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Abstract

Background and objectives: Endodontic infection or root canal infection, as it is
commonly referred to, is a biofilm disease that is difficult to completely
irradicate with current treatment protocols, and as such, persistent
microorganisms may lead to ongoing or recurrent disease. Root canal treatment
is founded on the ability to eradicate microbial infection and prevent re-
infection of the highly complex root canal space. There is a growing realisation
that endodontic infections are polymicrobial and may contain Candida spp.
Despite this understanding, the development of new endodontic therapeutics
and models of pathogenesis remains limited to mono-species biofilm models,
which are bacterially focused. The main aims of this thesis were firstly to
develop and optimise an interkingdom endodontic biofilm model comprised of
microbial species frequently identified in endodontic infections and to use this
model to test antibiofilm actives. Secondly, to evaluate the antibiofilm efficacy
of Mineral Trioxide Aggregate and Biodentine™ calcium silicate cements, used in
the management of endodontic diseases, and how modification with chitosan
may impact on their antimicrobial properties. Thirdly, to investigate the effect
of chitosan incorporation on some of the physico-mechanical and biological

properties of Biodentine.

Materials and methods: Biofilms containing Fusobacterium nucleatum (ATCC
10953), Porphyromonas gingivalis (ATCC 33277), Streptococcus gordonii (ATCC
35105) and Candida albicans (SC5314) were established. Biofilms were optimised
in different growth conditions, using quantitative polymerase chain reaction and
qualitative microbiology techniques. The in vitro biofilm model was treated with
chlorhexidine, ethylenediaminetetraacetic acid and chitosan solutions. This was
reaffirmed on a biological substrate (bovine dentine), to further validate this
model and the antimicrobial effectiveness of chitosan. To evaluate the
antibiofilm efficacy of calcium silicate materials, the regrowth of mono-species
(C. albicans), three multispecies (F. nucleatum, P. gingivalis and S. gordonii)
and four multispecies (F. nucleatum, P. gingivalis, S. gordonii and C.
albicans) biofilms on ProRoot MTA and Biodentine discs were explored using live-
dead gPCR. These were compared to regrowth on bovine dentine discs. The
effect on regrowth of biofilms was assessed following the addition of 2.5 wt%

and 5 wt% of chitosan medium molecular weight powder to each calcium silicate
ii



cement. Subsequently, the setting time, disintegration, radiopacity, compressive
strength, microhardness and biocompatibility of the new composite of
Biodentine modified with chitosan were assessed. Next, the regrowth of the four
multispecies (F. nucleatum, P. gingivalis, S. gordonii and C. albicans) biofilms on
Biodentine discs were explored following the addition of 0.5 wt% and 1 wt% of
chitosan powder of either high, medium or low molecular weights. This was
compared to regrowth on the unmodified formula of Biodentine. Finally, the
physico-mechanical and biological properties of the nhew composite of Biodentine

modified with chitosan low molecular weight were evaluated.

Results: Assessment of antimicrobial activity of CHX, EDTA and solubilised
chitosan showed significant effectiveness of each antimicrobial agent. Chitosan
was similarly effective at preventing biofilm regrowth on bovine dentine. In
comparison to a dentine substrate, ProRoot MTA and Biodentine did not show an
ability to inhibit biofilm regrowth. The addition of chitosan powder to MTA
imparted no antimicrobial enhancement. In contrast, a dose-dependent
reduction in multispecies biofilm regrowth was determined upon the addition of
chitosan to Biodentine. Interestingly, the antibiofilm effect of chitosan increases
with the decreased chitosan molecular weight. Importantly, interkingdom
interactions were noted, whereby the inclusion of C. albicans to the biofilm
enhanced bacterial tolerance in the presence of chitosan and conversely
bacterial presence reduced C. albicans tolerance. However, incorporation of 2.5
wt% and 5 wt% chitosan MMw compromises most of the material properties of
Biodentine. In contrast, the addition of 0.5 wt% and 1 wt% chitosan LMw showed
no detrimental effects on physical and biological properties of Biodentine
material, however, significant reductions were noted in mechanical properties
of Biodentine when chitosan was incorporated. Nevertheless, the new composite
would still be applicable where other root filling materials might be considered,

when the material strength and hardness are not critical issues.

Conclusion: This thesis describes a robust and reproducible multispecies
interkingdom biofilm model that can be employed to assess efficacy of novel
endodontic therapeutics. This work demonstrates the potential to enhance the
antimicrobial properties of Biodentine, when modified with chitosan
microparticles, opening the door for exploration of antimicrobial strategies for

prevention and management of endodontic infections. The findings also highlight
iii



the importance of using appropriate biofilm model systems when exploring
antimicrobial properties of materials in vitro, so that interspecies and

interkingdom interactions that modify tolerance are not overlooked.
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The role of microorganisms in endodontic disease has been long established
following the classical animal study of Kakehashi et al. (1965). In this landmark
paper, comparison of gnotobiotic animals with conventional animals allowed the
key role of microorganisms in causation of apical periodontitis to be established.
Apical periodontitis is a consequence of endodontic infection and can be defined
as a dynamic encounter between host immune defences and microbial invaders,
which eventually leads to inflammatory changes and resultant bone destruction
adjacent to the root (Nair, 2004). Infection of the root canal system occurs if a
dental pulp becomes necrotic following caries, trauma, periodontal disease or in
cases in which the dental pulp has been removed by former root canal therapy
(Siqueira et al., 2015). Tooth surface loss (Field et al., 2019) and dental
anomalies (Hulsmann, 1997, Ferraz et al., 2001) may also result in pulp necrosis
and the necessity for root canal therapy. Endodontic failure is a widespread
problem in dentistry. The endodontic flare-up can be defined as a true
complication of endodontic treatment, characterised by development of pain,
swelling or both, which commences within a few hours or days after the root
canal procedures, and is so severe that an unscheduled visit for emergency
treatment is required (Siqueira, 2003). The presence of clinical symptoms and
apical periodontitis, following root canal treatment, indicate endodontic

infection and treatment failure (Bergenholtz, 2016).

Previously, classifications of endodontic diseases were based mainly upon
histopathological findings rather than clinical features (AAE, 2013). However, it
must be understood that diseases of pulp and periapical tissues are in a dynamic
state (Soames and Southam, 2005), as different conditions such as vital tissues,
acute, chronic inflammation and/or necrosis may coexist in the pulp with various
degrees of progression with or without symptoms. This dynamic behavior can
lead to confusion and misdiagnosis as there is little correlation between
histological findings and clinical features (AAE, 2013). In 2013, the American
Association of Endodontists (AAE) published the most recent diagnostic
terminology and definitions, based upon clinical findings, to classify endodontic
diseases. The aim was to establish a universal classification that directs
clinicians to the most appropriate procedures. This diagnostic classification
creates a simple, reliable and accessible system. In contrast, endodontic

microbiology research, with the widespread use of molecular methods, has been



Chapter 1: General introduction

focused on the determination of microbial composition and diversity (mainly
bacterial communities) associated with different clinical conditions in
endodontic infections (Siqueira and Rocas, 2022). With our growing
understanding of the microbiological basis of endodontic disease and our ability
to create a profile of an individual’s root canal microbiome, it may become
appropriate to start considering a more ‘personal’ diagnostic criterion including

microbiome data to inform treatment decisions.
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1.1 Aims

This chapter aims to:

e Provide a contemporary view of endodontic microbiology and to explore
some of the factors occupying the attention of endodontic researchers.
e Provide insight into novel opportunities and strategies for the future

diagnostics, treatment and prevention of endodontic diseases.

Elements from this chapter have been published in:

e Abusrewil, S., Alshanta, O.A., Albashaireh, K., Algahtani, S., Nile, C.J.,
Scott, J.A. and McLean, W., 2020. Detection, treatment and prevention of
endodontic biofilm infections: what’s new in 2020?. Critical Reviews in
Microbiology, 46(2), pp.194-212. DOI: 10.1080/1040841X.2020.1739622.
Epub 2020 Apr 1. PMID: 32233822.

e Abusrewil, S., Brown, J.L., Delaney, C., Butcher, M.C., Tiba, M., Scott,
J.A., Ramage, G. and McLean, W., 2021. Chitosan enhances the anti-
biofilm activity of Biodentine against an interkingdom biofilm model.
Antibiotics, 10(11):1317. DOI: 10.3390/antibiotics10111317. Pub 2021 Oct
29. PMID: 34827255.
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1.2 Root canal system: implications in endodontic
procedures

The primary goals of endodontic treatment are to remove irritants from the root
canal system, to obturate the cleaned and shaped root canals and to prevent
future reinfection of the sealed root canal system (AAE, 2002). A thorough
understanding of the root canal morphology and its variations is a basic
requirement for successful endodontic treatment (Versiani and Keles, 2020).
Treatment of complex and anomalous teeth also requires good knowledge of the
internal anatomy of the root canal system before undertaking endodontic
treatment (Versiani and Ordinola-Zapata, 2015). The dental pulp has the
characteristic of being exclusively the non-mineralised portion of a mineralised
tooth (Figure 1.1). This dental soft tissue is surrounded by a robust shell-like
complex structure that includes dentine, enamel and cementum (Goldberg,
2014). The root canal system is divided into two parts: the pulp chamber and the
root canal. The pulp chamber is located within the anatomical crown whereas

the root canal is present within the root structure (Versiani and Keles, 2020).

Crown

Pulp
chamber

Dentine

Root ‘

canals

Root

Cementum

Figure 1.1. External and internal tooth components. A tooth is made up of the crown and the
root, and is composed of different tissues: enamel, dentine, cementum and pulp. The pulp is a
soft tissue located within a tooth in a pulp cavity that is divided into pulp chamber and root
canal. Adapted from Versiani and Keles (2020).
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In the last decade, three-dimensional imaging, using micro-computed
tomography (Micro-CT), has been extensively applied in experimental
endodontology to reveal the anatomy of the root canal system. It can produce a
detailed informative image of the root canal system before, during and after
various endodontic procedures, as shown in Figure 1.2 (Versiani and Keles,
2020).

Figure 1.2. Replica of various teeth manufactured from corresponding real-tooth micro-CT
scans. Training replicas were produced using 3D printing technology for teaching purposes. (A)

True teeth. (B) Replicas. Taken from Versiani and Keles (2020).

Enamel is the hardest biological tissue in the body and is the hard-protective
substance that covers the tooth crown. It provides the shape and contour to the
crown and covers the part of the tooth that is exposed to the oral environment.
Enamel is composed of interlocking rods that are deposited in a keyhole shape
by ameloblasts. Enamel is composed of approximately 96% inorganic mineral in

6
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the form of hydroxyapatite (HA) and 4% organic material and water, by weight
(Chiego, 2019). Hydroxyapatite is a crystalline calcium phosphate that is also
found in dentine, cementum and bone, whereas the protein enameline is the
organic component of enamel. Because enamel is formed of bending rods, tiny
gaps exist between enamel rods where crystals did not form. This feature causes
variability in enamel density and hardness, where some areas of enamel may be
more prone to penetration by small particles, which lead to tooth destruction by
dental decay. After enamel is entirely formed, no more enamel can be deposited
(Chiego, 2019).

In contrast, dentine is a living sensitive tissue covered by enamel on the crown
and cementum on the root, and it surrounds coronal and radicular pulp. By
weight, approximately, 70% of dentine is composed of inorganic hydroxyapatite
crystals and 20% is organic collagen fibers with small amounts of other proteins,
and the remaining 10% of dentine is water (Chiego, 2019, Grawish et al., 2022).
Dentine is classified as primary, secondary and tertiary according to the time of
its development and histological characteristics. Primary dentine is the main
component of the crown and the root and is the earliest secreted tissue. It
consists of mantle dentine, globular dentine and circum-pulpal dentine
(Goldberg, 2014, Chiego, 2019). As teeth begin to function, and roots are nearly
completed, secondary dentine is produced which is deposited more slowly than
primary dentine. When the pulp is affected by caries or mechanical trauma,
tertiary dentine is formed focally underlying the affected area, at the site of
odontoblastic activation, the function of which is to protect the pulp (Chiego,
2019). Tertiary dentine is either reactionary or reparative. Reactionary dentine
is tertiary dentine matrix produced by surviving odontoblasts in response to a
stimulus. Reparative dentine, in contrast, is formed by odontoblast-like cells,
after the death of primary odontoblast cells, in response to much stronger
stimuli (A Smith et al., 1990, Cooper et al., 2010). The resulting dentine can
range from being regular tubular to irregular and atubular, depending on the
formative cell differentiation status (AAE, 2020). Microscopically, dentine is
composed of a circular duct dispersed in the dentine matrix called a dentinal
tubule, which contains the odontoblastic process and fluid. The number of
dentinal tubules ranges from 20,000 to 75,000 per square millimetre of dentine

(AAE, 2020). Peritubular dentine is a highly calcified, narrow strip of dentine
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that encircles the lumen of each tubule, while intertubular dentine is the
calcified collagen matrix found external to the peritubular dentine (AAE, 2020).
Within this unique structure, it has been found that the volume of dentinal
canals (space available for bacteria to grow) was at least three times greater
than the root canal volume itself that can be instrumented with current means
(Burkovski and Karl, 2019).

The root canal space has been referred to as a system, as it is often complex
with canals that divide and rejoin, isthmuses, fins, anastomosis, apical deltas,
and accessory canals (Versiani and Ordinola-Zapata, 2015). Krasner and Rankow
(2004) proposed laws for finding pulp chambers and root-canal orifices. The use
of these laws can help the practitioner in locating the number and position of
canal orifices on pulp-chamber floors in any individual tooth. The main root
canal has its greatest diameter at the orifice level, and usually has a funnel
shape and an ovoid cross section (Versiani and Ordinola-Zapata, 2015). The
narrowest part of the root canal is located at the apical constriction, which
opens out as the apical foramen and exits to one side of the root (Carrotte,
2004). The apical constriction is commonly considered the ideal termination for
root canal treatment where the root canal obturation materials are packed
against a natural stop that represents the pulp termination (M Wu et al., 2000).
Importantly, it must be realised that the concept of constant topography of the
apical constriction is erroneous, as four distinguishable types of apical
constrictions were identified by Dummer et al. (1984), in a classical paper, as
follows: “traditional” single constriction, tapering constriction, multi-constricted
and parallel constriction. The location of the apical constriction can also vary
among roots, and could be located up to 3 mm from the anatomical root apex
(Dummer et al., 1984).

On the other hand, it is not uncommon for teeth to have band-shaped isthmuses.
The canal isthmus has been defined by Weller et al. (1995) as a narrow, ribbon-
shaped connection between two root canals encompassing pulp tissue. It has
been found by Keles et al. (2022) that isthmus communications were present in
13.5% of upper first molars examined. These communications may be a concern
during root canal treatment, as they can be present through half of the root
length (Keles et al., 2022). Additionally, a single root canal might break up into

multiple ramifications with multiple apical foramina. This morphology is called
8
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an apical delta (Carrotte, 2004). Accessory or lateral canals are also part of
anatomical complexities of the root canal system. An accessory canal is referred
to as any branch that diverges from the main pulp chamber or canal and
communicates with the external surface of the root (AAE, 2020). In a study by
Senan et al. (2018), apical deltas and accessory canals were found in 13.2% and
52.8%, respectively, of maxillary first premolars collected for the study.
Therefore, the objectives of root canal treatment may be difficult to attain in
teeth with such anatomical complexities or in curved root canals (Siqueira et al.,
2019), as shown (Figure 1.3).

Figure 1.3. Internal complex morphology of different teeth. The root canal system showing
the presence of apical delta (AD), isthmuses (l), lateral (LC) and accessory (AC) canals. Adapted
from Castellucci (2019).

1.3 Endodontic infection

The ultimate biological aim of endodontic treatment is either to prevent or heal
apical periodontitis. Pulpal and periapical tissue infections have long been
perceived as an extension of the caries process because of the dominance of
dental caries as a portal of dentine infection for decades (@rstavik, 2019) (Figure
1.4). However, tissue infections and responses are probably an older and more
general biological manifestation than dental decay. Apical periodontitis may be
seen as a tissue response to infection of the pulp as a way of “taming” and
“coping” with virulence expressions by infectious microorganisms (@rstavik,
2019), or may be viewed as protective means against the spread of infection,
where the process of self-induced destruction of apical periodontitis provides a
space for the infiltration of specialised immune cells and creation of a barrier to

prevent the spread of infection (Nair, 2004).
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Figure 1.4. Stages of root canal infection. (A) Caries exposure and pulpal inflammation. The
exposed pulp tissue is in direct contact with infectious microorganisms and responses with severe
inflammation. (B) & (C) Colonising the pulp tissue. Infectious microorganisms move forward and
colonise the pulp which is become necrotic after microbial/immune response clash. (D) Apical
periodontitis formation. The entire root canal is necrotic and infected. Taken from Siqueira and
Rocas (2016).

The substantial role of intraradicular infections, in the form of biofilms, was
established in the root canal system of teeth with apical periodontitis (Ricucci et
al., 2009, Ricucci and Siqueira, 2010, Ricucci et al., 2017). A biofilm is defined
as a highly structured community of microorganisms encased in a protective
extracellular matrix (ECM) that adheres to a biotic or abiotic surface (Hall-
Stoodley et al., 2004). A very high prevalence of bacterial biofilms was reported
by Ricucci and Siqueira (2010) in untreated and treated apical root canals with
apical periodontitis through a histobacteriologic approach. In this study, biofilms
were observed clogging the walls of apical ramifications, lateral canals and
isthmuses. However, the biofilm morphologic structure varied between
individuals, and no unique morphological pattern for an endodontic biofilm was
identified. Planktonic cells were also seen in the specimens, and the presence of
biofilms was found to be more likely in association with longstanding pathology,
including large lesions and cysts (Ricucci and Siqueira, 2010). In a similar
histobacteriologic study on immature teeth, bacterial aggregations of varying

thickness have been observed colonising necrotic canals. In some sections, the
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root canal lumen appeared to be completely filled with bacterial biofilm (Ricucci
et al., 2017). Irrespective of these findings, can endodontic infections be driven
by biofilms? In fact, several general diagnostic criteria for biofilm infections
have been proposed in the literature to define whether a human infectious
disease is caused by biofilms. These criteria were as follow: (1) the infectious
bacteria are adherent to some substratum or associated with a surface, (2)
direct examination of infected tissue demonstrates bacteria living in clusters or
microcolonies enclosed within an extracellular matrix, (3) infection is generally
confined to a specific site in the host, although dissemination may occur as a
secondary incident and (4) infection is difficult or impossible to eradicate with
antibiotics even though the infectious species are susceptible to eradication in
the planktonic state (Parsek and Singh, 2003). Furthermore, (5) bacterial cell
clusters, associated with host inflammatory cells, are located in discrete areas in
the host tissue, which indicate ineffective host clearance (Hall-Stoodley and
Stoodley, 2009) and finally (6) the elimination or considerable disruption of the
biofilm structure and ecology leads to disease remission (Ricucci and Siqueira,
2010). Regarding criterium 4, it is well known that local or systemic antibiotics
are not indicated for confined endodontic infections unless systemic involvement
is evident (Segura-Egea et al., 2018). Therefore, according to Ricucci and
Siqueira (2010), features observed in biofilms, from an endodontic perspective,

seem to fulfil these criteria.

Primary “initial” endodontic infections are caused by microorganisms that
colonise the necrotic pulp tissue and are the cause of primary apical
periodontitis that can present itself as a chronic or acute disease. Secondary
infections are caused by microorganisms that were introduced in the root canal
following professional intervention, whereas persistent infections can be caused
by microorganisms that were members of either primary or secondary infections
that persist in the root canals following treatment (Siqueira and Rocas, 2009).
Determining the microbial composition and diversity involved in persistent apical
periodontitis and their possible relationships with various clinical features is
essential for the development of new therapeutic approaches that may enhance
clinical outcomes (Sanchez-Sanhueza et al., 2018). Traditionally, microbiological
examination of endodontic microbiota was based upon culture techniques. A

variety of bacterial species have been reported to be present in infected root
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canals. The microbial flora seen in primary disease (endodontic infection that
occurs in root canals that have not been previously treated) is typically
polymicrobial in nature with Gram-negative and Gram-positive bacteria
dominated by obligate anaerobes (Siqueira and Rocas, 2009). Historically, the
most predominant species in root canal-treated teeth with persistent/secondary
infections were considered Gram-positive facultative anaerobes (Siqueira and
Rocas, 2009). However, Gram-negative bacteria such as Treponema species have
been isolated from root canals with endodontic failures (Gomes et al., 2006,
Nobrega et al., 2013). More complex mixed-species were recovered from root
canals with post-treatment apical periodontitis (Siqueira et al., 2016, Sanchez-
Sanhueza et al., 2018), where Gram-negative bacteria were the most dominant.
Recently, a significantly greater microbial diversity has been demonstrated in
symptomatic infections than asymptomatic infections especially between
individuals with mild and severe systemic diseases, categorised according to the
American Society of Anesthesiologists (ASA) as ASA II-lll (Sanchez-Sanhueza et
al., 2018).

While Enterococcus faecalis (E. faecalis) is often considered important by
endodontists due to its frequent association with treatment failure (Sundqvist et
al., 1998, C Zhang et al., 2015, Alghamdi and Shakir, 2020), the focus has been
moved from the concept of “single-pathogen” to the “community-as-pathogen”.
Thus, the polymicrobial aetiology of root canal infections is a more plausible
scenario (Siqueira and Rocas, 2014). Using next-generation sequencing (NGS)
technologies, a review outlined that the most commonly detected genera in
primary and persistent endodontic infections were Prevotella, Fusobacterium,
Porphyromonas, Parvimonas, and Streptococcus (Shin et al., 2018). In another
review, the most abundant phyla, regardless of the infection type, were
Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Fusobacteria
(Manoil et al., 2020).

Moreover, archaea (Brzezinska-Btaszczyk et al., 2018), viruses (Vigueras et al.,
2016) and fungi (Mergoni et al., 2018) have also been implicated in endodontic
disease. Yeasts are prevalent in the oral cavity, and it is unsurprising that they
represent an important yet unrecognised group of microbes in this environment.
A systematic review and meta-analysis demonstrated that Candida species

occurred in a small proportion of root canal infections, with a prevalence of
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8.2%, and Candida albicans (C. albicans) being the most frequently isolated

species (Mergoni et al., 2018).

Many studies are bacterial biased and use 16S ribosomal ribonucleic acid (rRNA)
gene analysis, which limits these studies to large-scale detection of bacterial
communities. It is essential that a broader view on endodontic infections is
taken. This is of clinical significance, as there is the potential for interkingdom
biofilm interactions between bacteria and yeasts (Figure 1.5) in the root canal,
which are likely to complicate the infection and require alternative treatment
strategies (Persoon et al., 2017, Du et al., 2021).

Figure 1.5. Scanning electron microscopy of S. aureus colonising C. albicans hyphae in dual-
species biofilms. White arrows indicate clusters of S. aureus colonies adhering and embedded
within the hyphae of C. albicans. Scale bar represents 5 pm at x5,000 magnification (Kean et al.,
2017).

Recently, there has been an evolving interest in determining the microbial
composition and diversity involved in endodontic infection to include healthy

teeth. Widmer et al. (2018) challenged the basic concept of natural sterility of
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the dental pulp. Evidence was presented that the dental pulp spaces of pristine
healthy teeth contain detectable bacterial deoxyribonucleic acid (DNA), in which
Ralstonia, Acinetobacter, and Staphylococcus genera were predominant. The
study suggested that vital pulp from intact teeth may harbour bacteria that may
reach the pulp without a known external pathway (Widmer et al., 2018).
Tantalising though this is, a caveat to these observations is that studies relied
only on DNA detection rather than actively growing bacteria, caution is
necessary in over interpretation of these findings. Nonetheless, Qian et al.
(2019) aimed to uncover the composition and diversity of bacteria at the root
apex in teeth with apical periodontitis, with/without root canal treatment and
in healthy teeth (healthy controls). An additional healthy control was sampled
from biofilm of the buccal mucosa. The results exhibited reduced richness and
diversity in microbial communities from infected teeth compared to healthy
controls. Possibly surprisingly, this study by Qian et al. (2019) suggested a high
abundance of commensal microorganisms around the root apex of healthy teeth.
The study speculates that these abundant bacteria might be essential for
keeping a healthy environment prior to disruption in apical periodontitis, where
both richness and diversity decrease. Irrespective, these studies all highlight the

complex microbial ecology that interacts with the root canal system.

Microbiologically, polymicrobial communities of the human oral cavity have been
studied extensively and represent a paradigm for biofilm-related infection. Our
tacit understanding of this has evolved from initial simple, and yet biased,
culture-based approaches into complex and all-encompassing next-generation
sequencing of oral clinical endodontics disease. These molecular methods have
greatly contributed to our understanding of the functional ecology of oral flora
in health and disease (Gao et al., 2018). A vast array of different microorganisms
is known to inhabit the human oral cavity. To date, it has been established by
Human oral microbiome database (HOMD) that there are 774 oral bacterial
species in the oral cavity (homd.org). In addition, a total number of 101 fungal
species were found in healthy individuals (Ghannoum et al., 2010). Oral
microbiomes play an important role in maintenance of health, with dynamic

shift in these endogenous microbiomes driving oral disease (Jorth et al., 2014).
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1.4 Detection: does knowledge of microbiology impact
endodontic decision making?

Despite the potential shortcomings of microbial detection prior to or during
treatment, the possibility of more efficient treatment to decrease persistent
infections in the root canal space resulting in reduced treatment costs would
certainly seem advantageous (Herzog et al., 2017). Current clinical practices
aimed at detecting bacteria in the root canal space rely on subjective
observations. An example of which is the appearance of clean, white dentinal
shavings in the flutes of endodontic instruments used for root canal debridement
(Herzog et al., 2017). Conventional microbiology techniques, such as colony-
forming unit (CFU) counting, and more contemporary polymerase chain reaction
(PCR) based analysis, have been employed (Berber et al., 2006, Bjork and Wu,
2018). Such methods are time-consuming, making them impracticable for routine
intraoperative application (Herzog et al., 2017). A number of methods have been
developed to rapidly detect bacteria within the root canal during treatment. A
method was developed for bacterial identification within the root canal based
upon autofluorescence. This approach could identify bacteria in less than ten
minutes (Giana et al., 2003). Although the bacterial identification was very
efficient amongst different species, false positives and incorrect identification
occurred. Sato et al. (2012) developed a method using fluorescence reagents and
a membrane filter. The technique allowed determination of the number of live
bacterial cells by distinguishing live and dead bacterial cells in the sample of
infected root canals (Sato et al., 2012). However, the assay is somewhat time
consuming. Bioluminescence-based Adenosine triphosphate (ATP) detection
method as a rapid tool to detect viable bacteria during root canal treatment has
also been developed by K Tan et al. (2015). The results can be obtained within
approximately 5 minutes, making the assay more clinically acceptable. The ATP
method only detects a bacterial signal opposed to an identification of
microorganisms present within an infected root canal. False positive results may
also be generated if human cells are included during sampling, thus
contamination is a real risk should the sampling point penetrate the apical
foramen (K Tan et al., 2015). A further system has been developed by Herzog et
al. (2017), based upon an optical fluorescence-based method. This chair-side
test allows clinicians to detect ex vivo residual vital bacteria objectively and

rapidly in samples taken during root canal treatment (Figure 1.6).
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Figure 1.6. Outline of clinical bacterial detection during root canal treatment. An optical
fluorescence-based method is a chair-side test allows clinicians to detect ex vivo residual vital
bacteria in samples taken from root canals during treatment. (A) Sampling of the root canal
space with an endodontic paper point. (B) Fluorescence staining of sample. (C) Bacterial
detection of the fluorescent signal. (D) The indicated detection area for spectral analysis. Taken
from Herzog et al. (2017).

Staining with Calcein acetoxymethyl dye in combination with spectral analysis
results is a rapid method that causes minimal disruption to the clinical workflow,
as measurements can be achieved in 5 min, making the technique a viable, rapid
and quantitative methodology for introduction into the current workstream of
dental practices (Herzog et al., 2017). If such chair-side assays were introduced
into clinical practice, where would benefits be seen? As stated, it is unlikely to
impact upon outcomes, however, it is with efficiencies of procedure that the
true benefit will be realised. Treatment times may be reduced, or numbers of
visits can be minimised. A clear endpoint for disinfection could be identified so
unnecessary time spent disinfecting the already adequately disinfected canal
could be minimised. Such tests could give a green light for obturation. Clearly,
although outcomes may be minimally impacted, the cost benefits to dentist and
patient of determining such an endpoint could be substantial. It will be
necessary to package such chair-side detection systems into inexpensive and

simple kits that sit within the dental operatory.

1.5 Treatment: eradication of endodontic infections

1.5.1 Chemo-mechanical disinfection procedures

The mechanical preparation of the root canal and chemical disinfection are
commonly referred to as “chemo-mechanical” or “biomechanical” preparation
(Hulsmann et al., 2005). The disinfecting of the root canal system and
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elimination of any sources of nutrient supply, such as tissue remnants, are the
key goals (Siqueira et al., 2000). Thus, chemo-mechanical procedures can be
regarded as the most important phase of root canal treatment. Their main
purposes are to clean, disinfect and shape the root canal. Mechanical
instrumentation aims to create space in the root canal system to facilitate
disinfection by irrigants and antimicrobial inter-appointment medicaments
(Hulsmann et al., 2005). It generates a layer of organic and inorganic
substances, such as fragments of odontoblastic processes and necrotic debris, on
root canals known as “smear layer” that may also contain bacteria and their
byproducts (Torabinejad et al., 2002).

Irrigants are used for their antimicrobial actions, to dissolve organic tissue in the
canal, to lubricate the dentinal wall and to flush out debris (Cobankara et al.,
2010). Irrigant flow is crucial during root canal treatment to create fluid
dynamics that exhibits the following features: (1) ensuring distribution of the
irrigant throughout the root canal system’s full extent, (2) ensuring frictional
forces generated between the root canal wall and the irrigant (wall shear stress)
that participate in the mechanical cleaning of the substrate, (3) maintains the
irrigant solution within the root canal system and prevents its extrusion into the
periapical tissues and (4) maintains a frequent replenishment of the solution to
restore the desired effective concentration of the irrigant (van der Sluis et al.,
2016). Various methods have been introduced to distribute irrigants more
effectively to the working length, and to flush out the debris. It has been shown
that passive irrigation (syringe irrigation - no agitation was applied) showed the
greatest level of residual biofilm than manual agitation of irrigants (using a
gutta-percha cone) or automated sonic (using an EndoActivator device) and
ultrasonic methods (using a Satelec P5 ultrasonic device), where ultrasonic
agitation exhibited the greatest level of biofilm removal (Mohmmed et al., 2017,
Mohmmed et al., 2018). However, it was found that ultrasonic irrigation exhibits
no benefits over needle irrigation (passive irrigation) in improving the healing
rate of apical periodontitis (George, 2019). Nevertheless, a systematic review
and meta-analysis showed that machine-assisted agitation reduces post-
operative pain, during non-surgical root canal treatment, compared with syringe
irrigation (Rossi-Fedele et al., 2019). Future clinical trials are required to

support or refute these results.
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1.5.2 Current irrigants in endodontics

Several studies have been conducted in the search for an endodontic irrigant
that meets the four major desirable properties namely: antimicrobial activity,
nontoxicity, water solubility and the tissue-dissolving property (Mohammadi and
Abbott, 2009).

1.5.2.1 Sodium hypochlorite (NaOCl)

Sodium hypochlorite is one of the most used irrigants in root canal treatment.
Although the bacterial load in infected root canals can be significantly reduced
by using saline as an irrigant purely by its mechanical action, irrigation with
NaOCl has a clearly superior effectiveness in bacterial reduction. This is due to
that NaOCl possessing chemical antimicrobial effects in addition to its
mechanical effects (Siqueira et al., 2000). These antimicrobial and tissue-
dissolving abilities have been widely reported (Siqueira et al., 2000, Christensen
et al., 2008, Cobankara et al., 2010). A poorer antimicrobial activity of NaOCl
has been shown in the presence of smear layer (Wang et al., 2013, Morago et
al., 2016). It is possible that the organic components, in contact with NaOCl,
consume the free available chlorine and reduce the solution’s antimicrobial
activity (Siqueira et al., 2000). Another possibility is that the smear layer acts as
a physical barrier, hindering the irrigant diffusion into the dentinal tubules
(Wang et al., 2013). There is no universally accepted NaOCl concentration for
endodontic treatment; with concentrations ranging from 0.5% to 5.25% and
above (Hegde et al., 2021). Although NaOCl is generally considered safe,
potentially severe complications can occur in endodontic dental practice when it

contacts soft tissue (Spencer et al., 2007, Hegde et al., 2021).

1.5.2.2 Chlorhexidine (CHX)

Chlorhexidine is used widely as an endodontic irrigant and medicament
(Mohammadi and Abbott, 2009). Chlorhexidine, a bis-biguanide, contains two
positively charged guanide groups and three comparatively small hydrophobic
portions represented by two terminal chlorophenyl groups and a central
hexamethylene chain (Leach, 1977). Its efficacy is closely related to the
interaction of guanide groups and negatively charged sites on the microbial cell
walls, resulting in rupture of the cytoplasmic membrane (Davies et al., 1968). Its
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antimicrobial properties and its clinical application as an adjunct to periodontal
therapy has justified its use as a potential endodontic irrigant (Jeansonne and
White, 1994). Using 2% chlorhexidine as an irrigation solution during root canal
instrumentation have shown its antimicrobial activity with extended residual
effects (substantivity) in the root canal system up to 48 h after instrumentation
(Leonardo et al., 1999). However, unlike NaOCl, it has little or no tissue
dissolution capacity (Okino et al., 2004, Naenni et al., 2004), and cannot remove
the smear layer (Attur et al., 2016). The possibility of developing life-
threatening hypersensitivity reactions to chlorhexidine is another concern
(Donaldson and Goodchild, 2019). A few clinical studies compared the
antimicrobial activities of NaOCl and CHX. For instance, a randomised clinical
study reported that using either 2.5% NaOCl or 2% CHX as the main irrigant with
rotary nickel-titanium instruments reduced the levels of total bacterial counts
effectively, with no significant differences (Rocas et al., 2016). A systematic
review and meta-analysis showed that NaOCl was more effective than CHX in
reducing endotoxin levels after chemo-mechanical preparation in primary
endodontic infections (Neelakantan et al., 2019). Another systematic review and
meta-analysis indicated that both NaOCl and CHX were equally effective in
reducing microbial infections following irrigation (Ruksakiet et al., 2020).
However, both reviews show limitations in the interpretation of their findings

because of the limited data extracted from the included clinical trials.

1.5.2.3 Ethylenediaminetetraacetic acid (EDTA)

Ethylenediaminetetraacetic acid is a common endodontic irrigant used to
remove the smear layer by acting on inorganic material (Violich and Chandler,
2010). The sodium salts of EDTA are noncolloidal organic chelating agents that
have the ability to form soluble nonionic chelates with metallic ions such as
calcium in hard tissues (Nikiforuk and Sreebny, 1953). The application of NaOCl
followed by 17% EDTA is a common irrigation protocol in root canal treatment
(Mohammadi and Abbott, 2009, Kfir et al., 2020). This combination and
sequence of irrigants remove both organic and inorganic components of the
smear layer efficiently. Sodium hypochlorite removes organic material of
dentine and pulp effectively, whilst EDTA removes the organic and inorganic
substances in dentine and also some organic components in the pulp (Beltz et
al., 2003). It has also been shown that the sequential use of these irrigants had a
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significant regrowth inhibition of Candida strains treated with 3% NaOCl followed
by 17% EDTA, when compared with NaOCl alone (Alshanta et al., 2019).
Importantly, EDTA and NaOCl should be used separately as NaOCl loses its tissue-
dissolving capacity when mixed with EDTA (Grawehr et al., 2003).

The use of alternative agents as a final rinse has been suggested. One such
alternative is the mixture of a tetracycline isomer, an acid and a detergent
(MTAD) in conjuction with NaOCl, which has been suggested bacause of its
comparable efficiency for smear layer removal, compared with EDTA but without
the erosive effect on tooth structure (Torabinejad et al., 2003). It has been
shown that compromised dentine may have an increased potential for bacterial
adherence on the exposed collagen when treated with EDTA as a final irrigant
(Kishen et al., 2008). However, high-quality in vitro evidence provided by a
systematic review suggests that conditioning dentine with EDTA positively
influences the release of growth factors and improves cell migration,
attachment and differentiation (dos Reis-Prado et al., 2022), which is critical for

the success of regenerative endodontic procedures.

1.5.3 Natural antimicrobial compounds

The research for more biocompatible antimicrobial solutions continues. The use
of herbal products as alternative antimicrobial therapeutics has gained
popularity over the past few years (Almadi and Almohaimede, 2018). Propolis
(bee glue) is one of the natural substances that was extensively been used by
ancient Egyptians, Greeks and Romans as a medicine (Kuropatnicki et al., 2013).
Propolis is a resinous substance collected by honeybees from various plant
sources. As a resinous substance, propolis is used by bees to coat and seal hive
parts and cell interiors of the honeycomb (Ghisalberti et al., 1978). It has been
found that propolis samples, from different geographic areas, possess
antibacterial, antifungal and antiviral activities despite of a variable chemical
composition (Kujumgiev et al., 1999). Propolis as an endodontic irrigant has
shown a comparable antimicrobial efficacy to NaOCl and CHX against C. albicans
in the presence and absence of smear layer (Awawdeh et al., 2018b). In another
study, propolis was found to be as efficient as NaOCl against C. albicans, S.
aureus and E. faecalis. However, CHX and MTAD had the highest antimicrobial
activity followed by propolis (Mattigatti et al., 2012). As an intracanal
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medicament, propolis was as effective as CHX gel in reducing E. faecalis in
dentine in extracted teeth, whereas CHX gel was found to have the highest
antifungal efficacy against C. albicans (Carbajal Mejia, 2014). As a pulp capping
material, propolis stimulated the formation of reparative dentine in rats with
direct pulp capping (Sabir et al., 2005). In addition, it has been found that
propolis as a storage media maintained the viability of periodontal ligament cells
of avulsed teeth, better than Hank’s balanced salt solution (HBSS), milk or saline
(Martin and Pileggi, 2004, Ahangari et al., 2013). Most of these antimicrobial
studies are in vitro studies which used only a single microorganism as a model
for testing these novel therapeutics. However, a randomised controlled trial by
Siddique et al. (2020) showed that garlic-lemon extract was as effective as
NaOCl in reducing microbial load using gPCR in teeth with asymptomatic apical
periodontitis following instrumentation. Amongst the large number of tested
natural compounds, only a few showed antimicrobial efficacies comparable to

that of NaOCl and none were superior (Table 1.1).

21



Chapter 1: General introduction

Table 1.1. Examples of tested
endodontic antimicrobials.

natural compounds as potential alternatives to conventional

Natural compound

Study

Compared to conventional

antimicrobials

Propolis (Awawdeh et al., 2018b) Comparable
Turmeric (Curcuma longa) (Kumar, 2013) Comparable
Neem (Azadirachta Indica) (Vinothkumar et al., 2013)* Comparable
Garlic-lemon extract (Siddique et al., 2020)** Comparable
Tea tree oil (Kamath et al., 2013) Comparable
Triphala (Prabhakar et al., 2010, Pujar | Comparable to or inferior
et al., 2011, Divia et al.,
2018)
Noni plant (Morinda Citrifolia) | (Podar et al., 2015, Divia et Comparable to or inferior
al., 2018)
Green Tea (Prabhakar et al., 2010, Pujar | Inferior
et al., 2011, Divia et al.,
2018)
Ozonated olive oil (Mittal et al., 2022)** Comparable

* In vitro study using gPCR. ** Randomised clinical trial using qPCR.

1.5.4 Intracanal dressing: the continuing and growing debate

The combinations of mechanical instrumentation of the root canal and chemical
antimicrobial agents aim to disturb and eradicate biofilm communities. The
inclusion of an additional step whereby an antimicrobial agent (often a calcium
hydroxide [Ca(OH):] paste) is sealed within the tooth between the disinfection
and obturation (filling) visits, has been a part of many dentists’ protocols. There
is continued debate concerning the need or effectiveness of multiple-
appointment endodontic therapy (Su et al., 2011). In fact, filling teeth with
early stages of pulp infection, in one appointment, has been justified from a
clinical perspective. This justification was based on the principle that all
bacteria are more likely to be removed, in a single visit, when superficially
located during the early stage of pulp inflammation, when most of the pulp
tissue is still intact. Immediate obturation and sealing of the access opening will
reduce the chances of new bacterial entry (Bergenholtz et al., 2015). Single visit
was also suggested for necrotic pulps with asymptomatic apical periodontitis,
with or without a patent sinus tract (Arens et al., 2009). However, the support
for the ability of a calcium hydroxide inter-appointment medicament to suppress
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microbial growth was shown in vivo by Vera et al. (2012) for teeth with primary
apical periodontitis. The results showing that Ca(OH), has maximised bacterial
reduction of roots with the two-visit protocol, while residual bacteria, with the
one-visit procedure, were more abundant within the root canals' ramifications,
isthmuses and dentinal tubules of teeth treated without an inter-appointment

medication.

This antimicrobial effect of Ca(OH); is related to the release of calcium ions
when in aqueous solution, resulting in high pH levels (Hosoya et al., 2001). The
antimicrobial effects can be enhanced by incorporating different compounds into
it. For instance, it was shown that a combination of intracanal medicaments of
Ca(OH); and chlorhexidine gel (Sinha et al., 2013), a mixture of chitosan
nanoparticles (CSNPs) and Ca(OH): (del Carpio-Perochena et al., 2017) and a
combination of Ca(OH)2 and silver nanoparticles (AgNPs) (Afkhami et al., 2015),
all produced additive antimicrobial effects to the Ca(OH), alone. Despite the
studies outlined, the Cochrane database of systematic reviews (Figini et al.,
2008, Manfredi et al., 2016) found no evidence to suggest that one treatment
regimen (one-visit or multiple-visit) is better than other. In fact, “neither can
prevent 100% of short- and long-term complications”. It is clear that there is a
need for a well-designed randomised controlled trial to establish better the
effect of numbers of visits/inclusion of an intracanal medicament on outcome.
However, based on the available evidence, it seems that patients undergoing a
single visit may experience a higher frequency of late post-operative pain and
are more likely to require painkillers. It is possible that in the single visit the
working time is longer, causing a more severe acute inflammatory response,

manifested as pain (Figini et al., 2008, Manfredi et al., 2016).

1.5.5 Regenerative endodontics - an alternative treatment
option?

Despite significant advances in endodontic materials over the past few decades,
outcomes in endodontics have not improved significantly (Zanza et al., 2022).
Why have we failed to achieve higher success rates? Do we need to depart from
the traditional and start to explore biologically based alternatives? Dental pulp
regeneration represents a major departure from traditional endodontic

treatment and a potential avenue for exploration that may offer access to
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improved outcomes. Pulp regeneration may be defined as the replacement of
damaged tissue by cells with the same characteristics as the lost tissue, leading
to complete restoration of biological function of injured tissue. Unlike
regeneration, repair is the replacement of damaged tissue with a different
tissue, closer to a periodontal one rather than a pulp tissue (Simon and
Goldberg, 2014). Regenerative endodontics has emerged as new treatment
modality for cases of immature teeth after pulp necrosis. Not only does it
provide apical closure, as apexification, but also increases the dentine walls
thickness and length of immature roots that otherwise are susceptible to
fracture. Both the European Society of Endodontology (ESE) (Galler et al., 2016)
and American Association of Endodontists (AAE, 2021) have published guidelines
for immature teeth with pulp necrosis to help clinicians stay current with the
advancing scientific literature in regenerative endodontics. The degree of
success of regenerative endodontic procedures (REPs) is largely measured by the
extent to which it is possible to achieve primary, secondary and tertiary goals.
The primary goal is to eliminate symptoms and to drive bone healing. The
secondary goal is to increase root wall thickness and/or increase root length.
Finally, the tertiary goal is to induce a positive response to vitality testing (AAE,
2021).

Traditionally, three elements have been used to achieve pulp regeneration,
namely (1) stem cells (progenitor cells), (2) scaffolds and (3) signalling
molecules (e.g. growth factors) (J Yang et al., 2016). The first key element is
stem cells (SCs), which can be defined as unspecialised cells with the ability to
undergo self-renewal, proliferation and differentiation into more specialised
functional cells (Potten and Wilson, 2009). There are two primary sources of
stem cells naturally present in the human body: embryonic and adult stem cells.
Many adult stem cell sources have been identified in the oral and maxillofacial
region (Figure 1.7), many of which are believed to reside in mesenchymal
tissues. These cells are termed collectively as mesenchymal stem cells (MSCs)
(Egusa et al., 2012). The current REP guidelines advocate the practice of evoked
bleeding by lacerating periapical tissues, through over instrumentation, after
disinfection of the root canal system. This recruits stem cells that reside
apically. The blood clot that forms inside the root canal following the resultant

haemorrhage, acts as a scaffold for the regeneration of pulp tissues (AAE, 2021).
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The antimicrobial properties of human MSCs have recently been investigated. It
was found that MSCs exhibited high levels of direct bactericidal activities, and
indirect antimicrobial effects mediated via activation of host innate immune
defences, including trigger of neutrophil extracellular trap formation. In
addition, soluble factors secreted by MSCs augmented the antimicrobial activity

of several major classes of antibiotics (Chow et al., 2019).

DPSCs SHED

Figure 1.7. Sources of adult stem cells in the oral and maxillofacial region. Bone marrow stem
cells (BMSCs), dental pulp stem cells (DPSCs), stem cells from human exfoliated deciduous teeth
(SHED), periodontal ligament stem cells (PDLSCs), dental follicle stem cells (DFSCs), tooth germ
progenitor cells (TGPCs), stem cells from the apical papilla (SCAP), oral epithelial
progenitor/stem cells (OESCs), gingiva-derived MSCs (GMSCs), periosteum-derived stem cells
(PSCs) and salivary gland-derived stem cells (5GSCs). Taken from Egusa et al. (2012).

Although REPs are currently used for immature permanent teeth, numerous case
reports and one case series have been published on expanding the use of
regenerative treatment to mature teeth. This potentially offers an alternative to
conventional endodontic treatment, in a variety of clinical scenarios, including
necrotic teeth with apical periodontitis (Paryani and Kim, 2013, Saoud et al.,
2016a), replantation (Tambakad and Naidu, 2016), retreatments (Saoud et al.,
2015), and root resorption (Saoud et al., 2016b). In addition, a recent
randomised controlled two-armed clinical trial compared the outcomes of REPs
with conventional root canal treatment (CRCT) in necrotic mature teeth with
apical periodontitis. At a 1-year follow-up, favourable clinical and radiographic
outcomes were found in 92.3% and 80% in both REPs and CRCT groups,
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respectively, with no statistically significant differences. Half of teeth in the
REPs group responded to the electric pulp test (Arslan et al., 2019). These
publications demonstrate the potential for success of pulp regeneration in
mature teeth and could be the beginning of the transformation of the practice of
regenerative endodontics from that of the treatment of immature teeth to that
of a treatment option for mature permanent teeth. The tissues regenerated in
the root canals of human mature permanent teeth with necrotic pulp, treated
with regenerative endodontics, have not been fully characterised. However,
histological reports of animal and human immature permanent teeth with
infected or uninfected pulps (Yamauchi et al., 2011, Becerra et al., 2014, Nosrat
et al., 2015) show that tissue within the root canals appear to be similar to that
of periodontium, consisting of fibrotic periodontal ligament, collagen fibers,

blood vessels, cementum- and bone-like tissues.

A published regenerative endodontic case was documented in an immature
mandibular premolar with infected necrotic pulp and a chronic apical abscess
(Becerra et al., 2014). This case was successfully treated and followed for two
years. The tooth was then extracted for orthodontic treatment and processed
for histological examination. Despite evidence of apical closure, by cementum
deposition and fibrous connective tissue growth into the canal space, there was
a small portion of the repair tissue that contained inflammatory cells and
bacterial cells. Thus, successful outcomes were achieved despite the presence of
a low threshold of residual bacteria in the root canal. Although these tissues are
not a true pulp tissue, they are vital with host response. The potential
advantage of this mode of treatment is that the root canals are filled with the
patient’s own vital tissues, bringing with it the possibly that their immune
defenses that function as a defense against microbial invasion are intact and

able to manage residual microbial infection (Saoud et al., 2016b).

1.6 Prevention: how to reduce and minimise endodontic
reinfections

1.6.1 Root canal obturation

Root canal obturation or filling is performed, as the second stage of endodontic

treatment, following microbial control to prevent root canal reinfection or
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resurgence after chemo-mechanical disinfection procedures. The aim is to
maintain the (low) microbial load left after treatment below the threshold for
expression of disease, and to prevent influx of periapical fluids that nourish
surviving microbes in the canal space (Trope et al., 2015). Successful obturation
necessitates the use of materials (usually a semi-solid core material surrounded
by a sealer) and techniques capable of densely filling the root canal system
entirely and providing a tight seal from the canal’s apical minor constriction to
the canal orifice unless a post is planned. The coronal restoration should
complete this seal (AAE, 2009).

However, can residual bacteria be entombed in the root canal? In fact, the
entombment of intracanal residual bacteria was suggested by L Peters et al.
(1995) to be one of the main objectives of root canal obturation. Entombing
remaining surviving microbes, effectively in the root canal space, by root filling
should result in sealing of bacteria in dentinal tubules, apical ramification,
recesses and isthmuses (M Wu et al., 2006). Thus, they cannot multiply and/or
communicate with the periradicular tissues (Trope et al., 2015), and toxic
bacterial elements cannot penetrate the periodontium in a sufficient quantity to
cause inflammation (M Wu et al., 2006). The apical root obturation should not
contain voids that could permit diffusion of such elements (M Wu et al., 2006). A
material which can entirely seal the infected root canal would be ideal for
clinical practice (Yoo et al., 2014). With current root canal filling techniques and
materials such as gutta-percha and/or polymer-based materials, such objectives
have not been achieved yet. Numerous studies have demonstrated that such
materials and techniques cannot provide a complete bacterial-tight seal (Punia
et al., 2011, Brosco et al., 2010, Jafarzadeh et al., 2018). Therefore, the
assumption that residual bacteria can be entombed effectively in the canal
system, with such materials, cannot be supported. In fact, bacterial growth was
identified in specimens with adequate root canal obturation and without
obturation (Burkovski and Karl, 2019). Thus, the gutta-percha core material acts
only as a filler and certainly does not seal the root canal (Trope et al., 2015).
But can residual bacteria be truly entombed by the root filling in the root canal?
Tantalisingly, a study by Yoo et al. (2014) showed a gradual bacterial
entombment within the dentinal tubules by intratubular mineralisation over time

following orthograde canal obturation with mineral trioxide aggregate (MTA)
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mixed with phosphate buffered saline (PBS). Therefore, Yoo et al. (2014)
suggested orthograde canal obturation with an MTA-PBS paste in infected root
canals, as a potential antimicrobial measure. It was shown that the use of a PBS
intracanal dressing promotes carbonated apatite precipitation with a tag-like
structure within MTA-dentine interface (Reyes-Carmona et al., 2010). Calcium
ions released during the MTA cement hydrolysis interact with phosphate
containing solutions, such as a body fluid, resulting in a crystalline deposit of
calcium phosphate or hydroxyapatite on the cement surface (Camilleri, 2011,
Kaup et al., 2015, Debelian and Trope, 2016). The HA crystals nucleate and grow
into the root canals and fill the microscopic space between the cement and the
dentinal wall (Sarkar et al., 2003). This seal is initially mechanical. With time,
MTA appeared to bond chemically to dentine via “a diffusion-controlled

reaction” between the apatite layer and dentine (Sarkar et al., 2005).

Could a biomimetic mineralisation strategy offer a solution to the challenges
faced in obturation of the root canal system? In an in vitro study, a novel mono-
block strategy that seals and obturates the root canal system, permanently, with
a tooth-like tissue was developed (L Zhang et al., 2018). In this study, teeth
were immersed, after cleaning and shaping, in a supersaturated calcium and
phosphate solution containing gallic acid and fluoride. The regenerated
fluoridated hydroxyapatite precipitate grew into and obturated the dentinal
tubules and root canal completely with a thick, compact homogeneous and
monolithic mono-block root obturation that bonds tightly to the canal dentine
and seals the root canal system. The study has provided a novel method for
generating an enamel-like prism structure to seal the root canal system

permanently (L Zhang et al., 2018).

Is the era of gutta-percha over? Gutta-percha, as a root filling, has been and still
is the core material of choice (Trope et al., 2015). Regardless of the root
obturation technique used, sealers have a crucial importance of sealing and
filling the gaps between the root canal wall and the gutta-percha and
anatomical irregularities in order to obtain better short-term and long-term seal
(Schafer and Olthoff, 2002). Thermoplasticised gutta-percha techniques have
been developed in an attempt to improve the obturation of root canal
complexities and to improve density of the filling; reducing the risk of voids

formation (Natera et al., 2011). With such techniques, creating a detailed
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radiographic picture with the impression that a superior “3D” root filling had
been placed was universally accepted as a technique for specialists or
“advanced” generalists (Trope et al., 2015). However, it has been shown that
melted gutta percha undergoes a large amount of shrinkage during setting
(Tsukada et al., 2004). Therefore, Trope et al. (2015) suggested that such
techniques, using melted gutta percha, do little to overcome the problems
associated with conventional obturation techniques because of the large gap
between gutta-percha and sealer following shrinkage. According to Burkovski
and Karl (2019), obturation seems questionable as current obturation materials
are incapable of hindering bacterial growth nor sterilising teeth, they have no
antimicrobial properties and cannot seal the root canal system if a coronal
restoration is missing. Tennert et al. (2017), however, demonstrated that all
root canal filling techniques significantly reduced bacterial viability (E. faecalis)
in the root canal especially with warm filling techniques, and the use of heat in
warm filling techniques might enhance killing of bacteria (Tennert et al., 2017).
It has been shown that ultrasonic activation of the AH plus sealer promoted a
better root canal filling quality and improved the intratubular penetration of
sealer, especially in the isthmus area. Additionally, the intradentinal
antimicrobial activity was enhanced by ultrasonic activation in superficial
dentine of the root canal (Alcalde et al., 2017). Trope et al. (2015) suggested
the use of a sealer, that does not shrink and is insoluble in tissue fluids such as
bioceramics, with gutta-percha impregnated and coated with nanoparticles of
bioceramics, in order to eliminate the gap between them (Trope et al., 2015).
So, the gutta-percha is used primarily as a “plugger” to deliver the bioceramic
sealer into the anatomical irregularities of the root canal. Additionally, it will

act as a pathway for post preparation and root canal retreatment.

1.6.2 Restoration of endodontically treated teeth

The long-term prognosis for endodontically treated teeth relies not only on the
disinfection of the pulpal space but continued protection of that space from
microbial contamination with a satisfactory permanent coronal restoration.
Whether or not a full coronal coverage restoration, temporary restoration, or a
post-core retained crown is indicated, it is important to consider techniques that
prevent microbial ingress and root canal reinfection, while preserving remaining

tooth structure (Barsness and Roach, 2016).
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Figure 1.8. Summary of root canal treatment procedures. Following diagnosis and access
cavity preparation, endodontic biofilms are disrupted with the use of mechanical
instrumentation, antimicrobial irrigation and intracanal dressing in multiple visits. This is
followed by root canal obturation and a tight-seal coronal restoration. Diagram was created in
Microsoft PowerPoint.

Therefore, endodontic and restorative procedures should not be considered as
independent phases, as it becomes apparent that both components impact the
long-term prognosis for endodontically treated teeth. The successful outcomes,
ultimately, rely on maintaining both coronal and apical seal of endodontically
treated teeth (Barsness and Roach, 2016). Therefore, root canal treatment
cannot be considered accomplished unless the dental crown is suitably restored
(Atlas et al., 2019). Accordingly, the findings of a systematic review and meta-
analysis suggest that the quality of the coronal restoration is equally important
as the quality of root canal obturation for endodontic treatment outcomes
(Gillen et al., 2011). Root canal treatment procedures are summarised in Figure
1.8.
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1.6.3 Bioceramics and calcium silicate materials

The field of endodontics is constantly changing due to new technological
advances. Advances in endodontic materials contribute significantly to
endodontics. The term “bioceramics” was defined by Koch and Brave (2012) as
“ceramic products or components employed in medical and dental applications,
mainly as implants and replacements that have osteo-inductive properties”.
Many materials in dentistry and medicine can potentially be classified as
bioceramics. Bioceramic prostheses used as implants were simply classified by
Hench (1993) into: (1) bioinert, (2) porous, (3) bioactive and (4) biodegradable.
Bioinert, which means non-interactive with biological systems. Aluminium oxide
(alumina) and zirconia are examples of bioinert materials. Porous, which allows
tissue ingrowth into pores. For examples, hydroxyapatite and HA coated porous
metals. Bioactive, which is durable in tissues that can undergo interfacial
interactions with surrounding tissue, such as bioactive glasses, bioactive glass
ceramics and hydroxyapatite. Biodegradable which is soluble or resorbable and
eventually replaced with tissues. Examples of this category are tricalcium

phosphate and bioactive glasses.

There has also been a great interest, not only in developing methods of
synthetically producing hydroxyapatite, but additionally in understanding how to
produce HA naturally from bones, dentine, eggshells, bones of some fishes and
shells of some marine molluscs (Coelho et al., 2006). Marine species, such as
corals, seashells and nacres, are of special interest in the field of bioceramics
for bone graft, bone cements and drug delivery applications. Most of these
marine structures are composed of pure calcium carbonate with a small amount

of an organic matrix (Macha et al., 2013).

According to the literature, there has been a growing interest in the production
of calcium phosphate compounds from natural sources. A hydroxyapatite powder
was synthesised from snail shells which are mainly composed of calcium
carbonate (A Singh and Purohit, 2011). A study synthesised calcium phosphate
bioceramics, which contain a mixture of hydroxyapatite and apatitic tricalcium
phosphate. The antibacterial study showed that bioceramics synthesised from
Lanistes varicus snail shell powder showed a strong inhibitory effect against
Staphylococcus aureus, but a partial antimicrobial property against Klebsiella
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oxytoca. The study also suggested using the Lanistes varicus snail shell powder

as a bioactive biomaterial in dental applications (Osseni et al., 2018).

The introduction of calcium silicate-based materials, in the early 1990s, as a
new group of dental cements may be considered as one of the most important
advances in dental material science that have changed the face of endodontics
(Raghavendra et al., 2017). The first member of the calcium silicate-based
materials to be introduced was mineral trioxide aggregate (MTA), which is a
mixture of Portland cement and bismuth oxide in a proportion of 4:1. The
powder consists of hydrophilic fine particles that set in the presence of water. In
the original patent lists, the powder of MTA principally consists of tricalcium
silicate, dicalcium silicate, tricalcium aluminate and tetracalcium aluminoferrite
with bismuth oxide powder added as a radiopacifying agent (Torabinejad and
White, 1995). Subsequently, a variety of new formulations of purer calcium
silicate-based materials, not based upon natural minerals or industrial process,
have been developed based on tricalcium silicate chemistry (Camilleri, 2015).
Bioceramics is the term applied to the newer modified calcium silicate-based
cements used particularly in endodontics (Camilleri, 2021b). It is worth
mentioning that the term “bioceramics” used for calcium silicate-based
materials is a misnomer. In fact, bioceramics, as previously mentioned above,
include a wide range of materials with different chemical compositions
(Camilleri, 2015). Biodentine (BD), BioAggregate (BA) and calcium-enriched
mixture cement (CEM) are amongst this newer group of modified calcium silicate
materials. These materials are indicated for a variety of endodontic procedures,
including perforation repairs, regenerative endodontic procedures, retrograde
obturation, vital pulp therapy and management of immature permanent teeth,
similar applications to those outlined for MTA (Camilleri, 2021a), as shown
(Figure 1.9).
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Figure 1.9. Endodontic microsurgery and MTA placement. (A) Mandibular central incisor with
large apical lesion. (B) Post-surgery following orthograde approach, MTA placement and root
resection. (C) On review, bone healing is evident. Courtesy of Dr William McLean.

Previous studies have shown that these materials possess antibacterial and
antifungal properties against isolated bacterial and fungal species. The
antibacterial efficacy of the calcium silicate-based materials has been attributed
to the alkaline environment formed when calcium silicate undergoes hydrolysis
in water, producing calcium silicate hydrate and calcium hydroxide. The
presence of precipitated Ca(OH): results in an alkaline pH (Camilleri, 2007,
Camilleri, 2011). While this appears a useful function of the materials, there are
limitations on the applicability of studies of this phenomenon. Many of these
studies used material suspensions, in either media or sterile water, to test
activity against only planktonic microbial cells, with the assessments based on
determining minimum inhibitory concentrations or suspension turbidity
(Kangarlou et al., 2009, Kangarlou et al., 2012, Hiremath et al., 2015). Such
methods do not mimic the microbial interactions occurring in clinical scenarios
where it has been shown that microbes exist within biofilms, displaying unique
phenotypic characteristics compared to their free-floating planktonic
counterparts, including a notorious resistance to antimicrobial agents (Ceri et
al., 1999, Ramage et al., 2001). Moreover, as highlighted, these studies used
only mono-species systems that do not fully represent the polymicrobial nature
of the infected root canal (Lovato and Sedgley, 2011, Damlar et al., 2014, R Kim
et al., 2015, Donyavi et al., 2017, Atom et al., 2021, Bossu et al., 2021).
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Different methods have been used to assess the antimicrobial activities of
calcium silicate materials. By using the disc diffusion method, the zones of
bacterial growth inhibition were measured when tested materials were placed
into the inoculated agar plates (R Kim et al., 2015, Donyavi et al., 2017, Atom et
al., 2021). The direct contact test was another assessment method to be used in
other studies, by placing the mixed test materials in microtiter well plates and
adding microbial suspensions for 1 h, followed by 10-fold serial dilution of
microbial suspension, for enumerating colony forming units of microbial strains
inoculated onto agar plates (Lovato and Sedgley, 2011, Damlar et al., 2014).
Notably, the positive control used in these studies, for establishing the
antimicrobial effect, was microbial suspensions added into microtiter wells,
which were uncoated with tested calcium silicate materials. The crystal violet
staining assay was also used in a recent study for assessing the antibiofilm ability
of MTA and Biodentine against S. mutans biofilm grown on the surface discs of
the materials, where no control was used (Bossu et al., 2021). These single
biofilm models have typically failed to address the complexity of endodontic

biofilms and the potential for interkingdom interactions.

Confirming the importance of assessing the effect on biofilms, in a study by
Jerez-Olate et al. (2021), ProRoot MTA and Biodentine showed higher antibiofilm
activity against anaerobic multispecies biofilms containing bacterial species
only, using scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM). However, Jardine et al. (2019) designed an ex vivo biofilm
model, with unknown microbial compositions, investigating the antimicrobial
activity of NeoMTA Plus, Biodentine and MTA Angelus against multispecies
microcosm biofilms grown intraorally with unknown compositions. In this study,
volunteers wore retainers with small human dentine blocks for 72 h.
Subsequently, the blocks were incubated aerobically for biofilms growth. The
materials were then placed in contact with these infected blocks. The results of
CLSM showed a high level of viable microorganisms even after 7 days of contact
of tested materials with the blocks, and none of the materials were effective
against multispecies biofilms. These data might suggest the need for augmenting

materials with antibiofilm active agents.

It is challenging to predict the antimicrobial behaviour of calcium silicate

materials in the host environment. Other biological factors may enhance or
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drastically reduce their antimicrobial properties in in vivo conditions. In a study
by Farrugia et al. (2017), ProRoot MTA showed a highly significant drop in its
antimicrobial activity against E. faecalis when in contact with blood. Another
study assessed the antimicrobial effectiveness of BioAggregate and MTA against
E. faecalis. Suspensions of fresh powders and crushed set cements were
prepared and mixed with equal amounts of a sterilised crushed human radicular
dentine (obtained from an extracted wisdom tooth). The results showed that the
addition of dentine powder to the suspension of both set and fresh powders of
either cement, resulted in complete killing of bacteria after a short time of
exposure (1-6 min). Dentine powder alone did not eliminate the viable bacteria
during the 24-h experiment. This study showed a slight reduction in pH value.
Therefore, it seems that the quick elimination of E. faecalis by both cements, in
the presence of dentine powder, is caused by factors other than pH value alone.
The presence of dentine powder enhances the antimicrobial activities of MTA
and BioAggregate (H Zhang et al., 2009). In a recent study, the antibiofilm
activity of three calcium silicate-based sealers against E. faecalis biofilm was
assessed in either a neutral condition or an acidic condition (pH 5.2), to simulate
the low pH environment in inflammation. The findings of this study highlight the
impact of pH changes on the antimicrobial efficacy of these materials. Calcium
silicate sealers, in acidic pH, showing a significant declining trend in their
antimicrobial activity, while they appear to have an adequate antimicrobial

activity in pH neutral conditions (Bosaid et al., 2022).

1.7 Nanomaterials in endodontics

The prefix “nano”, according to the Oxford English Dictionary (OED), is referred
to a Greek prefix meaning “dwarf” or something very small. A nanometre (nm) is
an International System of Units that represents one thousand millionth
(billionth) of metre in length (10 m) (oed.com). The European Commission
Recommendation defined a nanomaterial as “a natural, incidental or
manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50 % or more of the particles in
the number size distribution, one or more external dimensions is in the size
range 1-100 nm” (European Commission, 2011). A nanoparticle has been defined
as a particle of any shape that ranges between 1 to 100 nm in dimension (Vert et

al., 2012).
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Nanomaterials/nanoparticles (NMs/NPs) are classified, based upon their origin,
into either naturally occurring (produced in nature), incidental or synthetic
(engineered). Naturally formed NMs are present in the Earth’s spheres, such as
the atmosphere, the hydrosphere (oceans, lakes and rivers), the lithosphere
(rocks, soils and lava) and the biosphere (the bodies of organisms, insects,
plants, animals and human). In contrast, synthetic NMs are manufactured by
either grinding or are synthesised by physical, chemical, biological or hybrid
methods. Incidental NMs are generated incidentally as an industrial processes by
product (Jeevanandam et al., 2018). Based on composition, NMs can be
categorised into carbon-based NMs (containing carbon), inorganic-based NMs
(including metal and metal oxide), organic-based NMs (made mostly from organic
matter) and composite-based NMs (NPs are combined with other NPs or with any

form of bulk materials) (Jeevanandam et al., 2018).

Researchers recognised the significance of these materials when they found that
nanomaterials possess special physicochemical properties, due to their
ultrasmall sizes (Khan et al., 2019). It has been suggested that this nanoscale
size results in a large surface area, which could possibly promote interactions
between the surface of living organisms and the nanomaterials (Navya and
Daima, 2016). The use of nanoparticles in endodontics has substantially
progressed and grasped significant attention over the last decade (Wong et al.,
2021). The aim is mainly to overcome the endodontic microbial challenge
(Shrestha and Kishen, 2016). The potential use of nanoparticles in endodontics
encompasses various applications, such as endodontic irrigation and disinfection
strategies, photodynamic therapy, intracanal medicaments, obturation materials

and regenerative endodontics (Wong et al., 2021).

1.7.1.1 Silver

Historically, silver has been a major therapeutic agent in numerous medical
conditions over at least six millennia, especially in infectious diseases, mostly
empirically before the realisation that microbes were the infectious agent. It
was the most important antimicrobial agent available before the clinical
introduction of antibiotics (Alexander, 2009). The increase in antibiotic
resistance has prompted interest in the use of this metal as an antimicrobial

agent. Additionally, silver has been proposed as an alternative strategy for
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reducing the attachment of microorganisms on medical devices (Monteiro et al.,
2009). Advances in the field of nanotechnology have created new horizons and
opportunities in nanomedicine. We are now capable of allowing the synthesis of
nanoparticles that can be assembled into complex architectures. One of the
most extensively used nano-systems in dentistry is silver nanoparticles (Elizabeth
et al., 2019), which attract much attention because of their potent antimicrobial

effectiveness (Franci et al., 2015).

In dentistry, it has been shown that the application of a silver nano-coating on
dentine surface had inhibited bacterial adhesion on the dentine surface (Besinis
et al., 2014). It has also been found by D Wu et al. (2014) that 0.02% AgNP gel as
a root canal medicament significantly disrupted the structural integrity of E.
faecalis biofilms, compared with 0.01% AgNP gel and calcium hydroxide groups.
However, as a root canal irrigant, the concentrations of 0.1% AgNPs was not able
to disrupt E. faecalis biofilms and the number of residual viable bacterial cells,

following treatment, was comparable to that of the saline group.

Silver nanoparticles have also been incorporated into endodontic materials.
Adding AgNPs up to 5 wt% could not improve the antimicrobial properties of zinc
oxide eugenol sealer against E. faecalis (Haghgoo et al., 2017). In contrast, 17%
EDTA-AgNPs solution was found to be an effective antimicrobial agent against
mono-species biofilms, compared to EDTA alone, without losing its chelating
ability (Martinez-Andrade et al., 2018). Adding 100 ppm and 200 ppm of AgNP
suspensions (0.01% and 0.02%) into the powder of both MTA and calcium-
enriched mixture cements significantly improved their antimicrobial efficacy
against planktonic microorganisms (Jonaidi-Jafari et al., 2016). In another study,
the incorporation of 12 ppm and 25 ppm of AgNPs (0.0012% and 0.0025%) into
MTA enhanced the antibacterial properties of MTA significantly, against a
bacterial suspension of E. faecalis and Pseudomonas aeruginosa (P. aeruginosa)
(Bedier, 2017). An in vitro and in vivo study showing that AgNPs at 25 pg/mL
(0.0025%) were not cytotoxic, but cytotoxicity was shown at higher
concentrations. Therefore, further studies are recommended to ensure safety of

clinical use (Takamiya et al., 2016).
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1.7.1.2 Chitosan

Chitosan is a modified natural carbohydrate polymer produced by deacetylation
of chitin (Austin et al., 1981). Chitin is widely distributed in nature, and is
derived from the exoskeletons of arthropods (including crustaceans and insects),
the endoskeleton of cephalopods (Hackman and Goldberg, 1981, Arrouze et al.,
2017), corals (Bo et al., 2012), sponges (Shaala et al., 2019), algae (Rahman and
Halfar, 2014) and from cell walls of fungi (T Wu et al., 2004). Chitin and
chitosan are composed of N-acetyl-D-glucosamine (acetylated units) and D-
glucosamine units (deacetylated units), linked by B-(1,4) glycosidic bonds. Chitin
consists mainly of N-acetyl-D-glucosamine units, while chitosan contains mainly
D-glucosamine units (Goncalves et al., 2021). Chitosan, the poly-(B-1,4)-2-
amino-2-deoxy-d-glucopyranose, is a collective name for a group of partially and
fully deacetylated chitin (Tikhonov et al., 2006).

The extraction process of chitin mainly relies on chemical processes and usually
occurs in two stages: (1) demineralisation, using hydrochloric acid (HCl), to
remove calcium carbonate and (2) deproteinisation, using a sodium hydroxide
(NaOH) solution, to remove protein (Gopal et al., 2019). The chitin
deacetylation is considered in the literature as the main method for obtaining
chitosan (Figure 1.10). However, Gopal et al. (2019) reported a phyto-extract
mediated novel method using Graviola, a small tropical tree, for recovery of

chitosan directly from solid marine wastes (Gopal et al., 2019).
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Figure 1.10. Deacetylation reaction of chitin to chitosan. Chitin is the second most abundant
natural polysaccharide after cellulose. Chitin is composed of N-acetyl-D-glucosamine and D-
glucosamine units. Chitosan is the most common chitin derivative obtained by partial
deacetylation of chitin by removing the acetyl group (CHs-CO). Taken from Farinha and Freitas
(2020).

Chitosan has attracted considerable attention over the past decade, because of
its antimicrobial properties (Matica et al., 2019), biocompatibility,
biodegradability and non-toxicity (Chandy and Sharma, 1990, Xu et al., 2012).
Chitosan can be distinguished by its molecular weight into high molecular weight
(HMw), medium molecular weight (MMw) and low molecular weight (LMw). It was
found that a longer reaction time at a higher temperature during the
deacetylation process produces low molecular weight (Jia and Shen, 2002). In
fact, the properties of chitosan have been related to its molecular weight. It is
known that chitosan is insoluble in water and organic solvent. It is soluble in

dilute aqueous acidic solution (pH < 6.5) (Kumar et al., 2004), and its
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solubilisation is generally carried out using acetic acid. However, the water-
solubility of chitosan was found to increase as the molecular weight decrease
(Jia and Shen, 2002). There have been attempts to create particulate systems
that form dispersion within solutions formed of reactive surface areas. This shift
of physical state, due to size effects, is likely to create variations in its
antimicrobial properties (Kong et al., 2010).

Chitosan can be easily fabricated into various forms, such as membranes (Mi et
al., 2001), solutions/gels (Yadav et al., 2017, Akca et al., 2018), hydrogels
(Ahmadi et al., 2015), nanofibers (Homayoni et al., 2009), films (Coma et al.,
2002), beads (Jayakumar et al., 2006), nanoparticles (Chavez de Paz et al.,
2011), scaffolds (L Yang et al., 2016) and sponges (Huang et al., 2015). The
methodologies to synthesise nanoparticles are commonly catalogued into
physical (top-down) and chemical (bottom-up) methods. The physical approach
is based on reducing the size of bulk (source) materials into nano-objects using a
specific technique, such as mechanical milling. This, however, may lead to
contamination if a milling medium is utilised. In the bottom-up approach, the
source material is dissolved in a certain medium, then nanoparticles are created
by nucleating and growing particles from an atomic or molecular level in the
solution (Chan and Kwok, 2011).

Chitosan nanoparticles have been synthesised using various chemical methods
(Seyam et al., 2020). The ionotropic gelation method is one of the most common
methods reported in the literature. This method was firstly reported by Calvo et
al. (1997). Briefly, the cationic solution of chitosan is prepared by dissolving
chitosan in acetic acid aqueous solution. An anionic crosslinker solution is
prepared by dissolving sodium tripolyphosphate (TPP) in distilled water.
Following this, ionic gelation occurs by adding the TPP solution into the chitosan
solution under mechanical stirring at room temperature. Spherical nanoparticles

are formed instantly by electrostatic forces, as shown (Figure 1.11).
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Figure 1.11. A schematic diagram of chitosan nanoparticles prepared via ionic gelation
method. Taken from Seyam et al. (2020).

Chitosan is known to possess antimicrobial activity against a variety of Gram-
positive and Gram-negative bacterial strains and fungi (Park et al., 2008,
Shrestha et al., 2010, Goy et al., 2016, MubarakAli et al., 2018). The
antimicrobial properties of chitosan solutions/nanoparticles have been shown
when used as an irrigant and when incorporated into endodontic sealers (DaSilva
et al., 2013, del Carpio-Perochena et al., 2015a). The exact antimicrobial
mechanism of action of chitosan is still unclear, but different mechanisms have
been proposed (Kong et al., 2010, Rabea et al., 2003), and it is assumed to be
mainly electrostatic (Figure 1.12). It has been suggested to be attributed to the
affinity of the positively charged chitosan molecules for the negatively charged
microbial plasma membrane which supports the interaction with anionic
components of the cell membrane and leads to cell membrane disruption,
intracellular contents leakage and ultimately cell death (Park et al., 2008, Beck
et al., 2019). It has also been hypothesised that chitosan exhibits a chelating
activity against essential trace metals and thereby inhibit fungal growth and
toxin production (Cuero et al., 1991). It has been found that the mode of
chitosan action is influenced by different factors, one of which is the type of

microorganisms. In a study by Palma-Guerrero et al. (2010), an increased
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antifungal activity of chitosan was observed against fungi with a higher amount
of polyunsaturated fatty acids in their plasma membranes. In contrast, a
decreased antifungal activity was seen with a mutant fungus with a reduced
amount of unsaturated fatty acids. This study confirmed that chitosan binds to
the negatively charged phospholipids that alter the fluidity of the cell membrane
and leads to membrane permeability (Palma-Guerrero et al., 2010). An RNA
sequencing analysis has shown that chitosan may exert its antifungal effect by
inhibiting genes involved in cell integrity and protein biosynthesis (Meng et al.,
2020). In another study, chitosan was found to inhibit bacterial growth via
downregulation of genes involving in growth and metabolism (Raafat et al.,
2008).

Overall, these advances in nanotechnology have opened potential new
applications in endodontics. Although many of these antimicrobial studies are in
vitro studies with simple microbial models, the nanoparticulate system has
shown the potential for enhancing the antimicrobial ability of existing materials.
Therefore, work is required to explore this further using an appropriate biofilm

model.
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Figure 1.12. A schematic diagram showing the antibacterial mechanism of chitosan
nanoparticles. Cationic (positively charged) nanoparticles interact with anionic (negatively
charged) bacterial cells. Increased membrane permeability eventually lead to bacterial cell
death (Shrestha and Kishen, 2016).
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1.8 Hypothesis and aims

The overall hypothesis of this thesis indicates a fundamental shortcoming in
endodontic research, whereby non-representative models have been used to
explore treatment strategies. The development of a representative biofilm
model opens-up the possibility of exploring existing and novel treatment
strategies in a relevant and reproducible way that can inform our clinical

practice.
The aims of this thesis are:

1. To analyse the trends in endodontic microbiology research over the last
three decades, using a combination of bibliometric and ontological

analyses of the literature.

2. To develop and optimise a defined multispecies interkingdom biofilm

model, a representative model of endodontic infection.

3. To investigate the antibiofilm efficacy of endodontic calcium silicate-
based cements (MTA and Biodentine) modified by one of the novel
antimicrobial biomaterials (chitosan), and to assess the interkingdom

interactions that may modify microbial tolerance to treatment.

4. To assess the material characteristics of the new mixture of the modified
calcium silicate-based material (Biodentine) with chitosan, compared to

the unmodified formula.
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Chapter 2: Bibliometric and ontological analyses on trends in endodontic microbiology research

2.1 Introduction

Knowledge in the field of endodontic microbiology is constantly evolving and
therefore so is best practice in endodontics. With the exponential growth in the
volume of research productivity, keeping up to date with such a vast amount of
available literature is an enormous challenge (Koci et al., 2018). Measuring and
monitoring the accountability, excellence and quality of scientific research is a
theme that has attracted increasing attention of governments, institutions and
funded bodies (Agarwal et al., 2016). Therefore, the analysis of the growth in
the rate of scientific publications is required to quantify research outcomes and

their impact on the scientific community (Tarazona et al., 2017).

Amongst many statistical studies in science, bibliometrics is one of the few
subfields aimed at measuring scientific research outputs (Godin, 2006).
Bibliometrics is a quantitative measure used increasingly to analyse scientific
production, author performance and impact of scholarly publications, within a
topic of interest (Ellegaard and Wallin, 2015). Bibliometric terminologies started
to emerge as the discipline began to mature (Thompson and Walker, 2015).
Historically, bibliometrics was introduced in 1926 when Alfred Lotka investigated
patterns of author productivity, counting names and number of articles listed for
each. The initial laws of bibliometrics, later called “Lotka’s law”, was produced
as a result of his work (Lotka, 1926). In 1934, Samuel Bradford analysed the
frequency distribution of publications across scientific journals in a specific
research discipline. His work resulted in formulating a key law of bibliometrics
“Bradford's law” (Bradford, 1934). In 1955, the beginning of the modern
bibliometric era was launched by Eugene Garfield when he developed the
concept of a scientific citation index (Garfield, 1955). By 1964, Garfield had
created the Science Citation Index (SCI) and introduced it as a “new dimension
in indexing” (Garfield, 1964). In 1969, the term “bibliometrics” was coined by
Alan Pritchard, who defined it as “the application of statistical and
mathematical methods to books and other media of communication” (Pritchard,
1969).

Bibliometric analysis is the process of extracting measurable data from scholarly

publications through statistical analysis and how the knowledge within a
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published research study is used (Agarwal et al., 2016). The use of bibliometric
analysis is gradually extending to all disciplines (Aria and Cuccurullo, 2017) and
currently is being used in various fields, including medical science (Lewison et
al., 2016, Saquib et al., 2017, W Yang et al., 2020) and health care (Adunlin et
al., 2015). In endodontics, bibliometrics has also been adopted to analyse the
trend in endodontic research worldwide. It has been shown that microbiology
was the first topic in endodontics to have secured importance. It was the most
frequent subspecialty in endodontics (Fardi et al., 2011, Yilmaz et al., 2019).
This indicates the worldwide increasing interest in the microbiological aspect of

endodontics.

As in most fields, typical bibliometric analyses involve multistep analyses, each
of which uses different software tools, which increases the risk of human errors
and complicates the analysis for other researchers (Guler et al., 2016). Recently,
the Bibliometrix R-package was developed by Aria and Cuccurullo (2017). This is
an open-source tool used for producing a comprehensive science mapping

analysis that follows the classic logical bibliometric workflow.

Ontology-based approaches have also been adopted in many domains to extract
and retrieve information more easily (Blake, 2004). Ontologies illustrate
controlled dictionaries of words on a specific theme that define terms in a
description logic (Vogt, 2009, Koci et al., 2018). The manual approach is highly
accurate and can distinguish relevant data from irrelevant data, better than any
available software tool. However, it is time consuming and is unable to adapt to
the increasing amount of literature. An automatic text-mining system is another
approach which can be used to help in annotation and ontology with the least

waste of time and effort (Winnenburg et al., 2008).

A text-mining tool “PyTag” was developed by Koci et al. (2018), which
automatically text-mines ontological terms in online databases that offer
metatags with rich textual information in a time-efficient manner. By text-
mining published abstracts and categorising terms used into an existing broad
range of domain ontologies, it is likely to complete the demanding laborious task
of manual management, analysis and interpretation of a huge number of

available publications, free from reviewer’s bias. Such an approach can be
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useful for systematic reviews as it benefits from the ability to rapidly annotate
thousands of articles (Koci et al., 2018). Capturing additional details presented
in a scientific paper can be possible when a statistical analysis of metadata is
performed. Such information and patterns cannot be possibly revealed with a
traditional, manual methodology applied in systematic reviews (Koci et al.,
2018).
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2.2 Aims

This chapter aims to:

Identify the topmost cited articles and authors in the field of endodontic
microbiology, using a bibliometric analysis. This includes providing a
historical perspective on endodontic microbiology research that reflects
the research trends in the field.

Analyse the frequency of microorganisms in the endodontic literature
associated with endodontic infections, using an ontology-based analysis.
This information can be used to develop a multispecies endodontic biofilm

model suitable for assessing novel antimicrobial materials.
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2.3 Materials and methods

2.3.1 Bibliometric analysis

An electronic search was performed using the Web of Science - Core Collection
(WOS), Advanced Search Builder, from 1990 to June 2020. The aim was to
identify original research articles, in the English language, related to the field of
microbiology in endodontic infections. The search strategy included two distinct
blocks of search terms, which were searched using truncation by adding an
asterisk (*) to the ‘root’ form of a key word, to search for any other alternative
endings. The two blocks of keyword were combined by the Boolean search
command ‘AND’ to retrieve publications that incorporate the two blocks of

interest. The list of keywords is described (Table 2.1).

A total of 8606 publications were retrieved, and were then exported as 18
plaintext files, which were then merged into one plaintext file. The most recent
version of RStudio was downloaded (bibliometrix.org). The Bibliometrix R
package (version 3.0.1, released in 2020) was installed and loaded through
RStudio. The Biblioshiny app was started by inputting the code biblioshiny() in
the R console. The one merged plaintext file was uploaded into the Bibliometrix
shiny application. All reviews, book sections and editorials were then excluded
from consideration. After filtering documents, the database search yielded 7200
original articles, from January 1990 to June 2020. Biblioshiny is a shiny app
providing a web-interface for the Bibliometrix package. It allows non-coders to
use Bibliometrix easily to analyse bibliometric parameters for each article,
including research performance  analysis and  science mapping
(bibliometrix.org/biblioshiny). Tables were downloaded from the Biblioshiny app

as Excel sheets, for data analysis.

2.3.2 Ontological analysis

An electronic search was performed using the Web of Science - Core Collection,
Advanced Search Builder. All publications related to the microbiology of
endodontic infections, in the English language, were included from 1990 to June
2020. The search result of the WOS database for all possible combinations of the
key search terms (Table 2.1) yielded a total number of 8596 publications, which
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were then imported into EndNote X8. After the removal of reviews, editorials
and book sections, a total number of 7569 original research articles were
included. These journal references were then grouped in single years and
exported in a BibTeX format where each entry was described by a number of
article records including author, title, journal, a digital objective identifier
(DOI), a unique accession number or document identifier. Following this, the
BibTeX files were processed by a custom written script called “PyTag” as
described previously by Koci et al. (2018). The PyTag script accepts the BibTeX
files in a given folder as input and supports nine ontologies used in the EXTRACT
2.0 system (Pafilis et al., 2017).

These supported ontologies recovered mentions for the following: “biological
process”,  “cellular component”, “chemical compound”, “disease”,
“environment”, “genes and proteins”, “molecular function”, “organism” and
“tissue”. PyTag utilised these ontologies on the PubMed (PM) abstracts using the
associated PubMed identifiers (PMIDs). Following the annotation process of all
the abstracts and grouping terms used into the existing ontologies, the resulting
frequency of the identified terms was converted to two-dimensional tables in
Excel worksheets, where number of mentions for a defined term (one mention
per abstract) was recorded for each year. A manual approach was then
performed for selected ontologies of interest by accessing the relevant imported
abstracts from this collection. Finally, graphs were created using GraphPad
Prism (version 9.3.1). This whole automated annotation workflow is summarised

in Figure 2.1.
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Figure 2.1. A workflow diagram for an ontology-driven annotation processed by a PyTag
script. An electronic search of Web of Science - Core Collection database was performed.
Abstracts recovered were imported into EndNote X8. The imported journal references were
exported in a BibTeX format, where each abstract was described by a number of article records.
The BibTeX files were processed by PyTag, as described by Koci et al. (2018), where all the
ontological terms were listed and annotated. Frequency tables of identified terms were
generated, and graphs were created using GraphPad Prism. The PyTag annotation was processed
by Dr Christopher Delaney. Diagram was created in Microsoft PowerPoint and GraphPad Prism
(version 9); adapted from Koci et al. (2018).

Table 2.1. Key search terms used for bibliometric and ontological analyses.

Search terms

Block 1 (TS=(endodontic* OR endodontic treatment OR endodontic retreatment OR teeth
OR root canal* OR dental pulp OR necrotic pulp OR endodontic infection* OR root
canal infections OR periapical OR periapical abscess OR apical lesions OR
endodontic lesions OR apical periodontitis)) AND

Block 2 (TS=(fungi OR yeast* OR Candida albicans OR Candida OR mycobiome OR
microbiome OR microorganisms OR microbiota OR microbiology OR mycology OR
microbiologic OR microbial OR polymicrobial OR bacteria OR bacterial
composition OR 16S ribosomal RNA OR 16s rRNA)) AND

A literature search was performed in 2020, using the Web of Science - Core Collection, Advanced
Search Builder, with the aim of identifying original search articles of endodontic microbiology.
The search strategy included two distinct blocks of keywords relevant to: endodontic infections
(Block 1) and microorganisms (Block 2). Keywords in each block were separated by the Boolean
Operator ‘OR’. The final query combined the two keyword blocks by the Boolean Operator
‘AND’, to collect publications that incorporate the two blocks of interest. A field tag selected
was TS=Topic. The tag “TS” searches for the following fields: title, abstract, author keywords
and Keywords Plus.
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2.4 Results and discussion

2.4.1 Bibliometric analysis

2.4.1.1 Most local cited authors

Local citations measure the number of citations that an author (or a document),
included in this analysed collection, received from other documents included in
the analysis. Bibliometric analysis revealed that Siqueira’s papers collected the
highest number of local citations over the 30 years (n = 3175), followed by
Récas (n = 2418) and Gomes (n = 1723), as shown (Figure 2.2).

JF Siqueira 3175

IN Récas
BPFA Gomes
G Sundqpyist

CCR Ferraz

Authors

U Sjogren
D @rstavik
D Figdor
AA Zaia

FJ Souza

I I T T 1
0 1000 2000 3000 4000

Local citations

Figure 2.2. Most local cited authors. The bar chart shows the top ten authors by local citation
from documents included in this collection. The GraphPad Prism (version 9.3.1) was used to
present the local citation computed by the Bibliometrix R-package.
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2.4.1.2 Authors’ impact on research

Currently, the h-index can be used to assess outputs of authors. The h-index was
introduced as a new measure of research impact by Hirsch (2005) to help in
characterising researchers’ scientific outputs. The h-index is defined as the
number of papers with a citation number equal to or greater than h (Hirsch,
2005). Thus, the two concepts of productivity and impact are combined in a
single indicator. For example, an h-index of three simply means that an author
published at least three articles, each of which has been cited at least three
times. The h-index started to be increasingly utilised as an indicator for
evaluating the quality of journals (Masic and Begic, 2016). Despite its popularity,
the h-index faces growing debate for evaluating the quality of researchers’ work
(Barnes, 2017). The index favours older researchers as the number of citations
they receive may increase even if no new papers are published. Furthermore,
the index can never lessen and is weakly sensitive to the number of received
citations (Rousseau and Leuven, 2008). For instance, Sundqvist and Baumgartner
received total citations of 3221 and 1416, respectively. However, the h-indices
for both authors were 19 and 24, respectively, as shown in Table 2.2.
Regardless, analysis from the Bibliometrix R package indicates that Siqueira,
Récas and Gomes were the top-cited authors with the highest scientific
production outputs in endodontic microbiology research over the last three
decades (Figure 2.2 and Table 2.2).

Narin (1976) stated that the truly creative scientists contribute to the progress
of science by publishing a large number of heavily cited papers. However, some
would dispute this observation, as Dumont (1989) stated: “The use of citation
analysis as a tool to evaluate science is unfair, erroneous and dangerous. It leads
to wrong ideas about what science is”. In fact, quality versus quantity in
publishing academic works has always been a sensitive topic of any citation
analysis (Dumont, 1989, Agarwal et al., 2016). It has been shown by Eyre-Walker
and Stoletzki (2013) that assessors tend to over-rate papers published in high-
ranking journals. The study concluded that the subjective post-publication peer
review, the number of citations received by articles and the journal impact
factor, in which the article was published, are considered poor measures of

scientific merit since they all depend upon subjective assessments.
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Table 2.2. Author impact on endodontic microbiology research.

Author h-index TC NP
JF Siqueira 48 6275 139
IN Rocas 40 4572 113
BPFA Gomes 33 3374 77
JC Baumgartner 24 1416 32
CCR Ferraz 23 2026 35
M Haapasalo 23 1936 40
AA Zaia 23 1683 36
D @rstavik 22 2235 32
G Sundqvist 19 3221 24
M Trope 19 2050 21

TC; Total (global) citations, NP; Number of publications in the last three decades.

2.4.1.3 Analysis of the three top-cited authors’ production

The scientific production of the three top-cited authors, with the highest h-

index and highest number of publications, was analysed.

As revealed from the analysis (Figure 2.3), the first three articles published by
Siqueira were in 1996, implying the start of his scientific production in the field.
In 2004, the number of documents published reached ten articles, which was the
highest publication humber recorded per year, with total citations of 50.63. Two
of these ten publications were heavily cited (Siqueira and Récas, 2004, Rocas et
al., 2004), where E. faecalis was strongly associated with persistent endodontic
infections. His scientific production in endodontic microbiology research
continued over the years with some fluctuations. In 2019, only three publications
were recorded for Siqueira (Zandi et al., 2019, Gazzaneo et al., 2019, Cabreira
et al., 2019), which received total citations of 2.25 by mid-2020. One of these
was a randomised clinical study by Zandi et al. (2019). The study showed no
significant differences in endodontic retreatment outcomes between 1% NaOCl
and 2% CHX when used as root canal irrigants, where 81% and 82% of teeth with
apical periodontitis healed in the NaOCl and CHX groups, respectively, at the 4-

years follow-up. As the analysis showed, Rocas was the main co-author to
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Siqueira in most of his publications. She started her scientific production in 2000

and continued over the time with a similar trend to Siqueira’s.
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Figure 2.3. Author’s annual production over time. Each author’s timeline is represented by a
line. Gomes had the longest timeline from 1994 to 2020. The bubble size is proportional to the
number of articles. Number of articles published per year was shown above each bubble. The
colour intensity is proportional to the total citations per year (darkest bubbles indicate high
citations). The highest and lowest total citations per year were shown below the lightest and the
darkest bubbles, respectively, for each author. The plot was downloaded from the Biblioshiny
app as a PNG image.

The beginning of Gomes’s scientific production was in 1994, with two
publications, and this production continued over the time specified for this
analysis (Figure 2.3). In the period from 1994 to 2003, 12 articles were recorded.
Notably, in 2001, only one study was published by Gomes (Gomes et al., 2001),
which assessed and confirmed the effectiveness of NaOCl and CHX (gel and
liquid), in vitro, in several concentrations, in elimination of E. faecalis when
used as endodontic irrigants. This study by Gomes et al. (2001) received high
citations (total citations of ten), per year. The annual production, however,

became notable in 2003, where five articles were published with the highest
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total citations of 30.1 per year. In the subsequent decade, from 2004 to 2013,
the number of publications rose by 3.8-fold, where 46 articles were recorded. In
2018, only one article was published (Muniz et al., 2018), which received no
citation, by mid-2020. The study was the first in assessing the correlation
between the periodontal bone loss and pathogenic bacteria presented in the
root canal or apical lesion. Importantly, the findings suggested no direct

correlations (Muniz et al., 2018).

Regardless of these results, it is particularly important to understand the
appropriate uses and limitations of bibliometrics in order to employ bibliometric
data to their best advantage (Agarwal et al., 2016). One of the limitations of
bibliometric analysis is that recent articles receive fewer citations because of
the time effect, as they have less time to amass citations (Adnan and Ullah,
2018). Therefore, it is not surprising that the recent publications of the three
top-cited authors have received fewer citations than the previous ones (Figure
2.3). In a study by Fardi et al. (2011), the first top-cited article was a classical
study published by Kakehashi et al. (1965) that established a cause-effect
relationship between microorganisms and apical periodontitis. Another issue
with citation is oriented or biased citing, consciously or unconsciously, in various
ways, without any malicious intent, such as self-citation bias, or bias towards
friends, colleagues or specific journals. Cultural or the English language biases
are other factors. Less innocent biases can also occur by omission of
competitors’ publications or when information disagrees with one’s own results
(Dumont, 1989).

Other issues can arise in bibliometric research when searching for particular
researchers. For example, one issue is the inconsistency in researchers’ names in
different publications. Some authors have been cited with name variations,
despite all being the same person. Another issue is one of a name change,
notably by female researchers who change their names after marriage or who
reassume their maiden names (MacRoberts and MacRoberts, 1989). Another issue
in terms of publication analysis which is not uncommonly encountered is
“homonymy”’; when different individuals have an identical author name (Aksnes,
2008). This problem was addressed by Soler (2007), who has a program available

that uses a mathematical algorithm to break down a WOS publication list into
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cluster related articles. Thus, all the articles of a cluster are likely to belong to
the same author. This can separate homologues by selecting the appropriate
clusters based on similar topics. It is also imperative to understand the chosen
databases and their limitations. In this study, WOS constitutes the source of this
bibliometric analysis. The WOS database covers all authors’ addresses whilst
other databases may only cover the corresponding author (Thompson and
Walker, 2015).

Although the assessment of academic impact and reputation of researchers does
not merely rely on their research output, bibliometric analysis provides an
objective measure of their productivity and influence on the scientific
community (Agarwal et al., 2016). However, evaluating scientists’ achievements
should be more comprehensive than just solely counting the number of their
articles published in a high impact journal. The researcher’s characteristics,
number of patents and awards they receive, their national and international
reputation and teaching responsibilities are all very important aspects in
assessment of a scientist’s profile (Agarwal et al., 2016). Therefore, in order to
provide the most robust assessment, Agarwal et al. (2016) suggested using a
combination of qualitative information, such as peer review, and quantitative

bibliometric tools with multiple indicators.

2.4.1.4 Top-locally cited articles in endodontic microbiology

Citation analysis is one of the key methods in bibliometrics that construct and
apply a series of indicators on research publications by deriving citation data to
quantify the importance of research as indicated by the citation counts that a
manuscript obtains (Moed, 2009). A fundamental aspect of scientific papers is
the list of references referring to preceding publications (L Smith, 1981). A
reference is an acknowledgment that one article gives to another. A citation is
an acknowledgment that one article receives from another. The evaluation of
such relationships between a cited and citing document is defined in

bibliometrics as “citation analysis” (L Smith, 1981).

The term “citation classics” is a bibliometric concept introduced by Garfield
(1977) to identify, as well as, acknowledge the top-cited articles and their

impact on a particular speciality. In the study by Ordinola-Zapata et al. (2020),
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only a few topics in endodontics have been highly cited, since 1980, and can be
considered as classics. These topics are on the microbiological aetiology of
endodontic diseases, endodontic treatment outcomes, regenerative endodontic
procedures, discovery and use of nickel-titanium and the development and use
of mineral trioxide aggregate.

Our study has also identified the 30 top-locally cited articles in endodontic
microbiology from 1990 to 2020, the review of which will help researchers and
clinicians to identify the most influential studies that impacted upon this field.
The local citations were obtained to reduce the bias since a large part of global

citations could be received from other disciplines.

The top 30 articles are listed in (Table 2.3) in a descending order, based on the
number of local citations they received. The top-cited papers appeared in seven
different journals: International Endodontic Journal (n = 10), Journal of
Endodontics (n = 9), Oral Surgery Oral Medicine Oral Pathology Oral Radiology
and Endodontology (n = 4), Oral Microbiology and Immunology (n = 3), Journal
of Clinical Microbiology (n = 2), Journal of Dental Research (1), Dental
Traumatology (n = 1). The most cited articles were classical studies published by
Sundqvist et al. (1998), Molander et al. (1998) and Sjogren et al. (1997). The
most and the least cited articles received 403 and 74 local citations,

respectively.
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Table 2.3. Analysis of 30 top-cited articles in endodontic microbiology.

Rank | Article title Author & year Journal Local
citations
1 Microbiologic analysis of teeth with failed endodontic treatment and the outcome of (Sundgqvist et al., Oral Surg. Oral Med. | 403
conservative re-treatment 1998) Oral Patho. Oral
Radiol. and Endod.
2 Microbiological status of root-filled teeth with apical periodontitis (Molander et al., International 297
1998) Endodontic Journal
3 Influence of infection at the time of root filling on the outcome of endodontic treatment of (Sjogren et al., International 247
teeth with apical periodontitis 1997) Endodontic Journal
4 Microorganisms from canals of root-filled teeth with periapical lesions (Pinheiro et al., International 188
2003) Endodontic Journal
5 Intraradicular bacteria and fungi in root-filled, asymptomatic human teeth with therapy- (Nair et al., 1990) Journal of 187
resistant periapical lesions: a long-term light and electron microscopic follow-up study Endodontics
6 Polymerase chain reaction-based analysis of microorganisms associated with failed endodontic | (Siqueira and Oral Surg. Oral Med. | 159
treatment Rocas, 2004) Oral Patho. Oral
Radiol. and Endod.
7 Microbial status of apical root canal system of human mandibular first molars with primary (Nair et al., 2005) Oral Surg. Oral Med. | 156
apical periodontitis after “one-visit” endodontic treatment Oral Patho. Oral
Radiol. and Endod.
8 Association of Enterococcus faecalis with different forms of periradicular diseases (Rogas et al., 2004) | Journal of 151
Endodontics
9 Enterococcus faecalis - a mechanism for its role in endodontic failure (Love, 2001) International 148
Endodontic Journal
10 Bacteria isolated after unsuccessful endodontic treatment in a North American population (Hancock Ill et al., | Oral Surg. Oral Med. | 143
2001) Oral Patho. Oral
Radiol. and Endod.
11 Associations between microbial species in dental root canal infections (Sundgqvist, 1992) Oral Microbiology 141
and Immunology
12 Microbiological examination of infected dental root canals (Gomes et al., Oral Microbiology 141
2004) and Immunology
13 Reduction of intracanal bacteria using nickel-titanium rotary instrumentation and various (Shuping, 2000) Journal of 131
medications Endodontics
14 Isolation of yeasts and enteric bacteria in root-filled teeth with chronic apical periodontitis (Peciuliene et al., International 130
2001) Endodontic Journal
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15 The antimicrobial effect of calcium hydroxide as a short-term intracanal dressing (Sjogren et al., International 116
1991) Endodontic Journal
16 Molecular and cultural analysis of the microflora associated with endodontic infections (Munson et al., Journal of Dental 115
2002) Research
17 In vitro antimicrobial activity of several concentrations of sodium hypochlorite and (Gomes et al., International 114
chlorhexidine gluconate in the elimination of Enterococcus faecalis 2001) Endodontic Journal
18 Bacteria in the apical 5 mm of infected root canals (Baumgartner and Journal of 104
Falkler, 1991) Endodontics
19 Biofilms and apical periodontitis: study of prevalence and association with clinical and (Ricucci and Journal of 104
histopathologic findings Siqueira, 2010) Endodontics
20 Biofilm formation in medicated root canals (Distel et al., 2002) | Journal of 98
Endodontics
21 PCR-based identification of bacteria associated with endodontic infections (Fouad et al., Journal of Clinical 92
2002) Microbiology
22 Fungi in therapy-resistant apical periodontitis (Waltimo et al., International 90
1997) Endodontic Journal
23 Inactivation of local root canal medicaments by dentine: an in vitro study (Haapasalo et al., International 90
2000) Endodontic Journal
24 Observation of bacteria and fungi in infected root canals and dentinal tubules by SEM (Sen et al., 1995) Dental Traumatology | 86
25 Molecular identification of microorganisms from endodontic infections (Rolph et al., 2001) | Journal of Clinical 85
Microbiology
26 Microbiological findings and clinical treatment procedures in endodontic cases selected for (Siren et al., 1997) | International 84
microbiological investigation Endodontic Journal
27 Viable bacteria in root dentinal tubules of teeth with apical periodontitis (L Peters et al., Journal of 83
2001) Endodontics
28 The effectiveness of increased apical enlargement in reducing intracanal bacteria (Card et al., 2002) | Journal of 79
Endodontics
29 Molecular analysis of bacteria in asymptomatic and symptomatic endodontic infections (Sakamoto et al., Oral Microbiology 77
2006) and Immunology
30 The role of environmental changes on mono-species biofilm formation on root canal wall by (George et al., Journal of 74
Enterococcus faecalis 2005) Endodontics

Oral Surg. Oral Med. Oral Patho. Oral Radiol. and Endod.; Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology.
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According to the results, a few areas of endodontic microbiology have been
explored among the 30 top-cited publications since 1990. Most studies looked at
the microbial composition present in necrotic and failed endodontically treated
teeth. The topmost cited articles found were classical studies published by
Sundgqyvist et al. (1998), followed by Molander et al. (1998). The findings of the
Sundqvist et al. (1998), Molander et al. (1998), Pinheiro et al. (2003) and
Hancock Il et al. (2001) stand with the classical observation in which E. faecalis
and Enterococcus are commonly recovered from root canals of teeth with
endodontic failures. Siren et al. (1997) observed that E. faecalis was more
frequently recovered from canals with an inadequate seal between the
appointments and from cases treated with a high number of visits. It is
hypothesised that it has been introduced in the root canal system at some time
following the professional intervention. Such traditional culture studies
harboured distinct and fewer microbial species recovered from root canals with
treatment failure compared to untreated teeth with infected canals, as shown in
four of these top-cited papers published by Baumgartner and Falkler (1991),
Sundqvist (1992), L Peters et al. (2001) and Gomes et al. (2004).

Based on these observations, it was concluded that some microorganisms could
withstand antimicrobial measures and survive the harsh conditions during root
canal treatment procedures, in which restricted nutrition and minimum
cooperative relationships with other bacteria can exist. Therefore, there has
been a growing interest in testing the effectiveness of different antimicrobial
agents against E. faecalis species and examining a possible mechanism in which
they could survive and reinfect obturated canals. The study by Love (2001)
suggested that the ability of E. faecalis to invade dentinal tubules and attach to
collagen may explain this resistance. However, observations by George et al.
(2005) showed that the depth of E. faecalis penetration was significantly greater
in nutrient-rich conditions compared to the nutrient-deprived ones. Additionally,
Distel et al. (2002) illustrated that the ability of E. faecalis to form biofilm in
root canals could be another mechanism of resistance. In contrast, Gomes et al.
(2001) demonstrated the efficacy of different concentrations of NaOCl and
chlorhexidine in killing E. faecalis. However, Haapasalo et al. (2000) observed an
inhibitory effect of dentine powder on calcium hydroxide, NaOCl and

chlorhexidine when tested on E. faecalis.
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The possible role of fungi in endodontic failures appeared for the first time in
these 30-top cited articles in the study by Nair et al. (1990). The study revealed,
with the use of light and electron microscopy, the presence of bacteria and
yeasts in periapical lesions of root-filled teeth. Sen et al. (1995), with the use of
scanning electron microscopy, observed extensive yeast penetration into
dentinal tubules and root canals of teeth with necrotic pulps. Other cultural
studies observed a high prevalence of yeasts in root-filled teeth with apical

periodontitis (Waltimo et al., 1997, Peciuliene et al., 2001).

The beginning of a new era of microbial identification started with the use of
culture-independent, molecular-based methods, as Siqueira and Rdcas (2004)
revealed that E. faecalis was the most prevalent species detected in 77% of
teeth with failed endodontic treatment. However, C. albicans was found in 9% of
the cases. Rocas et al. (2004) investigated the association of E. faecalis with
different patterns of endodontic diseases. The results showed that E. faecalis
was much more likely associated with failed endodontic treatment than in
primary infections. In this collection, four molecular-based studies identified a
more diverse microflora associated with endodontic infections than previously
described by culture methods (Rolph et al., 2001, Fouad et al., 2002, Munson et
al., 2002, Sakamoto et al., 2006). Sakamoto et al. (2006) also showed that a
higher number of taxa were present in symptomatic samples compared to
asymptomatic samples. However, these previous molecular studies are limited to

detection of bacteria.

In these top-cited publications, there was also an interest in achieving root canal
disinfection to a satisfactory standard. Sjogren et al. (1991) demonstrated that
dressing the canal with calcium hydroxide for 7 days efficiently eliminates
bacteria. The study by Sjogren et al. (1997) emphasises the importance of
obtaining a bacteria-free canal before root canal obturation to achieve eventual
healing outcomes, which cannot be achieved without the use of an inter-
appointment antimicrobial dressing. The findings of Nair et al. (2005) also
supported the use of multiple-visit treatment with infected and necrotic root
canals, particularly in view of the interest towards single visit treatment growing
following the introduction of rotary nickel-titanium instruments to endodontic
practice. Shuping (2000) advocated that the use of NaOCl irrigation with rotary

instrumentation and calcium hydroxide intracanal medication was significant in
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the reduction of the intracanal bacteria during endodontic treatment. A
significant reduction of microbial load was also observed in another study in
these 30 top-cited articles after instrumentation with rotary instruments and
NaOCl irrigation (Card et al., 2002). Finally, the study by Ricucci and Siqueira
(2010) established the substantial role of endodontic infections in the form of

biofilms in the root canal system of teeth with apical periodontitis.

This quick mapping of the literature showing the weight of classical publications
which were cited heavily by other subsequent works. These 30 top-cited studies
over the last three decades, indeed, have created landmark delineations for

subsequent publications in the field.

2.4.2 Ontological analysis

2.4.2.1 Most frequently observed microbial species in endodontic
microbiology

Since ontological analysis is thought to be a perfect complement to the
bibliometric analysis, an ontology-based analysis was used to identify the most
frequent microorganisms present in the literature of endodontic infections over
the past 30 years. The most frequently mentioned ‘organism-related’ terms

were identified from a total of 110 ‘organism-related’ terms.

Not surprisingly, the frequency of the term ‘Enterococcus faecalis’ grew rapidly
over the years, particularly between 2014 and 2019, to become the most
frequent over the last three decades (n = 932). Clearly, E. faecalis appeared to
be central in the research field between 1990 and 2020. Other ‘organism
related’ terms, within the field of endodontic microbiology, were also amongst
the most frequently used in this collection, including ‘Candida albicans’ (n =
200), which manifested a small increase over the years, ‘Fusobacterium
nucleatum’ (n = 182) and ‘Porphyromonas gingivalis’ (n = 168), as shown (Figure
2.4). The frequent use of these terms suggests that these species were common
in endodontic infections, although an overall rise in the annual frequency was

not appreciable (Figure 2.4B).
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Figure 2.4. Most frequent terms and their patterns in the literature of endodontic
microbiology between 1990 and mid-2020. (A) The top 18 frequent microbial species
mentioned in the literature over the 30 years. (B) The top five frequent species mentioned in the
endodontic microbiology literature per year over the last three decades. Frequency = the
number of mentions per year. Total frequency = the number of mentions over the 30 years.

Scientific publications in the field of endodontic microbiology have been

overwhelmed, until recently, with studies investigating E. faecalis. It has been

reported that E. faecalis was used in 79% of all biofilm model systems for root

canal disinfection, and more alarmingly in 92% of mono-species biofilm model

studies (Swimberghe et al., 2019). However, NGS studies showed several key
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genera most commonly detected in primary and persistent endodontic
infections, where Enterococcus was not one of the key genera detected. The key
genera most commonly detected, recently, in endodontic infections were
Fusobacterium, Porphyromonas, Streptococcus, Parvimonas, and Prevotella
(Shin et al., 2018). Fusobacterium nucleatum was associated with the most
severe forms of inter-appointment endodontic flare-ups (de Paz Villanueva,
2002) and found to be the most predominant species in acute periapical
abscesses in primary teeth (W Zhang et al., 2020). Isolation of Streptococcus
mutans from root canals of primary and secondary/persistent infections has
been reported (Lima et al., 2020). Other streptococci like Streptococcus
gordonii and Streptococcus sanguis have also been detected in root canals with
persistent infections (de Paz et al., 2005, Murad et al., 2014). Porphyromonas
gingivalis was isolated from infected root canals of primary infections (Zargar et
al., 2020). Importantly, a high frequency of Porphyromonas gingivalis, E.
faecalis and Fusobacterium nucleatum was found in teeth with endodontic
failures, with a large variety of other species (Gomes et al., 2021). This ought to
be considered when developing biofilm models for studying endodontic diseases

that can be used to assess conventional and novel endodontic therapeutics.

2.4.2.2 Chemical compounds in endodontics

The frequency of conventional antimicrobial irrigants were also assessed. The
term ‘sodium hypochlorite’ was found to be the most frequent term used in the
literature (n = 555), followed by ‘chlorhexidine’ (n = 380) and ‘EDTA’ (n = 163).
The term ‘chitosan’ was identified in 32 abstracts (n = 32), where its frequency
reached the peak in 2019 (n = 10). Overall, there has been a clear upward trend
in the number of mentions, for all the compounds, in the last decade (Figure
2.5), where a significant amount of in vivo, ex vivo, in vitro and clinical studies
have been published describing different approaches, instruments and materials
that have been tested to define the best practice in eliminating endodontic

infections.
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Figure 2.5. The frequency and patterns of selected chemical compounds used in endodontic
treatment from 1990 to mid-2020. (A) The total frequency of ‘chemical compound-related’
terms (the number of mentions over the 30 years) in the endodontic microbiology literature. (B)
Trend patterns of the selected chemical compounds used in the literature. Frequency = the
number of mentions per year.

In this study, a rapid, automated ontology-driven workflow was used, which
involved the annotation of the scientific literature with rich metadata, using the
associated PubMed identifiers. Therefore, one of the limitations of this method
is that articles without PMIDs cannot be annotated. In addition, with any

software used, irrelevant data could be incorporated. Therefore, the manual
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approach was then performed to confirm the results for these selected

ontologies of interest.

Ultimately, whether using a bibliometric analysis or an ontological analysis,
there is a blinded preponderance of activity relating to E. faecalis. It is crucial
we have an awareness of the polymicrobial nature of endodontic infections,
whether primary or secondary, as the physical and structural basis of the
microbial biofilm is undoubtedly a key factor in treatment success. Therefore,
harnessing nature alongside positively directing the host environment is certainly

a step in the right direction.

CHAPTER FINDINGS

e The interpretation of the available publications can be subjective and
reflects reviewer’s bias.

e Bibliometrics and the ontology-based annotation are two advanced
quantitative measures employed to analyse scientific research outputs
and trends in a time-efficient manner.

e It is now possible to reduce the vast amount of information to a far more
inclusive and controllable set of deductive patterns.

e It seems rational to employ interkingdom microbial consortia of
microorganisms related to root canal infections to develop a biofilm

model suitable for assessing novel antimicrobial materials.
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3.1 Introduction

Endodontic disease is primarily driven by a microbial insult to pulpal and
periapical tissues (Gutmann and Manjarrés, 2018). There has been a
considerable interest in determining the microbial composition and diversity
involved in endodontic infections. Understanding which species are involved in
persistent apical periodontitis provides important insights into the development
of new therapeutic approaches that may enhance clinical outcomes (Sanchez-
Sanhueza et al., 2018). Until recently, the field of endodontic microbiology has
been swamped with studies investigating Enterococcus faecalis (Swimberghe et
al., 2019). However, with the advent of next generation sequencing, combined
with more careful and accurate sampling procedures, we have developed a
greater insight into the polymicrobial nature of the infected root canal (Tran et
al., 2013, Nardello et al., 2020). The improvement in sequencing techniques and
sampling methodologies has allowed researchers to show that the infected root
canal is an ideal microenvironment for polymicrobial interactions (Nardello et
al., 2020). These microbiome studies have illuminated our limited understanding
by revealing a great diversity of bacteria that represent many of the common
‘garden variety’ oral species associated with cariogenic and periodontal
diseases. To make matters more complex, mycobiome studies and other
mycological investigations have revealed that Candida spp. play an important,
yet unrecognised, role in supporting these complex communities (Delaney et al.,
2018). This is of clinical significance, but the correlation of mycobiome-
bacteriome interkingdom interactions with root canal infection and treatment

success is still uncertain (Persoon et al., 2017).

These consortia exist within complex polymer enclosed biofilms, and
demonstrate interspecies and interkingdom interactions, which may be
synergistic or antagonistic in nature (Freilich et al., 2011). The underlying
mechanisms of polymicrobial interactions that lead to inflammatory diseases
remain largely unknown (Hajishengallis et al., 2011), yet it is likely that these
interactions play a significant role in development and progression of endodontic
disease. Regardless, these biofilm structures demonstrate inherent tolerance to
physical and chemical intervention, thus creating significant challenges for

clinical management (Neelakantan et al., 2017).

71



Chapter 3: Optimising a polymicrobial interkingdom endodontic biofilm model

Accordingly, biofilm model systems are a requisite in supporting the
development of novel chemo-mechanical therapeutic approaches to investigate
and modify existing treatment protocols. A vast plethora of polymicrobial oral
biofilm models have been developed that are now commonplace in most
research laboratories investigating the pathogenicity of different oral diseases
(Brown et al., 2019b). However, to date, a limited number of endodontic models
exist that accurately recapitulate the microenvironment of the root canal. In
fact, existing endodontic biofilm models have been very limited in scope and
complexity. It was highlighted that 86% of existing endodontic models reported
in the literature consisted of simple single-species biofilms, with 92% of these
studies containing only E. faecalis (Swimberghe et al., 2019). These findings
represent the significant issues facing innovations in the endodontic field.
Nowadays, recognition of fastidious and uncultivable microbial species and the
characterisation of the microflora associated with endodontic infections are
possible due to the progress of molecular methods based on the detection of
specific genomic sequences for each microbial species (Shahi et al., 2018).
Therefore, ideally, when it comes to selecting the microbial composition for an
endodontic biofilm model, then typical members of microbiota that are
commonly isolated from infected root canals are included. Such engineered
biofilm systems with defined laboratory strains provide an opportunity to control
the model, opposed to undefined ‘natural’ consortia that are inherently
problematic, which has important repercussions in testing and developing new
endodontic irrigants. A defined engineered biofilm has been developed from a
number of known species that are usually well-characterised laboratory strains,
whereas an undefined natural biofilm is designed from unknown species secluded
directly from the natural environment of interest, which closely mimics the
microbial composition of the environment as it captures the natural diversity (C
Tan et al., 2017). The defined engineered biofilm system is commonly used by
different laboratories due to being highly reproducible, easily manipulated,
time- and cost-effective and rather simply analysed and interpreted (C Tan et
al., 2017), whereas undefined consortia are extremely diverse microbial
populations that are imprecise for replicate experiments by researchers (Marsh,
1995). In addition, the analysis is complex and costly (C Tan et al., 2017).
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With these issues to consider, we must be aware of the necessity for the
employment of suitable robust model systems. Although this may not
immediately be extrapolated to our clinical practice, it should enlighten our
further exploration of endodontic microbiology. Therefore, it is clearly suitable
to design appropriate multispecies biofilm models, instead of simple mono-
species models, that reflect the clinical situation, at least with some degree of

realism.
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3.2 Aims

The following chapter aims to:

e Develop and optimise a defined multispecies interkingdom biofilm model
comprised from a paradigm of oral species frequently identified in

endodontic infection, in a simple and a reproducible manner.

e Provide a platform for assessing the interkingdom interactions within the
optimised biofilm model, that may help in developing new effective

management strategies in endodontics.

Data from this chapter have been published in:

e Abusrewil, S., Brown, J.L., Delaney, C.D., Butcher, M.C., Kean, R.,
Gamal, D., Scott, J.A., McLean, W. and Ramage, G., 2020. Filling the
void: an optimized polymicrobial interkingdom biofilm model for assessing
novel antimicrobial agents in endodontic infection. Microorganisms, 8(12):
1988. DOI: 10.3390/microorganisms8121988. Pub 2020 Dec 14. PMID:
33327403.

Work from this chapter has been presented at the 6th European Congress on
Biofilms, EUROBIOFILMS, September 2019, Glasgow, Scotland, UK.

74


https://doi.org/10.3390/microorganisms8121988

Chapter 3: Optimising a polymicrobial interkingdom endodontic biofilm model

3.3 Materials and methods

All media and reagents were obtained from Sigma-Aldrich (UK) unless otherwise
stated. Biofilms, in this work, are composed of defined laboratory strains of oral
microorganisms, grown in microtiter well plates. All biofilm studies reported in
this work was carried out in accordance with the minimum information
guidelines specified for biofilm formation in microplates (Allkja et al., 2020).
Both technical and biological repeats have been included to obtain validity.
Technical repeats are repeated measurements performed on several samples of
the same biofilm from a single starter culture grown in identical conditions,
whereas biological repeats represent parallel tests on a biofilm grown according
to the same experimental parameters, but from another starter culture and at
another timepoint (Swimberghe et al., 2019). All microbiology experiments were
performed three times with at least three technical replicates (n = 3), unless

otherwise stated.

3.3.1 Biofilm model development
3.3.1.1 Microbial strains, culturing and standardisation

The strains of microorganisms used throughout this thesis were Candida albicans
(strain SC5314 / ATCC MYA-2876), Streptococcus gordonii (strain Challis / DL1 /
NCTC 7868 / ATCC 35105), Porphyromonas gingivalis (ATCC 33277) and
Fusobacterium nucleatum (ATCC 10953), as listed in Table 3.1.

Table 3.1. Laboratory strains of microorganisms used throughout this thesis.

Name Reference

Candida albicans strain SC5314 (ATCC MYA-2876) Gillum et al., 1984)

Streptococcus gordonii strain Challis (NCTC 7868) Colman and Williams, 1965)

Porphyromonas gingivalis (ATCC 33277) Coykendall et al., 1980)

(
(
(
(

Fusobacterium nucleatum (ATCC 10953) De Araujo et al., 1963)

All strains were stored at -80°C in Microbank™ vials (Pro-Lab Diagnostics,
Birkenhead, UK) prior to propagation on agar media. The strain of C. albicans

was regularly cultured on Sabouraud dextrose agar (SAB [Sigma-Aldrich, Dorset,
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UK]) plates and incubated aerobically at 30°C for 24-48 h until colonies of about
1 mm in diameter were formed. The plates were then kept at 4°C. Yeast
cultures were routinely propagated by inoculating 10 mL of yeast peptone
dextrose (YPD) (1% w/v yeast extract, 2% w/v peptone, 2% w/v dextrose, 1.5%
agar [Sigma-Aldrich, UK]) with a loopful of yeast colonies in a 25 mL universal
tube (Sterilin® Limited, Cambridge UK) and incubated overnight in an orbital
benchtop shaker (IKA KS 4000 | control, Staufen, Germany) at 200 revolutions
per minute (rpm) for 16-18 h at 30°C. Following growth, the yeast cells were
pelleted by centrifugation at 3,000 rpm for 5 minutes. The pellet was then
washed via resuspension twice in sterile phosphate buffered saline (PBS) (10 mM
phosphate buffer, 2.7 mM potassium chloride, 137 mM sodium chloride, pH 7.4
[Sigma-Aldrich, UK]). The cells were diluted 100 times by adding 10 pyL of the
cell suspension into 990 pL of PBS in a sterile Eppendorf tube. The cells were
then counted using a Neubauer haemocytometer (cell count x dilution factor x

volume of square = colony forming unit [CFU/mL]).

The strain of S. gordonii was cultured on Columbia blood agar (CBA [Sigma-
Aldrich, UK]) supplemented with 5% horse blood. The agar plates were incubated
in a 5% CO2 incubator (Heracell, Heraeus, UK) for 24 h at 37°C and then kept at
4°C. Suspension cultures were grown overnight inside the same incubator in 10
mL of Trypticase soy broth (TSB [Sigma-Aldrich, UK]) for 16-18 h at 37°C. After
incubation, cells were recovered by centrifugation and the supernatant was
discarded. The pellet was resuspended in PBS prior to standardisation to 1 x 108
cells/mL. Dilutions were performed to obtain the desired bacterial cell
concentration (1 x 10® cells/mL), calculated by measuring the optical density of
0.5 with a spectrophotometer at 550 nm (ODss0), as determined by diluting pure

colonies using the Miles and Misra colony counting technique (Miles et al., 1938).

P. gingivalis and F. nucleatum were cultured on Fastidious anaerobic agar plates
(FAA [Sigma-Aldrich, Dorset, UK]), containing 5% defibrinated horse blood, and
maintained in an anaerobic incubator (85% N2, 10% CO2 and 5% Hz [Don Whitley
Scientific Limited, Bingley, UK]) at 37°C for 48 h. The plates were kept in the
anaerobic incubator. Bacterial suspension cultures were propagated as
previously mentioned by inoculating 10 mL of Schaedler broth (SCH [Oxoid,

Basingstoke, UK]) with a loopful of bacterial colonies and incubated for 16-18 h
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in the same incubator, before being resuspended in PBS following centrifugation.
Bacterial cells were standardised using a spectrophotometer at 550 nm, with the
absorbance value of 0.2, approximately equating to 1 x 108 cells/mL. A summary
of microbial growth conditions and standardisation is listed and illustrated in
(Table 3.2 and Figure 3.1).

Table 3.2. Microbial growth conditions and standardisation.

Organism Identifier Agar | Broth | Conditions OD 550 .., (1x102 cells/mL)
C. albicans ATCC MYA-2876 | SAB YPD 30°C 0O, Count in haemocytometer
F. nucleatum | ATCC 10953 FAA SCH 37°C AnO, 0.2

P. gingivalis ATCC 33277 FAA SCH 37°C AnO, 0.2

S. gordonii ATCC 35105 CBA TSB 37°C5%CO, | 0.5

SAB; Sabouraud dextrose agar, FAA; Fastidious anaerobic agar, CBA; Columbia blood agar, YPD;
Yeast peptone dextrose, SCH; Schaedler, TSB; Trypticase soy broth, OD; Optical density.

SAB : CBA FAA | AA |
T YPD " 'SCH 'SCH
C albcais : S. gordonii - F. nucleatum P, gingivalis '

I. Overnight cultures prepared

Il. Cell resu_spended in PBS following ‘

centrifugation IV. Optical density meaured
using a spectrophotometer
lIl. C. albicans counted using a
haemocytometer

Figure 3.1. A summary of microbial growth conditions and standardisation. (I) Overnight
cultures were prepared by inoculating microbial colonies into a specified medium for each
microorganism for 16-18 h. (ll) Microbial cells were harvested by centrifugation and then
resuspended in PBS. (lll) C. albicans were counted using a Neubauer haemocytometer (cell count
x dilution factor x volume of square = CFU/mL), before being diluted to 1 x 10® CFU/mL in
appropriate media. (IV) Bacterial cell concentrations of 1 x 10% cells/mL were obtained by
measuring the optical density with a spectrophotometer at 550 nm, before being diluted to 1 x
107 cells/mL in appropriate media. Diagram was created in BioRender.com.

77



Chapter 3: Optimising a polymicrobial interkingdom endodontic biofilm model

3.3.1.2 Development of single and mixed-species biofilms in microtiter well
plates

The optimal media, atmospheric conditions and incubation times were
determined for mono-species and mixed-species (4 species) biofilm model grown
in 24-well flat-bottom plates (Costar®, Corning Incorporated, Corning, NY, USA).
Standardised cultures of C. albicans were first diluted to 1 x 10¢ CFU/mL and the
bacteria (S. gordonii, P. gingivalis and F. nucleatum at 1 x 108 cells/mL) were
diluted to 1 x 107 cells/mL in the culture broth. The broth consisted of a 1:1
mixture of Roswell Park Memorial Institute-1640 (RPMI [Sigma-Aldrich, Dorset,
UK]) and Trypticase soy broth (Sigma-Aldrich, UK) media (1:1 RPMI/TSB). Mono-
and Mixed-species biofilms were grown in pre-sterilised polystyrene 24-well flat-
bottom plates by pipetting 500 pL of the standardised dilutions into each well.
The plates were incubated at three different environments for testing:

aerobically (atmospheric), 5% CO, and anaerobically for 24 h and 48 h at 37°C.

Next, to assess the effect of serum on the biofilm formation, mono- and
multispecies biofilms (4 species) were grown into a mixture of 1:1 RPMI/TSB +
10% foetal bovine serum (FBS) for 24 h and 48 h at 5% CO,.

Two mixtures of growth media were then assessed. Biofilms were grown for 24 h
and 48 h into a 1:1 mixture of either RPMI/TSB or RPMI and Todd Hewitt broth
(THB [Sigma-Aldrich, UK]) supplemented with 0.01 mg/mL hemin and 2 pg/mL
menadione (1:1 RPMI/THB), both mixtures were supplemented with 10% FBS.
The 24-well plates were all incubated at 37°C inside the 5% CO; incubator.
Appropriate media controls (wells containing media only) were run in parallel for

each experimental condition to assess for microbial contamination.

3.3.2 Biofilm characterisation and optimisation
3.3.2.1 Measurement of metabolic activity

Following incubation, the spent supernatant was discarded, and biofilms were
washed in 500 pL of PBS to remove any non-adherent cells. The PBS was
aspirated and the metabolic activity of the cells within the biofilms was
estimated, by using the XTT (2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-

tetrazolium-5-carboxanilide [Sigma-Aldrich, Dorset, UK or Fisher Scientific, UK
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or Abcam, UK]) reduction assay along with the electron-coupling menadione, as
previously described (Ramage et al., 2001). Before use, 0.25 g/L of XTT was
dissolved in distilled water (dH;0) and filter-sterilised, using a 0.22-pym-pore size
filter unit and kept at -80°C until needed. A 10 mM menadione (2-Methyl-1,4-
naphthoquinone, also known as vitamin K3 [Sigma-Aldrich, Dorset, UK]) stock
solution was prepared in 100% acetone and kept at -20°C. Prior to use, XTT was
thawed and menadione was added to XTT to a final concentration of 1 pM. A 250
WL aliquot of XTT/menadione solution was subsequently added to each pre-
washed biofilm and to control wells and incubated for 2 h in the dark inside the
incubator (LEEC Classic, UK) at 37°C. After incubation, a volume of 100 pL of the
formazan salt-based XTT from each well was transferred into a new 96-well flat-
bottom plate (Costar®, Corning Incorporated, NY, USA) for absorbance reading.
The microtiter plate reader (Sunrise, TECAN, Theale, UK) was set to measure the

absorbance at a wavelength of 492 nm.

3.3.2.2 Quantification of biomass

For biomass assessment, standard crystal violet (CV) was used, as described
previously (Sherry et al., 2014). Briefly, a stock solution of 1% CV w/v (Sigma-
Aldrich, Gillingham, UK) was made using dH;0 and diluted to 0.05% v/v prior to
use. The developed adherent colonies were washed in 500 pL PBS and left to dry
overnight at room temperature. Biofilms were stained with 250 pL of 0.05% CV
solution for 15-20 minutes at room temperature. Following staining, biofilms
were indirectly washed with slow running tap water in the sink until the unbound
dye was removed. Next, 250 yL of 100% ethanol were added to each well and
this was mixed thoroughly by pipetting to release the dye. A volume of 100 pL
was transferred to a fresh 96-well flat-bottom microtiter plate. The CV
absorbance was then measured spectrophotometrically using the microtiter
plate reader (Sunrise, TECAN, Theale, UK) at a wavelength of 570 nm. All
absorbance values were blank corrected based on the negative control where no

biofilms were formed.
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3.3.2.3 Biofilm compositional analysis using quantitative polymerase chain
reaction (qPCR)

To quantify the relative composition of the biofilms, a real-time quantitative
PCR was performed. Mixed-species biofilms were grown in 6-well microtiter
plates (Corning Incorporated, NY, USA) into a 1:1 mixture of either RPMI/TSB or
RPMI/THB, both supplemented with 10% FBS, for 24 h and 48 h, as described
above in 3.3.1.2, by pipetting 3,000 pyL of the standardised microbial dilutions
into each well. Mono-species C. albicans was also grown as a control. This was to
assess whether the bacteria in multispecies biofilms promote or inhibit C.
albicans when co-cultured all together. Following incubation times, spent
biofilm media were discarded by pipetting, and biofilms were detached by
scraping in 1 mL of PBS (PBS was pipetted onto the biofilm, and biomass was
mechanically disrupted). The biofilm, scraped in PBS, was then transferred into
1.5 mL Eppendorf tubes (Greiner Bio-one, Kremsmunster, Austria, UK) for DNA
extraction. Manual scraping of biofilms is an alternative method to sonication
used for DNA extraction and qPCR methods (Brown et al., 2022). Therefore,
microtiter plates were used to ensure that sufficient biomass was recovered for

DNA extraction that permits accurate qPCR analyses.

DNA was then extracted from samples using the QlAamp DNeasy Mini Kit (Qiagen,
Manchester, UK), according to manufacturer’s instructions. Briefly, biofilm
suspensions were firstly centrifuged (Hettich, Germany) at 13,000 rpm, for 10
minutes. Supernatant was then discarded, and the cell pellet was resuspended in
180 pL of cell lysis ATL buffer supplemented with 20 pL of proteinase K. The
mixture was then incubated in a water bath (Grant instruments, UK) at 56°C for
20 minutes. Following incubation, samples were transferred to bead beating
tubes (Thistle Scientific, UK) containing sterile 0.5 mm glass beads. A bead
beater (Fisher Bead Mill 24, UK) was then used for 3x30 second cycles at
maximum speed. Samples were centrifuged at 7,000 rpm for 10 minutes and
supernatants were transferred to a new RNase free Eppendorf tube. A volume of
200 pL of buffer AL was added to each sample and mixed by pulse-vortexing for
15 seconds before being incubated in the water bath at 70°C for 10 minutes. 200
microlitres of 100% ethanol were then added to each sample, pulse-vortexed for
15 seconds and centrifuged at 7,000 rpm for 1 minute. The full mixture for each

sample was then transferred to a spin column and centrifuged for 1 minute at
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8,000 rpm. Each filter was placed in a clean collection tube and the old one with
filtrate was discarded. 500 microlitres of buffer AW1 were added and
centrifuged at 8,000 rpm for 1 minute. The collection tube was again discarded
and 500 pL of AW2 were added (twice) for a final wash step, centrifuged for 3
minutes at 13,000 rpm. After this, the spin column was centrifuged at 13,000
rpm for 1 minute to dry the filter and then placed in a clean RNase free
Eppendorf tube with the lid cut off and a volume of 100 pL of AE elution buffer
was added into the centre of each filter and left to saturate for 5 minutes. The
spin column was centrifuged for 1 minute at 8,000 rpm, and the filtrate was
then kept in the freezer at -20°C. Following this, biofilm compositional analyses
were enumerated using gqPCR. In brief, 1 yL of extracted DNA was added to a
mastermix containing 10 pL SYBR™ GreenER™, 7 uL UV-treated RNase-free water
and 1 pL of 10 pM forward/reverse primers for each microbial species. The
primers used were previously published by (Sherry et al., 2016), and are listed in
Table 3.3. The total volume of 20 pL was added to MicroAmp fast-optical 96-well
0.1 mL reaction plates (Applied Biosystems, Waltham, MA, USA) and filled into
the StepOnePlus™ Real-Time PCR system (Applied Biosystems, USA). For the
reaction, thermal profiles used were as follows: 50°C for 2 minutes, 95°C for 2
minutes, followed by 40 cycles of 95°C for 10 seconds and 60°C for 30 seconds
using the StepOnePlus software version 2.3 (ThermoFisher, Paisley, UK) for data
compilation. Samples were quantified by calculating the colony forming
equivalent (CFE) based upon an established standard curve of serially extracted
DNA of bacterial and fungal colony forming units ranging from 1x103 to 108
CFU/mL, of which DNA was extracted as above, and each dilution was run in the
gPCR. All samples were run in duplicate in the qPCR, with negative control
samples containing water, primers and mastermix only were used to assess for

DNA contamination.

Table 3.3. Primer sequences used for compositional analysis of multispecies biofilm models.

Organism Primer Forward primer 5’-3’ Reverse primer 5’-3’
S. gordonii Streptococcus | GATACATAGCCGACCTGAG CCATTGCCGAAGATTCC
F. nucleatum | F. nucleatum | GGATTTATTGGGCGTAAAGC GGCATTCCTACAAATATCTACGAA

P. gingivalis | P. gingivalis GGAAGAGAAGACCGTAGCACAAGGA | GAGTAGGCGAAACGTCCATCAGGTC
C. albicans 185 CTCGTAGTTGAACCTTGGGC GGCCTGCTTTGAACACTCTA
Bacteria 165 TCCTACGGGAGGCAGCAGT GGACTACCAGGGTATCTAATCCTGTT
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3.3.2.4 Scanning electron microscopy imaging

For visualisation microscopically, biofilms were grown on 13 mm Thermanox™
coverslips (Fisher Scientific, Loughborough, UK) placed within 24-well plates.
Biofilms grown in either RPMI/TSB + 10% FBS or RPMI/THB + 10% FBS, in a 5% CO;
incubator at 37°C, were visualised at 90 minutes, 8 h, 24 h and 48 h. Following
growth, biofilms were prepared for scanning electron microscopy, as described
previously by Erlandsen et al. (2004), with a little modification. In brief, biofilms
were fixed in 500 pL of a fixing buffer of 2% paraformaldehyde, 2%
glutaraldehyde, 0.15 M sodium cacodylate buffer and 0.15% (w/v) alcian blue
and stored overnight at 4°C. Following fixation, the fixative solution was
discarded, and samples were treated with 500 pL of 0.15 M sodium cacodylate
buffer rinse and stored at 4°C until processing. Sodium cacodylate buffer was
removed, and subsequently stained with 500 pL of uranyl acetate stain. Samples
were then wrapped in tin foil and incubated at room temperature for 1 h.
Following incubation, uranyl acetate stain was discarded prior to a series of
dehydration steps were carried out where 3 x 10-min washes of 30%, 50% and
70% ethanol and 4 x 5-min washes of 100% (absolute) ethanol and molecular
sieve 100% (dried absolute) ethanol, followed by 3 x 5-min washes of
hexamethyldisilizane (HMDS). Subsequently, all samples were placed in
desiccator to allow evaporation. Samples were gold/palladium sputter coated
and then mounted. Digital images were acquired using Jeol JSM-IT100 InTouch™
Scanning electron microscope and representative images were taken at

magnifications of x1,000 and x3,500.

3.3.2.5 Fluorescence microscopic imaging

A live/dead cell imaging assay was performed to investigate whether the mixed-
species biofilm model was viable and functional before treatment with any test
antimicrobial agents. For this, one growth medium (1:1 RPMI/THB + 10% FBS)
and one incubation time (24 h) were selected as optimised conditions for
testing. Biofilms were grown on Thermanox™ coverslips, placed within a 24-well
plate in a 5% CO; incubator at 37°C. Pre-treatment staining of the biofilms was
carried out using fluorescent dyes: SYTO™ 9 (5mM stock, ThermoFisher
scientific), for staining total cells, propidium iodide (Pl [1 mg/mL stock, life

technologies]) for staining dead cells/eDNA and calcofluor white (CFW [1 g/L
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stock, Sigma-Aldrich]) for staining yeast cells. Two microlitres of SYTO™ 9 and
PI, and 1 pL of CFW were combined in 1 mL of sterile water. 500 microlitres of
the cocktail of all the stains were added per biofilm. The plate was incubated in
the dark inside the aerobic incubator (LEEC Classic) for 15 minutes at 37°C.
Following stain discarding and washing with PBS, the samples were covered with
2% paraformaldehyde and then incubated for 1 h in the classic incubator.
Stained and fixed biofilms were washing with PBS, dried overnight in the dark.
Samples were then transferred to a glass slide and one drop (10 pL) of a
mounting medium (VECTASHIELD®) was added on top of each sample. A O-
thickness coverslip is placed over the top and pressed down gently on the
coverslip. Clear nail varnish was used to hold the glass coverslip over the biofilm
glass slide. Samples were viewed using EVOS FL Cell Imaging System
(ThermoFisher Scientific, Waltham, MA, USA).

3.3.3 Biofilm characterisation on bovine dentine

To further mimic the interactions between host and microorganisms in
endodontic infections, the multispecies biofilm model was grown on a biological
substrate (dentine) placed in a 24-well plate in the optimised conditions as
described in 3.3.2.5. Bovine dentine discs (Modus laboratories, Reading, UK)
were used in this study. The specifications for these discs were as follows: round
cross-sections, approximately 7 mm in diameter, 1 mm in thickness, polished
(P2500) on one side and transverse cross-sections (the orientation of dentinal
tubules is perpendicular). The dentine discs were autoclaved before use (122°C
for 16 minutes). The biofilm structure grown on dentine discs was assessed using
SEM as described in 3.3.2.4. This whole workflow for biofilm optimisation and

characterisation is summarised in Figure 3.2.
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Figure 3.2. A workflow illustration for biofilm optimisation and characterisation. (I) Optimal
incubation conditions were determined for biofilms grown in a 1:1 mixture of Roswell Park
Memorial Institute-1640 and Trypticase soy broth (RPMI/TSB), in 24-well plates in either O,, CO,
or AnO,. Metabolic activity and biomass were assessed using XTT and crystal violet (CV) assays,
respectively. (II) The effect of foetal bovine serum (FBS), in RPMI/TSB, on microbial growth was
assessed in the optimal atmospheric condition (CO;), using XTT and CV assays. (lll) Two growth
media: 1:1 RPMI/TSB and 1:1 RPMI/Todd Hewitt broth (RPMI/THB) supplemented with 10% FBS
were compared in different incubation timepoints, and the biofilms grown were assessed using
XTT, CV, quantitative polymerase chain reaction (qPCR), and scanning electron microscopy (SEM)
imaging techniques. The optimal incubation time and growth medium were then selected
(RPMI/THB + FBS for 24 h) and biofilms grown in optimal conditions were further assessed by
fluorescence microscopic (FL) imaging. (IV) Biofilm ultrastructure grown on a clinically relevant
substrate (bovine dentine), in the optimised growth conditions, was characterised using SEM
imaging. Diagram was created in Microsoft PowerPoint and BioRender.com.

3.3.4 Interkingdom interactions within the optimised biofilm
model

In order to further assess the interactions between C. albicans and bacterial
species, C. albicans was co-cultured with either F. nucleatum, P. gingivalis or S.
gordonii or all together for 6 h, 8 h and 24 h in RPMI/THB + 10% FBS in 24-well
plates. C. albicans mono-species and media controls were also run in parallel.

Metabolic activity and biomass were assessed using XTT and CV assays.
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To further assess the effect of the three bacterial species on C. albicans, a qPCR
analysis was performed to quantify the relative CFE/mL of C. albicans when co-
cultured with bacteria in dual- and mixed-species biofilms formed in 1:1
RPMI/THB + 10% FBS. This was created in parallel with other three derived
models, one of which contained C. albicans only, one contained S. gordonii only
and one contained bacterial species only (S. gordonii, P. gingivalis and F.
nucleatum). Compositional analyses were also performed to assess the
importance of C. albicans in supporting the growth of biofilms in the presence
and absence of serum. Primers used were 16S and 18S for bacteria and C.

albicans, respectively as shown (Table 3.3).

Next, C. albicans was grown on Thermanox™ coverslips for 4 h in 24-well plates
in 1:1 RPMI/THB. Following 4 h incubation, supernatant was discarded, and
sequential addition of standardised bacteria was then employed. This was to
assess the effect of each bacterial species on C. albicans after initial hyphal
formation. Plates were then incubated inside the 5% CO; incubator at 37°C for
additional 20 h. Following incubation and discarding spent media, coverslips
were individually washed gently with 500 yL of PBS and then transferred into a
bijoux tube containing 1 mL PBS and sonicated at 35 kHz in a sonic bath for 10
minutes. The sonicate was then transferred to 1.5 mL Eppendorf tubes (Greiner
Bio-one, Kremsmunster, Austria, UK) for DNA extraction. Compositional analyses

were then performed as described in 3.3.2.3.

3.3.5 Statistical analysis

All graphs, data distribution and statistical analysis were performed using
GraphPad Prism version 9 (GraphPad, San Diego, CA, USA). Before analysis, data
distributions were assessed using a D’Agostino-Pearson omnibus normality test,
unless otherwise stated. Kruskal-Wallis with Dunn’s tests were used to determine
the P-value (p) for multiple comparisons when data weren’t normally
distributed. Parametric data of multiple comparisons were analysed by analysis
of variance (ANOVA) with Dunnett’s tests to compares every mean to the control
mean. Differences were considered statistically significant if p < 0.05. Each error

bar represents the standard deviation (SD).
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3.4 Results

3.4.1 Single and mixed-species biofilms characterisation and
optimisation

3.4.1.1 Metabolic activity and biomass

The optimal media, atmospheric conditions and incubation times were optimised
for mono- and mixed-species biofilm models grown in 24-well flat-bottom plates.
First, a mixture of 1:1 RPMI/TSB, three different atmospheric conditions (O, 5%
CO2 and AnOz) and two incubation times were selected for testing at 37°C.
Following incubation, biofilm viability was measured by the XTT assay and
biomass was quantified by the crystal violet assay. The results indicated that F.
nucleatum and P. gingivalis displayed minimal metabolic activity and biomass
under any environmental condition when grown as mono-species models.
Conversely, S. gordonii exhibited a higher metabolic activity at 24 h under all
conditions with a significant reduction at 48 h (** p < 0.01). For biomass, S.
gordonii formed equally dense biofilms after 24 h and 48 h in all atmospheric

conditions tested (Figure 3.3 and Figure 3.4).

C. albicans mono-species and mixed-species (4 species) biofilms showed
comparable metabolic activity at 24 h, with significant increases at 48 h in O;
and CO; conditions. The highest significant metabolic activity for C. albicans
mono-species and mixed-species biofilms was observed under atmospheric O;
and CO; conditions, compared to the anaerobic environment, at 48 h (** p < 0.01
and * p < 0.05, respectively, for C. albicans only; ** p < 0.01 for mixed species).
For biomass, the highest biomass was observed at both timepoints under
atmospheric O; and CO; conditions for C. albicans only and mixed species. The
greatest changes were significant at 24 h and 48 h for C. albicans only between
CO2 and AnO; conditions (** p < 0.01 and *** p < 0.001, respectively). For the
mixed-species biofilm, significant changes were observed at 24 h in CO;
conditions compared to AnO; at (* p < 0.05). However, these differences were
not statistically different at 48 h (Figure 3.3 and Figure 3.4).

Taken together, the metabolic activity and biomass results presented here show

that C. albicans and mixed-species biofilms grown in RPMI/TSB formed denser
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biofilms at 5% CO; than those grown under normal atmospheric or anaerobic

conditions.
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Figure 3.3. Metabolic activity measurement of mono- and multispecies biofilms grown in
three different incubation conditions. Mono- and mixed-species (F. nucleatum, P. gingivalis, S.
gordonii and C. albicans) biofilms were grown in 1:1 RPMI 1640/TSB in 24-well flat-bottom plates
for 24 h and 48 h, at three different environments: aerobically (atmospheric [0,]), 5% CO, and
anaerobically (AnQO,). Viability was measured by the XTT assay. Each bar represents the mean
(average) of data obtained from four technical repeats of three independent experiments. Error
bars represent the standard deviation. The mean absorbance values are presented in a heatmap.
Data were analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant
differences (* p < 0.05, ** p < 0.01).
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Figure 3.4. Biomass quantification of mono- and multispecies biofilms grown in three
different incubation conditions. Following XTT (Figure 3.3), biomass was quantified by the
crystal violet assay. Each bar represents the mean of data obtained from four technical repeats
of three independent experiments. Error bars represent SD. Data were presented in a heatmap
as mean values from the three independent experiments. Data were analysed by Kruskal-Wallis
with Dunn’s tests. * Indicates statistically significant differences (* p < 0.05, ** p < 0.01, ** p <
0.001).

In order to assess the importance of serum on the formation of biofilms, a
mixture of 1:1 RPMI/TSB + 10% FBS was tested at two incubation times with the
optimal atmospheric condition (5% CO2) selected for testing. These results
similarly indicated that F. nucleatum and P. gingivalis developed minimal
biofilm formation when grown as mono-species models, with either the presence
or absence of serum. However, a significantly higher biomass was observed for

P. gingivalis in the presence of 10% FBS at 48 h (Figure 3.5 and Figure 3.6).

For S. gordonii, the addition of 10% FBS to the mixture of RPMI/TSB resulted in a
significant decrease of the metabolic activity when grown as mono-species
biofilms at 24 h (* p < 0.05). For biomass, S. gordonii formed equally dense
biofilms in + FBS at both timepoints. In contrast, C. albicans mono-species and
multispecies biofilms were more proliferative in the presence of serum. For C.

albicans only, significant increases in the metabolic activity and biomass were
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observed at 24 h and 48 h (** p < 0.01 and *** p < 0.001), respectively. For the
multispecies biofilm, statistically significant changes in the metabolic activity
and biomass occurred at 48 h between - FBS and + FBS (** p < 0.01 and * p <
0.05, respectively) as shown (Figure 3.5 and Figure 3.6).

The results demonstrate that FBS may have an inhibitory effect on S. gordonii,
whereas C. albicans and mixed-species biofilms formed denser biofilms in the

FBS-supplemented medium than those grown without serum.
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Figure 3.5. Metabolic activity measurement of mono- and multispecies biofilms in the
presence and absence of foetal bovine serum. Mono- and mixed-species (F. nucleatum, P.
gingivalis, S. gordonii and C. albicans) biofilms were grown in 1:1 RPMI 1640/TSB + FBS for 24 h
and 48 h in 24-well flat-bottom plates. Viability was measured by XTT. Each bar represents the
mean of data obtained from four technical repeats of three independent experiments. Error bars
represent the standard deviation. The mean absorbance values are presented in a heatmap. Data
were analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant differences
(* p <0.05, *p<0.01, ** p<0.001).
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Figure 3.6. Biomass quantification of mono- and multispecies biofilms in the presence and
absence of foetal bovine serum. Following XTT (Figure 3.5), biomass was quantified by the
crystal violet assay. Each bar represents the mean of data obtained from four technical repeats
of three independent experiments. Error bars represent the standard deviation. Data were
presented in a heatmap as mean values from three independent experiments. Data were
analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant differences (* p <
0.05, ** p < 0.01, ** p < 0.001).

Next, a 1:1 mixture of either RPMI/TSB + 10% FBS (TSB) or RPMI/THB + 10% FBS
(THB) media were tested at 24 h and 48 h in a CO; incubation condition. When
comparing the two media, higher metabolic activities and denser biofilms were
shown for S. gordonii when grown in THB (Figure 3.7 and Figure 3.8), with
statistically significant differences at 24 h (** p < 0.001 and * p < 0.05,
respectively). For C. albicans only, the metabolic activity was not significantly
different between the two media tested. However, C. albicans, grown in TSB,
exhibited a significantly higher metabolic activity at 48 h compared to 24 h (*** p
< 0.001). For mixed-species biofilms, no statistically significant differences were

found between the two media tested (Figure 3.7 and Figure 3.8).
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Overall, both FBS-supplemented media support the formation of mixed-species
biofilms, equally, although bacterial single species grew denser biofilms in
RPMI/THB than those grown in RPMI/TSB.
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Figure 3.7. Metabolic activity measurement of mono- and multispecies biofilms grown in two
different media. Mono- and mixed-species (F. nucleatum, P. gingivalis, S. gordonii and C.
albicans) biofilms were grown in a 1:1 mixture of either RPMI/TSB + 10% FBS (TSB) or in
RPMI/THB + 10% FBS (THB), for 24 h and 48 h, in 24-well flat-bottom plates. Viability was
measured by XTT. Each bar represents the mean of data obtained from four technical repeats of
three independent experiments. Error bars represent the standard deviation. The mean
absorbance values are presented in a heatmap. Data were analysed by Kruskal-Wallis with Dunn’s
tests. * Indicates statistically significant differences (*** p < 0.001, **** p < 0.0001).
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Figure 3.8. Biomass quantification of mono- and multispecies biofilms grown in two different
media. Following metabolic activity measurement shown in Figure 3.7, biomass was quantified
by CV. Each bar represents the mean of data obtained from four technical repeats of three
independent experiments. Error bars represent the standard deviation. The mean absorbance
values are presented in a heatmap. Data were analysed by Kruskal-Wallis with Dunn’s tests. *
Indicates statistically significant differences (* p < 0.05, *** p < 0.001).

3.4.1.2 Compositional analysis

Because of the limitation of the previous colorimetric assays, a qPCR analysis
was performed for biofilms grown in the two previous FBS-supplemented media,
to quantify the relative composition of the biofilms formed. C. albicans single
species was also grown as a control to assess the effect of bacteria on C.

albicans when they co-cultured together.

Significant reductions in the total colony number of C. albicans were observed in
multispecies biofilms compared to C. albicans only at 24 h in either THB or TSB
(** p < 0.01 and * p < 0.05, respectively), whilst no significant differences were
observed at 48 h (Figure 3.9A). When comparing the total colony forming
equivalent per mL (CFE/mL) of microorganisms in mixed-species biofilms, these

were comparable between the different inoculation media tested (TSB vs THB).
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Mixed-species biofilms grown in THB at 24 h and 48 h were 1.01 x 10° CFE/mL
and 1.304 x 10° CFE/mL, respectively. Whereas 8.826 x 108 CFE/mL and 6.894 x
108 CFE/mL were the total for all microorganisms in the mixed-species biofilms
grown in TSB at 24 h and 48 h, respectively, and no significant differences were

found between the two timepoints.

All biofilms were predominantly composed of S. gordonii followed by C. albicans
(> 90% and 3.9-8.6%, for both microorganisms, respectively). F. nucleatum and
P. gingivalis were present in all biofilms, but as a relatively low proportion (0.2-
0.6% and 0.001%, respectively) as shown (Figure 3.9B). Of note, the CFE/mL
counts of P. gingivalis and F. nucleatum in mixed-species biofilms were
estimated to be approximately 5 logio and 2-3 logio units, respectively, lower

than the total CFE/mL counts of the mixed-species biofilms.

Overall, it was determined that bacteria had an inhibitory effect on the growth
of C. albicans when co-cultured for 24 h. However, this inhibitory effect
diminished after 48 h of incubation. These results also demonstrated that either
THB or TSB supplemented with FBS were equally supportive of biofilm growth,

which were dominated by S. gordonii, followed by C. albicans.
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Figure 3.9. Compositional analysis of biofilms grown in two different media, supplemented
with foetal bovine serum. C. albicans only biofilms and mixed biofilms (bacteria and C.
albicans) were grown in a 1:1 mixture of either RPMI/TSB + 10% FBS (TSB) or RPMI/THB + 10% FBS
(THB) in 6-well flat-bottom plates for 24 h and 48 h. (A) Colony forming equivalent (CFE/mL) of
C. albicans mono-species biofilms (1 species) and C. albicans in multispecies biofilms (4 species).
(B) Total CFE/mL for all four microorganisms in mixed-species biofilms are shown above each bar
graph and percentages of each species within the biofilms are also shown. Each bar represents
the mean of data obtained from triplicates of three independent repeats. Error bars represent
the standard deviation. * Indicates statistically significant differences (* p < 0.05, ** p < 0.01). No
significant differences were found between CFE/mL of C. albicans mono-species and C. albicans
in multispecies biofilms at 48 h. No significant differences were found between total CFE/mL of
mixed biofilms (4 species) in all conditions. Data were analysed by Kruskal-Wallis with Dunn’s
tests.
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3.4.1.3 Scanning electron microscopy imaging

To further characterise model development, biofilm ultrastructure and
architecture were observed using SEM at magnifications of x1,000 and x3,500.
All biofilms imaged were grown on coverslips in either RPMI/THB or RPMI/TSB,
supplemented with 10% FBS. The observations of C. albicans biofilms revealed
filamentous cells predominantly formed under both media conditions. C.
albicans biofilms are composed of an interlaced structure of a dense network of
yeast, hyphae and pseudohyphae at 48 h of incubation (Figure 3.10A,B). F.
nucleatum formed spindle-shaped rods of variable lengths (Figure 3.10C,D). S.
gordonii formed chains of cocci (Figure 3.10E,F). Particularly noticeable,
clusters of streptococci were observed in mono-species biofilms formed in THB
(Figure 3.10F). However, it was not possible to observe P. gingivalis by SEM
because of the very low abundance when grown as mono-species biofilms. In
multispecies biofilm, germ tube formation was observed by C. albicans cells
after 90 minutes of incubation (Figure 3.10G,H) and young hyphae of C. albicans
was formed by 8 h (Figure 3.101,J). All biofilms at 24 h and 48 h were dense, as
shown (Figure 3.10K-N), with C. albicans yeast and hyphal cells co-aggregated
with clusters of bacterial cells. These aggregates of bacterial cells were
predominantly comprising of densely packed clumps of cocci-shaped colonies
which were attached to the hyphae (highlighted in green in Figure inset). Sparse
colonies of P. gingivalis were also seen (highlighted by blue arrows). Finally, F.
nucleatum formed a scattered, loose filamentous network that was loosely
scattered around the hyphae (highlighted by yellow arrows). The extracellular
matrix was observed on the surfaces of some of these morphological forms.
However, most of ECM was lost due to dehydration during sample processing.
Combined with the results from Figure 3.9, the biofilms were comparable when

grown in the two supplemented media tested.

Given the close similarities between the composition and architecture of the
mixed-species biofilms grown for either 24 h or 48 h, in two types of FBS-
supplemented media, RPMI/THB and one timepoint for biofilm formation (24 h)

were selected for the next in vitro experiments as optimal growth conditions.
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Figure 3.10. Scanning electron microscopy images of mono-and multispecies biofilms. The
biofilms were grown in either 1:1 RPMI/THB + 10% FBS or in 1:1 RPMI/TSB + 10% FBS, before
being fixed, processed and imaged, using a Jeol JSM-IT100 InTouch™ Scanning electron
microscope. (A & B) C. albicans mono-species biofilms. (C & D) F. nucleatum mono-species
biofilms. (E & F) S. gordonii mono-species biofilms. (G-N) SEM images show rich hyphal C.
albicans growth within the mixed-species biofilms (red arrows), with clusters of bacteria
adhering to the hyphae. These clusters of bacteria predominantly appear characteristic of
morphological streptococci (green arrows). F. nucleatum (fusiform rods, highlighted by yellow
arrows) and P. gingivalis (rod-shaped, blue arrows) were evident. Note: Most of ECM is lost due
to dehydration during SEM processes. White arrows indicate the presence of ECM. Scale bar
represents 10 um and 5 pm at x1,000 and x3,500 magnifications, respectively. Samples were
processed and imaged by Mr. Mark Butcher (Glasgow imaging facilities - University of Glasgow).
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3.4.1.4 Fluorescent microscopy imaging

A live/dead cell imaging assay was then performed to assess whether the
multispecies biofilm model was viable and functional before testing with
conventional and novel endodontic therapeutics. For this, the optimised
multispecies biofilm was grown on coverslips. Fluorescent microscopy with CFW
(blue), SYTO™ 9 (green) and Pl (red) revealed viable mixed-species biofilms.
SYTO™ 9 stained total C. albicans and bacterial cells in green, while dead cells
were stained in red by propidium iodide. CFW stained the cell wall of fungi in
blue. Bacteria were seen as pale green colonies which were attached to the

hyphae (Figure 3.11). However, the live/dead staining assay confirmed the

viability of the biofilm model, before testing with antimicrobial agents.

Figure 3.11. A fluorescent image of the 4-multispecies biofilm. Mixed-species biofilm (F.
nucleatum, P. gingivalis, S. gordonii and C. albicans) was grown for 24 h in 1:1 RPMI/THB + 10%
FBS, in 5% CO, at 37°C. Scale bar represents 100 ym at x40 magnification. The hyphae of C.
albicans appeared distinctly blue (stained by CFW, white arrow). Dead cells stained in red
(stained by PI, red arrow). Total C. albicans and bacteria stained in green (stained by SYTO™ 9,
green and yellow arrows, respectively).
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3.4.2 Biofilm model characterisation on bovine dentine

The optimised mixed-species biofilm model was finally grown on a biological
substrate (bovine dentine) to further mimic the interactions between host and
microorganisms in endodontic infections. The ultrastructure of dentine (without
biofilm) and biofilms were observed using SEM. The dentine was composed of
dentinal tubules, peritubular dentine and intertubular dentine, as shown in
Figure 3.12A. Rich hyphal growth of C. albicans was observed within mixed-
species biofilms with clusters of bacteria attached to the hyphae, predominantly

streptococci, similar to those formed on plastic coverslips (Figure 3.12B).
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Figure 3.12. Scanning electron microscopy images of the ultrastructure of bovine dentine
and the multispecies biofilm model grown on bovine dentine. (A) A transverse cross-section
view of dentinal tubules through dentine. The dentine structure showing opened dentinal tubules
(DT), obliterated (sclerotic) dentinal tubules (SDT), peritubular dentine (PD) and intertubular
dentine (ID). (B) The optimised 4-species biofilm model was grown in 1:1 RPMI/THB with 10%
FBS, in 5% CO, at 37°C for 24 h. The mixed biofilms (F. nucleatum, P. gingivalis, S. gordonii and
C. albicans) were fixed, processed and imaged. A nest-like biofilm structure formed on dentine.
Networks of Candida hypha (red arrow). Clusters of streptococci (green arrow). Yellow and blue
arrows indicate F. nucleatum and P. gingivalis, respectively, adhering to the Candida hyphal
network. Scale bar represents 100 pm, 10 pm and 5 pm at =100, x1,000 and x3,500
magnifications, respectively. Samples were processed by Mr. Mark Butcher. Images were taken
by Mrs. Margaret Mullin (University of Glasgow).
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3.4.3 Interkingdom interaction within the optimised biofilm
model

Next, C. albicans was co-cultured with either F. nucleatum, P. gingivalis or S.
gordonii or all together for 6 h, 8 h and 24 h in RPMI/THB + FBS, to further
assess the interkingdom interactions within dual- and mixed-species biofilms (4
species). C. albicans single species was also grown as a control to assess the
effect of bacteria on C. albicans. The initial results indicating that the co-
culture of C. albicans and S. gordonii exhibited the lowest metabolic activity
when compared to C. albicans only at all timepoints (*** p < 0.001 and ** p <
0.01), while mixed-species biofilms displayed minimal metabolic activity with
significant reductions at 6 h (*** p < 0.001). Conversely, the co-culture of C.
albicans and F. nucleatum exhibited the highest metabolic activity compared to
the control (C. albicans only) with a significant increase at 8 h (* p < 0.05), as
shown (Figure 3.13A). For biomass, the highest increases in biomass were
observed when C. albicans was co-cultured with F. nucleatum and P. gingivalis
with no statistically significant changes. However, the lowest significant biomass

(* p < 0.05) was observed at 24 h with mixed species (Figure 3.13B).

Based on the previous results, different bacterial species interact differently

with C. albicans, although this needs further investigation.
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Figure 3.13. Metabolic activity measurement and biomass quantification of dual- and mixed-
species biofilms. Biofilms were grown in a 1:1 mixture of RPMI/THB + 10% FBS in 24-well flat-
bottom plates. Dual-species biofilms (C. albicans & F. nucleatum [Ca + Fn], C. albicans & P.
gingivalis [Ca + Pg], C. albicans & S. gordonii [Ca + Sg]) and mixed biofilms (C. albicans &
bacteria (Ca + Ba) were formed on 24-well plates. (A) Viability was measured by XTT. (B)
Biomass was quantified by CV. Each bar represents the mean of data obtained from four
technical repeats of three independent experiments. Error bars represent SD. Data were
analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant differences
compared to C. albicans mono-species biofilms (the control) (* p < 0.05, ** p < 0.01, ** p <
0.001).

To further investigate the effect of bacteria on C. albicans results, a
quantitative PCR analysis was performed to firstly quantify the relative CFE/mL
of C. albicans when co-cultured with bacterial species in dual- and mixed-
species biofilms formed in RPMI/THB + 10% FBS for 24 h. When C. albicans was
co-cultured, in the serum-supplemented medium, with either F. nucleatum or P.
gingivalis, the total CFE/mL counts increased by 9.8% and 68.9%, respectively

compared to C. albicans (only). In contrast, S. gordonii and bacteria (3 species)
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decreased the CFE/mL counts of C. albicans by 55% and 20%, respectively,
relative to mono-species C. albicans. However, these changes were not
statistically significant (Figure 3.14). Combined with the previous results in
Figure 3.13, the results demonstrate interkingdom interactions, which may be
synergistic as shown with F. nucleatum and P. gingivalis, or competitive as

shown with S. gordonii.

In contrary, when the growth medium was not supplemented with FBS, co-
culturing C. albicans with either F. nucleatum, P. gingivalis, S. gordonii or
bacteria (all together) resulted in reduction of the CFE/mL counts of C. albicans
by 15.1%, 37.5%, 71.8% and 52.7% respectively. Significant reductions were
observed with S. gordonii (*** p < 0.001) and bacteria in the mixed (4 species)
biofilm model (* p < 0.05), as shown in Figure 3.14. These results indicate that

serum may modulate the inhibitory effects of bacteria on C. albicans.

Notably, total CFE/mL counts of C. albicans mono-species, grown without
serum, reduced by 18% relative to C. albicans supplemented with serum, from
3.38 x 107 to 2.77 x 107 (Table 3.4 and Figure 3.14). The results demonstrate
that serum enhances the growth of C. albicans. These results were in line with
the previous metabolic activity and biomass results shown in Figure 3.5 and

Figure 3.6.
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Figure 3.14. Colony forming equivalent per mL of C. albicans co-cultured with bacterial
species, in the presence and absence of foetal bovine serum. C. albicans was co-cultured with
either F. nucleatum, P. gingivalis, S. gordonii or all bacterial species together (mixed) in 1:1
RPMI/THB = 10% FBS in 24-well flat-bottom plates for 24 h. Control; C. albicans mono-species
biofilms. Each bar represents the mean of data obtained from triplicates of three independent
repeats. Error bars represent the standard deviation. Data were analysed by Kruskal-Wallis with
Dunn’s tests. * Indicates statistically significant differences compared to the control (* p < 0.05,
***p <0.001).

The previous experiment (Figure 3.14) was created in parallel with a biofilm
model containing bacterial species only (S. gordonii, P. gingivalis and F.
nucleatum). Compositional analyses were performed to assess the importance of
C. albicans in supporting the growth of biofilms with and without FBS. A single
species model (S. gordonii) was also run in parallel to further investigate the
effect of S. gordonii on C. albicans. Based on the results, the CFE/mL counts of
C. albicans decreased by 1.3- and 2-fold when grown with bacteria (3 species) in
the presence and absence of FBS, respectively. While a 2-fold reduction was
observed from bacteria in the presence of C. albicans co-cultured without
serum. However, the scenario was reversed in the serum-supplemented medium
with a 1.4-fold increase of bacterial numbers following inclusion of C. albicans
(Figure 3.15A).

In contrast, 1.4- and 4-fold decreases were noted from S. gordonii when C.

albicans was present, in the presence and absence of FBS, respectively, whereas
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2- and 3.6-fold reductions were apparent from C. albicans when co-cultured with
S. gordonii, in the presence and absence of FBS, respectively, as shown in Figure
3.15B.

Of interest, the qPCR reading illustrating CFE/mL showing that the total CFE/mL
counts of bacteria grown in serum reduced by 24.8% relative to bacteria grown
without serum, from 3.73 x 10® (- FBS) to 2.80 x 10® (+ FBS). Similarly, serum
reduced CFE/mL counts of S. gordonii by 34.5% compared to S. gordonii grown in
absence of serum, from 5.15 x 108 (- FBS) to 3.37 x 108 (+ FBS). Total CFE/mL
counts for the biofilm models and biofilm composition (%) are shown in Table
3.4.
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Figure 3.15. Log fold changes of C. albicans and bacteria in 4-species and dual-species
biofilm models. (A) C. albicans and bacteria were quantified (CFE/mL) in mixed-species biofilms
(4 species) and compared to simpler models of C. albicans-only biofilms (1 species) and
bacterial-only biofilms (3 species), respectively. (B) C. albicans and S. gordonii were quantified
in dual-species biofilms and compared to simpler models of C. albicans-only biofilms and S.
gordonii-only biofilms, respectively. Log fold changes were calculated and presented graphically.
Data are representative of biofilms from three independent repeats with three technical
replicates. Ca; C. albicans, Sg; S. gordonii, Ba; bacteria, FBS; foetal bovine serum. Raw data are
shown in Figure 3.14 and Table 3.4.

104



Chapter 3: Optimising a polymicrobial interkingdom endodontic biofilm model

Taken together, our data suggested that the relation between C. albicans and
bacterial species within the optimised 4-species biofilm model, when co-
cultured simultaneously, is being competitive in nature where reductions of
CFE/mL numbers were observed in both kingdoms. However, the inclusion of C.
albicans may support bacterial biofilm formation in a serum-supplemented
medium where a little increase in bacterial numbers were apparent (Figure
3.15).

Table 3.4. Total colony forming equivalent per mL of mono-, dual- and mixed biofilm models.

4-species model 3-species model 1-species model
Bacteria (%) C. albicans | (%) Bacteria C. albicans

+ FBS 3.92 x 108 93.6% | 2.68 x 107 6.4% 2.80 x 108 3.38 x 107

- FBS 1.71 x 108 92.9% | 1.31 x 107 7.1% | 3.73 x 108 2.77 x 107
Dual-species model 1-species model 1-species model
S. gordonii | (%) C. albicans | (%) S. gordonii C. albicans

+ FBS 2.48 x 108 94.3% | 1.51 x 107 5.7% | 3.37 x 108 3.38 x 107

- FBS 1.31 x 108 94.4% | 7.81 x 10¢ 5.6% | 5.15 x 108 2.77 x 107
C. albicans CFE counts in mono-, dual- and mixed-species (4 species) biofilms
C. albicans C. albicans + C. albicans + C. albicans + C. albicans +
(control) F. nucleatum P. gingivalis S. gordonii bacteria

+ FBS 3.38 x 107 3.71 x 107 5.71 x 107 1.51 x 107 2.68 x 107

- FBS 2.77 x 107 2.35 x 107 1.73 x 107 7.81 x 108 1.31 x 107

Average CFE/mL and percentage composition (%) of biofilm models. Biofilms were grown in 1:1
RPMI/THB = FBS for 24 h. Data representative of biofilms from three repeats with three technical
replicates.

To further understand the interkingdom interactions, C. albicans was first grown
for 4 h in 1:1 RPMI/THB, and sequential addition of standardised bacteria was
then employed. Based on the previous results, FBS was not used in order to
assess the effect of each bacterial species on C. albicans when sequentially
added after initial C. albicans hyphal formation. Plates were incubated for an
additional 20 h and compositional analyses were performed. In contrary to the
previous results shown in Figure 3.14, the CFE/mL counts of C. albicans was
increased by approximately 1 x logi, compared to C. albicans only, when co-
cultured with bacterial species after initial hyphal formation (Figure 3.16A). The
mixed-species biofilm was predominantly composed of S. gordonii followed by C.

albicans (87.6 % and 11.7%, respectively), as previously shown in Figure 3.9.
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Notably, F. nucleatum and P. gingivalis in mixed (4 species) biofilms were
estimated to be approximately 2 log1o (0.6%) and 3 logio (0.03%) lower than the
total counts, respectively (Figure 3.16B).
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Figure 3.16. Compositional analyses of C. albicans co-cultured with bacterial species added
sequentially. C. albicans was grown on Thermanox™ coverslips for 4 h in 24-well plates in 1:1
RPMI/THB. Sequential addition of standardised F. nucleatum, P. gingivalis and S. gordonii was
then employed and incubated for additional 20 h. (A) C. albicans (CFE/mL) when co-cultured
with F. nucleatum, P. gingivalis, S. gordonii and the three bacterial species. (B) Compositional
analysis of mixed-species biofilms (4 species). Total CFE/mL for all four microorganisms in
mixed-species biofilms are shown above the bar graph and percentages of each species within
the biofilms are also displayed. Data distributions were assessed using Shapiro-Wilk normality
test, and then analysed by ANOVA with Dunnett’s tests to determine the P-value for multiple
comparisons of normally distributed parametric data. No significant differences were found
between C. albicans only (control) and C. albicans co-cultured with bacterial species. Each bar
represents the mean of data obtained from one technical repeat of four independent
experiments. Error bars represent the standard deviation.
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3.5 Discussion

Within the field of endodontics, there has been a clear direction of travel
toward model systems with more challenging complexity, both biologically and
anatomically, to mirror the clinical reality more closely. Microbiological research
fits within this ethos, with clear pointers from the literature highlighting
inadequacies in biofilm models used for the development of better
chemotherapeutic approaches. This is best illustrated in the quote from a recent
systematic review that stated, “Because of substantial variation in experimental
parameters, it is difficult to compare results between studies. This demonstrates
the need for a more standardised approach and a validated endodontic biofilm
model” (Swimberghe et al., 2019). To this end, we set out to tackle this
research need with the aim of creating and then testing an optimised biofilm
model that was both simple and reproducible, and importantly, being more

representative of endodontic infections.

Whilst we appreciate the caveats on what represents the ideal and most
representative model, there was clearly a need for a model with microbial
complexity. In some studies, defined microbial species have been utilised,
ranging from four to five single species (R Kim et al., 2015, Donyavi et al.,
2017). Others have employed undefined microorganisms isolated from the human
oral cavity, trying to simulate the complex in vivo situations. In the study by
Jardine et al. (2019), human dentine blocks were worn intraorally by volunteers
for 72 h to be infected in situ by oral microorganisms. In another study, root
canals of extracted teeth were prepared, sterilised and then contaminated in
situ with oral microorganisms for 1 week and incubated for 2 more weeks (O
Peters et al., 2011). Extracted single-rooted teeth have also been inoculated
with mixed human subgingival plaque samples (Lin et al., 2013), whereas, in
another study, extracted teeth were inoculated with collected samples from
infected root canals (Schaudinn et al., 2013). Growing a biofilm intraorally, or
from an inoculum derived from an oral ex vivo sample is highly clinically
relevant for an endodontic model. However, as mentioned above, these
extremely diverse microbial populations are difficult to manipulate and
imprecise to reproduce. Therefore, for the purpose of this study, a panel of four

organisms were selected that represented diverse and relevant populations of
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bacteria and yeast (Shin et al., 2018, Mergoni et al., 2018), with different
atmospheric and nutritional requirements. Our model was purposely limited to
four species, which reduces complexity, supports reproducibility, but

importantly, limits costs for quantitative and compositional analyses.

Biofilm formation starts with surface attachment regardless of whether the
substrate is biologic or non-biologic, though what defines the end of biofilm
formation remains a challenge (Ren et al., 2018). The starter inoculum
concentration of C. albicans significantly affects the growth rate of mature
biofilms, possibly through quorum sensing mechanisms (Casalinuovo et al.,
2017), where unnecessary overpopulation is controlled through a cell-cell
communication strategy (Ramage et al., 2005). Thus, a significant increase in
cell viability of mature biofilms was obtained by Casalinuovo et al. (2017) with a
starter inoculum of 1 x 10° cells/mL. Augmenting the initial inoculum resulted in
a proportional decrease of the metabolic activity of C. albicans cells. These
results confirm that the development of biofilm is a coordinated process in
which an optimal number of cells is needed for optimal growth (Casalinuovo et
al., 2017). Therefore, C. albicans and bacterial species, in this study, were
adjusted to the desired cellular density of 1 x 106 CFU/mL and 1 x 107 cells/mL,
respectively, as previously shown (Montelongo-Jauregui et al., 2016,
Montelongo-Jauregui et al., 2018, Alshanta et al., 2019, Alshanta et al., 2020).
Along with optimised initial inoculums used, time was spent for optimising the
biofilm model, using a range of experimental parameters, such as different
atmospheric conditions, media and incubation times. Each of which were
assessed to ensure optimal conditions that support growth of both C. albicans
and the three bacterial species. There are numerous available media in the
literature to grow microorganisms. Most microbial laboratory testing methods
specify the use of a certain medium to grow any tested organism. This enables
comparison of a specific organism’s characteristics across studies and databases
(Cleland et al., 2007). Although available laboratory methods cannot reflect the
nutritional requirements that favour biofilm formation within the root canal
environment with accuracy, the frequently used general growth media are highly
nutritious, providing a source of carbohydrate, proteins and supplements that
should optimally support and promote the biofilm formation of involved

microorganisms, especially the fastidious species (Swimberghe et al., 2019). The
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media selected contained a 1:1 ratio of RPMI and THB, as previously described
by Montelongo-Jauregui et al. (2016) or RPMI and TSB. We deemed it pertinent
to investigate different types of media for our model given that others have
highlighted that variation in media constituents can impact fungi-bacteria
biofilm growth in vitro (Arzmi et al., 2015, Montelongo-Jauregui et al., 2016,
Leonhard et al., 2019). It has also been shown that changes in the composition
of a growth medium can result in considerably different microbial growth
characteristics (Wieme et al., 2014). Subtle phenotypic changes have also been
observed between cultures grown on different media (Cleland et al., 2007). For
C. albicans, a common protocol for induction of germ-tube formation is
incubation of cells in the RPMI medium (Pierce et al., 2008). Therefore, RPMI
was included to permit hyphal formation by C. albicans. FBS was also
incorporated into the growth media to assess whether a rich variety of proteins
such as albumin present in the FBS could aid Candida hyphal formation and
bacterial growth in the biofilm model. It has been shown that germ-tube
formation of C. albicans can be triggered by an effective induction medium such
as serum (Hudson et al., 2004, Krom et al., 2007). In this study, FBS-
supplemented media provided an increase in the metabolic activity and biomass
formation in C. albicans and mixed-species biofilms (Figure 3.5 and Figure 3.6).
These results have been further affirmed by qPCR where the C. albicans CFE
counts, in the absence of serum, reduced by 18% relative to C. albicans
supplemented with serum (Table 3.4). In contrast, reductions in the metabolic
activity and CFE/mL counts of S. gordonii mono-species biofilms were observed
with FBS (Figure 3.5 and Table 3.4). A previous study showed higher bacterial
colonisation of S. mutans on uncoated hydroxylapatite (hydroxyapatite) beads
than human serum-coated specimens (Nikawa et al., 1998). The inhibitory
activity of FBS was also shown on biofilm formation of Staphylococcus aureus. It
has been suggested that this inhibitory effect is due to inhibition of biofilm-
related genes expression (Abraham and Jefferson, 2010). Nevertheless,
regardless of the media used, all mixed-species biofilms possessed similar
ultrastructure and architecture (Figure 3.10). Notably, the growth of S. gordonii
mono-species biofilms was enhanced with THB. This could be attributed to the
iron source in the THB medium supplemented by hemin. Oral streptococci were
assumed to acquire iron for growth using hemin compounds (E Kim and Lee,
2019).
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The compositional analyses of both serum-supplemented media showed that the
biofilms were predominated by C. albicans and S. gordonii, making up more than
99% of the final composition, with the two anaerobes comprising of less than 1%
(Figure 3.9). Importantly, the CFE/mL numbers of P. gingivalis were estimated
to be approximately 5 logio units lower than the total CFE/mL counts (0.001%).
This relatively low number of F. nucleatum and P. gingivalis may be explained
by the atmospheric conditions used (5% CO2), which was selected, as this
condition gave rise to mixed-species biofilms with the greatest biomass. This
could be explained by the fact that CO; is one of the environmental stimuli that
is known to promote the switch from yeast to hyphal growth (Hall et al., 2009).
In contrary, the anaerobic condition was not the most favourable condition for
C. albicans and the mixed biofilm formation. This was previously shown in other
studies (Dumitru et al., 2004, Biswas and Chaffin, 2005). Being obligate
anaerobes, F. nucleatum and P. gingivalis cannot survive in oxygenated
microenvironments unless grown in the presence of oxygen-consuming species or
in other oxygen-limiting conditions (Bradshaw et al., 1997, Bradshaw et al.,
1998, Diaz et al., 2002, Diaz and Rogers, 2004).

Therefore, initially, we postulated that as C. albicans provides a hypoxic niche
for anaerobic bacteria to survive and proliferate (Fox et al., 2014, Lambooij et
al., 2017), allowing the anaerobic microorganisms to be more represented in the
final composition. However, as the four microorganisms were added together,
instead of sequentially as in other oral biofilm models (Sherry et al., 2016, Y
Zhou et al., 2018, Brown et al., 2019a), the microenvironment itself may not
have been suitably anoxic during the first few hours to allow survival of large
quantities of F. nucleatum and P. gingivalis. This could explain the relatively
higher quantity of P. gingivalis when bacterial species added sequentially, as
shown (Figure 3.16). Nevertheless, we deemed the biofilm to be an accurate
model given that, in vivo, microorganisms such as P. gingivalis were found
similarly in very low quantities in disease (4-5 logio lower than the total),
consistent with our findings (Hajishengallis et al., 2011, Hajishengallis et al.,
2012). Importantly, all four microorganisms could be detected by the scanning

electron microscopy and observed within the biofilms (Figure 3.10).
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Two colorimetric assays were used in this study, each of which describes biofilms
differently. Crystal violet is known to be a good indicator of the amount of
biomass formed, whereas XTT is bound to the metabolic activity of the cells
forming the biofilm (Corte et al., 2019). XTT is a colorimetric-based assay that
measures the metabolic activities of cells within the biofilm. A tetrazolium salt
is reduced by metabolically active cells to water-soluble orange formazan
compounds. The intensity of the colorimetric change is directly proportional to
the number of living cells within the biofilm (Pierce et al., 2008). The XTT assay
is non-invasive, non-destructive, requiring minimal processing and it is
particularly useful for measuring the antimicrobial effect of drugs on biofilms
(Pierce et al., 2008). However, it does not consider other biofilm components
such as the extracellular matrix. The crystal violet staining method provides the
total quantification of the biofilm biomass including ECM. It also allows for
rapid, high-throughput processing of multiple samples. However, CV has a
number of limitations such as the inability to differentiate subtle differences
between samples (Kean et al., 2018), and between living and dead cells (Peeters
et al., 2008). In addition, over- and under-estimation of biomass can occur due
to the variability of the washing step of biofilms (Kean et al., 2018).
Furthermore, CV is not useful specifically for quantifying biomass of biofilms
treated with some antimicrobials. A good example of this is chlorhexidine as its
precipitations would over-estimate the biofilm biomass. However, CV is easy to
use and it showed a high reproducibility for most isolates, although it failed to

give repeatable results for particular strains (Peeters et al., 2008).

On the other hand, scanning electron microscopy has been used in some in vitro
models to analyse the morphological characteristics of biofilms formed in
different media (Montelongo-Jauregui et al., 2016, Montelongo-Jauregui et al.,
2018), and to evaluate biofilm morphological changes before and after
antimicrobial treatment (O'Donnell et al., 2017). The SEM is an invaluable
imaging tool for describing biofilms because of its ability to yield excellent-
resolution images of topographic features at high magnifications (Schaudinn et
al., 2009). Nevertheless, the obvious drawback of the conventional SEM is a
significant loss of ECM through water loss due to the requirement of dehydration
during sample processing (Alhede et al., 2012).
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PCR methods have been widely used in various applications, encompassing
molecular analysis of microbial pathogens, neoplasms and inheritable diseases
and syndromes. Our understanding of medical microbiology has been
revolutionised by the application of molecular based identification techniques (Y
Kim et al., 2002). Molecular methods are based on the detection of specific
genomic sequences for each microbial species (Shahi et al., 2018). Due to the
progress of molecular techniques, it becomes possible to recognise uncultivable
and fastidious microbial species and characterise the microflora associated with
endodontic infections (Y Kim et al., 2002). For instance, the presence of C.
albicans was detected in samples taken from infected root canals using PCR
methods (Baumgartner et al., 2000). Another study employing gPCR has shown
the high prevalence and abundance of Tannerella forsythia in endodontic
infections (Saito et al., 2009). gqPCR analyses were also utilised to quantify the
composition of other oral biofilm models (Sherry et al., 2016, Young et al.,
2021). The gPCR-based approach represents a robust, highly reproducible and
sensitive method enabling the quantification of gene and/or transcript numbers
under varying conditions. One main disadvantage of qPCR is the requirement for
prior sequence data of the specific target gene of interest. So, it can only be

used for detection of specific known genes (C Smith and Osborn, 2009).

On the other hand, different non-biological substrates on which biofilms were
grown have been found to stimulate different emergent phenotypes during
biofilm formation on these substratum materials (Ren et al., 2018). In a
literature review by Swimberghe et al. (2019), it has been highlighted that 96%
of endodontic studies used ‘dentine’ as a substrate for the biofilm growth. In
fact, 68 articles made use of human dentine, six studies used bovine teeth and
three studies used nonbiological substrates. However, Eick et al. (2017)
highlighted that human dentine or moderately rough titanium discs coated with
various protein layers do not significantly influence the adhesion of multispecies
biofilm. Nevertheless, the dentine structure with its organic and inorganic
components represents a distinctive substrate that is challenging to mimic or
copy (Swimberghe et al., 2019). Due to the difficulty in obtaining human
extracted teeth as substrates with sufficient quantity and quality, bovine teeth
have been proposed as an alternative for in vitro dental experiments, as bovine

enamel and dentine shows great similarity to human enamel and dentine with
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regard to their chemical composition (de Dios Teruel et al., 2015). Notably, the
SEM imaging, in this study, showed similarities between biofilms grown on

dentine and coverslips (Figure 3.10L and Figure 3.12B).

Regarding interkingdom interactions, it was clear from the findings that
inclusion of bacteria, particularly S. gordonii, reduced the CFE/mL counts of C.
albicans grown on the microtiter plates in the presence and absence of FBS,
while the addition of C. albicans showed a degree of reduction in bacterial
growth, in the absence of FBS, when all microorganisms were added
simultaneously. Interestingly, the inclusion of C. albicans, in the presence of
FBS, showed an increase in the number of total bacteria by 1.4-fold (Figure
3.15). In a study by Kean et al. (2017), a strong interkingdom synergy was shown
to exist through the physical scaffold of hyphae, providing a potential niche for
S. aureus to colonise and form biofilms on the existing C. albicans biofilm, when
co-cultured in 50% v/v foetal bovine serum, a phenomenon that has been termed
“mycofilms”. This could be explained by the fact that serum is one the factors
that triggers hyphal formation of Candida species, which can be used thereafter
as a scaffold for bacteria to colonise. Importantly and in contrary to the previous
results, the fungal load in the oral biofilm model in dual- and mixed cultures
increased by approximately 1 x logio when bacteria were added sequentially. On
the other hand, the CFE/mL numbers of F. nucleatum and P. gingivalis in mixed-
species biofilms were estimated to be approximately 2 logio and 3 logio units,
respectively, lower than the total CFE counts per mL, which seemed to be more
represented in the final composition when added sequentially to C. albicans than
those grown in the optimised endodontic biofilm model when all species were
added together. Although this study did not determine the effect of C. albicans
on each bacterial species when the sequential addition of bacteria was
employed after initial C. albicans hyphal formation, a study by Young et al.
(2021) highlighting that bacterial load was increased significantly, in oral biofilm

models, with sequential additions when C. albicans was present.

Antagonistic interkingdom interactions have previously been reported by others,
where F. nucleatum and a number of other bacterial species including P.
gingivalis and streptococci have been shown to inhibit growth and hyphal

morphogenesis of C. albicans (Thein et al., 2006, Bor et al., 2016). Other
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researchers reported synergistic interactions between S. gordonii and C. albicans
(Bamford et al., 2009), and between P. gingivalis and C. albicans (Nair et al.,
2001), where hyphal production was enhanced. Different experimental
methodologies between studies may explain the discrepancy between the
results. However, it has been thought that the potential for interkingdom biofilm
interactions in the root canal is likely to complicate the infection and require

alternative treatment strategies (Persoon et al., 2017, Du et al., 2021).

CHAPTER FINDINGS

e A multispecies interkingdom biofilm model composed of key
microorganisms is robust, reproducible and representative of endodontic

infections.

e Robust methodologies are needed to establish robust biofilm systems that

can be reproducible in different laboratories.

e Obtaining reproducible biofilm models with reproducible results is
necessary to understand how altering one parameter could affect the

growth and characteristics of biofilms.

¢ The interkingdom interactions may be synergistic or antagonistic and can

be affected by different experimental setups and supplemented media.

e This model can be employed and used as a testbed to assess efficacy of

novel endodontic therapeutics.

114



4 Assessing novel antimicrobial therapeutics in
endodontic infections



Chapter 4: Assessing novel antimicrobial therapeutics in endodontic infections

4.1 Introduction

Microbial infections in the root canal system play the main role in endodontic
failure (Yancheshmeh, 2020). It has been evidenced that root canal infections
exist as a complex ecology involving heterogeneous polymicrobial communities
of bacteria and fungi (Persoon et al., 2017). In spite of this, the contribution of
fungi to endodontic infections has been extremely limited (O'Donnell et al.,
2015, Persoon et al., 2017). Nonetheless, interkingdom interactions are highly
relevant and should be considered in the development of effective treatment
strategies (Persoon et al., 2017, Alshanta et al., 2020).

There has been a great interest in identifying a new natural compound that
possesses antimicrobial properties against endodontic pathogens. The potential
use of chitosan in endodontic treatment is not unheard of, with recent
publications highlighting the potential development of chitosan-based
endodontic materials. It has been shown that chitosan nanoparticles were
effective in reducing the CFUs of an E. faecalis biofilm grown on human root
canal dentin, when incorporated into Ca(OH); pastes used as endodontic
medicaments (del Carpio-Perochena et al., 2017). Additionally, the sustained
release of calcium ions in the root canal system was obtained when chitosan gel
was used as a vehicle for calcium hydroxide (Grover and Shetty, 2014). Other
studies have shown that the antimicrobial effect of root-canal sealers was
enhanced by the incorporation of CNPs (DaSilva et al., 2013, del Carpio-
Perochena et al., 2015b, Pattanaik et al., 2019) and chitosan solution (Beshr and
Abdelrahim, 2019a). The antimicrobial effectiveness of 0.25% and 0.5% chitosan,
solubilised in acetic acid, has also been shown when used as a root canal irrigant
(Yadav et al., 2017). Furthermore, chitosan is a natural and biocompatible
chelating substance. Final irrigation of human root canals with either 15% EDTA
or 0.2% chitosan had similar effects on dentine microhardness, push-out
strength, sealer penetration into dentinal tubules (Antunes et al., 2019) and
smear layer removal capacity (P Silva et al., 2013). Similarly, it has been found
that final irrigation of bovine dentine with either 17% EDTA or 1.29 mg/mL CNPs
has achieved a comparable chelating effect (del Carpio-Perochena et al.,
2015a). In addition, the biofilm cell viability was found to be significantly lower
in samples treated with chitosan, as a final irrigant, than samples treated with

EDTA. Therefore, CNPs can be a useful alternative to EDTA due to its antibiofilm
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activity and chelating effect on root dentine (del Carpio-Perochena et al.,
2015a). Interestingly, in a study by Arnaud et al. (2010), it has been found by a
chemical analysis and optical coherence tomography that chitosan solution
possessed a remineralising property by inhibiting the release of phosphorus from
enamel samples into a demineralising solution. It has been suggested that
chitosan may inhibit the demineralisation process by acting as a potential barrier
against acid penetration, optimally at concentrations between 2.5 mg/mL
(0.25%) and 5.0 mg/mL (0.5%) and exposure between 60 and 90 seconds.

Despite chemo-mechanical disinfection, a significant challenge faced by dental
cements used in the filling of the root canal space is the presence of infectious
microorganisms lodged in the root canal system (Farrugia et al., 2017).
Therefore, it is important to use dental materials that possess the greatest
antimicrobial activities, but most importantly, not at the expense of their
biological properties. In response to the challenges faced in sealing the root
canal space, calcium-silicate-based materials have grown in prominence.
Although considerable research has focused on the antimicrobial properties of
these materials, as previously detailed in chapter 1, their antibiofilm efficacy
has been scarcely investigated (Jardine et al., 2019, Ruiz-Linares et al., 2022).
Therefore, in this chapter, the antimicrobial efficacy of chitosan, commercial
calcium silicate materials and chitosan-modified calcium silicate materials was
investigated against the optimised interkingdom biofilm model system,

containing C. albicans, S. gordonii, P. gingivalis and F. nucleatum.
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4.2 Hypothesis and aims

In vitro studies for management strategies of endodontic infections have been
hampered by the lack of validated biofilm models. Therefore, this chapter aims

to:

e Assess whether the optimised interkingdom biofilm model was a suitable
system to be tested with conventional and novel therapeutics.

e Investigate the antibiofilm efficacy of ProRoot MTA and Biodentine
materials against mono- and multispecies biofilm models, and whether
the antimicrobial behaviour of these materials can be augmented by
chitosan incorporation.

e Assess whether fungi could confer protection to bacterial species from

active agents when grown in mixed microbial cultures.

Data from this chapter have been published in:

e Abusrewil, S., Brown, J.L., Delaney, C.D., Butcher, M.C., Kean, R.,
Gamal, D., Scott, J.A., McLean, W. and Ramage, G., 2020. Filling the
void: an optimized polymicrobial interkingdom biofilm model for assessing
novel antimicrobial agents in endodontic infection. Microorganisms, 8(12):
1988. DOI: 10.3390/microorganisms8121988. Pub 2020 Dec 14. PMID:
33327403.

e Abusrewil, S., Brown, J.L., Delaney, C., Butcher, M.C., Tiba, M., Scott,
J.A., Ramage, G. and McLean, W., 2021. Chitosan enhances the anti-
biofilm activity of Biodentine against an interkingdom biofilm model.
Antibiotics, 10(11):1317. DOI: 10.3390/antibiotics10111317. Pub 2021 Oct
29. PMID: 34827255.

Work from this chapter has been presented at the annual Oral Microbiology and

Immunology Group (OMIG) meeting, March 2021, UK.
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4.3 Materials and methods

4.3.1 In vitro biofilm antimicrobial susceptibility testing
4.3.1.1 Preparation of test agents

To validate the previously optimised interkingdom biofilm model, the capacity of
different antimicrobials to inhibit biofilm formation was assessed using this
model. The antimicrobials tested and their stock concentrations were as follows:
20% chlorhexidine (v/v) (CHX [Sigma-Aldrich, Dorset, UK]), 17% (460 mM)
Ethylenediaminetetraacetic acid (w/v) (EDTA [Sigma-Aldrich, Dorset, UK]) and
medium molecular weight chitosan (CS-MMw [Sigma-Aldrich, St. Louis, MO,
USA]), prepared to 1400 pg/mL. EDTA (17%) was prepared by adding 85 g of
ethylenediaminetetraacetic acid disodium salt dihydrate to 400 mL of distilled
water in a Duran bottle. The bottle was then placed on a magnetic stirrer to mix
the solution using a small magnet. To dissolve the salt, the pH was adjusted at
8.0 by gradually adding 50 mL of sodium hydroxide solution (0.2 g/mL) to the
EDTA disodium salt solution, using a calibrated pH meter (Mettler Toledo,
Leicester, UK). The pH meter was calibrated before use, according to the buffer
solutions (pH 4.0 and 7.0). When the salt was fully dissolved, the solution was
topped up to 500 mL using distilled water, and then sterilised in the autoclave.
For the conventional treatments, CHX and EDTA were diluted to 0.2% and 230
mM, respectively, in the relevant media. Chitosan was prepared as described
previously (Vieira et al., 2019). Briefly, 1400 ug/mL chitosan was solubilised in
2% acetic acid under constant magnetic stirring for 24 h at room temperature.
The stock solution was then diluted down to 0.7 mg/mL in the appropriate

media prior to biofilm treatment.

4.3.1.2 Planktonic minimal inhibitory concentration (P-MIC)

The determination of the pathogens susceptibility to antimicrobials is vital in
choosing the most appropriate compounds for treating microbial infections.
Planktonic minimal inhibitory concentration susceptibility testing, based on
Clinical and Laboratory Standards Institute (CLSI) methodologies (CLSI, 2008,
CLSI, 2018), was performed to determine the MIC of different endodontically
relevant antimicrobials against planktonic C. albicans mono-species and the co-

culture of C. albicans, F. nucleatum, P. gingivalis and S. gordonii.
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Briefly, yeast cells were adjusted to 2 x 10* CFU/mL while bacteria were
adjusted to 2 x 10° cells/mL in 1:1 RPMI/THB. Two hundred microlitres of each
drug were added to the appropriate wells of 96-well round-bottom microtiter
plates (Corning Incorporated, NY, USA) and serial doubling-dilutions were
performed in RPMI/THB, with concentrations starting from 0.025% (CHX), 4.25%
(EDTA) and 1.4 mg/mL (CS-MMw). One hundred microlitres of standardised cell
suspensions were added to each well containing the drug, to get a final volume
of 200 pL. The plates were incubated in CO; for 24 h at 37°C. Appropriate
positive and negative controls were also included. The MIC concentration was
deemed to be the lowest concentration of the antimicrobial agent that prevents

visible microbial growth.

4.3.1.3 In vitro biofilm susceptibility testing against biofilms grown in
microtiter plates

The optimised interkingdom biofilm model system was used to assess the
capacity of different antimicrobials to inhibit biofilm formation. The effect of
each active was assessed against multispecies biofilms grown in optimal
conditions in a 5% CO; incubator at 37°C. Three regimes were tested: the
‘treatment’ group, ‘prevention’ group and ‘adsorption’ group. The stock solution
of CHX, EDTA and CS-MMw were diluted down to 0.2%, 230 mM and 0.7 mg/mL,
respectively, in the appropriate media prior to biofilm treatment. In the
‘treatment’ group, biofilms were treated for 24 h at concentrations described
above, prior to metabolic assessment. Conversely, to more effectively model
endodontic protocols, the ‘prevention’ and ‘adsorption’ groups contained
biofilms that were first mechanically disrupted, in order to assess the ability of
the test antimicrobial agents to impede biofilm regrowth. Briefly, after biofilm
maturation (24 h), the spent biofilm media were discarded, and biofilms were
washed with 500 pL of PBS. The biofilms in the ‘prevention’ group were
disrupted with a cell scraper into 1 mL of RPMI/THB + FBS and diluted to 1:5 in
fresh RPMI/THB + FBS media. This new inoculum, representative of the 4-species
biofilm consortia, was then inoculated into another 24-well tissue culture plate
by pipetting 250 pL into wells, prior to treatment with 250 pL of each
antimicrobial test agent adjusted to twice the desired concentrations described
above. This was to get a 1:10 cell dilution and final concentrations of
chlorhexidine (0.2%), chitosan (0.7 mg/mL), and EDTA (230 mM). For the
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‘adsorption’ group, a new 24-well plate was pre-treated overnight with 500 pL of
active agents in above mentioned concentrations. The biofilms were
mechanically disrupted and diluted to 1:10 in the relevant media, as previously
described. Cell seeding performed by adding 500 pL per well into the pre-

treated wells, after drug discarding.

Plates were then incubated for an additional 24 h (a total of 48 h) in 5% CO; at
37°C to allow biofilm regrowth. Positive control biofilms were run in parallel for
this experiment. These controls were disrupted as above, then replaced with
fresh RPMI/THB + FBS media excluding treatment. Negative control broths
(minus inoculum) were included to assess for microbial contamination. Following
incubation and washing with PBS, the metabolic activity was measured by the
Alamar Blue™ (AB [Thermo Fisher Scientific, USA]) assay. For this, a 1:10 dilution
of AB was prepared in RPMI/THB + 10% FBS media. A volume of 250 pL of AB was
added into each well and incubated for 1 h in the dark in the Classic incubator at
37°C. 100 microlitres were transferred to a new 96-well flat-bottom plate for
fluorescence reading at 544/590 (excitation/emission), using the microtiter
plate reader (FluoStar Omega, BMG Labtech, Aylesbury, UK). Next, the
composition of the regrown mixed fungal/bacterial biofilms of the ‘prevention’
group, following treatment with CHX, EDTA and CS-MMw, was assessed using
gPCR, as described in 3.3.2.3. The effect of the CS-MMw solution (0.7 mg/mL)
was then assessed against mono- and multispecies biofilms grown in RPMI/THB as
previously mentioned in the ‘prevention’ group. The metabolic activity was

measured by Alamar Blue, and biomass was quantified using crystal violet.

4.3.2 Assessing the effect of chitosan on the optimised
endodontic biofilm model upon dentine

The effect of the antimicrobial ability of chitosan was assessed against mixed-
species biofilms regrowth on a biological substrate ‘bovine dentine’ and placed
in pre-sterilised polystyrene 24-well flat-bottom plates. Due to the difficulty in
obtaining human extracted teeth, bovine dentine has been used alternatively as
a biologically relevant positive control, due to its great similarity to the human
dentine (de Dios Teruel et al., 2015).
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Bovine dentine discs (Modus laboratories, Reading, UK) were supplied in round
cross-sections, approximately 7 mm in diameter and 1 mm in thickness, with
transverse cross-sections. The 4-multispecies biofilm model was grown in
RPMI/THB in 24-well plates. After 24 h, the biofilms were disrupted and
inoculated into bovine dentine discs in a 24-well plate treated with CS-MMw (0.7
mg/mL) as previously mentioned in the ‘prevention’ biofilm model. Positive and
negative controls broth were run in parallel as well. Pre-sterilised bovine
dentine discs (negative control) were kept in media (minus inoculum) to assess
for the sterilisation process. Following maturation and discarding spent media,
each dentine disc was gently washed with 500 yL of PBS and then transferred
into a bijoux tube containing 1 mL of PBS and sonicated at 35 kHz in a sonic bath
for 10 minutes. The sonicate was then transferred into 1.5 mL Eppendorf tubes
(Greiner Bio-one, Kremsmunster, Austria, UK) for DNA extraction. The structure
and composition of the regrown biofilms on dentine discs were assessed using
SEM and gPCR, respectively, as previously described in sections 3.3.2.3 and
3.3.3.

4.3.3 Investigating the antimicrobial properties of ProRoot MTA
and Biodentine materials against the interkingdom biofilm
model

4.3.3.1 Preparation of ProRoot MTA and Biodentine material discs

Two different types of calcium silicate materials, used in the management of
endodontic diseases, were used in this current study to evaluate their
antibiofilm efficacy: mineral trioxide aggregate (ProRoot MTA Root Repair
Material [Dentsply Tulsa Dental Specialties, Johnson City, USA]) and Biodentine™
(BD [Septodont, Saint-Maur-des-fossés, Cedex, France]), as shown (Table 4.1).
Moulds, 1 mm in height with 7 mm diameter corresponding to the size of the
bovine dentine discs, were fabricated from dental silicone-based impression
materials; putty soft (Coltene, altstatten, switzerland) and Polyvinyl siloxane
impression material (Extrude, Romulus, USA). The moulds were then disinfected
with 70% Ethanol. MTA and BD powders were mixed according to the
manufacturers’ instructions. MTA powder was mixed with a ProRoot liquid micro-
dose ampoule with a stainless-steel spatula. The powder-containing capsule of

Biodentine™ was mixed with five drops of the manufacturer Liquid component.
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Materials were then placed into aseptic moulds and allowed to set in a moist

atmosphere at 37°C for 3 h and 1 h, respectively.

Table 4.1. Composition of ProRoot MTA and Biodentine

Product Composition Manufacturer

White ProRoot Powder: tricalcium silicate, dicalcium silicate, | Dentsply Tulsa Dental
Mineral Trioxide bismuth oxide, tricalcium aluminate, calcium | Specialties, Johnson
Aggregate sulfate dihydrate or gypsum. City, USA

Liquid: water

Biodentine Powder: tricalcium silicate, dicalcium silicate, | Septodont, Saint-Maur-
calcium carbonate, zirconium oxide, calcium | des-fossés, Cedex,
oxide, iron oxide. France

Liquid: calcium chloride, a hydrosoluble (water-

soluble) polymer, water.

4.3.3.2 Quantitative analysis of biofilms formed on ProRoot MTA and
Biodentine materials using Live/Dead qPCR

The antimicrobial ability of ProRoot MTA and BD was assessed against biofilm
regrowth on the materials placed in a 24-well plate. The four interkingdom
mixed-species biofilm model was grown in a 1:1 mixture of RPMI/THB medium in
24-well plates for 24 h. After incubation, the spent biofilm media were
discarded, and biofilms were washed with 500 pyL of PBS. The biofilms were then
mechanically disrupted in 1 mL of RPMI/THB and diluted to 1:10 in fresh
RPMI/THB and then inoculated on MTA and BD discs into 24-well plates, as
previously mentioned in the ‘prevention’ biofilm model. Bovine dentine discs
were used as positive controls. Mechanical disruption of the biofilms serves the
purpose of simulating mechanical debridement of the root canal. Plates were
then incubated for an additional 24 h in 5% CO, at 37°C to allow biofilm growth.
After incubation, discs were sonicated for 10 minutes, as previously described in
4.3.2. The composition of the regrown biofilms on dentine, MTA and BD discs
was assessed using Live/dead PCR, a technique that uses propidium monoazide
(PMA), which is a DNA-intercalating dye, to differentiate biofilm viable and dead
microorganisms. Propidium monoazide is able to bind to DNA from dead cells or
cells with compromised membranes following exposure to a bright light source,

resulting in a permanent modification of the double stranded DNA, which
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prevents DNA amplification in qPCR. Thus, only live cells can be detected
(Nocker et al., 2006). Samples were prepared as previously described by Sherry
et al. (2016). Briefly, each sonicated sample was equally split; samples to be
treated with PMA and control samples without PMA. Following this, 5 yL/mL of
50 uM PMA dye was added to each sample. Treated and control samples were all
incubated in the dark at room temperature for 10 minutes to allow cells to
uptake the dye. Samples were then exposed to a 650 W halogen light and
positioned 20 cm away from the sample tubes, for 5 minutes. During exposure,
samples were placed on a bed of ice, to avoid excessive heating. Following this,
DNA extraction and real-time quantitative analyses were carried out, as
previously described in 3.3.2.3, for bacteria and C. albicans and then for each
bacterial species. Primers used for bacteria and Candida were 16S and 18S,

respectively.

4.3.3.3 Visualisation of biofilms formed on materials and dentine using
confocal laser scanning microscopy

1-species (C. albicans) and 4-species (mixed) ‘prevention’ models were grown on
bovine dentine, MTA and BD discs. A qualitative CLSM microbiology technique
was utilised to vision live/dead microorganisms present on the surface of
substrates. Staining of biofilms for each disc was carried out using Pl, SYTO™ 9
and CFW fluorescent dyes, as previously described in 3.3.2.5. Stained and fixed
biofilms were washing once with PBS, dried overnight in the dark. Following
drying, the discs containing biofilms were carefully removed from the 24-well
plate using sterilised tweezers. These were transferred to microscope slides for
viewing and kept in place using superglue on the underside of the disc prior to
imaging on the confocal microscope (Upright Zeiss LSM 880). Slides were
maintained in the dark before imaging. 488ex/500emmm, 532ex/635emnm and
365ex/435emn,m were used for excitation/emission wavelengths for visualising
SYTO 9, PI and CFW, respectively. Images were compiled using the ZEN Blue
software (Zeiss LSM780, Germany).
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4.3.4 Investigating the antimicrobial efficacy of ProRoot MTA and
Biodentine materials + chitosan against single- and mixed-
species biofilm models

4.3.4.1 Preparation of ProRoot MTA and Biodentine materials + CS-MMw,
biofilm growth and enumeration

To investigate the effect of chitosan on the antimicrobial properties of tested
materials, chitosan powder (microparticles) was incorporated into MTA and BD.
Medium molecular weight chitosan (CS-MMw) was used throughout this study.
Briefly, chitosan powder was disinfected using the ultraviolet light (UV) for 15
minutes. Following this, the chitosan powder was mixed with the manufacturer
powder of Biodentine™ and MTA using two different concentrations (2.5% and 5%
by weight). According to the manufacturer, the weight of commercial MTA and
BD powder was claimed to be 0.5 g and 0.7 g, respectively. The weight of CS-
MMw powder incorporated into the powder of both materials was calculated,
using the following equation: material powder weight (g) x CS% (2.5 or 5) / 100.
The powder-containing capsule of Biodentine™ was opened and chitosan powder
was added to Biodentine™ powder and then 6 drops of the Biodentine™ Liquid
were added into the capsule. The capsule was mixed with a mixing machine for
30 seconds. The new-mixed powder of MTA was mixed with distilled water.
Unmodified materials were prepared in parallel. Materials were then filled into
the aseptic moulds and allowed to set, as previously described in 4.3.3.1.
Notably, in this study, the chitosan powder was not solubilised in acetic acid, to
avoid replacement of the manufacturer BD liquid (BD-L) with the solubilised
form of CS in the diluted acetic acid with water. It has been thought that
replacement of BD-L with water may compromise the compaction and
adaptation of the material (Pires et al., 2021). To keep consistency, both

materials were prepared similarly.

Two derived biofilm models were used in parallel with the 4-species model, one
of which contained bacterial species only (F. nucleatum, P. gingivalis and S.
gordonii) and one contained C. albicans only, grown in the optimised conditions.
This was to assess the importance of C. albicans in maintaining biofilm tolerance
or otherwise. The composition of the regrown biofilms on materials and bovine
dentine was enumerated using live/dead gPCR, as previously described in
4.3.3.2.
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4.3.4.2 Evaluation of pH of MTA and Biodentine leachate

To investigate the effect of chitosan on the pH measurements of MTA and BD,
material discs + CS of 1 mm in thickness and 7 mm diameter were prepared of
both materials. CS-MMw powder was incorporated into both materials at
concentrations of 2.5 wt%, 5 wt%, 10 wt% and 20 wt%. MTA and BD were mixed
with distilled water and the Biodentine™ Liquid, respectively, as shown (Table
4.2). The materials were allowed to set in a moist atmosphere at 37°C for
roughly 3 h and 1 h, respectively. Each disc was placed in a bijoux tube
containing 3 mL of sterile water. All samples were kept in a 5% COz incubator at
37°C. Measurements of pH change of the storage solution was taken using a
calibrated pH meter (Mettler Toledo, Leicester, UK) at 1 h, 3 h, 24 h, 7 days and

28 days. The pH of the manufacturer’s BD liquid was also recorded.

Table 4.2. Chitosan percentages (%) incorporated into ProRoot MTA and Biodentine
materials.

Test group | BD-P (g) CS-P (g) BD-L (i) | MTA-P (g) | CS-P (g) MTA-L (uL)
Control 0.7 - 180 0.5 - 150

0.5 wt% 0.6965 0.0035 180 - - -

1wt 0.693 0.007 180 - - -

2.5 wt% 0.6825 0.0175 180 0.4875 0.0125 150

5 wt% 0.665 0.035 200 0.475 0.025 150

10 wt% 0.63 0.07 270 0.45 0.05 180

20 wt% 0.56 0.14 400 0.4 0.1 340

To assure consistency between samples, the dry powder of MTA and BD was reweighed, before
mixing, to exact 0.5 g and 0.7 g, respectively, as weight variations between MTA pouches and BD
capsules were observed. The manufacturer liquid for both materials was measured and
dispensed in microlitres. Powder weighing 0.7 g of the unmodified Biodentine™ (BD-P) was mixed
with 180 pL of the manufacturer Biodentine liquid (BD-L [5 drops of Biodentine liquid = 180 pL]).
While 0.5 g of ProRoot MTA powder (MTA-P) was mixed with 150 pL of sterile water (MTA-L [1
ampoule of water = 150 pL]). Incorporating 10 wt% and 20 wt% of chitosan powder (CS-P)
required higher volumes of MTA-L and BD-L to triturate the new composite. Control; unmodified
commercial materials.

126



Chapter 4: Assessing novel antimicrobial therapeutics in endodontic infections

4.3.5 Investigating the antimicrobial efficacy of Biodentine %
chitosan with different molecular weights against the
interkingdom biofilm model

The effect of 0.5 wt% and 1 wt% of high, medium and low molecular weights of
chitosan powder (Sigma-Aldrich, St. Louis, MO, USA) on the antimicrobial
efficacy of BD were assessed against the regrowth of 4-species biofilms (Table
4.3). The material discs were prepared, as shown in Table 4.2, and then
disinfected using the UV for 15 minutes. The composition of the regrown biofilms
on BD discs was assessed using live/dead PCR, and the pH measurements of the

material leachate were taken, as previously described in 4.3.4.2.

Table 4.3. Chitosan with low, medium and high molecular weights used in this study.

Description Biological source Molecular weight DDA
CS-LMW Animal origin 50,000-190,000 Da 75-85%
CS-MMW Animal origin 190,000-310,000 Da 75-85%
CS-HMW Animal origin 310,000-375,000 Da >75%

DDA; Degree of deacetylation.

4.3.6 Statistical analysis

Graphs, data distribution and statistical analysis were performed using GraphPad
Prism version 9. Data distributions were assessed before analysis using a D’
Agostino-Pearson omnibus normality test. Kruskal-Wallis with Dunn’s tests were
used to determine the p values for multiple comparisons when data weren’t
normally distributed. Mann-Whitney test was used to determine the p values for
two comparisons with non-parametric data. Differences were considered

statistically significant if p < 0.05. Error bars represent standard deviations.
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4.4 Results

4.4.1 Assessing antimicrobials within the optimised endodontic
biofilm model in microtiter plates

The susceptibility of planktonic C. albicans mono-species and co-cultured
microorganisms to the active compounds was assessed, and the MICs of the

antimicrobials were determined as shown (Table 4.4).

Table 4.4. Effect of different actives on planktonic C. albicans and mixed (4 species)
microorganisms.

CHX (%) EDTA (%) CS-MMw (mg/mL)
C. albicans 0.0004 0.266 0.35
4-species (mixed) 0.0004 0.266 0.35

Susceptibility of planktonic C. albicans and mixed microorganisms (bacteria + C. albicans) to
CHX, EDTA and chitosan (MMw). Data are representative of three technical repeats from three
independent repeats. Numbers represent P-MIC values.

The optimised biofilm model was assessed with three antimicrobials: two
conventional endodontic compounds and one novel therapeutic (CS-MMw). For
these sets of in vitro antimicrobial testing experiments, a 1:1 mixture of
RPMI/THB was supplemented with and without 10% FBS to ensure that FBS did
not adversely affect the efficacy of the antimicrobial challenge. In an attempt to
mimic endodontic treatment regimens, biofilm testing involved either direct
treatment of a biofilm with the chosen compound (termed ‘treatment’), or
mechanical disruption of the biofilm, prior to regrowth experiments in pre-
treated culture plates containing the actives (termed ‘prevention’), or
mechanical disruption of the biofilm, prior to regrowth experiments in pre-
treated culture plates after discarding the active compounds (termed
‘adsorption’). In the ‘treatment’ studies, the metabolic activity results indicated
that both CHX and CS-MMw were equally effective and significantly reduced the
metabolic activity of biofilms grown in the RPMI/THB media supplemented with
and without FBS (> 99%, **** p < 0.0001), when compared to the positive control.
In contrast, EDTA did not significantly reduce the metabolic activity of the
biofilm following treatment (Figure 4.1A,D). All the three compounds, in the
‘prevention’ studies, were effective in reducing the metabolic activity of the

regrown biofilms in the presence and absence of FBS (CHX and CS-MMw **** p <
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0.0001; EDTA ** p < 0.01), as shown (Figure 4.1B,E). Notably, no detectable
fluorescens were recorded for chitosan-treated biofilms in the presence of FBS.
In the ‘adsorption’ studies, CS-MMw was not effective in reducing the level of
metabolic activities. In contrast, CHX and EDTA reduced the metabolic activity,
significantly (CHX **** p < 0.0001) as shown (Figure 4.1C,F). All reductions
percentages are presented in Table 4.5.

Assessment of antimicrobial activity showed significant effectiveness of each
antimicrobial, irrespective of serum. The three actives were most efficient
against the prevention biofilm model, where the greatest reduction was

observed for chitosan-treated biofilms.

Table 4.5. Percentage reductions of the metabolic activity of the regrown biofilms treated
with CHX (0.2%), EDTA (230 mM) and CS-MMw (0.7 mg/mL).

Reduction | Treatment Prevention Adsorption

(%) * CHX EDTA cs CHX EDTA CS CHX EDTA cs

+ FBS 99.73 | 72.64 |99.67 |99.86 | 99.18 100 99.79 | 94.13 | 4.07
- FBS 99.87 |57.32 ]99.99 |99.21 98.77 |99.65 |96.04 |77.08 |0

Biofilms were grown in 1:1 RPMI/THB + FBS. * Average reduction % of mixed-species biofilms
treated with different actives. Data are representative of three technical repeats from three
independent repeats.
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Figure 4.1. Assessing biofilm viability following treatment with conventional and novel
endodontic therapies. Biofilms were grown for 24 h in 1:1 RPMI/THB + 10% FBS in 24-well flat-
bottom plates. After incubation, biofilms grown in the ‘treatment’ group (A & D) were treated
with CHX (0.2%), CS-MMw (0.7 mg/mL) and EDTA (230 mM). Biofilms in the ‘prevention’ group (B
& E) were disrupted first by scraping into RPMI/THB + 10% FBS media, then diluted to 1:5 with
fresh media. The diluted samples were then inoculated into a new 24-well tissue culture plate
containing each antimicrobial test agent adjusted to twice the desired above concentrations to
obtain a 1:10 cell dilution and final concentrations of chlorhexidine (0.2%), chitosan (0.7 mg/mL)
and EDTA (230 mM). For the ‘adsorption’ group (C & F), a new 24-well plate was pre-treated
overnight of active agents in the desired above concentrations. The biofilms were disrupted and
then diluted to 1:10 in the relevant media. The diluted samples were then inoculated into the
pre-treated 24-well tissue culture plate after discarding antimicrobial test agents. After 24 h
incubation, the metabolic activity was measured by the Alamar Blue assay. Each bar represents
the mean of data obtained from three technical repeats of three independent experiments. The
mean of each column was compared with the mean of the control group (CTR). Data were
analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant differences (** p
< 0.01, **** p < 0.0001). Error bars represent standard deviations.
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Based on the previous results, the regrowth ‘prevention’ model was chosen from
the above platforms for future experiments, to recapitulate biofilm regrowth
following chemo-mechanical means of disinfections. The antimicrobial effect of
the three therapeutics on the regrown mixed-species biofilms were further
assessed using gPCR. The results indicating that all treated and untreated
biofilms were dominated by S. gordonii followed by C. albicans (Figure 4.2).
However, it seems that regrowth of C. albicans was most affected following
treatment with the three actives. Total CFE counts for the treated biofilms were
all reduced compared to the positive control (untreated biofilms). The greatest
reduction was observed for chitosan-treated biofilms (**** p < 0.0001). Chitosan
(0.7 mg/mL) reduced the total CFE by 99.82% in media supplemented with FBS
from 2.15 x 108 CFE/mL to 3.75 x 10° CFE/mL. A reduction in CFE counts by
99.94% was also observed for chitosan-treated biofilms in media without FBS
supplementation, with treatment reducing the microbial burden from 4.37 x 108
CFE/mL in untreated to 2.74 x 10° CFE/mL in treated biofilm. Following
treatment with CHX (0.2%), the microbial burden was reduced to 6.67 x 10°
CFE/mL (96.89%) in media supplemented with FBS (** p < 0.01). A similar
reduction was also observed for CHX-treated biofilms in media without FBS
(97.48%). Treatment with EDTA (230 mM) showed the lowest reduction. The total
CFE was reduced to 3.17 x 107 CFE/mL (85.24%) and 3.03 x 107 CFE/mL (93.07%)
in the presence and absence of FBS, respectively (Figure 4.2), with no significant
differences compared to the control. All % changes of the four microorganisms
are shown (Table 4.6).
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Figure 4.2. Compositional analyses of re-grown multispecies biofilms in RPMI/THB + 10% FBS.
Biofilms in the ‘prevention’ group as described in Figure 4.1 were processed for DNA extraction
prior to composition analyses via qPCR. In brief, once biofilms formed in 6-well culture plates
after 24 h incubation, biofilms were disrupted, diluted to 1:5, then transferred to fresh 6-well
plates containing test agents adjusted to twice the desired concentrations, to obtain a 1:10 cell
dilution and final concentrations of CHX (0.2%), CS-MMw (0.7 mg/mL), and EDTA (230 mM).
Plates were cultured for 24 h to permit biofilm regrowth before DNA extraction. Average %
composition is shown in the bar graphs. Raw data were analysed by Kruskal-Wallis with Dunn’s
tests. The mean of each treatment was compared with the mean of the control group (CTR).
Positive control biofilms (CTR) received no treatment during regrowth. CHX and CS-MMw, in both
media, inhibited the biofilms significantly (** p < 0.01; **** p < 0.0001), respectively, compared
to the control. Data are representative of biofilms from three independent repeats (three
technical replicates in each experiment).

Table 4.6. Percentage composition of the mixed-species biofilm model following ‘prevention’
treatment.

Percentage composition (%)*

S. gordonii C. albicans F. nucleatum P. gingivalis

- FBS + FBS - FBS + FBS - FBS + FBS - FBS + FBS
Positive CTR 96.30 | 93.98 3.65 5.96 0.05 0.06 0.0004 0.001
CHX 98.41 | 94.36 0.78 4.61 0.79 1.02 0.006 0.011
EDTA 97.91 | 98.73 1.74 0.76 0.38 0.51 0.003 0.001
CS-MMw 93.85 | 92.10 1.35 4.42 4.68 3.36 0.110 0.130

* Average percentage composition of each of the four microorganisms shown in Figure 4.2.
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These compositional analyses showed subtle fluctuations in the proportion of
each microorganism in the mixed-species biofilms following treatment (Figure
4.2), where C. albicans was most affected to treatment with the three actives,
and chitosan was the most effective active (3 log reduction). From here, the
chitosan biomaterial was selected for further investigation using the regrowth

‘prevention’ model.

Next, we examined the susceptibility properties of mixed fungal/bacterial
species (4 species) as compared to mono-species biofilms formed on microtiter
24-well plates, grown in RPMI/THB and mechanically disrupted, against the
previously prepared solubilised chitosan, as described above in the ‘prevention’
model, using Alamar blue and crystal violet assays. The results indicated that
both F. nucleatum and P. gingivalis positive control biofilms displayed minimal
metabolic activity and biomass. However, significant reductions in the reading of

*ehkk

both assays ( p < 0.0001) were observed in mono-species (S. gordonii and C.
albicans) and mixed species (4 species) when compared to the positive controls

(Figure 4.3).
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Figure 4.3. Metabolic activity and biomass of the regrown biofilms of single and multispecies biofilms after 24 h of chitosan treatment. (A) Metabolic activity
was measured by Alamar Blue. (B) Biomass was quantified by crystal violet. Each bar represents the mean of data. Error bars represent standard deviations. Data
were analysed by Mann-Whitney test. * Indicates statistically significant differences (**** p < 0.0001). Data are representative of three technical repeats from three
independent experiments. CS-MMw; chitosan medium molecular weight (0.7 mg/mL).
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4.4.2 In vitro biofilm susceptibility testing on bovine dentine
discs

The optimised biofilm model was grown on a biologically relevant substrate
(bovine dentine) to further mimic interactions between microorganisms and the
host in endodontic infections. A similar experimental setup was used, as
described for the ‘prevention’ studies. Results indicated that biofilms were
similarly dominated by S. gordonii followed by C. albicans. The solubilised
chitosan was similarly effective in inhibiting biofilm regrowth on the dentine
substrate. There were significant reductions in the total CFE/mL of the mixed-
species biofilms compared to the control (**** p < 0.0001). The compositional
changes of the biofilm indicated that chitosan preferentially targeted and
reduced the level of C. albicans from 14.45% to 3.48% (Figure 4.4), which is in

line with the previous results in Figure 4.2.
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Figure 4.4. Compositional analysis of regrown multispecies biofilms on bovine dentine discs
following treatment with chitosan. Biofilms were grown in 1:1 RPMI/THB in 24-well plates for
24 h. After incubation, the biofilms were disrupted and diluted to 1:5 with fresh media and then
seeded on pre-sterilised bovine dentine discs, placed in a 24-well plate and treated with
chitosan adjusted to twice the desired concentration, to get a concentration of chitosan at 0.7
mg/mL. Following additional 24 h incubation, the total CFE/mL (A) and the composition of the
regrown biofilms (B) were assessed using qPCR. Data are representative of three technical
repeats from three independent experiments. Data were analysed by the Mann-Whitney test. *
Indicates statistically significant differences (**** p < 0.0001). Each bar represents the mean of
data. Error bars represent standard deviations. CS-MMw; chitosan medium molecular weight.
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The results in Figure 4.4 were further demonstrated by SEM analysis (Figure 4.5).
No microorganisms were evident within the dentine after sterilisation. Biofilm
ultrastructure and architecture of the regrowth biofilm on dentine following
chitosan treatment were observed using SEM. The positive control showing a
network of yeast and hyphal elements, co-aggregated with clusters of bacterial
cells. These aggregates were predominantly comprising of cocci-shaped colonies
of streptococci. For a chitosan-treated sample, a great reduction of biofilms was

observed compared to the positive control.
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Figure 4.5. Scanning electron microscopy images of regrowth mixed-species biofilms on
bovine dentine discs. The biofilms grown in the previous experiment (Figure 4.4) were imaged.
Biofilms were fixed, processed and imaged. (A) A transverse cross-section of bovine dentine
(negative control). (B) Biofilm model untreated (positive control). Networks of yeast and hyphal
elements (red arrows). Clusters of bacteria predominantly streptococci (yellow arrows). (C)
Biofilm model treated with chitosan (0.7 mg/mL). Orange arrows indicate biofilm remains. Scale
bar represents 5 pm at x3,500 magnification. Samples were processed by Mr. Mark Butcher.
Images were taken by Mrs. Margaret Mullin (University of Glasgow).

4.4.3 Unmodified calcium silicate-based materials demonstrate
no antibiofilm activity in comparison to dentine against 4-
species biofilms

The regrowth of four mixed-species (S. gordonii, P. gingivalis, F. nucleatum and
C. albicans) biofilms on ProRoot MTA and BD discs were explored using live-dead

gPCR. These were compared to regrowth on dentine discs.

The results highlighting that neither material showed the ability to inhibit the
regrowth of the biofilms, after 24 h of incubation (Figure 4.6). The results also
indicated that Biodentine substrate retained the highest microbial CFE/mL

numbers, followed by MTA. All biofilms grown on dentine and the materials were
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dominated by S. gordonii, followed by C. albicans. Percentage composition (%)

of the mixed-species biofilm model is shown in Table 4.7.
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Figure 4.6. Compositional analysis of regrown mixed-species biofilms on MTA, Biodentine and
pre-sterilised bovine dentine discs. All biofilms were formed in RPMI/THB in 24-well plates for
24 h. Following incubation, biofilms were mechanically disrupted and diluted to 1:10 and then
inoculated on the three substrates. Plates were then incubated for additional 24 h to allow
biofilm regrowth. After incubation, the composition of the regrown biofilms was assessed using
live/dead gPCR. (A) Total and live CFE/mL of mixed biofilms (the bacterial and fungal loads
were quantified using 16S and 18S primers, respectively). (B) The composition (%) for each
microbial species was also calculated. Data were analysed by Kruskal-Wallis with Dunn’s tests to
determine the p values for non-parametric multiple comparisons. * Indicates statistically
significant differences (* p < 0.05). Each bar represents the mean of data. Error bars represent
the standard deviations. Data are representative of biofilms from three independent repeats
with three technical replicates. DENT; Dentine, MTA; ProRoot mineral trioxide aggregate, BD;
Biodentine.

Table 4.7. Percentage composition (%) of 4-species biofilms grown on dentine, MTA and
Biodentine.

Percentage composition % *

P. gingivalis F. nucleatum C. albicans S. gordonii
Dentine 0.003 0.004 3.849 96.144
MTA 0.002 0.025 12.089 87.884
Biodentine 0.001 0.004 5.425 94.571

* Average percentage composition of each of the four microorganisms in the mixed-species
biofilm model (total CFE/mL) shown in Figure 4.6.
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The 1-species (C. albicans) and 4-species (mixed) models were grown on bovine
dentine, MTA and BD discs. Confocal microscopy was used to explore the biofilm
regrowth on different substrates. Mixed biofilm grown on a dentine surface
showed a network of hyphae with aggregates of bacteria scattered around the
hyphae (Figure 4.7A). For C. albicans mono-species, fewer hyphae appeared on
dentine substrate when compared to the C. albicans co-culture (Figure 4.7C).
With the MTA substrate, a dense network of fungal hyphae and bacterial
aggregates were visualised within the mixed-species biofilms (Figure 4.7B).
However, contrastingly, the picture for mono-species C. albicans demonstrated a
distinctly denser C. albicans biofilm colonising the MTA surface (Figure 4.7D). It
was hot possible to image the biofilms formed on a Biodentine substrate. Heavy
precipitates observed on the BD surface after incubation may have prevented
visualisation of formed biofilms. However, the live/dead staining assay

confirmed the ineffective ability of both materials in inhibiting biofilm regrowth.
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Figure 4.7. Confocal imaging for biofilms grown on dentine and MTA discs. (A) 4-species
model—Dentine, (B) 4-species model—MTA, (C) 1-species model—Dentine, (D) 1-species model—
MTA. Calcofluor white stained the cell wall of fungi in blue (Channel 1), SYTO™ 9 stained total
Candida and bacterial cells in green (Channel 2), and dead cells were stained by propidium
iodide in red (Channel 3). 1-species model (C. albicans), 4-species model (F. nucleatum, P.
gingivalis, S. gordonii and C. albicans). Samples were imaged by Dr Jason Brown (University of

Glasgow).
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4.4.4 Addition of chitosan microparticles confers antimicrobial
properties on Biodentine, but not MTA, against 4-species
biofilms

The effects on regrowth of three biofilm models were assessed following the
addition of CS-MMw powder to each calcium-silicate cement (ProRoot MTA and
Biodentine), using live/dead gPCR techniques. Firstly, biofilm regrowth on the
unmodified materials and interkingdom interactions were assessed. It was
evident that neither unmodified MTA nor BD showed an ability to inhibit biofilm
regrowth of any of the biofilm models after 24 h of incubation, compared to the
control dentine discs (Figure 4.8A-C). Notably, the colony-forming equivalent
(CFE) for C. albicans and bacteria formed on controls (dentine discs) were
approximately 1 x logio less, when compared with colonies formed on the tested

materials, although this did not reach statistical significance for viable cells.

When determining the potential effect of interkingdom interactions, there was
approximately a 3.5-fold increase in viable bacteria when C. albicans was
present on a dentine substrate (4.28 x 10° compared to 1.48 x 10°), while on BD,
a much smaller 1.4-fold increase was apparent with respect to bacterial numbers
in the absence of C. albicans. Meanwhile, no change was noted for bacterial
loads on an MTA substrate (Figure 4.8D). The results indicate that inclusion of C.
albicans may support bacterial biofilm formation on a biological substrate.
However, there were no or little supportive effects of C. albicans on bacterial
numbers on abiotic surfaces. In contrast, on a dentine substrate, viable C.
albicans showed a slight 1.2-fold increase when bacteria were incorporated,
while an approximate 2-fold decrease was found in C. albicans CFE when grown
on MTA and BD in the presence of bacteria (Figure 4.8D). These findings are in
agreement with the confocal images (Figure 4.7) whereby bacteria might
support hyphae formation on dentine while inhibiting C. albicans hyphae on an
MTA substrate. These results might suggest some level of interkingdom
antagonistic interactions with bacteria inhibiting C. albicans on abiotic surfaces.
Total and live CFE counts for all biofilms and biofilm composition (%) for bacteria

and C. albicans in each mixed biofilm are shown in Table 4.8.
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Figure 4.8. Compositional analysis of regrown mono-species, bacterial and mixed biofilms on
MTA, Biodentine and dentine discs. All biofilms were grown and assessed using live/dead gPCR.
(A) Total and live CFE/mL of C. albicans-only biofilms. (B) Total and live CFE/mL of 3-species
bacterial-only biofilms (S. gordonii, P. gingivalis and F. nucleatum). (C) Total and live CFE/mL of
mixed biofilms (bacteria and C. albicans). (D) Log fold changes of live yeast and bacteria in the
complex 4-species biofilm model on three different substrates. C. albicans and bacteria were
quantified (CFE/mL) in mixed-species biofilms (4 species) and compared to simpler models of C.
albicans-only biofilms (1 species) and bacterial-only biofilms (3 species), respectively. Log fold
changes were calculated and presented graphically. Data were analysed by Kruskal-Wallis with
Dunn’s tests. Differences were considered statistically significant when p < 0.05. * Indicates
statistically significant differences (* p < 0.05, ** p < 0.01). Each bar represents the mean of
data. Error bars represent the standard deviations. Data are representative of biofilms from
three independent repeats with three technical replicates. Ca; C. albicans, Ba; bacteria, DENT;
Dentine. MTA; ProRoot mineral trioxide aggregate, BD; Biodentine.
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Table 4.8. Total and live CFE/mL for biofilms and the percentage composition for bacteria
and C. albicans.

4-species model 3-species model 1-species model
Bacteria (%) * | C.albicans | (%)* | Bacteria C. albicans
Dentine (Total) 4.54 x 10° 90.21 | 4.92 x 10° 9.79 | 6.84 x 10° 2.85 x 103
Dentine (Live) 1.48 x 10° 86.04 | 2.40 x 10° 13.96 | 4.28 x 103 1.93 x 10°
MTA (Total) 2.90 x 107 92.0 | 2.53 x10¢ 8.0 1.63 x 107 4.62 x 10°
MTA (Live) 2.696 x 106 | 69.17 | 1.20 x 10° 30.83 | 2.68 x 10° 2.70 x 10¢
BD (Total) 1.66 x 108 97.01 | 5.10 x 10° 2.99 | 4.90 x 107 4.52 x 106
BD (Live) 6.60 x 100 80.16 | 1.63 x 10° 19.84 | 4.81 x 10° 2.92 x 100

* Average percentage composition of bacteria and C. albicans in the mixed-species (4 species)
biofilms, shown in Figure 4.8.

The potential for the use of enhanced filling materials to modify biofilm
regrowth is a promising strategy. This study aimed to evaluate the antibiofilm
efficacy of calcium silicate cements modified with chitosan. The addition of CS-
MMw to MTA imparted no or little antimicrobial enhancement against the biofilm
models used (Figure 4.9A-C). Interestingly, in multispecies biofilms, CFE counts
increased by 54.5% and 22% with the addition of 2.5% and 5% CS-MMw,

respectively, when compared to unaltered MTA (Figure 4.9C).
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Figure 4.9. Compositional analysis of biofilms on MTA material discs incorporated with
chitosan. Live/dead gqPCR was conducted following incorporation of 2.5 wt% and 5 wt% of CS-
MMw. (A) Live CFE/mL of C. albicans-only biofilms. (B) Live CFE/mL of bacterial-only biofilms.
(C) Live CFE/mL of mixed biofilms (biofilms containing bacteria and C. albicans). The bacterial
and fungal loads were quantified using 16S and 18S primers, respectively. Data were analysed by
Kruskal-Wallis with Dunn’s tests. No significant differences were found between the test groups.
Each bar represents the mean of data. Error bars represent the standard deviations. Data are
representative of biofilms from three independent repeats with three technical replicates.
DENT; Dentine.

In contrast, for Biodentine, when C. albicans was grown as a mono-species
biofilm, the live CFE/mL following 2.5 wt% and 5 wt% chitosan incorporations
was reduced by 83% and 71%, respectively, compared to the unmodified BD.
However, this reduction was not to a degree considered statistically significant
(Figure 4.10A). In contrast, the addition of 2.5% and 5% CS-MMw reduced the live
CFE/mL of three species biofilm model (bacteria only) by 85% and 97%,
respectively, from 4.81 x 10® CFE/mL (unmodified material) to 7.12 x 10° and
1.42 x 10> CFE/mL. The microbial reduction was dose-dependent, and the
greatest reduction observed at 5% chitosan was significant (* p < 0.01). A
decrease in bacterial load (p > 0.05) by 67% was also observed at 5% compared
to the control (bovine dentine) (Figure 4.10B). For the four-species biofilm
model, adding 2.5% and 5% CS-MMw to Biodentine was able to effectively reduce
live CFE by 56% and 90.5%, respectively, compared to the unaltered BD (Figure
4.10C). The reduction from 8.24 x 10® CFE/mL, in the unaltered material, to 3.6
x 10° and 7.8 x 10° CFE/mL, in the chitosan treated material (2.5% and 5%,
respectively) was significant in the 5% added material (** p < 0.01). A decrease in
the live CFE/mL of the mixed fungal/bacterial biofilm (p > 0.05) by 55% was also

observed at 5% compared to the control (bovine dentine). Of interest, addition
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of chitosan preferentially targeted C. albicans in mixed-species biofilms (Figure
4.10D), and a concomitant significant (** p < 0.01) inhibition of regrowth of 4-
species biofilms was shown. In contrast, at 5% CS-MMw, the reduction of
bacterial CFE number was not significant (p > 0.05) when C. albicans was present
(Figure 4.10E). However, in biofilms omitting C. albicans, a significant decrease
in bacterial load was observed (** p < 0.01) at 5% CS-MMw (Figure 4.10B).
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Figure 4.10. Compositional analysis of regrown biofilms on Biodentine incorporated with
chitosan. Chitosan (CS-MMw) amounts of 2.5 wt% and 5 wt% were incorporated into Biodentine
material, and live/dead gqPCR was performed. (A) Live CFE/mL of C. albicans biofilms. (B) Live
CFE/mL of bacterial biofilms. (C) Live CFE/mL of mixed biofilms (bacteria & Candida). (D) Live
CFE/mL of C. albicans in mixed-species biofilms. (E) Live CFE/mL of bacteria in mixed-species
biofilms. Bovine dentine and unaltered Biodentine discs were used as controls. Data were
analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant differences (* p <
0.05, ** p < 0.01). Data are obtained from three technical repeats of three independent
experiments. Each bar represents the mean of data. Error bars represent the standard
deviations.

Similarly, the CFE counts of C. albicans grown on Biodentine with 2.5% CS-MMw
was decreased by approximately 2-fold when the three bacterial species were
added. While an approximate 12-fold reduction was noted for C. albicans on BD
with 5% CS-MMw (8.39 x 10° compared to 6.79 x 10%), compared to C. albicans
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mono-species biofilm, in the presence of bacteria (Figure 4.11). However, the
scenario was reversed with 4.7- and 5-fold increases in bacterial numbers
observed at 2.5% and 5% CS-MMw, respectively, following inclusion of C. albicans
(Figure 4.11). Live CFE counts for biofilms grown on BD with 2.5% and 5%
chitosan and biofilm composition (%) for bacteria and C. albicans in each mixed

biofilm are shown in Table 4.9.
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Figure 4.11. Log fold changes of live yeast and bacteria in the 4-species biofilm model on
Biodentine discs + chitosan. C. albicans and bacteria were quantified (CFE/mL) in mixed-
species biofilms (4 species) and compared to simpler models of C. albicans-only biofilms (1
species) and bacterial-only biofilms (3 species), respectively. Log fold changes were calculated
and presented graphically. Data are representative of biofilms from three independent
experiments with three technical replicates. Each bar represents the mean of data. Ca; C.
albicans, Ba; bacteria.
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Table 4.9. Live CFE/mL counts for C. albicans and bacteria and percentage composition in all
biofilms following biofilm growth on Biodentine discs.

4-species model 3-species model 1-species model
Bacteria (%) * C. albicans (%) * Bacteria C. albicans

BD Control 6.60 x 10° 80.16 | 1.63 x 108 19.84 | 4.81 x 10° 2.92 x 10¢

BD + 2.5 wt% CS 3.33 x 100 92.22 | 2.8 x10° 7.78 | 7.124 x 10° 4.98 x 10°

BD + 5 wt% CS 7.120 x10° | 91.30 | 6.79 x 10* 8.70 1.42 x 10° 8.39 x 103

* Average percentage composition of bacteria and C. albicans in the mixed-species (4 species)
biofilms, shown in Figure 4.10.

4.4.5 Low molecular weight chitosan confers the greatest
antimicrobial properties on Biodentine

The quantitative analysis revealed decreases in the live CFE counts of mixed
biofilms following incorporation of chitosan powder into BD, compared to the
control (unmodified BD). At 0.5 wt% CS, reductions in CFE counts were observed
by 79.2%, 89.9% and 90.6% with HMw, MMw and LMw, respectively. Similarly, the
live CFE/mL following the addition of 1 wt% CS-HMw, CS-MMw and CS-LMw was
reduced by 86.1% and 86.4% and 96.2%, respectively. Notably, the addition of 1
wt% CS-LMw reduced the CFE counts significantly (** p < 0.01) from 1. 57 x 10° to
5.9 x 10 CFE/mL (Figure 4.12). These data suggest that chitosan low molecular
weight showing the greatest antibiofilm potential when compared with the

medium and high molecular weights.
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Figure 4.12. Compositional analysis of regrown biofilms on Biodentine incorporated with
different molecular weights of chitosan. Chitosan amounts of 0.5 wt% and 1 wt% of high
molecular weight (HMw), medium molecular weight (MMw) and low molecular weight (LMw) were
incorporated into Biodentine material, and live/dead qPCR was performed. (A) Live CFE/mL of 4-
species biofilms grown on BD + 0.5 wt% CS. (B) Live CFE/mL of 4-species biofilms grown on BD *
1 wt% CS. (C) Reduction (%) of CFE/mL for each test group compared to the control (unmodified
BD). Data were analysed by Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant
differences between the control and each test group (** p < 0.01). Data are representative of
biofilms from three repeats with three technical replicates.

4.4.6 Addition of chitosan drives an increase in pH for Biodentine
but not MTA

Analysis of pH of leachate was determined for all modified materials and
compared with their unmodified counterparts. It has been observed that both
unmodified MTA and BD cements exhibited a time-related gradual increase in
alkalinity as setting proceeds. The pH values for MTA and BD at 24 h were 12.7
and 11.5, respectively. Elevated pH was determined, particularly, for BD when
CS-MMw (2.5-20 wt%) was incorporated, at 1 h, 3 h, 24 h and 7 days. However,
the addition of CS-MMw to BD made no difference in pH at 28 days (Figure 4.13).
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In contrast, the addition of CS-MMw did not increase the alkalinity of MTA
leachate, at timepoints assessed (Figure 4.13). It was also established that the
addition of small amounts of different molecular weights of CS (0.5-1 wt%) to BD
made no appreciable increase in pH at timepoints assessed (Figure 4.14). The pH
of the manufacturer-supplied liquid component was also assessed for BD and was

determined to be 3.7. All pH values are presented in Table 4.10.
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Figure 4.13. pH evaluation of leachate from different calcium silicate materials + CS-MMw.
pH values for distilled water in contact with MTA and Biodentine + 2.5-20 wt% CS-MMw, were
determined at 1 h, 3 h, 24 h, 7 days and 28 days. Unmodified materials were used as controls.
Each dot represents a material replicate (a total of five replicates per group). Each error bar
represents SD.
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Figure 4.14. pH evaluation of leachate from Biodentine + chitosan with high, medium and
low molecular weights. pH values for distilled water in contact with BD + 0.5-1 wt% CS, were
determined at 24 h and 7 days. Unmodified Biodentine was used as a control. Each dot
represents a replicate (a total of six replicates per group). Each error bar represents SD. H; CS-

HMw, M; CS-MMw, L; CS-LMw.
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Table 4.10. pH values of leachate from MTA and Biodentine materials + chitosan

Materials + CS-MMw Biodentine liquid pH = 3.7

1h 3h 24 h 7 days 28 days
MTA Control 11.71 12.18 12.70 12.92 13.02
MTA + 2.5 wt% CS-MMw 11.44 12.32 12.87 13.04 13.01
MTA + 5 wt% CS-MMw 11.51 12.34 12.83 12.97 13.07
MTA + 10 wt% CS-MMw 11.43 12.42 12.92 13.01 13.04
MTA + 20 wt% CS-MMw 11.75 12.03 12.60 12.61 12.32
BD Control 10.53 11.06 11.51 11.78 12.33
BD + 2.5 wt% CS-MMw 10.67 11.38 11.89 12.01 12.35
BD + 5 wt% CS-MMw 11.13 11.45 12.58 12.09 12.55
BD + 10 wt% CS-MMw 10.9 11.51 12.55 12.20 12.43
BD + 20 wt% CS-MMw 10.85 11.45 12.56 12.23 12.34
Biodentine + CS 24 h 7 days
BD Control 11.72 11.98
BD + 0.5 wt% CS-HMw 12.04 12.00
BD + 1 wt% CS-HMw 12.10 12.13
BD + 0.5 wt% CS-MMw 11.92 12.05
BD + 1 wt% CS-MMw 12.06 12.08
BD + 0.5 wt% CS-LMw 11.99 12.26
BD + 1 wt% CS-LMw 12.01 12.27

Each value represents the mean of data. HMw; high molecular weight, MMw; medium molecular
weight, LMw; low molecular weight.
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4.5 Discussion

In this study, the optimised biofilm model provided a useful testbed for assessing
the therapeutic effects of two conventional endodontic treatments (CHX and
EDTA) and a novel antimicrobial compound (chitosan). For these in vitro studies,
‘treatment’, ‘prevention’ and ‘adsorption’, biofilm models were used with the
latter two providing an in vitro imitation for root canal debridement, by
mechanical disruption of grown biofilms, followed by antimicrobial applications
to prevent biofilm regrowth. From these results, it was clear that all compounds
tested, within this optimised endodontic biofilm model, were effective in
reducing the microbial load and/or metabolic activity of the regrown biofilm in
the ‘prevention’ group, in the presence and absence of serum. A study has
shown that bovine serum albumin (BSA) did not interfere substantially with the
antimicrobial activity of NaOCl and CHX irrigation (Sassone et al., 2003). Another
study showed no inhibitory effect of BSA on the antimicrobial activity of NaOCl
and no substantial effect on the bactericidal activity of CHX (Khedmat et al.,
2009). However, the presence of BSA substantially inhibited the antimicrobial
effectiveness of calcium hydroxide (Portenier et al., 2001). It was also found
that tissue inhibitors, standing within the root canal, such as pulp tissue and
serum albumin have significantly inhibited the antimicrobial properties of CNPs

when tested on planktonic E. faecalis (Shrestha and Kishen, 2012).

In contrast to the ‘prevention’ model, EDTA (230 mM) was ineffective against
preformed biofilms in the ‘treatment’ group. An inhibitory effect of EDTA was
shown upon adherent C. albicans cells by Ramage et al. (2007) at 1, 2 and 4 h in
a concentration dependant manner. However, in agreement with our results,
preformed 24 h biofilms were minimally affected by EDTA at 250 mM (Ramage et
al., 2007). In another study by Casalinuovo et al. (2017), EDTA at 2.5 and 25 mM
significantly reduced the preformed 72 h biofilm viability. In contrast to EDTA
and CHX, chitosan was ineffective in the ‘adsorption’ groups (Figure 4.1), which
indicates the lack of substantivity. However, chitosan is shown to possess
antimicrobial activity against the nosocomial pathogens C. albicans and C. auris,
both in vitro and in vivo (Arias et al., 2020b). Another study also showed that
acetic acid-solubilised chitosan was effective in reducing the viability of three

single-species biofilms containing Streptococcus mutans, Actinomyces
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naeslundii, and Enterococcus faecalis (Gu et al., 2019). Chitosan within a
nanocarrier system has been shown to be effective against interkingdom biofilms
representing caries (five species), gingivitis (seven species), and denture

stomatitis (11 species) (Arias et al., 2020a).

It was deemed pertinent to include the regrowth ‘prevention’ biofilm model,
from these platforms, to particularly replicate an endodontist’s clinical
treatment plan of an infected root canal following chemo-mechanical means of
root canal disinfection. Of note, the solubilised chitosan was particularly
effective in reducing the CFE counts of the mixed-species biofilm in the
regrowth experiments in pre-treated culture plates ‘prevention’. This was also
reaffirmed on a biological substrate, bovine dentine, to further validate our
model and antimicrobial results for the chitosan solution (Figure 4.4). Bovine
dentine is very similar to human dentine with regard to morphology, physical
properties and chemical composition (de Dios Teruel et al., 2015). Interestingly,
others have shown that chitosan particles were able to deposit on the surface of
bovine dentine slabs and within the dentinal tubules (Ururahy et al., 2017),
which likely prevents recolonisation of the biofilm. However, due to the
financial implications related to the use of bovine dentine, we were restricted
to select one therapeutic arm to test in this biological system. Future studies
merit consideration of repeating this biological system with different

therapeutics.

The antimicrobial properties of calcium silicate-based materials have been
widely investigated, though these studies are limited by their exploration of only
single-species microbial models and the use of traditional microbiological
techniques (R Kim et al., 2015, Donyavi et al., 2017, Atom et al., 2021). The
potential for the use of antimicrobial filling or obturation materials following
chemo-mechanical disinfection to inhibit biofilm regrowth is of interest.
Therefore, the present study aims to close the gap in the literature, creating an
understanding of the antimicrobial activities of these materials within a more

relevant microbiological model system.

Our results indicated that neither material in an unmodified state shows an
ability to inhibit biofilm regrowth of the three biofilm models after 24 h of
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incubation, compared to the control substrate of bovine dentine. The number of
live C. albicans and bacterial colonies formed on both MTA and BD were
increased by approximately one log compared to those formed on dentine discs
(Figure 4.8), albeit without reaching statistical significance. This finding is
interesting and raises the question as to whether dentine is demonstrating an
antimicrobial effect in comparison to the cements, or if calcium silicate cements
are supportive of microbial growth. Previous studies have demonstrated that
dentine can enhance the antimicrobial effects of some materials, including
calcium silicate materials, and it has been hypothesised this is a result of
changing the physicochemical nature of the materials with which dentine is
combined (Zehnder et al., 2006, H Zhang et al., 2009). However, in the present
study, dentine was not combined with the materials. Therefore, it is not
inconceivable that dentine itself as a biologically active substrate may have a
weak antimicrobial capacity of its own. A previous study has demonstrated that
extracellular matrix isolated from the pulp and dentine of freshly extracted
teeth demonstrated some level of antibacterial activity. This indicates that the
release of bioactive molecules from the matrix of the pulp and dentine may
contribute to immune responses during dental disease (J Smith et al., 2012).
However, in a separate study, it was shown that the addition of a sterilised
crushed human dentine to a suspension of E. faecalis did not exhibit any
antibacterial activity after 24 h of exposure (H Zhang et al., 2009). Another
possibility is related to microbial adhesion. Type | collagen is the main organic
component of dentine (Arana-Chavez and Massa, 2004). It has been suggested
that collagen-rich substrates, such as dentine, can act as an ideal substrate for
colonisation by streptococci (Miller et al., 2015, Love and Jenkinson, 2002). The
preparation of dentine used in microbiological studies may have an effect on
microbial adhesion (Swimberghe et al., 2019). In the present study, the high
temperature steam sterilisation used may have resulted in collagen
denaturation, which has previously been suggested to reduce microbial adhesion
(Chivatxaranukul et al., 2008). In contrast, it has been demonstrated that
dentinal collagen of bovine dentine slices, despite being partially denatured at
high temperatures (< 175°C), can revert to its original confirmation (Bachmann
et al., 2005). However, despite the potential confounding factors, it is felt that
the use of dentine as a control substrate is appropriate. Previous studies have

dispensed with biologically relevant substrates and used cell culture plastics as
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control surfaces for establishing the antimicrobial effect of this group of
materials (Lovato and Sedgley, 2011, Damlar et al., 2014). Although such in vitro
biofilm systems have greatly enhanced our understanding of biofilm biology,
their lack of biological and clinical relevance limits the understanding gleaned
(Roberts et al., 2015).

As stated, it was evident from the results that both unmodified ProRoot MTA and
Biodentine were readily colonised by C. albicans and bacterial biofilms after 24
h of incubation. Neither material demonstrated antimicrobial properties against
C. albicans, bacterial or interkingdom biofilms compared to the dentine control.
It was clear from the findings that inclusion of bacteria inhibits C. albicans
growth on both materials, whilst the addition of C. albicans showed a degree of
enhancement of bacterial growth on these materials. Antagonistic interkingdom
interactions have previously been highlighted where F. nucleatum and a number
of other bacterial species including streptococci and P. gingivalis inhibit growth
and hyphal morphogenesis of C. albicans (Thein et al., 2006, Bor et al., 2016).
On the other hand, on the dentine substrate, the inclusion of C. albicans
increased the number of viable bacteria by approximately 3.5-fold, while the
addition of bacteria showed a small 1.2-fold increase in viable C. albicans.
Microbial interactions differ according to the substrate on which the interaction
occurs. Such substrate-dependent phenomena have been described in other
interkingdom interactions. Antagonistic interactions between E. faecalis and C.
albicans in in vitro and in vivo models have been previously described (Graham
et al., 2017, Alshanta et al., 2020, Alshanta et al., 2022). Contrastingly,
Krishnamoorthy et al. (2020) highlighted synergistic interactions between these

species in an oral epithelium model.

The addition of CS-MMw to MTA provided no enhancement against the mixed
biofilm models after 24 h of incubation. In contrast, the combination of CS-MMw
and Biodentine reduced the live colony-forming equivalent of the bacterial and
mixed-species biofilms significantly. Notably, chitosan affected the composition
of the evaluated four-species biofilms, causing a significant reduction in the
viable fungal load in the mixed culture. Interestingly, in the presence of C.
albicans, bacterial load was decreased, but not significantly. In contrast,

bacteria were decreased significantly when C. albicans was absent. These results

155



Chapter 4: Assessing novel antimicrobial therapeutics in endodontic infections

indicate that fungi may confer protection to bacteria from active agents when
grown in mixed microbial culture. This is in line with that described by Young et
al. (2021), where protection to antimicrobial challenge is conferred upon
bacterial species in the presence of C. albicans (Young et al., 2021). It has also
been shown that C. albicans ECM protected S. aureus against vancomycin
treatment, possibly by limiting or delaying drug diffusion to S. aureus (Harriott
and Noverr, 2009).

It is clear from the findings that ProRoot MTA and Biodentine exhibited different
antimicrobial behaviours when dry chitosan powder was added. One mechanism
by which calcium silicate cements have been said to exert an antimicrobial
effect is through modifying environmental pH. It has been postulated that
increased alkalinity, resulting from the release of calcium hydroxide upon
setting of MTA preparations and its subsequent dissociation into calcium and
hydroxide ions, may be responsible for any observed antimicrobial action (Al-
Hezaimi et al., 2006, Abou ElReash et al., 2019). The effect of Ca(OH)2 on
microbial biofilms, however, is still controversial (Mohammadi et al., 2012). It
has been shown that Ca(OH)2 was not effective against C. albicans and E.
faecalis biofilms (Zancan et al., 2019). The impact of chitosan on Biodentine is
interesting. To understand if the addition of chitosan modified pH,
measurements of both materials’ leachate were taken. The unmodified MTA
exhibited greater alkalinity than unmodified Biodentine at all timepoints
assessed. This could be a result of differences observed in the pH of the
manufacturer-supplied liquid components of both MTA (pH 7) and Biodentine (pH
3.7). It was also established that the addition of chitosan to MTA made no
appreciable difference in pH at 24 h. However, at 24 h, upon addition of
chitosan to Biodentine, an increase in pH was observed. Given that the pH
change merely brings it in line with that of MTA, at 24 h, it is unlikely that pH
accounts for the antimicrobial activity differences seen between the two
materials. However, in contrast to MTA, the increase in pH observed for
modified Biodentine cement indicates that there may be an interaction between

the cement components and the chitosan microparticles.

One of the factors that affect the antimicrobial activity of chitosan is pH. It has

been shown that acidic chitosan solution displays a stronger antibacterial
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activity against E. coli than that of more alkaline solutions (Tsai and Su, 1999). It
has been suggested that the surrounding acidic medium leads to protonation of
amino groups (-NHz) of chitosan, which subsequently favours electrostatic
interactions between the formed positively charged chitosan molecules and
negative residues at biological sites (Tsai and Su, 1999, Wani et al., 2021). Other
studies have shown higher antimicrobial activities when pH values of the
chitosan solution ranged between 5 and 6.5-7; however, the inhibitory effect
was completely abolished at pHs greater than 7 (Kong et al., 2008, Aleanizy et
al., 2018). In fact, regardless of form or quantity, antimicrobial compounds
typically need water for their activity. Samples that are completely dry are
incapable of releasing their stored energy in chemical bonding to begin
interactions (Kong et al., 2010). Accordingly, it is believed that the poor
solubility of chitosan in water has limited the compound’s biological applications
(Kaczmarek et al., 2019). Therefore, it is understandable that the powdered
chitosan blended with MTA was no longer bactericidal because of the poor
solubility of chitosan in the manufacturer liquid of MTA (water) at pH 7. In
contrast, the antimicrobial effect of chitosan on Biodentine is interesting. The
solid undissolved chitosan microparticles exhibited unique inhibitory effects
among the material. Although the mechanism is not clear, a possible explanation
is that the acidic pH of the manufacturer liquid of Biodentine or its components
may have interacted with chitosan, resulting in enhanced antimicrobial activity
of the new compound. These results indicate that the powdered chitosan in its
insoluble form is not totally inactive. Meanwhile, a correlation between
antimicrobial activity and chitosan Mw was also reported. It has been shown that
decreasing chitosan Mw lead to strengthening chitosan antimicrobial activity (Ye
et al., 2008, Chavez de Paz et al., 2011), while in other studies, the
antimicrobial effect was enhanced as the molecular weight of chitosan increased
(Ikinci et al., 2002, Akca et al., 2018). The data of this study suggested that
chitosan with LMw showed the highest antimicrobial effect, while the antibiofilm

effect was decreased with the increased chitosan molecular weight.

The present study demonstrates limited intrinsic antimicrobial abilities for the
tested calcium silicate cements. This contrasts with previous studies but is likely
a result of the use of biofilm models. This further highlights the need for the use

of appropriate model systems in assessment of therapeutics to account for the
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often synergistic/protective relationships that exist in complex microbiological
systems. The present study highlights the potential to enhance the antimicrobial
properties of an existing calcium silicate cement (Biodentine), which may serve
to reduce the likelihood of persistence or re-establishment of infections within

the treated root canal space.

CHAPTER FINDINGS

e Chitosan solution can be employed in root canal treatment as an
alternative treatment strategy.

e Calcium silicate materials tested have a limited antibiofilm activity.

e The addition of chitosan powder to MTA shows no antimicrobial
enhancement against the mixed-species biofilm model.

e Biodentine incorporated with chitosan powder displays a dose-dependent
reduction in multispecies biofilm regrowth.

e Bacteria grown in the presence of C. albicans on Biodentine show a
higher level of tolerance to chitosan compared to bacteria grown in the
absence of C. albicans.

e (. albicans grown in the presence of bacteria on Biodentine demonstrates
a lower level of tolerance to chitosan treatment compared to C. albicans
only biofilm.

e The antibiofilm effect of chitosan increases with the decreased chitosan

molecular weight.
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5.1 Introduction

Biodentine™ is a novel hydraulic calcium silicate material, recognised for its high
bioactivity, biocompatibility (Widbiller et al., 2022), outstanding sealing
properties (Solanki et al., 2018) and physicochemical characteristics superior to
those of mineral trioxide aggregate (Pradeep et al., 2018, Rahimi et al., 2018).
Such properties allow its use as a permanent dentine substitute in teeth. Its uses
include vital pulp therapy, apexification, retrograde root filling, management of
root resorption and perforation repair (Septodont, 2010, Dammaschke, 2012b).
In vitro testing of Biodentine, like other bioceramics, showed good antimicrobial
activity against planktonic microbes (Hiremath et al., 2015, Fathy et al., 2019,
Cirakoglu et al., 2020, Esteki et al., 2021). However, Biodentine was much less
effective when tested against multispecies biofilms (Farrugia et al., 2018,
Jardine et al., 2019). Although Biodentine has been shown to give good clinical
success, across multiple treatments when used in vital pulp therapy; for example
94.4% at a 2-year follow-up (Rahman and Goswami, 2021) and 91.7% at a 3-year
follow-up (Awawdeh et al., 2018a), there remains scope for improving the

antimicrobial effects of these materials.

Studies have been conducted with various types of additives incorporated into
Biodentine in an attempt to improve the material properties. For example,
incorporation of 5% glass fiber powder into Biodentine was found to significantly
improve the fracture resistance of obturated roots with the modified material,
when the material was used as an intra-orifice barrier (Nagas et al., 2016). In
another study, surface microhardness, fracture resistance and antimicrobial
properties of Biodentine-incorporating titanium tetrafluoride (TiF4) powder were
significantly enhanced when compared with the control group (Elsaka et al.,
2019). It has been also found that the incorporation of bioactive glass
nanoparticles improved the nanocomposite bioactivity, expressed by an
accelerated apatite formation on the Biodentine surface after short-term
immersion in a simulated body fluid (Corral Nunez et al., 2017). Aidaros et al.
evaluated the pulp response to direct pulp capping with Biodentine conjugated
with calcium phosphate nanoparticles (NPs), where the thickness of dentine
bridge formed by the new mixture was significantly greater than the one formed
by Biodentine alone (Aidaros et al., 2018). Silver NPs have also been trialled

with Rosmarinus officinalis leaf extract (ROE) and Cefuroxime. The antibiofilm
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efficacy of Cefuroxime-ROE-AgNPs nano-antibiotic in Biodentine displayed a
significantly higher efficiency than the unmodified Biodentine, Cefuroxime or
ROE-AgNPs alone (Gad El-Rab et al., 2021). In the previous chapter, Biodentine
has displayed antibiofilm activity when integrated with chitosan powder.
Accordingly, it is essential that material properties are maintained regardless of
the additions to allow the material to function as designed clinically. Therefore,
this chapter aims to investigate the effect of chitosan addition on the physico-

mechanical and biological properties of Biodentine.

5.2 Hypothesis and aims

Adding any substance, such as chitosan powder, may affect some material
properties of the cement. This potential for diminution of the physico-
mechanical and biological properties requires further investigation. Therefore,
the following chapter aims to investigate the effect of the incorporation of
chitosan on some of the physico-mechanical and biological properties of
Biodentine. This is to assess any alterations that could have detrimental effects

on the clinical efficacy of Biodentine.
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5.3 Materials and methods

Commercially available Biodentine™ is a powder and liquid system, available in
pre-set capsules with 0.7 g of powder, in which five drops of BD liquid are
placed prior to mixing (Septodont, 2010) (Table 5.1). In this study, Biodentine
powder was mixed with four different proportions of chitosan MMw (2.5 wt%, 5
wt%, 10 wt% and 20 wt%), and then with two different proportions of chitosan
LMw (0.5 wt% and 1 wt%). The weight of BD powder in each capsule was found
ranging between 0.67 g and 0.73 g. Therefore, to assure consistency between
samples, Biodentine powder was reweighed and kept to 0.7 g, as the
manufacturer claimed, and then mixed with 180 pL of the manufacturer liquid
(five drops of Biodentine liquid = 180 pL). Incorporating higher concentrations of
chitosan (> 2.5 wt%) required higher volumes of BD liquid to triturate the new
composite, as previously described (Table 4.2). The resultant powder was mixed
with the manufacturer Biodentine™ liquid component (measured in pL) in a
mixing machine at 4000-4200 rpm for 30 seconds, as shown (Figure 5.1 and Table
4.2). After mixing, BD was compacted into assigned moulds and each specimen
was kept at 37°C in a humid environment for the specified time. Specification
tests of the International Organisation for Standardisation (1SO) 6876 (I1SO, 2012)

was adapted for material tests, unless otherwise stated.

The setting time was determined using a Vicat apparatus, solubility was assessed
by calculating weight variation following immersion in water, radiopacity was
assessed and expressed in thickness of aluminium, the compressive strength (CSI)
was assessed using an Instron testing machine and the microhardness (MH) was
evaluated using a Vickers microhardness tester. Additionally, surface topography
was analysed using scanning electron microscopy, the effect of the incorporated
chitosan on the viability of human embryonic kidney (HEK 293) cells was
investigated using a colorimetric MTT assay. Finally, the cytotoxicity effect of
the material on human dental pulp stem cells (h-DPSCs) was evaluated using an

LDH cytotoxicity assay.
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Figure 5.1. Mixing Biodentine with chitosan. (A) Biodentine powder was mixed with four
different proportions of chitosan powder of MMw (2.5 wt%, 5 wt%, 10 wt% and 20 wt%) and with
two different proportions of LMw (0.5 wt% and 1 wt%). To ensure consistency between samples,
the powder in each capsule was reweighed and kept to 700 mg, as the manufacturer claimed for
the unmodified formula, using a digital scale. The manufacturer liquid was added into BD
capsules by a pipette (five drops of BD liquid, as the manufacturer claimed, was replaced by 180
pL of BD liquid). Incorporating higher concentrations of chitosan (> 2.5 wt%) required higher
volume of the manufacturer liquid to triturate the new composite. (B) Each BD capsule was
mixed in the mixing machine for 30 seconds. (C) Following mixing, a line of BD paste shown along
the capsule indicates the correct consistency of the unmodified Biodentine. (D) The cement
paste became stiffer when chitosan powder was integrated as a filler.

Table 5.1. Composition of Biodentine material, according to the manufacturer (Septodont,
2010).

Powder

Tricalcium silicate Main core material
Dicalcium silicate Second core material
Calcium carbonate and oxide Filler

Iron oxide Shade

Zirconium oxide Radiopacifier

Liquid

Calcium chloride Accelerator
Hydrosoluble (water-soluble) polymer Water reducing agent
Water
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5.3.1 Setting time

Biodentine samples were mixed and compacted into a stainless-steel ring mould,
with an internal diameter of 13 mm and a height of 2 mm. Prior to the testing,
the ring moulds were kept in a humid cabinet at 37°C. Each ring mould was
placed on a glass plate and filled with the allocated material group and the
excess material was removed to obtain a flat surface. The assembly was stored
in the cabinet at 37°C in a moist atmosphere for 9 minutes. Ten minutes after
mixing, the assembly was taken out of the cabinet and the test was performed
using a Vicat apparatus E055N ([Matest, Caerphilly, UK], a sliding rod weighing
300 g with a removable needle with a cylindrical tip and a flat end [1.13 mm in
diameter]), as shown (Figure 5.2). The needle was carefully lowered vertically
onto the horizontal surface of the cement, without exerting further pressure.
The cement was tested for setting initially at 10 minutes time intervals. As the
final setting time approached, the process was repeated every approximately 30
seconds until a mark was no longer visible. The final setting time was calculated
as the time taken from the end of mixing to the time at which the needle failed
to leave an indentation on the set material surface. Seven and five replicates for

MMw and LMw experimental groups, respectively, were prepared.
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Figure 5.2. The setting time test. (A) A stain-less steel mould with an internal diameter of 13 x
2 mm. (B) A Vicat apparatus E055N for testing the setting time. Each assembly was placed on a
glass slab on the conical mould, and the needle was carefully lowered vertically onto the
horizontal surface of the BD cement. The final setting time was counted as the time taken from
the end of mixing to the time at which the needle failed to leave an indentation on the set
material surface.

5.3.2 Solubility

The solubility test determined weight loss of the test samples. Six replicates for
each experimental group were prepared. Test specimens were prepared using
ring metal moulds with a height of 2 mm and an internal diameter of 13 mm.
Prior to use, all moulds were individually weighted (Wo). The moulds were filled
with the allocated material group on a glass slab, and excess material was
removed. The specimens were left to set in a humid atmosphere at 37°C for 24
h. All samples were then weighted individually in their ring moulds before
immersion in water (Wi). The differences found between W;: and Wo were
recorded as initial dry weight (IDW). The specimens were individually immersed

in a clean glass tube containing a fresh aliquot of 20 mL of sterile distilled
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water. Before use, all glass tubes were individually weighted (W2) and autoclave
adhesive strips were attached to each ring mould to hang a sample in the glass
tube such that both surfaces of the cement were freely accessible to the
immersing water and not contacting the walls of the containers. The glass tubes,
with specimens inside, were then transferred into the incubator at 37°C where
they were kept for one day. After 24 h, the specimens were removed from the
glass tubes and rinsed with 1 mL of distilled water recollected in the same
tubes, to remove loose debris of decomposition. The autoclave tape was then
removed from each ring and the samples were left for complete drying at 37°C
for 48 h and then reweighed with their ring moulds (W3). The differences found
between W3 and Wo were recorded as final wet weight (FWW). The water was
then evaporated in an oven at 95°C. The dried glass tubes and residues were
then weighed when they cooled down (W4). The differences found between W4
and the original glass tube weight (W,) were recorded as dry precipitant weight
(DPW). All measurement readings were in grams and recorded to four decimal
places to the nearest 0.0001 g. The amount of solubility was calculated to the
nearest 0.001% using the following equations:

Solubility A (%) = ?gvv\\//

x 100 (Residue method)

Solubility B (%) =~ X 100

5.3.3 Radiopacity

Cement specimens were prepared, using silicon moulds with a diameter of 7 mm
and a thickness of 1 mm. Specimens were stored in a humid incubator at 37°C.
Sample were digitally radiographed after, 24 h and 30 days, with an aluminium
step wedge (aluminium purity at 96%, 30 mm long x 15 mm wide, having 5 steps
with a thickness of 2.5, 3.5, 4.75, 7 and 9 mm). The digital X-ray machine
(Gendex 765DC) is operating at 65 kV, a current of 7 mA and an exposure time of
0.020 seconds (Figure 5.3). All radiographic images were exported in JPG
format. Using the ImageJ program (National Institutes of Health, Bethesda,
Maryland, USA), a rectangular region of interest was established on the centre of
each aluminium step, using the ‘rectangular’ tool. The mean grey pixel values of

various thickness of the aluminium stepwedge were obtained and plotted against
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their thickness, and a calibration curve was constructed automatically. After
calibration, a circular area was established on the centre of the material images
using the ‘Oval tool’, and the mean grey pixel value for each material disc was
automatically expressed in millimetres of aluminium (mm Al). Six and five

replicates for MMw and LMw experimental groups, respectively, were prepared.

Figure 5.3. Radiopacity evaluation. (A) The digital X-ray machine (Gendex 765DC). (B) An
aluminium stepwedge with various thickness of 2.5, 3.5, 4.75, 7 and 9 mm was used for
radiopacity evaluation. Each sample was digitally radiographed with the aluminium step wedge.
Using the ImageJ software, the radiopacity was assessed and expressed in thickness of
aluminium.

5.3.4 Cell proliferation

Human embryo kidney cells (HEK 293) were cultured, and the cells were seeded
in 75-cm? flasks at 5,000-6,000 cells/cm? in Knock-out Dulbecco's modified
Eagle's medium (DMEM-KO [Gibco, Loughborough, UK]) supplemented with 10%
foetal bovine serum, 200 mM L-Glutamine and Penicillin-Streptomycin solution.
Medium was refreshed every three days, and when flasks were approximately
90% confluency, cells were passaged by detaching with 0.25% trypsin-EDTA
(Gibco™, Loughborough, UK).
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Cultures were maintained at sub-confluent levels at 37°C in a humid atmosphere
with 5% CO,. Biodentine + CS-MMw discs (7 mm in diameter x 2 mm in thickness)
were prepared and left in a humid atmosphere at 37°C for 24 h. Discs were then
disinfected by UV for 30 minutes. Material discs were placed in a 24-well plate
submerged in 1 mL of DMEM-KO and maintained at 37°C and 5% CO; overnight.
HEK 293 cells were plated into a 96-well plate at a seeding density of 10* in
DMEM-KO and allowed to adhere overnight. The following day, the cell's medium
was replaced with the material leachates. To observe a dose-response
relationship, the material extracts were serially diluted with DMEM-KO, as
described by H Zhou et al. (2013), to achieve a total of three concentrations of
each extract used to treat the cells. HEK 293 cells in normal culture were used
as control. To evaluate the effect of chitosan on proliferation, cell metabolism
was assessed using a colorimetric MTT assay (Sigma-Aldrich, Gillingham, UK)
after 72 h of incubation. For each well, media were replaced with 100 pL MTT
solution (0.5 mg/mL diluted in PBS) and incubated for 4 hours at 37°C and 5%
COz. Subsequently, the solution was replaced with 100 pL of dimethyl sulfoxide
(DMSO [Sigma-Aldrich, Gillingham, UK]) per well and further incubated for 1
hour at 37°C and 5% CO,. Finally, plates were shaken at 250 rpm for 5 minutes
and absorbance readings were performed on a microplate reader (FluoStar
Omega, BMG Labtech, Aylesbury, UK) at 545 nm wavelength and 630 nm as a
reference wavelength. Three biological repeats for each condition were

performed in triplicate.

5.3.5 Cytotoxicity

To evaluate the cytotoxicity of CS-LMw, levels of Lactate dehydrogenase (LDH, a
stable enzyme in all cell types released from dead cells when membrane is
damaged) in supernatants were measured. Biodentine + CS-LMw discs were
prepared and submerged in 1 mL of DMEM-KO for 24 h, as previously described in
5.3.4. Before seeding, the pH readings of DMEM-KO and the material leachates in
the cell culture medium were recorded. Human dental pulp stem cells (h-DPSCs
[Lonza Inc, Bornem, Belgium]) were cultured, as previously described (5.3.4).
The DPSCs that were used for the following experiment are between passages

four and five as the supplier guarantee viability of ten population doublings.
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An LDH cytotoxicity assay kit (CyQUANT™ LDH Cytotoxicity Assay [Thermo
Scientific, Loughborough, UK]) was used according to manufacturer’s
instructions. Briefly, 50 pL of cell supernatant were plated in a 96-well plate
with a positive control (lysed cells). Then, 50 pL of LDH reaction mix was added
to each well and incubated in the dark for 30 minutes at room temperature.
After incubation, the reaction was terminated by adding 50 pL of a stop solution
provided by the manufacturer. Absorbance was read at 490 nm with a reference
wavelength of 680 nm using a FluoStar Omega microplate reader. Three

biological repeats were performed in duplicate.

5.3.6 Surface topography

Biodentine microstructure was observed using scanning electron microscopy
(SEM). Cement specimens were prepared (7 mm in diameter x 1 mm in
thickness). The specimens were kept at the humid cabinet for a month before
being imaged. Samples were then taken for gold/palladium sputter coating and
mounting. Digital images were acquired using Jeol JSM-IT100 InTouch™ Scanning
electron microscope. Representative images were taken at a magnification of
x800.

5.3.7 Microhardness

For Vickers microhardness (HV), BD disc-shaped specimens were prepared by
compacting the material into stainless-steel ring moulds (13 mm in diameter and
2 mm in thickness), 30 days before the test. The surface microhardness testing
was performed using a Vickers microhardness tester [Krautkramer TIV, (GE
Inspection Technologies, Coventry, UK)] with a Vicker diamond indenter point
(Figure 5.4). Three indentations were made on one polished cement surface of
each sample and the image of each indentation was transferred and evaluated
automatically. The mean Vickers hardness number (VHN) value for each group

was recorded. Five replicates for each experimental group were prepared.
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Figure 5.4. The TIV hardness tester with a probe and a hardness reference block. The probe
contains special optics and a CCD camera. The hardness is measured with the TIV method
(Through Indenter Viewing) which enables to view and determine the test indentation of the
Vickers diamond, that grows on the test object’s surface under load, through the optical system.

5.3.8 Compressive strength

A test of ISO 9917-1 (ISO, 2007) was adapted for testing the compressive
strength. Cylindrical specimens (6 mm in diameter x 6 mm in height) were
prepared (n =10) using silicon moulds. All Biodentine cylinders were stored at
37°C in a humid atmosphere for 30 days. Prior to the compressive testing, each
material cylinder was replaced into the mould (Figure 5.5) and the two circular
faces of each cylindrical specimen were polished by a stainless-steel dental
polishing strip, to create two smooth flat surfaces parallel to each other. Test
samples were checked, and defective specimens were discarded. The CSI for
each specimen was measured using an Instron 3367 Universal Testing Machine
[30 KN Static Load Cell (Instron, Buckinghamshire, UK)] at a speed of 1
mm/minute (Figure 5.5). Each cylinder with its flat ends was placed between
the platens of the apparatus and the load was applied in the direction parallel to
the long axis of the material until the samples were crushed. The maximum load
needed to break each test sample was recorded. The mean of ten and six

replicates for MMw and LMw experimental group, respectively, were recorded.
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The CSI were calculated in Megapascals (MPa) using the following formula, where
F is the maximum force applied (N), and d is the mean diameter of the specimen

in mm.

Oc (M Pa) =

4F
— (N/mm?)

Figure 5.5. The compressive strength testing. (A) Moulds, 6 mm in height with 6 mm diameter
were fabricated from dental silicone-based impression materials. The test material was filled
into the cylindrical hole with a slight excess. A glass slap was then placed on top of the filled
moulds and pressed down to remove the material excess. Before the test, each cylinder of test
groups was placed back into the mould and its two circular sides were trimmed, by a stainless-
steel polishing strip, to create two smooth parallel surfaces. (B) Instron 3367 Universal Testing
Machine.

5.3.9 Statistical analysis

All graphs, data distribution and statistical analysis were performed using
GraphPad Prism version 9 (GraphPad, San Diego, CA, USA). Before analysis, data
distributions were assessed using a D’Agostino-Pearson omnibus normality test
(samples > 8) and Shapiro-Wilk normality test (samples < 8). Kruskal-Wallis with
Dunn’s tests were used to determine the p values for multiple comparisons for
non-parametric data. ANOVA with Tukey’s tests were used for multiple
comparisons of normally distributed parametric data. Differences were

considered statistically significant if p < 0.05.
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5.4 Results

5.4.1 Setting time

The final setting time of unmodified BD was determined to be 31 minutes (Figure
5.6A,C). Slight decreases in setting time by 25.7% and 27.1% were seen following
the inclusion of 2.5 wt% and 5 wt% CS-MMw, respectively. In contrast, the mean
setting times for BD mixed with 10 wt% and 20 wt% CS-MMw increased by 43%
and 82%, respectively, compared to the unmodified Biodentine (Figure 5.6B).
However, the setting times for the unmodified material and modified BD
incorporated with 0.5 wt% CS-LMw were comparable. Only 6% reduction in the
final setting time was observed when 1 wt% of CS-LMw was integrated into the
material. No statistically significant differences were found between the 0.5 wt%

and 1 wt% groups (Figure 5.6C,D).
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Figure 5.6. Setting time evaluation of Biodentine after incorporation of chitosan, using a
Vicat apparatus. (A) Setting time of BD following incorporation of 2.5 wt%, 5 wt%, 10 wt% and 20
wt% of CS-MMw (n = 7). (B) The percentages of reduction and increase in setting time of MMw
groups compared to the control group. (C) Setting times of BD + CS-LMw after incorporation of
0.5 wt% and 1 wt% (n = 5). (D) The percentages of reduction in setting time of LMw groups
compared to the control (unmodified Biodentine) group. Data were analysed by Kruskal-Wallis
with Dunn’s tests. Differences between the control and chitosan groups were considered
statistically significant when p < 0.05. * Indicates statistically significant differences (* p < 0.05).
No statistically significant differences were found between the 0.5 wt% and 1 wt% groups. Each
dot/shape represents a replicate. Each error bar represents SD. Each bar, in the graphs B and D,
represents the mean of data obtained from seven and five replicates (material discs),
respectively.
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5.4.2 Solubility

The amount of weight loss was calculated using the residue method (Figure
5.7A,C) or by measuring weight changes of the cement specimens after
immersion (Figure 5.7B,D). The results showing that the solubility/disintegration
of the unmodified control and modified BD incorporated with 0.5 wt% and 1 wt%
CS-LMw were comparable with no significant differences found between the test
groups, after 24 h of immersion in sterile water (Figure 5.7C,D). In contrast, the
weight loss of BD blended with 2.5 wt% CS-MMw was slightly higher than the
control whereas incorporation of 5 wt%, 10 wt% and 20 wt% CS-MMw were
significantly higher than the control in a dose-dependent manner (Figure
5.7A,B). Notably, the material loss calculated in either way demonstrated similar
trends where the greater amount of chitosan incorporation, the more
disintegration the material will be. Regardless, when the weight loss was
calculated according to the weight differences recorded before and after
immersion, the test groups of BD supplemented with smaller amounts of CS-LMw
(0.5 wt% and 1 wt%) and CS-MMw (2.5 wt%) showed a weight loss of less than 3%
by weight (Figure 5.7B,D), which is in agreement with the ISO standard.
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Figure 5.7. Solubility percentages recorded for Biodentine + chitosan following immersion in
sterile distilled water for 24 h. (A & C) The amount of Biodentine removed from the specimens
(residue method) was calculated as a percentage of the original weight (n = 6). (B & D) The
difference in Biodentine weight before and after immersion was calculated as a percentage of
the original weight (n = 6). Data were analysed by ANOVA with Tukey’s tests. Differences
between the control (unmodified Biodentine) and chitosan groups were considered statistically
significant when p < 0.05. * Indicates statistically significant differences (*** p < 0.001, **** p <
0.0001). Each dot/shape represents a replicate. Each error bar represents SD. Six replicates
(material discs) of each group were tested.
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5.4.3 Radiopacity

The radiopacity of unmodified BD was equivalent to 2.6 mm Al at 24 h and 30
days. The radiopacity of BD mixed with 2.5 wt% and 5 wt% CS-MMw decreased,
but not significantly, by 6% and 13%, respectively, compared to the control.
However, the 10% and 20% groups were significantly less radiopaque than the
control group (** p < 0.01, ** p < 0.001) with 34.7% and 41.1% reductions in
radiopacity, respectively after 24 h of being maintained at 37°C (Figure 5.8A,B).
Similar values of radiopacity were seen after 30 days of storing the samples in
the humid incubator (Figure 5.8C). In contrast, the radiopacity of BD
supplemented with small portions of CS-LMw (0.5 wt% and 1 wt%) demonstrated
a negligible decrease by approximately 3%, with no statistically significant
differences between the test groups (Figure 5.8D). A representative radiographic

image for each group is shown in Figure 5.9.
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Figure 5.8. Radiopacity assessment of Biodentine following incorporation of chitosan. (A & C)
Radiopacity of BD assessed after 24 h and 30 days of storing samples at 37°C, respectively,
following incorporation of 2.5 wt%, 5 wt%, 10 wt% and 20 wt% of CS-MMw (n = 6). (B) The
percentages of reduction in radiopacity with CS-MMw compared to the control unmodified
Biodentine. (D) Radiopacity of BD with 0.5 wt% and 1 wt% CS-LMw (n = 5). Data were analysed by
Kruskal-Wallis with Dunn’s tests. * Indicates statistically significant differences between the
control and chitosan groups (** p < 0.01, *** p < 0.001). Each dot/shape represents a replicate.
Each error bar represents SD. Each bar, in the graph B, represents the mean of data obtained
from six replicates.
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BD Control 2.5 wt% CS-MMw 5 wt% CS-MMw 10 wt% CS-MMw 20 wt% CS-MMw

BD Control 0.5 wt% CS-LMw 1 wt% CS-LMw

Figure 5.9. Digital radiographic images of Biodentine discs. Each replicate (material disc) was
digitally radiographed with the aluminium step wedge. The material mean grey value was
expressed in mm of aluminium thickness. A representative image is shown for each group.

5.4.4 Cell viability

After culturing for 72 h, results of the viability assay on the cell viability of HEK
293 cells showing high cell viability of BD-treated cells at all extract
concentrations, with no statistically significant differences found compared to
the positive control (cells cultured without material extracts). The undiluted
extract (100%) from BD presented viable cells at 98.5%, whereas cells cultured
with undiluted extracts derived from BD-CS-MMw, at all chitosan concentrations,
showed significant decreases in viability compared to the control group (**** p <
0.0001). Cells viability of BD-chitosan extract at 2.5 wt% was 42.2%, whereas
cells exposed to undiluted BD-CS-MMw extracts with 5 wt%, 10 wt% and 20 wt%
displayed the lowest viabilities at 2.4%, 1.5% and 1.8%, respectively (Figure
5.10A). With extract dilutions in DMEM, higher percentages of cell viability
cultured with all BD-CS-MMw groups were observed. Accordingly, half-diluted
extracts of 2.5 wt% chitosan showing no significant viability reduction. The CS-

MMw groups of 5 wt%, 10 wt% and 20 wt% showing statistically significant
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viability reductions in comparison with the positive control (**** p < 0.0001), at
52.6%, 8.2% and 7.5%, respectively (Figure 5.10B). With 25% dilution, significant
reductions in viability were only found with 10 wt% and 20 wt% (* p < 0.05), at

51.2% and 46.5%, respectively (Figure 5.10C). All absorbance values (OD) are
presented (Table 5.2)
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Figure 5.10. Evaluation of cell viability treated with extracts derived from Biodentine
following incorporation of chitosan. Original (undiluted) extracts derived from Biodentine were
serially diluted with DMEM. The MTT assay was used to measure the metabolic activity of HEK
293 cells treated with undiluted and diluted extracts of BD + CS-MMw, cultured for 72 h. The
percentage of cell viability of each test group was calculated relative to the untreated positive
control. (A) No dilution (100%). (B) 50% dilution (C) 25% dilution. Data were analysed by ANOVA
with Tukey’s tests. * Indicates statistically significant differences between the control (untreated
cells) and test groups (* p < 0.05, **** p < 0.0001). Note: statistical analyses were performed on
raw data. Each bar represents average percentages of cell viability obtained from three parallel

experiments with three technical replicates. Mr. Saeed Algahtani contributed to this work
(University of Glasgow).

Table 5.2. Absorbance values with standard deviations.

Group 100% (undiluted) 50% dilution 25% dilution

Positive control 0.355 (x0.075) 0.372 (+0.080) 0.298 (+0.132)
BD (unmodified) 0.350 (+0.102) 0.346 (+0.112) 0.331 (x0.095)
BD + 2.5 wt% CS-MMw | 0.150 (£0.073) 0.273 (+0.079) 0.339 (£0.115)
BD + 5 wt% CS-MMw 0.009 (+0.003) 0.196 (+0.083) 0.308 (+0.108)
BD + 10 wt% CS-MMw | 0.005 (+0.001) 0.031 (+0.013) 0.153 (20.077)
BD + 20 wt% CS-MMw | 0.006 (+0.002) 0.028 (+0.010) 0.139 (£0.072)
Lysed cells 0.004 (+0.002) 0.005 (+0.002) 0.006 (x0.002)

Average OD values of raw data representative of three technical repeats from three biological
repeats, as shown in Figure 5.10.
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5.4.5 Cytotoxicity

The pH of the DMEM-KO medium was determined to be 8.4 while the pH readings
of the material leachates of unmodified BD, BD + 0.5 wt% LMw and BD + 1 wt%
LMw were 8.1, 8.0 and 7.9, respectively. However, the results indicated that BD
+ CS-LMw presented no cytotoxic effect on stem cells, in undiluted extracts at
72 h. The LDH release from the treated h-DPSCs was significantly lower (**** p <
0.0001) when compared to the maximum release of the LDH achieved by the
lysis solution. No significant differences were found between the test groups
(Figure 5.11).
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Figure 5.11. Evaluation of the cytotoxic effect of Biodentine on h-DPSCs following
incorporation of chitosan. LDH release% was measured from h-DPSCs treated with 100% extract
of BD + CS-LMw. The percentage of cytotoxicity of test groups was calculated relative to the
control (lysed cells). Data were analysed by ANOVA with Tukey’s tests. * Indicates statistically
significant differences between lysed cells and test groups (**** p < 0.0001). No significant
differences were found between the test groups. Note: statistical analyses were performed on
raw data. Each bar represents the mean of data obtained from two technical repeats of three
independent experiments. Mr. Saeed Algahtani contributed to this work (University of Glasgow).

180



Chapter 5: The effect of chitosan incorporation on material characteristics of Biodentine™

5.4.6 Surface topography

The microstructure of BD surface showing superficial small intergrowth
structures and needle-shaped crystals appeared to form in thin bundles (Figure
5.12A). In the chitosan-incorporated material, small particles of chitosan at 2.5
wt% are seen dispersed within the needle-shaped structures (Figure 5.12B). From
5 wt% and onwards, clusters or larger aggregations of CS-MMw are observed. The
modified form of the material with larger amount of CS-MMw showing fewer
crystalline structures, compared to the commercial BD material (Figure 5.12C-
E).

SED 10.0kV WD
0Oct 05,2021 | UofG - Glasgow Imaging Facility

Figure 5.12. Scanning electron microscopy of Biodentine specimens i chitosan. (A)
Unmodified BD (control). (B) BD + 2.5 wt% CS-MMw. (C) BD + 5 wt% CS-MMw. (D) BD + 10 wt% CS-
MMw. (E) BD + 20 wt% CS-MMw. SEM images show chitosan clumps (white arrows). Red and yellow
arrows indicate intergrowth structures and needle-like structures, respectively. Representative
images were taken at magnifications of x800. Samples were processed and imaged by Mr. Mark
Butcher (University of Glasgow).

5.4.7 Microhardness

The mean unmodified BD Vickers microhardness was 113.6 HV. Adding 2.5 wt%, 5
wt%, 10 wt% and 20 wt% CS-MMw to BD was found to decrease the microhardness
of the material significantly (**** p < 0.0001) by 32%, 47%, 51% and 67%,
respectively (Figure 5.13A,B). Furthermore, the microhardness of BD decreased
significantly (**** p < 0.0001) by 16% and 29% when mixed with 0.5 wt% and 1
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wt% CS-LMw, respectively, compared to the control (Figure 5.13C,D). A

significant difference was also found between 0.5% and 1% groups (# p < 0.05).
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Figure 5.13. Microhardness assessment of Biodentine following incorporation of chitosan. (A)
Microhardness of BD was assessed following incorporation of 2.5 wt%, 5 wt%, 10 wt% and 20 wt%
of CS-MMw, using a Vickers diamond indenter point. (B) The percentages of reduction in
microhardness compared to the control. (C & D) The graphs demonstrate microhardness of BD =
CS-LMw and the reduction percentages compared to the control unmodified material,
respectively (n = 5). Data were analysed by ANOVA with Tukey’s tests. * Indicates statistically
significant differences between the control and chitosan groups (**** p < 0.0001). # Indicates
statistically significant differences between the chitosan test groups (# p < 0.05). Each
dot/shape represents a replicate. Each error bar represents SD. Each bar, in the graphs B and D,
represents the mean of data obtained from five replicate tests per group.
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5.4.8 Compressive strength

Based on the results shown, the addition of CS-MMw significantly reduced the CSI
of BD in all groups in a dose-dependent manner (**** p < 0.0001). Adding 2.5
wt%, 5 wt¥%, 10 wt% and 20 wt% CS-MMw, decreased the strength by 55%, 81%,
90% and 92% respectively, compared to the control (unmodified BD), which
showed a significant superior strength (Figure 5.14A;B). Similarly, the
compressive strength of BD declined significantly (**** p < 0.0001) when only
small amount of CS-LMw (0.5 wt% and 1 wt%) integrated into the cement,
compared to the unmodified formula which showed a superior strength (182.88
MPa). No significant difference was observed between the 0.5% and 1% groups
(Figure 5.14C,D).

The mean values of all tested groups with standard deviations are summarised
below (Table 5.3 and Table 5.4).
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Figure 5.14. Compressive strength testing of Biodentine following incorporation of chitosan.
(A) Compressive strength of BD was evaluated following the addition of CS-MMw, using Instron
Testing Machine (n = 10). Measurements were carried out on 30-day-old cylinders in each test
group, stored in a humid atmosphere at 37°C. (B) The percentages of reduction in CSI compared
to the control unmodified material. (C & D) The graphs illustrate compressive strength of BD *
CS-LMw and the reduction percentages compared to the control, respectively (n = 6). Data were
analysed by ANOVA with Tukey’s tests. * Indicates statistically significant differences between
the control and chitosan groups (**** p < 0.0001). No significant difference was observed between
the 0.5% and 1% groups. Each dot/shape represents a replicate. Each error bar represents SD.

The mean of replicates per group was recorded and presented as reduction percentages,
compared to the control.
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Table 5.3. Mean values of data obtained from Biodentine samples + CS-MMw, with standard deviations.

Test Group Setting time (n = 7) | Solubility-A: Solubility-B (n = 6) Radiopacity at 24 h | Compressive Microhardness (n =
Residue method (n (n=6) Strength (n = 10) 5)
= 6)

BD Control 31.14 (£1.95 min) 5.27 (x0.85%) 1.94 (£0.87%) 2.64 (+0.21 mmaAl) 134.78 (+42.84 MPa) | 113.60 (x10.20 HV)

BD + 2.5 wt% CS

23.14 (+1.95 min)

7.19 (£0.32%)

2.47 (x0.13%)

2.49 (x0.20 mmaAl)

60.56 (£9.43 MPa)

77.60 (£9.42 HV)

BD + 5 wt% CS

22.71 (¥2.29 min)

10.45 (+3.03%)

5.38 (+1.01%)

2.30 (¥0.14 mmAl)

25.27 (+5.05 MPa)

60.20 (£5.24 HV)

BD + 10 wt% CS

44.43 (£1.99 min)

17.46 (x1.12%)

10.88 (£0.93%)

1.73 (20.25 mmAl)

13.48 (£3.60 MPa)

55.40 (£6.85 HV)

BD + 20 wt% CS

56.57 (+1.72 min)

22.57 ( 2.0%)

19.42 (+1.21%)

1.56 (0.18 mmAl)

10.20 (+4.34 MPa)

37.73 (£3.43 HV)

Table 5.4. Mean values of data obtained from Biodentine samples + CS-LMw, with standard deviations.

Test Group Setting time (n = 5) | Solubility-A: Solubility-B (n = 6) Radiopacity at 24 h | Compressive Microhardness (n =
Residue method (n (n =5) Strength (n = 6) 5)
= 6)

BD Control 31.40 (+0.89 min) 5.27 (£0.85%) 1.94 (£0.87%) 2.61 (x0.19 mmaAl) 182.88 (£32.96 MPa) | 113.60 (x10.20 HV)

BD + 0.5 wt% CS

31.0 (£1.58 min)

5.42 (+1.42%)

2.01 (£0.94%)

2.52 (x0.14 mmaAl)

87.98 (+28.45 MPa)

95.73 (5.4 HV)

BD + 1 wt% CS

29.40 (x0.55 min)

5.33 (+1.14%)

2.06 (£0.77%)

2.53 (£0.20 mmAl)

94.31 (+12.98 MPa)

80.93 (£8.62 HV)
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5.5 Discussion

5.5.1 Setting time

The setting time is defined as the length of time for a material to shift from a
fluid state into a solidified state (Wang, 2015). Long setting times are seen as
one of the most problematic features of calcium silicate materials. These
prolonged setting times cause difficulty in placement of the material, where it
will not maintain its shape and is susceptible to be washed out before it is fully
set (Shen et al., 2015). Biodentine has a reduced setting time when compared
with other calcium silicate materials such as MTA (Careddu and Duncan, 2018)
and this is perceived as one of its main clinical advantages (H Singh et al., 2014).
Biodentine liquid contains calcium chloride as a setting accelerator. The cement
powder includes calcium carbonate, which acts as a nucleation site for calcium
silicate hydrate, which shortens the induction period and subsequently the

setting reaction (Camilleri et al., 2013).

Measurement of setting time has been conducted using various methods.
However, the main principle remains based upon the resistance of a needle to
penetrate the material surface, either when the needle fails to make a trace on
the surface of the cement (ISO, 2012) or when it fails to create a complete
circular indentation in the cement (ISO, 2007). Measuring elastic modules was
another method applied by the manufacturer, based on the method used by
Nonat and Franquin (2006). The final setting time, according to the
manufacturer, was determined at around 10-12 minutes, when the elastic
modulus reached 100 MPa (Septodont, 2010). In our study, the final setting of BD
was approximately three times longer than that described by the manufacturer.
This increase in setting time has been observed before. Grech et al. (2013),
Kaup et al. (2015) and Elsaka et al. (2019) evaluated the final setting time to be
45 minutes, 85.66 minutes and 44 minutes, respectively, when an impression on
the BD surface was no longer visible. These differences in setting time are
probably attributable to slightly different experimental methodologies. These
prolonged times could be because that the assembly was not stored at 37°C in a
humid cabinet before testing. Dawood et al. (2015), however, placed the

assembly at 37°C and reported the final setting time to be 13.1 minutes.
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Another study reported the initial setting time to be 6.5 minutes (Butt et al.,
2014). The initial setting time was recorded when a Vicat needle did not make
an indentation of 1 mm in depth. This is not the same as measured in this study
or in other studies where the final setting time was recorded (Grech et al.,
2013, Kaup et al., 2015, Elsaka et al., 2019).

The results in this study show some decreases in the setting time when small
amounts of CS-MMw (2.5 wt% and 5 wt%) were added. However, from 10%
onwards there was a retardation in setting. It was observed that the addition of
CS-MMw increased the stiffness of the BD paste, equating to a reduced water-to-
powder ratio, during mixing as shown in Figure 5.1. An increase in water-to-
powder ratio has been shown to increase Biodentine’s setting time (Pires et al.,
2021). Thus, reductions in set times could have been achieved by the decreasing
the amount of the free mixing BD liquid, which subsequently led to acceleration
in the setting time with the 2.5% and 5% samples. Accordingly, when BD
integrated with small amount of CS-LMw (0.5 wt% and 1 wt%), the flowability of
the cement reduced only slightly compared to the unmodified formula, which
may explain the negligible reductions in the setting time of the CS-LMw groups.
Paradoxically, increasing CS-MMw content up to 10 wt% and 20 wt% retarded the
setting reactions. It has been shown that Biodentine sets through a hydration
reaction (Camilleri, 2014). The addition of larger amounts of CS-MMw seemed to
affect the hydration reaction of the cement adversely, by interrupting the
connectivity between the cement grains, as shown in the SEM images, which

results in an extended setting time.

5.5.2 Solubility

One of the most important properties determining the durability of dental
cements is resistance against disintegration or dissolution (Nomoto and McCabe,
2001). The procedure which determines solubility and disintegration according
to the ISO 6876:2012 standard (ISO, 2012) suggests measuring the increase in
weight of the dish in which the material specimens have been kept after the
final drying of the residue (the amount of BD removed from the material
samples) by evaporating the free water (residue method, equation A). According

to ISO, the solubility of the set material shall not exceed 3.0% of the initial

187



Chapter 5: The effect of chitosan incorporation on material characteristics of Biodentine™

weight of the material following immersion in water for 24 h. In this study, the
weight loss of Biodentine specimens was also recorded by measuring the weight
changes of the test samples after storage in distilled water (equation B), as
described in other publications (Zeid et al., 2015, Kaup et al., 2015, Alazrag et
al., 2020).

It is worth mentioning that the solubility of a solid, as a physicochemical term,
“can only be applied to the situation where a pure chemical compound is in
thermodynamic equilibrium with its solution” (Wilson, 1976). It can be argued
that the solubility test used, records the elution of water-soluble material, not
the solubility in terms of its strict definition (Kaup et al., 2015). It can also
measure disintegration of the cement particles that fall out during storage in
water. Nevertheless, recording the weight loss after storage in water may result
in water uptake that may compensate for dissolved materials (Kaup et al.,
2015). The samples, therefore, were left to dry for 48 h to avoid an
underestimation of weight loss due to water uptake. According to the results,
the commercial BD showed a weight loss of less than 3%. Other authors reported
a solubility of 2.65% (Kaup et al., 2015) and 3.36% (Alazrag et al., 2020) for BD
after 24 h. The unmodified BD and the chitosan groups of 0.5%, 1% and 2.5%
attained the ISO standard by showing a weight loss, in water, of less than 3%,
whereas the modified groups with chitosan from 5 wt% and onwards showed
higher disintegration (> 3%). Interestingly, the dissolution/disintegration of
Biodentine in distilled water, calculated according to the formula (B), was lower
than that recorded using the equation (A), as Biodentine (unmodified) exhibited
a weight loss of 5% when cement residue was calculated as a percentage of the
Biodentine original weight. These results may be of clinical relevance, as body
fluid uptake from surrounding environment may result in growing Biodentine

crystals that could partially compensate for a dissolved/disintegrated material.

Irrespective of the different calculation methods, the more chitosan in the
sample, the greater its weight loss. This may have been attributed to the
reducing in the connectivity of the cement network structure by increasing the
gaps between the cement particles when more chitosan particles were
incorporated into the material, where a chemical bond between the chitosan

additives and the cement was not evident.
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On the other hand, although lack of solubility has been considered as a favorable
property for a root-end filling material (Torabinejad et al., 1993), a cement like
Biodentine which produces calcium hydroxide through a hydration process
(Camilleri, 2014) should present a certain level of solubility to enhance the
mineralisation process (Kaup et al., 2015). It has been found that Biodentine
leached more calcium ions than MTA (Zeid et al., 2015) and Theracal (a light
curable resin modified Portland cement-based material) (Camilleri, 2014). On
the other hand, it is unclear whether the high solubility recorded in ‘in vitro’
studies has an adverse effect, clinically (E Silva et al., 2021). According to a
systematic review and meta-analysis, calcium silicate-based sealers, in terms of
solubility, have shown “worrying results” for clinical use (E Silva et al., 2021).
Nevertheless, the overall clinical success rate of root canal treatment using

calcium silicate sealer has been shown to be over 90% (Chybowski et al., 2018).

5.5.3 Radiopacity

Highly-radiopaque materials are recommended for root canals and filling bone
defects, to allow better definition of the filling quality and levels of resorption
(Pekkan, 2016). It is known that the radiopacity of 1 mm of dentine is equivalent
to that of an equal thickness of aluminium, while enamel is twice as radiopaque

as aluminium (Williams and Billington, 1987, Devito et al., 2004).

Therefore, use of an aluminium step wedge was recommended by the ISO
standard (I1SO, 2012) which established a minimum radiopacity corresponding to
3 mm Al for root canal sealing materials in clinical use. The ImageJ software
determined the radiopacity in a simple and easily reproducible manner.
Radiopacity of the unaltered Biodentine, was found to be 2.6 mm Al, regardless
of the storage time at 37°C. This is different from the manufacturer’s claims
that BD possess a radiopacity of 3.5 mm of aluminium complying with the ISO
standard. The results are, nonetheless, in agreement with a number of other
studies which reported similar radiopacity values for this material. Biodentine,
in different studies, display a radiopacity of 2.8 mm Al (Tanalp et al., 2013,
Corral et al., 2018, Milutinovi¢-Smiljani¢ et al., 2021), 2.9 mm Al (El-Din and El-
Helbawy, 2016), and 2.06-2.52 mm Al, using conventional and digital

radiography systems (Ochoa-Rodriguez et al., 2019). Lower results were
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obtained by others who found an average radiopacity of 1.5 mm Al (Kaup et al.,
2015). In contrast Farrugia et al. (2018) and Elsaka et al. (2019) reported a
higher radiopacity values of 5.8 mm Al and 4.2 mm Al, respectively.
Additionally, BD was found to yield radiopacity values of 4.1 to 3.3 mm Al (Grech
et al., 2013) and approximately 4.8 to 4.3 mm Al (Camilleri et al., 2013) for 1
day and 28 days, respectively, following immersion in gelatinised Hank’s

balanced salt solution.

According to Camilleri et al. (Camilleri et al., 2013), 5.1 wt% of zirconium oxide
has been detected in BD powder as radiopacifier to facilitate detection on
radiographs. Nevertheless, clinicians have reported inadequate contrast between
BD and surrounded structures when assessed radiographically, which
compromises radiographic assessment of outcomes and follow-up (Bachoo et al.,
2013). Integration of chitosan showed a decrease in BD radiopacity compared to
the control in a dose-dependent manner. Biodentine incorporated with 0.5 wt%
and 1 wt% of CS-LMw showed a negligible decrease by only 3%. Although the
reductions with 2.5 wt% (6%) and 5 wt% (13%) of CS-MMw were not statistically
significant, compared to the unmodified material, such small decreases in

radiopacity may have an impact, clinically.

To get better understanding, one of the physical principles of the radiopacity of
a substance is related, in part, to the atomic numbers of the object. The greater
the atomic number (Z), the more radiopaque the object will be (Patil and Patil,
2009). Biodentine is made up mainly of calcium (Z=20), whereas the organic
chitosan filler contains low atomic number elements such as carbon (Z=6),
hydrogen (Z=1), nitrogen (Z=7) and oxygen (Z=8). It is therefore not surprising
that incorporation of chitosan into Biodentine results in a reduction in
radiopacity in a dose-dependent manner. In fact, an endodontic material with
low radiopacity is a significant clinical problem, resulting in lack of clarity and
misinterpretation that could lead to difficulties in diagnosis and assessment of

technical outcomes of treatment or encountering unnecessary retreatment.
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5.5.4 Cell viability and cytotoxicity

Materials used as a retrograde filling, such as Biodentine, are placed in intimate
contact with apical bone and periodontal tissues. It is therefore essential that
they should be biocompatible with these living host tissues (H Zhou et al., 2013).
The biocompatible materials (tolerable biomaterials) may not be entirely
“inert”. In fact, a bioactive material is the one that elicits a specific biological
response in the adjacent cells which results in promoting the healing process
(Schmalz and Arenholt-Bindslev, 2009). However, the biocompatibility tests of
dental materials generally assess the cytotoxicity of a material relative to
certain cell lines. In the present study, the human embryonic kidney cell was
selected as an in vitro model to assess cell viability. This cell line is a widely
used model to assess cytotoxicity (Kulshrestha et al., 2016, Barma et al., 2021).
Cell viability was determined by using MTT-based colorimetric assay. The MTT
assay measures cellular metabolic activity as an indicator of cell viability and
proliferation (Vistica et al., 1991). This colorimetric assay is based on the
reduction of a yellow tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide], by metabolically active cells, to coloured
formazan derivatives that can be quantitated spectrophotometrically (Vistica et
al., 1991).

Based on the results of this study, the high cell viability of BD-treated cells, at
all extract concentrations, could be attributed to the constituents of the
material itself, which is mainly composed of tricalcium silicate and dicalcium
silicate (Margunato et al., 2015). The biocompatibility and bioactivity of
Biodentine and its capacity to stimulate the mineralisation process have been
reported by other researchers (Margunato et al., 2015, Escobar-Garcia et al.,
2016, Widbiller et al., 2016, Widbiller et al., 2022). In contrast, the addition of
chitosan powder into BD significantly reduced the metabolic activity of cultured
cells in a dose-dependent manner. As expected, diluted extracts from modified
Biodentine, in DMEM, showing higher percentages of cell viability with a similar
trend observed amongst undiluted and diluted extracts. This is relevant clinically
as when a root canal filling material is placed as an orthograde or a retrograde

filling in vivo, leached substances may be diluted by tissue fluids. Thus, material
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extracts were performed to simulate a possible dose-response effect occurring in
vivo (Yoshino et al., 2013).

Reduced metabolic activity of the cells shown might be a precondition to
cellular cytotoxicity. Although the MTT assay has been widely used as a ‘gold
standard’ for testing the cytotoxicity of root filling materials (Jagtap et al.,
2018, Ferreira et al., 2019, Nabavizadeh et al., 2022), it was not found to be
sensitive in detecting small changes in cell number and not robust enough to
generate reproducible results (Van Tonder et al., 2015). Therefore, to determine
cytotoxicity on a more relevant cell line (h-DPSCs), an alternative and more
sensitive assay has been used; the LDH assay. This is a widely used method for
determining cytotoxicity based on measuring the activity of cytoplasmic enzyme
released by damaged cells. Lactate dehydrogenase is a cytosolic enzyme that is
found in many different cell types. Damage to the plasma membrane rapidly
releases LDH into the cell culture supernatant; a reliable indicator of
cytotoxicity (Kumar et al., 2018). Based on the results, the undiluted extracts of
Biodentine with small concentrations of CS-LMw (0.5 wt% and 1 wt%) showed no
cytotoxic effect on h-DPSCs at 72 h.

The cytotoxicity in human liver cells has been delineated by Loh et al. (2010),
following exposure to higher concentrations (above 0.5% w/v) of MMw chitosan
nanoparticles, where cellular uptake of CSNPs was visualised into the nucleus, at
a nanoparticle concentration of 1% w/v, and the integrity of the cell membrane
was compromised, as evidenced by enzyme leakage (Loh et al., 2010). The
findings of another study suggested that CSNPs, were relatively non-toxic to
mouse hematopoietic stem cells, at low concentrations (10 and 100 pg/mL), and
the toxicity was concentration dependent (Omar Zaki et al., 2015). However, in
a study by VandeVord et al. (2002), chitosan scaffold (prepared from a 2 wt%
chitosan solution) showed a high degree of biocompatibility in a mouse
implantation model. Although the material leachate was used in this study,
these results may indicate that the use of chitosan in dental materials could be
applicable in low concentrations, where the material antimicrobial property can

be beneficial against microbial biofilms.
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5.5.5 Surface topography

Scanning electron microscopic analysis of the surface of hydrated BD revealed
intergrowth of fibers accompanied and covered by needle-like crystals. The
former was thought to be a form of C-S-H; one of the main products of the
hydration process of tricalcium silicate (Camilleri et al., 2013). The lack of
superficial deposition of hexagonal plate-like crystals of Ca(OH)2 (Portlandite) is
thought to be due to the low porosity of BD that discourages crystal deposition
and attachment (Camilleri, 2014). These needle-like structures on the BD
surface, kept in a humid environment, were observed in other studies (Elhaghy,
2014b) when BD was exposed to different acidic pH values (Elnaghy, 2014a).
These crystals are believed to be calcium carbonate (calcite) (H Singh et al.,
2014). Chitosan microparticles have been observed in dispersion within the
material, in clumps that seemed to interfere with the crystalline formation,
particularly at 10 wt% and 20 wt% CS-MMw. Highly disturbed crystalline
structures could explain the significant decrease in the material mechanical
properties. In relation to this, the formation of needle-shaped crystals in MTA is
believed to be important in interlocking the entire material mass, and their

absence can decrease the material hardness (Lee et al., 2004).

5.5.6 Compressive strength and microhardness

While compressive strength and microhardness of BD are not of primary concern,
when placed as a root-end filling or perforation repair where it does not bear
any direct pressure nor penetration, the CSI is relevant when used as a direct
pulp capping agent where it must be able to withstand forces generated during
mastication. The samples were measured at 30 days because the compressive
strength of the material has been shown to rise up over time until reaching a
maximum strength after one month, when compared to 1 and 7 days (Butt et al.,
2014).

In this study, the compressive strength of the commercial BD, at 30 days, was
determined to be 182.88 +32.96 MPa and 134.78 +42.84 MPa. However, in other
studies, the CS of Biodentine was 304.78 +2.59 MPa (Butt et al., 2014) and 60.17
+37.51 MPa (Atmeh, 2020). In the previous two studies, although BD samples

were stored in water for 28 days, there was a significant difference between the
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results (304.78 MPa vs 60.17 MPa). It has also been affirmed that Biodentine, at
28 days, follow