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The metabolic activity of some oral microorganisms can lead to the

demineralization of both enamel and dentin (Takahashi 2015). This process,

if not hindered, could ultimately lead to the invasion of the dental pulp 

space by a complex and heterogeneous microbial flora (Chavez de Paz 

2007). The geometrical complexity of the root canal space (anatomical 

intricacies and tubular structure of dentin) provides sheltering to 

microorganisms (Nair 2006), which can organize themselves in biofilms 

exhibiting resistance strategies to the current debridement and disinfection 

procedures (Chavez de Paz 2007). The current disinfection methods are 

indeed unable to eradicate all microorganisms from the root canal space 

(Wu et al. 2006). As a consequence, the failure to effectively 

prevent/eradicate root canal infection can lead to the 

development/persistence of apical periodontitis, a microbe-sustained 

inflammatory process, which is accompanied by concomitant alveolar bone 

destruction (Wu et al. 2006).

One strategy to hinder the access of additional microorganisms 

from the oral cavity towards the periradicular tissues and to contain any

remaining infection is the placement of a filling material aiming to occupy 

the root canal space (Thoden van Velzen & Wesselink 2010). The 

radiopacity of the root canal filling also helps providing an approximate 

two-dimensional view of the shaping and filling procedures carried out in 

vivo. The radiographic quality of the root canal filling is a recognized

predictor of the treatment outcome (Ng et al. 2008). An adequate root canal 

filling, without visible voids and ending within 2 mm from the radiographic 

apex is considered to promote periapical health (Liang et al. 2013).
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Therefore, it is generally assumed that an improvement of the 

performance of the root canal filling may be beneficial to endodontic 

outcome, hence justifying laboratory research in this direction.

Root canal filling materials
“Gutta percha”

“Gutta percha” (GP) is currently considered as a standard of care in 

endodontic therapy and is widely used by dental practitioners (Savani et al.

2014). It is available in different shapes and sizes and can be compacted 

inside the root in order to make it fit the shape of the instrumented root 

canal and reduce the volume fraction of the sealer.

GP is mainly composed of zinc oxide with lesser amounts of trans-1,4-

polyisoprene (gutta percha), wax/resin and metal sulphates (Gurgel-Filho et 

al. 2003). Chemical variations of these components among brands are 

responsible for differences in physical properties (Moon et al. 2015).

Sealers

Root canal sealers are used together with GP. Characteristics such as 

relatively high flowing ability and low film thickness allow them to fill 

discrepancies between the GP and the dentinal wall, in order to improve the 

sealing ability of the root canal filling (Wu et al. 2004). Sealers are, 

however, often considered the weak component of the root canal filling 

since they may shrink upon setting and dissolve over time. Sealers represent 

a heterogeneous group of materials with characteristic properties.
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Epoxy resin-based root canal filling materials

Epoxy resin-based sealers are commonly used in conjunction with GP. 

Their setting occurs by an addition-polymerization process involving 

diglycidil ether of bisphenol-A and a di-secondary diamine (Klee et al.

1996). Low overall crosslink density as well as the presence of an oxirane 

ring in their molecular structure may provide stress relaxation reducing the 

polymerization shrinkage (Guggenberger & Weinmann 2000). They are 

considered to possess excellent physical properties such as low solubility,

good dimensional stability, high flowing ability and high radiopacity

(Balguerie et al. 2011; Zhou et al 2013). They are therefore often described 

as a “benchmark” in the endodontic literature.

Despite their advantages, epoxy resin sealers, similarly to the widely-used 

restorative resin composites, contain bisphenol-A groups that are known to 

be potential endocrine disruptors (Seachrist et al. 2015). Pulgar et al. (2002)

demonstrated in vitro an oestrogenic effect of AH 26, though not of AH 

Plus. The issue with the leaching of monomers, which has been mainly

investigated for restorative resin composites (Van Landuyt et al. 2011),

might also affect endodontic sealers, as demonstrated by Lodiené et al.

(2013), even though the contact area with the body fluids is much smaller.

Also, epoxy resins are a known cause of occupational allergic contact 

dermatitis (Geier et al. 2004) and have the potential to induce an allergic 

reaction when used as a root canal sealer in sensitive patients (Hørsted & 

Søholm 1976; Stutz et al. 2008). Nevertheless, they are generally considered 

as relatively biocompatible materials. The cytotoxic reaction they induce in 

vitro after mixing gradually decreases until it disappears within a few days

(Loushine et al. 2011). In addition, they seem unable to provoke DNA 

damage (Van Landuyt et al. 2012). Furthermore, little is known about the
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long-term behaviour of these sealers within the root canal. In spite of being

hydrophobic (Ballal et al. 2013), the water sorption capacity of these 

materials has been shown to improve their sealing ability in the short-term 

as demonstrated in leakage studies that evaluated the material’s performance

over a time span of a few months (Santos et al. 2010). The water sorption

of epoxies is related to the presence of molecular-sized holes within the 

epoxy network as well as to the nature of the epoxy-water interactions (Moy 

& Karasz 1980). Water molecules could break hydrogen bonds within the 

polymeric mesh, provoke the swelling of the material and even irreversibly 

damage it by breaking ether linkages (Li et al. 2004). This could lead to the 

degradation of the material and affect its integrity and sealing ability in the 

long-term (Kontakiotis et al. 1997). Investigating the potential of alternative 

materials with more affinity for the root canal environment and better 

biologic profile could therefore be of interest.

Methacrylate resin-based root canal filling materials

Methacrylate-based resins are conventionally used in restorative dentistry 

when adhesion is required. The incorporation of methacrylate monomers 

into the composition of dental cements aims to provide them with the ability 

to bond to dental tissues (Leprince et al. 2013). In the past decades, several 

root canal sealers have been marketed with methacrylate resins in their 

formulations (Kim et al. 2010). Contrary to restorative dentistry, adhesion is 

not the primary requirement for the root canal filling, which is rather used as 

a bacteriostatic material that depletes microorganisms from a space they 

could otherwise invade (Thoden van Velzen & Wesselink 2010). However,

due to their small size and their affinity for moisture, methacrylate 

monomers can achieve intimate contact with intraradicular dentin that may 
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benefit the sealing ability of the root canal filling. Furthermore, the

relatively hydrophilic nature of these molecules is expected to promote their

penetration within dentin and allow hybridization with the potential for 

monomer-collagen chemical interactions (Nakabayashi et al. 1992, Hiraishi 

et al. 2013).

The curing process, which takes place by molecular polymerization is 

accompanied by the loss of intermolecular space resulting in polymerization 

shrinkage (Leprince et al. 2013). The amount of shrinkage is dependent on a 

number of variables, such as monomer size, polymerization mechanism, and 

polymer stretching ability (Kleverlaan & Feilzer 2005). Methacrylate resin-

based cements are subject to relatively high polymerization shrinkage and 

the concomitant establishment of adhesion between the core material (filling 

cone), the sealer and the bonding substrate (intraradicular dentin) results 

therefore in contraction stresses (Kim et al. 2010). These contraction 

stresses have been directly linked to the “configuration factor” (C-factor) of 

the cavity in which the polymerization occurs (Feilzer et al. 1987). The C-

factor is the ratio of the bonded surfaces of the material to the unbonded 

ones (Fig 1.1).

An increase of the C-factor of the cavity results in an increase of the

contraction stresses within the material and its direct surrounding (Jongsma 

et al. 2011). In a restorative cavity, a bulk of composite resin would 

typically be subjected to a C-factor ranging from 0.5-5.0 (Feilzer et al.

1987). Within a root canal, the C-factor has been calculated to

approximately 1000 when placed between a core material and the root canal 

wall (Tay et al. 2005). These extreme values are attributed to the particular 

geometry of the root canal space that corresponds to an elongated class I 

cavity with the only free surfaces of the material being its interfaces with the 
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coronal access of the canal and the apical foramen. The C-factor of the root 

canal may therefore be an obstacle to the use of methacrylate resin-based 

root canal sealers and alternative strategies that could modulate the C-factor 

are necessary to minimize contraction stresses and improve their adhesion to 

intraradicular dentin.

Figure 1.1 Schematic illustration of a root canal and presentation of one method to 
calculate the bonded and unbonded surface area for the C-factor calculation. Dap: apical 
diameter, h: height, T: taper in mm/mm, Su: unbonded surface area, SB: bonded surface 
area.

Calcium silicate-based root canal filling materials

Calcium silicate cements were introduced in dentistry with the development 

of “Mineral Trioxide Aggregate” (MTA) in 1993 (Lee et al. 1993). Despite 

its trade name, MTA is mainly composed of tricalcium and dicalcium

silicates with bismuth oxide as radiopacifier (Camilleri et al. 2005). The 

purity of the material and the addition of a radiopacifier are its main
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differences from the Portland cement used in the construction industry.

MTA needs water to set and is categorized as a hydraulic cement due to its

ability to set and remain relatively stable under water (Fridland & Rosado 

2005). The widespread use of this product in dentistry has driven the 

development of calcium silicate-based root canal filling and repair materials

(Darvell & Wu 2011). These cements are being aggressively promoted and 

sold at relatively high prices. So-called bioactive properties are often

attributed to these materials and documented by the formation of apatite-like 

crystals onto their surface when immersed in simulated body fluids (Reyes-

Carmona et al. 2009). Originally, and according to the European Society of 

Biomaterials Consensus Conference of 1987 (Williams 1987), bioactivity

was broadly defined as the ability of a material to induce a specific biologic 

activity. Later, Kokubo termed bioactive, a material having the ability to 

bond to bone by precipitating bone-like apatite on its surface (Kokubo 

1991). By extension, the precipitation of such crystals at the interface 

between the material and dentin has also been considered as an expression 

of bioactivity (Sarkar et al. 2005).

Hygro-expandable cones

Radicular dentin constitutes a relatively wet substrate against which root

canal filling materials are placed (Papa et al. 1994). Compared to the field 

of restorative dentistry (Tay & Pashley 2003), much less attention has been 

given to the affinity of the filling materials for their surrounding 

environment in Endodontology. Although the use of hydrophilic root canal 

filling materials would make sense because of the considerable water 

content of dentin, the current benchmark filling materials are gutta percha 



Introduction

17 
 

and an epoxy resin-based sealer considered to possess a relatively 

hydrophobic profile (Ballal et al. 2013).

Recently a hygro-expandable cone (HEC), made of a nylon core coated with 

a hydrogel, and intended to be used, instead of gutta percha, with a single-

cone technique, has been developed and commercialized. The hydrogel is

made of copolymers of acrylonitrile and vinyl pyrrolidone, polymerised and 

cross-linked using allyl methacrylate (Didato et al. 2013). Both the 

hydrophilic nature of this cross-linked polymer and its potential for elastic 

deformation, promote water sorption from its surroundings (Swan et al.

2011). As a result, the hydrogel undergoes expansion and could seal the root 

canal imperviously. This material is designed to be used with a sealer. The 

first sealer provided by the manufacturer was an epoxy resin-based one

(Economides et al. 2012), but it was discontinued and replaced by a calcium 

silicate sealer. Thus, both the HEC and the new sealer had hydrophilic 

characteristics. However, this calcium silicate-based sealer is no longer 

provided with the cones, though being still manufactured by Brasseler USA 

(Savannah, GA, USA) under its original trade name, EndoSequence BC 

Sealer (personal communication with the companies). The manufacturer 

now recommends using the HEC with any calcium silicate-based sealer.

Both materials have a high affinity for moisture and should therefore benefit 

from the moisture present within the root and in the periapical area. The 

two-dimensional expansion of the HEC when immersed in water has 

already been verified in vitro (Didato et al. 2013). Nevertheless, it is still 

unknown whether this process will occur effectively within the root canal.

Hydrogels are materials with a complex and versatile behaviour (Ullah et al.

2015), so it is necessary to evaluate their performance inside the root canal.
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Root canal filling techniques
A root canal filling technique is the procedure to place the filling material 

inside the root canal space. Materials are sensitive to the many 

environmental conditions they encounter. Furthermore, the filling technique 

may also affect their properties (Viapiana et al. 2015). GP can be compacted 

inside the root canal with an array of techniques aiming to soften and 

deform it either by a chemical solvent, or heat, or force, or their 

combinations. However, the evaporation of the solvent could lead to the 

shrinkage of the material (Metzger et al. 1988). Heat could partially 

decompose the material (Marciano 1989) and also generate shrinkage upon 

cooling (Lottanti et al. 2014). The use of spreaders to apply force could 

create iatrogenic voids (spreader tracks) within the filling, which may 

remain unfilled (Souza et al. 2009), and also, generate stresses that could 

damage radicular dentin (Shemesh et al. 2010). Among the techniques used 

by dentists, lateral compaction of gutta percha with a sealer is still very 

popular; it is the most taught technique in dental schools across Europe 

(unpublished survey), the most widely used technique in the United States 

(Savani et al. 2014, Eleazer et al. 2015), and often considered as a 

benchmark in comparative studies. The single-cone technique, which 

consists of placing a single GP cone with a sealer in the root canal had gone 

out of fashion during the past decades. However, this technique can be 

considered as relatively conservative and less straining to radicular tissues 

compared to other techniques. The availability of GP cones with size and 

taper matching those of the final rotary files provides a very simple way of 

filling the prepared root canal. Furthermore, it is a technique that is 

relatively easy to perform and which does not require expensive investments 
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for dental practitioners. It would therefore be interesting to rigorously 

evaluate the ability of this technique to effectively fill the root canal space.

Testing methods
The clinically-relevant endpoint for endodontic therapy is the healing and/or 

prevention of apical periodontitis (European Society of Endodontology 

2006). Therefore, the ideal way to test a root canal filling would be to 

determine its effect on the success rate of the treatment. However, the multi-

factorial nature of human disease hinders studying the effect of isolated 

parameters in vivo; laboratory-based studies under well-controlled 

conditions can provide valuable initial data and help to generate hypotheses 

that could later be tested in vivo.

Among these methods, the fluid transport method has been used extensively 

in endodontic research to evaluate and compare the sealing ability of 

different filling materials and techniques. Recently, an improvement has 

been suggested through the use of a low surface tension liquid instead of 

water. As a result, the sensitivity of the model appears to have been

increased (Özok et al. 2013).

Another method to evaluate filling materials is the push-out test, which has 

lately attracted considerable interest (Chen et al. 2013, Pane et al. 2013). It 

is often claimed that this test measures the bond strength of materials to 

intraradicular dentin, while it actually measures their resistance to 

dislocation (Goracci et al. 2005). Thus, it is an interesting method for testing 

the “retentive properties” of endodontic materials that are placed and 

allowed to set within the root canal, therefore mimicking the clinical setting 

scenario (Goracci et al. 2004). Other adhesions tests, such as the 

microtensile bond strength test for example, require the application of the 
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materials directly on dentin slices, which have a different geometry than an 

intact prepared root canal. This critical difference could influence the 

adhesion process of some materials (Tay et al. 2005). Attempts to 

circumvent this limitation by having the materials set within the root canal 

prior to trimming the specimens would lead to significantly more premature 

failure than during the slicing procedure of the push-out test (Goracci et al.

2004).

Microcomputed tomography (microCT) has also gained popularity for 

evaluating filling materials placed inside the root canal space. The method is 

considered to be non-invasive and could generate a considerable amount of 

data about the internal structures of teeth. This approach is based on

mapping the variation of X-ray attenuation within an object of interest and

allows three-dimensional reconstructions at a relatively high resolution

(Stock 2008). For instance, at 10-µm voxel size it is possible to obtain 1000

virtual slices along a 10-mm root; this is a tremendous improvement over

the traditional invasive preparation of a limited number of axial slices using 

a low-speed saw. MicroCT is now used in endodontic research to compare 

the volumetric distribution of filling materials within the root canal (Jung et 

al. 2005, Zaslansky et al. 2011), but without strict standardization in the

data analysis protocols. This could lead to inconsistencies between studies.

Similarly, though based on a different setting, phase contrast-enhanced 

microcomputed tomography can also generate virtual reconstructions of the 

inner anatomy of teeth non-destructively. Three-dimensional images are 

produced by laser-like (partially coherent) X-rays, typically generated in 

large synchrotron facilities (Cloetens et al. 1997). Interference patterns in 

such radiographs improve the visibility of edges, voids and gaps compared 

to conventional microCT and provide sharp images that may be considered 
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as a gold standard for the evaluation of the morphology of root canal fillings 

(Zaslansky et al. 2011).

Scanning electron microscopy (SEM) alone or combined with energy-

dispersive spectroscopy (EDS), and X-ray diffraction (XRD) are also 

laboratory methods that could provide useful information about the 

ultrastructural morphology and composition of materials. SEM is able to 

produce high magnification images of the surface of specimens, by scanning 

them with a focused beam of electrons. These images have higher 

resolution, improved contrast and increased depth of field compared to light 

microscopy (Flegler et al. 1993). The X-ray emissions of atoms after being 

excited by electrons can also be used for energy-dispersive spectroscopy and 

provide semi-quantitative information about the elemental composition of

specimens. X-ray diffraction is a complementary approach that relies on the 

diffraction patterns of directed X-rays to characterize crystalline structures

(Bragg 1913).
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Aims and outline of this thesis
The work presented in this thesis aimed at evaluating the behaviour of 

specific contemporary root canal filling materials within the root canal, with 

a particular focus on filling techniques that could be easily implemented 

clinically by dental practitioners with minimum additional effort. A series of 

laboratory-based experimental models have been used in order to answer 

specific questions.

In chapter 2, the correlation between the sealing ability and the dislocation 

resistance of an adhesive root canal filling material was evaluated in an

attempt to throw some light on the relationship between adhesiveness and

sealing ability.

In chapter 3 the hypothesis that the layering of a methacrylate resin-based 

sealer within the root canal would reduce the shrinkage stresses, positively 

affecting its adhesion to root dentin, and consequently benefiting its 

dislocation resistance, was tested. 

In chapter 4, the ability of a single-cone technique to effectively seal the 

apical part of the root canal space following post space preparation was 

evaluated using the fluid transport method with a wetting fluid.

A novel standardized, observer-independent protocol for analysing the 

porosity of root canal fillings by microCT was elaborated and applied to 

compare two filling techniques in chapter 5.

In chapter 6, roots canals filled with a novel hydrogel-coated cone with 

hygro-expansive properties and a calcium silicate-based sealer were

evaluated by 2 different laboratory microCT methods, optical microscopy 

and phase contrast-enhanced micro CT and the outcomes of these 3 methods 

were compared.
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In chapter 7, a novel calcium silicate-based cement intended for retrofilling 

and perforation repair was characterized by EDS and XRD after its 

immersion in different simulated body fluids to understand the material’s

behaviour in vivo.

Finally, chapter 8 provides the reader with a general discussion followed by

a brief summary of the thesis
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