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ABSTRACT 

Despite all the improvements resin based adhesive dental restorative materials have 

gone through in the last two decades, leakage in the resin-dentine interface is still a 

major limitation of resin based dental restorative materials. Dentine matrix 

metalloproteinases have been associated with this leakage through their involvement in 

the proteolytic degradation of the resin-dentine hybrid layer. The inhibitory effect of 

chlorhexidine on this enzymatic activity is well established. Bioactive glass materials 

can also reduce the resin-dentine interface leakage through biomimetic remineralisation 

of the dentine. 

In this study the commercially available self-adhesive self-cure resin cement RelyX
TM 

Unicem Aplicap
TM 

was modified by incorporating chlorhexidine and Bioglass 45S5 into 

the cement composition.  

The evaluation of the physical properties of the modified cement has shown that the 

original physical properties of the RelyX
TM

 Unicem Aplicap
TM

 cement were not 

adversely affected by these modifications. 

One hundred and fifty dentine specimens were obtained from human permanent single-

rooted teeth and restored with the test cements. The test cements’ push-out bond 

strength was measured and statistically analysed after ageing the specimens in artificial 

saliva for one week and after nine months. The matrix metalloproteinases activity was 

also quantified after each storage period. 

The study results showed that incorporating chlorhexidine and Bioglass 45S5 jointly or 

separately into the composition of RelyX
TM

 Unicem Aplicap
TM

 did reduce MMP-2 

activity after the short- and long-term storage. It was also shown by the results of this 

work that incorporating chlorhexidine and Bioglass 45S5 jointly, and chlorhexidine 
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separately into the composition of the cement also reduced MMP-9 activity after short- 

and long-term storage. 

Statistical analyses of the test results has shown that incorporating chlorhexidine and 

Bioglass 45S5 into the RelyX
TM

 Unicem Aplicap
TM

 cement composition significantly 

preserves the push-out bond strength after up to nine months of storage (p=0.02).  

This indicates that incorporating chlorhexidine and bioglass into the composition of 

RelyX
TM 

Unicem Aplicap
TM

 can in the long-term preserve the strength of the bond 

formed between the cement and the dentine.  
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CHAPTER 1. INTRODUCTION 

Since their first introduction in the 1950s, resin-based restorative materials have become 

increasingly popular; and today resin based dental filling and cementing materials are 

by far the most commonly used dental restorative materials.  

However, it have been well documented that leakage around resin based materials is one 

of its major disadvantages. Despite the significant improvement in adhesive dentistry, 

especially in the last two decades, leakage is still one of the major causes of the failure 

of resin composite restorations (Yang et al., 2016). In a recent in vitro study of marginal 

micro-leakage of composite when bonded using modern self-etching and all-in-one 

adhesives (Nouzari et al., 2016), more than 23% of the tested samples demonstrated 

some degree of leakage. None of the tested adhesives samples scored zero leakage and 

40% of the samples in one of the sample groups restored using self-etching adhesive, 

suffered from marginal leakage. 

Leakage around the margins of resin materials can be caused by two main material 

related factors. The first one is the shrinkage during polymerisation that occurs during 

the resin setting reaction. When monomers in the resin polymerise, there is a reduction 

in volume of the polymer by about 1.5 to 5 % resulting from the decrease in molecular 

vibration and intermolecular distances (Ferracane, 2005). Since the shrinkage is 

proportional to the resin volume, it affects larger composite resin fillings more than 

limited thickness luting resin cements. However, if the forces created by the 

polymerisation shrinkage are greater than the strength of the bond formed with the 

tooth, the cement will be detached from the dentine and marginal gaps will be formed 

leading to leakage (Shouha and Ellakwa, 2016). 

The second factor that can cause leakage around the resin materials is the incomplete 

filling of the required space by the resin.  
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The micromechanical attachment between the dentine and the dental restorative resin is 

achieved through the creation of the hybrid layer. Acids are applied before or during the 

application of the resin to demineralise the dentine, exposing the collagen matrix of the 

dentine. During that process, the space created by demineralisation becomes occupied 

by water from rinsing when an etch-and-rinse system is used, or from the water in self-

etch adhesives. The resin is supposed to completely replace the water and fill this space 

to create a hybrid layer consisting of a collagen network embedded in resin. However, 

in reality this is not possible since some parts of the space created by the 

demineralisation process are smaller than the smallest monomer in the resin (Pashley et 

al., 2007). 

Acids used for the etching and demineralisation of the dentine will release the matrix 

metalloproteinases (MMPs) from the dentine and activate them (Mazzoni et al., 2006). 

Collagen fibrils at the bottom of the hybrid layer will therefore be exposed to the 

proteolytic activity of the enzymes, which in time will lead to the degradation of the 

hybrid layer and formation of a gap between the dentine and the resin (Tay et al., 2006). 

In physiological tissue remodelling, MMP activity is regulated and controlled by the 

endogenous tissue inhibitors of metalloproteinase (TIMP). However, several exogenous 

alternative MMP inhibitors have been tested in attempts to control collagen degradation 

by MMP. Chlorhexidine (CHX) is the most tested exogenous dentine MMPs inhibitor 

(Loguercio et al., 2016). Chlorhexidine has the ability to inhibit the activity of the 

MMPs by chelating the zinc ions on the active site of the MMPs and inhibiting their 

catalytic activation. Studies have shown that adding CHX to the adhesive or filling 

material or even applying it directly to the prepared dentine prior to the placement of the 

filling can improve the bonding.  
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However, the CHX effect seems to be temporary due to the nature of the reversible 

electrostatic bond formed between the dentine and the CHX (Liu et al., 2011b). 

Bioglass, on the other hand has the potential to remineralise the dentine; providing not 

only protection to the exposed collagen fibrils from MMPs activity, but also increasing 

the strength of the bond formed between the resin and the dentine (Sauro et al., 2012). 

Several bioactive glasses are available on the market with the main components being 

SiO2, Na2O, CaO and P2O5 in all of them. In aqueous environments, bioglass 

precipitates calcium and phosphate to form an apatite layer. Utilising this, several 

studies have demonstrated the bioglass capability of remineralising dentine (Kim et al., 

2016).  

Bioglass was also incorporated in experimental resin composites and resin bonding 

systems to induce dentine remineralisation and promising results were obtained. An 

example of this approach is Sauro et al. (2012) Bioglass 45S5 containing resin bonding 

system, which showed significant increases in the nanomechanical properties along the 

bonded-dentine interface. 

However, dentine remineralisation requires two to three months to be completed (Kim 

et al., 2010c); and protecting the exposed dentine collagen fibrils against the MMP 

activity during that period would provide a logical approach for the prevention or 

limitation of dentine-resin bond degradation. Anyway, to the best of our knowledge, this 

approach was not tested previously.  

Therefore, the purpose of this work was to evaluate the short- and long-term effect of 

incorporating CHX and Bioglass 45S5 jointly or separately into the composition of 

RelyX
TM

 Unicem Aplicap
TM

 on the release and activation of MMP-2 and MMP-9 from 

the dentine, the strength of the bond formed between the cement and the dentine, as well 

as the effect of these additives on the physical properties of the cement. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Bioglass 

In 1969 while searching for an implant material that could bond to bone, Professor 

Larry Hench from the University of Florida invented what was later termed Bioglass 

45S5. His main discovery was that a glass of the composition 46.1 mol. % SiO2, 

24.4 mol. % Na2O, 26.9 mol. % CaO and 2.6 mol. % P2O5, (Bioglass 45S5) could form 

a bond with the bone so strong, that it could not be removed without breaking the bone.  

The name “Bioglass” was trademarked by the University of Florida as a name for the 

original 45S5 composition. Since 1969, numerous groups have researched bioactive 

glasses, but no other bioactive glass composition has been found to have better 

biological properties than the original Bioglass 45S5 composition (Jones, 2013). 

Subsequently, several bioactive glasses with different physical and biological properties 

were created over the years by changing the concentration of the original components 

(SiO2, Na2O, CaO and P2O5). Some of these formulas can be seen in Table  2.1 below 

(Bronzino, 1999; Nicholson, 2002). 

In an aqueous environment, Bioglass immediately begins a surface reaction in three 

phases, leaching and exchange of cations, network dissolution of SiO2 and precipitation 

of calcium and phosphate to form an apatite layer. The glass surface reaction has five 

critical stages shown in Figure  2.1 (Madan et al., 2011). 
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Table 2.1 Different compositions of bioglass. (Bronzino, 1999; Nicholson, 2002). 

Glass 

SiO2 

(mol.%) 

P2O5 

(mol.%) 

CaO 

(mol.%) 

Na2O 

(mol.%) 
Other additions 

Bioglass 40S5B5 40 6 24.5 24.5 5 mol.% B2O3 

Bioglass 42S5.6 42.1 2.6 29.0 26.3  

Bioglass 45S5.4F 45 6 14.7 24.5 9.8 mol.% CaF2 

Bioglass 45S5F 45 6 12.25 12.25 12.25 mol.% CaF2 

Bioglass 46S5.2 46.1 2.6 26.9 24.4  

Bioglass 49S4.9 49.1 2.6 25.3 23.8  

Bioglass 52S4.6 52 6 21 21  

Bioglass 55S4.3 55 6 19.5 19.5  

Bioglass 60S3.8 60.1 2.6 19.6 17.7  

 

 

 

Figure 2.1 The stages of bioglass surface reactions. Adapted from Madan et al. (2011). 
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2.1.1 Bioglass 45S5  

Despite its age, the original Bioglass 45S5 is still one of the most important bioglass 

formulations. The high CaO/ P2O5 ratio makes it highly reactive to aqueous mediums. 

After its creation, Bioglass 45S5 was first tested in rats as a femoral implant material. 

After six weeks a very strong attachment was created between the Bioglass implants 

and the bone. Transmission electron micrographs of the bonded interface revealed the 

development of a hydroxyapatite layer (Hench et al., 1971). The strength of the bond 

formed between Bioglass and host cortical bone was found to be almost equal to the 

strength of the host bone itself (Piotrowski et al., 1975). Wilson and his group in studies 

of toxicology and biocompatibility of Bioglass 45S5, demonstrated its safety and its 

ability to bond to soft connective tissues, if the interface was immobile (Wilson et al., 

1981). 

In the following years, in addition to numerous studies relating to Bioglass 45S5 bone 

implants and bone tissue engineering, several studies investigated the effect of 

incorporating Bioglass 45S5 in dental filling materials as discussed in this thesis under 

the heading Biomimetic Dentine Remineralisation ( 2.2.3).  

 

2.2 Dentine Remineralisation 

2.2.1 Natural Dentine Mineralisation 

Biomineralisation of dentine collagenous tissues is a complex process. Mineral 

deposition will only start after the processing and modification of collagen and non-

collagenous protein (NCP) in the dentine. After the differentiation of highly specialised 

odontoblasts from the dental papilla ectomesenchymal cells, the process starts by the 

production of NCPs from the odontoblasts which are capable of secreting a malleable 
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matrix that can be moulded into specific shapes according to the location and function. 

Odontoblasts begin secreting the organic matrix beneath the inner enamel epithelium 

then migrate towards the centre of the dental papilla (the tooth pulp). As they do so the 

type of collagen they lay down changes. Initially, in the first part of the dentine matrix, 

large-diameter collagen fibrils (0.1 to 0.2 µm in diameter) are formed consisting of 

collagen type III known as von Korff fibers or von Korff’s fibers (Bishop et al., 1991; 

Nanci, 2012a) . As the odontoblasts continue to move toward the centre of the tooth 

they increase in size and begin to produce smaller collagen type I fibrils resulting in the 

formation of the mantle predentine layer (about 150-200 μm thick). The odontoblast 

then develops a cell process, the odontoblasts or Tomes’ process (Figure  2.2), which is 

left behind in the formed dentine matrix as the odontoblasts move away. At the same 

time the odontoblasts also bud off a number of small outgrowths from their cellular 

membrane vesicles known as matrix vesicles. As the odontoblasts continue to increase 

in size, smaller amounts of collagen are secreted which results in more tightly arranged, 

heterogeneous sites of nucleation that are used as scaffolding for mineralisation. The 

first mineral phase appears within the dentine matrix as single crystals seeded by 

phospholipids present in the matrix vesicles. These crystals grow rapidly and rupture 

out of the vesicle to spread as a cluster of crystallites, fusing with adjacent clusters to 

form a mineralised matrix. This deposition of mineral lags behind the forming dentine 

matrix is manifested as the formation of a layer of predentine between the odontoblasts 

and mineralised dentine or the mineralisation front (Figure  2.3). Although the process is 

not entirely understood, the regulation of mineral deposition is regulated by the non-

collagenous matrix proteins produced by odontoblasts (Nanci, 2012b; Habelitz et al., 

2014).  
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The process of calcium phosphate deposition is controlled and guided by the matrix 

phosphoproteins to precipitate calcium and phosphate ions from the supersaturated 

tissue fluids to well-defined sites that facilitate mineral ion handling.  

Moreover, proteins that stabilise calcium and phosphate ions in body fluids and/or 

control their deposition onto the matrix are also secreted by the odontoblasts. 

Alkaline phosphatase activity is also associated with the production of a mineralised 

tissue. When hydroxyapatite crystals are in contact with tissue fluids, pyrophosphate 

ions are deposited on their surface preventing crystal growth. The activity of alkaline 

phosphatase secreted from the odontoblasts breaks down pyrophosphate allowing for 

further crystal growth, thus completing the mineralisation process. 

The inorganic part of the mineralised dentine consists of hydroxyapatite represented as 

Ca10(PO4)6(OH)2 in perfect form. This unit cell represents the least number of calcium, 

phosphate and hydroxyl ions able to establish stable relationships; but in reality the 

crystals are imperfect and of a more complicated formula. Crystals of various sizes are 

formed by the stacking of unit cells forming needle-like or plate-like crystals. Every 

apatite crystal has three compartments, the crystal interior, the crystal surface and the 

hydration shell. All of the three components are available for ion exchange. Magnesium 

can substitute in the calcium position and would inhibit the crystal growth. Sodium can 

also substitute in the calcium position, fluoride and chloride in the hydroxyl position 

and carbonate in the hydroxyl and phosphate positions. While carbonate, sodium and 

chloride substitution increases the solubility of the crystals and fluoride substitution 

decreases it. 

Depending on the site and the rate of dentine formation, two histological patterns of 

dentine mineralisation can be found; globular and linear dentine. In the mantle dentine 

the main pattern is the globular (or calcospheric) pattern. Crystals are deposited in 
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several discrete areas by heterogeneous capture in the collagen matrix. These crystals 

continue to grow into globular masses that continue to enlarge until they fuse to form a 

single calcified mass. In the inner (circumpulpal) dentine the mineralisation front can be 

linear or globular. This seems to be related to the rate of formation. Slower rates of 

mineralisation produce a more uniform and linear pattern (Nanci, 2012b). 

 
Figure 2.2 Scanning electron microscope image of dentine showing the dentinal tubules 

(DT) and the odontoblast process (ODP), (Nanci, 2012a). Image reproduced with 

permission of the rights holder. 

 

 

 
Figure 2.3 Odontoblastic activity and dentine formation. Adapted from Jin (2013). 
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2.2.2 Dentine Remineralisation 

As most restorative dental materials used today require the demineralisation of the 

dentine surface prior to the creation of the dentine-resin hybrid layer; the ability to 

remineralise the dentine during and/or after treatment would provide a very significant 

improvement in the strategies and the results of the treatment. The obturation of any 

gaps between the dentine and the restorative material by remineralisation, in addition to 

protecting any exposed collagen fibrils within and beneath the hybrid layer can prevent 

interface leakage. This can provide a stronger and more stable dentine bonding. 

Moreover, the minimally invasive caries removal approach, more commonly adopted 

nowadays, leaves behind a superficial layer of partially demineralised caries-affected 

dentine which ideally requires remineralisation to repair it from the destructive effects 

of caries (Niu et al., 2014). 

The need for enamel and dentine remineralisation was realised as early as the first half 

of the 20
th

 century. In 1921, Andresen Julius filed a patent in the USA for a dentifrice 

that contained several components including calcium phosphate and calcium carbonate. 

He claimed that surrounding the teeth with this dentifrice would initiate enamel 

hardening through the process of enamel remineralisation. Two years later he was 

granted the patent (Julius, 1923). Although at that time the mechanism of enamel and 

dentine mineralisation was not completely understood; the necessity of phosphatase 

activity for dental hard tissue calcification was recognised (Leicester, 1946). Early 

studies were focussed on the remineralisation of the enamel and the management of 

both enamel white spot demineralisation and enamel caries (Bödecker, 1930; Volker 

and Bibby, 1941; Pedersen and Schmidt-nielsen, 1942). Although the topic of dentine 

remineralisation was looked at (Souder and Schoonover, 1944), it was not until the 

1960s that several studies focussed on the issue of dentine remineralisation (Solomons 
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and Neuman, 1960; Koulourides, 1962; Eidelman et al., 1964; Koulourides et al., 1965; 

Wei, 1967; Koulourides, 1968; Wei et al., 1968). 

Although it has been almost 100 years since Andresen Julius sought to address the 

dental remineralisation topic, and despite the fact that more than 2000 research articles 

related to dentine remineralisation were published in the year 2015, there is still not an 

optimal method of dentine remineralisation. 

The problem today remains the same as that discussed by Solomons and Neuman in 

1960. This is the necessity for the formation of effective crystal-nuclei or seeds to foster 

remineralisation. This is more of a challenge when dealing with completely 

demineralised dentine within the hybrid layer as created by the clinical process of acid 

etching. Up until today, the mechanism of crystallisation from supersaturated solutions 

remains a matter of debate (Habraken et al., 2013b). In general, two methods have been 

considered for the dentine remineralisation, namely the classical nucleation or ion-

mediated crystallisation theory and the particle-mediated crystallisation theory. 

 The ion-mediated crystallisation theory involves the nucleation of a fluid phase 

crystal, where ions in the solution form nuclei exceeding a critical crystal size, and 

then grow out to mature crystals through ion attachment. Utilising this method, 

fluoride, calcium and phosphate ions have been considered to promote 

remineralisation of the dental hard tissue. Fluoride induces the formation of 

fluorapatite and fluoridated hydroxyapatite formation through directly reacting with 

hydroxyapatite and promoting the transformation of calcium phosphates (Tanizawa 

et al., 1991). This crystallisation method is well established and can be successfully 

demonstrated in calcium phosphate crystallisation models and the remineralisation 

of enamel and dentine (Magalhães et al., 2007; Tanaka and Kadoma, 2000; Ten 

Cate, 2001). However, it showed a very limited success in reproducing the 
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hierarchical order of calcium phosphate apatite arrangement similar to that present 

in the naturally mineralised dentine collagen (Niu et al., 2014). Moreover, most of 

the studies that have utilised this method for the remineralisation of partially 

demineralised caries dentine, depositing calcium and phosphate ions over existing 

apatite seed crystallites. Therefore, this strategy cannot be used for dentine 

remineralisation of completely demineralised dentine created by acid etching, since 

the necessary seed crystallites are absent (Kim et al., 2010b). 

 The particle-mediated crystallisation theory, in comparison, involves the interaction 

of several particles of intermediate length/scale or building blocks to form 

mesoscopic objects. Although it has not been possible so far to unravel the 

mechanism by which they aggregate or the structural details of these clusters in their 

native hydrated state. Through demonstrating the presence of these structural units 

prior to the nucleation, several reports have proposed nucleation models involving 

pre-nucleation clusters of different organic and inorganic crystals (Habraken et al., 

2013a; Navrotsky, 2004; Erdemir et al., 2009; Pouget et al., 2009).  

Through adopting this remineralisation method the concept of biomimetic dentine 

remineralisation was developed (Figure  2.4). 
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Figure 2.4 Biomimetic dentine remineralisation. (A) Demineralised collagen fibril. (B) 

Rope-like microfibril infiltrated with fluidic amorphous calcium phosphate droplets 

generated by the biomimetic remineralisation system (C1). (C2) Amorphous calcium 

phosphate infiltrating the spaces around the collagen molecules via capillary action. (D1 

and D2) Coalescence of the amorphous calcium phosphate in the microfibril. (E) 

Transformation of continuous braided amorphous precursor into nanocrystals and their 

assembly into metastable mesocrystals. Hypothetical fusion of mesocrystals into larger, 

single crystalline platelets. Adapted from Kim et al. (2010a). Image reproduced with 

permission of the rights holder. 
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2.2.3 Biomimetic Dentine Remineralisation 

The term biomimetics can be defined in several different ways according to the field it 

relates to. In general, it refers to imitating the systems of nature for the purpose of 

synthesising similar products by artificial mechanisms. The concept of biomimetic 

dentine remineralisation or bioremineralisation involves bottom–up backfilling of the 

demineralised dentine collagen with liquid-like amorphous calcium phosphate 

nanoprecursor particles that are stabilised by biomimetic analogs of non-collagenous 

proteins. Since the non-collagenous extracellular matrix proteins initiate and regulate 

the process of natural dentine mineralisation (Gajjeraman et al., 2007), the use of 

polyelectrolyte and polyamino acids as biomimetic analogs to mimic the function of 

these naturally occurring proteins was suggested by several authors (Qi et al., 2012; Tay 

and Pashley, 2009; Kim et al., 2010a). The use of sodium trimetaphosphate as a 

biomimetic analog was also proposed (Liu et al., 2011a). The proposed role of these 

biomimetic analogs is to control the dimension, order and hierarchy of the apatite 

deposition during the remineralisation. According to this theory, in the presence of these 

biomimetic analogs, calcium and phosphate ions are sequestered into nanoscopical 

prenucleation clusters about one nanometre in diameter. These clusters eventually 

aggregate into larger liquid-like amorphous calcium phosphate nanoparticles (10–50nm 

in diameter) and utilise the interfibrillar space of the dentine collagen as a 

mineralisation template. These nanoparticles then undergo self-assembly and 

crystallographic alignment to form a metastable crystalline phase then fuse to form 

single apatite crystallites (Niu et al., 2014).  

In the recent years, several experimental dentine remineralising resin-based calcium 

phosphate materials have been proposed as restorative materials capable of inducing 

dentine bioremineralisation. Vollenweider et al. (2007) produced a bioactive glass 

similar to Bioglass 45S5 and mixed it with water to create a remineralisation solution. 
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Dentine specimens were demineralised using EDTA, then submerged in this solution for 

up to one month. Scanning electron microscope imaging of the specimens revealed 

mineral precipitation on or within the demineralised matrix. However, the mechanical 

properties of the remineralised dentine samples were well below those of the natural 

dentine. According to the researchers, this might be related to the imperfect arrangement 

of the newly deposited mineral within the demineralised tooth matrix. It is important 

however to recognise that the methodology of this experiment is not applicable to the 

clinical management of demineralised dentine, interesting though its results are.  

In (2009) Tay and Pashley were able to successfully induce apatite formation within the 

hybrid layers of resin-bonded acid-etched dentine using Portland cement as the source 

of remineralisation. The dentine specimens were etched with phosphoric acid gel then 

the resin composite was bonded to dentine specimens using different adhesive systems. 

The specimens were placed over blocks of Portland cement and incubated for up to four 

months in a simulated body fluid solution (SBFS) that contained polyacrylic acid and 

polyvinylphosphonic acid. Scanning electron microscope imaging of the specimens, at 

the end of the storage period, revealed remineralisation of both intrafibrillar and 

interfibrillar spaces of the demineralised dentine matrix. However, the control 

specimens which were prepared and incubated using the same method, except for the 

addition of the polyacrylic acid and polyvinylphosphonic acid, showed no signs of 

remineralisation. This indicates that the source of the remineralising phosphate was the 

incubation solution. Moreover, although the commercial brands of the resin adhesives 

used in this study were disclosed, the brand and/or the composition of the resin 

composite used in this study were not mentioned in the published article. 

Gandolfi and her group (2011), also reported successful remineralisation of previously 

demineralised dentine using calcium-silicate experimental resin composites. The 

experimental composites were prepared by mixing proton-transfer polymerisation 
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methyl methacrylate, HEMA, TEGDMA and polyacrylic acid-based resin with calcium-

aluminosilicate or fluoride-containing calcium-aluminosilicate mineral powders. The 

demineralised human dentine specimens were placed in close contact with disks of the 

experimental materials and immersed in Dulbecco's Phosphate Buffered Saline (DPBS) 

for one week. Remineralisation of the dentine specimens was then evaluated using a 

scanning electron microscope to assess the ability of the test materials to remineralise 

the dentine. All of the test specimens showed the reappearance of Ca and P 

remineralisation of the dentine surface and up to a depth of 30–50 μm below. However, 

unlike the clinical procedure of dentine restoration, the dentine specimens were 

demineralised using EDTA rather than acid etching. In addition, the restorative resins 

were not directly bonded to the dentine specimens. Moreover, since the tested resin 

materials did not contain any phosphate, the sole source of the remineralising phosphate 

in this study was also the incubation the buffer (DPBS). 

Ryou and his colleagues (2011), evaluated the nanomechanical properties of dentine 

hybrid layers created by etch-and-rinse adhesive in the presence and absence of 

biomimetic remineralisation after in vitro ageing and found that biomimetic 

remineralisation of the hybrid layers restored its nano-dynamic mechanical properties. 

The Ca
2+

 and OH
ˉ
 releasing resin composite was prepared with set Portland cement 

powder, fumed silica and a hydrophilic resin consisting of a blend of BisGMA and 

HEMA. The dentine specimens were demineralised using 35% phosphoric acid, then 

the composite resin was applied after applying the unfilled rinse adhesive. The 

specimens were immersed in simulated body fluid that contained polyacrylic acid and 

sodium tripolyphosphate, they were then stored for three months. Scanning probe 

microscopy and dynamic nanoindentation were used to evaluate the nanomechanical 

properties of the dentine hybrid layers. The remineralised hybrid layers demonstrated 

significantly higher nanomechanical properties in comparison to the control samples. 
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Professor Sauro and his group (2012) also found that a Bioglass 45S5 containing resin 

bonding system could improve the nanomechanical properties and the sealing ability of 

mineral-depleted resin–dentine interfaces. They created a two resin bonding system 

using Bioglass 45S5 and Zn- polycarboxylate bioactive glass mixed with UDMA, Bis-

GMA, TEGDMA and HEMA resin. Coronal dentine specimens were prepared and 

conditioned using a 35% (v/v) orthophosphoric acid solution. The acid-etched 

specimens were then bonded with the experimental adhesives. In addition to atomic 

force microscope imaging and confocal laser microscopy scanning, nanoindentation and 

microtensile bond strength tests were used to evaluate the specimens after three months 

of storage in SBFS, without the addition of any biomimetic analogs. Significant 

increases in the nanomechanical properties along the bonded-dentine interface were 

recorded for the remineralise specimens and a consistent presence of apatite and 

reduced micropermeability within the resin–dentine interface were observed. 

 

2.3 Adhesive Systems 

It has been more than 60 years since Buonocore proposed that using acid would increase 

the adhesion of acrylic filling materials to enamel surfaces (Buonocore, 1955). Since 

then dental adhesion has been one of the most studied and developed branches of 

dentistry. Staring from the first generation of the adhesive system Buonocore proposed, 

according to some authors we have reached the 7
th

 generation of dental adhesives. 

Although classification of dental adhesives according to this generations system mainly 

depends on the historical period and therefore does not represent the adhesive material 

mode of action and interaction with the hard dental tissues, it is the most commonly 

used classification system. Table  2.2 (adopted from Freedman and Leinfelder, 2002 and 

Antonson, 2015) shows the main characteristics of each generation. 
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Regardless of the generation or number of steps, the basic ingredients of dental adhesive 

systems are acid etching agents and resin monomers. The main function of the acid is 

the demineralisation of the dentine to expose the collagen network for the resin 

monomers to infiltrate and once cured, realise micromechanical bonding.  

During the adhesive resin application the interfibrillar spaces between collagen fibrils, 

as well as the intrafibrillar spaces, are demineralised by acid etching agents. Prior to 

monomer infusion into these spaces, the spaces are occupied by water from rinsing in 

etch-and-rinse systems or the water in self-etch adhesives. The hydrophilic resin 

comonomers are ideally expected to replace the water and fill these spaces to form the 

hybrid layer. In reality, the interfibrillar spaces are wide enough to allow small 

hydrophilic monomers to penetrate between the fibrils. However, the intrafibrillar 

spaces within the collagen fibrils are not wide enough. While even small adhesive 

monomers such as TEGDMA are about 2 nm in diameter; the intrafibrillar spaces can 

be as small as 1.26–1.33 nm (Pashley et al., 2007). In addition to leaving water trapped 

within the hybrid layer, this will leave parts of the collagen fibrils exposed to the 

hydrolytic activity of MMPs released from the dentine and activated by the acid etching 

agents as discussed in section  2.4.2.2.  

Self-etching adhesive systems contains weaker acids in comparison to traditional etch-

and-rinse acid etching agents. Therefore, it was not clear prior to 2006, if the weak acids 

in self-etching systems are capable of releasing and activating dentine MMPs. However, 

studies have shown that these self-etching adhesives can also release and activate 

dentine MMPs (Nishitani et al., 2006; Tay et al., 2006; Lehmann et al., 2009).  
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Table 2.2 Dental adhesive systems development generations classified according to the 

historical period. Adopted from Freedman and Leinfelder, 2002 and Antonson, 2015. 

Generation 
Development 

Period 
Steps 

Dentine 

Bond 

Strength 

Characteristics 

1
st
 

1950s 

1960s 

E
tc

h
 a

n
d
 R

in
se

 

2 MPa 
 Very weak adhesion to 

dentine. 

2
nd

 1970s 2-8 MPa 
 Weak adhesion to 

dentine. 

3
rd

 
1980s 

1990s 
8-15 MPa 

 Two component 

 Primer and Adhesive 

4
th

 1990s 17-25 MPa  Total etch 

5
th

 Mid 1990s 20-24 MPa 
 Single component 

 Moist bonding 

6
th

 Late 1990s 

S
el

f-
et

ch
 

18-23 MPa 

 Self etching 

 Self priming 

 Multi component 

7
th

 2000+ 18-25 MPa 

 Self etching 

 Self priming 

 Single component 

Universal 2011+ 

A
ll

- 
E

tc
h

 

- 

 Total or selective etch 

followed by universal 

adhesive 

OR 

 Self-etch universal 

adhesive 
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2.4 Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are zinc-containing endopeptidases that were first 

described in 1962. During study of the collagenolytic activity involved in tadpole tail 

metamorphosis Gross and Lapiere (1962) observed the enzymatic activity of what they 

then called interstitial collagenase (MMP-1). Eisen et al. (1968) were able to isolate this 

collagenase in vitro from the tissue culture medium of human skin and found that 

MMP-1 was initially secreted as an inactive zymogen or pro-enzyme. More than 20 

years later (Van Wart and Birkedal-Hansen, 1990) were able to describe the cysteine 

switch involved in MMP activation. 

MMPs belong to the metalloproteases family also known as the metallopeptidases 

family; which includes any protease (enzyme) whose catalytic mechanism involves a 

metal. There are two subgroups of metalloproteases namely metalloexopeptidases and 

metalloendopeptidases. Metalloendopeptidases catalyses the digestion of protein by 

breaking the peptide bonds between amino acids within it; while metalloexopeptidases 

cleaves one of the terminal peptide bonds. MMPs are metalloendopeptidases and 

according to the peptidase database (MEROPS) they are members of metallopeptidases 

family M10 which belongs to the metallopeptidases Clan MA. The MA peptidases Clan 

is characterised by the presence of a HExxH motif in which the two Histidine residues 

are zinc ligands and the Glutamic acid has a catalytic function (Jongeneel et al., 1989). 

The main role of MMPs is extracellular matrix (ECM) degradation and remodelling; 

however, MMPs can also act on ECM-like collagen, gelatine and elastin (Singh et al., 

2015).  

This degradation and remodelling is regulated in the human body by the balance 

between the MMPs and their specific endogenous tissue inhibitors (Tissue Inhibitor of 

Metalloproteinase (TIMP)). 
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In addition to key involvement in normal and abnormal wound healing as illustrated in 

Figure  2.5 (Armstrong and Jude, 2002), MMPs were also found to be involved with 

several diseases and disorders in Table  2.3. 

 

 

 

Figure 2.5 Wound healing pathways (Armstrong and Jude, 2002). 
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Table 2.3 MMPs involvement in diseases and disorders. 

Disease / Disorder MMPs Involvement References 

Alzheimer’sDisease 
Increased expression of 

MMPs in brain tissues. 

Yan et al. (2006) 

Miners et al. (2008) 

Cardiovascular disease 

Degradation of 

neurovascular matrix and 

effects on blood vessels 

elastic physical 

characteristics. 

Dollery et al. (1995) 

Zhao et al. (2006) 

Diabetic retinopathy 

Alteration of the blood–

retinal barrier. 

Apoptosis of retinal cells. 

Santos et al. (2013) 

Giebel et al. (2005) 

Glaucoma 
MMP-9 promotes retinal 

ganglion cell death. 

Santos et al. (2012) 

Japanese Encephalitis 
Increased MMP-2,-7 and -

9. 

Yang et al. (2012) 

Shukla et al. (2013) 

Parkinson’sDisease 

Decreased levels of MMP-

1. 

MMP-9 increased activity. 

Gupta et al. (2014) 

He et al. (2013) 

Renal pathophysiology 
Increased MMPs activity. Basu et al. (2015) 

Catania et al. (2007) 

Rheumatoid arthritis 

Degradation of collagen 

and non-collagen matrix 

components of the joints. 

Burrage et al. (2006) 

Požgan et al. (2010) 

Tumour invasion, 

angiogenesis and 

metastasis 

MMPs activity in cellular 

and extracellular 

components of the tumour 

and distant pre-metastatic 

sites. 

Deryugina and Quigley (2006) 

Brown and Murray (2015) 

Periodontal disease 

Increase in MMP activity Sorsa et al. (2011) 

Loo et al. (2011) 

Sapna et al. (2014) 
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2.4.1 MMP Classification 

To date, 25 different MMPs have been identified (Table  2.4). Several classifications 

have been suggested, but the most commonly used one is classification according to the 

function (Clark et al., 2001) 

According to their function MMPs can be classified as: 

1. Collagenases: MMP-1, MMP-8, MMP-13 and MMP-18 

2. Gelatinases: MMP-2 and MMP-9 

3. Stromelysins: MMP-3, MMP-10 and MMP-11 

4. Matrilysins: MMP-7 and MMP-26 

5. Enamelysin: MMP-20 

6. Metalloelastase: MMP-12 

7. Membrane-type: MMP-14, MMP-15, MMP-16, MMP-17, MMP-24 and MMP-

25 

8. Other: MMP-19, MMP-21, MMP-23A, MMP-23B, MMP-27 and MMP-28 

 

Even though this classification is the one most commonly used, it does not completely 

reflect the complex functions of MMPs since most can degrade several substrates with 

variable specificity. For example, MMP-2 and MMP-9 (gelatinases) can degrade several 

types of collagen. Another example is the ability of collagenases-1 and -3 (MMP-1 and 

MMP-13) to degrade gelatine at a slow rate (Tjäderhane et al., 2013). 
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Table 2.4 Identified MMPs. (Clark et al., 2001) 

MMP Name 

MMP-1 Interstitial collagenase 

MMP-2 Gelatinase-A, 72 kDa Gelatinase 

MMP-3 Stromelysin 1 

MMP-7 Matrilysin, PUMP 1 

MMP-8 Neutrophil collagenase 

MMP-9 Gelatinase-B, 92 kDa Gelatinase 

MMP-10 Stromelysin 2 

MMP-11 Stromelysin 3 

MMP-12 Macrophage metalloelastase 

MMP-13 Collagenase 3 

MMP-14 MT1-MMP 

MMP-15 MT2-MMP 

MMP-16 MT3-MMP 

MMP-17 MT4-MMP 

MMP-18 Collagenase 4, Xenopus collagenase 

MMP-19 RASI-1, Stromelysin-4 

MMP-20 Enamelysin 

MMP-21 X-MMP 

MMP-23A CA-MMP 

MMP-23B - 

MMP24 MT5-MMP 

MMP-25 MT6-MMP 

MMP-26 Matrilysin-2, Endometase 

MMP-27 MMP-22, C-MMP 

MMP-28 Epilysin 

 



25 

 

2.4.2 MMPs in Dentine–Pulp Complex 

Several different MMPs have been identified in the dentine–pulp complex. The first 

isolation of MMPs from dentine came in 1983 (Dayan et al., 1983) in a study of the 

collagenolytic activity in human carious and non-carious dentine matrix. Later on it was 

established that human dentine at least contains, and is subject to the activity of MMP-2, 

MMP-9 (gelatinases A and B), MMP-8, MMP-13 (collagenases) and enamelysin 

(MMP-20) (Tjäderhane et al., 1998b; Palosaari et al., 2000; Sulkala et al., 2002; Sulkala 

et al., 2004; Niu et al., 2011). However, gene expression studies by Palosaari et al., 

(2003) revealed the presence of MMP-1, -2, -9, -10, -11, -13, -14, -15, -16, -17,-19, -20 

and -23 in human odontoblast and pulp tissues. 

In addition to normal physiological roles in relation to tissue remodelling during 

organogenesis and growth, MMPs in the oral environment contribute to pathological 

tissue remodelling (Hannas et al., 2007). Collagenolytic activity of the host MMPs 

released from the dentine and activated by bacterial acids during the process of dental 

caries have a crucial role in the destruction of dentine by caries through the degradation 

of the collagen substrate (Chaussain-Miller et al., 2006; Dayan et al., 1983; Tjäderhane 

et al., 1998a; Tannure and Küchler, 2016). In addition to host MMPs present in the 

dental hard tissues, salivary MMPs play an important role in the dentine erosion 

progression. Since the organic matrix can limit ionic diffusion into and out of the 

demineralised surface; enzymatic removal of the demineralised organic matrix by the 

MMPs significantly increases the demineralisation process, thereby increasing 

progression of dentine erosion (Buzalaf et al., 2012; Magalhães et al., 2009; Kato et al., 

2010b; Hannas et al., 2016).  
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2.4.2.1 MMPs Role in Dentine-Resin Bond Degradation 

Although the MMPs capability of extracellular matrix degradation was recognised 

decades ago (Gross and Lapiere, 1962); it was not linked to hybrid layer nanoleakage 

and dentine-resin bond degradation until after 1999 when Sano and his group 

demonstrated the morphological evidence of hybrid layer collagen hydrolytic 

degradation (Sano et al., 1999). Several other studies followed in confirming and 

demonstrating the degradative effect of MMPs on the dentine-resin bond (Van Strijp et 

al., 2003; Tjäderhane et al., 2013; Zhang and Kern, 2009). 

Since dental resin adhesives are incapable of completely covering the collagen fibrils 

within and under the hybrid layer as discussed in section  2.3, the collagen matrix fibrils 

are left exposed to the hydrolytic activity of the MMPs, which in time leads to the 

degradation of the hybrid layer and subsequently the degradation of the dentine-resin 

bonding. 

 

2.4.2.2 Production and Activation of MMPs in Dentine–Pulp Complex 

During tooth formation (dentinogenesis) MMPs are synthesised and secreted by 

connective tissue cells (fibroblasts, osteoblasts and odontoblasts) as inactive enzymes 

(zymogens). During the mineralisation process these zymogens are trapped within or 

bound to the tooth dentine (Moon et al., 2009).  

In general all pro-MMPs consist of a prodomain, holding a cysteine switch, a hinge 

region and a catalytic domain with Zn
2+

 binding site.  

The presence of the prodomain inhibits the functional activity of the catalytic domain by 

forming a bridge with the catalytic zinc atom in the active site, keeping the enzyme 

inactive.  
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The MMP is activated when this linkage is broken by cysteine cathepsins or other 

proteinases, chemicals such amino phenyl mercuric acid (APMA) or by other MMPs 

(Figure  2.6). 

Acids used to etch dentine prior to or during resin adhesive application have also been 

found to be capable of releasing and activating the dentine MMPs (Sano et al., 1999, 

Van Strijp et al., 2003, Zhang and Kern, 2009 and Tjäderhane et al., 2013). 

In addition to the prodomain and the catalytic domain, MMPs contains additional 

different domains (Figure  2.7) which defines their molecular structures, substrate 

specificity, recognition and interaction (Tjäderhane et al., 2013). 

 
Figure 2.6 MMP activation. A=Inactive, B=Active (Tjäderhane et al., 2013). Figure 

reproduced with permission of the rights holder. 

 

 

Figure 2.7 Domain structure of MMPs (Visse and Nagase, 2003). 
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2.4.3 Gelatinases 

MMP-2 and MMP-9 have been identified in both sound and caries coronal dentine 

(Shimada et al., 2009; Toledano et al., 2010; Boushell et al., 2011; Niu et al., 2011). In 

general, the previous studies have found that MMP-2 is mainly concentrated in the deep 

coronal dentine and near the dentino-enamel junction and decreases in between (i.e. 

mid-coronal dentine). Although it has the same distribution pattern, the quantities of 

MMP-9 were lower than MMP-2 in coronal dentine.  

Santos and her group (2009) compared the amounts of MMP-2 and -9 in the coronal and 

radicular dentine and reported higher MMP activity in the radicular dentine. The dentine 

specimens were obtained from human third molars extracted from young patients. 

According to the authors, the high MMP activity in the root dentine might be related to 

the newly formed dentine in the roots since all of the specimens were obtained from 

patients in their twenties. This is concordant with the age-related decrease in MMP-2 

activity reported by Martin-De Las Heras et al. (2000). On the other hand, Toledano et 

al. (2010) found no differences in MMP-2 expression in human coronal and radicular, 

sound and carious dentine.  

Using extracted carious human permanent premolars and immunofluorescence 

microscopy imaging they found no differences in active MMP-2 expression in human 

coronal and radicular sound dentine. However, the study was performed on the parts of 

the sound dentine immediately below the caries-affected dentine, which limits the 

examined parts of the radicular dentine to the coronal third of the root dentine. 

Moreover, although it can be considered as a quantitative method in some applications, 

immunofluorescence imaging cannot be considered as an accurate quantitative method. 
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2.4.3.1 MMP-2 Identification 

According to the Human Genome Organisation (HUGO) Gene Nomenclature 

Committee, the cytogenetic location of the MMP-2 gene on the human chromosome is 

16q13-q21. It is also named matrix metallopeptidase 2, gelatinase A, 72 kDa gelatinase 

or 72 kDa type IV collagenase. Whilst the molecular weight of the pro-MMP2 is 72 

kDa, an MMP-2 dimer can be seen in gelatine zymography at ~140-144 kDa (Koo et al., 

2012). Activated MMP-2 can be found at 58 kDa (Hussain et al., 2010) and 62 kDa, and 

after activation and prolonged incubation of MMP-2 with amino phenyl mercuric acid 

(APMA) a COOH-terminally truncated MMP-2 can be seen at 42 kDa (Toth and 

Fridman, 2001; Fridman et al., 1992). 

 

2.4.3.2 MMP-9 Identification 

According to the HUGO Gene Nomenclature Committee (HGNC) the cytogenetic 

location of MMP-9 gene on the human chromosome is 20q12-q13. It is named matrix 

metallopeptidase 9, gelatinase B, 92 kDa gelatinase or 92 kDa type IV collagenase. In 

addition to the pro-MMP-9 at 92 kDa; in vitro MMP-9 can be found in a number of 

complexes including dimers and heterodimers of different molecular masses. A dimer of 

MMP-9 associated with 25 kDa alpha 2-microglobulin can be found at 215 kDa (Snoek 

and Von den Hoff, 2005). A dimer of MMP-9 can also be found at ~200 kDa (Toth and 

Fridman, 2001). Active forms of MMP-9 can be seen at 82 kDa and at 67-68 kDa after 

long incubation with APMA (Toth and Fridman, 2001; Troeberg and Nagase, 2003). 
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2.4.4 MMP Inhibitors 

In normal physiological tissue remodelling, MMP activity is regulated in the human 

body by the balance between the MMPs and their specific endogenous tissue inhibitors. 

Several exogenous alternative MMP inhibitors have been suggested and tested in 

attempts to optimise the dentine-resin bond durability through the control of collagen 

degradation by MMPs. Chlorhexidine is by far the most tested exogenous dentine MMP 

inhibitor (Loguercio et al., 2016). Gendron and her group (1999) were the first to 

suggest and test the inhibition of MMP activities by CHX and its beneficial effects in 

the treatment of periodontitis. Based on their findings, Pashley and co-workers (2004) 

demonstrated that incubating acid-etched dentine samples in 0.2% v/v CHX resulted in 

lower levels of collagenolytic activity for up to 250 days in comparison to incubation in 

artificial saliva.  

In 2005 Hebling et al. tested the use of CHX as an MMPs inhibitor in an attempt to 

reduce the degradation of dentine hybrid layers by MMPs. In this in vivo study, CHX 

was applied to the dentine of primary molars after phosphoric-acid-etching prior to the 

application of resin bond and the resin restoration. The teeth were retrieved after six 

months of intra-oral functioning and the hybrid layers were evaluated using 

transmission electron microscopy.  

CHX-treated teeth exhibited normal structural integrity of the collagen network, while 

progressive disintegration of the fibrillar network was observed in the control teeth 

where CHX has not been used.  

In the following years numerous studies have been conducted to evaluate the efficiency 

of CHX as a dentine MMP inhibitor. Treating the acid-etched dentine with 2% v/v CHX 

prior to adhesive resin application reduced the bond degradation for up to 12 months in 

vitro (Carrilho et al., 2007a; Breschi et al., 2009; Komori et al., 2009; Gunaydin et al., 
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2016) and up to 14 months in vivo (Carrilho et al., 2007b; Brackett et al., 2009; Ricci et 

al., 2010; Gunaydin et al., 2016).  

Incorporating 0.1%, 0.5% and 1.0% (v/v) CHX in two-step self-etching adhesives 

preserves dentine bond in vitro for up to 12 months but 0.05% did not (Zhou et al., 

2009). However, Hiraishi et al. (2010) found that incorporating 2% (v/v) CHX into self-

etching primer can reduce the microtensile bond strength. 

These studies have demonstrated the inhibitory effect of CHX on MMPs; however the 

mechanism of inhibition has not been completely illustrated. Gendron and her group 

first described the MMP inhibitory effect of CHX in 1999 and suggested that CHX 

inhibits the MMP activity via a cation-chelating mechanism. According to this theory, 

CHX chelates the zinc ions on the active site of the MMPs and inhibits catalytic 

activation. However, since both CHX and zinc ions are positively charged, the action 

mechanism needs to be further studied and clarified to understand this inhibitory effect. 

Limited testing of other exogenous MMP inhibitors has been conducted with various 

degrees of success using other nonspecific MMP inhibitors. Ilomastat (also known as 

Galardin or GM6001) which is a broad-spectrum synthetic MMP inhibitor 

(Santiskulvong and Rozengurt, 2003); and Batimastat (BB-94) which is an angiogenesis 

inhibitor that can also act as a MMP inhibitor (Rothenberg et al., 1998), were 

incorporated within different dental adhesives and improved the initial bond strength 

(Almahdy et al., 2012). However, no significant differences in bond strength were 

detected between the control and the inhibitor groups after three months of storage. 

The inhibitory effect of green tree polyphenols against MMP-2 and MMP-9 was tested 

by Magalhães et al. (2009). MMP-related dentine erosion was reported to be decreased 

after incubating the specimens in 0.61% green tea extract solution. 
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Green et al. (2010), tested the effect of adding proanthocyanidins, extracted from grape 

seeds, to resin adhesives on dentine bond resistance to collagenase solution. 

Proanthocyanidins are reported to cross-link collagen and inhibit MMP activity.  

The scanning electron micrographs of the dentine specimens demonstrated preservation 

of the matrix collagen after up to six days of incubation in 0.1% v/v collagenase 

solution. 

 

2.5 Push-Out Bond Strength Testing 

Push-out testing is a widely used method to measure the interfacial shear strength of the 

bond formed between the dentine and the restorative material (Chen et al., 2013). 

The purpose of the test is to create a cylinder shape cavity in a dentine substrate, restore 

it with the experimental material, then measure the force required to displace the 

material. A universal testing machine is usually used to apply gradually increasing force 

to the material until the material is debonded.  

Because fracture occurs parallel to the dentine-material interface when a push-out test is 

used; it has been suggested that the push-out test provides a better evaluation of the 

bond strength than the conventional shear test (Sagsen et al., 2011). Several methods of 

sample preparation for push-out tests can be used.  

The most commonly used method is to transversally section the root of an extracted 

tooth to obtain dentine slices or disks of the desired thickness (Cecchin et al., 2011, 

Manicardi et al., 2011, Sagsen et al., 2011 and Sahinkesen et al., 2011).  

Loxley et al. (2003), performed a push-out test on 8 x 6 x 2 mm bovine root samples 

created by longitudinally cutting the roots into two, then cutting each root half in two 

again perpendicular to the first cut to create four root samples from each tooth. Babb et 
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al. (2009), used a modified push-out testing design where longitudinal tooth slices were 

prepared and simulated canal spaces were prepared in the coronal, middle and apical 

thirds of the radicular dentine. Goracci et al. (2004), used a modified design to compare 

microtensile and push-out bond strength measurements. They prepared dentine sticks to 

compare the testing results to the dentine disk push-out results and found that the push-

out test was more dependable than the microtensile technique due to the high premature 

failure of the microtensile test specimens. Cekic-Nagas et al. (2008), also used a 

technique designed as a ‘‘micropush-out test’’ by preparing dentine disks either 

perpendicular or parallel to the tooth long axis. Standardised 2.20 mm diameter cavities 

were prepared into each disk to provide more uniform stress distribution and better 

estimation of bond strength. 

 

2.6 Artificial Saliva 

Several researchers have used distilled water as a storage medium for in vitro studies of 

dental restorative materials (Muñoz et al., 2015; Shimizu et al., 2015; Hu et al., 2016; 

Tsuchiya et al., 2016). However, numerous studies have shown that, in addition to being 

more similar to the oral environment, storage in artificial saliva can influence the 

restorative materials’ surface hardness (Okada et al., 2001), hygroscopic expansion and 

solubility (Martin et al., 2003), ion release and filler leachability (Soderholm et al., 

1996; El Mallakh and Sarkar, 1990). 

Despite the fact that exact duplication of natural human saliva is impossible due to the 

numerous constituents that change throughout the day and varies according to the 

secreting salivary gland (Gal et al., 2001), dozens of synthetic artificial saliva formulas 

for in vitro studies have been suggested and tested. In (1997) Leung and Darvell after 

reviewing 27 artificial saliva formulas published in the literature between 1931 and 
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1997 stated "It was observed that most formulations were the result of essentially 

arbitrary compilations of substances present in human saliva, but often with no regard 

for the solubilities of components in the form specified".  

They reported that almost all the formulas containing both calcium and phosphate ions 

are supersaturated with hydroxyapatite. Their review has also shown that substances 

like sulphide and pyrophosphate were included in some of the formulas without any 

justification. Only seven out of the 27 formulas reviewed reported the pH in the original 

report and most of the authors did not mention if they adjusted the pH of the formula. 

Gal and his group (2001), also reviewed 60 different artificial saliva formulas and 

prepared them according to the original reports to test their pH, buffer effect, ionic 

strength and specific conductivity. They reported that all of the formulas containing 

calcium produced white precipitate and/or cloudy solutions and could not be properly 

tested. 

Darvell (1978) is one of the few artificial saliva formulas that does not contain calcium 

or phosphate. Considering the component’s solubility and the instability of bicarbonate 

at low pH as well as the prevention of pH drifting, Darvell’s formula is prepared in 

three separate stock solutions, as shown in Table  2.5. 

The required volumes of the three solutions are diluted to the working concentration and 

mixed for each use. The mixture pH is adjusted to 6.8 using orthophosphoric acid. 

When filtered using a 0.45µm filter, Darevell reported no development of bacterial 

culture in the solution for 14 days. However, pH drifting as result of losing CO2 to the 

surrounding air was the main issue with the solution aging. 

Kitasako’s group (2000), reported a significant drop in the resin cement-dentine bond 

strength of specimens stored for one year without changing the storage medium, in 

comparison to specimens where the storage medium was changed weekly. 
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Table 2.5 Darvell’s artificial saliva stock solutions formula. 

Stock Solution A (X100) 

NaH2PO4 (Sodium Dihydrogen Orthophosphate) 56g 

NaCl (Sodium Chloride) 150g 

NH4Cl (Ammonium Chloride) 22g 

Na3C6H5O72H2O (Trisodium Citrate Dihydrate) 2.2g 

Lactic Acid 7g 

Adjust to 1L with dH2O 

 

Stock Solution B (X50) 

Urea 20g 

Uric Acid 1.5g 

NaOH (Sodium Hydroxide) 0.4g 

Adjust to 2L with dH2O 

 

Stock Solution C (X100) 

NaHCO3 (Sodium Bicarbonate) 60g 

NaSCN (Sodium Thiocyanate) 20g 

Adjust to 1L with dH2O 

 

2.7 Protein Extraction 

A review of the published studies related to extracting MMPs from dentine revealed that 

the majority followed the extraction protocol outlined in (Martin-De Las Heras et al., 

2000) since they were the first to semi-purify MMPs from human dentine. 

The technique as described in detail in section  4.2.2 of this thesis is based on the 

sequential use of guanidine HCl and EDTA to demineralise the pulverised dentine to 

extract the MMPs after washing the pulverised dentine with NaCl solution. Since 

MMPs are capable of activating each other, as described in section   2.4.2.2, a mixture of 



36 

 

proteinases inhibitors was added to the washing and extraction solutions (benzamidine 

HCl, ε-amino-n-caproic acid, N-ethylmaleimide and phenylmethylsulphonyl fluoride).  

This extraction protocol needs at least 32 days to be completely carried out, which is 

highly impractical and requires odd working hours, especially if a large number of 

specimen groups are being tested. Moreover, since the stability of some of these 

proteinases inhibitors in aqueous solutions is limited as they are rapidly degraded in 

water, as discussed in section  2.7.1, the ability of this extraction method to accurately 

reflect the quantities of endogenously active MMPs in the dentine is questionable.  

The historical development of this guanidine HCl and EDTA sequential extraction 

technique is poorly and inaccurately documented in the literature. While the protocol 

was utilised as it is or adapted from one study to the other, there was limited or no 

justification for the prolonged steps provided in most of the studies. Martin-De Las 

Heras and his group adapted the techniques from Linde et al. (1980), Rahima and Veis 

(1988) and Nagata et al. (1991). While Linde et al. (1980) does not refer to the 

development of the technique, Rahima and Veis (1988) refers the technique to Dimuzio 

and Veis (1978). On the other hand, McGuire et al. (2014) refers to Gorski et al. (1997) 

for the development of the protocol.  

However, Gorski et al. (1997) refer it to Gorski et al. (1990) which in turn refer it to 

Gorski and Shimizu (1988). The later refers the protocol back to Linde et al. (1980) and 

Termine et al. (1980) which also does not refer to the development of the technique. 

The earliest published study reviewed in this thesis where this guanidine HCl and 

EDTA sequential extraction method was used is Nawrot et al. (1976). The sequential 

extraction was used in Nawrot et al. (1976), Linde et al. (1980) and Termine et al. 

(1980) to extract proteins from unerupted teeth; which can justify the use of NaCl and 

guanidine HCl solutions to remove any soft tissues attached to the samples and to 
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extract the proteins from the uncalcified tissues. However, using the same protocol to 

extract proteins from fully calcified dental tissues would not be necessary without a 

proper justification. 

 

2.7.1 Protease Inhibitors 

 Benzamidine HCl 

Benzamidine HCl formula is C7H8N2 • HCl and its molecular weight is 156.61g/mol. 

Benzamidine HCl is a reversible competitive inhibitor of trypsin, trypsin-like enzymes 

and serine proteases (Dunn, 2015). It is also a strong competitive inhibitor of thrombin 

and plasmin and effective in the prevention of glucagon degradation in human plasma. 

Benzamidine HCl however, is sensitive to oxidation and its biodegradation half-life is 

11.9 days (Sigma-Aldrich, 2016; EPA, 2016). 

 Ɛ -Amino-N-Caproic Acid 

Ɛ-Amino-N-Caproic Acid formula is C6H13NO2 and its molecular weight is 131.2g/mol. 

It is also known as 6-aminocaproic acid and EACA (Sigma-Aldrich, 2003). EACA is an 

effective inhibitor of proteolytic enzymes and in solution is stable at room temperature 

(BioFiles, 2015). 

 N-Ethylmaleimide 

N-Ethylmaleimide has the molecular weight of 125.13g/mol and its formula is 

C6H7NO2. N-Ethylmaleimide is an inhibitor of cysteine proteases. Its aqueous solutions 

are unstable and significantly dependent on the solution pH. At a pH of 7.5 the half-life 

of the solution is nine hours; however, at a pH of 8.5 the N-Ethylmaleimide half-life is 

less than 20 minutes (BioFiles, 2015). 
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 Phenylmethylsulphonyl Fluoride 

Phenylmethylsulphonyl Fluoride or PMSF is a serine and cysteine protease inhibitor. It 

has the molecular weight of 174.19g/mol and its formula is C7H7FO2S (BioFiles, 2015). 

PMSF aqueous solutions are highly unstable and its half-life is 55 minutes at pH 7.5, 

and 35 min at pH 8 (James, 1978), therefore stock solutions are usually made up in 

anhydrous ethanol. 

 

2.8 Protein Identification and Quantification 

2.8.1 SDS-PAGE and Western Blotting 

Being a relatively simple, rapid and highly sensitive tool to study the properties of 

proteins Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis or SDS-PAGE is 

one of the most commonly used methods for proteins identification according to their 

electrophoretic mobility (Boushell et al., 2011; Sulkala et al., 2002; Martin-De Las 

Heras et al., 2000). The method as described in detail in section  4.4.3 of this thesis is 

based on the fact that upon the application of an electric field, the charged molecules 

will move through a gel matrix of polyacrylamide gel.  

Whether prepared at the laboratory or purchased as precast gels, depending on the 

acrylamide concentration, different gels can have different degrees of porosity to 

facilitate the migration of molecules of different sizes through the gel. However, despite 

the different preparations or properties of the gel used, the gel is separated into two 

sections, a large-pore stacking gel on top of a small-pore resolving gel. Before loading 

into the gel, the sample is mixed with a loading buffer that contains SDS and β-

mercaptoethanol as a reducing reagent, the sample is then heated. The reducing agent 

breaks the covalent bonds in the proteins and they become fully denatured and 



39 

 

dissociate from each other. All the reduced polypeptides will bind the same amount of 

SDS on a weight basis. By achieving this, all of the proteins in the sample will become 

negatively charged and can be separated on the basis of their size only. The samples are 

then loaded into the wells of the gel and the gel is placed in a chamber containing 

electrophoresis running buffer. An electrical current is passed through the chamber 

causing the negatively charged proteins to move quickly through the stacking gel, they 

then slowdown as they enter resolving gel the higher the negative charge of the protein 

the further it will move through the gel and this will result in the separation of the 

proteins from one another along the gel according to their molecular weight (Hames, 

1998; Bio-Rad, 2013). 

After the gel electrophoresis, migration of proteins in the gel can be visualised utilising 

methods such ultraviolet illumination, fluorescence imaging or by staining.  

The proteins can also be transferred from the gel onto a membrane made of 

nitrocellulose or polyvinylidene fluoride (PVDF) as described in detail in section  4.4.4. 

This is done by placing the gel in contact with the membrane and applying an electrical 

current which will induce the proteins that are still charged in the gel to move to the 

membrane and adhere to it. Subsequently, as detailed in section  4.4.5, the membrane is 

probed with antibodies specific to the targeted protein to facilitate the visualisation and 

the identification of the proteins on the blot (Abcam, 2007). 

SDS-PAGE and Western blotting provides a relatively simple yet accurate method of 

protein identification and is an accepted method for quantification of protein expression. 

The image obtained from the gel and the blot utilising X-ray or the modern 

chemiluminescent reagents and digital imaging can be used to semi-quantify the 

proteins in the sample using computer software for image analysis or by measuring the 

densitometry of the X-ray image. This can be standardised by using known quantities of 
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a suitable protein; however, this semi-quantification accuracy is questionable and 

appears to be merely based on guesswork (Gassmann et al., 2009; Kaufmann et al., 

1984). 

 

2.8.2 Zymography 

Gel zymography is another commonly used electrophoretic technique utilised for the 

detection and semi-quantification of hydrolytic enzymes (Martin-De Las Heras et al., 

2000; Kupai et al., 2010; Vandooren et al., 2013). Unlike the SDS-PAGE acrylamide 

gel, the zymography gel contains gelatine or casein embedded in the acrylamide gel 

during the preparation or the manufacturing of the gel. The concept is that the substrate 

in the gel will be degraded by the active enzymes in the sample. The other difference 

between the zymography and the SDS-PAGE is that gel zymography is carried out 

without denaturation of the samples; therefore the structure and the activity of the 

enzymes are preserved. This would make the identification of inactive pro-MMPs 

possible.  

The method as described in detail in section  4.5.3 involves mixing the samples with a 

Tris-HCl sample buffer containing glycerol, SDS and blue dye, but no reducing agent. 

The samples are loaded into the gel without heating and the gel electrophoresis is then 

carried out. The SDS is then removed from the gel by washing with a detergent buffer, 

the gel is then incubated in a developing buffer at 37°C to facilitate the enzymatic 

activity.  

The gel is then stained and destained to visualise the enzymatic activity in the gel which 

will appear as light bands against the dark stained background where no enzymatic 

activity took place (Figure  5.14). 
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2.8.3 In Situ Zymography 

In situ zymography is a variation of zymography where the enzymatic activity can be 

directly visualised on the histological sample. One way of doing this is by applying 

fluorescently labelled matrix proteins directly to the sample. As a result of the 

proteolytic activity of the enzymes in the sample, the areas of activity where the 

fluorescently labelled matrix proteins were degraded by the enzymes will appear as 

black areas against the fluorescent background (George and Johnson, 2010). Another 

method of in situ zymography, which the authors have used in the present study, is 

applying proteins conjugated to quenched fluorescein to the sample. The proteolysis of 

these proteins by the enzymes in the sample will release the fluorescence, which can be 

visualised by using fluorescence microscopy, as described in detail in sections  4.6.2 

and  4.6.3 of this thesis. 

This method is a very unique method, that enables accurate localisation of matrix-

degrading MMP activity in histological sections and has been used in several studies to 

evaluate the proteolytic activity in tumours (Kurschat et al., 2002), skeletal muscles 

(Hadler‐Olsen et al., 2015), brain tissues (Rosell et al., 2006) and vascular tissues (Galis 

et al., 1995) as well as dental hard tissues (Mazzoni et al., 2012; Sakuraba et al., 2006; 

Pessoa et al., 2013). However, the quantitative accuracy of the in situ zymography is 

questionable. While some authors have used it for enzyme quantification utilising image 

analysis programs (Okulski et al., 2007; Kheradmand et al., 2002; Freemont et al., 

1999); other authors consider it as an inaccurate semi-quantitative or non-quantitative 

method (Yan and Blomme, 2003; Snoek and Von den Hoff, 2005). 
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2.8.4 ELISA 

With a sensitivity range that can be as low as sub-picogram (1 pg = 10⁻¹² g), enzyme 

linked immunosorbent assay (ELISA) or enzyme immunoassay (EIA) is one of the most 

commonly used analytical biochemistry assays. The method was first described in 1971 

by two independent groups, Engvall and Perlmann, and Van Weemen and Schuurs; but 

the work of Köhler and Milstein in (1975) on the production of antigen-specific 

monoclonal antibodies made the detection of individual molecules in complex protein 

mixtures or tissue samples by ELISA possible. 

Although several variations of the assay are available (Figure  2.8), the main concept of 

these assays is largely similar. In an ELISA, the main idea is that an antigen-antibody 

complex is adsorbed to the wells of a microplate forming the solid phase, which is 

therefore physically immobilised. This will allow for the removal of the nonspecific or 

unbound proteins or antibodies through washing, without washing away the specific 

antigen-antibody complex. A specific detection antibody which can bind to the antigen 

is then added. The detection antibody is labelled with a signal-generating enzyme or 

label that upon the addition of a substrate can release a signal (usually a colour), that is 

proportional within certain established parameters to the amount of the antigen in the 

sample and can be measured by the plate reader (Thermo Fisher, 2010).  

This can be quantified due to the preparation of a standard curve using known 

concentrations of MMP. 

The MMP assay kit used in this study is based on a modified sandwich ELISA. The 

microplate is pre-coated with antibodies against human MMP which the antigens in the 

samples can bund to, forming the solid immobilised phase. After the incubation of the 

microplate containing the samples as described in section  4.2.4, the microplate is 

washed and the detection enzyme is added. The technology is based on using a modified 
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enzyme as a substrate, which upon reacting with the MMP in the solid phase releases a 

colour from a chromogenic peptide substrate that can be measured using a plate reader. 

The MMP-2 assay kit has a quantifiable range of 0.02-16 ng/ml with up to 4 pg/mL 

sensitivity, while the MMP-9 assay kit range is 0.01-16 ng/ml with up to 5 pg/mL 

sensitivity depending on the incubation time (QuickZyme, 2012). 

 

 
Figure 2.8 Popular ELISA formats. Ag (Antigen), (E) Signal-generating enzyme. 

(Thermo Fisher, 2015). 

 

  

2.9 Cement Physical Properties Testing 

International Organisation for Standardisation (ISO) developed standards are usually 

considered as the baseline quality characteristics of products and materials.  

In relation to dental materials alone, ISO have published close to 150 standards covering 

most of the classes of the dental materials. However, there is no ISO standard for 

polymer-based luting materials containing adhesive components. The standard 

(ISO/DTS 16506) is still under development and the ISO targeted publication date is 31 

July 2017 (ISO, 2016). The most relevant ISO standard to the luting cements studied in 

this present research is polymer-based restorative materials ISO standard number 

4049:2009 (ISO, 2009). However, this ISO standard only covers the polymer-based 
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luting materials that are not self-adhesive, and it is stated by the ISO that this standard 

“does not cover those polymer-based luting materials that have an adhesive component 

within the structure of the material” (ISO, 2009). Therefore, since the cements tested in 

this study are self-adhesive, the baseline for the physical properties of the cements 

tested in the study was based on the relevant standards in ISO 4049:2009 and the 

original RelyX
TM

 Unicem Aplicap
TM

 physical properties as published by the 

manufacturer (3M ESPE, 2008). 

 

2.9.1 Working Time 

Any dental material should provide the user with sufficient working time for material 

preparation and manipulation prior to use. For luting cements, sufficient working time 

should be available after mixing the material to allow for the loading of the cement onto 

the tooth/teeth and/or the dental prosthetic or restorative material being cemented. 

Sufficient time is also required to place the dental prosthetic part in the mouth, adjust it 

in place and remove any excess cement if needed, before the cement hardens. The 

cements tested in this study are dual-cure cements; i.e. it will set if left on its own after 

mixing; at the same time the setting reaction can be initiated and accelerated by 

exposing the mixed material to a curing-light.  

According to the manufacturer, the self-curing working time of RelyX
TM

 Unicem 

Aplicap
TM 

is two minutes. However, the ISO standard 4049:2009 (ISO, 2009) requires 

that the cement is left for one minute after mixing, then it should be tested as described 

in detail in section  4.8.1 by pressing it between two glass microscope slides to establish 

whether it forms a physically homogeneous thin layer without any clefts and/or voids 

which would indicate that the cement hardening has started to take place. 
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2.9.2 Flexural Strength 

Dental restorative material strength and resistance to fracture under stress is an 

important characteristic in evaluating the service performance of the material. Flexural 

strength can be defined as the value of stress at failure (Barbero, 2010) or the stress in a 

material just before it yields in a flexure test (Kumar et al., 2016). The flexure testing 

according to the ISO standard 4049:2009 (ISO, 2009) as described in detail in 

section  4.8.2 is based on a three-point loading system (Figure  4.10). Load is applied to 

the material specimen until the specimen fractures. The maximum load exerted on the 

specimen at the point of fracture is recorded as the flexural strength. ISO standard 

4049:2009 requires a minimum flexural strength of 50 MPa for luting cements. 

However, according to the manufacturer of RelyX
TM

 Unicem Aplicap
TM

,
 
the flexural 

strength of the cement when left to self-cure is only 48 MPa but if the cement was cured 

using a curing light, the flexural strength would be 75 MPa (3M ESPE, 2008).  

 

2.9.3 Surface Hardness 

The surface behaviour of a dental restorative material is another important factor in 

evaluating its performance. The hardness of the surface produced by the restorative 

material controls properties such its ability to be polished and retain the polished surface 

by withstanding scratching as well as withstanding the stress. Several methods are 

utilised to evaluate the materials surface hardness; with the main difference between 

these methods being the size and shape of the indenter used to test the surface hardness 

of the material. The load applied to the material through the indenter is another variable 

in the different testing methods. Moreover, different measurement units are used by the 

different methods to express the surface hardness number. One of the commonly used 

surface hardness methods is Vickers hardness.  
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The Vickers indenter is a square pyramid in shape and surface area of the indentation 

created by the indenter is calculated to obtain the Vickers Hardness number or HV 

(Darvell, 2009). 

Modern digital hardness testing systems utilises the Through Indenter Viewing (TIV) 

technology to measure the Vickers hardness. Through an optical system including a 

camera viewing the tested sample through the diamond used as the indenter, the system 

can digitally measure the indentation dimensions and calculate the Vickers hardness of 

the sample. This provides a faster accurate measurement of the surface hardness. 

RelyX
TM

 Unicem Aplicap
TM 

cement surface hardness according to the manufacturer is 

202 MPa when the cement is self-cured and 280 MPa when light-cured (3M ESPE, 

2008). However, it is not clear in the product data published by the manufacturer what 

surface hardness test was used to determine this. 

 

2.9.4 Radiopacity 

As one of the basic and most important diagnostic tools in dentistry is the X-ray, ability 

to identify and distinguish a restorative material from the surrounding anatomical 

structures is one of the most important characteristics of the intraoral restorative 

materials (Gu et al., 2006). The inorganic filler in the cement is the main source of the 

cement radiopacity, therefore the higher the filler content the higher the radiopacity of 

the cement (Manappallil, 2015). 

According to the ISO 4049:2009 standards (ISO, 2009) the cement radiopacity must be 

equal to or greater than the radiopacity of an aluminium alloy of the same thickness. 

According to the RelyX
TM

 Unicem Aplicap
TM

 manufacturer the cement radiopacity is 

2.43 times the radiopacity of aluminium (3M ESPE, 2008).  
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2.9.5 Film Thickness 

The production of a thin cement film between the restoration being cemented and the 

tooth surface is advantageous for luting. Thinner films can provide a better cementing 

action, closer setting of the cemented restoration on the tooth surface and minimises the 

air spaces and structural defects present in the bulk of the cement (Manappallil, 2015). 

Moreover, since the margin between the tooth and the cemented restoration is usually 

exposed to the oral environment, the lesser the film thickness the lesser is the amount of 

cement exposed to degradation by the oral environment. According to the manufacturer 

of RelyX
TM

 Unicem Aplicap
TM

,
 
the film thickness of the cement is 18 μm (3M ESPE, 

2008); however, up to 50 μm is acceptable according to the ISO 4049:2009 standards 

(ISO, 2009). 

 

2.10 Conclusion 

The well documented limited durability of resin-dentin bond compromising the lifespan 

of resin based restorative materials requires further optimisation of dentine bonding 

systems. The potential bioglass dentine remineralisation reported in the literature 

encourages deeper and broader investigation to exploit this ability to improve the resin-

dentine bonding. The promising results obtained by the CHX inhibition of dentine 

MMP activity also calls for more research in this field to further evaluate the CHX 

delivery methods, as well as the long-term efficiency of CHX in bond strength 

preservation. Furthermore, the lack of the combination of these two approaches in the 

literature to date opens a new horizon in the resin-dentin bonding optimisation research. 
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CHAPTER 3. AIMS AND OBJECTIVES OF THIS WORK 

The aim of this in vitro study was to evaluate the effect of incorporating chlorhexidine 

and Bioglass 45S5 into the composition of the commercially available self-etch and 

self-cure resin cement RelyX
TM

 Unicem Aplicap
TM

. The null hypothesis tested was that 

addition of chlorhexidine and/or Bioglass 45S5 to the resin cement had no significant 

effect on the bond strength and MMP activity. 

One hundred and fifty specimens were obtained from 30 human permanent single-

rooted teeth and filled with the four tested cements i.e. RelyX™, Bioglass-modified, 

CHX-modified and double (Bioglass and CHX) modified cement. The specimens were 

aged in artificial saliva for one week for short-term storage and nine months for long-

term storage. At the end of each storage period, the push-out bond strength of each 

material was measured; and the amounts of active MMP-2 and -9 in each specimen 

were quantified.  

 

3.1 Primary Aims 

1. To evaluate the short- and long-term effect of incorporating chlorhexidine and 

Bioglass 45S5 jointly or separately into the composition of RelyX
TM

 Unicem 

Aplicap
TM

 on the release and activation of MMP-2 and MMP-9 from the dentine. 

2. To evaluate the short- and long-term effect of incorporating chlorhexidine and 

Bioglass 45S5 jointly or separately into the composition of RelyX
TM

 Unicem 

Aplicap
TM

 on the strength of the bond formed between the cement and the dentine. 

 

3.2 Secondary Aims 

1. To evaluate and compare the methods used to extract MMPs from the dentine. 

2. To evaluate the methods used for identification and quantification of MMPs 

extracted from the dentine. 



49 

 

3. To evaluate MMP-2 and MMP-9 endogenous activity levels in the different 

segments of the dentine. 

4. To evaluate the effect of incorporating chlorhexidine and Bioglass 45S5 jointly or 

separately into the composition of RelyX
TM

 Unicem Aplicap
TM

 on some of its 

physical properties.  
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CHAPTER 4. MATERIALS AND METHODS 

4.1 Sample Collection 

The teeth used in this study were obtained from the School of Dentistry at the 

University of Dundee. The teeth were extracted and stored in the school before 2006 as 

part of a consented dental treatment plan in patients who required tooth extraction for 

the purpose of their treatment. The teeth were anonymised and cannot be traced back to 

the donor.  

Advice received from the Tayside Committee of Medical Research Ethics indicated that 

no ethical approval was required for this study. 

The selection criteria included caries- and restoration-free permanent molars for the in 

situ zymography experiment and radiopacity testing, and single-rooted teeth for the 

remaining experiments.  

 

4.2 Comparison of Extraction Methods 

This part of the research aims to evaluate the two extraction methods i.e. the three step 

extraction method described by Martin-De Las Heras et al. (2000) and the one step 

extraction adapted in this study from Nawrot et al. (1976). The efficiency of the two 

methods in extracting MMP-2 was evaluated, in addition to the effect the methods had 

on the MMP-2 activity. 

 

4.2.1 Specimen Preparation  

Thirteen single-rooted teeth were used for this experiment. After obtaining access to the 

pulp chamber of each tooth using a round diamond bur in a high speed handpiece with 
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water spray coolant, the dental pulp was extirpated manually using a combination of 

barbed broaches and endodontic stainless-steel K-files. Distilled water (dH2O) was used 

for irrigation to facilitate the pulp extirpation and pulp canal cleaning. After that, 

dentine tube forms were obtained from the teeth by removing the enamel and cementum 

layers in addition to any bone fragments and/or soft tissues attached to the teeth using a 

cylindrical diamond bur in a high speed handpiece with water spray coolant. 

The cylindrical diamond bur was then used to make two longitudinal cuts on the 

opposing sides of the dentine tube form to create two similar dentine specimens S1 and 

S2 (Figure  4.1). Each specimen was then randomly assigned to one of the two extraction 

methods using the Microsoft® Excel (Microsoft Corporation, Redmond, Washington, 

USA) random numbers generator. 

 

 

 

Figure 4.1 Specimens preparation for comparison of extraction methods by removing 

the enamel and cementum layers to obtain dentine tube forms. Each dentine tube form 

was divided vertically into two similar dentine specimens S1 and S2. 
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Specimens were prepared for protein extraction by freezing them in liquid nitrogen then 

pulverising each specimen individually by pounding in a cold stainless steel bowl using 

a cold stainless steel hammer until a uniform dentine powder was obtained.  

The dentine powder obtained from each specimen was weighed using a digital scale 

with a 0.1 mg reliability level (Sartorius CPA124s analytical balance, Sartorius UK 

Ltd., Surrey, UK). The powdered dentine was then sealed in separate 1.5 mL Eppendorf 

tubes marked with the specimen number and stored at 2-4°C. 

 

4.2.2 Three Step Extraction Method 

Following the extraction method described in Figure  4.2 (Martin-De Las Heras et al., 

2000), the dentine powder specimens were washed overnight on a tube mixer in 2.5 M 

NaCl solution containing the following proteinase inhibitors (PI): 

 2.5 mM Benzamidine hydrochloride 

 50 mM ε-Amino-n-caproic acid 

 0.5 mM N-Ethyl maleimide 

 0.3 mM Phenylmethylsulfonyl fluoride 

In addition to these proteinase inhibitors, all of the chemicals used for the protein 

extraction were purchased from (Sigma-Aldrich Company Ltd., Dorset, UK). 

Following overnight washing with the NaCl solution, the pulverised dentine was then 

rinsed twice with cold dH2O and then extracted with a mixture of 4 M guanidine HCl 

and 65 mM Tris-HCl, pH 7.4, plus PI under constant agitation on a tube roller mixer 

(Akribis Scientific Ltd., Cheshire, UK) at 2-4°C. This extract (G1 extract) was clarified 

by centrifugation at 2000 x g for 10 minutes using a Sigma 1-13 centrifuge machine 

(Eppendorf AG, Hamburg, Germany).  
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The supernatants were then dialysed using 3.5 kDa MWCO SnakeSkin™ Dialysis 

Tubing (Thermo Fisher Scientific, Waltham, Massachusetts, USA) against two changes 

of 50 mM Tris-HCl, pH 7.4, with PI over four days, and then against dH2O with PI for 

one more day. The volume of dialysis solution was determined by multiplying the total 

specimens’ volume by 300 (Thermo Fisher, 2014b). G1 extract from each sample was 

then immediately placed in a separate 5 mL tube marked with the specimen number and 

stored at -80°C until used. The remaining proteins in the dentine powder after G1 

extraction were then extracted by the demineralisation of the dentine powder with 0.5 M 

EDTA pH 7.4 and PI for four days; the supernatants were then obtained by 

centrifugation at 2000 x g for 10 minutes. This extraction was repeated four times to 

obtain the EDTA extract (E extract). The extract was dialysed as described for the G1 

extract, then pooled with the G1 extracts obtained from the same specimens and stored 

at -80°C until used. The remaining proteins in the dentine powder after EDTA 

extraction were then extracted to obtain extract (G2) using 4 M guanidine HCl and 65 

mM Tris-HCl, pH 7.4, plus PI; and by repeating the steps described above for the G1 

extract. The G2 extracts were also added to the tubes containing the previous two 

extracts (G1 and E) for each specimen then returned to -80°C storage until used. The 

total extract for each specimen was lyophilised using a Christ Alpha freeze dryer 

(Martin Christ GmbH, Osterode am Harz, Germany) and stored at -80°C until assayed. 
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Figure 4.2 The three step extraction method (Martin-De Las Heras et al., 2000). Figure 

reproduced with permission of the rights holder. 

 

4.2.3 One Step Extraction Method 

The pulverised dentine powder was obtained as described in the three step extraction 

method above ( 4.2.2), protein extraction was then carried out using 0.05 M Tris-HCl,    

4 M guanidine HCl and 0.5 M EDTA plus PI for 72 hours under constant agitation at      

2-4°C. The extract was then clarified by centrifugation at 2000 x g for 10 minutes and 

the supernatants were then dialysed overnight in dialysis tubing against 0.05% (w/v) 

SDS and PI at 2-4°C. The extracts were then lyophilised and immediately stored at        

-80°C until assayed. 
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4.2.4 MMP-2 Assay 

Endogenous levels of total, as well as active, MMP-2 were quantified using QuickZyme 

human MMP-2 activity assay kits (QuickZyme Biosciences, Leiden, Netherlands). 

Specimens were prepared according to the manufacturer’s instruction by adding 220 μL 

of the assay buffer to each specimen and gently mixing. Specimens were then stored on 

ice until used. 

The MMP-2 standards were then prepared by adding 950 μL of the assay buffer to the 

standard vial and gently mixing to produce 32 ng/ mL MMP-2 stock standard. The 

standards were also kept on ice at all times until use. By serial dilution of the 32 ng/ mL 

standard with the assay buffer, as shown in Table  4.1, a 13 point MMP-2 standard curve 

was prepared. 

Two 96 microwell plates (one for the endogenous activity levels assay and one for the 

total MMP-2 assay) were set up and loaded as follows: 

 Two blank wells each loaded with 100 μL of the assay buffer 

 Eight standards in duplicate (2, 1, 0.5, 0.25, 0.125, 0.063, 0.031 and 0.016 ng/ mL)  

100 μL each 

 Twenty-six specimens in triplicate (100 μL each) 

The microwell plates were then sealed and incubated overnight at 2-4°C. 

On the second day, 1 M p-aminophenyl mercuric acetate (APMA) solution was 

prepared by adding 50 μL of dimethyl sulfoxide (DMSO) to the 17.5 mg APMA vial 

and thoroughly mixing it until a clear solution was obtained. Then 5 μL of the 1 M 

APMA solution were mixed with 10 mL of the assay buffer to obtain the ready to use 

0.5 mM APMA solution. The solution was then stored at room temperature until used. 
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The detection reagent was then prepared by gently mixing 550 μL of the detection 

enzyme solution, 880 μL of the substrate solution and 4070 μL of the assay buffer 

together in a vial. The detection reagent was then stored on ice until used. 

The wash buffer was prepared by diluting the X25 concentrated phosphate wash buffer 

with dH2O to 1X ready to use wash buffer. The microwell plates were then washed four 

times. After the washing, 50 μL of 0.5 mM APMA solution were added to the wells 

containing the standards and the wells containing the specimens in the plate where total 

MMP-2 activity was to be measured. In the plate where endogenous MMP-2 activity 

levels were to be quantified, 50 μL of the assay buffer was added to the wells containing 

the specimens. The same amount of assay buffer was also loaded in the blank wells. 

Following that, 50 μL of the detection reagent was added to each well in both of the 

plates. After shaking the plates for 20 seconds, t=0 absorbance values at 405 nm were 

obtained for each plate using the FLUOstar Omega microplate reader (BMG 

LABTECH GmbH, Ortenberg, Germany). The plates were then sealed and incubated at 

37°C for four hours in a moist environment. After the four hours incubation, the plates 

were read again to obtain t=4 absorbance values, then returned to the incubator for 

another two hours to obtain the t=6 absorbance values. The plates were then sealed and 

incubated again at 37°C until the t=22 readings were taken. 
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Table 4.1 MMP-2 standard curve specimen preparation. 

Standard dilution ( μL) Assay buffer ( μL) MMP-2 (ng/ mL) 

250 (32 ng/ mL stock) 250 16.00 

250 (16 ng/ mL) 250 8.00 

250 (8 ng/ mL) 250 4.00 

250 (4 ng/ mL) 250 2.00 

250 (2 ng/ mL) 250 1.00 

250 (1 ng/ mL) 250 0.50 

250 (0.5 ng/ mL) 250 0.25 

250 (0.25 ng/ mL) 250 0.125 

250 (0.125 ng/ mL) 250 0.063 

250 (0.063 ng/ mL) 250 0.031 

250 (0.031 ng/ mL) 250 0.016 

250 (0.016 ng/ mL) 250 0.08 

0 500 0 

 

4.2.5 Assay Results, Interpolation and Statistical Analysis 

Corrected data for each plate was calculated by subtracting the mean of the absorbance 

values obtained from the two blank wells and the absorbance value obtained from each 

well at 570 nm (which represents the background signal from the plate) from the 405nm 

absorbance value of each specimen well. GraphPad Prism® scientific graphing and 

statistics software (GraphPad Software, Inc., La Jolla, California, USA) was used for 

assays results interpolation by linear regression analysis utilising the best fit standard 

curves. 

Using GraphPad Prism®, second degree polynomial curves were found to provide the 

best fit for both the three-step and one-step extraction method data obtained from the 

assays performed after 22 hours of incubation (t=22).  
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The interpolated data obtained from GraphPad Prism® was tested for normality 

utilising the SPSS statistics software package (IBM SPSS Statistics 22, IBM Inc. 

Armonk, New York, USA) and using the Shapiro-Wilk test; which showed 

nonparametric distribution of the data (p≤0.05). Considering the nonparametric 

distribution of the data, Friedman’s two-way analysis of variance (ANOVA) by rank 

was conducted using SPSS. No statistically significant difference was detected between 

the two extraction methods by the Friedman’s test in both total and active MMP-2 

amounts extracted from the specimens; therefore no further statistical analysis was 

carried out. 

 

4.3 MMPs Endogenous Activity Levels in the Different Segments of the Tooth 

This experiment aimed to quantify MMP-2 and -9 endogenous activity levels in three 

different segments of the tooth, namely coronal, mid-root and apical; to detect any 

differences in the activity levels between the different segments of the tooth as well as 

any differences between the two gelatinases within the same segment. 

 

4.3.1 Specimen Preparation  

Nine single-rooted teeth were used for this experiment. After obtaining access to the 

pulp chamber of each tooth using a round diamond bur in a high speed handpiece with 

water spray coolant, the dental pulp was extirpated manually using a combination of 

barbed broaches and endodontic stainless-steel K-files. Distilled water was used for 

irrigation to facilitate the pulp extirpation and pulp canal cleaning. After that, teeth were 

prepared by removing the enamel and cementum layers in addition to any bone 

fragments and/or soft tissues attached to the teeth using a cylindrical diamond bur in a 

high speed handpiece with water spray coolant to create dentine tube forms.  
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The cylindrical diamond bur was then used to obtain three dentine specimens from each 

tooth by transversely cutting each tooth into three segments; coronal, mid-root and 

apical dentine (Figure  4.3). Dentine powder was obtained for protein extraction as 

described in specimen preparation section  4.2.1, and stored at 2-4°C until used. 

 

 

Figure 4.3 MMPs distribution specimen preparation by removing the enamel and 

cementum layers to obtain dentine tube forms. Each dentine tube form was divided 

transversely into three dentine segments; apical (A), mid-root (M) and coronal (C). 

 

4.3.2 Extraction and Semi-Purification of MMPs 

MMP-2 and MMP-9 were extracted from the dentine powder as described in the one 

step extraction method ( 4.2.3). 

 

4.3.3 Assay of MMPs 

MMP-2 and MMP-9 were quantified using the QuickZyme human MMP-2 and MMP-9 

activity assay kits as described for the MMP-2 assay ( 4.2.4). 
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 However, the MMP-9 assay kit manufacturer’s instructions bear some differences in 

comparison to the MMP-2 assay kit. The specimens were prepared and loaded into the 

microwell plate in the same manner. The standards (Table  4.1) were also prepared in the 

same manner with the exclusion of the 0.08 ng/ mL, standard to get a 12 point standard 

curve. 

The reagent preparation and the plate loading were also the same for the two kits. 

However, after adding the APMA solution to the MMP-9 activity assay plate, the plate 

was incubated at 37°C for 90 minutes, the detection reagent was then added to the wells. 

The plate was read immediately after addition of the detection reagent to obtain 

absorbance values at t=0. The reading was repeated at t=4 hours and t=6 hours but not at 

t=22 hours. The data obtained from the plate reader was calculated and analysed in the 

same manner. 

 

4.3.4 Assay Results Interpolation and Statistical Analysis 

The data obtained from reading the plates was calculated and GraphPad Prism® was 

used to obtain the best fit standard curves for the data interpolation, as described in the 

extraction method comparison experiment assay results interpolation and statistical 

analysis ( 4.2.5). Using GraphPad Prism®, third degree polynomial curves were found to 

provide the best fit for both MMP-2 and MMP-9 distribution data obtained from the 

assay preformed after 6 hours of incubation (t=6).  

The interpolated data obtained from GraphPad Prism® was tested for normality 

utilising SPSS and using the Shapiro-Wilk test; which showed nonparametric 

distribution of the data. Considering the nonparametric distribution of the data, the 

Friedman’s two-way ANOVA by rank test was conducted using SPSS to evaluate 

differences between the groups.  
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Statistically significant differences were detected between the groups by the Friedman’s 

test; therefore the pairwise comparison between the groups was conducted using SPSS. 

 

4.4 Western Blotting of MMP-2 and MMP-9 Extracts  

The aim of this experiment was to detect the presence of MMP-2 and -9 in the radicular 

dentine utilising SDS-PAGE and Western blotting.  

 

4.4.1 Specimen Preparation  

Dentine powder was obtained from four human permanent single-rooted teeth roots by 

separating the crowns from the roots at the cemento-enamel junction (CEJ) using a 

cylindrical diamond bur in a high speed handpiece with water spray coolant. The dental 

pulp was extirpated manually using a combination of barbed broaches and endodontic 

stainless-steel K-files. Distilled water was used for irrigation to facilitate the pulp 

extirpation and pulp canal cleaning. After that, teeth were prepared by removing the 

cementum layer in addition to any bone fragments and/or soft tissues attached to the 

teeth using a cylindrical diamond bur in a high speed handpiece with water spray 

coolant. The dentine was then pulverised as described above in section  4.2.1 of this 

thesis. 

 

4.4.2 MMP Extraction and Semi-Purification 

MMP-2 and MMP-9 were extracted from the dentine powder as described in the three 

step extraction method ( 4.2.2) and stored in separate Eppendorf tubes at -80°C until 

used. 
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4.4.3 SDS-PAGE 

Lyophilised specimens were prepared for electrophoresis by loading specimens of the 

four extracts into separate 500 μL Eppendorf tubes in the amounts shown in Table  4.2. 

Loading buffer was prepared by adding 5% (v/v) 2-mercaptoethanol (β-

mercaptoethanol) to the ready made 2X Laemmli sample buffer (Bio-Rad Laboratories 

Inc.) and 60 μL of the loading buffer was added to each specimen. The specimens were 

mixed with the loading buffer using a vortex mixer (Rotamixer 7954, Hook & Tucker 

Ltd., Croydon, UK); then placed in a water bath (Grant SUB6, Grant Instruments Ltd, 

Cambridge, UK) at 95°C for five minutes. The specimens were then centrifuged at 2000 

x g for 10 minutes using a Sigma 1-13 centrifuge. During that time the electrophoresis 

running buffer was prepared by using dH2O to dilute 10x pre-mixed electrophoresis 

buffer TGS (Bio-Rad) which contains a final concentration of 25 mM Tris, 192 mM 

glycine and 0.1% (w/v) SDS with a pH of 8.3.  

Two precast gel cassettes (10% Mini-PROTEAN® TGX Stain-Free™ Protein Gels, 10 

well, 30 µL, Bio-Rad) were also prepared according to the manufacturer’s instructions. 

The electrophoresis module cell (Mini-PROTEAN Tetra Cell, Bio-Rad) was assembled 

and filled with the electrophoresis running buffer. The gel lanes were loaded with the 

specimens and the protein molecular weight markers (MagicMark™ XP Western 

Protein Standard, Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

(Figure  4.4) as shown in Tables 4.3 and 4.4. The electrophoresis module cell was 

connected to the power supply (Power PAC 300, Bio-Rad) and run at a constant 150 V 

for approximately 45 minutes, until the dye front had reached the bottom of the gel 

cassette. Upon completion of the run, the gel cassettes were removed from the 

electrophoresis module cell and opened to retrieve the gels. The gels were immediately 

placed in separate clean plastic containers filled with transfer buffer (Pierce™ 1-Step 
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Transfer Buffer, Thermo Fisher Scientific) which according to the manufacturer 

consists of 1-10% trometamol (Thermo Fisher, 2014a).  

Since Bio Rad stain-free gel contains trihalo compounds that allow rapid fluorescent 

detection of total protein permitting downstream analyses without the requirement for 

fixing and staining, an image of each gel was obtained using the ChemiDoc™ XRS+ 

System Gel Imaging System (Bio-Rad) to visualise the fractionated proteins 

(Figures  5.9 and  5.10). 

 

Table 4.2 Weight of lyophilised extract in the specimens prepared for electrophoresis. 

Specimen Extract weight (mg) 

1 40 

2 20 

3 10 

4 5 

 

 

 

Figure 4.4 MagicMark™ XP western protein standards ladder. 
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4.4.4 Protein Semi-Dry-Transfer 

The protein semi-dry-transfer was performed using a Pierce™ Power Blot Cassette 

(PierceG2, Thermo Fisher Scientific) according to the manufacturer’s instructions by 

placing each gel on top of the nitrocellulose membrane between four Western blotting 

filter sheets (Thermo Fisher Scientific) pre-wetted with the transfer buffer (Thermo 

Fisher Scientific). The machine was operated according to the manufacturer’s 

instructions using the pre-programed settings for mixed range molecular weight 

proteins, which runs at a constant voltage of 25 V at 1.3 A for seven minutes. 

 

4.4.5 Western Blotting 

After the semi-dry-transfer each nitrocellulose membrane blot was placed in 10 mL of 

blocking buffer (1% w/v dried milk in 1xTBST) for around 25 minutes on an orbital 

shaker (Stuart orbital shaker 803, Bibby Scientific Limited, Stone, UK) at room 

temperature. The blots were then incubated in two separate sealed containers with the 

primary antibodies as shown in Tables 4.3 and 4.4. The blots were left on the orbital 

shaker overnight with the room temperature adjusted to 19°C. Next day, the blots were 

rinsed with TBST, then washed three times with TBST for 20 minutes per wash. The 

blots were then incubated with the secondary antibodies as described in Tables 4.3 and 

4.4, then placed on the orbital shaker at room temperature for 60 minutes. The blots 

were then washed three times in TBST for 20 minutes per wash.  

The blots were thoroughly rinsed in TBST then washed with TBS for five minutes and 

then transferred to separate clean vessels and developed using Clarity™ Western ECL 

blotting chemiluminescence substrate (Bio-Rad). The ChemiDoc™ imaging system was 

then used to obtain digital images of the blots (Figures 5.11 and 5.12). The molecular 

weight represented by the bands in the obtained images was then calculated using the 
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ImageJ as well as the Image Lab (Bio-Rad) image processing programs. The calculated 

average of the bands molecular weight was obtained and compared with the predicted 

molecular weight MMP-2 and MMP-9.   

 

Table 4.3 MMP-2 gel loading and antibodies for SDS PAGE electrophoresis and 

Western blotting.  

Gel sample loading Antibodies 

Lane Material Amount 

( μL) 

 

Primary: 

Rabbit anti-MMP-2 IgG 

(Santa Cruz Biotechnology INC., Dallas, 

Texas, USA) 

Diluted in 5 mL of blocking buffer (1:1000)  

 

Secondary: 

Goat anti-rabbit IgG 

(Santa Cruz Biotechnology INC., Dallas, 

Texas, USA) 

Diluted in 5 mL of blocking buffer (1:2000) 

  

1 MagicMark™ XP 2.5 

2 Specimen 1 25 

3 Specimen 2 25 

4 Specimen 3 25 

5 Specimen 4 25 
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Table 4.4 MMP-9 gel loading and antibodies for SDS PAGE electrophoresis and 

Western blotting. 

Gel specimens loading Antibodies 

Lane Material 
Amount 

( μL) 

 

 

Primary: 

Mouse anti-MMP-9 IgG 

(Dako Ltd., Glostrup, Denmark) 

Diluted in 5 mL of blocking buffer (1:1000)  

 

 

Secondary: 

Rabbit anti-mouse IgG 

(Dako Ltd., Glostrup, Denmark) 

Diluted in 5 mL of blocking buffer (1:2000)  

1 MagicMark™ XP 2.5 

3 Specimen 1 25 

5 Specimen 2 25 

7 Specimen 3 25 

10 Specimen 4 25 

 

 

4.5 MMP-2 and MMP-9 Zymography 

The aim of this experiment was to utilise zymography to detect the presence and activity 

of MMP-2 and -9 in the radicular dentine. 

 

4.5.1 Specimen Preparation 

The dentine powder was obtained from four human permanent single-rooted teeth roots 

as described previously in section  4.4.1. 
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4.5.2 MMPs Extraction and Semi-Purification 

MMP-2 and MMP-9 were extracted from the dentine powder as described in the three 

step extraction method section  4.2.2 and stored in Eppendorf tubes at -80°C until 

required. 

 

4.5.3 Gel Zymography 

Pro-MMP-2 and Pro-MMP-9 standards were prepared from human MMP-2 and MMP-9 

Proenzymes (Millipore Ltd., Watford, UK) by diluting the proenzymes in zymogram 

sample buffer (Bio-Rad) to obtain 1 ng/ µL standard Pro-MMP-2 and Pro-MMP-9 

solutions. According to the manufacturer, the buffer contains 62.5 mM Tris-HCl, pH 

6.8, 25% (v/v) glycerol, 4% (w/v) SDS and 0.01% (w/v) bromophenol blue. Active 

MMP-2 and MMP-9 1 ng/ µL standard solutions were also prepared by incubating the 

proenzymes with APMA (Millipore Ltd.) for one hour at 37°C then diluting with 

zymogram sample buffer. Lyophilised specimens were prepared for electrophoresis by 

dissolving each specimen in 50 μL of the zymogram sample buffer at room temperature.  

Thirty microliters of each specimen was then loaded into separate wells of a precast 

10% polyacrylamide Zymogram Ready Gel® (Bio-Rad). Two of the gel wells were 

loaded with 7.5 μL of Precision Plus Protein™ Kaleidoscope™ prestained protein 

standards (Bio-Rad) (Figure  4.5). Another two wells were loaded with MMP-2 and 

MMP-9 standards by dispensing 10 μL of the proenzyme standard solution and 10 μL of 

the activated enzyme standard solution into the same well. The electrophoresis module 

cell was assembled and filled with electrophoresis buffer TGS (Bio-Rad).  

The electrophoresis module cell was connected to the power supply and run at a 

constant 100 V for around 90 minutes.  
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Upon completion of the electrophoresis the cell was disassembled and the gel was then 

incubated in 100 mL of zymogram renaturing buffer (25% Triton X-100) (Bio-Rad) for 

30 minutes at room temperature with gentle agitation on an orbit shaker. The gel was 

then incubated in 100 mL of zymogram development buffer (50 mM Tris-HCl, pH 7.5, 

200 mM NaCl and 5 mM CaCl2) (Bio-Rad) for 30 minutes at room temperature with 

gentle agitation. The gel was then placed in a sealed container with 100 mL of 

zymogram development buffer and incubated overnight at 37°C. Next day, the gel was 

washed twice with 100 mL dH2O for five minutes at room temperature with gentle 

agitation, then photographed to record the location of the protein standard bands in 

relation to the gel margins, prior to staining (Figure  5.13). Following the staining and 

destaining protocol described in Frankowski et al. (2012), Coomassie blue staining 

solution was prepared by mixing 0.125 g Coomassie brilliant blue R-250, 1 mL acetic 

acid, 45 mL ethanol and 54 mL dH2O. The staining solution was filtered and then 

placed on the gel in a plastic container. The gel was agitated in the staining solution on 

the orbital shaker for one hour at room temperature.  

The gel was then placed in a new container with the first destaining solution (125 mL 

ethanol, 50 mL acetic acid and 325 mL dH2O) for 20 minutes, followed by the second 

destaining solution (25 mL ethanol, 37.5 mL acetic acid and 437.5 mL dH2O) for about 

four hours, until clear bands were visualised in the gel. Since the protein standard bands 

were invisible after the staining, images obtained before and after staining were aligned 

to reveal the location of protein standards bands in relation to the gel margins 

(Figure  5.13). 
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Figure 4.5 Kaleidoscope™ prestained protein standards (Bio-Rad (. 

 

4.6 In situ Zymography 

This experiment aimed to use in situ zymography to visualise the MMP’s activity within 

the dentine utilising fluorescent imaging. 

 

4.6.1 Specimen Preparation 

Four human permanent molars were used for this experiment. The specimens were 

obtained by removing the tooth enamel using a cylindrical diamond bur in a high speed 

handpiece with water spray coolant. The dental pulp was then manually removed using 

dental excavators. These were then separated from the roots at the CEJ using the 

cylindrical diamond. The crowns were then invested in self curing clear acrylic resin 

(Orthoresin, Dentsply International Inc., Pennsylvania, USA) and sliced vertically into a 

series of 1-mm-thick disks of coronal dentine using a diamond cutting blade on an 

Isomet® 5000 slow-speed saw (Buehler Ltd., Lake Bluff, IL, USA) with water coolant. 

The dentine slices were then sanded with 600-grit wet sanding paper to create a smear 

layer. Specimens were then washed with dH2O and air dried. RelyX™ Unicem 

Aplicap
TM

 self-adhesive resin cement (3M Company, Minnesota, USA) aplicap 
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capsules were activated and mixed according to the manufacturer’s instructions. The 

resin cement was then applied to one surface of the dentine slice and light cured for 30 

seconds. This was repeated for one dentine slice from each tooth; while another slice 

obtained from the same tooth was left unbonded to the resin cement, to be used as a 

negative control specimen. The dentine specimens were then invested in Orthoresin and 

sliced vertically into 1-mm-thick slabs using the slow-speed saw. Two of the dentine 

slabs and two of the dentine-resin slabs obtained from each tooth were glued to separate 

glass microscope slides using cyanoacrylate cement and ground down to obtain 500-

μm-thick specimens (Figure  4.6). 

 

 

Figure 4.6 In situ zymography specimen preparation by removing the tooth enamel then 

separating the crown from the roots at the CEJ. The crown was then sliced vertically 

into coronal dentine disks, which were then sliced vertically to obtain 1 X 0.5 mm slab-

form specimens.  
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4.6.2 In Situ Zymography Processing 

EnzChek® Gelatinase/Collagenase Assay Kit (Thermo Fisher) was used for this 

experiment. The 10X reaction buffer (50 mL 0.5 M Tris-HCl, 1.5 M NaCl 50 mM 

CaCl2 and 2 mM sodium azide, pH 7.6) was diluted to the working concentration using 

dH2O. The fluorogenic gelatine substrate (DQ™ gelatine, Thermo Fisher) 1.0 mg/ mL 

stock solution was prepared by diluting 1 mg of the lyophilised gelatine in 1.0 mL of 

dH2O. The solution was agitated in an ultrasonic water bath for around five minutes 

then heated to 50°C to facilitate dissolution of the gelatine. The stock solution was then 

diluted with the 1X reaction buffer (1:8) to prepare a 125 ng/ μL fluorogenic gelatine 

substrate solution. Negative-control (non-fluorescent) gelatine solution was prepared by 

dissolving porcine skin gelatine powder (Sigma-Aldrich Co. LLC, St. Louis, Missouri, 

USA) in 1X reaction buffer to form a 125 ng/ μL gelatine substrate solution. 

The specimens obtained from the teeth were prepared for the zymography by placing  

50 μL of the fluorogenic gelatine substrate on one dentine slab and one dentine-resin 

slab. The other two slabs from each tooth (dentine and dentine-resin) were covered with 

50 μL of the non-fluorogenic gelatine substrate. Each specimen was covered with a 

coverslip and the specimens were placed in a light-protected humidified chamber and 

incubated at 37°C for 24 hours. 

 

4.6.3 Fluorescent Imaging 

After the incubation, specimens were viewed at 40X under a compound microscope 

(Motic BA400, Motic Electric
®
, Xiamen, China) with fluorescence attachment (MHG-

100B) with excitation set at 470 nm and emission detection at 515 nm. Digital images 

of the specimens were obtained using the attached digital microscope camera (Moticam 

2500). 
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4.7 Cement Modification 

RelyX™
 
Unicem Aplicap™ unmodified powder was obtained through disassembling 

the aplicap capsules by removing the plastic plungers (Figure  4.7), the powder was then 

collected in a light-protected vial to prevent light exposure. The vial was tightly sealed 

in an airtight plastic pouch and stored at room temperature until used. 

 

 

Figure 4.7 RelyX™
 
Unicem Aplicap™ capsule plastic plunger removal. 

 

4.7.1 Chlorhexidine Modified Cement 

Chlorhexidine modified resin cement was prepared by adding 1.5% w/w of 

chlorhexidine powder (Sigma-Aldrich Co., Missouri, USA) to the required amount of 

the unmodified RelyX™
 
powder. The mix was sealed in a light-protected plastic vial 

and mixed overnight on a tube roller mixer to assure proper mixing. On the next day, 

200 mg of the mixed powder was loaded into each empty RelyX™
 
Aplicap™ capsule. 

The aplicap capsules were then reassembled by inserting the plastic plunger and then 

sealed in a plastic pouch and stored at room temperature until use. 
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4.7.2 Bioglass Modified Cement 

Bioglass modified resin cement was prepared by adding 25% w/w of Bioglass 45S5 

(Sylc® Original P grade powder, Denfotex Research Ltd., London, UK) to the required 

amount of the unmodified RelyX™
 
powder. Since the RelyX™ unmodified powder 

filler content was 70% w/w, adding 25% w/w of Bioglass to the unmodified powder 

produced a mix with 76% w/w filler content; with the Bioglass representing 26% w/w 

of this filler and 10% w/w of the powder. The powder was mixed, reloaded into the 

aplicap capsules and stored as described in CHX modified cement preparation  4.7.1). 

 

4.7.3 CHX and Bioglass Modified (Double Modified) Cement 

Double modified cement was prepared by mixing the original RelyX™
 
powder with 

25% w/w of Bioglass and then adding 1.5% w/w of chlorhexidine. The modified cement 

aplicap capsules were then prepared in the same manner as for the other two mixtures 

and stored until used. 

 

4.8 Cement Physical Properties Testing 

This part of the project aims to evaluate some of the physical properties of the modified 

cements as well as the unmodified RelyX
TM

. Working time, flexural strength, surface 

hardness, radiopacity and film thickness of each cement was evaluated. 

 

4.8.1 Working Time 

The four resin cements (RelyX™, Bioglass-modified, CHX-modified and double 

modified cement) working times were evaluated following the ISO standard (ISO, 
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2009); by testing three specimens of each cement (n=3). After activating the aplicap 

capsule using the Aplicap Capsule Activator (3M Company, Minnesota, USA) and 

following the manufacturer’s instructions; the aplicap capsule contents were mixed 

using RotoMix™ capsule mixing device (3M Company) following the manufacturer’s 

instructions.  

The mix was left in the capsule for 60 seconds then placed as a spheroidal mass on a 

glass microscope slide using the aplicap capsule applier (3M Company). A second glass 

microscope slide was then immediately pressed against the material using a shearing 

action to produce a thin layer of cement between the two glass microscope slides. The 

material was then visually inspected for the formation of a physically homogeneous thin 

layer of cement (Figure  4.8). Any clefts and/or voids formed in the specimen during 

testing were considered to be a result of fast setting and the specimen would be deemed 

to have failed the test. 

 

 

Figure 4.8 Working time testing specimen prepared by placing a spheroidal mass of the 

cement on a glass microscope slide then pressing against the cement using a second 

glass microscope slide to produce a thin layer of cement between the two glass 

microscope slides. The material was then visually inspected for the formation of a 

physically homogeneous thin layer of cement. 
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4.8.2 Flexural Strength 

4.8.2.1 Specimen Preparation  

Five specimens (n=5) of each cement (RelyX™, Bioglass-modified, CHX-modified and 

double modified cement) were prepared using a custom made acrylic mould 25 x 4 x 3 

mm (Figure  4.9). The aplicap capsules were activated and mixed as described in 

working time specimen preparation ( 4.8.1) and the mix was then placed into the mould 

until it was slightly overfilled.  

A matrix strip of 0.05 mm thick transparent polyester (No. 686, Kerr Dental Europe, 

Bioggio, Switzerland) was then placed over the material in the mould and pressed using 

a glass microscope slide to allow the production of a specimen with a flat smooth 

surface. The material was then light cured through the glass slide using an LED curing 

light (Radii plus, SDI Limited, Victoria, Australia) by first irradiating the specimen 

centre then moving the curing light across the entire length of the specimen. The 

specimen was then carefully removed from the acrylic mould, visually inspected for any 

defects and then placed upside down in a light curing oven (Solidilite V, SHOFU INC., 

Kyoto, Japan) where it was irradiated for 60 seconds to ensure complete curing of the 

resin cement. Each specimen was placed in a separate 1.5 mL Eppendorf tube filled 

with distilled water and marked with the specimen number; then stored for 24 hours at 

37°C in an incubator (Gallenkamp, London, UK) until tested. 

 

 

Figure 4.9 Flexural strength testing mould used for specimen preparation. 
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4.8.2.2 Specimen Testing 

After the 24 hours incubation, each specimen was removed from the incubator then 

gently abraded using abrasive paper to remove any excess material.  

The specimen dimensions were then measured using a micrometre (MW1965 M, 

Bowers Metrology Ltd. Bradford, England). The specimen was then placed on a 

flexural strength testing jig in the universal testing machine (Instron® 4469; Instron 

Ltd., High Wycombe, England) (Figure  4.10).  

 

 

Figure 4.10 Flexural strength testing specimen in the three-point bend test jig mounted 

on the universal testing machine. 

 

The flexural strength testing jig is a three-point bend test apparatus consisting of two 

metal rollers mounted parallel to each other with 20 mm between their centres. The 

third rod is mounted centred between the other two rods and parallel to them, to form 

the three-point loading system (Figure  4.10). 
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Using the universal testing machine a load was applied to the specimen at a cross-head 

speed of 1 mm/min until the specimen fractured. The maximum load exerted on the 

specimen at the point of fracture was recorded (F). 

The flexural strength (σ) was calculated for each specimen using the following 

equation: 

 

σ =
3𝐹𝑙

2 𝑏ℎ2
 

where 

F is the maximum load, in newtons, exerted on the specimen; 

l is the distance, in millimetres, between the supports; in this case 20 mm. 

b is the width, in millimetres, at the centre of the specimen measured immediately 

prior to testing; 

h is the height, in millimetres, at the centre of the specimen measured immediately 

prior to testing. 

 

4.8.2.3 Statistical Analysis 

Normal distribution was tested utilising SPSS and using the Shapiro-Wilk test which 

showed normal distribution of the results (p>0.05). Statistical differences between the 

groups were determined using one-way analysis of variance (ANOVA); and since no 

statistically significant difference was found between the four tested cements at the 

p≤0.05 level, no post hoc test was conducted. 
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4.8.3 Surface Hardness 

4.8.3.1 Specimen Preparation 

Five specimens (n=5) of each cement (RelyX™, Bioglass-modified, CHX-modified and 

double modified cement) were prepared using a custom made acrylic mould that 

produces specimen disks 8 mm in diameter and 5 mm thick (Figure  4.11). The mould 

was fixed over a glass slab with a 0.05 mm thick transparent polyester matrix film 

separating the mould from the slab. The aplicap capsules were activated and mixed as 

described in working time specimen preparation ( 4.8.1), then the mix was placed in 

each mould hole in increments and each increment was light cured using an LED curing 

light. This was repeated until the mould was slightly overfilled. 

A strip of transparent polyester film was then placed over the unset material in the 

mould and pressed using a glass microscope slide to allow the production of a specimen 

with a flat, smooth surface. The material was then light cured through the glass slide 

using an LED curing light. This was repeated until all of the mould holes were filled 

with the test materials. The whole mould was then placed in the light curing oven where 

it was irradiated for 60 seconds to ensure complete curing of the resin cement. The 

mould containing the specimens was placed in a plastic container filled with distilled 

water then stored for 24 hours at 37°C until tested. 

 

 

Figure 4.11 Surface hardness specimen’s mould containing the cements specimens. 
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4.8.3.2 Specimen Testing 

After removing the specimens from the incubator, a TIV hardness tester (General 

Electric, Fairfield, Connecticut, USA) was used to measure the surface hardness. Three 

random readings were obtained from each specimen surface. 

 

4.8.3.3 Statistical Analysis 

Normal distribution of the results was confirmed utilising SPSS and the Shapiro-Wilk 

test (p>0.05). Statistical differences between the groups were determined using one-

way ANOVA; and since no statistically significant difference was found between the 

four tested cements at the p<0.05 level, no post hoc test was conducted. 

 

4.8.4 Radiopacity 

4.8.4.1 Specimen Preparation 

Five specimens (n=5) of each cement (RelyX™, Bioglass-modified, CHX-modified and 

double modified cement) were prepared using a custom-made acrylic mould that 

produced specimen disks 5 mm in diameter and 1 mm thick (Figure  4.12). The 

specimens were prepared as described in surface hardness specimen preparation 

( 4.8.3.1). 

After the preparation of the specimens, the mould containing the specimens was placed 

in a plastic container filled with distilled water, then stored for 24 hours at 37°C. 

A 1 mm thick, 5 x 5 cm aluminium plate (R.I.C.E Metals Limited, Truro, UK) was also 

used for this test. 
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Figure 4.12 Radiopacity specimens mould containing the cements specimens. 

 

The dentine specimen needed for the radiopacity test was obtained by separating the 

crown of a caries and restoration-free human permanent molar from the roots at the CEJ 

using a cylindrical diamond bur in a high speed handpiece with water spray coolant. 

The crown was then invested in self curing clear acrylic resin and sliced longitudinally 

into 1-mm-thick disks using a diamond cutting blade on an Isomet® 5000 slow-speed 

saw with water coolant. The dentine specimens were then stored in dH2O at room 

temperature until used. 

 

4.8.4.2 Specimen Testing 

After removing the specimen mould from the incubator, the specimens were carefully 

removed from the mould and each group of specimens (n=5) was then placed in the X-

ray unit on an intraoral digital X-ray sensor (Kodak RVG 6000 Digital X-ray Sensor 

Size 2, Eastman Kodak Company, Rochester, New York, USA) together with the 

dentine specimen and the aluminium plate (Figure  4.13). 
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Figure 4.13 Radiopacity testing specimens setup. 

 

Three X-ray images were obtained for each group of specimen under identical 

conditions using X-Mind
®
 DC intraoral the X-ray system (Acteon Satelec, Bordeaux, 

France). The X-ray images were obtained using a 12 inch cone, with 0.25 seconds 

exposure of 70 kV, 8 mA. The digital X-ray images obtained were analysed using 

ImageJ 1.48v image processing and analysis software (NIH, Bethesda, Maryland, 

USA). ImageJ was used to calculate the Mean Gray Value (MGV) for three random 20 

× 20 pixel regions around the centre of each cement specimen X-ray image; in addition 

to three random regions on the dentine specimen’s X-ray image and three random 

regions on the aluminium specimen’s X-ray image. In total 63 random (MGV) values 

were obtained from each specimens group (45 readings from cement specimens, nine 

readings from the dentine specimen and nine readings from the aluminium specimen). 

The mean of the nine aluminium MGVs was accepted as the aluminium MGV; and the 

mean of nine dentine MGVs was accepted as the dentine MGV. The mean of the 45 

cement specimens MGVs was accepted as the cement MGV and the cement radiopacity 

was calculated using the following equations: 
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Radiopacity ( mm Al)=
Cement MGV

Aluminium MGV
                    Radiopacity ( mm Dentine)=

Cement MGV

Dentine MGV
 

  

4.8.4.3 Statistical Analysis 

Normal distribution of the results was confirmed utilising SPSS and using the Shapiro-

Wilk test (p>0.05). Statistical differences between the groups were determined using 

one-way ANOVA; which showed a statistically significant difference between the four 

cements tested. Therefore, Tukey's honestly significant difference (HSD) post hoc test 

was conducted to compare the tested groups. 

 

4.8.5 Film Thickness 

After activating and mixing the aplicap capsule as described in surface hardness 

specimen preparation ( 4.8.3.1), the contents of the capsule were placed as a spheroidal 

mass on the centre of a 150 x 75 mm, 0.2 mm thick transparent polyester sheet placed 

over a 150 x 75 mm, 18 mm thick glass slab (Instrument Glasses Ltd, Enfield, UK) 

(Figure  4.14-A). The cement was immediately covered with another transparent 

polyester sheet and a second glass slab (Figure  4.14-B). A 15 Kg load was slowly 

lowered onto the test block and applied for 10 minutes (Figure  4.14-C). The load and 

the top glass slab were removed and the specimen was light cured through the top 

polyester sheet using an LED curing light (Radii plus). The specimen film thickness was 

calculated by measuring the total thickness of the specimen with the two polyester 

sheets (Figure  4.14-D) using a digital micrometre with 1 μm graduations (R414, 

ROEBUCK Ltd., Surrey, UK); then subtracting the thickness of the two polyester sheets 

(0.4 mm). Three measurements were obtained from three random parts of the cement 
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specimen. This was repeated using five specimens of each cement to obtain a total of 15 

measurements (n=15) for each cement (RelyX™, Bioglass-modified, CHX-modified 

and double modified cement). 

 

 

Figure 4.14 Film thickness testing. (A) The cement was placed on the transparent 

polyester sheet placed over a glass slab. (B) The cement was then covered with another 

transparent polyester sheet and a second glass slab. (C) A 15 Kg load was lowered onto 

the test block and applied for 10 minutes. (D) The load and the top glass slab were 

removed and the specimen was light cured through the top polyester sheet.  

 

4.8.5.1 Statistical Analysis 

Normal distribution of data was tested for utilising SPSS and using the Shapiro-Wilk 

test which showed normal distribution of the results (p>0.05). Statistical differences 

between the groups were determined using one-way ANOVA; and since no statistically 

significant difference was found between the four tested cements at the p≤0.05 level, no 

post hoc test was conducted. 
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4.9 Short- and Long-Term Storage Samples 

This part of the project aimed to evaluate the short- and long-term storage effect on the 

specimen’s push-out bond strength and MMPs activity in the specimens. After filling 

the dentine specimens with the test cements, the specimens were stored and then tested 

as outlined in the flowchart below. (Figure  4.15). 

 

 
Figure 4.15 Short- and long-term storages experiment design flowchart. 

 

4.9.1 Artificial Saliva Preparation 

The three stock solutions of artificial saliva were prepared according to the method 

described in Darvell (1978) as explained in section  2.6 of this thesis. Before using the 

artificial saliva, the three solutions were diluted to the working concentrations then 

mixed together. The pH was then adjusted to 6.8 and the solution was filtered using a 

0.25 μm syringe filter. 
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4.9.2 Sample-Size Calculation 

Since no previous similar studies were available to use as a reference for sample size 

calculation, the results obtained from the first group of short-term storage specimens 

(n=5) were considered as pilot results and used to calculate the required sample size. 

After obtaining the push-out bond strength (Table  5.26) and MMP-9 assay results 

(Table  5.27) for the specimens, a repeated measures ANOVA was performed with 0.05 

significance level and 95% confidence intervals. 

The partial Eta squared (η
2

p
) values obtained from the within-subjects effects tests (0.157 

for the bond-strength and 0.217 for the MMP-9 content) were then used to calculate the 

sample-size utilising G*Power sample-size calculation software (UCLA, Los Angeles, 

California, USA). The results obtained from the calculations indicated that eight 

specimens would be required for the MMP-9 assay and nine specimens for the push-out 

bond strength testing for the rejection of the null hypothesis with a probability (power) 

of 0.8 and Type I error probability (Alpha) of 0.05. In light of these calculations, the 

decision was made to use ten specimens in each group of samples totalling 100 

specimens. However, 50 extra specimens were added to the long-term storage samples 

as a backup for any further investigations which might be needed by the end of the long-

term storage period. As described in the experiment design flowchart (Figure  4.15), 

those fifty specimens were later used for long- term push-out bond strength evaluation.  

 

4.9.3 Specimen Preparation  

Thirty human permanent single-rooted teeth were prepared by separating the crowns of 

the teeth from the roots at the CEJ using a cylindrical diamond bur in a high speed 

handpiece with water spray coolant. The dental pulp was extirpated manually using a 

combination of barbed broaches and endodontic stainless-steel K-files.  
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Distilled water was used for irrigation to facilitate the pulp extirpation and cleaning of 

the pulp canals. After that, teeth were prepared by removing the cementum layer in 

addition to any bone fragments and/or soft tissues attached to the teeth using a 

cylindrical diamond bur in a high speed handpiece with water spray coolant creating 

dentine tube forms (Figure  4.16). The roots were then invested in cubes of clear self-

curing acrylic resin and the cubes containing the roots were sectioned horizontally into 

2.5 mm thick serial slices (Figure  4.17) using a diamond cutting blade on a slow-speed 

saw with water coolant.  

The five slices obtained from the mid-root portion of each tooth were selected for the 

experiment resulting in a total of 150 specimens. The specimens were numbered and 

one specimen from each tooth was randomly assigned to one of the ten experiment 

groups (short-term storage groups A, B, C, D and E, and long-term storage groups A, B, 

C, D and E) with ten specimens in each short-term storage group and twenty specimens 

in each long-term storage groups. Eight of the specimen groups were randomly assigned 

to the four tested cements and the remaining two groups were used as an unrestored 

negative control as shown in Table 4.5. 

The specimens were prepared for filling by drilling the root canal lumen of each 

specimen using a round diamond bur in a low-speed handpiece with water coolant to 

obtain standardised cavities 2 mm in diameter (Figure  4.18). After the specimen 

preparation each group was stored at room temperature in a separate plastic vial 

containing dH2O until they were filled. 
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Figure 4.16 Prepared root dentine for specimen preparation. 

 

 

 

 

Figure 4.17 Specimen preparation by root slicing . The five specimens obtained from 

the mid-root portion were used while the apical and the coronal parts were discarded. 
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Table 4.5 Specimen assignment to short- and long storage experiment groups. The 

specimens were numbered and one specimen from each tooth was randomly assigned to 

one of the ten experiment groups A, B, C, D or E. 

Short-term storage samples 

(One week) 

Long-term storage samples 

(Nine Months) 

Group 
Number of 

specimens (n) 
Material Group 

Number of 

specimens (n) 
Material 

A 10 
RelyX™ 

cement 
A 20 

RelyX™ 

cement 

B 10 

Bioglass 

modified 

cement 

B 20 

Bioglass 

modified 

cement 

C 10 
CHX modified 

cement 
C 20 

CHX modified 

cement 

D 10 

Double 

modified 

Cement 

D 20 

Double 

modified 

Cement 

E 10 Unrestored E 20 Unrestored 

 

 

 

Figure 4.18 Dentine specimen prepared for filling. 
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4.9.4 Specimens Filling 

Prior to filling, the specimens were placed in a 10% (w/v) citric acid solution in an 

ultrasonic bath (SFE 590/1, 30 kHz, Ultrawave Ltd, Cardiff, UK) for five minutes to 

remove the smear layer and then cleaned by transferring to a 4% (w/v) solution of 

sodium hypochlorite and subjected to ultrasonication for another five minutes. The 

specimens were then washed with dH2O, dried and each specimen was placed on a 

transparent polyester strip over a glass microscope slide to allow the production of a 

filling with a smooth surface. The aplicap capsules were activated and mixed as 

described in working-time specimen preparation ( 4.8.1 ). The root canal lumen of each 

specimen was filled with the selected cement and the surface of the filling material was 

adjusted and smoothed using a flat plastic instrument (Figure  4.19). Each specimen was 

then light cured for 30 seconds using an LED curing light, removed from the glass slide 

and visually inspected for any filling defects then placed in a separate 1.5 mL 

Eppendorf tube containing 1 mL of artificial saliva and marked with the specimen 

number. The specimens were then stored at 37°C until the end of the assigned storage 

period. The short-term storage samples were stored for one week and the long-term 

storage samples were stored for nine months. During the storage period of the long-term 

storage samples the artificial saliva solution was replaced with a fresh mix every two 

weeks. 

 

Figure 4.19 Dentine specimen filled with the one of tested cements. 
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4.9.5 Push-Out Bond Strength Testing 

Upon completion of the storage period for each specimen group, the push-out test was 

carried out using a universal testing machine (Instron® 4469) (Figure  4.20). The 

specimens were supported over a metal platform that had a 4 mm diameter hole to 

provide support for the specimen and a space for material displacement (Figure  4.19). A 

custom made cylindrical metal plunger (1 mm in diameter) was attached to the load cell 

of the testing machine and load was applied vertically to the centre of the material at a 

crosshead speed of 0.5 mm/min until the filling material was dislodged. Specimens were 

centrally positioned so that the plunger would only contact the filling material and not 

the dentine. 

The failure load (F) for each specimen was recorded and the push-out bond strength (S) 

was determined using the formula (S = F / A) were (A) was the adhered area in mm
2
. 

The adhered area was calculated for each specimen using the formula (A = π × D × H). 

Where (π) was 3.142, (D) was the diameter of the cavity drilled in the specimen (2 mm) 

and (H) was the thickness of the specimen as measured using a micrometre immediately 

before testing (Figure  4.21). 
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Figure 4.20 Push-out testing setup on the universal testing machine (Instron® 4469). 

 

 

 

Figure 4.21 Push-out experiment setup design. The specimen was supported over a 

metal platform that had a four millimetre diameter hole to provide support for the 

specimen as well as space for material displacement. A custom made cylindrical metal 

plunger (1 mm in diameter) was attached to the load cell of the testing machine and load 

was applied vertically to the centre of the material until the filling material was 

dislodged. The failure load for each specimen was recorded by the universal testing 

machine (Instron® 4469). 
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4.9.5.1 Statistical Analysis Results 

Bond strength data was tested for normality utilising the statistical package SPSS and 

the Shapiro-Wilk test; which showed normal distribution of the data obtained from the 

short- and long-term storage specimens. The Friedman’s test was conducted and no 

statistically significant difference was detected between the push-out bond strength of 

all of the tested cements after the short-term storage. However, statistically significant 

differences were found in the push-out bond strength results after the long-term storage. 

In light of this, a Pairwise comparison was conducted to compare the tested cement’s 

push-out bond strength. 

 

4.9.5.2 Failure Mode Analysis 

Failure mode was analysed by examining each debonded specimen under X6 

magnification. Failures were classified as: 

Type I: Adhesive failure at the cement-dentine interface. 

Type II: Cohesive failure within the cement. 

Type III: Mixed failure in both the cement and at the material-dentine interface, 

(Figure  4.22).  

The Chi-square test was conducted to analyse the distribution trend of the results. 
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Figure 4.22 Fillings failure modes. Type I: Adhesive failure at the cement-dentine 

interface, Type II: Cohesive failure within the cement and Type III: Mixed failure in 

both the cement and at the material-dentine interface. 

 

4.9.6 MMP Extraction and Semi-Purification 

After the filling materials were pushed-out of the specimens and after analysing the 

failure modes, any remaining cement that had adhered to the specimen was manually 

removed using endodontic hedstrom files. 

The dentine specimens were then pulverised as described in the extraction method 

specimen preparation (section  4.2.1), then MMP-2 and MMP-9 were extracted from the 

dentine powder as described in the one step extraction method (  4.2.3).  

 

4.9.7 MMP Assay 

MMP-2 and MMP-9 were quantified using QuickZyme human MMP-2 and MMP-9 

activity assay kits as described for MMP-2 assay ( 4.2.4) and MMP-9 assay ( 4.3.3). 
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4.9.8 Assay Results: Interpolation and Statistical Analysis 

In addition to standards and blank wells, the number of wells available for test samples 

(96 microwell plate) was only enough to assay specimens obtained from five teeth.  

Therefore, each group of specimens was divided into two subgroups (A and B) which 

were tested using two assay kits; and the data obtained from each kit was interpolated 

separately as shown in Tables 4.6 and 4.7. 

The absorbance data obtained from reading the plates was calculated, and GraphPad 

Prism® was used to obtain the best fit standard curves for the data interpolation as 

described in extraction methods comparison experiment assay results interpolation and 

statistical analysis ( 4.2.5). 

 

Table 4.6 Best fit standard curve selection for the short-term storage specimen groups. 

Since the number of wells available for test samples (96 microwell plate) was only 

enough to assay specimens obtained from five teeth. Each specimen group (n=10) was 

divided into two subgroups (A and B) and quantified using a separate assay kit. t= assay 

incubation time (hours) that was required to obtain the best readings from the microwell 

plate. 

Specimen group Best fit curve for assay data interpolation 

MMP-2-A Second degree polynomial curve at t=6h. 

MMP-2-B Second degree polynomial curve at t=22h. 

MMP-9-A Second degree polynomial curve at t=4h. 

MMP-9-B Second degree polynomial curve at t=6h. 
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Table 4.7 Best fit standard curve selection for the long-term storage specimen groups. 

Since the number of wells available for test samples (96 microwell plate) was only 

enough to assay specimens obtained from five teeth. Each specimen group (n=10) was 

divided into two subgroups (A and B) and quantified using a separate assay kit. t= assay 

incubation time (hours) that was required to obtain the best readings from the microwell 

plate. 

Specimen group Best fit curve for assay data interpolation 

MMP-2-A Second degree polynomial curve at t=22h. 

MMP-2-B Second degree polynomial curve at t=22h. 

MMP-9-A Second degree polynomial curve at t=6h. 

MMP-9-B Second degree polynomial curve at t=6h. 

 

 

4.9.8.1 Statistical Analysis 

The interpolated data obtained from GraphPad Prism® was tested for normality 

utilising SPSS and using the Shapiro-Wilk test. The Friedman’s two-way ANOVA by 

rank test was conducted to evaluate differences between the groups.  
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CHAPTER 5. RESULTS 

5.1 Comparison of Extraction Methods 

This experiment was carried out to compare the efficiency of the two extraction 

methods i.e. the Three Step Extraction Method ( 4.2.2) and the One Step Extraction 

Method ( 4.2.3) in MMP-2 extraction and the effect of the extraction method on the 

activation of MMP-2. Dentine specimens were obtained for this experiment as described 

in section  4.2.1. Each sample tooth was divided into two similar halves and one half was 

assigned to each extraction method. The total as well as the active amounts of MMP-2 

extracted using each method were compared. 

 The experiment was conducted as described in sections  4.2.2 and  4.2.3. The MMP-2 

assay was performed as described in section  4.2.4, where MMP-2 stock standards were 

prepared for the assay by serial dilution until the 13 point MMP-2 standard curve 

specimens were obtained (Table  4.1).  

The MMP-2 content of the specimen extracts and the stock standards were quantified 

using QuickZyme human MMP-2 activity assay kits as described in MMP-2 assay 

(section  4.2.4). The absorption data obtained from the standard specimens duplicate 

mean using the microplate reader was used to create the interpolation curves. 

The results as shown in figures 5.3 and 5.4 have revealed that the one step extraction 

protocol adapted in this study was as effective in extracting the dentine MMP-2 as three 

step extraction protocol. 
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5.1.1 Interpolation Curves 

Utilising the data obtained from the standard curve specimens of each samples group, 

the best fit interpolation curve was created as described in section  4.2.5 and used for 

data interpolation utilising GraphPad Prism® software. 

 

 

Figure 5.1 Extraction methods comparison second degree polynomial standard curve 

obtained for total MMP-2 standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of extraction methods 

comparison results. The R
2
 coefficient (>0.9) and polynomial regression equation are 

displayed next to the line of best fit. 
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Figure 5.2 Extraction methods comparison second degree polynomial standard curve 

obtained for active MMP-2 standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of extraction methods 

comparison results. The R
2
 coefficient (>0.9) and polynomial regression equation are 

displayed next to the line of best fit. 

 

5.1.2 Assay Results 

GraphPad Prism® scientific graphing and statistics software was used for results 

interpolation and MMP content calculation by linear regression analysis utilising the 

best fit standard curves as described in section  4.2.5. 
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Table 5.1 Three- and one-step extraction methods comparison MMP-2 assay results. 

Two specimens were obtained from each tooth and each specimen was assigned to one 

of the two extracting methods. The amount of active and total MMP-2 extracted from 

each sample was compared.  

Specimen 

Total MMP-2 extracted 

(ng/g of dentine) 
Active MMP-2 extracted 

(ng/g of dentine) 

Three step 

method 

One step 

method 

Three step 

method 

One step 

method 

1 1.15 7.70 0.53 5.44 

2 11.72 7.68 11.32 4.95 

3 2.46 2.25 1.92 1.74 

4 9.10 6.23 4.43 3.21 

5 7.15 5.05 4.94 1.98 

6 21.27 3.25 8.25 2.69 

7 2.11 2.27 1.45 1.15 

8 4.27 11.40 0.93 5.66 

9 0.68 2.10 1.41 1.54 

10 2.91 9.01 2.07 4.55 

11 9.30 5.11 3.71 2.51 

12 1.98 9.56 1.03 5.96 

13 41.52 14.94 20.69 7.58 
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5.1.3 Statistical Analysis 

In addition to testing the data for normality using the Shapiro-Wilk normality test, SPSS 

was utilised for calculation of the results descriptive statistics (mean and standard 

deviation). 

 

5.1.3.1 Total Extracted MMP-2 

Two specimens were obtained from each tooth and each specimen was assigned to one 

of the two extraction methods. The total amount of MMP-2 extracted from each sample 

was quantified to compare the two extraction methods efficiency. 

 

Table 5.2 Descriptive statistics and the Shapiro-Wilk normality test results for MMP-2 

total extraction results showing nonparametric distribution of the three-step extraction 

method results (p<0.05) and normal distribution of the one-step extraction method 

results (p>0.05). 

Extraction method 

Mean 

ng/g of dentine 

Std. 

Deviation 

Significance 

level 

Three step 
8.89 11.36 0.001 

One step 
6.66 3.91 0.394 
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Figure 5.3 Extraction method related-samples Friedman’s two-way ANOVA by rank 

test results showing no significant difference between the two extraction methods in the 

total amounts of extracted MMP-2 (p>0.05). Sig.= Significance level.  

 

5.1.3.2 Extracted Active MMP-2  

Two specimens were obtained from each tooth and each specimen was assigned to one 

of the two extraction methods. The amount of active MMP-2 extracted from each 

sample was quantified to compare the efficiency of the two extraction methods. 
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Table 5.3 Descriptive statistics and the Shapiro-Wilk normality test results for active 

MMP-2 extraction results showing nonparametric distribution of the three-step 

extraction method results (p<0.05) and normal distribution of the one-step extraction 

method results (p>0.05). 

Extraction method 

Mean 

ng/g of dentine 

Std. 

Deviation 

Significance level 

Three step 4.82 5.73 0.001 

One step 3.77 2.04 0.362 

 

 

 

Figure 5.4 Extraction method related-samples Friedman’s two-way ANOVA by rank 

test results showing no significant difference in the amounts of extracted active MMP-2 

between the two extraction methods (p>0.05). Sig.= Significance level. 
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5.2 MMP Endogenous Activity Levels in the Different Segments of the Tooth 

This experiment was conducted to evaluate the distribution of endogenously active 

MMP-2 and MMP-9 in the different segments of the tooth dentine. Dentine specimens 

were obtained as described in section  4.3.1 by dividing each tooth into three dentine 

segments (apical, mid-root and coronal dentine). Endogenously active MMP-2 and 

MMP-9 were extracted from the three dentine segments and prepared for the assay. The 

extracts were quantified together with the standard curve specimens using QuickZyme 

human MMP-2 and MMP-9 activity assay kits as described in section  4.3.3 to evaluate 

the MMPs activity in the different tooth segments. 

The data obtained from the assays utilising the microplate reader was used to create the 

interpolation curves. 

The results have shown differences in the endogenous MMPs activity between the 

different portions of the root as well as significantly higher endogenous MMP-2 and -9 

activities in the coronal dentine in comparison to the radical dentine (Tables 5.6 and 

5.9). 

 

5.2.1 MMP-2 Endogenous activity 

The findings of this experiment show differences in the endogenous MMP-2 activity 

between the different portions of the root. 

 

5.2.1.1 Interpolation Curve 

Utilising the data obtained from the MMP-2 standard curve specimens, the best fit 

interpolation curve (Figure  5.5) was created as described in  4.3.4 and used for data 

interpolation utilising GraphPad Prism® software. 
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Figure 5.5 Endogenously active MMP-2 third degree polynomial standard curve 

obtained from assay of standards in duplicates after incubating the assay microplate for 

6 hours. This curve was used for the interpolation of extraction methods comparison 

results. The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next 

to the line of best fit. 

 

5.2.1.2 Assay Results and Statistical Analysis 

GraphPad Prism® scientific graphing and statistics software was used for assay results 

interpolation and MMP-2 content calculation by linear regression analysis utilising the 

best fit standard curves as described in section  4.3.4 of this thesis. 
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Table 5.4 Amounts of endogenously active MMP-2 (ng/g of dentine) extracted from the 

tested specimens. 

Specimen Active MMP-2 (ng/g of dentine) 

Crown Mid-Root Apex 

1 1.21 4.06 0.00 

2 1.83 0.34 0.14 

3 1.28 1.05 0.47 

4 0.37 0.00 0.08 

5 3.43 0.79 0.06 

6 0.22 0.00 0.13 

7 1.28 0.14 0.00 

8 0.86 0.90 0.00 

9 0.85 1.40 0.02 

 

Table 5.5 MMP-2 endogenous activity descriptive statistics and the Shapiro-Wilk 

normality test results for the amounts of endogenously active MMP-2 extracted from the 

different segments of the tested teeth showing nonparametric distribution of the 

amounts extracted from the crowns and the mid-root portions (p<0.05), and normal 

distribution of the amounts extracted from the teeth apices (p>0.05). 

Root Portion 

Mean 

ng/g of dentine 

Std. Deviation Significance level 

Crown 1.258 0.952 0.087 

Mid-root 0.964 1.263 0.004 

Apex 0.098 0.148 0.001 



106 

 

 

Figure 5.6 MMP-2 endogenous activity related-samples Friedman’s two-way ANOVA 

by rank test results showing statistically significant difference between the amounts of 

MMP-2 extracted from the different segments of the tested teeth (p≤0.05).  

 

Table 5.6 Pairwise comparison of the amounts of MMP-2 extracted from the different 

segments of the tooth showing significant difference between the amounts in the crowns 

in comparison to the amounts in the roots apices (* p=0.007).  

Sample1-Sample2 Significance level 

Mid root – Crown 0.716 

Apex – Mid root 0.178 

Apex - Crown 0.007* 
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5.2.2 MMP-9 Endogenous Activity 

The findings of this experiment show differences in the endogenous MMP-9 activity 

between the different portions of the root. 

 

5.2.2.1 Interpolation Curve 

GraphPad Prism® scientific graphing and statistics software was used for assays results 

interpolation and MMP-9 content calculation by linear regression analysis utilising the 

best fit standard curves as described in section   4.3.4. 

Utilising the data obtained from the MMP-9 standard curve specimens, the best fit 

interpolation curve (Figure  5.7) was created as described in section   4.3.4 and used for 

data interpolation utilising GraphPad Prism® software. 

 

 

Figure 5.7 Endogenously active MMP-9 third degree polynomial standard curve 

obtained from standard duplicates assay after incubating the assay microplate for 6 

hours. This curve was used for the interpolation results from the extraction methods 

comparison results. The R
2
 coefficient (>0.9) and polynomial regression equation are 

displayed next to the line of best fit. 
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5.2.2.2 Assay Results and Statistical Analysis 

GraphPad Prism® scientific graphing and statistics software was used for assays results 

interpolation and MMP-9 content calculation by linear regression analysis utilising the 

best fit standard curves as described in section  4.3.4. 

 

Table 5.7 Amounts of endogenously active MMP-9 (ng/g of dentine) in different 

segments of the tested specimens. 

Specimen Crown 

ng/g of dentine 

Mid-Root 

ng/g of dentine 

Apex 

ng/g of dentine 

1 0.03 0.75 0.00 

2 0.68 0.19 0.00 

3 0.43 0.18 0.00 

4 0.00 0.00 0.00 

5 1.17 0.37 0.00 

6 0.21 0.00 0.00 

7 0.07 0.00 0.00 

8 0.49 0.18 0.00 

9 0.40 0.42 0.00 
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Table 5.8 Descriptive statistics and the Shapiro-Wilk normality test results for the 

amounts of endogenously active MMP-9 extracted from the different segments of the 

tested teeth showing normal distribution of the amounts extracted from the teeth crowns 

and mid-root segments of the tested specimens(p>0.05). However, since the results 

obtained from the roots apices were constant (=0), those results were omitted from the 

test.  

Root Portion 
Mean 

ng/g of dentine 
Std. Deviation Significance level 

Crown 
0.39 0.37 0.243 

Mid-root 
0.23 0.25 0.113 

Apex 
*Apex results were constant and have been omitted. 

 

 

 

 

Figure 5.8 Related-samples Friedman’s two-way ANOVA by rank test results showing 

statistically significant difference between the amounts of MMP-9 extracted from the 

different segments of the tested teeth (p≤0.05). Sig.= Significance level. 
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Table 5.9 Pairwise comparison of the amounts of MMP-9 extracted from the different 

segments of the tooth showing significant difference between the amounts in the crowns 

in comparison to the amounts in the roots apices (* p=0.007). 

Sample1-Sample2 Significance level 

Apex – Mid root  0.178 

Apex - Crown 0.007* 

Mid root – Crown 0.716 

 

 

5.3 Western Blotting 

Western blotting was used to demonstrate the presence of proenzyme and active MMPs 

in the dentine obtained from the roots of human teeth. After the extraction and semi-

purification of MMPs from the dentine specimens as previously described in 

sections  4.4.1 and  4.4.2, SDS PAGE electrophoresis of the specimens was carried out as 

described in section  4.4.3. An image of each gel (MMP-2 and MMP-9 gel) was then 

obtained using the ChemiDoc™ XRS+ System Gel Imaging System (Bio-Rad) to 

visualise the fractionated proteins (Figures 5.9 and 5.10).  

Protein Semi-Dry-Transfer was then performed to transfer the proteins from the gel to a 

PVDF membrane utilising Pierce™ Power Blot Cassette as described in sections  4.4.4. 

After obtaining the blots as described in the Western blotting section of this thesis 

( 4.4.5), images of the MMP-2 and MMP-9 blots (Figures  5.11 and  5.12) were obtained 

using ChemiDoc™ imaging system as described in section 4.4.5. The obtained images 

revealed the presence of active MMP-2 and -9 in the dentine. 
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Figure 5.9 MMP-2 stain-free gel image obtained using ChemiDoc™ showing the 

fractionated protein standards and specimens. Lane 1 was loaded with 2.5 µL of 

MagicMark™ XP Western protein standard. Lanes 2-5 were loaded each with 25 µL of 

sample. Samples1, 2, 3 and 4 were prepared by mixing 40, 30, 20 and 10 mg of the 

dentine MMPs extract in 60 µL of loading buffer.  
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Figure 5.10 MMP-9 stain-free gel image obtained using ChemiDoc™ showing the 

fractionated protein standards and specimens. Lane 1 was loaded with 2.5 µL of 

MagicMark™ XP Western protein standard. Lanes 3, 5, 7 and 10 were loaded each with 

25 µL of sample. Samples1, 2, 3 and 4 were prepared by mixing 40, 30, 20 and 10 mg 

of the dentine MMPs extract in 60 µL of loading buffer. 
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Figure 5.11 MMP-2 blot image obtained using ChemiDoc™ showing active MMP-2 in 

all of the tested dentine specimens. Lanes 1-4 were each loaded each with 25 µL of 

sample. Samples1, 2, 3 and 4 were prepared by mixing 40, 30, 20 and 10 mg of the 

dentine MMPs extract in 60 µL of loading buffer. Lane 5 was loaded with 7.5 µL of 

MagicMark™ XP Western protein standard. The blot was incubated in (1:1000) rabbit 

anti-MMP-2 IgG primary antibodies then (1:2000) goat anti-rabbit IgG secondary 

antibodies and then developed using Clarity™ Western ECL blotting 

chemiluminescence substrate. The molecular weight represented by the bands was 

calculated using the ImageJ as well as the Image Lab (BioRad) image processing 

programs. The calculated average of the bands molecular weight was 61.8 kDa while 

active MMP-2 has a predicted molecular weight is 62 kDa. 



114 

 

 

Figure 5.12 MMP-9 blot image obtained using ChemiDoc™ showing active MMP-9 in 

all of the tested dentine specimens. Lane 1 was loaded with 7.5 µL of MagicMark™ XP 

Western protein standard. Lanes 3, 5, 7 and 10 were loaded each with 25 µL of sample. 

Samples1, 2, 3 and 4 were prepared by mixing 40, 30, 20 and 10 mg of the dentine 

MMPs extract in 60 µL of loading buffer. The nitrocellulose membrane blot was 

incubated in (1:1000) mouse anti-MMP-9 IgG primary antibodies then (1:2000) rabbit 

anti-mouse IgG secondary antibodies and then developed using Clarity™ Western ECL 

blotting chemiluminescence substrate. The molecular weight represented by the bands 

was calculated using the ImageJ as well as the Image Lab (BioRad) image processing 

programs. The calculated average of the bands molecular weight was 82.3 kDa while 

active MMP-9 has a predicted molecular weight is 82 kDa. 

 

5.4 Zymography 

Gel zymography was used as an electrophoretic technique for the detection of MMPs 

proteolytic activity of the specimens extracted from the human dentine samples. After 

the extraction and semi-purification of the MMPs from the dentine specimens as 

described in sections 4.5.1 and 4.5.2, electrophoresis of the specimens as well as the 

active and the proenzyme MMP standards was carried out as described in section  4.5.3. 
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After washing the gel as described in  section 4.5.3, the gel was photographed to record 

the location of protein standards bands in relation to the gel margins prior to staining 

(Figure  5.13-I). After the gel staining with Coomassie brilliant blue, the images 

obtained before and after staining were aligned to reveal the location of the protein 

standards bands in relation to the gel margins (Figure  5.13). The bands corresponding to 

MMP-2 and MMP-9 hydrolytic activity were visualised in the gel (Figure  5.14). 

 

 

Figure 5.13 Zymography gel images obtained before and after staining aligned to reveal 

the location of protein standards bands in relation to the gel margins. 

 

 

Figure 5.14 Stained zymography gel image showing pro- and active MMP-2 and -9 in 

all of the tested specimens. Areas of MMP proteolytic activity are seen as light bands 

against the dark stained background. 
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5.5 In situ zymography 

In situ zymography was conducted to confirm the ability of RelyX
TM

 resin cement to 

release and activate MMPs from the human dentine. The dentine specimens obtained by 

slicing human permanent molars utilising a slow-speed saw were prepared for testing as 

described above in section  4.6.1. The first group of the negative control specimens was 

not bonded to RelyX
TM

 to show that limited or no MMPs activity is present in the 

dentine specimens when not bonded to the cement. The negative control specimens in 

the second group were covered with a layer of RelyX
TM

, then treated with non-

fluorescent gelatine to show that MMPs activity would not be detectible under 

fluorescence microscope without using the fluorogenic gelatine substrate (Figure  5.15). 

The test specimens were bonded to RelyX
TM

 resin cement and treated with fluorogenic 

gelatine substrate then visualised under the fluorescence microscope to detect the 

location of MMPs activity within the specimens (Figure  5.16). 

The obtained images have shown gelatinolytic activity in the dentine specimens bonded 

to RelyX
TM 

cement (Figures 5.15 and 5.16). 
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5.5.1 Negative Control Specimens 

 

Figure 5.15 In situ zymography negative control specimens. No fluorescence activity 

was observed under the fluorescence microscope (40X) in any of the images acquired 

from the negative control specimens (A-B Unrestored specimens treated with non- 

fluorescence gelatine. C-D RelyX
TM

 bonded specimens treated with non- fluorescence 

gelatine. E-F Unrestored specimens treated with fluorogenic gelatin). 
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5.5.2 Test Specimens 

 

Figure 5.16 In situ zymography test specimens.Varying degrees of fluorescence activity 

(indicated by bright green colouration on the images) were observed within the hybrid 

layer and/or along the dentinal tubules (*) in all of the specimens bonded to RelyX
TM

 

cement and treated with the fluorogenic gelatine substrate when viewed at 40X under 

the fluorescence microscope. Images A, C, E and G showing the hybrid layer between 

the RelyX and dentine. Images B, D, F and H showing the dentinal tubules. 
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5.6 Physical Property Testing of the Cements 

5.6.1 Working Time 

The working time of the unmodified RelyX™ cement, as well as the three modified 

cements (Bioglass, CHX and Double modified cement) was evaluated as described in 

section  4.8.1. The cements were mixed and examined after 60 seconds and the results 

confirmed that all of the specimens passed the minimum working time required by the 

relevant ISO standard (ISO, 2009) (Table  5.10). 

 

Table 5.10 Working time test results of the cement specimens tested shows that all of 

the tested specimens have passed. i.e. the working-time is ≥ 60 seconds. 

Material 
Specimens 

1 2 3 4 5 

RelyX™cement Pass Pass Pass Pass Pass 

Bioglass modified cement Pass Pass Pass Pass Pass 

CHX modified cement Pass Pass Pass Pass Pass 

Double modified cement Pass Pass Pass Pass Pass 

 

5.6.2 Flexural Strength 

After preparing the specimens required for flexural strength testing of the cements as 

described in section  4.8.2.1, the flexural strength of each specimen was calculated 

utilising the universal testing machine as described in section  4.8.2.2. The flexural 

strength of the samples was calculated and evaluated against the requirements of the 

relevant ISO standard (ISO, 2009). All of the tested specimens fulfilled the ISO 

requirement of flexural strength ≥ 50 MPa (Table  5.11). The statistical analysis of the 

results showed that the modifications of the cements did not cause any statistically 

significant change in the flexural strength (Table  5.13). 
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Table 5.11 Flexural strength test results for the tested cement specimens. Specimen 

dimensions L=Length, h=High and b=Thickness. F=Maximum load exerted on the 

specimen. σ= Flexural strength. 

Material Specimens 

Dimensions 

f (Newtons) σ(MPa) L (mm) h (mm) b (mm) 

R
el
y
X
™
C
e
m
en
t 

1 22 2.51 2.95 39.6 59.83 

2 22 2.39 3.02 41.6 62.98 

3 22 2.41 3.04 40.3 59.71 

4 22 2.63 3.03 45.6 62.32 

5 22 2.61 2.95 42.2 61.31 

B
io

g
la

ss
 m

o
d

if
ie

d
 c

em
en

t 1 22 2.68 3 38.9 53.22 

2 22 2.52 2.94 41.6 63.02 

3 22 2.38 2.91 37.6 61.57 

4 22 2.3 3.04 37.6 58.37 

5 22 2.35 3.01 38.9 60.29 

C
H

X
 m

o
d

if
ie

d
 c

em
en

t 

1 22 2.53 3 36.5 52.90 

2 22 2.5 2.86 40.3 65.03 

3 22 2.48 2.98 42.7 63.98 

4 22 2.56 2.99 43 62.00 

5 22 2.49 2.99 40.3 59.74 

D
o
u

b
le

 m
o
d

if
ie

d
 c

em
en

t 1 22 2.51 2.93 40.3 61.72 

2 22 2.51 2.94 37.6 57.19 

3 22 2.71 2.88 42.3 62.10 

4 22 2.69 2.92 43 61.87 

5 22 2.44 2.95 41.6 64.65 
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Table 5.12 Flexural strength test results descriptive statistics and the Shapiro-Wilk 

normality test results for the tested cements showing normal distribution of the flexural 

strength measurements (p>0.05). 

Material 
Mean 

(MPa) 

Std. Deviation Significance level 

RelyX™cement 
61.23 1.46 0.425 

Bioglass modified cement 
59.29 3.80 0.519 

CHX modified cement 
60.73 4.82 0.347 

Double modified cement 
61.51 2.70 0.301 

 

 

Table 5.13 Flexural strength test one-way ANOVA results showing no significant 

statistical difference between the group’s flexural strength (p>0.05). df= Degrees of 

Freedom. F=Ratio of the mean squares. Sig.= Significance level. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 14.539 3 4.846 0.412 0.747 

Within Groups 188.328 16 11.771   

Total 202.867 19    
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5.6.3 Surface Hardness 

The specimens required for the surface hardness testing of the cements were prepared as 

described in section  4.8.3.1 and the surface hardness of each specimen was calculated 

(Table  5.14) utilising the hardness tester as described in section  4.8.3.2. The surface 

hardness of the cements specimens was calculated and the statistical analysis of the 

results showed no statistically significant differences were induced by the cement's 

modification (Table  5.16). 

 

Table 5.14 Surface hardness test results for the tested cement specimens. 

Material Specimens 
Reading (HV) 

1 2 3 

RelyX™Cement 

1 206 221 225 

2 204 205 203 

3 222 190 220 

4 193 222 228 

5 212 225 192 

Bioglass modified cement 

1 206 201 204 

2 193 190 198 

3 195 209 180 

4 218 193 204 

5 193 175 200 

CHX modified cement 

1 212 223 232 

2 218 181 203 

3 219 223 220 

4 193 210 184 

5 209 225 216 

Double modified cement 

1 213 225 206 

2 200 214 204 

3 205 199 209 

4 230 209 191 

5 200 203 208 
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Table 5.15 Surface hardness results descriptive statistics and the Shapiro-Wilk 

normality test results for the tested cements, showing normal distribution of the surface 

hardness values (p>0.05).  

Material Mean Std. Deviation Significance level 

RelyX™cement 
211.20 13.11 0.091 

Bioglass modified cement 
197.27 10.90 0.886 

CHX modified cement 
211.20 15.04 0.123 

Double modified cement 
207.73 9.95 0.317 

 

 

Table 5.16 Surface hardness one-way ANOVA results showing no significant statistical 

difference between the groups surface hardness (p>0.05). df= Degrees of Freedom. 

F=Ratio of the mean squares. Sig.= Significance level. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 827.350 3 275.783 1.518 0.248 

Within Groups 2907.200 16 181.700   

Total 3734.550 19    
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5.6.4 Radiopacity 

The radiopacity of each cement (RelyX™, Bioglass-modified, CHX-modified and 

double modified cement) was measured and compared to the radiopacity of a human 

dentine specimen as well as the radiopacity of an aluminium specimens, as described in 

section  4.8.4.1 and  4.8.4.2. After calculating the radiopacity of each specimen, the 

results were evaluated against the relevant ISO standard guidance. The radiopacity of all 

of the tested specimens exceeded the ISO required minimum (Table  5.19). The 

statistical analysis of the results (Table  5.21) revealed a statistically significant increase 

in the radiopacity of the three modified cements in relation to the unmodified RelyX
TM

 

cement. Therefore, plotting of the radiopacity means of the tested cements (Figures 5.17 

and 5.18) and the Tukey's HSD post hoc test to compare the tested groups (Table  5.22) 

were conducted.  

 

 

Figure 5.17 X-ray image obtained of the radiopacity testing specimens setup showing 

the aluminium, dentine and cement specimens. 
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Table 5.17 Radiopacity test results for the tested cements specimens. 

Material Specimen 

X-ray image 1 X-ray image 2 X-ray image 3 

Reading (MGV) Reading (MGV) Reading (MGV) 

1 2 3 1 2 3 1 2 3 

Relay-X 

Cement 

Cement 1 235 227 241 230 239 233 227 223 227 

Cement 2 232 220 225 228 233 229 234 235 232 

Cement 3 234 235 231 237 235 235 227 236 232 

Cement 4 227 225 232 219 226 228 215 227 222 

Cement 5 225 220 238 243 226 218 231 227 234 

Dentine 96 100 108 87 100 97 93 100 109 

Aluminium 105 106 106 109 105 94 101 109 103 

Bioglass 

modified 

cement 

Cement 1 238 238 226 239 230 228 223 238 239 

Cement 2 235 237 242 247 246 239 233 235 232 

Cement 3 223 227 238 226 227 234 235 231 238 

Cement 4 242 239 228 236 231 220 226 234 234 

Cement 5 232 228 235 228 222 228 233 243 239 

Dentine 122 113 102 107 112 100 115 108 101 

Aluminium 95 119 109 83 112 103 100 110 92 

CHX 

modified 

cement 

Cement 1 243 236 240 223 237 237 228 236 240 

Cement 2 238 236 235 232 245 232 224 228 229 

Cement 3 240 236 240 234 234 232 230 237 231 

Cement 4 235 231 230 234 241 234 239 234 235 

Cement 5 218 236 242 235 234 228 233 243 229 

Dentine 101 99 119 101 104 106 93 96 112 

Aluminium 109 109 98 97 98 83 96 98 86 

Double 

modified 

cement 

Cement 1 247 235 233 243 236 229 234 234 252 

Cement 2 243 243 248 226 223 244 241 235 247 

Cement 3 240 243 238 232 232 228 234 234 250 

Cement 4 240 227 231 229 240 231 233 238 233 

Cement 5 228 231 242 239 242 223 236 242 243 

Dentine 95 89 110 99 112 100 105 106 101 

Aluminium 131 116 94 123 109 92 116 104 87 
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Table 5.18 Radiopacity results descriptive statistics and the Shapiro-Wilk normality test 

results for the tested cements, showing normal distribution of the specimens radiopacity 

(p>0.05). 

Material 
Mean 

MGV 

Std. Deviation Significance level 

RelyX™cement 229.67 6.23 0.759 

Bioglass modified cement 233.38 6.44 0.597 

CHX modified cement 234.31 5.49 0.349 

Double modified cement 236.71 7.10 0.648 

Aluminium 102.97 10.87 0.757 

Dentine 103.27 7.96 0.803 

 

 

Table 5.19 Radiopacity results for all of the tested cements showing higher radiopacity 

in comparison to aluminium and dentine specimens of a similar thickness. 

Material Radiopacity (mm Al) Radiopacity (mm Dentine) 

RelyX™cement 2.20 2.32 

Bioglass modified cement 2.28 2.14 

CHX modified cement 2.41 2.27 

Double modified cement 2.19 2.32 
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Table 5.20 Dentine and aluminium MGV values descriptive statistics and the Shapiro-

Wilk normality test results. The 36 MGVs obtained from the aluminium specimen and 

the 36 MGVs obtained from the dentine specimen are showing normal distribution of 

the radiopacity (p>0.05). 

Material MGV Mean Std. Deviation Significance level 

Aluminium 102.97 10.87 0.757 

Dentine 103.28 7.96 0.803 

 

 

Table 5.21 Radiopacity test one-way ANOVA results showing a statistically significant 

difference in the radiopacity of the tested cements (p≤0.05). df= Degrees of Freedom. 

F=Ratio of the mean squares. Sig.= Significance level. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 1155.483 3 385.161 9.583 0.000 

Within Groups 7073.467 176 40.190   

Total 8228.950 179    
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Table 5.22 Radiopacity results Tukey's (HSD) post hoc test showing statistically 

significant differences in radiopacity of the tested cements (* p≤0.05). 

(I) Material (J) Material Mean Difference 

(I-J) 

Significance level 

RelyX™

cement 

Bioglass 

modified cement 

-3.71111
*
 0.031* 

CHX modified 

cement 

-4.64444
*
 0.004* 

Double 

modified cement 

-7.04444
*
 0.000* 

Bioglass 

modified 

cement 

RelyX™ cement 3.71111
*
 0.031* 

CHX modified 

cement 

-0.93333 0.898 

Double 

modified cement 

-3.33333 0.064 

CHX modified 

cement 

RelyX™ cement 4.64444
*
 0.004* 

Bioglass 

modified cement 

0.93333 0.898 

Double 

modified cement 

-2.40000 0.279 

Double 

modified 

cement 

RelyX™ cement 7.04444
*
 0.000* 

Bioglass 

modified cement 

3.33333 0.064 

CHX modified 

cement 

2.40000 0.279 
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Figure 5.18 Plotting of the radiopacity means of the tested cements showing the mean 

difference between the groups. 

 

 

Figure 5.19 Box-plotting of the radiopacity results for the tested cements showing the 

MGV differences between the groups. 
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5.6.5 Film Thickness 

The film thickness of the unmodified RelyX™ cement as well as the three modified 

cements (Bioglass, CHX and double modified cement) was tested in accordance with 

the relevant ISO guidelines as described in section  4.8.5. The obtained results were 

evaluated against the relevant ISO standard requirements (ISO, 2009) and all of the 

tested cements produced specimens with a film thickness of less than the maximum (50 

μm) thickness required by the ISO standard (Table  5.23). No statistically significant 

differences in the film thickness were found between the tested cements (Table  5.25). 

 

Table 5.23 Film thickness test results. 

Cement film thickness (μm) 

RelyX™cement 
Bioglass modified 

cement 

CHX modified 

cement 

Double modified 

cement 

25 24 35 28 

24 22 37 24 

25 25 34 25 

36 29 26 31 

34 31 23 34 

39 28 25 33 

24 32 31 35 

22 36 31 36 

23 35 27 35 

33 29 23 30 

32 29 28 24 

32 31 26 32 

30 32 28 35 

27 32 29 31 

26 31 31 32 
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Table 5.24 Film thickness results descriptive statistics and the Shapiro-Wilk normality 

test results for the tested cements specimens showing normal distribution of the film 

thickness measurements (p>0.05). 

Material 
Mean 

(μm) 
Std. Deviation Significance level 

RelyX™cement 28.80 5.28 0.247 

Bioglass modified cement 29.73 3.85 0.509 

CHX modified cement 28.93 4.22 0.640 

Double modified cement 31.00 4.07 0.072 

 

 

 

Table 5.25 Film thickness measurements one-way ANOVA results showing no 

significant difference between the tested cements (p>0.05). df= Degrees of Freedom. 

F=Ratio of the mean squares. Sig.= Significance level. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 76.867 3 25.622 1.399 0.253 

Within Groups 1025.467 56 18.312   

Total 1102.333 59    
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5.7 Short and Long-term Storage Samples 

Dentine samples from the roots of human teeth were collected and prepared as 

described in specimen preparation ( 4.9.3). The specimens were filled with the tested 

cements and stored in artificial saliva as described in sections  4.9.1 and  4.9.4. Upon 

completion of the storage period, the strength of the bond formed between the dentine 

and the filling cement were measured as described in push-out bond strength testing 

( 4.9.5). The active MMP-2 and MMP-9 were then extracted and semi-purified from the 

dentine specimens, as described in MMP extraction and semi-purification ( 4.9.6) and 

MMP assay ( 4.9.7). The results obtained from the short-term storage specimens (Tables 

5.28, 5.37 and 5.39) and the long-term storage specimens (Tables 5.30, 5.38 and 5.40) 

were compared and statistically analysed to evaluate the effects of modification of the 

cement on the bond strength and MMPs activity. 

No statistically significant correlation was found between the cement type and the MMP 

activity (Figures 5.35, 5.36, 5.42 and 5.43). 

On the other hand, no statistically significant differences were found in bond strength 

after the short-term storage (Figure 5.19). However, after the long-term storage the 

double modified cement demonstrated a significantly higher bond strength in 

comparison to the unmodified RelyX
TM

 cement (Figure 5.20 and Table  5.32). 

 

5.7.1 Sample-Size Calculation 

Since no similar studies were available to use as a reference for sample size calculation, 

the MMP-9 content and push-out bond strength results obtained from the first group of 

short-term storage specimens (Tables 5.26 and 5.27) were considered as pilot results 

and used to calculate the required sample size as described in section  4.9.2.  
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Table 5.26 Active MMP-9 content of the pilot specimens (ng/g of dentine). 

Tooth 
RelyX™

cement 

Bioglass 

modified 

cement 

CHX 

modified 

cement 

Double 

modified 

Cement 

Unfilled 

1 0.44 1.80 0.85 0.64 0.00 

2 0.25 1.23 0.54 0.23 0.71 

3 0.00 0.00 0.99 0.00 0.74 

4 0.00 0.00 0.00 0.09 1.06 

5 1.51 1.22 0.15 0.00 1.14 

 

 

Table 5.27 Push-out bond strength of the pilot specimens (MPa). 

Tooth RelyX™cement 

Bioglass 

modified cement 

CHX modified 

cement 

Double modified 

Cement 

1 1.42 1.57 1.37 1.76 

2 2.23 1.59 2.45 2.06 

3 1.13 2.15 1.44 1.23 

4 1.15 1.87 1.52 1.35 

5 1.22 1.47 1.29 1.46 
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5.7.2 Push-Out Bond Strength 

 

Table 5.28 Push-out bond strength of the short-term storage specimens (MPa). 

Specimen RelyX™cement 

Bioglass 

modified cement 

CHX modified 

cement 

Double modified 

cement 

1 1.42 1.57 1.37 1.76 

2 2.23 1.59 2.45 2.06 

3 1.13 2.15 1.44 1.23 

4 1.15 1.87 1.52 1.35 

5 1.22 1.47 1.29 1.46 

6 2.32 2.07 2.58 1.78 

7 1.97 1.75 1.33 2.02 

8 1.19 1.46 1.03 1.15 

9 1.67 1.29 1.43 1.40 

10 0.95 1.49 0.55 1.22 
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5.7.2.1 Statistical Analysis 

 

Table 5.29 Short-term storage specimens push-out bond strength descriptive statistics 

and the Shapiro-Wilk normality test results showing normal distribution of the bond 

strength values (p>0.05). 

Material Mean 

MPa 

Std. Deviation Significance level 

RelyX™cement 1.525 0.493 0.139 

Bioglass modified cement 1.671 0.282 0.396 

CHX modified cement 1.499 0.605 0.114 

Double modified cement 1.543 0.337 0.200 
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Table 5.30 Push-out bond strength of the long-term storage specimens (MPa). 

Specimen 
RelyX™

cement 

Bioglass modified 

cement 

CHX modified 

cement 

Double modified 

cement 

1 0.65 0.81 0.77 0.78 

2 0.91 1.09 1.59 0.89 

3 1.00 1.79 1.22 1.01 

4 0.99 1.07 1.53 1.59 

5 1.20 2.36 1.48 1.55 

6 1.26 1.65 1.10 1.22 

7 0.78 2.16 1.30 0.63 

8 1.22 1.17 0.61 1.28 

9 0.95 1.21 1.58 1.58 

10 1.89 0.85 1.38 1.42 

11 0.71 0.88 1.17 2.13 

12 1.06 1.38 1.51 1.57 

13 1.35 1.21 1.41 1.67 

14 1.02 1.64 0.96 1.09 

15 1.33 1.02 1.17 0.68 

16 1.51 1.97 1.24 2.42 

17 1.18 0.82 1.96 1.24 

18 1.06 1.58 0.64 1.80 

19 0.64 0.81 1.06 1.39 

20 1.12 0.48 1.18 1.35 
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Table 5.31 Long-term storage specimens push-out bond strength results descriptive 

statistics and the Shapiro-Wilk normality test results showing normal distribution of the 

bond strength values (p>0.05). 

Material Mean 

MPa 

Std. Deviation Significance level 

RelyX™cement 1.091 0.301 0.393 

Bioglass modified cement 1.298 0.506 0.361 

CHX modified cement 1.243 0.335 0.755 

Double modified cement 1.364 0.458 0.739 
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Table 5.32 Pairwise comparison of the tested cement push-out bond strength after long-

term storage showing a significant difference between the push-out bond strength of the 

double modified cement in comparison to the unmodified RelyX™ cement (* p=0.020). 

Sample1-Sample2 Significance level 

RelyX™ Cement– Bioglass modified cement 1.000 

RelyX™ Cement – CHX modified cement 0.668 

RelyX™ Cement –Double modified cement 0.020* 

Bioglass modified cement – CHX modified cement 1.000 

Bioglass modified cement – Double modified cement 0.668 

CHX modified cement - Double modified cement 1.000 

 

 

 

Figure 5.22 RelyX
TM

 cement short and long-term storage push-out bond strength 

results related-samples Friedman’s two-way ANOVA by rank test results showing no 

statistically significant difference in the bond strength after the storage (p>0.05). Sig.= 

Significance level. 
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Figure 5.23 Bioglass modified cement short and long-term storage push-out bond 

strength results related-samples Friedman’s two-way ANOVA by rank test results 

showing no statistically significant difference in the bond strength after the storage 

(p>0.05). Sig.= Significance level. 

 

 

 

Figure 5.24 CHX modified cement short and long-term storage push-out bond strength 

results related-samples Friedman’s two-way ANOVA by rank test results showing no 

statistically significant difference in the bond strength after the storage (p>0.05). Sig.= 

Significance level. 
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Figure 5.25 Double modified cement short and long-term storage push-out bond 

strength results related-samples Friedman’s two-way ANOVA by rank test results 

showing no statistically significant difference in the bond strength after the storage 

(p>0.05). Sig.= Significance level. 

 

5.7.2.2 Failure Mode Analysis 

Table 5.33 Failure mode analysis results of the short-term storage specimens. Type I: 

Adhesive failure at the cement-dentine interface, Type II: Cohesive failure within the 

cement and Type III: Mixed failure in both the cement and at the material-dentine 

interface. 

Material 

Failure mode 

I 

Adhesive 

Failure 

II 

Cohesive 

Failure 

II 

Mixed 

Failure 

RelyX™cement 5 3 2 

Bioglass modified cement 4 4 2 

CHX modified cement 4 3 3 

Double modified cement 5 2 3 
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Figure 5.26 Failure-mode analysis results chart for the different tested cements after the 

short-term storage. Type I: Adhesive failure at the cement-dentine interface, Type II: 

Cohesive failure within the cement and Type III: Mixed failure in both the cement and 

at the material-dentine interface. 

 

Table 5.34 Short-term storage Chi-square test results showed no statistically significant 

association between the cement type and failure mode after the short-term storage 

(p>0.05). 

Chi-square test Significance level 

Pearson Chi-Square 0.833 

Likelihood Ratio 0.831 

Linear-by-Linear Association 0.158 
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Table 5.35 Failure mode analysis results for the long-term storage specimens. Type I: 

Adhesive failure at the cement-dentine interface, Type II: Cohesive failure within the 

cement and Type III: Mixed failure in both the cement and at the material-dentine 

interface. 

Material 

Failure mode 

I 

Adhesive 

Failure 

II 

Cohesive 

Failure 

II 

Mixed 

Failure 

RelyX™cement 6 8 6 

Bioglass modified cement 4 8 8 

CHX modified cement 4 10 6 

Double modified cement 4 10 6 

 

 

 

Figure 5.27 Failure-mode analysis results chart for the different tested cements after the 

long-term storage. Type I: Adhesive failure at the cement-dentine interface, Type II: 

Cohesive failure within the cement and Type III: Mixed failure in both the cement and 

at the material-dentine interface. 
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Table 5.36 Long-term storage specimens Chi-square test results showed that there was 

no statistically significant association between the cement type and failure mode after 

the long-term storage (p>0.05). 

Chi-square test Significance level 

Pearson Chi-Square 0.992 

Likelihood Ratio 0.993 

Linear-by-Linear Association 0.849 

 

5.7.3 Active MMPs Assay 

Standard curves were produced from the standard duplicates assay, and used for the 

interpolation of MMP activity in the specimen  

 

5.7.3.1 Interpolation Curves 

 

 

Figure 5.28 Second degree polynomial standard curve obtained from short-term storage 

MMP-2 group A specimens standard duplicates assay after incubating the assay 

microplate for 6 hours. This curve was used for the interpolation of MMP-2 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit. 
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Figure 5.29 Second degree polynomial standard curve obtained from short-term storage 

MMP-2 group B specimens standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of MMP-2 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit.  

 

 

Figure 5.30 Second degree polynomial standard curve obtained from short-term storage 

MMP-9 group A specimens standard duplicates assay after incubating the assay 

microplate for 4 hours. This curve was used for the interpolation of MMP-9 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit. 
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Figure 5.31 Second degree polynomial standard curve obtained from short-term storage 

MMP-9 group B specimens standard duplicates assay after incubating the assay 

microplate for 6 hours. This curve was used for the interpolation of MMP-9 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit. 

 

 

 

Figure 5.32 Second degree polynomial standard curve obtained from long-term storage 

MMP-2 group A specimens standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of MMP-2 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit.  
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Figure 5.33 Second degree polynomial standard curve obtained from long-term storage 

MMP-2 group B specimens standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of MMP-2 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit.  

 

 
 

Figure 5.34 Second degree polynomial standard curve obtained from long-term storage 

MMP-9 group A specimens standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of MMP-9 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit.  
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Figure 5.35 Second degree polynomial standard curve obtained from long-term storage 

MMP-9 group B specimens standard duplicates assay after incubating the assay 

microplate for 22 hours. This curve was used for the interpolation of MMP-9 activity. 

The R
2
 coefficient (>0.9) and polynomial regression equation are displayed next to the 

line of best fit.  
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5.7.3.2 Active MMP-2 Assay Results 

 

Table 5.37 Short-term storage specimens active MMP-2 content assay results showing 

the amounts of  active MMP-2 in each specimen (ng/g of dentine) for all of the tested 

cements as well as the negative control unfilled specimens.. 

Specimen 
RelyX™

cement 

Bioglass 

modified 

cement 

CHX 

modified 

cement 

Double 

modified 

cement 

Unfilled 

1 0.33 1.44 3.45 3.13 2.35 

2 2.51 1.66 2.13 1.39 0.78 

3 1.26 0.00 2.62 0.00 0.12 

4 0.98 0.00 0.00 0.00 0.00 

5 3.07 0.00 0.28 0.00 1.16 

6 4.04 4.24 0.66 0.15 0.00 

7 0.00 0.48 0.03 0.24 0.06 

8 0.00 0.19 0.73 3.29 2.67 

9 1.69 0.00 0.49 0.00 0.00 

10 0.44 1.31 0.00 2.56 0.00 
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Table 5.38 Long-term storage samples active MMP-2 content assay results showing the 

amounts of  active MMP-2 in each specimen (ng/g of dentine) for all of the tested 

cements as well as the negative control unfilled specimens. 

Specimen 
RelyX™

cement 

Bioglass 

modified 

cement 

CHX 

modified 

cement 

Double 

modified 

cement 

Unfilled 

1 0.00 0.01 0.00 0.00 0.01 

2 0.00 0.00 0.00 0.00 0.00 

3 0.01 0.00 0.00 0.00 0.00 

4 0.00 0.01 0.00 0.02 0.01 

5 0.01 0.02 0.00 0.02 0.02 

6 0.04 0.03 0.03 0.00 0.03 

7 0.03 0.08 0.04 0.00 0.02 

8 0.00 0.01 0.03 0.02 0.08 

9 0.02 0.02 0.02 0.00 0.01 

10 0.03 0.01 0.01 0.00 0.03 
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5.7.3.3 Active MMP-9 Assay Results 

 

Table 5.39 Short-term storage samples active MMP-9 content assay results showing the 

amounts of  active MMP-9 in each specimen (ng/g of dentine) for all of the tested 

cements as well as the negative control unfilled specimens. 

Specimen 
RelyX™

cement 

Bioglass 

modified 

cement 

CHX 

modified 

cement 

Double 

modified 

cement 

Unfilled 

1 0.44 1.80 0.85 0.64 0.00 

2 0.25 1.23 0.54 0.23 0.71 

3 0.00 0.00 0.99 0.00 0.74 

4 0.00 0.00 0.00 0.09 1.06 

5 1.51 1.22 0.15 0.00 1.14 

6 3.92 12.84 0.00 0.00 2.28 

7 0.00 0.00 0.50 2.50 0.00 

8 11.29 0.00 2.19 7.00 0.00 

9 0.00 0.00 0.00 0.00 0.00 

10 0.52 1.63 4.33 0.00 0.17 
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Table 5.40 Long-term storage samples active MMP-9 content assay results showing the 

amounts of  active MMP-9 in each specimen (ng/g of dentine) for all of the tested 

cements as well as the negative control unfilled specimens. 

Specimen 
RelyX™

cement 

Bioglass 

modified 

cement 

CHX 

modified 

cement 

Double 

modified 

cement 

Unfilled 

1 0.01 0.01 0.01 0.00 0.01 

2 0.00 0.01 0.01 0.00 0.02 

3 0.01 0.00 0.01 0.00 0.00 

4 0.00 0.00 0.01 0.00 0.00 

5 0.00 0.00 0.00 0.00 0.00 

6 0.01 0.00 0.00 0.00 0.01 

7 0.00 0.00 0.00 0.00 0.00 

8 0.00 0.01 0.00 0.00 0.00 

9 0.00 0.02 0.00 0.02 0.01 

10 0.01 0.01 0.00 0.00 0.02 
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5.7.3.4 Active MMP-2 and-9 content assay results statistical analysis 

Table 5.41 Descriptive statistics and the Shapiro-Wilk normality test results for the 

tested specimens active MMP-2 content after the short-term storage showing 

nonparametric distribution of the results obtained from all of the specimens group 

(p<0.05) except RelyX™ cement (p>0.05). df= Degrees of Freedom and Sig.= 

Significance level. 

Material 
Mean 

ng/g of dentine 
Std. Deviation Significance level 

RelyX™cement 1.431 1.383 0.275 

Bioglass modified cement 0.931 1.336 0.003 

CHX modified cement 1.040 1.238 0.022 

Double modified cement 1.075 1.397 0.004 

Unfilled 0.7141 1.028 0.003 

 

 

Table 5.42 Descriptive statistics and the Shapiro-Wilk normality test results for the 

tested specimens active MMP-2 content after the long-term storage showing 

nonparametric distribution of the results obtained from all of the specimens group 

(p<0.05) except RelyX™ cement (p>0.05). df= Degrees of Freedom and Sig.= 

Significance level. 

Material 
Mean 

ng/g of dentine 
Std. Deviation Significance level 

RelyX™cement 0.014 0.013 0.115 

Bioglass modified cement 0.018 0.022 0.001 

CHX modified cement 0.015 0.014 0.039 

Double modified cement 0.008 0.011 0.001 

Unfilled 0.020 0. 023 0.011 
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Table 5.43 Statistical means of MMP-2 activity after short and long-term storage

 showing the percentage of remaining MMP-2 activity after the long-term storage. The 

Related-samples Friedman’s two-way ANOVA by rank test results showing significant 

differences between the short- and the long-term storage specimens MMP-2 activity 

(p<0.05). 

Specimen 

Group 

Short Term 

Storage 

Mean 

ng/g of dentine 

Long Term 

Storage 

Mean 

ng/g of dentine 

Remaining 

active MMP-2 

(%) 

Friedman’s

Difference 

Significance 

(p) 

RelyX™

Cement 

1.431 0.014 0.98 0.002 

Bioglass 

Modified 

Cement 

0.931 0.018 1.93 0.005 

CHX 

Modified 

Cement 

1.040 0.015 1.44 0.003 

Double 

Modified 

Cement 

1.075 0.008 0.74 0.002 

Unfilled  0.7141 0.020 2.80 0.002 
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Figure 5.38 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage unfilled 

specimens active MMP-2 content (p>0.05). Sig.= Significance level. 

 

 

Figure 5.39 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage RelyX
TM

 

cement filled specimens active MMP-2 content (p>0.05). Sig.= Significance level. 
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Figure 5.40 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage Bioglass 

modified cement filled specimens active MMP-2 content (p>0.05). Sig.= Significance 

level. 

 

Figure 5.41 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage CHX 

modified cement filled specimens active MMP-2 content (p>0.05). Sig.= Significance 

level. 
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Figure 5.42 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage Double 

modified cement filled specimens active MMP-2 content (p>0.05). Sig.= Significance 

level. 

 

Table 5.44 Descriptive statistics and the Shapiro-Wilk normality test results for the 

tested specimens active MMP-9 content after the short-term storage showing 

nonparametric distribution of the results obtained from all of the specimens groups 

(p<0.05).  

Material 

Mean 

ng/g of dentine 
Std. Deviation Significance level 

RelyX™cement 1.794 3.550 0.000 

Bioglass modified cement 1.873 3.927 0.000 

CHX modified cement 0.954 1.362 0.002 

Double modified cement 1.046 2.231 0.000 

Unfilled 0.610 0.745 0.026 
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Table 5.45 Descriptive statistics and the Shapiro-Wilk normality test results for the 

tested specimen’s active MMP-9 content after the long-term storage showing normal 

distribution of the results obtained from all of the specimens groups (p>0.05) except the 

double modified cement (p<0.05).  

Material 

Mean 

ng/g of dentine 

Std. Deviation Significance level 

RelyX™cement .005 0.004 0.058 

Bioglass modified cement .005 0.005 0.099 

CHX modified cement .004 0.003 0.359 

Double modified cement .003 0.007 0.000 

Unfilled .007 0.007 0.063 
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Table 5.46 Statistical means of MMP-9 activity after the short- and long-term storage 

showing the percentage of remaining MMP-9 activity after the long-term storage. The 

Related-samples Friedman’s two-way ANOVA by rank test results showing significant 

differences between the short- and the long-term storage specimens MMP-9 activity 

(p<0.05). 

Specimen 

Group 

Short Term 

Storage 

Mean  

ng/g of dentine 

Long Term 

Storage 

Mean 

ng/g of dentine 

Remaining 

active MMP-9 

(%) 

Friedman’s

Difference 

Significance 

(p) 

RelyX™

Cement 

1.431 0.014 0.98 0.002 

Bioglass 

Modified 

Cement 

0.931 0.018 1.93 0.005 

CHX 

Modified 

Cement 

1.040 0.015 1.44 0.003 

Double 

Modified 

Cement 

1.075 0.008 0.74 0.002 

Unfilled  0.7141 0.020 2.80 0.002 
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Figure 5.45 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage unfilled 

specimens active MMP-9 content (p>0.05). Sig.= Significance level. 

 

 

Figure 5.46 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage RelyX
TM

 

cement filled specimens active MMP-9 content (p>0.05). Sig.= Significance level. 
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Figure 5.47 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage Bioglass 

modified cement filled specimens active MMP-9 content (p>0.05). Sig.= Significance 

level. 

 

 

Figure 5.48 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage CHX 

modified cement filled specimens active MMP-9 content (p>0.05). Sig.= Significance 

level. 
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Figure 5.49 Related-samples Friedman’s two-way ANOVA by rank test results 

showing no significant difference between the short and long-term storage Double 

modified cement filled specimens active MMP-9 content (p>0.05). Sig.= Significance 

level. 
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CHAPTER 6. DISCUSSION 

6.1 Sample Selection 

In this era of advanced dentistry where people are able to retain their natural teeth for 

longer periods (Steele et al., 2012), collecting freshly extracted permanent human teeth 

is becoming increasingly difficult. This is even more challenging when the selection 

criteria are limited to caries- and restoration-free permanent fully developed single-

rooted teeth. In this study, in addition to the molars, more than 60 single-rooted teeth 

were used.  

Using bovine teeth as a substitute for human teeth for in vitro studies is an option; 

however, a few studies have used bovine teeth for the study of MMPs in dental tissues 

(Kato et al., 2010a; Buzalaf et al., 2012; Magalhães et al., 2009). Research conducted by 

Kato’s group in 2011, concluded that bovine dentine is in fact a reliable substrate for 

studies involving the activity of MMP-2 and -9 (Kato et al., 2011). They compared the 

total MMP-2 and -9 activities in human and bovine dentine, and found there to be no 

significant difference. 

However, human teeth were used for this study rather than bovine teeth because in 

addition to MMPs activity, push-out bond strength was also evaluated. 

Using bovine teeth to test dentine bonding is a very controversial topic. While (Krifka et 

al., 2008; Lopes et al., 2003) reported no significant differences between the shear bond 

strength of human and bovine dentine; there is a significant difference between human 

and bovine dentine in resin shear and push-out bond strength according to Schilke et al. 

(1999) and Galhano et al. (2009). Moreover, Galhano and his group (2009) in addition 

to push-out testing, carried out scanning electron microscopy (SEM) analysis of the 

human and bovine-root dentinal morphology and reported a significant difference 

between human and bovine dentine in resin push-out bond strength as well as a higher 
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density of human dentinal tubules, when compared with bovine-root dentine. The 

diameter of the dentinal tubules in human-root dentine was found to be larger than the 

tubule diameter of the bovine-root dentine. This difference in the tubular structure can 

influence the bond strength (Galhano et al., 2009). 

 

6.2 Cement Selection 

RelyX
TM

 Unicem Aplicap
TM

 is self-etching and self-adhesive dual cure resin cement. 

This class of dental adhesives is a relatively new class. RelyX
TM 

was the first cement of 

this class commercially available when it was launched in 2002. Today there are several 

self-adhesive resin cements on the market, but RelyX
TM

 remains the one described in 

the vast majority of the literature (Ferracane et al., 2011). The main advantage of this 

class of luting materials is that they are time saving as etching and rinsing, priming 

and/or bonding are eliminated, making the cementation a single-step process. The ease 

of use made these materials more user-friendly and therefore more preferred by 

professionals, giving these cements a major share of the luting material’s market. 

However, in addition to lower bond strength in comparison to classical multi-step luting 

materials, little is known about the behaviour of single-step self-adhesive cements in the 

long term (Carvalho et al., 2016). Therefore, this cement was selected for the present 

study. 

 

6.3 Comparison of Extraction Methods 

In the vast majority of published studies related to MMP activity in dental hard tissues, 

the three-step extraction method described in Martin-De Las Heras et al. (2000) has 

been used for MMP extraction. However, in addition to the very long extraction 
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process, this is a sensitive technique. Therefore, the quantification of active MMPs 

extracted using this technique can give a large margin of error. As previously discussed, 

MMPs are capable of activating each other; therefore under the appropriate conditions 

any active MMPs in the extract will activate part of the pro-enzyme in the extract, 

reflecting an exaggerated active MMP quantification. This can be partially restricted by 

the use of protease inhibitors and by keeping the specimens at low temperatures (2-4°C) 

throughout the extraction process. However, due to the long duration of this method and 

the limited half-life of the protease inhibitors, this might not always be achieved. This 

can be observed in the results obtained by Martin-De Las Heras et al. (2000) as the 

majority of the extracted MMP-9, that was semi-quantified by zymography in the study, 

were found to be in the active form. Moreover, in (Santos et al., 2009) study of MMP-2 

and -9 in human crown and root dentine, MMP activity was quantified for each step of 

the extraction separately. The results show increasing MMP activity with each step of 

the extraction. However, this cannot be the case if the MMPs were extracted from 

calcified sound dentine without activation since the MMPs trapped within the calcified 

dentine are supposed to be in the inactive pro-enzyme form. 

The earliest published study reviewed in this thesis where this guanidine HCl and 

EDTA sequential extraction method was used is Nawrot et al. (1976). Nawrot’s study 

used the protocol to extract phosphoproteins from unerupted bovine teeth, and NaCl and 

guanidine HCl solutions were used to remove the soft tissues attached to the dentine 

specimens. Termine’s and Linde’s groups also used this technique in 1980, to extract 

proteins from unerupted bovine and rat teeth. 

While this can justify the use of NaCl and guanidine HCl solutions to remove any soft 

tissues attached to the samples and to extract the proteins from the uncalcified tissues 

with guanidine HCl; using this extraction method in experiments similar to the ones in 

the present study would be unnecessary since all of the specimens used in this study 
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were obtained from fully-calcified dentine obtained from fully-formed permanent teeth 

and all of the attached soft tissues were removed prior to dentine pulverisation.  

Therefore, the authors of this study adapted the extraction method utilised by Nawrot et 

al. (1976) to isolate phosphoproteins from unerupted bovine teeth. The extraction 

process was reduced to a one-step extraction by eliminating the NaCl washing and 

combining the guanidine HCl and the EDTA in one extraction solution, as described in 

section 4.2.3. This method required only four days to be completed, the adapted one 

step extraction protocol was as effective in extracting the dentine MMPs as the 32 days 

extraction protocol described in Martin-De Las Heras et al. (2000) as shown by the 

results in section 5.1.  

To the best of our knowledge to date, there are no published studies that review or 

compare MMPs extraction methods. Moreover, to date, no published studies have used 

this method to extract MMPs from human dentine.  

The one-step extraction method adapted for use in this present study, in addition to 

saving time, limits the contribution of MMP self-activation to the accuracy of active 

MMPs quantification. 

 

6.4 MMPs Endogenous Activity Levels in the Different Segments of the Tooth 

The findings of this study show differences in the endogenous MMP activity between 

the different portions of the root as well as significantly higher endogenous MMP-2 and 

-9 activities in the coronal dentine in comparison to the radical dentine. This difference 

in endogenous activity can be related to the higher odontoblastic activity in the pulp 

chamber (Meinl et al., 2007), which can increase the endogenous MMP activity in the 
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coronal dentine. To the best of our knowledge this difference in different root segments 

has not been reported in the literature before. 

MMP-2 endogenous activity was higher than MMP-9 activity in both coronal and 

radical dentine, this is in agreement with the findings of Santos et al. (2009). 

 To date, only two published studies have compared MMP-2 and -9 activity in the 

coronal and radicular dentine; Santos et al. (2009) and Toledano et al. (2010). In 

addition to the limitations of the extraction and quantification methods used in those 

two studies discussed in section  2.4.3; neither of them compared the MMPs activity in 

the different segments of the root. 

The findings of the current study provides a sound basis for further studies in 

consideration of the effects of MMP activity on root dentine bonding. 

 

6.5 MMPs Quantification 

Gel zymography is a simple yet powerful method for the identification of active 

proteolytic enzymes; however, its quantitative ability is limited and subject to several 

unstandardised factors. Semi-quantification of the enzymes using gel zymography 

requires the measurement of the bands representing the enzymatic activity in the gel. 

However, factors like the duration of incubation with the developing buffer and 

temperature as well as the staining and destaining procedures may affect the band sizes 

and their degree of staining. Moreover, computer programs like ImageJ (image 

processing and analysis software) usually used for the measurement of band size are 

user dependant and therefore cannot be standardised. Considering the limitations of 

Western blotting and in situ zymography as semi-quantitative methods to measure 

MMP activity, as discussed in section  2.8, ELISA can be considered as more accurate 
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method for the quantification of MMPs activity. Moreover, as discussed in sections 

2.4.3.1 and  2.4.3.2, several forms of MMP-2 and -9 dimers of higher molecular weight 

can be seen in the zymography gel, in addition to bands of lower molecular weight 

following prolonged activation of the MMPs. These forms of MMP while quantifiable 

by ELISA, cannot be accurately quantified using zymography. 

 

6.6 Physical Properties Testing 

Although self-etching self-cure resin cements such as RelyX
TM 

Unicem have been 

commercially available for almost 15 years, no ISO standard for this class of materials 

have been published. The ISO targeted publication date is in the second half of 2017; 

therefore standardising the physical properties of such cements is currently improvised 

and mainly comparative. 

Moreover, the ISO radiopacity standards are based on traditional X-ray film manual 

processing. However, now digital X-ray sensors and digital processing of the images is 

the method usually used in most of the dental clinics and hospitals. The digital X-ray 

systems come with built-in image optimisation software to improve the quality of the 

images. Such digital adjustment of the image might compromise the accuracy of the 

radiopacity comparison of several samples. 

During the course of this study no facility for manual X-ray film processing was 

available in the School of Dentistry, the School of Medicine or the School of Life 

Sciences at the University of Dundee; which shows the difficulty and impracticality of 

applying the traditional ISO radiopacity testing method in this era of digital imaging. 

A Kodak RVG 6000 Digital X-ray sensor and X-Mind® DC intraoral the X-ray system 

were utilised to obtain the digital X-ray images for the radiopacity evaluation in this 
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study. However, although the digital images were automatically adjusted by the 

systems; the adjustment did not adversely affect the accuracy of the test. This is shown 

by Table  5.20, where the radiopacity readings obtained from the digital images of the 

aluminium and dentine were consistent in all of the 36 images. This data supports the 

validity of utilising digital X-ray imaging for the radiopacity standardisation. 

 

6.7 Cement Modifications Short- and Long-Term Effects 

6.7.1 MMPs activity 

The long-term storage specimens of all the tested groups showed a significant decrease 

in MMP-2 and MMP-9 activity after the specimens were aged for nine months. This 

suggests a depletion of MMP activity sometime after the filling placement. It is possible 

that active MMPs were consumed through the proteolytic degradation activity and/or 

washed to the storage medium. This suggests that the requirement for MMP inhibition 

after filling placement is limited to a discrete period of high MMP activity. Since the 

MMPs are capable of self-activation, but incapable of self-release from the dentine 

mineralised phase, only the activity of the MMPs released from the dentine during the 

filling placement would need to be inhibited. This can be further demonstrated by the 

MMP activity quantified in the unfilled negative control specimens, which showed the 

lowest amounts of active MMPs in short-term storage specimens; yet showed the 

highest amounts of active MMPs in the long-term storage specimens. This can indicate 

that since the collagen fibrils in the negative control specimens were not exposed by 

acid etching, unlike the active MMPs in the test groups’ specimens, the active MMPs in 

these specimens were not consumed by the proteolytic activity. 
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6.7.2 Push-out bond strength 

The degradation of the dentine-resin bond and the significant reduction in the bond 

strength is well documented in the literature. The incorporation of Bioglass and CHX in 

the resin cement in this study, significantly preserved the bond strength of the cement. 

Although some degree of bond strength preservation was recorded in the specimens 

filled with Bioglass-modified cement, the difference was not statistically significant. 

This indicates that the incorporation of CHX did participate in the preservation of the 

bond strength together with the Bioglass. 

Although no biomimetic analogs were added to the cement or the storage medium, 

Bioglass incorporation into the cement significantly improved the bond stability. This is 

consistent with the findings of Sauro et al. (2012). The success of dentine 

remineralisation without the addition of biomimetic analogs might be related to the 

presence of remaining non-collagenous extracellular matrix phosphoprotiens and/or 

crystal-nuclei seeds in the dentine as a result of incomplete demineralisation by the resin 

acids. 

The findings of this study provide a sound basis for the development of CHX and 

bioglass containing resin cements that would provide more stable bonding to the 

dentine. 

 

6.8 Experiments Design and Clinical Relevance 

In the majority of similar experiments in the literature, methods less relevant to the 

clinical practice were used. For example, most of those studies as discussed in section 

2.2.3 of this thesis have used EDTA demineralised dentine powder. Moreover, 

prolonged demineralisation periods were utilised in several dentine MMPs activity and 
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dentine remineralisation studies. This does not simulate the clinical practice procedures 

where the dentine surface is usually briefly acid etched. 

This project aimed to keep the laboratory experimental procedures as close as possible 

to the actual dental clinic practice procedures; to provide results that are closer to the 

results expected from the clinical procedures. 

 

6.9 Future Work 

Setting up standards for the zymographic quantification of enzymatic activity is 

required and should be considered. A standard is also required for the physical 

properties testing with a new approach to the standardisation of radiopacity evaluation 

utilising the modern digital radiography processing.  

Further evaluation of the dentine MMPs activity following resin restorative material 

placement would provide a valuable understanding of the dentine MMPs activity 

behaviour by identifying the period of high MMPs activity and reflecting that 

understanding on the need for MMP inhibitors. 

This study provides a basis for further research in relation to resin based dental 

restorative materials with the capability of dentine collagen matrix protection and 

remineralisation. Further evaluation of the effect of incorporating different amounts of 

Bioglass and CHX in the materials might reveal further improvement in the bond 

strength. 

Since the components required of cement modification (i.e. CHX and Bioglass 45S5) 

are commercially available, chairside cement modification is theoretically possible. 

However, the calibration accuracy and the mixing process required for the modification 

can make it impractical in the normal clinical setting.  
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Moreover, the safety and biocompatibility of CHX and Bioglass are well established; 

and both materials are incorporated in a wide range of commercially available dental 

care products including toothpastes, mouth rinses and teeth polishing powder, as well as 

commercially available bone grafting materials that contains Bioglass 45S5. However, 

the safety and biocompatibility of the formula used in this study as a direct dental filling 

material needs to be further evaluated through in vitro studies before the in vivo studies 

are conducted on the material.  

However, commercial production of this formula after the establishment of its safety 

and biocompatibility may introduce a new class of bioactive resin-based dental luting 

and filling materials that are capable of dentine remineralisation. Such materials can be 

expected to acquire a major share of the dental restorative material’s market.  
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CHAPTER 7. CONCLUSION 

Since the commencement of this millennium, resin-based dental luting and filling 

materials have undergone significant improvements; making them the most commonly 

used dental restorative materials in the dental field today. Yet, to date, leakage is still 

one of the major cause of resin composite restorations failure (Yang et al., 2016). One 

of the causes of this leakage is the dentine MMPs activity. 

The degradation of the hybrid layer formed between dentine and the resin based dental 

restorative material has been linked to the release and activation of dentine MMPs 

(Tjäderhane et al., 2013). In the literature, several methods have been utilised to identify 

and quantify MMPs extracted from dentine; yet most of the studies have followed the 

same extraction method described in Martin-De Las Heras et al. (2000). This extraction 

method is time consuming and the quantification of endogenously active MMPs 

extracted from dentine using this method might have a large margin of error due to 

MMP activation during the extraction. In this project, the one-step extraction method 

adapted from Nawrot et al. (1976) was far simpler and required much less time; yet 

provided equal efficacy in MMP extraction producing a beneficial research tool.  

In attempts to limit the destructive effects of MMP activation, CHX was found to be a 

potent MMP inhibitor; however, its inhibitory effect on the MMPs proteolytic activity 

seems to be temporary due to the nature of the reversible electrostatic bond it forms 

with the dentine (Liu et al., 2011b). 

On the other hand, utilising the dentine remineralisation capability of bioactive bioglass-

materials to overcome the resin-dentine interface leakage has provided very promising 

research results, even with completely demineralised dentine (Kim et al., 2016). 

Therefore, the combination of MMPs inhibition using CHX and dentine 

remineralisation using Bioglass was the approach tested in this project.  
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This appears to be a novel approach and is unprecedented in the literature; and within 

the limitations of this study it has shown that this approach can significantly improve 

the resin-dentine bonding longevity. 

The first primary aim of this study was to evaluate the short- and long-term effects of 

incorporating chlorhexidine and Bioglass 45S5 jointly or separately into the 

composition of RelyX
TM

 Unicem Aplicap
TM

 on the release and activation of MMP-2 

and MMP-9 from the dentine. The study results showed that incorporating 

chlorhexidine and Bioglass 45S5 jointly or separately into the composition of RelyX
TM

 

Unicem Aplicap
TM

 reduced MMP-2 activity after the short- and long-term storage. The 

results also indicated that incorporating chlorhexidine and Bioglass 45S5 jointly, and 

chlorhexidine separately into the composition of RelyX
TM

 Unicem Aplicap
TM

 also 

reduced MMP-9 activity after short- and long-term storage. However, the reduction in 

enzyme activity was not statistically significant. 

The second primary aim of this study was to evaluate the short- and long-term effects of 

incorporating chlorhexidine and Bioglass 45S5 jointly or separately into the 

composition of RelyX
TM

 Unicem Aplicap
TM

 on the strength of the bond formed between 

the cement and the dentine. The study results indicated that incorporating chlorhexidine 

and Bioglass 45S5 jointly, and bioglass separately into the composition of RelyX
TM

 

Unicem Aplicap
TM

 increased the initial push-out bond strength. Moreover, the results of 

this study have shown that incorporating chlorhexidine and Bioglass 45S5 jointly into 

the composition of RelyX
TM

 Unicem Aplicap
TM

 can in the long-term, significantly 

preserve the strength of the bond formed between the cement and the dentine.  

This study also aimed to evaluate the endogenous activity of MMP-2 and MMP-9 in the 

different segments of the dentine; and a significant, yet gradual increase in MMP-2 and 

MMP-9 activity from the apical to the coronal dentine was found. 
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One of the aims of this study was to evaluate and compare the methods used to extract 

MMPs from the dentine. The one-step extraction method adapted for use in this study 

was found to be as effective as the three-step method in MMPs extraction.  

The results obtained by the methods used in this study for identification and 

quantification of the MMPs extracted from the dentine have demonstrated that SDS-

PAGE, zymography and in situ zymography are effective methods for MMP 

identification; however, ELISA might be the most effective method for quantification of 

MMP activity. 

The study also aimed to evaluate the effects of incorporating chlorhexidine and Bioglass 

45S5 jointly or separately into the composition of RelyX
TM

 Unicem Aplicap
TM

 on some 

of the cement’s physical properties. The results obtained from these physical property 

tests demonstrated that none of the modifications compromised any of the physical 

properties of the original RelyX
TM

 Unicem Aplicap
TM

 cement. Moreover, the physical 

properties of the tested cements fulfilled the relevant ISO standard requirements. 
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