than a Bis-GMA polymer (72).   However, the 

human saliva derived esterase exhibited different activities.  Higher amounts of all 

degradation products were found in samples incubated in human saliva.  The data in 

this study demonstrated the ability of human saliva derived esterase to completely 

metabolize both BisGMA and TEGDMA. It was also expected that the composites 

could be exposed to more esterase activity than that utilized in the in vitro 

biodegradation experiments (73).  A recent study reported the influence of resin 

chemistry on a dental composite’s biodegradation.  The urethane midified (Ubis) 

system showed an increase in chemical stability over the more traditional Bis system 

when exposed to cholesteral esterase.  This study reported the effect of enzymes on 

resin composite and dentin collagen.  Cholesterol esterase can cause the degradation of 

resin composite and was added to the storage media (74) . Esterase activities similar to 

those of cholesterol and pseudocholine esterases (CE and PCE, respectively) were 

detected in whole human saliva.  It was concluded that selected salivary esterases had 

preferences for distinct composite resin components (63).   TEGDMA was reported to 

be hydrolyzed faster than Bis-GMA.  This study reported that methacrylic acic was 

released from the hydrolysis of polymers (75).   The microhardness of Bis-GMA and 

TEGDMA were tested after the treatment with pork liver esterase for 48 hours.  This 

study found that the enzyme had a softening effect on the tested polymer.  Hence it is 

possible that enzymatic hydrolytic activity in the mouth will contribute to the 

degradation of resin composite filling (76). de Gee et al insisted that enzymatic 

activity can start directly at the outer surface of resin composite (77).  Santerre et al. 

proposed an alternative method of studying the effect of cholesterol esterase on resin 

composite,  since the study of hardness or the weight loss of resin may be inadequate  

Their study used liquid chromatography to quantify the degradation.  They reported 

that this technique was far more sensitive than the measurement of hardness and 

weight loss (71). The filler and resin ratio also affected the  amount of degradation.  

Thus this factor should be considered when designing the test. (78).   A study also 
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reported how the polymerization of different formulations can affect chemical 

breakdown (79).   Human salivary esterase can degrade different resin composites 

differently.  Upon biodegradation, the Z250 composite yielded higher amounts of 

BisGMA and TEGDMA related products relative to the TPH composite. However, 

there were higher amounts of ethoxylated bis-phenol A  released from the TPH 

material. In terms of total mass of products released, human saliva demonstrated a 

greater ability to degrade Z250 (73).    The relationship between enzyme type and 

concentration with the degradation were evaluated. The results showed that cholesterol 

esterase (CE) had a greater specificity towards bisGMA while pseudo cholinesterase 

(PCE) showed a greater specificity towards TEGDMA. A strong enzyme 

concentration dependence was observed (80).    Researchers confirmed that the level 

of esterase in saliva can degrade the resin composite (65).  The effect of cholesterol 

esterase (CE) and pseudo cholinesterase (PCE) were investigated.  The results showed 

that CE and PCE acted synergistically to degrade the tested resin composite(81).  

 Only a little information is available on the effect of esterase on the resin-

dentin interface.  Armstrong et al. reported significantly weaker bond strength after 12 

weeks of storage in cholesterol esterase. However, microtensile bond strength only 

may not be able to identify the change (82).  Another study compared the bond 

strength and enzymatic degradation of two self etching adhesives.  Under TEM, both 

materials presented signs of nanoleakage. However, on loaded specimens the extent of 

nanoleakage was slightly reduced for AdheSE and no silver staining was observed on 

the adhesive interface of Xeno III. TEM evaluations of the specimens' loaded area 

revealed no decrease in the width of the adhesive interface for AdheSE. The contrary 

was observed in the interface created by Xeno III. The adhesive interfaces created by 

the two-step self-etching adhesive (AdheSE) performed better with both mechanical 

and enzymatic stresses in the long-term than the one-step self-etching system (Xeno 

III) tested in the study (83). 
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Effect of collagenase 
 

 Unlike enamel, of which the organic matrix makes up only about 0.4-

0.6%, dentin contains 18-20% organic material and 11-12% water, and provides a 

better substrate for degradation by either bacteria or host proteinases. Type I collagen 

constitutes about 90% of the dentin organic matrix. In odontoblasts, in culture, or in 

certain pathological situations, such as dentinogenesis imperfecta, types III and V 

collagen have also been identified, but at a lower level (1-3%) (84-85). In general, 

collagens can be degraded by the human interstitial collagenases, to 1/4-length 

peptides. These peptides have lost the triple-helical conformation and thuscan then be 

further degraded by the gelatinases MMP-2 and MMP-9 (84).  Collagenases have the 

ability to cleave interstitial collagen types I, II, and III, and they are capable of 

digesting other ECM and non-ECM molecules. Gelatinases degrade the denaturated 

collagens, gelatin. Stromelysin 1 (MMP-3) and stromelysin 2 (MMP-10) have similar 

substrate specificities, but MMP-3 has a higher proteolytic efficiency. Besides 

digesting ECM molecules, MMP-3 also activates proMMPs. Stromelysin 3, MMP-11, 

is also grouped as ‘‘other MMPs’’, since its sequence and substrate specificity differ 

from those of MMP-3. Matrilysins are characterized by the lack of a hemopexin 

domain. Matrilysin 1 (MMP-7) processes cell surface molecules, such as proTNF-a, 

pro-a-defensin, and Fas-ligand. Matrilysin 2 (MMP-26) also degrades ECM 

components.  Membrane-type MMPs (MT-MMPs) are divided into type I 

transmembrane proteins (MMP-14, MMP-15, MMP-16, and MMP-24) and 

glycosylphosphatidylinositol (GPI) anchored proteins (MMP-17 and MMP-25). All 

MT-MMPs are capable of activating pro-MMP-2, except MT4-MMP.  These enzymes 

can also digest ECM molecules. MT1-MMP is able to degrade collagen types I, II, and 

III and also plays an important role in angiogenesis.  

 Collagenase is one of the matrix metalloproteinases (MMPs). There are 

many types of enzymes in this group which are classified into six groups based on 

their structural homology and their substrate specificity.  
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 •  Collagenases include MMP-1, MMP-8, MMP-13, and MMP-18. 

 •  Gelatinases are MMP-2 and MMP-9. 

 •  Stromelysins are MMP-3, MMP-10 and MMP-11 

 • Transmembrane MMPs(MT-MMPs) are MMP-14, MMP-15, MMP-16, 

MMP-17, MMP-24, and MMP-25. 

 •  Matrilysins are MMP-7 and MMP-26 

 Other groups are MMP-12, MMP-19 MMP-19 MMP-21, MMP-22, MMP-

23, MMP-27 and MMP-28.  

 

 Collagenases can be classified into 4 types: Collagenase1 is MMP-1;  

Collagenase 2 is MMP-8;  Collagenase 3  is MMP-13;  and collagenase 4 is MMP-18.  

 Degradation of the extracellular matrix (ECM) to permit normal tissue 

remodeling has always been considered as the major function of different MMPs  (84).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table I.   The classification of MMPs 

(Courtesy 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) 
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 The level of MMP can differ from situation to situation.  The collagenase 

of edentulous patients is less than the collagenase of those with a full dentition and 

healthy periodontium.  The collagenase of healthy patients is in a latent form but in 

peridontitis patients , it is activated (86).   It has been demonstrated that degradation of 

gingival tissue during active periodontis is at least partly due to MMPs (87).  Low pH  

and heat treatment may also directly lead to MMP activation.   It is generally thought 

that MMPs, although activated, cannot degrade the organic matrix of dentin  at an 

acidic pH.  However, in the carious process, the pH drop is followed by pH 

neutralization by the salivary buffer systems.  Therefore, a momentary increase in pH, 

occurring at the spots of demineralized dentin, allows the pH-activated MMPs to 

degrade the organic matrix.  The incubation of demineralized dentin slabs with acid-

pretreated saliva resulted in the degradation of organic layer, as observed by 

transmission electron microscopey and by scanning electron microscopy.  This clearly 

demonstrates that acid-activated salivary MMPs can degrade dentin matrix (88).  This 

report provided an understanding of the correlation between carious lesions and 

MMPs activity.   Indeed, it has been demonstrated that dentin matrix degradation 

activity is not attributable to bacteria. Studies have shown that cariogenic bacteria 

caused only demineralizaton of the dentin surface, and were not able to degrade the 

dentin matrix, which is necessary for cavity formation (89).  It has been reported that 

self- etching adhesives may activate latent MMPs and increase their activity to near-

maximum levels, contributing to the degradation of resin-dentin bonds over time (90).  

 In adhesive dentistry, there is great concern about the long-term stability of 

the adhesive interface, since it has been demonstrated that hydrophilic dentin 

adhesives deteriorate over time. Exposed collagen matrices from acid-etched dentin, 

which have incompletely infiltrated collagen fibrils, are also susceptible to degradation 

over 500 days (91).  The net effect of the deterioration of these structures is the loss of 

adhesion. The hydrolytic role of degradation was evident in an in vitro study carried 

out by researchers investigating the effect of proteolytic enzymes in the demineralized 

dentin matrix stored in water, artificial saliva, or in oil. They also analyzed whether 

proteolytic enzyme inhibitors prevented the demineralized collagen matrix from 

degradation. The results of this study demonstrated that hydrolytic degradation of 

collagen fibrils occurred in the absence of bacterial colonization. The authors 
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speculated that MMPs from the mineralized dentin matrix might have been activated 

during dentin acid etching and were probably responsible for collagen matrix 

degradation in aqueous environment. Therefore, they considered that preventing the 

degradation of incompletely resin infiltrated collagen fibrils by MMPs in the hybrid 

layers would be an important procedure. They suggested that the application of 

chlorhexidine solution to acid-etched dentin could be useful, since chlorhexidine is a 

safe compound and widely used in dentistry (92, 93).  Another study has corroborated 

this approach, showing that self-destruction of collagen matrices occurred rapidly in 

resin-infiltrated dentin in vivo but it is arrested with the use of chlorhexidine as an 

MMP inhibitor (94). 

 Recent study has shown that MMP-8 is the major collagenase in human 

dentin. Unlike MMP-8, dentinal gelatinases can be detected after autoclave treatment 

of dentin, indicating their higher resistance to external sample treatment procedure.  

This study described the differential distribution of MMPs in dentin.  MMP-8 was 

mostly found in the unbound protein fraction, while most of gelatinolytic activity was 

observed in the organic matrix and was released only after demineralization (95). 

Microtensile bond strength test  

 Bond strength tests are the most frequently used tests to screen adhesives. 

The rationale behind this testing method is that the stronger the adhesion between 

tooth and biomaterial, the better it will resist stress imposed by resin polymerization 

and oral function. Different bond strength tests have been developed. Currently, the 

shear and microtensile bond strength (µTBS) test methods are the most used . It is 

important to note that a bond strength value cannot be considered as a material 

property. The data recorded depend largely upon experimental factors and the actual 

test method. Therefore, the absolute test values cannot be used to draw conclusions 

from, or be compared with, data gathered in other studies. Only relative study 

outcomes, in the sense of 'A is better than B', are a valid basis for further interpretation 

of the results. Nevertheless, bond-strength testing can reveal valuable clinical 

information, when gathered in a well-controlled design. For instance, by introducing 

an aging factor into the study design, one can assess the durability of adhesion. In this 

respect, the need for one or more controls to be included should be emphasized. The 
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variability in the reported results supports the need for standardization of the bond test 

to allow data screening and comparison between laboratories (96).  

 The microtensile test produces a more consistent measurement of bond 

strengths than the conventional shear bond test (97). Many bonding systems have been 

investigated using the microtensile bond strength method. Many protocols have been 

proposed.   Some studies used stick or beam shaped specimens with cross-sectional 

areas of 1 mm2(98-100). However, many bond strength tests also used hourglass 

shaped specimens(55).  Specimen preparation is very tedious and time consuming but 

a special instrument such as a microspecimen former can be used to facilitate the test. 

The specimens are formed by cutting the bonded restoration into rectangular sticks 

(1.8 mm x1.8mm wide; 8-9 mm long). The sticks are then mounted in the pin-chuck of 

the Microspecimen Former and trimmed at the material-tooth interface to a cylindrical 

hour glass shape with a bonding surface about 1 mm2 using a fine cylindrical diamond 

bur in a high speed handpiece inderwater coolant.  Specimen are then fixed to 

Ciucchi’s jig with cyanoacrylate glue and stressed at the testing machine (101-105). 

 
Figure 10 Schematic presenting the experimental design of glass hour microtesile 

bond strength test 
Courtesy De Munck J, Van Landuyt K, Peumans M, Poitevin A, Lambrechts P, Braem M, et al. A 

critical review of the durability of adhesion to tooth tissue: methods and results. J Dent Res 2005;84 

(2):118-32. 
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 A comparative study of total-etching adhesives and self-etching adhesives 

was done by Yesillyurt et al.  They reported that different dentinal areas may not 

exhibit a great influence on bond strength.  They reported that total etch adhesives 

exhibited higher bond strength compared to self etch adhesives except the Clearfil SE 

bond.  SEM observation also showed that there was no standard hybridization for 

adhesive systems.  The presence of resin tags and its longevity  changed due to the 

dentin location and the type of the adhesive material (103). A study of the influence of 

moisture conditions on dentin bond strength of single step self etching adhesives was 

reported.  They concluded that wet conditions significantly lowered the bond strength 

of the adhesives tested.  Failure after test was commonly due to adhesive breakdown 

associated with partial cohesive failure in dentin. Thus, air- drying is suitable for the 

self etching adhesive used in the study (101).  The bond strength of normal dentin was 

reported to be higher than caries affected dentin.   In one study single step self etching 

adhesives were used.  This study indicated that the bond strength of Adper Prompt L-

Pop was higher in normal dentin than in caries affected dentin.  However, the bond 

strength in Single bond systems was not significantly different between the two types 

of dentin (104).  In addition, a study of effect of eugenol was done by using the 

microtensile bond strength test.   This study concluded that previous contact with zinc 

oxide eugenol cement did not decrease the bond strength of resin composite to dentin 

mediated by self-etching adhesives.  This finding suggests that eugenol containing 

cement may be safe to use in combination with self etching adhesives (105)   

 Studies have also showed a reduction of microtensile bond strength after a 

period of water storage.  A recent study explored the effect that water storage has on 

the bonding effectiveness of adhesives to occlusal Class I cavity-bottom dentin. Six 

adhesives, representing contemporary classes of adhesives, were tested: a 3-step 

(OptiBond FL, Kerr); a 2-step (Scotchbond 1, 3M ESPE) etch-and-rinse adhesive; a 2-

step (Clearfil SE, Kuraray); a 1-step (Adper prompt, 3M ESPE) self-etching adhesive; 

a 2-step (FujiBond LC, GC); and a 1-step (Reactmer, Shofu) resin-modified glass-

ionomer adhesive. Bonding effectiveness was assessed by microtensile bond strength 

testing (µTBS) and electron microscopy (Fe-SEM and TEM). The µTBS was 

determined after 1 day and 1 year water storage of the entire restored cavity (indirect 

exposure of the adhesive-dentin interface to water) and prepared µTBS-beams (direct 
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exposure of the adhesive-dentin interface to water). It was concluded that the 3-step 

etch-and-rinse adhesive must still be regarded the "gold standard." Though 

microtensile bond strength decreased significantly, Clearfil SE, as a 2-step self-etching 

adhesive, was the only simplified adhesive to perform reliably after 1-year direct water 

exposure (106).   

 

Nanoleakage study of dentin bonding system 
 Most adhesive interface studies have involved SEM demonstration of the 

penetration of adhesive resins into demineralized dentin surfaces with the subsequent 

creation of hybrid layers. Nanoleakage is a term that describes the diffusion of small 

ions or molecules within the hybrid layer in the absence of gap formation. Tracer 

molecules such as silver nitrate that are detectable by both SEM and TEM are used to 

evaluate the quality of the hybrid layer. It is important to determine the location and 

morphology of these nanometer-sized porosities as they may permit the hydrolysis of 

collagen fibers and degradation of adhesive monomers.  A study examined the 

nanoleakage of the hybrid layer using a silver nitrate staining technique. Adhesive 

dentin sandwiches, which were immersed in a silver nitrate solution, were prepared for 

both SEM and TEM examination using both the Clearfil Liner Bond and All-Bond 2 

adhesive systems. Silver accumulation within the hybrid layers was demonstrated in 

both systems Clearfil Liner Bond System showed scattered silver particles at the 

bottom two-thirds of the hybrid layer by both SEM and TEM observation, whereas 

All-Bond 2 revealed stained fiber-like structures within the full thickness of the hybrid 

layer (107). TEM study with higher magnification can provide more details along the 

interface.  However, the sample preparation is very tedious and costly,  since the 

cutting instrument may be damaged during the cutting process. TEM can be done with 

either deminralized or nondemineralized specimens (108).  SEM study using back 

scattered mode in combination with EDS can be carried out to evaluate nanoleakage.  

In a study, the penetration pattern of silver depended on the adhesive used, indicating 

different nanoleakage in different adhesive systems. Single Bond, One-Up Bond F-

plus and G Bond showed clear silver uptake in both the adhesive and hybrid layer. 

Clearfil SE Bond showed less silver penetration and a slight silver peak on the 

elemental energy spectroscopy of EDS. Clearfil S3 Bond did not display clear silver 
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penetration under 2000 magnification by FE-SEM, and no existence of metallic silver 

of the Clearfil S3 Bond group by EDS, could be detected (109).  Li et al. also revealed 

the nanoleakage patterens of some available dental adhesives.  This study used Fe-

SEM with back scattered electron mode to evalutate the interface.  The result showed 

the different nanoleakage patterns among tested adhesives (110).  SEM with 

backscattered electron mode was also used to evaluate the bonding interface after 

conditioning with NaOCl. It was concluded that the influence of dentin 

deproteinization on the nanoleakage phenomenon was dependent on dentin bonding 

system formulation and bonding strategies (111).  Nanoleakage was reported to 

increase with ime.  The samples were observed in a FE-SEM using backscattered 

electron mode. The results showed that systems using phosphoric acid as the etchant 

had a line of silver deposition at the base of the hybrid layer. Silver deposition 

increased in all systems over 12-months storage, with PermaQuik changing the least. 

Nanoleakage of the dentin bonding systems increased slightly during the 12-month 

storage period, indicating that they may be subject to hydrolytic attack over time 

(112). 

 

Clinical performance of self etching adhesives 
 An intra-individual comparison, a 6-month randomized, controlled 

prospective study evaluated the clinical performance of a self-etching and an etch-and-

rinse adhesive in noncarious cervical lesions applied as recommended and after 

doubling the number of adhesive coats. Tyrian SPE + One Step Plus applied according 

to the manufacturer's recommendations did not meet the ADA provisional acceptance 

criteria for enamel-dentin bonded restorative materials. The use of four coats of the 

One Step Plus in the self-etching approach can improve its clinical performance (113).  

The clinical performance of one self-etch and one "etch & rinse" adhesive in non-

carious cervical lesions was evaluated.  Twenty-five patients with at least two pairs of 

similar-sized non-carious cervical lesions participated in this study. Seventy-eight 

restorations were placed; 39 with etch & rinse (Single-Bond) and 39 with self-etch 

(Adper Prompt). Both adhesives were combined with the microfilled resin composite 

Filtek-A110. Both adhesive systems showed acceptable clinical retention rates 

according to the ADA full acceptance criteria for enamel-bonding systems in class V 
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non-carious lesions. The self-etch adhesive showed a faster progressive marginal 

degradation (114). Comparison of retention of class-V adhesive restorations as a 

measure to determine clinical bonding effectiveness of adhesives revealed that glass-

ionomers most effectively and durably bond to tooth tissue. Three-step etch-and-rinse 

adhesives and two-step self-etching adhesives showed a clinically reliable and 

predictably good clinical performance. The clinical effectiveness of two-step etch-and-

rinse adhesives was less favorable, while an inefficient clinical performance was noted 

for the one-step self-etching adhesives (115). 

  Since the durability of the bond indicates the clinical performance of the 

adhesive, this study will investigate the biodegradation at the interface of three 

adhesive systems which are: the total-etch system; the two-step self-etching system; 

and the all-in-one self- etching system. Since the hydrolysis of the interface can be 

affected by chemical agents, two enzymes were used to evaluate the degradation of the 

resin and the collagen at the interface. The Microtensile bond strength test was used to 

evaluate the bond stength after 24 hours and 3 months intervals.  Nanoleakage was 

evaluated by SEM study. 
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CHAPTER V 

MATERIALS AND METHODS 

 

 
 I. Materials 

 1.  Extracted human third  molars 

 2.  Resin composite Z350 shade(A3) ( 3M ESPE, St.Paul, MN, USA) 

 3.  Adper Single Bond 2  ( 3M ESPE, St.Paul, MN, USA)   

 4.  Clearfil SE bond (Kuraray, Tokyo, Japan) 

 5.  Clearfil  S3 bond (Kuraray, Tokyo, Japan) 

 6.  G Bond             (GC ,Tokyo, Japan) 

7. Exogenous collagenase Type 2  (Sigma –Aldrich, St.Louis, USA)    

8. Exogenous acetylcholinesterase (Sigma –Aldrich, St.Louis, USA ) 

 
 II. Instruments 

1. Lloyds LF Plus Digital testing instrument (Lloyds instruments,  

Fareham, Hants, UK)  

2. Slow speed diamond saw ( Isomet ,Beuhler Ltd, Lake Bluff, IL,USA) 

3. Halogen light curing unit ( Elipar 2500,3M ESPE, St.Paul,  MN, USA) 

4. SEM  ( Hitachi S-3400N, Hitachi,Japan) 

5. Carbon coating machine( Hitachi E-1010, Hitachi, Japan) 

6. Stereo Microscope ( Nikon Eclipse 400 POL, Nikon, Japan) 
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 III. Method 

 Part I.  Microtensile bond strength test 

  1.  Tooth and surface preparation 

  Sixteen extracted, intact, non-carious, human molars were 

used in this study. All teeth were impacted or non occluded molars which were 

removed for clinical clinical reasons  and did not possess any code or identifier that 

could be associated with any specific individual.  Teeth were stored in 0.5% Thymol 

and used within 3 months of extraction. Flat dentin surfaces were obtained by 

removing the coronal enamel of each tooth with a slow speed saw (Isomet, Beuhler 

Ltd.) as shown in Figure 11. The dentin surfaces were then polished with 600-grit SiC 

papers for 30 s under continuous water-cooling to produce a standardized smear layer 

(63). 

 

 
 

Figure 11 The preparation of dentin surface for microtensile specimens 

 

  2.  Bonding procedure and micro specimen preparation 

  The dentin surface was bonded with resin composite according 

to the manufacturer’s instructions as shown in Figure 12. The bonding procedure for 

each adhesive is shown in table II.  Each bonding system was applied to flat dentine 

surface of four teeth.  Resin composite was build up on the bonded surface with four 

millimeter height by incremental technique. The resin composite was cured 40 seconds 

for each increment of 2 millimeters. The halogen light curing unit was used (Elipar 
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2500,3M ESPE, St.Paul,  MN, USA).   The bond specimens are shown in Figure 26. After 

immersion in water for 24 hours, the specimens were serially sectioned with a water 

cooled diamonded saw (Isomet, Buehler Ltd, Lake Bluff, IL,USA).  The specimens were 

cut in both X and Y directions across the adhesive interface to obtain several beams with 

cross –sectional areas of approximately 1 mm2.  The specimen preparation diagram for 

microtensile test is demonstrated in Figure 13.  

 

 
 

Figure 12  The bonded teeth for microtensile specimens 

 

                           
 

                                                                         
 

Figure 13 The diagram shows microtensile specimen preparation 
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Table II  Compositon and application techinique of bonding systems 

 

Material Manufacturer/ 

Composition 

Bonding procedure Type of adhesive/PH 

Single 

Bond 2 

 

Batch no. 

20080711 

3M  ESPE, St.Paul, MN, 

USA/ 

Etchant: 37% phosphoric 

acid 

Adhesive:HEMA,bis-

GMA,DMA’s 

,methacrylate functional  

Copolymer of polyacrylic 

and polyitaconic acids, 

water, ethanol, photo 

initiator 

1.Apply Scotchbond etchant to dentin. 2.Wait 15 seconds. 

Rinse for 10 seconds. 3.Blot excess water using a cotton 

pellet or mini-sponge unitl the surface appear glistening 

without pooling of water. 4Apply 2-3 consecutive coats of 

adhesive immediately after blotting,  to the etched dentin 

for 15 seconds with gentle agitation using a fully saturated 

applicator.  

5Gently air blow for five seconds to evaporate solvents.6 

Light cure for 10 seconds and following with resin 

composite placement.   

Total-teching 

Clearfil 

SE Batch 

no. 81154 

Kuraray, Tokyo, Japan / 

Primer:10-MDP, HEMA, 

hydrophilic DMA, tertiary 

amine, , water,  photo-

initiator, 

Bond: 10-MDP, 4.  

HEMA, bis-GMA,  

hydrophilic DMA,  

tertiary amine,. 

silanated colloidal 

silica, photo-initiator 

 

1.Apply primer to the entire surface with a sponge or a 

disposable brush tip. 

2 Leave it in place for 20 seconds 

3.  .Evaporate the volatile ingredients with a mild oil-free 

stream.  

4 Apply bomding to the entire surface of the cavity with a 

sponge or a disposable brush tip. 

5 After application, make the bond film as uniform as 

possible using a gentle oil-free air stream. 

 6  Light-cure the BOND for 10 seconds with a visible light 

curing activator. Apply composite 

  

Two step 

Self –etching 

pH 2 

Clearfil 

S3 

Batch no. 

51215 

 

 

 

Kuraray, Tokyo, Japan/ 

10-MDP, HEMA,bis 

GMA, water, ethanol. 

 silanated colloidal  

silica, camphorquinone 

 

1.Apply bonding to the dentin surface. 2.Leave for 10 

seconds followed by a strong air blow. 

 3. Light cure  for 10 seconds. 4.Apply composite. 

 

 

All-in-one self- 

etchng 

pH 2.7 

G Bond 

Batch no. 

0805031 

 

GC,Tokyo,Japan/ 

4-MET, UDMA,  

 phosphate monomer 

DMA component 

fumed silica filler. 

acetone, water, photo-. 

initiator  

 

1.Brush apply one coat to the dentin  

2. Wait 5 seconds.   

3.Thin with high- pressure syringe  air.  

4.Light cure for 10 seconds. 

All-in-one self 

etching 

pH 2 
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  3.  Specimen storage 

  After sectioning, the specimens from the four bonding systems 

were divided between three storage media.  The first group was water.  The second 

group was collagenase ( Sigma-Aldrich St.Louis, USA) solution with the enzyme 

activity at 25 unit per ml of storage media (86).  The third group was 

Acetylcholinesterse  (Sigma-Aldrich St.Louis, USA) solution with  enzyme activity at 

1 unit per ml of storage media (87). The incubation period was 3 months.  The 

incubation solution was kept at 37˚C and changed every two days during the storage 

period. 

  4.  Microtensile bond strength test 

  The microtensile bond strength test at 24 hours and 3 month 

storage were performed.  The specimens were fixed by their ends to the microtensile 

bond testing device with a cyanoacrylate adhesive (Model Repair II Blue, Sankin 

Industry Co., Ltd, Tokyo, Japan ) The specimens were tested in tension at the 

crosshead speed of 0.5 mm/min with  the universal testing machine (Lloyd LF Plus 

Digital Testing Machine, Lloyd Instruments, Fareham, Hants, UK) (Fig.14)  until 

failure. The bond strength in MPa at the breaking point was automatically recorded by 

the microcomputer attached to the testing machine. Then all datas were analyzed by 

statistical analysis. 

 
Figure 14   Lloyd LF Plus digital testing machine 

(Courtesy  www.Lloyd-instruments.co.uk) 
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  5.  Failure Analysis  

  After the bond strength testing, the debonded specimens were 

observed under SEM. The mode of failure was categorized in adhesive failure, 

cohesive failure and mixed failure.  The criteria for mixed failure is determined when 

more than two substrates is clearly observed with adhesive surface less than 80 percent 

of the surface area.   

 

 Part II.  SEM observation of resin-dentin interface 

 Additional teeth were employed for each group.  The teeth were prepared 

using the protocol for microtensile bond test.   The beams were immersed in silver 

nitrate solution for 24 hours, developed in X-ray developing solution for 15 minutes 

and fixed for 2 minutes.  After 24 hours, The specimens were embedded in epoxy 

resin.  Then they were polished with 600, 800,1000,1200, 2500 and 4000 grit abrasive 

papers, following with 6µ, 3µ,1µ and 0.3 µ diamond polishing paste .  The polished 

specimen is shown in Figure 15. 

 
 

Figure15 The specimen was embedded in epoxy resin and polished. The pointer 

indicates the interface which was the area for investigation 
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 The embedded specimens were then cleaned with ultrasonic cleaner for 10 

minutes and left in the desiccator for 24 hours.  Before SEM investigation, the 

specimens were coated with carbon using carbon coating machine (Figure 16). The 

thickness of the carbon coat was around 10 nm.  

 

 
Figure16   The carbon coating machine (Hitachi  E-1010) 

 

 The coated specimen were investigated under SEM (Figure 17) with the 

magnification 5000x, 10,000x and 20,000x. 

 
Figure17 The Scanning electron microscope (Hitachi E-3400N) 
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Statistical Analysis 
 Means and standard deviations of microtensile bond strength were 

calculated for each group.  The Kolmogorov-Smirnov test (K-S test) was used to test 

the distribution of the data. 

 Analysis of variance was conducted to evaluate the possible effects of 

medium storage type relative to each storage time with post-hoc Dunnett T3 tests.  

Interactions between the storage medium and storage time were also evaluated.  All 

tests had 0.05 level of statistical significance.   
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CHAPTER VI 

RESULTS 

 

 

Part I.  Microtensile bond strength test 
 Table III.    Mean and SD of microtensile bond strength from all tested 

group. 

The mean values of microtensile bond strength from 4 bondings and four conditions 

are shown in Table III. 

 

 24 hours Col Ach Water 

SB 49.19±15.06 20.75±14.04 25.29±13.57 36.98±12.02 

SE 49.52±14.98 27.39±10.54 25.55±17.95 38.88±20.70 

S3 39.33±11.95 22.14±12.98 19.82±11.09 36.71±12.40 

G 29.31±6.46 23.37±8.33 20.84±8.02 29.15±12.18 
 

Table IV  Two-Way ANOVA analysis 
Dependent Variable: 3  

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 20958.217(a) 15 1397.214 8.349 .000

Intercept 217715.320 1 217715.320 1300.907 .000

STORAGE 15087.041 3 5029.014 30.050 .000

BONDING 3048.809 3 1016.270 6.072 .001

STORAGE * BONDING 2525.615 9 280.624 1.677 .096

Error 35814.292 214 167.357   

Total 275969.198 230   

Corrected Total 56772.509 229   

a  R Squared = .369 (Adjusted R Squared = .325) 

 

TableV  The mean and SD of all samples in each condition. 
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TableVI  The mean and SD of all samples from each bonding system 

 

 

Statistical Analysis 
 The normality test was performed using Kolmogrov-Smirnof test at α = 

0.05.  The result demonstrated the normality of data for all groups (p> 0.05)  except 

groups of S3/collagenase, G initial and G/Ach.  The homogeneity of varience was 

analyased using Levene’s test.  It showed a significant difference at p<0.01.  The 

parametric statistic was further used for analyzing the data.  The Two-way Anova , 

and Dunnett T3 multiple comparison recommended for non-homogenized data were 

used.  The Two-way ANOVA demonstrated the significant effect of each factor 

(storage condition: p< 0.01, type of adhesive : p<0.01) to the bond strength without 

any interaction between two factors (p=0.10).  Thus the multiple comparison were 

used to analyze the data. 

 According to the tested adhesives, the bond strength of G bond is 

significantly lower than Single bond and SE bond (p<0.05).  However, there was no 

significant difference between S3 and G bond (p>0.05).  There were no significant 

differences among S3 , SE and Single bond in this study (p>0.05). 

 According to the storage conditions, there was no significant difference of 

bond strength between Initial group and water storage group (p>0.05).  There was no 

significant difference between collagenase and acetylcholinesterase group either 

(p>0.05).  However, there were significant differences between Initial group and 

collagenase, initial and acetylcholinesterase, water and collagenase, water and 

acetylcholinesterase(p< 0.05). 

 
INITIAL COLLAGENASE ACH WATER 

 
41.84± 14.85(a) 23.27± 11.72(b) 22.74± 12.96(b) 35.18± 14.34(a) 

SB SE S3 G 
 
 

33.32± 17.45(a) 35.55± 18.74(a) 29.5± 14.66(a,c) 25.71± 9.51(b,c) 
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Failure Analysis 
          

 
 

Figure18   Representative of adhesive failure at the magnification of 100x 

 

   
 

Figure 19 Representative of cohesive failure in resin composite is shown in this figure 

at the magnification of 100x 
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Figure 20 Representative of mixed failure mode is shown in this figure at the magnification 

of  100x. 

 The fracture specimens were observed under SEM.  The representative 

specimens for adhesive failure are demonstrated in Figure 18.    More than 80 percents 

of fracture surfaces were adhesive failure.  The dentin side exhibited flat surface 

almost entirely covered with adhesive resin.  The resin side demonstrated more 

homogeneous surface.  

 The representative of cohesive failure is shown in Figure 19.  In this study 

all cohesive failure specimens were in resin composite.  The cohesive failure specimen 

was the specimen with 80 percents of fracture surfaces with cohesive failure.  The 

dentin side was covered with resin composite whereas the resin side was totally in 

resin composite.  

 The mixed failure was record when the fracture surfaces did not match the 

criteria for adhesive and cohesive failure as presented in Figure 20. 
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Figure 21   This figure shows the percentage of each failure mode in all tested group. 

 
 The mode of failure in all tested group are adhesive and cohesive failure 

which is more than 80% except in Single bond in water. SB in water showed the 

highest percentage of mixed failure compared to other groups.  S3 in 

acetylcholinesterase showed no cohesive failure with more than 80% adhesive failure.  

The cohesive failure found in this study was in resin composite. 
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Part II.  SEM Observation at resin-dentin interface 
 The SEM micrographs are shown as following 

 
 

Figure 22 The interface of Single Bond group at the magnification 5000x (A), 10,000x(B)  

and 20,000x(C) 

 

 This figure shows the evidence of nanoleakeage at some area such as 

adhesive layer, hybrid layer and bottom of resin tag.  The interface of SB group at the 

magnification of 10,000x and 20,000 x obviously showed the deposition of silver 

nitrate in both hybrid layer and adhesive layer.  The thickness of hybrid layer was 

approximately 4-6 µm. 

 

 

 

A B

C D
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Figure 23 Electron micrographs at resin-dentin interface of  SB group which was immersed 

in collagenase for 3 months  at the magnification of  5,000x (A), 10,000x (B) and 

20,000x (C) respectively .     

 

 This figure shows a large amount of nanoleakage at the top and bottom of 

the hybrid layer and also along the depth of the hybrid layer in some area.  The silver 

staining was also observed surrounding to the resin tags. 
 

 

A B

C
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Figure 24 Electron micrographs at resin-dentin interface of  SB group which was 

immersed in acetylcholinesterase for 3 months at the magnification of  5,000x (A), 

10,000x(B) and 20,000x(C) respectively.  

 

  This figure shows the area of collagen which used to be encapsulated by 

adhesive resin.  

 
 

 

 

 

A

C

A B
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Figure 25 The bonding interface of SB in water for3 months at the magnification of 

5,000x (A), 10,000x(B), 20,000x(C) is shown in this figure. 

 

 The micrographs showed the nanoleakage along the bottom and top of 

hybrid layer.  The leakage was observed some areas in the adhesive layer. 

 

 

 

 

B

C
D

F
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Figure 26 The micrographs demonstrate the interface of SE in the initial group at the 

magnification of 5,000x (A),10,000x (B) and 20,000x (C) respectively.   

 

 The nanoleakage was located at some areas of the bottom of hybrid layer 

without any staining in the adhesive layer.  The thickness of the hybrid layer was 

approximately 1-2µm 

   

 

 

 

 

 

 

 

 

A

C

B
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Figure 27 The micrographs of the interface of SE in collagenase for 3 months at the 

magnification of 5,000x (A),10,000x (B) and 20,000x(C). 

 

 In Figure 40, the bonding interface of SE in the collagenase group shows 

the hybrid layer with the silver staining for total depth of hybrid layer.  The staining 

could not be observed in the adhesive layer.  

 

 

 

 

 

 

 

 

A B

C
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Figure 28    The micrographs with the magnification of 5,000x (A), 10,000x (B) and 

20,000x (C) of SE in acetylcholineterase group. 

 

 This figure shows the hybrid layer with the thickness around1-2 microns. 

The silver impregnated pattern is similar to those found in SE for collagenase group. 

 

 

 

 

 

 

A B

C
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Figure29   Micrographs show nanoleakage at the bottom of the hybrid layer in the SE 

group which was immersed in water for 3 months at the magnification of 5,000x (A), 

10,000x (B) and 20,000x (C).  

 

  The pattern of silver nitrate impregnated is quite similar to those found in 

24 hours group.  However, the area of staining in this group was more than the initial 

group. 

 

 

 

C D

E F

A B
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Figure 30    The micrographs of the interface of S3 Bond at 24 hours at the 

magnification of 5,000x (A), 10,000x (B), 20,000x(C) are shown in this figure.  

 

 The thickness of the nanoleakage is around 1 micron. The silver nitrate 

infiltration pattern was found at the entire thickness of the hybrid layer.  A large 

number of silver deposited areas were observed. 

 

 

 

 

 

. 

 

 

 

 

C
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Figure 31 The micrographs of the interface of S3 Bond in collagenase at the magnification 

of 5,000x (A), 10,000x (B), 20,000x(C) are shown in this figure. 

 

 The nanoleakage was found along the hybrid layer.  However, the pattern 

of nanoleakage in the Collagenase group was similar to the initial group.  The silver 

nitrate impregnated was found along the hybrid layer. The penetration of silver 

staining into the adhesive layer as water tree was observed. 

 

 

 

 

 

 

 

B A

C

Copyright by Mahidol University



Sirichan  Chiaraputt  Results / 60 

 
Figure 32 The micrographs of the interface of S3 in acetylcholinesterase at the 

magnification  

of 5,000x (A), 10,000x (B), 20,000x(C) are shown in this figure. 

 

In the acetylcholinesterase group, nanoleakage was found along the hybrid 

layer and in the adhesive layer.  The pattern found in the adhesive layer was similar to 

the initial group.  The silver staining within the adhesive layers demonstrated 

homogeneous distribution of staining with in the entire thickness of the adhesive layer. 

 

 

 

 

B A

C 
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Figure 33    The micrographs of the interface of S3 Bond at 3 moths storage in water 

at the magnification of 5,000x (A), 10,000x(B), 20,000x(C) are shown in this figure. 

  

 The nanoleakage was found in the hybrid layer and in the adhesive layer.  

The amount of nanoleakage in the adhesive layer was obviously less than that was 

found in the acetylcholinesterase group but greater than found in the initial group.  The 

water tree appearance was observed in large areas of bonding interface. 

 

 

 

 

B A
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Figure 34 The micrographs of the interface of G Bond at 24 hours at the 

magnification of 5,000(A), 10,000(B), 20,000 (C) are shown in this figure 

 

   The nanoleakage was found within the hybrid layer.  The thickness of the 

hybrid layer in this group was about 1 µm.  The silver staining was localized only in 

the hybrid layer. 
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C
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Figure 35 The micrographs of the interface of G Bond in collagenase at the 

magnification of 5,000x (A), 10,000x (B), 20,000x(C) is shown in this figure. 

 

   The nanolekage was found along the thickness of the hybrid layer.  The 

nanoleakge was also found in the adhesive layer which located in the porous within 

the adhesive layer. The water tree appearance was also observed in some areas. 
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C 
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Figure 36 The micrographs of the interface of G Bond in acetylcholinesterase at the 

magnification of 5,000x (A), 10,000x (B), 20,000x (C) are shown in this figure 

 

 The nanoleakage was found along the hybrid layer and in the adhesive 

layer.  A large amount of silver stain was observed with in the hybrid layer and 

adhesive layer.  The staining found in this group was more than in S3 of the same 

storage condition. 
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C 
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Figure 37   The micrographs of the interface of G Bond in water at 3 month storage at 

the magnification of 5,000x (A), 10,000x (B), 20,000x (C) are shown in this figure. 

 

 The nanoleakage was clearly observed in the hybrid layer.  However, the 

pattern of the silver nitrate infiltration was different from the initial group. This figure 

shows higher silver impregnated pattern and more water tree appearance compared to 

24 hours group.  No silver staining was observed in the adhesive layer. 
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 F 
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CHAPTER VII 

DISCUSSION 

 

 
 The microtensile bond strengths of Single bond 2 and the Clearfil SE bond 

are greater than the other bonding systems tested in this study.  This result was 

confirmed by previous studies (116,117).  Since the Single Bond 2 is a total-etching 

adhesive system, the bonding mechanism of this adhesive is totally different from that 

of the self etching system.  This system required phosphoric acid to demineralize 

dentin more than 5 microns thick. However, the technique of acid application also 

affects the quality of the demineralized area. This system can provide high bond 

strength but quite technique sensitive (118).   

 Clearfil SE Bond is a two step self-etching system. This study showed that 

the thickness of the smear layer does not affect the bond strength in the self-etching 

bonding system. Rather, the acidity of the self-etching system has some effect on the 

bond strength. The Clearfil SE Bond is considered to be a mild self-etching bonding 

system as it has a pH more than 2.0.  It was proved in a previous study that this mild 

self etching bonding system provided the highest bond strength compared to other 

tested self-etching   systems (116 ). 

 Clearfil S3 Bond and G Bond are one step self-etching adhesive systems.  

The mean of initial bond strength of S3 Bond was 39.32 MPa and the mean initial 

bond strength of G Bond was 29.31 MPa.  There was no significant difference 

between the bond strength of these two adhesives.  The chemistry of the self-etching 

bonding system has major roles on the performance of this system.  G Bond and 

Clearfil S3 Bond are both one bottle mild self-etching bonding system (all-in-one 

systems). Therefore, they are different because G Bond uses 4-META whereas 

Clearfil S3 contains 10-MDP as the functional monomer.  
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 The morphological study by Perdigao et al. showed the higher quality of 

dentin bonding interface of Clearfil S3 compared to G Bond.  (119). However, in this study, 

there was no significant difference between the microtensile bond strength of G bond 

and  

 Clearfil S3 bond.  In a previous study, it was shown that some self etching 

adhesive monomers such as 10-MDP can bond chemically to hydroxylapatite and 

provide a stable bond (40). Clearfil SE bond showed significantly higher bond strength 

compred to G bond in this study.  Although, there was no significant of bond strength 

of G bond and Clearfil S3 bond, but the results showed the higher bond strength value 

in Clearfil S3 bond group. In this study, S3 Bond provided significantly higher bond 

strength than G Bond at 24 hours. This also was supported by another study which 

reported a higher bond strength from 10-MDP than 4-META when forming a chemical 

bond to hydroxylapatite (45). However, the nanoleakage from the SEM study was not 

much different at 24 hours.   The micrographs also showed different patterns of silver 

impregnation among the tested adhesive systems.  This indicates the patterns of the 

interaction of acidic monomers to dentin which might have influences on the bond 

strength of these all-in-one adhesives.   From this study, the different composition of 

the one bottle self-etching adhesive can give a different bond interface even with 

similar acidity.   

 When immersed in collagenase, all tested adhesive systems showed 

different patterns of nanoleakage but the bond strengths in collagenase from all the 

tested groups did not differ significantly.  Collagenase II was used in this study to 

represent salivary MMPs since the major MMPs in saliva are MMP-8 and MMP-9 

which are in Collagenase II and Gelatinase respectively (87,120).  It is well 

understood that the degradation of collagen in the hybrid layer can lead to bond failure 

over time (121).  However, the mechanism of this process is not yet clearly 

understood.  In this study, the hybrid layer in the SB group degraded the most during 3 

months storage in collagenase. Sano et al, who discovered nanoleakage, reported the 

silver penetration into the hybrid layer even in the absence of gap formation.  They 

reported the silver penetration could occur under the space around 20-100 nm (99).  

Sano explained that silver occupied nanometer-sized spaces around naked collagen 

fibrils, where resin failed to infiltrate, or where residual water had not been displaced 
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by adhesive resin. TEM from his review demonstrated that water can pass from dentin, 

around resin tags, to form water-filled channels that project from the hybrid layer into 

the overlying adhesive (55).  The nanoleakage in this group was shown along the 

hybrid layer horizontally and vertically.  It can be presumed that only denuded 

collagen was attacked by the collagenase. It should be noted that the mechanism of the 

bond is very different between the total-etching and the self-etching systems.  Single 

bond, which represents the total etch system in this study, showed a large amount of 

nanoleakage.  In this study, it was clear that the total-etching system became more 

degraded under collagenanse than the self-etching system.  This can be explained by 

the amount of collagen in the hybrid layer in total-etching system which is more than 

self-etching system.  Total-etching system in this study (SB) cannot provide a perfect 

seal following the demineralization by phosphoric acid. Therefore, a large amount of 

nanoleakage was found.  For the total-etching system, this phenomenon can be critical 

and lead to post operative sensitivity and eventual bond failure. Hence, the 

nanoleakage pattern in the collagenase group can also show the quality of 

hybridization in the tested systems.  The mild acidic monomer in the self etching 

system can only partially demineralize the dentin leaving hydroxylapaptite for the 

chemical bond. Thus the amount of denuded collagen and the thickness of the hybrid 

layer is less than in the total-etching system (119). The nanoleakage in self-etching 

adhesives can be explained by the performance of their hydrophilic monomers (121). 

The hydrophilic monomer in the self-etching adhesive can attract water after 

application. Thus this monomer can cause the hybrid layer permeable to water.  The 

ability of the hybrid layer to absorb water and other small molecules was considered to 

be the cause of nanoleakage (122). 

   In this study, the bonding interface of the self-etching adhesives after 

collagenase treatment provided a better understanding of the bond mechanism and the 

area which is susceptible to bond failure.  In the oral cavity, where salivary MMPs can 

be found, the presence of nanoleakage in the restoration can be vulnerable to later 

degradation by MMPs.   Not only the MMPs in the demineralized dentin but also 

MMPs in the oral environment can affect the bond interface.  In patients who have an 

increased level of MMPs in oral cavity, such as; cancer, periodontitis and severe 

dental caries patients, special care is required to prevent the breakdown of the bonded 
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restoration by MMPs (87,121). In this study, all tested systems yielded significantly 

lower bond strength in collagenase compared to the initial bond strength.  This finding 

is conformed to the micrographs which revealed higher nanoleakage compared to the 

initial bond group.   

 Chlorhexidine is well known as a protease inhibitor. Studies reported the 

ability of chlorhexidine to preserve the hybrid layer (123,124).  Zhou et al. reported 

the incorporation of chlorhexidine into the primer of SE Bond.  They concluded that 

when chlorhexidine is incorporated into the primer of SE Bond, it can preserve the 

dentin bond as long as the concentration of chlorhexidine in the primer is higher than 

or equal to 0.1%.  This report might be a promising solution to preserve the bond 

interface of SE Bond (125). Fracture analysis showed decrease reduced percentage of 

cohesive failure in the collagenase group with all the tested bonding systems.  This 

confirms that collagenase can weaken the bond.  Thus adhesive failure was more than 

cohesive failure in all tested groups.       

 Esterase was reported to affect the degradation of resin based materials.  

However, the chemistry of the resin also affected   the amount of the degradation (63-65). In 

this study the bond strength in acetylcholinesterase groups were lower than initial 

groups in all adhesives.  SEM investigation provided more details.  The pattern of 

nanoleakage of G bond in acetylcholinesterase was found within the hybrid layer and 

also in the adhesive layer. The silver staining in adhesive layer of G bond in 

acetylcholinesterase was found all over the adhesive layer.  S3 Bond also exhibited the 

nanoleakage in the hybrid layer and in the adhesive layer.  However, the nanoleakage 

in adhesive layer in S3 Bond was found less than in G Bond group.  Single Bond and 

SE Bond did not show nanoleakage in the adhesive layer.  Both groups showed 

nanoleakage only in the hybrid layer with different patterns.  In Single Bond group, 

the nanoleakage was found along the hybrid layer at the area of encapsulated resin.  

This can be explained that the enzyme hydrolyze the resin leaving the collagen in the 

hybrid layer. Therefore the nanoleakage in this pattern was similar to collagen pattern 

in the hybrid layer.  In SE Bond group, the nanoleakge pattern is quite similar to the 

collagenase group.  It was possible that the hybrid layer in this group contained both resin 

and denuded collagen with the same proportion.  It is noted that only resin in the all-

in-one self-etching adhesives which were hydrolyzed by acetylcholinesterase. 
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Although SE Bond and S3 Bond have similar compositions, S3 Bond contains more 

water and hydrophilic resin which can cause the water diffusion from dentin into 

adhesive layer (38). Therefore, the all-in-one self etching adhesive systems may provide 

more channels for the enzyme to hydrolyze the adhesive. Thus the nanoleakage pattern 

in these two all-one self etching adhesives were remarkable.  Although, Single Bond 

group exhibited some nanoleakage in the adhesive layer at 24 hours, this may be the 

voids in the adhesive layer during solvent evaporation process. However, the adhesive 

layer in SB group did not show any sign of severe hydrolysis under 

Acetylcholinesterase condition in 3 months.  However, the hybrid layer in SB group in 

acetylcholinesterase exhibited more nanoleakage than the initial group.  This may be 

one of the reasons to support that the breaking down of the interface initiated from the 

hybrid layer.  Pati et al. reported the permeability of the hybrid layer. They concluded 

that the permeability of hybrid layer may cause this area vulnerable to degradation. 

The degradation at the hybrid layer can lead to the destruction of the interface (126).  

Tay et al. reported that the single bottle adhesives behaved as permeable membrane 

after polymerization and prone to degradation (127). However, Single Bond group in 

acetylcholinesterase in this study showed different pattern of nanoleakage from S3 

Bond and G Bond.  In this study, Single Bond only exhibited severe degradation at the 

hybrid layer whereas S3 Bond and G Bond exhibited more degradation in adhesive 

layer. Oxygen inhibited layer was reported as a factor which can accelerate the bond 

degradation.  In the bonding system which has high volume of water or solvent, it is 

possible to have more area of oxygen inhibited layer.  This oxygen inhibited layer will 

decrease the degree of polymerization of bonding adhesive and also provide the 

susceptible area for hydrolysis.  It was reported that all-in-one self etching bonding 

system can create more oxygen inhibited layer compared to conventional bonding 

system (128).  Previous study indicated that human saliva contains esterase activities 

which can degrade the resin based material especially for impaired polymerized resin 

material in the oral environment (63). Therefore, it is possible that the adhesive restoration 

will also expose to esterase activities if there is any nanoleakage at the interface. 

 The water storage for 3 months was done to differentiate the extrinsic and 

intrinsic factors on bonding degradation. In this study, there was no significant 

difference of bond strength at 24 hours (initial bond) and 3 months in water in all 
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tested group.  The micrographs from each group also supported the bond strength 

result. The nanoleakage found in initial bond group and 3 months in water are less 

than those found in collagenase and acetylcholinesterase group.  Since the specimens 

were kept in each condition for 3 months, it is possible that both enzymes used in this 

study affected the bond interface which caused more nanoleakage compared to 3 

months in water group.   The degradation of the bond interface after three months 

storage was expected. The MMPs from dentin can also degrade the collagen at the 

hybrid layer causing more nanoleakage over time (91-95).  The effect of moisture and 

bonding composition on bond degradation was reported.  From a previous study, the 

wet bonding technique may not be appropriated for the longevity of the bond when the 

adhesives contain HEMA (129). Since water can cause poorly polymerization of 

hydrophilic resin. It is possible that some area was vulnerable to degradation because 

of the poor polymerization (130). In this study, the microtensile bond strength dropped 

in all tested group when immersed in water for 3 months. However, there is no 

statistically significant different from the initial bond strength.  The SEM micrograph 

showed different pattern of nanoleakage from tested bonding systems.  Single Bond 

and S3 Bond showed higher nanoleakage compared to initial group. S3 Bond G bond 

exhibited water tree nanoleakage pattern along the adhesive layer. SE Bond showed least 

nanoleakage among the tested group. All tested adhesives in this study contain HEMA 

except G Bond.  However, SE Bond requires the hydrophobic resin to cover the primer 

layer. This can be the solution for any incomplete polymerization of resin in the 

primer. Although, there is no statistically different of bond strength in water among 

the tested group, the nanoleakage pattern from SEM micrographs provided the basic 

knowledge of bonding degradation in short term. The longer period of these bond 

interfaces should be studied.     

  Although the bond strength provided some basic information, but only 

bond strength may not be enough to predict the bond quality. In this study, all tested 

groups showed nanoleakage over time, and under exogenous enzymes. The bond 

strength of 3 months in water has no significant different from the initial bond.  

However, the pattern of the nanoleakage showed some sign of bond degradation. 

Tagami et al. reported that the nanoleakage test, the morphological and chemical 
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characteristics of the bonding interface had more potential to predict the bond 

durability when compared to the bond strength test (131).  
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CHAPTER VIII 

CONCLUSION 

 

 
With in the limitation of this study, It can be concluded that 

1. The initial bond strength of tested materials was significantly different 

from the bond strength of 3 month storage in enzymes.  

2.  The microtensile bond strength of each material at 24 hours was not 

significantly different from the microtensile bond strength of 3 months in water. 

3. The pattern of the nanoleakage of all-in-one self-etching adhesives was 

different from two step self-etching and total etch adhesives. 

4. The nanoleakage pattern at 24 hours was different from the leakage 

pattern in enzyme groups and water groups. 
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Enzyme preparation 

Acetylcholinesterase 

from Electrophorus electricus (electric eel) 

Product Number C3389 

Storage Temperature -20 °C 

Product Description 

EC Nmber: 3.1.1.7 

CAS Number: 9000-81-1 

Molecular Weight: 280 kDa (gel filtrationl)1 

Isoelectric Point: 5.51 

Extinction Coefficient: E1% = 18.0 (280 nm)2 

Synonyms: Acetylcholine acetylhydrolase 

Acetylcholinesterase from Electrophorus electricus(electric eel) is a tetramer 

composed of 4 equal subunits of 70 kDa each. It is globular enzyme that can be 

separated into subunits in the presence of 6 M guanidine HCl.  Each subunit contains 

one active site. The enzyme is a glycoprotein containing hexosamines.  

Acetylcholinesterase catalyzes the hydrolysis of acetylcholine to acetate and choline. 

It can also hydrolyze acetic acid esters and can catalyze transacetylations. The 

turnover number of acetylcholinesterase from Electrophorus electricus is 823,000 min-

1. Acetylcholinesterase is primarily associated with the cell membranes of excitable 

tissue (nerve and muscle). It is of primary importance in neurotransmission. It 

terminates the action of acetylcholine at the post synaptic membrane by  hydrolyzing 

acetylcholine. Acetylcholinesterase is inhibited by eserine, acetylthiocholine (above 5 

mM), choline, quinidine, tetramethyl ammonium ions, acetylcholine, p-

carboxyphenyltrimethylammonium iodide, trimethyl(p-aminophenyl)ammonium 

chloride hydrochloride, neostigmine, organophosphorus pesticides, ethionamide, 

parathion, dimethoate, phosphatidylserine, prostigmine, ammonium salts (mono- and 

diquaternay), diisopropylfluorophosphate,N,N-diisopropylphosphorodiamidic 

anhydride (weak), and 5-Bis(4allyldimethylammonium phenyl)pentan-3-one. 

Preparation Instructions 

This enzyme is soluble in 20 mM Tris HCl buffer, pH 7.5, (1 mg/ml), yielding a clear 

solution. 
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Enzymatic Assay of Esterase 

(EC 3.1.1.1) 

Sigma Prod. No. E-2884, E-3019, and E-3128 

Principle: Ethyl Butyrate + H2O Esterase> Butyric Acid + Ethanol 

Conditions: T = 25C, pH = 8.0 

Method: Titrimetric 

Reagents:A. 10 mM Borate Buffer, pH 8.0 at 25C 

(Prepare 500 ml in deionized water using Boric Acid, Sigma Prod. No. B-0252. Adjust 

to pH 8.0 with 1 M NaOH.). B. 0.1% (v/v) Ethyl Butyrate Solution 

(Prepare 200 ml in Reagent A using Butyric Acid Ethyl Ester, Sigma Prod. No. B 

2391.). C. Ethyl Butyrate (Use Butyric Acid Ethyl Ester, Sigma Prod. No. B-2391.)D. 

10 mM Sodium Hydroxide Solution-Standardized (NaOH) (Prepare 50 ml in cold 

deionized water using Sodium Hydroxide, Pellets, Sigma Prod. No. S-5881. 

Standardize according to the ACS Reagent Procedure.1) E. Esterase Enzyme 

Solution(Immediately before use, prepare a solution containing 50 units/ml of Esterase 

in coldReagent A.) 

Procedure: Using a suitable pH meter in conjunction with a magnetic stirrer, pipette 

(in milliliters) the following reagents into a suitable titration vessel: Test Reagent B 

(Ethyl Butyrate Soln) 25.0 

Procedure: Equilibrate to 25C. Then add: Test Reagent C (Ethyl Butyrate) 0.025 

Adjust the pH to 8.1 using Reagent D (NaOH). Then add: Reagent E (Enzyme 

Solution) 0.10 Start a timer when the pH reaches 8.0. Run the reaction for 1-5 minutes. 

Maintain the pH of the reaction mix at pH 8.0 by the addition of small volumes (0.050 

ml) of Reagent D. Record the volume of Reagent D used to maintain the pH at 8.0 and 

the time required to consume the added Reagent D. 

Calculation:  (Molarity of NaOH)(NaOH)(1000)(df) 

Units/ml enzyme = (T)(0.10) 

NaOH = Volume (in milliliters) of Reagent D used in the assay 

1000 = Conversion factor from millimoles to micromoles (Unit definition) 

df = Dilution factor 

T = Time required (in minutes) to consume the added Reagent D (NaOH) while 

maintaining the pH at 8.0  
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0.1 = Volume (in milliliter) of enzyme used units/ml enzyme Units/mg protein = mg 

protein/ml enzyme. Unit deffinition: One unit will hydrolyze 1.0 µmole of ethyl 

butyrate to butyric acid and ethanol per minute at pH 8.0 at 25C. 

Initial Assay concentration: 

In a 25.125 ml reaction mix, the initial concentrations are 10 mM borate, 0.2% (v/v) 

ethyl butyrate and 5 units esterase. 
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Collagenase 

For tissue digestions crude collagenase products have always been the most 

effective. Some researchers have tried mixtures of chromatographically purified 

collagenase with a protease such as trypsin or subtilisin to digest tissue. In addition to 

the CDU and FALGPA assays for Collagenase activities Sigma-Aldrich tests each 

product lot for Caseinase, Clostripain and Tryptic activities to look at the enzymatic 

proteolytic activities in the collagenase products. The Caseinase assay is the most 

important for measuring the proteolytic activity that assists the digestion of animal 

tissue. Because the Clostripain present in crude collagenase must be reduced (e.g. by 

treatment with Dithiothreitol) in order to be active this enzyme probably contributes 

little to the tissue dissociation process in the laboratory. It is monitored because some 

researchers have reported that Clostripain may be damaging or toxic. 

Preparation Instruction 

This enzyme is soluble at 1 mg/ml in 50 mM TES buffer pH 7.4, containing 0.36 mM 

calcium chloride.   

Enzymatic Assay of Collagenase 

 usingN-(3-[2-FURYL]ACRYLOYL)-LEU-GLY-PRO-ALA (FALGPA) as the 

Substrate  (EC 3.4.24.3) 

Principle: FALGPA Collagenase> FAL + Gly-Pro-Ala 

Abbreviations used: FALGPA = N-(3-[2-Furyl]Acryloyl)-Leu-Gly-Pro-Ala 

FAL = N-(3-[2-Furyl]Acryloyl)-Leu 

CONDITIONS: T = 25 °C, pH 7.5, A345nm 1 Light path = 1 cm 

Method: Continuous Spectrophotometric Rate Determination 

Reagents:A. 50 mM Tricine Buffer with 10 mM Calcium Chloride and 400 mM 

Sodium Chloride, pH 7.5 at 25 °C (Prepare 500 ml in deionized water using Tricine, 

Sigma Prod. No. T-0377, Calcium Chloride, Dihydrate, Sigma Prod. No. C-3881, and 

Sodium Chloride, Sigma Prod. No. S-9625. Adjust to pH 7.5 at 25 °C with 1 

M NaOH.) 

B. 1.0 mM N-(3-[2-Furyl]Acryloyl)-Leu-Gly-Pro-Ala Solution (FALGPA) 

(Prepare 50 ml in Reagent A using N-(3-[2-Furyl]Acryloyl)-Leu-Gly-Pro-Ala, Sigma 

Prod. No. F-5135. Approximately 30 minutes of stirring is required for this product to 

dissolve completely. Adjust to pH 7.5 at 25 °C with either 1 M NaOH or 1 M HCl.) 
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C. Collagenase Enzyme Solution (Immediately before use, prepare a solution 

containing 2 units/ml of Collagenase in cold deionized water.) 

Procedure: Pipette (in milliliters) the following reagents into suitable 

cuvettes:TestBlank Reagent B (FALGPA) 2.90 2.90 Deionized Water   0.10 Test 

Blank Mix by inversion and equilibrate to 25 °C. Monitor the A345nm until constant, 

using a suitably thermostatted spectrophotometer. Then add:Reagent C (Enzyme 

Solution) 0.10  Immediately mix by inversion and record the decrease in A345nm for 

approximately 5 minutes. Obtain the DA345nm/minute by using the maximum linear 

rate for both the Test and Blank. 

Calculation: (DA345nm/min Test - DA345nm/min Blank)(3)(df) 

Units/ml enzyme = (0.53) (0.1) 

3 = Total volume (in milliliters) of assay  df = Dilution factor 

0.53 = Millimolar extinction coefficient of FALGPA at 345 nm2 

0.1 = Volume (in milliliters) of enzyme used units/ml enzyme 

Units/mg solid = mg solid/ml enzyme units/ml enzyme   

Units/mg protein = mg protein/ml enzyme 

Unit deffinition:One unit hydrolyzes 1.0 µmole of furylacryloyl-Leu-Gly-Pro-Ala 

(FALGPA, F-5135) per minute at 25 °C at pH 7.5 in the presence of calcium ions. 

Final assay concentration:  In a 3.00 ml reaction mix, the final concentrations are 48 

mM tricine, 9.7 mM calcium chloride, 387 mM sodium chloride, 0.97 mM N-(3-[2-

furyl]acryloyl)-Leu-Gly-Pro-Ala, and 0.20 unit collagenase. 
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Case Summaries 

 

 

  3 

2 initail 1 SB 1 43.367 

2 57.537 

3 63.413 

4 59.183 

5 44.579 

6 39.926 

7 43.919 

8 52.517 

9 46.302 

10 63.384 

11 71.942 

12 13.949 

13 59.109 

14 25.860 

15 52.829 

Total N 15 

Mean 49.18773 

Std. 

Deviation 
15.064097 

SE 1 48.367 

2 57.537 

3 63.413 

4 59.183 

5 44.579 

6 39.926 

7 43.919 

8 52.517 

9 46.302 

10 63.354 

11 71.942 

12 13.949 

13 59.109 

14 25.860 

15 52.821 
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Total N 15 

Mean 49.51853 

Std. 

Deviation 
14.979082 

S3 1 55.239 

2 35.388 

3 28.616 

4 25.196 

5 24.224 

6 54.024 

7 26.250 

8 57.009 

9 44.900 

10 39.385 

11 26.266 

12 35.385 

13 52.952 

14 36.872 

15 48.176 

Total N 15 

Mean 39.32547 

Std. 

Deviation 
11.946442 

G 1 25.793 

2 26.568 

3 27.681 

4 26.746 

5 22.363 

6 38.065 

7 30.423 

8 25.541 

9 46.679 

10 36.026 

11 26.772 

12 28.444 

13 26.614 

14 25.317 

15 26.682 

Total N 15 
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Mean 29.31427 

Std. 

Deviation 
6.288126 

Total N 60 

Mean 41.83650 

Std. Deviation 14.850840 

Col 1 SB 1 25.889 

2 10.928 

3 45.565 

4 9.249 

5 9.113 

6 6.939 

7 33.666 

8 3.504 

9 14.347 

10 34.148 

11 30.263 

12 13.664 

13 19.349 

14 45.318 

15 9.235 

Total N 15 

Mean 20.74515 

Std. 

Deviation 
14.042527 

SE 1 24.168 

2 39.442 

3 38.812 

4 36.915 

5 22.764 

6 13.103 

7 16.385 

8 32.741 

9 39.337 

10 32.896 

11 27.483 

12 7.365 

13 24.653 

Total N 13 
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Mean 27.38952 

Std. 

Deviation 
10.542140 

S3 1 15.335 

2 41.141 

3 19.256 

4 31.273 

5 8.813 

6 40.079 

7 15.014 

8 13.441 

9 37.584 

10 18.429 

11 12.671 

12 18.251 

13 44.194 

14 10.117 

15 6.497 

Total N 15 

Mean 22.13971 

Std. 

Deviation 
12.976995 

G 1 23.837 

2 21.861 

3 25.755 

4 31.992 

5 36.640 

6 15.339 

7 36.092 

8 25.431 

9 28.007 

10 23.174 

11 14.109 

12 20.054 

13 17.810 

14 7.100 

Total N 14 

Mean 23.37150 

Std. 8.334995 
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Deviation 

Total N 57 

Mean 23.27259 

Std. Deviation 11.718921 

Ach 1 SB 1 43.966 

2 16.594 

3 31.148 

4 17.775 

5 8.992 

6 16.583 

7 20.582 

8 35.717 

9 34.535 

10 35.772 

11 11.677 

12 48.088 

13 7.355 

Total N 13 

Mean 25.29112 

Std. 

Deviation 
13.569505 

SE 1 24.667 

2 65.189 

3 8.369 

4 32.750 

5 49.003 

6 42.666 

7 6.061 

8 19.037 

9 18.161 

10 3.775 

11 26.060 

12 36.995 

13 12.408 

14 12.495 

Total N 14 

Mean 25.54546 

Std. 

Deviation 
17.947408 
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S3 1 34.184 

2 6.393 

3 31.178 

4 44.910 

5 12.017 

6 12.044 

7 17.095 

8 24.887 

9 4.350 

10 21.752 

11 19.644 

12 27.500 

13 13.680 

14 16.304 

15 11.293 

Total N 15 

Mean 19.81542 

Std. 

Deviation 
11.098276 

G 1 27.107 

2 30.234 

3 13.636 

4 23.118 

5 32.539 

6 20.963 

7 17.665 

8 14.414 

9 12.601 

10 11.367 

11 31.950 

12 15.932 

13 32.372 

14 16.004 

15 12.664 

Total N 15 

Mean 20.83773 

Std. 

Deviation 
8.023294 

Total N 57 
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Mean 22.74067 

Std. Deviation 12.955971 

3mon 1 SB 1 29.644 

2 29.746 

3 22.578 

4 37.857 

5 17.572 

6 45.550 

7 54.395 

8 56.252 

9 50.330 

10 31.956 

11 38.987 

12 48.389 

13 23.243 

14 29.521 

15 38.667 

Total N 15 

Mean 36.97913 

Std. 

Deviation 
12.023745 

SE 1 12.990 

2 11.040 

3 28.765 

4 61.043 

5 57.021 

6 39.267 

7 27.982 

8 55.034 

9 68.640 

10 15.930 

11 49.970 

Total N 11 

Mean 38.88018 

Std. 

Deviation 
20.695849 

S3 1 47.077 

2 44.574 

3 41.558 
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4 48.977 

5 54.539 

6 43.736 

7 26.356 

8 20.667 

9 29.448 

10 19.477 

11 18.321 

12 30.404 

13 29.448 

14 52.577 

15 43.426 

Total N 15 

Mean 36.70567 

Std. 

Deviation 
12.399186 

G 1 42.565 

2 48.779 

3 16.845 

4 30.373 

5 6.079 

6 16.537 

7 16.380 

8 44.354 

9 32.669 

10 40.009 

11 31.772 

12 33.731 

13 21.179 

14 23.040 

15 32.968 

Total N 15 

Mean 29.15200 

Std. 

Deviation 
12.181278 

Total N 56 

Mean 35.18275 

Std. Deviation 14.343842 

Total N 230 
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Mean 30.88339 

Std. Deviation 15.739882 
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Levene's Test of Equality of Error Variances(a) 

 

Dependent Variable: 3  

F df1 df2 Sig.

2.806 15 214 .001

Tests the null hypothesis that the error variance of the dependent variable is equal across 

groups. 

a  Design: Intercept+STORAGE+BONDING+STORAGE * BONDING 

 

Two-way ANOVA 

 

Dependent Variable: 3  

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 20958.217(a) 15 1397.214 8.349 .000

Intercept 217715.320 1 217715.320 1300.907 .000

STORAGE 15087.041 3 5029.014 30.050 .000

BONDING 3048.809 3 1016.270 6.072 .001

STORAGE * BONDING 2525.615 9 280.624 1.677 .096

Error 35814.292 214 167.357   

Total 275969.198 230   

Corrected Total 56772.509 229   

a  R Squared = .369 (Adjusted R Squared = .325) 
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Post Hoc Tests 
 Multiple Comparisons 
 
Dependent Variable: 3  
Dunnett T3  

(I) 1 (J) 1 

Mean 
Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 
SB SE -2.23183 3.446256 .987 -11.46307 6.99940 

S3 3.82179 2.971915 .735 -4.13237 11.77595 
G 7.61055(*) 2.604248 .026 .60828 14.61281 

SE SB 2.23183 3.446256 .987 -6.99940 11.46307 
  S3 6.05362 3.194931 .311 -2.51709 14.62434 

G 9.84238(*) 2.856119 .006 2.13489 17.54987 
S3 SB -3.82179 2.971915 .735 -11.77595 4.13237 
  SE -6.05362 3.194931 .311 -14.62434 2.51709 

G 3.78875 2.261197 .452 -2.27335 9.85085 
G SB -7.61055(*) 2.604248 .026 -14.61281 -.60828 
  SE -9.84238(*) 2.856119 .006 -17.54987 -2.13489 

S3 -3.78875 2.261197 .452 -9.85085 2.27335 
Based on observed means. 
*  The mean difference is significant at the .05 level. 
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Multiple Comparisons 
 
Dependent Variable: 3  
Dunnett T3  

(I) 2 (J) 2 

Mean 
Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 
initail Col 18.56391(*) 2.466808 .000 11.96168 25.16614 

Ach 19.09583(*) 2.573063 .000 12.21220 25.97946 
3mon 6.65375 2.711056 .089 -.59940 13.90690 

Col initail -18.56391(*) 2.466808 .000 -25.16614 -11.96168 
  Ach .53192 2.313918 1.000 -5.66151 6.72535 

3mon -11.91016(*) 2.466452 .000 -18.51710 -5.30322 
Ach initail -19.09583(*) 2.573063 .000 -25.97946 -12.21220 
  Col -.53192 2.313918 1.000 -6.72535 5.66151 

3mon -12.44208(*) 2.572721 .000 -19.32979 -5.55437 
3mon initail -6.65375 2.711056 .089 -13.90690 .59940 
  Col 11.91016(*) 2.466452 .000 5.30322 18.51710 

Ach 12.44208(*) 2.572721 .000 5.55437 19.32979 
Based on observed means. 
*  The mean difference is significant at the .05 level. 
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