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Abstract

Introduction

RC21v3 is an octapeptide derivative that inhibits the drug efflux pump that confers
azole resistance on the yeast Candida albicans -an opportunistic pathogen that can
cause denture stomatitis. C. albicans often forms biofilms on oral surfaces including
denture prostheses, and biofilm cells are more drug resistant than planktonic cells

growing as a suspension in liquid medium.

Aim
The objective of this research was to determine whether RC21v3 acts synergistically
with fluconazole (FLC) to inhibit the growth of C. albicans cells in planktonic cultures

and during growth as a biofilm.

Methods

Minimum growth inhibition concentration (MIC) assays were undertaken to measure
the inhibitory effect of FLC and RC21v3 on C. albicans cells growing as planktonic
cultures. Checkerboard MIC assays were used to measure the effect of combinations of
FLC with RC21v3 on both planktonic and biofilm growth. The inhibition of C.
albicans biofilm growth on denture acrylic was measured using crystal violet staining
of biofilm cells. The effect of FLC and/or RC21v3 on biofilm structure was

investigated using confocal microscopy.

Results

Checkerboard MIC assays showed that RC21v3 acted synergistically with FLC to
inhibit the planktonic growth of three C. albicans strains: ATCC 10261 and MML610
which are FLC-susceptible, and MML611 which is FLC-resistant. In addition, the
combination of RC21v3 with FLC in growth assays resulted in FLC becoming

fungicidal to all three strains.

A novel dental acrylic biofilm model was developed. As it demonstrated reproducible

growth of C. albicans, it could be used to measure biofilm growth inhibition. FLC



inhibited the growth of C. albicans biofilms and checkerboard assays showed that

RC21v3 acted synergistically to reduce the growth of ATCC10261 biofilms.

Conclusion
This is the first demonstration that RC21v3 can chemosensitize C. albicans biofilms to
fluconazole, and so may be of use in treatment of patients with FLC-resistant biofilms

on denture surfaces.
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1 Literature review

1.1 Introduction

This review focuses on the role that the fungus Candida albicans plays in clinical oral
infection, in particular those related to acrylic dentures. The antifungal resistance
mechanisms deployed by C. albicans, specifically with respect to azoles, and the
development of strategies to overcome clinically observed azole resistance will also be

discussed.
1.2 Oral fungal infection

Over the past 20 years, there has been a significant increase in the incidence of
opportunistic fungal pathogens causing life-threatening mycoses (Pfaller and Diekema,
2010) with the more commonly isolated species comprising of the genus Candida
(Lamagni, 2001).

In humans Candida species can be found as microbial commensals of the oral mucosa
in approximately half the population (Thein, 2009), and C. albicans is the most
commonly isolated species. The fungal infection candidiasis is thought to originate
from cells in this endogenous microbial reservoir, which, through circumstances
relating to host immunity and mechanisms of fungal pathogenicity, are able to override
the normal host defences. Of particular importance to dental professionals are Candida-
associated lesions such as angular cheilitis, median rhomboid glossitis,
pseudomembraneous candidiasis and denture-induced stomatitis, a commonly observed
infection found in 11- 71% of denture wearers (Budtz-Jorgensen, 1974; Lund et al.,
2010; Gendreau and Loewy, 2011). Another group of clinically observed infections are
those associated with primary keratinized lesions such as Lichen planus where 40% of
cases are super-infected with Candida. Of significance in this group is Leukoplakia
where the Candida super-infection has been linked with the initiation of epithelial
dysplasia, and oral neoplasia (McCullough et al., 2002). Although there are several
species of Candida that cause oral infections including Candida glabrata, Candida
krusei and Candida dubliniensis, the most common aetiologic agent of oral candidiasis

is C. albicans (Rautemaa and Ramage 2011).
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1.2.1 Candida albicans

A gram-positive, eukaryotic organism, C. albicans multiplies asexually via mitotic cell
division (ten Cate et al., 2009) and is uniquely able to switch its morphology between
yeast and hyphal modes of growth. This enhances the ability of cells to quickly adapt to
new environmental niches, and contributes to the variation in expressed virulence
attributes necessary to establish infection at various stages of colonisation and tissue
penetration (Odds, 1994 ). C. albicans can therefore be found colonising areas as
diverse as the mucosal surfaces of the mouth, digestive tract and genitourinary tract
(Cannon et al., 1995), and Candida infection may present clinically in many different
forms.

The genetically dictated dimorphism of C. albicans is attributed to changes in the
biosynthesis of the cell wall, which also mediates the interaction between the cell and
its environment (Odds, 1988) connecting the cell wall directly or indirectly to the

virulence of C. albicans.

The fungal cell wall is composed of polysaccharides -1, 3-glucan, -1, 6-glucan, chitin
and, depending on the environmental conditions, a variable amount and composition of
glycoproteins, (ten Cate et al., 2009). -1, 3-glucan and chitin are the structural
components of the cell wall. The surface glycoproteins form the second major
architectural component of the cell wall and are linked to the inner structure by a
flexible layer of -1, 6-glucan. The surface layer of cell wall proteins determine the
physico-chemical properties of the cell and helps facilitate cellular interaction with the
proteins found in the oral environment, for example in saliva, and on other microbial
inhabitants (ten Cate et al., 2009). For example the outer wall of C. albicans contains
two surface proteins, Eapl and Hwpl, that are involved in the adhesion of cells to
biotic and abiotic surfaces, such as those found in the oral environment, and thus the

formation of adhered colonies or biofilms (ten Cate et al., 2009).
1.2.2 Biofilms in the oral environment

Biofilms are communities of microorganisms adhered to a surface and encased in a
matrix, mostly of microbial origin (Cannon and Chaffin, 1999). The colonisation and
subsequent biofilm formation by C. albicans is modulated by a number of

environmental factors and can be an aetiological factor in oral disease.
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The severity of oral fungal infections has been directly linked to increased numbers of
yeast cells present at the site of mucosal infection (Theilade and Budtz-Jgrgensen,
1988); (Budtz-Jargensen et al., 1996). Cell adhesion, colony growth and biofilm
development can occur on abiotic surfaces such as dental acrylics, which can then act
as microbial reservoirs. As with many biofilm infections, complete resolution of
candidiasis can be difficult as the biofilms can demonstrate up to a 100-fold increase in
resistance to the antifungal fluconazole (Chandra et al., 2001a). This can result in
chronic or recurrent infection that can lead to further problems such as impaired wound

healing, acquired antifungal resistance, and spread of infection (Hall-Stoodley, 2009).

There are multiple environmental factors that influence the colonisation of a surface by

C. albicans and biofilm formation (Table 1).

Table 1. Factors affecting the formation of C. albicans biofilms

Factors affecting the development of C. albicans biofilms

medium inoculum hydrodynamics substrate

e composition e.g. e species, strain e.g. e salivary and fJor e roughness
mucin, glucose Candida albicans fluid flow rate e composition,

e temperature e number of cells e presence of shear abiotic or

e presence of other e growth time/ biofilm forces biological
micro-organisms, age e conditioning films
antifungal agents (pellicles)

Factors that modify the attachment of C. albicans cells to a substrate include: variation
in surface-texture; the chemical or biological composition of the substrate to which the
microorganisms adhere; and hydrodynamic forces within the fluids surrounding the

substrate that influence flow and shear forces across the surface.

The formation of a biofilm is the result of a number of physical, biological, and
chemical processes that are modulated by the environmental conditions and stage of
biofilm development itself (Bryers, 2008). In the oral environment the biofilm develops

through a series of stages from the moment saliva first contacts the biological or
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prosthetic surface through to the formation of complex adhered microbial communities
(Fig. 1. adapted from Subramani, 2009).

Time Event Players
Association Salivary pellicle phosphoproteins,
glycoproteins, albumin, lipids,
lysozyme
0-4hrs Adhesion Bacterial colonisation mostly
Streptococcus (e.g. S. sanguinis, S.
mitis),

Actinomyces
Proliferation

Micro-colonies

Diversification

Candida albicans colonises
Biofilm formation

1-14 Growth maturation/ Anaerobic bacteria colonisation
days microbial succession

Fig. 1. Development of an oral biofilm.

Examination of single species C. albicans biofilms has revealed that they are composed
of an extracellular matrix, containing carbohydrates, protein, hexamine, phosphorus and
uronic acids, and a mix of cell morphologies (Chandra et al., 2001b). In vitro
polymethylmethacrylate (PMMA) models have been used to study the development of
C. albicans biofilms and show that they progress through three distinct developmental
stages (Chandra et al., 2001a) adhesion, germ-tube formation and maturation.

Germ-tube formation (the initial stage in hyphal growth) occurs 3-6 hours after the
initial attachment of yeast cells, and is followed by an intermediate developmental stage
characterized by the production of a matrix of extracellular material. Biofilm
maturation continues, forming a dense network of yeasts, hyphae and pseudohyphae
(Hawser and Douglas, 1994; Chandra et al., 2001b). This mature biofilm is divided into
two distinct layers. A layer of tightly packed yeast cells in contact with the substratum,
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that seems to be important in anchoring the biofilm, and an overlying thicker, more
open, hyphal layer (Baillie and Douglas, 1999; Kuhn et al., 2002b). The confocal laser
scanning microscope has allowed a detailed observation of the structure of the living
biofilm to be observed, revealing a complex architecture comprising pedunculated
biofilm islands of multiple aggregated cells with interspersed ‘water’, or nutrient,
channels (Chandra et al., 2001b).

1.2.3 Salivary pellicle

Saliva is a unique feature of the oral cavity and it is the polarity of its solubilised
proteins, and those of the hard, non-shedding surfaces present in the oral environment
that are key to the spontaneous adsorption of salivary proteins to oral surfaces and the

formation of a salivary pellicle (Hannig and Hannig, 2009).

Saliva is composed of water and a variety of electrolytes, and proteins including
immunoglobulins, enzymes and mucins. These components are present in low
concentrations that vary with changes in salivary flow, and enable salivary functions
such as modulation of pH and antibacterial action, as well as microbial aggregation.
The parotid glands are the main producers of serous secretions that contribute most of
the secretion volume and electrolyte content to both stimulated and unstimulated saliva,
whereas the mucous secretions from the minor salivary glands, such as those found in
the palate and cheeks, are produced at a relatively constant rate but contribute most of
the mucins, immunoglobulins, and other proteins found in whole saliva (Humphrey and
Williamson, 2001).

Almost immediately after cleansing, a tooth, restoration surface or inserted dental
prosthesis, such as a denture, will develop a surface film via the selective adsorption of
salivary glycoproteins or mucins (Tabak et al., 1985). Depending on the contribution
from major and minor salivary glands, the pellicle will vary in protein composition and
therefore the adsorption pattern will vary (Jensen et al., 1992). This salivary pellicle
may act as a substrate lubricant, buffer or antibacterial barrier, but can also facilitate
microbial adhesion and biofilm formation by incorporating specific microbial adhesion
receptors such as mucin MG2, fibrinogen, lysozyme, proline-rich proteins and a-
amylase, and providing a short term microbial nutrient source (Douglas, 1994; Nikawa

et al., 1996; lontcheva, 1997). Within minutes of the formation of the salivary pellicle,
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it has been observed that single cells of colonising microbial species from the normal

oral commensals adhere to the film overlying the substratum.
1.2.4 Cell adhesion

The microbial biofilm, as a community of microorganisms may be single-species but is
more commonly comprised of multiple species that participate in complex inter- and
intra-species interactions. This interaction and communication can affect microbial
adhesion and enhance the survival of specific species and the biofilm community as a
whole. Cellular components and mechanisms specific to individual microbial species
modulate their interaction with other microbial species and the environment, and
instigate the chemical interactions with molecules within the environment that can lead

to adhesion.

C. albicans can exist in both yeast and hyphal forms in the oral cavity, although
planktonic cells are almost always in the yeast form, and initial surface contact is
mediated by both specific cell-surface protein interactions and non-specific physico-

chemical interactions such as hydrophobicity (Naglik et al., 2011).

1.2.4.1 Physico- chemical interactions

The polarity, hydrophobicity and hydrophilicity, of both the substrate surface chemistry
and saliva proteins can result in repulsive, or attractive forces between objects which
can interact over a distance of 10-50 nm. lonic and non-covalent electrostatic and acid-
base interactions will also occur but only over a short distance of less than 5 nm. Non-
covalent Van de Waals forces and Coulomb interactions will also impact on the
adsorption of salivary proteins to oral surfaces and can act over a significant distance of
up to 100 nm (Hannig and Hannig, 2009).

Some surface components of fungal cells have been identified as adhesins with a
specific affinity for epithelial receptors (Calderone and Braun, 1991) facilitating the
attachment of cells to the oral mucosa. At a molecular level, the adhesive forces
between adhesins and receptors will be a combination of various physico-chemical

interactions between atoms within the adhesin and receptor molecules.

Hard surfaces found in the oral environment can be both biotic (tooth structure) and
abiotic (restorative or prosthetic materials). These surfaces differ to the epithelial
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surfaces in that they are non-shedding and have characteristics specific to their

chemical composition including the surface free energy.

Characteristics of the substrate such as polarity, hydrophilicity and wettability modulate
the surface free energy and consequently the attraction and adhesion of the salivary

proteins and formation of the pellicle and microbal biofilm (Teughels et al., 2006).

In vitro studies also indicate that microbial adhesion onto materials used in dental
restorative procedures is very dependent on the surface roughness and hydrophobicity
of the material (Teughels et al., 2006). The formation of a salivary pellicle, however,
appears to have a masking effect, homogenising the characteristics of underlying
substrate surfaces, and reducing the influences of features such as surface roughness
and free surface energy (Gocke, 2002; Tanner et al., 2003). This subsequently
modulates the selective binding of bacteria to oral surfaces.

1.2.4.2 Cellular mechanisms

One to two hours following contact with host cells, almost all C. albicans yeast cells
switch to the hyphal morphology (Dalle et al., 2010). Hyphal-specific proteins Als3p
and Hwplp, members of the glycosylphosphatidylinositol (GPI) protein family found in
the C. albicans cell wall, have been shown to be key adhesins that bind to specific
epithelial cell receptors (Liu and Filler, 2011; Naglik et al., 2006).

Part of the hyphal wall protein Hwplp appears to be recognised by the host epithelial
cells as a suitable substrate for the enzyme transglutaminase and the resultant cross-
linked binding of C. albicans to epithelial cells appears to be irreversible. It is thought
that this covalent binding may have some bearing on the ability of C. albicans biofilms
present in the oral cavity to withstand the shear forces imposed by salivary flow (ten
Cate et al., 2009).

1.2.4.3 Surface characteristics

Early plaque formation is in part due to the mechanical retention of micro-organisms in
irregularities on tooth surfaces (Lie, 1979) with initial colonization of enamel shown to
start from the pits, grooves or abrasion defects in the surface (Nyvad and Ferjerskov,
1987).

Acrylic dentures and other restorative materials, like teeth, present as a non-shedding,

hard surface to which the oral biofilm can adhere, and the surface topography of these
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materials has been shown to affect the initial microbial adhesion (Nakazato et al.,
1989; Siegrist et al., 1991). When considering the surface roughness and its
effectiveness as protection from mechanical shear forces such as those caused by
salivary flow or oral hygiene practices, several factors have importance. The average
roughness (Ry) has been the most commonly reviewed, but the mean of maximal peak
to valley heights or ‘depth of defect’ of a surface profile and the ‘width’ or average
spacing between the profile peaks are also important in assessing the size of the

irregularities on a surface.

A literature review in 1997 concluded that particular dental restorative materials such
as gold, composite and acrylic (denture) resins, needed to be polished in specific ways,
for example relative to their hardness, microscopic structure and particle size, in order

to obtain a smooth surface (Bollen et al., 1997).

Considering denture acrylic, the initial surface roughness ranges from an R, of 0 um for
injection heat-polymerizing resin to 0.5 um for autopolymerised resin. Use of a
tungsten carbide bur, as per normal clinical protocol for denture adjustment, modified
the surface roughness of auto-polymerised resin to 3.99 + 1.14, and injection heat-
polymerizing resin to 2.86 + 0.69 um (Kuhar and Funduk, 2005). Normal lab protocol
is to polish with a paste consisting of loose abrasives, such as aluminium oxide-Al,Os3,
at 3000 rpm which gives an R, 0.02 £ 0.01 um for auto-polymerised resin, and 0.03 +
0.01 um (Kuhar and Funduk, 2005). Use of sandpaper has been assessed in only a few
studies with 400grit producing an R, of 0.75 + 0.02 um and a 1200 grit gave an R, 0.26
pm = 0.01 um for an undisclosed processing (Bollen et al., 1997). Following a study in
which the rate of microbial adhesion to implant abutments fabricated from machined
titanium (R, 0.2 pum) and ceramic (R, 0.06 pm) where there was a significant increase
in adhesion rate for surfaces with roughness over 0.2 um, but not for smoother surfaces,
it was proposed that a “surface roughness threshold” for microbial attachment could be

setat 0.2 um (Bollen et al., 1996).

It has been suggested that the influence of surface roughness over-rides that of the
surface-free energy. This was proposed following an in vivo study of plague formation
using resin strips glued to teeth (Quirynen and Bollen, 1995), the results of which were
that an increase in the surface roughness of the resin strips above an R, value of 2 um
resulted in a dramatic increase in the bacterial colonization in comparison to smooth

strips (Ra=0.12 pm).
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An in vitro study of C. albicans adhesion to denture acrylic investigated the effect of
surface roughness: from polished (mean R, value of 0.23 £ 0.17 um) to fine (1.82 +
0.57 pm) and coarse (3.53 + 0.7 um) on adhesion. It was found that after one hour
incubation with C.albicans cells the polished surface had only half of the surface
coverage by cells compared to the fine surface finish but there was no significant
difference between coverage of the fine and coarse surface finishes (Taylor et al.,
1998).

In another in vitro study, the presence of a salivary pellicle on C. albicans adhesion to
roughed denture acrylic was investigated. In this study the salivary pellicle caused a
reduction in adhesion of C. albicans to roughened denture material (Radford et al.,
1998), leading to the suggestion that the salivary pellicle somehow modified the

influence of surface roughness on microbial adhesion.

1.2.4.4 Environmental factors

Salivary flow does not occur evenly throughout the mouth, and may be altered further
by the presence of dental prostheses such as a maxillary upper denture, or implant
bridge. Of particular relevance to microbial colonisation is the peripheral extension of
the maxillary complete-denture prostheses, designed to enhance stability and create a
seal to aid retention, that effectively isolates the palatal mucosa from the natural
flushing effect and regulation of oral pH by the salivary flow from the parotid gland
(Humphrey and Williamson, 2001). The lack of salivary flow under the denture, as well
as the change to the environmental conditions (e.g. pH, nutrient availability), will affect

biofilm formation and development.

The degree of fungal adhesion to hard surfaces within the oral cavity may also be
modified by the adsorption of salivary components such as proteins and mucins onto
the cell surfaces of already surface-adhered bacteria (O’Sullivan et al., 2000) where
they may act as ligands for C. albicans and facilitate their attachment (Calderone and
Braun, 1991; Edgerton et al., 1993; Nikawa et al., 1993; Vasilas et al., 1992).

1.2.4.5 Interspecies interactions

Although there is a predominance of certain species in specific locations within the oral
cavity, such as Streptococcus sanguinis that colonizes only soft tissues, and Simonsiella
muelleri which is present predominantly on the hard palate, some species such as

Granulicatella adiacens, and Streptococcus mitis are common to all oral sites (Aas et
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al., 2005). In the dentate population the predominant bacteria cultivated from samples
of the palate are Streptococcus species (especially mitis), Gemella species (especially
haemolysans), Granulicatella species (especially elegans) and Neisseria spp. (Aas et
al., 2005). It was originally thought that the loss of teeth in the edentulous patient
would eliminate some bacteria from the mouth due to the lack of a suitable colonisation
site, but microbiological analysis has revealed the contrary. Both S. sanguinis and S.
mutans, although absent from the saliva of unrestored edentulous patients, return as
prominent components of the denture biofilm (Carlsson et al., 1969), and the
predominant microbe in palatal samples again is S. mitis which contributes over 13.5%
of the total microbial DNA in samples taken from edentulous subjects (Sachdeo et al.,
2008).

The pioneer species in the early colonisation of the salivary pellicle are primarily
Streptococcus species, specifically mitis, sanguinis and oralis which make up 60-90%
of the cultivated species (Nyvad and Kilian, 1987). These can metabolise carbohydrates
producing glucans that allow the direct adhesion of microbes to surfaces (Kolenbrander
and London, 1993). Although bacterial adhesion is initially weak and reversible it

becomes irreversible with time.

The interaction between the primary coloniser bacteria and yeasts has been suggested
as a modifying factor in the adherence of C. albicans, and the subsequent architecture
and behaviour of the biofilm (van der Mei, 2000). Inter-generic co-aggregation of oral
bacteria has been shown to involve protein-carbohydrate interactions and it is suggested
that the interspecies co-aggregation that occurs between C. albicans and bacterial
species may be a similar interaction (Jenkinson et al., 1990). Adhesion studies have
revealed that C. albicans is able to recognise polypeptides and cell wall polysaccharide
receptors characteristic of certain streptococcal families (Holmes et al., 1996). These
findings suggest specificity in the coaggregation of oral commensal microbes and an

interaction which is determined by recognition of complimentary surface components.

In vitro experiments have shown examples of this interspecies interaction with pre-
treatment of experimental substrate surfaces with either S. sanguis (now S. saguinis) or
Porphyromonas gingivalis proving to have an inhibitory effect on any subsequent C.
albicans cell adhesion, and adhesion is apparently enhanced when substrate surfaces
are ‘conditioned” with Escherichia coli (Nair and Samaranayake, 1996).
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Modification of the growth medium in studies of C. albicans and S. sanguis biofilm
formation have demonstrated that yeast cells subjected to glucose starvation have
increased coaggregation with streptococcal species including sanguis, gordonii, and
salivarius (Jenkinson et al., 1990).

The impact of oral bacteria on the formation of C. albicans biofilms is not always
favourable though, with Lactobacillus acidophilus, Actinomyces israelii and P.
gingivalis having a variable suppressive effect on C. albicans growth (Thein et al.,
2006).

With more than 50% of the oral microbial taxa recognised by DNA analysis being, as
yet, uncultivated (Aas et al., 2005) it is possible the even more complex interspecies
interactions exist within the oral biofilms that enhance and perpetuate the biofilm as a

community.

Oral infections such as denture stomatitis and angular chelitis have mixed-species
aetiology with both Candida and bacteria such as E. coli and Staphylococcus aureus
acting as co-infectors (Theilade and Budtz-Jgrgensen, 1988). Increased numbers of
yeast cells are present at the mucosal site of infection (up to 100 times that found on
healthy mucosae) (Theilade and Budtz-Jgrgensen, 1988) and there is a correlation
between increasing population size and disease severity. Therefore the concentration of
C. albicans cells within a biofilm is relevant to the initiation of the pathological
processes associated with disease (Cannon et al., 1995; Dalle et al., 2010).

1.3 Infection and host defence

Some oral pathologies, such as candidiasis, may arise from opportunistic infections.
The process that enables a normally benign commensal to become pathogenic to its
host is linked to the complex interaction between the C. albicans, host epithelial cells
and a reduced host tissue defence.

1.3.1 Clinical infection

A 2003 review described Candida -species as a major cause of hospital-acquired
(nosocomial) infection, and the US National Nosocomial Infections Surveillance
System ranked Candida as the fourth most common cause of bloodstream infection

(Douglas, 2003). Although infection caused by biofilms formed on surgically implanted
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devices, or as free forming plaques on damaged tissue such as heart valves is rare
(Donlan, 2002), they can cause serious, and sometimes fatal, consequences. Biofilm
contamination of dental prostheses in contrast, is frequent and has the propensity to
recur making it difficult to treat.

As C. albicans is present as a normal human commensal, it is necessary to quantify the
number of yeast present in order to diagnose a true Candida infection. Critical
quantities of C. albicans colony forming units (CFU) in unstimulated saliva have been
used to define the clinical categories of ‘carriers’ and infected individuals. A carrier is
defined as someone with < 400 CFU/mL unstimulated whole saliva who is culture-
positive only with no clinical signs or symptoms of candidiasis (Epstein et al., 1980).
Carriers are re-classified as having a chronic or acute infection if they have > 400
CFU/mL unstimulated whole saliva with a mean of ~1500 or ~3500 CFU/mL
respectively, and clinical signs that occur with, or without, symptoms being described
by the infected individual (Epstein et al., 1980).

C. albicans is associated with, and can be the cause of, a spectrum of oral cutaneous
lesions. The two most common forms of lesion are pseudomembranous, such as thrush,
which presents as cream coloured, soft and friable mucosal plaques, and erythematous,
for example denture stomatitis which is characterised by an area of mucosal erythema
sharply delineated by the fitted surface boundaries of the denture or oral appliance
(Cawson, 2008). Classification of Candida infection is according to the clinical
presentation as a primary, or associated oral candidiasis, or as secondary when there is
an oral manifestation of a systemic mucocutaneous candidiasis (Table 2). Primary
candidiasis is further classified into the clinical variants; acute or chronic
pseudomembranous (thick whitish coating); acute or chronic erythematous

(inflammation); chronic plaque-like; and nodular (Axell, 1997).
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Table 2. Classification of C. albicans oral infections

Infection Classification Examples
Primary oral Acute or chronic = pseudomembranous,
candidiasis erythematous
Candida- associated = hyperplastic, erythematous,
pseudomembranous

= e.g. denture stomatitis, angular
chelitis, median rhomboid

glossitis
Secondary oral Oral manifestations of a = e.g. thymic aplasia
candidiasis systemic mucocutaneous
disease

Examples of Candida-associated lesions include denture stomatitis, angular cheilitis,
and median rhomboid glossitis, with denture-induced stomatitis occurring in 11-67%
otherwise healthy denture wearers (Budtz-Jorgensen, 1974). Another group of
infections observed in the clinic, that may be classified separately, are the primary
keratinized lesions that are secondarily infected with C. albicans. Lichen planus is a
condition that lies within this classification, with 40% of cases having a secondary
infection with C. albicans. Of significance in this group is leukoplakia in which the
super-infection by C. albicans has been linked with the initiation of epithelial dysplasia,

and oral neoplasia (McCullough et al., 2002).

Tissue damage associated with C. albicans biofilms is the result of a distinctly-staged
process. Initial adhesion needs to occur with the formation of germ-tubes, active
penetration of tissue by hyphae and invasion via induced endocytosis occurs next,
followed by necrosis and apoptosis of host cells (Naglik et al., 2011; Wachtler et al.,
2011).

1.3.2 Candida invasion

The lack of epithelial penetration demonstrated by a hyphal-deficient mutant strain C.
albicans (Korting et al., 2003) indicates that, as with fungal adhesion, the hyphal

surface contributes to C. albicans virulence and pathogenicity.
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Contact between epithelial cells and C. albicans hyphae can trigger a response in both
cells that instigates the invasion of the oral tissues by C. albicans cells (Dalle et al.,
2010). This can be as an induced endocytosis by the epithelial cells leading to the
uptake of both viable and dead fungal cells into the epithelial cell (Naglik et al., 2011),
or a fungal-determined active penetration of the hyphae between or directly through the
epithelial cells (Naglik et al., 2011).

Endocytosis is a clathrin-mediated mechanism (Moreno-Ruiz et al., 2009), and its
induction is linked with several C. albicans cell proteins (Naglik et al., 2011) but
predominately by the interaction between host epithelial cell surface E-cadherin and
hyphal-specific Als3p (Phan et al., 2007). It occurs relatively early in the invasion
process, within 4 hours of contact (Villar and Zhao, 2010), compared to active
penetration, and internalization which occurs indiscriminately with both dead and vital
fungal cells (Dalle et al., 2010).

Active invasion of epithelial cells by fungal hyphae is suggested to be mediated by the
secretion of lytic enzymes by C. albicans, specifically aspartyl proteinases (Ray and
Payne, 1988). As it is a C. albicans-mediated process, it is likely that when a C.
albicans biofilm overlies dead or functionally inactive epithelial cells such as in the
stratified squamous epithelial layer of the oral mucosa, active penetration will still
occur, followed by induced endocytosis when the hyphae reaches the underlying viable
submucosal cell layer (Naglik et al., 2011).

Although mucosal invasion may be facilitated by secreted hydrolytic enzymes, hyphal
formation, and contact sensing, ultimately it is the host's immune competence that

determines whether clearance, colonization, or candidiasis occurs (Cannon et al., 1995).
1.3.3 Host defence

It has been suggested that the endogenous C. albicans population will proliferate to a
pathological level (see section 1.3.1) when host and environmental conditions allow
(Table 3. adapted from Odds, 1988), with evidence of a strong link between the level of

host immune competence.

In the oral cavity, specific salivary components and the mechanical surface flushing
created by the salivary flow provides an initial defence against Candida infection.

Salivary glands are exocrine glands and their secretions contain immunologic proteins
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including secretory IgA, 1gG, and IgM that provide defence by directly damaging

bacterial cells, and by aggregating or clumping micro-organisms inhibiting their

attachment to host tissues. By reducing the ability of microbes to adhere to oral surfaces

and reducing the bacterial population, fungal adhesion and subsequent colonization can
be controlled (McNabb, 1981; Humphrey and Williamson, 2001). The salivary glands

produce other secretions such as selected mucins, and peptides (e.g. histatins), which

also have antifungal activity (Odds, 1994).

Table 3. Factors that predispose for Candida infection

Predisposing Factor

Explanation

Example

Infection or disease

Antibiotic or
antibacterial,
immunosuppressive
therapy

Malnutrition,
malabsorbtion or dietary

Mechanical

Physiologic

infectious, idiopathic,
congenital or other
debilitating disease or
disorder

treatment that alters the
composition of endogenous
micro flora, or the host
immune response

excess or deficiency of
foodstuffs that alters the
host immune response, cell
reserve, microbial
environment

traumatic or environmental
damage, or change due to
the introduction of
prostheses

digression from normal
physiological state

compromised immunity,
endocrine dysfunction e.g.
Sjorgrens syndrome , cell
dysplasia e.g. lichen planus

antibiotics, corticosteroids,

immunosuppressants,
antidepressants

carbohydrate-rich diet, vitamin
deficiencies

dentures and maxillofacial
obturators, surgery

pregnancy, infancy, elderly

Host epithelial cells have been shown to have a pro-inflammatory response to C.

albicans cells in which the release of cytokines is dose-dependent and amplified by the

presence of fungal hyphae (Moyes et al., 2010). By recognising an alteration in the

normal commensal load of C. albicans, and the presence and increase in the burden of
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potentially cell damaging hyphae, oral epithelial cells initiate a direct host response to

C. albicans infection.

Particularly relevant to the denture-wearing population, the aging mucosa shows a
thinning of the epithelium and although there is an increase in collagen, there is a
decrease in keratin, ground substance, specialized nerve endings, and vascularity (Hill,
1984). These physical changes that occur as a natural result of aging decrease the
regenerative capacity and ability of the mucosa to resist injury and infection. This loss
of regenerative capacity may also occur directly or indirectly subsequent to mechanical

trauma, illness, disease or as a side-effect of pharmaceutical prescription (Odds, 1988).

It has been shown that host immune protection appears to be site-specific, and
resistance to C. albicans infection at one particular anatomical site doesn’t indicate an
overall immunity to the species (Calderone and Fonzi, 2001). T-cell immune responses
play an important role in protection against oropharyngeal, cutaneous and, perhaps,
vaginal infections, however resistance to systemic disease is more often associated with

a functional phagocytic response involving neutrophils or mononuclear phagocytes.
1.4 Antifungals and antifungal resistance

Infection by C. albicans usually responds to antifungal drugs if they are regularly
applied topically to the affected mucosa, and to the dental appliance, if any is worn
adjacent to the infected mucosa or, in cases of persistent infection, as a systemic
medication. Difficulties in patient management occur with infection under fixed
implant-supported complete denture prostheses where the option of repeated
application of a topical antifungal is not so easily achieved, and in the case of chronic

resistant infection.
1.4.1 Antifungals

There are relatively few drug targets that are specific for the fungus C. albicans, as
these organisms, like their human host, are eukaryotes. Antifungal agents used for the

treatment of systemic fungal infections are listed in Table 4.
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Table 4. Antifungal agents used for treatment of systemic fungal infections

Class Drug Mode of action Static/cidal*
Polyene amphotericin B affect cell membrane directly  fungicidal
nystatin
Azole inhibit synthesis of cell
membrane ergosterol
Imidazole miconazole fungistatic

ketoconazole

Triazole fluconazole fungistatic
itraconazole
posaconazole
voriconazole

Echinocandin caspofungin inhibit synthesis of cell wall ~ fungicidal to yeast,
micafungin B-1,3 glucan fungistatic to molds
anidulafungin

Fluoropyrimidine  5-fluorocytosin  inhibit synthesis of nucleic fungistatic
acid

* Whether the drug is fungistatic (inhibits fungal growth) or fungicidal (kills fungal cells)

There are contraindications for each drug type which may include side effects such as
hepatotoxicity (especially polyenes), drug interactions (e.g. voriconazole), and
restrictions in administration due to formulation (echindocandins) (Sable et al., 2008).
Fluconazole is a bis-triazole that works as an antifungal by binding and inhibiting
Ergllp, a cytochrome P50 enzyme 14a-lanosterol demethylase, vital in the biosynthetic
pathway of ergosterol. By inhibiting the biosynthesis of a major sterol in fungal cell
membranes, there is a resultant decrease in ergosterol content in the cell membrane, and
an accumulation of toxic ergosterol precursors, in particular 14-methylergosta-
8,24(28)-dien-3,6-diol, which inhibit cell growth (Akins, 2005). As ergosterol is not
present in animal cells this explains why azoles are relatively free from any serious host
toxicity. Unfortunately, azoles have the limitation of being only fungistatic, inhibiting
growth rather than killing fungal cells, and infection-related inflammation can relapse
2-4 weeks after treatment (Budtz-Jorgensen et al., 1988). Nevertheless, fluconazole is
the antifungal most commonly administered (Horn et al., 2009) and it has been

suggested that this widespread use of azoles has contributed to the development of
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significant drug resistance in some C. albicans strains reducing the drug’s therapeutic
efficacy (White et al., 1998a).

1.4.2 Antifungal resistance

As with bacteria, when C. albicans grows as a biofilm it becomes many times more
resistant to antibiotics than when in it grows planktonically —as a cell suspension in
liquid media (Chandra et al., 2001a; Donlan and Costerton, 2002). More concerning are
the data indicating that the antifungal resistance of C. albicans is a trend now starting to
be seen in populations other than the institutionalised patient who has a propensity to
suffer from chronic or recurring candidiasis (Pfaller et al., 2011). There have been a
number of suggestions for the mechanisms by which the biofilms increase microbial

resistance to antimicrobial agents (Table 5).

Table 5. Proposed modes of biofilm resistance to antibiotics.

Mode of resistance

o restricted penetration of drugs through the biofilm matrix (Seneviratne et al., 2008)

¢ phenotypic changes resulting from a decreased growth rate or nutrient limitation
(Donlan and Costerton, 2002)

e expression of ‘resistance genes’ induced by contact with a surface (Ramage et al.,
2002)

e target modification by mutation or enzymatic changes (Levy, 2004)

e target substitution (Levy, 2004)

¢ antibiotic modification or destruction (Bryers, 2008)

o expression of drug efflux pumps during the early phase of biofilm formation (Niimi,
2010)

e alterations in membrane sterol composition (Mukherjee et al., 2003)

e ‘persister’ cells responsible for resistance (Lewis, 2007)
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1.4.3 Azole resistance

1.4.3.1 Cellular mechanisms

The molecular mechanisms for azole resistance include over-expression, or mutation of
the drug target, a mutation in other components of cellular metabolism resulting in
altered drug degradation, or as a result of alteration in cellular transporter function
and/or membrane permeability. With C. albicans, the azole drug target, Ergl1p, can be
over-expressed, as can the major facilitator superfamily (MFS)- type transporter Mdr1p,
or the ATP-binding cassette (ABC) pumps (White et al., 1998a) (Fig. 2. from Niimi,
2004a ).

Bverproduction of the drug target ‘ l Altered drug target ‘ N,

Dru ®
g @ ®  rrG11

Point mutation
AERG3

Vacuolar
detoxification ?

[ﬂug efflux by ABC (Cdr1p and Cdr2p) or MFS (BenRp) transporters l

Fig. 2. Possible azole resistance mechanisms in C. albicans.

Molecular genetic studies suggest that azoles enter fungal cells by facilitated diffusion
and that high-level azole resistance is most often associated with an energy-dependent
drug efflux (Albertson et al., 1996; Cannon et al., 2009; Mansfield et al., 2010). This
mode of resistance has been further defined as an over-expression of plasma membrane

transporters, specifically the ABC proteins Cdrl and Cdr2 (Sanglard et al., 1996;
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Sanglard et al., 1997; Holmes et al., 2008) (Fig. 2). Genetically engineered strains of C.
albicans with CDR1, or both CDR1 and CDR2, genes deleted have increased
susceptibility to azoles, and it has been shown that Cdrlp contributes more to C.
albicans azole resistance than does Cdr2p (Holmes et al., 2008).

The increased antifungal resistance seen in early stage biofilms has been suggested as
linked to the expression of these ABC transporters (Mukherjee et al., 2003), and an
increase in metabolic activity of developing C. albicans biofilms (Chandra et al.,
2001a). The decrease in the ergosterol content of biofilm cells may also be of
significance in the resistance of C. albicans to azole antifungals (Mukherjee et al.,
2003).

1.4.3.2 Genetic factors

At the molecular genetic level, analysis of the antifungal phenotype of biofilms has
indicated that intrinsic cellular mutations lead to the development of a resistance
phenotype of Candida cells. It has been shown that mutations altering cellular
metabolic mechanisms have more influence on biofilm resistance than any biofilm-
associated factors (Ramage, 2002). Genetic resistance that arises from mutation may
manifest as a normal distribution of primary resistance levels within a population, or
there may be secondary, induced, mutations that occur after long-term exposure to an
environmental pressure such as antifungal drugs, where selective pressure results in the

growth of more resistant strains (Perumal et al., 2007).

The link between Candida azole resistance and an increased cell density (Perumal et
al., 2007) supports the theory that the increased antifungal resistance of biofilm
pathogens occurs primarily as a result of the increased probability of mutation that

occurs with the increased cell density.

1.4.3.3 Biofilms and microbial interaction

C. albicans cells growing in a biofilm show a ~ 100-fold increase in resistance to the
antifungal fluconazole (Chandra et al., 2001b). As indicated in Table 5, the increased
drug resistance seen in biofilm-associated microbes is considered to be associated with
properties of the biofilm matrix, altered cellular growth and metabolic rates seen in
biofilms, or by patterns in gene expression that are specific to the biofilm cell.

Although it has been observed that the presence of bacteria and bacterial matrix
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material in mixed C. albicans biofilms retards diffusion of the antifungal agents, as
does the matrix material in single species biofilms, it does not account fully for
acquired or increased drug resistance seen in biofilm C. albicans cells (Baillie and
Douglas, 1999; Al-Fattani and Douglas, 2004). It has also been suggested that the
binding of antifungals to biofilm matrix component $-1,3-glucan, found at elevated
levels within the biofilm, may account for the increased resistance to fluconazole seen

in C. albicans biofilms as compared to planktonic cellls (Nett et al., 2007).

Extracellular signalling molecules can modulate the behaviour of C. albicans through
direct cell-to-cell communication, or indirectly by secreted metabolic by-products and
extracellular molecules that are present within the biofilm. An example of this
‘quorum-sensing’ occurs when the mature biofilm, and aging planktonic C. albicans
cells, secrete farnesol which inhibits the morphological transition of C. albicans yeast
cells to the filamentous or hyphal form (Ramage, 2002). Secretion of compounds from
bacterial species within the biofilm also act in quorum-sensing cell regulation processes
that affect C. albicans (Hogan, 2004). By modifying the behaviour and morphological
transitions of C. albicans cells these messengers modify biofilm antifungal resistance
(Thein et al., 2006).

1.5 Overcoming azole resistance
1.5.1 Measurement of antifungal susceptibility

It is important to quantify the susceptibility of fungi to antifungal drugs in order to
guide antifungal therapy and evaluate the efficacy of drugs. The measure of fungal
susceptibility to a drug is the minimum growth inhibitory concentration (MIC). This is
the minimum concentration of a drug that will inhibit growth, typically in a liquid
(planktonic) culture. Measuring the resistance of fungal pathogens to drugs with a
standardized in vitro antifungal susceptibility testing protocol accepted by the Clinical
and Laboratory Standards Institute (formally the NCCLS), and the European
Committee for Antimicrobial Susceptibility Testing (EUCAST), has allowed for valid-
cross referencing of multicentre studies, and for the development of a library of MIC
values for a number of antifungal agents. This is extremely important when validating
new drugs, and in planning treatment of patients with fungal infections. Biofilm cells
are phenotypically different and numerically at a greater cell density than in the

standardised planktonic NCCLS assays. Therefore, for biofilm-related infections such
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as oro-pharyngeal candidiasis, there is limited correlation between in vitro liquid MIC
results and therapeutic outcomes. To enable a closer correlation, assays need to be
modified to include testing the drug susceptibility of the developing biofilm. A
commonly used model for in vitro testing is to use colorimetric assay of C. albicans
biofilm grown on the walls of a polysterene microtitre plate, or as sessile C. albicans
cells grown on substrate discs on the well-floor of micraotitre plates (Jin et al., 2003;
Nett et al., 2011a).

Crystal violet (CV; hexamethyl pararosaniline chloride), also known as Gentian violet,
is a triarylmethane dye that is taken into the cell nucleus and its intensity of colour is
proportional to the amount of dye taken into the cells. Assuming it penetrates all cells
equally, a relatively simple method to quantify the cell numbers within biofilm samples
is by measuring the colour subsequently released by stained cells. Although the CV
assay allows a quantitative measure of the cell density, staining cannot be used to
distinguish between healthy cells, cells that are alive but losing cell functions, and dead

cells.

Care must also be made when using optical density readings with regards to the pH of
the liquid culture or biofilm being tested as the colour of the dye is pH dependant.
When dissolved in water the dye has a blue-violet colour with an absorbance maximum
at 590 nm, but at a pH of 1.0 the dye is green with absorption maximum at 420 nm and
620 nm, and in a strongly acidic solution (pH of -1), the dye is yellow with an

absorption maximum at 420 nm (Adams, 1914).

Another way of measuring the susceptibility of C. albicans to drugs is to do viable cell
counts where cells are plated on solid media, incubated, and colony forming units
(CFU) counted. Although viable cell counts have problems with enumeration when
applied to biofilms due to the high variability of Candida morphological forms,
especially the presence of lengthy hyphae which give rise to only one colony when

cultured, they are still considered as a valid way of measuring antifungal susceptibility.
1.5.2 Chemosensitization

One way to overcome the azole drug resistance of C. albicans is to inhibit the drug
efflux pumps that reduce the intracellular azole concentration (Fig. 3. from Cannon et
al., 2009). This approach has been validated by the demonstration that the combination

of immunosuppressant FK506 with azoles was fungicidal for strains of C. albicans
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expressing CDR1 (Schuetzer-Muehlbauer et al., 2003). Modification of the calcineurin-
mediated stress tolerance of the C. albicans cells with the calcineurin inhibitor FK506
removes the growth dependence on plasma membrane efflux pumps such as those
encoded by CDR1 and CDR2. Similarly, a combination of cyclosporine A and
fluconazole has proven to be fungicidal to a fluconazole -resistant C. albicans strain
(Marchetti et al., 2000; Marchetti et al., 2003; Uppuluri et al., 2008).

Although these synergies have shown success in overcoming fluconazole resistance and
proved to be fungicidal to azole-resistant C. albicans strain, the effect of prescribing
immunosuppressants such as cyclosporine A or FK506 on an already
immunocompromised host could lead to unpredictable and undesirable clinical effects.
Reinstating the antifungal potency of the specifically targeted azoles is of considerable
interest as it potentially provides an ideal, low-risk, solution to the treatment of resistant
Candida infections in polypharmic, and severely debilitated patients such as the

immunocompromised.
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1.6 Efflux pump inhibitor RC21
1.6.1 Development of RC21v3

Within the Molecular Microbiology Laboratory (MML) of the Sir John Walsh Research
Institute there is a D-octapeptide combinatorial drug library. This library consists of
ocatpeptides chemically synthesised from D-amino acids to prevent degradation of the
peptides by human proteases thereby increasing their biological half-life when used in
animal infection models, or when applied to humans. The peptides have the general
formula: D-NH,-ABX3X,X;RRR-CONH, where A and B are two specified amino acids
and Xy, Xy, and X3 individually can be any one of 18 D-amino acids (cysteine and
glycine are not present for chemical synthesis reasons). The library is ordered into 324
(18?) peptide pools according to the possible combinations of the 18 amino acids in the
A and B positions. Within each pool there are theoretically 5,832 (18%) peptides due to
all possible combinations of 18 amino acids at the X3, X5, and X3 positions. This means
that the library potentially contains 1.89 x10° (18°) different D-octapeptides that can be
screened to identify peptides with particular properties. For example the library has
been screened in the MML to find inhibitors of Saccharomyces cerevisiae drug efflux
pump Pdr5p (Niimi et al., 2004b), S. cerevisiae plasma membrane ATPAse Pmalp
(Monk et al., 2005) and, more recently, C. albicans drug efflux pump Cdrlp (Niimi,
2012). The inhibitor of Cdrlp, octapeptide RC21, was modified to a more potent
derivative RC21v3 which is a highly specific inhibitor of the CaCdrlp-mediated
multidrug efflux pump in C. albicans (Niimi, 2012).

RC21v3 is able to chemosensitize C. albicans cells to fluconazole by inhibiting Cdrlp
(Fig. 4. courtesy R. Cannon). The observation that it doesn’t penetrate the fungal cell
suggests that it is less likely that RC21v3 will be degraded by intracellular
detoxification pathways and it has been proposed that it would remain biologically
active for some time (Niimi, 2012). Additionally, it has been shown that at
concentrations of up to 100 uM, RC21v3 has no deleterious effect on the viability of a
human epithelial or red blood cells (Niimi, 2012).
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Fig. 4. Synergistic action of the peptide derivative RC21v3 and antifungal fluconazole on C.
albicans.

Importantly, RC21v3 has been shown to be effective in combination with fluconazole
in overcoming azole-resistance in an animal model of candidiasis (Hayama et al.,
2012). Although RC21v3 has no antifungal activity by itself, there was a promising
dose-dependent enhancement of fluconazole activity that reduced both the clinical
symptoms of oral candidiasis in mice and the viable cell count for both resistant and

susceptible strains of C. albicans (Hayama et al., 2012).

Development of this peptide in combination with azoles would be of considerable
benefit to the prosthodontist in the treatment of patients with persistent Candida

infection under fixed or removable dental prostheses.

1.7 Research aims and hypothesis

1.7.1 Aims

Further studies are needed to confirm that the use of RC21v3 makes the fungistatic
azole fluconazole fungicidal. As it is azole-resistant C. albicans strains that have the
most clinical significance, the study will include both fluconazole-susceptible and

fluconazole-resistant C. albicans strain where the resistance is due primarily to

expression of efflux pump Cdrlp.

It is evident that oral candidiasis is linked to the development and growth of the

microbial biofilm. The behaviour of biofilm C. albicans cells and their morphology is
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different to planktonic cells, so to study clinically-relevant antifungal efficacy a biofilm
model must be used and the effect of RC21v3 in combination with fluconazole on

growth and viability of C. albicans biofilms developed on denture acrylic measured.

When using in vitro analysis of the behaviour of C. albicans with a view to
extrapolating the results to the dental patient, it is important to use a model that closely
resembles the biofilm associated with the disease that develops within the oral
environment. The common protocol for measuring biofilm growth uses acrylic discs
submerged in the wells of standard microtitre plates that are then incubated statically
(Kuhn, 2002a). Gravity and settling results in a layer of cells resting on top of the
substrate which is not representative of the oral environment where oral surfaces are
subject to the flow and forces associated with the movement of saliva. A suspended
substrate may more closely approximate the in vivo denture environment with agitation
during the assay mimicking the biodynamic movement of fluid in the oral cavity.
Therefore one of the aims of the study is to confirm that RC21v3 acts synergistically

with azoles to both inhibit growth and kill planktonic C. albicans isolates.

A clinically relevant substrate model will be developed to enable biofilms to be
transferred with minimal disturbance through the experimental stages. This novel
biofilm model will then be used to investigate the RC21v3 acts synergistically with

azoles to both inhibit growth and kill C. albicans isolates grown as a biofilm.
1.7.2 Hypotheses

The hypotheses underlying this study are that:

1. A modified biofilm growth assay involving suspended acrylic substrate can be
developed that will more closely mimic biofilms on denture surfaces and can be used to

measure the synergism of drugs against C. albicans biofilms;

2. RC21v3 will act synergistically with fluconazole to inhibit the growth of, and kill, C.

albicans planktonic cells; and

3. RC21v3 will act synergistically with fluconazole to inhibit the growth of, and kill, C.

albicans biofilm cells.
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2 Materials and Methods

2.1 Materials

2.1.1 Strains and growth media

Candida albicans

C. albicans strains used in this study are listed in Table 6. They include ATCC 10261, a
well-studied fluconazole-susceptible laboratory strain; MML610, a fluconazole-
susceptible clinical isolate; and MML611 a fluconazole-resistant isolate derived from
MML610 and chosen specifically as its resistance is due primarily to over-expression
of efflux pump Cdrlp (Holmes et al., 2008).

Table 6. C. albicans strains used in this study

Strain Phenotype Reference/source

ATCC 10261 Wild type laboratory strain American Type Culture
Azole-susceptible Collection

MML610 Azole-susceptible (Holmes et al., 2008; Marr,

2001), White, T. (Seattle, WA)

MML611 Azole-resistant (Holmes et al., 2008; Marr,
2001), White, T. (Seattle, WA)

Growth media

Cells were maintained on yeast extract peptone dextrose (YPD) agar plates containing
1% (w/v) Bacto yeast extract (Becton, Dickinson and Company, Sparks, MD, USA),
2% (w/v) Bacto peptone (Becton, Dickinson and Company), 2% (w/v) glucose and 2%

(w/v) agar at pH 5.5. Agar plates were stored at 4 °C until required.

Liquid susceptibility assay growth medium was made by dissolving 10.3 g of RPMI
1640, containing glucose 0.2% (w/v), from Sigma (St. Louis, MO) in 500 mL of water
and adding 0.165 mol (34.53 g) MOPS buffering agent ( 3-(N-morpholino)
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propanesulfonic acid, sodium acetate trihydrate, EDTA) from Sigma (St. Louis, MO).
The solution was adjusted to pH7 with addition of NaOH prior to the total volume

made up to 1 L with water before autoclave sterilisation.
2.1.2 Saliva

Whole saliva (14 mL) was collected from a healthy subject with no recent history of
medication or illness into a sterile universal glass bottle kept on ice. The saliva was
then centrifuged in a Corex glass centrifuge tube at 12,000 g at 4°C for 15 min to
remove oral microorganisms and debris. Portions of the supernatant (5 mL) were put
into fresh sterile universal glass bottles, and mixed with an equal volume of KCI buffer.
KCI buffer (1 L) was made up of solution A containing in 800 ml water: 0.27 ¢
KH2PO, (final concentration in complete buffer 2 mM), 0.46 g K;HPO, (final
concentration in complete buffer 2.6 mM) 0.373 g KCI (final concentration in complete
buffer 5 mM), pH 6.5 and solution B containing, in 200 mL water: 0.15 g CaCl,.2H,0
(final concentration in complete buffer 1 mM); solutions A and B were autoclaved

separately before mixing (Cannon et al., 2010).

One tablet of protease inhibitor (‘cOmplete mini’, EDTA-free Roche Diagnostics,
Germany) was then added to each 10 mL of diluted saliva prior to division into assay

aliquots and storage at -20°C until used (Ramage et al., 2004).
2.1.3 Chemicals

Antifungal

Fluconazole (FLC) was purchased from Pharmaceuticals Limited (Auckland, New
Zealand) at a stock concentration of 2 mg/mL and diluted in water to a working

concentration of 128 ug/mL.

RC21v3

D-octapeptide RC21v3, D-NH,-FFKWQRRR-CONH;[Mtr], (Niimi et al., 2012) was
manually synthesised, purified by high performance liquid chromatography (HPLC)
and characterized by mass spectrometry at the Centre for Separation Science at Massey
University (Palmerston North, New Zealand). The peptide was dissolved in dimethyl
sulfoxide (DMSO) and, as the peptide contained a single tryptophan, the concentration

was determined by measuring its absorbance at 280 nm (11.78 mM). For this series of
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experiments the concentration according to its absorbance at 280 nm was 12.9 mM
confirming the RC21 peptide as version 3 (RC21v3).

Acetic acid
10% (v/v: 5 mL glacial acetic acid (Merck, Darmstadt, Germany) in 45 mL distilled

water).

Crystal violet

0.5% (w/v) crystal violet (Sigma-Aldrich, St Louis, Missouri, U.S.A.) was dissolved in
water, filtered through a 0.44 um filter and diluted with distilled water to a final
concentration of 0.1% (w/v)

Live-dead BacLight stain

A Live-dead BacLight cell viability staining kit (Life Technologies, Auckland, New
Zealand) that includes the dyes SYTO-9 (green fluorescence) and propidium iodide (P1)
(red fluorescence) was used. Prior to use, fluorescent stains were dissolved in 30uL

dimethyl sulfoxide (DMSO) to give a concentration of 0.3% (w/v).
2.1.4 Biofilm substrate

To enable biofilm susceptibility testing, several substrate designs were developed to
identify a suitable model which was then investigated to assess reliability as an
experimental model (see results section pages 52-55).

Test substrates were fabricated from polymethylmethacrylate (PMMA), an acrylic resin
material used in the construction of denture bases. Conventional injection-moulding
processing techniques (vacuum flask and heat cure) were used with Vertex™ Regular

Crystal Clear dental acrylic (Vertex-Dental B.V., Zeist, the Netherlands).

Substrates were then polished with 400 grit sandpaper followed by 800 grit sandpaper
before decontamination by immersion in chlorine solution for 15min (as per removable
denture pre-delivery clinical protocols) using 2 x 500 mg tablets of anhydrous sodium
dichloro-1,3,5-triazinetrione (Guest Medical Ltd. Aylesford. U.K.) in 40 mL filtered
de-ionized (ultra-pure) water. Substrates were then stored in sterile ultra-pure water at

room temperature until needed.

42



2.2 Methods

2.2.1 Biofilm development

C. albicans cells from single colonies on YPD agar plates were used to inoculate 1 ml
RPMI 1640 (0.2% wi/v glucose) and incubated at 35°C, with agitation at 150 rpm for 18
h using a shaking incubator (Bio-Line, Edwards Instrument Company, Narellan, NSW,
Australia).

The concentration of cells was calculated by measuring the optical density at 600 nm
(ODego) using a spectrophotometer (Ultrospec 6300pro Amersham Biosciences, NJ,
USA), and diluted with standard RPM1 1640 to give a cell concentration of 1 x 10’
cells/mL (Seneviratne et al., 2009).

Prior to biofilm formation, acrylic substrates were re-sterilized by immersion in
chlorine solution (2 x 500 mg tablets of anhydrous sodiumdichloro-1, 3, 5-triazinetrione
(Guest Medical. U.K.) in 40 mL filtered de-ionized water) for 15 min followed by
quick immersion in absolute ethanol (100%) and brief flaming

Sterile substrates were pre-treated by submersion in 200 pL prepared saliva and
incubation at 37°C for 30 min. The saliva-coated acrylic substrates were then rinsed
with growth medium (RPMI 1640) before being suspended in the microtitre plate wells
containing 200 pL of RPMI 1640 inoculated with a standardized concentration of C.

albicans cells.

Initial incubation was at 37°C with agitation (150 rpm, shaking incubator) for 12 h to
create an even dispersion of cells through the medium and to ensure maximum contact
of the inoculum with the substrate. Then the substrate was transferred to microtitre
plates containing fresh growth medium (RPMI 1640 supplemented with 1.8% wi/v
glucose) where they were incubated with a more gentle agitation (50 rpm) (Nett et al.,
2011b). These aerobic, dynamic conditions were chosen to mimic the oral environment
and have been shown to modify and increase the biomass of C. albicans biofilms
(Thein et al., 2007)

The substrates were transferred to microtitre plate wells containing 200 pL fresh
growth medium (RPMI 1640 supplemented with 1.8% w/v glucose) every 24 h to

ensure a continuous nutrient supply for the developing biofilm.
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The growth of biofilms was assessed with the crystal violet assay at 12, 24, 36, 48, 60
and 72 h by transferring substrates to a fresh microtitre plate prepared for the

quantification assays (see section 2.2.4).
2.2.2 Liquid MIC susceptibility assay

Sterile 96-well, flat-bottom microtitre plates (Nunc, Thermo Fisher Scientific, North
Shore, New Zealand) were used for the liquid MIC determinations. The peripheral
microtitre plate wells contained 200 uL RPMI, to act as a negative no-drug, no-
inoculum control, and to help prevent desiccation of the inner microtitre plate wells

during incubation.

A two-fold dilution series of fluconazole was made in the growth medium RPMI 1640
(0.2% wi/v glucose) with thorough mixing of each dilution before transfer of 100 pL to
the new dilution series of wells (containing 100 pL RPMI 1640).

MIC assays for C. albicans strains were carried out in triplicate on the same microtitre
plate. C. albicans cell suspension (100 pL of 1 x 10* cells/mL) was added to the wells
in triplicate rows on the microtitre plate. One column of the microtitre plate contained
100 pL of the top concentration of fluconazole (20 pg/mL), and one column of the
microtitre plate contained no fluconazole, only growth medium (RPMI), thereby acting

as a positive cell growth control (Fig. 5).
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Fig. 5. Microtitre plate layout for liquid MIC assay.
A 2-fold dilution series of fluconazole was prepared in a microtitre plate to which a
standardised cell culture was added (@ RPMI only; @ FLC 10ug/mL top concentration).
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Microtitre plates were then incubated at 37°C with agitation (200 rpm) for 24 h. The
growth was measured with a spectrophotometer (ODgg) and the minimum growth
inhibitory concentration was recorded as the minimum concentration of drug resulting

in >80% growth inhibition relative to the no-drug control (MICg).

Minimum fungicidal concentrations were determined for wells with no visible cell
growth by taking 5 pL samples from these wells and plating them on YPD agar plates.
Plates were then incubated at 37°C for 24 h prior to counting the number of colonies
that grew (colony-forming units). The lowest drug concentration resulting in no growth

on the agar plate was recorded as the minimum fungicidal concentration.

The reading of growth in MIC assays was repeated at 48 h using a Synergy 2 (Biotek
Instruments Inc., Vermont, U.S.A.) microtitre plate reader and results recorded using
Gen5 Microtitre Data Collection Analysis software (Biotek Instruments Inc., Vermont,
U.S.A).

The MIC assay was repeated twice on separate days using fresh yeast cell suspensions.
2.2.3 Checkerboard liquid MIC susceptibility assay

A checkerboard assay was carried out using sterile 96-well, flat-bottom microtitre
plates to assess the susceptibility of C. albicans cells to drug combinations (Niimi et al.,
2012; Holmes et al., 2008).

Planktonic cell drug sensitivity assay

As with the liquid MIC assay, the peripheral microtitre plate wells contained 200 pL
RPMI 1640, to act as a negative, no-drug, no-inoculum control and to help prevent
desiccation of the inner microtitre plate wells during incubation. Aliguots (200 pL) of
RC21v3 (80uM) were distributed to 6 wells in column 11of the microtitre plate and a
two-fold dilution series (100 puL + 100 uL RPMI 1640) made horizontally, right to left,

with thorough mixing of each dilution.

Fluconazole LC, at a concentration of 40 pug/mL (for strains ATCC 10261, MML610)
or 160 pg/mL (for the strain MML611) was distributed to 10 wells in row B of separate
microtitre plates. A two-fold dilution series (100 puL + 100 uL RPMI 1640) was then
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made vertically in the growth medium with thorough mixing of each dilution before

transfer to the next row of wells in the dilution series (Fig. 6).

Portions (50 L) of the fluconazole dilution series were then transferred to the
corresponding wells of the microtitre plate containing the RC21v3 dilution series to
give a total volume of 150 pL (one row contained the top concentration of fluconazole
and one row contained no antifungal, one column of the microtitre plate contained 150
ML of the top concentration of RC21v3 and one column contained no peptide). Cells
suspensions were prepared for MIC assays and 50 pL of C. albicans cells (2 x 10*
cells/mL) was added to each well (excluding the peripheral wells). Plates were then
incubated at 37°C with agitation (100 rpm) for 48 h and the MIC was determined using
the Synergy 2 (Biotek Instruments Inc., Vermont, U.S.A.) microtitre plate reader to
measure the ODggo. Results were recorded using Gen5 Microtitre Data Collection

Analysis software (Biotek Instruments Inc., Vermont, U.S.A.).
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Fig. 6. Microtitre plate layout for checkerboard liquid MIC assay.

A 2-fold dilution series of fluconazole and RC21v3 was prepared in two separate plates and
then combined to make the checkerboard plate.

(@ FLC 10 pg/mL top concentration; @ RC21 20 pg/mL top concentration)

Biofilm cell drug sensitivity assay
For the biofilm assay the fluconazole dilution series (100 pL) was carried out using

supplemented RPMI 1640 (2% w/v glucose) before being transferred to the
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corresponding wells of the plate containing the RC21v3 dilution series, also carried out
in RPMI 1640 (2% wi/v glucose), to give a total volume of 200 pL (one row contained
the highest concentration of fluconazole and one row contained no antifungal, one
column of the microtitre plate contained 200 pL of the highest concentration of
RC21v3 and one column contained no peptide). Biofilms of a single C. albicans strain
were grown for 48 h on portable substrates before being added to the wells on the
checkerboard plate. Plates were then incubated at 37°C with agitation (50 rpm). At 24
and 48 h the MIC was determined using the crystal violet growth assay (see section
2.2.4) (Nett et al., 2011a).

2.2.4 Biofilm formation quantification using crystal violet

Biofilm formation was assessed through quantification of total biomass by crystal violet
(CV) staining. Biofilms were grown on substrates which were then transferred to the
CV assay microtitre plates. Biofilms were fixed by immersing the substrates in wells
containing 200 pL of 99% (v/v) methanol. They were removed after 15 min, and the
substrates and attached biofilms allowed to air dry at room temperature. The substrates
were then immersed in CV (200 pL) 0.1% (w/v) in the wells of a fresh mictrotitre plate
and incubated at 37°C for 20 min. The substrates and adhered biofilms were then
removed from the wells, gently washed by dipping (2 x) in sterile, ultra-pure water and
air dried. Dye was released from the stained biofilm by immersing the preparation in
microtitre wells containing 200 pL of acetic acid 10% (v/v) for 30 min. Substrates
were removed from the acid and the solution in the microtitre plate wells subjected to
agitation to mix the contents of each well thoroughly before the absorbance of the
resultant solution was measured in a Synergy 2 (Biotek) microtitre plate reader at ODsg
(Adams and Rosenstein, 1914). Results were recorded using Gen5 Microtitre Data

Collection Analysis software.

When comparing biofilm MIC results between strains or to the initial planktonic assays,
the 48 h incubation period required to establish the biofilm prior to the checkerboard
assay means that the extent of the biofilm when drugs are added may vary from
experiment to experiment. Triplicate assays were carried out to reduce the error

associated with variation in biofilm size.
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2.2.5 Confocal microscopy

Non-invasive examination of the biofilm as a three-dimensional structure, was made
using the Live-dead BacLight cell viability staining kit (Life Technologies), with
SYTO-9 remaining within the metabolically active cells as a green fluorescence, and
propidium iodide (PI) cancelling out the SYTO-9 in non-viable (dead) cells thus
staining the cells red. The fluorescence of the stained biofilm was recorded with
confocal microscopy. Following biofilm formation and exposure to fluconazole and/or

RC21v3, or neither drug, selected biofilms were prepared for confocal examination.

Adhered biofilms were dipped sequentially three times in fresh PBS to remove traces of
growth medium (da Silva et al., 2010).

In a dark-room each fluorescent stain was dissolved in 3 mL dimethyl sulfoxide
(DMSO) to give a concentration of 0.3% (w/v) before equal volumes (100 pL) were
combined in the wells of a fresh microtitre plate and mixed thoroughly. Biofilms were
transferred to the wells and the plates were covered with aluminium foil to exclude UV-
light. The plates were incubated at 37°C for 20 min, followed by sequential washing
three times in RPMI (0.2% glucose) before confocal microscopy. Safety precautions

were taken to avoid operator exposure to the dyes (Seneviratne et al., 2009).

Visualisation of the fluorescently stained biofilm was by confocal laser scanning
microscopy (Zeiss LSM 710; Carl Zeiss Microscopy GmbH, Carl Zeiss, Jena,
Germany. Software: Zeiss ZEN 2009, running on Windows Vista) undertaken in the
University of Otago Centre for Confocal Microscopy using a 10 x PlanApo 0.45 NA
objective lens and rhodamine-fluorescein iso-thiocyanate protocol with excitation at
488 nm (argon laser), with an emission range of 493-541 nm (live) and 585-656 nm
(dead) beam-splitting. Biofilms were assessed with a dry lens to reduce distortion to the

biofilm that would occur with a slide cover.

A series of images were obtained over 60 um in the z axis (cuts of 3.59 um) for a three

dimensional view of the biofilm.
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3 Results

3.1 Susceptibility of planktonic C. albicans cells to fluconazole and to
RC21v3

3.1.1 Aim

With denture-induced stomatitis occurring relatively frequently in denture wearers,
often as a recurrent or persistent infection, candidiasis is of importance to the dental
clinician. The aim of this set of experiments was to carry out the standard liquid MIC
protocol to test the hypothesis that RC21v3 works synergistically in combination with
the azole fluconazole to reduce the number of viable cells in planktonic cultures of both

azole-resistant and azole-susceptible C. albicans strains.
3.1.2 Results

The fluconazole MICg for Candida strain MML611 was 20 pug/mL, which was 32-fold
higher than that for the control azole-susceptible strains ATCC 10261 and azole-
susceptible clinical isolate parental strain MML610 (MIC = 0.625 pg/mL) (Table 7).

Table 7. Susceptibility of C. albicans strains to fluconazole (FLC) by liquid MIC

Strain MICg (ug/mL)*
ATCC 10261 0.625
MML610 0.625
MML611 20

* The experiment was carried out three times and the MIC results are from a representative
experiment. The MIC values for the three separate experiments did not vary more than one
doubling dilution.

The fluconazole MIC data for all C. albicans strains showed partial inhibition, or
trailing growth, at high drug concentrations of 15-20% of the no-drug controls (Fig 7).

Preliminary assays using a greater range of concentrations of fluconazole (64 pg/mL)
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showed that the trailing growth of the ATCC 10261 strain persisted up to at least 64

pg/mL.
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Fig. 7. Fluconazole liquid MIC profiles for three C. albicans strains.
Blue line, ATCC 10261; red line, MML610; green line, MML611. Cell density (ODgq) Was

measured after incubation at 37°C for 24 h

Susceptibility of the C. albicans strains to RC21v3 was also tested using the same
liquid microdilution method. The results of these assays indicated that RC21v3 alone

(up to 40 uM) did not have a significant effect on cell growth of any of the strains
tested (Fig. 8; Table 8).
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Fig. 8. Effect of RC21v3 on the density of three C. albicans strains.
Blue line ATCC 10261; red line MML610; green line MML611. Cell density (ODgq) Was

measured after incubation at 37°C for 24 h
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Checkerboard liquid MIC assays were carried out to see if RC21v3 acted
synergistically with fluconazole to inhibit the growth of C. albicans. The results of the
checkerboard planktonic MIC assays showed that in the presence of 20 — 80 uM
RC21v3, the trailing growth of ATTC 10261 (Fig. 9A) and MML610 (Fig. 9B) was

completely eliminated and fluconazole became fungicidal.

The fluconazole -resistant isolate MML611 demonstrated a significant reduction in
growth in the presence of 10 — 80 uM RC21v3 (Fig. 9C), and fluconazole proved to
have a fungicidal effect with RC21v3 eliminating the trailing growth of MML611 as

was seen with the fluconazole-susceptible strains.

The interaction between fluconazole and RC21v3 was assessed using the fractional
inhibitory concentration index (FICI), which is calculated by the following equation:
FICI = FIC (fractional inhibitory concentration) of compound A + FIC of compound B,
where the FIC of A is defined as the MIC of A in combination with B, divided by the
MIC of A alone, and the FIC of B is defined as the MIC of B in combination with A,
divided by the MIC of B alone. The FICI values can then be used to classify the
interaction between drugs A and B. Synergistic interactions give FICI values < 0.5,
antagonistic interactions give FICI values > 4.0, and if there is no interaction between
drugs A and B the FICI values lie between 0.5 and 4.0 (Odds, 2003).

Table 8. Drug interaction relation between FLC and RC21v3 for C. albicans planktonic cells

FLC MIC (pg/mL) RC21v3 MIC (uM)
Strain Alone Combined FIC* Alone Combined FIC FICI**
ATCC 0.625 0.625 1 >80 20 <0.25 <1.25
10261
MML610 0.625 0.625 1 >80 20 <0.25 <1.25
MML611 20 25 0.125 >80 20 <0.25 <0.375

* The fractional inhibitory concentration
** The fractional inhibitory concentration index
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FICI calculations showed that when fluconazole and RC21v3were co-administered to
C. albicans strain MML611 they acted synergistically, whereas there was no obvious
synergy observed between the two compounds when applied to fluconazole-susceptible
ATCC 10261 or MML610, although trailing growth was eliminated (Table 8).

3.2 A novel in vitro biofilm model

321 Aim

The aim of this set of experiments was to design an experimental substrate that will
support a reproducible biofilm similar to that grown on dentures in vivo. The
experimental system is hypothesised to be more user-friendly than the conventional
microtitre plate well-floor model and should protect the biofilm during experimental

procedures preserving the fragile biofilm architecture for confocal analysis.
3.2.2 Results

To ensure relevancy to the clinical situation, the commonly used dental restorative
material Vertex™ Regular Crystal Clear PMMA was chosen for the construction of the

biofilm substrate.

To ensure ease of manufacture, the fabrication of substrates was kept simple by
employing conventional injection-moulding processing techniques (vacuum flask and
heat cure) that are used in the construction of denture bases. Substrates were then
polished to a uniform finish with 400 grit sandpaper followed by 800 grit sandpaper
only so as to mimic an older denture and to preserve some surface roughness (> 0.2

pm) to ensure cell adhesion and biofilm development.

For the trial models a wax template made using an impression of a form invested in
stone prior to casting in PMMA. Once the trial had identified the optimal form, a metal

template was cut to ensure uniform duplication of the substrate.
When designing the optimum form, a number of features were considered.

It was decided to use a suspended, vertical substrate rather than discs on the bottom of
wells employed in other assays. This ensured that any non-adherent cells would not be
incorporated within the biofilm as they would have fallen to the floor of the microtitre

well during incubation periods. This was important as it meant the biofilm would be
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composed of strongly adherent cells, as will occur with in vivo biofilms. This design
also precluded the damage that could be caused by washing the biofilm to eliminate any
non-adherent cells that are required for other protocols. Another feature of the
suspended substrate is that biofilm will form on all sides of the ‘flag’, whereas with
discs on the bottom of wells the base does not support biofilm growth as it is in contact

with the floor of the microtitre well.

The design also provides a large surface area available for the formation of the C.
albicans biofilm. A number of shapes were considered, a cone (Fig. 10A) or cylinder
within an assay well provided the largest surface area, but they were difficult to process
to a standard shape. Therefore a flat form was chosen. This proved to be the best shape
for a number of reasons. It was much easier to fabricate, duplicate and finish to
uniformity than other shapes. The flat surface also allowed the use of microscopy to

visualise the biofilm architecture.

i depth 10 mm

circumference base 5 mm,
apex 2 mm

cross-sectional view in well

Fig. 10. Prototype models of acrylic subject for in vitro biofilm formation.
A, the conical design; B, two-piece cross-tab design.

When considering the biofilm assay procedure, the substrate must only cause minimal
disruption to the fluid movement that mimics the oral fluid flow and distributes the
cells to the substrate surface during the attachment phase. Some of the form designs,

such as the conical design (Fig. 10A), were discarded because trial immersions carried
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out in the standard 96-well microtitre plates to be used in the biofilm assays indicated
that there was insufficient space around the form for the experimental fluid volumes.
The two-piece individual cross-tab design (Fig. 10B) had a large surface area, but was
discarded because it impeded fluid flow around the form, and was also more difficult to

fabricate.

Standard biofilm growth and analysis protocols require the movement of the biofilm
through multiple steps and different solutions. Therefore another consideration was

whether substrates could be linked together so that several biofilms could be moved
through the various solutions at the same time. This would also help minimise

disturbance of the biofilms.

A T
9 mm
N
B

1 mm thickness

Fig. 11. Multiple ‘flag’ model chosen for in vitro biofilm formation assays.
A, Acrylic assay substrate; B, Metal template

A “flag” model was therefore developed with several flags of acrylic linked together in
a strip (Fig. 11). The bar at the top suspended the flags in the microtitre plate wells, so
they did not touch the well bottom and the biofilm assay liquid extended 4 mm up the
acrylic flag. This gave each flag a surface area of 53 mm? on which the biofilm could
form. This design was adopted as it gave a large surface area for biofilm growth
without restriction of fluid flow or volume and six biofilms could be assayed
simultaneously. The bar at the top proved to be an efficient means to transfer the
biofilms through the experiment stages with minimal disturbance (Fig. 12). The bar was
narrow enough, however, to still allow the microtitre plate lid to fit and maintain

sterility within the microtitre plate (Fig. 12B).
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A B C

Space between substrate and
well wall 0.72 mm, floor3.2 mm

Fig. 12. Multiple ‘flag’ model suspended in a 96-well microtitre plate.
A, view from superior angle; B, from side and C, from directly above the plate.

3.3 C. albicans growth

331 Aim

The aim of this series of experiments was to optimise C. albicans biofilm formation on

the multiple flag substrate.
3.3.2 Results

3.3.2.1 Disinfection procedure
Both the saliva and substrates are possible sources of microbial contamination. In order
to remove microorganisms from saliva and the substrate, the following treatments were

performed and microbial contamination was tested.

Whole saliva was collected and centrifuged at 12,000 g at 4°C for 15 min to remove
oral microorganisms and debris. Approximately 5mL aliquots of the supernatant were
transferred into fresh sterile universal glass bottles, and mixed with an equal volume of
100 mM KCI buffer (see section 2.1.2) before storage at -20°C until used.

Two substrate disinfection procedures were tested: 10 min immersion in absolute
ethanol followed by brief flaming; and 10 min chlorine treatment as per technician
denture disinfection protocols, NZDA Code of Practice 2008, using 2 x 500 mg tablets
of anhydrous sodiumdichloro-1,3,5-triazinetrione [Guest Medical U.K.] in 40 mL
filtered de-ionized water). Following sterilisation, substrates were tested for microbial

contamination by incubation for 48 h in RPMI medium followed by the CV assay.
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The CV assay showed minimal growth of microorganisms when the substrate was
treated with either, ethanol and brief flaming (ODggo 0.028 - 0.046), or with chlorine
(ODgpp 0.073 - 0.08) prior to 48 h incubation in RPMI.

It was decided to use both substrate disinfection methods to minimise the risk of
contamination. Chlorine was used prior to storage in sterile ultra-pure water, and
substrates were further disinfected with ethanol and brief flaming prior to pre-treatment

with saliva.

Sterilized substrate flags were pre-treated with saliva and then incubated in 200 pL
RPMI (0.2% glucose) at 37°C for 60 h. There was no microbial growth in the RPMI

medium indicating that the saliva was sterile.

3.3.2.2 Effect of saliva pre-treatment of substrate on biofilm formation.

Biofilm formation of C. albicans ATCC 10261 on the substrate was quantified using
the CV biomass assay using biofilms formed with and without pre- treatment of the
substrate with saliva. It was found that after 48 h the substrate pre-treated with saliva

had higher biofilm mass than the untreated substrate (Fig. 13).

Cell density (ODsoq)

80

Time (hrs)

Fig. 13. Effect of saliva pre-treatment of substrate on biofilm formation.

The biofilm formation on six flag substrates with or without pre-treatment with saliva prior to
immersion in RPMI medium containing C.albicans ATCC10261 at 1 x10’cells/mL was
measured with the CV assay;

Red trend line, without saliva; Blue trend line, with saliva.
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It was decided, therefore, to include pre-treatment of the substrates with saliva in the
experimental protocol not only to generate larger biofilms, but to also mimic more
closely the in vivo clinical situation where dentures are quickly coated with salivary
pellicles. The nature of the C. albicans biofilm that developed on saliva-coated

substrate was investigated by CV staining (Fig. 14).

EELT S

Fig. 14. Crystal violet staining of biofilm formed on the surface of the multiple ‘flag’ substrate
C. albicans ATCC 10261biofilm (arrow) after 48 h incubation in RPMI medium.

The CV staining revealed that the biofilm was not confluent across the flags and instead
was clumped. This indicated that there may have been insufficient growth over the 48 h
incubation and the possibility of improving biofilm growth by increasing the glucose

concentration in the growth medium was investigated.

3.3.2.3 Effect of glucose concentration in growth medium on biofilm formation.
The growth medium often used for biofilm formation, RPMI, is nutritionally poor with
only 0.2% (w/v) glucose. Such a low concentration of soluble carbohydrate doesn’t
accurately reflect the oral environment where there is regular exposure to soluble
sugars. Also biofilm formation in RPMI (0.2% glucose) was insufficient for subsequent
experiments to measure the effect of drugs on the inhibition of biofilm growth (Fig.
15A). To improve the relevance to in vivo biofilms and to facilitate greater biofilm
growth, the RPMI growth medium was supplemented with glucose to give a final
concentration of 2% (w/v). In addition, the substrate flags were transferred to fresh
RPMI (2% glucose) after the 12 h cell adhesion period, then each subsequent 24 h to
provide optimal growth conditions. These conditions resulted in increased biofilm
growth, especially for strain ATCC 10261 (Fig. 16).
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Fig. 15.Effect of RPMI glucose concentration on biofilm formation.
The biofilm formation on substrate in media inoculated with 1 x 10 cells/mL and different

concentrations of glucose was measured with the CV assay. The values represent the means +
SD of three separate experiments.
A. RPMI with 0.2% glucose, B. RPMI with 2% glucose (RPMI plus additional 1.8% glucose).

Blue trend line ATCC 10261; red trend line MML610; green trend line MML611.

3.3.2.4 Strain variation in biofilm formation.

Of the three C. albicans strains tested, ATCC 10261 formed the most consistent, and

greatest biofilm mass over the sample substrates when dyed with CV (Fig. 16), and this

strain was selected for further study.
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Fig. 16. Biofilm formation of three C. albicans strains determined with CV assay.
A, ATCC 10261; B, MML610; C. MML611. Initial inoculum was 10’cells/mL. The values
represent the means = SD of three separate experiments.

3.3.2.5 Effect of inoculum cell concentration in the adhesive phase of the assay on

subsequent biofilm formation.
The effect of changing the concentration of cells of C. albicans ATCC 10261 in the

initial adhesion phase of the assay on subsequent biofilm formation was tested. It was
found that at least 1 x 10° cells/mL were required for biofilm formation (Fig.17).

However, an inoculum concentration of 1 x 10’ cells/mL in the adhesion phase gave the
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most reproducible, and extensive, biofilm formation, and this inoculum concentration

was used in subsequent assays.

Cell density {CODsg0)
Cell density {CODsg0)

Time (hrs)

Cell density {CODsg0)
Cell density (ODs9q)

0.05 1

Time (hrs)

Fig. 17. Effect of initial cell concentration on subsequent biofilm formation.

Biofilms formed from ATCC 10261 cells at the following inoculum concentrations in the
adhesion phase of the assay. A, 10"cells/mL; B, 10° cells/mL; C, 10° cells/mL; D, 10* cells/mL.
Growth medium was replenished after the 12 h cell adhesion period, then each 24 h.

3.4 Antifungal susceptibility of C. albicans biofilms

341 Aim

The susceptibility of the C. albicans biofilms developed in section 3.3.2 to fluconazole
in the presence or absence of RC21v3, and whether the combination of RC21v3 and
fluconazole is fungicidal for biofilm cells will be determined quantitatively using the

CV staining method.
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3.4.2 Results

3.4.2.1 Determination of the MIC of FLC for C. albicans biofilms

Substrates were sterilized (see section 3.3.2.1) before pre-treating with clarified saliva
at 35°C for 30 min. After rinsing with fresh RPMI, the substrates were suspended in
microtitre plate wells containing 200 pL of ATCC 10261 cell suspension (1 x 10
cells/mL in RPMI containing 2% (w/v) glucose; RPMIG).

Initial incubation was at 35°C with agitation at 150 rpm in a shaking incubator (Bio-
Line, Edwards Instrument Company) for 12 h to maintain an even dispersion of cells
through the medium and to ensure maximum contact with the substrate for adhesion
before transfer of the substrate to microtitre plates containing fresh RPMIG. The
substrates were then incubated under a more gentle agitation at 50 rpm (Nett et al.,
2011b).

After 48 h incubation, substrates were transferred to a new plate containing fresh
RPMIG with or without fluconazole. Four separate plates were prepared to contain
different concentrations of fluconazole to determine a biofilm MIC. Plate 1 was a no-
drug control, plate 2 contained fluconazole at 1/4 MIC (0.156 pg/mL: determined from
planktonic MICs — Table 7), plate 3 contained fluconazole at the MIC (0.625 pg/mL)
and plate 4 contained fluconazole at 4 x MIC (2.5 pg/mL) to enable determination of a
concentration appropriate for biofilm chemosensitization assays.

Biofilm growth was quantified with the CV assay at 12, 24, 36, 48, 56 and 72 h time

points.

Results

There was a dose-dependent response of biofilm growth to fluconazole (Fig. 18). After
12 h exposure to the antifungal, a fungistatic effect could be seen at fluconazole
concentrations of 0.625 pug/mL and 2.5 pg/mL. This decrease in growth became an
almost complete biofilm eradication at the highest fluconazole concentration (2.5
pg/mL), but at a fluconazole concentration of 0.625 pg/mL the biofilm growth
appeared to recover after 24 h exposure to the antifungal (Fig. 18). It was evident that a
fluconazole concentration of 0.156 pg/mL was sub MIC and had a minimal effect on
biofilm growth. This concentration of fluconazole was therefore selected to determine
whether RC21v3 would have a synergistic effect on biofilm growth by checkerboard
CV assay and for confocal microscopy analysis.
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Fig. 18. Effect of FLC on C. albicans ATCC 10261 biofilm growth.

Initial cell inoculum was 1 x 10” cells/mL. Growth medium was replaced at 12, 36, 48 and, 72 h
time points, and FLC was added at 48 h (indicated by vertical arrow). Blue line, no FLC
added; red line, 0.156 pg/mL FLC added; green line, 0.625 pg/mL FLC added; purple line, 2.5
pg/mL FLC added.

3.4.2.2 Effect of fluconazole and RC21v3 on C. albicans biofilms

The previously optimised biofilm growth protocol was used to generate C. albicans
ATCC 10261 biofilms on flag substrates.

After 48 hr incubation, substrates were transferred to a new microtitre plate that had
been prepared as follows. The peripheral microtitre plate wells contained 200 uL
RPMIG to help prevent desiccation of the inner wells during incubation. RC21v3 (top
concentration 80 uM) was distributed to 6 vertical wells of the microtitre plate and a 2-
fold dilution series was made horizontally in RPMIG with thorough mixing of each
dilution (final volume 100 pL). Fluconazole (top concentration 40 pg/mL) was
distributed to 10 horizontal wells of a separate microtitre plate, and a 2-fold dilution
series was then made vertically in RPMIG with thorough mixing of each dilution before
transfer to the next row of wells in the dilution series.

For the chemosensitisation assays, the fluconazole dilution series (100 pL) was
transferred to the corresponding wells of the plate containing the RC21v3 dilution
series to give a total volume of 200 pL (and combination of the two drugs). Substrates

with adhered biofilms were transferred to this assay plate. The plate was then incubated
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at 37°C with gentle agitation (50 rpm) and the medium changed after 24h. The MIC
was determined at 24 h and 48 h using the CV assay.

Results

The results are given as a mean of three separate experiments which showed minimal
variance of not more than 5% (Fig. 19). C. albicans cells growing as a biofilm were
shown to be more resistant to fluconazole than planktonic cells in agreement with the
literature (Chandra et al., 2001a). The MIC of FLC for ATCC 10261 biofilms was
greater than 10 pg/mL, which was 16-fold higher than for planktonic cells (Fig. 19;
Table 7).

Cell density (ODsg)
Cell density (ODsgq)

FLC ml,
FLC (sgial) (ug/mL)

Fig. 19. Biofilm checkerboard assay to investigate the interaction between RC21v3 and FLC on

C. albicans ATCC 10261.
A, density measured after 24 h and B, 48h.The results are given as a mean of three separate
experiments which showed a variance of not more than 5%.

Allowing for the variation in adhered biofilm and small sample size, RC21v3 seems to
enhance the antifungal effect of fluconazole on C. albicans in a biofilm.

The results of the checkerboard assays after 24 hr showed that in the presence of
RC21v3, the C. albicans ATCC 10261 biofilm became chemosensitized to fluconazole.
Fluconazole at concentrations of 2.5 - 10 pg/mL showed a significant inhibitory effect
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on biofilm growth in the presence of RC21v3 at concentrations of 20 uM and above
(Fig.19A). Prolonged exposure of the biofilm to fluconazole and RC21v3 (48 h Fig.
19B) produced inconsistent results (Fig. 19B).

The FICI was calculated from the checkerboard MIC data (Table 9). There was a
synergistic interaction between RC21v3 and FLC against C. albicans ATCC 10261
biofilms, as the FICI was <0.5 (Table 9).

Table 9. Drug interaction relation between FLC and RC21v3 against C. albicans ATCC 10261
biofilms

FLC MIC (ug/ml) RC21v3 MIC (uM)

Alone Combined FIC Alone Combined FIC FICI
>10 25 0.25 >80 20 <0.25 <0.5

FICI was calculated using 24 h results.

3.4.2.3 Confocal visualisation of C. albicans biofilms

Confocal microscopy was used to enable preliminary non-invasive investigation of the
biofilm formed on the flag substrate as a three-dimensional structure. Live-dead
BacL.ight cell viability staining (Life Technologies) was used, in which SYTO-9
remained within the metabolically active cells as a green fluorescence, and propidium
iodide (PI) cancelled out the SYTO-9 in non-viable cells staining the cells red.
Following biofilm formation and exposure to fluconazole alone (10pg/mL), RC21v3
alone (80 uM), or a combination of fluconazole and RC21v3 (10 pg/mL and 80 uM
respectively) for 24 h, representative biofilms from each treatment group and a no drug
control were subjected to confocal examination.

Adhered biofilms were washed in PBS to remove traces of growth medium (da Silva et
al., 2010) and prepared for confocal microscopy (see section 2.2.4)

Confocal microscopy of the fluorescently stained biofilm was carried out to give a
series of images obtained over 60 um in the z axis for a three dimensional view of the
C. albicans ATCC 10261 biofilm.
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Fig. 20. C. albicans ATCC 10261 biofilms stained with propidium iodide (PI) and SYTO-9
fluorescent dyes.

A, no drug control; B, biofilm exposed to 10 pug/mL FLC; C, biofilm exposed to 80 uM RC21v3;
D, biofilm exposed to the combination of 10 pg/mL FLC and 80 uM RC21v3. Composite z’
axis stack of live/dead imaging is shown.

Results
The live/dead imaging of propidium iodide (PI) and SYTO-9 fluorescent stains

provided a visual image of the biofilm following various drug exposures (Fig. 20).

Exposure to the combination of fluconazole (10 pg/mL) and RC21v3 (80 uM) resulted
in a dark biofilm image (Fig.20D). This dark colour may indicate damage to the matrix
and biofilm structure resulting in a decreased uptake of both fluorescent dyes. Exposure
to either fluconazole (10 pg/mL) or RC21v3 (80 uM) resulted in a modification of the
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biofilm structure (Fig 20B and C), with the fluconazole-exposed biofilm appearing as
small colonies well distributed over the substrate but definitely aggregating in the
substrate surface irregularities caused by finishing techniques (Fig. 20B). The biofilm
exposed to RC21v3 appears to have developed more into clumps of cells surrounded by
a very thin, unstructured matrix (Fig. 20C) compared to the biofilm not exposed to any
drug (Fig. 20A).

Although it was thought that the concentrations of both fluconazole and RC21v3 used
in the assay were below the MICs for the C. albicans strain chosen, there still appeared
to be some effect on biofilm growth as well as the architecture. The thickness of the
biofilm exposed to a combination of fluconazole (10 pg/mL) and RC21v3 (80 uM) was
reduced to 6% that of the no drug control, and to 14% that of that exposed to

fluconazole only (Table 10).

Table 10. Effect of drug exposure on C. albicans biofilm thickness

Biofilm thickness

Treatment Mean (um)  SD* (um) Max** (um)
No drug control 121 47.5 213
FLC (10 pg/mL) 54.2 21.4 93.3
RC21v3 (80 uM) 33.9 19.0 815
FLC (10 pg/mL) + RC21v3 (80 uM) 7.8 1.2 16.0

Thickness analysis was performed using 8-bit composite ‘z’ axis stack.
*Standard deviation
** Maximum biofilm thickness

The extent of biofilm coverage of the substrate was measured at different distances
from the substrate surface (‘z’ axis) (Fig. 21). It was found that the biofilm attached to
the substrate over a reduced surface area before it spread out with increased distance
from attachment (Fig. 21). This may indicate the biofilm has a pedunculated structure,
with the superficial layers containing matrix material that is dispersed over a wider area

than the adherent basal cell layer.
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As indicated by the ‘z’ axis stack images (Fig. 21), the exposure of biofilms to either
fluconazole or RC21v3 affected the area of the substrate covered. Exposure to
fluconazole resulted in flatter biofilms with greater coverage nearer the substrate
surface. RC21 did not appear to have as large an effect as fluconazole on either the
biofilm thickness or spread over the substrate surface. A combination of both drugs
reduced the area of substrate covered by the biofilm to a maximum of 43% from a

maximum 61% area covered for the control biofilm left unexposed (Fig. 21).
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Fig. 21. Percentage area of sample substrate covered by the C. albicans ATCC 10261 biofilm
as a function of distance from the substrate surface (‘z’ axis).

Blue colour, no-drug control biofilm; red colour, FLC-exposed biofilm; green colour, RC21v3-
exposed biofilm; black colour, biofilm exposed to FLC plus RC21v3.

The confocal image data can be presented to give a view of the ‘z” axis biofilm, or as it
IS in cross section lying on the substrate (Fig. 22). The biofilm exposed to RC21v3
showed clumping of cells in micro-colonies (Fig. 22C) whereas exposure to
fluconazole resulted in thin biofilms of uniform thickness (Fig. 22B). This view also
demonstrated the irregularities and sloping nature of the substrate surface which

complicates analysis, necessitates multiple measurements over the sample, and may be
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the cause of the large standard deviation seen for the thickness measurements (Table
10).

A

w

Fig. 22. Adhered biofilm viewed in cross-section or as z’ axis sample along the ‘y’ axis
A, no drug control; B, biofilm exposed to FLC; C, biofilm exposed to RC21v3.

Analysis of the confocal image data using a split-colour histogram allowed a
comparison of the coverage by live and dead cells through the biofilm over the ‘z’ axis
(Fig. 23). This showed a significant increase in the number of dead cells after exposure
to the fluconazole alone (Fig. 23B, Table 11) and RC21v3 alone (Fig. 23C). Taking
into consideration the different scales used on the x-axes in Figure 23, the area covered
can be compared to that of the complete biofilm (Fig. 21). It can be seen that the dead
cells covered a larger area than the live cells did in all biofilms analysed, except the
biofilm exposed to RC21v3 (Fig. 23C), confirming that RC21v3 on its own does not

affect cell viability.

The confocal data was also used to calculate the total biofilm volume, or bio-volume
(Table 11). The bio-volume calculations indicated that although RC21v3 had some
effect on the architecture of the biofilm, there was little effect on its growth, as the bio-
volume increased in some instances relative to the no drug control. This is in contrast to
the fluconazole-exposed biofilm which had reduced growth compared to the no drug
control, as well as a modification in architecture. When exposed to the combination of
fluconazole (10 pg/mL) and RC21v3 (80 uM) the biofilm was reduced in volume to
25% that of the no drug control (Table 11). The percentage area covered and thickness
was also greatly reduced in the biofilm exposed to both fluconazole and RC21v3 (Table
11).
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Fig. 23. Live and dead components of C. albicans biofilms.

Mean area over the ‘z’ axis covered by C. albicans ATCC 10261 biofilm where live cells are
coloured green and dead cells are coloured red.

A, no-drug control; B, biofilm exposed to FLC only; C, biofilm exposed to RC21v3 only; D,

biofilm exposed to FLC and RC21 v3. N.B. scale of ‘x’ axis varied between treatment groups.
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Table 11. Summary of confocal analysis of C . albicans ATCC 10261 biofilms exposed to FLC

and/or RC21v3

Treatment Bio- Area Mean Live/dead

volume biofilm thickness + cell ratio

(x10° um®) coverage  SD (um)
(%)

No drug control 207 11.8 121+ 475 27:73
FLC (10 pg/mL) 121 18.3 542 +21.4 46 : 54
RC21v3 (80 uM) 371 495 33.9+19.0 28:72
FLC (10 pg/mL) + RC21v3 (80 uM) 68.2 3.6 78+1.2 23:77
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4. Discussion

The severity of oral fungal infections has been shown to be related to increased
numbers of yeast cells at the site of infection (Theilade et al., 1983; Theilade and
Budtz-Jargensen, 1988). Furthermore the concentration of yeast cells that occurs with
the formation of a Candida biofilm can overwhelm the host immune defences
providing an aetiological link between the biofilm and the initiation of the pathological

processes associated with disease (Cannon et al., 1995; Dalle et al., 2010).

In the oral environment Candida cell adhesion, colony growth and biofilm development
can occur on soft or hard, biotic and abiotic surfaces such as dental acrylics, which can
then act as microbial reservoirs from which a chronic fungal infection, candidiasis, can
emanate. Microbial biofilms regularly form on dental prostheses and they have the
propensity to re-form following debridement making associated infections difficult to
treat. A reflection of this is the reporting of candidiasis in 11 to 71% of denture wearers
(Budtz-Jorgensen, 1974; Lund et al., 2010; Gendreau and Loewy, 2011).

Therefore it was important to investigate the antifungal susceptibility of C. albicans
biofilms that form on denture acrylic (PMMA), as this is of relevance to the treatment
of patients with chronic denture stomatitis, and those with biofilm infections associated

with fixed dental appliances.
4.1 Design of the biofilm model

When designing an in vitro assay relevant to the behaviour of in vivo oral biofilms it is
important to use a model that closely resembles the biofilm associated with the disease
that develops within the oral environment. In vitro assays are, by necessity,
simplifications, as only a few aspects of the oral environment can be simulated without
protocols and experimental set-ups becoming too complex. Therefore in designing in
vitro assays a balance must be made between simplicity and inclusion of enough

variables to adequately model the oral environment.
4.1.1 Environmental factors

There are a number of important factors specific to oral biofilms to consider in the

development of in vitro assays including the presence of saliva and the related
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characteristics such as shear and attractive forces found in this fluid environment. Cell
adhesion, colony growth and biofilm development on dental acrylics has been observed
to be enhanced by the surface conditioning provided by the saliva pellicle (Nikawa et
al., 1996). It has been demonstrated that the composition of the saliva affects the degree
of adhesion of C. albicans to dental acrylic (Vasilas et al., 1992; Edgerton et al., 1993),
with evidence for both high- and low-molecular-mass salivary mucins within the
salivary pellicle being involved (Edgerton et al., 1993). It is also thought that salivary
proteins adsorbed onto prosthetic surfaces may act as ligands for C. albicans adhesion
(Calderone and Braun, 1991; Edgerton et al., 1993; Nikawa et al., 1993). For the series
of biofilm assays in the present study, unstimulated whole saliva from a single
individual was used to pretreat the acrylic substrate before exposure to the cell
suspension. Unstimulated whole saliva contains a greater percentage of minor salivary
gland secretions than stimulated whole saliva and therefore is similar to the fluid
present under maxillary full denture prosthesis. Although saliva from a single
individual is not ideal as it may be atypical, for the purpose of this study it is more
clinically relevant than artificial saliva and the single collection divided into aliquots

added consistency to the sequence of biofilm assays.

A comparison of several in vivo and in vitro analyses of the effect of various
components of media on the growth and behaviour of Candida species indicates that
dietary carbohydrates stimulate the initial adhesion and persistent colonisation of oral
surfaces (Samaranayake et al., 1980; Samaranayake and MacFarlane, 1982;
Samaranayake, 1986). Therefore, to improve the cell adhesion and biofilm formation,

the growth medium RPMI was supplemented with glucose.
4.1.2 Substrate factors

The substrate on which the in vitro biofilm is grown needs to have relevance to the
dental restorative materials associated with clinical biofilm development. A limitation
of many C. albicans biofilm assays is that they use biofilms grown on the walls of
polystyrene microtitre plates. Polystyrene is unlikely to be found in the oral cavity as a
prosthetic material so has little relevance. Although the spontaneous adsorption of
salivary proteins, and the formation of a pellicle, on oral surfaces appears to have a
masking effect that reduces the influences of material characteristics, such as surface

roughness and free-surface-energy, on microbial adhesion, and subsequently modulates
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the selective binding of microbes to oral surfaces (Gocke, 2002; Tanner et al., 2003), it
is still important to maintain authenticity and use as a substrate a dental restorative

material that clinically is associated with candidiasis.

The use of a simply processed, reproducible substrate template for in vitro biofilm
assays will reduce the errors associated with processing variables, and allow for a
comparison of different restorative materials which is important in prosthetic material
development. A common protocol for measuring biofilm growth on PMMA uses discs
submerged in the wells of standard microtitre plates that are then incubated statically
(Kuhn, 2002a). Two aspects of this model reduce its efficacy and relevance. Firstly
gravity and settling results in a layer of cells resting on top of the substrate, rather than
cells adhering and the subsequent biofilm formation on the substrate surface. Secondly
it is not representative of the oral environment where surfaces are subject to the flow

and forces associated with the movement of saliva.

A suspended substrate more closely approximates the in vivo situation with gentle
agitation during the assay allowing the growth medium to mimic the biodynamic
movement of fluids that occurs in the oral cavity. The suspended substrate model also

increases the surface area available for biofilm growth.

The outer, more open, hyphal layer of the C. albicans biofilm have been described as
only loosely adhered to the underlying layer of the mature biofilm (Kuhn et al., 2002b).
The use of standard washing protocols to remove planktonic cells from the discs on the
bottom of microtitre plate wells in other biofilm assays is likely to dislodge this surface
layer. The biofilm may also be damaged by handling with tweezers when samples are
moved through successive steps in test protocols. Therefore the use of a suspended,
transportable substrate with multiple flag tokens on one strip developed in this project
helps limit the damage to the biofilm by eliminating the need to wash non-adherent
cells from the biofilm as these will have fallen to the floor of the microtitre well during

incubation.

The development of this novel substrate model resulted in a simple assay protocol
based on previous 96-well microtitre plate models but modified to allow the analysis of
biofilms growing on clinically relevant prosthetic materials. In order to accurately
replicate a denture biofilm the substrate design was assessed for its ability to meet the

criteria outlined in the following points.
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1. Use gravity to remove non-adherent cells from the biofilm;

2. Prevent disturbance of the biofilm during assay steps and preclude any damage
that could be caused by standard biofilm washing protocols;

3. Allow ease of manipulation through the steps of standard biofilm growth

protocols;

Use appropriate fluid volumes for biofilm growth;

Allow fluid flow and introduce shear forces to mimic the oral fluid flow in vivo;

Provide an adequate surface area for biofilm growth;

N oo o &

Be simply processed to ensure a standard dimension, and uniform surface
finish;

8. Allow the use of microscopy to visualise the biofilm architecture.

The suspended “flag” model developed provides a relatively large surface area for
biofilm growth without restriction of fluid flow. The design allows multiple test wells
(biofilms) to be assayed simultaneously, and provides a simple method of biofilm
transfer through the steps of the protocol with minimal disturbance. Multiple assays
demonstrated that the final biofilm model assay resulted in a reproducible C. albicans
ATCC 10261 biofilm of sufficient density for further analysis.

In vitro C. albicans biofilms have been reported with thicknesses ranging from 25 to
more than 45um (Ramage, 2005). Although the biofilms achieved for C. albicans
strains MML610 and 611 covered only a small area and were too small to allow further
assays to be carried out in this study, it may be that biofilms of a greater volume could
be obtained by using a flow chamber incubator (Kaneko et al., 2013). The parallel-plate
flow chamber is a sealed flow displacement system that allows controlled delivery of
fluids (media) at specified flow rates and shear forces. C. albicans biofilms grown in
these flow chambers on silicone substrates have been shown to have an average growth
rate of 17.2 + 1.3 um/h becoming approximately 270 pum thick after 12h growth
(Kaneko et al., 2013). Therefore with increased funding and time, other strains of C.

albicans could be assessed for the antifungal synergy of RC21v3 and fluconazole.

The use of computer aided milling (CAM) to prepare the acrylic suspended flags could
reduce the variation in the substrates as human error and processing errors are

eliminated, and finishing of surfaces should be more consistent.
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4.2 Fluconazole and RC21v3 synergy

There are relatively few drug targets that are specific to the fungus C. albicans, and it
has been reported that fluconazole, which targets the biosynthesis of membrane
ergosterol is the antifungal that is most commonly administered to patients (Horn et
al., 2009). Unfortunately, azoles have the therapeutic limitation that they are
fungistatic, inhibiting growth rather than killing fungal cells, and denture stomatitis-
related inflammation can relapse 2-4 weeks after fluconazole treatment (Budtz-
Jorgensen et al., 1988).

It has also been proposed that the widespread use of azoles has contributed to the
development of significant drug resistance in some C. albicans strains thereby reducing
the drug’s therapeutic efficacy (White et al., 1998Db), a trend no longer confined to the
institutionalised patient, a group that have been shown to have a propensity to suffer
from chronic or recurring Candida infection (Pfaller et al., 2011). The specificity of
azoles as an antifungal ensures relatively little host toxicity, and their solubility and
bioavailability makes the azole group of antimycotics valuable in the treatment of
candidiasis. Therefore there is merit in investigating a possible solution to resolve the
clinical problem of azole resistance, and to review any potentiating effects that may

render the drugs fungicidal.

It has been suggested that one way to overcome the azole drug resistance of C. albicans
is through inhibition of the drug efflux pumps that cause high-level resistance in
clinical isolates (Cannon et al., 2009), specifically the ATP-binding cassette (ABC)
proteins Cdrlp and Cdr2p, with Cdrlp having greater importance (Sanglard et al.,
1996; Sanglard et al., 1997; Holmes et al., 2008). Following this line of research the D-
peptide derivative RC21v3 has been identified as a highly specific inhibitor of the
Cdrlp multidrug efflux pump in C. albicans (Niimi et al., 2012).

The peptide RC21v3 does not penetrate the fungal cell due to the positive charge on the
three arginine and the one lysine amino acids and, as such, was considered unlikely to
be degraded by intracellular detoxification pathways and remain active as a pump
inhibitor for longer. An in vitro growth assay also showed the peptide chemosensitized
fluconazole-resistant C. albicans strains to fluconazole (Niimi et al., 2012). Further

investigation into the effect of RC21v3 and its possible synergistic action with the azole
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fluconazole could provide important information relevant to resolution of azole-

resistant candidiasis.

4.2.1 Synergism in planktonic growth assay

The Clinical and Laboratory Standards Institute (formally the NCCLS), and the
European Committee for Antimicrobial Susceptibility Testing (EUCAST) have
standardized the protocol (M27-A2) for susceptibility testing of fungal strains as
planktonic cultures. Previous work has shown that C. albicans strains exposed to azoles
exhibit a ‘trailing growth’ phenotype, or partial inhibition of growth, that occurs over
an extended range of antifungal concentrations indicating a dose-dependant
susceptibility to the drug (Rex et al., 1997). This results in a degree of resistance after
24 h incubation with viable cells remaining that can re-establish fungal biofilms in
chronic or persistent infections (Revankar et al., 1998). This has meant that rather than
measuring an absolute MIC which is the minimum concentration at which all growth is
inhibited, the standard value measured is the MICgg, the minimum concentration needed
to inhibit 80% of the culture growth. This value is used to indicate susceptibility of C.

albicans to azole drugs (Rex et al., 1997).

In the preliminary checkerboard assays of fluconazole in combination with RC21v3
carried out on planktonic C. albicans, the ‘trailing growth’ seen when all three test
strains had been exposed to fluconazole only, was eliminated. Specifically, exposure of
C. albicans strains to RC21v3 at a concentration of 20 uM in conjunction with
fluconazole at a concentration of 0.625 pg/mL or more, resulted in a marked reduction
in the trailing growth of strain MML611, eliminating the trailing growth in both
MML610 and ATCC 10261 strains. This suggested that there was a fungicidal effect of
the co-administration of the two drugs which was confirmed by plating the cells at the
end of the MIC assay on agar without fluconazole. All C. albicans strains express
Cdrlp at low levels (Holmes et al., 2008) which may explain the fungistatic nature of
fluconazole - the pump may prevent fluconazole reaching the intracellular
concentration needed to kill the cells. The inhibition of Cdrlp by RC21v3 allows the
intracellular concentration of fluconazole to cross the threshold and become fungicidal

to C. albicans.
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Calculation of the FICI indicated that RC21v3 and fluconazole acted synergistically to
inhibit C. albicans growth (FICI value <0.5). The degree of synergism was greatest for
the azole-resistant C. albicans strain MML611 (Table 8).

4.2.2 Synergism in biofilm growth assay

It has been shown that pathology associated with C. albicans infections is linked to the
development and growth of the microbial biofilm (Douglas, 2003; Ramage, 2005). In
addition, biofilm-related infections, such as oro-pharyngeal candidiasis, have been
demonstrated to be associated with large numbers of cells phenotypically and
behaviourally different to planktonic cells. Therefore, to allow a closer approximation
to the antifungal behaviour of in vivo biofilms, in vitro assays should include testing the
susceptibility of the developing biofilm (Jin et al., 2003); (Nett et al., 2011a).

The increased drug resistance of biofilm-associated microbes has been linked to a
number of factors. The biofilm matrix may restrict the penetration of antifungal drugs
into the biofilm, shielding the basal cells. The matrix may also simply bind the
antifungal drug preventing its entry into fungal cells. Altered cellular growth, increased
metabolic activity or changed patterns of gene expression that are specific to the
biofilm cells, such as those that result in reduced ergosterol content of membranes, may
also play a role in the increased drug resistance seen in C. albicans biofilms. Metabolic
by-products and extracellular signalling molecules within the biofilm mediate cellular
interactions, cell regulation, and phenotypic changes of yeast cells (Ramage, 2002) that
may enhance the survival of the biofilm. However, it has been shown that the azole
resistance of early-stage C. albicans biofilms is most often associated with an energy-
dependant drug efflux (Mukherjee et al., 2003; Ramage et al., 2002). Therefore it was
important to measure whether RC21v3 could overcome the fluconazole-resistance of

early biofilms.

Although RC21v3 was discovered only recently (Niimi et al., 2012), its efficacy in an
in vivo mouse infection model in overcoming oral candidiasis caused by fluconazole-
sensitive and fluconazole-resistant C. albicans strains has been determined (Hayama et
al., 2012). The results for both strains were a drop in viable C. albicans numbers, a
reduction of clinical lesion scores, and indicated a dose-dependent enhancement of the
antifungal effect of fluconazole with concurrently administered RC21v3. There was

also a promising RC21v3 dose-dependent enhancement of topical itraconazole
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treatment of in vivo murine oral lesions (Hayama et al., 2012). However, the effects of
RC21v3 on biofilms will need further investigation. A major aim of this project,
therefore, was to determine whether RC21v3 in combination with fluconazole is

synergistic and/or fungicidal to C. albicans cells growing as biofilms.

Crystal (gentian) violet can be used in a relatively simple assay to quantify the amount
of yeast cell material in biofilms, and so give a measure of cell growth, or growth
inhibition. The crystal violet (CV) is a basic dye which binds to negatively charged
surface molecules and polysaccharides, and staining cannot be used to distinguish
between extracellular matrices, healthy cells, cells that are alive but losing cell
functions, and dead cells (Peeters et al., 2008). Several biofilm assays use the
compound XTT [2, 3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide] to measure the metabolic activity of cells, and thus growth inhibition.
However, that results from XTT-reduction and CV colorimetric assays indicate a
statistically significantly positive correlation (Li et al., 2003; Jin et al., 2003). Therefore
the CV assay was used in these preliminary studies to further decrease assay
complexity and reduce cost enabling multiple assays to be carried out within the time

and funding constraints of the project.

Results of the checkerboard assays indicated that for biofilm growth, as for planktonic
growth, RC21v3 and FLC acted synergistically to inhibit the growth of C. albicans
ATCC10261.

Although the MIC values can be affected by the methodology used, such as growth
conditions, MIC endpoint definition, reading method, and inoculum size used, the
adoption of CLSI standard assay conditions helps reduce variation. Another point to
consider is that the FICI calculation is based on MICs carried out when the other drug
was at a particular concentration. It is possible that different FICI values would be
obtained if this drug was at a different concentration. In addition the ‘trailing growth’
shown by C. albicans in the presence of FLC creates an artificial FIC and an FICI that

is to be interpreted with care (Cuenca-Estrella, 2004).

The production of extracellular material, such as polysaccharides, by the biofilm cells
occurs as the biofilm matures (Chandra et al., 2001b). Uptake of the CV dye by this
extracellular material may have contributed to the increased optical density of the CV

assay as the incubation time increases, and not indicate a true increase in cell number.
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A sudden decline in optical density may indicate a shearing away of part of the biofilm
as it reaches a size, or shape that is affected by fluid movements. The basal cell layer

that is left behind firmly attached to the substrate is able to regenerate the biofilm.

4.3 Confocal microscopy

Confocal microscopy is a relatively non-invasive technique for examining biofilm
structure, compared with scanning electron microscopy which involves dehydration
steps. The fluorogenic dye SYTO-9 used in confocal microscopy is a nucleic acid stain
that binds to DNA which is found within the biofilm extracellular matrix, and is present
in both viable and dead cells (Boulos et al., 1999) thereby providing a measure of total
biofilm biomass (Peeters et al., 2008). When used in conjunction with propidium iodide
(P1) which binds to the nucleotide pair of guanine and cytosine in both RNA and DNA,
the green fluorescence of SYTO-9 is quenched in non-viable cells causing them to
appear fluorescent red under laser excitation. This allows for a split analysis of the

biofilm into live and dead components, not possible with the CV assay.

Although the confocal analysis revealed a biofilm profile similar to the typical
pedunculated or ‘mushroom-shaped’ architecture of fungal biofilms (Baillie and
Douglas, 1999), the layer of yeast cells in contact with the substratum appears to be not
as dense, or tightly packed as in other confocal studies (Baillie and Douglas, 1999;
Kuhn et al., 2002b). This may be due to the initial elimination of non-adherent cells on

the suspended substrate due to gravity.

Of interest in the present study was the modified architecture of the biofilm exposed to
RC21va3. Cell clumping occurred and there was less definition in the structure of the
extracellular matrix. Further study is required to understand if RC21v3 triggers changes

in morphology, metabolism, or production of extracellular material.

Of note, the live:dead ratio of the biofilm exposed to only RC21v3 was similar to that
of the no-drug control, confirming the lack of antifungal effect of RC21v3 on its own
(Niimi, 2012; Hayama et al., 2012).

4.4 Future directions

This project has opened up a number of avenues for further study. It was interesting
that the C. albicans strains MML610 and MML611 did not form biofilms that were
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extensive enough to test the synergism between RC21v3 and fluconazole. In future
studies the growth conditions could be modified, for example, either providing more
nutrients or extending the biofilm development phase, to improve biofilm growth with
these strains.

All biofilm growth measurements were made with the CV assay, but it would be
valuable to confirm the synergism effects using an alternative measure of growth such
as the XTT colourimetric assay . The XTT (2,3-Bis(2-Methoxy-4-nitro-5-Sulfophenyl)-
5-[9Phenyl-amino)Carbonyl]-2H-Tetrazolium Hydroxide) colorimetric assay is a
fungal susceptibility test (Hawser et al., 1998) that is widely used to measure the drug
resistance of fungi in biofilms (Chandra et al., 2001 b). The mitochondrial
dehydrogenates of the live fungal cells convert the tetrazolium salt (XTT) into a water-
soluble reduced formanzan product that is yellow in colour. This provides a
colorimetric indication of viable cell numbers that has been shown to be directly
proportional to cell numbers and comparative to the conventional liquid assay (M27-A)
(Hawser et al., 1998; Ramage et al., 2001).

Additional research is warranted into the effect that RC21v3 has on the growth and
metabolism of C. albicans and its consequential modification of the biofilm to help
identify mechanisms by which C. albicans might develop resistance to the synergism

with fluconazole.

Denture stomatitis has a mixed-species aetiology (Theilade and Budtz-Jgrgensen,
1988), and the interaction between the primary colonising bacteria and yeasts has been
suggested as a modifying factor in the behaviour of the biofilm C. albicans (van der
Mei, 2000). To bring the in vitro biofilm assay closer to the true in vivo situation, there
is a need to investigate the effect of RC21v3 in combination with fluconazole on mixed

species biofilms containing C. albicans and oral bacteria.

4.5 Concluding remarks
This study has developed a novel, reproducible, biofilm model that mimics biofilm
formation on prosthetic surfaces and which can be used to measure the susceptibility of

biofilms to antifungal drugs.

The study confirmed the synergistic combination of RC21v3 and fluconazole against

planktonic C. albicans cells and that the combination was fungicidal.
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The study showed, for the first time, that the combination of RC21v3 and fluconazole

inhibited the growth of C. albicans biofilms and severely affected biofilm architecture.

In conclusion, RC21v3 in combination with fluconazole may have potential as a
therapeutic modality for persistent oral and oesophageal candidiasis, including
Candida-associated denture stomatitis.

82



5. Bibliography

Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE (2005). Defining the normal
bacterial flora of the oral cavity. J Clin Microbiol 43(11):5721-5732.

Adams EQ, Rosenstein L (1914). The colour and ionization of crystal-violet. J Am
Chem Soc 36(7):1452-1473.

Akins RA (2005). An update on antifungal targets and mechanisms of resistance in
Candida albicans. Med Mycol 43(4):285-318.

Al-Fattani MA, Douglas LJ (2004). Penetration of Candida biofilms by antifungal
agents. Antimicrob Agents Chemother 48(10):3291-3297.

Albertson G, Niimi M, Cannon R, Jenkinson H (1996). Multiple efflux mechanisms are
involved in Candida albicans fluconazole resistance. Antimicrob Agents
Chemother 40(12):2835-2841.

Axell T, Samaranayake, L.P., Reichart, P.A., Olsen, I. (1997). A proposal for
reclassification of oral candidosis. Oral Surg, Oral Med, Oral Pathol, Oral
Radiol Endod 84(2):111-112.

Baillie GS, Douglas LJ (1999). Role of dimorphism in the development of Candida
albicans biofilms. J Med Microbiol 48(7):671-679.

Bollen C, Papaioanno W, Van Eldere J, Schepers E, Quirynen M, van Steenberghe D
(1996). The influence of abutment surface roughness on plaque accumulation
and peri-implant mucositis. Clin Oral Implants Res 7(3):201-211.

Bollen CML, Lambrechts P, Quirynen M (1997). Comparison of surface roughness of
oral hard materials to the threshold surface roughness for bacterial plaque
retention: A review of the literature. Dent Mater 13(4):258-2609.

Boulos L, Prévost M, Barbeau B, Coallier J, Desjardins R (1999). LIVE/DEAD
BacLight: Application of a new rapid staining method for direct enumeration of
viable and total bacteria in drinking water. J Microbiol Methods 37(1):77.

Bryers JD (2008). Medical biofilms. Biotechnol Bioeng 100(1):1-18.

Budtz-Jorgensen E (1974). The significance of Candida albicans in denture stomatitis.
Eur J Oral Sci 82(2):151-190.

Budtz-Jgrgensen E, Mojon P, Banon-Clément JM, Baehni P (1996). Oral candidosis in
long-term hospital care: comparison of edentulous and dentate subjects. Oral
Dis 2(4):285-290.

83



Budtz-Jorgensen E, Holmstrup P, Krogh P (1988). Fluconazole in the treatment of
Candida-associated denture stomatitis. Antimicrob Agents Chemother
32(12):1859-1863.

Calderone RA, Braun PC (1991). Adherence and receptor relationships of Candida
albicans. Microbiol Mol Biol Rev 55(1):1-20.

Calderone RA, Fonzi WA (2001). Virulence factors of Candida albicans. Trends
Microbiol 9(7):327-335.

Cannon RD, Chaffin WL (1999). Oral colonization by Candida albicans. Crit Rev Oral
Biol Med 10(3): 359-383.

Cannon RD, Holmes AR, Mason AB, Monk BC (1995). Oral Candida: Clearance,
colonization, or candidiasis? J Dent Res 74(5):1152-1161.

Cannon RD, Lamping E, Holmes AR, Niimi K, Baret PV, Keniya MV, Tanabe K,

Niimi M, Goffeau A, Monk BC. (2009). Efflux-mediated antifungal drug resistance.
Clin Microbiol Rev 22(2):291-321.

Cannon RD, Lyons, K. M., Chong,K., Holmes, A. R. (2010). Adhesion of yeast and
bacteria to oral surfaces. Oral Biology Molecular Techniques and Applications.
GJ Seymour, Cullian, M. P., Heng, N. C. K. editor: Springer Science + Business
Media, LLC.:103-124.

Carlsson J, Soderholm G, Almfeldt I (1969). Prevalence of Streptococcus sanguis and
Streptococcus mutans in the mouth of persons wearing full-dentures. Arch Oral
Biol 14(3):243-249.

Cawson RA, Odell EW. (2008). Cawson's essentials of oral pathology and oral
medicine: Eighth edition. Edinburgh. Churchill Livingston Elsevier.

Chandra J, Mukherjee PK, Leidich SD, Faddoul FF, Hoyer LL, Douglas LJ, Ghannoum
MA. (2001a). Antifungal resistance of Candidal biofilms formed on denture
acrylic in vitro. J Dent Res 80(3):903-908.

Chandra J, Kuhn DM, Mukherjee PK, Hoyer LL, McCormick T, Ghannoum MA
(2001b). Biofilm formation by the fungal pathogen Candida albicans:
Development, architecture, and drug resistance. J Bacteriol 183(18):5385-5394.

Cuenca-Estrella M (2004). Combinations of antifungal agents in therapy—what value
are they? J Antimicrob Chemo 54(5):854-869.

da Silva WJ, Seneviratne J, Samaranayake LP, Del Bel Cury AA (2010). Bioactivity

and architecture of Candida albicans biofilms developed on poly(methyl

84



methacrylate) resin surface. J Biomed Mat Res Part B: Applied Biomaterials
94B(1):149-156.

Dalle F, Wachtler B, L'Ollivier C, Holland G, Bannert N, Wilson D, Labruére C,
Bonnin A, Hube B. (2010). Cellular interactions of Candida albicans with
human oral epithelial cells and enterocytes. Cell Microbiol 12(2):248-271.

Donlan RM, Costerton JW (2002). "Biofilms: Survival mechanisms of clinically
relevant microorganisms." Clin Microbiol Rev 15(2):167-193.

Douglas C (1994). Bacterial-protein interactions in the oral cavity. Adv Dent Res
8(2):254-262.

Douglas LJ (2003). Candida biofilms and their role in infection. Trends Microbiol
11(1):30-36.

Edgerton M, Scannapieco FA, Reddy MS, Levine MJ (1993). Human submandibular-
sublingual saliva promotes adhesion of Candida albicans to
polymethylmethacrylate. Infect Immun 61(6):2644-2652.

Epstein JB, Pearsall NN, Truelove EL. (1980). Quantitative relationships between
Candida albicans in saliva and the clinical status of human subjects. J Clin
Microbiol 12(3):475-476.

Gendreau L, Loewy ZG. (2011). Epidemiology and etiology of denture stomatitis. J
Prosth 20(4): 251-260.

Gocke R (2002). Quantitative determination of salivary components in the pellicle on
PMMA denture base material. Clin Oral Inves 6(4):227-235

Hall-Stoodley L (2009). Evolving concepts in biofilm infections. Cell Microbiol
11(7):1034-1043.

Hannig C, Hannig M (2009). The oral cavity—a key system to understand substratum-
dependent bioadhesion on solid surfaces in man. Clin Oral Invest 13(2):123-
139.

Hawser SP, Douglas LJ (1994). Biofilm formation by Candida species on the surface of
catheter materials in vitro. Infect Immun 62(3):915-921.

Hawser SP, Norris H, Jessop CJ, Ghannoum MA (1998). Comparison of a 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium
hydroxide (XTT) colorimetric method with the standardized National
Committee for Clinical Laboratory Standards Method of testing clinical yeast
isolates for susceptibility to antifungal agents. J Clin Microbiol 36(5): 1450-
1452.

85



Hayama K, Ishibashi H, Ishijima SA, Niimi K, Tansho S, Ono Y, Monk BC, Holmes
AR, Harding DRK, Cannon RD, Abe S. (2012). A d-octapeptide drug efflux
pump inhibitor acts synergistically with azoles in a murine oral candidiasis
infection model. FEMS Microbiol Letters 328(2):130-137.

Hill MW (1984). The Influence of Aging on Skin and Oral Mucosal. Gerodontol
3(1):35-45.

Hogan DA (2004). A Pseudomonas aeruginosa quorum-sensing molecule influences
Candida albicans morphology Pseudomonas inhibition of C. albicans
filamentation. Molec Microbiol 54(5):1212-1223.

Holmes AR, McNab R, Jenkinson HF (1996). Candida albicans binding to the oral
bacterium Streptococcus gordonii involves multiple adhesin-receptor
interactions. Infect Immun 64(11):4680-4685.

Holmes AR, Lin Y-H, Niimi K, Lamping E, Keniya M, Niimi M, Tanabe K, Monk BC,
Cannon RD. (2008). ABC transporter Cdrlp contributes more than Cdr2p does
to fluconazole efflux in fluconazole-resistant Candida albicans clinical isolates.
Antimicrob Agents Chemother 52(11):3851-3862.

Horn DL, Neofytos D, Anaissie EJ, Fishman JA, Steinbach WJ, Olyaei AJ, Marr KA,
Pfaller MA, Chang C-H, Webster KM. (2009). Epidemiology and outcomes of
candidemia in 2019 patients: Data from the prospective antifungal therapy
alliance registry. Clin Infect Dis 48(12):1695-1703.

Humphrey SP, Williamson RT (2001). A review of saliva: Normal composition, flow,
and function. J Pros Dent 85(2):162-169.

lontcheva I, Oppenheim FG, Troxler RF. (1997). Human salivary mucin MG1
selectively forms heterotypic complexes with amylase, proline-rich proteins,
statherin, and histatins. J Dent Res 76:734-743.

Jensen JL, Lamkin MS, Oppenheim FG. (1992). Adsorption of human salivary proteins
to hydroxyapatite: a comparison between whole saliva and glandular salivary
secretions. J Dent Res 71(9), 1569-1576.

Jenkinson HF, Lala HC, Shepherd MG (1990). Coaggregation of Streptococcus sanguis
and other streptococci with Candida albicans. Infect Immun 58(5):1429-1436.

JinY, Yip HK, Samaranayake YH, Yau JY, Samaranayake LP (2003). Biofilm-forming

ability of Candida albicans is unlikely to contribute to high levels of oral yeast

86



carriage in cases of human immunodeficiency virus infection. J Clin Microbiol
41(7):2961-2967.

Kaneko Y, Miyagawa S, Takeda O, Hakariya M, Matsumoto S, Ohno H, Miyazaki Y.
(2013). Real-time microscopic observation of Candida biofilm development and
effects due to micafungin and fluconazole. Antimicrob Agents Chemother
57(5):2226-2230.

Kolenbrander PE, London J (1993). Adhere today, here tomorrow: Oral bacterial
adherence. J Bacteriol 175(11):3247-3252.

Korting HC, Hube B, Oberbauer S, Januschke E, Hamm G, Albrecht A, Borelli C,
Schaller M. (2003). Reduced expression of the hyphal-independent Candida
albicans proteinase genes SAP1 and SAP3 in the efgl mutant is associated with
attenuated virulence during infection of oral epithelium. J Med Microbiol
52(8):623-632.

Kuhar M, Funduk N (2005). Effects of polishing techniques on the surface roughness of
acrylic denture base resins. J Pros Dent 93(1):76-85.

Kuhn DM, George T, Chandra J, Mukherjee PK, Ghannoum MA (2002a). Antifungal
susceptibility of Candida biofilms: Unique efficacy of amphotericin B lipid
formulations and echinocandins. Antimicrob Agents Chemother 46(6):1773-
1780.

Kuhn D, Chandra J, Mukherjee P, Ghannoum M (2002b). Comparison of biofilms
formed by Candida albicans and Candida parapsilosis on bioprosthetic
surfaces. Infect Immun 70(2):878-888.

Lamagni TL (2001). Emerging trends in the epidemiology of invasive mycoses in
England and Wales (1990-9). Epidemiol Infec 126(03):397-414

Levy SB (2004). Antibacterial resistance worldwide: Causes, challenges and responses.
Nat Med 10(12s):5122-S129.

Lewis K (2007). Persister cells, dormancy and infectious disease. Nat Rev Microbiol
5(1):48-56.

Li X, Yan Z, Xu J (2003). Quantitative variation of biofilms among strains in natural
populations of Candida albicans. Microbiol 149(2):353-362.

Lie T (1979). Morphologic studies on dental plaque formation: Summary. Acta
Odontologica 37(2):73-85.

Liu Y, Filler SG (2011). Candida albicans Als3, a multifunctional adhesin and invasin.
Eukaryotic Cell 10(2):168-173.

87



Lund RG, Da Silva Nascente P, Etges A, Ribeiro GA, Rosalen PL, Del Pino FAB.
(2010). Occurrence, isolation and differentiation of Candida spp. and
prevalence of variables associated to chronic atrophic candidiasis. Mycoses
53(3): 232-238.

Mansfield BE, Oltean HN, Oliver BG, Hoot SJ, Leyde SE, Hedstrom L, White TC.
(2010). Azole drugs are imported by facilitated diffusion in Candida albicans
and other pathogenic fungi. PLoS Pathog 6(9), e1001126.

Marchetti O, Moreillon P, Glauser MP, Bille J, Sanglard D (2000). Potent synergism of
the combination of fluconazole and cyclosporine in Candida albicans.
Antimicrob Agents Chemother 44(9):2373-2381.

Marchetti O, Moreillon P, Entenza JM, Vouillamoz J, Glauser MP, Bille J, Sanglard D.
(2003). Fungicidal synergism of fluconazole and cyclosporine in Candida
albicans is not dependent on multidrug efflux transporters encoded by the
CDR1, CDR2, CaMDR1, and FLU1 genes. Antimicrob Agents Chemother
47(5):1565-1570.

McCullough M, Jaber M, Barrett AW, Bain L, Speight PM, Porter SR (2002). Oral
yeast carriage correlates with presence of oral epithelial dysplasia. Oral Oncol
38(4):391-393.

McNabb PC, Tomasi, T. B. (1981). Host defense mechanisms at mucosal surfaces. Ann
Rev Microbiol 35:477-496.

Monk BC, Niimi K, Lin S, Knight A, Kardos TB, Cannon RD, Parshot R, King A, Lun
D, Harding DR. (2005). Surface-active fungicidal D-peptide inhibitors of the
plasma membrane proton pump that block azole resistance. Antimicrob Agents
Chemother 49(1):57-70.

Moreno-Ruiz E, Galan-Diez M, Zhu W, Fernandez-Ruiz E, D'Enfert C, Filler SG,
Cossart P, Veiga E. (2009). Candida albicans internalization by host cells is
mediated by a clathrin-dependent mechanism. Cell Microbiol 11(8):1179-11809.

Moyes DL, Runglall M, Murciano C, Shen C, Nayar D, Thavaraj S, Kohli A, Islam A,
Mora-Montes H, Challacombe SJ, Naglik JR.(2010). A biphasic innate immune
MAPK response discriminates between the yeast and hyphal forms of Candida
albicans in epithelial cells. Cell Host Microbe 8(3):225-235.

Mukherjee PK, Chandra J, Kuhn DM, Ghannoum MA (2003). Mechanism of
fluconazole resistance in Candida albicans biofilms: Phase-specific role of

efflux pumps and membrane sterols. Infect Immun 71(8):4333-4340.
88



Naglik JR, Fostira F, Ruprai J, Staab JF, Challacombe SJ, Sundstrom P (2006).
Candida albicans HWP1 gene expression and host antibody responses in
colonization and disease. J Med Microbiol 55(10):1323-1327.

Naglik JR, Moyes DL, Wéchtler B, Hube B (2011). Candida albicans interactions with
epithelial cells and mucosal immunity. Microbes Infec 13(12-13):963-976.

Nair RG, Samaranayake LP (1996). The effect of oral commensal bacteria on candidal
adhesion to denture acrylic surfaces. APMIS 104(1-6):339-349.

Nakazato G, Tsuchiya H, Sato M, Yamauchi M (1989). In vivo plaque formation on
implant materials. Int J Oral Maxillofac Implants 4(4):321-326.

Nett J, Lincoln L, Marchillo K, Massey R, Holoyda K, Hoff B, VanHandel M, Andes
D. (2007). Putative role of {beta}-1,3 glucans in Candida albicans biofilm
resistance. Antimicrob Agents Chemother 51(2):510-520.

Nett JE, Cain MT, Crawford K, Andes DR (2011a). Optimizing a Candida biofilm
microtiter plate model for measurement of antifungal susceptibility by
tetrazolium salt assay. J Clin Microbiol 49(4):1426-1433.

Nett JE, Sanchez H, Cain MT, Ross KM, Andes DR (2011b). Interface of Candida
albicans biofilm matrix-associated drug resistance and cell wall integrity
regulation. Eukaryotic Cell 10(12):1660-1669.

Niimi M (2004a). An efficient system for functional hyper-expression of multidrug
efflux pumps in Saccharomyces cerevisiae. Jap J Med Mycol 45(2):63-69

Niimi K, Harding DRK, Parshot R., King A, Lun DJ, Decottignies A, Niimi M, Lin S,
Cannon RD, Goffeau A, Monk BC. (2004b). Chemosensitization of fluconazole
resistance in Saccharomyces cerevisiae and pathogenic fungi by a D-octapeptide
derivative. Antimicrob Agents Chemoth 48(4), 1256-1271.

Niimi M (2010). Antifungal drug resistance of oral fungi. Odontol 98(1):15-25.

Niimi K (2012). Specific interactions between the Candida albicans ABC transporter
Cdrlp ectodomain and a d-octapeptide derivative inhibitor A surface active
CaCdrlp-specific inhibitor. Molec Microbiol 85(4):747-767.

Nikawa H, Hayashi S, Nikawa Y, Hamada T, Samaranayake LP (1993). Interactions
between denture lining material, protein pellicles and Candida albicans. Arch
Oral Biol 38(7):631-634.

Nikawa H, Nishimura H, Yamamoto T, Hamada T, Samaranayake LP (1996). The role
of saliva and serum in Candida albicans bioflim formation on denture acrylic
surfaces. Microb Ecol Health Dis 9(1):35-48.

89



Nyvad B, Ferjerskov O (1987). Scanning electron microscopy of early microbial
colonization of human enamel and root surfaces in vivo. Eur J Oral Sci
95(4):287-296.

Nyvad B, Kilian M (1987). Microbiology of the early colonization of human enamel
and root surfaces in vivo. Eur J Oral Sci 95(5):369-380.

O’Sullivan JM, Jenkinson HF, Cannon RD (2000). Adhesion of Candida albicans to
oral streptococci is promoted by selective adsorption of salivary proteins to the
streptococcal cell surface. Microbiol 146(1):41-48.

Odds FC (1988). Candida and candidosis.Second edition. London: Bailliere Tindall.

Odds FC (1994). Pathogenesis of Candida infections. J Am Acad Dermatol 31(3, Part
2):S2-S5.

Odds F (2003). Synergy, antagonism, and what the chequerboard puts between them. J
Antimicrob Chemoth 52(1):1-1.

Peeters E, Nelis HJ, Coenye T (2008). Comparison of multiple methods for
quantification of microbial biofilms grown in microtiter plates. J Microbiol
Meth 72(2):157-165.

Perumal P, Mekala S, Chaffin WL (2007). Role for cell density in antifungal drug
resistance in Candida albicans biofilms. Antimicrob Agents Chemother
51(7):2454-2463.

Pfaller MA and Diekema DJ. (2010). Epidemiology of invasive mycoses in North
America. Crit Rev Microbiol 36(1):1-53.

Pfaller MA, Moet GJ, Messer SA, Jones RN, Castanheira M. (2011). Geographic
variations in species distribution and echinocandin and azole antifungal
resistance rates among Candida bloodstream infection isolates: Report from the
SENTRY antimicrobial surveillance program (2008 to 2009). J Clin Microbiol
49(1):396-399.

Phan QT, Myers CL, Fu Y, Sheppard DC, Yeaman MR, Welch WH, Ibrahim As,
Edwars Jr JE, Filler SG. (2007). Als3 is a Candida albicans invasin that binds to
cadherins and induces endocytosis by host cells. PLoS Biology 5(3):e64.

Quirynen M, Bollen C (1995). The influence of surface roughness and surface-free
energy on supra- and subgingival plaque formation in man. J Clin Periodontol
22(1):1-14.

Radford D, Sweet S, Challacombe S, Walter J (1998). Adherence of Candida albicans
to denture-base materials with different surface finishes. J Dent 26(7):577-583.

90



Ramage G, Vande Walle K, Wickes BL, Lopez-Ribot JL. (2001). Standardized method
for in vitro antifungal susceptibility testing of Candida albicans biofilms.
Antimicrob Agents Chemother 45(9): 2475-2479.

Ramage G (2002). Inhibition of Candida albicans biofilm formation by farnesol, a
quorum-Sensing molecule. App Enviro Microbiol 68(11):5459-5463.

Ramage G, Bachmann S, Patterson TF, Wickes BL, Lopez-Ribot JL (2002).
Investigation of multidrug efflux pumps in relation to fluconazole resistance in
Candida albicans biofilms. J Antimicrob Chemoth 49(6):973-980.

Ramage G, Tomsett K, Wickes BL, Lépez-Ribot JL, Redding SW (2004). Denture
stomatitis: A role for Candida biofilms. Oral Surg Oral Med Oral Pathol Oral
Radiol Endod 98(1):53-59.

Ramage G (2005). Candida biofilms: An update. Eukaryotic Cell 4(4):633-638.

Rautemaa R, Ramage G. (2011). Oral candidosis-clinical challenges of a biofilm
disease. Crit Rev Microbiol 37(4): 328-336.

Ray TL, Payne CD (1988). Scanning electron microscopy of epidermal adherence and
cavitation in murine candidiasis: A role for Candida acid proteinase. Infect
Immun 56(8):1942-1949.

Revankar SG, Kirkpatrick WR, McAtee RK, Fothergill AW, Redding SW, Rinaldi MG,
Patterson TF. (1998). Interpretation of trailing endpoints in antifungal
susceptibility testing by the National Committee for Clinical Laboratory
Standards method. J Clin Microbiol 36(1):153-156.

Rex JH, Pfaller MA, Galgiani JN, Bartlett MS, Espinel-Ingroff A, Ghannoum MA,
Lancaster M, Odds FC, Rinaldi MG, Walsh TJ, Barry AL. (1997). Development
of interpretive breakpoints for antifungal susceptibility testing: Conceptual
framework and analysis of in vitro-in vivo correlation data for fluconazole,
itraconazole, and Candida infections. Clin Infec Dis 24(2):235-247.

Sable CA, Strohmaier KM, Chodakewitz JA. (2008). Advances in antifungal
therapy. Annu Rev Med 59: 361-379.

Sachdeo A, Haffajee AD, Socransky SS (2008). Biofilms in the edentulous oral cavity.
J Prosthodont 17(5):348-356.

Samaranayake LP, McCourtie J, MacFarlane TW (1980). Factors affecting the in-vitro
adherence of Candida albicans to acrylic surfaces. Arch Oral Biol 25(8-9):611-
615.

91



Samaranayake LP, MacFarlane TW (1982). Factors affecting the in-vitro adherence of
the fungal oral pathogen Candida albicans to epithelial cells of human origin.
Arch Oral Biol 27(10):869-873.

Samaranayake LP (1986). Nutritional factors and oral candidosis. J Oral Pathol Med
15(2):61-65.

Sanglard D, Ischer F, Monod M, Bille J (1996). Susceptibilities of Candida albicans
multidrug transporter mutants to various antifungal agents and other metabolic
inhibitors. Antimicrob Agents Chemother 40(10):2300-2305.

Sanglard D, Ischer F, Monod M, Bille J (1997). Cloning of Candida albicans genes
conferring resistance to azole antifungal agents: characterization of CDR2, a
new multidrug ABC transporter gene. Microbiol 143(2):405-416.

Schuetzer-Muehlbauer M, Willinger B, Egner R, Ecker G, Kuchler K (2003). Reversal
of antifungal resistance mediated by ABC efflux pumps from Candida albicans
functionally expressed in yeast. Int J Antimicrob Agents 22(3):291-300.

Seneviratne CJ, Jin LJ, Samaranayake YH, Samaranayake LP (2008). Cell density and
cell aging as factors modulating antifungal resistance of Candida albicans
biofilms. Antimicrob Agents Chemother 52(9):3259-3266.

Seneviratne CJ, Silva WJ, Jin LJ, Samaranayake YH, Samaranayake LP (2009).
Architectural analysis, viability assessment and growth kinetics of Candida
albicans and Candida glabrata biofilms. Arch Oral Biol 54(11):1052-1060.

Siegrist BE, Brecx MC, Gusberti FA, Joss A, Lang NP (1991). In vivo early human
dental plaque formation on different supporting substances. A scanning electron
microscopic and bacteriological study. Clin Oral Implants Res 2(1):38-46.

Tabak L, Levine M, Jain N, Bryan AR, Cohen R, Monte LD, Zawacki s, Nancollas GH,
Slomiany A, Slomiany BL. (1985). Adsorption of human salivary mucins to
hydroxyapatite. Arch Oral Biol 30(5):423-427.

Tanner J, Carlén A, Soderling E, Vallittu PK (2003). Adsorption of parotid saliva
proteins and adhesion of Streptococcus mutans ATCC 21752 to dental fiber-
reinforced composites. J Biomed Mat Res Part B: Applied Biomaterials
66(1):391-398.

Taylor R, Maryan C, Verran J (1998). Retention of oral microorganisms on cobalt-
chromium alloy and dental acrylic resin with different surface finishes. J Prosth
Dent 80(5):592-597.

92



ten Cate JM, Klis FM, Pereira-Cenci T, Crielaard W, de Groot PWJ (2009). Molecular
and cellular mechanisms that lead to Candida biofilm formation. J Dent Res
88(2):105-115.

Teughels W, Van Assche N, Sliepen I, Quirynen M (2006). Effect of material
characteristics and/or surface topography on biofilm development. Clin Oral
Implants Res 17(S2):68-81.

Theilade E, Budtz-Jgrgensen E, Theilade J (1983). Predominant cultivable microflora
of plague on removable dentures in patients with healthy oral mucosa. Arch
Oral Biol 28(8):675-680.

Theilade E, Budtz-Jgrgensen E (1988). Predominant cultivable microflora of plaque on
removable dentures in patients with denture-induced stomatitis. Oral Microbiol
Immunol 3(1):8-13.

Thein ZM, Samaranayake YH, Samaranayake LP (2006). Effect of oral bacteria on
growth and survival of Candida albicans biofilms. Arch Oral Biol 51(8):672-
680.

Thein ZM, Samaranayake YH, Samaranayake LP (2007). Characteristics of dual
species Candida biofilms on denture acrylic surfaces. Arch Oral Biol
52(12):1200-1208.

Thein ZM (2009). Community lifestyle of Candida in mixed biofilms: A mini review.
Mycoses 52(6):467-475.

Uppuluri P, Nett J, Heitman J, Andes D (2008). Synergistic effect of calcineurin
inhibitors and fluconazole against Candida albicans biofilms. Antimicrob
Agents Chemother 52(3):1127-1132.

van der Mei HC, Free RH, Elving GJ, van Weissenbruch R, Albers FWJ, Busscher HJ.
(2000). Effect of probiotic bacteria on prevalence of yeasts in oropharyngeal
biofilms on silicone rubber voice prostheses in vitro. J Med Microbiol
49(8):713-718.

Vasilas A, Molina L, Hoffman M, Haidaris CG (1992). The influence of morphological
variation on Candida albicans adhesion to denture acrylic in vitro. Arch Oral
Biol 37(8):613-622.

Villar C, Zhao X (2010). Candida albicans induces early apoptosis followed by
secondary necrosis in oral epithelial cells. Mol Oral Microbiol 25(3):215-225.

93



Wachtler B, Wilson D, Haedicke K, Dalle F, Hube B (2011). From attachment to
damage: Defined genes of Candida albicans mediate adhesion, invasion and
damage during interaction with oral epithelial cells. PLoS ONE 6(2):e17046.

White TC, Marr KA, Bowden RA (1998a). Clinical, cellular, and molecular factors that
contribute to antifungal drug resistance. Clin Microbiol Rev 11(2):382-402.

White TC, Marr KA, Bowden RA (1998b). Clinical, cellular, and molecular factors that
contribute to antifungal drug resistance. Clin Microbiol Rev 11(2):382-402.

94



APPENDIX

6.1 EXCEL SPREAD SHEETS

6.1.1 Mean area of sample covered by biofilm over ‘z’ slices

(thickness of ‘z’ slice 3.59um)

zslice FCL RC21 MAX NIL
1 07277 1 3.0847 1 0.0235 0.004
2 41016 2 4.476 2 0.058 0.008
3 116536 3 6.39 3 0.1365 0.022
4 28.7147 4 9.5651 4 03531 0.174
5 35.5694 5 14.2749 5 009116 0.826
6 37.3326 6 215934 6 18147 1.902
7 29.6656 7 323751 7 31175 3.069
8 183599 8 46.5459 8  4.1907 4.157
9 116524 9 61.3902 9 46849 5.701
10 5.1681 10 72.4223 10 4.625 7.715
11 23104 11 76.9545 11 43359 10.249
12 0.8919 12 73.4512 12 4.0348 13.241
13 0.244 13 63.9545 13 3.764 16.644
14 0.0635 14 51228 14 35127 19.332
15 0.0178 15 38.4585 15 3.2251 21.028
16 0.0083 16 27.4265 16 2.9482 21.952
17 18.4352 17 2.6346 21.74
18 2.2507 20.995
19 19674 20.079
20 1.6798 18.907
21 1.408 17.239
22 1.104 15.244
23 07114 13.262
24 0.384 1171
25  0.1584 10.374
26 0.0572 8.82
27 0.0175 6.773
4.967
3.679
2.587
1.69
0.948
0.504
0.254
0.135
0.073

0.04



6.1.2 Split sample area covered by biofilm over ‘z’ slices

(thickness of ‘z’ slice 3.59um)

Label Areal c6Areal
1 ca-aNil 20 o o 77 C1-2FLC.Is 9981.662 1.392 s5.936 143 C1-aAaMAX. 2142.473 o.298
2 ca-aNil 2.1 o o 78 C1-2FLC.Is 71018.7 o.902 o.534 144 Cl-aMAX. 5677.415 o.79
3 cai-aNil 2.1 o o 79 Ci1-2FLC.Is 166691 23.242> 1a.672 145 Cl-aAaMAX. 13502.82 1879
a ca-aNil 2.1 a1.36 o.oco06 80 C1-2FLC.Is 334267.1 a6.608 23.066 146 C1-aMAX. 3272a.41 a.s54a
5 C1-1Nil 2.1 1535.853 o.212 81 C1-2FLC.Is 410453.1 s57.231 34a.a2 147 C1-aAaMAX. 69449.76 o.665
6 C1-1Nil 2.1 5352.046 o.7a 82 C1-2FLC.Is 424107.6 59.135 az.as2 148 Cil-aMAX. 111714.7 15.54a6
7 C1-1Nil 2.1 9882.397 1.367 83 C1-2FLC.Is 336820.4 ae.964a 60.a29 149 C1-aMAX. 160277.4 22.304
2 Cc1-1Nil 2.1 12590.13 1.7a2 24 C1-2FLC.Is 216475.2 20.124 73.a22 150 C1-AaMAX. 202649.8 28.201
o ca-aNil 2.1 18270.3 2.528 85 C1-2FLC.Is 142757.1 19.905 85.126 151 C1-aAMAX. 237566.3 33.06

10 ci-aNil 2.1 28133.4 3.892 86 C1-2FLC.Is 71804.55 10.012 o3.574 152 Cl-amMAX. 252941.4 35.199

11 C1-1Nil 2.1 40243.75 s5.568 87 C1-2FLC.Is 36226.27 5.051 o7.799 153 C1-aAaMAX. 248995.6 3a.65

12 C1-1Nil 2.1 S52436.82 7.254a 88 C1-2FLC.Is 12846.57 1.791 o7.363 154 C1-AaMAX. 236358.6 32.892

12 C1-1Nil 2.1 69984.69 o.es2 89 C1-2FLC.Is 2420.967 o.33s o2.747 155 C1-AMAX. 220492.7 30.624

14 C1-1Nil 2.1 83258.65 11.518 90 ci-2FLC.Is 24as5.4a06 o.034a 83.213 156 C1-AaMAX. 205936.6 28.658

15 C1-1Nil 2.1 92005.01 12.729 21 ci-2FLcC.Is a1.36 o.co06 70.154 157 Cl-amMAX. 191515.6 26.651

16 C1-1Nil 2.1 90717.32 12.55 92 ca-2FLC.Is 19.302 o0.003 56.a65 158 C1-aMAX. 178740.7 2a.87a

17 C1-1Nil 2.1 86057.38 11.906 93 C2-2FLC.Is 83793.58 11.661 az.z16 159 C1-aMAX. 166608.3 23.185

18 C1-1Nil 2.1 85439.72 11.82 94 C2-2FLC.Is 149068.7 20.74a4 23 . ass 160 C1-AaMAX. 151575.1 21.093

19 C1-1Nil 2.1 79880.88 11.051 95 C2-2FLC.Is 290433.3 ao.a17 28.53 161 C1l-aMAX. 137264.4 19.102

20 C1-1Nil 2.1 73861.55 10.21s 96 C2-2FLC.Is 426233.5 so.315 3s5.2821 162 Cil-amMAX. 119170.6 16.584a

21 C1-1Nil 2.1 65909.31 o.118 97 C2-2FLC.Is 521696.3 72.599 a3.a32 163 C1-aMAX. 98804.67 13.75

22 ci-aNil 2.1 s64a73.6 7.813 o8 c2-2FLC.Is 551531 76.751 52.733 164 Cl-aMAX. 77879.02 10.838

22 C1-1Nil 2.1 45769.51 6.332 99 C2-2FLC.Is 464858.7 64a.69 63.64a5 165 C1-AMAX. S2227.26 7.262

24 c1-1Nil 2.1 38738.23 5.359 100 C2-2FLC.Is 369015.4 51.352 73.743 166 C1-aMAX. 30107.67 a.19

25 C1-1Nil 2.1 21596.65 a.371 101 C2-2FLC.Is 282897.4 3o.368 22.5904 167 Cl-AaMAX. 13676.53 1.90=

26 ci-1Nil 2.1 25329.16 3.504a 102 C2-2FLC.Is 194011 26.999 20.334 168 C1-aMAX. 5489.915 o.764a

27 c1-1Nil 2.1 17580.96 2.a3> 103 C2-2FLC.Is 131837.9 1s2.34a47 os5.59 169 Cl-aMAX. 1640.632 o.228

28 C1-1Nil 2.1 11189.39 1.5as8 104 C2-2FLC.Is 80936.95 11.263 os.211 170 C2-aMAX. 117314.9 16.39

29 ci-1Nil 2.1 7133.304a o.o87 105 C2-2FLC.Is 43365.09 6.035 os.14a2 171 C2-AMAX. 143567.7 20.057

20 c1-1Nil 2.| a4546.896 o.e29 106 C2-2FLC.Is 22345.69 =.131 os. 782 172 C2-aMAX. 178131.3 24 8826

31 C1-1Nil 2.1 3270.235 o.as2 107 C2-2FLC.Is 11911.82 1.658 21.021 173 C2-aAaMAX. 220558.9 30.814

32 ci-1Nil 2.1 1621.331 o.224a 108 c2-2FLC.Is 7127.79 oO.992 23.525 174 C2-AaMAX. 263176.7 36.768

33 Cca1-1Nil 2.1 Aa471.509 o.o6s 73.107 175 C2-aMAX. 308284.5 Aa3.069

34 ca-aNil 2.1 ao.633 o.007 6a.2a7 176 C2-aMAX. 347927.1 as.e0s

25 ca-aNil 2.1 o o 177 C2-AMAX. 385217.7 s3.8218

36 ca-aNil 2.1 o o 178 C2-AMAX. A426922.9 s59.6a4a

37 cai-amNil 2.1 o o 179 C2-aAaMAX. as944a3.3 6a.187

38 ca-aNil 2.1 o o 180 C2-aMAX. ass5522.4 67.831

39 c=z-aNil 2.1 2.757 3.86E-04a 181 C2-AMAX. 4a496775.2 69.4a03

40 c2-aNil 2.0 o o 182 C2-AMAX. A497059.2 69.4a3

a1 c2-1Nil 2.1 o o 183 C2-A4MAX. 494381.8 69.069

a2 cz2-aNil 2.0 6s.934 o.o1 184 C2-AaMAX. ass5318.3 67.802

43 Cc2-1Nil 2.1 1301.476 o.182 185 C2-aAaMAX. a73533.4 66.156

a4a c2-1Nil 2.1 4466.932 o.e2s5 186 C2-aAaMAX. a58221.7 64.017

a5 c2-1Nil 2.1 8702.245 1218 187 C2-aAaMAX. Aa439099.4 61.3a5

46 c2-1Nil 2.1 11415.49 1.598 188 C2-AMAX. 414823.6 57.954

a7 c2-1Nil 2.1 16654.49 2.331 189 C2-amMAX. 388827.1 54.322>

a8 C2-1Nil 2.1 25593.87 3.583 190 C2-aMAX. 359155.1 50.176

a5 c2-1Nil 2.1 36217.99 s5.07 191 C2-amMAX. 3273861.8 as.s0s

50 C2-1Nil 2.1 48071.91 6.729 192 C2-aMAX. 292848.8 4ao.913

51 c2-1Nil 2.1 65368.86 o.1s5 193 C2-aMAX. 260631.7 36.412

52 c2-1Nil 2.1 820197.97 11.226 194 C2-aAaMAX. 224827.3 31.41

53 C2-1Nil 2.1 90521.55 12.671 195 C2-aMAX. 197562.5 27.601

54 c2-1Nil 2.1 92614.39 12.964 196 C2-aMAX. 172056.8 24a.038

55 Cc2-1Nil 2.1 92628.17 12.966

56 c2-1Nil 2.| 93289.94a 13.059

57 C2-1Nil 2.| 920637.36 12. 683

58 C2-1Nil 2.1 87976.5 12.315

59 c2-1Nil 2.| 83534.38 11.693

60 C2-1Nil 2.1 73894.63 10.3a4

61 c2-1Nil 2.| 61662.96 8.632

62 c2-1Nil 2.1 53517.7 7.a92

63 Cc2-1Nil 2.1 44153.69 6.181

64 c2-1Nil 2.| 35967.07 s5.035

65 C2-1Nil 2.1 25880.63 3.623

66 c2-1Nil 2.1 16370.4a8 2.292

67 C2-1Nil 2.1 10709.61 1.a99

68 c2-1Nil 2.1 6827.236 o.956

69 C2-1NIil 2.1 4329.063 o.606

70 C2-1Nil 2.1 1943.943 o.272

71 cz-aNil 2.1 670.04 o.094a

72 c2-1Nil 2.1 212.317 o.03

73 c2-aNil 2.1 66.177 o.c09

74 c2-1Nil 2.1 82.272 o.001

75 c2-1Nil 2.1 o o

76 cz-1Nil 2.1 o o




6.1.3 Split image local biofilm thickness

Random sampling of values (high intensity-low intensity), 36 samples within each random sample
NIL

label  Areal  Meanl StdDevl Area2  Mean2 StdDev2 Area3  Mean3 StdDev3 Aread  Mean4 StdDevd Area5  Mean5 StdDev5 Area6  Mean6 StdDevé Area7  Mean7 StdDev7 Area8  Mean8  StdDev8 Aread  Mean9 StdDev9 Areal0 Meanl0 StdDev10 Areall Mean1l StdDevll Areal2 Mean12 StdDevi2

1 Projectior 84 52929  36.647 24 60958 31944 90 55.022 35.269 56 73821 17722 72 55653  48.802 40 65.25 47.628 60 70.35 49.17 4 8833 42545 45 157489  43.796 40 1439 46.466 56 168.071 18592 117 130974  60.575

2 Projectior 84 55 3499 2% 75708 16126 90 65844 24708 56 7425 14419 72 8748 29744 4 89 4092 60 66133  40.623 4 94619 36.169 45 151689 37.974 40 163 26.028 56 161696  32.52 117 105145 7864

3 Projectior 84 69571 21105 24 53917 38946 90 72311 42127 56 69.036 21815 72 71315 24076 40 553 47.254 60 136 2743 4 8199 41131 45 28778  56.538 40 158675 24174 56 150036  46.727 117 2154 13334

4 Projectior 84 60.024 29.292 24 10375 28.04 90 44744 52.288 56 39679 37.273 72 54347 42585 40 378 36413 60 0 0 4 59595 53.186 45 19933 31627 40 107.125 62645 56 125446  64.616 17 1041 28358

5 Projectior 84 16452 30614 24 68083 35677 90 2978 13.885 56 9107 24314 72 3556 14763 40 7 21268 60 0 0 4 24976  40.643 45 15911 229 40 55525 32466 56 9025 73.427 117 2488 40.725

6 Projectior 84 3381 15211 24 225 39367 90 18611 2859 56 0 0 72 3264 13552 40 1625 10277 60 0 0 4 19048 3448 45 11933 24137 40 1805 31662 56 34107  56.105 117 6564 24334

7 Projectior 84 1356 27.081 2% 20 39.826 90 17933 26156 56 10768 24.83 n 0 0 40 1205  24.408 60 0 0 4 32881 40358 45 0 0 40 66825 15.533 56 13143 30307 7 0 0

8 Projectior 84 3009 32513 2% 0 0 90 0 0 56 28982 29.246 7 0 0 40 0 0 60 0 0 4 17905 34704 45 0 0 40 74125 3084 56 62625 49.161 jiy) 0 0

9 Projectior 84 0 0 2% 0 0 90 0 0 56 0 0 n 0 0 40 0 0 60 0 0 4 67643 40.791 45 0 0 40 0 0 56 11625  40.847 17 0 0

10 Projectior 84 0 0 2% 0 0 90 0 0 56 0 0 72 0 0 40 0 0 60 0 0 2 0 0 45 0 0 40 0 0 56 50911 49534 7 0 0
11 Projectior 84 4857  21.852 2% 0 0 90 0 0 56 0 0 7 0 0 40 0 0 60 0 0 4 20214 32352 45 0 0 40 9285 29.843 56 48482  40.703 17 0 0
12 Projectior 84 27012 41749 2% 0 0 90 0 0 56 47.25  46.007 n 0 0 40 1041 96.599 60 0 0 4 3504 3718 45 0 0 40 108.075  56.595 56 0 0 17 0 0
13 Projectior 84 33952 51.88 2% 13125 26136 90 28189 43301 56 40018 53259 7Z 0 0 40 48 4624 60 0 0 4 64714 38838 45 132 34034 40 6.3 22407 56 2679 14.044 17 0 0
14 Projectior 84 28619 45.134 2% 0 0 90 15989 34578 56 40.268 51642 72 29653 43586 40 67.925 55.104 60 0 0 4 72 2939 45 39178 46349 40 0 0 56 5411 19.68 117 4692 16325
15 Projectior 84 0 0 2% 0 0 90 11444 29342 56 0 0 72 7361 2458 40 8755  40.445 60 0 0 2 50 45325 45 11733 30252 40 0 0 56 5429 1975 117 9.034 22797
16 Projectior 84 0 0 2% 0 0 90 23911 37.726 56 0 0 729389 26743 40 205 12.965 60 0 0 42 2031 37434 45 0 0 40 0 0 56 8143 23719 117 10718  25.245
17 Projectior 84 0 0 2% 0 0 90 8.022 24202 56 0 0 7 1139 9.664 40 449 45021 60 168 33884 4 12833 29.044 45 83333 74042 40 0 0 56 6.857  22.098 117 22419 55258
18 Projectior 84 0 0 2% 0 0 90 4333 17967 56 0 0 72 9875 2631 40 37825 52415 60 0 0 4 9167 25238 45 1434 36.657 40 0 0 56 4125 1749 117 84863  80.845
19 Projectior 84 0 0 2% 0 0 90 5067 19.064 56 0 0 72 8444 24052 40 342 47338 60 0 0 4 928  25.566 45 134778 42592 40 0 0 56 4143 17571 117 8135 83.809
20 Projectior 84 0 0 2% 0 0 90 12267 27583 56 0 0 n 1014 8603 40 2985 37.026 60 24 13.033 4 928 25566 45  89.089  67.556 40 0 0 56 4179 1772 117 85085 83516
21 Projectior 84 0 0 2% 0 0 90 16567 30.198 56 0 0 72 7764 22114 40 36 15892 60 0 0 4 1754 34306 45 0 0 40 0 0 56 5571 2027 117 16684  46.16
22 Projectior 84 13202 31567 2% 0 0 90 21156  31.657 56 28.054 43509 72 458  16.8%5 40 59675 39.213 60 0 0 42 40333 46.053 45 7556 21612 40 0 0 56 9768  26.078 117 18376 35403
23 Projectior 84  6.667 20671 2% 0 0 90 144 27.092 56 11232 25.901 72 16236 27.309 40 49125 43939 60 0 0 4 7078 39.914 45 34133 3229 40 0 0 56 11286 27.89%4 117 2765 41653
24 Projectior 84 10298 24211 24 383 1879 90 0 0 56 116% 25314 7 0 0 40 19075 2951 60 0 0 4 79.09 3262 45 5244 1698 40 315 35271 56 9893 26411 117 61923  66.518
25 Projectior 84 39964 4839 24 4125 20208 £l 0 0 56 40607 46728 n 0 0 40 174 26918 60 0 0 4 43476 47305 45 0 0 40 318 33865 56 7.089 22847 17 0 0
26 Projectior 84 0 0 2% 0 0 90 0 0 56 0 0 72 0 0 40 0 0 60 0 0 4 10119 278 45 0 0 40 59575 27916 56 6 21.829 jiy) 0 0
27 Projectior 84 0 0 2% 0 0 90 0 0 56 0 0 7 0 0 40 0 0 60 0 0 4 29381 4443 45 0 0 40 0 0 56 114732  26.812 17 0 0
28 Projectior 84 0 0 2% 0 0 90 0 0 56 0 0 n 0 0 40 0 0 60 0 0 2 0 0 45 0 0 40 0 0 56 21964 2873 17 0 0
29 Projectior 84 0 0 2% 0 0 90 0 0 56 0 0 7 0 0 40 0 0 60 0 0 4 2631 33949 45 0 0 40 303 46874 56 54804 41278 jiy) 0 0
30 Projectior 84 61131  47.036 2% 0 0 90 0 0 56 71107 434 n 0 0 40 0 0 60 0 0 4 17260 3125 45 0 0 40 4735  57.993 56 26821 38.249 17 0 0
31 Projectior 84 39893 45233 24 4917 16657 90 35189  47.64 56 56.661 44288 n 0 0 40 1175 3148 60 0 0 4 33571 37387 45 0 0 40 74075 36.239 56 60.107 64.898 117 3829 1419
32 Projectior 84 0 0 2% 0 0 90 26778 42249 56 0 0 7 4 19318 40 17.825 36.107 60 0 0 4 49929 45335 45 14622 34454 40 56375 39618 56 110536  60.015 117 15915 27.218
33 Projectior 84 7 233% 24 45375 32776 90 3911 18237 56 15 11225 n 0 0 40 215 13598 60 0 0 4 66333 48765 45 5889 22284 40 4665 40618 56 139536 46473 117 8017 21839
34 Projectior 84 11726 28.8% 2% 0 0 90 30211  40.01 56 7321 23.5% 72 85.444 46779 40 50475 44.858 60 0 0 2 9219 3549 45 9533 27.269 40 94375 68.864 56 155429 30575 17 181 111
35 Projectior 84 5678  37.188 24 54958 32415 90 89.533  54.083 56 346% 40427 72 63889 37.814 40 14175 31169 60 21133 36914 42 99667 28383 45 54422 8319 40 145175  61.227 56 165.161  20.018 117 8165 7197
36 Projectior 84 69.643 25756 24 71958 1533 90 708  25.176 56 64946 30556 72 9548  29.761 40 98575 34119 60 9355 34438 4 93738 3585 45 1698 37123 40 16345  29.601 56 166.018  26.767 117 130957  55.116
711.762 324 509.582 364 695.21 29 760.999 38.1 619.958 31 1065.2 395 283.966 40.6 1560.977 459 1201.643 57.2 1775.075 80.7 2126.698 60.8 951.11 416
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Label
1 Projectior
2 Projectior
3 Projectior
4 Projectior
5 Projectior
6 Projectior
7 Projectior
8 Projectior
9 Projectior

10 Projectior

11 Projectior

12 Projectior

13 Projectior

14 Projectior

15 Projectior

16 Projectior

17 Projectior

18 Projectior

19 Projectior

20 Projectior

21 Projectior

22 Projectior

23 Projectior

24 Projectior

25 Projectior

26 Projectior

27 Projectior

28 Projectior

29 Projectior

30 Projectior

31 Projectior

32 Projectior

33 Projectior

34 Projectior

35 Projectior

36 Projectior

Areal

56

56
56

56
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Label

1 Projectior
2 Projectior
3 Projectior
4 Projectior
5 Projectior
6 Projectior
7 Projectior
8 Projectior
9 Projectior
10 Projectior
11 Projectior
12 Projectior
13 Projectior
14 Projectior
15 Projectior
16 Projectior
17 Projectior
18 Projectior
19 Projectior
20 Projectior
21 Projectior
22 Projectior
23 Projectior
24 Projectior
25 Projectior
26 Projectior
27 Projectior
28 Projectior
29 Projectior
30 Projectior
31 Projectior
32 Projectior
33 Projectior
34 Projectior
35 Projectior
36 Projectior

Areal

33338838883 33333383838888383383338388888888

Mean1
98.857
87.804
51.071

2.286
0
425
8.071
0

0

0

0
32.857
2768
2643

Meanl
60.013
75.012
67.012
46.263
10.137

cococococoooo

6.825
7312
5.775
4525

5.938
6.875
1115
6.875

cococoococooo

0
16.688
31.475
31.337

66.75

469.462

StdDevl Minl

63.49
64.065
17.105

0
22284
29.365

StdDevl Area2
37.69
33.105

45.82

cooocooooo

14.299
15318
14.555
14.942
21.963
18.143
17.327
21.601
18.304

cococoococooo

20.464
21616
36.568
29.789

26.1

© 0000000000000 00000000000000000000O00

Max1

Mean2

48.778
53.815
52.722
23.056
42.093
5.463
1
77.87
0

0

0
29.63
0.685
32.944

15.019
213

0
46.463
1593
31593
50.167
627.724
16

Medianl Area2

StdDev2 Area3

26.639
24.429
25.743
30.761
48.431
17523
7348
39.082
0

0

0
9571
5.035
15.86

cococoocoocooo

22139
10.103
18.494
0

0

0

17.9
27.491
0

40,08
8.197
20.933
24.368
314
a4

828883383333333333888883333333333883%8

Mean2
1126
111.667
946
69.317
27.683
39.467
25.917
32717
0
0
0
64.65
24.85
26.183
70.1
75.917

71.85

Mean3

35.885
43377
54.515

cocooocococooooo

7.354
8615
0.338
1415
1885
11415
108

0

cocoococooooo

235
43.185
242.284

StdDev2 Min2

50.782
50.36
59.983
65.387
53.082
58.466
49.696
50.404
0

0

0
77.143
56.035
55.729
70.693
69.249
68.036
67.778
67.061
66.239
64.979
63.26
34.84
45,099
57.342
45573
0

0

0
80.504
37.984
50.393
67.354
61.512
69.978
62.255

StdDev3 Aread

21.209
20.284
24361

cococococococooooo

15.13
19.431
3.859
7.975
9.46
24464
21684

cocococococoooooo

27.027
19.258
202

©C0 0000000000000 00000000000000000O00O00

60

Max2  Median2 Area3
136 135
134 134
132 132
131 130
129 0
125 0
121 0
112 0

0 0
0 0
o 0
157 0
150 0
144 0
141 139
139 138
137 136
135 134
133 133
132 131
130 129
128 0
125 0
120 0
115 0
104 0
0 0
0 0
0 0
163 0
151 0
148 0
144 0
142 0
139 0
137 137
Meand  StdDevd
61 18578
4155 30458
0 0
0 0
0 0
0 o
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 o
0 0
0 o
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 o
0 0
59.133  27.917
106.783 356
33 92

Mean3  StdDev3 Min3  Max3
8 102.762 0
84 54548  63.365 0
84 5714 25709 0
84 0 0 0
84 0 0 0
84 0 o 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 o 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 18333 47512 0
84 11083 3698 0
84 34381 56328 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 o 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 0 0 0
84 7.005 31921 0
84 50667  68.385 0
Area5  MeanS StdDev5 Areab

70 804  41.088

70 78629 40.836

70 73043 42271

70 56243  48.544

70 31457 44711

70 1286  7.551

70 11671 24117

70 3898 38856

70 1388  17.65

70 0 0

70 99.6  19.017

70 45657  34.524

70 68529 23354

70 137 26074

70 0 o

70 0 0

70 0 0

70 0 0

70 0 0

70 0 0

70 0 0

70 0 0

70 0 0

70 3129 11362

70 371 32855

70 5748  19.401

70 6283  16.696

70 0 0

70 30614 283

70 47.057  47.061

70 19257  29.228

70 28343 40.025

70 53929 48572

70 75043 43241

70 82357  38.709

70 8498  37.638

1195.274 478

31

72
7
72
72
72
7
72
7

Median3 Aread  Mean4 StdDev4 Mind  Max4
5 135 61.665 0
8 0 56 90.446  65.401 0
0 0 56 66.589  69.636 0
0 0 56 37.411 62411 0
0 0 56 35679 62357 0
0 0 56 38875 64.854 0
0 0 56 48.768 715 0
0 0 56 71536 80.4 0
0 0 56 0 0 0
0 0 56 0 0 0
0 0 56 18125  36.995 0
0 0 56 33911 51.847 0
0 0 56 36339 55543 0
0 0 56 50.714  61.299 0
0 0 56 20339 46.901 0
0 0 56 9.214 33523 0
0 0 56 0 0 0
0 0 56 0 0 0
3 0 56 0 0 0
6 0 56 0 0 0
0 0 56 0 0 0
0 0 56 0 0 0
0 0 56 12554 40.456 0
0 0 56 51214 69335 0
0 0 56 5225 70739 0
0 0 56 54982  74.44 0
0 0 56 37.518  72.494 0
0 0 56 0 0 0
0 0 56 37.732  49.174 0
0 0 56 59.696  58.132 0
0 0 56 44071  59.665 0
0 0 56 29304 53777 0
0 0 56 46339 62734 0
0 0 56 77.286  65.107 0
9 0 56 85357  64.198 0
2 0 56 95732  61.094 0
Mean6  StdDev6 Area7  Mean7 StdDev7 Area8
96.347 22271 72 87264 31121
96.972 22432 72 91542 22058
97.778 20221 72 92736 19.163
98.917  14.404 72 75861 40288
93764 24.147 72 33264 44.569
71722 44.267 72 7111 16014
46,069 49.147 72 875 17177
43056 33251 72 2111 8765
37.083 22376 72 30042 24711
20528 38952 72 0 0
19.653  19.258 72 0 0
23542 26462 72 64375 50917
37.264 2659 72 6375 16985
18764 27.114 72 0 0
0611 5185 72 5333 15191
0 0 72 0667 5657
0 0 72 0 0
0 0 72 0 0
0 0 7 0 0
0 0 72 0 0
0 0 72 0 o
0 0 72 0611 5185
0 0 72 4889 13925
625 19.292 72 0 0
31125 31886 72 0569 4832
40792 28349 72 43167 31314
25042 26.8% 72 37222 29301
0 0 72 0 0
28444 17.206 72 48264 49593
25.417 21039 72 135 23547
29681 40024 72 8333 18765
55.528  44.801 72 2722 11303
77722 36289 72 0 0
94319 18258 72 1272 29017
96.125 18492 72 62056 48712
96.042 2223 72 0 31745
1408.557 52.2 829.486 33.2
9 2 31

Meang

Mediand Areas

85.25
91.792

cococococococococoooocoooooo

5.417

cocoocococoooooo

12.208
105.528
300.195

40

40

888888888838

40
40

88888885858585888888

a0
a4

&

StdDev8

35.537
28.48

cococococococococoocoocoocoooo

Mean5  StdDevs MinSs
102.95 60197
104.425  61.059
84.85 70163
17.875  47.895
0 o
0 0
70475 83.028
0 0
0 0
0 0
1895 4167
28975  50.83
15.125 40527
0 0
0 0
0 0
0 0
335 21187
135 41016
34 21503
0 0
0 0
0 o
37.375 65561
114375 71353
0 0
0 0
2475 15653
0 0
0 0
37.825 58515
96.375 56355
11435 43774
99.6 58238
107.325 54347

Aread  Mean9

126 112913

126 127.825

126 104.587

126 3546

126 0

126 6.27

126 0

126 0

126 0

126 0

126 0

126 0

126 0

126 10.508

126 11492

126 0

126 0

126 0

126 0

126 0

126 0

126 0

126 4643

126 1762

126 131

126 0

126 0

126 0

126 0

126 0

126 0

126 6.905

126 7373

126 26,556

126 119.04

126 135.587

712.231

21

© 0000000000000 00000000000000000000O00

Max5

134

Median5 Area6

StdDev9  Areal0

46.686
16.151
23.98
41.075
0
15.636

coocoooo

cocooo

2157
21.242
44,036
25.762
17.048

475

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

Mean10  StdDev10 Areall

158.448
177.048
176.676
91.79
5.61
22371
7638
54.724
0

0

0

6.438
45.038
0
21.667
4,095

0

4.286
4.381
2686

0
11352
15552

26,695
33.952
27.181

9676
115.648
168.619

1285.381

Mean6  StdDevé
102.756

24533 53.357
15667 44.813
28.778  58.206
196 50535
23644 55712
0 0

0 0

0 0

0 0

0 0

0 0
66.289 54738
0 0

0 0

0 0

22933 49.877
2911 19528
14867 42525
15.089 4316
3.067 20572
24933 54227

0 0
0 0

27.444  59.69
18556  53.076

0 0
0 0

0 0
16.444  38.748
20533 44.658
1082 3504
168 43316

0

70.356  66.556
101.244 58238

51.214
17.879
17.305
82.325
15.691
39.416
188
34.297
0

0

0
12.939
44.378

34.877
17.409

13273
13.568
10.962

29.9
32,095

63.557
19.05

20312
47.018
38.547

21.146
65.477
13.769

514

56

Min6

1485
146.536
147.071
149554
150.125
151.607
154.018

1555
155.821
163.125

160
159.607
159.286
152.464
139.161
124.732
105.821

89.339
74.446
70.607
71.429
74.607
85.268
85.929
90.357
97.929
99.179
100.946
108.018
121339
131375
137.982
149.089
152.786
152.946
151.161
4567.66
0

©0 0000000000000 00000000000000000O00O00

Max6

Mean1l StdDevil Areal2

44.934
46.968
47.052
45.143
40.304
36.732
31436

Median6

888888888888888888888888888888888888

82.867
119
126,911
25911
0
12.856
21.433

o
0
0
0
0

16.989
19111
0
0.478
2444

Mean12 StdDevi2

65.076
47.059
47.317
53.582

0
24.487
34.854

coooo

20.928
19.81

4533
10135
11.288
10.596

1.79
10155

26,015
29.085

oo

98



