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ABSTRACT

Tricalcium silicate sealer materials are vastly used in root canal obturation, mainly due to the
calcium hydroxide release which is responsible for their biological and antimicrobial activity.
The current study discusses the importance of selecting appropriate irrigation protocols for
dentine preparation during root canal treatment for the choice of sealer and improve the adhesion
and sealing ability of sealers with dentine. The study investigated the effect of different irrigation
techniques, including continuous chelation, on dentine microstructure and aimed to choose the
best irrigation protocol for endodontic treatment using Hydraulic calcium silicate cement
(HCSC) sealers for obturation. The research also explored changes in the antimicrobial
properties of HCSC sealers on interaction with dentine after irrigation with different chemical
solutions using a split tooth model. Sterilisation of sample materials were also checked during

the project.

Irrigating solutions can cause structural and chemical alterations of root dentin, affecting the
mechanical and chemical adhesion of sealers to dentin and the antimicrobial properties of both
dentin and sealer. Sodium hypochlorite (NaOCIl), most widely used irrigant, being antimicrobial,
eliminates the microbial load but can cause detrimental effects on the collagen. The most
employed calcium chelator, Ethylenediaminetetraacetic acid (EDTA) can dissolve the inorganic
debris and clear the smear layer produced by instrumentation but reduces the root dentine
microhardness due to demineralization of the hydroxyapatite components of dentin. Hydraulic
calcium silicate sealers interact with dentin more chemically and do not benefit from the property
of calcium chelation and smear layer removal. The study used BioRoot RCS, TotalFill BC, and AH
Plus jet as the test materials, and NaOCl, EDTA & Hydroxy ethylidene Di phosphonic Acid

(HEDP) as the irrigation solutions. The results showed that in comparison to EDTA, irrigation with



HEDP resulted in a larger mineral concentration zone at the interface for hydraulic cements with
less erosion of dentine. Furthermore, continuous chelation with HEDP improved the antimicrobial
properties of the HCSC sealers without erosion of dentine making it the best irrigation protocol for
endodontic treatment using tricalcium silicate sealers for obturation. Another finding of this project
highlighted that hydraulic cement sealers are impacted by sterilization processes used prior to

biological testing.

Regarding the method for studying the dentine sealer interface this study also concluded that when
employing hydraulic cements, scanning electron microscopy and confocal laser scanning
microscopy are not acceptable methods for studying the interface, Fourier-transform infrared

spectroscopy can be used instead.
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CHAPTER 1: REVIEW OF LITERATURE

1.1 Background to the study

1.1.1 Human Tooth

Human tooth consists of crown and a root portion. Highly mineralised enamel of the crown covers
the dentin, while root dentin is capped by cementum, responsible for the attachment of the tooth

to bony socket as seen in figure 1.1.

Crown

Periodontal
ligament

Cementum

1 | \
Root —= \ . Alveolar bone

Figure 1.1: Structure of Tooth: Tooth is divided into (a) Crown - enamel, dentine, pulp and (b) Root- cementum, periodontal

ligament, alveolar bone proper, pulp root canal, apical foramen.
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The cementum along with alveolar bone and periodontal ligament comprises of peri radicular

tissue. In the centre lies the pulp which is made of nerves, connective tissue, and blood vessels
(1).The blood vessels & nerves of the pulp enter and exit the pulp cavity through an aperture at
or near the apex of a tooth known as apical foramen. Coronally, the pulp resides in the pulp
chamber and the root portion forms the root canal; with both portions known as the root canal
system. Teeth may have one or more main root canals with anastomosis between them along with
lateral & accessory canals, making root canal systems complex in nature (2).Dentin constitutes

the bulk of the human tooth.

1.1.1.1 Dentin

Dentin is a permeable tubular structure representing most of the dental tissue. It is composed of the
organic matrix embedded in a crystalline apatite, having about 70 weights % inorganic (mineral),
20 weight % organic, and 10 weight % water (3). The main inorganic component of dentin is the
crystalline hydroxyapatite with some calcium carbonate while, type I collagen fibrils are majorly
the organic constituent. Collagen fibres are triple helical structures of polypeptide chains,
encapsulated within hydroxyapatite crystals (4). Carbonated apatite in dentin, like bone tissue,
provides strong buffering action against acids and this inorganic component renders the dentin its
antimicrobial property (5) of water in the dentine keeps the tissue constantly moist maintaining the

viscoelasticity of dentine (6).



27

enamel

entin

o iaulp cav%
X-) ;! m =

Figure 1.2: Structure of Dentine : Dentine near the DEJ showing tubule lumen (294).

pentubular dentin iptertubular dentin

Figure 1.3: Scanning electronic microscopic image of dentin tubule showing peritubular dentin and

intertubular dentine (293).

The salient feature of dentin is the regular pattern of microscopic dentinal tubules which extend
from the pulpal surface to the enamel—dentine junction depicted in Figure 1.2. These dentinal

tubules are filled with dentinal fluid and surrounded by peritubular and intertubular dentine
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(Figure 1.3). Peritubular dentine is strongly mineralized (3) and therefore harder than intertubular
dentin and thus provide added structural support to the later one. In comparison to intertubular
dentine, peritubular dentin dissolves more quickly in acid because to its lower collagen

concentration.

1.1.1.2 Dentin Pulp complex

Directly beneath the layer of dentin lies the pulp which is a mass of connective tissue. These two
tissues are closely interlinked and dependent on each other's development and survival referred to
as the “dentin-pulp” complex. Damage to the dentin via caries/trauma may expose the pulp to
oral bacteria, resulting in inflammation and necrosis of the pulp. This may further lead to apical

periodontitis (7).

1.1.2 Microbiology of Root canal

The primary etiological factor of pulpal necrosis and apical periodontitis is bacteria and their by-
products (8). Apical periodontitis is a biofilm-related disease (9). The biofilm of infected root
canals contains a diverse microbiota including Enterococci species (sp), Fusobacterium sp,
Prevotella sp, Porphyromonas sp and Treponema sp. (10—13). As a result of the ecologic pressure,
the flora of untreated necrotic root canals varies significantly to the treated ones. Necrotic root
canals are polymicrobial, with both gram-positive and gram-negative bacteria dominated by

anaerobic microflora whilst the ecology changes immensely after the root canal treatment. The
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limited availability of oxygen & nutrients as well as introduction of antimicrobial substances in the
root canal may further contribute to the development of monoinfections, more resistant, gram-

positive facultative anaerobic microbiota (5,8).

Enterococcus faecalis (E. faecalis), is the most used microorganism utilised in laboratory
research to simulate persistent endodontic infections, despite the fact that endodontic infections
are caused by many species of biofilms (8,13). E.faecalis is a Gram-positive facultative anaerobe
which can survive in an environment with scarce nutrients (14). The smear layer formed during
instrumentation enhances E. faecalis adhesion, invade the dentinal tubules and create biofilms
(15)A biofilm is an aggregation of microorganisms in an extracellular polysaccharide matrix
associated with a surface like root canal wall (16). E. faecalis biofilm also has strong viability
and drug resistance (17) property of E. faecalis to create biofilm, can hinder its complete
elimination by root canal irrigants and intracanal medications. Due to these properties this
bacterial species has long been considered the main bacterial species in labs to test the
antimicrobial activity of root canal sealers (18) An alkaline pH promotes the elimination of E.

faecalis and it cannot survive in pH around 11(19).

However, newer developments in the field of endodontics have revealed that root canal infections
are actually polymicrobial in nature, meaning that they involve the presence of multiple bacterial
species in addition to E. faecalis. In fact, recent research has shown that there are several other
bacteria that play important roles in endodontic infections, including Streptococcus species,

Porphyromonas species, Prevotella species, and Fusobacterium species (19).

As there is a microbial cause of apical periodontitis, the elimination or reduction of microorganisms
from the root canal system and subsequent closure will result in healing and prevention of re-

infection. This can be accomplished by root canal treatment.
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1.2 Root Canal Treatment

Root canal treatment is the procedure of repair & treatment of injured pulp, either by trauma or
infection, as well as the periapical tissues, to preserve the function of natural tooth. Root canal
treatment has four objectives: 1) to provide a clean root canal keeping the microbial load to
minimum, 2) Seal the root at apex to prevent fluid penetration which may act as food for bacteria
inside root canal, 3) Provide coronal seal to prevent any reinfection form oral cavity and 4)

healing of periapical lesion (20).
Thus, root canal treatment includes 4 major steps:

1) Mechanical instrumentation
Cleaning & Shaping / Chemo mechanical debridement

2) Irrigation
3) Obturation/ Placement of root canal filling
4) Coronal restoration

The flow chart 1.4 below demonstrates the topics to be discussed in each root canal step, further in the
literature -



Root Canal

Treatment
L. Instrumentation 2 Irrigation 3. m\mul Seal

Gutta Percha

Hand and rotary Sodium Hypochlorite
Files Chlorhexidine i
EDTA Endodontic Sealers
Etidronic acid/HEBP

Root canal obturation techniques

Figure 1.4: Flow chart demonstrates the root canal treatment steps and topics to be discussed in each step.

1.2.1 Mechanical instrumentation

The debridement and shaping of the canal space facilitates the placement of root canal filling. This
is done with the help of rotary nickel titanium (NiTi), reciprocating files or traditional stainless-

steel hand instruments/files (21).

Although instrumentation helps to remove a lot of debris, the complexities within the root canal
system remain mostly untouched (22). These irregularities may harbour infected necrotic tissue
and may result in persistent infection (23). Also, a smear layer is produced through mechanical
instrumentation (24). A smear layer is an amorphous layer which is made up of the organic
component (pulp tissue, denatured collagen, tissue fluid, bacteria, and their by-products) and
inorganic component (dentin chips containing calcium hydroxyapatite), created on hard tissues
whenever they are cut with hand or rotary instruments (25). This layer covers the radicular
dentinal surfaces and obliterates the dentinal tubules, interfering with the adaptation of filling

material to dentinal walls and promoting microleakage (26). It may also provide protection to

31
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bacterial biofilms adhering to root canal walls (27). Thus, chemical disinfection with irrigating

solutions remains a critical component of root canal therapy.

1.2.2 Irrigation

To predictably remove all microbiologic aetiology from the root canal system and dentinal tubules,
mechanical debridement should be accompanied with chemical disinfection through copious
antimicrobial irrigants solutions (21). Ideally root canal irrigants should: 1) Flush any loose debris,
2) Dissolve necrotic pulp tissue remnants, 3) provide lubrication, 4) Prevent the formation of a

smear layer during or after instrumentation, 5) be antimicrobial, and 6) have low tissue toxicity

(28).
Irrigating solutions can be classified as (29) -

Chemical agents

* Tissue dissolving agents- NaOCl

* Antibacterial — Chlorhexidine, Quaternary ammonium compounds, MTAD
(tetracycline

antibiotics),

* Chelating agents - mild pH- Etidronic acid

- strong pH -EDTA, citric acid

Natural agents

* Antibacterial agents - Green tea, Triphala
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1.2.2.1 Sodium hypochlorite (NaOCl)

It is currently the irrigant of choice for chemical debridement of the root canal system as it covers
more of the requirements for endodontic irrigant than any other known compound (28). It has the
property to dissolve necrotic pulp tissue and organic component of smear layer. In addition to
this, it is also antimicrobial in nature (29,30) as it kills pathogens in biofilms and in dentinal
tubules along with which it also inactivates the endotoxin produced by bacteria to some extent
(31,32) is used clinically in concentrations ranging from 0.5% to 6% (30). Although NaOCl
appears to be the most ideal irrigant, it cannot dissolve inorganic component of smear layer

formed during instrumentation (28).

1.2.2.2 Chlorhexidine

It is available between 0.12-2%, has antimicrobial properties and is nontoxic but does not dissolve
organic or inorganic matter (29). Chlorhexidine has the ability to kill the bacteria by permeating its
cell wall and damaging it. It has the capacity to inhibit certain bacterial adherence to dentine (33).
It has the ability to bind to phosphate present in the structure of hydroxyapatite of dentine and can
be gradually released in small amounts contributing to prolonged antimicrobial effect; the property

which is known as substantivity (29).
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1.2.2.3 Chelating Agents

Chelants are chemical compounds that form complex soluble molecules with certain metallic ions
and inactivate them. Chelating agents were introduced to endodontics by Nygaard-@stby in 1957
as an aid for the preparation of narrow and calcified root canals (34). These agents as an
endodontic irrigant, bind with calcium ion present in the hydroxyapatite (Cas(PO4)3OH) crystals
of the inorganic component of smear layer, forms soluble calcium chelates favouring its removal.
The elimination of smear layer is essential to allow sealer penetration into dentinal tubules
producing a better adaption of sealer to the dentinal wall, moreover, it also creates a
demineralising effect on the inorganic component of dentine leading to enlargement of the

dentinal tubules exposing the bacteria to the disinfecting irrigants (35,36).

1.2.2.3.1 Ethylenediaminetetraacetic acid (EDTA)

EDTA is a strong chelating agent is often used as an adjunct irrigant to remove the smear layer
produced during root canal therapy (28). It has slightly alkaline to neutral pH and does not
possess the tissue dissolving property. It has limited antimicrobial property (17,37) which can be
due to chemical chelation of outer membrane of bacteria and detaching biofilms adhered to root
canal walls (30,38). Furthermore, the demineralising effect of strong chelating agents can lead
to changes in the structural and biomechanical properties of the dentin (39) resulting in its

erosion and weakening. It is used clinically in concentration of 15% to 17%.



35

As none of these irrigants can be considered as optimum, they are used in combination for a
better cleaning and disinfection of root canal, better preparation of dentin for interaction with the
sealer and finally leading to a better outcome of treatment. To date, the recommended protocol for
irrigation includes the use of NaOCl due to its effective antibacterial properties and ability to
dissolve organic tissue. Strong chelating agents like EDTA come next, aiding in the removal of
the smear layer's inorganic components (28). However, once the debris created, only 50% could
be removed using this protocol. Also, these decalcifying agents like EDTA are incompatible with
NaOCl, as they cannot keep the chlorine active in solution, reducing the effectiveness of

hypochlorite (40).

1.2.2.3.2 Etidronic acid (HEBP) (1-hydroxyethylidene-1,1-bis-phosphonate)

HEBP is a biocompatible decalcifying agent with weak chelating capacity in contrast to EDTA.
Since HEBP is a poor chelator, it cannot be utilized as a last rinse; instead, it can be employed as
a more comprehensive root canal irrigant in combination with NaOCIl. HEBP does not interact
with NaOCl and therefore this mixture maintains the antimicrobial properties and dissolution
activity of NaOCI for a brief period (40—43).It can be used as a sole irrigating solution during
biomechanical preparation and as a final flush, preventing the smear layer formation throughout

(43—46), hence the term “continuous chelation(47,48).

HEBP also has less effects on the microhardness of dentin when used as a final flush as compared
to EDTA (47,49). In addition, it provides larger intratubular dentin area for hybridization of resin-
based sealers (like AH Plus), increasing the bond strength (49,50). However, this solution needs
300 seconds to remove the smear layer completely (47,50). It is used in concentrations of 9% or

18%.
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Once the mechanical instrumentation and irrigation commences, it leaves the root canal space
with minimum microbial load. This space then needs to be obturated and filled with a dense
filling material for appropriate sealing of the root canal space to prevent any nutrient source to

bacteria and therefore reducing the chances of reinfection.

1.2.3 Obturation/ Placement of root canal filling

A successful obturated system should: prevent leakage of microorganisms, entomb any residual
bacteria, and prevent reinfection (51). Root canal obturation is filling and sealing of the entire
root canal space with the help of a solid core (most common is gutta-percha) and a cement
(endodontic sealer) to provide a fluid tight seal from coronal orifice of the canal to the apical
foramen of the root (52). The core material occupies space while role of a sealer is to create a
bond between the core material and the prepared dentinal walls (53), filling the irregularities and

eliminating any voids in the root canal where core material cannot reach.

Recently a sealer-based obturation technique has become popular which uses calcium silicate root
canal sealers (54). Advantages of this obturation technique includes less armamentarium, easy

handling and less technique sensitivity (55,56).

Numerous materials have been researched to be used as a core for obturation purpose, which
includes solid or metal cores like silver cones that is no longer used in modern endodontics as
they corrode when exposed to saliva or tissue fluid, plastics like Gutta-percha (GP), impregnated
gutta-percha cones (57), bioceramics, in particular MTA which has extended setting time, good
fracture resistance, relatively low compressive strength and antibacterial characteristics (58).

Currently, out of all these materials gutta-percha may be regarded as a suitable alternative and
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most used core material in modern endodontics owing to its physical and chemical properties

(59).

1.2.3.1 Gutta-percha (GP)

Gutta-percha is a trans-isomer of polyisoprene, most used solid core for obturation and is made of
natural rubber. Major component of dental gutta-percha is zinc oxide (50-79%), heavy metal salts

(1-17%), wax or resin (1-4%) and only 19-22% actual gutta-percha (60).

Gutta-percha exists in two distinctly different crystalline forms (o and ), that can be converted into

each other. a is a natural form and B form is commercially available product.

o form - Brittle at room temperature

- Becomes gluey and highly flowable when heated

- Used for warm condensation obturation techniques

B form - Stable and flexible at room temperature

- Becomes less adhesive and flowable when heated

- Used for cold condensation obturation techniques



Gutta-percha is a temperature-sensitive thermoplastic and viscoelastic substance. It exists at room
temperature in a rigid and solid state. Over time, exposure to air and light makes it fragile. It is
excellent non-conductor. In some solvents, it is soluble. When gutta-percha is manipulated with heat

or a solvent, the material shrinks (by 1-2%) (60).

To obtain optimal therapeutic effects and maximum obturation seal, several innovations on gutta-percha

have been undertaken (61). These include the following

e Surface modified.

Resin coated.

Glass lonomer coated

Bioceramic coated

Nonthermal plasma-Argon and oxygen plasma sprayed to GP

¢ Medicated

lodoform

Calcium hydroxide (CHG)

Cetylpyridinium chloride (CPC)

Tetracycline

Nanoparticles enriched gutta-percha

Gutta-percha, due to its distinctive features of chemical inertness, ease of manipulation, cost
effectiveness, the availability, and the ability to do retreatment in case of failure, makes it crucial

obturating material and wherefore considered as a gold standard material for obturation (61,62).
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Although, gutta-percha has satisfied most of the criteria for an ideal root filling material, it may
cause minimal toxicity and allergy in patients with sensitivity to latex and lack adhesiveness to
root canal wall (62). Therefore, to procure a fluid tight seal between the dentine and obturating

material the role of cement/sealer remains vital.

1.2.3.2 Endodontic Sealers

To provide a barrier between the core material and the root canal walls, sealants are necessary.
Their ability to flow into areas that the core filling materials cannot reach can help create a
satisfactory seal. Louis Grossman was the first to provide with the criteria of an ideal root canal
sealer in 1982. Although many materials have changed since then but these requirements are still
applicable. Following is the “Grossman®s Criteria” for ideal root canal filling material (63) ideal

filling material should be-

- easy to introduce into the canal

- able to seal the canal peri apically and laterally
- resistant to shrinkage inside the canal

- impervious to moisture

- bactericidal or bacteriostatic

- radiopaque

- non staining

- non irritating to the periapical tissues

- sterile or easily sterilised



40

- easily removable from the canal if necessary

Occasionally sealer may extrude from the root canal peri apically, touching the soft and hard
tissues leading to periapical biotoxicity. Biotoxicity/cytotoxicity is the inflammatory response in
the periapical area due to leaching of sealer itself or its degradable products interfering with the
healing process of an apical periodontitis (64), the sealer should also possess the critical property
of biocompatibility when in direct contact with the vital tissue at the apical and lateral foramina of
the root. Biocompatibility is defined as the ability of a material to aid or stimulate the
reorganization of injured structures (65) and not trigger any adverse reaction, such as inflammation
of periapical tissues or cytotoxicity. To date various sealers with different chemical composition
have been developed keeping these properties in mind, such as: zinc-oxide eugenol, calcium

hydroxide, epoxy resin, glass ionomer, silicones, and hydraulic cement-based sealers (66,67).

1.2.3.2.1 Epoxy resin-based sealers

These sealers comprise of low molecular weight epoxy resins and amines. AH 26 and AH Plus
(Dentsply Sirona, Konstanz, Germany) are both examples of epoxy resin-based sealers wherein
AH Plus is a modified version of AH 26, which does not release formaldehyde (cytotoxic and
mutagenic) (64). AH Plus has been considered a gold standard and used as a control material in
most studies on endodontic sealers. This can be attributed due to its property of better
adaptability and high bonding between canal wall and the core material forming sealer tags &
creating a “Monoblock”(68) beneficial properties include, adequate long-term dimensional
stability, radio opacity, uniform sealing ability and excellent physicochemical properties (69,70).

Fresh AH plus can exhibit antimicrobial activity due to the toxic effects of amines and epoxy
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resin present in its components along with the minimum release of formaldehyde during the
polymerization process (71). However, it shows some degree of cytotoxicity when extruded peri
apically causing inflammation of tissues around the apex and does not present any mineralization

potential (72).

1.2.3.2.2 Hydraulic cement-based sealers

Hydraulic cements are a group of materials, which set by reaction with water (i.e., a hydration
reaction); and further react with environmental fluids like blood, tissue fluids, dentine, and
irrigating solutions (73). This hydraulic calcium silicate cements have gained popularity since
their introduction, due to this hydraulic nature. They reach their maximum physical and
mechanical characteristics once set and do not deteriorate when wet (74). Hydraulic calcium
silicate cements have been introduced in dentistry with Portland cement which is a material used

in the construction industry for over a century.

Due to its characteristics, it was proposed that it may be applied to persistently wet dental
situations, such as root-end surgery and perforation repair (75,76). It was not until Torabinejad
patented it as "mineral trioxide aggregate" ("MTA") (77) "tooth filling" that it was widely used in
therapeutic settings. In 2005, it was determined to be a hydraulic calcium silicate (78). Since
then, several related materials—mostly those utilised in endodontic procedures—have been

created and used in a variety of clinical dental applications.

Despite being the primary phase for these forms of cement, tricalcium silicate phase is not
usually the only phase. In addition, other phases that affect the material's hydration include

tricalcium aluminate and dicalcium silicate (74). Most of the more recent materials have
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additives that can change the physical and mechanical qualities as well as the chemical response.
Water can be added to the materials, or the powders can be disseminated in a non-aqueous
medium, and the hydration happens afterwards when the materials interact with the fluids in the

environment.

These hydraulic cements demonstrated adequate setting time, excellent flowability, good
dimensional stability and slight volume expansion during setting; in addition to high pH and
sealing ability with sufficient radiopacity (79,80). The property of biocompatibility and
antibacterial property of tricalcium silicate sealers prevented reinfection and assisted in the
process of healing. These sealers alike MTA, induced apatite deposition on material surface (73)

when encountered with the environmental fluids.

The hydraulic calcium silicate cements can be classified according to their chemistry, the modifiers
used and whether the material is mixed with water or not (81) as described in the Table

1.1 below.

Table 1.1: Classification of clinically available hydraulic calcium silicate cements (81)

Type | Cement Additives | Water Commercial examples

1 Portland Cement No Yes ProRoot MTA

2 Portland Cement Yes Yes MTA Angelus

3 Portland Cement Yes No Bio C

4 Tricalcium/dicalcium silicq Yes Yes Biodentine, BioRoot RCS
5 Tricalcium/dicalcium silicd Yes No TotalFill
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The tricalcium silicate-based sealers could be type 4 materials as shown in Table 1, which are mixed
with water, like BioRoot RCS or Type 3 /5 materials which are provided in single phase syringes
like TotalFill or BioRoot Flow. The heterogeneous consistency during powder liquid mixing of type
4 materials could influence the physicochemical properties of these cements (82) is then eliminated
by the introduction of premixed tricalcium silicate-based sealer. These sealers are premixed with
non-aqueous/water-free carrier which does not allow it to set in the syringe in which it is stored. The
setting reaction of premixed cements is triggered only when it encounters the moisture present in

the dentinal tubules or the environmental fluids (83).

1.2.3.2.2.1 Chemical composition and hydration reaction

Hydraulic calcium silicate-based sealers are composed of tricalcium silicate, radiopacifier and
additives. When calcium silicates react with water, which can be added or be absorbed from the
environment as in single syringe systems, it forms calcium silicate hydrate (which forms the
cement matrix) and calcium hydroxide which leaches out and interacts with environment (84).

The hydration reactions (A and B) are described below (81) -

(A) 2(3Ca0.8i02) + 6H20  3Ca0.28i02.3H20 + 3Ca (OH)

tricalcium silicate water calcium silicate hydrate  calcium hydroxide
(B) 2(2Ca0.Si02) + 4H20 3Ca0.28i102.3H20 + Ca (OH)2
dicalcium silicate water calcium silicate hydrate  calcium hydroxide
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Hydration pattern is different for different types of hydraulic calcium silicate sealers (85-87) Type
4 water based HCSC are mixed with water and so do not rely on OH-ions derived from tissue
fluids to form calcium hydroxide. The vehicles used in type 5, a premixed ready-to-use injectable
sealer have an influence on rates of ionic dissociation and diffusion of calcium hydroxide and

depend entirely on an aqueous environment to hydrate and set (88).

1.2.3.2.2.2 Interaction of the material with the environment

Interaction of hydraulic calcium silicate cement with the root dentine happen through chemical
bonding via formation of “mineral infiltration zone” (MIZ) at the dentine sealer interface (89—
91). This distinguished property of HCSC sealers is known as “biomineralization” by which
minerals are deposited in the matrix of biological tissues (92). Hydration of tricalcium silicate
cement releases calcium hydroxide and minerals like silicon. The calcium hydroxide released
during the setting reaction causes the alkaline caustic etching of the collagenous component of
interfacial dentine. This is followed by diffusion of minerals from tricalcium silicate cement in
the porous structure of intertubular dentin leads to the formation of a high mineralised zone

improving bonding with the dentine (68,93).

This chemical and physical interaction with the dentin helps in improving the sealing ability of the
material and prevent microleakage. The retention of the material inside the dentinal tubules also

may entomb the residual bacteria and help in exerting prolonged antimicrobial effect.

Interaction of HCSC sealers with the phosphates of the surrounding blood or tissue fluids releases
calcium ions when the setting reaction of these cements occurs, which in turn induces apatite

deposition (94-98). This interfibrillar precipitation of hydroxy apatite crystals on dentine surface,
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helps in forming micromechanical tags at the dentine sealer interface improving the seal and

stimulate tissue repair (73,99).

When immersed in phosphate solutions like Hanks' Balanced Salt Solution (HBSS), calcium
silicate cements release high amount of calcium and hydroxyl ion due to hydration reaction (84),
as compared to epoxy resin-based sealers (79,100). Earlier studies have shown the significant
quantity of calcium release by the BioRoot RCS (73). Prolonged release of calcium and hydroxyl
ions characterises these cements (74) but the leaching of ion decreases with time as hydration
rate diminishes and cement becomes porous as mentioned in previous studies (101-103). This
reduction in ion release may seem to reduce the cement performance and its biological property
within initial days of application (104). Interaction with irrigating solutions also changes the

chemistry of the sealers and their reaction to dentine which is discussed later in detail.

1.2.3.2.2.3 Antimicrobial property

Although mechanical debridement, irrigation and filling with a sealer reduces the bacterial load,
complete elimination of microorganisms from dentinal tubules, lateral canals and apical
ramification is difficult (105,106). Furthermore, bacteria have an affinity for sealers and filling
materials which results in biofilm formation leading to continuation of microbial growth. Long
term percolation can dissolve the sealer and result in apical leakage. Thus, antimicrobial
properties of sealing materials play a key role in preventing the growth and number of residual
microorganisms (18,107) in vitro and ex vivo studies have shown the antimicrobial action of
tricalcium silicate sealers against root canal pathogens (106,108). TCS based sealers have the

advantage of prolonged antimicrobial activity as compared to the epoxy resin-based sealers like
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AH Plus, which loses antimicrobial activity after setting (105). The antibacterial effect of
tricalcium silicate based cements is attributed to release of hydroxyl ions and raised pH
values .Water based sealers like BioRoot RCS exerted superior long-term antimicrobial
effects as compared to single syringe sealers which have an alternative vehicle to water
such as Total Fill sealer (71).This may be correlated to the difference in ion leaching from
the sealer as reported in the literature (74), Camilleri, 2022,wherein BioRoot RCS
exhibited higher calcium ion leaching as opposed to premixed TCS sealers for the same
time periods under the same conditions. Another study showed leachate analyses before

and after exposure to the bacteria found BioRoot RCS fully antimicrobial as compared to

AH Plus which had limited effect on the biofilm (109) .

The common tests for evaluating antimicrobial effect of root canal sealers are agar diffusion test
(ADT), direct contact test (DCT) and intratubular infection test/live and dead assay(110—
112).The antimicrobial potential of tricalcium silicate sealers has been tested against a plethora
of caries-associated bacteria, such as Streptococci and Staphylococci, as well as fungi and

species associated with refractory endodontic cases, namely E.faecalis.

Once the appropriate sealer is selected a technique is required to place this sealer along with the core

gutta-percha in the root canal space created, to achieve a void-free, homogeneous filling.

Several techniques have been developed to achieve that hermetic seal.



1.2.3.3 Root Canal Obturation Techniques

Post chemo-mechanical debridement of root canal system, it needs to be filled and sealed with gutta-
percha and an endodontic sealer to get a proper seal. Albeit several techniques have been developed,

there have been significant changes to the root canal obturation procedures.

1.2.3.3.1 Single cone technique

The single cone obturation technique was the first developed in clinical practice. After the
completion of cleaning and shaping, a single gutta-percha point of matching root canal taper was
used for obturation in this technique. Most canals have an oval shape, whereas gutta-percha has a
rounded cross section which left a lot of space that needed to be filled with sealer for a tight seal.
This technique was simple to use but majority of sealers were soluble and resulted in high
amount of shrinkage. Eventually, tissue fluids leached and washed the sealer out making space
for microbial growth which ultimately led to treatment failure. Also, using a single cone
technique did not fill all the irregularities of the tooth. Thus, single cone technique was associated
with lower quality obturation, so the profession moved to look for techniques to fill root canals

hermetically.

1.2.3.3.2 Cold Lateral Compaction
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To overcome the problems caused by using large amount of sealer, importance was given to
minimise sealer and fill majority of root canal with gutta-percha. Thus, many accessory gutta-
percha cones were compacted along with the single master cone and using sealer just as a coating
to form a bond between core and the dentin and this technique was known as cold lateral
compaction technique. It is the classic obturation technique and most widely taught (113). Heat is

not applied to the gutta-percha during obturation.

This technique involves selection of a master point slightly short of the working lengths, placed with
sealer in the prepared root canal. Accessory gutta-percha points are then compacted laterally against

the sides of the canal walls with a spreader. Remove excess gutta-percha from the canal orifice with

a heated plugger, and firmly compact the remaining gutta-percha to seal the coronal access to the

canal.

The advantages of using this method include the low cost and simplicity (114). Also, no specific
expensive instruments are required, and placement of gutta-percha can be controlled in this
technique (52). The main problem is that it is a time-consuming procedure with risk of void
formation. Adaptation of gutta-percha to the root canal walls is also inadequate, especially in teeth
with complex root canal morphology (60). The resulting fill would lack homogeneity and must
rely on sealer to fill the voids, and thus would have a poorer prognosis (115). It could also lead to

vertical root fractures due to compaction force.

1.2.3.3.3 Warm vertical condensation
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Schilder first proposed the idea of heating gutta-percha to reduce the voids in the root canal in the
1960s. His rationale was to allow the homogeneous plasticised gutta-percha to adapt to the

intricate architecture of the root canal system (116) and provide high density filling.

This technique involves fitting a master cone short of the prepared working length with sealer
already in place. The coronal portion of the cone is removed in successive increments with a
heated instrument, softening the remaining material in the canal. It is followed by vertical
compaction with a plugger. The process is repeated until the apical portion has been reached. The

coronal space formed is back- filled by thermoplasticised gutta-percha.

Significantly fewer voids are present in the obturation due to movement of plasticised gutta-percha
into irregularities of root canal system than cold lateral condensation technique (117) The
technique is time consuming and there is potential for vertical root fracture (118) and

overextension of obturation materials into the peri radicular tissues.

Since the introduction of Schilder ’s technique, other procedures that use heated gutta-percha cones

evolved: the continuous wave obturation, injectable gutta-percha, and carrier-based techniques.

1.2.3.3.4 The Continuous Wave of Condensation

A variation of warm vertical compaction is the continuous wave compaction technique. A plugger
is inserted into the canal orifice and activated to remove excess coronal material, until the
plugger is moved within 3 mm of the binding point of master cone. The apical portion of the

gutta-percha remains a single-cone technique as the heat transfer does not take place in the apical
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2 to 5 mm of the gutta-percha. The continuous wave technique causes significantly higher rise in

temperatures (119).

1.2.3.3.5 Thermoplasticised obturation / Injectable gutta-percha obturation

Injection moulded thermoplasticised gutta-percha was introduced to the dental practice by Yee et
al. in 1977 where gutta-percha was heated outside the tooth. In this technique pellets of alpha
phase gutta-percha were inserted into a delivery system gun softened at about 150- 200°C and
extruded through a heated silver needle. As the apical portion is filled, the needle backs out of the
canal. Pluggers are used to compact the gutta-percha. The main advantage is the higher
adaptability of gutta-percha to the root canal walls. However, there is lack of control over the
gutta-percha which results in increased tendency for the extrusion of softened gutta-percha from

the apex (59,60).

1.2.3.3.6 Carrier-based gutta-percha obturation

Carrier-based gutta-percha technique involves a solid core (recently plastic core being used) coated
with a-phase gutta-percha and a heating device (obturators) that controls the temperature. The
carrier is softened in the heating device and swiftly inserted into the root canals. The excess
material is removed using the high-speed bur and a plugger is used to compact the coronal gutta-

percha. The carrier remains in the canal as a central core.



Advantages include the ease of placement and particularly good three-dimensional obturation as
the softened gutta-percha flows well into the lateral and accessory canals (120). The plastic
carrier has a groove to provide an access point which makes it easy for retreatment. However,
there is extrusion of the material from the apex and additionally there is a tendency of for
denuding of the obturator with the gutta-percha coming away leaving back only the plastic carrier

in the canal (121,122).

1.2.3.3.7 Hydraulic Condensation/ Sealer-based obturation

All the above obturation techniques were gutta-percha based, relying on compaction of gutta-
percha with limited use of sealer to produce a hermetic seal. The minimal use of sealer was due
to its shrinkage and degradation over time. With minimal sealer, gutta-percha needed to be heated
and compacted to establish a complete root canal filling which could be time consuming,

technique sensitive and leading to apical extrusion or vertical root fracture.

With the introduction of hydraulic calcium silicate sealers, there was a shift seen in obturation
techniques from traditional gutta-percha-based obturation to a more sealer-based approach as gutta-
percha unlike hydraulic sealers can shrink, is not biocompatible, does not form bond with dentin, has

reduced flow property and is not hydrophilic allowing flow into dentinal tubules.

Hydraulic calcium silicate sealers made clinicians to revisit traditional single cone obturation
technique (123) wherein a single cone can be used with sealer, although more than one cone can
be used if required and cone matching for the root canal taper is done. The sealer plays a major
part of obturation and a three-dimensional filling in this technique whereas gutta-percha is

required to serve as a carrier and condenser for the sealer as well as a path for retreatment. This
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technique involves filling of the middle and coronal third of root canal with the sealer after which
a lentiulo spiral is used to push the sealer to the working length. Pre-fitted gutta-percha is then
coated with sealer, pushed inside the canal, and compacted, with any extra sealer being smeared
off coronally. Gutta-percha which is used for this technique could be normal solid cones or

bioceramic coated (enhance the bond strength of the sealer to the cone).

The main feature of using a hydraulic cement is its hydraulic nature, which allows it to set in
moist environment of the root canal (68). Gutta-percha generates hydraulic pressure when
inserted in the sealer coated root canal driving the sealer three-dimensionally throughout the canal
system to achieve a seal. Slight volume expansion of sealers during setting allows use of large
volumes of sealer without void formation. Properties of biocompatibility and bioactivity of these
sealers changed the concept of traditional hermetic seal for obturation to biological bonding
(68,73). Advantage of this technique is its simplicity, better bond strength, lesser voids, time and
cost efficient, preserving more tooth structure, and avoiding the risk of vertical root fracture. It
does not require a long learning curve, is less operator dependent and no thermal damage to

periodontal membrane is expected.

1.2.4 Coronal restoration

Root canals obturated with best of techniques if not given a proper coronal seal can develop
coronal microleakage (124). This may lead to secondary infection of the root canal and potential
endodontic failure. According to one of the studies E. faecalis strains recovered from the three
sites of saliva, pulp camber sand root canal was identical, suggesting that coronal microleakage is

a cause of root canal failure (125). Hence, proper coronal restoration plays a vital role in
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treatment success and forms an essential part of root canal treatment. A definitive restoration
should be placed as soon as the endodontic treatment commences. The options for permanent
restoration include amalgam, composites, metal/fibre posts and crowns (126) well compacted
final restoration helps to prevent re-infection and long-term seal of the root canal system

coronally (21).

Once the good coronal restoration is done, the root canal treatment completes. Most of the studies
in the literature investigates different steps of root canal treatment separately (71,105,127,128)
but they are related to each other (87,129,130) it is important to study the corelation of one step
with the other and the interactions of varied materials used in each step with each other; along

with their interaction with the dentine.

1.3 Interaction of irrigation solutions with dentine and sealers

Irrigating solutions are required for elimination of microbial load and dentin preparation during
root canal treatment. It is suggested that these irrigating solutions may cause structural and
chemical alterations of root dentin (131) such as changes in wettability, solubility, surface
roughness and permeability of dentin (132).These modifications of the dentin surface might
affect the mechanical and chemical adhesion of sealers to dentin as well as, it may affect the
antimicrobial properties of both dentin and sealer (43) .Therefore, consideration should be given
to appropriate selection of irrigation protocols for dentine preparation and to match the sealer

type (129,132).

NaOCl being antimicrobial, eliminates the microbial load and its proteolytic action dissolves the
collagen fibres but, the continued deterioration may lead to detrimental effects on the collagen

resulting in dentin degeneration which significantly decreases the elastic modulus,
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microhardness, and flexure strength of human dentin (4,133). Some studies show these
significant changes in the collagen structure of dentin by NaOCI do not favour the AH Plus
monomer penetration into the radicular dentin (134), consequently, the bond strength of the
bondable root canal sealers becomes weak (135). However, when the final rinse is with

chlorhexidine, it improves the dentin wettability of AH Plus sealer (131,136).

Mechanical instrumentation creates a smear layer blocking the dentinal tubules which can be
cleared by the chelating agents. EDTA the most employed calcium chelator, dissolve this
inorganic debris, affects the calcium ratio of dentin, altering the proportion of organic to inorganic
components in dentin. This may modify dentin properties of permeability & solubility, and cause
enlargement of dentinal tubules. The exposure of underlying type I collagen fibril meshwork of
the dentin matrix allows easy sealer penetration into demineralised dentinal tubules improving the
sealing ability of most of the sealers (137—139) enhanced bond between the adhesive sealing
agents and the collagen matrix of dentin can also minimise the chances of apical leakage

(140,141).

However, this may not be true in case of hydraulic calcium silicate sealers wherein, HCSC
sealers unlike the previously used sealers, interact with the dentine. This interaction with dentin
is more of chemical in nature and thus these sealers do not benefit from property of calcium
chelation and smear layer removal (129). Calcium released from tricalcium complex during
hydration reaction may be disrupted by the chelating agents resulting in weaker cell adhesion to
materials (142). Contrary to that, when utilising epoxy-resin-based sealers like AH Plus, calcium
chelation of the dentin by EDTA is required for the sealer to attach to the exposed collagen with
the help of resin tags and penetrate the dentinal tubules. Whereas antimicrobial activity of

BioRoot was shown to be enhanced by using EDTA as irrigation solution (93).
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Chelation decreases the apatite/collagen ratio due to demineralization of the hydroxyapatite
components of dentin, reducing the root dentine microhardness and post treatment root fracture
(36,143). NaOCl and EDTA used in sequence may also cause peritubular and intertubular dentinal
erosion (144). Final rinse with acidic irrigants like citric acid, after NaOCl, may increase in
porosity with deterioration of dentin and impairment of the microstructure. HEDP is a weak
chelating agent and need longer time to remove the smear layer, but it has minimal effects on

dentinal wall (47).

The characteristics and morphology of the dentin after being exposed to the irrigating solutions used
during root canal therapy must be determined because HCSC sealers interact with it and therefore

the irrigation technique is important for the choice of the sealer.

1.4 Interaction of dentin with hydraulic calcium silicate cements

The chemical and physical interaction of HCSC sealers with the dentin in regards of
biomineralization and bioactivity helps in improving the sealing ability of the material, prevent
microleakage and reinforce the mechanical properties of dentin (129). The interaction and
retention of the material inside the dentinal tubules may entomb the residual bacteria and help in

exerting prolonged antimicrobial effect of the sealer.

The interaction of HCSC sealers with dentine was influenced by the irrigation protocol but the
sealers also affected the dentine chemistry further enforcing the mineral exchange at the interface
along with the changes to the dentine structure/chemistry after the sealer placement (99). Hence,
it becomes necessary to substantiate changes in the dentine microstructure and its properties
following exposure to irrigating solutions. It also becomes important to match the best irrigation

protocol to the sealer for a better bonding at dentine sealer interface.
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Several studies have addressed the effect of irrigation solutions on sealers ‘properties and the
effect of disinfection on dentine (132,142,143,145-148). However, there is scant information
regarding the effect of the irrigation and smear layer removal protocols on the chemical and
antimicrobial properties of HCSC sealers and the best irrigation protocol that prepares the
dentine substrate for interaction with HCSC sealers. Till date only one study has investigated the
effect of 2% NaOCl and 2% NaOCl followed by 17% EDTA, on the chemical and
microstructural characteristics of dentine and correlated this with the antimicrobial properties of
HCSC sealers ((87). This study also found that even changing the delivery system affected the
properties of sealer. But it did not study continuous chelation effect on dentin. However, one
study evaluated the effect of continuous chelation on root canal dentine and push out bond
strength of HCSC sealer (149) but hitherto, no studies have evaluated the effect of continuous
chelation on dentine microstructure and antimicrobial effect of HCSC sealer on interaction with

that dentine, as well as choose a best sealer to match irrigation protocol.

Therefore, the hypothesis of this research is that continuous chelation irrigation results in
superior dentin surface characteristics while maintaining the antimicrobial properties of HCSC

sealers, leading to improved adhesion and interfacial integrity with these sealers.'

1.5 Aims of the study

The goal of this research was:

» To investigate the best substrate for HCSC sealer interaction at the dentine sealer interface by

examining the effects of various irrigation approaches, such as continuous chelation, on

dentine microstructure.


Sweta bhandari
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To explore the changes in the antimicrobial properties of HCSC sealers when interacting with
dentine after irrigation with different chemical solutions.

To choose the best irrigation protocol for endodontic treatment using HCSC sealers for
obturation.

To test the properties of BioRoot Flow, a new hydraulic calcium silicate premixed sealer

formulation
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CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

The following commercial materials were investigated to be used as a root canal sealer:

* AH Plus Jet (AH; Dentsply DeTrey GmbH, Konstanz, Germany) (batch no. 1904000728)
* BioRoot RCS (BR; Septodont, Saint-Maur-des-Fossés, France) (batch no. B27015)
* BioRoot Flow (BRF; Septodont, Saint-Maur-des- Fossés, France) (batch no. B24447BB)

» TotalFill BC Sealer (TF; FKG Dentaire, La Chaux-de-Fonds, Switzerland) (batch no. 21001SP)

AH Plus Jet was an auto-mix syringe delivery system. BioRoot RCS powder and liquid were

mixed and employed according to the manufacturer’s instructions. TotalFill and BioRoot Flow

were supplied in a single syringe system.

The following irrigating solutions were used:
* 5.25% NaOClI (Chloraxid; Cerkamed, Stalowa Wola, Poland).
* 17%, EDTA (Endo Solution, Cerkamed, Stalowa Wola,
Poland).
* 9% l-hydroxyethylidene-1,1-diphosphonic acid (HEDP, Dual Rinse HEDP, MedCem
gmbH, Weinfelden, Switzerland).

e Distilled water
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The 5.25% NaOCl and 17% EDTA used in this study were used as supplied by the manufacturer.
The 9% HEDP was freshly prepared by mixing 0.9 g of Dual Rinse® HEDP powder (mean

content per capsule) as recommended by the manufacturer with 10 mL of distilled water or 10 mL

of 5.25% NaOCl before each experiment.

2.1.1 Condition of materials prior to testing

For the materials used for assessment of antibacterial properties of their leachates in
7- and 90-day periods, immersion of the test sealers in the extraction medium was
done once set, following an incubation period, as reported in the literature in
several studies. A Gillmore-needle model was used to check material setting,
according to ASTM C266-18 specifications as this standard method is used to

determine both initial and final setting time periods for hydraulic cements (150).

Hank’s balanced salt solution (HBSS) was used as an immersing solution since its
inorganic composition of ions is similar as human plasma and it has been vastly
used in many biological studies (84,151). The chemical characterization and the
antibacterial experiments both employed the same extraction vehicle because

different media have varied leaching abilities (85).
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2.2 Sample Preparation

2.2.1. Characterization of Materials

Sealer specimens were prepared in 10 mm diameter and 1 mm thick rubber moulds in triplicates. All
sealers were allowed to be set at 37°C, 100% humidity in the incubator (Memmert GmbH,
Schwabach, Germany). BioRoot Flow and TotalFill were covered with a moist gauze for setting.

These samples were used for characterisation of materials/sealers.

2.2.2. Microbiological Analysis

Microbiological analysis comprised of testing of sterility of sealers, assessment of antimicrobial
properties of those sealers alone as well as in contact with dentine at dentine sealer interface. All samples
for microbiological assays were prepared in the laminar flow cabinet (Guardian MSC

T1200, Monmouth Scientific, Bridgwater, UK) under aseptic conditions with autoclaved (121°C,

15 psi for 15mins) instruments (tweezer, mixing spatula) and materials (glass slab, rubber moulds).
Sealer discs of dimension 10 x1 mm were prepared in rubber moulds in triplicates for four sealer

groups. 1 set of sealer discs was prepared in unsterile conditions in open at the lab bench to be

used as control. For BioRoot RCS, 5 droplets of the liquid were transferred inside the powder and

the material was manipulated according to the manufacturer’s instructions with a sterile metal

spatula upon a sterile glass slab. The AH Plus Jet two pastes were also mixed on the sterile glass

slab with the help of a sterile metal spatula to avoid using the tips provided that
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could not be sterilised. TotalFill and BioRoot Flow are premixed pastes, and these sealers were
therefore directly applied in the sterile rubber moulds with the help of a sterile metal spatula. The
plastic tips provided by the manufacturers were not used as they could not be autoclaved. These
specimens were placed in closed Petri dishes wrapped with cling film inside the incubator
(Thermo Scientific, Langenselbold, Germany) at 37°C and 100% relative humidity to set. These
samples were used for testing the sterilisation requirement of sealers and for all microbiological

assays done in this study.

2.3 Characterisation of Set Materials

The sealers were characterised using scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDS), Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD)

analysis.

2.3.1 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy

(EDS)

After setting, materials were either desiccated in the vacuum desiccator overnight for a 0-day
characterisation or were immersed in 5 ml of sterile Hank’s balanced salt solution (HBSS, Sigma
Aldrich, H6648) in sterile 7 ml polystyrene bijou tubes (no label, sterile) in an incubator at 37°C
and 100% humidity for either 7 days or 90 days. After aging, the material cylinders were retrieved
from the HBSS solutions and dried in a desiccator overnight. After desiccation, the materials were

embedded in a cold cure resin overnight (Epoxy-fix, Struers, Ballerup, Denmark). The resin



blocks with the impregnated specimens were then ground and subsequently polished with an
automatic polishing machine (Tegramin 20, Struers, Ballerup, Denmark). The grinding was
accomplished with the use of 250, 500, and 1200 grit diamond discs (MD Piano, Struers,
Ballerup, Denmark) under water coolant, while polishing was carried out with 3 progressively
finer cloths (MD-Largo, MD-Dac, and MD-Nap respectively, Struers, Ballerup, Denmark) and
diamond impregnated lubricants (DiaProDac 3 um and OP-S, 0.04 um, Struers, Ballerup,
Denmark). Discs and cloths were set to rotate at approximately 300 revolutions per minute
(rpm). The grinding and polishing period was approximately 2 and 4 min respectively for each
disc/cloth. Consequently, specimens were cleaned from debris under water and were
subsequently mounted on aluminium stubs, held in place with carbon tape, and sputter coated
with gold (K550X Sputter Coater, Quorum Technologies Ltd., Kent, UK). Finally, the sealers
were viewed under the SEM (EVO MA10, Carl Zeiss Ltd., Cambridge, UK) in backscatter mode
to obtain elemental contrast. Images at different magnifications of 500x, 1,000x, and 2,000x
were obtained. Energy dispersive spectroscopy of selected areas was performed to assess the

elemental distribution.

2.3.2 X-ray diffraction (XRD) analysis

For the XRD analyses, the aged specimens were retrieved from the solution and dried in a vacuum
desiccator overnight at 37°C. For all ages, the sealers discs were then ground to a fine powder

using an agate mortar and pestle. XRD was performed with a diffractometer (Bruker D8 Advance,
Bruker Corp., Billerica, MA, USA) with the CuKa radiation at 30 mA and 40 kV was set to rotate

between 10° and 60° with a 0.02° 2q, and step time of 0.6 s. Phase identification was undertaken
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using a search-match software using the COD database (Crystallography Open Database

http://www.crystallography.net).

2.3.3 Fourier transform infrared (FT-IR) spectroscopy

To obtain the FT-IR spectra, aged specimens were retrieved from 5 ml Hank’s Balanced salt
solution (HBSS) and dried in a desiccator overnight. For all the ages of 0 days (immediately after
setting and drying),7 days, and 90 days, the sealers discs were ground using an agate mortar and
pestle to a fine powder. Five mg of each crushed sample of the sealers were mixed with 500 mg
potassium bromide in an agate mortar and pestle, pressed into a pellet (13 mm in diameter) with
the help of a pellet die (Specac, Orpington, UK) and a manual laboratory compactor (Clarke
CSA10bb 10 Tonne Hydraulic Bench Press, UK). This pellet was then analysed in the infrared
spectrometer (Thermo Nicolet Nexus 4700 FT-IR Spectrometer) using transmitted infrared
spectroscopy. All spectra were collected within the spectral range of 4,000-400 ¢cm™!. Background
spectra of KBR were also collected. Each spectrum was scanned several times to improve the

signal-to-noise ratio.

2.3.4 Leachate analysis

Analysis of elemental leaching was performed using inductively coupled plasma optical emission

spectrometry (ICP-OES; Optima 8000 ICP-OES, Perkin Elmer, Waltham, MA, USA). Materials were

prepared as described above, weighed (0.0001 g precision), and immersed in vials containing 5 ml
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HBSS at 37°C and 100% humidity. After 7 days and 90 days pellets were retrieved from the vials and
leachates were then sampled and diluted in 2% nitric acid. This process was performed to ensure that
elements in the leachates remained stable during the assay period. Consequently, solutions were
analysed for the presence of calcium, silicon, zirconium, and tungsten using HBSS acidified to 2%
HNO3 as the blank. A standard curve was provided by these standards, the equation of which was
used to determine the concentrations of the target ions of the test leachates. Results were expressed
with respect to the materials’ weight and the volume of the sample according to the following

equation:

Amount of element released per weight of disc (mg/g) ={(Amount of leachate per litre

(mg/L)blank(mg/L)} x volume of solution (L) / weight of disc (g).

2.4 Sterilisation Requirement of Sealer Discs

Once set, each disc was sterilised using one of five sterilisation methods and one set of discs was used

as control with no sterilisation. The sterilisation methods are illustrated in Table 2.1.



Table 2.1:Table showing different sterilisation methods used for sterilisation of sealer discs.

1. Discs prepared in microbiology hood

Group A 70 % ethanol 10 mins

Group B UV Light 1 hour (each side "2 hour)
Group C 70 % ethanol 10 mins + UV light 1 hour
Group D Autoclave

Group E Control (No sterilisation)

2. Discs prepared outside microbiology hood (in open lab)

2.4.1 Characterization of set materials before and after sterilization

Materials (n = 3 per group) were prepared and after setting, the four materials were sterilized using
ethanol, UV light, a combination of ethanol and UV light, and autoclaving as described in Table
2.1 of section 2.4, Sterilisation requirement of sealer discs. Characterization was then undertaken
by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). Fourier
transform infrared spectroscopic analysis was also performed. Unsterilized samples were used as a

control.
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2.4.1.1 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)

One disc from each of the five groups was mounted on aluminium stubs, held in place with carbon
tape, and sputter coated with gold (K550X Sputter Coater, Quorum Technologies Ltd.,

Kent, UK). The specimen was then viewed under the scanning electron microscope (EVO MA 10,
Carl Zeiss Ltd., Cambridge, UK). The sealer disc was assessed in secondary electron mode to
obtain elemental contrast at different magnifications. Energy dispersive spectroscopy of selected

areas was performed to assess the elemental distribution.

2.4.1.2 Fourier transform infrared spectroscopy

The discs from all 5 groups were crushed into powder and the same technique was followed as in
section 2.3.3 to form KBr pellets and the spectra were collected using transmitted infrared

spectroscopy within the spectral range of 4,000-400 cm ™.

2.4.2 Macroscopic imaging of sealer discs

After sterilisation, photographs of the discs were taken using a Huawei phone camera to assess any

visible changes.
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2.4.3 Sterility Test

Sealer discs were prepared in sterile conditions and further sterilized using the four sterilization
methods outlined in Table 2.1 and the unsterilized control was compared to sealer discs prepared
in an open lab. Each disc was placed in 5 ml of Brain Heart Infusion Broth (BHI) overnight in a
universal tube in a shaking incubator (N-Biotek, INC, 110 rpm) at 37°C. After 24 hours, 100 pL
of this BHI suspension was spread with a spreader on an agar plate. The streaked agar plates
were placed in an incubator (Thermos Scientific, Langenselbold, Germany) overnight at 37°C.

The agar plates were checked for bacterial growth after 24 hours.

2.5 Assessment of antimicrobial properties of endodontic sealers

2.5.1 Sample Preparation

All samples were prepared as presented in section 2.2.2 for microbiological analysis. They were
aged in 5 ml of sterile HBSS in sterile 7 ml polystyrene bijou containers in an incubator at 37°C
for 7 days and 90 days. After aging, the samples were rinsed with sterile water, dried on sterile

filter paper, and subjected to antimicrobial testing.



2.5.2 Microbiological assays

Microbiological assays used to assess the antimicrobial effect of the endodontic sealers in this experiment

were direct contact test and minimum inhibitory concentration assay.
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2.5.2.1 Attachment Assay/Direct Contact Test for Sealers

2.5.2.1.1 Bacteria and media

The antimicrobial activity tests were conducted under aseptic conditions in a laminar flow
chamber. E. faecalis, American type Cell Culture Collection number (ATCC) 29212, was grown
on Brain Heart Infusion Agar (BHI agar) plates overnight in an incubator at 37°C, (Thermo
Scientific, Langenselbold, Germany) from frozen stock cultures stored at -80°C; subsequently,
three to four colonies from the agar plate were inoculated in Sml Brain Heart Infusion broth (BHI)
and incubated in a shaking incubator (N-Biotek, INC, 110 rpm) at 37°C. The overnight bacterial
culture was suspended again in BHI and adjusted spectrophotometrically (Jenway,7315,
Staffordshire, UK) to an optical density at 600 nanometres (OD600) to 1.6, corresponding to
approximately 2x10° Colony Forming Units (CFUs)/ml. The antimicrobial activity of each sealer

was evaluated against planktonic bacteria.
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2.5.2.1.2 Methodology of Direct Contact test

The attachment assay performed to assess the antimicrobial effect of the endodontic sealers used
in this experiment has been described in previous papers in detail (152). Pictorial representation
of the Attachment assay for sealers could be seen in Figure 2.1. Inside a 9 cm diameter sterile
petri dish a round sterile filter paper was placed which was saturated with 900 uL of Phosphate
buffered saline (PBS) to increase humidity and a sterile glass slide was set on top of the filter
paper. The sterile sealer disc was placed on top of a microscopic slide which was then inoculated
with 20 pl of the diluted E. faecalis culture. A 22 mm diameter sterile glass coverslip (Chance
Propper Ltd., Warley, England) was gently placed on the droplet to spread out the solution evenly
and for better control of the contact between the disk surface and solution. The petri dish was then
closed and sealed with cling film to decrease evaporation during the long incubation times. All the
petri dishes were incubated at 37 °C in the dark without shaking. Bacterial suspension placed on
the sterile glass coverslip, covered with another sterile glass cover slip on top, with no sealer disc,

was used as a control. Testing was carried out for 0, 7, and 90 days.

To assess the survival of bacteria, the complete disc with the cover slip assembly was immersed
in 10ml of BHI in a falcon tube and vortexed for 30 secs to allow for dispersion of the viable and
non-viable bacteria from the surface of the disc. To enumerate the microbial counts, a 7-fold
serial dilution in BHI (Miles and Misra) was performed and 20-puL aliquots were plated in
triplicate onto BHI agar plates and incubated overnight at 37-C. After the incubation period, the
number of colonies was counted, and the Colony Forming Units/ml (CFU/mL) were calculated.
The number of colonies formed on the agar represents the number of viable bacteria that
survived the contact with the sealer surface enabling us to know the anti-bacterial efficacy. All

experiments were performed in triplicate.
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Figure 2.1: Schematic representation of the assembly for Direct Contact Test of different sealer
groups : (a) A sterile petri dish was placed on top of the slide which was then inoculated with 20 pl
of the diluted E. faecalis culture and a coverslip was gently placed on it. (b) After overnight
incubation, complete disc with the cover slip assembly was immersed in 10ml of BHI in a falcon
tube and vortexed for 30 secs. (¢) Miles and Misra was performed and Colony Forming Units/ml

were calculated.

2.5.2.2 Minimum inhibitory concentration (MIC) assay

For MIC (67-75), discs measuring 10 mm in diameter and 1 mm high were prepared as mentioned
above and immersed in sterile HBSS for 7 days and 90 days. After aging, the discs were discarded
and the potential of leachates to inhibit bacterial growth was tested using the minimum inhibitory

concentration (MIC) assay using E. faecalis. All procedures were carried out in a laminar flow hood.

E. faecalis was cultured in BHI as mentioned in ‘Bacteria and Media’ section 2.5.2.1 of
Microbiological assays. The OD of the bacterial cultures was standardised to 0.1 at 600 nm using
a spectrophotometer (Jenway 7315, Staffordshire, UK) and then further diluted in fresh medium

to reach a final OD of 0.001 at 600 nm.

Experiments were performed in 96-well plates. One hundred microliters of the final bacterial

inoculum were added to each well and an equal amount of the test leachate was then transferred.
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The test leachates were analysed either undiluted or following 4 two-fold serial dilutions in
sterile water (1/2, 1/4, 1/8, 1/16). Sterile water served as a negative control in the experiments;
independent negative controls were carried out for each group, containing sterile broth and the
respective test leachate. Culture plates were incubated overnight for 20 - 24 h at 37°C;
subsequently, the OD of each well was determined using a microplate reader (ELx800, Bio Tek
Instruments, Swindon, UK) at 600 nm. Experiments were performed in triplicate and three
independent wells for each group. Results were normalised by subtracting the values of the
negative control (leachate + BHI) from each group, to eliminate false positive results from
increased OD values obtained due to potential sedimentation effects from the leachates. The MIC

is equivalent to the lowest concentration of the eluent where no growth was seen.

2.6 Characterisation of dentine

2.6.1 Sample preparation and Instrumentation

Extracted human premolars with single straight or curved canals less than 10 degrees with fully formed
roots were obtained from the Birmingham Dental School Tissue Bank, School of

Dentistry, University of Birmingham, Birmingham, UK (ethical approval number: BCHC Dent

005. 2024). All methods were carried out following relevant guidelines and regulations. The split-
tooth model was used in this study for the characterisation of dentin which was modified from that

of Schmidt et al (153). Each tooth was stuck to an acrylic block with the help of a green stick and

the crowns of the teeth were sectioned at the cementoenamel junction to produce specimens with a

standard root length of 14 mm using hard tissue microtome (Isomet, Buhler, Lake Buff, USA) as



shown in Figure 2.2. The roots attached to the acrylic block were then split in the buccolingual
direction to obtain 2 root halves. The cleaved roots were reassembled using a light-curing resin
barrier (Epoxy fix; Struers, Ballerup, Denmark), covering the root apex with sticky wax (Tenatex
red; Kemdent, Swindon, U.K) and placed in an alginate (Zetalgin; Zhermack, Badia Polesine RO,
Italy) casing to simulate a closed apical system in vivo, increasing stability and preventing leakage

of the solutions.

Root canals were prepared with Wave One Gold rotary instruments (Dentsply Sirona, North
Carolina, USA) to an apical size of 35 and 0.06 taper. Irrigation using groups A, B, C, D, E, and F
was performed with a disposable 3 mL plastic syringe coupled to a 27-G monoject endodontic
irrigation needle (Covidien LLC, Mansfield, MA, USA) with a 5 mL monoject syringe (Covidien
LLC, Mansfield, MA, USA) placed passively to about 2 mm from the apical foramen without

binding. Apical patency was maintained with the #10 K-file.

Afterward, the canals were dried with paper points and separated into their two halves along the cleavage
created earlier. Characterisation of dentin was done by SEM, EDS, and FT-IR after the application of

different irrigation protocols.
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Figure 2.2: Schematic representation of specimen preparation for dentine characterisation. (a) the tooth sample was stuck to an
acrylic block with the help of green stick and were decoronated to produce specimens with a root length of 14 mm using hard tissue
microtome. (b & c) The roots were then split longitudinally to obtain 2 root halves. (d) The cleaved roots were reassembled and

joined into one unit using a light curing resin. (¢) This tooth assembly was then placed in an alginate casing to simulate a closed

apical system.

2.6.2 Irrigation protocols

Irrigation protocols utilised for characterisation of dentine are described in Table 2.2.
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Table 2 2: Irrigants were tested in different sequences. NaOCl (sodium hypochlorite), EDTA
(ethylenediaminetetraacetic acid), HEDP (1-hydroxyethylidene-1,1-diphosphonic acid) (mins=

minutes)
Groups Main Irrigants Time Final Irrigants Time
(During instrumentation) (After instrumentation)
Group A Distilled water (control) 5mins | Distilled water (control) 5 mins
Group B NaOCl 5.25% Smins | NaOCl 5.25% 5 mins
Group C EDTA 17% Smins | EDTA 17% 5 mins
Group D | NaOCl5.25% Smins | EDTA 17% 5 mins
Group E HEDP 9% + NaOCl15.25% |5 mins | HEDP 9% + NaOCl 5.25% 5 mins
Group F HEDP 9% + Distilled water |5 mins | HEDP 9% + Distilled water | 5 mins

The solutions were tested in sequences constituting an irrigation protocol that included an

antimicrobial (NaOCI) and a calcium chelator (EDTA/HEDP). Distilled water was used as a

control. The total volume of solutions and total time was kept constant. For the irrigation

sequence the first solution was irrigated for Sml/5min during instrumentation and the second

solution for Sml/5min after instrumentation was used. For individual solutions, the total

volume/time used was 10 ml /10min during and after instrumentation.
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2.6.3. Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy

(EDS) analyses

The root halves were dried in a vacuum desiccator for 24 hours after which they were retrieved,
attached to aluminium stubs, canal side facing upwards, and sputter coated with a conductive
layer of gold using a K550X Gold Target (Emitech Limited, Ashford, UK). The dentine
ultrastructure of one-half of each tooth and the irrigation protocol from apical, middle, and
coronal points were assessed by scanning electron microscopy (EVO MA10, Carl Zeiss Ltd.,
Cambridge, UK). In terms of elemental content and elemental distribution under 1K
magnification the following parameters were used, EHT =20 kV, I probe = 1000 PA, and WD =
8.5 mm for a 35°take-off (elevation angle). Data on oxygen (O), carbon (C), calcium (Ca),

phosphorus (P), chlorine (Cl), and sodium (Na) were collected from the EDS analysis.

2.6.4. Fourier transform infrared spectroscopy (FT-IR)

FT-IR was used to determine compositional changes in human dentine after each irrigation
protocol. The mean of two separate acquisitions of spectra data was obtained for each sample
using a Nicolet 6700 FT-IR machine (Thermo Scientific Instruments Corp., Madison, WI, USA)
and Omnic 8 software suite (Thermo Scientific Instruments Corp.) within the mid-IR spectrum

(range: 2000-700 cm™') at a resolution of 0.482 cm™! and 32 scans.
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2.7 Preliminary investigation of the dentine sealer interface using

fluorescent dyes

2.7.1 Sample preparation

Root segments of 4 mm length were obtained by sectioning the decoronated tooth segment
horizontally, 1 mm below the cemento-enamel junction, using a microtome (Accuton 50, Struers,
Ballerup, Denmark) as explained in Figure 2.3. These root blocks were further sectioned
longitudinally to get two halves. The outer cementum of each half was then removed and polished
on all sides with 220-800-grit silicon carbide paper to obtain a flat 4x4x2 mm specimen. These
samples were then washed with distilled water. A mould was created by silicon putty (Affinis
Putty Soft, Coltene) by embedding a tooth sample (which was removed later) as shown in Figure
2.4. Irrigation was performed with 5.25% hypochlorite for 5 minutes followed by 17% EDTA for
5 minutes on each sample and was air dried. BioRoot RCS sealer was mixed according to
manufacture instructions and Orange G dye (16230, Sigma-Aldrich, MO, USA) or Rhodamine B
dye (Sigma-Aldrich, MO, USA), used in 0.1% concentration was added to the sealer. Sealer on its
own with no dye was used as a control. The groups used are shown in Table 2.3. The sealer was
then placed on top of the dentine sample with the help of a thin plastic instrument with slight
pressure. The assembly was incubated overnight. After 24 hours, the dentine sealer assembly was
embedded in cold cure resin (Epofix, Struers, Ballerup, Denmark). Once the resin was set, the
block was sectioned longitudinally into two halves with a microtome (Accuton 50, Struers,

Ballerup, Denmark).
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Figure 2.3: Schematic representation of teeth preparation. a) All teeth were decoronated (b) and their roots were horizontally
sectioned to form root blocks with a standardized length of 4 mm, using a microtome (¢ & d). The root blocks were then

sectioned longitudinally to get two halves (e & f) one of the halves was polished from all sides to get a flat dentine specimen
of 4x2x2 mm.

Dentine specimen

Putty mould Irrigant

Figure 2.4: A silicon putty mould was created; dentine specimen was then placed in it and irrigation was performed.



Table 2.3: The table depicts three groups of dyes mixed with BioRoot RCS sealer mixed with
Rhodamine B, Orange G, and no dye as control. Irrigation of samples was done by 5.25%

NaOCl for 5 minutes followed by 17% EDTA (ethylenediaminetetraacetic acid)

Irrigation BioRoot RCS sealer
No dye (control)
5.25% NaOCl followed
by 17% EDTA
(5 mins) Rhodamine B
Orange G dye

2.7.2. Confocal laser scanning microscopy (CLSM)

To allow analysis under the CLSM (208-210), after tooth preparation, the samples were secured (to
prevent floating of the sample) with the help of dual-cure resin ( LuxaCore Z-Dual, DMG, Hamburg,
Germany) in a 35 mm cell culture dish, covered with water and examined with an inverted Leica
TCS-SP8 confocal system equipped with a DM6 upright microscope and a 40x/0.80 HCX water
immersion lens (Leica Microsystems GmbH, Mannheim, Baden-Wiirttemberg, Germany) with

an excitation/emission wavelength of 494/521 nm.



2.7.3. Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS)

The specimens to be assessed under the SEM followed the protocol as in section 2.3.1. Images
were obtained at 1,000 x magnification in backscatter mode for SEM and four different Energy
dispersive spectroscopy (EDS) point scans for Silicon (Si), Calcium (Ca), and Zirconium (Zr)
were taken on material, interface, and dentine as described in Figure 2.5. The ratios of Ca/Si and

Ca/Zr were obtained.

material

interface

dentine

Figure 2.5: Schematic representation of four EDS point scans for dentine sealer interface using fluorescent dyes (3 points
in material, 3 points in dentine, 3 points in material towards dentine sealer interface, and 3 points in dentine towards

dentine sealer interface).

2.7.4. Fourier transform infrared spectroscopy (FT-IR)

To obtain the FT-IR spectra, 7 days aged specimens were retrieved from 5 ml HBSS, polished to

a flat surface using 400-600 pm grit waterproof silicon carbide grinding paper (Struers), and then
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air dried. This sample was then analysed using an FT-IR microscope (Nicolet™ iN10 Infrared
Microscope, Thermo Scientific) in reflection mode. 7 equidistant points were selected in a
vertical direction, three in material, three in dentine, and one on the interface as shown in Figure
2.6. All spectra were obtained within the spectral range of 2,000-700 cm™!. Background spectra of

the gold disc were also collected.

material

interface

dentine

Figure 2.6: Schematic representation of points selected for FT-IR analysis for dentine sealer interface : 1 to 4 points in

material, 5 at interface, 6 to 9 in dentine.
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2.8 Investigation of the dentine sealer interface using an alternative

method

2.8.1 Sample preparation

Samples were prepared as described in section 2.7.1. Irrigation on all the sealers was performed
with three different irrigant groups mentioned in Table 2.4 on separate samples. Distilled water
was used as a control. Once the resin was set, samples were incubated in 5Sml Hank’s Balanced
salt solution (HBSS) in a bijou tube to age for 7 days). After aging the dentine sealer interface of
the samples was analysed using scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDS) and Fourier transform infrared spectroscopy (FT-IR). For the microbiological
investigation of the dentine-sealer interface, an attachment assay/direct contact

test was performed.



Table 2.4: Three irrigation groups; Group A: Distilled Water, Group B: Etidronic acid mixed with hypochlorite and
Group C: Hypochlorite followed by EDTA; for investigating dentine sealer interface with four sealers AH Plus,
BioRoot RCS, BioRoot Flow and TotalFill (NaOCI: sodium hypochlorite, EDTA: Ethylenediaminetetraacetic acid,

HEDP: 1-hydroxyethylidene-1,1-diphosphonic acid)

AH Plus

BioRoot RCS

BioRoot Flow

Group A Distilled water (10 mins)

TotalFill

AH Plus

BioRoot RCS

BioRoot Flow

Group B HEDP+5.25% NaOCI (10 mins)

TotalFill

AH Plus

BioRoot RCS

BioRoot Flow

Group C 5.25 % NaOCL (5mins) - 17% EDTA (5 mins)

TotalFill




2.8.2. Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS)

The specimens were assessed under the SEM following the protocol as in section 2.3.1. Images
were obtained at 2,000 x magnification in backscatter mode and four different Energy dispersive
spectroscopy (EDS) point scans followed the approach as in section 2.7.3 and as depicted in

figure 2.7 below.

material

interface

dentine

Figure 2.7: Schematic representation of EDS point scan for dentine sealer interface (3 points in material, 3 points in dentine, 3 points

in material towards dentine sealer interface, and 3 points in dentine towards dentine sealer interface).

2.8.3. Fourier transform infrared spectroscopy (FT-IR)

The specimens to be assessed by Fourier transform infrared spectroscopy followed the protocol as

in section 2.7 4.
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2.8.4 Intratubular infection test - pilot study

For the intratubular infection test a previously described methodology was used (112,154) with slight

modifications.

2.8.4.1 Sample preparation

Sample preparation for intratubular infection test is described in Figure 2.8. Cylindrical root segments
of 4mm length were obtained by sectioning the root horizontally 1mm below the cemento-enamel
junction using an Accuton 50 machine (Struers, Ballerup, Denmark). Each root canal was enlarged to
the size of a Gates-Glidden bur #4. The root segments were then sectioned longitudinally into halves

using a microtome.

The outer cementum of each half (from three sides) was then removed and polished with 220—
800-grit silicon carbide paper on three sides maintaining the curve of the root canal on one side,
to obtain 4x4x2mm specimens. The smear layer, formed during the preparation of the above
dentine specimens, was removed by treating the surface with 17% EDTA for Smin. Then, samples
were washed with distilled water for Smin and sterilized by autoclaving for 20min at 121°C. After

sterilization, the dentine blocks were kept in a sterile saline solution until used.

Each prepared dentine specimen was placed in the upper chamber of a centrifugal filter tube (VWR,
part of Avantor, Radnor, Pennsylvania, U.S.A) with the canal side up, and gaps with the inner wall
of the tube were sealed with flowable composite resin (Admira Flow, Voco, Cuxhaven, Germany)
and light-cured for the 20s. Sterile tweezers and a probe were used for the specimen’s

manipulation.
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centifugation
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scanning

Figure 2.8: Schematic diagram of sample preparation for intratubular infection test. 3 The cylindrical root segments were
sectioned longitudinally into halves. Each of these dentine specimen was placed in centrifugal filter with the canal side
up for dentinal tubule infection. After centrifugation, the dentine specimens were removed, outer surfaces of the
specimens were closed with nail varnish; irrigation followed by different sealer groups (medic) were applied on the

canal side. After incubation, samples were vertically cut into two halves, stained with live and dead stain, and viewed

under confocal microscope.

2.8.4.2 Dentine infection with Enterococcus faecalis

E. faecalis was cultured in BHI as mentioned in ‘Bacteria and Media’ section 2.5.2.1 of
Microbiological assays. A previously described protocol (112) used for dentinal tubule infection.

500mL of an E. faecalis inoculum was added to the upper chamber of each filter tube with the
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dentine specimen inside. The tubes were then submitted to a sequence of eight centrifugation
cycles at 1400, 2000, 3600, and 5600 g (Eppendorf 5417R centrifuge, Eppendorf, Hamburg,
Germany), at 25 °C, in two cycles of 5 min for each speed. Between the centrifugations, the old
suspension was discarded and replaced by fresh 500ml suspension. The same procedure was
repeated after two days and five days. In between centrifugations, the samples were placed in an
incubator at 37°C and 100% relative humidity in fresh sterile plain broth. The incubation lasted
for 5 days in total. On the sixth day, the samples were removed from the microtubes and prepared

for treatment with various irrigating solutions.

2.8.4.3 Irrigation

After centrifugation, the dentine specimens were removed from each tube, followed by rinsing in
sterile water for 1 min and air drying. The outer surfaces (cemental sides) of the specimens were

closed with clear nail varnish.

To check the efficacy of the test, three groups were formed as mentioned in Table 2.5. The first
group with no bacterial infection was utilised as control to check dentine autofluorescence , second
group was a sample with only bacteria and the third group was bacterial infected sample treated
with ethanol. These samples were irrigated with three types of irrigants which was followed by the

placement of the most widely used tricalcium silicate sealer, BioRoot RCS on the canal side.
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Table 2.5:Three groups for intratubular infection test using different irrigation protocols followed by BioRoot RCS as sealer

(NaOCIl: sodium hypochlorite; HEDP: etidronic acid; EDTA: Ethylenediaminetetraacetic acid).

Group Irrigation protocols | Sealer
No bacteria
. ) Distilled water (10 BioRoot RCS
Group A With bacteria .
mins)
With bacteria
followed by ethanol
No bacteria
5.25 % NaOCl+ 9% .
Group B With bacteria HEDP (10mins) BioRoot RCS
With bacteria
followed by ethanol
No bacteria
5.25 % NaOCl
Group C With bacteria (5mins) - 17% EDTA BioRoot RCS
(5 mins)
With bacteria
followed by ethanol
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The root canal lumen of each sample was irrigated with 5ml of the irrigating solutions for 5 min.
The specimens were then dried by placing them on sterile filter papers and each freshly prepared
sealer was placed on the surface of the root canal wall using a cavity liner applicator to achieve

an approximate thickness of 0.5 mm measured by digital pachymeter [tip of sterile probe] (155).

The samples were incubated for 7 days at 37°C at 100% humidity for aging.

2.8.4.4 Confocal laser scanning microscopy analysis

For dentine disinfection analysis, the Syto-9/Propidium iodide (PI) technique (Live/Dead, Baclight,
Invitrogen, Eugene, OR, USA) 480/500 nm for SYTO 9 and 490/635 nm for propidium iodide was
used as reported earlier (156). The ratio of SYTO 9 /propidium iodide was adjusted to

2.5ul:9 ul as suggested previously (157).

After aging, a scalpel was used to remove the excess material from dentine walls. The specimens
were rinsed in sterile water for 1 min to eliminate sealer residues and vertically cut into two
halves through the root canal using an Accuton-50 machine. Thereafter, they were washed with
sterile water and subsequently stained with 200 uL of the dye, in a light-free environment, for 10
min. All excess stain was removed, samples were rinsed with sterile water and excess water was
discarded. This sample was then placed in the fridge until testing under a confocal microscope.
In the refrigerator, it was retained in a 96 well plate wrapped with aluminium foil (to avoid light

contamination) in a drop of Phosphate buffered saline (PBS) to prevent it from drying.

For confocal imaging, the samples were stuck with dual cure resin in a 20 mm dish, covered with
water, and examined with an inverted LeicaTCS-SP8 confocal system equipped with a DM6
upright microscope and a 40x/0.80 HCX water immersion lens (Leica Microsystems GmbH,

Mannheim, Baden-Wiirttemberg, Germany). To visualize the true signal from the bacteria
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without any interference from autofluorescence coming from the substrate, a sterile tooth sample
was stained with the live and dead stain. It showed some fluorescence, so this was considered a
baseline, and its gain were deducted from the actual sample set. A low threshold was set for the
control sample to create a black background. Another control comprising a sealer filled root canal

sample without bacterial contamination was used.

Four confocal ‘stacks’ of random areas were obtained for each sample at 1 um step size. For
quantification, ImageJ software (https://imagej.net/Fiji) was used to calculate the percentage of

green (live cells) and red (dead cells) found.

2.8.5 Attachment Assay/Direct Contact Test for Dentine Sealer Interface

All teeth were decoronated and their roots were further segmented vertically into two halves with
the use of a microtome. Before segmenting, the exterior surface of the tooth was wiped with 70%
ethanol in the microbiology laminar flow hood and checked for any contamination of the exterior
surface of the root sample by rolling on BHI agar plates and incubating at 37C overnight. The
next day the agar plate was checked for any contamination. Once satisfied with the sterility the
root was segmented and the two segments were repositioned and held tightly by flowable light
cure composite (Admira Flow, Flowable light curing ORMOCER based restorative material,
Voco, Cuxhaven, Germany) on the sides and wrapped tightly with parafilm (Parafilm M,
Curwood, USA), leaving the apex. The roots were instrumented with sterile wave one gold files
up to size F3 and irrigants (Irrigation protocol was used as described in Table 2.4) from a fresh
bottle were applied from the top of the root blocks with the help of a needle and syringe. Then

the canal space was dried with sterile paper points. The sealers were mixed according to the
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manufacturer's instructions and placed inside the root canal along with sterile gutta-percha
(ethanol for 10 mins and dried) following the lateral condensation technique. It was then

coronally sealed with Glass ionomer restoration (GIC) (Ionofil Plus,Voco,Cuxhaven,Germany).

Samples were then aged in Sml of sterile HBSS [to better mimic the conditions present inside the

mouth], in sealed sterile 7 ml polystyrene bijou containers in an incubator at 37°C for 7 days.

After the incubation period, each root was unwrapped from the Parafilm, the light cure removed,
and the root segments were gently detached/debonded with the use of a scalpel that was applied
along their contact surfaces. After separating the twin root segments to reveal dentine and sealer, the
whole bulk of the sealer adhered to one segment whilst the adjacent dentine segment had fragments
of sealer remanent. This sealer remanent was gently detached from the dentine with the help of the
scalpel making sure not to scrape the dentine. The sample was then rinsed with sterile water, dried
on sterile filter paper, and subjected to the direct contact test. The sealer remnants were gently
exposed and retrieved intact from the dentine walls they had been in contact with and tested. The
direct contact test was then performed. Dentine in contact with sealer will be named as dentine

sample and sealer in contact with dentine will be known as sealer sample.

E. faecalis was cultured in BHI as mentioned in ‘Bacteria and Media’ section 2.5.2.1 of
Microbiological assays. The antibacterial properties were assessed using planktonic bacteria.
Inside a 9cm diameter petri dish a round sterile filter paper was placed which was saturated with
1000 pL of Phosphate-buffered saline (PBS) to increase humidity and a sterile glass slide was set
on top of the filter paper. The dentine and sealer samples were placed in different petri dishes on
top of a microscopic slide securing it with dual cure resin to keep it straight. These samples were
then inoculated with 20uL of diluted E. faecalis culture. A 22 mm diameter glass coverslip
(Chance Propper Ltd. Warley, England) was gently placed on the droplet to spread out the solution

evenly and for better control of the contact between the disk surface and solution. The petri dish
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was then closed and sealed with a cling foil to decrease evaporation during the long incubation
times. All the petri dishes were incubated at 37 °C in the dark without shaking. A root sample with
distilled water irrigation, without any sealer, and a coronal end sealed with GIC was used as a

control. Testing was carried out after 7days of incubation in sterile HBSS.

To assess the survival of bacteria, the dentine/sealer sample with the cover slip assembly was
immersed in 5 ml of BHI in a falcon tube and that was vortexed for 30 secs to allow for
dispersion of the viable and non-viable bacteria from the surface of the root sample. To enumerate
the microbial counts, a 7-fold serial dilution in BHI was performed and 20-puL aliquots were
plated onto BHI agar plates and incubated overnight at 37°C. After the incubation period, the
number of colonies was counted, and the Colony Forming Units/ml (CFU/mL) were calculated.
The number of colonies formed on the agar represents the number of viable bacteria that survived

contact with the sealer surface enabling us to know the anti-bacterial efficacy.

2.9 Statistical analyses

Graph Pad Prism software version 9.3.1 (GraphPad, San Diego, CA, USA) was used for data
handling, statistical analyses, and the expression of results in graphical formats, data were
assessed for normality with the Shapiro—Wilk test. All data were normally distributed according to
Shapiro -Wilk test. Mean values and standard deviations were expressed. The significance level of

p < 0.05 was used for all analyses.
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2.9.1 Studies on antimicrobial properties of eluates

All results were analysed using a one-way ANOVA and Tukey post-hoc tests for multiple
comparisons. Additionally, the Spearman correlation coefficient (r) was calculated to evaluate the
relationship between the mean values of calcium ion release and the respective antimicrobial

performance of the eluates.

2.9.2 Studies on Sterilisation of sealer disks and Dentine Sealer Interface

The data were evaluated using Graph Pad Prism software version 9.3.1 (GraphPad, San Diego, CA,
USA). All results were analysed using a one-way ANOVA test. Mean values and standard
deviations were expressed. The significance level of p<0.05 was used for all analyses. Microbial
tests were performed at least in triplicate and CFU values were reported as averaged values. Two-
way analysis of variance (ANOVA) and Tukey’s multiple comparison tests was performed for the

dentine sealer interface attachment assay.
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CHAPTER 3: RESULTS

3.1 Characterisation of set materials

3.1.1 Scanning electron microscopy and Energy dispersive spectroscopy

The backscatter scanning electron micrographs (SEM) at 1,000 x magnification and energy
dispersive X-ray spectroscopy (EDS) profiles for the randomly selected areas of identical sizes of
the tested materials are shown in Figures 3.1 and 3.2 for 0-day,7 days, and 90 days aging in
HBSS, respectively. AH Plus sealer was composed of radio-dense particles rich in calcium and
tungsten interspersed in a radiolucent matrix. Smaller particles rich in zirconium were also
present. There were no visible changes in microstructure and morphology after immersion in
HBSS for 7 days and 90 days. The EDS analysis of the material showed peaks for calcium,
zirconium, carbon, oxygen, and tungsten. The TotalFill, BioRoot RCS, and BioRoot Flow were all
composed of a cement and radiopacifier phase. The material matrix was dense, and the phases
were uniformly distributed, the radiopacifier appeared more radio-dense on the scanning electron
micrograph. The EDS analysis of all three sealers revealed peaks of calcium, zirconium, oxygen,

silicon, and carbon.
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Figure 3.1: Indicative backscatter Scanning Electron Microscopy (SEM) (1,000X magnification) showing microstructural components of AH Plus, BioRoot RCS, BioRoot
Flow and TotalFill sealer after immersion in HBSS for 0 day ,7days and 90 days.
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Figure 3.2: Indicative Corresponding Energy-Dispersive X-Ray Spectroscopy (EDS) analyses showing elemental composition of AH Plus, BioRoot RCS, BioRoot Flow and

TotalFill sealer after immersion in HBSS for 0 day ,7days and 90 days displaying main peaks of calcium, zirconium, silicon, carbon, and oxygen.
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3.1.2 X-ray diffraction analysis

XRD scans of AH Plus, BioRoot RCS, BioRoot Flow, and TotalFill were undertaken
immediately after setting and after 7 days and 90 days of immersion in HBSS as presented in
Figure 3.3. AH Plus exhibited very definite peaks of calcium tungstate (CT) (COD: 1546034)
and zirconium oxide (ZO) (COD:9005833). The XRD plots of BioRoot RCS, BioRoot Flow, and
TotalFill showed predominant peaks of zirconium oxide (COD: 9007485), (COD: 9005843)
(COD: 9007485) and tricalcium silicate (COD: 9015421) (COD: 9015421) respectively. The
BioRoot RCS exhibited a definite peak of calcium hydroxide (COD: 9006832) at 180 26 which
increased in intensity with aging reaching maximum intensity by 90 days. The TotalFill and
BioRoot Flow exhibited a minor peak for calcium hydroxide which was stable throughout the

testing phase.
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Figure 3.3: X-ray diffraction plots of AH Plus, BioRoot RCS, BioRoot Flow and TotalFill at 0 ,7 and 90 days showing the crystalline phases present after immersion in Hank’s

balanced salt solution.
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3.1.3 Fourier transform infrared spectroscopy

In Figure 3.4 characteristic bands of carbonates (CO3) were detected from 1400 to 1500 cm™ in

all specimens. Absorption intensities from 940 to 980 cm! were observed in all specimens,
indicating the formation of calcium silicate hydrate (CSH). The broad peaks presented at 3350
and 3430 cm™! represent the stretching motions of hydroxyl ions in the crystal network of
BioRoot RCS. A broad absorption band at 3400 cm™! was detected in the specimens indicating
the presence of water in the specimens. A small peak of calcium hydroxide (Ca (OH)2) at 3622
cm ! occurred in hydraulic cement samples in this region. For AH Plus in figure 3.4, the peak

corresponding to the nitrogen-to-hydrogen bond (N-H) was present at 2880- 2895 cm™!.
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Figure 3.4: Fourier transform infrared spectroscopy plots of the AH Plus, BioRoot RCS, BioRoot Flow and TotalFill at 0-day,7 days and 90 days. nitrogen to
hydrogen bond (N-H) peaks were detected in AH Plus and Carbonate (CO3), calcium silicate hydrate (CSH), & calcium hydroxide (Ca (OH)2) peaks were detected

in other tricalcium silicate sealers. Absorbance units (au) on y axis.



3.1.4 Leachate Analysis (calcium release assessment)

Two types of experiments for calcium release assessment were undertaken: one for 7 days and 90

days leachate; the other for leachate changed every 15 days for 90 days duration.

Table 3.1 illustrates calcium release data for 7 days and 90 days. Test eluates of BioRoot RCS
exhibited the highest values but were similar for calcium for both 7 days and 90 days(p=0.023).
Calcium amounts in the 7-d leachate of BioRoot Flow were not significantly different from
TotalFill (p=0.148).90-day leachate of BioRoot Flow observed a significant difference in the
calcium level with the other TCS-based materials (p<0.0001). Whilst the 90-day leachate of
BioRoot RCS and TotalFill did not show much difference (p=0.0029). There was a significant
rise in calcium ion leaching for TotalFill in 90 days than the 7 days (p<0.0001). However, it was

the opposite for BioRoot Flow whose calcium leached half as compared to 7 days of immersion

in HBSS (p=0.1495).

Results for calcium ion leaching in media changed after every 15 days for a total of 90 days
duration is shown in Table 3.2. BioRoot Flow and TotalFill showed a similar constant decrease in
calcium ion release (p=0.7242) for all the changes till 90 days. BioRoot RCS exhibited a
comparable decline in the leaching of calcium ions for the first three changes than other TCS
sealers (p=0.356) but at 60 days there was significant difference in calcium ion leaching
(p=0.034) with the same reducing pattern further till 90 days. AH Plus being a resin revealed

insignificant calcium ion leaching overall.
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Table 3.1: Cumulative data of leachate collected after total of 7 days and 90 days: Calcium (Ca) ion concentration in

leachate with standard deviation of four sealers: AH Plus, BioRoot RCS, BioRoot Flow and TotalFill. BDL: Below

Detection Limit

Sealer Ca- 7 days Ca- 90 days
AH Plus 0.03 £0.01 BDL

BioRoot RCS 278.33 £ 33.29 300.73 + 54.15
BioRoot Flow 142.29 + 52.01 84.08 + 8.73
TotalFill 123.50 + 11.68 247.25 +37.09
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Table 3.2: Data of leachate collected every 15 days for a total of 90 days duration: Mean calcium ion concentration

in leachate media of four sealers: AH Plus, BioRoot RCS, BioRoot Flow and TotalFill with standard deviation.

Duration AH Plus BioRoot RCS BioRoot Flow TotalFill

15 days 0.06 = 0.10 2097 £1.29 17.34 £ 1.17 1734+ 1.17
30 days 0.01 £0.01 16.08 +£0.93 19.36 £0.43 19.36 £0.43
45 days 0.03+£0.03 13.34 £ 0.50 12.62 +0.69 12.62 £ 0.69
60 days 0.01 +0.01 9.31+0.41 9.27+0.8 9.27+0.8
75 days 0.01 +0.01 3.91+0.91 5.72+1.06 5.72 £1.06
90 days 0.03 +£0.03 2.81+£1.51 3.59+£0.63 3.59+0.63

MICROBIOLOGICAL ANALYSIS

Microbiological analysis included testing of sterility of sealers, assessment of antimicrobial

properties of those sealers alone as well as in contact with dentine at dentine sealer interface.

It helped to determine if sterilization processes altered the microbial profile of the disc, which

could influence experimental results.
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3.2 Sterilization of Sealer Disk

3.2.1 Characterization of set materials before and after sterilization

Discs of set materials were characterised before and after sterilisation using techniques of SEM,

EDS and FT-IR.

3.2.1.1 Scanning Electron Microscopy (SEM)

The surface secondary electron micrographs of the materials subjected to different sterilization
protocols are shown in Figure 3.5. The autoclave and ethanol caused deterioration to the material
surface of AH Plus with channels devoid of radiopacifier present. Some surface deposits were
seen when BioRoot RCS was autoclaved. Ultraviolet seemed to have increased the porosity of
the material. The ethanol plus ultraviolet was more destructive with areas showing deposits
interspersed with areas that are darker and without deposits. In the case of BioRoot Flow, few
changes were seen except some cracking and increased porosity in ethanol plus ultraviolet. For
TotalFill, no microstructural changes were spotted other than some surface deposits in the

ethanol plus ultraviolet ground.
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Figure 3.5: Secondary electron Scanning electronic micrographs of AH Plus ,BioRoot RCS ,BioRoot Flow and TotalFill sealers after sterilisation with ethanol (E) ethanol &
ultraviolet (EU), ultraviolet alone (U) and autoclave(A) at 500 x magnification; control (C). In ethanol plus ultraviolet group, red arrow indicates areas with deposits
interspersed with areas that are darker and without deposits in BioRoot RCS, green arrow indicates cracking and increased porosity in BioRoot Flow, blue arrow indicates

some surface deposits in Total Fill. In autoclave group red arrow indicates deterioration to the material surface of AH Plus with channels devoid of radiopacifier. Yellow
arrow indicates some surface deposits in BioRoot RCS.
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3.2.1.2 Energy-dispersive X-ray spectroscopy (EDS)

EDS analysis of the materials subjected to different sterilization protocols is shown in Table 3.3.
The mean Ca/Si ratio and Ca/Zr ratio increased in BioRoot RCS after autoclaving while it was
elevated with ultraviolet sterilisation in BioRoot Flow as compared to the control group (no
sterilisation). TotalFill depicted opposite effects, where the Ca/Si and Ca/Zr ratios showed a

drastic decline in their values with all sterilisation techniques specifically more with Ethanol .
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Table 3.3: Energy-dispersive X-ray spectroscopy (EDS) mean values with standard deviation for sterilisation of sealers. Ratio of calcium with silicon and ratio of calcium with zirconium of

distinct groups of sterilisation methods on four sealers AH Plus, BioRoot, BioRoot Flow and Total Fill: no sterilisation as control.

Sterilisation
AH Plus (mean ratio) BioRoot RCS (mean ratio) BioRoot Flow (mean ratio) Total Fill (mean ratio)
Methods
Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr

Control 0.47+0.8 0.10+0.01 5.12+0.1 1.63+0.16 8.1+ 0.41 3.11+0.1 57.61 £523 [3.18£0.29
Ethanol 1.47+£0.49 |0.12+0.03 543 +0.43 1.40+0.11 11.29+0.61 |552+045 |13.20+1.67 |1.50+0.09
Ultraviolet 243+0.15 0.15+0.03 4.64+0.14 1.29+£0.03 12.68+1.56 [6.01+1.46 |26.30+6.30 |1.53+0.11
Ethanol+UV | 1.57+0.6 0.09£0.003 [4.27+0.25 1.14+£0.1 7.72 £0.26 2.81£0.10 [9.1£0.29 1.14 £0.05
Autoclave 2.24+0.27 0.11+0.34 845+1.72 3.67+5.94 7.96 +0.24 3.03+0.13 |1444+1.18 |1.25+0.19
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3.2.1.3. Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy analysis in Figure 3.6 depicted changes in water and

alcohol peaks at 3421cm! for AH Plus and BioRoot RCS, whereas TotalFill and BioRoot Flow

seemed unaffected by different sterilisation techniques.
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Figure 3.6: Fourier transform infrared spectroscopy of AH Plus, BioRoot RCS, BioRoot Flow (BRF) and Total

Fill (TF) after different techniques of sterilisation: No sterilisation as control (C), Ethanol (E), Ethanol +
Ultraviolet (EU), Ultraviolet (U) alone and Autoclave (A). Changes in water (H-O-H) and alcohol peaks could be
seen at 3421cm’! in AH Plus and BioRoot RCS specimen. No changes could be seen with BRF and TF.

Absorbance units (au) on y axis.
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3.2.2 Macroscopic imaging of sealer discs

Not much difference could be seen between any of the different sterilisation techniques

macroscopically as shown in Figure 3.7.

BRF

TF

AH

BR

Figure 3.7: Macroscopic view of all four sealer discs (BRF-BioRoot Flow, TF-TotalFill, AH-AH Plus, BioRoot
RCS) before and after sterilisation with different techniques (C-control, E-ethanol, EV-ethanol +ultraviolet, U-

ultraviolet, A-autoclave).
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3.2.3 Sterility Test

All the materials exhibited no contamination when prepared in a laminar flow chamber in sterile

conditions as compared to sealers prepared in the open lab as seen in Figure 3.8.

(a) (b)

Figure 3.8: (a) Agar plates showing growth when disks of AH Plus, BioRoot RCS, BioRoot Flow and TotalFill were

prepared in open lab. (b) Uncontaminated agar plate.

3.3 Assessment of antimicrobial properties of endodontic sealers

A preliminary experiment was conducted to ascertain the association between optical density
and CFU/ml, as shown in the table 3.4 below-
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Table 3.4: Association between optical density and CFU/mI conducted in a preliminary experiment.

Optical density(nm) CFU/ml

0.272 1x10°
1.531 1.2x10*
1.855 1.6 x10°
211 6.3x10°
3.793 18.6x10°

3.3.1 Attachment Assay/Direct Contact Test for Sealer

The results of the Direct Contact Test for the antimicrobial activity of all four sealers against E.
faecalis are shown in Figure 3.9. Groups of BioRoot RCS, BioRoot Flow, and TotalFill
specimens presented nondetectable viable counts at all time points suggesting complete
inhibition of the microbial activity. The limit of detection was marked at 50 CFU/ml. When 20
ul of suspension is plated, there are often fewer than 50 CFU/ml colonies present , which are
not likely to be visible, therefore the limit of detection. The bacterial concentration that was
recovered from the AH Plus control group at 0 days and 7 days was similar with 1x10* CFU
ml 1. After ninety days of aging, Colony Forming Unit values for the AH Plus sealer disc

increased up to 1x 10® CFU/ml.
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Figure 3.9: Antimicrobial activity in CFU/ml for four different sealers (AH Plus, BioRoot RCS, BioRoot Flow
and TotalFill) at 0-day, 7 days and 90 days with the Direct Contact Test. AH plus was the control. Results of two-
way ANOVA test with p < 0.0001: statistically significant difference. The limit of detection was at 50 CFU/ml.
ANOVA: analysis of variance; (n=3).

3.3.2 Minimum Inhibitory Concentration (MIC)

Results from the MIC assays testing 7-day eluates on E. faecalis are presented in Figure 3.10
(a). The leachates of BioRoot RCS, BioRoot Flow, and TotalFill resulted in a significant growth
reduction of E. faecalis (p<0.0001) when compared with the bacterial control. The leachate of

BioRoot RCS was more antibacterial compared with all other test leachates.
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However, AH Plus leachate demonstrated the least inhibition of microbial growth.
Figure 3.10 (b) shows the results from the 90-day leachates on the inhibition of E.

faecalis. BioRoot RCS exhibited a greater inhibitory effect (p<0.001) on bacterial growth as
compared to its 7-day eluate and all other test sealers. The 90-day leachate of BioRoot Flow
demonstrated a rise in microbial activity as opposed to the 7-day result. However, the eluent of
TotalFill exhibited the opposite effect. AH Plus revealed comparable results for both time

frames.

The difference in the mean was highly significant when the comparison of means was made
between tricalcium silicate sealers and the bacterial control suggesting high antibacterial
activity. Whilst comparing the means of AH plus and the control, results were non-significant

showing it to be the least antimicrobial.
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Figure 3.10: This graph represents optical density of various sealer eluents of a time frame of (a) 7 days and (b)
90 days frame. Bacteria only are the control. Results of one-way ANOVA / Dunnett's multiple comparisons test. Bar
graph and error bar (mean + SD). Differences between means are indicated. ****, p < 0. 0001.ns, not significant.

ANOVA: analysis of variance; (n=9).
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3.4 Characterisation of dentine

3.4.1 Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS) analysis

Scanning electronic microscopic images of dentine after being treated with different irrigation
protocols are presented in Figure 3.11. When the NaOCl was used as the only irrigant, a
smear layer was still observed on the dentin surface. The use of EDTA on its own as
irrigating solution and hypochlorite followed by EDTA as in Group C and D (Figure:3.11)
resulted in the widening of the dentinal tubules but some smear layer was seen in Group C
and erosion was observed (area marked with red arrow in Figure 3.11) with Group D. When
HEDP mixed hypochlorite (Group E) was used for irrigation, widening of the dentinal
tubules was seen, although tiny amounts of smear layer were present over the dentinal tubules
(area marked with yellow arrows in Figure 3.11). Distilled water which was used as a control
and HEDP mixed with distilled water which are Groups A and F, revealed a cracked smear

layer, which completely covered the dentinal tubules and showed the least cleaning effect.

EDS analysis from Figure 3.12 showed the increased intensity of sodium (Na) and chloride (CI)
with the NaOCl-treated dentin. Carbon (C) was reduced with the use of hypochlorite as
compared to the control group. C level increased significantly compared to the NaOCI and
control groups in the EDTA alone treated group; a significant decrease in the level of oxygen
(O) and calcium (Ca) was seen. Na and Cl levels increased in the HEDP+NaOCI group while

the HEDP+DW group displayed similar elemental composition as the control.
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Figure 3.11: Photomicrographs indicative secondary electron Scanning Electron Microscopy (2,000 X magnification) showing microstructural components of human
root dentine from the coronal (C), middle(M) and apical (A) thirds after irrigation on surface with Distilled (DW)- Group A, Hypochlorite (NaOCI)-Group B, EDTA -
Group C and Hypochlorite followed by EDTA (NaOCI-EDTA)- Group D, Etidronic acid mixed with hypochlorite (HEDP+NaOCI)- Group E and Etidronic acid

mixed with Distilled water (HEDP+DW)- Group F. Yellow arrow indicates smear layer, red arrow indicates erosion of dentinal tubule.
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Figure 3.12: Corresponding Energy Dispersive Spectroscopy plots showing elemental components of human root dentine from the coronal (C), middle (M) and apical (A)
thirds after irrigation on surface with Distilled Water (DW)- Group A, Hypochlorite (NaOCl)-Group B,EDTA-Group C, Hypochlorite followed by EDTA (NaOCI-EDTA)
Group D, Etidronic acid mixed with hypochlorite (HEDP+NaOCI)- Group E and Etidronic acid mixed with Distilled water (HEDP+DW)- Group F. Increased intensity of

Sodium (Na) & Chloride (Cl) and reduced Carbon (C) with the NaOCl-treated dentin as compared to control. Increased carbon (C) levels and decrease in the level of oxygen

(O) and calcium (Ca) was seen with EDTA groups as compared to controlling and Cl levels increased in HEDP+NaOCI.
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3.4.2 Fourier transform infrared spectroscopy

The FT-IR spectra of dentine showed peaks at 1650, 2148, and 1398 cm™!, characteristic of
the amide I, amide II, and III bands respectively (Figure 3.13). Bands were also observed
at 3350 and 3307 cm’!, representing the stretching of ~OH. 860 and 2009 ¢cm™! bands
represented carbonate peaks while 980-1000 peaks were of phosphate. The samples of the
EDTA group demonstrated a prominent amide peak as compared to phosphate, eliciting
demineralisation of dentine in comparison to the HEDP+NaOCI group where amide peaks
exhibited weakening and superior phosphate peak indicating denaturation of collagen. The
NaOCI-EDTA group displayed a reduction in all phosphate, amide, and carbonate peaks

implying both denaturation and demineralisation of dentine.
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Figure 3.13: Fourier transform infrared spectroscopy (FT-IR) of dentine plain and dentine exposed to different irrigation protocols: Distilled Water (DW)- Group A,
Hypochlorite (NaOCl)-Group B, EDTA -Group C, Hypochlorite followed by EDTA (NaOCI-EDTA)- Group D, Etidronic acid mixed with hypochlorite (HEDP+NaOCI)-
Group E and Etidronic acid mixed with Distilled water(HEDP+DW)- Group F.
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3.5 Preliminary investigation of the dentine sealer Interface using

fluorescent dyes

The dentine sealer interface was assessed using confocal laser scanning microscopy using
Rhodamine B and Orange G. To ensure that the dyes did not the material, the samples used
for the confocal microscopy were also assessed using scanning electron microscopy, energy
dispersive X-ray analysis and Fourier transform infrared spectroscopy using specimens not

exposed to dyes as a control.

3.5.1 Confocal laser scanning microscopy (CLSM)

The resultant images of confocal laser scanning microscopy of dentine sealer interface for
BioRoot RCS and AH Plus sealers in Figure 3.14 depicted high infiltration of Rhodamine B
and Orange G dyes into the dentinal tubules all along from the interface but were

inconclusive of penetration depth of the sealers mixed with those dyes.
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Figure 3.14: Representative fluorescence-mode CLSM images of sealer-dentin interface of BioRoot RCS and
AH Plus with Rhodamine B (R) or Orange G (O) added to the sealer; showing a richly dye-infiltrated dentinal

tubules.
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3.5.2 Scanning Electron Microscopy (SEM)

Representative scanning electron micrographs of sealers with fluorescent dyes at the dentine
sealer interface are shown in Figure 3.15. The AH Plus exhibited material microstructural
changes when exposed to the dyes whereby the radiopacifier was less evident and presented
washout. In the control AH Plus there was a distinct space between the tooth and the material
which was not observed in the Rhodamine B group. The Orange G led to some movement of
the radiopacifier from the material to the tooth structure. The BioRoot RCS was also affected
by the addition of the dyes with an increase in the interfacial distance when the dye was
added and microstructural changes in the material. The BioRoot Flow and TotalFill did not
show microstructural changes but there was a difference in the size of the gap at the
interface.

This can also be attributed to the use of a vacuum for scanning electron microscopy.

128



material

AH Plus-N

EHT =20.00kv Signal A =NTS BSD Date '8 Jan 2023 Signal A =NTS BSD Date :6 Jan 2023
Mag= 100KX Time :10:46:20 4 Mag = Time :12:27:44

EHT = 20.00 kV Signal A= NTS BSD Date 6 Jan 2023 EHT = 20.00kv Signal A = NTS BSD Date :18 Jan 2023
WD = 85mm Mag= 100KX Time :11:45:44 J A WD = 85mm Mag= 1.00KX Time :15:01:30

Signal A = NTS BSD Date :22 May 2022
Photo No. = 31677 Time :11:13:14

129



EHT =20.00 kv Signal A= NTS BSD Date :15 Jan 2023 ' Signal A = NTS BSD Date :18 Jan 2023 FETS EHT =20.00kV Signal A = NTS BSD Date :18 Jan 2023
WD = 85mm Mag= 1.00KX Time :14:24:41 | Mag= 1.00KX Time :15:30:09 WD = 85mm Mag= 100KX Time :15:01:30

Total Fill-N

interface

EHT =20.00 kV Signal A = NTS BSD Date :10 Jan 2023 . Signal A =NTS BSD Date :21 Jan 2023 Signal A=NTS BSD Date :21 Jan 2023
WD = 85 mm Mag= 100KX Time :11:69:10 X Mag= 1.00KX Time :11:39:24 Mag= 100KX Time :11:17:44

- =

Figure 3.15: Back-scatter scanning electron micrographs of AH Plus, BioRoot RCS, BioRoot Flow and TotalFill at dentine sealer interface (1,000x magnification)
showing microstructural components of three groups: Sealer with No dye (N), Sealer mixed with Rhodamine B dye (R) and Sealer mixed with Orange G dye (O).
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3.5.3 Energy-dispersive X-ray spectroscopy (EDS)

EDS analyses of the atomic ratios of calcium (Ca) with silicon (Si) and calcium (Ca) with
zirconium (Zr), at four different points of BioRoot RCS, BioRoot Flow, and TotalFill sealers
with fluorescent dyes are depicted in Table 3.5 to 3.7 respectively. Changes were not
anticipated in AH Plus sealer as zirconium is stable in Ah Plus as opposed to zirconium in

hydraulic cement sealer; therefore, the ratio was not calculated.

EDS analysis indicated a gradual rise in the Ca/Zr and Ca/Si ratios, moving from material
towards dentine, in all the sealer groups with or without dye except for BioRoot Flow where
Ca/Si ratio was maximum at the interface for all its groups. Si and Zr content were below the
detection limit towards dentine in all the groups. The result suggested the elemental
composition of Ca, Si, and Zr did not show much change when Rhodamine B and Orange G

dyes were used as opposed to when the dye was not used.
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Table 3.5: EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with zirconium (Ca/Zr) of
BioRoot RCS mixed with Rhodamine B and Orange G dye ,with no dye as control; at four different points, one

point in material, two points at interface and one point in dentin. BDL: below detection limit; Inter-M: interface
towards material; Inter-D: interface towards dentine.

Dye group BioRoot R.CS Inter—M Inter —D Dentine.
(Mean ratio) (Mean ratio) (Mean ratio) (Mean ratio)
Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr
No Dye 3.19 0.68 3.47 16.08 14.80 Zr BDL Si BDL Zr BDL
Rhodamine | 3.18 0.42 5.80 0.91 28.44 7.89 211.81 6.20
Orange G 4.26 0.68 3.12 16.08 Si BDL Zr BDL Si BDL Zr BDL

Table 3.6: EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with zirconium (Ca/Zr) of
BioRoot Flow mixed with Rhodamine B and Orange G dye ,with no dye as control; at four different points, one
point in material, two points at interface and one point in dentin. BDL: below detection limit; Inter-M: interface
towards material; Inter-D: interface towards dentine.

Dye group BioRoot Fl.ow Inter—M Inter —D Dentine.
(Mean ratio) (Mean ratio) (Mean ratio) (Mean ratio)
Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr
No Dye 6.98 0.47 23.21 8.19 28.77 12.30 Si BDL Zr BDL
Rhodamine | 4.63 1.75 78.23 6.72 53.95 14.17 36.96 Zr BDL
Orange G 27.93 3.28 69.61 5.39 59.09 Zr BDL 59.78 Zr BDL
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Table 3.7: EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with zirconium(Ca/Zr) of
TotalFill mixed with Rhodamine B and Orange G dye ,with no dye as control; at four different points, one point
in material, two points at interface and one point in dentin. BDL: below detection limit; Inter-M: interface
towards material; Inter-D: interface towards dentine.

Dye group TotalFiu Inter-M Inter -D Dentine.
(Mean ratio) (Mean ratio) (Mean ratio) (Mean ratio)
Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr
No Dye 3.93 0.53 9.21 0.62 23.18 Zr BDL Si BDL Zr BDL
Rhodamine 14.19 1.84 4.76 0.70 Si BDL 4.72 Si BDL 15.02
Orange G 5.35 0.98 5.37 0.49 Si BDL 20.22 Si BDL 19.01

3.5.4 Fourier transform infrared spectroscopy

Representative FT-IR spectrums in Figure 3.16 displays phosphate (POa4) peak at 1100- 1130

in dentin and OH peaks are seen at around 1600 in dentine and sealer both in all the sealer

groups. In tricalcium silicate sealer groups a peak at 1400 to 1500 is of carbonate, seen with

more intensity towards the material side and 960 peak in the material indicating calcium

silicate hydrate (CSH). An increase in the intensity could be seen in the 803 Si-O peaks of the

epoxy resin of AH Plus when the dye is incorporated into the resin sealer. Carbonate and

CSH peaks intensify with the addition of dyes in the BioRoot RCS, BioRoot Flow, and

TotalFill while the phosphate peak fades towards dentin at the interface.
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Figure 3.16: Fourier transform infrared spectroscopy point scans of AH Plus, BioRoot RCS, BioRoot Flow and TotalFill at 3 points in dentine(D), 1 point at interface (Inter/I) and 3 points in

sealer/material(M) at interface (Inter/I) and 3 points in sealer/material(M) at 300pum, 200um and 100pum distance from interface. [ID3, ID2, ID1=point at 300,200,100 pm distance from interface

in dentine. [IM3,IM2,IM1= point at 300, 200, 100 um distance from interface in material]. Results were assessed within the spectral range of 700 to 2000 of three groups : Sealer with No

dye(N) ,Sealer mixed with Rhodamine B dye (R) and Sealer mixed with Orange G dye (O). Increase in intensity in the 803 Si-O peaks of AH Plus when the dye is incorporated into the resin
sealer. Carbonate and CSH peaks intensify with the addition of dyes in the BioRoot RCS, BioRoot Flow, and TotalFill while the phosphate peak fades towards dentin at the interface.|

Silica(SiO), Phosphate (PO4) ,Hydroxyl (OH), Calcium Silicate Hydrate (CSH), and carbonate(CO3).
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3.6 Investigation of dentine sealer interface using a Fourier

transform infrared spectroscopy method

3.6.1 Scanning Electron Microscopy (SEM)

The scanning electron micrographs in the backscatter mode of specific microstructural
components are presented in Figure 3.17. The samples when viewed under scanning
electron microscope revealed cracks, debonding and shrinking from dentine at the interface
due to vacuum drying and desiccation during sample preparation. These cracks could be
seen depicted by red arrows in most of the samples in Figure 3.17. Therefore, this method of
investigation for analysing sealer adaptation to dentine at their interface, could not provide
much information, especially when working with hydraulic cements which shrink on final

setting.
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Figure .17:Back—scatter scanning electron micrographs of dentine sealer interface of AH Plus, BioRoot RCS, BioRoot Flow and Total Fill sealers (2,000% magnification)
showing microstructural components irrigated with three irrigant groups; Distilled water-(DW), HEDP mixed with hypochlorite (NaOCI)-(HN) and Hypochlorite
(NaOCl) followed by EDTA-(NE). Red arrow depicts the detached and cracked interface of sealer to dentine.
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3.6.2 Energy-dispersive X-ray spectroscopy (EDS)

EDS analyses of the mean atomic ratios (with standard deviation) of calcium (Ca) with
silicon (Si) and calcium (Ca) with zirconium (Zr), at four different points, are depicted in

Tables 3.8 to 3.10. Since AH Plus is an inert material, the data could not be calculated.

EDS analysis of BioRoot RCS on the dentine surface in Table 3.8 describes that higher
concentrations of Si and Zr elements were detected towards the dentine sealer interface in the
NaOCIH+HEDP irrigant group as compared to the NaOCI-EDTA group and least in DW. This
was suggested by the lower Ca/Zr and Ca/Si ratio which was 6.67 and 0.98 respectively in
the NaOCI-EDTA group while it was the opposite for BioRoot Flow where Ca/Zr and Ca/Si
ratio was 105 and 11.35 respectively for NaOCI-EDTA which was greater than
NaOCI+HEDP. . However, in the control group (distilled water) the content of Si and Zr was
below the detection limit, towards the dentine, thus ratio could not be calculated. Traces of Zr

could be seen in dentine for the other two irrigant groups.

In Table 3.10 of TotalFill, Ca/Si and Ca/Zr ratio was similar for most of the points for NaOCl
EDTA and NaOCI+HEDP groups whereas the ratio for DW was high at the interface. Traces
of Zr could be seen in dentine for BioRoot RCS and TotalFill with group A and group B .

Overall calcium content increased while progressing from material to dentine.
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Table 3.8: EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with zirconium) after irrigation with three groups and using sealer as BioRoot RCS at three

distinct locations, material, interface, and dentin at 4 different points. One point in material, two points at interface and one point in dentin, with standard deviation.

(NaOCI+HEDP= hypochlorite mixed with etidronic acid, NaOCI-EDTA= Hypochlorite followed by EDTA, DW=distilled water), BDL: below detection limit; Inter-M: interface

towards material; Inter-D: interface towards dentine.

Irrigants BioRoot RCS Inter-M Inter -D Dentine
group
(Mean ratio) (Mean ratio) (Mean ratio) (Mean ratio)
Ca/Si Ca/Zr Ca/Si Ca/Zrx Ca/Si Ca/Zr Ca/Si Ca/Zr
DW 4.87+0.84 1.21 £0.59 436+2.03 |4.54+5.52 37.12+46.96 | 2.09+3.63 Si BDL Zr BDL
NaOCI+HEDP 5.89+1.94 25.14 +£21.57 4.11+0.59 |3.69+4.05 41.72+28.26 | 592+3.35 51.46 + 18.37 Zr BDL
NaOCI-EDTA 3.69 +0.72 13.62 +15.11 7.21+£3.24 | 4.57+3.06 105.44 +61.79 | 11.35+5.49 28.13 +£36.24 7.29 £2.46
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Table 3.9: EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with zirconium) after irrigation with three groups and using sealer as BioRoot Flow at three
distinct locations, material, interface, and dentin at 4 different points. One point in material, two points at interface and one point in dentin, with standard deviation.

(NaOCI+HEDP= hypochlorite mixed with etidronic acid, NaOCI-EDTA= Hypochlorite followed by EDTA, DW=distilled water, BDL: below detection limit. Inter-M: interface

towards material; Inter-D: interface towards dentine.

Irrigants BioRoot Flow Inter-M Inter -D Dentine
group
(Mean ratio) (Mean ratio) (Mean ratio) (Mean ratio)
Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr
NaOCI+HEDP 2.73+046 |088+£047 |3.57+0.71 2.04+£0.53 |27.30+4.34 | 13.97+4.35 | SiBDL Zr BDL
NaOCI-EDTA 3.68+0.44 |238+197 |2759+695 | 564+596 |28.03+48.5 |ZrBDL Si BDL Zr BDL
DW 373+1.08 |2.489+1.8 | 5.07+2.75 9.33+10.11 | SiBDL Zr BDL Si BDL Zr BDL
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Table 3.10: EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with zirconium) after irrigation with three groups using sealer 7otalFill at three distinct
locations, material, interface, and dentin at 4 different points. One point in material, two points at interface and one point in dentin, with standard deviation. (NaOCI+HEDP=
hypochlorite mixed with etidronic acid, NaOCI-EDTA= Hypochlorite followed by EDTA, DW=distilled water, BDL: below detection limit; Inter-M: interface towards material;

Inter-D: interface towards dentine.

Irrigants TotalFill Inter-M Inter -D Dentine
group
(Mean ratio) (Mean ratio) (Mean ratio) (Mean ratio)
Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr Ca/Si Ca/Zr
NaOCI+HEDP 361045 | 058+0.44 |24.67=+19.67 | 1.80+1.85 | SiBDL Zr BDL Si BDL 3.81+1.81
NaOCI-EDTA 3.73+031 |029+0.16 | 4.99+1.53 0.41 £0.06 45.14 £58.67 | 4.64+299 | SiBDL 9.56 +0.63
DW 423+£146 |0.56+0.1 5.07+1.45 0.35+0.06 |31.88+6.72 |2.36+0.89 |0.63+0.89 | 7.66+8.13
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3.6.3 Fourier transform infrared spectroscopy

The intensity of the dentin characteristic phosphate peak at 1100 cm ™! was used to quantify
the degree of mineralization across the cement-dentin interface. The peaks at 950 to 1000
which are associated with the presence of calcium silicate hydrate (CSH) were selected as
peaks characteristic of hydraulic cement. Representative FT-IR plots of the dentine sealer

interface are presented in Figure 3.18.

At the transition area of the sealer-dentine interface, the intensity of the phosphate peak was
reduced with hydraulic cement as compared to that in the solid dentin area, while the
intensities of the CSH peak were reduced gradually towards dentin. Shallowing of the
phosphate peak could be seen more when the sealer was used with NaOCI-EDTA irrigation

group. AH Plus did not show much difference at the interface with irrigant groups. increased

143



AH Plus DW AH Plus NH AH Plus NE
3 3 3
© ~— o — °
T PO, —— [} — —— [} —
e} el e}
: & : M P Se——
1200 1100 1000 900 800 1200 1100 1000 900 800 1200 1100 1000 900 800
Wavelength(cm?) Wavelength(cm) Wavelength(cm )
ID3 D2 ID1 inter ID3 ID2 ID1 inter ID3 ID2 ID1 inter
M1 IM2 IM3 IM1 IM2 IM3 M1 IM2 IM3
i . BioRoot RCS NE
BioRoot RCS DW BioRoot RCS NH
) CsH = CSH = —_CSH
% PO, T — s PO
e g — A
8 ___/\_———f _rés -§ —/\__’7
2 & 2 20— — 2 %
R, < - — 2
1200 1100 1000 900 800 1200 1100 1000 900 800 1200 1100 1000 900 800
Wavelength(cm™) Wavelength(cm™) Wavelength(cm™)
ID3 ID2 ID1 inter b3 b2 D1 inter ID3 ID2 Inter Inter
IM1 IM2 IM3 IM1 M2 IM3 IM1 IM2 IM3




BioRoot Flow DW BioRoot Flow NH BioRoot Flow NE

———
= — &

1200 1100 1000 900 800 4500 1100 1000 900 800 1200 1100 1000 900 800
Wavelength(cm™?)

CSH CSH

|

Absorbance(a.u)
Absorbance(a.u)
Absorbance(a.u)

Wavelength(cm ) Wavelength(cm™)
ID3 ID2 ID1 inter ID3 D2 D1 inter ID3 ID2 ID1 inter
IM1 1IM2 IM3 IM1 M2 IM3 IM1 IM2 IM3
R TotalFill DW TotalFill NH TotalFill NE
=}
% CSH E GSH El PO, —
2 g —POy & -+
< 2
1200 1100 1000 900 800 1200 1100 1000 900 800 1200 1100 1000 900 800
Wavelength(cm-1) Wavelength(cm™ ) Wavelength(cm)
D3 D2 D1 inter ID3 D2 ID1 inter ID3 ID2 ID1 inter
IM1 IM2 IM3 IM1 IM2 IM3 IM1 IM2 IM3

Figure 3.18: Fourier transform infrared spectroscopy point scans of AH Plus, BioRoot RCS, BioRoot Flow and TotalFill at 3 points in dentine(D) ,1 point at interface (Inter/I) and 3 points in
sealer/material(M) at 300um, 200um and 100pum distance from interface. .[ID3, ID2, ID1=point at 300,200,100 um distance from interface in dentine. IM3, IM2, IM1= point at 300, 200, 100 pm
distance from interface in material]. Results were assessed after irrigation within the spectral range of 800 to 1200 with three irrigant groups: Distilled water-(DW), HEDP mixed with

hypochlorite (NH) and Hypochlorite followed by EDTA-(NE). (Phosphate (PO4) peak in dentine was reduced with hydraulic cement as compared to that dentine area , while the intensities of the

Calcium silicate hydrate (CSH) were reduced gradually towards dentine.



3.6.4 Intratubular infection test pilot study

Representative confocal laser scanning microscope images after staining with live and dead
stains are shown in Figures 3.19 to 3.21. The green fluorescence indicates live bacteria and red
signifies dead ones. Figures 3.20 depicts E. faecalis infected dentinal tubules after irrigation
with Group A Distilled Water (DW), Group B HEDP+NaOCI (hypochlorite with etidronic
acid), Group C NaOCI-EDTA (hypochlorite followed by EDTA), followed by placement of
BioRoot RCS sealer. The autofluorescence of dentine is visible so the live and dead cells
could not be differentiated. Figure 3.20 depicts a distinct bacterial infiltration in dentinal
tubules after modifying the original staining ratio & subtracting the dentine autofluorescence
gain. Following the same pattern as Figure 3.20, ethanol was used as a control in Figure 3.21,
but despite pursuing the same protocol clear images could not be acquired for counting the
dead and live cells. Looking at the results, this methodology was found unsuitable for the
research question and thus another approach to determining the antimicrobial activity of

sealers after irrigation at the dentine sealer interface was used in this study.
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Figure 3.19: Representative confocal laser scanning microscope images of E. faecalis infected dentinal tubules
after irrigation with distilled water (DW), HEDP+NaOCI (hypochlorite with etidronic acid), NaOCI-EDTA
(hypochlorite followed by EDTA), followed by placement of BioRoot RCS sealer. The viability staining indicated
live cells in green, and dead cells in red. Scanning was performed using 40xwater lens, 1um step size.

Dentinal tubules showed autofluorescence.
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Figure 3.20: Representative confocal laser scanning microscope image of E. faecalis infected dentinal tubules after
reducing the dentine autofluorescence. The viability staining indicated live cells in green, and dead cells in red.

Scanning was performed using 40xwater lens, 1 um step size.

Figure 3.21: Representative confocal laser scanning microscope images of E. faecalis infected dentinal tubules
after treating with ethanol. The viability staining indicated live cells in green, and dead cells in red. Scanning

was performed using 40xwater lens, 1pum step size.
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3.6.5 Attachment Assay/Direct Contact Test for Dentine Sealer Interface

The results of the DCT after 7 days of aging and 24 hrs of direct contact are shown in Figure
3.22 & Figure 3.23. This test was used to evaluate changes in the antimicrobial effect of each
sealer in contact with dentine and vice versa at the dentine sealer interface. In Figure 3.22 all
the sealers depicted a reduction in their antimicrobial effect when in contact with dentine as
compared to sealers with no contact (control). AH Plus showed the least antibacterial activity of
2 x10* CFU/ml (p < 0.05) with all the irrigants. However, BR RCS sealer showed the highest
bactericidal effect as compared to all other sealers. Overall, the sealers with NaOCl- EDTA

irrigation exhibited maximum bactericidal effect as opposed to other irrigation groups.

DCT analysis of dentine at the dentine sealer interface is described in Figure 3.23. In general,
dentine with or without sealer contact did not show many differences at the dentin sealer
interface. However, dentine when irrigated with NaOCl- EDTA, after contact with a sealer,

displayed the greatest antibacterial activity at 1x10°> CFU/ml (p< 0.05).
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Figure 3.22: Number of CFU (Colony Forming Unit) of E.faecalis in the presence of AH Plus, BioRoot RCS,

BioRoot Flow, TotalFill sealer in contact with dentine at the dentine sealer interface after 3 irrigation protocols

(DW= distilled water; NaOCHHEDP= hypochlorite mixed with etidronic acid; NaOCI-EDTA= Hypochlorite

followed by EDTA), aged for 7 days and 24h of direct contact: (p<<0.05). Sealer with no contact with dentine was

used as a control. Results of two-way ANOVA and error bar (mean = SD). ANOVA: analysis of variance; (n=3).
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Figure 3.23: Number of CFU (Colony Forming Unit) of E.faecalis in Dentine in contact with (AH Plus,

CFU/ml

Y\O

BioRoot RCS, BioRoot Flow, Total Fill) sealer at the dentine sealer interface, after 3 irrigation protocols
(DW= distilled water; NaOCHHEDP= hypochlorite mixed with etidronic acid; NaOCI-EDTA=
Hypochlorite followed by EDTA), aged for 7 days and 24h of direct contact: (p<0.05). Dentine in no
contact with sealer was used as control. Results of two-way ANOVA and error bar (mean + SD). ANOVA:

analysis of variance; (n=3).
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Chapter 4: DISCUSSION

4.1 Scope of the project

Prior research has evaluated the interaction of dentine with sealer materials (158—
160) and effect of irrigation on dentine properties (143) but there is minimal
information on the influence of irrigation on chemical and antibacterial properties
of hydraulic cements as well as the optimal irrigation protocol for preparing the

dentine to receive the sealer for obturation.

The effect of NaOCl &EDTA on antimicrobial properties of HCSC sealers and on
dentine has been evaluated in one of the studies (129) although the effect of

continuous chelation has not been studied.

Hence this study aimed at investigating the effect of different irrigation techniques
including continuous chelation on dentine microstructure ensuing the best
substrate for HCSC sealer interaction at dentine sealer interface.

Furthermore, this research explored the changes in the antimicrobial properties of
HCSC sealers on interaction with dentine after irrigation with different chemical
solutions and choose the best irrigation protocol for endodontic treatment using

HCSC sealers for obturation.
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4.2 Selection of materials

Eliminating root canal microorganisms or significantly reducing their load must
serve as the primary criterion for selecting a sealer to maximise root canal

disinfection and to avoid re-infection through an efficient dentin-sealer interface

(161).

4.2.1 Selection of endodontic sealers

The endodontic sealer materials investigated in the current research were mainly
based on a tricalcium silicate cement and the control used was an epoxy resin
based sealer. From the materials tested, BioRoot RCS was the only formulation
presented in a powder and liquid format similarly to MTA. This sealer is water
based and the change from cement to sealer is dependent on the addition of a
water-soluble polymer. When placed in a storage solution, the sealer leaches high
levels of calcium ions when compared to other tricalcium silicate-based sealers,
leading to antimicrobial activity. The other two premixed calcium silicate—based

endodontic sealers used were TotalFill BC and BioRoot Flow.

These premixed sealers utilize the moisture naturally present in the dentinal
tubules to initiate its setting reaction. They have notable antibacterial effects and

have also shown high cytocompatibility (162).
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Tricalcium silicate sealers have the property of biomineralization and the
deposition of phosphates over the material when in contact with the dentine and
tissue fluids. This bonding of the sealer to the root canal dentine results in

reduction of microleakage.

The fourth sealer used in the study was AH Plus jet. Being an epoxy resin, it sets
by an addition reaction between epoxide groups and amines to form polymers. It
has an excellent physicochemical property, high dimensional stability, radiopacity
and demonstrates high and effective bond to dentine wall by forming sealer tags
(68). It also exhibits low solubility, disintegration and antimicrobial property
(163). Due to all these properties, AH Plus is commonly used in endodontics and
as a reference material for comparison (164). They have limited biocompatibility

or osteogenic potential (165).

The choice of sealer should be taken into consideration when selecting the
obturation technique. Single cone cold obturation technique was used in the
current study. The manufacturer recommends the use of tricalcium silicate sealers
with cold obturation techniques only particularly with gutta-percha in a single
cone obturation technique or lateral condensation technique. It is shown that on
application of heat used in warm vertical compaction obturation techniques to

these sealers tend to affect their setting time (166,167) .

153



4.2.2 Selection of Irrigants

A combination of solutions may be used to effectively irrigate a root canal rather
than a single solution (28,30). In the present study, three frequently used

endodontic irrigating solutions were used.

The first one selected was NaOCI due to its special ability to disintegrate organic
and necrotic tissues like pulp, bacteria, and biofilm remnants (112). Higher
concentration (5%) as used in the current study are related to higher chlorine
content it releases, which is positively correlated to its tissue-dissolving ability
(168,169). Advocated as a supplement irrigant to NaOCl, the use of chelating
agent (EDTA & HEDP) is important as it improves the penetration of sealer into
dentinal tubules and therefore increases the range of its antimicrobial action and
bond to dentine. EDTA was used as one of the chelating agent which dissolves
inorganic matter of the smear layer formed during instrumentation to prevent
blocking of dentinal tubule, however this action of EDTA can alter the mineral
content of root dentine causing peritubular and intertubular dentinal erosion.
Another chelating agent, Etidronate/etidronic acid (HEBP), was used as an
alternative to standard chelator, EDTA. Etidronic acid and EDTA have different
effects on the structure of dentin, according to the literature (17). Etidronic acid
causes less erosion of dentine (18). NaOCl's capacity to dissolve organic tissues
was shown to be inhibited by EDTA, while HEDP had a negligible impact on this

NaOCl feature (171).
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4.2.3 Testing samples for experimental studies

Since the dentine microstructure cannot be intentionally replicated by any method,
human teeth were used to enable adequate clinical translation of the results
obtained (172—174). Therefore, human teeth were used in the current study to

perform all the experiments.

In this work, a split tooth model was used to investigate the antibacterial efficacy
at the dentine sealer interface. More explicitly, the bactericidal characteristics of
dentine and sealers that have come into contact with dentine were evaluated. This
method has been previously employed to assess alteration of the antibacterial
properties of dentine and three endodontic sealers irrigated with two irrigation

protocols including NaOCI(NaOClI) or chlorhexidine (CHX) (175).

4.3 Sterilisation of the endodontic sealers

During the initial stages of devising the experimental plan for the current project,
it was necessary to determine how the sample materials could be sterilised. The
importance of evaluating the antibacterial capabilities of endodontic materials is
rising. Antimicrobial compounds are supposed to prevent the recontamination of
root canal system caused by microorganisms. Various techniques have been
employed to evaluate the antibacterial qualities of endodontic materials. These

include the agar diffusion test (176—178), minimum inhibitory concentration
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(179-182), direct contact test (175,180,183—185), intratubular infection essay
(110,112,129). Prior to antimicrobial testing, materials should be disinfected or
sterilised to prevent contamination by the organisms. Sterilisation methods
include ultraviolet (186,187) gamma radiation (180) ethanol (188) and autoclave.
However, in achieving this objective, it is important to recognise that different
sterilisation techniques do not modify the surface properties which may interfere
with the investigations of the microbial activity of dental materials. There has
been a publication on the effects of disinfection or sterilisation procedures on
resin restorative materials (189). Steam sterilisation and gamma radiation have
been claimed to cause degradation of resin material; ethanol has been shown to
affect the physical properties of resin; autoclaving appears to be a more suitable
technique without resultant degradation of the material. In the light of these
effects, it is important to know what effect can incur on the endodontic sealers
after different methods of sterilisation. Furthermore, given the early levels of
contamination in endodontic materials, it is unclear if sterilizing the sample before

to testing is required.

A careful study of the literature reveals that the effect of sterilisation on the
chemical properties of the endodontic sealers has not been thoroughly
investigated. Furthermore, sterilisation of endodontic sealers may affect the
outcomes of experimental studies through structural alterations and the
modification of their chemical and mechanical properties (189—-193). Therefore, it
is becoming increasingly important for researchers to recognise these possible
changes when using sealers material as a research substrate, as these will have an

impact on the research outcome.
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4.4 Methodological design

So far, tubule penetration (194—197) and push out bond strength (70,141,159,198—
200) have been the only methods used to study changes at the dentine sealer
interface while keeping the sealer or the dentine alone in mind. However, the
interaction between the dentine and sealer following the action of irrigation

solution has not been studied to date, which makes it extremely important.

Following this adjustment, both commercial and experimental materials were
thoroughly characterised and a potential interrelationship between the leaching

profile and biological and antimicrobial properties was investigated.

There were some experiments which were tried but could not get appropriate
results, therefore, were discarded. Those include the pilot studies mentioned

below.

4.4.1 Pilot studies

4.4.1.1 Preliminary investigation of the dentine sealer Interface using fluorescent dyes

Various tests in microscopic studies have been carried out to determine sealer
adaptation to the dentine at the dentine sealer interface such as, SEM, EDS
(99,129,201,202) and confocal laser scanning microscopy (CLSM) (91,129,203—

205).
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SEM images informed about the morphology of the sealer penetration into
dentinal tubules. EDS investigated elemental composition of the penetration of
sealers and determine the migration of ions in between dentine and sealer. The
user can calibrate the apparatus to study the surface by picking out certain points,
scanning the entire surface, or employing linear scans. The line scans give
information regarding the chemical composition at the dentine sealer surface
along those lines and chemically characterise it. This method has been used earlier
to characterize the dentine-root canal sealer interface (131) or interface of root

end filling materials with dentine (207).

However, to be more specific and compare dentine and material alone, the point
scans at the interface could provide better information about the changes, as used
in previous studies to study joint or interface (147). Due to sealer separation from
dentine at the interface, no data could be gathered at a single centre point,
therefore two places were chosen at interface: one on the sealer and one on
dentine nearest to the dentine sealer interface. Sealer and dentine both have
common element, calcium in them thus studying just the elements alone would
not give the appropriate data and not be indicative of sealer remanent, hence in
the current study the ratio of calcium with silicon and calcium with zirconium was
considered as those (Si, Zr) are the unique elements for tricalcium silicate.
Changes were not anticipated in AH Plus sealer as zirconium is stable in AH Plus
as opposed to zirconium in hydraulic cement sealer; therefore, the ratio was not

calculated.

CLSM with the use of fluorescent organic dyes views underneath the surface of
the dentine so no surface preparation which could cause artifacts, is required and

thus is non-destructive in nature. It is a standard used in numerous studies to study
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sealer penetration (204,208-210). Therefore, this method was chosen for a pilot
study to analyse the dentine sealer interface using two sealers, BioRoot RCS and

AH Plus, after irrigation with NaOCl followed by EDTA.

A requirement of CLSM is that the sealer must be labelled with a fluorescent dye
that can emit fluorescence and measure the depth of sealer penetration in the
dentinal tubule. The dyes used in the pilot study were Rhodamine B and Orange G
which has been used in previous studies to study sealer penetration
(5,58,133,136,137). The results of confocal laser scanning microscopy of the
dentine sealer interface in figure 3.14 showed that there was an elevated level of
sealer infiltrated into the dentinal tubules all along the interface. Although no such
results were detected from the other experiments conducted with fluorescent dyes
for comparison, which included, SEM, EDS and FT-IR. SEM showed slight
infiltration of sealer into dentinal tubule in figure 3.15. EDS line scans suggested
reduction in zirconium and silicon (elements specific for hydraulic cement) with
increase in the distance from interface in table 3.5, 3.6 and 3.7. FT-IR showed
high intensity of tricalcium hydrate specific CSH peak at interface but decreasing
when reaching 300 um into dentine, suggesting that the sealer flow reduces

beyond 300um in figure 3.16.

These findings were different from CLSM finding, which showed intense
diffusion of dye throughout dentinal tubule. Rhodamine B and Orange G both
were acidic in nature as tested with the help of pH meter, water-soluble at room
temperature, and when diluted can produce fluorescence (138—140). It shows an
enhanced affinity for moisture as compared to the calcium in the sealer (141), due
to which the dye leaches out from its mix with sealer, in the presence of moisture

in dentine (196). The leached dye in dentinal tubules may emit fluorescence even
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beyond the flow of sealer giving flawed results (215) which is also shown in our
study where the resultant images of dentine sealer interface for BioRoot RCS and
AH Plus sealers shows extensive penetration of Orange G and Rhodamine B dyes
into the dentinal tubules starting at the interface. The impressive images of
penetration of sealer presented in several studies (208,216,217) are influenced by

the nature of the dye.

Therefore, this technique for evaluation of sealer penetration depth was not

proceeded further with other sealers and irrigant groups.

4.4.1.2 Intratubular infection test pilot study

The antimicrobial properties of endodontic sealers are important especially in long
standing root canal infections where the resistant bacteria are confined in the
dentinal tubules of root dentine in form of biofilms (110). This test mimics the
above-mentioned conditions and has been used in previous studies
(87,105,110,112) to measure the effectiveness of disinfecting solutions and
obturating materials against biofilms in dentine. This method provides for an
artificial method of dentine tubule bacterial centrifugation and gauge the bacterial
viability in dentinal tubules with the help of staining with SYTO 9 (live) and

propium iodide (dead) dyes using confocal imaging technique (110,112,218,219).

Hence a pilot study with intratubular infection test was conducted to measure the
antibacterial activity of endodontic sealers on its own as well as with different

irrigation techniques.
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The human root canal samples of 4 mm in length were used. Studies have shown
that penetration of irrigant solutions in apical dentine is prevented by tubular
sclerosis common in apical third of dentine (218, 220) and this limitation led us
discard apical portions. Furthermore, the dentinal tubules are wide enough
coronally for easy bacterial infection thus a coronal dentine of 4mm length was
chosen for this experiment. The dentinal walls were exposed directly in contact
with the irrigant group as suggested previously (112). Ethanol was used as one of
the controls as it is a known antiseptic and disinfectant because of its fixative and

dehydrating activity and is effective against most bacteria and fungi (71,221,222).

The dentine block was irrigated with three different irrigation groups, distilled
water, NaOCl followed by EDTA and NaOCIl mixed with HEDP, followed by
placement of AH Plus, BioRoot RCS, BioRoot Flow and TotalFill sealer adjacent
to dentine infected tooth specimens. The positive control was a sample with only

bacteria.

Using the dentine infection model under the experimental conditions the bacterial
infiltration in the dentinal tubules were visible with adjustment in the original
SYTO 9 and propium iodide ratio used in one of the previous studies (157) and

eliminating the dentine autofluorescence gain.

Despite modifications, bacterial viability could not be gauged, and results could
not be obtained in confocal images of E. faecalis infected dentinal tubules after

irrigating with the above-mentioned irrigation groups as well as the control group.

The reason of unclear images was dentine autofluorescence (223), which persisted
in interfering with the interpretation. Another limitation of this model was adverse

effects on collagen fibres owing to dentine sterilization, which may result in
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inferior biofilm adhesion (71). Thus, this methodology was deemed inappropriate
to answer the research questions. Therefore, it was not continued with other
groups. A modified direct contact test (152,202) was selected instead, to explore
the antimicrobial nature of sealers in contact with dentine and dentine in contact

with sealers, using planktonic bacteria.

4.5 Chemical characterisation of set materials

In this study, various techniques have been utilised to investigate the material
microstructure and the chemical composition of the sealers. Mineral structures in
hydraulic cements are crucial for the material's long-term performance and for
comprehending the functionality of the material, hence their significance has been
stressed. The details about the distribution of hydrated products, non-hydrated
particles and radiopacifiers in the bulk of each set material was performed with
SEM; elemental makeup of the materials was achieved with EDS & FT-IR and
the mineral phases found in materials by XRD analyses. Calcium leaching was
assessed with ICP-OES. For the second part of the study, direct contact test, MIC,
SEM, EDS, and FT-IR of dentine sealer interface was carried out. The calcium
leaching of eluates was monitored for 7 days, 90 days and changing media every
15 days for 90 days. For antimicrobial experiments, leachates were used in MIC
assays to correlate their performance with their chemical profile. In the literature,
these techniques have been widely employed to evaluate the chemical

composition of dental materials (59,67-75).
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In the current study, calcium hydroxide was produced as a by-product of
hydration of tricalcium silicate cement. The production of calcium hydroxide was
evident from the X-ray diffraction analysis in figure 3.3. This calcium hydroxide
was leached in solution and reacted with the phosphate ions present in the Hank's
balanced salt solution. A crystalline deposit of calcium phosphate was evident on
the surfaces of tricalcium silicate cement. The lower Si/Ca ratio seen in EDS in
figure 3.2 results was due to a greater abundance of calcium in tricalcium silicate
which can result in a greater deposition of hydroxyapatite when the material is in
contact with a physiological solution. Since both sealers and tooth structure
include calcium, the elemental mapping was unable to track the calcium's
migration from the sealer to the tooth. The presence of sealer residues on dentine
was therefore identified by use of the sealer specific elements silicon (Si) for
hydraulic cements and zirconium (Zr) for hydraulic cements plus AH Plus sealer
which could be tracked in respective sealers. The ratio of calcium to silicon and
calcium to zirconium were used to track the flow of calcium from the sealer to the
dentine, which could not be tracked using elemental mapping alone as both
sealers and tooth structure include calcium. Each functional group of the chemical
components absorbs a specific wavelength of radiation in the infrared region and
these functional groups were characterised by the Fourier transform infrared
spectroscopy (FT-IR) by plotting a graph of radiation intensity versus frequency
(72). Since FTIR has such high sensitivity, accuracy, and spectrum quality, it is
the recommended technique for infrared spectroscopy. Compared to earlier
methods, it offers a higher data gathering speed and does not harm the sample
(231). FT-IR is to examine the interaction of calcium silicate cements with various

liquids thus showing absorption peaks of calcium silicate hydrate and calcium
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hydroxide and broad absorption bands in hydraulic cement samples in the present

work.

4.6 Leachate Analysis

The calcium content of the material leachate was measured by ICP OES. This
technology is one of the most dependable technologies now in use and is
substantially more accurate than other widely used techniques (81). It can test
components from trace to high concentrations and perform multi-elemental
quantitative analysis in as little as 1 minute with a minimal amount of solution

(233).

The release of high levels of calcium by the BioRoot is in accordance with
previous studies (73) and accounts for the material’s antimicrobial properties. The
antimicrobial properties of BioRoot have also been shown in previous research
and tested using alternative techniques(43). In the current study, calcium ion
leaching was same for both 7 and 90 days. Calcium silicate-based cements are
bioactive materials that could release hydroxyl and calcium ions thus creating an
adequate alkaline environment. There was a significant rise in calcium ion
leaching for TotalFill in 90 days than 7 days as seen in previous studies (234). The
water-based sealer BioRoot RCS exhibits a higher calcium ion release compared
to syringe systems like TotalFill and BioRoot flow, as it depends on the diffusion
of ions through a non-aqueous matrix that delays, or restricts, the calcium ion
formation and release (235,236). Furthermore, the presence of calcium phosphate

monobasic in TotalFill BC also modifies the hydration reaction (85,236). The
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leaching of calcium ions was higher in Bioroot Flow at 7 days than 90 days which
is consistent with other research comparing the release of calcium from different
calcium silicate-based sealers (237). No calcium ions release was observed in AH
plus as it permits the release of a great number of ions during the initial setting,
reducing ion release over time. AH Plus like other resin cements has shown a low
solubility probably related to its resin matrix which would explain the lower

calcium release than other tricalcium silicate cements (103).

4.7 Microbiological Analysis of Sealer materials

4.7.1 Characterisation of set materials before and after sterilisation

When conducting biological and antimicrobial testing, material sterility becomes
paramount. Contamination can impede cytocompatibility studies by causing cell
death and compromising the accuracy of assessments in microbiological assays.
The sterilizing techniques may also modify the microstructure and physical
properties of dental and biomaterials (189—192). Therefore, we characterised the
set materials before and after sterilisation to assess the changes. The procedures
utilized in the current work to assess the material changes were comparable to

earlier research (189).

The sealers in our study became contaminated during benchtop preparation and
required sterilization. While utilizing a laminar flow cabinet for material

preparation is recommended, certain equipment constraints may preclude its use
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in all cases. Given the use of a non-sterile laboratory bench for material
preparation followed by decontamination, performing a sterility test before

initiating actual testing is highly advisable.

The primary way to monitor the growth of pure bacterial cultures is by measuring
turbidity in liquid cultures, which is done using a spectrophotometer to determine
optical density (OD) (238). However, the spectrophotometer might not always be
effective at detecting low viable counts. In these cases, an alternative method
involving agar plating can be utilized to obtain a qualitative value indicating the
presence or absence of the result (238). To ascertain the presence of bacterial

growth, this study utilized the agar plating technique as a confirmatory measure.

To verify the effectiveness of sterilization methods, sterilized samples were
compared to untreated controls to assess any property changes. The absence of
bacterial growth on plates in the first approach was attributed to the high pH
induced by sterilization, potentially inhibiting microbial activity. Additionally,
without plate-based culture and specific specimen preparation, the antimicrobial
effects of four sterilization techniques, namely steam, ethanol, UV, and ethanol
plus ultraviolet, were evaluated directly on several hydraulic cement sealers,
including BioRoot RCS, BioRoot Flow, and TotalFill which are popular root canal

sealers due to their antibacterial and cytocompatibility nature (101,184).

The suitability of steam sterilization for polymers remains unclear, with
conflicting reports showcasing both its effectiveness (189,191) and its potential to
induce material damage through hydrolysis, softening, melting, and degradation
due to the intense heat, pressure, and presence of water (190). In our study, steam

sterilization compromised the material surface of AH Plus and BioRoot RCS
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sealers due to elevated temperatures aligning with previous findings that also

looked at the effects of steam sterilization on resin-based materials (191).

Ethanol exhibits efficacy as an antiseptic agent against a broad spectrum of
bacteria, fungi, and viruses due to its fixative and dehydrating properties.
However, it possesses limited sporicidal activity, failing to eradicate bacterial
endospores (91). The antimicrobial action of ethanol is attributed to its protein
coagulating and membrane-denaturing effects on microbial cells (92). In current
study, ethanol exhibits no adverse effects on resin-based materials and
biomaterials (51,52), it can impact the mechanical properties of glass ionomer
components as shown in previous study (189). There were comparable results,
with ethanol having no effect on the physical and chemical properties of BioRoot
RCS Flow and TotalFill. This is because these materials do not contain available
(OH)  in the initial stages of the reaction, unlike BioRoot RCS. Therefore, ethanol

could potentially be used for sterilizing a limited number of sealers.

At specific wavelengths (200-280 nm), UV light disrupts microorganisms,
hindering their ability to multiply and eventually leading to their inactivation.
This targeted approach makes it a valuable alternative to other sterilization
methods of chemical or heat (241,242). However, this study confirmed that UV
light, known to impact light-curable materials (189), altered the surface of the
BioRoot RCS sealer and modified the Ca/Si and Ca/Zr ratios in BioRoot Flow
and TotalFill. Given these detrimental effects, UV sterilization alone is not

recommended for sealers.

This study pioneers the use of a combined ethanol and ultraviolet irradiation

approach for sterilizing dental materials to make use of the benefits of both
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techniques and minimise their detriments. Notably, previous studies have not
explored the use of ethanol and ultraviolet irradiation together for sterilizing
dental materials. However, when employing this combination, the surface
microstructure, elemental composition of Ca/Si and Ca/Zr ratios, as well as the

water and alcohol peaks in all the sealers analysed were modified as well.

4.7.2 Assessment of antimicrobial properties of endodontic sealers

4.7.2.1 Attachment assay / Direct Contact Test for Sealer

In the literature, antibacterial efficacy has primarily been evaluated using agar
diffusion test (ADT) with planktonic bacteria (176—178). The agar diffusion test is
a simple test and requires relatively low budget (110). It is mostly used for
assessment of endodontic materials, but it relies on the solubility and diffusion of
the materials and thus is not quantitative (243). This test also does not provide the
actual antibacterial effect of the sealers in question due to the buffering capacity
of the agar plate (87,244). Therefore, the agar diffusion test was replaced by the
direct contact test (DCT) in the current study. This attachment assay, although has
some limitations, is a more quantitative and reproducible method to quantify the

bacterial growth and to imitate their contact with the materials (71,245).

For the experiments reported here, a single species culture of E. faecalis was
selected. Although root canal infections are polymicrobial (246), E. faecalis is the

bacterium used in many studies to assess the anti-microbial properties of materials
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and eluates in invitro models (112,246-248) and thus chosen for this current
study. Furthermore, the results with a single organism are easily quantifiable and
reproducible (249). Afore utilising the bacteria for various tests on material and

leachates, it was incubated overnight and then quantified.

With the direct contact test, AH plus showed lesser antibacterial activity as
opposed to the HCSC sealers as shown in Figure 3.9 in results section. Its
antimicrobial action is due to toxic effects of bisphenol Di glycidyl ether, amines,
and epoxy resin present in its components (107) and due to formaldehyde released
in the polymerization process (251). Since the DCT in our study was performed
after 7 days of aging it reduced the antimicrobial property of AH Plus thus it was
unable to reduce the CFU mL! at the 7-day contact period evaluated. The
inefficacy of this material against E. faecalis has been previously reported
(252,253). This lack of activity may be related to this material’s neutral pH and

low solubility (254), confirmed by the present study.

During hydration reaction of hydraulic cements, calcium hydroxide dissociates
into calcium and hydroxyl ions (87,255). It has been demonstrated that the
hydration patterns of various HCSCs vary. BioRoot RCS is a water-based cement
which means its hydration is always maintained, releasing calcium hydroxide,
regardless of the amount of fluids present in the environment. Thus, viability of
bacteria reduces (116). The premixed ready-to-use injectable sealer systems like
TotalFill and BioRoot Flow relies on OH-ions derived from tissue fluids to form
calcium hydroxide. The vehicles used have an influence on rates of ionic

dissociation and diffusion of calcium hydroxide (88).
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Tricalcium silicate cements used in the present study were able to significantly
reduce the number of CFU mL™! at all time points as compared to epoxy-based
sealers which is consistent with the previous studies that demonstrated prominent
antimicrobial activity of hydraulic cements against the planktonic bacteria when
evaluating their killing effect using DCT (18,256-259). This can be due to the
strong alkalizing activity of calcium silicate sealers due to their ability to form
hydroxyl ions and raising the pH (18,71). However, none of the sealers were

successful in completely eliminating the bacteria.

4.7.2.2 Minimum Inhibitory Concentration (MIC)

In the current study, antibacterial assays were also conducted on the bacterial
eluates of test materials. Endodontic materials interact with the surrounding
tissue, fluids, and bacteria (260). Studying the in vitro leachates is also of interest
for predicting their anti-microbial activity. The amount of calcium hydroxide that
leached into the extraction solution could be directly associated to any potential
antibacterial behaviour of endodontic materials, without interfering with the
outcomes, making the evaluation of the eluates more pertinent to the scopes of the

current project (261-264).

For the evaluation of the antimicrobial potential of the leachates against
planktonically grown bacteria, the indirect test Minimum Inhibitory
Concentrations (MIC) was chosen. MIC was done for 7 day and 90-day leachate.

Measurement of results was performed using a plate reader.
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Minimum inhibitory concentrations (MICs) are defined as the lowest concentration
of an antimicrobial that will inhibit the visible growth of a microorganism after
overnight incubation. MIC is regarded as a relatively low cost, reproducible
technique, and most basic laboratory measurement of the activity of an
antimicrobial agent against an organism (230). The lower the MIC value, more
effective is the antimicrobial agents. Only a few studies have evaluated the

antimicrobial effect of leachates so far using MIC (33,37,41,42).

Data obtained from the MIC experiments also revealed that all tricalcium silicate
cements are antimicrobial when compared to epoxy resin-based sealers, which
may be linked to hydraulic cements' release of calcium hydroxide as depicted in
figure 3.10. BioRoot RCS eluate had higher antibacterial activity as compared to
other leachates. This is due to increased calcium hydroxide release when the
BioRoot RCS powder comes into contact with water during mixing itself. The
hydration of the premixed system sealers TotalFill and BioRoot Flow begins only
when they come into contact with environmental fluids, delaying the release of
calcium hydroxide. As a consequence, the idea that hydraulic cements are
antibacterial was confirmed. Also, this result is in congruence with the ICP results
which projected highest values of calcium release of BioRoot RCS for both 7

days and 90 days.
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4.8 Characterisation of dentine

Testing the effects of irrigation solutions on the dentine tissues and characterising
it, has been crucial, since irrigation treatments may result in changes of the

dentine substrate which might affect its interaction with the sealers.

When the NaOCl was used as the only irrigant, smear layer was still observed on
the dentine surface shown in figure 3.11, due to its action on organic tissue and it
does not remove inorganic debris which appears as smear layer. Some smear layer
was still observed with HEDP mixed with hypochlorite group. Only EDTA or
hypochlorite followed by EDTA did not show any smear layer, although erosion
of dentinal tubules was observed with these groups but not with HEDP group.
Collagen fibre which provides the mechanical characteristic to dentinal tubule, is
covered with hydroxyapatite (5). NaOCI when used in sequence with strong
chelator like EDTA may penetrate and rupture the apatite-encapsulated, highly
cross-linked collagen matrix, due to the low molecular size of hypochlorite anion
(123), resulting in erosion of dentinal tubule as previously reported (147). Earlier
literature indicated EDTA is a stronger chelating agent than HEDP(266) and
hypochlorite used after a strong chelating agent erodes the dentinal tubule
(267).The spectra obtained from EDS analysis demonstrated that the inorganic
materials were further exposed as a result of the prior breakdown of the organic
portion of the smear layer on the root canal surface by NaOCI, which favoured the
removal of Ca®* by the chelators (4,267) and interaction of EDTA with the
calcium ions in hydroxyapatite crystals can change the mineral composition of

root dentin (268).
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Phosphate and calcium are the main mineral components of dentine, and both are
soluble in water. When the strong chelating agents like EDTA comes in contact with
dentine, calcium ions are removed from the solution resulting in dissolution of
deeper hydroxyapatite crystals uncovering the collagen fibres leading to its
destruction (269,270) which can be seen in our results showing widening and
erosion of the dentinal tubules. This also coincides with FT-IR finding where there
is reduction in all phosphate, amide and carbonate peaks implying both
denaturation and demineralisation of dentine with NaOCI-EDTA group.
HEDP+NaOCI group exhibited weakening of amide peaks and superior phosphate
peaks indicating denaturation of collagen due to NaOCI action mixed with the
chelator. The amide peak was more pronounced in the only EDTA group than in the
phosphate group attributed to dentine demineralisation, which was not seen in the

HEDP-+NaOCI group since HEDP is a poor chelator.

4.9 Investigation of dentine sealer interface using an alternative method

The current research looked at three hydraulic calcium silicate cements (HCSCs)
and an epoxy resin-based sealer to evaluate how well these materials interacted
with dentine that had undergone irrigation with different protocols as well as how
well they could alter the properties of the dentine after application at the dentine

sealer interface.
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4.9.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is frequently used to assess the morphology
of the dentine and sealer particles at dentine sealer interface (195,201,271-273).
In the current work some sealer diffusion could be seen in few groups (figure
3.17) which could be the result of the flowable consistency of the cement flowing
into open dentinal tubules (30). A limitation of this method is that it requires
surface preparation of specimen and vacuum desiccation, due to which sealer
properties especially of hydraulic cements could be greatly affected, shrink, and
detach from the surface of the dentine (67) and cannot properly represent the
adaptation which can also be seen in this study. In the current work it revealed
cracks and adhesive mode of failure at the dentine sealer interface particularly
more when hydraulic cements like BioRoot RCS, TotalFill and BioRoot Flow
were used. While epoxy resin does not shrink during setting (201), it can account
for their better adaptation at the dentine sealer interface when tested without dyes,
compared to tricalcium silicate cements. Therefore, this research approach could
not yield much information regarding the analysis of sealer adaptation to dentine
at their interface, particularly when dealing with hydraulic cements that shrink,

debonded, and crack from dentine at the interface upon final setting.
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4.9.2 Energy-dispersive X-ray spectroscopy (EDS)

EDS point scans of mean ratio of calcium with silicon (Ca/Si) and calcium with
zirconium depicted in table 3.8, signified superior sealer penetration at the
interface for BioRoot RCS with the NaOCI+HEDP group and BioRoot Flow
when irrigating with group A. Traces of Zr could be seen in dentine for BioRoot
RCS and TotalFill with group A and group B indicating sealer penetration further

from the interface.

4.9.3 Fourier transform infrared spectroscopy (FT-IR)

FT-IR enables to identify the migration of ions between two substrates and to
chemically characterise the interface between them. The present study describes
for the first time how the chemical interaction between the dentine surface and a
tricalcium silicate sealer can be studied by means of FTIR photoacoustic
spectroscopy. This method was used to characterize the clinker phases of
hydraulic cements in cement industry (73) and has previously been used to study
the chemical nature of tricalcium silicate cements (274-276). The samples in this
technique can be analysed without any further handling or sample preparation
procedures like vacuum storage as in SEM, which could impair the interface
(228) which is a major benefit of this technique. Furthermore, the data can be

received immediately within few minutes upon analysis by FT-IR without
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requiring complex treatment, unlike other procedures which take several hours to

prepare and investigate a single sample.

It has been suggested that tricalcium silicate sealers form mineral infiltration zone
chemically at dentine sealer interface due to their ability to deposit apatite in the
presence of phosphate. According to scientific research, dentine may absorb the
minerals like calcium and silicon released by biomaterials, leading to enhanced
mineralization in the neighbouring dentine. We can recognise the migration of
specific compounds for sealer and dentine, thus can determine whether the test

material was able to induce some mineralisation in the adjacent dentine or not.

In the present study Calcium Silicate Hydrate (CSH) of the material with
absorption bands at 950 to 1000 and phosphate of the dentine were the main peaks
that were observed at dentine sealer interface via FT-IR seen in figure 3.18. Such
interface can be demonstrated spectroscopically by shift in the absorption bands
attributable to the sealer and dentine substrate, respectively. So, if a sealer is
chemically bound to dentine at the interface, a shift in the absorption bands should
be recorded at the interface. In contrast if the sealer does not interact with the
dentine, there would be no change observed on a dentine spectrum in absorption

band position.

Following the results in this study, it is apparent that there is a shift in the
spectrum from sealer to dentine in the hydraulic cements as opposed to the epoxy
resin. At the interface, AH Plus did not demonstrate a significant difference with
irrigant groups which could be related to the penetration of resin matrix forming
resin tags and not of the inorganic compounds as shown by previous studies (99).

The intensities of the CSH peak were high at interface but steadily decreased on
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approaching dentine especially in Bioroot RCS with HEDP mixed with NaOCl
group which could be the sealer penetrating the dentine in this group more as
compared to other groups. When transitioning from the solid dentine region to the
hydraulic cements, the phosphate peak shallowed. Other finding was that the
intensity of phosphate peak at interface was raised when the BioRoot RCS and
BioRoot Flow sealer was utilised in conjunction with the NaOCI-EDTA group as
compared to other irrigation groups. Phosphorous peaks were verified which

could be because of immersion in HBSS for 7 days after obturation.

4.9.4 Attachment Assay/Direct Contact Test for Dentine Sealer Interface

In the current study, Direct contact test was modified and instead of testing the
root with the sealer together as one unit, sealer was separated from the root
dentine and studied individually. The sealer was aged for 7 days inside root canal
with 24 hours of direct contact with the bacteria; CFU counts were then done.
This helped to reflect the actual antimicrobial activity of just the material without
getting affected by dentine buffering action which is one of the disadvantages of
DCT in earlier studies (5,277). However, the investigated material's adhesion to
dentin may result in a carryover effect (44) or impede the removal of all sealer

from the dentine and impact the dentine's antibacterial activity.

One of the limitations of this method is the use of mono species model. Irrigants

and root canal sealers should also be tested in multispecies biofilm environment.

Every sealer showed a decrease in antibacterial efficacy upon contact with dentine

in comparison to sealers without contact as represented in figure 3.22. In the
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present study no inhibitory effect against the E.faecalis was observed after 7 days
of aging for AH Plus which indicates Ah Plus loses its antimicrobial activity after
setting and these findings are in line with the previous studies (175,183,278,279).
The material's neutral pH and poor solubility may be the cause of this lack of
action (183). BioRoot RCS on its own exerted the highest antibacterial efficacy in
comparison with other test sealers. Our result for BioRoot RCS alone without
irrigation is in agreement with the literature (93,175,280,281). This finding may
be explained by calcium hydroxide principally formed after hydration of calcium
silicate cements and this hydration state of HCSC sealers is highly correlated to
their antimicrobial properties. Additionally, the various sealers differ in the release
of calcium ions (86,282,283). BioRoot RCS is mixed with water, ensuring assured
hydration with higher calcium ion release and hydroxyl ion resulting in elevated
alkalinity therefore have greater antimicrobial properties than the premixed
sealers (87) as seen in the current study. Premixed sealers like BioRoot Flow and
TotalFill rely on the presence of environmental fluids which delays calcium ion
release (235). The tissue fluid conditions of single syringe sealers cannot be

mimicked in laboratory settings.

Although the material's capacity to enter dentinal tubules and reach the bacteria,
following the removal of the contaminated smear layer, may determine the
sealer's antibacterial activity (183). The irrigation protocols followed before root
canal filling and the interaction of sealer with the dentine, both had an impact on
the characteristics of HCSC and epoxy resin sealers. Regarding the planktonic
bacteria analysed by the DCT in the current investigation, all sealers showed

considerable antibacterial action after 7 days in contact with irrigated dentine.
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BR RCS had the greatest bactericidal impact with different type of irrigant groups
as seen in figure 3.23 The sealers with NaOCl- EDTA irrigation and dentine when
irrigated with NaOCl- EDTA and after contact with sealer, displayed the greatest
antibacterial activity as opposed to other irrigation groups. EDTA and
hypochlorite both have some capacity of killing microorganisms (284) thus these
groups resulted in lower bacterial viability. This finding confirms the results
obtained by previous studies (17,285). High antibacterial efficacy for BioRoot
RCS was shown after final irrigation with EDTA as seen in previous study (286).
NaOCl dissolves necrotic pulp tissues and is antibacterial (151) and chelating
agents like EDTA & HEDP removes the inorganic portion of smear layer (87,287)
augmenting sealer infiltration into dentinal tubules (142,288,289). The reason for
enhanced sealer and dentine activity could be multifactorial where chelation
affected the dentine rather than the sealer. The greater diffusion of hydraulic
cements through the smear layer free dentine escalating the ion exchange and
hydration of HCSC resulted in enhanced antimicrobial effect. Contact with the
irrigated dentine rendered BioRoot RCS to lose its antibacterial properties
compared to control. Sealers with NaOCl EDTA application eliminated greater
bacteria thus NaOCl EDTA when applied on the surface of dentine improved the
antimicrobial properties of sealers especially BioRoot RCS and TotalFill against

planktonic bacteria as compared to other irrigant groups.

When HCSC sealer comes in contact with dentine it loses its antimicrobial
property as also seen in current study. One of the reasons could be the ability of
bacteria to penetrate dentinal tubules, build biofilms contributing to their survival
and thus may be shielded from the direct antibacterial action of sealers (151). It

may also be brought about by the interaction of the hydraulic cement with the
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surroundings (57,180) resulting in the formation of calcium carbonate by
consuming the available calcium hydroxide (181). This lowers the pH, which has

a detrimental effect on antibacterial action (106).

The direct contact test of irrigated dentine (after obturation) in contact HCSC
sealer overall displayed reduction in bacterial viability as compared to epoxy
resin. This can be attributed to interaction of dentine with hydraulic cements
through mineral exchange at the interface (99,275). When comparing the
conventional HCSC and premixed sealer, BioRoot RCS showed decreased
microbial growth with distilled water or HEDP irrigant group. While dentine in
contact with the premixed sealers showed better antimicrobial response when
irrigated with EDTA. The reason for this effect could be that the smear layer must
be removed for single-syringe sealers to function since they need the dentine fluid
to hydrate (87,292). Formulations that include powder and liquid, like BioRoot
RCS, chemically interact with dentine to produce an antibacterial activity that is

not dependent on the smear layer (87,270).

In two of the studies, bovine dentine or human dentine were used as substrates to
grow E. faecalis biofilms (31, 34). No matter how long the sealers were in touch
with the bacteria, none of them completely removed it. Therefore, it may be

deemed necessary if an obturating substance has the capacity to aid in the partial
and superficial eradication of bacteria that remain following endodontic cleaning

and disinfection processes.
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CHAPTER 5: CONCLUSIONS

The present project assessed an optimal irrigation technique, potentially including continuous
chelation, which could prepare dentin with the ideal microstructure to ensure best interaction
with the HCSC sealer at the dentine sealer interface, as well as tested different irrigation
protocols that could impact the antimicrobial efficacy of HCSC sealers after interacting with
dentin. Given that continuous irrigation results in better dentine surface characteristics, half of
the hypothesis was accepted; however, the other part was denied as contact with irrigated dentine

can alter the antibacterial properties of tricalcium silicates.

Under the experimental conditions of this investigation following conclusions can be drawn:

1. HCSCs require hydration for setting and achieving their full properties. Scanning
electron microscope sample preparation methods involve dehydration steps which can
cause shrinkage and debonding of the HCSC from the dentine, leading to inaccurate
assessment of the interface. SEM is thus not the appropriate method for viewing dentine

sealer interface when using hydraulic cements.

2. There are limitations to using confocal laser scanning microscopy (CLSM) for assessing
dentine sealer penetration, particularly regarding dye leaching. Certain dyes used in
CLSM can diffuse beyond the sealer into dentinal tubules, masking the true extent of
sealer penetration and providing inaccurate results rendering this method unsuitable for

analysing dentine sealer interface.
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The process of sterilizing sealers can result in both physical and chemical changes. It is
important to prepare the materials in a controlled environment, such as a laminar flow
cabinet, and conduct a sterility test before conducting any biological experiments. In case
the materials are not sterile, it is advisable to assess the impact of the sterilization

methods.

EDTA is the more commonly used chelator due to its effectiveness in smear layer
removal, but its potential for excessive dentine demineralization and erosion necessitates
use of weak chelating agent like HEDP which lowers the deterioration of dentinal

tubules .

Irrigation with HEDP results in higher mineral concentration zone for hydraulic cements

at dentine sealer interface as compared to EDTA and distilled water.

The direct contact test of irrigated dentine (after obturation) in contact with BioRoot RCS
revealed lower microbial growth with HEDP irrigant group compared to other groups.
BioRoot RCS interacts chemically with dentine to create antibacterial action that is

independent of the smear layer.

While tricalcium silicate sealers are generally known for their antimicrobial properties,

their effectiveness can indeed be affected by contact with irrigated dentine.

Therefore, understanding these interactions and optimizing irrigation protocols is essential

for maximizing the benefits of tricalcium silicate cement sealers in root canal treatment.
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CHAPTER 6: FUTURE WORK

1. Invitro method used in the current study evaluated the antimicrobial effectiveness
against single species. The single species biofilm model, although accepted, is not
representative of the complex polymicrobial biofilm found within infected root canals. In
clinical cases, endodontic pathology is biofilm induced and therefore further studies are
indicated to evaluate the antibacterial activity of hydraulic cement sealers against

polymicrobial biofilm.

2. More research is needed to fully understand the mechanisms behind the observed

effect of HEDP on mineral concentration zone formation.

3. ltis proposed that in the process of evaluating the antibacterial properties of dental
materials, in particular endodontic sealers, more than one assaying method should be
used for better understanding. The direct contact test has limitations which include its
failure to assess bacteria in biofilms and its inability to be utilized with freshly mixed
sealer. This could lead the sealer to adhere to the substrate. Therefore, further

antimicrobial testing techniques could be tried.
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