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ABSTRACT

The aim of this study was to test various alternating sequences of
sodium hypochlorite (NaOCl), anolyte solution, and EDTA for their
ability to remove the mineralised portion of the smear layer, and to

destroy bacteria.

Forty-eight single canal teeth were collected and randomly divided into
six groups, prepared to working length, sterilized and inoculated with
Enterococcus faecalis. The irrigation protocols were as follows: Group
1 (four roots) 3ml sterile distilled water, Group 2 (four roots) 3ml 6%
sodium hypochlorite, Group 3 (ten roots) 3ml 6% sodium hypochlorite
followed by 3ml 18% EDTA, Group 4 (ten roots) 3ml 6% sodium
hypochlorite followed by 5ml anolyte solution, Group 5 (ten roots)
0.5ml 6% sodium hypochlorite followed by 5ml anolyte solution
followed by 3ml 18% EDTA and Group 6 (ten roots) 5ml anolyte

solution followed by 3ml 18% EDTA.

Sterile paper points were inserted into the canals after sterilization,
inoculation and irrigation. Standard cultivation techniques were used to

count the colony forming units of viable bacteria at each phase.

The roots were split longitudinally and prepared for SEM evaluation.

Two photomicrographs were randomly taken in the coronal, middle and



apical thirds of each root and the number of patent dentinal tubules

counted. The One-way ANOVA was used for statistical evaluation.

The small sample size limited definitive conclusions but the results
indicated that the coronal thirds of the roots showed better smear layer
removal than the apical thirds, Sodium hypochlorite followed by EDTA
showed the best smear layer removal. The various sequences of NaOCI,

anolyte solution, and EDTA all had similar antibacterial results.
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1. CHAPTER 1 LITERATURE REVIEW

1.1. Introduction

Endodontic treatment aims at eliminating microorganisms from the
infected root canal system and restoring the tooth to its correct form
and function. It consists of a diagnostic phase, access preparation,
chemomechanical preparation, obturation and restoration (Walton and

Torabinejad, 2002).

The diagnostic phase aims at determining the condition of the pulp and
periradicular tissues. The diagnosis will determine the treatment options
and ultimate treatment plan. To arrive at a proper diagnosis the
clinician considers the main complaint, medical and dental history,
clinical signs and symptoms and radiographic signs (Baumann and Beer,

2010).

Subsequent to diagnosis the clinician must gain access to the pulpal
space. Access preparation aims to remove caries, conserve tooth
structure as far as possible, adequately unroof the pulpal chamber,
remove the vital and necrotic coronal pulp tissue, locate the canal
orifices, gain straight line access to the pulp and establish the margins
of the restoration such that marginal leakage will later be minimised

(Walton and Torabinejad, 2002; Hargreaves and Cohen, 2011).



Upon completing access preparation the working length of the root
canal/s is determined. This includes determining the location of the
apex by using radiographs, electronic apex locators or tactile methods.
The working length extends from the occlusal or incisal reference point
to the apical reference point, the apical constriction which is the
narrowest part of the entire canal. The apical constriction is between
0.5mm and 1.5mm from the apical foramen (Kuttler, 1955; Hargreaves

and Cohen, 2011).

Once the working length of the canal has been determined the clinician
may start the cleaning and shaping procedure. A glide path is made
using hand files (West, 2010). The canal space is debrided such that
potential irritants are mechanically reduced (Walton and Torabinejad,
2002). Shaping the canal entails tapering it such that it has an even
form from the coronal to the apical point of the canal (Schilder, 1974).
This facilitates obturation (Young, Parashos and Messer, 2007). Using
hand and rotary files, dentine is removed in a uniform layer in all

dimensions as far as possible (Walton and Torabinejad, 2002).

This mechanical preparation of the canals leads to the formation of a
smear layer that consists of remnants of pulpal tissues, microorganisms
and debris (McComb and Smith, 1975; Ballal et al., 2009). The smear
layer is acid labile and dissolves in a pH range of 6-6.8 (Pashley, 1990).

It is soluble in fluid, fragile and has a poor attachment to dentine



(McComb and Smith, 1975; Mader, Baumgartner and Peters 1984;
Clark-Holke et al., 2003). Although mechanical debridement removes a
large portion of necrotic or infected tissues and microorganisms within
the canal space, chemical irrigation is necessary due to mechanical
complexities and the inability of mechanical preparation to disinfect the

canal space (Bystrom and Sundqvist, 1983; Ferraz et al., 2001).

Masterton (1965) stated that chemical irrigation is necessary to aid in
removal of residue, tissue remnants and remaining bacteria especially in
areas that are otherwise difficult to access by mechanical means (as
cited in Baker et al., 1975, Bystrom and Sunqvist, 1981, Bystrom and
Sundqvist, 1983). Irrigants aid in removing the smear layer (McComb
and Smith 1975). Different irrigants possess different properties such as
antibacterial, tissue dissolution, lubrication etc. that aid in the

chemomechanical preparation of the canal.

Once the canal has been cleaned and shaped it is obturated. The
objective of obturation is to create a complete seal along the entire
length of the canal from the coronal to the apical extent (Schilder, 1974;
Hammad, Qualtrough and Silikas, 2009). Historically obturation has
been achieved with the use of gutta percha and an endodontic sealer
(Michaud et al., 2008). By creating a fluid-tight seal ingress of bacteria
and their toxins can be prevented from reaching the periradicular tissues

(Molander et al., 1998; Michaud et al., 2008; Ozok et al., 2008). When



there is an area within the canal space that is not adequately filled by

the obturating material a space is created where bacteria can proliferate
and migrate to the periradicular tissues leading to a secondary pathosis
(Molander et al., 1998; Dahlén and Mdller, 1992 cited by van der Sluis,

Wu and Wesselink, 2005).

Careful restoration of an endodontically treated tooth is essential for
longevity of the tooth (Walton and Torabinejad, 2002). Coronal leakage
may ultimately lead to failure of the root canal treatment (Saunders and
Saunders, 1994). Oral fluids containing bacteria may penetrate an
inadequately restored tooth (Swanson and Madison, 1987; Torabinejad
et al., 1990). A final restoration needs to be placed soon after the
endodontic treatment in order to restore function and aesthetics, provide
a coronal seal, prevent microleakage and protect the remaining tooth

structure (Barthel et al., 2001; Walton and Torabinejad, 2002).

1.2. Toxicity of Irrigants

The ideal root canal irrigant must be able to decontaminate the dentine
and dentinal tubules and dissolve pulpal tissues and remnants. It should
provide antibacterial substantivity, that is the ability to exert its
antibacterial effect long after its application, (White, Hays and Janer,

1997). It should remove the smear layer, be easy to apply and be



relatively inexpensive. It must be neither toxic nor carcinogenic, should
not elicit an allergic reaction, and should not discolour the tooth nor
affect the sealing ability of filling materials or restorations

(Torabinejad et al., 2002; Zehnder, 2006).

The periradicular tissues must be respected during endodontic therapy.
Mechanical preparation, chemical irrigants, sealers and obturating
materials can potentially cause an inflammatory response in the
periodontium. Toxic irrigants and chemicals may gain access to the
periodontium through lateral canals, the apex or perforations from
procedural errors (Becker, Cohen and Borer, 1974; Gatot et al., 1991;
Pappen et al. 2009; Hulsmann and Hahn, 2000; Grossman, 1978). For
example, sodium hypochlorite extruded into the periodontal tissues has
been shown lead to a rapid and diffuse haemorrhagic episode (Gatot et

al., 1991)

Although Ethylenediaminetetraacetic acid (EDTA) and MTAD (mixture
of tetracycline, acid and detergent) have been shown to have increased
the proinflammatory response of murine macrophages by increasing the
release of nitric oxide, there are no reported complications of EDTA

extrusion into the periapical tissues. This may be due to the short term

use of EDTA in endodontic treatment. (Pappen et al., 2009).



Shraer and Legchillo (1989) showed that electrochemically activated
water was not toxic to biological tissues (as cited in Solovyeva and

Dummer, 2000).

Chlorhexidine digluconate disrupts the cell membranes of neutrophils
and crevicular cells at concentrations above 0.005% within five minutes
(Agarwal et al., 1997). It has produced mild inflammation in guinea pig
subcutaneous tissue within two days. This was followed by a foreign
body granuloma after two weeks (Yesilsoy et al., 1995). In human
gingival cells the toxicity of chlorhexidine was dependant on the length
of exposure and the composition of the medium (Babich et al 1995).
Despite all this chlorhexidine has an acceptable biocompatibility in

concentrations used clinically. (Mohammadi and Abbott, 2009).

1.3. Microbiology

The major cause of pulpal and periapical infection and inflammation is
bacteria (Kakehashi, Stanley and Fitzgerald, 1965; Hahn and Liewehr,
2007). These bacteria can gain access to the pulp in a number of ways
including extension of a carious lesion and cavity preparation (Gomes et
al., 2004). Those bacteria that are able to colonize and invade the
dentinal tubules are influenced by various factors including nutrition,
temperature, pH, microbial interactions, host defences and the virulence

of the bacteria themselves (Sundqvist, 1992; Gomes, Lilley and



Drucker, 1996). There is a progression of bacterial species in shallow
caries, deep caries and periapical pathosis (Duchin and van Houte,
1978; Hoshino, 1985; Milnes and Bowden, 1985). Furthermore a
correlation between clinical features and bacterial species has been

substantiated (Yoshida et al., 1987).

1.3.1.Caries and Microbial invasion of the Root Canal

The microorganisms involved in a carious lesion are complex and
diverse (van Houte, 1994; Becker et al., 2002; Chhour et al., 2004). The
oral environment, salivary composition, diet and the age of the carious
lesion affect its composition (Johansson et al., 1985; Margolis,
Duckworth and Moreno, 1988; Hahn and Liewehr, 2007). A carious
lesion may initially contain Streptococcus mutans, Streptococcus
sobrinus and Lactobacillus species (Loesche and Syed, 1973; Duchin
and van Houte, 1978). These bacteria are acid tolerant (Hahn and
Liewehr, 2007) and are able to invade host dentinal tubules, binding to
collagen using surface antigen polypeptides (Love, McMillan and
Jenkinson, 1997). This invasion causes demineralization and elicits host
release of matrix metalloproteinases that promote caries progression
(Tjaderhane et al., 1998).

As the lesion progresses there is an evolution from facultative Gram-
positive bacteria to lactobacilli and anaerobes which may be due to the
oxygen poor environment in deeper dentine (Edwardsson 1974 cited in

Hoshino, 1985; Hoshino, 1985). Bacteria such as streptococci are unable
7



to survive in deep lesions without salivary substrate such as salivary
glycoproteins. Proteolytic bacteria dominate over saccharolytic bacteria
due to serum-like substrate diffusing from the pulp. (Steinman, Leonora

and Singh, 1980; Takahashi et al., 1997; Hahn and Liewehr, 2007)

Due to the fact that S. mutans is the predominant bacterium isolated
from shallow carious lesions it is thought to be the primary cause of
caries (Bowden, 1990; van Houte, 1994; Love and Jenkinson, 2002).
Although more Lactobacillus species are isolated from deeper carious
lesions, there are deep carious lesions with both low and high counts
(Hahn, Falkler and Minah, 1991). In low lactobacilli counts there appear
to be large variations in the predominant bacterium recovered, varying
from Gram-positive non lactobacilli, Gram-positive cocci or Prevotella

intermedia. (Hahn et al., 1991; Hahn and Liewehr, 2007).

Pulpal inflammation can be elicited from the diffusion of soluble
microbial products such as endotoxin or cell walls (Bergenholtz and
Lindhe, 1975; Nissan, Segal and Pashley, 1995). Lactic acid is the
predominant metabolite recovered from active caries (Hojo et al.,
1994).

Carbohydrate fermentation leads to the formation of organic acids
within the carious lesion. These acids do not elicit a pain response as
the A delta fibres are not stimulated (Panopoulos, Mejare and Edwall,

1983). This may in part be due to the release of calcium and hydrogen



ions from demineralized dentine in the acidic environment (Olgart,
Haegerstam and Edwall, 1974; Orchardson, 1978; Hahn and Liewehr,
2007). Carious lesions with high lactobacilli counts are often not

sensitive to thermal stimuli (Hahn, Falkler and Minah, 1993).

Pain inducing molecules including ammonia, urea and indole, are
produced from protein fermentation (Panopoulos, 1992 cited in Hahn
and Liewehr, 2007). Many anaerobic bacteria such as Fusobacterium
nucleatum, Prevotella intermedia and Porphyromonas gingivalis
ferment amino acids where the carbohydrate substrate is low (Takahashi
et al., 1997). Pain is closely linked to the recovery of these organisms
from carious lesions (Massey et al., 1993)

When sucrose is available for fermentation Gram-positive bacteria such
as streptococci produce lipoteichoic acid. Lipoteichoic acid is able to
diffuse pulpally and elicit an inflammatory response (Rglla et al., 1980,

Hahn and Liewehr, 2007).

1.3.2.Microorganisms in Failed Endodontic Treatments

Bacteria responsible for secondary endodontic infections may have
remained from the primary infection or gained access to the root canal
system after obturation and restoration (Bystrom et al., 1987; Siqueira

and Rdécgas, 2008).



In primary endodontic infections the predominating bacteria are Gram-
negative anaerobic rods. In secondary infection there are few bacterial
species, mostly Gram-positive with little predominance of facultatives

and anaerobes (Siqueira, 2001).

Enterococcus faecalis is the bacterium commonly associated with
persisting endodontic disease and in secondary infections (Sundqvist et
al., 1998). However, this bacterium is rarely found in primary
(untreated) endodontic infections (Rbcas, Siqueira and Santos, 2004).
Bacteria that persist in root canals despite chemomechanical treatment
must be able to adapt to the different intracanal environment that exists
after root canal treatment (Siqueira, 2001). In order to do this they must
adhere to the walls of the canal system, penetrate dentinal tubules,
accumulate and form biofilms (Ramachandran Nair, 1987; Distel, Hatton

and Gillespie, 2002; Nair et al., 2005; Siqueira and Rd6c¢as, 2008).

Bacteria remaining in the canals may penetrate the dentinal tubules as
deep as 150um in the apical two thirds of the canal and up to 400um in
the rest of the canal (Haapasalo and @rstavik, 1987; Sen, Piskin and

Demirci, 1995)

In order to survive root canal treatment these bacteria must be able to
adapt to an environment low in substrate (Siqueira, 2001). Usually

bacteria remaining in dentinal tubules will become entombed in the

10



tubules if the sealer is able to penetrate the tubules after the smear layer
has been removed (Siqueira, 2001; Kokkas et al., 2004). The entombed
bacteria die or are prevented from reaching the apical regions (Siqueira,
2001). However, some bacteria have the ability to survive on a low
substrate for long periods of time. Bacteria may survive on tissue
remnants or fluids that seep through due to coronal leakage (Siqueira,

2001).

1.3.3.Enterococcus faecalis

1.3.3.1. Characteristics

Thiercelin and Jouhaud (1903) showed that E. faecalis is a facultative
anaerobe, able to survive with or without oxygen, a Gram-positive
coccus and can be found singly, paired or in short chains (Schleifer and
Kippler-Bélz, 1984). It is a natural inhabitant in the human intestines
and female genital tracts where it is present in large quantities. It is
also found naturally in the oral cavity but to a lesser extent (Gilmore,
2002; Sedgley, Lennan and Clewell, 2004). It is able to catabolize
various sources of energy e.g. carbohydrates, glycerol, lactate, malate,
arginine, citrate, agmatine and alpha keto acids (Andrewes and Horder,
1906 cited in Schleifer and Kippler Balz, 1984). It can survive harsh
environments in the presence of antibacterial medicaments (Molander et
al., 1999). E. faecalis is resistant to bile salts, heavy metals, detergents,

ethanol alcohol, azide and dehydration. It can multiply in temperatures

11



between 10° C and 45° C and can survive at up to 60°C (Andrewes and
Horder, 1906 cited in Schleifer and Kippler-Balz, 1984; Thiercelin and
Jouhaud, 1903 cited in Schleifer and Kippler-Balz, 1984; Gilmore,

2002).

1.3.3.2. Virulence Factors

E. faecalis is able to survive harsh environments due to its high
virulence. Within the root canal system it can bind to dentine as it
possesses serine protease, gelatinases and collagen binding protein
(Hubble et al., 2003). Penetration of the dentinal tubules is possible due
to its small size (Stuart et al., 2006). It can survive long periods with
no substrate and recover from starvation using serum from periradicular
tissues as a substrate (Love, 2001; Figdor, Davies and Sundqvist, 2003).
Once part of a biofilm E. faecalis is even more resistant to

antimicrobial action (Distel et al., 2002).

1.3.3.3. Prevalence in secondary infections

Endodontically treated teeth with radicular lesions have demonstrated a
24% to 77% prevalence of this bacterium (Engstréom, 1964 cited in
Molander et al., 1998; Molander et al., 1998; Siqueira and Récas, 2003;
Rdcas et al., 2004; Siqueira and Récas, 2004). The wide range of
prevalence may be due to culturing as a detection technique (Williams
et al, 2006). Polymerase chain reaction is more accurate for E. faecalis

detection, and where PCR has been used to detect E. faecalis in

12



secondary endodontic infections, the prevalence was 67% (Siqueira and

Rdcas, 2003; Rocas et al., 2004).

1.3.3.4. Eradication of E. faecalis

E. faecalis gains access to the root canal space before, during and after
endodontic treatment (Rdcas et al., 2004).

Better access to the apical portion of the root canal can be gained by
preparing this area to a larger master apical file such that irrigants and
medicaments can more adequately penetrate the dentinal tubules here.
Simultaneously, the infected innermost dentine in the apical portion will
be mechanically removed (Card et al., 2002; Stuart et al., 2006). Clegg
et al., (2006) found that 6% sodium hypochlorite was the only
concentration that was able to remove the biofilm and render the
bacteria nonviable. EDTA, although not antibacterial, is important for
removal of inorganic matter in the root canal system (Haapasalo et al.,
2010). MTAD has shown marked success in the elimination of E.
faecalis (Torabinejad et al., 2003). Two percent Chlorhexidine used for
two minutes can eliminate E. faecalis in dentinal tubules up to 100

micrometres (Vahdaty, Pitt Ford and Wilson, 1993).

13



1.4. The Smear Layer Controversy

1.4.1.Removing the Smear Layer

The smear layer must be removed as it may act as a substrate for
remaining bacteria, limit the penetration of obturation materials into
dentinal tubules and dissolve due to coronal leakage, opening a pathway
for any remaining bacteria to reach the apical regions of the root
(White, Goldman and Lin, 1984; Behrend, Cutler and Gutmann, 1996;
Vivacqua-Gomes et al., 2002; Clark-Holke et al., 2003). Bacteria can
also degrade the smear layer with enzymes that destroy collagen instead
of hydroxyapatite (Pashley, 1990). Due to this degradation the smear
layer is vulnerable to penetration by bacteria (Behrend et al., 1996;

Vivacqua-Gomes et al., 2002).

Smear layer removal improves the seal of root canal filling materials,
decreases the coronal leakage, reduces microleakage and improves the
mechanical retention of the filling material to dentine (White et al.,
1984; Oksan et al., 1993; Behrend et al., 1996). Smear layer removal
has also been shown to increase the adaptation of sealer to dentine

(Clark-Holke et al., 2003).

1.4.2.Maintaining the Smear Layer

Whilst retaining the smear layer has been shown to block the movement

of bacteria (Drake et al., 1994) this blockage is only a delay in bacterial
14



penetration of the dentinal tubules since the smear layer is not complete
(Williams and Goldman, 1985). A bond may form between the smear
layer and any sealer instead of the dentine and the sealer (Pashley et al.,
1988; Saleh et al., 2003). Since the smear layer has poor adhesion to
dentine it could be soluble in fluids and this would increase the chance
of microleakage (Clark-Holke et al., 2003). Furthermore it has been
shown that where the smear layer remained Fusobacterium nucleatum,
Campylobacter rectus and Peptostreptococcus micros could be
cultivated (Clark-Holke et al., 2003). It would therefore be reasonable

to conclude that the smear layer should be removed.

1.5. Chemical Irrigation

1.5.1.Sodium Hypochlorite (NaOCI)

Sodium hypochlorite is a common endodontic irrigant with properties

such as the ability to dissolve tissues and exert an antibacterial effect

(Shih, Marshall and Rosen, 1970; Moorer and Wesselink, 1982). There
appears to be some controversy over the concentration of sodium

hypochlorite to be used in endodontic irrigation.

In the presence of dentine and organic matter the effect of sodium
hypochlorite is weakened, as tests have shown that it was effective at
lower concentrations where there was no organic matter present.
However, in the clinical situation lower concentrations are not really as
antibacterial as the tests suggest (Haapasalo et al., 2000; Haapasalo et

15



al., 2010). A 0.5% solution of sodium hypochlorite was shown to
dissolve necrotic tissues. Higher concentrations dissolve necrotic and
vital tissues. A solution of 6% sodium hypochlorite was shown to be
more effective than 2% chlorhexidine against microorganisms tested
(Zehnder et al., 2002; Carson, Goodell, McClanahan, 2005; Hargreaves

and Cohen, 2011).

The addition of surface active agents that decrease the surface tension
of sodium hypochlorite leads to an increase in dentinal tubule
penetration. These detergents also increase the speed at which sodium
hypochlorite is able to dissolve tissues. An example of such a
combination product is Chlor-Xtra (Inter-Med. Inc., Racine, WI, USA)

(Cameron, 1986; Haapasalo et al., 2010).

The disadvantages of sodium hypochlorite are that it is toxic to tissues;
it has been shown to reduce polymerization of resin sealers such as
Epiphany (Sybron Endo, Orange, CA, USA) (Nunes et al., 2008); it is
unable to remove the smear layer alone; and it is corrosive to
endodontic instruments (McComb and Smith, 1975; Neal, Craig and

Powers, 1983; Marais and Williams, 2001; Gernhardt et al., 2004).

1.5.2.EDTA

EDTA has a chelating action that assists in creating smear free dentine

by dissolving mineralized tissues (Ciucchi. Khettabi and Holz, 1989). In
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order to achieve the maximum cleaning effect in canals, alternating the
use of a chelating agent such as EDTA with a tissue solvent such as
sodium hypochlorite is necessary (Yamada et al., 1983). However,
sodium hypochlorite followed by EDTA was not capable of removing
the smear layer in all thirds of the canal (Lim et al., 2003). Furthermore
prolonged use of sodium hypochlorite followed by EDTA leads to
dentinal erosion and a subsequent decrease in flexural strength (Mai et

al., 2010).

EDTA used for 1-10 minutes has been shown to remove the smear layer
(Calt and Serper, 2000; Scelza et al., 2004). Radicular dentine exposed
to 17 % EDTA for more than 1 minute caused erosion of peritubular and

intertubular radicular dentine (Calt and Serper, 2002).

1.5.3.Chlorhexidine

Chlorhexidine has been proposed as an alternative irrigant for sodium
hypochlorite as it has proven to have the same antimicrobial effect
(Jeansonne and White, 1994; Yesilsoy et al., 1995). Furthermore,
chlorhexidine used as an endodontic irrigant has the advantage of
substantivity (White, Hays and Janer, 1997). Substantivity of
chlorhexidine has been seen up to 12 weeks after its application and
appears to be related to its concentration and application time
(Rosenthal, Spanberg and Safavi, 2004). Chlorhexidine used as an

irrigant does not appear to adversely affect the apical seal of
17



endodontically treated teeth (Ferguson, Marley and Hartwell, 2003).
Two percent chlorhexidine is bactericidal resulting in the death of
various microorganisms (Gomes et al, 2003). Medicaments containing
chlorhexidine have eradicated 1-3 day old E. faecalis (Lima, Fava and
Siqueira, 2001). Two percent chlorhexidine gel seems to have a greater

effect against this resilient organism (Ferraz et al., 2001).

Despite these positive attributes, chlorhexidine cannot disrupt the
biofilm and unlike sodium hypochlorite, it is unable to dissolve tissues
(Clegg et al., 2006, Okino et al., 2004). As a result it has been
suggested that chlorhexidine be used as a final irrigant after EDTA and

sodium hypochlorite (Kuruvilla and Kamath, 1998).

Sodium hypochlorite in combination with chlorhexidine however,
produces a brown precipitate which cannot be removed completely from
the canals and reduces the seal of root fillings (Vivacqua-Gomes et al.,
2002). Although this precipitate is carcinogenic it is present in
insignificant amounts. Chlorhexidine followed by EDTA produces a
pink precipitate that is carcinogenic and blocks the dentinal tubules
(Gonzélez-Ldpez et al., 2006, Bui, Baumgartner and Mitchell, 2008; van

der Bijl, Gelderblom and Thiel, 1984).
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1.5.4.Electrochemically Activated Water

Electrochemically activated water has been suggested as a replacement
for sodium hypochlorite as an endodontic irrigant (Solovyeva and
Dummer, 2000). Electrochemically activated water, also known as
super-oxidized water, is produced by passing an electrical current
through a saline solution (Selkon, Babb and Moriss, 1999). More than
300 Russian patents exist with this technology although the Western
scientific literature is scant (Marais, 2000a; Marais and Williams,
2001). The unit to produce the electrochemically activated water
according to the Russian technology consists of a flow-through
electrolytic module containing an anode and a cathode separated by a
diaphragm (Solovyeva and Dummer 2000). This allows two distinct
solutions to be produced, an anolyte and a catholyte. The solutions exist
in a metastable state and contain free radicals, various ions and
molecules (Solovyeva and Dummer, 2000; Marais and Williams, 2001).
The anolyte has a high oxidation potential and can be produced at
neutral, alkaline or acidic pH. It is also known as super-oxidized water
(Selkon et al., 1999; Solovyeva and Dummer, 2000; Jaju and Jaju,
2011). The anolyte solution has been shown to be antimicrobial (Bakhir
et al., 1999 cited in Solovyeva and Dummer 2000; Hotta et al., 1994).
The catholyte is an alkaline solution with a high reduction potential that
is claimed to have a strong detergent or cleaning effect (Prilutskii and
Bakhir 1997 cited in Solovyeva and Dummer, 2000). Both solutions
remain in the metastable state for up to 48 hours, thereafter becoming
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inactive again (Marais and Williams, 2001). When comparing the root
canal cleaning efficacy of electrochemically activated water and sodium
hypochlorite it was found that electrochemically activated water
removed the smear layer in large areas and even exposed collagen fibres
and fibrils more so than sodium hypochlorite. The anolyte solution had
a neutral pH and the catholyte a pH of 9.8. Both solutions were
produced by STEDS, Radical Waters in Johannesburg according to the
Russian technology. The canals were rinsed first with 75ml of anolyte
delivered via an ultrasonic unit for 10 seconds between files, then with
a final rinse of 75ml of catholyte for a further 30 seconds (Marais,
2000b). Electrochemically activated water leaves a thinner smear layer
and results in more open dentinal tubules in the apical and coronal
thirds in comparison to sodium hypochlorite (Solovyeva and Dummer,
2000). Electrochemically activated water is not as antibacterial as
sodium hypochlorite alone (Rossi-Fedele et al, 2010). It has been
recommended that canals be cleaned and disinfected by using anolyte in
conjunction with a detergent such as catholyte (Marais and Williams,

2001).

A similar irrigant Aquatine EC (Sterilox Puricore, Malvern, PA, USA)
showed smear layer removal when used with a final rinse of 17 %
EDTA. Aquatine EC is a low concentration saline solution that has been
electrochemically charged. This procedure produces hypochlorous acid.

Hypochlorous acid is also produced by the body’s immune system in the
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Oxidative Burst Pathway as a defence against any invading organisms.
The FDA approved this product as an endodontic irrigant in 2006

(Garcia et al., 2010).

1.6. Conclusion

Based on the literature sodium hypochlorite has many positive attributes
as an endodontic irrigant but its negative characteristics warrant the
search for a replacement irrigant (Shih et al., 1970; McComb and Smith
1975)

Sodium hypochlorite followed by EDTA does not produce complete
smear layer removal (Lim et al., 2003). Perhaps replacement of sodium
hypochlorite with another irrigant will improve the smear layer
removal.

Anolyte solution has been suggested as a replacement irrigant for
sodium hypochlorite (Solovyeva and Dummer, 2000). It does not
produce a smear layer and in fact removes the smear layer and has even
exposed collagen fibrils (Marais, 2000b). Anolyte solution, however, is
not as antibacterial as sodium hypochlorite (Marais and Williams,

2001).

Chlorhexidine does have the same antibacterial activity as sodium

hypochlorite but when followed with sodium hypochlorite and /or EDTA
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it produces a precipitate which has been shown to block the dentinal
tubules and is carcinogenic (van der Bijl et al., 1984; Vivacqua-Gomes

et al., 2002; Gonzéalez-Lbpez et al., 2006; Bui et al., 2008).

From the literature it would thus seem reasonable to test further
combinations of irrigants for their effect in removing the smear layer of
endodontically treated teeth, and in particular, sodium hypochlorite,

anolyte solution and EDTA.
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2. CHAPTER 2: AIMS AND OBJECTIVES

2.1. Aim

To test various alternating sequences of sodium hypochlorite, anolyte
solution, and EDTA for their ability to remove the mineralised portion

of the smear layer, and to destroy bacteria.

2.2. Objectives

1. To test six groups of irrigation protocols for their ability to remove
the smear layer of the coronal, middle and apical thirds of the canal
as described by scanning electron microscopic evaluation. Group 1
(sterile distilled water) is the negative control and Group 3 (sodium

hypochlorite followed by EDTA) is the positive control.

Group 1: Sterile distilled water

Group 2: 6% sodium hypochlorite

Group 3: 6% sodium hypochlorite followed by 18% EDTA

Group 4: 6% sodium hypochlorite followed by anolyte solution

Group 5: 6% sodium hypochlorite followed by anolyte solution followed
by 18% EDTA

Group 6: anolyte solution followed by 18% EDTA
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2. To compare the antimicrobial efficacy of these irrigant groups

against E. faecalis, a virulent microorganism associated with

endodontic infections. Group 1 (sterile distilled water) is

the

negative control and Group 2 (sodium hypochlorite) is the positive

control.

2.3. Hypothesis

The null hypothesis is that there will be no difference between any of

the irrigation protocols in their ability to remove the smear layer and to

display antimicrobial activity against E. faecalis.
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3. CHAPTER 3: MATERIALS AND METHODS

The teeth used for this study were collected from the stores at the
Dental Research Institute at University of the Witwatersrand. These
teeth were previously collected by Prof. E. S. Grossman for the purpose
of dental research. An ethical waiver was issued by the Human Research
Ethics Committee of the University of the Witwatersrand for the use of
these specimens for this study as well as for the use of E. faecalis

(Clearance number M050760) (Appendix A).

Sixty single canal human teeth were used. The teeth had been stored in

saturated thymol. After collection they were stored in sterile distilled

water at room temperature.

3.1. Materials Used

The laboratory materials used were as follows:

e Sterile Ringer’s solution (Merck SA (Pty) Ltd., Halfway House,
South Africa)
e Casein-peptone Soymeal-peptone Broth (CASO Broth) (Merck SA

(Pty) Ltd., Halfway House, South Africa)

25



e Anaerocult A® (Merck SA (Pty) Ltd., Halfway House, South

Africa)

The Scanning Electron Microscope materials were as follows:

e 2% gluteraldehyde (Electron Microscopy Sciences, Washington
DC, USA)

e Phosphate buffer (PBS — Whittaker MA Bioproducts,
Walkersville, USA)

e 0.25% Osmium tetroxide (OsO4) (Merck, Darmstadt, Germany)

e Ethanol (Merck, Darmstadt, Germany)

e Critical Point Dryer (Polaron, Oxford, England)

e Gold Sputter Coater (Polaron E5200, Watford, England)

e Scanning Electron Microscope- SEM (JEOL JSM 840 Scanning

Electron Microscope, Tokyo, Japan)

The irrigation solutions used were as follows:

o Sterile distilled water (Aqua Purification B.P, Reitzer
Pharmaceuticals, Plettenburg Bay, South Africa)

e EDTA 18% Root Canal Irrigating Solution (Ultradent Products,
Inc., South Jordan, Utah, USA.)(Batch no: B5SQW)

e Chlor-XTRA 6 % Sodium Hypochlorite (Inter-Med, Inc., Racine,

WI, USA) (Batch no: 2011-0611)
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e Electrochemically Activated Water, Anolyte Solution (Radical

Waters, Kyalami, JHB, South Africa)

The endodontic instruments and dental materials used were:

e 10, 15, 20, 25 K-hand files (Mani, Inc., Utsunomi Ya, Tochigi,
Japan)

e ProTaper nickel titanium rotary files (Dentsply, Maillefer,
Baiillaigues, Switzerland)

e Syringe (Ultradent Inc.,USA)

e 27 gauge Endo-EZE 1” Irrigator Tip (Ultradent, Inc., South
Jordan, Utah, USA)

e Sterile absorbent paper points (KentDental, Tremblay-en-France,
France) (Lot 010508)

e GC Fuji I (GC Corporation, Tokyo, Japan) (Lot 1012141)

e EcoTemp (lvoclar Vivadent, New York, USA) (Lot J15944)

The software used:
e Excel © (Microsoft)
e Image J Version 1.45 (U.S. National Institutes of Health,
Bethesda, Maryland, USA)

e SPSS Version 20 (IBM).
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3.2. Inclusion/Exclusion Criteria

Pre-operative radiographs were taken of each tooth specimen. Teeth
observed to have root fractures, multiple canals, complicated canal
forms and/or pulp stones or calcifications were eliminated from the

study. Forty eight teeth were selected from those deemed appropriate

after radiographs were taken. Some examples of roots used and excluded

are shown in figures 3.1 to 3.4.

Fig 3.1 Fig 3.2
Lower root included Both roots included
Upper excluded

Fig 3.3 Fig 3.4

Both roots included Excluded
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3.3. Preparation of specimens

The teeth were decoronated at the level of the cementoenamel junction.
Thereafter the roots were scaled and cleaned of any deposits using
curettes. The canals of each root were explored using a 10 K hand file.
The working length was established and recorded by piercing the apex
of the canal with the 10 K hand file until it was just visible at the canal
apex, and 0.5 mm was subtracted from this length. A glide file path was
established using the 10 K hand file and a 15 K hand file. Thereafter the
tooth was prepared using ProTaper nickel titanium rotary files in an
endodontic hand piece according to the manufacturer’s instructions. The
canals were prepared using S1 and S2 files, followed by a 20 K hand
file, F1 rotary file, 25 K hand file and finally the F2 rotary file. The
canals were prepared up to length with S1, S2, F1 and where possible
with F2 rotary files. Between each hand and rotary file and as often as
necessary the canals were rinsed with sterile distilled water. The apices
of the roots were sealed with GC Fuji | (GC Corporation, Tokyo, Japan)
and the orifice sealed with EcoTemp (lvoclar Vivadent, New York,
USA) (Lot J15944) material in order to keep the internal environment
isolated. The teeth were stored in sterile distilled water at room

temperature.

29



3.4. Laboratory procedures

3.4.1.Preparation and sterilisation of teeth

The teeth were randomly divided into six groups and placed in sterile
Ringer’s solution for 72 hours. Four groups contained 10 roots each and
two groups contained four roots each. The Ringer’s solutions were
replaced at 24 hour intervals. The roots were sonified three times and

were then sterilized at 121 °C for 15 minutes in an autoclave.

In order to maintain sterile conditions the study was conducted in a
positive sterile airflow laboratory, working in a laminar flow cabinet,

using sterile gloves, masks and instruments.

3.4.2.Microbiological analysis

The 48 roots were placed in sterile bottles containing Casein-peptone
Soymeal-peptone Broth (CASO Broth) and anaerobically incubated

using Anaerocult A® at 37°C for a period of three days.

Sterile paper points were inserted into the canals then placed onto
CASO Agar plates and incubated anaerobically using Anaerocult A® at
37 °C for 72 hours. Negative cultures confirmed that the roots were
sterile and did not contain any anaerobic bacteria before the inoculation

procedure.
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A MacFarland Standard-1 suspension (MacFarland, 1907) (8 x 10°
colony-forming units [CFU]) of E. faecalis (ATCC49474) was prepared
from cultures on CASO Agar and incubated for 24 hours. A 1%
suspension was added to the Broth and incubated anaerobically using

Anaerocult A® at 37°C for three days.

The roots were sampled by inserting sterile paper points in the canals to
soak up the inoculated broth from the canals. Each paper point was
placed into a vial containing 0.9 ml sterile Ringers solution. This served
as a 1:10 dilution in sterile Ringers solution from which serial dilutions
were made. One hundred micro litres of each suspension was spread
onto CASO- Agar by means of the standardised glass spreading
technique to quantify colony forming units of bacteria (Gerhardt et al.,

1981).

The following method as described by Bauman (2011) illustrates the
plate count method:
a) Serial dilutions: a series of 10-fold dilutions is made
b) Planting: a 0.1ml sample from each dilution is poured onto a plate
and spread with a sterile rod.
c) Counting: plates are examined after incubation. Some plates may
contain so many colonies that they are too numerous to count

(TNTC). The number of CFUs is multiplied by the reciprocal of
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the dilution to estimate the concentration of bacteria in the

original culture.

3.4.3.Irrigation of specimens

The roots were then irrigated for one minute for each irrigant according
to the following protocol:

Table 3.1: Table of irrigation protocols

STERILE
DISTILLED | 6% SODIUM ANOLYTE
GROUP WATER HYPOCHLORITE SOLUTION 18% EDTA
1 (4 roots: control) 3ml
2 (4 roots: control) 3ml
3 (10 roots: test) 3ml followed by 3ml
4 (10 roots: test) 3ml followed by 5ml
5 (10 roots: test) 0.5ml followed by 5ml followed by | 3ml
6 (10 roots: test) 5ml followed by | 3ml

Thereafter the irrigants were rinsed out of the canals with 10 ml of
sterile distilled water. The irrigants were all delivered using a syringe
(Ultradent Inc.,USA) and 27 gauge Endo-EZE 1” Irrigator Tip
(Ultradent, Inc., South Jordan, Utah, USA) within 2 mm of the canal

apex.

Sterile paper points were inserted into the canal of a tooth in each group
and suspended in 0.9 ml sterile water and serial dilutions were made and
plated onto CASO Agar plates in triplicate for one root per group to

guantify the CFU of bacteria that survived the irrigation process.
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A table was made of the the CFU/mI for each group at each dilution
before and after irrigation. The percentage difference was calculated
between the CFU before and after irrigation for each group. The
percentage differences were compared using the t-test on SPSS Version
20 (IBM). A p-value < 0.05 indicated a significant statistical difference
at a 95% confidence interval. The inter-group percentage differences
were compared using the One-way ANOVA test. The Tukey HSD or
Tamhane test was used for multiple comparisons to establish between
which which groups, any differences lay. To determine whether the
Tukey HSD or Tamhane test was used the Test of Homogeneity of
Variances was completed. If this test revealed a difference > 0.05, the
Tukey HSD test was used for multiple comparisons. If the Test of
Homogeneity of Variances revealed a difference < 0.05, the Tamhane
test was used. Thereafter the roots were stored in sterile distilled water

until preparation for Scanning Electron Microscopy.

3.4.4.Scanning Electron Microscopy (SEM) Preparation

and Evaluation

The roots were prepared for SEM according to the standard biological

methods (see Appendix B).

SEM photomicrographs were randomly taken in the coronal, middle and

apical thirds of each section. Due to financial constraints the number of
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photomicrographs (n) taken was limited to the minimum necessary to
establish statistical results i.e. reject the null hypotheses and agree with
results of similar studies. As such n is not always equal within or
between groups. Using a random number table the roots that were
photomicrographed were selected. Two SEM photomicrographs were
taken per third per group. This was done by superimposing a numbered
grid over a section and selecting random numbers from a statistical
random number table. The selected block was magnified to 2500x.
Using Image J software (U.S. National Institutes of Health, Bethesda,
Maryland, USA) the open tubules in each photomicrograph were
counted and read into the software by two previously calibrated expert
individuals independently. Open, partially open and closed tubules were
defined before counting and it was decided that partially open tubules

and closed tubules were not counted (figure 3.5).

Figure 3.5: Partially occluded tubule (blue arrows), fully patent tubule (orange
arrow), and closed tubule (green arrow).
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Open tubules were defined as round, with no smear layer or matter
overlying the tubule opening. The peritubular dentine must be
visualised. Bacteria may be present inside the tubule such that a sealer
will entomb it when penetrating the canal. The bacteria may not be
covering the opening of the canal. An Excel © (Microsoft) spread sheet
was created listing the number of open tubules for each
photomicrograph of each third of each root by both expert examiners
and compared. A percentage difference was calculated from the number
of cells that differed from the total number of cells. After establishing
the initial percentage difference the expert examiners re-counted the
open tubules in those photomicrographs to determine if the difference
was due to a capturing error. Where the expert examiners ultimately
differed, the definition of an open tubule was re-emphasised and a
consensus was reached after discussion. Further statistical analysis was
completed using SPSS Version 20 (IBM). The One-way ANOVA test
was used to establish if there was an intra-group and inter-group
significant statistical difference. A p-value < 0.05 indicated a
significant statistical difference at a 95% confidence interval. The
Tukey HSD or Tamhane test was used for multiple comparisons to
establish between which thirds or between which groups, any
differences lay. To determine whether the Tukey HSD or Tamhane test
was used the Test of Homogeneity of Variances was completed. If this

test revealed a difference > 0.05, the Tukey HSD test was used for
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multiple comparisons. If the Test of Homogeneity of Variances revealed

a difference < 0.05, the Tamhane test was used.
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4. CHAPTER 4: RESULTS

4.1.

Smear Layer Removal

4.1.1.Intra-Group Comparisons

4.1.1.1.

Group 1: Sterile Distilled Water

Table 4.1: Results for Group 1(sterile distilled water)

[95% CI] | Minimum-
Lower Maximum
bound- no. of
Mean no. Upper Patent
patent tubules | Std. deviation | Std. error | bound Tubules
Coronal
(n=11) 2.82 4.834 1.457 | -0.43-6.07 | 0-14
Middle (n=10) 2.90 4.122 1.303 | -0.05-5.85 | 0-12
Apical (n=12) 0.25 0.622 0.179 | -0.14-0.64 | 0-2
Total 1.91 3.720 0.647 | 0.59-3.23 | 0-14

The One-way ANOVA test revealed no significant statistical

(p>0.05).

differences

Examination of the walls of the canals irrigated with sterile distilled

water revealed a thick smear layer along the entire length of the canal.

Bacteria adhering to the smear layer and dentine could clearly be seen

(figure 4.1).
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Figure 4.1 A SEM representative photomicrograph magnified to 2500x of the
coronal third of a Group 1 root after irrigation with sterile distilled water. An intact
smear layer (white arrow) and remaining bacteria (green arrow) can be easily seen.

4.1.1.2. Group 2: 6% sodium hypochlorite
Table 4.2 Results for Group 2 (sodium hypochlorite)
[95% Minimum-
Cl] Maximum
Lower no. of
bound- | Patent
Mean no. Std. Upper Tubules
Patent tubules | deviation Std. error bound
Coronal -2.54-
(n=10) 6.60 12.782 4.042 15.74 0-42
0.97-
Middle (n=10) 3.20 3.120 0.987 5.43 0-8
01.55-
Apical (n=10) 1.80 4.686 1.482 05.15 0-15
0.86-
Total 3.87 8.046 1.469 6.87 0-42

The One-way ANOVA test revealed no significant statistical differences

(p>0.05).
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Examination of the photomicrographs of the walls of the canals revealed
a thick smear layer along the entire length of the canal. The smear layer
appeared rough and irregular. Few or no bacteria could be visualized.

Few to no dentinal tubules were open in all thirds of the canal (figures

4.2).

SkU 186 ke

’
Figure 4.2 A SEM representative photomicrograph magnified to 2500x of the
middle third of a Group 2 root after irrigation with 6% sodium hypochlorite. A
thick irregular smear layer can be seen.
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4.1.1.3. Group 3: 6% sodium hypochlorite followed by 18%

EDTA
Table 4.3 Results of Group 3 (sodium hypochlorite followed by EDTA)
[95% | Minimum-
Cl] Maximum
Lower | no. of
bound- | Patent
Mean no. Upper | Tubules
Patent tubules | Std. deviation | Std. error bound
Coronal 5.58-
(n=12) 9.92 6.829 1.971 14.26 3-22
5.40-
Middle (n=12) 9.92 7.103 2.050 5.86 2-26
-0.19- | 0-12
Apical (n=12) 2.83 4.764 1.375 5.86
5.18-
Total 7.56 7.008 1.168 9.93 0-26

The One-way ANOVA test revealed a statistically significant difference
between these results (p<0.05). The Tukey HSD test revealed significant
differences between the coronal and apical thirds (<0.05) and between

the middle and apical levels (<0.05).

The photomicrographs of the walls of the coronal and middle thirds of
the canals showed a moderate number dentinal tubules completely open.
Most tubules were partially open and thus were not counted. A thin

irregular smear layer could still be seen (figures 4.3 and 4.4).
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Figure 4.3 A SEM representative photomicrograph magnified to 2500x of the
coronal third of a Group 3 root after irrigation with 6% sodium hypochlorite
followed by 18% EDTA. Most of the dentinal tubules are partially open (white
arrow). There is an irregular smear layer partially or totally covering the dentinal
tubules and the intertubular dentin (red arrow).
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Figure 4.4 A SEM representative photomicrograph magnified to 2500x of the
middle third of a Group 3 root after irrigation with 6% sodium hypochlorite
followed by 18%EDTA. A regular distribution of open and partially open dentinal
tubules can be seen (white arrow). Patches of flat smear layer is seen over a few
tubules and on the intertubular dentin (red arrow).

The apical third had a thicker irregular smear layer with very few to no

open dentinal tubules (figure 4.5).
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Figure 4.5 A SEM representative photomicrograph magnified to 2500x of the apical
third of a Group 3 root after irrigation with 6% sodium hypochlorite followed by
18% EDTA. A few dentinal tubules are completely patent (white arrow). Most are
totally covered by an irregular smear layer (red arrow) and bacteria (green arrow).

4.1.1.4. Group 4:

Table 4.4 Results of Group 4 (sodium hypochlorite followed

6% sodium hypochlorite followed by

anolyte solution

by anolyte solution)

[95% CI] Minimum-
Lower Maximum
bound- no. of
Mean no. Std. Upper bound | Patent
Patent tubules | deviation | Std. error Tubules
Coronal 3.00-24.50
(n=12) 13.75 16.912 4,882 0-45
-0.52-6.18
Middle (n=12) 2.83 5.271 1.522 0-18
0.30-6.03
Apical (n=12) 3.17 4.509 1.302 0-14
2.70-10.43
Total 6.58 11.465 1.911 0-45
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The One-way ANOVA test revealed a statistical significant difference
between these results (p<0.05). The Tamhane test failed to reveal where
the statistical difference was on multiple comparisons. However, the
expert examiners pointed out that there was a marked visual difference

observed between the coronal and apical thirds.

Examination of the photomicrographs of the coronal third of the roots in
Group 4 revealed areas where there were thick clusters of smear layer
covering the dentinal tubules and intertubular dentine, interspersed with
areas where the smear layer was completely removed and the dentinal
tubules were open (figure 4.6). In the middle third there were less
completely open dentinal tubules with greater areas that had a thick

smear layer.
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Figure 4.6 A SEM representative photomicrograph magnified to 2500x of the
coronal third of a Group 4 root after irrigation with 6% sodium hypochlorite
followed by anolyte solution. A moderate number of patent (white arrow) and
partially occluded dentinal tubules can be viewed. Most of the intertubular dentin
and other dentinal tubules are covered in a thick irregular smear layer (red arrow).
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In the apical third there were few to no open dentinal tubules and the

smear layer appeared flat and irregular (figure 4.7).
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Figure 4.7 A SEM representative photomicrograph magnified to 2500x of the apical
third of a Group 4 root after irrigation with 6% sodium hypochlorite followed by
anolyte solution. Only two dentinal tubules can be seen (white arrows). The rest of
the dentinal tubules and intertubular dentine is covered in a thick flat smear layer
(red arrow).

4.1.1.5. Group 5: 6% sodium hypochlorite followed by
anolyte Solution followed by 18% EDTA

Table 4.5 Results of Group 5 (sodium hypochlorite followed by anolyte solution
followed by EDTA)

[95% | Minimum-
ClI] Maximum
Lower | no. of
bound- | Patent
Mean no. Upper | Tubules
Patent tubules | Std. deviation | Std. error bound
Coronal 10.22-
(n=18) 18.61 16.881 3.979 27.01 1-51
4.06-
Middle (n=16) 12.44 15.718 3.930 20.81 0-62
1.09-
Apical (n=16) 6.00 9.223 2.306 10.91 0-31
8.31-
Total 12.60 15.101 2.136 16.89 0-62
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The One-way ANOVA test revealed a statistically significant difference
between these results (p<0.05). The Tamhane test revealed a significant

difference between the coronal and apical levels (p=0.032).

Examination of the coronal photomicrographs showed regularly
distributed open and partially open dentinal tubules. Small clusters of

smear layers could be visualised over some tubules and intertubular

dentine (figure 4.8).

Figure 4.8 A SEM representative photomicrograph magnified to 2500x of the
coronal third of a Group 5 root after irrigation with 6% sodium hypochlorite
followed by anolyte solution followed by 18% EDTA. The photomicrograph appears
to have been taken at an angle to the long axes of the dentinal tubules. Most of the
tubules are open (white arrow). A small amount of smear layer can be seen scantily
scattered on parts of the intertubular dentine (red arrow).

The middle third showed larger areas covered by large clusters of smear
layer interspersed with sections where the dentinal tubules were patent

(figure 4.9).
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Figure 4.9 A SEM representative photomicrograph magnified to 2500x of the
middle third of a Group 5 root after irrigation with 6% sodium hypochlorite
followed by anolyte solution followed by 18% EDTA. A low to moderate number of
dentinal tubules are open (white arrow). A thick irregular smear layer can be seen
covering most of the intertubular dentine and remaining dentinal tubules (red
arrow).

The apical third showed few open dentinal tubules with most of the
tubules and intertubular dentine covered by a thick irregular smear layer

(figure 4.10).
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Figure 4.10 A SEM représentaive photomicrograph magnified to 2500x of the

apical third of a Group 5 root after irrigation with 6% sodium hypochlorite
followed by anolyte solution followed by 18% EDTA. Very few dentinal tubules can
be seen (white arrow). A thick irregular smear layer is covering most of the
intertubular dentine and dentinal tubules (red arrows).

4.1.1.6. Group 6: anolyte Solution followed by 18% EDTA

Table 4.6 Results of Group 6 (anolyte solution followed by EDTA)

[95% Minimum-
Cl] Maximum
Lower no. of
Mean no. bound- | Patent
Patent Upper Tubules
tubules Std. deviation | Std. error bound
Coronal 43.60-
(n=10) 52.10 11.883 3.758 60.60 35-71
24.03-
Middle (n=12) 43.17 30.120 8.695 62.30 2-82
7.03-
Apical (n=12) 2417 26.974 7.787 41.31 1-86
29.71-
Total 39.09 26.866 4.607 48.46 1-86
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The One-way ANOVA test revealed a statistical significant difference
between these results (p<0.05). The Tukey HSD test revealed a

significant difference between the coronal and apical levels (p<0.05).

Examination of the photomicrographs of the coronal and middle thirds
showed regularly distributed open dentinal tubules. The intertubular
dentine was for the most part smear free. The lateral dentinal tubules or
ramifications could be seen. Peritubular dentin could be seen. Some

remaining bacteria could be visualised within the canals or on the

intertubular dentine (figures 4.11 and 4.12).

o 4 ) b p 7% -

Figure 4.11 A SEM representative photomicrograph magnified to 2500x of the
coronal third of a Group 6 root after irrigation with anolyte solution followed by
18% EDTA. The dentinal tubules are open (white arrow) but some bacteria can be
seen within and surrounding the tubules (green arrow). Part of the dentine appears
fractured off from its original position (blue arrow). This may be due to the process
of splitting the root longitudinally for SEM preparation and examination.
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Figure 4.12 A SEM representative photomicrograph magnified to 2500x of the
middle third of a Group 6 root irrigated with anolyte solution followed by 18%
EDTA. Regularly distributed open dentinal tubules can be seen (white arrow). A
thin smear layer is loosely present over some of the intertubular dentine and a few
dentinal tubules (red arrow).

The photomicrographs of the apical thirds showed a low to moderate
number of open dentinal tubules. There was still a fine smear layer on
the intertubular dentine. Remaining bacteria could be seen on the

intertubular dentine or within the tubules (figures 4.13 and 4.14).
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Figure 4.13 A SEM representative photomicrograph magnified to 2500x of the
apical third of a Group 6 root irrigated with anolyte solution followed by 18%
EDTA. A moderate number of tubules are open (white arrow). There is a fine
fibrous-like smear layer covering the intertubular dentine and part of the dentinal
tubules (red arrow).

Figure 4.14 A SEM representative photomicrograph magnified to 2500 x of the
apical third of a Group 6 root after irrigation with anolyte solution followed by
18% EDTA. Most of the dentinal tubules are open (white arrow). A few bacteria are
present within the tubules (green arrow). A thin smear layer is present over the
intertubular dentine and tubules (red arrow).
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4.1.2.Inter-Group Comparisons

Using One-way ANOVA the results for the coronal, middle and apical
thirds of all 6 groups were compared. Significantly statistical

differences were revealed (p<0.05) (table 4.7).

Table 4.7 Inter-group significant differences after multiple comparisons for the

coronal and middle thirds.

Significance
Groups p-value
Coronal
6|1
2
3 <0.05
4
5
51 <0.05
Middle
611 <0.05
5 <0.05
3 <0.05
4 <0.05

As the Test of Homogeneity of Variances showed a significance of <
0.05 for the coronal thirds, the Tamhane test was used for multiple

comparisons and showed statistically significant differences between

Group 6 and all the other groups. There was also a significant statistical

difference between group 5 and group 1. These results are represented
graphically in figure 4.15. The Tamhane test was similarly used for

multiple comparisons of the middle third of all groups tested and

showed statistically significant differences between Group 6 and Groups

1-4 (table 4.7).

51



Level

I coronal
T Middie
0 — Apical
T 40—
=
£
3
=
o
=
& 20

I I I | | I
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Group

Figure 4.15 Graphical representation of the comparison of the mean number of
patent dentinal tubules for the coronal, middle and apical thirds of all 6 groups at a
95% Confidence Interval.

In the comparison of the apical thirds a statistical anomaly occurred.
The One-way ANOVA showed a statistical difference. The Test of
Homogeneity of Variances was less than 0.05 but the Tamhane test
failed to show significant statistical differences on multiple
comparisons. The expert examiners pointed out that there was a marked

visual difference observed between Group 6 and all other groups
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4.2. Antibacterial Results

The intra-group comparisons showed statistically significant difference

in the CFUs before and after irrigation for all groups (Table 4.8).
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Average CFU/mI

Significance

. 95% Cl

Group (Range of :I::\I/iation Std. error [55% cil g?;f%igigee p-value

CFU/ml) Lower Bound Upper Bound

6.6x10’ 6
1 Before 7 7 5.9x10 6 ; ;

(55(.)z§(x11(§36 -7.2x10") 2.4x10 6.0x10 7.2x10 6 456341 6181 <008
LAfter | 3 0x10%6.2x10%) | 1.3x10° | 5.2x10° 3.7x10° 6.3x10°

7.1x10’ .
2 Before 7 7 6x10 6 7 7

((E)S(.)%xolo -7.7x107) 2.4x10 6.5x10 7.8x10 100.000040.00 <008
2After | 5 0.0.0) 0.0 0.0 0.0 0.0

2.8x10’ .
3 Before - - 8.2x10 6 ; ;

E)lb%)é)lo -3.6x107) 3.4X10 2.0x10 3.7x10 100.00000.00 <0.05
3After | 50.0.0) 0.0 0.0 0.0 0.0

1.0x10° 7
4 BefOI’e 7 8 1.3x10 6 7 3

896%%10 -1.2x10°%) 5.2X10 8.9x10 1.2x10 100.00000.00 <0.05
AATter | 0.0:0.0) 0.0 0.0 0.0 0.0

8.4x10’ ;
5 Before . 8 1.1x10 6 . .

3x107-1.0x1 4.3x1 7.2x1 5x1

(zifgzo 0x107) 3x10 x10 9.5x10 99.9998+.0003 <0.05
SATter | 6 05x107) 2.3x10> | 9.3x10" 0.0 439.3081

5.0x10’ 6
6 Before - - 9.8x1 6 - 7

8x107-6.7x1 4.0x1 ox1 Ox1

(13)’5;20 6.7x10) 0x10 3.9x10 6.0x10 99.9998+.0002 <0.05

6ATter | 5 0-3x10?) 1.3x10 | 5.2x10" 0.0 2.3x10?

Table 4.8 Intra-group antibacterial results.
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The inter-group comparisons showed statistically significant results
(p=0.000). Since the Test of Homogeneity of Variance showed a
significance < 0.05, the Tamhane test was used to reveal a statistically
significant difference between Group 1 and all other groups for a 95%

confidence interval (figure 4.16 and table 4.9).
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Figure 4.16 Inter-group antibacterial results
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Table 4.9 Inter-group significant statistical antibacterial differences.

Significant
Differences between
Groups p-value
1 2 <0.05
3 <0.05
4 <0.05
5 <0.05
6 <0.05

On examination of the SEM photomicrographs there are more bacteria

remaining in the canals after irrigation in groups 1, 5 and 6. These may

or may not be viable.
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5. CHAPTER 5 DISCUSSION

Endodontic treatment aims at eliminating microorganisms from the
infected root canal system and restoring the tooth to its correct form
and function. To clean the canals and eradicate bacteria the canal must
be prepared by mechanical and chemical methods (Walton and
Torabinejad, 2002). Mechanical methods alone are not effective in
removing all the debris and destroying bacteria. Irrigation solutions
with antibacterial and detergent properties are thus used as an adjunct to
mechanical preparation (Bystrém and Sundqvist, 1981; Ferraz et al.,

2001).

Mechanical preparation of the canals also leads to the formation of a
smear layer. This smear layer is an amorphous layer of unpredictable
diameter and volume that consists of remnants of pulpal tissues,
microorganisms and debris from canal preparation (McComb and Smith,
1975; Ballal et al., 2009). The smear layer should be removed as it may
act as a substrate for any remaining bacteria. Smear layer removal
improves the seal of the root canal filling materials, decreases the
coronal leakage, reduces microleakage and improves the mechanical
retention of the filling material to dentine (White et al., 1984; Oksan et
al., 1993; Behrend et al., 1996; Vivacqua-Gomes et al., 2002; Clark-

Holke et al., 2003).
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Dentinal tubule structure is different between different individuals,
between different teeth in the same individual, and between different
parts in the same tooth (Ferrari et al., 2000). For this reason it is
difficult to make a true comparison of the effect of smear layer removal
or of the antibacterial activity of different irrigants. A sample with a
poor dentine matrix will be more adversely affected by a detergent than
a hypermineralised sample. Furthermore, dentinal tubule diameter
changes with age and trauma (Morse, 1991; Mjo6r, 2001). Teeth with
smaller diameter or less tubule density may give the impression of
poorer smear layer removal when counting patent dentinal tubules
within a given area and comparing this result to a tooth that has higher

tubule density.

Tubules may also differ in size, diameter, shape and number depending
on their position in the tooth. The tubule diameter is larger near the
pulp than the dentino-enamel junction (DEJ). Furthermore the average
density of dentinal tubules appears to be reduced in radicular dentine
compared with cervical dentine. Higher tubule density is seen on the
lingual and buccal pulpal walls than on the mesial and distal pulpal
walls (Garberoglio and Brannstrom, 1976; Marshall 1993; Ferrari et al.,

2000)
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Smear layer removal

Where sodium hypochlorite was the sole irrigant there was a thick
irregular smear layer that had a different structure to that remaining
after sterile distilled water was used. This research is in agreement with
other research that has shown sodium hypochlorite cannot remove the
inorganic portion of the smear layer (McComb and Smith, 1975; Marais

and Williams, 2001).

For all other irrigant sequences there was better smear layer removal in
the coronal third. This may be explained by the fact that the irrigation
solution did not reach the apical and possibly the middle third due to an
operator error, anatomical difficulties or the needle diameter being too
large to reach the apical third. The irrigants may also have removed
more smear layer had they been in contact with the smear layer and
dentine for a longer time or been replaced more frequently (Bystrom
and Sundqvist, 1983; Yamada et al., 1983; Calt and Serper, 2000;

Ferraz et al., 2001; Zaccaro Scelza et al., 2004).

In this study, alternating the use of a tissue solvent (sodium
hypochlorite) and a chelating agent (EDTA) improved smear layer
removal. Alternating sodium hypochlorite with anolyte solution
removed the smear layer clinically more than sodium hypochlorite

alone. This indicates that anolyte solution may be responsible for the
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increased smear layer removal (Bystrom and Sundqvist, 1983; Yamada

et al., 1983; Ferraz et al., 2001; Garcia et al., 2010).

No one group was able to completely remove the smear layer in all
thirds of the canal, but where anolyte solution was followed by 18%
EDTA there was improved smear layer removal in all thirds compared
with the other groups. Thus, anolyte solution followed by EDTA may be
a promising irrigation protocol and with further research to establish the
ideal volume, contact time and irrigation method, it may be a

replacement for sodium hypochlorite.

Antibacterial activity

Where 3 ml of the sodium hypochlorite was used (Groups 2, 3 and 4),
the CFU count after irrigation was always zero. Thus 3 ml of 6% sodium
hypochlorite with surfactant molecules used for one minute was

effective against E. faecalis under the conditions of this study.

In Groups 5 (sodium hypochlorite followed by anolyte solution followed
by EDTA) and 6 (anolyte solution followed by EDTA) the CFU count
after irrigation was so close to zero that the percentage difference
before and after irrigation was deemed statistically insignificant
compared to the groups that had 3 ml of 6% sodium hypochlorite as one

of the irrigants (Groups 2, 3 and 4). Sterile distilled water (Group 1)
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had the highest CFUs after irrigation and the percentage difference was
deemed statistically significant compared to all other groups. This
indicates that although chemical irrigation does significantly reduce the
intracanal CFU count, an antibacterial irrigant is more effective.
Statistically the CFU after irrigation in Groups 5 and 6 compared to
Groups 2, 3 and 4 may be deemed insignificant but clinically the
remaining microorganisms in Groups 5 and 6 cannot be discounted.
Some authors have suggested that any remaining bacteria that are not
entombed in the dentinal tubules during obturation may potentially
multiply and migrate apically leading to failure of the endodontic
treatment (Bystrom et al., 1987; Sjogren et al., 1997). E. faecalis is
particularly virulent and may survive for long periods with little or no
substrate (Molander et al., 1999; Love, 2001; Figdor et al., 2003), so it

IS important that irrigants have antibacterial properties.

5.1 Limitations of the study

Due to financial constraints the sample size was kept to the absolute
minimum that was statistically determined. Subsequently some
anomalies arose during the statistical evaluation which may have been
avoided with a larger sample size. In this study the number of open
dentinal tubules was counted for each photomicrograph of each root in a
group at the various levels. This allowed for quantification of the smear

layer removal to compare the irrigation protocols. Similarly, the
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antibacterial results are derived from a small sample size and as such

are only indicative of the antibacterial activity of all irrigants tested.

In similar studies of smear layer removal the evaluation was semi-
quantitative i.e. the photomicrographs were given a score out of ten
based on the overall appearance of the smear layer removal. For
example the score would be 0 for an intact smear layer, 5 for partial
smear layer removal and 10 for complete smear layer removal. The
counts were added for all the thirds within a group and a percentage
calculated. These percentages were then compared (van der Vyver,

2007).

In either case there is room for error. In this study the independent
evaluator must be calibrated so that a tubule that is partially open will
not be included in the number of completely open tubules. This method
does not make provision for those tubules that are partially open but so
lightly covered by smear layer that an endodontic sealer may in fact
penetrate such a tubule. Perhaps similar counts can be done for partially

open dentinal tubules.

The categorical results are based on an impression of the overall
cleanliness of the canal. This is not a mathematical quantity and relies
on the examiner’s discretion. This evaluation method does however

include partially open tubules.
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The teeth used formed part of a collection of teeth that were stored in
saturated thymol for an undetermined period of time. The effects of
different storage media over various periods of time is not well
established in the literature (Titley et al., 1998; Santana et al., 2007). It
may be preferable to use freshly extracted teeth that have been stored in

saline or sterile distilled water.

Traditional cultivation techniques were used in this study and since
standard PCR is more sensitive to microbial species the cultivation
method may not be an accurate representation of whether E. faecalis
remained in the canals (Williams et al., 2006). This may indicate that a
zero CFU count after irrigation, as seen with 3 ml 6% sodium
hypochlorite, is in fact not zero. Since both methods have their faults
and merits perhaps future research should use both methods to

determine the antibacterial activity of these irrigation protocols.

The manufacturers of 18% EDTA suggest in the instructions not to use
the product for longer than 1 minute in total. When examining the smear
layer removal in similar studies it was found that increasing the contact
time of EDTA did improve the smear layer removal. These studies have
shown better smear layer removal using 17% EDTA for 2 to 10 minutes

(Calt and Serper, 2000; Scelza et al., 2004). One, three and ten
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millilitres of 17% EDTA applied for one minute has shown equal debris

removal (Crumpton, Goodell and McClanahan, 2005)

All the irrigation solutions and especially anolyte solution may be more

effective in larger volumes, longer contact times and with activation.

5.2 Conclusions and Recommendations

5.2.1 Summary and Conclusions

Due to the small sample size and other limitations of this study,

definitive conclusions cannot be made, but the results indicate the

following:

For any irrigant group the coronal third showed better smear layer
removal than the apical third.

5ml anolyte solution followed by 3 ml 18% EDTA for one minute
showed the best smear layer removal results for all thirds.
Chemical irrigation significantly decreases the intracanal E.
faecalis CFUs.

Sterile distilled water is not as effective in decreasing the
intracanal CFUs as other irrigants tested and is not considered
antibacterial.

All other irrigant protocols are equally antibacterial.
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5.2.2 Recommendations

Future research must be conducted to determine the exact volume,
contact time and irrigation method of anolyte solution followed by

EDTA to improve the smear layer removal and antibacterial results.

Furthermore one could include MTAD as an alternative to EDTA. The

study may also be conducted with a lower concentration of sodium

hypochlorite, longer contact times and activation of irrigants.

With regards to the antibacterial studies future research should involve

using PCR methods and cultivation to assess the antibacterial results.
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APPENDIX B: Preparation of roots for SEM

A shallow longitudinal groove was cut on the external buccal and
lingual surfaces of each root fragment without penetrating the canal. A
chisel was placed in the groove and using a hammer the root was split in
half longitudinally. The two halves were prepared for SEM according to

the standard methods for biological SEM examination.

The halves were fixated with 2% gluteraldehyde for 1 hour. Using a
pipette the Gluteraldehyde was sucked off and the sections rinsed with
phosphate buffer solution for 5 minutes 3 times each. The sections were
then fixed in 0.25% OsO4 for half an hour and again rinsed with
phosphate buffer for 5 minutes 3 times each. The sections were rinsed
with 30%, 50% and 70% ethanol for 5 minutes each time. Thereafter the
sections were rinsed with 95% ethanol 3 times for 5 minute each time
and stored in 95% ethanol. The sections were removed from the 95%
ethanol and dried in a critical point dryer for 8 hours. The sections were
mounted on an aluminium plate with conductive carbon cement with the
split side (canal surface) showing in order to view the dentin. The
samples were sputter coated with gold and then examined under a
Scanning Electron Microscope- SEM (JEOL JSM 840 Scanning Electron

Microscope, Tokyo, Japan).
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