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Dental adhesion 
 
1.1 Introduction 
 

The advent and development of resin-based adhesive materials have allowed 

numerous changes in dental clinical practice. The concept of adhesion to dental tissues was 

introduced in the field of dentistry in 1950, when the Swiss chemist Oskar Hagger 

developed the archetype for adhesive monomers [1]. This material was first used for a 

dental filling by McLean and Kramer, who published the first paper on dentin-bonding 

agents (DBA) [2]. Poor adhesion of this restorative material to prepared teeth, however, led 

these authors to emphasize the surgical removal of sound tissue during cavity preparation to 

ensure mechanical retention. 

The “adhesive revolution” of the 1950s was led by Buonocore, who found that acid 

etching could significantly enhance the bonding of restorations to enamel [3]. At that time, 

the “Adhesive Dentistry Age” began: traditional mechanical methods of preparing teeth for 

filling that had been based on Black’s concept of “extension for prevention” [4] were 

replaced by more conservative approaches.  

The ability of clinicians to bond resin materials to enamel and dentin has changed 

the conceptualization of cavity preparation, orthodontic treatment, caries prevention, and 

cementation of fixed prostheses, including tooth-colored carbon-fiber posts. Aesthetic 

enhancement procedures, such as the use of porcelain laminates, have relied on new 

adhesive materials and techniques. Improved marginal sealing around bonded restorations 

has reduced the frequency of unfavorable postoperative responses [5]. Improvements in 

adhesive materials have expanded the indications for tooth-colored restorations in anterior 

and posterior teeth. The use of adhesive materials in pediatric dentistry has allowed the 
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rapid filling of deciduous teeth, necessary in the treatment of children. Sealants are now 

used globally in preventive care against childhood caries.  

 

1.2 Concept of adhesion 

The word “adhesion” is derived from the Latin term adhaerere (to stick to), 

composed of ad (to) and haerere (to stick). Adhesion is defined by Specification D907 of 

the American Society for Testing and Materials as, “the state in which two surfaces are held 

together by interfacial forces, which may consist of valence forces or interlocking forces or 

both” [6]. 

In adhesive terminology, the adhesive material is referred to as the adherent and the 

substrate as the adherend. The adhesive, frequently a fluid, joins two substrates and 

solidifies. Bond strength designates the force necessary to divide the two adherends and 

durability is the time during which the bond is effective [7].  

Adhesion (bonding) is the process of forming an adhesive joint that consists of two joined 

substrates. Most adhesive joints involve only two interfaces; bonded composite restoration 

(Fig. 1) is an example of a more complex adhesive joint.  

 

 

Fig. 1 A bonded interface is an example of a complex adhesive joint. 
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Five theoretical approaches have been proposed to explain the mechanisms of adhesion [8]: 

1.  Mechanical theories state that the solidified adhesive interlocks micromechanically 

with the rugose and irregular adherend surface.  

2. Chemical theories describe all chemical bonds between the adhesive and the 

adherend. In the strongest joints, atoms of the two materials exchange (ionic 

bonding) or share (covalent bonding) outer electrons. Weaker bonds are formed 

when oxygen, nitrogen, or fluorine atoms of the two materials share a hydrogen 

nucleus (hydrogen bonding).  

3. Adsorption theories propose that adhesion is the result of bonding between mobile 

molecules. Two molecules are attracted by a Van der Waals force, wherein each 

molecule has a positively or negatively charged region (pole). In the simplest bonds, 

such molecules have different poles with respect to average charge density; larger or 

more complex molecules may exhibit multiple poles of greater positive or negative 

charge. These poles may be a permanent molecular property (Keesom forces) or a 

transient effect produced by the random movement of electrons within the 

molecules, resulting in a temporary concentration of electrons in one region (London 

forces).  

4. Electrostatic theories state that an electrical double layer is formed at the interface 

between a metal and a polymer, contributing to bond strength. Some conducting 

materials may pass electrons that alter the electrical charge at the joint, producing 

attractive electrostatic force between the materials.  

5. Diffusive theories propose that adhesion is the result of an interface through which 

molecules can cross to react with molecules on the other side. This mechanism is 

involved in sintering. The compression and heating of metal or ceramic powders 

causes particles to join with each other through the diffusion of atoms. 
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All of these interfacial phenomena require that the two materials being joined be in 

sufficiently close and intimate contact. Wetting, which depends on surface tension, also 

plays an important role in adhesion [9]. The theory of wetting claims that a solid with high 

surface tension is more wettable than one with low surface tension, and good adhesion is 

achieved when the energy of the adhesive is smaller than that of the solid. The free energy 

of the bonding agent should thus be as large as possible to allow penetration into surface 

gaps.  

The wettability of a surface by a liquid is characterized by the contact angle of a 

droplet placed on the surface [10]. Low contact angles (< 90°; wettable) produce favorable 

wetting because the fluid will cover a larger surface area; high angles (> 90°; non-wettable) 

produce unfavorable wetting because the fluid will remain compact on the surface (Fig. 2). 

In the context of water, a wettable surface is defined as hydrophilic and a non-wettable 

surface is called hydrophobic. According to the theories of wetting and surface energies, 

adhesion to enamel can be more readily achieved than adhesion to dentin. Enamel is 

composed of primarily hydroxyapatite, which has a high surface energy; dentin also 

contains collagen and has a low surface energy.  

 

 A    B 
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Fig. 2 (A) The role of contact angle in wetting theory. (B) Fluids exhibiting increasing wettability 
(a–c).  
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1.3 Advantages of adhesion 

Adhesive bonds are superior to mechanical bonds because they produce lower stress 

concentrations and can fully utilize the properties of adherends. However, adhesive bonds 

require much larger areas than mechanical bonds to bear the same load. Bonding agents are 

polymeric materials that can be attached without the application of force, permitting the 

assembly of fragile materials (such as ceramics) that cannot be attached with mechanical 

loading. A primary disadvantage of adhesives is their reliance on adhesion for load transfer 

through the assembly. Because adhesion is a surface phenomenon, the properties of the 

adhesive bond are correlated directly with surface properties. The adequacy of a surface is 

thus a critical factor in adhesive bonding [11]. Adhesive bonds have many advantages over 

mechanical bonds, such as greater resistance to fatigue, vibrations, and corrosion, and the 

ability to concurrently seal and bond. 

 

1.4 Chemical and histological properties of enamel and dentin  

1.4.1 Enamel 

Enamel is the hardest and most mineralized tissue in the human body: it is composed 

of 96 wt% hydroxyapatite crystals (Fig. 3a). The remaining tissue is bound in an organic 

matrix that consists of proteins (i.e., amelogenins, emamelins) and contains trace amounts of 

water in the intercrystalline space and in a network of micropores opening to the external 

surfaces [12]. Maturing ameloblast cells develop cytoplasmic extensions through the 

Tomes’ process, in which the enamel protein matrix is secreted and the mineralization and 

orientation of enamel crystals are initiated simultaneously.  

Hydroxyapatite crystals are up to 1 mm long, 50 nm wide, and 25 nm thick. They 

extend from the dentin toward the enamel surface, perhaps reaching this surface unbroken. 

They are arranged in bundles of approximately 1,000 crystals, called enamel prisms. Cross-
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sectional prism profiles range from circular to keyhole-shaped. Carbonate-apatite crystals 

are arranged primarily with their long axes parallel to the long axes of the prisms (Figs. 3b, 

4). At the periphery of each prism, however, the crystals deviate somewhat from this 

orientation to produce an interface  

 
  A    B 

 

Fig. 3 (A) Hydroxyapatite crystals of human enamel after etching with 35% orthophoric acid (field 
emission in-lens scanning electron microscopic [FEISEM] image, 15,000×). (B) Enamel prisms with 
a typical keyhole shape. Modified from Perdigão and Breschi (2006). 
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between prisms where there tends to be more intercrystalline space, forming 

the interrod enamel [2]. 

  

Fig. 4. Enamel prisms with the 

typical key-hole shape. 

Fig. 5. The rhomboidal crystallographic 

unit cell (shown in heavier lines) is here 

represented [18]. 

 

The Dentin 

Ectodermic and mesenchymal components interact to form this tissue 

inducing the odontoblasts, the denting-forming cells, to start the 

dentinogenesis. During the dentin formation, the odontoblasts secret a 

matrix around their extensions forming the dentinal tubules that have 

different density, diameter and orientation depending on the site of the tooth 

[4] (Fig. 6, Fig. 7). The tubules diameter is 2.5 µm near the pulp chamber 

and 0.63 µm near the dentinal-enamel junction [5]. Similarly the number of 

the tubules is 45,000/mm
2 

near the pulp and 20,000/mm
2 

near the enamel 

[6]. The tubular net is liable for the intrinsic moisturizing of the tissue 

making the dentin a semi-permeable tissue. 

 

 

Fig. 4 Schematic representation of a rhomboidal crystallographic cell (bold lines).  

 

between prisms that tends to contain more intercrystalline space and forms the interrod 

enamel. 

 1.4.2 Dentin  
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 Dentin is composed of primarily small, thin apatite crystal flakes embedded in a 

protein matrix of cross-linked collagen fibrils. It is formed by the interaction of ectodermal 

and ectomesenchymal components, inducing odontoblast differentiation and dentinogenesis. 

As odontoblasts make dentin, they leave tracks that form dentinal tubules of differing 

densities and orientations in distinct tooth locations (Fig. 5) [13]. The tubules make up about 

10% of the dentin volume; they are approximately 0.63 µm in diameter near the 

dentinoenamel junction and 2.5 µm in diameter near the pulp chamber [14]. About 

45,000/mm
2
 tubules are present near the pulp and about 20,000/mm

2 are present near the 

enamel.  

Unlike enamel, which is acellular and predominantly mineralized, dentin volume is 

composed of 45–50% inorganic apatite crystals, about 30% organic matrix, and about 25% 

water. Two main types of dentin occur in human teeth (Fig. 5c): intertubular dentin, the 

structural component of the hydroxyapatite-embedded collagen matrix that forms the bulk 

of dentin structure, and peritubular dentin, the lining of the tubule walls [15]. The scaffold 

containing the tubules and intertubular dentin is formed by odontoblast-produced collagen 

fibrils; hydroxyapatite precipitates between the fibers and within fiber nanospaces during 

dentinogenesis. 

A    B    C 

 

Fig. 5 (A) Transverse section of dentinal tubules (SEM image, 2500×). Modified from Perdigão and 
Breschi (2006). (B) Dentinal tubules (SEM image, 5000×). (C) Tubular and peritubular dentin (SEM 
image, 8000×). 
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Mineral, in the form of carbonate-rich apatite, constitutes approximately 50% of dentin 

volume. The precipitation of mineral substances on the collagen fibrils during 

dentinogenesis results in the final mineralized structure. The odontoblastic extensions are 

immersed in a fluid with a pressure of 25–30 mm Hg, and they transmit stimuli that change 

the intratubular pressure through contact with the pulp: dentin is a dynamic living tissue.  

 

1.5 Mechanism of adhesion 

The primary aim of dental adhesives is to simultaneously adhere to dental hard tissue 

(i.e., enamel, dentin) and bond the resin composite. The mechanism of bonding to enamel 

and dentin is essentially an exchange process involving the replacement of minerals 

removed from the hard tissue by resin monomers. Upon setting, these monomers become 

interlocked micromechanically in the created porosities [16]. Diffusion and capillarity are 

the primary mechanisms of micromechanical retention. Microscopically, this process is 

called hybridization [17].  

 

1.6 Enamel adhesion 

Bonding to dentin has posed a major challenge since the introduction of the acid-

etching technique nearly 50 years ago [18]. Acid etching transforms smooth enamel into an 

irregular surface (Fig. 6a). A resin monomer or adhesive mixture is applied to the enamel 

surface and drawn into surface microporosities by capillary action. The monomers in the 

fluid resin polymerize and become mechanically interlocked with the enamel structure 

[19,20]. The formation of resin microtags within the enamel structure has been considered 

the essential mechanism of resin–enamel adhesion [21]. Etching of dental tissues with an 

acidic solution is a standard clinical procedure that results in the demineralization of the 
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superficial enamel and dentin layers. A variety of acids have been proposed for this purpose, 

including phosphoric (10–50%), fluoridated phosphoric, pyruvic, citric, maleic, oxalic, 

tannic, ethylenediaminetetraacetic, trichloracetic, and polyacrylic acids [22,23].  

Recent studies have shown that the pH and pKa of the acid solution are important 

parameters that influence the aggressiveness of acids and their ability to demineralize the 

surface [24,25]. The physical state of the solution (gel or liquid) is another important 

parameter. Gel-type etching agents are easier to apply to the enamel surface than liquid 

forms, and have been shown to achieve wider and deeper enamel penetration [25]. During 

the application of an acid-etching gel, a continuous brushing technique may better define the 

etched pattern, thereby improving the marginal adaptation of the composite resin restoration 

[26]. 

  A     B 

 

  C    D 

 

Fig. 6 (A) Effect of etching with 35% phosphoric acid on the surface of enamel tissue (FEISEM 
image, 15,000×). (B) The enamel crystal distribution exhibits a typical prism structure (FEISEM 
image, 15,000×). (C) Greater magnification of the same specimen, showing gaps between 
nanocrystals that are available for bonding infiltration (FEISEM image, 120,000×). (D) Enamel 
tissue specimen showing a Type III etching pattern (FEISEM image, 15,000×). Modified from 
Perdigão and Breschi (2006). 

 



 11 

Enamel etching produces three types of patterns [27]. The Type I etching pattern 

(Fig. 6a) is achieved by the preferential removal of prism core material while leaving the 

periphery intact. The Type II pattern is defined as the preferential removal of peripheral core 

material while leaving the prism core relatively unaffected (Fig. 6b, c). The Type III pattern 

(Fig. 6d) results in a more random etching morphology, in which adjacent areas of the tooth 

surface correspond to Type I and II patterns and other regions exhibit patterns unrelated to 

prism morphology (Fig. 6d). 

 

1.7 Dentin adhesion 

Effective adhesion to enamel has been achieved with relative ease and has proven 

repeatedly to be a durable and reliable clinical procedure in routine applications [28]. For 

many years, dentin-bonding procedures used an approach distinct from that of bonding to 

enamel, due to the danger of etching dentin surfaces adjacent to pulp and the poor bonding 

ability of these surfaces. However, Nakabayashi et al. [29] reported an acid-etching 

technique that removes the mineral phase from dentin surface layers to expose the dentinal 

collagen matrix as a bonding substrate, and demonstrated that this approach is a safe and 

practical method of improving bonding to dentin.  

 

1.7.1 Smear layer 

The preparation of a carious tooth surface with rotary and manual instrumentation 

smears cutting debris over the enamel and dentin surfaces, forming the smear layer. The 

smear layer has been defined as, “any debris, calcific in nature, produced by reduction or 

instrumentation of dentin, enamel or cementum,” [30] or as a contaminant [31] that 

precludes interaction with the underlying pure tooth tissue. Scanning electron microscopy 

(SEM) has revealed that the smear layer is a 0.5–2-µm-thick layer of debris with a primarily 
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granular substructure that completely covers the dentin [30,32]. The morphological features, 

composition, and thickness of this layer are determined largely by the type of instrument 

used, the method of irrigation employed, and the tooth substrate site [33]. The smear layer 

obstructs dentin tubule entrances (Fig. 7) and may extend 1–10 µm into the tubules, forming 

smear plugs that are contiguous with the smear layer and decrease dentin permeability by up 

to 86% [34,35]. Submicron porosity of the smear layer allows the continued flow of dentinal 

fluid [35]. The layer acts as a physical obstacle that decreases dentin permeability, and must 

be removed or made permeable to allow contact and interaction between monomers and the 

dentin surface. Removal of the smear layer greatly increases the permeability of dentin 

tubules. Pashley [36] reported a primarily outward fluid flow of 20–70 cm/H2O under pulpal 

pressure.  

 

 

Fig. 7 SEM micrograph (10,000×) of smear layer and smear plug (SP). Modified from 
Perdigão and Breschi (2006). 
 

1.7.2 Dentin adhesion strategies 

Due to the hydrophilic nature of dentin matrix, the combined use of hydrophilic and 

hydrophobic monomer groups has been suggested to improve adhesion. Hydrophilic 

functionality facilitates permeation of the monomer into the collagen matrix, leading to the 
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formation of a hybridized collagen–resin layer. Hydrophobic functionality facilitates 

bonding to the hydrophobic resin matrix of the restoration. 

Dentin adhesion procedures involve the application of a conditioner or acid etchant, 

followed by a primer or adhesion-promoting agent, and, finally, a bonding agent or adhesive 

resin. Such procedures have significantly improved bonding and sealing at the dentin-

restoration interface. Hybridization is believed to result from the infiltration of primer into 

the open spatial network of the collagen matrix that has been exposed by dentin 

demineralization, and its in situ polymerization [37].  

The smear layer that forms on the tissue surface during cavity preparation is an 

important consideration in the adhesion process. Two strategies have been used to overcome 

the low attachment strength of the smear layer: removal of this layer before bonding (etch-

and-rinse approach), and the use of bonding agents that penetrate the layer and make it 

permeable to subsequently applied monomers (self-etching approach). 

Total-etching adhesives: The use of “etch-and-rinse” adhesives involves a separate 

etch–rinse phase. A variety of conditioning agents have been used, including maleic, citric, 

phosphoric, and nitric acids; 30–37% phosphoric acid is currently preferred. Dentinal 

etching removes the smear layer and hydroxyapatite mineral phase from the tissue surface, 

exposing a network of collagen fibrils that form the underlying substrate. A 15-s application 

of 37% phosphoric acid to dentin dissolves the smear layer and the top 1–6 µm of 

hydroxyapatite. The resulting layer is very permeable [36], facilitating the infiltration of 

adhesives into the spatial network of the fibrils (Figs. 8, 9). The total-etching procedure is 

often considered to be the gold standard for predictable adhesion to teeth and is used in 

several bonding systems [39]. Simplified two-step etch-and-rinse adhesives combine the 

primer and adhesive resin into a single application.  
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Fig. 8 SEM image showing the interaction of etch-and-rinse adhesives with dentin (15,000×). 
Modified from Perdigão and Breschi (2006). 
 

 

Fig. 9 SEM images and diagrams of self-etching and etch-and-rinse adhesion strategies. 

 

 

Self-etching adhesives: The use of “self-etching” adhesives is an alternative 

approach to the total-etching strategy; it is based on the use of rinse-free acidic monomers. 

These monomers simultaneously condition and prime dentin. Clinically, this approach has 

shown the greatest user-friendliness and technique sensitivity. Self-etching techniques do 

not require a separate rinsing phase, which significantly reduces clinical application time, 

technique sensitivity, and the risk of application errors. The application of self-etching 

adhesives may follow a one- or two-step procedure, and involves the addition of one or 

more carboxylic or phosphate acid group to the monomers [40]. Self-etching adhesives may 

be “mild” or “strong” [41]. Strong adhesives have a very low pH (< 1) and exhibit a 
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bonding mechanism and interfacial ultramorphology in dentin that resemble those produced 

by etch-and-rinse adhesives. With these adhesives, the hybrid layer reaches a thickness of 

3–4 µm and exhibits the typical interfacial characteristics of a loosely organized collagen–

fibril network. Individual fibrils are separated by interfibrillar spaces to produce a “shag 

carpet” appearance at the top of the hybrid layer. Mild self-etching adhesives (pH ~2) 

partially dissolve the dentin surface to a depth of < 1 µm, leaving a substantial number of 

hydroxyapatite crystals within the hybrid layer (Fig. 10). The hybrid layer produced with 

these adhesives is much thinner than those produced with strong self-etching or etch-and-

rinse adhesives, but this does not impact the effectiveness of the bond [42]. Specific 

carboxyls (e.g., 4-methacryloxyethyl trimellitic acid [4-MET]) or phosphate groups (e.g., 2-

(methacryloxy)ethyl phenyl hydrogen phosphate [phenyl-P], 10-methacryloxydecyl 

dihydrogen phosphate [10-MDP]) of functional monomers can then chemically interact with 

this residual hydroxyapatite [43].  

 

  A             B 

     

 Fig. 10 SEM images of the interaction of self-etching adhesives with dentin (10,000×). Modified 
from Perdigão and Breschi (2006).  
 

1.8 Chemical composition of dental adhesives 

1.8.1 Resin components 
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To ensure a good covalent bond between the adhesive and the lining composite, 

dental adhesives contain resin monomers that are similar to those of resin composites. The 

matrix is the key constituent of adhesives and, like the composite, provides structural 

continuity and beneficial mechanical properties. Monomers may be cross-linking or 

functional (Figs. 11, 12). Cross-linking monomers have two polymerizable groups (vinyl 

groups, C=C) and form cross-linked polymers, whereas functional monomers have a single 

polymerizable group and form linear polymers. Most functional monomers also contain a 

functional chemical group that imparts monomer-specific properties. Cross-linked polymers 

have exhibited better 

 

Analysis of the dentin/adhesive interface using Raman spectroscopy 
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Fig. 8: Principals cross-linking monomers used in dental bonding agents. [15] 

 

Fig. 11 Principal cross-linking monomers used in dental bonding agents. 

 

 

Analysis of the dentin/adhesive interface using Raman spectroscopy 
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Fig. 9: Principals functional monomers used in dental bonding agents.[15] 

 

3.2.2 Initiator system 

The monomers in dental resins polymerize thanks to a radical 

polymerization reaction. In order to set off this reaction, small amounts of 

initiator are required, which will be consumed during the polymerization 

reaction [16]. Initiators are generally molecules that possess atomic bonds 

with low dissociation energy that will form radicals under certain conditions 

 

Fig 12 Principal functional monomers used in dental bonding agents.  
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mechanical strength than linear polymers, and are thus important for adhesive resin 

reinforcement. Some monomers (e.g., pentaerythrithol [PENTA], biphenyl dimethacrylate 

[BPDM], tetrachlorobenzene [TCB]) have a more intricate molecular structure than others 

and contain several polymerizable and functional groups [44].  

Monomer structure can be divided into three distinct parts: one or more 

polymerizable groups, a spacer (onto which the polymerizable group(s) is grafted), and a 

functional group (Fig. 13).  

Acrylates, especially methacrylate monomers, are the most commonly occurring 

polymerizable groups. Acrylic systems show greater radical-polymerization reactivity and 

may thus pose biocompatibility and shelf-life problems [45]. This polymerizable group 

generally exhibits hydrophobic behavior.  

Monomer spacers function solely to separate functional or polymerizable groups, but 

exert an important influence on the monomer [46]. Spacers are usually composed of an alkyl 

chain, but may also contain several other groups, such as 

 

 

water from dentin and the presence of residual solvents in
the adhesive [42,43].

Volumetric shrinkage and resulting shrinkage stresses
are inherent to polymerization reactions as the intermole-
cular distance between the monomers is replaced by a
covalent bond [14].

VOCO (Germany) replaced a certain amount of
conventional resin in some composite filling materials
and adhesives (Table 1) by a specific sort of polymer called
ormocer (organically modified ceramics). These polymers
have a polymerized backbone of SiO2 with methacrylate
sidebranches. The latter ensure cross-linking with conven-

tional resin compounds. The constitution and the proper-
ties of the ‘ormocer’ polymer can be modified by changing
individual units. Main advantages are said to be lower
shrinkage and toxicity [44].
Recently, the biocompatibility of resin monomers has come

under extensive scrutiny. Several studies showed that residual
monomers may dilute into saliva after curing and that
degradation of resin may lead to further release of monomers
into the oral environment [45]. Many monomers, especially
dimethacrylates have been shown to exert cytotoxic effects
[46,47]. Besides cytotoxicity, possible endocrine-disruptive
effects of monomers have raised some concern [48,49].

ARTICLE IN PRESS

Fig. 2. General make-up of either a cross-linking or a functional monomer. The vast majority of monomers currently used in adhesives correspond to this
structure. Moreover, adhesive monomers belong usually to the group of methacrylates.

K.L. Van Landuyt et al. / Biomaterials 28 (2007) 3757–37853768

 

Fig. 13 Composition of cross-linking and functional monomers. 
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esters, amides, or aromatic groups. Spacer group size determines monomer viscosity and, 

consequently, monomer wetting and penetration behavior.  

In functional monomers, the functional group is hydrophilic. This group may serve 

several purposes, including the enhancement of wetting and dentin demineralization, and the 

release of fluoride or transmission of monomer antibacterials. The hydrophilic properties of 

“adhesion-promoting” functional monomers enhance the bond strength of adhesives to 

dentin [47].  

The most commonly used functional groups are phosphate, carboxyl acid, and 

alcohol groups. In addition to adhesion-promoting or wetting effects, these functional 

groups may achieve some extent of surface demineralization when applied in sufficient 

concentration.  

The most frequently used monomers in commercial adhesives are listed below [48]. 

• Methacrylic acid: A strong irritant and corrosive due to its high acidity, methacrylic 

acid is present in varying amounts in the majority of adhesive resins.  

• Methyl methacrylate: One of the oldest monomers, methyl methacrylate is 

sporadically added to adhesives.  

• Hydroxyethyl methacrylate (HEMA): HEMA is a small monomer used widely in 

dentistry and other fields. Its hydrophilic properties make it an excellent adhesion-

promoting monomer. High concentrations of HEMA in an adhesive may deteriorate 

the mechanical properties of the resulting polymer.  

• 4-MET: A frequently used monomer, 4-MET was originally developed as an 

adhesion promoter. It improves the wetting of metals such as amalgam and gold.  

• 4-acryloxyethyltrimellitic acid (4-AETA): The structure of this monomer differs from 

that of 4-methacryloxyethyl trimellitate anhydride (4-META) in the substitution of a 
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polymerizable acrylate group for a methacrylate group, allowing better 

polymerization.  

• 10-MDP: Originally synthesized by Kuraray (Osaka, Japan), this monomer forms 

strong ionic bonds with calcium.  

• Phenyl-P: One of the first acidic monomers used in self-etching primers, Phenyl-P 

promotes diffusion of resin in demineralized dentin.  

• Bisphenolglycidyldimethacrylate (Bis-GMA): Also called Bowen’s resin, Bis-GMA 

is the most frequently used cross-linking monomer in adhesive systems and 

composites. Due to its high molecular weight, Bis-GMA is highly viscous and 

confers superior mechanical qualities to polymers.  

• Triethylene glycol dimethacrylate (TEGDMA): This dimethacrylate is usually used 

with Bis-GMA or urethane dimethacrylate (UDMA). The higher flexibility of 

TEGDMA compensates for the rigidity of Bis-GMA and such mixtures produce 

resins with higher conversion rates.  

• UDMA: This monomer is most commonly used in adhesive composites. Its 

molecular weight is comparable to that of Bis-GMA and it exhibits lower viscosity. 

  

1.8.2 Initiator systems 

To obtain a radical-polymerization reaction, bonding adhesive systems must contain 

small amounts of initiator. Initiators are molecules whose atomic bonds have low 

dissociation energy; these bonds form radicals under certain conditions. Radicals can be 

produced by a variety of thermal, photochemical, and oxidization-reduction (redox) 

methods. Redox and photo-activated initiators are used in composites and adhesives. Photo-

initiators absorb electromagnetic energy (photo-curing), and redox initiators must be mixed 

with another component (chemical or self-curing). The main advantage of polymerization 
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by irradiation is the controllability of reaction onset. Depending on initiator and system 

types, 0.1–1 wt% of initiator is usually added to an adhesive system.  

 

1.8.3 Photo-initiators 

Photo-initiating systems based on camphoroquinone (CQ) have been most widely 

and successfully used in dental restorations. Although the photopolymerization process may 

be initiated by CQ alone, the reaction is usually facilitated by co-initiators or accelerators, 

such as tertiary amines. After excitation with blue light, a radical-yielding complex is 

formed through hydrogen abstraction. Amines are efficient hydrogen donors and have been 

extensively used. CQ is an excellent photo-initiator that absorbs a wide spectrum of 

wavelengths (360–510 nm), with peak absorbance around 468 nm (blue light). Dissolution 

of CQ in TEGDMA produces a bathchrome shift in absorption that peaks at 474 nm [49]. 

Although it is used in very small amounts (0.03–0.1%), one disadvantage of CQ is its 

yellowish-brown color, which can significantly influence the color of adhesives [50].  

Recently, 1-phenyl-1,2-propadione (PPD) diketone has been introduced as a photo-

initiator for dental resin. Its peak absorbance is around 400 nm. Photo-initiator systems may 

eliminate the need to use acyphosphine oxide. These systems exhibit strong absorption of 

near-ultraviolet (UV) and visible light [51]. Diphenylphosphine oxide or 2,4,6-

trimethylbenzoyl (TPO) are used in commercially available products [52]. The neutral color 

of these products provides an advantage over CQ. TPO has two disadvantages: it is not 

appropriate for use with first-generation light-emitting diode (LED) curing units and its 

stability is not guaranteed in the presence of water and ethanol [53].  

 

1.8.4 Chemical initiators  
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The use of chemical initiators is usually restricted to cements and resin that cannot 

be polymerized by light-curing. With chemically cured adhesives, the setting reaction is 

initiated by mixing the initiator and co-initiator. The contents of two bottles must thus be 

mixed before the adhesive is applied to the tooth surface. Benzoyl peroxide (BPO) with a 

tertiary amine is the most common initiator in self-curing resins [54]. This colorless 

crystalline solid is very soluble in ethanol and acetone.  

 

1.8.5 Inhibitors  

Inhibitors added to dental resins are antioxidants that scavenge free radicals 

originating from prematurely reacted initiators. In extreme storage conditions, such as high 

temperature (e.g., during transport), some initiator molecules may decompose or react 

spontaneously. Large amounts of inhibitor, however, can result in decreased cure rates. The 

most frequently used inhibitors in adhesives are butylated hydroxytoluene (or 

butylhydroxytoluene; BHT) and monomethyl ether hydroquinone (MEHQ).  

 

1.8.6 Solvents 

Adhesives that must bond to dentin require the addition of solvents. Due to the wet 

nature of dentin, good wetting can only be achieved with hydrophilic bonding [47]. The 

wetting behavior of the adhesive is improved significantly by the addition of hydrophilic 

monomers and a solvent [55]. The low viscosity of primers and/or adhesive resins is due in 

part to the dissolution of the monomers in a solvent, which improves diffusion into the 

microretentive tooth surface. The etch-and-rinse approach uses a primer containing a 

solvent to promote good penetration of the monomers into the collagen network of 

demineralized dentin. Water, ethanol, and acetone are the most commonly used solvents in 

adhesives.  
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1.8.7 Fillers  

Whereas all composite resins contain filler particles, adhesive resins may not. 

Adhesives containing fillers are said to be “filled,” in contrast to “unfilled” adhesives. 

Fillers may be added to adhesives for several reasons. Situated between the composite 

filling and the tooth, the adhesive layer is considered to be a weak link due to its low tensile 

strength and elastic modulus [56]. Through comparison with composites, several authors 

have suggested that the addition of fillers may fortify the adhesive layer [57] and modify the 

viscosity of adhesives. A thicker adhesive layer may also relieve contraction stresses 

produced by the restorative materials [58]. Depending on their chemical composition, fillers 

may also provide fluoride release and radio-opacity, important factors for thick adhesive 

layers that aid the differential diagnosis of recurrent caries. Secondly, filler particle size is a 

key factor enabling filled resins to penetrate dentin tubules and potentially also the collagen 

network. After etching, the interfibrillar spaces of demineralized collagen networks are 

about 20 nm in size; filler particles should thus be smaller than 20 nm. The most frequently 

added fillers are thus nanometer-silizedsilicas (pure silicon dioxide; < 7 nm) of colloidal or 

pyrogenic origin. Heavy metal atoms, such as barium and strontium, are included to provide 

radio-opacity to the resin. Fluorine-containing reactive silicate glasses can be added to 

release fluoride and prevent the recurrence of caries. Acidic monomers are assumed to react 

with fluoro-alumino-silicate glass to produce a glass-ionomer reaction and fluoride release. 

 

1.9 Variables related to substrate treatment 

The wetness of dentin surfaces, the presence of pulpar pressure, and the thickness of 

dentin are extremely important variables affecting bonding procedures. These factors are 
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especially relevant during in vitro testing of adhesive bond strength that attempts to simulate 

in vivo conditions.  

Pashley [59] described dentin as a porous biological composite composed of apatite 

crystal filler particles in a collagen matrix. Marshall [60] stated that the various structural 

components and properties of dentin could directly affect the adhesive bond. Dentin is a 

dynamic substrate that is subject to continuous physiological and pathological changes in 

composition and microstructure.  

 

1.9.1 Carious and tertiary dentin 

Dental caries is the most common pathological challenge to dentin. Based on the 

pioneering work of Fusayama [61], carious dentin consists of superficial and inner layers. 

The outer layer is highly decalcified, physiologically unrecalcifiable, and contains 

decacificable collagen fibers. The inner layer is intermediately decalcified, physiologically 

recalcifiable, and exhibits expanded odontoblastic processes and apatite crystals bound to 

sound collagen fibers. Tertiary or reparative dentin is produced in the pulp chamber in 

response to insults, such as caries, dentinal procedures, or attrition [61]. 

Hypermineralization, obstruction of tubules by whitelockite crystalline deposits, and 

apposition of reparative dentin adjacent to the pulp are well-documented processes affecting 

dentin [61]. The resulting sclerotic material differs from physiological sclerosis, which 

occurs throughout the life of the tooth; the formation of tertiary dentin is localized in the 

pulp chamber wall of the affected area.  

Much of our understanding of dental bonding is based on research using healthy 

(“laboratory”) dentin. This substrate differs from that typically encountered in clinical 

practice, as dentists frequently bond to carious dentin during the replacement of carious 

tissues.  
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Carious dentin is softer than normal dentin. Using a nanoindentation technique, 

Marshall et al. [62] found that the mean elastic modulus (18.2 GPa) and nanohardness (0.8 

GPa) of transparent intertubular dentin were slightly but significantly lower than those of 

unaffected intertubular dentin (20.6 GPa, 1.0 GPa). The use of micro-Raman spectroscopy 

in a previous study revealed structural and chemical changes in carious dentin, namely, it 

had less mineral phosphate and carbonate than did unaltered dentin [63].  

The bond strength of carious dentin is also typically lower than that of unaffected 

dentin, regardless of the adhesive type used [64–66]. Hybrid layers are usually thicker (6–8 

µm) and more porous in carious dentin than in healthy dentin (1 µm) [65]. Using Fourier-

transform infrared spectroscopy (FTIR), Spencer et al. [63] described the carious dentin 

interface as a poorly mineralized structure that is readily penetrated by acid etchants. The 

large area of demineralization in carious dentin is porous, and results in a lower degree of 

Single Bond (3M ESPE) adhesive conversion during penetration [63].  

Successful bonding to carious dentin may depend on adhesive composition. One 

study [67] compared the bond strengths of ScotchBond Multi-Purpose adhesive (3M ESPE) 

with and without polyalkenoic acid in the primer. The absence of polyalkenoic acid resulted 

in lower bond strength to carious dentin, suggesting that the residual calcium in such dentin 

may be crucial for the establishment of ionic bonding with the polyalkenoate in the primer. 

In a study that used a two-step self-etching adhesive (Clearfil SE Bond; Kuraray Co., Ltd.), 

hydrostatic pressure significantly reduced the bond strength to normal dentin after 1 month 

of water storage, but did not affect the bond strength to carious dentin [68]. The higher 

mineral contents of carious dentin regions may have resulted in stronger chemical bonding 

to the MDP molecule in Clearfil SE, which bonds chemically to hydroxyapatite [69].  
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Adhesion may also be influenced by the method of carious dentin removal. One 

study [70] investigated adhesion using three removal methods: the use of a round steel bur 

in a slow-speed handpiece, an Erbium:yttrium-aluminum-garnet (Er:YAG) laser, and 600-

grit silicon-carbide abrasive paper. The specimens were bonded with a two-step self-etching 

adhesive and a three-step etch-and-rinse adhesive. Bond strength values were lower after 

carious dentin removal with a round bur, but higher after removal with abrasive paper. No 

significant difference was found between adhesive groups for laser-treated dentin.  

 

1.9.2 Sclerotic dentin in non-carious lesions 

Non-carious cervical lesions (NCCL) are multifactorial in origin [71]. Occlusal 

stresses may play a role in the pathogenesis of these tooth defects [72]. Dentinal sclerosis, or 

the formation of transparent, glasslike dentin in the cervical areas of teeth, shares some 

characteristics with NCCL. Sclerosis results from the obstruction of dentinal tubules by the 

apposition of peritubular dentin and the precipitation of rhombohedral mineral crystals. The 

refractive index of the obstructed tubules is similar to that of intertubular dentin, resulting in 

a glasslike appearance [73]. The 10–20-µm-thick hypermineralized surface layer in sclerotic 

dentin of NCCL is composed of a denatured collagen matrix with bacterial colonies [74]. 

Tooth sensitivity is a common clinical symptom of NCCL, and is usually associated with 

tubular patency. Total- and self-etching adhesives are both affected by compromised 

bonding to the sclerotic dentin of NCCL [75]. 

Tay et al. [76] suggested that the following four factors may decrease bond strength 

to sclerotic dentin:  

• the presence of a hybridized microbial matrix with entrapped dentin; 
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• the inability of the self-etching primer/adhesive to dissolve and penetrate the thick 

hypermineralized surface region;  

• the presence of a denatured collagen layer at the base of the hypermineralized zone; 

and 

• the presence of residual sclerotic casts that obliterate the tubules and prevent tag 

formation.  

 

1.9.3 Age-related substrate changes 

Coronal dentin contains about 10% tubule volume throughout the life of the tooth, 

but overall dentin thickness increases about 6.5 µm/yr [77]. The hardness and elastic 

modulus of aged mantle dentin are higher than those of young mantle dentin. Secondary 

dentin is deposited over the entire inner circumpulpal surface throughout the life of the 

tooth. Similar in nature to the transparent dentin underlying a carious lesion, transparent 

dentin is produced during aging when the tubule lumina become filled with minerals from 

passive chemical precipitation [78]. This reduction in tubule diameter decreases dentin 

permeability. The teeth of subjects over 50 years of age contain less water and are thus more 

brittle than those of subjects 10–20 years of age. Tagami et al. [79] compared the tensile 

bond strengths of four dentin-bonding systems using the proximal dentin of premolars 

extracted from young (9–11 years) and old (42–64 years) patients. They found no difference 

in the bond strengths of young and old teeth for any of the adhesives. Brackett et al. [80] 

obtained similar results using etch-and-rinse systems.  

 

1.10 Intraradicular dentin 
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Several studies have found pronounced differences between endodontically treated 

and vital teeth. Dentin becomes more brittle after root canal treatment due to the loss of 

canal content [81] or the absence of collagen cross-linking [82]. Ferrari [83] reported 

decreased collagen fibril distribution in the radicular dentin of teeth that had been 

endodontically treated 5 years previously. Nakabayashi and Pashley [84] demonstrated that 

these fibrils retard the growth of microcracks, and that fractures are more likely to occur 

following fibril removal by root canal treatment. Little difference has been found in the 

elastic modulus and hardness of dentin in vital teeth and in teeth that had been 

endodontically treated 5 or 10 years previously [85,86]. Most studies have considered the 

loss of structural integrity due to excess cavity preparation, rather than changes in dentin 

composition, to be the main factor responsible for the higher occurrence of fractures in 

endodontically treated teeth [87]. Cast-metal posts and cores have traditionally been used in 

these clinical situations to provide the necessary retention for subsequent prosthetic 

rehabilitation. Recent developments in preventive dentistry and the advent of fiber posts 

have significantly increased the demand for adhesive restorations on root dentin. Adhesive 

systems currently used for coronal restorations can also be used for fiber post cementation 

in conjunction with a variety of resin cements.  
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Degradation of the bond 

2.1 Limitations in bonding to dentin 

Despite significant improvements in adhesive systems, the bonded interface remains 

the weakest area of tooth-colored restorations. Exposure of the dentin–adhesive interface to 

the oral cavity often results in marginal discoloration, poor marginal adaptation, and 

subsequent loss of restoration retention [1]. 

Although contemporary adhesives can provide good initial bonding to enamel and 

dentin for composite restorations, the long-term durability of bonded-interface restorations 

remains unclear. Dentin bonding relies on organic components that may affect long-term 

outcomes. Resin–dentin bonding is a form of tissue engineering in which a demineralized 

dentin collagen matrix is used as the scaffold for resin infiltration, producing a hybrid layer 

that couples adhesive–resin composites to the underlying mineralized dentin. 

Micromechanical retention through the formation of resin-reinforced hybrid layers has been 

widely accepted as the primary source of bond strength in adhesive resins bonded to dentin 

[2].  

Several studies have reported excellent immediate and short-term bonding 

effectiveness of dental adhesives [3], but the durability and stability of some bonding 

systems on dentin remain unknown [3,4]. 

The stability of the bonded interface relies on the creation of a compact and 

homogenous hybrid layer [5]. In etch-and-rinse approaches, stable bonds can be achieved 

only with full adhesive infiltration of the etched substrate, rather than differential or 

incomplete impregnation [6]. Self-etching approaches use acids that simultaneously 

demineralize and infiltrate dentin, and adhesive stability is related to the effective coupling 

of co-monomers with the infiltrated substrate.  
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Resin–dentin bonds created by the infiltration of hydrophilic resin monomers into 

the demineralized dentin matrix are imperfect [7]. Fluid movement within the dentinal 

tubule anastomosis complex during resin infiltration may cause incomplete permeation of 

resin monomers into the hybrid layers [8]. The exposed collagen fibrils resulting from 

incomplete resin infiltration thus remain unprotected against denaturation challenges and are 

susceptible to creep [9]. These denuded collagen matrices are also filled with water, which 

serves as a functional medium for the hydrolysis of resin matrices (by esterases) and 

collagen (by endogenous and exogenous collagenolytic enzymes). The clinical longevity of 

the hybrid layer appears to be affected by physical and chemical factors. Determinants such 

as occlusal mastication forces, repetitive expansion and contraction stresses caused by 

temperature changes, and acidic chemical agents (e.g., fluid, saliva, beverages, bacteria) 

within the oral cavity may affect interface stability [5,6,10,11].  

 

2.2 Hydrolytic degradation by water sorption  

The “wet-bonding” water technique was introduced in the early 1990s to prevent 

collagen collapse after acid etching, and has improved resin infiltration into acid-etched 

dentin. This technique maintains full hydration of acid-etched dentin throughout the 

bonding procedure. Manufacturers have incorporated increasing concentrations of 

hydrophilic and ionic monomers in dentin adhesives to improve compatibility in bonding to 

intrinsically moist acid-etched dentin [12].  

Contemporary bonding systems usually exhibit high bond strengths to dentin after 24 

h of water storage. However, several in vitro studies [13,14] of resin bond durability have 

reported reduced bond strength after a few months of storage.  
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Hydrolysis is considered a primary reason for resin degradation within the hybrid 

layer, contributing to the reduction of bond strength over time. This chemical process breaks 

covalent bonds, resulting in loss of resin mass. Resin degradation is related to water 

absorption within the hybrid layer [15]. Hydrophilic and ionic resin monomers are 

vulnerable to hydrolysis, due to the presence of ester linkages [16]. The small molecular 

size and high molecular concentration of water allow it to penetrate into nanometer-sized 

spaces between polymer chains and to cluster around hydrogen-bonding functional groups 

[17,18]. Water-bonded polymers depress glass-transition temperatures, resulting in 

decreased thermal stability and polymer plasticization. These changes depend on the level of 

interaction between sorbed water molecules and the polymer matrix. The inclusion of small 

amounts of water may result in the nanophase separation of adhesive components, 

characterized by nanoscopic worm-like structures between the polymerized hydrophilic and 

hydrophobic resin phases [19].  

Dentin bonds created by contemporary hydrophilic adhesives are also susceptible to 

fluid permeation induced by pulpal pressure [20]. 

 Water sorption may deteriorate the mechanical properties of polymers, including 

elastic modulus and yield strength, and may alter yield/deformation mechanisms. Carrilho et 

al. [21] reported that 3–6 months of water storage decreased the elastic modulus and true 

stress of three adhesives, in comparison with storage in oil. Conversely, another study found 

that 3 months of water storage caused no significant change in the mechanical properties or 

ultimate tensile strengths of four simplified etch-and-rinse adhesives [22].  

  

2.3 Nanoleakage 

The ultimate goal of dentin bonding is the complete infiltration of resin monomers 
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into demineralized collagen fibrils exposed by acid-etching or self-etching adhesives [6].  

Total-etching procedures rely on the use of phosphoric acid to demineralize the 

superficial dentin layer, and on the ability of adhesive monomers to infiltrate the etched 

substrate without leaving porosities in the hybrid layer [23]. Dentin demineralization 

exposes a delicate network of organic matrix fibrils, represented primarily by type I 

collagen and proteoglycans, that must be fully embedded in the adhesive to achieve 

excellent protection over time [24]. Unprotected collagen fibrils may constitute preferential 

pathways to degradation by oral and bacterial enzymes [25], as well as by endogenous 

proteolytic enzymes that are released slowly from the etched dentin after bonding. Many 

studies have shown that small ions or molecules can diffuse into the hybrid layer in the 

absence of detectable interfacial gap formation. Sano et al. [26,27] defined nanoleakage as 

the presence of microporous polymerized zones beneath or within the hybrid layer that 

permitted tracer penetration to occur in the absence of interfacial gaps. Nanoleakage is 

created by the discrepancy between dentin demineralization and adhesive infiltration that 

occurs with total-etching adhesive systems, in the absence of marginal gap formation along 

the resin–dentin interface [28]. 

Self-etching procedures use acidic adhesive resin monomers to simultaneously 

demineralize and infiltrate the bonding substrate, theoretically avoiding incomplete 

infiltration. A recent study, however, reported variable degrees of silver uptake following 

the use of self-etching adhesives [29]. Thus, nanoleakage is not necessarily caused by 

disparities between demineralization and resin-infiltration depths. The retention of residual 

water in etched dentin and/or adhesives may result in regions of incomplete polymerization 

or increased permeability within adhesive resin matrices [30]. Moreover, recently 

introduced, simplified, one-step self-etching adhesives are highly hydrophilic and have been 



 40 

found to behave as permeable membranes after polymerization [29,31]. This permeability 

results in hybrid layers that behave as semi-permeable membranes, permitting water 

movement throughout the bonded interface after polymerization [29,31]. Using a replica 

technique, Chersoni et al. [32] observed water movement from dentin through the hybrid  

and adhesive layers with transmission electron microscopy (TEM) and scanning electron 

microscopy SEM. 

Tay et al. [29] used ammoniacal silver nitrate to trace the distribution of sorbed 

water, and observed reticular and spotted patterns of silver tracer deposition in nanoleakage 

expression. In the reticular mode, silver deposits were oriented perpendicular to the hybrid 

layer surface. This pattern is the morphological manifestation of water treeing, a well-

known phenomenon in the dielectric cable-insulation industry that is responsible for the 

water-induced deterioration of polymer cable insulation due to aging [33]. The spotted mode 

of nanoleakage is thought to represent microdomains in the resin matrices that contain 

primarily hydrophilic and/or acidic functional groups, in contrast to adjacent, relatively 

hydrophobic, domains [34]. The same author reported that silver uptake likely indicated 

areas of increased permeability within the resin matrix. Water has been incompletely 

removed in these zones, resulting in regions of incomplete polymerization and/or hydrogel 

formation of the HEMA in the adhesive. An immunochemical approach [35] that 

distinguishes native collagen fibrils from resin-embedded fibrils has confirmed the 

interpretations of nanoleakage that implicate hybrid layer porosity. This study found that 

collagen fibrils within the hybrid layer were not fully embedded by dentin adhesives. Thus, 

total- and self-etching adhesive systems both fail to fully infiltrate the collagen network, 

instead achieving different degrees of infiltration from the top to the bottom of the hybrid 

layer. 
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CHAPTER 3 

 
 THE EFFECT OF AGEING ON THE ELASTIC MODULUS OF TWO MULTISTEP 

ADHESIVE SYSTEMS  
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The effect of ageing on the elastic modulus and degree of conversion of two multistep 

adhesive systems.  

 
3.1 Introduction  

 
 Dental bonding systems are amphoteric blends of dimethacrylates that allow 

hydrophobic restorative materials to adhere to hydrophilic substrates such as enamel and 

dentin [1,2]. Whilst immediate bonding can be achieved using most commercial bonding 

systems, three-step etch-and-rinse adhesives and two self-etch adhesives are believed to be 

more stable over time compared with their simpler counterparts (two step etch-and-rinse 

system and one step self-etch systems, respectively) [3,4]. 

 Previous studies have revealed that bond failure over time is related to the 

degradation of two major components of the hybrid layer: the collagen fibrils and the polar 

resin domains. Endogenous gelanolytic/collagenolytic enzymes can degrade the collagen 

structure of the bonded interface over time, weakening the hybrid layer [4,5]. Likewise, 

resin polymers also undergo hydrolytic ageing that starts with the elution of any unreacted 

monomers and leads to water sorption and polymer swelling [6].  

As these phenomena occur when the adhesive system is exposed to water, it was 

believed that the hybrid layer should be impermeable to water to and totally insoluble to 

achieve the greatest sealing capability. As a result of osmosis, the hydrophilic fraction of 

dental adhesives may form water-gathering domains crossing the entire depth of the hybrid 

layer, that so-called water trees [7]. This phenomenon is caused by the entrapment of water 

in the bonded interface during the bonding process, insufficient solvent evaporation, and 

semipermeable membrane behavior of adhesive films [8] that provides channel for water 

from dentin to move into and through the bonded interface [9]. Moreover, residual water on 

the dentine surface may dilute the priming the priming monomers during the application 
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step and before complete polymerization of the adhesive. Such dilution may preclude the 

production of high-quality polymers, compromising the mechanical properties of the 

adhesives  [10]. The permeability of the adhesive interface to water is affected by the degree 

of conversion (DC) [11], and suboptimally cured adhesives are more permeable than 

optimally cured bonding agents [9,11]. This is particularly evident in simplified adhesive 

formulations compared with unsolvated, relatively hydrophobic, bonding agents. An 

inadequate DC leads to increased elution of unreacted monomers when methacrylate-based 

resin blends are placed in aqueous solution. This phenomenon is especially common for 2-

hydroxyethyl methacrylate (HEMA), a water-soluble low-molecular-weight monomer that 

is included in adhesive formulations because of its good miscibility and wetting ability [12] 

and for solvating hydrophobic methacrylates, which prevents phase separation between 

adhesive components [13]. However, the high affinity of HEMA to water may negatively 

influence the mechanical properties of the adhesive system [14] as a result of its intrinsic 

flexibility and inability to form cross-links by it self. Accordingly, the elution of HEMA 

from porous poly-HEMA is believed to be common and is considered a major factor 

responsible for the apparent increase of the DC of commercial bisphenol A diglycidyl 

dimethacrylate (Bis-GMA)/HEMA adhesives after 48 h of storage in water in the dark, 

following photopolymerization [15,16].  

In previous investigations [17,18] water storage of adhesive resins led to extensive 

water sorption in the resin blends [17] and to a marked reduction of their ultimate tensile 

strength [18]. Because the DC of a material affects its final mechanical properties [19], this 

study evaluated how different storage conditions (air vs. water storage) affect DC and the 

elastic modulus (E-modulus) (and their possible correlation) of three-step etch-and-rinse and 

a two-step self-etch adhesive; these adhesive are representative of the two classes of 

bonding agents that have been shown to have the best overall laboratory and clinical 
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performance [4]. The hypothesis tested was that the E-modulus and DC of the bonding 

agent of unsimplified adhesive systems (either etch-and-rinse or self-etch) after 

polymerization are not affected by the storage conditions and time.  

 

3.2 Material and methods 

 A three-step etch-and-rinse system (Adper Scotchbond Multi-Purpose (SBMP), Lot 

8RE; 3M ESPE, St Paul, MN, USA) and a two-step self-etch adhesive system (Clearfil 

Protect Bond (CPB), Lot 00059 A; Kuraray Medical, Osaka, Japan) were studied (Table 1.).  

The bonding agents of the tested adhesives systems were dispensed into a Teflon 

mold to form resin disks measuring 6.0 ± 0.5 mm in diameter and 0.50 ± 0.05 mm in 

thickness. 

 

Table 1: Composition of the bonding agents in the adhesive systems tested, according to the 
manufacturers 

ADHESIVE MANUFACTURER COMPOSITION 

Adper Scotchbond Multi-
Purpose 
(SBMP) 

3M ESPE 
St Paul, MN, USA 

Bis-GMA, 60–70% 
HEMA, 30–40% 

CQ 
Tertiary amines 

Clearfil Protect Bond 
(CPB) 

Kuraray Medical 
Inc. 

Tokyo, Japan 

Bis-GMA 25–45% 
HEMA 20–40% 

NaF < 1% 
10-MDP 
MDPB 

Hydrophobic aliphatic 
dimethacrylate 
Colloidal silica 

CQ 
Initiators 

Accelerators 
Others 

Abbreviations: Bis-GMA, bisphenol A diglycidyl dimethacrylate; HEMA, 2-hydroxylethylmethacrylate; CQ, 
camphorquinone; 10-MDP, 10-methacryloyloxydecyl dihydrogenphosphate; NaF, sodium fluoride; MDPB, 
12-methacryloyloxydodecylpyridinium bromide 
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The surface of the unsolvated co-monomer blends was covered with a piece of Mylar film to 

exclude oxygen, forming a flat surface, and the resin was light-cured for 60 s using a 

halogen light (Elipar 2500; 3M ESPE) operated at 600 mW/cm-2 with the tip 1 mm from the 

specimen surface. After removal from the mold, the bottom of the resin disks was 

photocured for an additional 60 s to obtain an adequate DC to allow specimens to be 

removed from the mold without undergoing permanent deformation. Specimen dimensions 

were measured to the nearest 0.01 mm using digital calipers. The specimens were subjected 

to either biaxial flexural testing or micro-Raman analysis.  

Biaxial flexural test  

 The E-modulus of each specimen (n=5 for each adhesive system) was measured 

immediately using the biaxial flexural test (Universal testing machine SUN 500; Galdabini, 

Milan, Italy) provided with a extensometer (model 2630-101; Instrom, Norwood, MA, 

USA). The biaxial flexure strength, of the disk specimens was determined by placing each 

sample on a circular 7.00-mm-diameter by placing each sample on a circular 7.00-mm-

diameter knife-edge stainless steel support and loading centrally, with a 1.60-mm diameter 

stainless steel piston with a spherical end. After determining the linear portion of the load 

displacement curve at 1mm min-1, all subsequent modulus measurements were made by 

recording the load that developed when the specimen was displaced vertically by 0.125 mm. 

Then, the specimens were assigned randomly to two different storage conditions: either in 

deionized water or in separate capped bottles containing fresh silica gel. Both groups were 

store at 25°C in the dark. 

 The E-modulus of each specimen was measured after 15 and 30 min, and 1, 24, and 

72 h. The E-modulus was calculated assuming the configuration of circumferentially 

supported resin disk by using a modification of the method of Timoshenko & Woinowski-

Krieger:     
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where E is the modulus of elasticity (MPa), β is the center deflection fuction (0,509) , P is 

the applied load (N), a is the disk radius (mm), ω is the center  deflection and t is the disk 

thickness (mm).  

Micro-Raman analysis 

 The Raman spectra of uncured and cured tested adhesives were produced using a 

785-nm laser to determine the peaks needed for the conversion calculation (Fig 1). Spectra 

were collected using an optical microscope (a Leica DM/LM optical microscope with a 20X 

objective; LEICA, Wetzlar, Germany) attached to a modular Raman spectrograph 

(Renishaw InVia; Renishaw, Wotton-under-Edge, UK). The spectral coverage of this model 

ranges from 100 to 3,450 cm-1 with an average spectral resolution of 5 cm-1. The exposure 

time for each spectrum was 10 s, and the laser power was ~ 120 mW.  

Raman spectra were obtained at three different positions for each specimen (n=3 for each 

adhesive), placed on calcium fluoride glass immediately after photopolymerization, and the 

acquisition was repeated after 15 and 30 min and 1, 24, and 72 h of storage in either water 

or air, as described previously. The acquired Raman spectra were processed using 

commercially available software (Grams/ AI 7.02; Thermo Galactic Industries, Salem, NH, 

USA). The area underneath the pertinent bands was used to determine the C=C conversion 

within the adhesive samples: the peak at 1,610 cm-1, assigned to the phenyl C=C in the 

mathacrylate-based monomers and polymers, was identified as a reference peak because it is 

not affected by the photopolymerization process. The peak at 1,610 cm-1, assigned to the 

bond C=C bond in the methacrylate-based monomers, has been widely used as a reaction 
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peak (16,20-25). The ratio between the reaction (Arxn) and reference (Aref) peak areas yields 

the degree of conversion of the C=C bond:  

 

 

 

Where Ai(u) is the peak area before exposure to the curing light and Ai(p) is the peak area 

after photopolymerization.  

Statistical analysis 

 Statistical analysis was performed using three-way analysis of variance (ANOVA). 

The variables tested were the adhesive system, medium, and length of storage. If differences 

were found, pairwise testing was performed using Tukey’s multiple comparison test. The 

correlation between DC and E-modulus were evaluated using regression analyses. For all 

analyses, statistical significance was preset at P < 0.05.  

 

3.3 Results 

The mean  ± standard deviation (SD) of the percentage DC and E-modulus under the 

different experimental conditions are summarized in Table 2. The E-modulus was not 

affected by the type of adhesive system at time 0, because no difference between SBMP and 

CPB was found  (time 0, P > 0.05). For the specimens stored in air, CPB had a lower E-

modulus than SBMP up to 24 h (P < 0.05), whilst no difference was found between the two 

adhesives after 72 h (P > 0.05). For water storage, differences in the E-modulus of the two 

adhesives were found only after 24 and 72 h (CPB<SBMP; P < 0.05).  

The DC was affected by the type of adhesive system at time 0, because the DC of 

CPB was greater than that of SBMP (time 0, P < 0.05). Air storage affected the DC of CPB 

at 72h (small differences were found over time for all the other conditions), and the DC of 
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CPB was grater than that of SBMP (time 0, P < 0.05). Similar findings (DC of CPB  > 

SBMP; P < 0.05) were obtained after water storage, with exception of 30 min of water 

storage, when no statistical difference between the adhesives was found (P < 0.05). 

Irrespective of the adhesive system, the medium and length of storage significantly affected 

the E-modulus, whilst they had minor effects on the DC. Indeed, storage in air increased the 

E-modulus at each ageing interval (P < 0.05) with a linear trend (the only exception was 

SBMP after 30 min vs. 60 min in air; P > 0.05) (Fig 2). The E-modulus roughly doubled 

from time 0 to 72 h, increasing from 0.65 to 1.26 GPa for SBMP and from 0.69 to 1.25 GPa 

for CPB. During water storage, the E-modulus continued to increase at each time interval 

(with the exception of SBMP after 15 min vs. 30 min in water, P > 0.05), reaching a 

maximum at 24 h for both tested adhesives. However, after 72 h of water storage, the E-

modulus of both adhesives decreased significantly (P < 0.05 compared to storage for 24 h). 

The DC of SBMP remained essentially stable during storage, whilst the DC of CPB 

increased (irrespective of the medium) after storage for 72 h compared to time 0 (P  < 0.05). 

No linear correlation was observed between the percent DC and the E-modulus of the two 

materials for storage in water (Fig. 2). 

 
 
Table 2: The E-modulus and degree of conversion (DC) of Adper Scotchbond Multi-Purpose 
(SBMP) and Clearfil Protect Bond (CPB) expressed as the mean ± standard deviation determined 
using the biaxial flexural test and micro-Raman spectroscopy, respectively 
 

No linear correlation was observed between the per-
centage DC and the E-modulus of the two materials for
storage in water (Fig. 2).

Discussion
The hypothesis tested in this study was rejected because
the DC and E-modulus of SBMP and CPB after poly-
merization were a!ected by both of the tested factors:
medium and time of storage. No linear relationship was
found between the E-modulus and the DC.
Both the DC and E-modulus are related to the curing

reaction. Indeed, adhesive polymerization is caused by
the interaction of reactive functional groups and inter-
molecular interactions, and the DC is accepted as one of
the major factors a!ecting the mechanical properties of
polymers (19, 26). However, recent studies correlating
the DC and mechanical properties (27–32) revealed that
polymerization is a more complex process than the
simple coupling of monomers into polymers, frequently

involving phase-separation phenomena and microgel
production (27). This leads to the formation of methac-
rylate polymers characterized by a heterogeneous net-
work (28).
Because of their inherent chemical complexity, adhe-

sives may polymerize suboptimally for di!erent reasons,
such as monomer structure and functionality (33),
comonomer composition (34), adhesive hydrophilicity
(35), solvent type and concentration (36, 37), presence of
water (10), and inadequate curing (8). As curing times
recommended by manufacturers in the clinical situation
are too short to guarantee an adequate DC of dental
adhesives that is achieved only after prolonged exposure
(8), and because the mold we used to prepare our spec-
imens is 0.5 mm thick (much higher compared with
clinical adhesive layers) we had determined the exposure
time we should use in this experiment by running a pilot
study. Even though 120 s of light exposure (i.e. 60 s per
specimen surface) might be considered excessive for
clinical application, after testing di!erent periods of light
exposure, we concluded that this prolonged curing time

Fig. 2. Correlation between the elastic modulus (E-modulus) and degree of conversion (DC) for the two adhesive systems tested
under di!erent storage conditions. R2 values match the symbols and fitting lines. No significant correlation was detected (P > 0.05).
CPB, Clearfil Protect Bond; SBMP, Scotchbond Multi-Purpose.

Table 2

The elastic modulus (E-modulus) and degree of conversion (DC) of Adper Scotchbond Multi-Purpose (SBMP) and Clearfil Protect
Bond (CPB) expressed as the mean ± standard deviation determined using the biaxial flexural test and micro-Raman spectroscopy,

respectively

Storage time and condition

SBMP CPB

E-modulus (GPa) DC (%) E-modulus (GPa) DC (%)

Time 0 0 0.65 ± 0.03i 75 ± 0D 0.68 ± 0.01i 78 ± 1BC

Air 15 min 0.80 ± 0.02fg 72 ± 1E 0.73 ± 0.01hi 78 ± 1BC

30 min 0.93 ± 0.06cd 75 ± 0D 0.81 ± 0.03fg 79 ± 1B

60 min 1.03 ± 0.04c 75 ± 3DE 0.94 ± 0.04d 80 ± 3BC

24 h 1.11 ± 0.01b 73 ± 0E 1.04 ± 0.02c 78 ± 4BC

72 h 1.26 ± 0.02a 74 ± 2DE 1.25 ± 0.01a 86 ± 1A

Water 15 min 0.73 ± 0.02hi 73 ± 1E 0.67 ± 0.01i 77 ± 0C

30 min 0.74 ± 0.03gh 76 ± 3DC 0.78 ± 0.01g 78 ± 1BC

60 min 0.86 ± 0.01e 74 ± 1DE 0.84 ± 0.03ef 81 ± 0B

24 h 0.99 ± 0.01c 78 ± 1BC 0.93 ± 0.01d 87 ± 5A

72 h 0.82 ± 0.01f 77 ± 1C 0.73 ± 0.02h 86 ± 0A

Values followed by the same superscript letter (lower case for E-modulus and upper case for the percentage DC) indicate no
significant di!erence at P < 0.05.
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Values followed by the same superscript letter (lower case for E-modulus and upper case for the 
percentage DC) indicate no significant difference at p < 0.05. 
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and 1, 24, and 72 h of storage in either water or air, as
described previously. The acquired Raman spectra were
processed using commercially available software (Grams/
AI 7.02; Thermo Galactic Industries, Salem, NH, USA).
The area underneath the pertinent bands was used to
determine the C=C conversion within the adhesive sam-
ples: the peak at 1,610 cm)1, assigned to the phenyl C=C
in the methacrylate-based monomers and polymers, was
identified as a reference peak because it is not a!ected by
the photopolymerization process. The peak at 1,640 cm)1,
assigned to the C=C bond in the methacrylate-based
monomers, has been widely used as a reaction peak (16,
20–25). The ratio between the reaction (Arxn) and reference
(Aref) peak areas yields the degree of conversion of the
C=C bond:

% conversion ! 1" #Arxn$p%=Aref$p%&
#Arxn$u%=Aref$u%&

! "
x100

where Ai(u) is the peak area before exposure to the
curing light and Ai(p) is the peak area after photopoly-
merization.

Statistical analysis

Statistical analysis was performed using three-way analysis
of variance (anova). The variables tested were the adhesive
system, medium, and length of storage. If di!erences were
found, pairwise testing was performed using Tukey!s
multiple comparison test. The correlations between DC and
E-modulus were evaluated using regression analyses. For
all analyses, statistical significance was preset at P < 0.05.

Results
The mean ± standard deviation (SD) of the percentage
DC and E-modulus under the di!erent experimental
conditions are summarized in Table 2.

The E-modulus was not a!ected by the type of adhe-
sive system at time 0, because no di!erence between
SBMP and CPB was found (time 0, P > 0.05). For the
specimens stored in air, CPB had a lower E-modulus
than SBMP up to 24 h (P < 0.05), whilst no di!erence
was found between the two adhesives after 72 h
(P > 0.05). For water storage, di!erences in the
E-modulus of the two adhesives were found only after 24
and 72 h (CPB < SBMP; P < 0.05).
The DC was a!ected by the type of adhesive system at

time 0, because the DC of CPB was greater than that of
SBMP (time 0, P < 0.05). Air storage a!ected the DC of
CPB at 72 h (small di!erences were found over time for
all the other conditions), and the DC of CPB was higher
than that of SBMP (P < 0.05). Similar findings (DC of
CPB > SBMP; P < 0.05) were obtained after water
storage, with the exception of 30 min of water storage,
when no statistical di!erence between the adhesives was
found (P > 0.05).
Irrespective of the adhesive system, the medium and

length of storage significantly a!ected the E-modulus,
whilst they hadminimal e!ects on theDC. Indeed, storage
in air increased the E-modulus at each ageing interval
(P < 0.05), showing a linear trend (the only exceptionwas
SBMP after 30 min vs. 60 min in air; P > 0.05). The E-
modulus generally doubled from time 0 to 72 h, increasing
from 0.65 to 1.26 GPa for SBMP and from 0.69 to 1.25
GPa for CPB. During water storage, the E-modulus con-
tinued to increase at each time interval (with the exception
of SBMP after 15 min vs. 30 min in water, P > 0.05),
reaching a maximum at 24 h for both adhesives tested.
However, after 72 h of water storage, the E-modulus of
both adhesives decreased significantly (P < 0.05 com-
pared to storage for 24 h). The DC of SBMP remained
essentially stable during storage, whilst the DC of CPB
increased (irrespective of the medium) after storage for
72 h compared with time 0 (P < 0.05).

Fig. 1. Raman spectra of uncured and cured Clearfil Protect Bond (CPB) and Scotchbond Multi-Purpose (SBMP) acquired in the
400–1,900 cm)1 region, which constitutes the fingerprint region for methacrylates. The peaks at 1,610 cm)1 (phenyl C=C) and
1,640 cm)1 (C=C group) were considered the reference and reaction peaks, respectively, for calculating the degree of conversion of
both the systems examined.
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Fig.1 Raman spectra of uncured and cured CPB and SBMP acquired in the 400–1900 cm–1 region, 
which constitutes the fingerprint region for methacrylates. The peaks at 1610 cm–1 (phenyl C=C) and 
1640 cm–1 (C=C group) were considered the reference and reaction peaks, respectively, for 
calculating the degree of conversion of both the systems examined. 
 

No linear correlation was observed between the per-
centage DC and the E-modulus of the two materials for
storage in water (Fig. 2).

Discussion
The hypothesis tested in this study was rejected because
the DC and E-modulus of SBMP and CPB after poly-
merization were a!ected by both of the tested factors:
medium and time of storage. No linear relationship was
found between the E-modulus and the DC.
Both the DC and E-modulus are related to the curing

reaction. Indeed, adhesive polymerization is caused by
the interaction of reactive functional groups and inter-
molecular interactions, and the DC is accepted as one of
the major factors a!ecting the mechanical properties of
polymers (19, 26). However, recent studies correlating
the DC and mechanical properties (27–32) revealed that
polymerization is a more complex process than the
simple coupling of monomers into polymers, frequently

involving phase-separation phenomena and microgel
production (27). This leads to the formation of methac-
rylate polymers characterized by a heterogeneous net-
work (28).
Because of their inherent chemical complexity, adhe-

sives may polymerize suboptimally for di!erent reasons,
such as monomer structure and functionality (33),
comonomer composition (34), adhesive hydrophilicity
(35), solvent type and concentration (36, 37), presence of
water (10), and inadequate curing (8). As curing times
recommended by manufacturers in the clinical situation
are too short to guarantee an adequate DC of dental
adhesives that is achieved only after prolonged exposure
(8), and because the mold we used to prepare our spec-
imens is 0.5 mm thick (much higher compared with
clinical adhesive layers) we had determined the exposure
time we should use in this experiment by running a pilot
study. Even though 120 s of light exposure (i.e. 60 s per
specimen surface) might be considered excessive for
clinical application, after testing di!erent periods of light
exposure, we concluded that this prolonged curing time

Fig. 2. Correlation between the elastic modulus (E-modulus) and degree of conversion (DC) for the two adhesive systems tested
under di!erent storage conditions. R2 values match the symbols and fitting lines. No significant correlation was detected (P > 0.05).
CPB, Clearfil Protect Bond; SBMP, Scotchbond Multi-Purpose.

Table 2

The elastic modulus (E-modulus) and degree of conversion (DC) of Adper Scotchbond Multi-Purpose (SBMP) and Clearfil Protect
Bond (CPB) expressed as the mean ± standard deviation determined using the biaxial flexural test and micro-Raman spectroscopy,

respectively

Storage time and condition

SBMP CPB

E-modulus (GPa) DC (%) E-modulus (GPa) DC (%)

Time 0 0 0.65 ± 0.03i 75 ± 0D 0.68 ± 0.01i 78 ± 1BC

Air 15 min 0.80 ± 0.02fg 72 ± 1E 0.73 ± 0.01hi 78 ± 1BC

30 min 0.93 ± 0.06cd 75 ± 0D 0.81 ± 0.03fg 79 ± 1B

60 min 1.03 ± 0.04c 75 ± 3DE 0.94 ± 0.04d 80 ± 3BC

24 h 1.11 ± 0.01b 73 ± 0E 1.04 ± 0.02c 78 ± 4BC

72 h 1.26 ± 0.02a 74 ± 2DE 1.25 ± 0.01a 86 ± 1A

Water 15 min 0.73 ± 0.02hi 73 ± 1E 0.67 ± 0.01i 77 ± 0C

30 min 0.74 ± 0.03gh 76 ± 3DC 0.78 ± 0.01g 78 ± 1BC

60 min 0.86 ± 0.01e 74 ± 1DE 0.84 ± 0.03ef 81 ± 0B

24 h 0.99 ± 0.01c 78 ± 1BC 0.93 ± 0.01d 87 ± 5A

72 h 0.82 ± 0.01f 77 ± 1C 0.73 ± 0.02h 86 ± 0A

Values followed by the same superscript letter (lower case for E-modulus and upper case for the percentage DC) indicate no
significant di!erence at P < 0.05.
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Fig. 2. Correlation between the E-modulus and degree of conversion for the two adhesive systems 
tested under different storage conditions. R2 values match the symbols and fitting lines. No 
significant correlation was detected (p>0.05). 
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3.4 Discussion 

The hypothesis tested in this study was rejected since the DC and E-modulus of SBMP and 

CPB after polymerisation were affected by both of the tested factors: medium and time of 

storage. No linear relationship was found between the E-modulus and the DC. Both the DC 

and E-modulus are related to the curing reaction. Indeed, adhesive polymerisation is due to 

the interaction of reactive functional groups and intermolecular interactions and the DC is 

accepted as one of the major factors affecting the mechanical properties of polymers [19, 

26]. 

However, recent studies correlating the DC and mechanical properties [27-32] 

revealed that polymerisation is a more complex process than the simple coupling of 

monomers into polymers, frequently involving phase-separation phenomena and microgel 

production [27] This leads to the formation of methacrylate polymers characterised by a 

heterogeneous network [28]. Because of their inherent chemical complexity, adhesives may 

polymerize suboptimally for different reasons, such as monomer structure and functionally 

[33], comonomer composition [34], adhesive hydrophilicity [35], solvent type and 

concentration [36,37] presence of water [10], and inadequate curing [8]. As curing time 

recommended by manufacturers in the clinical situation are too short to guarantee an 

adequate DC of dental adhesives that is achieved only after prolonged exposure [8], and 

because the mold we used to prepare our specimens is 0.5 mm thick (much higher compared 

with clinical adhesive layers) we had determined the exposure time we should use in this 

experiment by running a pilot study. Even though 120 s of light exposure (i.e. 60 s/specimen 

surface) might be considered excessive for clinical application, after testing different 

periods of light exposure, we concluded that this prolonged curing time could produce 

specimens with a range Knoop hardness (10 – 15 KHN) that was sufficient to allow 
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specimens to be removed from the mould without undergoing permanent deformation. Both 

of the tested adhesives are composed mainly of Bis-GMA and HEMA, and the simultaneous 

presence of hydrophilic and hydrophobic domains within the bonding agent may affect the 

curing process. In fact, previous studies revealed that poly(HEMA)-rich domains separate 

from poly(Bis-GMA)-rich areas creating heterogeneous polymers that cannot polymerise 

properly with camphorquinone (CQ) [38–40]. As CQ is hydrophobic, hydrophilic 

monomers may polymerise sub-optimally due to inappropriate polymerisation initiation, and 

this may explain why simplified adhesives exhibit a lower degree of cure compared to their 

un-simplified counterparts. To improve the DC (particularly that of simplified adhesives), 

the use of additional hydrophilic photo-initiators, in addition to standard CQ activation, has 

been proposed [41,42]. Indeed, the addition of a water-compatible component to photo-

initiators reduced the detrimental effect of phase separation and improved the performance 

of the adhesives, promoting the polymerisation of both hydrophilic and hydrophobic 

domains [23]. In a very recent study, the use of ethyl 4-dimethylaminobenzoate and 

diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) was also shown to improve the 

DC of the hydrophilic domains in dental adhesive blends [43].  

Clearfil Protect Bond also contains 12-methacryloyloxydodecylpyridinium bromide 

(MDPB), a monomer derivative of the antibacterial dodecylpiridinium bromide with an 

added methacrylate group and 10-MDP, an etching monomer with a dihydrogenphosphate 

group that can dissociate in water, generating two protons [12]. It is probable that the 

presence of these monomers is responsible for decreasing the amount of Bis-GMA in 

bonding agent of CPB in comparison with SBMP (Table 1).  Because of relatively high 

stiffness, which results in a strong barrier to molecular rotation, the degree of conversion in 

Bis-GMA based copolymers decreases with increasing Bis-GMA content [30,44,45]. The 

presence of polymerisable diluents in Bis-GMA dental resins, such as some low-molecular-
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weight monomers (e.g. HEMA, MDP, and BMDP), increases the inter-macromolecular 

spacing (i.e. the resin-free volume), which favours free radical/monomer diffusion [46] and 

consequently enhances the degree of conversion of resins [47,48]. Therefore, the relatively 

higher percentage DC of CPB, regardless of time and storage conditions, is explained by the 

fact that CPB contains relatively less Bis-GMA compared to SBMP. Moreover, we can 

hypothesize that the more efficient cure of CPB compared to SBMP might be ascribed to the 

photo-initiator type contained within the adhesives, which, however, are not disclosed by 

manufacturers. 

Conversely, despite a lower degree of conversion, an increasing Bis-GMA content 

was not found to reduce the mechanical properties [26]. Again, the relative stiffness of Bis-

GMA owing to the bulky, aromatic groups of the central part of the molecule, affects the 

mechanical properties of Bis-GMA-based resins. In fact, Bis-GMA is the cross-linker most 

frequently used in adhesive systems to improve the mechanical properties of HEMA-based 

dental adhesives, as Bis-GMA has a larger chemical structure than HEMA and two carbon-

carbon double bonds to react and form rigid cross-linked polymers [30]. In general, when 

stored under dry conditions, SBMP, which contains more Bis-GMA, had a higher E-

modulus than specimens of CPB. The effect of water storage on decreasing the mechanical 

properties of dental adhesives is well documented [8,17,18,32,49-51]. Indeed, water is 

considered a key factor in the degradation of resin-based materials. No doubt exists that the 

plasticising degrading effect of water is especially pronounced for adhesives composed of 

relatively more hydrophilic monomers, such as HEMA [52-54]. Nevertheless, although Bis-

GMA is relatively hydrophobic, it may take up water via polar ether-linkages or hydroxyl 

groups [31] and then plasticise. Consequently, it was not surprising that the E-modulus of 

both adhesives was lower when they were stored in water. Notably, the E-modulus showed 

different trends in relation to the adhesive storage conditions. For adhesive stored in air, the 
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E-modulus of both tested adhesives has doubled after 72 h. Conversely, when stored in 

water, the E-modulus initially increased by 25–30% within the first 24 h, and then decreased 

at 72 h. A previous study [55] investigated the E-modulus and water sorption of water-

stored adhesives, showing that all resins stored in water exhibited a time-dependent decrease 

in E-modulus that was proportional to their degree of water sorption. However a comparison 

with a the present investigation is not possible because different storage and polymerization 

times were used. We speculate that a critical amount of water is incorporated by the 

polymer chains [17,55], after which their mechanical properties are reduced. We 

hypothesise that monomers continue to react during air storage following the slow steric 

arrangement of the less rigid and short chain [31]. Two different events may play important 

roles in increasing the percentage DC when specimens are stored under dry conditions: the 

absence of water as a strong plasticizing agents and the positive effect of additional polymer 

cross-linking, which is probably more effective than additional DC. This can explain the 

trends in the DC and E-modulus under different conditions: stiff, rigid, voluminous 

networks formed by molecules such as Bis-GMA [30], can limit additional post-curing 

polymerization of the small, flexible unreacted monomers. Irrespective of the DC, a change 

in the distribution of these monomers to a more stable structure due to the intermolecular 

strength distribution may increase the mechanical properties of the material, including the 

E-modulus. In conclusion, this study found that DC and E-modulus of the bonding agents 

SBMP and CPB are affected by storage time and medium. Although the DC is a very 

important factor influencing the E-modulus and mechanical properties of polymeric 

materials, post-curing processes including further cross-linking and microgel formation may 

play additional roles in polymer organisation and affect the mechanical behaviour. Further 

studies should investigate the roles of each adhesive compound in the curing process and 
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examine the effects of blending additional hydrophilic initiators or extending the 

polymerisation interval on the mechanical properties of dental bonding systems. 

 

 

Source: 

 http://www.ncbi.nlm.nih.gov/pubmed/20572866  

http://onlinelibrary.wiley.com/doi/10.1111/j.1600-0722.2010.00736.x/full 
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CHAPTER 4 
 

 PUSH-OUT STRESS FOR FIBRE POSTS LUTED USING DIFFERENT 
ADHESIVE STRATEGIES 
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Push-out stress for fibre posts luted using different adhesive strategies. 

 
4.1 Introduction  

Fibre-reinforced posts are routinely used in combination with bonding luting 

materials to restore endodontically treated teeth. A number of studies have indicated the 

favourable properties of fibre posts in combination with several luting agents and adhesives 

systems [1-3]. However, because of the large variety of products and the intrinsic 

difficulties of bonding within the endodontic space, it is difficult to select a luting strategy 

that provides reliable and long-lasting bonding to root dentin. Therefore, it is necessary to 

investigate and validate the stability of the adhesive interface of fibre post within the root 

canal to ensure long-term satisfactory performance. Fibre posts can be cemented using 

conventional dual-cure resin-based cements in combination with etch-and-rinse of self-etch 

adhesives, or using the recently formulated self-adhesive cements (i.e. all-in one resin –

based materials) that allow simultaneous bonding between the intraradicular dentin and the 

post.  

 The etch-and-rinse strategy requires a wet dentin substrate for optimal bonding [4]. 

However, because of limited access, it is difficult to control wetness within the root canal. 

Conversely, the self-etch approach does not require rinsing, solving the problem of substrate 

moisture control and thus simplifying the clinical procedure. While two-step self-etch 

adhesives showed high bond –strength values and stability over time when applied to 

coronal dentin, the efficacy of self-etch systems to properly impregnate the intraradicular 

dentin remains questionable [5,6]. The peculiar histological characteristics of the 

intraradicular dentin, and the presence of a thick endodontic smear layer, has prompted 

some researches to recommend a preliminary etching step of the dowel space before 

bonding [5]. The recent introduction of self-adhesive resin-based cements has allowed 
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clinicians to lute fibre posts using a simple and standardized approach that reduces 

technique sensitivity [7,8], despite limited access to the endodontic space. Although several 

studies have indicated that the bond-strength values of self-adhesives cements are 

comparable to, or even higher than, those of conventional luting strategies [8], their limited 

etching capability in the presence of the compact smear layer created within the endodontic 

space is a matter of concern [9,10]. 

 Irrespective of the luting agent used, bonding to the intraradicular dentin remains 

unpredictable as a result of various factors that affect the clinical procedure and may 

jeopardize adhesion [11]. A number of parameters markedly affect bonding within the root 

canal, including the post-space preparation method, proper clinical handling of the luting 

materials, high C-factors, and residual irrigants or endodontic medicaments [11-14]. 

 Among laboratory study tests conducted to assay the long-term behavior of different 

material combinations, thermocycling represents a widely used in vitro ageing 

methodology. The artificial ageing effect induced by thermocycling involves both chemical 

both chemical and mechanical degradation pathways: hot water may accelerate hydrolysis 

and elution of interface components, and repetitive contraction/expansion stresses can be 

generated at the tooth-biomaterial interface [15].  

Therefore, the purpose of this in vitro study was to evaluate the contribution of both 

chemical and mechanical factors of the artificial aging induced by thermocycling on the 

retention of fibre posts cemented using different luting strategies. The adhesive interfaces 

created by an etch-and-rinse adhesive in combination with a dual-cure resin-based cement, a 

self-etch cements, or a self-adhesive resin cements were artificially aged via thermocycling 

and assed using the push-out bond strength test and interfacial nanoleakage analysis. The 

hypotheses tested were that no difference exists in terms of bond strength or nanoleakage 
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among the tested luting strategies and that thermocycling does not affect the retention of 

fibre posts.  

 

4.2 Material and methods      

 Eighty-four human incisors, extracted for periodontal reasons, were analyzed at the 

University of Trieste (Italy) after first obtaining informed consent from all patients. The 

teeth were stored in 1% chloramine T solution at 4°C until use. Adhering soft tissue and 

debris were cleaned off the crown was removed using a high-speed diamond saw 

(Micromet; Remet, Casalecchio di Reno, Bo, Italy) under water-cooling. The working 

length was established at 1mm from the root apex. Cleaning and shaping was performed 

using a crown-down technique employing FlexMaster rotary instruments on an E-Master 

hand piece (Dentsply De Trey, Konstanz, Germany). Irrigation was performed using 17% 

EDTA and 5% NaOCl throughout cleaning and shaping of the root canal. Root canals were 

obturated with gutta-percha and a resin sealer (AH Plus Dentsply) using the continuous 

warm-wave vertical-compaction technique and backfilling was performed using System B 

(Elements Obturation Unit; Sybron Endo, Orange, CA, USA).  

 Teeth were divided randomly into three groups (n=28). A post space 8 mm in depth 

was prepared with the corresponding low-speed drill, and groups were classified according 

to luting strategy, as follows: 

 

• Group 1: Etch-and-rinse group: XP-Bond adhesive/self curing activator 

(Dentsply)/CoreXFlow2 (Dentsply). Posts: DT Light-Post (RTD, St. Egreve, 

France).  

• Group 2: Self-etch group: Panavia F 2.0/ED primer (Kuraray Dental, Osaka, Japan). 

Posts: Tech 21 (Abrasive Technology, Lewis Center, OH USA).  
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• Group 3: Self-adhesive group: RelyX Unicem (3M ESPE, Seefeld Germany). Posts: 

RelyX (3M ESPE). Posts: RelyX (3M ESPE).  

Adhesive/cement application and post-luting were performed according to the 

manufacturers’ instructions (Table 1).  

 

Specimen preparation for push-out strength test 

 Sixty teeth were assigned to the push-out bond strength test (n=20 per group). 

Specimens were cut into transverse sections using a low-speed diamond saw (Micromet; 

Remet) under water-cooling to obtain root slices of 1mm in thickness; approximately 5-6 

slices per tooth were obtained, and both coronal and apical sections were included in the 

study. For each group, half of the specimens were subjected to thermocycling (40,000 

cycles) form 5°C to 55°C for 30 s each  

 

 

Table 1: Mode of application of the materials tested in this study.  

Results
Push-out bond strength

The mean (± standard deviation) push-out bond
strength for each luting strategy (and statistically
significant di!erences), failure modes, and analysis of the
interfacial nanoleakage expression are indicated in
Table 2 and Fig. 1.
Thermocycling significantly a!ected the bond

strength of self-etching (group 2, Panavia F2.0) and
self-adhesive (group 3, RelyX Unicem) cements com-
pared with control specimens incubated in artificial
saliva for the same period of time (P = 0.031).
Although the etch-and-rinse strategy (group 1,
XP-Bond/CoreXFlow) showed a slight decrease in bond
strength, there was no significant di!erence compared
with the control (P = 0.084).
No di!erence was observed among the various luting

strategies under control conditions, whereas, after ther-
mocycling, the etch-and-rinse and self-adhesive
approaches showed higher bond strengths compared
with the self-etch cement (group 2) (P = 0.023). No
di!erence in failure mode was observed between groups,
irrespective of luting strategy or thermocycling (Table 2).

Interfacial nanoleakage analysis

Data regarding the extent of silver nitrate deposition
along the bonded interface are shown in Table 2.
Although thermocycling caused a significant increase in
interfacial nanoleakage (Fig. 1A–C; P < 0.05), the
luting procedure itself had no e!ect on nanoleakage
(Fig. 1D–F; P > 0.05).

Discussion
No di!erence in bond strength or interfacial nanoleakage
was observed among the luting strategies under control
conditions. However, thermocycling reduced the push-
out bond strength (P < 0.05) and resulted in an increase
in interfacial nanoleakage in specimens treated using the
self-etching and self-luting strategies, whereas only a
slight decrease was observed for the etch-and-rinse
strategy.
The type of fibre post can a!ect push-out bond

strength to a greater extent than the luting agent (19).
However, it is reasonable to expect that using fibre-post
system components (i.e. adhesive, resin cement, and
fibre post) from the same manufacturer may prevent

Table 1

Mode of application of the materials tested in this study

Luting agent Fibre post Post space/dentin treatment Cementation procedure

CoreX Flow DT Light-Post Apply caulk 34% tooth
conditioner gel to the post
space with a needle

Mix CoreXFlow 2 base and
catalyst (1:1) for 30 s. Apply
the material to the post and seat
the post immediately

Rinse with water after 15 s using
an endodontic syringe

Allow the material to autocure
for 7 min Light cure for 40 s
(Elipar 2500; 3M ESPE)Remove excess water with a gentle

air blast and use paper points to
remove residual moisture without
desiccating the etched dentin
surface
Mix XP Bond adhesive with
Self-Cure Activator (1:1) Apply
mixture to the post space with an
endodontic microbrush for 20 s
Gently air-dry and remove excess
with paper points

Panavia Tech 21 Mix ED primer II (Liquid A and
Liquid B 1:1)

Mix Panavia F2.0 paste A and
paste B for 20 s

Apply mixture to the post space
with a microbrush for 30 s

Apply the mixed paste to the
post and seat it in place

Gently air-dry and then remove
excess with paper points

Light cure for 40 s (Elipar 2500;
3M ESPE)

RelyX Uni-
cem

RelyX Fiber Post No treatment Mix the capsule
Apply RelyX Unicem cement
directly to the post space with
a disposable application tip
attached to the capsule
Set the post in place
Leave the cement to autocure for
5 min and then light cure for
40 s (Elipar 2500, 3M ESPE)

Thermocycling and fibre-post bond strength 449
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(Willytec/SD Mechatronik, Feldkirchen-Westerham, Germany) in artificial saliva, while the 

remaining bonded slices were stored in artificial saliva at 37°C for the same period of time 

[15,16]. After thermocycling or storage, the push-out test was performed using a universal 

testing machine (Sun 500; Galdabini, Milano, Italy) connected to a load cell with the load 

speed set at 1 mm min-1.  

 All fractured specimens were analyzed using a stereomicroscope (Stemi 2000-C, 

50X objective; Carl Zeiss Jena, Jena, Germany) to determine whether the failure mode was 

between dentin and the luting agent (AD), adhesive failure between the luting agent and the 

post (AP), cohesive failure between the luting agent (CC), or mixed failure (M). The 

maximum failure load was recorded in newtons (N) and converted into megapascals (MPa).  

 Because the values were normally distributed, as determined by the Kolmogorov-

Smirnov test, the data were analyzed using two-way analysis of variance (ANOVA) and 

Tukey’s post hoc test (P-values of < 0.05 were considered significant, Table 2).  

 

Interfacial nanoleakage analysis 

 The remaining 24 post-luted roots (n=8 per group) were selected for the evaluation 

of interfacial nanoleakage expression. The portion of each root containing the fibre posts 

was sectioned at intervals of 1 mm using a low-spped saw (Micromet; Remet) to expose the 

luted interface; coronal and apical sections were included in the study. Briefly, 

undermineralized and unembedded specimens were covered with nail varnish, leaving 1 mm 

free at the interface, immersed in 50 wt% ammoniacal silver nitrate solution, and then 

immersed in photodeveloping solution, in accordance with the method of Tay et al. [17].  

 Sections were then bonded onto glass slides, ground to a thickness of approximately 

40 µm with 600-, 800-, 1,200- and 2,400-grit silicon carbide (SiC) paper under running 
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water (LS2, Remet, Bologna, Italy), stained with 0.5% acid fuchsin for 15 min, and then 

observed under normal transmitted light using a light microscope (Nikon Eclipse; Nikon, 

Tokyo, Japan).  

 All images were obtained at a magnification of X100, and the amount of silver tracer 

deposited along the interface (i.e the degree of interfacial nanoleakage) was scored on a 

scale of 0-4 by two observes in accordance with Saboia et al. [18] (i.e interfacial 

nanoleakage was scores based on the percentage of the adhesives surface showing silver 

nitrate deposition: 0, nanoleakage; 1, < 25% with nanoleakage, 2, 25% to ≤ 50% with 

nanoleakage; 3, 50% ≤ 75% with nanoleakage; and 4, > 75% with nanoleakage). Statistical 

differences among score groups (i.e the number of specimens falling within each score 

category) were analyzed using the chi-square test (p < 0.05). 

 

4.3 Results  

Push-out bond strength 

 The mean (± standard deviation) push-out bond strength for each luting strategy (and 

statistically significant differences), failure modes, and analysis of the interfacial 

nanoleakage expression are indicated in Table 2 and Figure 1.  

 Thermocycling significantly affected the bond strength of self-etching (group 2, 

Panavia F2.0) and self-adhesive (group 3, RelyX Unicem) cements compared with control 

specimens incubated in artificial saliva for the same period of time (P=0.031).  Although the 

etch-and-rinse strategy (group 1, XP-Bond/CoreXFlow) showed a slight decrease in bond 

strength, there was no significant difference compared with the control (P=0.084). No 

differences was observed among the various luting strategies under control conditions, 

whereas, after thermocycling, the etch-and-rinse and self-adhesive approaches showed 

higher bond strengths compared with self-etch cement (group 2) (P=0.023). No difference 
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in failure mode was observed between groups, irrespective of luting strategy of 

thermocycling (Table 2).  

Interfacial nanoleakage analysis  

 Data regarding the extent of silver nitrate deposition along the bonded interface are 

shown in Table 2. Although thermocycling caused a significant increase in interfacial 

nanoleakage (Fig. 2A-C, P < 0.05), the luting procedure itself had no effect on nanoleakage 

(Fig. 2D-F, P < 0.05). 

 

Table 2: mean (± standard deviation) push-out bond strength (MPa) for each bonding strategy after 
either thermocycling (T) or storage in artificial saliva for the same period of time (C). Regarding 
mode of failure, the percentages of slices demonstrating adhesive failure between dentin and the 
luting agent. (AD), adhesive failure between the luting agent and the post (AP), cohesive failure 
within the luting agent (CC), or mixed failure (M) are shown in the second column. Interfacial 
Nanoleakage was evaluated in all groups, and the percentage of sections and nanoleakage scores are 
shown.    

incompatibilities between the materials and allow
assessment of the full potential of each system under
in vitro conditions (20). Thus, the adhesive/resin cement
selected to lute fibre posts was chosen in accordance with
the manufacturer!s suggestions, except for the self-etch
strategy: currently, no specific post is recommended
for Panavia F2.0, which was the most susceptible to
bond-strength reduction as a result of thermocycling.
Previous studies clarified that adhesion to root dentin

can be obtained with each of the tested luting strategies
(20), but revealed controversial results. Goracci et al.
(21) showed that the push-out bond strength of a self-
adhesive cement (RelyX Unicem) was comparable to
that of a self-etch resin-based cement (Panavia F2.0), but
lower than that of an etch-and-rinse dual-curing adhesive
(Excite DSC; Ivoclar Vivadent, Schaan, Liechtenstein) in

combination with a resin-based cement (Variolink II;
Ivoclar Vivadent). Radovic et al. (20) also tested an
etch-and-rinse approach, a self-etch approach, and a
self-adhesive luting approach, and concluded that the
self-etch approach may o!er less favourable adhesion to
root canal dentin in comparison with etch-and-rinse and
the self-adhesive approaches. Conversely, Bitter et al.
(22) reported a higher push-out bond strength for RelyX
Unicem compared with Panavia F, Variolink II, and
other resin-based cements.
Bond longevity and stability are adversely a!ected by

physical and chemical factors over time (23). Expansion
and contraction stresses caused by thermal changes and
occlusal loads are some of the most important factors
a!ecting adhesive stability (25, 26). In addition, chemical
factors, suchasacidiccompounds indentinalfluid, salivary

Table 2

Mean (± standard deviation) push-out bond strength (MPa) for each bonding strategy after either thermocycling (T) or storage in
artificial saliva for the same period of time (C). Regarding mode of failure, the percentages of slices demonstrating adhesive failure
between dentin and the luting agent (AD), adhesive failure between the luting agent and the post (AP), cohesive failure within the luting
agent (CC), or mixed failure (M) are shown in the second column. Interfacial nanoleakage was evaluated in all groups, and the

percentage of sections and nanoleakage scores are shown

Group
Push-out bond strength
(percentage failure mode)

Nanoleakage expression

Score
Percentage of images
(total no. of images)

Group 1: XP-Bond CoreX Flow 2 DT Light Fiber Post
T 6.4 ± 2.3a,b MPa

(46% AD; 14% AP; 12% CC; 28% M)
0 0% (21)
1 4.8% (21)
2 28.6% (21)
3 66.6% (21)
4 0% (21)

C 7.8 ± 2.1a MPa
(52% AD; 25% AP; 0% CC; 23% M)

0 21.7% (23)
1 78.3% (23)
2 0% (23)
3 0% (23)
4 0% (23)

Group 2: Panavia F 2.0/ED primer Tech 21 Post
T 4.3 ± 1.8c MPa

(30% AD; 18% AP; 25% CC; 27% M)
0 0% (18)
1 0% (18)
2 33.3% (18)
3 50% (18)
4 16.7% (18)

C 7.3 ± 1.3a,b MPa
(40% AD; 18% AP; 15% CC; 27% M)

0 23.8% (21)
1 61.9% (21)
2 14.3% (21)
3 0% (21)
4 0% (21)

Group 3: Rely X Unicem Rely X Post
T 5.8 ± 2.2b MPa

(36% AD; 21% AP; 17% CC; 26% M)
0 0% (22)
1 0% (22)
2 31.9% (22)
3 59.0% (22)
4 9.1% (22)

C 8.3 ± 2.6a MPa
(55% AD; 12% AP; 0% CC; 33% M)

0 13.6% (22)
1 86.4% (22)
2 9.1% (22)
3 0% (22)
4 0% (22)

Groups with the same superscript letters are not significantly di!erent (P > 0.05). Interfacial nanoleakage was scored based on the
percentage of the adhesive surface showing silver nitrate deposition: 0, no nanoleakage; 1, < 25% with nanoleakage, 2, 25%
to £ 50% with nanoleakage; 3, 50% to £ 75% with nanoleakage; 4, > 75% with nanoleakage.
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Groups with the same superscript letter are not significantly different (P >0.05). Interfacial 
nanoleakage was scored based on the percentage of the adhesive surface showing silver nitrate 
deposition: 0, nanoleakage; 1, < 25% with nanoleakage, 2, 25% to ≤ 50% with nanoleakage; 3, 50% 
≤ 75% with nanoleakage; and 4, > 75% with nanoleakage).    
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enzymes, or collagenolytic factors of bacterial origin, may
reach the endodontic space as a result of suboptimal
coronal sealing. Recently, the activation of endogenous
dentin matrix metalloproteinases (27, 28) has been shown
to contribute to the degradation of suboptimally impreg-
nated collagen fibrils within the hybrid layer, expediting
degradation of the adhesive interface (23, 29, 30).
Either thermal or mechanical loading can be used to

simulate clinical conditions that a!ect adhesive stability
in vitro. In the present study, bond strength and inter-
facial nanoleakage, with or without thermocycling, were
examined. The rationale was to simulate and accelerate
ageing in vitro in a clinically relevant manner in order to

assess the long-term clinical behaviour of fibre posts. The
results of previous studies investigating the e!ects of
thermocycling on bonded interfaces of fibre posts have
yielded contradictory results. Some authors (31, 32)
reported that the retention of fibre posts is una!ected by
thermocycling, while an increase in bond strength for
RelyX Unicem after thermocycling was found at the
apical region and at the middle third of the roots (22).
The authors speculated that the moisture tolerance of the
self-adhesive cement may explain its favourable adhesion
in root canals. These data are in contrast to those
obtained in the present study, even if a di!erent ther-
mocycling regimen were tested (5,000 vs. 40,000 cycles).
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Fig. 1. Light micrographs showing the adhesive interface created by three di!erent luting strategies under the conditions tested.
(A–C) Silver nitrate deposition along the interfaces after thermocycling (40,000 cycles) indicated significantly increased interfacial
nanoleakage (pointers), regardless of the adhesive strategy (groups 1, 2, and 3). (D–F) Control specimens stored in artificial saliva for
the same time-period showed only minor silver deposition along the adhesive interfaces (pointers). D, dentin; L, luting agent; P, post.

Thermocycling and fibre-post bond strength 451

 
Fig. 2 Light micrographs showing the adhesive interface created by three different luting strategies 
under the conditions tested. (A-C) Silver nitrate deposition along the interfaces after thermocycling 
(40,000) indicated significantly increased interfacial nanoleakage (pointers), regardless of the 
adhesive strategy (group 1, 2 and 3). (D-F) Control specimen stored in artificial saliva for the same 
time-period showed only minor silver deposition along the adhesive interfaces (pointers). D, dentin; 
L luting agent; P, post.  
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4.4 Discussion  

No differences in bond strength or interfacial nanoleakage was observed among the 

luting strategies under control conditions. However, thermocycling reduced the push-out 

bond strength (P < 0.05) and resulted in an increase in interfacial nanoleakage in specimens 

treated using the self-etching and self-luting strategies, whereas only a slight decrease was 

observed for the etch-and-rinse strategy.  

The type of fibre post can affect the push-out bond strength to a greater extent than 

the luting agent [19]. However, it is reasonable to expect that using fibre-post system 

components (i.e. adhesive, resin cement and fibre post) from the same manufacturer may 

prevent incompatibilities between the materials and allow assessment of the full potential of 

each systems under in vitro conditions [20]. Thus, the adhesive/resin cement selected to lute 

fibre posts was chosen in accordance with the manufacturer’s suggestions, except for the 

self-etch strategy: currently, no specific post is recommended for Panavia F2.0, which was 

the most susceptible to bond-strength reduction as a result of thermocycling.  

Previous study clarified that adhesion to root dentin can be obtained with each of the 

tested luting strategies [20], but revealed controversial results. Goracci et al. [21] showed 

that the push-out bond strength of a self-adhesive cement (RelyX Unicem) was comparable 

to that of a self-etch resin-based cement (Panavia F2.0), but lower than that of an etch-and-

rinse dual-curing adhesive (Excite DSC; Ivoclar Vivadent, Schaan, Liechtenstein) in 

combination with a resin-based cement (Variolink II, Ivoclar Vivadent). Radovic et al. [20] 

also tested an etch-and-rinse approach, a self-etch approach, and a self-adhesive luting 

approach and concluded that the self-etch approach may offer less favourable adhesion to 

root canal dentin in comparison with etch-and-rinse and the self-adhesive approaches. 

Conversely, Bitter et al. [22] reported a higher push-out bond strength for RelyX Unicem 

compared with Panavia F, Variolink II, and other resin-based cements.  
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Bond longevity and stability are adversely affected by physical and chemical factors 

over time [23]. Expansion and contraction stresses caused by thermal changes and occlusal 

loads are some of the most important factors affecting adhesive stability [25,26]. In 

addition, chemical factors, such as acid compounds in dentinal fluid, salivary enzymes, or 

collagenolytic factors of bacterial origin may reach the endodontic space as a result of 

suboptimal coronal sealing. Recently, the activation of endogenous dentin matrix 

metalloproteinases [27,28] has been shown to contribute to the degradation of suboptimally 

impregnated collagen fibrils within the hybrid layer, expediting degradation of the adhesive 

interface [23, 29, 30]. 

Either thermal or mechanical loading can be used to simulate clinical conditions that 

affect adhesive stability in vitro. In the present study, bond strength and interfacial 

nanoleakage, with or without thermocycling, were examined. The rationale was to simulate 

and accelerate ageing in vitro in a clinically relevant manner in order to assess the long-term 

clinical behavior of fibre post. The results of previous studies investigating the effects of 

thermocycling on bonded interfaces of fibre posts have yielded contradictory results. Some 

authors [31-32] reported that the retention of fibre posts is unaffected by thermocycling, 

while an increase in bond strength for RelyX Unicem after thermocycling was found at the 

apical region and at the middle third of the roots [22]. The authors speculated that the 

moisture tolerance of the self-adhesive cement may explain its favourable adhesion in root 

canals. These data are in contrast to those obtained in the present study, even if a different 

thermocycling regimen were tested (5,000 vs. 40,000 cycles). In a different study, thermal 

ageing was found to reduce bond strength, as recently reported by Bitter et al. [33], showing 

a drastic reduction of bond strengths regardless of post type, pretreatment, or core material. 

However, attention should be focused on the conditions under which the specimens were 

tested, in particular the number of thermocycles to which the bonded interface were 
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subjected. According to the ISO TR 11450 (16), 500 thermocycles in water between 5°C 

and 55°C is considerable to be appropriate and essential test for ageing dental materials. In 

accordance with this recommendations, the majority of previous studies investigated the 

effects of thermocycling under these conditions. However, because no significant decrease 

in bond-strength effectiveness was observed after such limited thermocycling (i.e 3,000-

6,000 cycles) [31,32,34], the ability of the test to simulate the intra-oral ageing accurately 

remains controversial. Although some authors [33] have advocated placing less emphasis on 

thermocycling when evaluating the retention of root canal posts, Eick et al. [35] supported 

in the in vitro test, concluding that 10,000 cycles was a reasonable approximation of 1 year 

of clinical service for coronal bonded interfaces. De Munck et al. [15] reported that 

unsimplified adhesives do not appear to be altered after artificial ageing for up to 20,000 

cycles (i.e 2 yr of simulated clinical services). Based on the suggestion that an increased 

number of thermocycles should be performed to properly challenge the adhesive interface, 

we examined the effect of 40,000 cycles, representing approximately 4 yr of functional 

service [24], in the present study. This increased number of cycles reduced the adhesives 

performance of the self-etching and self-adhesive approaches. As thermocycling challenges 

the adhesive interface both chemically (hot water accelerates hydrolysis and elution of 

interface components) and mechanically (repetitive contraction/expansion stresses), 

increasing the number of cycles implies extended storage in artificial saliva finally 

enhancing the role of water-mediated ageing phenomena [15]. For this reasons, control 

specimens were stored in artificial saliva at 37°C for the same period of time needed by the 

thermocycling specimens to be tested to failure (approx. 7 week), in order to assay the role 

of water-mediated ageing phenomena accurately.  

However, although thermocycling showed observable effects on coronal dentin, it 

should be noted that the surrounding bone and periodontal tissues minimize thermal changes 
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in vivo. Thus, thermocycling can be used only as a means to accelerate ageing in vitro in 

luted fibre post specimens, which allows us to clarify the possible role of thermal 

contraction and expansion within the endodontic space. In fact, because thermocycling 

produces a greater degree of heat stress than the amount of heat that can be transmitted in 

clinical situations [24], we concluded that the acceptable levels of retention observed in the 

present study after artificial ageing may be even more promising under clinical situations.                              

  

Source:  

http://www.ncbi.nlm.nih.gov/pubmed/19627358 

http://onlinelibrary.wiley.com/doi/10.1111/j.1600-0722.2009.00656.x/full 
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CHAPTER 5 
 

AGEING AFFECTS THE ADHESIVE INTERFACE OF POSTS LUTED WITH 

SELF-ADHESIVE CEMENTS: A 1-YEAR STUDY 
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Ageing affects the adhesive interface of posts luted with self-adhesive cements: a 1-year 

study. 

 
5.1 Introduction 

The potential applications of fibre-post reinforced materials in restorative dentistry 

have been investigated extensively [1]. With the introduction of fibre posts, a new trend has 

been established in the restoration of endodontically treated teeth [2]. The ability of these 

materials to bond to the tooth structure and the similarity of their physical and mechanical 

properties to dentine have allowed clinicians to achieve excellent results in the restoration of 

severely damaged endodontically treated teeth, as confirmed by several in vivo and in vitro 

studies [3-6]. 

Fibre posts consist of silane-coated fibres (carbon, glass, silica, quartz, or zircon) 

embedded in a resin matrix that is chemically compatible with Bis-GMA-based luting 

agents. This compatibility allows them to be cemented to intra-radicular dentine and 

coupled with core build-up material [7,8]. Despite many studies investigating the bond 

strength of fibre posts to intra-radicular dentine  [3,9,10], the large variety of manufacturer-

recommended products complicates clinicians’ selection of a proper luting strategy. Several 

strategies and materials have been proposed to lute fibre posts within the endodontic space: 

1) conventional dual-cure resin-based cements in combination with etch-and-rinse or self-

etch adhesives, 2) self-etch cements, and more recently 3) self-adhesive cements. Although 

traditional non-adhesive materials (e.g. zinc phosphate cement) have also been proposed, 

adhesive cementation has been found to reduce microleakage at the post/adhesive interface 

[11] and to improve post retention over time, even in cases of reduced post length [12]. 

Because all adhesive procedures are extremely technique-sensitive, scientists and 

manufacturers have consistently sought to simplify clinical procedures. Furthermore, the 
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intrinsic difficulties of bonding within the endodontic space lead to the long-term 

unpredictability of intra-radicular bonding. The controlled, standardised application of a 

multi-step bonding procedure is complicated by several factors that influence adhesion 

mechanisms within the endodontic space [13,14]. Relevant polymerisation issues include 

the unfavourable configuration factor (C-factor), elevated contraction stress, and reduced 

light intensity in the endodontic space [13-16]. The intra-radicular dentine substrate may 

also be affected by the anatomical and histological characteristics of the endodontic dentine, 

the secondary smear layer created during post preparation, and potential adverse effects of 

the endodontic irrigants used [13,14,17]. Chemical incompatibilities between dual-cure 

materials with simplified adhesives and the lack of chemical bonding between the fibre 

posts and the luting materials may also impair the luting procedure [13,14,18]. Thus, the use 

of self-adhesive cements to lute fibre posts may solve operator-related issues, but does not 

overcome all of the above-mentioned factors [19]. 

A simpler self-adhesive approach offers a shorter bonding application time and 

reduced technique sensitivity [19,20], because no conditioning of the tooth surface is 

necessary before cement application and no adhesive system is required. Once the cement is 

mixed, its application is readily accomplished in a single clinical step, similar to the 

application procedure of zinc-phosphate cements. Since the first self-adhesive cement 

(RelyX Unicem; 3M ESPE, St. Paul, MN, USA) was introduced relatively recently (in 

2002), the bond longevity created by this category of material has yet to be clarified. Self-

adhesive cements usually contain multifunctional monomers with phosphoric acid that 

allow simultaneous demineralisation and infiltration of enamel and dentine substrates [19]. 

The dual polymerisation reaction is free radical-based and can be initiated by either light 

exposure or through self-curing [19]. 
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Previous studies have investigated the use of self-adhesive cements (most frequently 

RelyX Unicem) to lute fibre posts within the endodontic space. Push-out tests [21-23] and 

morphological evaluations of the cement/root dentine interface [22] have demonstrated the 

short-term efficacy of these materials in luting fibre posts to intra-radicular dentine. 

Nevertheless, the long-term stability of the bond created by self-adhesive cements remains 

unknown. 

The aim of this in vitro study was to investigate the retention of fibre posts luted to 

intra-radicular dentine using three currently available self-adhesive cements and to evaluate 

the stability of the luting procedure over time. The null hypotheses tested were: 1) no 

differences in bond strength or nanoleakage exist between the three self-adhesive cements 

immediately after luting; and 2) storage does not affect the adhesive interface after 6 months 

or 1 year in artificial saliva at 37°C. 

 

5.2 Materials and methods 

 The study sample consisted of 63 human incisors that had been extracted for 

periodontal reasons. Informed consent was obtained through a protocol approved by the 

University of Trieste, Italy. The teeth were stored at 4°C in 1% chloramine-T solution and 

used within 1 month after extraction. The inclusion criteria were the absence of caries or 

fractures, no previous endodontic treatments, posts, or crowns, and a root length of 13 ± 3 

mm. Adhering soft tissue and debris were removed from the teeth with periodontal curettes, 

and the crowns were removed using a low-speed water-cooled diamond saw (Micromet; 

Remet, Casalecchio di Reno, BO, Italy). 

The teeth were then endodontically treated. Cleaning and shaping were performed 

using a crown-down technique with FlexMaster rotary instruments (Dentsply DeTrey, 

Konstanz, Germany) on an E-Master hand piece (Dentsply DeTrey). Irrigation was 
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performed throughout the cleaning and shaping of the root canal with alternate applications 

of 17% ethylenediaminetetraacetic acid (EDTA) and 5% sodium hypochlorite (NaOCl). 

Working lengths were established 1 mm from the root apices. After the final irrigation, the 

root canals were completely dried using an air stream and absorbent paper points (Dentsply 

DeTrey), and obturated with gutta-percha and a resin sealer (AH Plus; Dentsply DeTrey) 

using the continuous wave warm vertical compaction technique. Backfilling was performed 

using System B (Elements Obturation Unit; Sybron Endo, Orange, CA, USA). 

The coronal aspects of the filled roots were sealed temporarily with glass ionomer 

cement (Fuji VII; GC Corporation, Tokyo, Japan) and stored for 24 h at 37°C and 100% 

humidity in labelled white film containers. After removing the temporary coronal seal, the 

gutta-percha was removed using a low-speed universal drill provided by the manufacturer. 

The extent of removal corresponded to the post size to be tested and maintained at least 4 

mm of apical seal. 

The specimens were randomly and equally divided into three groups (n = 21) and 

received one of the following self-adhesive cement/post combinations: 1) Bifix SE self-

adhesive cement (Voco, Cuxhaven, Germany) with a proprietary Rebilda post (Voco; size: 

green, length: 19 mm, coronal diameter: 1.20 mm, apical diameter: 0.65 mm); 2) RelyX 

Unicem (3M ESPE) with a RelyX Fiber post (3M ESPE; size: yellow, length: 20 mm, 

coronal diameter: 1.30 mm, apical diameter: 0.70 mm); or 3) MaxCem (Kerr, Orange, CA, 

USA) with a Rebilda post. An 8-mm-deep post space was prepared and the posts were 

cemented in accordance with the manufacturers’ instructions (Table 1). 
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Fig 1. The section of a specimen with fiber post. 

 

Table 1: Composition and application mode of the materials tested in the study.   

Luting 
Agent 

Composition of 
the luting agent 

Filler 
(wt%) 

Fiber 
Post 

Post-surface 
pretreatment 

Cementation 
procedure 

Bifix SE 

Bis-GMA, UDMA, 

Gly-DMA, 
phosphatemonomers, 
initiators, stabilizers. 

Fillers: glass 

(70 wt%) 
Rebilda 

Post 

1. Treat with a silane 
coupling agent 
Ceramic Bond 
(Voco). 

2. Allow to act for 
60s. 

3. Dry with oil-free air 

1. Apply directly 
Bifix-SE into the 
post space a 
disposable 
application 
mixing tip; 

2. Place the post; 
3. Light cure for 

40s. 

RelyX 
Unicem 

Methacrylated 
phosphoric ester, 
dimethacrylates, 

acetate, 
substituted pyrimidine, 

peroxy compound, 
sodium persulfate, 
acetate, initiator, 

stabilizer. 

Fillers: glass 
powder, fumed 
silica, calcium 
hydroxidine 

(72 wt%) 

RelyX Fiber No treatment 

1. Mix the capsule; 
2. Apply RelyX 

Unicem cement 
directly into the 
post space 
through a 
disposable 
application tip 
that is attached to 
the capsule; 

3. Place the post; 
4. Leave the cement 

to auto cure for 5 
min and then 
light cure for 
40s. 
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MaxCem 

Glycerol phosphate 
dimethacrylate 
(GPDM), co-

monomers (mono-, di- 
and tri-functional 

methacrylate 
monomers, water, 

acetone and ethanol. 

Fillers: barium, 

glass, 

fumed silica, 
sodium 

hexafluorosilic
ate 

(66 wt%) 

Rebilda 
Post 

1. Treat with a silane 
coupling agent 
Ceramic Bond 
(Voco). 

2. Allow to act for 
60s. 

3. Dry with oil-free air 

1. Apply directly 
MaxCem into the 
post space a 
disposable 
application 
mixing tip; 

2. Place the post; 
3. Light cure for 

40s. 

 

 

 Light curing was performed using a conventional quartz-tungsten-halogen light (600 

mW/cm2 output; Elipar 2500; 3M ESPE) for the time recommended by the cement 

manufacturers. The bonded roots were collected in individually labelled containers and 

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

 After 24 h, the root portions corresponding to the bonded fibre posts were sectioned 

transversally into five or six 1-mm-thick serial slices using a water-cooled low-speed saw 

(Micromet) (Fig 1). The specimens in each group were randomly and equally assigned to 

three storage times (n = 7): time 0, immediately pushed to failure, stored at 37°C for 6 

months in artificial saliva (incubator: Binder GmbH, Tuttlingen, Germany), and stored at 

37°C for 1 year in artificial saliva. The apical surface of each slice was marked with a dot 

using permanent black ink. 

 

5.2.1 Push-out strength test 

The push-out test was performed on five teeth from each group using a universal 

testing machine (Sun 500; Galdabini, Milano, Italy) connected to a load cell operating at a 

crosshead speed of 0.5 mm/min, in accordance with Radovic et al. [24]. The apical surface 

displaying the ink dot was placed facing the punch tip to ensure that loading force was 

introduced in an apical-to-coronal direction. Bond failure was manifested as dislodgment of 

the fibre post from the root section, and then bond strength was recorded. All fractured 
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specimens were analysed with a stereomicroscope (Stemi 2000-C, 60× objective; Carl Zeiss 

Jena GmbH, Jena, Germany) to determine whether the failure mode was adhesive (AD: 

between dentine and luting agent, AP: between luting agent and post), cohesive within the 

luting agent (CC), or mixed (M). The maximum failure load was recorded in newtons (N) 

and converted into megapascals (MPa). Briefly, stereomicroscopic images of the upper and 

lower sides of each specimen were taken and the failure limit was traced with a closed line 

using image analysis software (Image Pro Plus 5.0; Media Cybernetics, Bethesda, MD, 

USA). This limit was then measured (after software calibration) in accordance with Ferrari 

et al. [16]. The thickness of the slice was individually measured using digital callipers with 

0.01-mm accuracy. 

Because a Kolmogorov-Smirnov test confirmed that the values were normally 

distributed, the bond strength data were analysed with two-way analyses of variance 

(ANOVA) and post-hoc Tukey tests. P values less than or equal to 0.05 were deemed to 

indicate statistical significance. 

 

 
Fig. 2 Push out test 
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5.2.2 Interfacial nanoleakage analysis 

 Interfacial nanoleakage analysis was performed on the remaining teeth (n = 2 from 

each ageing interval in each group) in accordance with Saboia et al. [25]. The root portions 

containing the fibre posts were sectioned at 1-mm intervals using a low-speed saw 

(Micromet) to expose the luted interfaces. Five or six slices were obtained per tooth, and 

both coronal and apical sections were included in the study. Briefly, undemineralised and 

unembedded specimens were covered with nail varnish leaving 1 mm free at the interface 

and immersed in 50% wt% ammoniacal silver nitrate (AgNO3) solution followed by photo-

developing solution, in accordance with Tay et al. [26]. 

The sections were then bonded on glass slides, ground to a thickness of 

approximately 40 mm under running water with 600-, 800-, 1200- and 2400-grit silicon 

carbide (SiC) paper (LS2; Remet), stained for 15 min with 0.5% acid fuchsin, and observed 

under a light microscope (Nikon Eclipse; Nikon, Tokyo, Japan). All interface images were 

obtained at a 100× magnification and the amount of silver tracer deposited along the 

interface (i.e. the degree of interfacial nanoleakage) was scored on a scale of 0 to 4 by two 

observers [25]. This scoring was based on the percentage of luted surface showing silver 

nitrate deposition: 0, no nanoleakage; 1, < 25% with nanoleakage; 2, 25 ≤ 50% with 

nanoleakage; 3, 50 ≤ 75% with nanoleakage; 4, > 75% with nanoleakage (Table 2). 

Statistical differences among score groups (i.e. number of specimens falling within each 

score category) were analysed using the χ2 test (p < 0.05). 

 

5.3 Results 

5.3.1 Push-out bond strength 

 The means, standard deviations, and significant differences of push-out bond 

strength and the failure modes at each ageing interval are reported in Table 2. The mean 
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immediate bond strengths of the self-adhesive cements ranked in the following order: Bifix 

SE (7.8 ± 2.9 MPa; group 1, time 0) = RelyX Unicem (8.4 ± 2.7 MPa; group 2, time 0) > 

MaxCem (4.6 ± 2.4 MPa; group 3, time 0; p < 0.05). 

Storage in artificial saliva for 6 months significantly reduced the bond strength of 

RelyX Unicem (6.7 ± 2.6 MPa) and MaxCem (1.6 ± 0.6 MPa) in comparison with the 

immediate bond strength results (p < 0.05), while no significant reduction was found for 

Bifix SE (6.7 ± 0.8 MPa; p > 0.05). 

After 1 year of storage, Bifix SE (3.8 ± 1.4 MPa) showed a significant bond strength 

reduction compared with both time 0 and 6 months (p < 0.05). RelyX Unicem (5.8 ± 1.7 

MPa) and MaxCem (1.3 ± 0.9 MPa) showed slight decreases in bond strength compared 

with the 6-month results, but these differences were not statistically significant. 

The lowest bond strengths were recorded with MaxCem after 6 months and 1 year of 

storage, whereas the highest strengths were observed with Bifix SE and RelyX Unicem at 

time 0 (p < 0.05). For all time intervals, the predominant failure mode was adhesive 

between the intra-radicular dentine and the luting agent (Table 2). 

 

5.3.2 Interfacial nanoleakage analysis 

 Table 3 presents the extent of silver nitrate deposition along the bonded interface at 

each ageing interval. Immediate interfacial nanoleakage expression did not differ 

significantly among the tested materials (Table 3; p > 0.05). Storage in artificial saliva for 6 

months and 1 year significantly increased interfacial nanoleakage expression in all tested 

cements (Table 3; p < 0.05). MaxCem showed the highest nanoleakage values after ageing 

for 1 year (p < 0.05). 
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Table 2: Means and standard deviations of push out bond strength (expressed in MPa) for each self-
adhesive cement and ageing interval (0, 6 months and 1 year). Regarding mode of failure, the 
percentages of slices demonstrating adhesive failure between dentin and the luting agent (AD), 
adhesive failure between the luting agent and the post (AP), cohesive failure within the luting agent 
(CC), or mixed failure (M) are reported. 
 

Cement Ageing time Push-out  
Bond Strength 

(% failure mode) 
AD AP CC M 

Bifix SE 
Rebilda Post 

0 7.8 ± 2.9c,d 86.4 10.6 0 3 
6 months 6.7±0.8c 88.6 0.3 0 11.1 

1 year 3.8± 1.4b 100 0 0 0 

RelyX Unicem 
Rely X Fiber Post 

0 8.4 ± 2.7d 80.1 8.4 0 11.5 
6 months 6.7 ± 2.6b,c 84.2 5.3 0 10.5 

1 year 5.8 ± 1.7b,c 66.7 26.7 0 6.6 

MaxCem 
Rebilda Post 

0 4.6 ± 2.4b 74.2 8.5 5.9 11.4 
6 months 1.6 ± 0.6a 100 0 0 0 

1 year 1.3 ± 0.9a 100 0 0 0 
Different superscript letters indicate statistically significant differences (2-way ANOVA and 
Tukey’s Test, p<0.05).  
 
 
Table 3: Interfacial nanoleakage was evaluated in all groups, and the percentage of sections and 
nanoleakage scores are shown. Interfacial nanoleakage was scored based on the percentage of the 
adhesive surface showing silver nitrate deposition: 0, no nanoleakage; 1, <25% with nanoleakage, 2, 
25% to ≤ 50% with nanoleakage; 3, 50% to ≤ 75% with nanoleakage; 4,  > 75% with nanoleakage. 
Increasing gray shades indicate increasing interfacial nanoleakage expression. N = number of 
analyzed sections. 
 

 
Different letters in parenthesis indicate statistically significant differences ( p < 0.05). 
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Figure 3: Light micrographs showing the adhesive interface created by Bifix SE at time 0 (Fig. 1a) 
or after 6 months (Fig. 1b) or 1 year (Fig.1c) of storage in artificial saliva at 37°C. D = dentin; P = 
fibre post; arrows= silver deposits revealing interfacial nanoleakage expression. Increasing deposits 
of silver grains were found at aging compared to time 0. Magnification x600. 
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Figure 4: Light micrographs showing the adhesive interface created by Rely X Unicem at time 0 
(Fig. 1a) or after 6 months (Fig. 1b) or 1 year (Fig.1c) of storage in artificial saliva at 37°C. D = 
dentin; P = fibre post; arrows= silver deposits revealing interfacial nanoleakage expression. 
Nanoleakage was significantly affected by aging. Magnification x600. 
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Figure 5: Light micrographs showing the adhesive interface created by MaxCem at time 0 (Fig. 1a) 
or after 6 months (Fig. 1b) or 1 year (Fig.1c) of storage in artificial saliva at 37°C. D = dentin; P = 
fibre post; arrows= silver deposits revealing interfacial nanoleakage expression. Interfacial 
nanoleakage after aging was sometimes found also at the interface between the post and the cement 
(Fig 3c). Magnification x600. 
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5.4 Discussion 

The results of this in vitro study showed that the immediate bond strength of fibre 

posts cemented to intra-radicular dentine is material-dependent; RelyX Unicem and Bifix 

SE showed higher bond strengths than MaxCem (time 0; p < 0.05). Conversely, no 

difference was found in immediate nanoleakage interfacial expression, leading to partial 

rejection of the first hypothesis. These findings confirm previous studies showing that 

MaxCem is characterized by a poor bonding ability to enamel and coronal dentine [27, 28], 

a limited potential for removal or modification of the smear layer, and resin infiltration into 

the underlying dentine. Limited impregnation may reduce the bond strength of MaxCem 

when it is used within the endodontic space, due to the presence of a thick secondary smear 

layer created by the calibrated burs during the post space preparation [24,29,30]. 

Ageing for 6 months in artificial saliva reduced the bond strength of two of the 

tested materials (RelyX Unicem and MaxCem), and 1 year of storage reduced the bond 

strength and increased the interfacial nanoleakage expression for all tested materials; the 

second hypothesis was thus also partially rejected. These results confirmed previous studies 

showing decreased bond strengths and flexural properties of fibre posts and core material 

[31] after long-term water storage, probably due to plasticisation of the polymer matrix by 

water. 

The operator must be able to prepare an adequate substrate to achieve proper sealing 

and adhesion to intra-radicular dentine, because the dentine can be modified by NaOCl 

rinses, EDTA, endodontic cements, gutta-percha, or other endodontic filling materials [2, 

10]. Additionally, difficulties in the control of the substrate and the proper application of the 

adhesive materials and cements may arise due to the narrow space and reduced visibility 
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during post space preparation [13,14]. The use of self-adhesive cements greatly simplifies 

the bonding procedure [19]. 

While simplification and a reduced number of clinical steps affect the adhesive 

capability of dentine bonding agents to coronal dentine [32], particularly the durability of 

the adhesive interface [33], simplified self-adhesive cements have shown more promising, 

although controversial, results. Comparison of fibre-post luting protocols has revealed that 

self-adhesive cements can be less, equally, or even more effective than conventional dentine 

bonding agents used in combination with dual-cure or self-etch cements. Goracci et al. [22] 

showed that the bond strength of RelyX Unicem was comparable to that of a self-etching 

resin-based cement (Panavia F2.0; Kuraray, Inc.; Tokyo, Japan) but lower than that of an 

etch-and-rinse adhesive (Excite DSC; Ivoclar Vivadent, Schaan, Liechtenstein) used in 

combination with a resin-based cement (Variolink II; Ivoclar Vivadent,), considered the 

gold standard for fibre-post cementation. Other studies have found that the self-adhesive 

approach can be comparable with etch-and-rinse adhesives used in combination with resin-

based cements [23,24,34], but offers less favourable adhesion to root-canal dentine [24]. 

Finally, BITTER et al. [21] found higher push-out bond strength for RelyX Unicem than for 

Panavia F2.0, Variolink II, and other resin-based cements. 

Despite these studies of immediate bond strength, the stability of the interface 

created by fibre posts has not been fully elucidated due to the complex chemical and 

mechanical ageing phenomena that occur at the luted interface over time [33]. Thermal 

changes that determine expansion and contraction forces  [35], occlusal loads, enzymatic 

degradation due to the acidic compounds in dentinal fluid, salivary enzymes, and bacterial 

collagenolytic factors may reach the endodontic space due to suboptimal coronal sealing 

and affect the adhesive stability [10]. Recently, the activation of endogenous dentine matrix 

metalloproteinases (MMPs) has been shown to contribute to the degradation of sub-
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optimally impregnated collagen fibrils within the hybrid layer, expediting degradation of the 

adhesive interface [36-38]. However, because little collagen is exposed by self-adhesive 

cements during the demineralisation and impregnation processes (39), the MMP-related 

degradation may not be as important as it is for the hybrid layer created by etch-and-rinse 

dentine bonding systems [40]. 

Several in vitro ageing protocols have been proposed to simulate in vivo degradation 

of the adhesive interface. Specimens submitted to analysis can undergo thermocycling, 

storage over time in artificial saliva at body temperature, or enzymatic or chemical 

challenges to the adhesive interface [41]. 

Thermocycling has been used to challenge the adhesive interface created by fibre 

posts. These tests have produced varying and controversial results, mainly affected by the 

number of cycles tested [41]. Some authors [42, 43] have reported that the retention of fibre 

posts was not affected by temperature changes, while others have reported bond increases 

(for Rely X Unicem; 21) Mazzoni or decreases  [31]. In a recent study, Mazzoni et al. [34] 

confirmed the ability of self-adhesive cements to achieve similar immediate bond strengths 

as etch-and-rinse adhesives used in combination with dual-cure cements, and revealed that 

extensive thermocycling (40,000 cycles, 5–55°C) reduced push-out bond strength and 

increased interfacial nanoleakage for self-etch and self-adhesive strategies, but only slightly 

decreased bond strength for the etch-and-rinse strategy. 

The present study used an in vitro ageing protocol of storage in artificial saliva at 

37°C (without thermal changes) for 6 months or 1 year. Ageing was accelerated by exposing 

the adhesive interface immediately after luting, and. Under these experimental conditions, 

the degradation of the self-adhesive cements was material-dependent, because Bifix SE and 

RelyX Unicem showed a more stable adhesion and MaxCem failed more rapidly. 
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Numerous factors may sustain the differences between the tested self-adhesive 

cements. The type of fibre post has been shown to affect push-out bond strength to a greater 

extent than the luting agent [23]. Thus, it is reasonable to expect that the use of fibre post 

system components (i.e. self-adhesive cement and fibre posts) from the same manufacturer 

(as for the Bifix SE and RelyX Unicem groups) can prevent potential incompatibilities 

between the luting materials and fibre post surface, thereby allowing assessment of the 

luting system’s full potential. Currently, no specific post is recommended for MaxCem 

(Rebilda posts were used in the present study), and this cement/post combination was most 

susceptible to storage in artificial saliva. However, because all failure ascribed to MaxCem 

(immediately and after ageing) occurred at the dentine/cement interface (and not between 

the luting cement and the post), we suggest that there is an intrinsic instability in the 

adhesive/dentine interface created by MaxCem. 

Curing may also be an important factor for bond effectiveness and durability [33, 

44]. Because of the reduction in polymerising light reaching the resin cement, self-adhesive 

cements undergo a totally dark, self-curing reaction in the deeper areas of the luting 

interface. The presence of acidic monomers in cement formulations has been shown to 

inhibit the amine co-initiator, adversely affecting the polymerization of self- and dual-cure 

materials [45]. To avoid this inhibitory effect and increase the curing reaction, aromatic 

sulfinic acid sodium salts are sometimes added to dual-cure materials [18]. Among the 

tested materials, RelyX Unicem contains sodium persulfate that produces an efficient self-

curing reaction [44]. The manufacturer of MaxCem has provided no information about the 

inclusion of these salts in its formulation [44]. Additionally, RelyX Unicem may initiate an 

acid-base setting reaction, because its acidic monomers are claimed to chemically interact 

with the basic inorganic fillers of the cement [46]. The low bond strength obtained with 

MaxCem may also depend on the formation of a sub-optimal cross-linked polymer network 
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with an intrinsic fragility that would confer low mechanical properties and produce 

inadequate bond strength results [44]. 

Finally, adverse geometric factors consistently affect bond strength within the 

endodontic space [13-16]. The endodontic C-factor has been estimated to be higher than 200 

and coronal restoration values range between 1 and 5 [15]. A high C-factor may generate 

sufficient stress to cause debonding of the luting material from the intra-radicular dentine, 

thereby decreasing retention and increasing microleakage [16]. The magnitude of stress 

depends on the composition of the luting agent (filler content and matrix composition) and 

its ability to flow before gelatinisation, which is related to the cavity configuration and 

curing characteristics of the material [47]. A recent study has shown that the stress occurring 

during polymerization, the push-out bond strength of fibre posts, and interfacial 

nanoleakage expression along the bonded interface to intra-radicular dentine are related to 

the filler content of dual-cure resin-based cements  [16]. Because the high C-factor of the 

endodontic space cannot be resolved, differences in filler content and resin matrix 

composition determine the amount of volumetric shrinkage and elastic modulus values of 

the luting material [26], which, in turn, may determine differences among the tested 

materials. 

Within the limitations of this investigation, we conclude that the type of self-

adhesive cement significantly influences the push-out strength of fibre posts, and that 

storage over time degrades the luted interface. While self-adhesive cements offer a 

promising approach to the luting of fibre posts to intra-radicular dentine, the stability of the 

luted interface remains to be clarified by additional in vivo studies.  
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CHAPTER 6 
 

POLYMERIZATION CONTRACTION STRESS IN LIGHT-CURED COMPOSITE 
RESIN 
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Polymerization contraction stress in light-cured composite resin 
 

6.1 Current Dental composites 

Dimethacrylate-based composites have been used in dentistry for more than 30 

years. Until recently, the most important changes to these composites have involved the 

reinforcing filler, which has been reduced in size to improve wear resistance and the ease 

and effectiveness of polishing. The improvement of wear resistance was especially 

necessary for materials used in posterior applications. Resin composites are used in dentistry 

as restorative materials, cavity liners, pit and fissure sealants, cores and buildups, inlays and 

onlays, crowns, provisional restorations, cements for prostheses and orthodontic devices, 

endodontic sealers, and root canal posts. These materials are composed of a polymeric 

matrix, usually dimethacrylate; reinforcing fillers, typically made from radiopaque glass; a 

silane coupling agent that binds the filler to the matrix; and chemicals that promote or 

modulate the polymerization reaction.  

Composite material types are distinguished by their consistency. Universal 

restoratives that can be applied with a syringe or instrument may have a variety of 

consistencies, depending on their formulation. Such materials are classified as flowable 

composites, and lower viscosities are produced by reducing the filler content of the mixture 

or by adding modifying agents, such as surfactants, that enhance fluidity [1]. 

Resin-based composites are classified according to the mean size, volume, or 

percentage of inorganic filler [2,3]. The classification developed by Lutz and Philips (Fig. 1) 

remains the most widely accepted convention [4].  

The development of new reinforcing fillers has focused on nano-sized materials and 

hybrid organic–inorganic fillers. Organically modified ceramics (Ormocers) have also been 

developed [5]. 
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Fig. 1 Schematic representations of (a) traditional filler, (b) homogeneous microfill, (c) a hybrid 
containing traditional macrofills and microfills, (d) microfill containing splintered prepolymerized 
microfill complexes, (e) a heterogeneous microfill containing “suspension cured particles and (f) a 
heterogeneous microfill containing agglomerated microfill complexes. Adapted from Lutz and 
Philips (1983). 

 
Currently used dental composites display adequate mechanical properties for 

application to all areas of the mouth. The use of these materials in high-stress situations 

(e.g., bruxing, parafunctional habits), however, continues to generate concern. Dental 

composites possess flexure strengths, fracture resistance, and tensile strengths similar to 

those of porcelain and amalgam, and superior to those of glass ionomer. The elastic 

modulus of dental composites, however, is much lower than that of amalgam.  
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 Despite improvement in the clinical longevity of resin composites [6], the 

mechanicophysical properties of dental composites remain compromised by diverse factors, 

including the generation of polymerization-shrinkage stress [7,8], limited curing depth 

[9,10], decreased monomer conversion [11], and hydrolytic instability [12]. Polymerization 

shrinkage and associated stresses are the most detrimental of these limitations. 

 

6.2 Polymerization-shrinkage stress  

The polymerization of resin composite restorations is accompanied by 1.5–5% 

volumetric shrinkage. Internal stress is subsequently generated by the production of a rigid 

cross-linked structure through conversion of the double carbon bonds of the monomer to the 

shorter single bonds of the polymerized network [13,14]. Hydrostatic tensile stresses 

develop as covalent bonding produced during polymerization reduces the free volume. The 

matrix is relatively plastic at the onset of photo-activated polymerization; the viscous flow 

of the material relieves stress generated during cross-linking and subsequent shrinkage. As 

the reaction proceeds and cross-linked density increases, viscosity becomes sufficiently high 

to impede flow, introducing hydrostatic tensile stresses to the material and effectively 

placing the matrix in tension. Post-gelation rigid contraction thus generates polymerization-

shrinkage stresses that may compromise the marginal seal of restorations placed within 

confined cavities, resulting in microleakage [7,8]. Contraction stress during polymerization 

adversely affects the maintenance of the bonded interface between composite resins and 

dental hard tissue, leading to the clinical failure of restorations (Figs. 2, 3) [15]. A recent 

study [16] demonstrated that the percentage of dentinal gaps in an in vivo composite 

restoration may vary from 14% to 54% of the total interface, depending on the materials and 

techniques used.  
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Fig. 2 SEM micrograph showing a 20-µm gap between dentin and composite (550×). Modified from 

Goracci (1993). 

 

 

Fig. 3 Schematic representations of polymerization stress effects at bonded interfaces. Modified 
from 3M ESPE.  

 

The phenomenon of force development in contracting materials was first described 

in the dental literature by Bowen [17], and polymerization-contraction stress was first 

examined in detail by Davidson and De Gee [18] and Feilzer et al. [19]. The magnitude of 

contraction stress depends on factors related to the geometry of the cavity preparation, and 

the compositional and curing characteristics of the composite.  



 108 

The ability of resin composites to compensate for polymerization shrinkage also 

depends on the cavity-configuration factor (C-factor). The C-factor is defined as the ratio of 

bonded to unbonded surfaces, which governs interfacial stresses [19]. This factor is 

clinically addressed by designing cavity preparations to minimize the number of restricting 

surfaces while maximizing the number of free surfaces (Fig. 4).  
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Fig. 4 Schematic representations of stress generation in different cavity patterns, according to 
Black’s classification. Modified from Giacchetti et al. (1996). 
 

Contraction stress is also determined by the characteristics of the composite. Filler 

content and resin matrix composition dictate the amount of volumetric shrinkage and the 

elastic modulus values of the materials [20]. Microfill composites tend to develop lower 

contraction stress than hybrids [21,22]. Chen [23] evaluated the contraction stresses of five 
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packable composites, and found significantly higher stress among them than among non-

packable composites. The author suggested that the overall filler content contributed to an 

increase in elastic modulus, resulting in higher contraction stress.  

Polymerization shrinkage may also reduce curing rates by diminishing light 

intensity. The conversion rate of light intensity is proportional to the square root of the 

power density (PD = mW/cm2) [21]. Alternative curing techniques that use stepped, pulsed, 

or ramped energy delivery have been developed to improve interfacial restoration integrity 

by reducing the composite curing rate, thereby increasing flow capacity [24,25]. However, 

the effectiveness of these soft-start curing methods depends on their ability to significantly 

reduce contraction stress and improve marginal integrity [21]. The effect of discontinuous 

irradiation on polymer structure remains unclear. Low curing rates may result in longer 

polymeric chains and less cross-linking, thereby affecting the mechanical properties of the 

polymer [26]. The total energy delivered to the composite during photo-activation also 

affects contraction stress (energy density = PD × Time = mW × s/cm2 = mJ/cm2). The use of 

high energy densities to cure composites has been associated with superior mechanical 

properties and conversion [27]. The relationship between energy density and degree of 

conversion, however, is not linear [28]; above a certain limit, higher energy levels do not 

correspond to significant increases in degree of conversion and mechanical properties [29]. 

Unfortunately, the relationship between energy density and post-gel shrinkage strain has 

been found to be linear [28]. The degree of conversion is thus characterized by a threshold, 

above which insignificant increases correspond to significantly higher stress levels, but do 

not necessarily result in a high degree of conversion or superior mechanical properties [30].  

Several approaches have been proposed to reduce polymerization-shrinkage stress in 

dental resin. Expanding monomers based on spiroorthocarbonates (SOC) were introduced, 

but were not successfully commercialized in dental composites. Similar alternatives to 
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dimethacrylates for dental composite matrices include siloranes (siloxanes + oxiranes) [31], 

which polymerize due to an epoxide-curing reaction that opens an oxirane ring. Other 

monomers with greater molecular weights have been developed to reduce shrinkage in 

composites, including the modified urethane-dimethacrylate resin (DX511; DuPont) in 

Kalore composite (GC America, Alsip, IL, USA) and the urethane monomer (TCD-DI-

HEA) in Venus Diamond composite (Heraeus Kulzer, South Bend, IN, USA). 

Polymerization contraction stress has been the subject of intense recent research 

activity. Although most factors involved in stress development have been identified, further 

studies are necessary. One aim of this thesis was to evaluate polymerization stress in flow-

resin composites and materials, which show low degrees of contraction.   
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CHAPTER 7 
 

FLOWABILITY OF COMPOSITES IS NO GUARANTEE FOR CONTRACTION 
STRESS 
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Flowability of composites is no guarantee for contraction stress. 

7.1 Introduction 

 Despite extensive researches resulted in significant improvents in the clinical 

performance of resin-based restorative materials, polymerization contraction stress remains 

a persistent handicap. As the contraction stress developing during polymerization is 

transferred to tooth/composite interface it may cause postoperative pain, marginal 

discoloration, recurrent caries and restoration loss [1]. The use of bonding agents 

counteracts polymerization contraction to a certain extent, but immediate microleakage and 

gap formation at the tooth/interface is an adverse phenomenon frequently occurring in 

different clinical situations [2,3]. According to Hanning and Friedrichs [4], the marginal gap 

in a clinically placed composite restoration occupies between 14% and 54% of the total 

interface, depending on materials and techniques used. For all above-mentioned reasons, it 

is of paramount importance to minimize the interfacial stress caused by composite shrinkage 

during polymerization [5].  

 Flowable composites are low viscosity resin-based restorative materials, which differ 

from conventional resin composites in their filler load [6] and resin content. Flowable 

composites contain the same filler particles of traditional hybrid composites [7] while they 

contain 20-25% less filler than non-flowable materials [7-8]. As a result, these materials are 

less rigid and have a modulus of elasticity 20-30% lower than conventional hybrid 

composites [9]. The low viscosity of the flowables simplifies their clinical placement and 

increases the range of clinical applications [10,11]. Flowable composite have been proposed 

as liners, fissure sealants and restorative materials for small cavities [6]. Their high ability to 

flow during the polymerization reaction might provide more contraction stress relaxation 
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reducing the occurrence of marginal microleakage formation and debonding, when used as 

liners underneath traditional composites [12, 13]. 

 The application of a flowable composite with a low elastic modulus between the 

adhesive and the conventional composite resin with higher elastic modulus has been 

proposed to create an elastic intermediate layer [14-16]. The elasticity of this intermediary 

layer may absorb the contraction stress generated by the conventional composite, thus 

reducing the tooth/restoration interfacial stress [13]. The purpose of this study was to 

measure the contraction stress development of three flowable resin-composite materials 

during photopolymerization with a halogen curing light, using a novel gauge [17]. The 

hypothesis tested was that flowable composites develop a lower stress than conventional 

resin restorative materials during photo-polymerization.  

 

7.2 Material and methods  

 

  Three composites, marked as flowable, were selected: Grandio Flow (VOCO GmbH, 

Cuxhaven, Germany); Tetric Flow (Ivoclar Vivadent, Schaan, Liechtenstein); Filtek 

Supreme XT Flowable Restorative (3M ESPE, St. Paul, MN, USA). Their individual 

compositions are listed in Table 1. A universal micro-hybrid composite resin (Filtek Z 250, 

3M ESPE, St. Paul, MN, USA) was used as control.  

Table 1: composition of composite materials tested in the study.  

d e n t a l m a t e r i a l s 2 5 ( 2 0 0 9 ) 649–654 651

Table 1 – Composition of composite materials tested in the study.

Composite Shade Resin composition Filler composition Filler weight Average filler size

Grandio Flow A2 Bis-GMA, TEGDMA, HEDMA Silicates 80.2% Nanoparticles
Tetric Flow A2 Bis-GMA, UDMA, TEGDMA Barium glass, ytterbium

trifluoride,
Ba-Al-fluorosilicate glass,
SiO2

64.6% 0.04–3.0 !m
(mean 0.7 !m)

Filtek Supreme
XT Flow

A2 Bis-GMA, TEGDMA,
Bis-EMA

ZrO2–SiO2 65% 75 nm silica
nanofiller + 5–10 nm
zirconia
nanofiller + 0.6–1.4 !m
zirconia/silica
nanoclusters

Filtek Z250 A2 Bis-GMA, UDMA, Bis-EMA ZrO2–SiO2 60% 0.01–3.5 !m

monomer, such as Bis-GMA or UDMA. This affects the ability
of these materials to resist to deformation when subjected to
heavy loading: as a clinical consequence flowable composites
are unsuitable to restore stress-bearing cavities [7,8]. It was
observed that flowable composites shrink more than conven-
tional resin materials [7,9]. This shrinkage may produce high
stress at the tooth/adhesive interface which in turn causes
debonding, microleakage and secondary caries or enamel frac-
tures [18]. As according to Hooke’s Law, stress is determined
by the volumetric shrinkage and the elastic modulus of the
material, their low elastic modulus could compete with stress
development helping to maintain the marginal seal of the
restoration [19]. Indeed flowables have higher polymeriza-
tion shrinkage that potentially could increase stress formation
along the adhesive interface while on the other hand their
low elastic modulus may produce lower stress when com-
pared to conventional composites with high elastic modulus
[20]. The use of flowable composites as intermediate materi-
als was shown to be effective in reducing voids at the interface
between the restoration and the tooth [21] acting as an elastic
layer able to absorb the stress generated by the overlying layer
of conventional resin-composite materials characterized by
higher elastic modulus [13,19]. It has been observed that when
a layer of flowable composite is placed underneath a layer of
conventional composite the cuspal deflection occurring dur-
ing polymerization shrinkage can be significantly reduced [14].

In vitro studies investigated the sealing ability of flowables
applied as intermediary layer, leading to controversial results.
Either a reduced or unmodified sealing was reported when
employing an elastic intermediary layer between the compos-
ite restoration with high modulus and the tooth [12,21–26].
This variable behavior of flowable composites can be probably

explained by the wide range of products marketed charac-
terized by a wide range of apparent viscosity and physical
characteristics [7].

The results of this study showed that only Tetric Flow has
stress values lower than the conventional composite (i.e. Filtek
Z250), while the other two flowable composites tested showed
significantly higher stress values than the other materials
investigated. This confirms an inhomogeneous performance
of flowable composites vs. standard composites. Braga et al.
[19] similarly observed no noticeable difference between stress
levels registered by flowable and non-flowable composites,
while Labella et al. [9] found that the volumetric shrinkage of
flowable composites was significantly higher if compared to
conventional composites, thus confirming and highlighting a
material-dependent behavior as significant differences in the
polymerization shrinkage exist among commercially available
composite materials, due to their resin formulation [27].

Other studies tested the flexural strength [28] and the
forces generated during polymerization [29] of different flow-
able materials confirming the highly variability between
flowables, not significantly different from conventional com-
posites.

Contraction stress development of dental composites
depends on material compositional factors (i.e. type of
monomer, type and amount of filler, filler/matrix interactions)
and composite polymerization factors (i.e. extent and rate of
polymerization, curing technique, placement technique, etc.)
[5].

The resin matrix of Filtek Z250 and Filtek Supreme XT Flow
are similar as they contain the same monomers, i.e. a mix-
ture of Bis-GMA and TEGDMA, added to UDMA or Bis-EMA,
respectively. Both UDMA and Bis-EMA have a high molecular

Table 2 – Means and standard deviations of contraction stress (MPa) at 20 s, 40 s, 60 s, 120 s and 180 s for each tested
material.

20 s 40 s 60 s 120 s 180 s

Grandio Flow 3.3 ± 1.7b 7.6 ± 2.7e 8.4 ± 2.8f 9.1 ± 2.9g 9.4 ± 3.1g

Tetric Flow 1.7 ± 0.8a 4.7 ± 1.4c 5.4 ± 1.4cd 5.9 ± 1.5d 6.0 ± 1.5d

Filtek Supreme XT Flow 4.9 ± 1.6c 8.6 ± 1.7fg 9.3 ± 1.8g 10.0 ± 2.2g 9.5 ± 2.5g

Filtek Z250 4.2 ± 0.6c 5.5 ± 1.5cd 6.2 ± 1.4de 7.1 ± 0.7e 7.54 ± 1.1e

Means followed by the same small letter indicate no statistical difference at the 95% confidence level (p < .05).
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Shrinkage stress during curing reaction was measured using a stress-strain-analyzer 

(Fig 1) [17]. The setup consisted of two identical opposing parallel composite attachments, 

with a present distance of 3 mm, one connected to a load sensor (20N Tekkal, Milano, Italy) 

and the other fixed to the aluminum frame of the device. A Teflon tray was fixed to the 

testing-device, creating a simulated cavity between the composite attachments (L 3 mm x W 

3 mm x H 2mm). Composite attachments were prepared with the same manufacturer of each 

flowable material tested for the investigation: Grandio (VOCO GmbH, Cuxhaven, 

Germany); Tetric Flow (Ivoclar Vivadent, Schaan, Liechtenstein); Filtek Supreme XT 

Flowable Restorative (3M ESPE, St. Paul, MN, USA). Filtek Z 250 was used to prepare the 

control specimens attachments. 

 Attachments were renewed before each measurements and polymerized (2 min) with 

a quartz-tungsten halogen curing light (VIP, Bisco Inc, Schaumburg IL, USA) with a 

previously tested output at 600 mW/cm2.  A defined quantity of composite paste (10 mg) of 

each tested material was placed in the cavity in bulk, isolated with a Mylar matrix and 

polymerized with a quartz-tungsten halogen curing light (VIP, Bisco) for 40s. The 

contractions forces (N) generated during polymerization were continuously recorded for 180 

s after photo-initiation. (Preliminary investigations revealed that no stress occurred after that 

time, i. e. a plateau of the curve was achieved).  

 Each experiment was conducted at room temperature (23-24°C) and repeated 20 

times for each material (N=20). Contraction stress (MPa) was calculated as force value (N) 

per area unit (force value/bonded surface size 3mm x 2mm) at 20 s, 40 s, 120 s and 180 s. 

Data were statistically analyzed with two-way ANOVA and post-hoc Tukey’s test (SPSS 

11.0).  
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Fig 1. Experimental set-up showing the stress-strain analyzer.  

 

7.3 Results 

Mean values and standard deviations of stress recorded at the end of light exposure 

(i.e. 20 s), at 40 s, 60 s and after 180 s are listed in Table 2 and Fig 3 exemplifies contraction 

force vs. time curves representative for each tested material and shows the contraction 

kinetics recorded during photopolymerization. Filtek Supreme XT Flowable Restorative 

exhibited the highest stress values compared to other materials (p< 0.05), while the lowest 

values were recorded with Tetric Flow (p< 0.05). Tetric Flow was also the only flowable 

composite showing stress values lower than the conventional composite Filtek Z 250 (p< 

0.05). 

All materials exhibited a significant stress increase between 20s and 40s (p< 0.05), while no 

significant difference was found between stress values at 40s and the following tested 

intervals (60s, 120s and 180 s) for all materials.  
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Table 2: Means and standard deviations of contraction stress (MPa) at 20s, 40 s, 60 s, and 
180 s for each tested material. 
 

d e n t a l m a t e r i a l s 2 5 ( 2 0 0 9 ) 649–654 651

Table 1 – Composition of composite materials tested in the study.

Composite Shade Resin composition Filler composition Filler weight Average filler size

Grandio Flow A2 Bis-GMA, TEGDMA, HEDMA Silicates 80.2% Nanoparticles
Tetric Flow A2 Bis-GMA, UDMA, TEGDMA Barium glass, ytterbium

trifluoride,
Ba-Al-fluorosilicate glass,
SiO2

64.6% 0.04–3.0 !m
(mean 0.7 !m)

Filtek Supreme
XT Flow

A2 Bis-GMA, TEGDMA,
Bis-EMA

ZrO2–SiO2 65% 75 nm silica
nanofiller + 5–10 nm
zirconia
nanofiller + 0.6–1.4 !m
zirconia/silica
nanoclusters

Filtek Z250 A2 Bis-GMA, UDMA, Bis-EMA ZrO2–SiO2 60% 0.01–3.5 !m

monomer, such as Bis-GMA or UDMA. This affects the ability
of these materials to resist to deformation when subjected to
heavy loading: as a clinical consequence flowable composites
are unsuitable to restore stress-bearing cavities [7,8]. It was
observed that flowable composites shrink more than conven-
tional resin materials [7,9]. This shrinkage may produce high
stress at the tooth/adhesive interface which in turn causes
debonding, microleakage and secondary caries or enamel frac-
tures [18]. As according to Hooke’s Law, stress is determined
by the volumetric shrinkage and the elastic modulus of the
material, their low elastic modulus could compete with stress
development helping to maintain the marginal seal of the
restoration [19]. Indeed flowables have higher polymeriza-
tion shrinkage that potentially could increase stress formation
along the adhesive interface while on the other hand their
low elastic modulus may produce lower stress when com-
pared to conventional composites with high elastic modulus
[20]. The use of flowable composites as intermediate materi-
als was shown to be effective in reducing voids at the interface
between the restoration and the tooth [21] acting as an elastic
layer able to absorb the stress generated by the overlying layer
of conventional resin-composite materials characterized by
higher elastic modulus [13,19]. It has been observed that when
a layer of flowable composite is placed underneath a layer of
conventional composite the cuspal deflection occurring dur-
ing polymerization shrinkage can be significantly reduced [14].

In vitro studies investigated the sealing ability of flowables
applied as intermediary layer, leading to controversial results.
Either a reduced or unmodified sealing was reported when
employing an elastic intermediary layer between the compos-
ite restoration with high modulus and the tooth [12,21–26].
This variable behavior of flowable composites can be probably

explained by the wide range of products marketed charac-
terized by a wide range of apparent viscosity and physical
characteristics [7].

The results of this study showed that only Tetric Flow has
stress values lower than the conventional composite (i.e. Filtek
Z250), while the other two flowable composites tested showed
significantly higher stress values than the other materials
investigated. This confirms an inhomogeneous performance
of flowable composites vs. standard composites. Braga et al.
[19] similarly observed no noticeable difference between stress
levels registered by flowable and non-flowable composites,
while Labella et al. [9] found that the volumetric shrinkage of
flowable composites was significantly higher if compared to
conventional composites, thus confirming and highlighting a
material-dependent behavior as significant differences in the
polymerization shrinkage exist among commercially available
composite materials, due to their resin formulation [27].

Other studies tested the flexural strength [28] and the
forces generated during polymerization [29] of different flow-
able materials confirming the highly variability between
flowables, not significantly different from conventional com-
posites.

Contraction stress development of dental composites
depends on material compositional factors (i.e. type of
monomer, type and amount of filler, filler/matrix interactions)
and composite polymerization factors (i.e. extent and rate of
polymerization, curing technique, placement technique, etc.)
[5].

The resin matrix of Filtek Z250 and Filtek Supreme XT Flow
are similar as they contain the same monomers, i.e. a mix-
ture of Bis-GMA and TEGDMA, added to UDMA or Bis-EMA,
respectively. Both UDMA and Bis-EMA have a high molecular

Table 2 – Means and standard deviations of contraction stress (MPa) at 20 s, 40 s, 60 s, 120 s and 180 s for each tested
material.

20 s 40 s 60 s 120 s 180 s

Grandio Flow 3.3 ± 1.7b 7.6 ± 2.7e 8.4 ± 2.8f 9.1 ± 2.9g 9.4 ± 3.1g

Tetric Flow 1.7 ± 0.8a 4.7 ± 1.4c 5.4 ± 1.4cd 5.9 ± 1.5d 6.0 ± 1.5d

Filtek Supreme XT Flow 4.9 ± 1.6c 8.6 ± 1.7fg 9.3 ± 1.8g 10.0 ± 2.2g 9.5 ± 2.5g

Filtek Z250 4.2 ± 0.6c 5.5 ± 1.5cd 6.2 ± 1.4de 7.1 ± 0.7e 7.54 ± 1.1e

Means followed by the same small letter indicate no statistical difference at the 95% confidence level (p < .05).  
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Fig. 2 – Representative curves of the different resin-based
materials tested in the study.

weight [30,31] that is claimed to reduce polymerization shrink-
age. Tetric Flow is composed by a resin matrix of Bis-GMA,
TEDGMA and UDMA and Grandio Flow by Bis-GMA and two
diluent monomers, TEGDMA and HEDMA.

As monomer composition of the resin matrix can greatly
influence polymerization contraction rate and efficiency of the
composite resins [30,32,33], the final resin matrix composi-
tion has a key role in determining polymerization stress. The
higher shrinkage-strains of flowable resin-composites obvi-
ously relate to their resin content, and possibly also to the
chemical nature of their resin [34]. All Bis-GMA-based resins
shrink to some extent, while contraction can be reduced by
using monomers with very large molecular weight [31]. How-
ever, resin matrices with inherently lower shrinkage may
indicate a potential for higher interfacial stress [9]. Bis-EMA
is a less flexible and more viscous monomer [35] contained
in Filtek Supreme XT Flow that may account for its high
stress values recorded. Conversely, materials with an high per-

centage of diluent monomers with a low molecular weight,
such as TEGDMA, show high volumetric shrinkage and con-
sequently high contraction stress values, due to increased
conversion rate [5,30,36,37]. However, Tetric Flow, despite
its content of TEGDMA, showed the lowest stress values in
study.

Even though resin matrix has an important influence
on the behavior of the composite material, the stiffness
and flow ability of the composite are two important fac-
tors affecting stress development. Both stiffness and flow are
related to the filler content. Various filler contents, differ-
ences in filler size stiffness, shape, composition, inter-particle
spacing and surface treatment of the filler may have con-
tributed to the mechanical properties of the composites
[28].

With regards to the filler, materials tested in this study are
all different: the micro-hybrid composite (Filtek Z250) present
a filler content similar to Tetric Flow and Filtek Supreme XT
Flow, while Grandio Flow is characterized by the highest filler
content in weight compared with the others tested materi-
als. As higher filler content results in a higher elastic modulus
[38], Grandio Flow exhibited a higher contraction stress than
Tetric Flow and Filtek Z250. Correlations between filler con-
tent and mechanical properties are established for modulus of
elasticity: the higher the filler content, the higher the modulus
and the greater the resistance to deformation [39]. In a pre-
vious study Grandio Flow exhibited the highest edge strength
value compared with other flowable composites, thus Grandio
Flow would be less susceptible to mechanical failure and pos-
sibly more durable than other flowable composites in clinical
situations [40].

In spite of their similar filler loading that suggests a sim-
ilar elastic modulus, Tetric Flow and Filtek Supreme XT Flow
(64.6 wt% and 65 wt%, respectively) showed a completely dif-
ferent stress behavior, with the highest values recorded for
Filtek Supreme XT Flow (9.5 MPa vs. 6.0 MPa of Tetric Flow at
180 s).

The relative roles played by resin matrix contraction and
elastic modulus correlated to filler content have not clearly
established yet as studies are contradictory: Condon and
Ferracane [41] found a significant correlation between filler
content and contraction stress, hypothesizing a relevant influ-
ence of the material’s stiffness on stress development. On the
other hand, Watts et al. [42] demonstrated that highly filled
composites present lower volumetric shrinkage, associated
with lower contraction stress values. The critical difference
between the two mentioned studies is that in the former a
negative feedback mechanism in order to minimize the instru-
ment compliance and compensate the specimen deformation
from polymerization was adopted. On the contrary, the latter
introduced a more compliant load cell device in order to simu-
late the visco-elastic characteristics of tooth structure [43,44].
It has been shown that a prepared tooth with a cavity has a
certain degree of compliance; therefore, a clinically relevant
study should be done with a system that has a similar level
of compliance [43,44]. The configuration factor (C-factor) of
the cavity, expressed as the ratio of the bonded to unbonded
surfaces of the restoration, is considered the main factor in
the development of the contraction stress in composite resins
restorations [33,45,46].

 
Figure 2: Representative curves of the different resin-based materials tested in the study. 
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7.4 Discussion 

 Despite their ease of handling a major concern related to the use of flowable 

composites is represented by their lower mechanical properties due to the reduced filler 

content and large amount of diluent monomers, commonly TEGDMA, added to reduce the 

viscosity of more viscous monomer, such as Bis-GMA, or UDMA. This affects the ability 

of these materials to resist to deformation when subjected to heavy loading: as a clinical 

consequence flowable composites are unsuitable to restore stress-bearing cavities [7,8]. It 

was observed that flowable composite shrink more than conventional resin materials [7,9]. 

This shrinkage may produce high stress at the tooth/interface which in turn causes 

debonding, microleakage and secondary caries or enamel fractures [18]. As according to 

Hooke’ s Law, stress is determined by the volumetric shrinkage and the elastic modulus of 

the material, their low elastic modulus could compete with stress development helping to 

maintain the marginal seal of the restoration [19]. Indeed flowables have higher 

polymerization shrinkage that potentially could increase stress formation along the adhesive 

interface while on the other hand their low elastic modulus may produce lower stress when 

compared to conventional composites with high elastic modulus [20]. The use of flowable 

composites as intermediate materials was shown to be effective in reducing voids at the 

interface between the restoration and the tooth [21] acting as an elastic layer able to absorb 

the stress generated by the overlying layer of conventional resin-composite materials 

characterized by higher elastic modulus [13,19]. It has been observed that when a layer of 

flowable composite is placed underneath a layer of conventional composite the cuspal 

deflection occurring during polymerization shrinkage can be significantly reduced [14].  

 In vitro studies investigated the sealing ability of flowables applied as intermediary 

layer, leading to controversial results. Either a reduced or unmodified sealing was reported 
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when employing an elastic intermediary layer between the composite restoration with high 

modulus and the tooth [12,21-26]. This variable behavior of flowable composites can be 

probably explained by the wide range of products marketed characterized by a wide range 

of apparent viscosity and physical characteristics [7]. 

 The results of this study showed that only Tetric Flow has stress values lower than 

the conventional composite (i.e. Filtek Z250), while the other two flowable composites 

tested showed significantly higher stress values than the other materials investigated. This 

confirms an inhomogeneous performance of flowable composites vs. standard composites. 

Braga et al. [19] similary observed no noticeable difference between stress levels registered 

by flowable and non-flowable composites, while Labella et al. [9] found that the volumetric 

shrinkage of flowable composites was significantly higher if compared to conventional 

composites, thus confirming and highlighting a material-dependent behavior as significant 

differences in the polymerization shrinkage exist among commercially available composite 

materials, due to their resin formulation [27]. 

Other studies tested the flexural strength [28] and the forces generated during 

polymerization [29] of different flowable materials confirming the highly variability 

between flowables, not significantly different form conventional composites.  

Contraction stress development of dental composites depends on material 

compositional factors (i.e. type of monomer, type and amount of filler, filler/matrix 

intereactions) and composite polymerization, curing technique, placement technique, etc.) 

[5].  The resin matrix of Filtek Z 250 and Filtek Supreme XT Flow are similar as they 

contain the same monomers i.e. a mixture of Bis-GMA and TEGDMA, added to UDMA or 

Bis-EMA, respectively. Both UDMA and Bis-EMA have a high molecular weight [30,31] 

that is claimed to reduce polymerization shrinkage. Tetric Flow is composed by a resin 
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matrix of Bis-GMA, TEGDMA and UDMA and Grandio Flow by Bis-GMA and two 

diluent monomers, TEGDMA and HEDMA.  

As monomer composition of the resin matrix can greatly influence polymerization 

contraction rate and efficiency of the composite resin [30,32,33], the final resin matrix 

composition has a key role in determining polymerization stress. The higher shrinkage-

strains of flowable resin-composites obviously relate to their resin content, and possibility 

also the chemical nature of their resin [34]. All Bis-GMA-based resins shrink to some 

extent, while contraction can be reduced by using monomers with very large molecular 

weight [31]. However, resin matrices with inherently lower shrinkage may indicate a 

potential for higher interfacial stress [9]. Bis-EMA is a less flexible and more viscous 

monomer [35] contained in Filtek Supreme XT Flow that may account for its high stress 

values recorded. Conversely, materials with an high percentage of diluent monomers with a 

low molecular weight, such as TEGDMA, show high volumetric shrinkage and 

consequently high contraction stress values, due to increased conversion rate [5,30,36,37]. 

However, Tetric Flow, despite its content of TEGDMA, showed the lowest stress values in 

study. 

Even though resin matrix has an important influence on the behavior of the 

composite material, the stiffness and flow ability of the composite are two important factors 

affecting stress development. Both stiffness and flow are related to the filler content. 

Various filler contents, differences in filler size stiffness, shape, composition, inter-particle 

spacing and surface treatment of the filler may have contributed to the mechanical 

properties of the composites [28].  

With regarding to the filler, materials tested in this study are all different: the micro-

hybrid composite (Filtek Z250) present a filler content similar to Tetric Flow and Filtek 

Supreme XT Flow, while Grandio Flow is characterized by the highest filler content in 
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weight compared with the others tested materials. As higher filler content results in higher 

elastic modulus [38], Grandio Flow exhibited a higher contraction stress than Tetric Flow 

and Filtek Z250. Correlations between filler content and mechanical properties are 

established for modulus of elasticity: the higher the filler content, the higher the modulus 

and the greater the resistance to deformation [39]. In a previous study Grandio Flow 

exhibited the highest edge strength value compared with other flowable composites, thus 

Grandio Flow would be less susceptible to mechanical failure and possibly more durable 

than other flowable composites in clinical situations [40]. 

In spite of their similar filler loading that suggests a similar elastic modulus, Tetric 

Flow and Filtek Supreme XT Flow (64.6 wt% and 65%wt%, respectively) showed a 

completely different stress behavior, with the highest values recorded for Filtek Supreme 

XT Flow (9.5 MPa vs. 6.0 MPa of Tetric Flow at 180 s).  

The relative roles played by resin matrix contraction and elastic modulus correlated 

to filler content have not clearly established yes as studies are contradictory: Condon and 

Ferracane [41] found a significant correlation between filler content and contraction stress, 

hypothesizing a relevant influence of the material’ s stiffness on stress development. On the 

other hand, Watts et al. [42] demonstrated that highly filled present lower volumetric 

shrinkage, associated with lower contraction stress values. The critical difference between 

the two mentioned study is that in the former a negative feedback mechanism in order to 

minimize the instrument compliance and compensate the specimen deformation from 

polymerization was adopted. On the contrary, the latter introduced a more compliant load 

cell device in order to simulate the visco-elastic characteristics of tooth structure [43-44]. It 

has been shown that a prepared tooth with a cavity has a certain degree of compliance; 

therefore, a clinically relevant study should be done with a system that has a similar level of 

compliance [43, 44]. The configuration factor (C-factor) of the cavity, expressed as the ratio 
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of the bonded to unbounded surfaces of the restoration, is considered the main factor in 

development of the contraction stress in composite resins restorations [35,45,46].  

In the present experimental setup, the composite materials were placed into a cavity 

(L3 mm x W 3mm x H 2mm), delimited by the two composite attachments (bonded 

surfaces) and the Teflon tray (unbounded surfaces) (Fig 1). According to Feilzer et al. [46] 

the C-factor of this study design is very low (0.33). For this reason in our experimental 

setup a feedback system was not included, whereas a compliance compensation should be 

mandatory if C-factor is high or several test moulds with different configuration factors are 

tested [32]. 

As a final point, stress build-up depends upon polymerization reaction kinetics [5]. 

Degree of conversion may vary in relation to the resin material composition and curing 

technique [27] and an insufficient degree of conversion could reduce the elastic modulus 

and thus stress development [19]. The polymerization kinetic of these materials was similar: 

the composite exhibited a significant stress increase in the first 40 s, when the resin rapidly 

sets and thus acquires rigidity due to chain lengthening and cross-linking within the matrix. 

In fact the shrinkage rate is higher during the light source exclusion [32]. Although the light 

irradiation was similar for all investigation was always as effective [47]. The analysis of the 

contraction force/time curves showed a S-shaped profile: a depression at the start indicating 

a slight expansion of the composite was observed for all materials. This phenomenon can be 

due to the temperature increases determined by the starting of the curing unit. Similarly, 

contraction force increased at the end of curing due to additional component determined by 

light temperature decrease following switching off the light source, as previously described 

by Chen et al. [32, 48]. Previous studies showed that the relation between degree of 

conversion and shrinkage-strain of flowable resin-composites is material-dependent and 

cannot be generalized to all flowable resin-composites [27].  
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 In conclusion flowable composites investigated with this experimental setup showed 

shrinkage stress comparable to conventional resin restorative materials, thus supporting the 

hypothesis that the use of flowable materials does not lead to evident stress reduction and 

the risk of debonding at the adhesive interface as a result of polymerization contraction is 

similar for both type of materials.  

 This study demonstrated the variable behavior of diverse flowable composites 

related to their wide-ranging composition: filler content and resin blends may explain not 

only the shrinkage, but also the differences in elastic modulus and strain capacity which 

ultimately determine the percentage of stress.  

 Since none of the tested materials showed negligible shrinkage stress values, the use 

of an adhesive system remains mandatory not only for retention but also to counteract 

shrinkage stress and to reduce marginal microleakage at least at short terms.   

 

Source: 

http://www.ncbi.nlm.nih.gov/pubmed/19136149 

http://www.demajournal.com/article/S0109-5641(08)00281-9/abstract 
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CHAPTER 8 
 

CONTRACTION STRESS OF LOW-SHRINKAGE COMPOSITE MATERIALS 
ASSESSED WITH DIFFERENT TESTING SYSTEMS 
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Contraction stress of low-shrinkage composite materials assessed with different testing 

systems.  

 

8.1 Introduction 

Despite extensive improvements in the mechanical properties of resin-based tooth-

colored restorative materials, volumetric shrinkage and subsequent contraction stress arising 

during the polymerization reaction are still significant drawbacks. Contraction stress 

transferred to the tooth may lead to cusp deflection or enamel microcracks, whereas stress at 

the tooth-composite interface has the potential to cause adhesive failure, leading to post-

operative sensitivity, microleakage, marginal discoloration, and recurrent caries [1]. 

Several studies have attempted to measure the development of polymerization stress 

[2]; however, stress values recorded in vitro are influenced by the deformation of the system 

components subjected to the forces of composite shrinkage. These deformations are 

commonly referred as “system compliance” [2].  

In low-compliance systems, the composite under investigation is placed between two 

flat surfaces connected to opposing attachments of stress analyzing equipment. The low-

compliance setup is achieved through a feedback system that constantly monitors the 

material shrinkage and counteracts the displacement of the cross-head in the opposite 

direction, keeping the specimen height constant [3]. Therefore, the load cell registers the 

force needed to maintain the initial height of the specimen, and stress is calculated by 

dividing the force by the cross-sectional area of the bonded surface [3]. The system is 

otherwise rigid and made form generally high elastic modulus materials, such as steel of 

glass.  

Typically in high compliance systems a feedback apparatus is not included, and 

shrinkage stress is represented by the force needed to deform the load cell and other 
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components of the testing equipment that may resist the contraction of the composite [3,4]. 

The contraction stress of a resin composite is related to system compliance. Usually, high 

system compliance leads to lower stress values [2,4] than those obtained with near-zero 

compliance systems, which may overestimate stresses associated with the clinical situation, 

where varying levels of compliance exist depending upon the tooth characteristics and 

geometry of the cavity preparation [5-7]. As the composite material is constrained by the 

bonded surfaces during polymerization, the compliance of the tooth structure may partially 

relieve the development of stress through tooth deformation in vivo [7,8]. A variable termed 

the configuration factor, or C-factor, of the cavity preparation has been used to describe this 

constraint. The c-factor is expressed as the ratio of the bonded surfaces to the unbonded 

surfaces of the restoration, and has been considered to be one of the critical factors in the 

development of contraction stress in resin composite restorations [5, 9-11].  

 Based on the intensive research on shrinkage and stress development, different 

approaches have been proposed to reduce polymerization shrinkage and minimize the stress 

of resin-based restorative materials, including incremental placement techniques [12], the 

development of soft-start polymerization [13], the use of low-modulus intermediate layers 

[14], and alternative chemical formulations of dimethacrylate-based composites [15,16]. 

Additionally, several low-shrinkage materials were proposed as alternatives to 

dimethacrylate resins [17], but none of them have been able to equal the properties of Bis-

GMA-based composites. 

 Recently, new low shrinking commercial dental composites have been introduced. 

Filtek Silorane LS (3M ESPE, St. Paul, MN, USA), a tooth-colored restorative material is 

claimed by the manufacturer to be a low-shrinkage composite. Silorane indicates a hybrid 

compound consisting of siloxane and oxirane functional moieties. The siloxane determines 

the highly hydrophobic nature of the siloranes, and the cycloaliphatic oxirane functional 
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groups are claimed to be responsible for the decreased shrinkage of siloranes compared to 

methacrylate-based composites. Oxiranes, which are cyclic ethers, polymerize via a cationic 

ring-opening mechanism, whereas methacrylates polymerize via a free-radical mechanism 

[18]. Preliminary studies on the silorane-based material showed reduced volumetric 

shrinkage [17-21] and reduced cuspal deflection [22,23], compared to conventional 

dimethacrylate-based composites. 

Venus Diamond (Heraeus Kulzer, Armonk, NY) is a new nanohybrid universal 

composite containing a novel monomer (TCD-DI-HEA, (Bis-

(acryloyloxymethyl)tricyclo[5.2.1.02,6]decane) that is said to combine low shrinkage with 

low viscosity. 

The purpose of this study was to measure the contraction stress of a silorane-based 

restorative material and a new low shrinkage nanohybrid composite compared to three 

conventional dimethacrylate-based composites during photo polymerization with a halogen 

curing light, using a low compliance universal testing machine and a high compliance stress 

analyzer. The hypotheses tested were: (1) the silorane-based and the low shrinkage 

nanohybrid composites develop lower contraction stress during photo-polymerization than 

conventional dimethacrylate-based restorative materials irrespective of the stress testing 

method; and (2) system compliance affects the measured stress values. 

 

8.2 Material and methods 

The materials tested (Table 1) were a silorane-based restorative material Filtek 

Silorane LS (3M ESPE); a nanohybrid composite (Tetric EvoCeram, Ivoclar Vivadent, 

Schaan, Liechtenstein); a low shrinkage nanohybrid composite (Venus Diamond, Heraeus 

Kulzer); a packable composite (Quixfil, Dentsply DeTrey GmbH, Konstanz, Germany) and 

a universal microhybrid composite (Filtek Z250, 3M ESPE).  
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Table 1 – Composition of the composite materials tested in the study.

Composite Shade Resin composition Filler composition Filler volume Average filler size

Filtek Silorane LS
silorane-based
composite

A2 Silorane Quartz and yttrium
fluoride

53% 0.1–0.2 !m

Venus Diamond
nanohybrid
composite

A2 TCD-DI-HEA
UDMA

Barium aluminum
fluoride glass

64% 5 nm–20 !m

Tetric EvoCeram
nanohybrid
composite

A2 Bis-GMA, UDMA Barium glass,
ytterbium
trifluoride,
Ba–Al-fluorosilicate
glass, SiO2

55% 40 nm and 3 !m
(mean particle size
550 nm)

Quixfil hybrid packable
composite

A2 Bis-EMA,
TEGDMA, UDMA,
TMPTMA

ZrO2–SiO2 66% 1–10 !m

Filtek Z250 microhybrid
composite

A2 Bis-GMA, UDMA,
Bis-EMA

ZrO2–SiO2 60% 0.01–3.5 !m

polymerized for 40 s with a quartz–tungsten halogen curing
light using a previously tested output of 500 mW/cm2 (Elipar
2500, 3M ESPE). For Filtek Silorane LS its adhesive was used
(Silorane System Adhesive Bond, 3M ESPE).

A defined quantity of composite paste (10 mg) for each
tested material was placed in the cavity in bulk, isolated with
a Mylar matrix, and polymerized with the quartz–tungsten
halogen curing unit (Elipar 2500, 3M ESPE) for 40 s. The
contraction force (N) generated during polymerization was
continuously recorded for 300 s after photo-initiation. Prelimi-
nary investigations revealed that no stress occurred after that
time (i.e. a plateau of the curve was achieved). Each exper-
iment was conducted at room temperature (23–24 !C) and
repeated 10 times for each material (N = 10).

2.2. Universal testing machine

The setup consisted of two sandblasted stainless steel cylin-
ders as bonding substrates, Ø 2 mm and 25 mm in height.
The two cylinders were fixed to the upper and lower clamps
of a universal testing machine (Sun 500, Galdabini, Car-
dano al Campo, VA, Italy) (Fig. 2). The lateral surface of the
stainless steel cylinder was threaded to improve the reten-
tion of the testing machine clamps. The attachments were
ground by 180 grit sandpaper before each measurement and a
layer of hydrophobic unfilled resin (Scotchbond Multipurpose
Plus, 3M ESPE) was applied and polymerized for 40 s with a
quartz–tungsten halogen curing light using a previously tested
output of 500 mW/cm2 (Elipar 2500, 3M ESPE). For Filtek Silo-

Fig. 1 – Schematic illustration of the stress-analyzer
experimental setup.

Fig. 2 – Schematic illustration of the universal machine
experimental setup.

rane LS its adhesive was used (Silorane System Adhesive Bond,
3M ESPE).

A Mylar film was placed around the lower rod and filled up
with the composite. After placing the composite, the upper
cylinder was lowered and inserted into the upper hole of the
mold, and the distance between the two cylinders was set
to 2 mm (Ø 2 mm, 2 mm in height; C-factor = 0.5). An exten-
someter (model 2630-101, Instron, Norwood, MA, USA) was
attached to the cylinders and provided an electronic feed-
back loop in the system to keep the specimen height constant
(within 0.1 !m) during the test.

Specimens were polymerized as described above. The force
(N) necessary to keep specimen height constant was recorded
by the load cell for 300 s after photo-initiation.

Each experiment was conducted at room temperature
(23–24 !C) and repeated 10 times for each material (N = 10).

 
 

Stress-strain analyzer  

Shrinkage stress during polymerization was assessed using a stress-strain analyzer 

[24] (Fig 1). The setup consisted of two identical opposing parallel metal attachments with a 

preset distance of 2 mm. One was connected to a load-sensor (20 N Tekkal, Milano, Italy) 

and the other was fixed to the aluminum frame of the device. A silicone tray was fixed to 

the testing device, creating a simulated cavity between the attachments (Ø 2 mm, 2 mm in 

height; C-factor=0.5). The attachments were ground by 180 grit sandpaper before each 

measurement and a layer of hydrophobic unfilled resin (Scotchbond Multipurpose Plus, 3M 

ESPE) was applied and polymerized for 40 s with a quartz-tungsten halogen curing light 

using a previously tested output of 500 mW/cm2 (Elipar 2500, 3M ESPE). For Filtek 

Silorane LS its adhesive was used (Silorane System Adhesive Bond, 3M ESPE).  

A defined quantity of composite paste (10 mg) for each tested material placed in the 

cavity in bulk, isolated with a Mylar matrix, and polymerized with the quartz-tungsten 

halogen curing unit (Elipar 2500, 3M ESPE) for 40 s. The contraction force (N) generated 

during polymerization was continuously recorded for 300 s after photo-initiation. 

Preliminary investigations revealed that no stress occurred after that time (i.e. a plateau of 
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the curve was achieved). Each experiment was conducted at room temperature (23-24°C) 

and repeated 10 times for each material (N=10). 

 
Fig 1. Schematic illustration of the stress-analyzer experimental setup. 

 

Universal testing machine 

The setup consisted of two sandblasted stainless steel cylinders as bonding 

substrates, Ø 2 mm and 25 mm in height. The two cylinders were fixed to the upper and 

lower clamps of a universal testing machine (Sun 500, Galdabini, Cardano al Campo, VA, 

Italy) (Fig. 2). The lateral surface of the stainless steel cylinder was threaded to improve the 

retention of the testing machine clamps. The attachments were ground by 180 grit sandpaper 

before each measurement and a layer of hydrophobic unfilled resin (Scotchbond 

Multipurpose Plus, 3M ESPE) was applied and polymerized for 40 s with a quartz-tungsten 

halogen curing light using a previously tested output of 500 mW/cm2 (Elipar 2500, 3M 

ESPE). For Filtek Silorane LS its adhesive was used (Silorane System Adhesive Bond, 3M 

ESPE).  

A Mylar film was placed around the lower rod and filled up with the composite. 

After placing the composite, the upper cylinder was lowered and inserted into the upper hole 

of the mold, and the distance between the two cylinders was set to 2 mm (Ø 2 mm, 2 mm in 

height; C-factor=0.5). An extensometer (model 2630-101, Instron, Norwood, MA, USA) 

attached to the cylinders kept the specimen height constant (within 0.1 µm) during the test. 
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Specimens were polymerized as described above. The force (N) necessary to keep 

specimen height constant was recorded by the load cell for 300 s after photo-initiation. Each 

experiment was conducted at room temperature (23-24°C) and repeated 10 times for each 

material (N=10). Contraction stress (MPa) was calculated at 40 s and 300 s as the force 

value (N) per area unit (force value/bonded surface area).  

The rate of cure was obtained by calculating the derivative of the smoothed stress vs. 

time curves using data-analysis software (Logger Pro 3.5, Vernier Software & Technology, 

Beaverton, OR). The maximum stress rate (expressed as stress%/s) was obtained from the 

stress vs. time curves during the 40 s light exposure. 
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rane LS its adhesive was used (Silorane System Adhesive Bond,
3M ESPE).

A Mylar film was placed around the lower rod and filled up
with the composite. After placing the composite, the upper
cylinder was lowered and inserted into the upper hole of the
mold, and the distance between the two cylinders was set
to 2 mm (Ø 2 mm, 2 mm in height; C-factor = 0.5). An exten-
someter (model 2630-101, Instron, Norwood, MA, USA) was
attached to the cylinders and provided an electronic feed-
back loop in the system to keep the specimen height constant
(within 0.1 !m) during the test.

Specimens were polymerized as described above. The force
(N) necessary to keep specimen height constant was recorded
by the load cell for 300 s after photo-initiation.

Each experiment was conducted at room temperature
(23–24 !C) and repeated 10 times for each material (N = 10).

   

Fig 2. Schematic illustration of the universal machine experimental setup. 

 

Statistical analysis 

Data were statistically analyzed by three-way ANOVA. The tested variables were 

composite, analysis system and time. Differences between groups were identified using 

Tukey's multiple comparison test at α = 0.05. 
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8.3 Results 

Stress data obtained for each material using the high- and low compliance systems 

are reported in Table 2. Stress values obtained with the high compliance system (stress-

strain analyzer) were significantly lower (differences were in the range of 14.3–56.2%; 

p<0.05) than those measured by the low compliance system (universal testing machine) for 

each tested material, and at both time periods.  

Representative contraction force vs time curves for each tested material and 

condition are shown in Figure 3. Venus Diamond exhibited the lowest stress values of all 

tested materials under both experimental conditions at both 40 s and 300 s (p<0.05). Filtek 

Silorane LS exhibited lower stress values than Quixfil and Filtek Z250 when assessed with 

the low-compliance system (p<0.05), whereas no difference was found between these three 

composites if the high-compliance system was used. The highest stress values were obtained 

with Filtek Z250 and Quixfil under all experimental conditions (p<0.05).  

Stress rate was significantly higher when using the low compliance vs the high 

compliance system (p<0.05), except for Venus Diamond (Table 2).  Venus Diamond 

exhibited the lowest stress rate of all the composites under both experimental conditions 

(p<0.05).  Conversely, the highest stress rates were recorded with Filtek Z250 when using 

the low compliance instrument (p<0.05), while no difference in stress rate was found 

between Filtek Z250, Quixfil and Filtek Silorane LS when the high compliance stress-strain 

analyzer was used. 
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Fig 8. Plots of contraction stress (MPa) vs. time of tested composites 

 

8.4 Discussion 

The results of this study revealed that Venus Diamond exhibits the lowest stress 

values, whereas Filtek Z250 and Quixfil are characterized by the highest stress magnitude 

under both conditions tested. Because Filtek Silorane LS did not show the lowest stress 

values among the tested composite materials, the first hypothesis was partially rejected.  

Previous reports describe low shrinkage values [17-21] and reduced cuspal 

deflection [22,23] when using a silorane-based material. Conversely, Palin et al. [22] found 
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that the use of a silorane composite in class V restorations did not affect the development of 

marginal microleakage when compared to a conventional composite. 

The development of contraction stress in dental composites depends on material 

compositional factors such as the type of monomer, type and amount of filler, and 

filler/matrix interactions, and composite polymerization factors such as the degree and rate 

of polymerization, curing technique, and placement technique [3]. Because the monomer 

composition of the resin matrix can greatly influence the rate of polymerization contraction 

and the curing efficiency of the composites [5,25,26], the final resin matrix composition 

plays a key role in determining polymerization stress.  

In contrast to the polymerization reaction of methacrylates, the ring-opening 

polymerization of Filtek Silorane LS occurs via the cleavage and opening of ring-structures 

that gain space and counteract the inevitable loss of volume due to bond formation [27]. All 

methacrylate-based resins shrink to some extent, and contraction can be reduced by using 

monomers with a very large molecular weight [28]. In fact viscosity is an indicator of the 

ability of molecules to flow and high viscosity value is indicative of the presence of 

intermolecular interactions that may account for the decreased flexibility of the 

corresponding polymeric network [29]. Bis-EMA is a viscous monomer structurally similar 

to Bis-GMA, but without the two pendant hydroxyl groups, which are responsible for the 

extremely high viscosity of Bis-GMA due to hydrogen bonding [26]. UDMA is more 

viscous than TEGDMA and Bis-EMA, due to the hydrogen bonding between the –NH– and 

>C=O groups, but, however, it is less viscous than Bis-GMA, because imino groups form 

weaker hydrogen bonds compared to hydroxyl groups [29]. According to Sideridou et al. 

[30] the E-modulus of the dimethacrylate polymers follows the order: TEGDMA < Bis-

EMA < UDMA < Bis-GMA. Thus, Bis-GMA may account for the high stress values 

recorded with Filtek Z250 (Table 1). On the other hand, the relatively low stress values 
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recorded with Tetric EvoCeram might be ascribed to a hypothetically predominant role of 

UDMA: because UDMA has a lower volumetric shrinkage and reduced elastic modulus 

compared to Bis-GMA, UDMA-based composites have been shown to produce lower stress 

values [31]. However, UDMA is also present in Filtek Z250 Quixfil and Venus Diamond. In 

addition, Venus Diamond is characterized by the presence of a novel monomer (TCD-di-

HEA, (Bis-(acryloyloxymethyl)tricyclo[5.2.1.02,6]decane) that according to the 

manufacturer combines low shrinkage with low viscosity and may account for the lower 

stress values recorded with this material. However, as the degree of conversion and overall 

shrinkage were not measured, it is not possible to rule out reduced amounts of either or both 

to explain the lower stress in this study for the Venus Diamond composite.  

In a totally elastic situation, according to Hooke’s Law, stress should be determined 

by the product of the volumetric shrinkage and the elastic modulus (E-modulus) of the 

material. Though the setting of a dental composite is not a purely elastic situation, an 

increased E-modulus has been related to higher stress [3,32]. Previous study [18,33] found 

that the general level of the E-modulus of Filtek Silorane LS was higher than the that of 

Tetric Ceram. This observation may explain the higher stress of Filtek Silorane LS 

compared to Tetric EvoCeram.  

Although resin matrix has an important influence on the behavior of the composite, 

the stiffness and flowability of the resin-based restorative material are two additional and 

important factors affecting stress development. Both stiffness and flowability are related to 

the quality and quantity of the filler [32,35,36]. The relative roles played by resin matrix 

contraction and the E-modulus correlated to filler content have not yet been clearly 

established as studies have been contradictory. Condon & Ferracane [15] found a significant 

correlation between filler content and contraction stress in a low compliance testing system, 

hypothesizing a relevant influence of the material’s stiffness on stress development. On the 
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other hand, Watts et al. [37] demonstrated, in a relatively high compliance testing system, 

that highly filled composites have lower volumetric shrinkage which was associated with 

lower contraction stress values. 

Quixfil has the highest filler level (66 vol%) of the composite tested, and would be 

expected to be characterized by high stress, as actually recorded in this study. Nevertheless, 

its stress values are lower than Filtek Z250, likely because it cures slower (and maybe to a 

lesser degree). Filtek Z250 is characterized by the highest stress values among the tested 

composites, even though it does not have the highest filler content (60 vol%). Probably, the 

higher stress values recorded with Filtek Z250, especially at 300s, can be explained by the 

higher cure rate and quicker achievement of rigidity, i.e. less flow of this material. Silorane 

has a lower filler level than Z250 (53%) but generated similar stress in the stress-strain 

analyzer, and lower stress in the universal testing machine with feedback, probably because 

Silorane has a lower stress rate than Z250. 

Stress build-up depends on the kinetics of the polymerization reaction [3]. The 

degree of conversion may vary in relation to the composition of the resin material and the 

curing technique [38], and an insufficient degree of conversion can reduce the E-modulus 

and stress development [39]. A lower degree of conversion has been described for the 

silorane-based composite (Filtek Silorane LS) compared to Filtek Z100 and Filtek Z250 

[22]. Moreover, it has been hypothesized that Filtek Silorane LS has a slower 

polymerization [17,40] that may allow enough time for stress relaxation through material 

flow [23]. However a previous study [20] reported that the polymerization kinetics of the 

silorane material was comparable to a dimethacrylate composite, though the results of the 

present study do not support this. In any case, because cationic, polymerization continues 

for extended periods of time, the continued curing reaction, even if it occurs at a slower rate, 

may lead to increased stress levels over time because the continued cure occurs in an 
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already rigid composite material and its stresses cannot be easily relaxed [17]. According to 

the stress curves, Venus Diamond cures very slowly and this would contribute to its reduced 

stress, in spite of its filler loading (64 vol%) similar to Tetric EvoCeram and Quixfil (66 

vol%, respectively), which suggests a similar E-modulus. Perhaps the TCD monomer 

contained in Venus Diamond is very large, as implied by the tricyclodecane structure, thus 

determining overall less shrinkage and less stress. Also, this monomer may cure slowly 

because of the presence of large rings accounting for steric hindrance during cure. However, 

we might also hypothesize, based on presence of these rings, that Venus Diamond may also 

have a E-modulus due to the flexibility of the resin matrix. Regardless of the tested material, 

in this study, the highest stress rate was recorded in the first stages of polymerization: the 

curve had a depression at the start indicating a slight expansion of the composite, probably 

due to the temperature increase determined by starting the curing unit, followed by a sharp 

increase of contraction force up to 40 s; the resin rapidly sets and acquires rigidity due to 

chain lengthening and cross-linking within the matrix. Another increase occurs at the end of 

the light exposure due to the sudden decrease of temperature following switching off the 

light source, and then a slow decrease of stress development occurs after light source 

exclusion [28]. Nevertheless, stress recoded at 40 s was lower cating that polymerization 

reaction and stress development continue even after light exposure.   

Stress values obtained with the high compliance system (stress-strain analyzer) were 

14.3–56.2% lower than those measured with the low compliance system (universal testing 

machine) for each tested material. This finding confirmed previous reports that measured 

system setup affected the magnitude of the results [2,4]. In setups based on a feedback 

system, deformation that occurs outside the extensometer limits cannot be detected. 

Conversely, if a feedback system is not provided, composite shrinkage is free to pull the 

attachments of the extensometer, dissipating part of the contraction force through 
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deformation of the testing device (attachments, load cell). While this occurrence leads to an 

underestimation of the potential stress that can be developed, it has been argued that this is 

more clinically realistic for most situation where the tooth with a prepared cavity represents 

a substrate of some finite level of compliance [41].   

The C-factor of the cavity is also considered an important parameter affecting the 

development of contraction stress in composite restorations [5, 9-11]. Interfacial contraction 

stress occurs during polymerization because the composite material is constrained by the 

bonded surfaces. In the two experimental setups used in this study, the C-factor was the 

same (C=0.5) [9] in order to test the materials in similar cavity conditions and with system 

compliance only as a discriminating factor. Interestingly, regardless of the system 

compliance, the relative ratio of the stress values between tested materials was constant, 

with Venus Diamond < Tetric EvoCeram < Filtek Silorane LS < Quixfil < Filtek Z250. 

Hence, the second hypothesis was partially accepted.  

Measuring system affected the magnitude of the stress values, with the highest stress 

recorded with the low-compliance system. However, the relative ratio of stress values 

between tested materials was constant. Venus Diamond showed the lowest stress values 

among the tested composite materials. 

The shrinkage characteristics of composites cannot be considered the only aspect 

involved in stress development, which is derived from a combination of factors besides 

material properties, such as the cavity geometry of the preparation and quality of the 

adhesive bond. Based on the results of this study, further investigations are needed to clarify 

if the low shrinkage silorane-based material and the new low shrinkage nanohybrid 

composite may be effective in reducing the development of stress at the tooth-restoration 

interface while possessing adequate mechanical properties and durability for of improved 

clinical outcomes.  
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CHAPTER 9 

INTRINSIC COLLAGENOLYTIC ACTIVITY AND THE ROLE OF 
CHLORHEXIDINE TO STABILIZE THE BONDED INTERFACE 
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Intrinsic collagenolytic activity and the role of chlorhexidine to stabilize the bonded 

interface 

9.1 Degradation of exposed collagen fibrils 
 

Several aging phenomena can severely affect the mechanical and morphological 

integrity of hybrid layer resinous components, including water sorption, elution of unreacted 

monomers, plasticization of polymer chains, and water-mediated hydrolysis [1]. 

Degradation may also affect the collagen matrix of the hybrid layer. Collagen that remains 

unprotected by hydrophobic resin coatings may be vulnerable to degradation. Water is a 

major cause of collagen degradation. Two degradation patterns have been observed within 

the hybrid layer: loss of resin from interfibrillar spaces and disorganization of collagen 

fibrils [2]. Several studies [3,4] have provided morphological evidence of resin elution and 

hydrolytic degradation of collagen matrices after long-term storage. The ultimate goal of 

bonding procedures is complete resin infiltration of fibrils to protect them against 

degradation [1]. The degree of collagen fibril envelopment varies, depending on the type of 

bonding agent. With total-etching adhesives, a decreasing gradient of resin monomer 

diffusion within acid-etched dentin [5] results in incompletely infiltrated zones containing 

denuded collagen fibrils along the bottom of the hybrid layer [6]. 

Collagen fibrils in the hybrid layer that have been incompletely encapsulated by 

resin monomer can be identified immunohistochemically [7]. Advances in reagent 

purification and the production of highly specific monoclonal antibodies have permitted the 

establishment of reproducible and selective immune-labeling protocols for visualizing 

collagen or proteoglycans [8,9]. This visualization uses secondary antibodies that are 

conjugated with gold nanoparticles of different size. The lengthy application time of 
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phosphoric acid on dentin results in a greater number of exposed demineralized collagen 

fibrils and a lower labeling index. Over-etching should thus be avoided, as impaired resin 

impregnation increases nanoleakage [10]. Breschi [11] showed that the hybrid layer created 

by etch-and-rinse adhesives was characterized by different degrees of resin–collagen fibril 

interactions. 

 

9.2 Intrinsic collagenolytic activity of mineralized dentin 

Recent studies have examined the contribution of host-derived proteinases to the 

breakdown of collagen matrices in the pathogenesis of dentinal caries [12,13] and 

periodontal disease [14]. These findings have important implications for dental bonding 

[15]. Ferrari et al. [16] demonstrated that nanoleakage can occur in the absence of gaps 

along resin–dentin interfaces, suggesting that hybrid layer degradation may proceed in the 

absence of bacterial enzymes. The storage of partially demineralized dentinal collagen 

matrices in artificial saliva resulted in complete destruction of the specimens over time [17]. 

Pashley et al. [15] identified the intrinsic collagenolytic activity of host-derived matrix 

metalloproteinases (MMPs) in human mineralized dentin. MMPs are a class of zinc- and 

calcium-dependent endopeptidases [16] that are trapped within the mineralized dentin 

matrix during tooth development. The release and subsequent activation of these 

endogenous enzymes during dentin-bonding procedures [12] are thought to be responsible 

for the in vitro thinning and disappearance of collagen fibrils from incompletely infiltrated 

hybrid layers in aged, bonded dentin (Fig. 1) [18,19]. The dentin matrix contains at least 

four MMPs: stromelysin-1 (MMP-3) [20], true collagenase (MMP-8) [13], and gelatinases 

(MMP-2) A and B (MMP-9) [15]. MMP-2 and MMP-9 are also characterized by a catalytic 
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domain with cysteine-rich repeats that allows the binding and cleaving activities of these 

proteolytic enzymes.  

Collagenolytic/gelatinolytic activity in human dentin matrices has recently been 

suppressed by two concentrations (0.2%, 2.2 mM; 2%, 22 mM) of chlorhexidine 

digluconate (CHX), a nonspecific protease inhibitor [21]. This inhibition may be beneficial 

for the in vivo and in vitro preservation of the hybrid layer [22,23]. Unfortunately, a 

definitive cause-and-effect relationship between etch-and-rinse procedures and dentinal 

hybrid layer degradation has not yet been established (Fig. 2) [24]. Phosphoric acid 

demineralization could have activated the MMPs trapped within the mineralized dentin, 

producing collagenolytic and gelatinolytic activity within the hybrid layer. 

 

 

 

 
Fig. 1 FEISEM immuno-labeling of MMP-9. Modified from Mazzoni (2008). 
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d e n t a l m a t e r i a l s 2 6 ( 2 0 1 0 ) 320–325 323

Table 1 – Bond strengths of control (no CHX-treated) versus 0.2 and 2% CHX-treated specimens tested immediately (T0) or
after 2 years (T2 years) of aging.

Microtensile bond strength
of Adper Scotchbond 1XT

Failure mode (%)

A CD CC M

Control T0 40.8 ± 8.7a (8)
[6/184]

40A 0 0 60A

Control T2 years 13.4 ± 4.9c (8)
[5/180]

35A 20B 0 45A

0.2% CHX T0 39.2 ± 9.3a (8)
[6/178]

40A 15B 0 45A

0.2% CHX T2 years 32.6 ± 8.3a,b

(8)
[4/169]

40A 0 0 60A

2% CHX T0 41.2 ± 9.6a (8)
[6/175]

35A 10 0 55A

2% CHX T2 years 28.5 ± 7.2b (8)
[3/164]

30A 25B 0 45A

Values are mean ± SD (number of teeth) in MPa (number of premature failed sticks/number of intact sticks tested). Groups identified by different
lower case letters are significantly different (p < 0.05). Groups identified by the same uppercase letters are not significantly different (p > 0.05).
Failed sticks were not included in statistical analyses. Distribution of failure mode (in %) among tested groups in the different periods of analysis
is also reported. A: adhesive; CD: cohesive failure in dentin; CC: cohesive failure in resin composite; M: mixed failure, as described by Breschi
et al. [22].

Fig. 2 – TEM image obtained combining numerous
micrographs of a representative specimen treated with 0.2%
CHX for 30 s, then bonded with SB1XT and stored for 2
years in artificial saliva at 37 !C. The adhesive (A) interface
revealed only very few scattered particles of silver
nanoleakage within the hybrid layers (HL).
MD = mineralized dentin; T = dentinal tubules; A = filled
adhesive. Bar = 2 !m.

4. Discussion

The results of this study showed that the application of SB1XT
to mineralized dentin powder for 24 h activates dentin MMP-
2, while pre-treatment of the demineralized dentin powder
with 0.2 or 2% CHX inhibits that enzyme activity as assayed
by the zymographic analysis. In addition, 0.2 or 2% CHX used
as a therapeutic primer on acid-etched dentin preserved the
resin–dentin bond strength over time by significantly reducing
the rate of decrease if bond strength over 2 years. CHX-treated
specimens showed higher bond strength and a higher quality
of the hybrid layer revealed as a lower interfacial nanoleak-
age expression compared to control specimens. These results
support the rejection of both tested null hypotheses.

Previous studies demonstrating the CHX-related improve-
ment in long-term stability of hybrid layer integrity and bond
strength only hypothesized that the effect would be based
on MMP-2, -8, -9 inhibition by CHX [18–21]. The assumption
is logical, since those MMPs are the main matrix-degrading
enzymes in dentin [14,15,25]. Even though the quantitative
analysis of different MMPs in dentin remains to be completed,
the currently available data indicate that MMP-2 may be the
prevalent MMPs in dentin [14,15,25].

The present data provides for the first time direct evidence
of endogenous dentin-bound MMPs (especially MMP-2) acti-
vation due to adhesive application and adhesive-activated
enzyme inhibition due to CHX, as assayed by zymography.
This evidence confirms that the increase in dentin matrix-
degrading activity by adhesives [8,9] can be related to MMP-2

Fig. 3 – TEM image obtained combining numerous
micrographs of a representative control specimen bonded
with SB1XT and stored for 2 years in artificial saliva at
37 !C. This control adhesive interface reveals extensive
interfacial silver nanoleakage due to individual silver
grains and large clusters of silver deposits within the
collagen fibrils of the hybrid layer (HL). Abbreviations are
same as in Fig. 2. Bar = 2 !m.
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Fig. 2 Composite TEM images of (A) a control specimen and (B) a specimen treated with 0.2% 
CHX for 30 s and stored for 2 years. HL=hybrid layer; MD=mineralized dentin; T=dentinal tubules; 
A=adhesive. Modified from Breschi (2010).  
 

However, Mazzoni et al. [25] demonstrated that dentin/enamel bonding agents with 

different pH values produce different degradation activities in human dentin [25]. A recent 

zymographic study [26] reported that MMP activation differed according to adhesive 

application and CHX inhibition. Adhesives increased the dentin matrix-degrading activity of 

MMP-2 and reduced that of MMP-9 [26].  

The inhibitory effect of galardin on dentinal MMPs has been confirmed by 

zymography and interfacial nanoleakage expression after 1 year. Galardin is a synthetic 

MMP inhibitor that exhibits strong activity against MMP-1, -2, -8, and -9. It has a collagen-

like structure that binds to the active sites of MMPs [27]. Galardin (0.2 mM) can inhibit the 

proteolytic activity of demineralized dentin at concentrations approximately 10–100 times 

lower than that of CHX (2.2 mM).  
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Other cationic compounds, such as quaternary ammonium compounds, may also 

inhibit dentinal MMPs and thus stabilize the adhesive interface over time. Quaternary 

ammonium salts are positively charged at physiological pHs and have effective antibacterial 

activities.  

 Polymerizable cationic monomers bound covalently within the polymer matrix can 

be used to develop resin-based materials with antimicrobial activity. A relatively new 

monomer, methacryloyxydodecyl pyridinium bromide (MDPB), has been included in resin 

composites and adhesive systems to obtain antimicrobial species. Studies using quaternary 

ammonium methacrylate (QAM)-containing adhesives have produced encouraging baseline 

and 6-month results for the durability of resin–dentin bonds. 
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CHAPTER 10 
 

INFLUENCE OF CHLORHEXIDINE ON THE DEGREE OF CONVERSION AND 
E-MODULUS OF EXPERIMENTAL ADHESIVE BLENDS 
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Influence of chlorhexidine on the degree of conversion and E-modulus of experimental 

adhesive blends. 

 
10.1 Introduction 
 

Over the last few year, several research groups investigated the factors involved with 

the lack of durability of the resin-dentin bonds. Their results indicate that there are two key 

reasons for the poor durability of resin-dentin bonds: the poor stability of polymerized 

dental adhesives [1-3] and the slow hydrolysis of naked collagen fibrils by host-derived 

enzymes in incomplete resin-infiltrated zones of resin-bonded dentin [3-6]. 

The factor that is responsible for degradation of resin-dentin bonds is that the 

hydrophilic adhesives that form these bonds are highly prone to absorb water, especially the 

so-called simplified adhesives [7,8], thereby rapidly plasticizing the polymers, making them 

less stiff/strong [1,2,9] than they are supposed to be. Several in vivo studies have provided 

morphologic evidence of resin elution from aged resin-bonded dentin specimens [4,5,10, 

11]. The use of adhesives containing monomers more hydrophobic tend to form resin-dentin 

bonds that have higher bond strengths [12]. 

 If resin elution from hydrolytically unstable polymer networks within hybrid layers 

continues during function [13] through nanoporosities along the polymer/hybrid layer, it 

may uncover previously resin-coated collagen matrices allowing them to be enzymatically 

degraded. The other major mechanism responsible for the poor durability of resin bonds is 

the intrinsic activity of dentinal collagenases/gelatinases, causing a progressive 

disappearance of portions of hybrid layers over 6-12 months in vivo [10-14]. To date, the 

endogenous hydrolytic enzymes that are suggested to be involved in this phenomenon are 

those belonging to the group of metalloproteinases family (MMPs), which include MMP-2; 

MMP-3; MMP-8; MMP-9 and MMP-20 that were recently isolated from dentin [15-21].  
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One strategy to prevent the intrinsic proteolytic activity of dentin, it has been the proposed 

use of water-soluble MMP-inhibitors, such chlorhexidine (CHX) [6,10,14,22-24] and 

chemically modified tetracyclines (CMTs) [25,26]. 

 A recent important discovery is that CHX, a potent antimicrobial agent, also has a 

potent anti-MMP-2,-8 and -9 activity [27]. This lead us to determine whether CHX could 

prevent the degradation of resin- dentin bonds. By applying CHX as a therapeutic primer to 

acid-etched dentin with no subsequent rinsing, it was possible to slow down or even to 

prevent the degradation of resin-dentin bonds both in vitro and in vivo [10,14,22-24]. 

However, we believe that the inhibitory action of CHX against dentinal proteases is limited 

by its substantivity to dentin. As CHX is relatively soluble in water (i.e. 19 mg/mL), its 

inhibitory activity may be lost as soon as it is solubilized by the oral fluids (i.e. dentinal 

fluids and saliva). In attempt to prolong the inhibitory action of CHX, we solubilized CHX 

into dental adhesive. It is hoped that the slow and controlled-release of CHX from these 

adhesive surrounding collagen fibrils in the hybrid layer may extend the life expectancy of 

resin-dentin adhesive restorations by transferring CHX from the resin to adjacent collagen. 

 Nevertheless, before testing the effect of CHX-containing adhesives on the durability 

of resin-dentin bonds, it is prudent to investigate whether the incorporation of CHX into 

dental adhesives modifies their polymerization, thereby affecting their final degree of 

conversion and mechanical properties. The aim of this study was, therefore, to examine 

whether the addition of different concentrations of CHX into experimental dental adhesives 

of know composition and hydrophilicity could affect their percent conversion and modulus 

of elasticity. The tested hypotheses were that addition of CHX to experimental, 

methacrylate-based adhesives of increasing hydrophilicity can decrease both their degree of 

conversion and their modulus of elasticity.  
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10.2 Materials and methods 

10.2.1 Experimental resin preparation 

 Five experimental resin blends of increasing hydrophilicity ranked in accordance 

with their Hoy’s solubility parameters were used in this study (R2, R3, R4 and R5). Their 

composition is listed in Table 1. All blends included 1% EDMAB (2-ethyl-4-

aminobenzoate) and 0.25% camphoroquinone as photo-initiators. We have been using these 

experimental resins of increasing know hydrophilicity that covers the range of 

hydrophilicities and other properties of contemporary dental resins, such as their ultimate 

tensile strength, modulus of elasticity, degree of conversion, water sorption and solubility 

[1,7,8,28-30]. Resin 2 (Table 1) is the most hydrophobic resin blend among those that were 

tested in this study, and it resembles those bonding agents typically included as the third 

step of three-step etch-and-rinse and/or the second step of two-step self-etch adhesive 

systems. Resin 3 is representative of the two-step etch-and-rinse adhesive systems that 

contains 2-hydroxyethylmethacrylate (HEMA), while R4 and R5 are similar to those 

hydrophilic resins that constitute the one-step self-etch adhesives. We tried to employ the 

most hydrophobic resin among the experimental resins we have been using, R1 [28,30]. 

However, chlorhexidine did not dissolve properly into R1. Thus, 1 or 5 mass% 

chlorhexidine did not dissolve properly into R1. Thus, 1 or 5 mass% chlorhexidine diacetate 

powder was added to resins R3, R4 and R5, while resin R2 was supplemented with only 1% 

of CHX (Table 1). Pure, non-CHX supplemented resins (R2 to R5) were used as controls.  
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Table 1: Composition and Hoy’s solubility parameters (J/cm3)1/2  of polymerized neat (R) and CHX-
added experimental resins.  
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Table 1 – Composition and Hoy’s solubility parameters (J/cm3)1/2 of polymerized neat (R) and CHX-added experimental
resins.

Material Composition wt.% Hoy’s solubility parameters (J/cm3)1/2

ıd ıp ıh ıt

Neat resins

R2

Bis-GMA 70.00

15.58 12.1 8.64 21.54
TEGDMA 28.75
CQ 0.25
EDMAB 1.00

R3

Bis-GMA 70.00

15.37 13.02 9.94 22.46
HEMA 28.75
CQ 0.25
EDMAB 1.00

R4

Bis-GMA 40.00

16.00 13.53 10.6 23.48
HEMA 28.75
TCDM 30.00
CQ 0.25
EDMAB 1.00

R5

Bis-GMA 40.00

15.76 14.37 10.75 23.88
HEMA 28.75
2MP 30.00
CQ 0.25
EDMAB 1.00

CHX-added resins

R2 + 1% CHX
R2 99.0

15.59 12.15 8.64 21.57
CHX 1.00

R3 + 1% CHX
R3 99.0

15.38 13.06 9.93 22.49
CHX 1.00

R3 + 5% CHX
R3 95.0

15.43 13.25 9.87 22.6
CHX 5.00

R4 + 1% CHX
R4 99.00

16.22 12.66 9.29 22.57
CHX 1.00

R4 + 5% CHX
R4 95.00

16.24 12.85 9.25 22.68
CHX 5.00

R5 + 1% CHX
R5 99.00

15.77 14.4 10.73 23.90
CHX 1.00

R5 + 5% CHX
R5 95.00

15.8 14.55 10.65 23.97
CHX 5.00

Abbreviations: 2MP: bis[2-(methacryloyloxy)ethyl] phosphate; Bis-GMA: bisphenol A diglycidyl ether dimethacrylate; Bis-GMA-E: ethoxylated
bisphenol A diglycidyl ether dimethacrylate; CQ: camphorquinone; EDMAB: ethyl N,N-dimethyl-4-aminobenzoate; HEMA: 2-hydroxyethyl
methacrylate; TCDM: di(hydroxyethylmethacrylate) ester of 5-(2,5-dioxotetrahydrofurfuryl)-3-methyl3-cyclohexene-1,2dicarboxylic anhydride;
TEGDMA: triethylene-glycol dimethacrylate; ıd: dispersion forces; ıp: polar forces; ıh: hydrogen bonding forces; ıt: total cohesive energy density.

was cured inside the DSC at a minimum distance of 5 mm. A
custom-made support held the curing-light unit during poly-
merization so that the entire amount of resin could be fully
irradiated. Calorimetric analysis consisted of two consecutive
light exposures: the first scan was done to determine com-
plete polymerization of the sample; a second scan was made
of the same fully cured specimen to evaluate heat flow from
the light-curing unit. The heat of reaction obtained from the
first scan represented the sum of the exothermic effect due
to monomer conversion plus the heat flow from the curing
unit, while the heat flow measured in the second scan was
attributed to the irradiation heat output of the lamp. The heat
of resin polymerization was calculated by subtracting the heat
value of the second exotherm from the value obtained after
the first light exposure. The total heat, or enthalpy, of cur-
ing after 120 s of light exposure was determined using the

equation:

Qr =
! 120

0
Wg(t)dt (1)

where Qr represents the total heat of the curing reaction, Wg is
the heat flow normalized by sample weight and t is the time.

Knowing the exact composition of the resin blends, the
degree of conversion (DC) could be determined from the heat
of reaction values: conversion was calculated from the the-
oretic heat release per mole of reacted carbon double bond
(56.92 kJ/mol) [32]. Ten specimens per group were prepared.
The mean DC values (in percentage) of the different tested
resins were statistically analyzed with a two-way ANOVA,
having as main factors, resin hydrophilicity and CHX concen-
trations. Differences between groups were evaluated by using

 

 

10.2.2 Differential scanning calorimetry 

A Differential scanning calorimetry (DSC) device (Q10, TA Instruments, New Castle, DE, 

USA) was used to investigate the curing reaction and to determine the degree of conversion 

of the resin blends mixed with or without CHX. The resin mixtures were placed in 

aluminium pans, weighted (the average mass of the samples was 3mg, similar to the amount 

used clinically) and photopolymerized in DSC chamber. Curing was performed at a constant 

temperature of 35 C°, in a nitrogen-purged environment, using a halogen curing unit (600 

mW/cm2) and photopolymerizing the samples for 120s. DSC analyses were conducted in 

accordance with Cadenaro et al. [31]. In brief, two aluminium pans were placed in the 
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sample holder of the calorimeter chamber: one containing the test specimen and the other 

empty as a reference. The DSC chamber was covered with an aluminium cover containing a 

round central hole and, then, with a thin quartz glass cover to permit passage of light, the 

resin was cured inside the DSC at a minimum distance of 5 mm. A custom-made support 

held the curing-light unit during polymerization so that the entire amount of resin could be 

fully irradiated. Calorimetric analysis consisted of two consecutive light exposures: the first 

scan was done to determine complete polymerization of the sample; a second scan was 

made of the same fully cured specimen to evaluate heat flow from the light-curing unit. The 

heat of reaction obtained from the first scan represented the sum of the exothermic effect 

due to monomer conversion plus the heat flow from the curing unit, while the heat flow 

measured in the second scan was attributed to the irradiation heat output of the lamp. The 

heat of resin polymerization was calculated by subtracting the heat value of the second 

exotherm from the value obtained after the first light exposure. The total heat, or enthalpy, 

of curing after 120s of light exposure was determined using equation: 
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was cured inside the DSC at a minimum distance of 5 mm. A
custom-made support held the curing-light unit during poly-
merization so that the entire amount of resin could be fully
irradiated. Calorimetric analysis consisted of two consecutive
light exposures: the first scan was done to determine com-
plete polymerization of the sample; a second scan was made
of the same fully cured specimen to evaluate heat flow from
the light-curing unit. The heat of reaction obtained from the
first scan represented the sum of the exothermic effect due
to monomer conversion plus the heat flow from the curing
unit, while the heat flow measured in the second scan was
attributed to the irradiation heat output of the lamp. The heat
of resin polymerization was calculated by subtracting the heat
value of the second exotherm from the value obtained after
the first light exposure. The total heat, or enthalpy, of cur-
ing after 120 s of light exposure was determined using the

equation:

Qr =
! 120

0
Wg(t)dt (1)

where Qr represents the total heat of the curing reaction, Wg is
the heat flow normalized by sample weight and t is the time.

Knowing the exact composition of the resin blends, the
degree of conversion (DC) could be determined from the heat
of reaction values: conversion was calculated from the the-
oretic heat release per mole of reacted carbon double bond
(56.92 kJ/mol) [32]. Ten specimens per group were prepared.
The mean DC values (in percentage) of the different tested
resins were statistically analyzed with a two-way ANOVA,
having as main factors, resin hydrophilicity and CHX concen-
trations. Differences between groups were evaluated by using

 
where Qr represents the total heat of the curing reaction, Wg is the heat flow normalized by 

sample weight and t is the time. 

 Knowing the exact composition of the resin blends, the degree of conversion (DC) 

could be determined from the heat of reaction values: conversion was calculated from the 

theoretic heat release per mole of reacted carbon double bond (56.92 kJ/mol) [32]. Ten 

specimens per group were prepared. The mean DC values (in percentage) of the different 

tested resins were statistically analyzed with a two-way ANOVA, having as main factors, 

resin hydrophilicity and CHX concentrations. Differences between groups were evaluated 

by using Tukey’s post hoc test. Statistical significance was preset at α=0.05 
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10.2.3 Biaxial flexural test   

 The experimental monomer mixtures were placed in wells made in teflon moulds to 

form disks 6.0 ± 0.1 mm in diameter and 0.5 ± 0.02 mm thick (Fig 3). The surface of the 

CHX supplemented resin was covered with a piece of Mylar film to exclude oxygen, 

forming a flat surface, and the resin was light-cured for 120 s using a halogen curing light 

(Elipar 2500 3M ESPE) operating at 600 mW/cm2 with the tip at 1mm distance from the 

specimen surface. After removing the disk from the mould, an additional light exposure was 

applied to the bottom disk surface. Specimen dimensions to the nearest 0.01 mm were 

measured using a digital caliper. Ten resin disks were made for each of the five 

experimental resin blends and each chlorhexidine concentration. The modulus of elasticity 

(E) of each specimen was measured using a biaxial flexure test (Universals testing machine 

SUN 500 Galdabini, Milan, Italy). After determining the linear portion of the load-

displacement curve at 1 mm/min, all subsequent E measurements were made by recording 

the load that developed when the specimens was displaced vertically by 0.125 mm. The E 

was calculated assuming the configuration of a circumferentially supported resin disk (Fig. 

1) by using a modification of the method by Timoshenko and Woinowsky-Krieger [33]: 

 

3

2

h

Pa
E

!

"
=   

where E is the modulus of elasticity (MPa), β is the center deflection function (0.509), P is 

the applied load (N), a is the disk radius (mm), and ω is the center deflection and h is the 

disk thickness (mm).   

 The mean E values (in MPa) of the different tested resins were statistically analyzed 

with a two-way ANOVA test, having as main factors, resin hydrophilicity and CHX 
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concentration. Differences between groups were evaluated by using Tukey’s post hoc test. 

Statistical significance was preset at α=0.05. 

 

 
Fig 1. Schematic illustration of biaxial flexure test. 

 

10.3 Results 

 

10.3.1 DSC analysis 

 Results of the DSC analysis are summarized in Table 2. The statistical analysis 

revealed that the DC of the tested resin blends varied according to the hydrophilicity of the 

experimental adhesives and concentration of added CHX, with the interaction of these two 

factors being statistically significant (p<0.05). For the most hydrophobic resin blend 

containing CHX, (R2), the addition of 1% CHX did not alter significantly the resin’ s DC (p 

> 0.05) (Table 2). Using resin R3, while 1% CHX had no effect on DC, 5% CHX 

significantly decreased DC values (p<0.05). Conversely, for the most hydrophilic resins 

blends, R4 and R5, the addition of 1or 5% CHX significantly increased the DC, regardless 

of the CHX concentration (p<0.05). 
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 In general, the most hydrophilic resin blends (R4 and R5) exhibited higher DC than 

did the most hydrophobic one (R2), irrespectively to their CHX content (p<0.05). 

Comparisons between resins R2 and R3 showed that using the same concentration of CHX 

(0 or 1%), the most hydrophilic between these two resins (R3) exhibit higher DC than the 

most hydrophobic one (R2).   

10.3.2 Modulus of elasticity 

The mean E values are also reported in Table 2. E-modulus was affected by CHX content. 

Addition of 1% CHX reduced the E-modulus of all resins ( p < 0.05) except in R2, for 

which the E-modulus was significantly increased ( p < 0.05). Addition of 5% CHX reduced 

the E of resins R3 to R5 ( p < 0.05). The lowest E-modulus was found for R5 at all CHX 

concentrations ( p < 0.05). No significant correlations were found between DC and E for all 

tested resins (data not shown). However, there were highly significant inverse correlations 

between the modulus of elasticity of resins 2-5 containing 1% CHX (Fig.5) and Hoy’s 

solubility parameters for total cohesive energy forces (δt). That is, the higher the 

hydrophilicity (larger the δt), the lower was the E-modulus.  

 

Table 2: changes in degree of conversion (DC) and modulus of elasticity (E) of experimental reins of 
increasing hydrophilicity added with different concentrations of CHX.  
 

1272 d e n t a l m a t e r i a l s 2 5 ( 2 0 0 9 ) 1269–1274

Fig. 1 – Decreases in the modulus of elasticity of
experimental resins 2–5 containing 1 mass% CHX, versus
their Hoy’s solubility parameter for total cohesive energy
forces (ıt).

Tukey’s post hoc test. Statistical significance was preset at
˛ = 0.05.

2.3. Biaxial flexural test

The experimental monomer mixtures were placed in wells
made in Teflon moulds to form disks 6.0 ± 0.1 mm in diameter
and 0.5 ± 0.02 mm thick. The surface of the CHX supplemented
resin was covered with a piece of Mylar film to exclude oxy-
gen, forming a flat surface, and the resin was light-cured for
120 s using a halogen curing light (Elipar 2500 3M ESPE) oper-
ating at 600 mW/cm2 with the tip at 1 mm distance from the
specimen surface. After removing the disk from the mould,
an additional light exposure was applied to the bottom disk
surface. Specimen dimensions to the nearest 0.01 mm were
measured using a digital caliper. Ten resin disks were made for
each of the five experimental resin blends and each chlorhex-
idine concentration. The modulus of elasticity (E) of each
specimen was measured using a biaxial flexure test (Univer-
sal testing machine SUN 500 Galdabini, Milan, Italy). After
determining the linear portion of the load–displacement curve
at 1 mm/min, all subsequent E measurements were made by
recording the load that developed when the specimen was dis-
placed vertically by 0.125 mm. The E was calculated assuming
the configuration of a circumferentially supported resin disk
(Fig. 1) by using a modification of the method by Timoshenko
and Woinowsky-Krieger [33]:

E = ˇPa2

!h3 (2)

where E is the modulus of elasticity (MPa), ˇ is the center
deflection function (0.509), P is the applied load (N), a is the
disk radius (mm), and ! is the center deflection and h is the
disk thickness (mm).

The mean E values (in MPa) of the different tested resins
were statistically analyzed with a two-way ANOVA test, having
as main factors, resin hydrophilicity and CHX concentration.

Table 2 – Changes in degree of conversion (DC) and
modulus of elasticity (E) of experimental resins of
increasing hydrophilicity added with different
concentrations of CHX.

DC (%) E-modulus (MPa)

R2
Neat resin 60.81 (0.48)b 908.59 (30.68)C

1% CHX 60.22 (0.17)b 1068.37 (8.48)B

R3
Neat resin 64.44 (0.47)c 1383.10 (21.26)A

1% CHX 64.64 (0.68)c 762.01 (1.50)E

5% CHX 59.96 (0.43)b 724.66 (16.69)D

R4
Neat resin 67.71 (0.71)d 843.25 (1.68)D

1% CHX 70.17 (0.66)e 648.57 (2.49)F

5% CHX 70.95 (0.87)e 621.37 (6.07)D

R5
Neat resin 56.08 (0.67)a 640.10 (8.60)F

1% CHX 60.32 (0.53)b 372.55 (2.12)H

5% CHX 59.79 (0.57)b 346.93 (24.03)H

Values are mean (±S.D.). Different superscript lower case letters
indicate statistical differences between the groups for DC (p < 0.05).
n = 10/group. Different superscript upper case letters indicate sta-
tistical differences between the groups for E-modulus (p < 0.05).
n = 10/group. CHX = chlorhexidine.

Differences between groups were evaluated by using Tukey’s
post hoc test. Statistical significance was preset at ˛ = 0.05.

3. Results

3.1. DSC analysis

Results of the DSC analysis are summarized in Table 2. The
statistical analysis revealed that the DC of tested resin blends
varied according to the hydrophilicity of the experimental
adhesives and concentration of added CHX, with the inter-
action of these two factors being statistically significant
(p < 0.05). For the most hydrophobic resin blend containing
CHX, (R2), the addition of 1% CHX did not alter significantly
the resin’s DC (p > 0.05) (Table 2). Using resin R3, while 1% CHX
had no effect on DC, 5% CHX significantly decreased DC values
(p < 0.05). Conversely, for the most hydrophilic resins blends,
R4 and R5, the addition of 1 or 5% CHX significantly increased
the DC, regardless of the CHX concentration (p < 0.05).

In general, the most hydrophilic resin blends (R4 and R5)
exhibited higher DC than did the most hydrophobic one (R2),
irrespectively to their CHX content (p < 0.05). Comparisons
between resins R2 and R3 showed that using the same concen-
tration of CHX (0 or 1%), the most hydrophilic between these
two resins (R3) exhibit higher DC than the most hydrophobic
one (R2).

3.2. Modulus of elasticity

The mean E values are also reported in Table 2. E-modulus
was affected by CHX content. Addition of 1% CHX reduced the
E-modulus of all resins (p < 0.05) except in R2, for which the E-
modulus was significantly increased (p < 0.05). Addition of 5%
CHX reduced the E of resins R3 to R5 (p < 0.05). The lowest E-
modulus was found for R5 at all CHX concentrations (p < 0.05).

 
Values are mean (±S.D.). Different superscript lower case letters indicate statistical differences 
between the groups for DC (p<0.05). n=10/group. Different superscript upper case letters indicate 
statistical differences between the groups for E-modulus (p<0.05). n=10/group. 
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Fig. 1 – Decreases in the modulus of elasticity of
experimental resins 2–5 containing 1 mass% CHX, versus
their Hoy’s solubility parameter for total cohesive energy
forces (ıt).

Tukey’s post hoc test. Statistical significance was preset at
˛ = 0.05.

2.3. Biaxial flexural test

The experimental monomer mixtures were placed in wells
made in Teflon moulds to form disks 6.0 ± 0.1 mm in diameter
and 0.5 ± 0.02 mm thick. The surface of the CHX supplemented
resin was covered with a piece of Mylar film to exclude oxy-
gen, forming a flat surface, and the resin was light-cured for
120 s using a halogen curing light (Elipar 2500 3M ESPE) oper-
ating at 600 mW/cm2 with the tip at 1 mm distance from the
specimen surface. After removing the disk from the mould,
an additional light exposure was applied to the bottom disk
surface. Specimen dimensions to the nearest 0.01 mm were
measured using a digital caliper. Ten resin disks were made for
each of the five experimental resin blends and each chlorhex-
idine concentration. The modulus of elasticity (E) of each
specimen was measured using a biaxial flexure test (Univer-
sal testing machine SUN 500 Galdabini, Milan, Italy). After
determining the linear portion of the load–displacement curve
at 1 mm/min, all subsequent E measurements were made by
recording the load that developed when the specimen was dis-
placed vertically by 0.125 mm. The E was calculated assuming
the configuration of a circumferentially supported resin disk
(Fig. 1) by using a modification of the method by Timoshenko
and Woinowsky-Krieger [33]:

E = ˇPa2

!h3 (2)

where E is the modulus of elasticity (MPa), ˇ is the center
deflection function (0.509), P is the applied load (N), a is the
disk radius (mm), and ! is the center deflection and h is the
disk thickness (mm).

The mean E values (in MPa) of the different tested resins
were statistically analyzed with a two-way ANOVA test, having
as main factors, resin hydrophilicity and CHX concentration.

Table 2 – Changes in degree of conversion (DC) and
modulus of elasticity (E) of experimental resins of
increasing hydrophilicity added with different
concentrations of CHX.
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R2
Neat resin 60.81 (0.48)b 908.59 (30.68)C

1% CHX 60.22 (0.17)b 1068.37 (8.48)B

R3
Neat resin 64.44 (0.47)c 1383.10 (21.26)A

1% CHX 64.64 (0.68)c 762.01 (1.50)E

5% CHX 59.96 (0.43)b 724.66 (16.69)D

R4
Neat resin 67.71 (0.71)d 843.25 (1.68)D

1% CHX 70.17 (0.66)e 648.57 (2.49)F

5% CHX 70.95 (0.87)e 621.37 (6.07)D

R5
Neat resin 56.08 (0.67)a 640.10 (8.60)F

1% CHX 60.32 (0.53)b 372.55 (2.12)H

5% CHX 59.79 (0.57)b 346.93 (24.03)H

Values are mean (±S.D.). Different superscript lower case letters
indicate statistical differences between the groups for DC (p < 0.05).
n = 10/group. Different superscript upper case letters indicate sta-
tistical differences between the groups for E-modulus (p < 0.05).
n = 10/group. CHX = chlorhexidine.

Differences between groups were evaluated by using Tukey’s
post hoc test. Statistical significance was preset at ˛ = 0.05.

3. Results

3.1. DSC analysis

Results of the DSC analysis are summarized in Table 2. The
statistical analysis revealed that the DC of tested resin blends
varied according to the hydrophilicity of the experimental
adhesives and concentration of added CHX, with the inter-
action of these two factors being statistically significant
(p < 0.05). For the most hydrophobic resin blend containing
CHX, (R2), the addition of 1% CHX did not alter significantly
the resin’s DC (p > 0.05) (Table 2). Using resin R3, while 1% CHX
had no effect on DC, 5% CHX significantly decreased DC values
(p < 0.05). Conversely, for the most hydrophilic resins blends,
R4 and R5, the addition of 1 or 5% CHX significantly increased
the DC, regardless of the CHX concentration (p < 0.05).

In general, the most hydrophilic resin blends (R4 and R5)
exhibited higher DC than did the most hydrophobic one (R2),
irrespectively to their CHX content (p < 0.05). Comparisons
between resins R2 and R3 showed that using the same concen-
tration of CHX (0 or 1%), the most hydrophilic between these
two resins (R3) exhibit higher DC than the most hydrophobic
one (R2).

3.2. Modulus of elasticity

The mean E values are also reported in Table 2. E-modulus
was affected by CHX content. Addition of 1% CHX reduced the
E-modulus of all resins (p < 0.05) except in R2, for which the E-
modulus was significantly increased (p < 0.05). Addition of 5%
CHX reduced the E of resins R3 to R5 (p < 0.05). The lowest E-
modulus was found for R5 at all CHX concentrations (p < 0.05).

 
Fig.5 Decreases in the modulus of elasticity of experimental resins 2-5 containing 1 mass% CHX, 
versus their Hoy’s solubility parameters for total cohesive energy forces (δt).  
 
 
10.3.4 Discussion 

 The results of this study demonstrated that changes in either the degree of conversion 

or in stiffness of the text adhesive produced by addition of CHX were material-dependent. 

Addition of 1% CHX, the solubility limit, to R2 (the most hydrophobic resin able to 

dissolve CHX) did not change the DC (p < 0.05), but it increased the modulus of elasticity 

by 9% (Table 2). Conversely, when 1% CHX was added to R3 there was no significant 

change in DC but there was a significant  

(p < 0.05) 45% reduction in the modulus of elasticity. When 5% CHX added to R3, it 

reduced the DC (p < 0.05) and caused a further significant reduction in stiffness (Table 2). 

Addition of 1 or 5% CHX was added to R3, it reduced the DC but there was a significant (p 

< 0.05) 45% reduction in the modulus of elasticity. Addition of 1 or 5% CHX to R4, a 

relatively hydrophilic adhesive, significantly (p< 0.05) increased the DC, but decreased the 

modulus of elasticity 24 and 27%, respectively. Resin 5, the most hydrophilic adhesive, 

gave the lowest DC of any of test adhesives. Addition of 1 or 5% CHX produced a slight but 
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significant (p<0.05) increases in DC, but a large significant decrease (p<0.05) in the 

modulus of elasticity of 42% and 46%, respectively. 

 Thus, the results obtained with the test adhesives indicate only partial acceptance of 

the test hypotheses that addition of CHX to adhesives results in decreases both the DC and 

moduli of elasticity.  

 The idea of using adhesives as vehicles for the delivery of therapeutic agents 

designed to improve the durability of resin-dentin adhesive restorations is appealing. CHX 

has been incorporated into glass-ionomer cements, resin-modified glass-ionomer cements 

and methacrylates to improve and/or extend the antimicrobial properties of these materials 

[34-38]. However, the rate of release CHX is much faster if incorporated into hydrophilic 

resins that absorb more water than hydrophobic resins [37,38]. Leung et al. [37] showed that 

50% of CHX incorporated into a HEMA-based resin composite was released within 1 week. 

If CHX-doped resins release CHX before it is depleted from primer-delivered CHX, there 

will be no residual CHX available to “recharge” collagen-bound CHX.  

 The fact that 1 or 5% CHX did not lower the DC of R2, 4 or 5 compared to their neat 

controls is important. However 1% CHX lowered the modulus of elasticity of R3, 4 and 5 

by almost half. Although there is good correlation between the degree of conversion within 

any specific resin blend [39-41], there is no correlation between the degree of conversion 

and the moduli of elasticity of a group of resin blends with different amounts of 

dimethacrylates. It is the cross-linking density with copolymers produced by 

dimethacrylates that determines their modulus of elasticity [42-45].  

 Of interest was the observation that 1% CHX had no effect on the DC of R2 but it 

increased the modulus of elasticity 9%. That is, this relatively hydrophobic resin blend 

accepted 1% CHX without any decrease in its stiffness. The use of 70% Bis-

GMA/30%TEGDMA (i.e. resin 2) requires ethanol wet bonding [28,29,46,47] because it is 
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not miscible in water. Future studies should be designed by pre-dissolving chlorhexidine 

diacetate in ethanol and then incorporating the ethanol-solvated CHX in these same resin 

blends to determine how much CHX can be incorporated in those blends before the stiffness 

of the resin suffers. Addition of 10% ethanol has been shown to increase the DC of R2 [30]. 

 It is very important to measure the modulus of elasticity of polymers that have been 

doped with therapeutic agents such as CHX. The results of this study show that R2 is an 

appropriate comonomer blend for CHX can incorporate 1-5% CHX into these polymers 

without weakening, remains to be determined. Since the slow elution of CHX form R2 has 

been demonstrated [38], it may prolong the residence time of CHX in hybrid layers created 

by this resin in etch-and-rinse, ethanol wet-bonded dentin. Whether this increases the 

durability of such bonds should be tested in future experiments.  

 

Source:  

http://www.ncbi.nlm.nih.gov/pubmed/19570568 

http://www.demajournal.com/article/S0109-5641(09)00212-7/abstract 
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CHAPTER 11: 

 
SUMMARY, GENERAL DISCUSSION, CONCLUSION, AND FUTURE 

DIRECTIONS. 
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Summary, general discussion, conclusion, and future directions. 

 

11.1 Summary, general discussion. 

Most dental adhesive systems in current use show favorable immediate results that 

reflect good retention and sealing of bonded interfaces [1]. Despite this immediate efficacy, 

dentin-bonded interfaces may not adequately withstand aging and may show long-term 

degradation.  

Clinical trials evaluating dental adhesives have found dramatically low bonding 

effectiveness for some materials, but greater bond stability in other materials [2]. Several 

studies have related bond failure over time to the degradation of resin polymers, initiated 

with the elution of unreacted monomers and leading to water sorption and polymer swelling 

[3]. The permeability of adhesives to water has been particularly evident in simplified 

adhesive formulations. 

 The results reported in Chapter 3 suggest that the degree of conversion and 

mechanical properties of three-step etch-and-rinse and two-step self-etching bonding 

systems were affected by the type of storage (air vs. water). The elastic modulus of both 

adhesives increased by 25–30% in the first 24 h of water storage, then decreased after 72 h. 

Water can also infiltrate the polymer matrix, compromising its mechanical properties 

through swelling and the reduction of frictional forces between polymer chains 

(plasticization).  

We assessed the long-term clinical behavior of fiber posts by investigating the 

influence of thermocycling on different fiber post-luting approaches that simulated and 

accelerated in vitro aging in a clinically relevant manner (Chapter 4). We examined the 

effect of 40,000 cycles, representing approximately 4 years of functional service. 
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Thermocycling resulted in increased silver nitrate deposition in all luting agents. We found 

that the most stable luting procedure combined an etch-and-rinse adhesive with a dual-cure 

cement, in comparison with self-etching resin-based or self-adhesive cements.  

We also investigated the performance of new self-adhesive materials through storage 

in artificial saliva. We found that self-adhesive cement type significantly influenced the 

push-out bond strength of fiber posts, and that storage degraded the luted interface over 

time.  

In Chapters 6–8, we focused our attention on the polymerization contraction stress of 

resin composites. Contraction stress during polymerization adversely affects the bonded 

interface between composite resins and dental hard tissues, leading to the clinical failure of 

restorations [4]. Intensive research of polymerization shrinkage and stress development in 

resin-based materials has led to the proposal of several approaches to reduce these factors, 

including the incremental placement technique, the use of low-modulus intermediate layers, 

the development of soft-start polymerization, and alternative chemical formulations for 

dimethacrylate-based composites. The results presented in Chapter 7 showed that flowable 

resin composites are comparable to conventional restorative resin materials. The use of 

flowable materials as intermediate layers does not reduce stress.  

Chapter 8 reported the results of contraction-stress testing of low-shrinkage 

composite materials. The contraction stresses of a silorane-based material and a new low-

shrinkage nanohybrid composite were compared to those of three conventional 

dimethacrylate-based resin composites using two measurement systems. In vitro stress 

values were influenced by the deformation of system components when subjected to 

composite shrinkage forces (system compliance). The low-compliance test used a feedback 

system that continuously monitored material shrinkage; no feedback apparatus was included 

in the high-compliance system. The nanohybrid composite exhibited the lowest stress values 
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among the tested materials. The measuring system affected the magnitude of these values; 

the highest stress values were recorded by the universal testing machine with the feedback 

system.  

CHX, a well-known antimicrobial agent, has recently been discovered to exhibit 

potent anti-MMP-2, -MMP-8, and -MMP-9 activity [5]. We used adhesives containing 1% 

and 5% CHX to determine whether this agent could prevent the degradation of resin–dentin 

bonds. We investigated the effect of these CHX concentrations on the degree of conversion 

and mechanical properties of experimental adhesive systems. Greater concentrations of 

CHX in resin blends had little adverse effect on DC but decreased the elastic modulus by 

27–48% compared to control samples. 

 

11.2 Conclusions 

The following conclusions and recommendations can be made based on the results 

of this thesis: 

1. The mechanical properties and polymerization kinetics of multi-step adhesive systems 

(the most stable adhesive systems currently available) are affected by storage time 

and medium.  

2. Thermocycling increases interfacial nanoleakage, and the most stable fiber post-luting 

procedure (vs. self-etching, self-adhesive materials) combines an etch-and-rinse 

adhesive with a dual-cure cement. 

3. After 6 months and 1 year of storage in artificial saliva, bond strength and interfacial 

nanoleakage of three self-adhesive cements were material-dependent. 

4. Flowable composites showed shrinkage stress similar to that of conventional resin 

restorative materials. 
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5. A nanohybrid composite exhibited lower stress values than three conventional 

dimethacrylate-based resin composites using two measurement systems.  

6. The new silorane-based material showed stress results similar to those of conventional 

resin composites. 

7. Measurement system compliance affected the magnitude of stress values. 

8 Greater concentrations of CHX in experimental resin blends had little adverse effect 

on the degree of conversion but decreased the elastic modulus (vs. control samples). 

 

11.3 Future directions 

Adhesive technology has evolved rapidly since its introduction more than 50 years 

ago. The primary challenge for dental adhesives is to provide an equally effective bond to 

two hard tissues of different natures. Bonding to enamel has been proven to be durable. 

Bonding to dentin is far more intricate and can only be achieved with more complicated and 

time-consuming application procedures. Major concerns persist with regard to interfacial 

aging due to degradation of the hybrid layer, which is related to water sorption, resin 

hydrolysis, and collagen network disruption. Recently introduced simplified adhesives 

exhibited the lowest bond strengths and least-predicable clinical performances, when 

compared to multi-step etch-and-rinse and self-etching systems [6]. Beyond the recent 

improvements in dental adhesives, future potential uses of this class of materials should be 

examined. There have been interesting developments and strong trends in the fields of 

biomaterials and materials science, including nanotechnology and nanostructuring.  

Nanostructuring allows the modification of extremely large free-energy surfaces. In 

an iron cube with 100 nm edge length, approximately 10% of the atoms are surface atoms; 

the proportion of surface atoms increases to 100% in a cube with a 1-nm edge length. This 

effect may be exploited in dental adhesives and composites to improve dentin impregnation 
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or to create a hydrophobic coating that reduces water sorption. Nanoparticles have been 

used previously in dental composites. Colloidal silica particles of approximately 40-nm 

diameters have been used in dental microfilled and hybrid composites [7]. 

As in CHX, QAMs inhibit MMPs that are zinc- and calcium-dependent 

endopeptidases by chelating dentinal calcium [8]. Future studies should evaluate whether 

QAMs can be used in adhesive systems without impairing the development of a clinically 

adequate bond, and whether QAM-based adhesives can prolong the longevity of the 

adhesive interface. 

Recent experiments [9–11] have sought to increase the longevity of resin–dentin 

bonds with various cross-linking agents, such as glutaraldehyde, genipin, proanthrocyanidin, 

and carbodiimide. These in vitro studies have demonstrated that the use of cross-linking 

agents improved the short-term mechanical properties of dentinal collagen, and reduced the 

susceptibility of additionally cross-linked dentinal collagen to enzymatic degradation by 

collagenases. Cross-linking will certainly improve the resistance of un-cross-linked or 

mildly cross-linked collagen matrices to degradation by bacterial collagenases.  

To prevent the degradation of resin–dentin bonds, the use of ethanol wet-bonding 

with hydrophilic etch-and-rinse systems has been proposed [12]. Dentin bonding with 

contemporary hydrophilic etch-and-rinse adhesives has produced higher solvent 

concentrations that result in greater matrix upon solvent evaporation and incomplete 

infiltration of hydrophobic monomers. Pretreatment of water-saturated collagen matrix with 

100% alcohol prevents phase separation of hydrophobic monomers (e.g., Bis-GMA) and 

provides an opportunity to coax hydrophobic monomers into the matrix. Hydrophobic 

monomers decrease water sorption/solubility and resin plasticization. Recent studies using 

two-photon laser confocal microscopy and micro-Raman spectral analysis [13,14] have 

found that a relatively homogenous distribution of hydrophobic resin within the hybrid layer 
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can be achieved with ethanol wet-bonding. Comparison of the hybrid layers created with 

commercially available etch-and-rinse adhesives using water or ethanol wet-bonding found 

significantly less micropermeability of the fluorescent tracer in hybrid layers created with 

ethanol wet-bonding [13]. Nevertheless, incomplete removal of ethanol from hydrophilic 

adhesives may render the polymerized matrix more susceptible to water sorption, when 

compared to the use of hydrophobic resins [15].  

Several interesting attempts to regenerate dental tissue have been recently reported. 

Biomimetic mineralization is a proof-of-concept strategy that utilizes nanotechnological 

principles to mimic natural biomineralization [16]. This strategy replaces water from resin-

sparse regions of the hybrid layer with apatite crystallites that are sufficiently small to 

occupy the extra- and intrafibrillar compartments of the collagen matrix, and has been 

adopted for the remineralization of the resin–dentin bond. Specimen slabs were immersed in 

a remineralizing medium containing dissolved biomimetic analogs and remineralization 

proceeded through a lateral-diffusion mechanism. The translation of this proof-of-concept 

strategy into a clinically applicable technique is currently under development. 

The further improvement and development of extant dental materials remains 

necessary. New dental material types may, however, be created using nanotechnology and 

other novel approaches developed within the fields of materials science and biomaterials. 

These developments could address antimicrobial properties, dental hard tissue regeneration, 

MMP inhibition, and hydrophobic properties. Such approaches would require much more 

complex dental composites and sophisticated technologies than are currently used, but 

would clearly benefit the patient and improve the quality of dental therapy.  
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11.4 Sommario 

La moderna odontoiatria conservativa si basa sul concetto di minima invasività, che 

comporta la rimozione del solo tessuto dentario cariato e la ricostruzione con un materiale 

che viene a sua volta direttamente legato al rimanente tessuto sano. E’ stato, inoltre, 

osservato che l’adesione riduce il microleakage a livello dell’interfaccia dente-restauro, 

requisito fondamentale sia per ridurre l’ingresso di fluidi orali e di batteri nella cavità, che 

possono portare  allo formazione di carie secondarie. Inoltre i restauri adesivi presentano il 

vantaggio rispetto ai sistemi non adesivi di non necessitare di alcuna ritenzione, che si 

ottiene a spese della struttura dentaria sana. Il termine adesione si riferisce alle forze o 

energie tra atomi o molecole nella formazione e mantenimento dell’interfaccia tra due 

materiali.  

Ogni sistema adesivo dentale contiene un agente mordenzante, al fine di aumentare 

l’energia libera di superficie; un agente primer per aumentare la bagnabilità del sistema 

adesivo; un agente bonding, con la funzione di infiltrare e interdigitarsi 

micromeccanicamente con le porosità create precedentemente con la mordenzatura. Tale 

interdigitazione fu descritta per la prima volta da Nakabayashi et al. nel 1982 ed è 

comunemente indicata con il termine di “ibridizzazione” o formazione dello strato “ibrido”. 

Tra le tante classificazioni esistenti la più significativa è quella che tiene conto dell’ 

interazione con il substrato e distingue i sistemi adesivi in etch-and-rinse e self-etcthing e 

considera i passaggi necessari (step) al sistema per stabilire un legame con il substrato. Gli 

adesivi denominati etch-and-rinse prevedono l’applicazione di un agente mordenzante allo 

smalto e alla dentina e il successivo risciacquo, al fine di rimuovere l’acido e lo smear-layer 

che si forma nel processo di demineralizzazione. Un approccio alternativo è quello self-etch, 

basato sull’ impiego di un monomero acido che non necessita di essere risciacquato, il quale 

mordenza la dentina e permette l’ applicazione simultanea del primer. 
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La stabilità dell’interfaccia adesiva dipende dalla formazione di uno strato ibrido, 

compatto e omogeneo, durante l’impregnazione del substrato dentinale da parte dei 

monomeri adesivi. La longevità clinica dello strato ibrido dipende sia da fattori fisici come 

le forze occlusali, le ripetitive espansioni e contrazioni dovute ai cambiamenti di 

temperatura, che chimici: agenti acidi presenti nei fluidi dentinali, nella saliva, nel cibo, 

nelle bevande e nei prodotti di degradazione batterica. 

Poiché lo strato ibrido rappresenta un’entità complessa, in cui intereagiscono 

componenti biologiche (matrice dentinale collagenica e cristalli d’idrossiapatite residui) e 

non (monomeri resinosi e solventi), i fenomeni d’invecchiamento possono interessare 

ognuna delle componenti in maniera esclusiva oppure degradare in maniera sinergica sia la 

porzione resinosa che quella dentale. Lo strato ibrido può subire una degradazione secondo 

due modalità distinte, ossia attraverso la disorganizzazione delle fibre collagene oppure 

attraverso l’ idrolisi della resina negli spazi interfibrillari. L’idrolisi è un processo chimico 

che causa la rottura di legami covalenti della catena polimerica dovuta all’addizione di 

molecole d’acqua nei legami esteri. La degradazione delle resine è conseguente 

all’assorbimento di acqua, soprattutto nei sistemi semplificati. Dai risultati del capitolo 3 

della tesi emerge come due differenti modalità di storaggio (in aria e acqua) e il tempo 

possano influenzare il grado di conversione e il modulo elastico di un sistema a tre passaggi 

etch-and-rinse e uno a due passaggi self-etch. Il modulo di elasticità per entrambi i sistemi 

adesivi decresce del 25-30% in acqua nelle prime 24 ore.  

Nel capitolo 4 è stata valutata l’ influenza del termociclaggio sulla cementazione di 

perni in fibra con diverse strategie adesive. Lo scopo del lavoro era quello di accelerare in 

vitro l’ invecchiamento del materiale per simulare un possibile comportamento clinico del 

materiale a lungo periodo. Si è visto in diversi lavori scientifici come 40000 cicli di 

termociclaggio corrispondano a circa 4 anni di invecchiamento clinico. Il termociclaggio ha 
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portato ad un’ aumento del fenomeno del  nanoleakage in tutti i sistemi adesivi utilizzati. In 

alternativa al termociclaggio è stato utilizzato lo storaggio in saliva artificiale per 6 mesi e 

un anno per analizzare il comportamento di cement self adhiesive.  

 Nei capitoli 6, 7 e 8 si è stato valutato lo stress da polimerizzazione di diverse resine 

composite. La contrazione è un fenomeno inevitabile che avviene durante la 

polimerizzazione delle resine composite, che può portare a una rapida destabilizzazione del 

sistema adesivo causando la rottura del sigillo marginale con la conseguente possibilità di 

carie secondarie e di perdita del restauro. Differenti approcci sono stati utilizzati per 

minimizzare lo stress da polimerizzazione, come le tecniche incrementali, l’uso di materiali 

a bassa viscosità, tecniche di soft start di polimerizzazione e l’uso di nuovi tipi di 

monomero. I compositi flow hanno dimostrato avere uno stress simile alle resine composite 

convenzionali e il loro uso come strato intermedio non sembra portare a dei sostanziali 

vantaggi nel ridurre lo stress da polimerizzazione. Nel capitolo 8 siamo andati a valutare lo 

stress da polimerizzazione di una nuova resina a base siloranica e di una resina composita 

nanoriempita a bassa contrazione confrontate con tre resine composite convenzionali 

utilizzando due sistemi di misurazione. Soltanto la resina composita nanoriempita ha 

mostrato uno stress da polimerizzazione nettamente inferiore rispetto alle resine composite 

convenzionali. 

Studi recenti dimostrano come proteine endogene, denominate metalloproteinasi 

(MMP), siano coinvolte nella degradazione del collagene dello strato ibrido. Le MMP sono 

una classe di endopeptidasi zinco e calcio dipendenti, che durante la dentinogenesi sono 

intrappolate nella matrice dentinale. Il rilascio e la loro conseguente attivazione avviene 

durante le fasi di adesione. La degradazione collagenolitica dimostrata sia in vivo che in 

vitro può essere bloccata utilizzando inibitori specifici come la clorexidina. Nel capitolo 10 

siamo è stato valutato quanto diverse percentuali (1-5%) di clorexidina diacetata disciolta in 
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alcuni sistemi adesivi sperimentali possano influenzare il grado di conversione e nel modulo 

elastico. In questa sperimentazione è emerso che piccole percentuali di clorexidina non 

hanno effetti sul grado di conversione ma bensì hanno determinato una diminuizione del 

modulo elastico tra il 27-48% rispetto alle resine controllo senza clorexidina.  
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