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Summary 
Candida albicans has been designated as a critical priority in the WHO fungal 

pathogens list to guide research, development and public health action (World 

Health Organization 2022). Candida-associated denture stomatitis affects 

approximately 65-75% of denture wearers and is one of the most common forms 

of candidosis. The predominant species involved is C. albicans, an opportunistic 

pathogen problematic for people who are immunocompromised or have implanted 

medical devices.  

The overall aim of this research was to explore the impact of surface conditioning 

(Chapter 2), surface topography (Chapter 3) and bacterial presence (Chapters 4 

and 5), on the behaviour of C. albicans in in vitro biofilms. It was evident from the 

surface conditioning investigations that both the quantity and morphology of C. 

albicans in biofilms could be modulated by these variables in a strain dependent 

manner. Denture material surfaces with significant differences in surface 

roughness were created and shown to affect the quantity of C. albicans present. 

C. albicans cells were clearly observed in the topological features in the surfaces. 

Dual species of C. albicans and relevant oral Streptococcus species resulted in 

increased C. albicans quantity though the same effect was not observed in 

experiments with spent media from the streptococcal species, suggesting microbial 

cells were required to be present. Based on studies of bacterial association with C. 

albicans hyphae, physical binding of some bacteria with the ALS3 protein was 

evident which could promote interactions. More complex saliva-derived biofilms 

were shown to influence C. albicans quantity and morphology, and differences 

between biofilms from separate individuals were explored using metagenomic 

sequencing. 

If such in vitro effects translate to the in vivo environment, knowledge of these 

effects may provide insight into how the usually commensal organism C. albicans 

could become pathogenic and inform future treatment and management strategies 

for Candida-associated denture stomatitis.  
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1.1. Microbial Biofilms: Introduction and prevalence  

A biofilm is described as a community of microbial cells, adhered to a solid surface 

or at an liquid-air interphase, and embedded in extracellular polymeric substances 

(EPS) produced by the microorganisms themselves (Nobile and Johnson 2015). 

Biofilms are frequently encountered in natural environments and on host surfaces 

and are now generally acknowledged as the most prevalent form in which 

microorganisms grow (Flemming et al. 2016). Biofilms are the preferred mode of 

growth for many microorganisms due the benefits and protection that a biofilm 

provides. These benefits include an innate resistance to host immune defences 

and increased tolerance to other stressors including nutrient limitations, 

dehydration, and exposure to antimicrobial substances (Rumbaugh and Sauer 

2020). Due to these key features of a biofilm lifestyle, microorganisms in biofilms 

can colonise competitive niches and survive in environments that would be too 

stressful for their free-living (planktonic) counterparts (Serra and Hengge 2014). A 

biofilm may contain a single microbial species, but most frequently, they are 

polymicrobial. Polymicrobial biofilms can therefore have additional advantageous 

properties because of exchanges and sharing of functions between different 

species (Berger et al. 2018).  

1.1.1. Biofilm formation and development  

Biofilm formation is a cyclical process that can be described in five, though some 

suggest four, phenotypically distinct, highly regulated stages (Figure 1.1) (Monroe 

2007). These stages are evident for all biofilm forming microorganisms, with each 

developmental stage presenting a distinct pattern in protein production and gene 

expression (Stoodley et al. 2002; Petrova et al. 2017). Hallmark characteristics of 

biofilm growth include a decreased expression of flagella-associated genes (when 

present), production of EPS forming a biofilm matrix, induction of mechanisms for 

resistance to antimicrobials and increased production of virulence determinants 

(Rumbaugh and Sauer 2020).  

Biofilm formation commences with the initial adherence of planktonic cells to a 

surface, and this is a reversible process (Monroe 2007; Berger et al. 2018). 

Planktonic cells attach and adhere to either abiotic or biotic surfaces, reproduce 
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and attract and adhere with other microorganisms (expansion stage). The biofilm 

begins to mature as the microorganisms produce EPS, communicate, and respond 

through quorum sensing (QS) stimuli as the population increases (Stoodley et al. 

2002). The microbes in this ‘mature’ biofilm stage exhibit higher tolerance to host 

defences and chemical factors such as antibiotics. The last stage of biofilm 

development is dispersion, where biofilm cells are released, and may then cause 

infection at distal sites in the body (Kaplan 2010). Cells that are dispersed from 

biofilms are often virulent and can modulate the local environment to one that is 

favourable for new biofilm development (Bjarnsholt et al. 2013). 

 

Figure 1.1. The five stages of biofilm formation and development. The five 

stages of biofilm formation are depicted schematically in the upper section and 

beneath as corresponding photomicrographs of Pseudomonas aeruginosa biofilm 

development. 1) Initial attachment; 2) adhesion – irreversible; 3) growth of 

microcolonies and EPS deposition; 4) maturation into a complex biofilm with a 

climax community; 5) dispersal of planktonic cells. (Image from Monroe, 2007 

(Image used under Creative Commons License)) 
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1.1.1.1. Stage 1: Attachment  

The first stage of biofilm development on a surface is cell attachment. On dental 

surfaces, surface preconditioning is a precursor to attachment, and this primarily 

involves adsorption of glycoproteins on to the surfaces (Kolenbrander et al. 2010; 

Bowen et al. 2018). In the mouth, the adsorbed conditioning film components is 

referred to as the acquired pellicle (AP) and is derived from a combination of host 

and microbial sources (Bowen et al. 2018). The AP primarily consists of salivary 

components, including saliva-derived proteins, glycoproteins, lipids and glycolipids 

(Marsh and Bradshaw 1995). The pellicle coats all surfaces in the oral cavity and 

has an important role in determining the initial attachment of microbes and in 

maintaining a healthy, balanced oral microbiome (Lynge Pedersen and Belstrøm 

2019). Deposition of the AP changes the characteristics of the surface, including 

its charge, which has a pivotal role in microbial attachment. Initial microbial 

attachment is mostly driven by non-specific forces such as electrostatic and van 

der Waals forces interacting between the surface and the microbial cells (Eliades 

et al. 1995; Sipahi et al. 2001).  

The topology of microbial cell surfaces also contributes to how non-specific forces 

interact with them (Zheng et al. 2021). Such microbial topological features include, 

but are not limited to, lipopolysaccharides (LPS), flagella, pili and various antigens 

that increase the surface area of the cells, thus enhancing surface attachment 

(Harimawan et al. 2011). Many non-microbial factors can influence attachment and 

retention of microorganisms and one of these relates to the irregularities and 

roughness of the surface to which microorganisms may attach (Zheng et al. 2021).  

1.1.1.2. Stage 2: Adhesion 

After initial attachment, microbial cells adhere to the surface. Adherence is a more 

permanent attachment and considered to be irreversible (Stoodley et al. 2002). 

Adhesion is an active process, usually through more specific mechanisms 

including binding and ligand-mediated receptor interactions. The specificity of 

these interactions means that they are both species- and substrate-dependent. In 

the oral cavity, attached cells have to resist clearance by salivary flow and so 

adherence is essential to ensure colonisation and establishment of the biofilm on 

the oral surface. It is important to highlight that adhesion to the surface also 
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promotes cell-to-cell adhesion, with some adhesins having a multi-faceted role in 

binding. For example, Streptococcus gordonii surface proteins SspA and SspB can 

bind to mucosal surface components and to the fungus Candida albicans which 

may then be recruited to the biofilm (Bamford et al. 2009).  

1.1.1.3. Stages 3 and 4; Growth and Maturation 

After irreversible adherence, microbial motility is lost, and production of biofilm 

matrix components commences (Monroe 2007). These processes mark the switch 

from a simple aggregation of cells to the cyclical process of biofilm formation. 

Resources can be reallocated to the maturation and growth of the biofilm by means 

of clonal growth and recruitment of other cells (Rickard et al. 2003). The biofilm 

matrix itself is also able to promote recruitment, as it possesses many molecular 

components for binding cells (Flemming et al. 2007; Flemming and Wingender 

2010).  

1.1.1.4. Stage 5: Dispersal  

The final stage of biofilm formation is dispersal. This is an active and highly 

regulated event during which planktonic cells are released from the biofilm and can 

then colonise new sites (Rumbaugh and Sauer 2020). The dispersal stage is of 

great interest in terms of human diseases, but this has only recently been 

recognised. Knowledge of the dispersal stage is derived mostly from in vitro studies 

and therefore extrapolation to in vivo and clinical situations should be done with 

caution (Kaplan 2010; Rumbaugh and Sauer 2020). Dispersion allows biofilm cell 

dissemination and colonisation of new sites. However, it may render the parental 

biofilm vulnerable, and the dispersed cells may also be more susceptible if they 

have switched to planktonic forms.  

Biofilms, while greatly advantageous to some of their constituent cells, are not 

equally beneficial to all members of the community (Hunter 2008). Biofilms are 

subject to dynamic chemical, oxygen, nutrient and waste product concentration 

gradients, and these become more extreme as the biofilm develops and grows. 

While these gradients provide niches within the biofilm structure for a variety of 

species, they can also leave cells in a disadvantaged zone, with the outcome that 

subpopulations form. These subpopulations are more susceptible to dispersion 
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cues and are primed to disperse from the rest of the biofilm. Chemical gradients 

have therefore been proposed as the driving factors in triggering the stage of 

biofilm dispersal, with mechanisms not being fully elucidated, but mostly related to 

alteration of chemical gradients (Serra and Hengge 2014; Rumbaugh and Sauer 

2020). Induction of active dispersal has been divided into two types of trigger: 

native and environmental induction. Native dispersion is initiated by internal biofilm 

factors, and signalling molecules derived from cells within the biofilm, and are 

produced as a response to the chemical gradients (Rumbaugh and Sauer 2020). 

In contrast, environmental induction of dispersion is in response to external 

environmental factors. 

Native dispersion is observed as a coordinated movement of cells from the centre 

of the biofilm leaving a ‘hollow cavity’ in the biofilm (Sauer et al. 2002; Purevdorj-

Gage et al. 2005). Dispersal has been linked to biofilm thickness, rather than 

biofilm age. However, there is no set biofilm size that triggers dispersion, rather it 

is the limitations of transport that have been attributed to whether subpopulations 

within biofilms disperse, and again, this is thought to be due to steep chemical 

gradients especially of extracellular signalling molecules, nutrient resources and 

oxygen (Purevdorj-Gage et al. 2005; Flemming et al. 2016). Findings suggest that 

there is an inducer responsible for dispersion that accumulates within the biofilm 

as it matures and grows, until chemical gradients limit the ability to effectively 

remove the inducer, triggering native dispersal. An example of this is a fatty acid 

signalling molecule called cis-2-decenoic acid (cis-DA) which was identified for P. 

aeruginosa (Davies and Marques 2009). Fatty acid signalling can mediate 

intraspecies, interspecies and cross kingdom communication and may regulate a 

wide range of biofilm processes including growth, virulence, motility, protein 

production, biofilm development, dispersal and persistence(Davies and Marques 

2009). cis-DA is thought to induce low cyclic diguanylate (c-di-GMP) levels in 

bacterial species including Escherichia coli, Klebsiella pneumoniae, Proteus 

mirabilis, Staphylococcus aureus, as well as in the fungus, C. albicans (Davies and 

Marques 2009). This is important, as low c-di-GMP levels are thought to contribute 

to phenotypic changes in cells, returning them to a planktonic state and aiding 

dispersal.  
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Dispersal is also closely related to increased levels of cell death (Kaplan 2010). 

While cell lysis provides resources to other cells in the biofilm, the process 

correlates with development of anaerobic pockets, where denitrification occurs. 

Denitrification can lead to overproduction of nitric oxide (NO) which can produce 

peroxynitrite (ONOO-), a cell toxic radical, that when accumulated can induce 

cellular damage and cell lysis (Barraud et al. 2006; Rumbaugh and Sauer 2020). 

Cell lysis also releases degrading enzymes that breakdown the biofilm matrix, 

causing reduction in rigidity of the biofilm structure.  

Similar to native dispersal, environmental induced dispersal also rarely involves 

the whole biofilm, with up to 80% of the biofilm dispersing (Barraud et al. 2006). 

Environmental cues have been identified including levels of nitric oxide, iron, cis-

2-decenoic acid (cis-DA), influx of nutrients and the induction of starvation 

promoting conditions. cis-DA appears to be both a native and environmental 

triggering chemical. As cis-DA is found to disperse a wide range of 

microorganisms, it is likely to disperse not only single species biofilms, but also 

polymicrobial biofilms (Rumbaugh and Sauer 2020).  

Dispersed cells are described as phenotypically distinct from both biofilm and 

planktonic cells (Chua et al. 2014). The dispersed subpopulation can be termed as 

an intermediate lifestyle between biofilm and planktonic existence, key features of 

which include increased motility, virulence and adherence with distinct metabolic 

signatures and altered antimicrobial susceptibility (Sauer et al. 2004; Rollet et al. 

2009; Vaysse et al. 2011). Dispersed cells also promote further biofilm 

dissemination through upregulation of genes associated with breakdown of EPS.  

1.1.2. Extracellular polymeric substances 

Distinguishing between a simple aggregation of cells and a biofilm is based on the 

presence of extracellular polymeric substances (EPS) in the biofilm matrix. Typical 

components of the biofilm are water, microbial cells and EPS (Sutherland 2001). 

EPS is largely responsible for the physical characteristics of the biofilm, including 

form, structure, and enhanced adhesion, all of which provides protection to the 

microbial cells. The composition of EPS is highly dependent on the external 

environment as well as the microbial species in the biofilm (Flemming et al. 2007). 
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These compositional changes mean that the chemical and physical properties of 

EPS are variable (Sutherland 2001).  

EPS components often include homo- and heteropolysaccharides, extracellular 

proteins and proteins from cell lysis, and nucleic acids (Skillman et al. 1999; Xiao 

et al. 2012). There are also ions present, but the proportion of these in the matrix 

is unknown. Linkages between polysaccharides determine the rigidity or flexibility 

of EPS and the polysaccharides have been found to form strands attached to 

bacterial cell surfaces, forming a complex net-like structure (Flemming and 

Wingender 2010). The EPS matrix provides physical and chemical protection from 

changes in the surrounding environment, including reducing the detrimental impact 

of ultraviolet light, altered temperature and pH (Hall-Stoodley and Stoodley 2002).  

Within the EPS, microorganisms interact and exchange resources, and EPS may 

even be used as a source of nutrients (Flemming and Wingender 2010). EPS have 

a role in the innate increased tolerance of biofilm cells to antimicrobials (Kim et al. 

2018). Whilst EPS offer a physical barrier to movement of antimicrobials, 

resistance is also increased in the biofilm via exchange of resistance genes by 

horizontal gene transfer (HGT) and active uptake of extracellular DNA (eDNA) 

(Flemming et al. 2007; Desmond et al. 2018). In mixed species biofilms, EPS also 

stabilise other cell types even if those cells do not produce any EPS themselves 

(Flemming et al. 2007; Flemming and Wingender 2010). The proportions of 

different EPS are not indicative of the proportion of cells present, and different EPS 

types do not contribute equally to the structure and properties of the resultant 

biofilm (Sutherland 2001; Flemming et al. 2016). 

1.2. The oral cavity as a site for biofilm formation 

1.2.1. Anatomy of the oral cavity  

The primary function of the oral cavity is the mastication and intake of food and 

drink (Sedghi et al. 2021). As such it is open to the environment and provides 

diverse and dynamic environments for microbial colonisation (Şenel 2021). Distinct 

sites for colonisation include surfaces of teeth, tongue, gingiva (gums) and the 

mucosa of the hard and soft palate (Figure 1.2).  
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Figure 1.2. Anatomy of the human mouth. Image from the Encyclopædia 

Britannica, Inc. (Britannica 2022) [Accessed: 11th November 2022] (Image used 

under Creative Commons License). 

Salivary glands including the parotid, submandibular and sublingual, secrete 

salivary components that mix to form whole saliva which has many roles including: 

maintaining the oral surfaces are moistened, assistance in mastication, digestion 

and swallowing, and in immunity and microbial regulation (Dawes and Wong 2019; 

Vila et al. 2019). Mucosal tissue, which encompasses the hard and soft palate, and 

the gingiva, acts as a barrier to microbial invasion of tissue, much like the skin. The 

mucosal surface exhibits shedding, which is the constant removal of cells 

(desquamation) and their replacement by cells from lower layers. Along with 

epithelial cells, any adhered microorganisms are also removed, and this is an 

important innate host defence mechanism. The oral mucosa exhibits varying levels 

of keratinisation depending on its location and function (Şenel 2021). For example, 
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the hard palate, at the front of the roof of the mouth, is a keratinised mucosal tissue 

and a barrier to infection. In contrast, surfaces of teeth are hard and non-shedding, 

and comprised of highly mineralised tissue, of which the outermost layer is enamel. 

Teeth are readily colonised by microorganisms, which accumulate into the 

formation of one of the most extensively studied biofilms, dental plaque (Marsh and 

Bradshaw 1995; Berger et al. 2018). Poor dental hygiene results in the 

accumulation of dental plaque which can disrupt the integrity of the gingiva, 

especially at the gingiva sulcus, presenting common oral disease such as gingivitis 

and periodontal disease (Petersen and Ogawa 2012). It is important to highlight 

that the oral cavity also supports a community of commensal microorganisms, that 

is crucial in maintaining a healthy oral environment.  

1.2.2. The role and importance of saliva in the oral cavity  

The content of whole saliva is primarily water (99%) that contains many 

electrolytes, immunoglobulins, proteins, enzymes, mucins, and nitrogenous 

products, such as urea and ammonia (Humphrey and Williamson 2001; de Almeida 

et al. 2008; Fischer and Aparicio 2021). These components are multifunctional and 

allow saliva to buffer the pH of enamel surfaces, cleanse the oral cavity, and 

modulate demineralisation and remineralisation processes (Dodds et al. 2015; Vila 

et al. 2019). In the oral cavity, biotic and abiotic surfaces are coated with salivary 

components that result in the salivary pellicle (Dawes et al. 2015). This AP plays 

an important role in the adhesion of microorganisms to oral surfaces (Kerr and 

Tribble 2015; Dawes and Wong 2019). The salivary pellicle provides ligands as 

targets for binding and reduces the charge of the surface which is important for 

non-specific initial adhesion (Gunaratnam et al. 2021). Many salivary glycoproteins 

adsorb to oral surfaces and facilitate attachment of commensal organisms such as 

Streptococcus species. The AP acts as a modulator of a healthy oral microbiome, 

as commensal oral microorganisms typically possess adhesins and lectins that 

correspond to saliva pellicle components (Kerr and Tribble 2015). For example, 

Streptococcus gordonii is an early coloniser of the oral cavity that adheres to a 

wide range of AP components including glycoproteins, proline-rich proteins, 

collagen, parotid salivary agglutinin and submandibular salivary proteins (Dodds et 

al. 2005; Kerr and Tribble 2015). The presence of the AP increases biofilm 
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development and produces a more robust C. albicans biofilm (da Silva et al. 2015; 

Cavalcanti et al. 2016b). 

In addition, saliva will affect the microbial composition of the mouth through 

numerous other mechanisms e.g., mechanical removal of loosely adherent 

microorganisms by salivary flow, provision of ligands and receptors for binding, 

and through antibacterial action (Humphrey and Williamson 2001; Dodds et al. 

2005; Dodds et al. 2015; Kerr and Tribble 2015; Dawes and Wong 2019). 

Antibacterial components in saliva including secretory IgA (sIgA), lactoferrin, 

lactoperoxidase, lysozyme, statherin and histatins (Dodds et al. 2005; Dawes and 

Wong 2019). Mucins in saliva serve to localise antimicrobial components to the 

oral tissues to act as additional barriers to microbial infection (Humphrey and 

Williamson 2001). Mechanisms of saliva-mediated modulation of the oral 

microbiome can therefore be inhibitory or promoting, depending on the 

microorganism. The binding of microorganisms to receptors in the fluid-phase 

saliva forms aggregations promoting clearance through agglutination and blocking 

of surface adhesins, but in contrast can facilitate attachment of aggregates to 

surfaces, thereby increasing the rate of oral biofilm formation (Vila et al. 2019; 

Simon-Soro et al. 2022). Individuals with impaired unstimulated salivary flow rate 

generally have increased likelihood of oral diseases (Dawes and Wong 2019). 

Saliva production, flow and biochemical composition is highly variable between 

individuals and is influenced by age, sex, the presence of artificial surface, smoking 

and diet, to name a few factors (Bhattarai et al. 2018; Dawes and Wong 2019). 

1.2.3. The oral microbiome  

Colonisation of the mouth is important as endogenous commensal microorganisms 

play a vital role in regulating the oral environment, with the microbial residents 

occupying sites that might otherwise be exposed and available to potentially 

harmful and pathogenic microbial species (Huttenhower et al. 2012; Yamashita 

and Takeshita 2017; Sedghi et al. 2021). The oral cavity is a dynamic environment 

as it is an interface between internal body sites and the external environment. As 

such, many interventions occur in the mouth such as food and drink intake and oral 

hygiene practices, that cause many physical and chemical fluctuations (Costello et 

al. 2009; Stegen et al. 2012). The oral cavity is first colonised shortly after birth 
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when the new-born is exposed to the environment (Nelson-Filho et al. 2013; Xu et 

al. 2015; Sedghi et al. 2021). During further childhood development, the oral cavity, 

becomes one of most microbial-rich environments in the human body with temporal 

oral microbiome changes and ecological shifts (Turnbaugh et al. 2007; Crielaard 

et al. 2011; Costello et al. 2012; Xu et al. 2015). The early oral microbiome is 

initially highly influenced by the maternal microbiome, with infants and their 

mothers sharing approximately 85% of their microbiota (Dzidic et al. 2018; Sedghi 

et al. 2021). Phylogenetic individualisation occurs later in development when 

eruption of teeth occurs (Dzidic et al. 2018; Mason et al. 2018). The eruption of 

teeth alters the microbial community with the introduction of new non-shedding 

surfaces creating additional habitable sites (Dzidic et al. 2018; Mason et al. 2018).  

Characterisation of what is considered a ‘normal healthy oral microbiome’ has 

been attempted by several studies focusing on different environmental oral niches 

including saliva, supragingival plaque, subgingival plaque and oral mucosa (Keijser 

et al. 2008; Nasidze et al. 2009; Zaura et al. 2009; Bik et al. 2010; Huttenhower et 

al. 2012; Zaura et al. 2014). However, there are many extraneous factors, for 

example, the fact that the oral microbiome diversity and abundance is altered 

throughout the human lifespan that affects findings (Crielaard et al. 2011; Xu et al. 

2015). Ageing leads to a notable change in the oral microbiome, this is often 

attributed to declining host immune responses, the loss of teeth and the 

introduction of abiotic artificial surfaces such as implants and dentures (Xu et al. 

2015). 

The dentate state is highly important to the composition of the oral microbiome as 

seen by changes following eruption of teeth during childhood (Mason et al. 2018), 

and if an individual later becomes edentulous (De Waal et al. 2014; Gazdeck et al. 

2019). Edentulous people exhibit a reduction in the numbers of Streptococcus 

species such as S. sanguinis and S. mutans (Gazdeck et al. 2019). Losing such 

species alters the composition of the microbial community network and associated 

interactions. Being partially or fully edentulous may lead to interventions including 

the introduction of dental prostheses. The presence of such abiotic surfaces also 

influences the composition and structure of the oral microbiome.  
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The oral microbiome can be divided into different individualised microbiomes 

including those of the tongue, mucosal tissue, gingiva, teeth and saliva (Simon-

Soro et al. 2013; Sedghi et al. 2021). Keratinised epithelium of the dorsal tongue 

has microscopic invaginations in between specialised papillae (taste buds) making 

the surface highly heterogenous and providing micro-niches that offer protection 

for the microorganisms from clearance by salivary flow and potentially from oral 

hygiene/cleansing methods. Despite constant desquamation/shedding, the tongue 

microbiome is described as the largest and most diverse oral microbiome, which 

could reflect the diversity of the site (Simon-Soro et al. 2013). 

Xu et al. (2015) described the oral cavity as being heterogenous with distinct niches 

with their own unique microbial community. These researchers aimed to define the 

‘normal’ healthy oral microbiome throughout life. Focusing on saliva, mucosal and 

dental plaque communities they sampled individuals at different ages and dentate 

states and found that each site had a distinct biofilm composition and speculated 

that differences were dependent on the receptors for bacterial adhesion, microbial 

interactions within the biofilms and mucosal shedding (Besemer et al. 2012; Xu et 

al. 2015). Dental plaque has the highest species richness and diversity in 

comparison to saliva, and mucosal surfaces have the lowest observed bacterial 

diversity likely due to shedding and proximity to host immune response triggers 

(Xu et al. 2015). This study reinforced the complexity of the oral microbiome and 

concluded that the concept of a core oral microbiome should be related to age and 

oral site. Studies have reported different levels of average microbial diversity at 

oral environmental sites depending on techniques and sampling methods used. 

For example, on average 266 species level bacterial phylotypes were found at 

each oral site (Zaura et al. 2009; Bik et al. 2010) and saliva is said to usually contain 

175 bacterial species (Hasan et al. 2014). Bostanci et al. (2021) suggested that 

previous studies potentially overestimated the diversity of the salivary microbiome 

through use of 16S rDNA sequencing, whereas whole genome sequencing 

showed lower diversity identifying 50 bacterial genera belonging to eight phyla, all 

of which are known to be present in the salivary microbiome (Dewhirst et al. 2010; 

Segata et al. 2012; Hasan et al. 2014). The Human Oral Microbiome Database V3 

(eHOMD) database (v9.15) is an online database that has been curated to make 

this data web accessible. eHOMD currently (March 2023) has sequences of 774 
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oral bacterial species, 58% of which are officially named, 16% are cultivated but 

unnamed, and 26% that are known only as uncultivated phylotypes (Dewhirst et 

al. 2010; Human Oral Microbiome Database: HOMD. Accessed [02/03/2023]).  

In addition to age, dentate state and the addition of abiotic surfaces, the oral 

microbiome is also known to be influenced by other factors including genetics, 

socioeconomic variables, hormones, smoking, intake of medical and recreational 

drugs, diet and the menstrual cycle (Adler et al. 2013; Paropkari et al. 2016; 

Bostanci et al. 2021; Suzuki et al. 2022). Diet, and especially sugar intake, is an 

important modulator of the oral microbiome, which has led to the observation that 

increased sugar consumption can select for more acidogenic bacteria such as 

streptococci, lactobacilli or bifidobacteria, all of which are associated with dental 

caries (Loesche 1986; Bostanci et al. 2021).  

Bostanci et al. (2021) employed whole genome (shotgun) sequencing to analyse 

the salivary microbiome of a large cohort of women over the full course of the 

menstrual cycle to evaluate fluctuations and potential dysbiosis. The research also 

examined changes caused by use of oral contraceptives, smoking and sugar 

consumption. While oral contraceptives were not found to influence the salivary 

microbiome, the menstrual cycle, smoking and increased sugar intake did have 

impact. Four genera, namely Campylobacter, Haemophilus, Prevotella and 

Oribacterium, were shown to fluctuate in abundance over the menstrual cycle. 

Higher abundance of Prevotella in saliva, likely caused by bacterial growth affected 

by progesterone and oestradiol hormone levels, may alter the oral environment by 

increasing pH and altering gingival crevicular fluid (Bostanci et al. 2021). This is 

important as environmental changes such as in pH can have a significant effect on 

microbial composition and serve as a modulator of pathogenicity of some species 

such as C. albicans. This would suggest that women could be at higher risk of 

dysbiosis and from opportunistic pathogens at specific times in their menstrual 

cycle. In addition, the abundance of Gram positive bacterial pathogenic species 

such as S. mitis and S. oralis was reduced during the luteal phase of the menstrual 

cycle, further supporting oral microbiome regulation by the menstrual cycle and 

hormones.  
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1.3. Denture appliances and biofilms  

Removable dentures are of particular research interest as interaction between 

denture surfaces, the oral environment and with microorganisms is important in 

both the management of oral health and understanding of denture related 

diseases. Full or partial removable dentures are worn by an estimated 19% of the 

UK population (Adult Dental Health Survey 2009, 2011). With global population 

increasing and longer life expectancy, it is predicted that elderly people will become 

a larger proportion of society, with the number of people over 65 years old expected 

to double by the year 2050 (United Nations 2019). The risk of becoming edentulous 

and requiring full or partial dentures increases with age and the impact and effects 

of long-term denture wearing are not entirely understood.  

Dentures are most commonly made from polymethylmethacrylate (PMMA) and 

with chrome cobalt metal alloy fixtures in partial dentures; both material types will 

be in contact with the oral mucosa. This interface is important as it creates shielded 

areas where microorganisms accumulate. The fact that biofilms adhere to, and 

form on denture acrylic is well recognised, especially in cases of poor denture 

hygiene (Radford et al. 1999). The presence of a denture will alter normal salivary 

flow, which as mentioned previously is important for effective microbial clearance 

(Niedermeier et al. 2000). Reduced salivary flow over a denture is detrimental to 

both physical and chemical removal of microorganisms and thus promotes 

maturation and persistence of biofilms on denture surfaces (Vila et al. 2020). Due 

to the ‘non-self’ denture material being present in the oral cavity, exogenous 

bacteria that lack evolved mechanisms to colonise the mouth may now be 

presented with a surface upon which they can competitively adhere and colonise 

(Berger et al. 2018). Denture-associated biofilm studies frequently focus on the 

genus Candida as these fungal microorganisms, while not the most abundant, are 

efficient at adhering to acrylic surfaces and are involved in associated infections 

such as Candida-associated denture stomatitis (Berger et al. 2018; Lohse et al. 

2018). 

1.3.1.1. Denture plaque development and composition  

Denture surfaces accumulate plaque in a similar manner to natural teeth (Nikawa 

et al. 1998; Sumi et al. 2007). As with all oral surfaces, when a denture is 
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introduced to the oral cavity it becomes coated with saliva and obtains an AP, 

which differs to that on teeth. The denture pellicle lacks mucin 7, cystatins and 

proline-rich-proteins, which will change the colonisation pattern of the surface 

(Edgerton and Levine 1992; Dawes et al. 2015; Fischer and Aparicio 2021). On 

denture surfaces, the AP usually consists of lysozyme and histatins, whilst natural 

dental surfaces also have adsorbed carbonic anhydrase, carbonate dehydratase 

and cystatins (Svendsen and Lindh 2009; Redfern et al. 2022). As mentioned 

previously, saliva provides adhesion receptors for various bacteria (Mukai et al. 

2020). For example, certain Streptococcus species adhere to proline-rich-proteins 

and alpha-amylase. However, whilst changes have been observed in the AP 

content on different dental materials (Sang et al. 2020; Fischer and Aparicio 2021), 

Mukai et al. (2020) reported that primary colonisers did not change significantly in 

vivo.  

The most commonly reported primary colonisers on denture materials are 

streptococci including S. mutans, S. gordonii, S. sanguinis, S. mitis, S. oralis, and 

S. parasanguinis (Redfern et al. 2022). Other primary colonisers include species 

of Veillonella, Neisseria, Rothia, Abiotrophia, Gamella and Granullicatella 

(Theilade et al. 1983; Aas et al. 2005; Diaz-Torres et al. 2006; Jenkinson 2011; 

Yitzhaki et al. 2018; Redfern et al. 2022). Adherence of these species provides the 

foundation for subsequent attachment of secondary colonisers such as 

Fusobacterium nucleatum, Tannerella forsythia, Treponema denticola and 

Porphyromonas gingivalis (Wright et al. 2013), leading to complex community 

networks (Marsh and Bradshaw 1995; Redfern et al. 2022). Co-adherence 

between microorganisms as opposed to direct binding to surface or pellicle 

components increases microbial diversity (Jenkinson 2011). Recently, Simon-Soro 

et al. (2022) reported that saliva contained preformed microbial aggregates in the 

fluid-phase. Therefore, colonisation of a surface and the formation of complex oral 

biofilms may occur by adherence of ‘colonising units’ rather than linearly by 

succession. The model presented by these researchers was one that operated in 

parallel to the accepted linear succession model of biofilm development. In this 

model, later colonisers are already adhered to primary colonisers, which in turn 

bind directly to oral surfaces. The authors also suggest that these preformed 
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attaching consortia are a mechanism of immune evasion promoting retention and 

persistence of undesirable microbes in oral biofilms.  

As previously discussed, denture plaque shares many similarities with dental 

plaque, but does differ as it is usually has elevated levels of Candida (Nikawa et 

al. 1998; Nikawa et al. 2003; Mukai et al. 2020). Candida species are frequent 

secondary colonisers of denture surfaces and can adhere through interactions with 

Streptococcus species and Actinomyces species (Bamford et al. 2009). Though 

bacteria are more abundant in dental and denture plaque, C. albicans is often the 

focus of denture microbial research (Ramage et al. 2004; Verran et al. 2014; 

Ohshima et al. 2018), due to its relationship with Candida-associated denture 

stomatitis.  

As a denture is a removable surface, contact with other environments outside the 

oral cavity occurs. This external contact may account for colonisation by 

microorganisms such as Staphylococcus and Micrococcus species that are not 

normally associated with the oral microbiome (Webb et al. 1998; Redfern et al. 

2022). Respiratory pathogens can be detected in denture and dental plaque when 

there is poor oral hygiene (Hannah et al. 2017). It has been found that individuals 

that do not remove their dentures at night double their risk of contracting 

pneumoniae due to opportunistic respiratory pathogens from the denture being 

aspirated into the lungs (Iinuma et al. 2015), which is in addition to increased 

tongue and denture plaque, gum inflammation, and the presence of C. albicans, 

further highlighting the importance of improving oral hygiene and denture practice.  

1.4. Candida  

Fewer than 0.001% of the estimated number of fungal species are classed as 

human pathogens, and many of these only cause innocuous infections (Köhler et 

al. 2015). There are four basic requirements of a fungus to facilitate human 

infection. These include an ability to invade the human host, tolerate a higher 

temperature than the external environment, facilitate lysis of human tissue and 

nutrient absorption, and be able to evade the host’s immune system (Köhler et al. 

2015; Lohse et al. 2018). 
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Candida is a highly diverse fungal genus containing over 350 species which were 

originally defined as ‘yeast-like fungi’, with only a minority of species associated 

with diseases (Williams et al. 2011). Candida are usually harmless commensals, 

co-existing in many niches at various sites of the body of animals and humans 

(Lohse et al. 2018). However, Candida can cause systemic infections with high 

fatality rates of up to 50%, and is the fourth most common cause of nosocomial 

infection in the US (Pfaller and Diekema 2010). Candida is also the most 

predominant fungal genus isolated from medical devices and accounts for >40% 

of sepsis cases (Gow and Yadav 2017; Lohse et al. 2018). Many Candida species 

are opportunistic pathogens including C. albicans, C. tropicalis, C. parapsilosis, C. 

glabrata, C. dubliniensis and C. auris (Ramage et al. 2006; Tsui et al. 2016; Ponde 

et al. 2021). C. auris is associated with invasive candidosis, intrinsically resistant 

to most antifungal drugs and therefore, becoming a concern in clinical settings 

(Ponde et al. 2021; World Health Organization 2022). Candida albicans is 

considered the most pathogenic species, which is supported by the fact that it is 

the most commonly identified Candida in clinical settings (Williams et al. 2000). 

1.4.1.  Candida albicans  

The World Health Organisation has recently published the “WHO fungal priority 

pathogens list to guide research, development and public health action” and listed 

C. albicans as one of four microbial species in the critical priority group (World 

Health Organization 2022). Candida albicans is a highly diverse species exhibiting 

metabolic flexibility that allows it to exploit a wide range of nutrient sources 

simultaneously through post-transcriptional changes and alternative metabolic 

pathways (Brown et al. 2014). The species is also highly polymorphic and switches 

between morphological forms including spherical yeast, pseudohyphae and true 

hyphae (Nobile and Johnson 2015; Gow and Yadav 2017). However, C. albicans 

is also an opportunistic pathogen, which is especially problematic for individuals 

who are immunocompromised, as well as those who have implanted medical 

devices. Dysbiosis caused by a range of factors such as changes in pH, nutritional 

changes, O2 levels, antibiotics or suppression of the immune system can trigger 

increased pathogenicity and over-proliferation of C. albicans (Lohse et al. 2018). 
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Candida albicans infections range from superficial dermal infections, usually of 

moist mucosal tissues, to bloodstream systemic infections which are associated 

with high mortality (>40%) (Cannon et al. 1995; Lohse et al. 2018). The latter 

typically only occurs in individuals who are severely immunocompromised. 

Infections caused by C. albicans are referred to as candidosis (or candidiasis) and 

are the most prevalent fungal infections of humans (Lewis and Williams 2017). 

Invasive candidosis (candidaemia) despite the availability of antifungals and 

resistance being uncommon has an overall mortality of 20% to 50% (World Health 

Organization 2022). The main routes to prevent invasive candidosis is surveillance 

and prevention of colonisation, but preventability is deemed to be low (World 

Health Organization 2022).  

Poor dental hygiene is linked to oral candidoses, and several other factors 

including smoking and diet, lead to some individuals being more susceptible. 

Denture wearers commonly present with candidosis (Candida-associated denture 

stomatitis) of varying severity, with the proportion affected ranging from 35-75% of 

the population, depending on the cohort studied (Webb et al. 1998; Barbeau et al. 

2003; Shulman et al. 2005; Zomorodian et al. 2011; Vila et al. 2020). It has also 

been suggested that C. albicans may be involved in other oral diseases including 

oral cancers, burning mouth syndrome, taste disorders and endodontic disease 

(Lewis and Williams 2017). Candida are not implicated in causing periodontal 

disease, however, there is a strong association between the presence of Candida 

and such diseases (Unniachan et al. 2020). 

1.4.2. Virulence factors  

In vitro studies show that C. albicans expresses higher levels of virulence factors 

compared with other Candida species (Moran et al. 2012; Tsui et al. 2016). 

Candida albicans virulence factors can be categorised into those contributing to 

polymorphism, adhesion, secreted hydrolytic enzymes and host immune evasion 

mechanisms, and these are detailed below.  

1.4.2.1. Polymorphism  

The highly polymorphic nature of C. albicans is thought to be a significant virulence 

factor (Dadar et al. 2018). Candida albicans can alter its morphology as a response 
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to changing environmental conditions (Gow and Yadav 2017; Kadosh 2019). As 

mentioned earlier, C. albicans can grow as a spherical cell referred to as a yeast, 

and also as filamentous forms including pseudohyphae and true hyphal forms. In 

vitro, spherical ‘spore like’ structures which are referred to as chlamydospores can 

also be generated when cultured on nutrient poor solid agar media (Gow and 

Yadav 2017). The ability of C. albicans to alter its morphology in response to 

environmental conditions is recognised as an important virulence factor as it 

contributes to invasion of host tissues, dispersal within the host and enhanced 

evasion of host immune responses.  

1.4.2.1.1. Hyphal transition of Candida albicans  

Transition from yeast to hyphal morphology is a highly controlled and regulated 

process that can be initiated by multiple environmental stimuli triggering signalling 

cascades which results in hyphal development (Sudbery 2011). Hyphae are 

induced by elevated temperatures, pH changes, low nitrogen, high CO2, the 

presence of serum and N-acetylglucosamine (GlcNAc) (Desai 2018). Alkaline pH 

promotes hyphal forms, whilst pH ≤ 6 is more favourable to budding yeast forms 

(Mayer et al. 2013).  

Quorum sensing (QS) molecules are a mechanism of extracellular microbial 

communication. QS is density dependent, relying on a threshold of QS molecules 

being achieved to trigger effects through altering gene expression in the microbial 

community. Farnesol is a QS molecule of C. albicans which inhibits hyphal 

production (Hornby et al. 2001; Shchepin et al. 2003). Cell density is a regulator of 

morphology and >106 cells/mL promotes yeast through farnesol production and 

hyphal inhibition (Hornby et al. 2001).  

Signalling pathways involved in hyphal morphogenesis include mitogen-activated 

protein kinase (MAPK) signalling and cyclic adenosine monophosphate (cAMP)-

dependent Protein Kinase A (PKA) pathways, resulting in increased expression of 

a large number of genes, and many transcription factors (TFs) (Sudbery 2011; 

Desai 2018). An example of a transcription factor involved in this process is Nrg1, 

which inhibits hyphal development until Nrg1 is downregulated through activation 

of the cAMP-PKA pathway (Su et al. 2018; Kadosh 2019). Activation of these 

signalling pathways not only results in hyphal production, but also upregulation of 
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hyphal specific genes such as those encoding secreted aspartic proteases (SAP) 

e.g. SAP4 and hyphal specific adhesins like agglutinin-like sequence proteins 

(ALS) e.g. Als3 (Kumamoto and Vinces 2005b). 

1.4.2.2. Adherence of Candida albicans 

Adherence of C. albicans to biotic and abiotic surfaces is important for colonisation 

and biofilm formation (Gulati and Nobile 2016). Candida adheres to many different 

host surfaces including epithelium, endothelium, phagocytic cells and dental 

protheses (Williams and Lewis 2011). Candida albicans adhesion is facilitated 

through expression of surface adhesins including the Als family (Als1-7 and Als9), 

Hyphal Wall Protein 1 (Hwp1) and epithelial adhesin 1 (Epa1) (Zhao et al. 2004; 

Kumamoto and Vinces 2005b; Alves et al. 2014; Hoyer and Cota 2016). These 

adhesins are also associated with virulence and pathogenicity (Williams and Lewis 

2011) 

The hyphal specific Als3 adhesin is multifunctional and mediates attachment to 

epithelial cells, endothelial cells, and extracellular matrix proteins as well as biofilm 

formation on dental protheses (Liu and Filler 2011; Deng et al. 2021). Loss of Als3 

affects adhesion more than loss of Als1, suggesting a greater dependence on Als3 

for adhesive roles (Zhao et al. 2004). Clinical strains of C. albicans have varying 

levels of Als3 expression (Bruder-Nascimento et al. 2014) and higher expression 

of Als3 has been suggested as a predictor of biofilm formation (Deng et al. 2021). 

Additionally, Als3 is also categorised as an invasin with the ability to bind E-

cadherin and N-cadherin, triggering clathrin-dependent endocytosis by host cells 

and assisting C. albicans invasion into cells and tissues resulting in an important 

role in pathogenicity (Liu and Filler 2011). Als3 is also known to mediate adherence 

and interactions with other microorganisms (Silverman et al. 2010; Bamford et al. 

2015; Pidwill et al. 2018).  

1.4.2.2.1. Relationship between surface conditioning and Candida 

albicans adherence 

Properties of the surfaces on which biofilms adhere and develop can impact 

adherence and colonisation and biofilm characteristics. For example, the 

roughness and surface charge following conditioning of the surface likely alters the 

original properties of the substrate for biofilm development. Sterile medical devices 
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are quickly covered with a conditioning film after implantation. Conditioning films 

vary depending on body site, but invariably comprise of host proteins and cells 

derived from surrounding body fluids (Frade and Arthington-Skaggs 2010). 

Conditioning pellicles are key for the adhesion stage of biofilm development as 

they provide receptor binding sites for planktonic microorganisms, such as C. 

albicans to attach (Ramage et al. 2004; Frade and Arthington-Skaggs 2010). 

Components of the AP, such as mucins, are thought to interact with C. albicans 

initiating and promoting biofilm formation and maturation (Nikawa et al. 2000).  

In the oral cavity, biotic and abiotic surfaces are rapidly coated with an AP, which 

as has been previously discussed, increases biofilm development and robustness 

of the C. albicans biofilm (da Silva et al. 2015; Cavalcanti et al. 2016b). The 

virulence of C. albicans biofilms on surfaces with an AP has not been extensively 

researched, although an AP has been found to increase metabolic activity and up-

regulated genes associated with virulence such as ALS1, ALS3 and HWP1 

(Cavalcanti et al. 2016b). 

1.4.2.2.2. Relationship between surface topology and Candida 

albicans adherence 

Surface roughness and topological features are variable especially on a 

microscopic scale. The soft acrylic surfaces of dentures can develop irregularities 

from brushing with abrasive/unsuitable cleansers, or through damage from 

consumption of hard foods (MacHado et al. 2012; Onwubu and Mdluli 2021). 

Resulting abrasions increase adherence and retention of microorganisms including 

C. albicans (Zamperini et al. 2010; Verran et al. 2014). Increased roughness results 

in a higher surface area, which affords greater binding opportunities to 

microorganisms. When the contact area between microbial cells and the surface 

is increased and when surface features are of similar dimensions to those of the 

attaching cell, there are a higher number of contact points for bonds to form 

(Medilanski et al. 2002; Whitehead et al. 2004; Whitehead et al. 2005; Whitehead 

and Verran 2006; Verran et al. 2010).  
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1.4.2.3. Hydrolytic enzymes  

Candida albicans virulence is associated with secretion of several hydrolytic 

enzymes including proteinases and lipases. The production of secreted aspartyl 

proteinases (SAPs) is considered important in the development of Candida 

infections (Kumamoto and Vinces 2005b). SAPs are optimally active in more acidic 

conditions (~ pH 3 – 5) (Naglik et al. 2003), which is significant in oral infections 

since salivary pH is acidic (Abuhajar et al. 2023). However, not all Candida species 

produce SAPs. 

Candida albicans secretes ten SAPs and these are usually expressed at higher 

levels compared with other Candida species (Kumamoto and Vinces 2005b). It has 

also been found that Candida from clinically evident candidoses produce higher 

levels of SAPs compared with strains from healthy mucosa (Williams and Lewis 

2011; Lewis and Williams 2017). These observations indicate that C. albicans with 

active roles in infection are potentially more inherently virulent than ‘commensal’ 

strains, possibly through upregulated SAP expression. Despite these observations, 

there is no conclusive evidence that SAP activity has a role in infection, and it is 

possibly a lifestyle feature of C. albicans (Kumamoto and Vinces 2005a; Williams 

and Lewis 2011).  

1.4.2.3.1. Phospholipases 

Phospholipase activity has been reported for many fungal pathogens including 

Candida species and these enzymes contribute to virulence (Williams and Lewis 

2011). Phospholipases hydrolytically cleave the ester bonds of 

glycerophospholipids, and this process is enhanced when hyphae are in contact 

with host tissues (Ghannoum 2000). The hyphal forms of C. albicans exhibit 

localised production and secretion of phospholipases around hyphal tips. These 

facilitate breakdown of phospholipid membranes of host cells and aids hyphal 

invasion into epithelial tissues and cell damage (Tsui et al. 2016). Phospholipases 

also promote exposure of receptors that have a role in adherence (Williams et al. 

2011).  



 24 

1.4.2.4. Evasion of host immune responses  

Candida albicans can evade host immune responses by altering its cell wall 

components, changing its morphology and by secretion of hydrolytic enzymes 

(Lewis and Williams 2017). The Candida cell wall has a bilaminate structure with 

ß-glucans and chitin in between the outer fibrillar mannoproteins (Shibata et al. 

2007; Gow and Hube 2012). Changes in the microenvironment around cells and 

the presence of antifungal drugs can alter cell wall composition and structure, thus 

interfering with phagocytosis, while also inhibiting inflammasome immune 

responses, as well as T cell-mediated responses such as Th1 and Th17 

responses, whilst Th2 are promoted leading to host tolerance towards Candida 

(Netea et al. 2015). In addition to interfering with phagocytoses, C. albicans can 

also escape phagocytosis (Netea et al. 2015). Yeast cells that have been 

phagocytosed can form hyphae and induce host cell apoptosis through NLRP3 

inflammasome activation (Netea et al. 2015). Candida albicans has its own 

mechanism of non-lytic expulsion from the phagocyte through inhibition of 

phagolysosome acidification and maturation, as well as expressing detoxifying 

enzymes to counteract damage from free radicals (Gow and Yadav 2017). 

Invasins and candidalysin, the latter being a pore forming toxin, encourage C. 

albicans uptake into epithelial cells, resulting in tissue invasion and damage to host 

epithelia leading to triggering of host immune responses (Liu and Filler 2011; 

Sztukowska et al. 2018). Candida albicans can also inhibit host complement 

activation, inactivate antimicrobial peptides and inhibit other immune cell functions 

(Lee et al. 2012; Gow and Yadav 2017).  

1.4.3. Interactions between Candida and other oral 

microorganisms  

It is recognised that the behaviour of microorganisms can be markedly different 

between in vitro and in vivo environments for a wide range of reasons, including 

the types of other microorganisms present. Our knowledge of microbiomes, whole 

community effects and the importance of interspecies interactions is increasing 

following advancements in molecular techniques which allow for exploration of 

species that may not be culturable or not isolated due to the culture conditions 

required (Malla et al. 2019; Gurbich et al. 2023).  
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Candida albicans exhibits interactions with other microorganisms with 

candidaemia nosocomial infections being polymicrobial in approximately 27-56% 

of cases (Harriott and Noverr 2011). Recent research indicates modulation of C. 

albicans virulence by oral bacteria such as Streptococcus sanguinis, 

Streptococcus gordonii, Actinomyces odontolyticus and Actinomyces viscosus by 

promoting hyphal production and increased expression of virulence associated 

genes such as agglutinin-like sequence 3 (Als3) and hyphal-wall protein 1 (Hwp1) 

(Morse et al. 2019). However, the underlying mechanisms of this modulation 

remain unknown and whether all four of these oral bacterial species are required 

for this response or whether they also exhibit this influence on C. albicans 

individually. Denture-associated biofilm specific bacteria, Streptococcus and 

Actinomyces species can all promote hyphal development, increase epithelial 

tissue invasion and upregulate virulence genes, resulting in Candida that is 

potentially more pathogenic (Cavalcanti et al. 2016a) 

Mutualism between Candida and Streptococcus species has frequently been 

reported and can affect biofilm formation and morphology and virulence of Candida 

(Bamford et al. 2009; Diaz et al. 2014; Bamford et al. 2015; Xu et al. 2016; Pidwill 

et al. 2018). Streptococcus species are found throughout the human body and are 

the most prevalent species in the oral cavity (Abranches et al. 2018). Oral 

streptococci are primary colonisers of the oral cavity and possess adhesins that 

facilitate binding to oral surfaces and AP components (Abranches et al. 2018; 

Simon-Soro et al. 2022). This is important for C. albicans as it can bind either to 

the surface via already adhered species like Streptococcus or co-aggregate and 

bind to surfaces as an aggregation (Simon-Soro et al. 2022). Mitis Group 

Streptococcus which include S. gordonii and S. sanguinis form robust mixed 

biofilms with C. albicans on titanium and increase tissue damage (but not an 

increased immune response) compared to single species C. albicans biofilms 

(Souza et al. 2020). Streptococcus gordonii interactions with C. albicans promotes 

C. albicans hyphal production and biofilm formation (Bamford et al. 2009), and 

enhance the efficacy of binding to host epithelial tissues (Pidwill et al. 2018). There 

is evidence that QS molecules from both species are involved in interactions, with 

the autoinducer-2 S. gordonii QS molecule being implicated in promoting C. 

albicans hyphal morphology and biofilm formation through suppressing the effects 
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of the C. albicans QS molecule farnesol which usually inhibits hyphal 

morphogenesis (Bamford et al. 2009; Salvatori et al. 2016; Ponde et al. 2021). 

Candida albicans also lowers oxygen in the environment which is beneficial for 

Streptococcus species that are facultative anaerobes (Janus et al. 2017). 

Antagonism between Streptococcus species such as S. mutans, S. gordonii and 

S. sanguinis often results in elevated levels of hydrogen peroxide, especially in 

more aerobic conditions, and this has been shown to induce C. albicans hyphal 

development (Kreth et al. 2005; Nasution et al. 2008). 

The mechanisms of interaction between S. gordonii and C. albicans has been 

studied and highlights the importance of the hyphal specific Als3 protein (Nobbs et 

al. 2010; Hoyer et al. 2014; Pidwill et al. 2018). Als3 binds to the SspA and SspB 

proteins of S. gordonii and has been proven through use of Als3 deleted mutant 

strains (Bamford et al. 2009; Silverman et al. 2010; Bamford et al. 2015). This was 

further supported through expression of the C. albicans Als3 protein in 

Saccharomyces cerevisiae, which resulted in S. gordonii binding to Als3-

expressing Saccharomyces cerevisiae which does not normally occur (Silverman 

et al. 2010).  

Streptococcus salivarius inhibits C. albicans aggregation, biofilm formation and 

hyphal transformation (Ishijima et al. 2012; Mokhtar et al. 2021). Streptococcus 

salivarius also had a protective effect in an oral candidiasis mouse model through 

binding to C. albicans hyphae cells and preventing their adherence to mucosal 

surfaces, which was shown to reduce inflammation and severity of candidosis 

(Ishijima et al. 2012). Anti-inflammatory properties of S. salivarius require it to be 

metabolically active (Kaci et al. 2014). In a human clinical trial, Passariello et al. 

(2020) reported that S. salivarius reduced oral C. albicans colonisation and 

symptoms of Candida-associated denture stomatitis.  

Streptococcus mutans forms biofilms with C. albicans with interactions proposed 

to be through a bacterial-fungal-EPS complex between C. albicans mannans and 

glucosyltransferases B of S. mutans (Gregoire et al. 2011; Hwang et al. 2017). 

Mannans are present on all C. albicans morphological forms mediating their 

interaction with S. mutans. Streptococcus mutans inhibits hyphal transition through 
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the QS molecule, competence-stimulating peptide (CSP) that is produced during 

the exponential phase of growth (Jarosz et al. 2009). 

Candida albicans and Pseudomonas aeruginosa, though they are commonly co-

isolated from infection and disease of the skin and lung, frequently exhibit 

antagonism towards each other in vitro, which is thought to be due to QS molecules 

from both species which can cause oxidative damage to each other (Hogan 2002; 

Hogan et al. 2004; Fourie et al. 2016; Lohse et al. 2018). Candida albicans-P. 

aeruginosa interaction involves both physical and secreted factors and their 

chemical antagonism causes substantial damage to the host. Understanding the 

mechanisms of such interactions therefore has implications for disease and 

infection treatment and management (Fourie et al. 2016). 

1.4.4. Oral Candidosis  

Oral candidosis is mainly caused by C. albicans and is colloquially referred to as 

‘thrush’ and is identifiable through white lesions in the oral cavity (Vila et al. 2020). 

Oral candidosis had increased prevalence in the 1980s due to the acquired 

immune deficiency syndrome (AIDS) epidemic (Vila et al. 2020). As  an 

opportunistic pathogen C. albicans is more problematic for immunocompromised 

individuals and remains the most common oral opportunistic infection in human 

immunodeficiency virus (HIV)-positive individuals (Fidel Jr 2006; Vila et al. 2020). 

There are four distinct forms of primary oral candidosis that are categorised by 

clinical presentation (Table 1.1). These include pseudomembranous candidosis 

(Figure 1.3A), chronic hyperplastic candidosis (Figure 1.3B), chronic erythematous 

candidosis (Figure 1.3C), and acute erythematous candidosis (Figure 1.3D) 

(Marsh et al. 2016a). In addition, there are secondary forms of oral candidosis that 

cause Candida-associated lesions, including angular cheilitis, median rhomboid 

glossitis and chronic mucocutaneous candidosis (Marsh et al. 2016a). Poor dental 

hygiene is linked to oral candidoses, and several other factors lead to some 

individuals being more susceptible to candidosis such as tobacco smoking, 

antibiotic use and having a compromised immune system (Williams and Lewis 

2011).  
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Table 1.1. Summary of the four primary types of oral candidosis. (Marsh et al. 

2016a; Vila et al. 2020) 

Types of oral candidosis  Summary of infection 

Pseudomembranous 
candidosis (oral thrush) 
Figure 1.3A 

• Presents as white plaque-like lesions.  
• Most frequent in neonates and elderly 

individuals.  
• Usually, an acute infection but can 

become chronic for 
immunocompromised individuals. 

• Associated with weakened immune 
systems, age-related factors and the 
use of steroid inhalers. 

Chronic hyperplastic 
candidosis Figure 1.3B 

• Comparatively rare form of oral 
candidosis. 

• Most commonly found in middle-aged 
men who are smokers and have high 
alcohol consumption.  

• Often asymptomatic  
• Can lead to dysplasia and development 

of oral cancer.  
• Characterised by hyphal invasion of the 

Candida into oral epithelium.  

Chronic erythematous 
candidosis (Candida-
associated denture 
stomatitis) Figure 1.3C 

• Most common form of oral candidosis 
seen in up to 75% of denture wearers 
(Vila et al. 2020).  

• Reddening of the mucosa in contact 
with the denture fitting surface. 

• Associated with poor oral hygiene and 
ill-fitting dentures.   

• Hyphal invasion of the mucosa is not 
observed. 

Acute erythematous 
candidosis (antibiotic sore 
mouth) Figure 1.3D 

• Presents as painful, reddened patches 
on the oral mucosa.  

• Associated with use of broad-spectrum 
antibiotics.  

• Loss of bacterial microorganisms allow 
over proliferation of Candida. 
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Figure 1.3. Clinical presentation of the four primary forms of oral candidosis. 
A) pseudomembranous candidosis (oral thrush), blue arrow indicates 

characteristic white plaque-like mucosal lesions,  B) chronic hyperplastic 

candidosis, yellow arrow indicating mucosal lesion C) chronic erythematous 

candidosis (Candida-associated denture stomatitis), grey arrow to the 

inflammation of the hard palate which presents as reddening of the hard palate and 

D) acute erythematous candidosis green arrow pointing to the red lesion on the 

tongue these red patches are often painful. 
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1.4.4.1. Candida-associated denture stomatitis  

Denture wearers commonly present with Candida-associated denture stomatitis 

(chronic erythematous candidosis) (Figure 1.3 and Table 1.1) of varying severity 

with an estimated 35-75% of  wearers being affected depending on the cohort 

studied (Webb et al. 1998; Barbeau et al. 2003; Shulman et al. 2005; Zomorodian 

et al. 2011; Vila et al. 2020). In addition to the risk factors for all oral candidoses, 

additional risk factors for Candida-associated denture stomatitis are inadequate 

oral and denture hygiene, ill-fitting dentures, continuous denture wear including 

overnight, and development of a microenvironment that promotes Candida growth 

and suppresses bacterial species.  

Denture biofilms (section 1.3.1.1) act as a microbial reservoir which continuously 

seeds Candida onto the palatal mucosa (Vila et al. 2020). Poorly-fitting dentures 

increase the risk of Candida-associated denture stomatitis through frictional 

damage to the mucosal surfaces, allowing infiltration of Candida (de Senna et al. 

2018; Vila et al. 2020). Candida colonising the denture surface is significantly 

increased in Candida-associated denture stomatitis compared to healthy denture 

wearing individuals (O’Donnell et al. 2017). The denture fitting surface experiences 

reduced salivary flow, creating an area that is stagnant and develops its own 

microenvironment which becomes preferential to Candida through a more alkaline 

pH, elevated temperature, increased carbohydrate availability and nitrogen 

starvation which also suppresses oral bacterial species (Abuhajar et al. 2023).  

1.4.4.1.1. Association between tobacco use and Candida-associated 

denture stomatitis. 

Candida-associated denture stomatitis has a higher prevalence in people who 

smoke cigarettes, and this is also considered a major risk factor for the other forms 

of oral candidosis (Shulman et al. 2005; Soysa and Ellepola 2005; Akram et al. 

2018). It is currently unclear why cigarette smoke is associated with increased risk 

of oral candidosis, but components of tobacco have been shown to disrupt innate 

immune responses, induce biofilm formation and upregulate expression of genes 

associated with Candida virulence (Mehta et al. 2008; Semlali et al. 2014). Semlali 

et al. (2014), found that cigarette smoke condensate increased C. albicans 

adhesion, growth, biofilm formation and expression of the virulence genes EAP1, 



 31 

HWP1 and SAP2 and the effects were concentration dependent. There is also 

evidence that tobacco extracts induce the yeast to hyphal transition (Awad and 

Karuppayil 2018), suggesting that C. albicans might be more pathogenic in the 

mouths of smokers than non-smokers. Waterpipe smoking, a term encompassing 

goza, hookah, narghile, and shisha, which is commonly misconceived as being 

‘safer’ or ‘healthier’ than smoking cigarettes, has also been found to lead to the 

same levels of C. albicans carriage as in cigarette smokers, which is significantly 

higher than in non-smokers (Akram et al. 2018). The emergence and increasing 

popularity of e-cigarettes and vaping has  directed research to be conducted on 

these products and it was found that e-cigarettes promote C. albicans growth but 

less than conventional cigarette smoke (Alanazi et al. 2019). Enhanced oral C. 

albicans adherence and biofilm thickness has also been attributed to nicotine, 

which increases cell number and abundance of EPS, as well as upregulation of 

HWP1 and ALS3 hyphal specific virulence genes, in a dose-dependent manner 

(Gunasegar and Himratul-aznita 2019). Research suggests that cigarette smoke 

can also affect the surface roughness of denture materials (Mahross et al. 2015; 

Singh et al. 2019), which would have relevance in adherence and retention of C. 

albicans in Candida-associated denture stomatitis.  

1.4.4.2. Treatment and management of Candida-associated denture 

stomatitis  

Management strategies for Candida-associated denture stomatitis is primarily 

through reducing risk factors and the level of Candida (Abuhajar et al. 2023). It is 

of utmost importance to inform patients of the risk factors and how to limit them to 

reduce recurrence of infection. Any issues with oral or denture hygiene should be 

addressed by explaining suitable cleansing protocols and products, particularly  

recommending the use of denture cleansers that include anti-Candida properties 

such as 1% sodium hypochlorite or 0.2% chlorhexidine (Williams and Lewis 2011). 

However, research has shown that denture cleansers do not fully eradicate all C. 

albicans and, therefore, should be used in combination with other interventions 

(O’Donnell et al. 2017). Ideally the patient should also stop smoking, if applicable, 

and ensure removal of their dentures during the night, ideally removing dentures 

for eight hours a day (Abuhajar et al. 2023). The denture should be assessed to 
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ensure it fits well and that there is no damage or wear that may increase adherence 

and retention of microorganisms.  

Antifungals, whilst more limited than antibiotics, are available for the treatment of 

infections and can be topical or systemic, the choice of which would depend on the 

severity of the infection (Pappas et al. 2015; Abuhajar et al. 2023). Current reports 

state that antifungal resistance in C. albicans remains low (World Health 

Organization 2022). Azoles are the most frequently used antifungal class to treat 

candidosis (Santos et al. 2018). Azoles are fungistatic through the inhibition of the 

enzyme lanosterol demethylase which is involved in ergosterol production (Andes 

2003; Williams and Lewis 2011). The most commonly used azole is fluconazole 

which has a relatively low cost and low toxicity and can be administered 

systemically and is then secreted in high levels in saliva which is ideal for the 

treatment of oral infections (Force and Nahata 1995; Kim et al. 2020). However, 

fluconazole resistance has been detected and can develop from prolonged use 

and so a synergistic approach with other drugs is advised but not yet clinically 

available (Lu et al. 2021). Alternative antifungals include polyenes, which are 

fungicidal and include the drugs amphotericin B and nystatin which bind to 

ergosterol in fungal cell membranes, causing leakage of cytoplasm leading to 

fungal cell death (Williams and Lewis 2011; Santos et al. 2018). However, these 

need to be used at lower doses due to a degree of toxicity in humans and must be 

topical as they are not adsorbed well in the gut.  

A new approach to reducing Candida-associated denture stomatitis is to 

incorporate antifungals and nanoparticles into the denture resin (Abuhajar et al. 

2023). Sliver nanoparticles exhibit antimicrobial properties and could be added to 

PMMA denture material to decrease colonisation by C. albicans (Benoit et al. 2019; 

De Matteis et al. 2019). A systematic review by An et al. (2021), states that while 

incorporation of nanoparticles and antimicrobials into denture material has been 

shown to be effective in reducing Candida-associated denture stomatitis there are 

still many disadvantages that need to be addressed, including development of 

microbial resistance to antifungals and diffusion of nanoparticles to cells and 

tissues. 
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1.5. Research aims and objectives. 

Current understanding of the modulators of C. albicans adhesion, biofilm formation 

and morphological changes in the oral cavity is limited and are areas that require 

more research. There is a complex network of interactions occurring in the oral 

cavity that has yet to be understood and this would give better insight as to why 

certain individuals may be predisposed to candidoses. Defining risk factors in more 

detail and how these are influenced by the local environment and microbial 

community could facilitate interventions in the management of oral candidosis. 

Elucidating the role of bacteria in denture biofilms is also important as it may have 

implications in the treatment and prevention of Candida-associated denture 

stomatitis among other oral Candida-associated infections and diseases. The 

findings of this research may be further extrapolated to the behaviour of biofilms 

containing C. albicans that colonise other niches in the human body.  

The underlying hypothesis of the research was that key properties of C. albicans 

in biofilms are modulated by specific local environment factors. Such properties 

would include C. albicans’ biofilm forming ability and morphological transformation 

to filamentous forms. Changes in the local environment that could affect these 

properties were examined and these included: 

• Altering surfaces for biofilm attachment through specific conditioning using 

artificial saliva, water and tobacco condensate (Chapter 2) 

• Changing surface roughness (Chapter 3) 

• Inclusion of certain oral bacterial species in the biofilms (Chapter 4 and 5). 
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2. CHAPTER 2: The Effect of Acrylic Surface 
Conditioning on Candida albicans Adherence 

and Biofilm Development 
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2.1. Introduction 

The majority of microorganisms naturally grow within biofilms, which are prevalent 

on environmental surfaces and on, or within hosts (Lohse et al. 2018). Biofilms are 

responsible for ~80% of microbial infections in humans. However, studying biofilms 

rather than planktonic microorganisms is a relatively new concept (Lohse et al. 

2018) and many of the interactions that occur between biofilms and local 

environmental factors have yet to be fully explored.  

One of the most widely studied biofilms is dental plaque, which is present on the 

enamel surface of teeth (Berger et al. 2018). However, there are also biofilms that 

develop on other oral surfaces, including the mucosa and abiotic surfaces of dental 

protheses (e.g., dentures, dental implants). The fact that biofilms adhere to, and 

form on denture acrylic is well recognised, and these biofilms are particularly 

prevalent in instances of poor denture hygiene (Webb et al. 1998). 

Whilst natural oral surfaces have mechanisms to remove microorganisms, such as 

surface renewal or the sloughing off of cells, the abiotic acrylic surface of a denture 

is unable to do this. There is also reduced salivary flow over the upper fitting 

surface of a denture which limits physical and chemical removal of biofilm 

microorganisms (Monsenego 2000; Hannah et al. 2017). These factors promote 

the development of mature and persistent biofilms on denture surfaces.  

Due to the ‘non-self’ nature of denture material in the oral cavity, exogenous 

bacteria that are not usually associated with the mouth may better compete with 

endogenous microorganisms to adhere and colonise (Berger et al. 2018). Denture-

associated biofilm studies have often focussed on the genus Candida as these 

fungi are efficient at adhering to acrylic surfaces and are involved with infection, 

most notably, Candida-associated denture stomatitis (Berger et al. 2018; Lohse et 

al. 2018).  

The Candida genus contains over 350 species of ‘yeast-like’ fungi, but only a 

minority are associated with human infection (Williams et al. 2011). The most 

prevalent Candida species in human health and disease is C. albicans, which is 

frequently encountered as a commensal microorganism in ~50% of individuals 

(Williams et al. 2011). Candida albicans is polymorphic and can grow as yeast, 
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pseudohyphae and true hyphae. The species is also an opportunistic pathogen 

and may progress from being a harmless commensal microorganism to one able 

to cause disease in individuals who are immunocompromised, or where there is an 

underlying debilitation or risk factor (Lewis and Williams 2017).   

The physical and chemical properties of surfaces on which biofilms form can 

potentially impact adherence and subsequent growth of microorganisms and thus 

influence biofilm characteristics. For example, surface topography, hydrophobicity, 

and charge (often associated with surface conditioning) can affect physical 

retention and adherence of microorganisms (Whitehead et al. 2004; Zamperini et 

al. 2010). Sterile medical devices rapidly acquire a conditioning film after 

introduction into the body. The type of conditioning film varies with body location, 

but invariably comprises of host proteins and cells from surrounding body fluids 

(Frade and Arthington-Skaggs 2010). 

Conditioning films or pellicles are important in the adhesion stage of biofilm 

development as they may offer receptor binding sites for planktonic 

microorganisms to attach (Ramage et al. 2004; Frade and Arthington-Skaggs 

2010), or indeed molecules that repel or inhibit attachment of microorganisms. In 

the case of the mouth, saliva is the main contributor to conditioning films. 

Components of the salivary pellicle, such as mucins, are known to interact with C. 

albicans leading to initiation and promotion of biofilm formation (Nikawa et al. 

2000). The salivary pellicle has been found to increase biofilm development and 

lead to more robust C. albicans biofilms (da Silva et al. 2015; Cavalcanti et al. 

2016b). The virulence of C. albicans biofilms on surfaces with a salivary pellicle 

has not been extensively studied, although the pellicle has been found to increase 

metabolic activity and up-regulate genes associated with virulence such as 

Agglutinin-like protein 1 (ALS1), Agglutinin-like protein 3 (ALS3) and Hyphal Wall 

Protein 1 (HWP1) (Cavalcanti et al. 2016b). ALS1, ALS3 and HWP1 are hyphal-

specific, cell wall adhesins that have many functions including promoting 

adherence to biotic and abiotic surfaces, adherence to other microorganisms and 

facilitating invasion of host cells and epithelial layers  (Cavalcanti et al. 2014; 

Bamford et al. 2015; Gulati and Nobile 2016; Pidwill et al. 2018) 
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Candida-associated denture stomatitis has an increased prevalence in people who 

smoke cigarettes, which is also considered a major risk factor for other forms of 

candidosis (Shulman et al. 2005; Soysa and Ellepola 2005; Akram et al. 2018). It 

is currently not fully understood why cigarette smoke is associated with increased 

rates of candidosis, but components of tobacco have been shown to disrupt the 

innate immune response, induce biofilm formation and upregulate expression of 

Candida genes associated with virulence (Mehta et al. 2008; Semlali et al. 2014). 

Semlali et al. (2014), reported that cigarette smoke condensate increased 

adhesion, growth, biofilm formation and expression of the C. albicans virulence-

associated genes EAP1, HWP1 and SAP2. There is also supporting evidence that 

tobacco extracts induce yeast to hyphal transition (Awad and Karuppayil 2018), 

suggesting that C. albicans is likely to be more pathogenic in the mouths of 

cigarette smokers than non-smokers. Waterpipe smoking, which encompasses 

goza, hookah, narghile, and shisha, are frequently and incorrectly considered to 

be ‘safer’ or ‘healthier’ than smoking cigarettes (Chaouachi 2007; Awad and 

Karuppayil 2018). However, waterpipe smoking has also been found to lead to the 

same levels of C. albicans carriage as in cigarette smokers, which is significantly 

higher than in non-smokers (Akram et al. 2018). Enhanced oral C. albicans 

adherence and biofilm thickness has also been attributed to the presence of 

nicotine, which increases cell number and the abundance of extracellular polymeric 

substances (EPS). In addition, upregulation of HWP1, ALS3 and hyphal specific 

virulence genes occurs in a nicotine dose-dependent manner, suggesting an 

increase in virulence might be expected (Gunasegar and Himratul-aznita 2019).  

The underlying hypothesis of this research was that different surface conditioning 

treatments applied to acrylic would affect subsequent adhesion, biofilm formation 

and expression of virulence attributes of C. albicans. 

2.1.1. Aims and Objectives  

The primary aims of this chapter were to:  

1. Assess whether C. albicans on denture acrylic is influenced by surface 

conditioning using water, artificial saliva, or a condensate from cigarette 

smoke. Measured parameters included initial adherence, morphological 

transformation, and biofilm surface coverage. 
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2. Chemical and surface properties of the acrylic before and after conditioning 

were also determined and associated with any observed changes.  
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2.2. Materials and Methods 

2.2.1. Overview of microorganisms used in this research.  

Candida albicans SC5314 was used in this research. The strain was originally a 

clinical isolate from human infection and along with having an available genome 

sequence, is known to be susceptible to anidulafungin, micafungin, caspofungin, 

5-flucytosin, voriconazole, itraconazole and fluconazole. Candida albicans 

SC5314 is not a designated type strain, but has been widely used in research. Four 

clinical isolates of C. albicans were also included in the research (Table 2.1.; Malic 

et al. 2007). The clinical isolates were selected as they had been isolated from a 

range of oral conditions and demonstrated variation in tissue colonisation and 

invasion (Malic et al. 2007).  

Table 2.1.  Candida albicans clinical isolates, including source of isolation, 
and their efficacy at surface colonisation and invasion of tissues. CHC, 

chronic hyperplastic candidosis; SCC, squamous cell carcinoma. Adapted from 

Malic et al. (2007). 

  

Strain Isolate source Level of surface 
colonisation* Invasion* 

PB1/93 Normal oral mucosa ++ Low 

480/00 SCC oral mucosa ++ Low 

PTR/94 CHC buccal mucosa +++ High 

705/93 CHC buccal mucosa +++ High 

*, based on study in a reconstituted human oral epithelium (Malic et al. 2007) 
SCC, squamous cell carcinoma 

CHC, chronic hyperplastic candidosis  
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2.2.1.1.  Culture conditions  

Candida albicans was cultured on Sabouraud Dextrose Agar (SDA, Lab M, 

Heywood, UK) for 48 h at 37°C. Stocks of each strain were stored at -80°C on 

microbank™ beads from which, SDA streak plates were prepared and retained at 

4°C for up to 4 weeks. Liquid cultures were prepared in 10 mL of Yeast Nitrogen 

Base (YNB; BD Difco™, Oxford, UK) medium supplemented with 0.5 g D-glucose 

(Fisher Scientific, Waltham, Massachusetts, United States), 0.1 mg L-histidine 

(Sigma-Aldrich, Burlington, Massachusetts, United States), 0.2 mg L-methionine 

(Sigma-Aldrich) and 0.2 mg L-tryptophan (Sigma-Aldrich) per L. YNB was filter 

sterilised using a Minisart™ NML Syringe Filter (Sartorius, Göttingen, Germany) 

and 10 mL (x10 concentration) aliquots stored at 4°C and then diluted 10-fold with 

sterile distilled H2O (dH2O) at the time of use. For experiments, YNB was 

inoculated with 1-2 colonies from SDA and incubated at 37°C for 16-18 h.  

2.2.1.2.  Standardisation of inocula 

Prior to inoculation for experimental procedures, YNB cultures were adjusted to a 

standardised optical density of 1.0 OD600nm (± 0.01) (equivalent to approximately 1 

x 107 cells/mL) using a spectrophotometer (DiluPhotometerTM, Implen, Westlake 

Village, CA, USA). In all cases, the spectrophotometer was initially calibrated to a 

zero-baseline using sterile YNB. Sterile YNB was used to dilute cultures as 

required.   

2.2.2. Preparation of denture acrylic materials  

2.2.2.1.  Production of polymethyl methacrylate (PMMA) coupons 

Polymethyl methacrylate (PMMA) is a thermoplastic used to construct denture 

prostheses and orthodontic retainers. PMMA was used as the solid substratum to 

grow mono- and polymicrobial biofilms.  

Oracryl Cold Cure polymer SW9053 powder (Bracon Dental Laboratory Products, 

Etchingham, UK) was added to Oracryl Cold Cure Liquid monomer at a 2:1 (w/v) 

ratio and thoroughly mixed manually until homogenous and devoid of air bubbles. 

The resultant mixture was poured into a polytetrafluoroethylene (PTFE) mould to 

generate 24 round PMMA coupons that were 8 mm in diameter and 2 mm in depth. 
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The mould was compressed between two glass panels to reduce surface 

irregularities and provide a smooth, polished finish on the coupon. The material 

was cured at room temperature for at least 1 h. The underside of each coupon was 

levelled, and any irregularities or sharp protrusions were removed from the edges 

using a polisher (Kemet International Ltd, Maidstone, UK) with P120 grade silicon 

carbide paper (Agar Scientific, Stansted, UK). Coupons were marked on the rough 

underside to indicate the correct orientation to ensure the biofilms formed on the 

polished face during experimentation. Coupons were then placed in water for a 

minimum of 5 days to allow excess and uncured monomer to leach from the 

material. Sterilisation prior to use was achieved by autoclaving the coupons in 

distilled water at 121°C for 15 min. Coupons were all single use only and were 

discarded after experimentation.  

2.2.2.2.  Preconditioning of PMMA coupons  

2.2.2.2.1. Artificial saliva and water preconditioning 

Artificial saliva (AS) was prepared based on a previously reported composition 

(Table 2.2) (Cavalcanti et al. 2014; Morse et al. 2019)). Once homogenous, 

aliquots of 250 mL were placed in Duranâ bottles (Sigma-Aldrich) and autoclaved 

at 121°C for 15 min. Following sterilisation and immediately prior to use, 1.25 mL/L 

of 40% (w/v) filter sterilised (Minisart™ NML Syringe Filter, Sartorius) urea solution 

was added to the AS.  

Sterile PMMA coupons were randomly selected and aseptically transferred into 

either 10 mL of AS or sterile distilled H2O for 16-20 h at 37°C. Water conditioned 

(WC) PMMA coupons served as controls. Prior to experiments, all coupons were 

briefly immersed in sterile dH2O to remove excess conditioning medium.   
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Table 2.2. Composition of artificial saliva (Cavalcanti et al. 2014; Morse et al. 

2019). Components listed in the table were combined and autoclaved. Post 

sterilisation, 1.25 mL/L of filter sterilised 40% (w/v) urea solution was added. 

2.2.2.2.2. Tobacco condensate (TC) preconditioning  

A tobacco condensate was produced using the apparatus illustrated in Figure 2.1A. 

Cigarettes (Mayfair Original Blue, serial; batch number: 84S GQD AZ6 RVU; 

FJH16C18) had their filters removed before being inserted singly into the 

apparatus. A vacuum pump (800 mbar) pulled air through the apparatus, allowing 

the cigarette to be burnt. The generated smoke was drawn through the tubing and 

into a vessel holding 50 mL of AS and sterilised PMMA coupons. A Dreschel head, 

without a frit, allowed the smoke to diffuse through the liquid as large bubbles. The 

smoke was then pulled through two extra vessels containing distilled H2O that had 

Dreschel heads with filters, before the airflow was returned into the vacuum pump 

to prevent smoke components going through the pump and reduce release into the 

fume hood. Twenty cigarettes were ‘smoked’ over ~ 30 min. After smoking, there 

was an obvious discolouration to the AS, (which was subsequently referred to as 

tobacco condensate, TC), and to the PMMA coupons as well as the water vessels 

(Figure 2.1 B and C). These coupons were stored in the TC at 2 - 4°C until use.  

Chemical Component g/L 

Porcine Stomach Mucin (Oxoid, Basingstoke, UK) 2.5 

Sodium Chloride (Fisher Scientific) 0.35 

Potassium Chloride (Fisher Scientific) 0.2 

Calcium Chloride Dihydrate (Fisher Scientific) 0.2 

Yeast Extract (Oxoid) 0.2 

Lab Lemco Powder (Oxoid) 1.0 

Protease Peptone (Oxoid) 5.0 
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Figure 2.1. Apparatus used to produce tobacco condensate and 
preconditioning of the poly methyl methacrylate (PMMA) coupons. A) Image 

of the smoking apparatus. A cigarette devoid of its filter was placed into the holder 

indicated by the orange circle and lit. The vacuum pump pulled the cigarette smoke 

through the tubing and through the Dreschel head that did not have a filter which 

was placed in artificial saliva (AS) containing the PMMA coupons. After this 

chamber, the cigarette smoke was pulled through two additional vessels containing 

Dreschel heads with filters that were immersed in water to minimise the amount of 

smoke going through the vacuum pump and collect any excess components. B) 

Container with the PMMA coupons and AS before smoking occurred. The water 

container for filtration can be seen in the background. C) The apparatus after 

smoking. The container holding the PMMA coupons and AS was filled with smoke. 

Discolouration of the AS and coupons was evident.   



 

 44 

2.2.3. Chemical characterisation of conditioned PMMA coupons 

2.2.3.1. Sample preparation 

PMMA coupons and samples of the solutions from the different types of 

preconditioning were prepared for analysis through solvent and water extraction. 

PMMA coupons preconditioned with TC, AS or water were all subjected to 

extraction with 5 mL dichloromethane, and 5 mL dH2O, and ultrasonicated for 1 

min to aid dissolution and dispersion of analytes. Samples of the solution in which 

the PMMA coupons had been conditioned were also analysed. Twenty μL of each 

extract was diluted to 20 mL in distilled water. For the dichloromethane solvent 

extraction samples, the suspension was allowed to separate into its two constituent 

layers, and the dichloromethane layer was collected. Dichloromethane was then 

removed under reduced pressure, and the residual oil transferred into an amber 

glass autosampler vial (Thermofisher). Dichloromethane extracts prepared for 

analysis are listed in Table 2.3.  

Table 2.3. Dichloromethane extracts prepared for analysis.  

2.2.3.2. Gas Chromatography – Mass Spectrometry (GC-MS) 

Extracts (Table 2.3) were analysed using a Waters GCT Time of flight (TOF) mass 

spectrometer with an Agilent 6980 GC interface. Five μL of the extract was injected 

1.  Artificial saliva (AS)  

2. AS preconditioned polymethyl methacrylate (PMMA) 

3.  PMMA denture acrylic,  

4.  PMMA treated with AS and C. albicans,  

5.  PMMA treated with tobacco condensate (TC)  

6. PMMA with tobacco condensate and C. albicans 

7. The viscous oil that had gathered in the joints of the Drechsel heads  
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using a split/split-less inlet with 20% split at 190˚C inlet temperature. The 

temperature was initially programmed to 40˚C, which was held for 5 min. The 

temperature was then increased at a rate of 5˚C/min to 300˚C, and then held at 

300˚C for a further 5 min. The column used was a 30 m, 35% phenyl 65% methyl 

polysiloxane capillary column. The system was calibrated with 

heptacosafluorotributylamine. The limit of detection of the apparatus was 

determined using EPA Volatile Organic Compounds Mix 2, and found to be 

between 1 to 5 µg/ml.  

2.2.3.3. Liquid Chromatography – Mass Spectrometry (LC-MS)  

LC-MS analysis was performed using a Waters Synapt G2-Si time-of-flight mass 

spectrometer coupled to a Waters Acquity UPLC system with an Acquity C18 

reverse phase column to ascertain the water-soluble components present. One μL 

of each sample was injected into the system. The method used a solvent linear 

gradient aqueous acetonitrile from 5 - 95% (including 0.1% formic acid as a 

ionisation source). The instrument was held at 40°C throughout the run with a flow 

rate of 0.3 mL/min.  

2.2.4. Surface roughness measurements of PMMA pre- and post-

tobacco condensate conditioning 

A profilometer (Surftech) was used to determine the mean surface roughness (Ra) 

measurements before and after conditioning. Post-autoclaving, 16 coupons were 

randomly selected and each labelled to ensure the measurements were ‘before 

and after’ of the same coupon. Three transects of 5 mm were measured on each 

coupon then averaged to give the mean Ra and the standard error of the mean 

(SEM) was calculated pre- and post-tobacco conditioning. The ‘before conditioning 

PMMA’ was a WC PMMA that had not been preconditioned in AS.  

2.2.5. Contact angle measurements of PMMA surfaces with three 

different types of preconditioning. 

Preconditioning PMMA could change the hydrophobicity of a surface and therefore 

the interactions between the surface and its environment. Contact angle 

measurements were used to assess surface hydrophobicity using the sessile drop 
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method for coupons of each of the three conditioning methods, namely WC, AS 

and TC. Coupons were preconditioned as previously described and then placed in 

a sterile petri dish to dry completely for at least 24 h. An Attension Theta Lite (Biolin 

Scientific) contact angle goniometer was used with OneAttension software (version 

3.2, Biolin Scientific). Prior to measurements, the machine was calibrated using a 

calibration kit as per the manufacturer’s instructions. A 4 µL droplet of water was 

then lowered on to the surface. As soon as the liquid contacted the surface, the 

software tracked the dispersion of the droplet recording the contact angle 

measurements on the left and right of the droplet for 10 s using a manually set 

baseline resulting in 205 timepoints within the 10s. The mean contact angle of the 

two points was calculated by the software for each timepoint. The mean contact 

angle was then averaged across the 205 timepoints giving an overall contact angle 

measurement for each coupon from the 10 s time period. Coupons (n = 4 - 7) were 

analysed per conditioning type, the mean contact angle measurements for each 

coupon was input into Prism 9 for MacOS (GraphPad Prism 9.4.0 (453) GraphPad 

Software, San Diego, California USA, www.graphpad.com) software for analysis 

and construction of graphs. Statistical significance was determined using One-way 

ANOVA with Tukey post-hoc test.  

2.2.6. Candida albicans adherence and biofilm formation on 

PMMA coupons  

All C. albicans strains, type of preconditioning and control PMMA coupons were 

tested in triplicate and imaged using confocal laser scanning microscopy (CLSM). 

To each well of a 24-well plate, 1900 µL of YNB was added before addition of the 

PMMA coupon (previously washed in PBS) with the smooth side facing upwards. 

Candida albicans was cultured and standardised as previously described (2.2.1). 

A 100-µL volume of the standardised culture was added to each well and statically 

incubated at 37°C to facilitate adhesion. Candida albicans adherence to PMMA 

was assessed after 90 min and biofilm formation was measured after 24 h.  
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2.2.7. Assessment of Candida albicans adherence and biofilm 

formation by confocal laser scanning microscopy (CLSM) 

An inverted Leica TCS SP5 confocal system controlled by Leica confocal software 

was used for CLSM analysis. PMMA coupons were washed in dH2O before 

attached C. albicans were stained with a 5% (v/v) solution of calcofluor white 

(Sigma). PMMA coupons were inverted so that the smooth surface was on the 

base of a 6-well plate, and these were then imaged using a x10, and x40 objective 

lens. Five fields of view were imaged from each coupon, and z-stacks and or 

images were generated. Parameters such as step size, z depth and gain were 

adjusted to allow for optimum image acquisition. 

2.2.8. Image analysis of CLSM Images  

CLSM Z-stacks were converted into maximum intensity projection TIFF files using 

the Leica Application Suite X (LAS X) software (Leica Microsystems). The software 

processed the Z-stacks slices into a single 2D image, that reflected a top-down 

view of the surface which was then used for analysis. 

2.2.8.1.  Surface coverage analysis of PMMA surfaces 

FIJI ImageJ Software (Version:2.0.0-rc-69/1.52p Build: 269a0ad53f) was used to 

analyse the percentage area coverage by C. albicans on the coupon surface (x10 

objective lens, maximum intensity projection files). A macro was used to convert 

the files to 8-bit, a threshold was set and the percentage coverage of the field of 

view determined using the set measurements area. The mean percentage area 

coverage was determined by combining the output for five fields of view from each 

of the three replicates (n=15).  

2.2.8.2.  Quantification of C. albicans hyphae on PMMA surfaces  

To determine the relative proportions of C. albicans hyphae on the surfaces of 

PMMA coupons, the x40 objective lens maximum intensity projection files were 

uploaded into FIJI ImageJ Software (Version:2.0.0-rc-69/1.52p Build: 

269a0ad53f). A macro was optimised to analyse the files. Files were converted into 

8-bit and the threshold adjusted using “Auto Threshold” with the method “moments” 

with a dark background specified. The “Watershed” action was also used to split 
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clusters and over-lapping cells so they would be counted separately and not as 

one. The “Analyze Particles” tool was used with the size restriction “0.005-Infinity” 

and circularity “0.10-1.00”. This resulted in a total count of the cells present. The 

output was averaged across the replicates of the same condition (n=15) to obtain 

the mean total count for each condition.  

Using the LAS X software (Leica Microsystems), the counter tool was used to 

manually enumerate the number of hyphae present in the same maximum intensity 

projection TIFF files. The hyphal counts were averaged across the replicates of the 

same condition (n=15) to obtain a total count for each condition. The mean hyphal 

count was subtracted from the mean total count and divided by 100 to obtain the 

percentage of hyphal forms which included true hyphae and pseudohyphae 

present for each preconditioning type and strain.  

2.2.9. Statistical analysis of CLSM Images  

The significance of the results from the CLSM images for percentage area 

coverage and the proportion of adhered hyphal forms was determined by Kruskal-

Wallis with Dunn’s post-hoc test to compare means between groups. Prism 9 for 

macOS (GraphPad Prism 9.4.0 (453) GraphPad Software, San Diego, California 

USA, www.graphpad.com) software was used for statistical analysis and the 

construction of graphs.  
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2.3. Results  

2.3.1. Chemical characterisation of tobacco condensate (TC), 

Artificial saliva (AS) and dH2O adsorbed PMMA by Gas 

Chromatography – Mass Spectrometry (GC-MS) and Liquid 

Chromatography – Mass Spectrometry (LC-MS)  

2.3.1.1. Gas Chromatography – Mass Spectrometry (GC-MS) 

Assistance in chemical analyses and data interpretation was provided by Dr Siôn 

Edwards and Prof Ian Fallis (School of Chemistry, Cardiff University). Numerous 

peaks at a range of elution times were detected as shown in the GC 

chromatograms of AS treated with TC (Figure 2.2) This indicated that each extract 

contained many different compounds with different column binding affinities. The 

mass spectra of the principal components were analysed (Figure 2.3). Similar 

principal elution times were present in many of the chromatograms. The principal 

component, with an elution time of 20.02 min, was present in all seven analysed 

extracts including the blank control. This was likely an impurity in the GC column 

given its ubiquitous presence, and therefore unlikely to be a component 

responsible for any changes occurring during the experiments. The same peak 

(though as a smaller component) was also present in the sample of oil taken from 

the Drechsel head. Elution times common to more than one extract, along with the 

molecular weight of the principal component of the mass spectrum recorded at that 

respective time were collated for comparison between conditions (Table 2.4)
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Figure 2.2. GC Chromatogram of the dichloromethane extract of artificial saliva treated with tobacco smoke i.e., tobacco 
condensate. Recorded using a 30 m, 35:65 (Ph:Me polysiloxane) capillary column. The elution time is given in min.  
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Figure 2.3. Mass spectrum chromatograms of the dichloromethane extract of dental acrylic treated with tobacco smoke. A) 

Elution at 15.028 min. B) Elution at 18.460 min. C) Elution at 27.870 min. D) Elution at 28.282 min. E) Elution at 19.723 min. F) 

Elution at 21.675 min. E and F are examples of peaks that were found in all acrylic conditions. The orange arrows indicate the peak 

displaying the observed mass (m/z) used in further analysis.. 

C)B)A)

D) E) F)
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Table 2.4. GC-MS elution times and molecular mass of peaks of interest that 
occurred in the analysed dichloromethane extracts.  

 

  

Elution Time 
(min) 

Present in dichloromethane 
extracts 

Observed 
Mass (m/z) 

Calculated Mass 
(m/z) 

15.028 Acrylic treated with tobacco 
condensate 112.1247 112.1252 

for C8H16 

15.076 All acrylic conditions 150.0675 150.0681 
for C9H10O2 

18.31 All acrylic conditions 185.0817 185.0841 for 
C12H11NO 

18.46 
Artificial saliva treated with 
tobacco smoke, residual oil in 
Drechsel head 

162.1117 162.1157 
for C10H14N2 

19.144 All acrylic conditions 154.0783 154.0783 
for C12H10 

19.723 All acrylic conditions - - 

20.02 All extracts - - 

21.675 All acrylic conditions - - 

23.437 All extracts - - 

23.782 All acrylic conditions 198.0678 198.0681 
for C13H10N2 

27.870 

Acrylic treated with tobacco 
condensate; artificial saliva 
treated with tobacco 
condensate 

193.0491 193.0739 
For C10H11NO3 

28.282 

Acrylic treated with tobacco 
condensate; artificial saliva 
treated with tobacco 
condensate 

255.1256 255.1259 
for C16H17NO2 
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There were four elution times of interest with regards to changes to the denture 

acrylic that may affect interaction with C. albicans. These peaks occurred at 

15.028, 18.46, 27.870 and 28.282 min (Table 2.4). An elution was observed at 

15.028 min in dichloromethane extracts of acrylic treated with tobacco smoke 

(Figure 2.3). The mass spectrum of the peak at 15.028 min had an observed mass 

of 112.1247 m/z (mass-to-charge ratio; Figure 2.3A). This suggested the presence 

of a molecule with the formula C8H16, which had a calculated mass of 112.1251 

m/z. This would correspond to alicyclic hydrocarbon cyclooctane (or related 

saturated monocyclic hydrocarbons such as ethyl cyclohexane) or 

monounsaturated C8 alkenes such as octenes.   

A component present in both the TC and the Drechsel head residual oil eluted at 

18.46 min (Figure 2.3B). The mass of the principal component was determined to 

be 162.1117 m/z, which was similar to the calculated mass for a molecule with the 

formula C14H10N2 which has potential to be nicotine or the structural isomer 

anabasine. The next fraction at 133.0702 m/z exhibited a mass reduction of 29 m/z 

which indicated the possible loss of an ethyl or CHO group or more likely indicate 

the cleavage of a CH3N group which was only possible from nicotine. There was 

also a loss of 78 m/z resulting in an 84.0744 m/z peak corresponding to the mass 

of a pyridyl radical (exact mass = 78.0344). The presence of which indicated 

dissociation of pyridine from the molecule. Thirdly, there was an elution after 

27.870 min with a mass of 193.0502 m/z closely resembling the mass of N-

(phenylacetyl)glycine that has a predicted mass of 193.0739 m/z (Figure 2.3C). A 

loss of CO2 was suggested by the mass loss of 44 to 149.0421 m/z which was 

consistent with a carboxylic acid group being present.  

Analysis of the final elution peak of interest, which eluted at 28.282 min was found 

in the extract of acrylic treated with TC (Figure 2.3D). The principal peak had a 

mass of 255.1256 m/z which matched C16H17NO2, tentatively assigned as the 

benzyl ester of phenyl alanine. A loss of 105 m/z resulted in the 150.0913 peak 

indicating the loss of a phenylethyl radical or a C6H5-CO radical. The 105 m/z lost 

was evident in the next fragment, which had a more accurate mass of 105.0340 

m/z which is the calculated mass of a C6H5CO radical. The last fragment of interest 

was the 77.0396 m/z peak which equates to the mass of a phenyl radical. There 

were also peaks in the GC chromatograms present only in the samples that 
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contained the acrylic. Analysis of two of these acrylic specific peaks that eluted at 

19.723 min (Figure 2.3E) and 21.675 min (Figure 2.3F) were presented as an 

example of acrylic components detected but not extensively analysed. 

2.3.1.2.  Liquid Chromatography – Mass Spectrometry (LC-MS) 

Elution peaks present in both the control and TC treated conditions were 

considered baseline, and only novel peaks or peaks that were significantly larger 

in the tobacco treated samples were analysed (Figure 2.4A). The first of these 

peaks occurred at 0.70 min (Figure 2.4B) and had a principal peak of 163.1225 

m/z. This value was essentially identical to the mass of a protonated nicotine, the 

mass of which is 163.1230 (calculated for C10H15N2 + H+, 163.1230). At 2.649 min 

on the chromatogram of the washed tobacco treated acrylic (Figure 2.4C), a mass 

of 120.0806 m/z was by far the largest signal. The mass correlated to and was 

likely to be C8H10N+, which was tentatively assigned as protonated indoline 

(calculated for C8H9N + H+, 120.0808). The remainder of the chromatogram, 

although complex, presented a similar profile to that of the AS control. Samples of 

the liquid in which the acrylics were stored, closely resembled each other (Figure 

2.5). The exception to this was a broad elution in the TC which peaked at 5.25 min 

and was not present in the other two conditions i.e., AS and dH2O. The mass 

spectrum of the 5.25 mins elution peak (Figure 2.5C) was quite simple showing a 

main component at 300.1484 m/z and a lack of significant fragmentation of the 

parent ion to assist the characterisation of the species responsible. This mass 

corresponds to a protonated species with the formula C17H17N2O3 (calculated for 

C17H17N2O3 + H+ = 300.1468), corresponding to the dipeptide phe-phe. However, 

the accuracy here is insufficient to state this with confidence.    
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Figure 2.4. LC-MS chromatograms of the water extraction of denture acrylic 
treated with tobacco condensate. A) LC-MS chromatogram of the water 

extraction. B-C) LC-MS mass spectra of the fractions from A; B) Elution at 0.700 

min. C) Elution at 2.649 min. The elution time was in min. 

  

C)B)

A)
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Figure 2.5. LC-MS analysis of the tobacco condensate and artificial saliva 
and the mass spectrum of the peak of interest identified in the tobacco 
condensate LC-MS. LC-MS chromatogram of the supernatant of the tobacco 

condensate (A) and the supernatant artificial saliva (B). The mass spectrum of the 

broad elution that peaks at 5.25 min was a distinctive feature of the tobacco 

condensate-treated condition (C). The elution time was in min. 

  

C)

B)A)
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2.3.2. Assessing whether tobacco conditioning altered surface 

roughness.  

Roughness measurements of the PMMA surface before and after tobacco 

treatment were obtained with assistance from Mrs Wendy Rowe (School of 

Dentistry, Cardiff University (Table 2.5). Overall, the mean change in Ra values 

was -0.41 Ra. The coupons before treatment had an mean Ra value of 3.06 which 

decreased to 2.65 after treatment. The measurements were consistent as evident 

by the standard error of the mean (SEM); 0.29 for before treatment and 0.21 post 

treatment.  

2.3.3. Assessing whether the types of pre-conditioning altered 

surface hydrophobicity. 

Contact angle measurements are indicative of the hydrophobicity of a surface. 

Generally, a surface is considered hydrophobic when the contact angle 

measurement is > 90° and is hydrophilic when the contact angle is < 90°. 

Conditioning the PMMA with TC (73.86°) resulted in the surface being significantly 

(P ≤ 0.0001) more hydrophobic than the AS (23.93°) PMMA surfaces (Figure 2.6). 

The AS PMMA surface was significantly (P ≤ 0.0001) more hydrophilic than not 

just the TC but also the WC (66.24°) PMMA.  
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Table 2.5. Roughness measurements of the polymethyl methacrylate (PMMA) 
surface before and after tobacco conditioning. Each coupon was measured 

across three 5 mm transects before and after TC treatment. The mean Ra value, 

the unit used to denote average roughness, was used to indicate changes in 

surface roughness. The standard error of the mean (SEM) is given for each coupon 

before and after tobacco treatment. Wilcoxon matched pairs signed rank test 

determined there was no significant difference between the measurements before 

and after tobacco pre-conditioning (P ≤ 0.1703). 

 Before treatment After treatment  

Coupon 
Number 

 Mean Ra 
(µm) SEM    Mean Ra 

(µm) SEM  Change 

1 2.74 0.22 3.23 0.18 0.49 

2 3.96 0.31 3.37 0.75 -0.59 

3 2.05 0.10 2.35 0.07 0.30 

4 9.20 1.76 3.80 0.30 -5.40 

5 3.40 0.08 3.02 0.15 -0.38 

6 3.64 0.37 3.32 0.22 -0.32 

7 2.49 0.14 2.25 0.10 -0.24 

8 1.87 0.05 2.03 0.05 0.16 

9 2.89 0.24 2.29 0.13 -0.60 

10 2.87 0.26 2.26 0.17 -0.61 

11 1.65 0.16 1.74 0.24 0.10 

12 2.17 0.07 2.52 0.36 0.36 

13 2.76 0.20 2.59 0.14 -0.17 

14 2.90 0.39 2.81 0.19 -0.09 

15 2.34 0.03 2.51 0.08 0.17 

16 1.96 0.22 2.24 0.25 0.28 

Total 
Mean 3.06 0.29 2.65 0.21 -0.41 
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Figure 2.6. Hydrophobicity of polymethyl methacrylate (PMMA) surfaces 
preconditioned with tobacco condensate, artificial saliva, and the water 
conditioned control measured as mean contact angle (°). PMMA coupons were 

preconditioned in artificial saliva, tobacco condensate and water (dH2O) and a 

contact angle goniometer was used to measure the mean contact angle using the 

sessile drop method which was indicative of hydrophobicity. Data presented as 

mean ± standard error of the mean. n(WC) = 4, n(AS) = 6, n(TC) = 7. Significance 

determined through One-way ANOVA (F (2, 14) = 110.1, P ≤ 0.0001) with Tukey 

Post-Hoc test **** P ≤ 0.0001. 
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2.3.4. Candida albicans adherence, biofilm development and 

proportion of hyphal forms on tobacco condensate, artificial 

saliva, and water preconditioned PMMA surfaces.  

2.3.4.1.  Adherence of C. albicans to PMMA coupons with three 
different types of surface conditioning  

Candida albicans adherence to the differently conditioned PMMA coupons after 90 

min was strain dependent (Figure 2.7). Representative images for each of the C. 

albicans strains for all three conditions at 90 min and 24 h incubations are shown 

in Figure 2.8 - 2.12. Candida albicans SC5314 had similar levels of coverage 8.2%, 

7.6% and 7.7% on WC, AS and TC coupons, respectively (Figure 2.7 and Figure 

2.8). Candida albicans PB1/93 exhibited higher adherence to the AS conditioned 

surfaces (11.8%) compared with WC or TC (7.2% and 2.9%, respectively) 

conditioned surfaces (Figure 2.8 – 2.12). Highest adherence of C. albicans 480/00 

was to the TC surface (18.1% coverage) and lowest adherence was to the AS 

surfaces (7.9%). Candida albicans 705/93 and Candida albicans PTR/94 had 

similar adherence profiles, with adherence increasing from TC to AS and WC 

surfaces (Figure 2.7). Adherence to the differently preconditioned surfaces was not 

found to be statistically significant for any of the C. albicans strains after 90 min 

incubation.
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Figure 2.7. Mean surface coverage (%) after 90 min incubation for Candida 
albicans isolates on PMMA coupons preconditioned with either tobacco 
condensate, artificial saliva, or the water conditioned control (dH2O). CLSM 

(x10 objective lens) images were taken after 90 min incubation of C. albicans on 

the surfaces at 37°C and analysed to determine the percentage coverage. Candida 

albicans cells were stained with Calcofluor White. n = 15 for each condition. Error 

bars present the standard error of the mean. None of the results were statistically 

significant using a Kruskal Wallis Dunn’s post-hoc test. 
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Figure 2.8. Candida albicans SC5314 on polymethyl methacrylate (PMMA) 
coupon surfaces. Candida albicans was grown on polymethyl methacrylate 

PMMA coupon surfaces preconditioned with A and D) water (dH2O), B and E) 

artificial saliva, and C and F) were the surfaces preconditioned with tobacco 

condensate. A-C) were taken from coupons incubated with C. albicans for 90 min 

and D-F) were incubated with C. albicans for 24 h. Candida albicans was stained 

with calcofluor white resulting in blue fluorescence. Images were taken using the 

x40 objective lens on a confocal microscope. Scale bars are 100 µm. 
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 63 

 

Figure 2.9. Candida albicans 480/00 on polymethyl methacrylate (PMMA) 
coupon surfaces. Candida albicans was grown on polymethyl methacrylate 

PMMA coupon surfaces preconditioned with A and D) water (dH2O), B and E) 

artificial saliva, and C and F) were the surfaces preconditioned with tobacco 

condensate. A-C) were taken from coupons incubated with C. albicans for 90 min 

and D-F) were incubated with C. albicans for 24 h. Candida albicans was stained 

with calcofluor white, resulting in blue fluorescence. Images were taken using the 

x40 objective lens on a confocal microscope. Scale bars are 100 µm. 
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Figure 2.10. Candida albicans 705/93 on polymethyl methacrylate (PMMA) 
coupon surfaces. Candida albicans was grown on polymethyl methacrylate 

PMMA coupon surfaces preconditioned with A and D) water (dH2O), B and E) 

artificial saliva, and C and F) were the surfaces preconditioned with tobacco 

condensate. A-C) were taken from coupons incubated with C. albicans for 90 min 

and D-F) were incubated with C. albicans for 24 h. Candida albicans was stained 

with calcofluor white, resulting in blue fluorescence. Images were taken using the 

x40 objective lens on a confocal microscope. Scale bars are 100 µm. 
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Figure 2.11. Candida albicans PB1/93 on polymethyl methacrylate (PMMA) 
coupon surfaces. Candida albicans was grown on polymethyl methacrylate 

PMMA coupon surfaces preconditioned with A and D) water (dH2O), B and E) 

artificial saliva, and C and F) were the surfaces preconditioned with tobacco 

condensate. A-C) were taken from coupons incubated with C. albicans for 90 min 

and D-F) were incubated with C. albicans for 24 h. Candida albicans was stained 

with calcofluor white resulting in blue fluorescence. Images were taken using the 

x40 objective lens on a confocal microscope. Scale bars are 100 µm. 
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Figure 2.12. Candida albicans PTR/94 on polymethyl methacrylate (PMMA) 
coupon surfaces. Candida albicans was grown on polymethyl methacrylate 

PMMA coupon surfaces preconditioned with A and D) water (dH2O), B and E) 

artificial saliva, and C and F) were the surfaces preconditioned with tobacco 

condensate. A-C) were taken from coupons incubated with C. albicans for 90 min 

and D-F) were incubated with C. albicans for 24 h. Candida albicans was stained 

with calcofluor white resulting in blue fluorescence. Images were taken using the 

x40 objective lens on a confocal microscope. Scale bars are 100 µm. 

  

C) Tobacco Condensate Preconditioned B) Artificial Saliva Preconditioned A) Water Preconditioned 

E) Artificial Saliva Preconditioned D) Water Preconditioned 
24 h 24 h 

90 min 90 min 90 min 

F) Tobacco Condensate Preconditioned 
24 h 



 

 67 

2.3.4.2.  Proportion of Candida albicans hyphae adhered to the PMMA 

surfaces after a 90 min incubation. 

Candida albicans 705/93 was the only strain tested that showed a significant 

difference in the proportion of hyphal forms on the different types of preconditioned 

surfaces (Figure 2.13). Candida albicans 705/93 had a significantly higher 

proportion of hyphal forms on the WC surfaces where 19.05% of the fungal units 

present were hyphal compared to only 5.43% on AS (P ≤ 0.0002) and 0.09% on 

TC (P ≤ 0.0001) surfaces (Figure 2.10 and Figure 2.13). Candida albicans SC5314 

had a lower proportion of hyphae on the TC surfaces (0.38%) than the WC (3.18%) 

and AS surfaces (2%). 480/00 showed highest level of consistency between the 

proportion of hyphae between all three preconditioned (1.27% to 2.26%). Candida 

albicans PB1/93 exhibited a higher proportion of hyphae on the AS surfaces 

(5.60%) compared to both the TC (1.74%) and WC surfaces (1.34%). Candida 

albicans PTR/94 had a lower proportion of hyphae on AS surfaces (0.19%) 

compared with WC (5.03%) and TC (2.11%) preconditioned surfaces. 
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Figure 2.13. Proportion of hyphal forms (%) for five Candida albicans strains 
on PMMA coupons preconditioned with either water, artificial saliva, or 
tobacco condensate present after a 90 min incubation. After a 90 min 

incubation at 37°C, x40 objective lens CLSM images were used to determine the 

proportion of hyphal forms for each strain on each condition. Candida cells were 

stained with Calcofluor White. n = 15 for each condition. Error bars display the 

standard error of the mean. Statistical significance was determined using Kruskal-

Wallis with Dunn’s post-hoc test. *** P ≤ 0.001. **** P ≤ 0.0001.
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2.3.4.3.  Biofilm development on the PMMA coupon surface after 24 h 

incubation 

Mean biofilm coverage after 24 h was isolate dependent (Figure 2.14). Candida 

albicans PTR/94 surface coverage on the AS surface (27.9%) was significantly 

higher than on both WC (3.9%, P ≤ 0.0034) or TC surfaces (1%, P ≤ 0.0001). 

Candida albicans SC5314, 480/00 and PB1/93 exhibited consistency in coverage 

for all three surface conditioning types. Candida albicans SC5314 differed by only 

1.2% and PB1/93 differed by 0.8% and C. albicans 480/00 coverage of WC 

surfaces was 1.5% higher than the other two conditions suggesting that the 

different types of preconditioning had no effect on biofilm development of these 

strains. Candida albicans 705/93 exhibited higher biofilm development on the AS 

conditioned surfaces (11.5%) compared to the WC (2.7%) surfaces and the TC 

surfaces (4.9%).  
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Figure 2.14. Mean surface coverage (%) after 24 h incubation of different 
Candida albicans strains on polymethyl methacrylate (PMMA) coupons 
preconditioned with either tobacco condensate, artificial saliva, or the water 
conditioned control (dH2O). CLSM images (x10 objective lens) were taken after 

a 24 h incubation of C. albicans on the surfaces and analysed to determine the 

mean percentage area coverage. Candida albicans cells were stained with 

Calcofluor White. n = 15 for each condition. Error bars present the standard error 

of the mean. Statistical significance was determined by Kruskal-Wallis with Dunn’s 

post-hoc test. ** P ≤ 0.01. **** P ≤ 0.0001.
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2.3.4.4.  Proportion of Candida albicans hyphal forms present on 

surfaces after 24 h  

After 24 h incubation, the proportion of C. albicans 705/93 hyphal forms on the TC 

surfaces (28.39%) was higher than for both AS (14.79%) and WC surfaces (2.79% 

(Figure 2.15)). This difference was extremely significant between the TC and WC 

surfaces (P ≤ 0.0002). None of the other isolates demonstrated differences in the 

proportion of filamentous forms between the three different types of 

preconditioning. Candida albicans SC5314, C. albicans 480/00 and C. albicans 

PTR/94 all exhibited the same pattern with the highest proportion of hyphae on the 

WC surfaces (13.33%, 8.50% and 13.54%, respectively) and the lowest proportion 

of hyphae on the TC surfaces (6.2%, 2.5% and 6.4%, respectively). Candida 

albicans PB1/93 had the lowest proportion of hyphal forms observed on the AS 

surfaces (1.85%), the second highest on the TC surfaces (5.11%), and the highest 

proportion of hyphae on the WC surfaces (7.03%).  
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Figure 2.15. Proportion of hyphal forms (%) of five Candida albicans strains 
on polymethyl methacrylate (PMMA) coupons preconditioned with either 
water (dH2O), artificial saliva, or tobacco condensate present after a 24 h 
incubation. After a 24 h incubation at 37°C, x40 objective lens, CLSM images 

were used to determine the proportion of hyphal forms for each strain on each 

condition. Candida albicans were stained with calcofluor white. Each condition 

n=15. Error bars display the standard error of the mean. Statistical significance 

determined by Kruskal-Wallis with Dunn’s post-hoc test. **** P ≤ 0.0001. 
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2.4. Discussion 

Smoking fifteen or more cigarettes per day has been implicated with an increased 

prevalence of Candida-associated denture stomatitis (Shulman et al. 2005). 

Candida-associated denture stomatitis is primarily caused by the opportunistic 

pathogen C. albicans, but the reason why some individuals are more susceptible 

than others remains unknown. The overarching aim of this research was to 

ascertain whether different conditioning films on denture acrylic surfaces impacted 

on adherence, biofilm development, and morphological changes indicative of 

increased virulence of C. albicans in biofilms that could alter pathogenicity. 

The effects of preconditioning of PMMA coupons with water, AS and TC was 

assessed. The water represented a PMMA control, whilst the AS and TC were 

respectively used to represent a salivary pellicle and the salivary pellicle of a 

person who smoked cigarettes. AS conditioning partially represented the salivary 

pellicle, which has previously been shown to ‘equalise surface’ charge on surfaces, 

which in turn can influence the binding of microorganisms to acrylic surfaces 

(Cavalcanti et al. 2016b). Cavalcanti et al. (2016a) also found that saliva and 

plasma pellicles on acrylic surfaces increased the metabolic activity and 

expression of virulence associated genes in C. albicans that were mostly hyphal 

specific. The AS formulation used in this current research was an established 

formulation, which has been used in previous research (Cavalcanti et al. 2016a).  

The C. albicans properties that were subsequently analysed included the levels of 

initial adherence to the surfaces after 90 min. The level of C. albicans surface 

coverage after 24 h was measured to assess whether different substances on the 

surfaces would influence the development and growth of C. albicans biofilms. 

Thirdly, an assessment of changes in C. albicans morphology was conducted. 

Oncul et al. (2015) reported that two commercially available forms of AS increased 

adherence of C. albicans ATCC 90028 after 3 h on PMMA surfaces compared to 

a water control conditioned PMMA surface. Preliminary work by Siôn Edwards 

(unpublished data; Cardiff University, School of Chemistry) also found increased 

adherence for C. albicans ATCC 90028 on PMMA preconditioned with tobacco 

condensate. This current research employed five different strains of C. albicans. 
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Only one of these strains, C. albicans 480/00, exhibited increased adherence to 

TC surfaces, but this was not deemed significant. None of the results for adherence 

at 90 min were statistically significant. These results were contradictory to previous 

research, where cigarette smoke condensate was shown to increase adherence of 

C. albicans SC5314 to glass surfaces (Semlali et al. 2014). However, Semlali et 

al. (2014) measured adherence at 1, 3 and 6 h, and the increase in adherence was 

concluded from the 3 h and 6 h data. In terms of the 1 h time point, they stated that 

adherence was low, but was significantly higher (P < 0.05) than the 0% ‘cigarette 

smoke condensate’ (CSC) and this was the most comparable time point to the 90 

min incubation used to assess adherence in this present research. However, the 

results of the two studies were not comparable as one examined preconditioning 

a surface and the effects of the components that attach to denture material, while 

the other involved culture of C. albicans in varying concentrations of CSC. Human 

saliva with the microbial cells removed through centrifugation was used to coat 

enamel surfaces and enhanced adherence by C. albicans yeast cells which was 

assessed through single-cell force spectroscopy and visualised with scanning 

electron microscopy compared to uncoated enamel surfaces (Gunaratnam et al. 

2021). Strong initial attachment measured at 0-5 secs was found between yeast 

cell wall associated adhesins and the salivary pellicle (Gunaratnam et al. 2021).  

Semlali et al. (2014), also investigated differences in biofilm formation with varying 

levels of CSC after 48 and 72 h. The research reported that C. albicans SC5314 

biofilm formation was promoted by CSC most significantly after 72 h, but there was 

also a significant increase at 48 h for the concentration of 20% and higher up to 

50%. In comparison, a significant difference in biofilm coverage for C. albicans 

SC5314 was not found between the three conditions in this present study. 

However, this may be due to the shorter incubation time of 24 h. C. albicans 

PTR/94 had higher coverage on the AS surfaces than the TC surfaces after 24 h. 

It was possible that if experiments had been extended to 72 h there may have been 

a greater impact of the TC and therefore, future work could incorporate 

experiments that include a longer (72 h) time point for assessment.  

Conditioning coupons with AS did not influence levels of C. albicans adherence as 

was originally anticipated, with no significant increase in adherence on the AS 

compared to the WC or TC surfaces. However, C. albicans PB1/93 exhibited higher 
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adherence in terms of surface coverage on the TC and WC surfaces, but not 

significantly so. Initial adherence is primarily due to charge and attraction through 

van der Waals forces, and in the oral cavity surfaces and microbes are likely to be 

of a similar charge (Radford et al. 1999). The salivary pellicle is hypothesised to 

normalise the effects of surface charge of the denture material (Cavalcanti et al. 

2016b). In vivo, the salivary pellicle is known to increase adherence (Radford et al. 

1999). However, in vitro saliva pellicles increase surface free energy and lead to a 

decrease in adherence of microorganisms which could explain why increased 

adherence to the AS surfaces was not observed in these experiments (Zamperini 

et al. 2010; Cavalcanti et al. 2016b).  

Studies have shown that nicotine below the minimum inhibitory concentration 

(MIC), which is given as 4 mg/mL, significantly increases planktonic and biofilm 

growth of C. albicans ATCC 14053 (Gunasegar and Himratul-Aznita 2017). 

Gunasegar and Himratul-Aznita (2017) categorised C. albicans as highly 

hydrophobic and stated that 1-2 mg/L of nicotine increased cell surface 

hydrophobicity, which would enhance the cell’s ability to adhere to surfaces. TC 

preconditioned PMMA was found to be significantly more hydrophobic than AS 

PMMA but not more than WC PMMA. Therefore, while hydrophobicity may account 

for some changes in adherence seen between AS and TC it does not account for 

differences between WC and TC as they were very similar in hydrophobicity. The 

effects of hydrophobicity on C. albicans adherence are discussed more thoroughly 

in Section 3. Nicotine was identified as being present in the tobacco condensate. 

Nicotine is the primary alkaloid in tobacco, accounting for 96-98% of its alkaloid 

content (Clemens et al. 2009). The structural isomer anabasine is a nicotinic 

acetylcholine receptor present in trace amounts in tobacco smoke and can be used 

to detect a person’s exposure to smoking (Jacob et al. 1999). The component 

detected in the AS treated with TC, and the residual oil found in the Drechsel head 

samples could plausibly be nicotine or anabasine. The loss in mass observed 

through the fragmentation pattern was likely to correspond to the cleavage of a 

CH3N group, which is possible from nicotine. The loss of a pyridyl radical equivalent 

mass, which results from the dissociation of pyridine from the molecule suggests 

that this was in fact nicotine that had been detected. In addition to nicotine, there 
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was also N-(phenylacetyl)glycine and a molecule that could be one of a number of 

aromatic carbonyl-based compounds with the formula C16H17NO2. 

Protonated nicotine was also detected in the water extractions of the samples 

containing tobacco condensate. The water-soluble components analysed from the 

tobacco surfaces also contained a large novel peak that was likely to be protonated 

C8H9N+, with a predicted molecular mass of 120.0808 m/z. A potential source of 

this fragment is some form of unsaturated alkenated pyridinium salt. A variety of 

substituted pyridine species are known components of tobacco smoke that can 

affect biological systems (Ji et al. 2002). 

Analysing the components of the TC that adsorbed onto the acrylic surface was 

important to allow understanding of the potential factors that may affect C. albicans 

within denture biofilms and to identify whether carcinogenic components were 

being retained on the denture as this would potentially result in longer exposure to 

the components in the oral cavity than if denture material is not present. Any of the 

components found could be responsible for the preference or changes displayed 

by C. albicans to the differently conditioned surfaces of denture acrylic. Identifying 

them could allow for future work to be carried looking into the effects of each 

component and whether there was a way to prevent their retention on the denture. 

An interesting outcome to highlight was the comparative proportion of hyphal forms 

of C. albicans 705/93. During adherence (90 min incubation), there was a 

significantly lower proportion of hyphae to yeast forms present (P ≤ 0.0002), with 

the proportion of hyphae being less than 0.1% of fungal units on average. However, 

after 24 h there was a dramatic change, that resulted in a significantly higher (P ≤ 

0.0002) proportion of hyphae present on the TC surfaces compared to the WC 

surfaces. After 24 h, it appeared that hyphal forms were subsequently induced on 

the TC surfaces as it was shown that that the initial proportion of hyphae adhering 

to the TC surface was extremely low. The proportion of hyphal forms of all the C. 

albicans strains adhering to the TC surfaces was extremely low initially. This 

suggests that the TC surfaces could preferentially bind yeast forms rather than 

hyphal forms or possibly, that the change caused by the conditioning with TC 

resulted in the surfaces repelling hyphal forms as the proportion of hyphae to yeast 

in the inoculum was assumed to be the same for any given strain. Alanazi et al. 
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(2019) found that cigarette and e-cigarette smoke increased the length of hyphae. 

These researchers stated that this may be due to the presence of smoke 

components eliciting a stress response that promoted hyphal elongation. Hyphae 

are considered more virulent and pathogenic than yeast and responsible for C. 

albicans’ ability to invade host tissue (Mio et al. 1996). Therefore, this suggests 

that individuals who are colonised by an ‘equivalent’ strain to C. albicans 705/93 in 

their mouths and smoke, might be at increased risk of denture-associated 

stomatitis, candidosis and other C. albicans related oral health issues.  

Alanazi et al. (2019), found that the presence of cigarette smoke increased the 

level of chitin in the Candida cell wall, which is also a stress response more 

commonly seen when C. albicans encounters antifungals (Alanazi et al. 2019). 

Higher levels of chitin in the cell wall has been found to increase tolerance to 

caspofungin and echinocandins (Lee et al. 2012). This suggests that C. albicans 

recognises components of the TC as possibly damaging and increases production 

of chitin as a mechanism to maintain cell wall integrity (Munro et al. 2007). Though 

hyphal production is considered a stress response, there are many factors that 

contribute to the upregulation of hyphae. Environmental factors play an important 

part, especially changes in pH. Neutral pH induces hyphal growth in log phase cells 

through Brg1-mediated removal of Nrg1 inhibition (Su et al. 2018). Efg1 is pivotal 

in hyphal formation in response to serum, as is CO2 concentration and the 

presence of N-acetyl-d-glucosamine (GlcNAc) (Sudbery 2011). Tobacco 

conditioning could possibly have changed any of these factors to induce a stress 

response. There is evidence that GlcNAc levels are elevated by the presence of 

nicotine, which could be an impacting factor in vivo (Zhang et al. 2019). Future 

work could involve the addition of GlcNAc into experiments with and without 

tobacco condensate to test whether there is synergy resulting in an increased 

upregulation of hyphal production. An adapted checkerboard assay could be used 

with the output being proportion of hyphal forms rather than survival (Garcia 2014).  

There is some debate as to whether smoking changes denture surface topology. 

Some papers allude to the fact that smoking/cigarette smoke may change the 

roughness of the denture surface. Mahross et al. (2015), found that there was a 

significant increase in surface roughness before and after smoking, but only for 

dentures made from heat cured PMMA acrylic resin and not for visible light cured 
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urethane dimethacrylate (UDMA) resins. However, while there was a difference in 

the surface roughness of the PMMA coupons in this chapter after they were 

conditioned in the tobacco condensate, the change was overall a decrease in the 

mean roughness and this difference was not statistically significant. Another in vitro 

study concluded that flexible denture base material (VALPLAST) had a greater 

surface roughness than heat cured PMMA denture samples after exposure to 

cigarette smoke (Singh et al. 2019). The significant changes in adherence, 

retention and the proportion of hyphae found in this research could arise due to 

changes in surface roughness resulting from smoking. This is important as there 

is evidence in the literature that supports altered surface roughness being 

associated with modulated adherence of C. albicans and oral bacterial species 

(Verran et al. 2014). The changes in mean roughness of the PMMA denture 

material surfaces were not large, but it would be important to investigate in future 

work how changes in the surface impact factors such as adherence, morphology, 

and biofilm growth. It is also not known what degree of change to the surface 

roughness would be significant enough to impact microbial retention on the 

surfaces and how that may affect the development of the biofilm, or the 

composition of the microbes retained. The effect of surface roughness on C. 

albicans adherence and biofilm development is further explored in Chapter 3.  

To conclude, C. albicans strains do not all have a uniform profile in terms of 

adherence, biofilm development or hyphal proportion and instead exhibit strain 

dependent responses. TC preconditioned PMMA was significantly more 

hydrophobic than AS preconditioned PMMA. AS preconditioned PMMA was also 

more hydrophilic than WC PMMA. Chemical characterisation identified several 

main components within the tobacco condensate including nicotine and anabasine, 

confirming that they were present in TC PMMA. 
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3. CHAPTER 3: Effect of Acrylic Surface 
Roughness on Candida albicans Adherence and 

Biofilm Development   
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3.1. Introduction 

Adhesion and retention of microorganisms on dentures surfaces is an important 

area of research as dentures have been shown to accumulate plaque in the same 

way as the natural oral surfaces (Abelson 1981). Dentures have hard non-

shedding surfaces including the smooth polished regions of ‘teeth’ and the denture 

base material, which sits in close proximity to the oral mucosa. The fitted denture 

surface is known to shelter microorganisms, encouraging growth and biofilm 

formation (Monsenego 2000). The denture biofilm develops its own 

microenvironment where microorganisms can adjust environmental factors such 

as pH to generate more conducive conditions for their growth (Allison and Douglas 

1973; Kikuchi et al. 1999; Kuhar and Funduk 2005). The denture is exposed to 

many oral cavity conditions that are present to regulate oral microorganisms. 

However, in contrast to the natural mucosa it is unable to shed its surface, and this 

serves to promote retention of attached microorganisms. 

Numerous factors contribute to adherence of microorganisms, but surface 

roughness and topology are essential variables when considering infection risk and 

also optimising denture hygiene regimes to reduce risk. Increased surface 

roughness has been shown to increase hydrophobicity, surface area and effects 

of shear forces (Nikawa et al. 2003; Zamperini et al. 2010; Karakis et al. 2016). 

Each of these factors will in turn impact upon microbial attachment, adherence and 

retention.  

Initial attachment of C. albicans to a surface is primarily attributed to non-specific 

interactions, including cell and surface hydrophobicity, which some studies have 

shown has a strong correlation with C. albicans adhesion (Minagi et al. 1985; 

Panagoda and Samaranayake 1998; Danchik and Casadevall 2021). In contrast, 

other studies have reported no correlation between surface hydrophobicity and C. 

albicans adherence (Zamperini et al. 2010; Ohshima et al. 2018). Microbial 

attachment is more likely to occur in surface regions which are protected from 

shear forces, thereby allowing time for colonised cells to progress to an irreversible 

attachment stage (Verran et al. 1997; Kang et al. 2013). Increased surface area 

and the heightened difficulties of effectively cleaning the rougher surface, creates 
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a reservoir of cells which after cleansing can regrow, negating the need for 

microorganisms having to recolonise the surfaces. 

Denture surfaces will naturally incur ‘wear and tear’ over time from physical and 

chemical abrasion, leading to surface imperfections. Furthermore, other factors 

and lifestyle choices can alter the roughness of the denture surface, such as 

smoking of tobacco products (Mahross et al. 2015) and certain methods used to 

maintain denture hygiene (Sorgini et al. 2015). Exposure to cigarette smoke has 

been found to increase the roughness of polymethyl methacrylate (PMMA) denture 

material (Mahross et al. 2015), a finding that was observed in the work of the 

previous chapter (Section 2). In these previous studies PMMA coupons that were 

preconditioned with tobacco condensate had increased surface roughness 

(Mahross et al. 2015). However, the most common reason for increased denture 

‘wear and tear’ appears to be from using inappropriate denture cleansing methods 

with abrasive products (Nikawa et al. 2003; Singh et al. 2019). Abrasive 

toothpastes and toothbrushes are often incorrectly used by denture wearers, with 

the misconception that abrasion improves denture hygiene, but instead enhances 

surface roughness (MacHado et al. 2012; Alanazi et al. 2014; Axe et al. 2016; 

Zakaria et al. 2018; Chang et al. 2021). Application of abrasive cleansing agents 

may also be detrimental to longer-term cleanability of the denture, cause 

dehydration of the material with an associated increased brittleness and 

heightened susceptibility to mechanical forces (Neppelenbroek et al. 2005; 

Campanha et al. 2012). Microscopic ‘scratches’ and flaws can offer areas of refuge 

for microorganisms and reduce accessibility of cleansing to these organisms. 

Several approaches that can generate experimental acrylic surfaces of differing 

roughness are available and these have subsequently been used to investigate 

the adherence and retention of C. albicans and other microorganisms (Panagoda 

et al. 1998; Radford et al. 1998; Taylor et al. 1998; Radford et al. 1999; Nevzatoğlu 

et al. 2007). Acrylic surfaces produced by a range of approaches including 

standard processing machinery for dental protheses, curing materials against 

smooth glass or dental plaster, or applying a tungsten carbide bur and abrading 

with different grit size abrasive papers have shown higher levels of Candida 

attachment to rougher surfaces. Verran et al. (2014), found that even small surface 

abrasions enhanced retention of Candida and oral bacteria to denture surfaces 
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and produced surfaces that were harder to clean. Bacteria of the genus 

Streptococcus, were retained at higher levels on low-abraded surfaces, whilst 

Candida were attached at higher levels to highly-abraded surfaces (Verran et al. 

2014). Verran et al. (2014) did however suggest that the attachment strength, 

rather than the level of attachment might be more clinically relevant. It was evident 

that an increased strength of attachment by Streptococcus oralis and C. albicans 

to roughened denture surfaces with small abrasions (Ra 50 – 150 nm) enhanced 

retention and reduced ‘cleanability’ (Verran et al. 2014). 

Surface roughness facilitates biofilm formation as shown by the findings of the 

systematic review of Teughels et al. (2006) and supports that the increase in 

surface roughness above the Ra threshold of 0.2 µm and surface-free energy, to 

a lesser extent, facilitates biofilm formation on restorative materials. Bollen et al. 

(1996) stated that there was a ’threshold Ra‘ of  0.2 µm  which was the minimum 

level of roughness required for bacterial adherence from plaque samples to occur 

on a surface (Zissis et al. 2000). However, adherence and retention of microbes 

appears to be related to the size and shape of cells in comparison to surface 

topological features (Minagi et al. 1985; Panagoda and Samaranayake 1998). This 

was strongly supported by the study of Whitehead et al. (2005) who tested silicon 

and titanium-coated stainless steel surfaces with clearly defined pore sizes (0.2, 

0.5, 1 and 2 µm) using microorganisms of different shapes and sizes. 

Staphylococcus aureus, Pseudomonas aeruginosa and C. albicans were used and 

it was reported that retention was preferential to surfaces of pore size most similar 

to the cell size of the organism being tested. The contact area between microbial 

cell and the surface is increased when surface features are of similar dimensions 

to those of the attaching cell as there would be a higher number of contact points 

for bonds to form them (Medilanski et al. 2002; Whitehead et al. 2004; Whitehead 

et al. 2005; Whitehead and Verran 2006; Verran et al. 2010). However, C. albicans 

was observed to have a similar level of adherence to all the different surfaces and 

pore sizes (Whitehead et al. 2005). As C. albicans is highly polymorphic it is more 

difficult to specify an optimum roughness and size of topological features for its 

adherence and retention. Larger topological features may harbour filamentous 

forms of C. albicans that can subsequently grow along these features via 

thigmotropism (Davies et al. 1999; Kumamoto and Vinces 2005a). This in turn 
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provides a protected area where retained organisms can potentially re-establish a 

denture biofilm post cleansing. 

In terms of denture cleaning, Karakis et al. (2016) found that while polished and 

roughened denture base resin surfaces had significantly different Ra values and 

hydrophobicity (contact angle), no differences in cleanability (for 4 out 5 

disinfectants) were found between polished and roughened surfaces. Zamperini et 

al. (2010) found a significant difference in C. albicans adherence using surfaces of 

different roughness and also with incorporation of saliva. However, these 

differences were not evident on surfaces that were plasma treated, which was 

considered to have negated any hydrophobicity differences that might have 

previously been generated on the surfaces.  

3.1.1. Aims and Objectives  

The primary aims of the research in this chapter were to:  

1. Produce denture acrylic surfaces with different levels of surface roughness. 

2. Characterise acrylic surface roughness and assess whether differences in 

hydrophobicity associate with surface roughness.  

3. Investigate whether changes in surface roughness impact upon adherence 

and biofilm development of C. albicans and whether there was a critical 

threshold of roughness that was preferential to retention of the 

microorganisms. 

4. Measure the adherence and biofilm development of a Candida albicans 

mutant strain that lacked ALS3 compared to the wildtype strain on denture 

acrylic surfaces of different roughness.  
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3.2. Materials and Methods 

3.2.1. Selection and culture conditions of microbial strains  

For this research, wildtype Candida albicans SC5314 and the mutant strain 

Candida albicans SC5314 UB1941 Δals3 (ΔALS3) were used. The C. albicans 

ΔALS3 strain was gifted from Dr Angela Nobbs at Bristol University (Zhao et al. 

2004; Pidwill et al. 2018). Candida albicans ΔALS3 is a homozygous mutant strain 

in which the agglutinin-like protein 3 (ALS3) gene has been deleted (Zhao et al. 

2004; Pidwill et al. 2018). ALS3 encodes a hyphal-specific adhesin which has 

previously been described (section 1.4.2.2.). Culture conditions and 

standardisation of the inocula for both C. albicans strains are the same as 

previously described in section 2.2.1.  

3.2.2. Creating categories of polymethyl methacrylate (PMMA) 

with different levels of surface roughness  

PMMA coupons were constructed as previously described in section 2.2.2 The 

underside of the coupons was abraded using a polisher (Kemet) for 10-20 s with 

contact at 500 rev/min and in conjunction with the following grades of silicon 

carbide paper: P120, P600, P1200, P2500 (Agar ; Table 3.1)). A fifth category of 

roughness, termed Pn was included, and this was the same coupon type as 

previously used in section 2, with a ‘smooth surface’ obtained from contact with 

glass under pressure while curing. After preparation, coupons were rinsed in dH2O 

before being autoclaved at 121ºC in dH2O. All coupons were labelled on the 

underside to ensure correct orientation and category identification during 

experimentation and analyses.  
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Table 3.1. Diameter of the grit of the silicon carbide paper used to abrade the 
surfaces of the PMMA. 

3.2.2.1. Roughness measurements  

To define categories of surface roughness, the mean surface roughness (Ra) was 

measured using a profilometer (Surftech). Post-autoclaving, 6 coupons from each 

category were randomly selected, and five transects of 5 mm were measured in 

different orientations on each coupon. The mean for each category was calculated 

to give the average the level of surface roughness of each category. Ra was 

chosen to represent the surface roughness as it is widely accepted and used as a 

universal surface roughness parameter.  

3.2.2.2. Atomic Force Microscopy (AFM) imaging of PMMA surfaces 

of varying roughness and roughness measurements 

AFM work was carried out at the University of Toronto, Faculty of Dentistry with Dr 

Laurent Bozec after being awarded a three-month placement from the UK-Canada 

Globalink Doctoral Exchange Scheme grant from the UKRI and Mitacs.  AFM 

imaging of the PMMA surfaces was performed using a Bruker JPK Nanowizard 4 

system. Prior to AFM, PMMA coupons were sonicated in dH2O for 10 min to ensure 

there was no debris on the surface. Images were obtained using MSNL-10 

cantilevers (Bruker) with a spring constant of 0.1 N/m. Gain parameters were 

adjusted during imaging to allow for optimum image acquisition. The error signal 

of the image is presented as a visual representation of a 10,000 µm2 area of the 

surface. JPK Data Processing Software v.5.1.8 (JPK Instruments) was used to 

Grade of silicon carbide paper Diameter of grit (µm) 

P120 115 

P600 25.8 

P1200 15.3 

P2500 8.4 
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render the images of 100 µm2 and 10,000 µm2 areas and obtain the mean Ra of 

100 µm2 areas.  

3.2.2.3. Hydrophobicity measurements  

An Attension Theta Lite (Biolin Scientific, Manchester, UK) contact angle 

goniometer was used with OneAttension software (version 3.2, Biolin Scientific) to 

obtain contact angle measurements using the sessile drop method as described in 

section 2.2.5 (Figure 3.1). Contact angle measurements were indicative of the 

hydrophobicity of a surface where a contact angle measurement > 90° was 

typically considered hydrophobic and < 90° hydrophilic. Prior to measurement, the 

instrument was calibrated using a calibration kit as per the manufacturer’s 

instructions. PMMA coupons of each roughness category were tested with, and 

without, artificial saliva (AS) preconditioning. Details of the AS composition and the 

method of preconditioning are described in section 2.2.2.2. All coupons were 

allowed to dry completely in sterile petri dishes before a 4 µL droplet of water was 

lowered on to the surface. As soon as the liquid contacted the surface, the software 

tracked the dispersion of the droplet, recording the contact angle measurements 

on the left and right of the droplet for 10 s using a manually set baseline. These 

angles were then averaged to give an overall reading from the 10 s time period.  
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Figure 3.1. An image of the contact angle measurements being taken for the 
surface of a polymethyl methacrylate (PMMA) coupon. Contact angle 

measurements were obtained using a goniometer and the sessile drop method. 
The example image is of a AS-preconditioned PMMA coupon from the P2500 

surface roughness category. The yellow shape at the base of the image indicates 

the PMMA coupon position. The green line indicates the set baseline which tells 

the software that this is the surface of the PMMA coupon. The baseline was set 

manually prior to the water droplet being lowered onto the surface. The pipette tip 

at the top of the image indicated with a yellow arrow was where the 4 µL droplet 

was expelled and lowered to the surface. The blue curved line indicates the 

detected boundary of the water droplet, and the red angles and numbers indicate 

the contact angle measurement on both the right and left side of the droplet these 

two readings are averaged to determine the mean contact angle (°) reading and 

multiple readings are taken within a 10 s timeframe that are then averaged to give 

the overall mean contact angle measurement (°) for each coupon. Six coupons 

were measured for each surface roughness category.   
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3.2.3. Adherence of Candida albicans to different levels of PMMA 

surface roughness and subsequent biofilm development  

Three PMMA coupons from each roughness category were preconditioned with 

AS, as described in section 2.2.2.2, washed with dH2O, and aseptically added to 

the wells of 6-well plates. Fifty µl of a standardised (OD600 1 ± 0.1) C. albicans 

inoculum was added to the surface of each coupon. Incubation was for 90 min at 

37ºC in 5% (v/v) CO2. The coupons were then rinsed with PBS to remove non-

adherent cells. The coupons were then immersed in 1 mL of 10% (v/v) neutral 

buffered formalin to fix cells prior to staining with 10% (w/v) calcofluor white 

(Sigma) and imaging using fluorescence microscopy. Initially, C. albicans was 

stained with Live/Dead BacLight Bacterial Viability kit (Thermofisher), but there 

was too much background fluorescence from the PMMA coupons, especially when 

the surfaces were more textured. Therefore, calcofluor white was used instead and 

gave a much clearer image.  

To assess biofilm development, the protocol was followed as above, but instead of 

fixing samples at 90 min the coupons were added to 2 mL of YNB in 24-well plates 

and returned to the incubator for 24 h. After incubation, processing steps were 

followed as described for the 90 min samples. Immediately before fluorescence 

microscopy imaging, 50 µL of 10% (v/v) calcofluor white solution was added to the 

surface of the coupon for 10 min.  

3.2.4. Fluorescence microscopy to determine adherence and 

biofilm development of C. albicans.  

Fluorescence micrographs were obtained at a total magnification of x400 using an 

Olympus Ax70 upright fluorescence microscope and PAX-it imaging software (PAX 

cam). A DAPI/Hoechst filter cube was used to image cells stained with calcofluor 

white. 

FIJI ImageJ Software (Version:2.0) was used to measure the percentage coverage 

of C. albicans on PMMA surfaces (x400 magnification images). A macro was 

created and used to convert the files to 8-bit, threshold the images using the 

‘MaxEntropy’ auto threshold method with the specification of a black background 

and the percentage coverage of C. albicans in each field of view determined using 
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the measure function selecting both area and percentage area. The mean 

percentage area coverage of C. albicans on the surface was determined by 

combining the output for five fields of view from each of the nine coupons (n = 45). 

3.2.5. Statistical analysis  

GraphPad Prism 9 (Version 9.3.1 (350)) software was used to construct graphs 

and for statistical analyses. Data was tested for normal (Gaussian) distribution 

using the Shapiro-Wilk test and Q-Q plots of residuals. 

To compare differences between surface profilometer measured Ra for the coupon 

categories, the Kruskal-Wallis test with Dunn’s post-hoc test of multiple 

comparisons was used. For the AFM measured Ra values, statistical differences 

between the groups was evaluated using a One-Way ANOVA with Tukey’s post-

hoc test for multiple comparisons. Contact angle measurement changes between 

the roughness categories was assessed by One-Way ANOVA with Tukey’s post-

hoc tests. 

To measure significant differences in percentage surface area coverage of C. 

albicans on the PMMA surface roughness categories, the Kruskal-Wallis test with 

Dunn’s post-hoc test was used. The Kruskal-Wallis test with Dunn’s post-hoc test 

for multiple comparisons was also used to compare C. albicans SC5314 and C. 

albicans ΔALS3 adherence and biofilm development on the PMMA roughness 

categories. 
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3.3. Results  

3.3.1. Defining the surface roughness and hydrophobicity of each 

surface roughness category. 

Initially, it was important to determine the level of surface roughness and 

hydrophobicity of the PMMA surfaces in each roughness category. A summary of 

these results is presented in Table 3.2. Profilometer measurements reported a 

mean Ra value for each category (Figure 3.2). There was an overall significant 

difference found using the Kruskal-Wallis test (H (4) = 95.25, P ≤ 0.0001) and 

Dunn’s post-hoc test of multiple comparisons between the groups, as shown in 

Figure 3.2. All five categories of roughness were therefore used in subsequent 

experiments.  

In addition, Ra measurements were also obtained using atomic force microscopy 

(AFM), where each reading calculated the Ra value from a 10 µm2 area rather than 

transects along the full length of the coupon. In terms of the AFM measurements 

(Table 3.2 and Figure 3.3), the surface of the P600 coupons on a microscale (100 

µm2 area) had the highest mean Ra value (Ra 6.34 µm) indicating that it was the 

roughest surface category and this was significantly higher than the other 

categories; Pn, P120, P1200 and P2500 (P ≤ 0.0001, P ≤ 0.0007, P ≤ 0.0001, and 

P ≤ 0.0002, respectively). However, there were no other significant differences 

between any of the other groups. Representative AFM images depicting the error 

signal reading allowed for visualisation of the surface of the PMMA in each 

category (Figure 3.4). Scratches on the PMMA surfaces can be seen in these 

images from the abrasive technique used to create surfaces of different roughness.  

Contact angle measurements were used to determine the hydrophobicity of the 

PMMA surfaces and whether surface abrasion affected hydrophobicity (Table 3.2). 

A surface with a contact angle measurement > 90° was considered hydrophobic 

and < 90° hydrophilic. Therefore, the surfaces of all the PMMA roughness 

categories were hydrophilic (Table 3.2). Changing the surface roughness of the 

PMMA did not affect the hydrophobicity of the surface significantly for either AS (F 

(4, 20) = 0.2061, P ≤ 0.9320) or dH2O (F (4, 18) = 1.331, P ≤ 0.2967) 

preconditioned PMMA coupons (Table 3.2 and Figure 3.5). As previously 
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discussed in section 2.3.3, preconditioning with AS created a significantly more 

hydrophilic surface than preconditioning with dH2O. AS-preconditioning was 

included in subsequent experiments as this is more representative of the 

conditions in the oral cavity. 
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Table 3.2. Summary of the polymethyl methacrylate (PMMA) surface roughness for each category, the method of 
abrasion and surface hydrophobicity. The method used to abrade the surface to create categories of different levels of 

roughness and the diameter of the grit of the abrasive paper used is presented. For each category, surface roughness was 

evaluated using the mean Ra value which was measured by profilometer (5 mm transects) and atomic force microscopy (100 

µm2 area). The lower the Ra value the smoother the surface. The mean contact angle (°) was measured after dH2O or AS 

preconditioning for each category and indicated the hydrophobicity of the surface (hydrophilic > 90°, hydrophobic < 90°). 

   Mean surface roughness Ra (µm) Mean contact angle (°) 

Roughness 
category Method of abrasion Diameter of 

grit (µm) 
Profilometer 

measurements 
AFM 

measurements 
dH2O 

preconditioned 
AS 

preconditioned 

Pn PMMA cured against smooth 
glass surface under pressure N/A 3.97 1.16 66.24 23.93 

P120 Abraded with silicone carbide 
paper (grit size P120) 115 5.37 2.85 66.09 24.85 

P600 Abraded with silicone carbide 
paper (grit size P600) 25.8 2.10 6.34 60.56 22.69 

P1200 Abraded with silicone carbide 
paper (grit size P1200) 15.3 1.37 2.17 52.58 25.51 

P2500 Abraded with silicone carbide 
paper (grit size P2500) 8.4 9.75 1.32 55.32 26.23 
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Figure 3.2. Mean surface roughness measurements for each polymethyl 
methacrylate (PMMA) surface roughness category. The surface of PMMA 

coupons were polished to create different categories of surface roughness. A 

profilometer was used to measure 5 mm transects across the surface and 

averaged to obtain a mean Ra value (µm) for each surface roughness category. 
Data presented as mean ± standard error of the mean. Each category n = 30. 

Statistical significance was determined using the non-parametric Kruskal-Wallis 

test (H (4) = 95.25, P ≤ 0.0001) with Dunn’s post-hoc test of multiple comparisons 

which determined the P values labelling in the graph. *** indicates P ≤ 0.001 and 

**** indicates P ≤ 0.0001.  
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Figure 3.3. Mean surface roughness measurements of each polymethyl 
methacrylate (PMMA) surface roughness category measured for a 100 µm2 
area using atomic force microscopy. The surface of PMMA coupons were 

polished to create different categories of surface roughness. AFM was used to 

measure randomly selected 100 µm2 areas across the surface that were then 

averaged to obtain a mean Ra value (µm) for each surface roughness category. 
Data presented as mean ± standard error of the mean. n(Pn) = 5, n(P120) = 4, 

n(P600) = 5, n(P1200) = 5, n(P2500) = 2. Statistical significance was determined 

using one-way ANOVA (F (4, 16) = 20.42, P ≤ 0.0001) with Tukey Post-Hoc test 

for comparison between groups *** indicates P ≤ 0.001 and **** indicates P ≤ 

0.0001.  
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Figure 3.4. Representative images of the polymethyl methacrylate (PMMA) surface for each roughness category. PMMA 

coupons from each of the different roughness categories were mounted on an AFM Nanowizard 4 stage and imaged using an 

MSNL-10 cantilever with a spring constant of 0.1 N/m. Images were taken of 10,000 µm2 areas to reveal the topology of the 

surface. Error signal images are presented, which gives a visual representation of the surface. 

A) Pn B) P120 C) P600

D) P1200 E) P2500
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Figure 3.5. Hydrophobicity of each surface roughness category measured as 
mean contact angle (°). PMMA coupons from each different roughness category 

were preconditioned in either H2O (A) or artificial saliva (B). A contact angle 

goniometer was used to measure the mean contact angle using the sessile drop 

method which was indicative of hydrophobicity. Data presented as mean ± 

standard error of the mean. n(Pn) = 6, n(P120) = 4, n(P600) = 5, n(P1200) = 6, 

n(P2500) = 4. No significant differences were found between the roughness 

categories using One-Way ANOVA (F (4, 20) = 0.2061, P ≤ 0.9320) with Tukey’s 

post-hoc test. 
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3.3.2. Adherence of Candida albicans to PMMA surfaces of 

differing surface roughness.  

Adherence of C. albicans SC5314 to PMMA surfaces varied depending on levels 

of roughness with several significant differences evident between the categories 

(Figure 3.6. (H (4) = 140.8, P < 0.0001)). As the grade of silicone carbide paper 

used for polishing became finer, the greater the surface area coverage by C. 

albicans SC5314 after 90 min was encountered. The surface area coverage of C. 

albicans SC5314 was highest for P2500 surfaces (6.5%) and lowest for P120 

surfaces (0.4%). The unabraded Pn surface had a level of C. albicans adherence 

(0.8%) that was higher than P120, but lower than the P600 surfaces. The Pn, P120 

and P600 surfaces were not significantly different from each other in terms of C. 

albicans SC5314 adherence after 90 min. However, in terms of C. albicans 

adherence, all three surfaces were significantly lower (P ≤ 0.0001) than P1200 and 

P2500 surfaces; the P1200 and P2500 surfaces were not significantly different 

from each other. Representative images of C. albicans SC5314 adherence on the 

surface roughness categories are presented in Figure 3.7. In the 90 min samples, 

the smaller the diameter of the grit paper used was found to increase C. albicans 

adherence to the surface. 

Candida albicans ΔALS3 exhibited a different pattern of adherence to PMMA 

surfaces of different roughness categories compared with C. albicans SC5314. 

There was a decrease in adherence from Pn to P120 to P600 (2%, 1.5% and 0.5%, 

respectively) and an increase from P600 to P1200 to P2500 (0.5%, 3.1% and 4.8%, 

respectively (Figure 3.8). The difference between Pn and P120 surfaces was not 

significant, which was also the case for P1200 and P2500 surfaces. All other 

differences in adherence to the roughness categories were significant according to 

the Kruskal-Wallis test (H (4) = 94.19, P ≤ 0.0001) with Dunn’s post-hoc test of 

multiple comparisons (Figure 3.8). Adherence of C. albicans SC5314 and C. 

albicans ΔALS3 after 90 min incubation showed no significant differences in 

surface area coverage for every roughness category (Table 3.3).  
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Figure 3.6. Mean level of adherence of C. albicans SC5314 on each 
polymethyl methacrylate (PMMA) roughness category measured as 
percentage area coverage. Candida albicans SC5314 was added to the surface 

of artificial saliva preconditioned PMMA coupons from each roughness category 

and incubated for 90 min. Fluorescence microscopy was used to obtain images 

that were analysed to obtain the area of surface coverage by C. albicans. Data 

presented as mean ± standard error of the mean. Statistical significance was 

determined using the non-parametric Kruskal-Wallis test (H (4) = 140.8, P ≤ 

0.0001) with Dunn’s post-hoc test of multiple comparisons to show significance 

between groups. Each category n = 45. **** indicates P ≤ 0.0001.  

Pn P120 P600 P1200 P2500
0

5

10

15

PMMA Roughness Category

M
ea

n 
su

rf
ac

e 
ar

ea
 c

ov
er

ag
e 

of
 C

. a
lb

ic
an

s 
S

C
53

14
 (%

)

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱



 

 99 

 

Figure 3.7. Representative images of C. albicans SC5314 surface coverage after 90 min (top row) and 24 h (bottom row) 
incubation on different categories of polymethyl methacrylate (PMMA) surface roughness. C. albicans SC5314 was added 

to the surface of artificial saliva preconditioned PMMA coupons from each roughness category and incubated for 90 min and 24 

h. Candida albicans SC5314 fluoresces blue from calcofluor white staining. Candida albicans at 24 h appears to be following 

scratches in the surface, and was particularly evident in the P120, P600 and P1200 images. Images were at x400 total 

magnification. Scale bars are 50 µm.

Pn 90 min P120 90 min P600 90 min P1200 90 min P2500 90 min

Pn 24 h P120 24 h P600 24 h P1200 24 h P2500 24 h
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Figure 3.8. Mean level of adherence of C. albicans ΔALS3 on each polymethyl 
methacrylate (PMMA) roughness category expressed as percentage area 
coverage. Candida albicans ΔALS3 was added to the surface of artificial saliva 

preconditioned PMMA coupons from each roughness category and incubated for 

90 min. Fluorescence microscopy was used to obtain images that were analysed 

to obtain the area of surface coverage by C. albicans. Data is presented as mean 

± standard error of the mean. Statistical significance was determined using the 

non-parametric Kruskal-Wallis test (H (4) = 94.19, P ≤ 0.0001) with Dunn’s post-

hoc test of multiple comparisons. Each category n = 45. ** indicates P ≤ 0.01. *** 

indicates P ≤ 0.001. **** P ≤ 0.0001.
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Table 3.3. Comparison between C. albicans SC5314 and C. albicans ΔALS3 adherence (90 min) and biofilm development 
(24 h) measured as surface area coverage (%). The mean surface area coverage (%) and the standard error of the mean for 

each roughness category and strain is included in the table. Significant differences between C. albicans SC5314 and C. albicans 

ΔALS3 for each roughness category were determined using the Kruskal-Wallis test with Dunn’s post-hoc test for multiple 

comparisons. (*) indicates that the result reached the threshold for significance (P ≤ 0.05). 

.

 Surface area coverage (%) of Candida albicans after 90 min Surface area coverage (%) of Candida albicans after 24 h 

 SC5314 ΔALS3  SC5314 ΔALS3  

Roughness 
category Mean (%) Std. Error of 

Mean Mean (%) Std. Error of 
Mean 

P values 
(Dunn’s post-

hoc test) 
Mean (%) Std. Error of 

Mean Mean (%) Std. Error of 
Mean 

P values 
(Dunn’s post-

hoc test) 

Pn 0.83 0.25 2.03 0.40 P ≤ 0.9999 14.94 1.86 22.83 3.34 P ≤ 0.9999 

P120 0.39 0.08 1.47 0.23 P ≤ 0.0687 30.52 2.45 15.00 1.90 P ≤ 0.0249* 

P600 1.17 0.52 0.48 0.19 P ≤ 0.9999 14.11 2.58 4.94 1.01 P ≤ 0.0582 

P1200 5.27 0.60 3.07 0.29 P ≤ 0.9999 43.41 3.07 9.12 1.54 P ≤ 0.0001* 

P2500 6.53 0.53 4.81 0.67 P ≤ 0.9999 50.24 2.79 23.52 3.05 P ≤ 0.0001* 
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3.3.3. Surface area coverage of Candidia albicans to PMMA 

surfaces of different surface roughness after 24 h  

Representative images of C. albicans SC5314 surface coverage after 24 h on the 

different roughness categories of PMMA are presented in Figure 3.7. Increased C. 

albicans coverage was evident as the grit size of the abrasive paper used to abrade 

the surface becomes finer. Also, C. albicans appeared to be colonising along the 

topological features of the surfaces that had been created by abrasion (Figure 3.7). 

In the case of C. albicans SC5314 surface coverage after 24 h (Figure 3.9), there 

was a general trend that as the grit of the abrasive paper used (Table 3.3) to 

roughen the surface decreased, its surface coverage increased. There was a 

reduction in the surface area coverage on the P600 surfaces, which was the lowest 

mean surface coverage (14.1%) but was similar to the Pn surfaces (14.9%). 

Highest Candida surface area coverage (50.2%) was on the P2500 surfaces.  

Changing the roughness of the PMMA surfaces led to significant differences in the 

mean surface area covered by C. albicans SC5314 (H (4) = 93.25, P < 0.0001). 

Levels of significant difference between each of the groups are presented in Figure 

3.9. Pn and P600 surfaces had similar levels of C. albicans SC5314 surface area 

coverage, with both categories being significantly lower than the P120 (Pn P ≤ 

0.0078, P600 P ≤ 0.0001), P1200 (both comparisons P ≤ 0.0001), and P2500 (both 

comparisons P ≤ 0.0001) surfaces. In addition, P120 surfaces had significantly 

lower C. albicans SC5314 mean surface area coverage than the P2500 surfaces 

(P ≤ 0.003).  

Candida albicans ΔALS3 had similar patterns of surface area coverage between 

the roughness categories at 24 h compared with 90 min (Figure 3.10 and Figure 

3.8). At 24 h, decreasing C. albicans ΔALS3 surface area coverage was evident 

from Pn to P120 to P600 (22.8%, 15% and 4.9%). The surface area coverage of 

C. albicans ΔALS3 increased from P600 to P1200 to P2500 (4.9%, 9.1% and 

23.5%, respectively). The P600 surfaces had significantly lower surface coverage 

by C. albicans ΔALS3 compared with Pn, P120 and P2500 surfaces (P ≤ 0.0001 

for all comparisons). P1200 surfaces also had significantly lower C. albicans 

ΔALS3 on the surfaces compared with Pn (P ≤ 0.0014), P120 (P ≤ 0.0199) and 

P2500 (P ≤ 0.0005). Pn and P120 surfaces were not significantly different from 
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each other in terms of C. albicans ΔALS3 coverage after 24 h (P ≤ 0.9999), as was 

the case with P600 and P1200 surfaces (P ≤ 0.3165). 

The 24 h surface area coverage of C. albicans SC5314 and C. albicans ΔALS3 

was compared. Candida albicans SC5314 showed significantly higher surface 

coverage than the C. albicans ΔALS3 on the P120 (P ≤ 0.0249), P1200 (P ≤ 

0.0001), and P2500 (P ≤ 0.0001) surfaces (Table 3.3). The P600 surface had the 

same pattern of higher coverage by C. albicans SC5314 compared with C. albicans 

ΔALS3, but this was not significant (P ≤ 0.0582). 
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Figure 3.9. Mean surface area coverage (%) by C. albicans SC5314 on each 
polymethyl methacrylate (PMMA) roughness category after 24 h incubation. 
C. albicans SC5314 was added to the surface of artificial saliva preconditioned 

PMMA coupons from each roughness category and incubated for 90 min. 

Fluorescence microscopy was used to obtain images that were analysed to obtain 

the area of surface coverage by C. albicans. Data presented as mean ± standard 

error of the mean. Each category n = 45. Statistical significance was determined 

using Kruskal-Wallis (H (4) = 93.25, P ≤ 0.0001) with Dunn’s post-hoc test. ** 

indicates P ≤ 0.01. *** indicates P ≤ 0.001. **** indicates P ≤ 0.0001  
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Figure 3.10. Mean surface area coverage (%) by C. albicans ΔALS3 on each 
polymethyl methacrylate (PMMA) roughness category after 24 h incubation. 
C. albicans ΔALS3 was added to the surface of artificial saliva preconditioned 

PMMA coupons from each roughness category and incubated for 90 min. 

Fluorescence microscopy was used to obtain images that were analysed to obtain 

the area of surface coverage by C. albicans. Data presented as mean ± standard 

error of the mean. Each category n = 45. Statistical significance was determined 

using Kruskal-Wallis (H (4) = 59.10, P ≤ 0.0001) with Dunn’s post-hoc test. * 

indicates P ≤ 0.05. ** indicates P ≤ 0.01. *** indicates P ≤ 0.001. **** indicates P ≤ 

0.0001.   
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3.4. Discussion 

The research presented in this chapter sought to determine whether the roughness 

of acrylic surfaces altered levels of adhesion and biofilm formation by C. albicans. 

A previous review on the effect of substratum topography on microbial retention 

concluded that effects of surface topography on microbial retention was a complex 

phenomenon, that was likely affected by hydrophilicity and conditioning films  

(Whitehead and Verran 2006). 

In the present studies, different PMMA surface roughness significantly affected C. 

albicans SC5314 adherence. Higher C. albicans adherence was associated with 

surfaces prepared using abrasive paper of finer grit sizes. Highest adherence was 

for surfaces abraded using silicon carbide paper of grit size P2500 (equivalent to 

8.4 ± 0.5 µm grit diameter). This diameter was most comparable to the typical size 

of a C. albicans yeast, which has a mean size of 6.6 µm (Mukaremera et al. 2017). 

It is readily conceivable that retention of C. albicans yeast would be highest in the 

P2500 surface topography based on relative pore sizer and physical entrapment. 

Materials with larger topographical irregularities would be less likely to physically 

entrap yeast cells. This view was supported by previous research, where a strong 

correlation has been found between PMMA surface roughness and adherence of 

C. albicans (Murat et al. 2019). Additionally, adherence of cells to a surface was 

dependent on the comparative cell size and the topological feature size 

(Whitehead and Verran 2006). Candida parapsilosis exhibits variability in cell 

length and there was a strong correlation between its cell length and adhesion to 

acrylic surfaces (Panagoda and Samaranayake 1998). Adherence of rod-shaped 

bacteria on stainless steel surfaces has also revealed that rougher and flatter 

surfaces led to increased retention and that bacterial cells were retained within 

surface features a similar size to the cells (Medilanski et al. 2002). 

Candida exhibit high intra-species variation in adhesion which may be attributed to 

differences in cell length, their ability to exhibit polymorphism and relative cell 

hydrophobicity (Panagoda et al. 1998). Of note is that there is a reported 

correlation between the presence ALS3 and the hydrophobicity of filamentous 

forms of C. albicans. which has been attributed to hydrophobic TR domains 

(Beaussart et al. 2012). This could have affected the adherence of C. albicans 
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ΔALS3 relative to that of the wildtype C. albicans SC5314. Interestingly, C. albicans 

SC5314 and C. albicans ΔALS3 did not exhibit the same pattern of responses to 

different surface categories for three of the categories at the 24 h timepoint. After 

24 h, biofilm development of C. albicans SC5314 produced a similar profile of 

adherence as for 90 min and for 24 h adherence of C. albicans ΔALS3. The P120 

category differed by having higher C. albicans surface coverage relative to P600 

surfaces. This finding contradicted in vitro and in clinical studies that reported 

increasing roughness associated with increased adherence (Quirynen and Bollen 

1995; Radford et al. 1998; Taylor et al. 1998; Pereira-cenci et al. 2008; Zamperini 

et al. 2010). However, when assessing a highly polymorphic species such as C. 

albicans this is perhaps understandable. Although previous studies reported that 

surface roughness was the single most important adherence parameter, other 

factors such as the dimensions of surface features, hydrophobicity and charge will 

also contribute (Quirynen and Bollen 1995; Hilbert et al. 2003; Verran et al. 2010)  

Although there was an association between C. albicans SC5314 adherence and 

biofilm levels with the diameter of the grit used to create surfaces, this did not 

correspond to the measured Ra values of mean surface roughness. All surface 

roughness measurements, with the exception of P2500, as determined by the 

profilometer, and for P600 as measured by AFM, were too small for retention of an 

mean yeast cell size (6.6 µm (Mukaremera et al. 2017)). It is important to note that 

C. albicans cell size is variable, especially when consideration is given to its 

polymorphic properties. Candida albicans yeast can transform to hyphal and 

pseudohyphal (elongated yeast) forms. The presence of a range of fungal unit 

sizes and shapes might allow for retained organisms to subsequently grow along 

surface imperfections via thigmotropism. Thigmotropism by C. albicans is when the 

direction of growth responds to contact with surface topography. This in turn would 

potentially increase surface area contact and protection from any shear forces 

(Watts et al. 1998; Brand et al. 2007; Williams et al. 2011; Gow and Yadav 2017).   

Since the Ra of the acrylic surfaces were typically smaller in size to average size 

of the cells this might account for the fact that increased roughness did not result 

in an associated increase in adherence. Taylor et al. (1998) reported that 

roughened cobalt-chromium alloy and dental acrylic resin surfaces had greater 

retention of C. albicans than smoother surfaces. Candida albicans had increased 
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retention on surfaces when the Ra value increased from 0.15 to 3.53 µm. It was 

stated that the C. albicans cells required larger surface defects than the oral 

bacteria tested to enhance retention based on relatively larger cell size (4 µm) of 

Candida. Other studies have confirmed these findings by identifying threshold 

roughness values, and increasing roughness beyond these reduces the amount of 

protection from shear forces and enhances the cleanability of the surfaces (Pier-

Francesco et al. 2006; Verran et al. 2010). 

Adherence and biofilm coverage by Candida albicans ΔALS3, and biofilm 

coverage by C. albicans SC5314 wildtype showed similar hierarchical profiles 

based on AFM determined surface roughness. However, these findings were 

opposite to those anticipated from the profilometer data. It was evident that with 

higher AFM Ra values, reduced C. albicans ΔALS3 surface coverage for 

adherence and biofilm development occurred. Compared to profilometer Ra 

values, C. albicans ΔALS3 surface colonisation supported previous studies where 

increased roughness enhanced adherence and biofilm levels. The discrepancy 

with the profilometer data could be that the surface roughness was determined on 

a much larger scale whilst the AFM measurements related to an 100 µm2 area 

might be a more appropriate scale to measure as this is the roughness that C. 

albicans will interface with (Aguayo et al. 2017). In addition, AFM measurements 

could only be obtained in areas suitable for the cantilever, creating a bias in the 

area selected for measurement, which could have avoided areas of large variability 

in roughness. 

Previous research has indicated that hydrophobicity and surface-free energy are 

important factors in Candida adherence (Panagoda et al. 1998; Kang et al. 2013). 

However, other research states there is no correlation between hydrophobicity and 

the adherence of C. albicans on PMMA (Murat et al. 2019).The observed changes 

in adherence and biofilm development presented here were unlikely to be 

attributed to hydrophobicity which was not significantly different between surfaces. 

In addition, all experiments were conducted using AS pre-conditioned PMMA, 

which may standardise the surface-free energy of the materials (Sipahi et al. 2001; 

Kang et al. 2013).  
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Ra is a value widely used to represent average surface roughness. This 

measurement involves consideration of surface peaks and troughs and the 

deviation from the mean line. It is the average of these values that determines the 

Ra, which is usually reported in µm. Higher deviations are associated with rougher 

surfaces and where the Ra is small, the surface is considered smooth. Ra values 

are useful to assess the general roughness of a surface. However, they are derived 

from an average of a given length or area, which means the Ra does not measure 

the entire surface, which is most often highly variable. Therefore using Ra as a 

roughness indicator might omit important surface features and reduce accuracy of 

measurement in the presence of large ‘peaks and troughs’ (Whitehead and Verran 

2006). While Ra is useful to provide an indication of surface roughness, it does not 

measure the size and characteristics of topological features which are important in 

microbial retention (Taylor et al. 1998; Whitehead et al. 2005; Whitehead and 

Verran 2006). Measuring surface roughness is dependent on the area and scale 

measured and various methods can be employed. For example, methods include 

physical stylus profilometry, laser/optical profilometer, and AFM (Verran et al. 

2001; Mahross et al. 2015; Cavalcanti et al. 2016a; Aguayo et al. 2017). 

Profilometer measurements used in this study were from a mean average of 5 mm 

transects and the AFM measurements of a 100 µm2 area. These methods were 

not in agreement over which surfaces were rougher which likely relates the scale 

of measurement which limits direct comparisons. Both the stylus profilometer and 

AFM measurements were dependent on the instruments being able to maintain 

contact with the surface throughout the measurement reading. If there were large 

variations and topological features present, contact could be disrupted. To 

overcome this, a laser profilometer could be used instead as it is a non-contact 

method. The AFM cantilever tip had difficulty maintaining surface contact for some 

measurements, which meant alternative areas were required to be measured and 

this was evident when measuring the P2500 surfaces. Therefore, the AFM 

measurements would have an innate bias for areas, based on where the cantilever 

tip could record measurements of the full area. Studies that have explored 

relationships between microbial retention and surface roughness use different 

methods of surface abrasion, which complicates comparison of studies.  
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To conclude, the level of PMMA surface roughness was found to affect C. albicans 

adherence and biofilm coverage. This effect was not, however, a continuous one 

that was associated with the measured Ra. The results indicate the optimum level 

of surface roughness and topological features that reduce Candida adherence and 

were likely dependent on relative cell size. Knowing the surface roughness that 

promotes retention of problematic organisms such as C. albicans could inform 

denture manufacturers in their denture developmental processes. However, 

minimising unnecessary roughening of denture surfaces, and the appropriate use 

of denture maintenance regimes with non-abrasive cleansing methods would still 

be important factors to limit Candida colonisation.
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4. CHAPTER 4: Effect of Selected Oral Bacteria on 
Candida albicans within Biofilms 
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4.1. Introduction 

Numerous environmental niches exist in the oral cavity that are suitable for 

colonisation by microorganisms. Examples include the hard non-shedding enamel 

surfaces of teeth, the mucosal surfaces of the hard and soft palates, the tongue, 

the buccal mucosa and any introduced orthodontic and prosthodontic appliances. 

Maintaining stable microbial communities at these sites is essential for microbial 

persistence (Wright et al. 2013). The distinct environmental conditions 

encountered at different oral colonisation sites leads to a diverse and highly 

complex microbial network that play a vital role in the regulation of both oral health 

and disease.  

In addition, the oral microbial community has been shown to influence the local 

environment to improve its own survival needs and this in turn reduces the 

likelihood of colonisation by exogenous microorganisms that may be pathogenic 

(He et al. 2014). Competitive exclusion of non-oral microorganisms occurs from a 

range of mechanisms along with the continuous recruitment of beneficial oral 

microorganisms. Kuramitsu et al. (2007) outlined five distinct types of competitive 

interactions between oral bacteria which included nutrient competition, synergy, 

antagonism, neutralisation of virulence factors and interference of signalling 

mechanisms. Inter-species interactions are instrumental to the maintenance of the 

microbial community via specific inter-microbial adhesion, cell signalling through 

cell-to-cell contact, metabolic interaction and quorum sensing (Wright et al. 2013). 

This complex system in a ‘healthy mouth’ is termed normobiosis and occurs when 

interactions are self-regulated and balanced (Hooks and O’Malley 2017; Baraniya 

et al. 2022). A change to this balance may mean that self-regulation no longer 

occurs and certain groups of microorganisms become disproportionate in their 

number or activity, thus resulting in dysbiosis. Dysbiosis is the state that can lead 

to occurrence of oral diseases including dental caries, periodontal diseases and 

candidosis (Zaura et al. 2017; Bostanci et al. 2021).  

To elucidate the relationships that occur between microbial species in these 

complex microbial networks first requires an understanding of how smaller groups 

can affect each other. In the case of Candida albicans and associated oral 

infections, the importance of oral bacteria in preventing infection is clearly evident 
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in Candida-associated denture stomatitis (Williams et al. 2011). For example, S. 

salivarius has exhibited the ability to reduce symptoms of denture stomatitis and 

reduce counts of C. albicans in vivo (Passariello et al. 2020). In contrast, in vitro 

interactions between oral bacteria and C. albicans have been shown to promote 

initiation of a more pathogenic C. albicans phenotype that would conceivably be 

more likely to lead to infection when translated to the in vivo situation (Cavalcanti 

et al. 2016a; Morse et al. 2019). For example, the co-culture of C. albicans with 

specific oral bacteria; Streptococcus sanguinis, Streptococcus gordonii, 

Actinomyces viscosus and Actinomyces odontolyticus, on denture acrylic surfaces 

leads to heightened virulence of C. albicans in terms of upregulation of virulence-

associated genes and an increase in hyphal morphology, which is considered the 

more virulent morphological form (Cavalcanti et al. 2016a; Morse et al. 2018).  

Oral bacteria produce a range of signalling factors that influence biofilm formation 

and morphogenesis of C. albicans to more filamentous and virulent forms (Wright 

et al. 2013). For example, biofilms of C. albicans with Streptococcus sanguinis and 

S. mutans have led to the up-regulation of C. albicans virulence genes involved in 

adhesion (Als3), production of hydrolytic enzymes (Sap2 and Sap6), and hyphal 

development (Hwp1) (Cavalcanti et al. 2016a; Morse et al. 2018). Significantly 

increased hyphal production (which is an important virulence factor) was also 

shown when C. albicans was grown in polymicrobial biofilms containing S. 

sanguinis, S. gordonii, A. viscosus and A. odontolyticus (Morse et al. 2018). 

Antagonism between Streptococcus species such as S. mutans, S. gordonii and 

S. sanguinis often results in elevated levels of hydrogen peroxide, especially in 

more aerobic conditions, and has been shown to induce C. albicans hyphal 

development (Kreth et al. 2005; Nasution et al. 2008). 

Interactions between several Streptococcus species and C. albicans have been 

studied, however the relationships are still not fully understood. Research into 

interactions between S. gordonii and C. albicans has been undertaken with the aim 

of understanding both oral, and vaginal health (Silverman et al. 2010; Pidwill et al. 

2018). One well-explained mechanism of the interaction between these two 

species that promotes co-colonisation relates to a physical receptor-mediated 

interaction. This occurs between C. albicans agglutinin-like sequence 3 (Als3) and 

SspA and SspB proteins of S. gordonii (Bamford et al. 2009; Silverman et al. 2010; 
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Bamford et al. 2015). The role of Als3 in the interaction has been supported through 

use of an Als3 deleted mutant C. albicans strain which was unable to form biofilms 

and did not facilitate hyphal adhesion of S. gordonii (Silverman et al. 2010; Pidwill 

et al. 2018). These results were supported by studies involving expression of the 

C. albicans Als3 protein in S. cerevisiae, which facilitated S. gordonii binding to 

Als3 expressing Saccharomyces cerevisiae (Silverman et al. 2010). Synergy 

between C. albicans and S. gordonii has also been shown to result in increased 

biofilm biomass and increased hyphal morphology due to both physical interaction 

and diffusible chemical signals during biofilm development (Bamford et al. 2009). 

Diffusible signals included autoinducer 2 from S. gordonii which was found to 

contribute to suppression of the Candida quorum sensing molecule farnesol, which 

inhibited hyphal formation and biofilm production, meaning that the presence of S. 

gordonii increased both Candida biofilm and hyphae (Bamford et al. 2009).  

Understanding how C. albicans interacts with and responds to the presence of oral 

streptococci that frequently co-exist with the fungus at oral sites would provide 

insight into better understanding of the risk factors for oral disease and potentially 

inform improved interventions and mechanisms of disease prevention. 

4.1.1. Aims and Objectives  

The primary aims of the research in the research in this chapter were to:  

1. Identify the effect of specific oral Streptococcus species in dual species 

biofilms on C. albicans biofilm formation and hyphal transformation. 

2. Investigate potential mechanisms of bacterial and C. albicans 

interaction, by assessing whether modulation in C. albicans responses 

occurs through chemical effects or physical (cell-to-cell) interaction. 
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4.2. Materials and Methods 

4.2.1. Selection and culture conditions of microorganisms 

4.2.1.1. Candida albicans  

Candida albicans SC5314 was selected for this research given the previous 

extensive study of this strain and the availability of specific mutant variants (Zhao 

et al. 2006; Silverman et al. 2010; Pidwill et al. 2018). Candida albicans SC5314 

UB1941 Δals3/als3 (ΔALS3) was also used. Details of these strains and culture 

conditions are provided in section 2.2.1 and section 3.2.1. All Candida cultures 

were standardised prior to use, unless otherwise specified, using a 

spectrophotometer (DiluPhotometerTM, Implen, Westlake Village, CA, USA) to an 

OD600 of 1 ± 0.05 (equivalent to 106 cells/mL) in Yeast Nitrogen Base (YNB) without 

amino acids (BD Difco™) supplemented with 0.67 g D-glucose, 0.1 mg L-histidine, 

0.2 mg L-methionine and 0.2 mg L-tryptophan per L (Thermo-Fisher Scientific).  

4.2.1.2. Bacterial species and strains 

Four bacterial species, S. sanguinis, S. gordonii, S. salivarius, and S. mutans 

(Table 4.1) were used as potential modulators of C. albicans SC5314 growth, 

biofilm development and morphological changes. Experiments were conducted 

using dual- and single-species biofilms.  
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Table 4.1. Streptococcus species used to investigate interactions and 
specific effects on Candida albicans SC5314. T indicates the strain is a 

designated type strain. 

Bacterial species Strain reference Culture conditions 

 

Streptococcus sanguinisT NCTC 7863 Facultative anaerobe, 37°C, 5% 

(v/v) CO2 

Streptococcus gordoniiT NCTC 7865 Facultative anaerobe, 37°C, 5% 

(v/v) CO2 

Streptococcus salivariusT DSM 20560 Facultative anaerobe, 37°C, 5% 

(v/v) CO2 

Streptococcus mutansT DSM 20523 Facultative anaerobe, 37°C, 5% 

(v/v) CO2 

4.2.1.2.1. Bacterial culture conditions and standardisation of inocula  

Facultative anaerobic bacterial species (Table 4.1) were cultured on trypticase soy 

agar (TSA; Sigma) for 24 h at 37°C in 5% (v/v) CO2. Culture stocks of each strain 

were stored at -80°C and streak plates from these were retained at 4°C for up to 4 

weeks. For liquid cultures, 10 mL of trypticase soy broth (TSB; Sigma) was 

inoculated with 1-2 colonies and incubated at 37°C in 5% (v/v) CO2 for 16-18 h.  

Prior to inoculation for experiments, 16-18 h cultures were centrifuged at 1700 x g 

for 10 min. The supernatant was discarded and 10 mL of YNB was added to the 

cell pellet, which was resuspended by gentle repeated pipetting. The culture was 

then standardised to an optical density of 0.5 OD600 (± 0.05) (equivalent to 

approximately 5 x 107 cells/mL), using a spectrophotometer (DiluPhotometerTM, 

Implen, Westlake Village, CA, USA). 

4.2.1.2.2. Confirmation of Streptococcus species identification 

Bacteria were from previous culture stocks stored at the School of Dentistry, Cardiff 

University, except for S. sanguinis NCTC 7863 and S. gordonii NCTC 7865 which 

were purchased from Public Health England culture collections (Salisbury, UK). 
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Gram staining, followed by light microscopy imaging using an Olympus Ax70 

upright microscope, and PAX-it imaging software (PAX cam) was used to confirm 

that the cultures were Gram-positive with a coccus morphology. Two colonies were 

used to produce streak plates on Mitis Salivarius Agar (MSA), and these were 

incubated in 5% (v/v) CO2 at 37°C for 24 to 48 h. On MSA, S. salivarius colonies 

were presumptively identified as large, pale-blue, mucoid colonies with a glistening 

appearance. S. mutans formed raised, convex, undulate, opaque, pale-blue 

colonies that were granular in appearance. S. sanguinis also generated raised 

colonies, but these were smooth and embedded in the agar. A colony from each 

species was also added to hydrogen peroxide to confirm a negative catalase 

reaction.  

4.2.2. Preparation of denture material as the substratum for 

biofilm growth.  

4.2.2.1. Production of polymethyl methacrylate (PMMA) coupons 

Polymethyl methacrylate (PMMA) is a thermoplastic used to construct denture 

prostheses and orthodontic retainers. PMMA was used as the solid substratum to 

grow mono- and polymicrobial biofilms. PMMA coupons were prepared as 

described in section 2.2.2.1. 

4.2.2.2. Preconditioning of PMMA coupons in artificial saliva  

Artificial saliva (AS) was prepared based on a previously published composition 

(Cavalcanti et al. 2014; Morse et al. 2019) and used to precondition the PMMA 

coupons as described in section 2.2.2.2.1. AS was selected for preconditioning the 

acrylic to provide a more standardised surface with closer similarity to that 

encountered in vivo.  
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4.2.3. Effect of Streptococcus species on Candida albicans in 

biofilms  

4.2.3.1. Effect of bacteria on Candida albicans adherence and biofilm 

formation on PMMA coupons  

The standardised preparations of C. albicans and each separate bacterial species 

were mixed at a 2:1 ratio (Candida:Bacteria). C. albicans without bacteria, and 

bacteria only preparations were also used at the same total volume as the mixed 

samples. Preparations were incubated at 37°C in a 5% (v/v) CO2 incubator for 1.5 

h to facilitate planktonic interaction. After incubation, a 100-µL volume of microbial 

suspension was then added to the appropriate wells of the 24-well plate that 

contained 1900 µL of YNB and a sterile PMMA coupon preconditioned with AS. 

Coupons were either singly inoculated with C. albicans, the bacterial species, or 

with dual species combinations of C. albicans with each bacterial species. 

Negative controls to ensure absence of contamination contained 100 µL of YNB 

and were devoid of microorganisms. The 24-well plates were incubated at 37°C in 

5% (v/v) CO2 for 24 h and 72 h. For 72 h incubations, a 2 ml volume of YNB medium 

was changed at 24 h intervals. This was done by careful pipetting to the side of the 

PMMA coupon. After incubation, analysis included enumeration of recovered 

colony forming units (CFU) from the coupon surface and confocal laser scanning 

microscopy (CLSM) to ascertain abundance and morphologies of C. albicans. 

Coupons were placed in PBS for the number of recovered CFU/mL to be 

determined by culture of serial dilutions on appropriate agar media. Selected 

PMMA coupons were fixed by gentle immersion for 15 min in 10% (v/v) formalin 

buffered saline (Sigma-Aldrich) prior to being transferred to 1 mL PBS and stored 

at 2-5°C overnight (14-15 h). Fixed specimens were subsequently imaged by 

CLSM using peptide nucleic acid-fluorescence in situ hybridisation (PNA-FISH) in 

combination with propidium iodide as a counterstain. 

4.2.3.2. Measurement of recovered colony forming units (CFU) from 

dual species biofilms after 24 h and 72 h   

To determine the recovered CFU/mL from biofilms of the C. albicans and 

Streptococcus species, an adapted Miles and Misra method (Miles et al. 1938) was 
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used (Figure 4.1). Each coupon was placed in 2 mL of PBS and vortex mixed for 

2 min. The PBS was then serial decimally diluted and 5 µl of the diluted 

preparations plated on to agar media as outlined in Figure 4.1, with each demarked 

column designated for a specific dilution. The agar plate was held vertically to allow 

the sample to run down the plate to a demarcation indicated by the dashed line 

(Fig. 4.1). Enumeration of C. albicans CFU was on SDA (Lab M, Heywood, UK) 

supplemented with 1 mg/mL chloramphenicol (Thermofisher). Enumeration of 

Streptococcus species was on TSA containing 250 U/mL Nystatin (Thermofisher). 

The plates were dried horizontally prior to inversion and incubation. Incubation of 

Streptococcus species was in 5% (v/v) CO2 at 37°C for 24 h. C. albicans was 

similarly incubated, but without addition of 5% (v/v) CO2. Resultant colonies were 

enumerated, and the number of recovered CFU/mL determined.  

 

Figure 4.1. Schematic diagram of an agar plate used for the adapted Miles 
and Misra method. (Miles et al. 1938) The agar plate was divided into columns 

for different dilutions to be included on the same plate. The dashed line indicates 

the furthest point the dilutions were allowed to run, as past this point the samples 

would spread around the perimeter of the plate and were no longer usable. The 

indicated numbers represent 10-fold dilutions, and the position of the numbers 

indicate where the samples were pipetted on the plate.  
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4.2.3.3. Fluorescence microscopy of PMMA coupons after CFU/mL 

recovery  

After the coupons were used to recover the CFU/mL of C. albicans, an Olympus 

Ax70 upright fluorescence microscope was used to examine remaining cells on the 

surface of the coupon. Live/Dead BacLight Bacterial Viability kit (Thermofisher) 

was used to stain the cells remaining on the PMMA surface. The live/dead filter 

cube was used to visualise the cells and PAX-it imaging software (PAX cam) 

employed to obtain example fluorescence micrographs. 

4.2.3.4. Peptide nucleic acid-fluorescence in situ hybridisation (PNA-

FISH) analysis of dual species biofilms. 

The methodology for PNA-FISH for the biofilms was adapted from approaches 

used in the Microbial Diseases Research Group of the School of Dentistry at Cardiff 

University and as previously published (Perry-O’Keefe et al. 2001; Cavalcanti et 

al. 2014; Kim and Brehm-Stecher 2015; Morse 2017; Sands et al. 2017). A custom 

PNA probe for C. albicans was obtained (Cambridge Research Biochemicals 

Discovery, UK) using the sequence [N-terminus OO-cgg cca taa aga cct C-

terminus] which had previously been published and optimised by Kim and Brehm-

Stecher (2015). This probe was tagged with 5-carboxyfluorescein (FAM) at the N-

terminus.  

Lyophilised PNA probe stocks were aseptically reconstituted in nuclease-free 

water with gentle pipetting. To ensure complete probe suspension the preparations 

were heated to 50°C in a water bath for 5 min as recommended by the 

manufacturer. Aliquoted stocks of 200 µL at 10 µM were created and stored in the 

dark at -20°C. During experiments, probes were also protected from light as much 

as possible, including the use of foil covered microcentrifuge tubes. Stocks were 

diluted to a working of concentration of 500 nM using PNA hybridisation buffer (20 

mM Tris-HCl (pH 9.0), 2 mM EDTA, 100 mM NaCl, and 0.5% SDS) (Perry-O’Keefe 

et al. 2001; Kim and Brehm-Stecher 2015). Fifty µL of the PNA hybridisation buffer 

containing the probe was added to the surface of the formalin fixed PMMA coupon 

and incubated at 55°C for 1 h in a humidified box in a hybridisation oven (SI30H, 

Stuart). The coupons were then flooded with 200 µL of pre-heated PNA wash buffer 

(10 mM TRIS (pH 8), 1 mM EDTA) and incubated 15 min at 55°C. This wash step 
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was conducted twice, after which the coupons were retained on glass slides using 

Blu Tack (Bostik) which was required to immobilise the sample for imaging. 

Vectashield® Antifade Mounting Medium (25 µL) with propidium iodide (PI) 

(Vectorlabs, Orton Southgate, UK) was applied to the coupon surface and 

enclosed with a 13 mm diameter circular borosilicate glass coverslip (VWR). PI 

functioned as a counterstain to visualise bacteria.  

4.2.3.5. Effect of bacterial spent culture medium on C. albicans in 

biofilms. 

4.2.3.5.1. Spent media collection.  

Bacterial species were cultured for 16-18 h in 15 mL of TSB at 37ºC with 5% (v/v) 

CO2 and the cultures were centrifuged (1200 x g for 10 min) to pellet cells. The 

supernatant was removed and 15 mL of YNB added for a second incubation for 24 

h at 37ºC with 5% (v/v) CO2. After 24 h incubation the cultures were centrifuged 

again (1200 x g for 10 min), and the supernatant collected and filtered using a 

Minisart™ NML Syringe Filter (Sartorius) with a pore size of 0.2 µm before being 

stored at 2- 4ºC until needed. This process was also performed for C. albicans 

SC5314, which served as a spent medium control.  

4.2.3.5.2. Effect of spent medium on C. albicans in biofilms. 

PMMA coupons preconditioned in AS were rinsed with dH2O and aseptically added 

to the wells of 24-well plates. A 1900 µL volume of 24 h spent medium was added 

to each well and this was done in triplicate for each species. YNB medium was 

used as a positive control. One hundred µl of standardised (OD600nm 1 ± 0.1) 

inoculum was added to each well. Incubation was for 24 h and 72 h at 37ºC in 5% 

(v/v) CO2. Coupons were aseptically transferred to a new 24 well plate that 

contained 1 mL of 10% (w/v) neutral buffered formalin solution for 15 min, before 

being transferred to 24 well plates containing PBS. These coupons were then 

stored at 2- 4ºC prior to imaging. A drop of calcofluor white 50% (v/v) solution 

(Sigma) was added to the surface of the PMMA coupon, which was embedded in 

Blu Tack® (Bostik) to ensure the coupons were immobilised for imaging. The 

coupon surface was sealed with a 13 mm diameter circular borosilicate glass 

coverslip (VWR) in readiness for CLSM. 
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4.2.3.6. Confocal Laser Scanning Microscopy (CLSM) of dual species 

and spent media samples.  

CLSM was performed using a Zeiss LSM880 Airyscan Fast system upright 

confocal microscope controlled by Zen Black software (Zen 2.3 SP1 FP3 (black) 

Version: 14.0.20.201) at the Cardiff University Bioimaging Hub. The excitation 

spectra and emission filters used for the dual species and spent media experiments 

are presented in Table 4.2. Dual species experiments utilised the 5-

carboxyfluorescein (FAM) fluorophore for C. albicans and propidium iodide as a 

counterstain. For spent media samples, calcofluor white was used for C. albicans 

staining. Three-dimensional Z-stacks were obtained using the Plan-Apochromat 

63x/1.4 oil objective lens from five randomly selected areas of each coupon at 

intervals of 0.43 µm with a scanning resolution of 1024 x 1024 pixels and x4 line 

averaging.  

Table 4.2. Excitation and emission spectra for dual species and spent media 
experiments confocal laser scanning microscopy (CLSM) 

Target Species Fluorophore/ Stain Excitation 
Wavelength (nm) 

Emission 
Frequency (nm) 

Candida albicans 
SC5314 

5-carboxyfluorescein 
(FAM) 493 517 

Candida albicans 
SC5314 Calcofluor White 380 475 

Streptococcus 
species 

Propidium Iodide 535 617 

4.2.3.7. Confocal Laser Scanning Microscopy (CLSM) image analysis  

CLSM Z-stacks were converted into maximum intensity projection TIFF files using 

FIJI ImageJ Software (Version:2.0.0-rc-69/1.52p Build: 269a0ad53f). The software 

processed the Z-stacks slices into a single 2D image, which reflected a top-down 

view of the surface and was then used for analysis through the green channel. The 

percentage area coverage by C. albicans on the coupon surface (x63 objective 

lens, maximum intensity projection files) was assessed. A macro was used to 
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convert the files to 8-bit, thresholding using “moments” and the percentage 

coverage of the field of view determined using the set measurements area. The 

mean percentage area coverage was determined using the output of five fields of 

view per coupon and across the replicates.  

The area of C. albicans filamentous forms including true hyphae, pseudohyphae 

and elongated cells was determined using the freehand drawing tool in FIJI ImageJ 

software to draw around the filamentous forms and using the ‘Measure’ function to 

calculate the area within the drawn areas of each field of view. The area 

measurement was then converted into a percentage of the frame and averaged 

between the replicates.  

Statistical analyses of the results from the CLSM images for percentage area 

coverage and the area occupied by filamentous forms was determined using One-

Way ANOVA with Tukey post-hoc test to compare means between groups or 

Kruskal-Wallis test with Dunn’s test for multiple comparisons depending on 

whether the data was normally distributed. Prism 9 for macOS (GraphPad Prism 

9.4.0 (453) GraphPad Software, San Diego, California USA, www.graphpad.com) 

software was also used for statistical analysis and construction of graphs. 

4.2.3.8. Interactions between Streptococcus species and Candida 

albicans filamentous forms   

Following 16-18 h of growth, microbial cultures were centrifuged and re-eluted in 

YNB as previously stated (section 4.2.1). Prior to standardisation of the 

Streptococcus in YNB, 1 mL of 1 mg/mL fluorescein isothiocyanate (FITC) 

(Thermofisher) solution in carbonate buffer was added to each cell pellet and 

thoroughly mixed by repeat pipetting. Samples were placed on a tube roller 

(Starlab, Milton Keynes, UK) ~ 50 rev/min for 30 min at room temperature. Three 

washes using 5 mL of carbonate buffer and centrifugation at 1200 x g for 5 min 

were undertaken and the supernatant was discarded each time. After the third 

wash, the pellets were resuspended in YNB and standardised as previously 

described (section 4.2.1).  

The standardised preparation of wild type C. albicans SC5314 or C. albicans 

ΔALS3/ALS3 and the FITC stained bacteria were mixed at a 2:1 ratio. Preparations 
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were incubated at 37°C in a 5% (v/v) CO2 incubator for 1.5 h to facilitate 

interactions. Twenty µL of each sample was added to a microscope slide with 5 µL 

of calcofluor white (Sigma) 50% (v/v) in water. Fluorescence microscopy was used 

to image specifically the filamentous forms of C. albicans in both the wild-type and 

mutant samples. 

4.2.3.9. Fluorescence microscopy of interactions between C. albicans 

and planktonic cultures of Streptococcus species. 

Fluorescence micrographs were obtained using an oil immersion lens at x1000 

total magnification, on an Olympus Ax70 upright fluorescence microscope, running 

PAX-it imaging software (PAX cam). A DAPI/Hoechst filter cube was used to image 

C. albicans stained with 50% (v/v) calcofluor white solution (Sigma). The live/dead 

filter cube was used to image the FITC stained bacteria.  

4.2.3.10. Fluorescence microscopy micrograph image analysis  

Las X software (Leica) was used to overlay the calcofluor white and FITC stained 

images for each frame. The area of C. albicans filamentous forms including true 

hyphae, pseudohyphae and elongated cells was determined using the freehand 

drawing tool in FIJI ImageJ to draw around the filamentous forms and using the 

‘Measure’ function to calculate the area within the drawn areas of each frame. The 

bacteria that were proximal and therefore associated with the filamentous regions 

were manually counted. A judgement was made to count bacterial cells in very 

close proximity to the filamentous forms as the images were a construct of the 

overlays of two images, and this allowed for slight movement that may have 

occurred during the overlay process. For each sample, the mean number of 

bacterial cells per 100 µm2 of filamentous forms of C. albicans was calculated. After 

determining the data did not exhibit normal distribution, the non-parametric Mann-

Whitney U test was used to determine any differences between the wild-type and 

mutant strains of C. albicans for each bacterial species.   
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4.3. Results  

4.3.1. Effect of dual species biofilms on PMMA surfaces on the 

abundance, surface area coverage and the filamentous 

morphology of C. albicans SC5314 after 24 h and 72 h 

growth.  

The number of colony forming units (CFU) recovered from the PMMA coupons was 

used to determine the abundance of viable microbial cells (Table 4.3). From the 

dual species and C. albicans single species control biofilms, recovered CFU/mL 

was determined to assess whether the presence of the individual Streptococcus 

species affected the abundance of C. albicans SC5314 after 24 h and 72 h. In 

comparison to the C. albicans single species biofilm after 24 h, a significant 

increase in recovered CFU/mL of C. albicans was found in the biofilms grown with 

S. gordonii (P ≤ 0.0022), S. salivarius (P ≤ 0.0004) and S. mutans (P ≤ 0.0001) 

(Figure 4.2). An increase in the C. albicans recovered CFU/mL was also observed 

in dual species biofilms with S. sanguinis even though this did not meet the 

threshold of being statistically significant (P ≤ 0.1639). In these samples, the mean 

recovered CFU/mL for C. albicans increased from 4.82E+05 CFU/mL in the single 

species biofilm to 2.51E+07 CFU/mL when grown with S. salivarius.  

In 72 h biofilms, the mean C. albicans recovered CFU/mL was higher for all dual 

species biofilms compared with the C. albicans SC5314 single species biofilm 

(Figure 4.3). This increase was statistically significant with S. salivarius and S. 

sanguinis (P ≤ 0.0279 and P ≤ 0.0049, respectively).  

After recovery of CFUs, the cells on the PMMA coupons were stained using 

Live/Dead BacLight Bacterial Viability Kit (Invitrogen™) and imaged using 

fluorescence microscopy which revealed adhered cells remaining on the surface 

(Figure 4.4). All coupons still had cells remaining adhered to the PMMA surface 

after attempted recovery. Very few bacterial cells were observed remaining on the 

dual species coupons after recovery compared to a large number observed on the 

bacteria only coupon surfaces. In dual species biofilms, a recovered CFU/mL for 

the bacterial cells was not obtained due to a lack of growth on the agar plates, 
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whereas the recovered CFU/mL was determined for the bacterial single species 

biofilms (bacterial recovered CFU/mL data not presented). 

Table 4.3. C. albicans recovered colony forming units (CFU)/mL for the 24 h 

and 72 h timepoints. The mean C. albicans recovered CFU/mL and the standard 

error of the mean (SEM) are presented in the table. 

 C. albicans SC5314 recovered CFU/mL 
 24 h 72 h 
 Mean SEM Mean SEM 

C. albicans SC5314 only 4.82E+05 5.03E+04 3.02E+06 3.50E+05 

C. albicans SC5314 and S. gordonii 9.33E+06 2.58E+06 6.22E+06 1.18E+06 

C. albicans SC5314 and S. salivarius 2.51E+07 1.07E+07 1.04E+07 2.21E+06 

C. albicans SC5314 and S. sanguinis 3.56E+06 6.48E+05 1.20E+07 2.45E+06 

C. albicans SC5314 and S. mutans 1.00E+07 1.89E+06 7.11E+06 1.42E+06 
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Figure 4.2. Candida albicans recovered colony forming units (CFU)/mL from 
dual species biofilms and a single species C. albicans biofilm control after 
24 h growth on polymethyl methacrylate (PMMA). Cells were recovered from 

the PMMA surface of the sample coupons via vortexing in PBS, diluted and grown 

on SDA plates supplemented with 1 mg/mL chloramphenicol for 24 h. Resultant 

colonies of C. albicans SC5314 were enumerated after 24 h incubation at 37°C. 

The mean was determined from 3 replicates counted from each of the 3 replicate 

coupons. Each category n = 9. Data presented as mean ± standard error of the 

mean. Statistical significance between the biofilms for the amount of Candida 

recovered CFU/mL was determined using the non-parametric Kruskal-Wallis test 

(H (4) = 26.38, P ≤ 0.0001) with Dunn’s test for multiple comparisons the results of 

which are annotated on the graph. * P ≤ 0.05. ** P ≤ 0.01. *** P ≤ 0.001. **** P ≤ 

0.0001  
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Figure 4.3. Candida albicans recovered colony forming units (CFU)/mL from 
dual species biofilms and a single species C. albicans biofilm control after 
72 h growth on polymethyl methacrylate (PMMA). Cells were recovered from 

the PMMA surface of the sample coupons via vortexing in PBS, diluted and grown 

on SDA plates supplemented with 1 mg/mL chloramphenicol for 24 h. Resultant 

colonies of C. albicans SC5314 were enumerated after 24 h growth incubation at 

37°C. The mean was determined from 3 replicates counted from each of the 3 

replicate coupons. Each category n = 9. Data presented as mean ± standard error 

of the mean. Statistical significance was determined using one-way ANOVA test 

(F (4, 40) = 4.382, P ≤ 0.0049) with Tukey’s test for multiple comparisons the 

results of which are annotated on the graph. * P ≤ 0.05. ** P ≤ 0.01. *** P ≤ 0.001. 

**** P ≤ 0.0001  
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Figure 4.4. Fluorescence micrographs of the cells remaining on the 72 h 
polymethyl methacrylate (PMMA) coupon surface after recovery for colony 
forming units (CFU)/mL determination. Coupons were vortex mixed to remove 

cells to determine the CFU/mL. The surface of the PMMA coupon was then stained 

using live/dead staining to assess what remained on the surface. Green indicates 

viable cells. Red indicates dead cells. Scale bars are 25 µm.

A) SC5314 only B) S. salivarius only 

C) S. salivarius and SC5314 
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In addition to determining the recovered CFU/mL, microscopy methods were also 

used to investigate whether the presence of the Streptococcus species modulated 

C. albicans abundance and surface area coverage in biofilms (Table 4.4, Figure 

4.5). Analysis of the CLSM images found that after 24 h of growth on PMMA (Figure 

4.6), the mean surface area covered by C. albicans SC5314 was statistically higher 

in the dual species biofilm with S. salivarius than for C. albicans single species 

controls (P ≤ 0.0229). The dual species biofilm with the S. salivarius was also 

significantly higher than the dual species biofilms with S. gordonii (P ≤ 0.0001) and 

S. mutans (P ≤ 0.001) dual species biofilms. Significantly increased C. albicans 

surface area coverage was also found when C. albicans was grown with S. 

sanguinis compared with S. gordonii (P ≤ 0.015), but there was no significant 

difference between the dual species biofilm containing S. sanguinis compared to 

the single species C. albicans positive control. C. albicans grown for 24 h in dual 

species biofilms with S. gordonii and S. mutans resulted in reduction in the amount 

of C. albicans mean surface area coverage compared with all three other biofilms. 

In contrast to the 24 h timepoint, CLSM image analysis of the samples grown for 

72 h showed no significant differences in the mean percentage area covered by C. 

albicans SC5314 between any of the dual species’ biofilms, or the single species 

positive control (Figure 4.7). The range of surface area coverage after 72h 

incubation was 2.18% (S. sanguinis dual species biofilm) to 4.04% (S. salivarius 

dual species biofilm).  
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Table 4.4. Summary of the surface area coverage by C. albicans results for 
the dual species biofilm experiments for 24 h and 72 h timepoints. The mean 

surface area of C. albicans and the standard error of the mean (SEM) are 

presented in the table.  

 Surface area coverage by C. albicans SC5314 (%) 

 24 h 72 h 

 Mean SEM Mean SEM 

C. albicans SC5314 only 9.24 0.95 2.19 0.23 

C. albicans SC5314 and S. gordonii 4.23 0.48 3.20 0.56 

C. albicans SC5314 and S. salivarius 16.81 2.12 4.04 1.31 

C. albicans SC5314 and S. sanguinis 13.75 2.76 2.18 0.41 

C. albicans SC5314 and S. mutans 5.97 1.48 3.36 0.57 

Filamentous morphology data for the dual species biofilms at  24 h (Table 4.5), 

showed there was an increase in C. albicans filamentous morphotypes in the S. 

salivarius dual species biofilms compared to all other biofilms (Figure 4.8). Both S. 

gordonii (3.25%) and S. mutans (3.64%) dual species biofilms had a similar level 

of filamentous forms, which was less than the single species C. albicans biofilm 

control (6.02%). The S. salivarius (15.2%) and S. sanguinis (10.01%) dual species 

biofilms both exhibited increased filamentous morphology compared to the C. 

albicans only biofilm.  

For the 72 h timepoint, no statistically significant differences were found for the 

mean percentage area of filamentous morphology between any of the different 

biofilm compositions (Figure 4.9). The highest percentage area of filamentous 

morphotypes was observed in the C. albicans with S. sanguinis biofilm (1.61%) 

and the lowest was in the C. albicans with S. mutans biofilm (0.48%). The mean 

area of filamentous forms remained relatively consistent between the different 

types of biofilms (range of 0.3%) except for the S. mutans dual biofilm filamentous 

decrease to 0.48%.   
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Table 4.5. Summary of results for the area of C. albicans filamentous forms 
in the dual species biofilm experiments for 24 h and 72 h timepoints. The 

mean percentage area of C. albicans filamentous forms and the standard error of 

the mean (SEM) are presented in the table.  

 C. albicans filamentous morphology area (%) 

 24 h 72 h 

 Mean SEM Mean SEM 

C. albicans SC5314 only 6.02 1.36 1.31 0.43 

C. albicans SC5314 and S. gordonii 3.25 0.82 1.52 0.43 

C. albicans SC5314 and S. salivarius 15.20 5.30 1.40 0.60 

C. albicans SC5314 and S. sanguinis 10.01 2.69 1.61 0.74 

C. albicans SC5314 and S. mutans 3.64 1.06 0.48 0.34 
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Figure 4.5. Representative images of dual species biofilms grown on 
polymethyl methacrylate (PMMA) for 24 and 72 h. C. albicans SC5314 was 

grown in a single biofilm for 24 h (A) and 72 h (C) and grown in dual biofilms with 

S. salivarius for 24 h (B) and 72 h (D). C. albicans was stained with PNA probes 

(green) and the samples were counterstained with propidium iodide staining the 

bacteria red only and the Candida also retains the red stain but are distinguishable 

by size and morphology. Maximum projection images were created from CLSM z-

stack files. White arrows indicate examples if where the bacteria are attaching to 

the hyphal forms of C. albicans. Scale bars are 25 µm.  

D) C. albicans + S. salivarius 72 h

B) C. albicans + S. salivarius 24 h

C) C. albicans only 72 h

A) C. albicans only 24 h
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Figure 4.6. Mean percentage of surface area coverage by Candida albicans 
SC5314 in single and dual species biofilms grown on polymethyl 
methacrylate (PMMA) for 24 h. Each biofilm contains C. albicans SC5314 and 

one of the following Streptococcal species: S. gordonii, S. salivarius, S. sanguinis 

and S. mutans. There is also a C. albicans SC5314 single species biofilm control. 

The mean percentage area coverage by SC5314 was determined through analysis 

of the CLSM images. Data presented as mean ± standard error of the mean. C. 

albicans only n = 59, C. albicans and S. gordonii n = 16, C. albicans and S. 

salivarius n = 15, C. albicans and S. sanguinis n = 15, C. albicans and S. mutans 

n = 15. Statistical significance was determined using the non-parametric Kruskal-

Wallis test (H (4) = 26.70, P ≤ 0.0001) with Dunn’s test for multiple comparisons 

the results of which are annotated on the graph. * P ≤ 0.05. ** P ≤ 0.01. *** P ≤ 

0.001. **** P ≤ 0.0001  
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Figure 4.7. Mean percentage of surface area coverage by Candida albicans 
SC5314 in single and dual species biofilms grown on polymethyl 
methacrylate (PMMA) for 72 h. Each biofilm contains C. albicans SC5314 and 

one of the following Streptococcal species: S. gordonii, S. salivarius, S. sanguinis 

and S. mutans. There is also a C. albicans SC5314 single species biofilm control. 

The mean percentage area coverage by SC5314 was determined through analysis 

of the CLSM images. Data presented as mean ± standard error of the mean. C. 

albicans only n = 50, C. albicans and S. gordonii n = 19, C. albicans and S. 

salivarius n = 16, C. albicans and S. sanguinis n = 16, C. albicans and S. mutans 

n = 16. Statistical significance was determined using the non-parametric Kruskal-

Wallis test (H (4) = 4.541, P ≤ 0.3377) with Dunn’s test for multiple comparisons. 

No significant differences were found between the groups.  
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Figure 4.8. Mean percentage area of Candida albicans SC5314 filamentous 
forms in dual species biofilms grown on polymethyl methacrylate (PMMA) 
surfaces after 24 h. Each biofilm contains C. albicans SC5314 and one of the 

following Streptococcal species: S. gordonii, S. salivarius, S. sanguinis and S. 

mutans. There is also a C. albicans SC5314 single species biofilm control. The 

mean percentage area of C. albicans SC5314 filamentous forms was determined 

through analysis of the CLSM images. Data presented as mean ± standard error 

of the mean. C. albicans only n = 11, C. albicans and S. gordonii n = 6, C. albicans 

and S. salivarius n = 6, C. albicans and S. sanguinis n = 6, C. albicans and S. 

mutans n = 6. Statistical significance was determined using the non-parametric 

Kruskal-Wallis test (H (4) = 11.39, P ≤ 0.0225) with Dunn’s test for multiple 

comparisons. No significant differences were found between the groups.   
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Figure 4.9. Mean percentage area of Candida albicans SC5314 filamentous 
forms in dual species biofilms grown on polymethyl methacrylate (PMMA) 
surfaces after 72 h. Each biofilm contains C. albicans SC5314 and one of the 

following Streptococcal species: S. mutans, S. salivarius, S. sanguinis and S. 

gordonii. There is also a C. albicans SC5314 single species biofilm control. The 

mean percentage area of filamentous forms of C. albicans SC5314 was 

determined through analysis of the CLSM images. Data presented as mean ± 

standard error of the mean. C. albicans only n = 8, C. albicans and S. gordonii n = 

16, C. albicans and S. salivarius n = 15, C. albicans and S. sanguinis n = 15, C. 

albicans and S. mutans n = 15. Statistical significance was determined using one-

way ANOVA test (F (4, 27) = 0.7195, P ≤ 0.5861) with Tukey’s test for multiple 

comparisons. No significant differences were found.  
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4.3.2. Effect of bacterial spent medium on C. albicans adherence, 

biofilm formation and morphology 

Spent medium collected from the growth of the four different Streptococcus 

species and C. albicans SC5314 was used as the medium for the growth of C. 

albicans to test whether effects observed in the dual species biofilm experiments 

could be attributed to competition of resources, secreted components or changes 

to the environment caused by the Streptococcus species. The control C. albicans 

biofilm grown in fresh medium had a high level of surface coverage which is clearly 

observed in the 24 h time point representative images (Figure 4.10). This 

observation was supported by the surface area coverage analysis that showed C. 

albicans in every type of spent media exhibited significantly lower levels of surface 

area coverage than the control biofilm (Figure 4.11). At the 72 h timepoint, while 

all spent media were observed to lead to an increase in surface area compared to 

the control, there were no statistically significant differences (Figure 4.12). A 

summary of the results can be found in Table 4.6. 

Table 4.6. Summary of the surface area coverage by C. albicans results for 
the spent media experiments for 24 h and 72 h timepoints. The mean surface 

area of C. albicans and the standard error of the mean (SEM) are presented in the 

table. 

 Surface area coverage by C. albicans SC5314 (%) 

 24 h 72 h 

 Mean SEM Mean SEM 

Control 40.83 4.24 6.65 1.24 

C. albicans SC5314 spent media  5.35 1.05 13.19 1.68 

S. gordonii spent media 4.97 0.98 15.56 2.53 

S. salivarius spent media 8.60 2.17 16.55 2.30 

S. sanguinis spent media 7.85 1.39 18.71 2.42 

S. mutans spent media 13.40 2.42 11.24 2.04 

 

Analysis of C. albicans morphological changes in spent media experiments (Table 

4.7), showed that there were no significant differences in the mean percentage 
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area of filamentous forms of C. albicans (Figure 4.13). The control and the spent 

medium from C. albicans SC5314 had similar levels of C. albicans with a 

filamentous morphology (4.03% and 3.87%, respectively), whereas the spent 

media from the Streptococcus species had around half the area of filamentous 

forms though this was not deemed statistically significant. At the 72 h timepoint 

(Figure 4.14), the spent media from S. salivarius, S. sanguinis and S. mutans all 

yielded significantly fewer filamentous forms of C. albicans compared to the control 

(P ≤ 0.0076, P ≤ 0.0031 and P ≤ 0.0126, respectively). However, the S. gordonii 

spent medium (3.41%) caused a slight increase in C. albicans filamentous 

morphology compared to the control (2.19%).  

Table 4.7. Summary of results for the area of C. albicans filamentous forms 
in the spent media experiments for 24 h and 72 h timepoints. The mean 

percentage area of C. albicans filamentous forms and the standard error of the 

mean (SEM) are presented in the table. 

 C. albicans filamentous morphology area (%) 

 24 h 72 h 

 Mean SEM Mean SEM 

Control 4.03 1.02 2.19 0.69 

C. albicans SC5314 spent media  3.87 1.02 0.65 0.17 

S. gordonii spent media 1.34 0.43 3.41 2.99 

S. salivarius spent media 2.52 0.54 0.25 0.11 

S. sanguinis spent media 1.94 0.34 0.18 0.11 

S. mutans spent media 1.55 0.46 0.24 0.11 
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Figure 4.10. Representative images of the Candida albicans SC5314 grown for 24 h in spent media from different species 
and a no spent media control on polymethyl methacrylate (PMMA) coupon surfaces. Spent medium was collected from C. 

albicans SC5314 (B), S. gordonii (C), S. salivarius (D), S. sanguinis (E) and S. mutans (F) planktonic cultures after 24 h. Candida 

albicans SC5314 was then grown on PMMA for 24 h in the spent media before fixation in formal-buffered saline, staining with 

calcofluor white and imaged as z-stacks using CLSM. A ‘no spent media’ control was included that was grown in fresh media (A). 

Presented here are representative examples for each condition of max projection images created from the z-stacks that were 

subsequently used for analysis. Scale bars are 25 µm.

A) Control B) Spent media from C. albicans C) Spent media from S. gordonii

D) Spent media from S. salivarius E) Spent media from S. sanguinis F) Spent media from S. mutans
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Figure 4.11. Mean percentage of surface area coverage by Candida albicans 
SC5314 grown for 24 h on polymethyl methacrylate (PMMA) with spent media 
from different species and a media control. C. albicans was grown in spent 

media collected from C. albicans SC5314, S. gordonii, S. salivarius, S. sanguinis 

and S. mutans. The positive control was grown in fresh media. The mean 

percentage area coverage by SC5314 was determined through analysis of the 

CLSM images. Data presented as mean ± standard error of the mean. Control n = 

15, spent medium from C. albicans n = 32, spent medium from S. gordonii n= 43, 

spent medium from S. salivarius n = 45, spent medium from S. sanguinis n = 40, 

spent medium from S. mutans n = 45. Statistical significance was determined using 

the non-parametric Kruskal-Wallis test (H (5) = 40.02, P ≤ 0.0001) with Dunn’s test 

for multiple comparisons the results of which are annotated on the graph. * P ≤ 

0.05. ** P ≤ 0.01. *** P ≤ 0.001. **** P ≤ 0.0001  
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Figure 4.12. Mean percentage of surface area coverage by Candida albicans 
SC5314 grown for 72 h on polymethyl methacrylate (PMMA) with spent media 
from different species and a media control. C. albicans was grown in spent 

media collected from C. albicans SC5314, S. gordonii, S. salivarius, S. sanguinis 

and S. mutans. The positive control was grown in fresh media. The mean 

percentage area coverage by SC5314 was determined through analysis of the 

CLSM images. Data presented as mean ± standard error of the mean. Control n = 

15, spent medium from C. albicans n = 42, spent medium from S. gordonii n= 41, 

spent medium from S. salivarius n = 35, spent medium from S. sanguinis n = 45, 

spent medium from S. mutans n = 42. Statistical significance was determined using 

the non-parametric Kruskal-Wallis test (H (5) = 11.72, P ≤ 0.0388) with Dunn’s test 

for multiple comparisons. No significant differences were found between the 

groups.  
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Figure 4.13. Mean percentage area of Candida albicans SC5314 filamentous 
forms grown in different types of spent media on polymethyl methacrylate 
(PMMA) surfaces for 24 h. C. albicans was grown in spent media collected from 

C. albicans SC5314, S. gordonii, S. salivarius, S. sanguinis and S. mutans. The 

positive control was grown in fresh media. The mean percentage area of C. 

albicans SC5314 filamentous forms was determined through analysis of the CLSM 

images. Data presented as mean ± standard error of the mean. Control n = 20, 

spent medium from C. albicans n = 19, spent medium from S. gordonii n= 19, spent 

medium from S. salivarius n = 18, spent medium from S. sanguinis n = 18, spent 

medium from S. mutans n = 18. Statistical significance was determined using the 

non-parametric Kruskal-Wallis test (H (5) = 7.625, P ≤ 0.1781) with Dunn’s test for 

multiple comparisons. No significant differences were found between the groups.   
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Figure 4.14. Mean percentage area of Candida albicans SC5314 filamentous 
forms grown in different types of spent media on polymethyl methacrylate 
(PMMA) surfaces for 72 h. C. albicans was grown in spent media collected from 

C. albicans SC5314, S. gordonii, S. salivarius, S. sanguinis and S. mutans. The 

positive control was grown in fresh media. The mean percentage area of C. 

albicans SC5314 filamentous forms was determined through analysis of the CLSM 

images. Data presented as mean ± standard error of the mean. Control n = 13, 

spent medium from C. albicans n = 18, spent medium from S. gordonii n= 18, spent 

medium from S. salivarius n = 18, spent medium from S. sanguinis n = 18, spent 

medium from S. mutans n = 18. Statistical significance was determined using the 

non-parametric Kruskal-Wallis test (H (5) = 21.79, P ≤ 0.0006) with Dunn’s test for 

multiple comparisons the results of which are annotated on the graph. * P ≤ 0.05. 

** P ≤ 0.01. *** P ≤ 0.001. **** P ≤ 0.0001  
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4.3.3. Interactions between planktonic Streptococcus species 

and Candida albicans filamentous morphological forms  

Representative fluorescence micrographs of the filamentous forms of C. albicans 

SC5314 WT and the C. albicans ΔALS3 mutant strain with S. gordonii (Figure 

4.15), S. salivarius (Figure 4.16), S. sanguinis (Figure 4.17), and S. mutans (Figure 

4.18) show the association between with two species with and without the Als3 

adhesin.  

Cells of S. gordonii (Figure 4.19), S. salivarius (Figure 4.20) and S. sanguinis 

(Figure 4.21) all exhibited greater association with filamentous forms (hyphae, 

pseudohyphae and elongated forms) of the wild-type C. albicans SC5314 than the 

C. albicans Δals3/Δals3 mutant strain. This was significantly so for the S. gordonii 

(Mann–Whitney U = 30, n1 = 15 n2 = 15, P < 0.0003 two-tailed) and S. salivarius 

(Mann–Whitney U = 57, n1 = 15 n2 = 15, P < 0.0202 two-tailed) species.  

Streptococcus mutans had significantly (Mann–Whitney U = 50, n1 = 15 n2 = 15, P 

< 0.0086 two-tailed) more cells associated with the filamentous forms of C. 

albicans ΔALS3 mutant strain (Mean = 5.88 cells/100µm2) than with C. albicans 

SC5314 WT (Mean = 14.74 cells/100µm2) strain (Figure 4.22).  

Table 4.8. Summary of results for the interactions between the streptococcal 
species and both the C. albicans wild type and Als3 mutant strains. Mean 

number of bacterial cells associated with 100 µm2 of C. albicans filamentous 

morphotypes and the standard error of the mean (SEM) are presented.  

 Mean number of bacterial cells associated with 100 µm2 
filamentous morphotypes of C. albicans  

 C. albicans SC5314 C. albicans ΔALS3 
 Mean SEM Mean SEM 

S. gordonii 11.19 2.24 2.65 0.66 

S. salivarius 8.76 2.17 2.62 0.63 

S. sanguinis 12.37 2.66 6.86 1.06 

S. mutans 5.88 1.70 14.74 3.00 
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Figure 4.15. Representative fluorescence micrographs of planktonic interactions between Streptococcus gordonii and 
the filamentous forms of a wild type and mutant strain of Candida albicans. Bacteria cells were pre-stained with FITC (green) 

and incubated for 90 min at 37°C and 5% CO2 with either C. albicans SC5314 wild type (A) or the ΔALS3 mutant strain (B). C. 

albicans was stained with calcofluor white (blue). The white arrow indicates an example of where the bacterial cells are in close 

proximity to the hyphal forms of C. albicans. Scale bars are 10 µm.  
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Figure 4.16. Representative fluorescence micrographs of planktonic interactions between Streptococcus salivarius and 
the filamentous forms of a wild type and mutant strain of Candida albicans. Bacteria cells were pre-stained with FITC (green) 

and incubated for 90 min at 37°C and 5% CO2 with either C. albicans SC5314 wild type (A) or the ΔALS3 mutant strain (B). C. 

albicans was stained with calcofluor white (blue). The white arrow indicates an example of where the bacterial cells are in close 

proximity to the hyphal forms of C. albicans. Scale bars are 10 µm.  
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Figure 4.17. Representative fluorescence micrographs of planktonic interactions between Streptococcus sanguinis and 
the filamentous forms of a wild type and mutant strain of Candida albicans. Bacteria cells were pre-stained with FITC (green) 

and incubated for 90 min at 37°C and 5% CO2 with either C. albicans SC5314 wild type (A) or the ΔALS3 mutant strain (B). C. 

albicans was stained with calcofluor white (blue). The white arrow indicates an example of where the bacterial cells are in close 

proximity to the hyphal forms of C. albicans. Scale bars are 10 µm.  
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Figure 4.18. Representative fluorescence micrographs of planktonic interactions between Streptococcus mutans and 
the filamentous forms of a wild type and mutant strain of Candida albicans. Bacteria cells were pre-stained with FITC (green) 

and incubated for 90 min at 37°C and 5% CO2 with either C. albicans SC5314 wild type (A) or the ΔALS3 mutant strain (B). C. 

albicans was stained with calcofluor white (blue). The white arrow indicates an example of where the bacterial cells are in close 

proximity to the hyphal forms of C. albicans. Scale bars are 10 µm. 
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Figure 4.19. Mean number of Streptococcus gordonii cells associated with 
Candida albicans filamentous forms (bacterial cells/100 µm2). Streptococcus 

gordonii was incubated for 90 min at 37°C and 5% CO2 planktonically with either 

C. albicans SC5314 wild type (A) or the C. albicans ΔALS3 mutant strain (B). 

Streptococcus  gordonii cells were stained with FITC (green) and C. albicans was 

stained with calcofluor white (blue). Fluorescence microscopy was used to image 

the C. albicans filamentous forms and the number of bacterial cells proximal to the 

filamentous forms of C. albicans were enumerated and standardised as mean 

number of cells/100 µm2 of filamentous forms of C. albicans. Data presented as 

mean ± standard error of the mean. Each group n = 15. Statistical significance was 

determined using the Mann Whitney U test (Mann–Whitney U = 30, n1 = 15 n2 = 

15, P < 0.0003 two-tailed). * P ≤ 0.05. ** P ≤ 0.01. *** P ≤ 0.001. **** P ≤ 0.0001  
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Figure 4.20. Mean number of Streptococcus salivarius cells associated with 
Candida albicans filamentous forms (bacterial cells/100 µm2). Streptococcus 

salivarius was incubated for 90 min at 37°C and 5% CO2 planktonically with either 

C. albicans SC5314 wild type (A) or the ΔALS3 mutant strain (B). Streptococcus  

salivarius cells were stained with FITC (green) and C. albicans was stained with 

calcofluor white (blue). Fluorescence microscopy was used to image the C. 

albicans filamentous forms and the number of bacterial cells proximal to the 

filamentous forms of C. albicans were enumerated and standardised as mean 

number of cells/100 µm2 of filamentous forms of C. albicans. Data presented as 

mean ± standard error of the mean. Each group n = 15. Statistical significance was 

determined using the Mann Whitney U test (Mann–Whitney U = 57, n1 = 15 n2 = 

15, P < 0.0202 two-tailed). * P ≤ 0.05. ** P ≤ 0.01. *** P ≤ 0.001. **** P ≤ 0.0001 
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Figure 4.21. Mean number of Streptococcus sanguinis cells associated with 
Candida albicans filamentous forms (bacterial cells/100 µm2). S. sanguinis 

was incubated for 90 min at 37°C and 5% CO2 planktonically with either C. albicans 

SC5314 wild type (A) or the ΔALS3 mutant strain (B). S. sanguinis cells were 

stained with FITC (green) and C. albicans was stained with calcofluor white (blue). 

Fluorescence microscopy was used to image the C. albicans filamentous forms 

and the number of bacterial cells proximal to the filamentous forms of C. albicans 

were enumerated and standardised as mean number of cells/100 µm2 of 

filamentous forms of C. albicans. Data presented as mean ± standard error of the 

mean. Each group n = 15. Statistical significance was determined using the Mann 

Whitney U test (Mann–Whitney U = 77, n1 = 15 n2 = 15, P < 0.1485 two-tailed). No 

significant difference was found between the groups.  

SC53
14

 an
d S

. s
an

guin
is

ΔA
LS3 a

nd S
. s

an
guin

is
0

5

10

15

20

Strain of Candida albicans and Streptococcus 

M
ea

n 
nu

m
be

r 
of

 b
ac

te
ri

al
 c

el
ls

 p
ro

xi
m

al
 to

 C
an

di
da

 a
lb

ic
an

s 
fil

am
en

to
us

 fo
rm

s
 (c

el
ls

/1
00
µm

2 
of

 fi
la

m
en

to
us

 fo
rm

s)



 

 153 

 

Figure 4.22. Mean number of Streptococcus mutans cells associated with 
Candida albicans filamentous forms (bacterial cells/100 µm2). Streptococcus 

mutans was incubated for 90 min at 37°C and 5% CO2 planktonically with either C. 

albicans SC5314 wild type (A) or the ΔALS3 mutant strain (B). Streptococcus 

mutans cells were stained with FITC (green) and C. albicans was stained with 

calcofluor white (blue). Fluorescence microscopy was used to image the C. 

albicans filamentous forms and the number of bacterial cells proximal to the 

filamentous forms of C. albicans were enumerated and standardised as mean 

number of cells/100 µm2 of filamentous forms of C. albicans. Data presented as 

mean ± standard error of the mean. Each group n = 15. Statistical significance was 

determined using the Mann Whitney U test (Mann–Whitney U = 50, n1 = 15 n2 = 

15, P < 0.0089 two-tailed). * P ≤ 0.05. ** P ≤ 0.01. *** P ≤ 0.001. **** P ≤ 0.0001  
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4.4. Discussion  

A risk factor for Candida-associated denture stomatitis is occurrence of higher 

numbers of Candida on denture surfaces. Therefore, it is important to investigate 

the factors which promote increased Candida denture surface colonisation. 

Previous research has found that some oral bacterial species not only increased 

the abundance of C. albicans in the oral cavity, but also promoted the more 

pathogenic filamentous forms of C. albicans that could lead to invasive candidosis 

(Morse et al. 2019). The research presented in this Chapter aimed to investigate 

the effect of single oral Streptococcus species on C. albicans in terms of 

abundance and morphology and assess whether effects required the presence of 

live cells and the C. albicans Als3 adhesin.  

The presence of Streptococcus species increased the number of C. albicans CFUs 

that were recovered from 24 h and 72 h biofilms. It is important to highlight that the 

data is based on a recovered CFU/mL as the samples were grown adhering to 

PMMA surfaces and therefore the results were dependent on the effective removal 

of the cells from the surface. However, this was anticipated to have been equal in 

all conditions and therefore still representative. CFU determination was used as it 

is still considered the gold standard for the quantification of biofilms and viable cell 

abundance, even though it is both time consuming and uses a lot of resources 

(Thieme et al. 2021). Imaging the surfaces post-recovery revealed cells remaining 

on the surfaces which appeared to be proportionate to the results and deemed to 

be a reasonable level of error.  

Surface area analysis of CLSM images was also used to assess the abundance of 

C. albicans present on the denture material in the dual species experiments. 

Streptococcus species were found to increase the biofilm surface area coverage 

by C. albicans in 24 h biofilms. For 72 h biofilms, no significant difference in surface 

area coverage was found between the biofilms. Previous research on the 

interactions between C. albicans and Mitis Group Streptococcus (MSG) which 

included dual species biofilms with S. gordonii and S. sanguinis on a titanium-

mucosal interface, revealed that after 72 h C. albicans biovolume and biomass was 

reduced by both S. gordonii and S. sanguinis (Souza et al. 2020). Significantly 

decreased C. albicans biomass was also found in 72 h dual species biofilms with 
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S. salivarius though the effect was shown to be dependent on the strain of C. 

albicans present (Mokhtar et al. 2021). However, S. mutans has been reported to 

increase the amount of C. albicans in 24 h dual species biofilms in comparison to 

single species controls (Sztajer et al. 2014). 

The presence of MSG has also been shown to increase C. albicans tissue invasion 

and upregulation of hyphal specific virulence associated genes, efg1, Hyphal Wall 

Protein 1 (hwp1), and agglutinin-like sequence 3 (als3) at 72 h, but not at 24 h 

(Souza et al. 2020). This supports our findings that the dual species 24 h biofilms 

resulted in an increase in C. albicans filamentous morphology with the S. salivarius 

and S. sanguinis strains which was not statistically significant, but suggests this 

may have been the start of upregulation of genes that promote hyphal formation. 

However, S. salivarius has previously been shown to inhibit hyphal formation of C. 

albicans when incubated for 16 h and this interaction occurred through binding of 

S. salivarius to C. albicans (Ishijima et al. 2012) 

For 72 h dual species biofilms, there was a consistent level of filamentous forms 

across the different biofilms, showing increased levels compared to the single 

species control, apart for S. mutans which led to reduced C. albicans filamentous 

morphologies. This was supported by the findings of Souza et al. (2020) which 

found an increase in C. albicans hyphal associated gene expression at 72 h, which 

could lead to an increase in filamentous forms. The reduction of C. albicans 

filamentous forms with S. mutans was also supported by previous research 

showing that S. mutans inhibited germ tube formation, the initial phase of C. 

albicans hyphal transition (Jarosz et al. 2009). However, this was found to only 

occur with spent medium that was collected during the exponential phase of growth 

i.e. spent media collected from 4 h cultures and was attributed to the quorum-

sensing molecule, competence-stimulating peptide (CSP) that was produced 

during this phase of growth (Jarosz et al. 2009).  

The addition of spent media from the different Streptococcus species was also 

examined in this research to assess possible effects of secreted factors and 

changes in the media, such as resource depletion. This would also give insight as 

to whether live streptococcal cells needed to be present to facilitate changes in C. 

albicans abundance and morphology. High C. albicans surface area coverage was 
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observed after 24 h in control single species C. albicans biofilms. The presence of 

spent media from any species, including C. albicans, resulted in significantly lower 

surface area coverage by C. albicans compared to controls. This was expected 

due to likely stress responses to spent media through depleted nutritional 

resources and higher concentrations of waste products. However, another study 

found that spent media from a mixed biofilm of C. albicans and S. gordonii and 

single species did not affect C. albicans growth on titanium surfaces (Souza et al. 

2020). However, this was assessed at 72 h which supports our results that there 

were no significant differences in C. albicans surface area coverage observed in 

the 72 h spent media samples. The 72 h fresh medium control had a lower level of 

C. albicans surface area coverage than spent media biofilms. The spent media 

from S. mutans led to lower levels of C. albicans surface area coverage than the 

other Streptococcus species but was still higher than the control. 

After 24 h, spent media from Streptococcus species or C. albicans had no 

significant effect on C. albicans hyphal development relative to the C. albicans 

control biofilm. After 72 h, spent media from S. gordonii led to increased C. albicans 

filamentation compared to the control. At this time, spent media from the other 

Streptococcus species significantly reduced C. albicans filamentous morphology. 

Purified competence stimulating peptide from S. gordonii has been shown to have 

no effect on C. albicans hyphal formation, but inhibited single species biofilm 

formation by C. albicans (Jack et al. 2015). This contrasts with the competence-

stimulating peptide produced by S. mutans in 4 h spent media, which has 

bacteriocin activity and inhibited C. albicans hyphal development (Jarosz et al. 

2009; Sztajer et al. 2014). Spent media (4 h) from Streptococcus salivarius was 

also found to inhibit germ tube formation by 45%, but no effect was found with 24 

h spent medium (Jarosz et al. 2009). This supports the current findings which found 

no significant differences in C. albicans filamentation in 24 h biofilms, using 24 h 

spent media. However, it does not explain the significant decrease in filamentous 

morphology at 72 h. Streptococcus mutans inhibits C. albicans hyphal formation 

through a fatty acid signalling molecule called trans-2- decenoic acid (SDSF) which 

is also produced by S. sanguinis (Vílchez et al. 2010), and perhaps this may 

contribute to decreased filamentous morphology observed at 72 h.  
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Previous research has indicated physical cell-to-cell interactions between C. 

albicans and S. gordonii requires the Candida adhesin Als3 (Silverman et al. 2010; 

Wright et al. 2013). Therefore, these present studies also aimed to assess the role 

of Als3 in bacterial interactions with C. albicans SC5314.  Experiments sought to 

determine if more streptococcal adhesion occurred with C. albicans filamentous 

forms containing Als3. The presence of Als3 in C. albicans significantly increased 

the number of S. gordonii, S. salivarius and S. sanguinis bacteria cells associated 

with the filamentous forms, but the opposite occurred with S. mutans. Interactions 

between S. mutans and C. albicans are known to be independent of Als3 (Yang et 

al. 2018), however in the present study, significantly higher association occurred 

with the C. albicans Als3 deleted mutant compared with the wild-type. The 

presence of Als3 in C. albicans hyphae increases cell surface hydrophobicity, 

which is thought to be due to exposure of hydrophobic tandem repeats (TR) 

domains of the Als3 adhesin (Beaussart et al. 2012). The lack of Als3 could lower 

hydrophobicity making these more preferential for S. mutans binding compared 

with the wild-type. Although, there are no reported changes to the regulation of 

other genes in the Als3 knockout, there could be a mechanism whereby the 

deletion of Als3 has caused up- or downregulation of other genes that potentially 

influenced interactions with S. mutans. Future work could assess further the 

relationship between the Als3 deleted mutant C. albicans strain and S. mutans. It 

would be beneficial to replicate the dual species biofilm experiments with the C. 

albicans Als3 mutant strain to see how interactions with the Streptococcus species 

is affected, however the mutant strain is unable to form biofilms, as the filamentous 

forms initially attach but rapidly detach from surfaces (Silverman et al. 2010). 

In conclusion, specific oral Streptococcus species increased the quantity of C. 

albicans in in vitro biofilms on PMMA surfaces. The effect was not evident with 

spent culture media, suggesting that bacterial cells were required for this effect. No 

significant changes in terms of filamentous morphology occurred due to presence 

of the Streptococcus species, despite increased C. albicans filamentous 

morphotypes occurring with S. salivarius and S. sanguinis. Spent media from the 

Streptococcus species significantly lowered C. albicans filamentation after 72 h, 

apart from S. gordonii spent medium, which led to an increase. All the 

Streptococcus species bound to filamentous forms of C. albicans, and this 
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appeared to be mediated by the Als3 adhesin of C. albicans, except for S. mutans 

whose interaction with C. albicans is independent of Als3. These findings are 

important if they are extrapolatable to in vivo conditions since co-occurrence of C. 

albicans with Streptococcus on denture material would increase levels of C. 

albicans and promote infection. Therefore, management strategies for C. albicans 

oral biofilm infections should also consider bacterial presence to mitigate their 

contribution to Candida infection.  
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5. CHAPTER 5: Effect of Complex Microbial 
Biofilms Derived from Saliva on the Quantity 

and Morphology of Candida albicans 
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5.1. Introduction  

The oral cavity provides many niches that support extensive networks of 

commensal microorganisms in interconnected communities, and collectively this is 

termed the oral microbiome (Yamashita and Takeshita 2017). Historically, 

microbiologists have attempted to identify specific species as causative agents of 

oral diseases, for example Streptococcus mutans as a cause of dental caries 

(Loesche et al. 1975). This view is the ‘Specific Plaque Hypothesis’, which states 

that rather than just accumulation of plaque causing infection (Non-Specific Plaque 

Hypothesis), only a selected number of species are involved in infection (Loesche 

1976; Rosier et al. 2014). Normally, the oral microbiota is resilient to minor 

ecological changes, as this symbiotic community can self-regulate and maintain 

itself to provide a healthy oral environment (Rosier et al. 2018). However, in cases 

where environmental changes cause longer-term imbalance or dysbiosis to the 

community, pathogens can become predominant leading to infections (Marsh 

1994; Rosier et al. 2014). This is known as the ‘Ecological Plaque Hypothesis’, 

which incorporates principles from both the Non-Specific Plaque Hypothesis and 

the Specific Plaque Hypothesis (Rosier et al. 2014). However, it is now recognised 

that the complexity of the microbiome as a whole, has a role in the modulation of 

dental caries. The presence of S. mutans alone is not sufficient to explain 

instigation of disease (Philip et al. 2018). As scientific advancement, specifically 

new molecular approaches, has occurred, the increasing complexity of the 

microbiome of human hosts has  been recognised along with the role it plays in 

human physical and mental health (Huttenhower et al. 2012). Additionally, 

Hajishengallis et al. (2012) outlined the Keystone-Pathogen Hypothesis stating that 

it is not necessarily the abundance of species that may be responsible for causing 

disease, but instead the presence of specific species that have the ability to push 

the microbiota into dysbiosis and interfere with the host immune system. 

As discussed in Chapter 4, studies have previously examined interactions of 

selected groups of bacterial species with Candida albicans, but this is a small part 

of the whole picture (Wright et al. 2013; Cavalcanti et al. 2016a; Cavalcanti et al. 

2017; Morse et al. 2019). In order to study the wider picture, microbiome research 

is moving more towards culture-independent techniques, especially through use of 

metagenomics (Lazarevic et al. 2012; Segata et al. 2012). The definition of 
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metagenomics is the direct genetic analysis of genomes within an environmental 

sample (Thomas et al. 2012). The use of culture-independent techniques is 

important; the human oral microbiome is one of the most studied human microbial 

communities, nevertheless it has been shown that  approximately a third of the 700 

bacterial species identified in the human oral cavity had not been cultivated in 2010 

(Chen et al. 2010; Lazarevic et al. 2012). As previously mentioned in Chapter 1, 

The Human Oral Microbiome Database V3 (eHOMD) database (v9.15) collates the 

sequences of oral bacterial species and currently there are 774 oral bacterial 

species (Dewhirst et al. 2010; Human Oral Microbiome Database: HOMD. 

Accessed [02/03/2023]).  

Metagenomic approaches have been used to investigate the community 

composition in the oral cavity for non-caries and caries environments, where 

clustering analysis showed that there was a distinct bacterial consortium 

associated with each of the conditions (Alcaraz et al. 2012). These findings were 

supported by another metagenomics study, which demonstrated a reduction in 

microbial diversity in subjects with dental caries (Lee et al. 2016).  

Oral bacterial communities that inhabit supragingival plaque, tongue plaque, and 

saliva are distinct from one another in terms of community composition (Hall et al. 

2017). Saliva is an important niche in the oral cavity that has its own defined 

microbiome comprised of microorganisms shed from oral surfaces and salivary 

antimicrobials which are crucial for the maintenance of symbiosis between the host 

and the microbiota (Marsh et al. 2016b; Belstrøm 2020). Saliva is not only an 

essential coating for surfaces in the oral cavity, but it is key for physiological 

processes including mastication, swallowing and speech and contains important 

biological constituents (Belstrøm 2020). In early plaque biofilm development, saliva 

is the sole source of nutrition for microorganisms, providing salivary mucins and 

glycoproteins (Jakubovics 2015). The salivary microbiome can reflect oral and 

general health status and contains a diverse microbiota (Hasan et al. 2014; 

Belstrøm 2020). The salivary microbiome is distinct from other microbiomes in the 

human body, and exhibits individualised differences in taxonomic composition and 

diversity (Cameron et al. 2015; Hall et al. 2017; Shaw et al. 2017). Ecological 

factors that impact on the saliva microbiome include the climate zones in which 

people live (Li et al. 2014; Bhushan et al. 2019), diet (De Filippis et al. 2014; 
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Hansen et al. 2018; Lassalle et al. 2018), dentate status (De Waal et al. 2014; 

Mason et al. 2018; Gazdeck et al. 2019) and dental development (Crielaard et al. 

2011).  

Early life development of the salivary microbiome is impacted by ecological 

perturbations such as mode of birth delivery, breastfeeding duration and antibiotic 

treatment (Dzidic et al. 2018). Individualisation of the salivary microbiome was 

shown by a periodic, longitudinal sequencing study of the same individuals for over 

a year (Cameron et al. 2015). The salivary microbiome is sufficiently diverse 

between individuals that Illumina® high-throughput sequencing has demonstrated 

differentiation even between identical twins and provided information on lifestyle 

factors based on microbial composition (Nasidze et al. 2009; Leake et al. 2016; 

Shaw et al. 2017). Studies have been conducted that determine changes in the 

salivary microbiome across a range of host variables including aging (Schwartz et 

al. 2021), occurrence of diabetes (Bostanci et al. 2021), the menstrual cycle 

(Bostanci et al. 2021), obesity (Wu et al. 2018), carcinomas (Wolf et al. 2017; Rai 

et al. 2021), dental caries (Jiang et al. 2016), gastroesophageal reflux (Kawar et 

al. 2021) and individuals who smoke (Suzuki et al. 2022), amongst many others. 

Studies suggest that these definitions may provide features in the microbiome that 

can be used as identifying tools of lifestyle factors and conditions (Wolf et al. 2017). 

A pilot study has found differences in the salivary microbiome between oral and 

oropharyngeal squamous cell carcinoma patients and healthy controls (Wolf et al. 

2017). Further research is required, but there is evidence to support that salivary 

microbial biomarkers may lead to better understanding of the disease 

pathobiology, disease detection, and identify potential therapeutic interventions 

(Wolf et al. 2017). Liu et al. (2021) presented a promising salivary microbiome 

based auxiliary diagnostic model for type 2 diabetes. Differences in the saliva 

microbiome of patients with type-2 diabetes and healthy controls was used to 

develop a diagnostic tool for type-2 diabetes with 80% accuracy (Liu et al. 2021). 

All this research shows the significance and relevance of microbiome composition 

in a wide range of fields and why further microbiome exploration is beneficial.  

The research within this chapter investigated whether the in vitro bacterial biofilm 

derived from human saliva from separate individuals could differentially influence 

Candida albicans surface colonisation, biofilm growth and morphology, properties 
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which may be indicative of pathogenicity. The individuality of salivary microbiomes 

might infer that each biofilm would elicit a varied response from C. albicans. The 

hypothesis is that microbiome differences between saliva from separate individuals 

will have different bacterial compositions in in vitro biofilms and these have a  

impact on C. albicans biofilm behaviour.  

5.1.1. Aims and Objectives  

The primary aims of this chapter were to:  

1. Assess whether the bacterial microbiome of in vitro biofilms from human 

saliva samples from different individuals influenced Candida albicans 

growth and morphology which would be indicative of pathogenicity.  

2. Assess whether the in vitro biofilms derived from human saliva had 

differences in bacterial composition that may account for observed 

differences elicited by C. albicans.  
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5.2. Materials and Methods 

5.2.1. Culture conditions for Candida albicans  

Candida albicans SC5314-GFP was gifted from Dr Angela Nobbs at Bristol 

University and used for this research. Green fluorescent protein (GFP) expression 

by this strain would enable its detection and analysis following its artificial 

contamination in a biofilm derived from whole saliva. This was important, as such 

biofilms could potentially contain C. albicans originating from the saliva. Candida 

albicans SC5314-GFP was cultured as described in section 2.2.1 in supplemented 

YNB medium for 16-18 h at 37°C with the addition of 5% CO2.  

5.2.2. Saliva collection and processing  

Ethical approval for saliva collection and use in this research was obtained from 

the Dental School Research Ethics Committee at Cardiff University (DSREC 

reference: 2110a). Saliva was collected from seven self-declared healthy 

individuals on the day of experimentation (six female and one male). Three 

volunteers made a second donation of saliva. Samples ES006 and ES006-2 were 

collected from the same volunteer one month apart. Samples ES001 and ES001-

2 were collected 6 months apart and samples ES002 and ES002-2 were 5 months 

apart. The ES001-2 and ES002-2 samples were used for metagenomic 

sequencing experiments and not analysed in the other experiments. A total of 5-

10 mL of saliva was collected from each volunteer, and guidance on saliva 

collection was as previously described (Bhattarai et al. 2018). On the day of 

collection, the saliva sample was standardised to an OD600nm of 1 ± 0.5 using a 

spectrophotometer (DiluPhotometerTM, Implen, Westlake Village, CA, USA). Half 

of the sample was set aside and designated ‘whole saliva’ while the other half was 

centrifuged at 3200 rpm for 10 min. The supernatant of this centrifuged saliva was 

then filtered through a Sterivex™-GP 0.22 µm filter unit (Merck Millipore, 

Burlington, Massachusetts, United States) and was subsequently referred to as 

‘filtered saliva’. One hundred µL of filtered saliva was cultured on SDA and TSA to 

confirm absence of microorganisms. The whole saliva (100 µl) was plated on SDA 

supplemented with 1 mg/ml of chloramphenicol to detect possible C. albicans 

presence in saliva samples. 
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5.2.3. Saliva biofilms artificially contaminated with Candida 

albicans 

Biofilms were grown in a CBR 90 Standard CDC Biofilm Reactor® (BioSurface 

Technologies Corporation, Montana, USA) system (Figure 5.1). Polycarbonate 

disc coupons with a diameter of 12.7 mm and of 3.8 mm thickness (RD128-PC, 

BioSurface Technologies Corporation) were autoclaved in dH2O for 5 min at 

121°C, before being added to the rod holders of the CDC reactor and the whole 

apparatus was sterilised by autoclaving. A 400-mL volume of sterile, 10% (w/v) 

strength TSB (3 g/L) was added to each CDC bioreactor along with 1 mL of C. 

albicans SC5314-GFP standardised to an OD600nm of 1 ± 0.5. For each saliva 

sample, two CDC bioreactors were employed, with 4 mL of either whole saliva or 

filtered saliva used to separately inoculate each bioreactor. CDC bioreactors were 

placed on magnetic stirrer plates and incubated at 37°C for 24 h. After incubation, 

the CDC rods containing the coupons were immersed in PBS before the coupons 

were removed into a sterile petri dish. From each CDC bioreactor, three coupons 

were placed in 1 mL of PBS and stored at 4°C prior to imaging by confocal laser 

scanning microscopy (CLSM). Another three coupons were placed in DNA/RNA 

Shield buffer (Zymo Research), vortex mixed and stored at -20°C. A further three 

coupons were fixed in 10% (w/v) formal buffered saline for 15-30 min before being 

placed in PBS and stored at 4°C prior to being processed for Scanning Electron 

Microscopy. Figure 5.1 summarises the research workflow. 
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Figure 5.1. Overview of methodology for growth and analysis of saliva 
derived biofilms artificially contaminated with C. albicans SC5314-GFP.  

5.2.4. Confocal laser scanning microscopy of saliva biofilms on 

polycarbonate disc coupons  

Biofilms on coupons were imaged using a Zeiss LSM880 Airyscan Fast system 

upright confocal microscope controlled by Zen Black software (Zen 2.3 SP1 FP3 

(black) Version: 14.0.20.201) at the Cardiff University Bioimaging Hub. No staining 

was required as only the SC5314-GFP strain was detected. The excitation spectra 

and emission filters used were 488 nm and 509 nm, respectively. Three-

dimensional Z-stacks were captured using the Plan-Apochromat 40x/1.4 oil 

immersion objective lens from five randomly selected areas of each coupon at 

intervals of 1 µm with a scanning resolution of 1024-1024 pixels and x4 line 

averaging. Resultant z-stacks were processed using Zen Black software into 

maximum intensity projection TIFF images that were analysed using ImageJ2 

software (Version 2.3.0) to determine the percentage of area coverage of C. 

albicans averaged across each coupon. Imaris viewer 9.9.1 software was used to 

render 3D view images of the z-stacks using the MIP mode and the snapshot 

function was used to produce representative images of the samples.   

PBS Formalin fixed DNA/RNA Shield 

DNA extraction 
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5.2.5. Quantification of C. albicans hyphae in saliva derived 

biofilms 

The area of C. albicans filamentous forms in biofilms was determined using the 

freehand drawing tool in Fiji ImageJ software (Version:2.0.0-rc-69/1.52p Build: 

269a0ad53f) to draw around the filamentous forms and using ‘Measure’ to 

calculate the resulting occupied area within each frame. The measured area of 

filamentous forms and total surface area were used to determine the percentage 

area covered by C. albicans filaments. The fields of view analysed from each 

coupon for hyphal analysis were randomly selected.  

5.2.6. Statistical analysis of differences in C. albicans area 

coverage in biofilms  

GraphPad Prism 9 (Version 9.4.0) was used to collate data, produce graphs, and 

run statistical analyses including normality testing and to determine whether there 

were statistically significant differences in C. albicans SC5314-GFP percentage 

area surface coverage between samples. When the data was not Gaussian 

(normally distributed) based on Shapiro-wilk and Q-Q plots, a non-parametric 

Mann Whitney U test was performed. When samples were normally distributed, a 

student’s t-test was used. Comparison between biofilms of all whole saliva samples 

and between filtered saliva samples were assessed for statistical significance 

using One-Way ANOVA with Tukey’s post-hoc test or Kruskal-Wallis test with 

Dunn’s test for multiple comparisons depending on whether the data was normally 

distributed. Comparison was also conducted between the ES006 and ES006-2 

samples, which were collected from the same volunteer, one month apart and 

statistical significance between the data was determined using a One-Way ANOVA 

with Tukey’s post hoc test for multiple comparisons. 

5.2.7. Scanning Electron Microscopy (S.E.M) of saliva derived 

biofilms on polycarbonate disc coupons.  

S.E.M was undertaken with assistance of Mrs Wendy Rowe at Cardiff University 

School of Dentistry. Formalin fixed samples were rinsed three times with PBS for 

15 min before being dehydrated in an ethanol gradient series (50%, 70%, 90% and 
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100%) for 15 min at each concentration. The 100% ethanol step was repeated for 

a further 15 min before the samples were air dried. The polycarbonate coupons 

were then attached to S.E.M stubs and splutter coated in gold before being imaged 

on a Tescan VAGA SEM system, at 5-10kV. 

5.2.8. Metagenomic analysis 

5.2.8.1. DNA extraction from saliva-derived biofilms for low DNA 

yielding samples. 

DNA extraction was initially undertaken using the DNeasy Blood and Tissue kit 

(Qiagen) following manufacturer’s instructions for extraction from animal saliva. 

However, Qubit measurements (5.2.8.2) of DNA extractions determined that DNA 

concentrations were initially too low for input into the library preparation and 

sequencing. Therefore, an alternate method for DNA extraction was performed 

using the DNeasy® PowerBiofilm® Kit (Qiagen) as per manufacturer’s instructions. 

Coupons exposed to the same saliva inoculum were pooled and the surface of 

each coupon scraped to increase biofilm removal into solution. For example, the 

three replicates of the ES001 whole saliva coupons from the same CDC bioreactor 

were thawed, vortex mixed and the solution from all samples centrifuged to a pellet. 

The exception to this was the ES002-2 and ES001-2 samples where instead of 

three coupons being pooled the number was increased to 18 coupons. 

Polycarbonate coupons in RNA/DNA shield solution were thawed and vortex mixed 

for ~30 s. One mL at a time was taken for DNA extraction and placed in a 2 mL 

microcentrifuge tube and centrifuged at 8000 x g for 5 min to pellet until all of the 

material was pelleted. The weight of each pellet was recorded. The pellet was 

resuspended in 350 µL of MBL solution and transferred to the PowerBiofilm bead 

tube and 100 µL of solution FB added. The tube was vortex mixed before being 

incubated at 65°C for 5 min. The tubes were placed in a FastPrep-24 Sample 

Preparation System Homogenizer (MP Biomedicals) at 6.0 m/s for 30 s, repeated 

five times with 3-5 min intervals between to ensure over heating did not occur. All 

centrifugations were at 13,000 x g unless otherwise stated. The tubes were 

centrifuged for 1 min and the supernatant transferred to new 2 mL collection tubes. 

Two hundred µL of solution IRS was added and vortex mixed before incubation at 

2-8°C for 5 min. After incubation the tubes were centrifuged for 1 min and the 
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supernatant transferred to a new collection tube before 900 µL of solution MR was 

added and vortex mixed briefly. All of the sample was added to an MB spin column 

650 µL and centrifuged for 1 min and the flow through discarded. The MB spin 

column was added to a new collection tube and 650 µL of solution PW added, and 

centrifuged for 1 min. The flow through was discard before 650 µL of ethanol was 

added and centrifuged for a further 1 min. The flow through was discarded before 

a second centrifugation for 2 min to ensure all the ethanol was removed from the 

spin column. The spin column was placed in a new collection tube and 100 µL of 

solution EB added to the middle of the filter membrane of the spin column, and 

centrifuged for 1 min. The spin column was discarded and the flow through 

containing extracted DNA was stored at -20°C. Samples were then delivered to the 

Cardiff University Biosciences Genomics Hub for sequencing.  

5.2.8.2. Qubit measurements 

Samples were quantified using the QubitTM dsDNA HS assay kit (Invitrogen) as per 

manufacturer’s instructions. The standards were prepared for calibration of the 

QubitTM Fluorometer. The QubitTM working solution was then prepared by the 

QubitTM dsDNA HS reagent 1:200 in the QubitTM dsDNA HS buffer. Ten μL of each 

Qubit™ standard was added to the appropriate tube. Five µL of each DNA 

extraction sample and 195 µL of the QubitTM working solution were added to 

appropriate tubes and vortex mixed for 3-5 s. All tubes, including the standards, 

were incubated for 2 min at room temperature. Standards and samples were then 

measured using the QubitTM Fluorometer, the output of which is given in ng/µL.  

5.2.8.3. Metagenomic sequencing of saliva derived in vitro biofilms.  

Extracted DNA samples were transferred to Cardiff University School of 

Biosciences Genomics Hub for shotgun whole genome sequencing. An overview 

of the sequencing workflow is given in Figure 5.2. Illumina® DNA PCR free library 

preparation was used to prepare libraries which were then quantified using the 

qPCR CollibriTM library quantification kit (Thermo Fisher Scientific) as per 

manufacturer’s instructions. Either the low input (< 100 ng total DNA) procedure or 

the standard preparation (>100 ng total DNA) was used. Libraries were then pooled 

to equimolar concentrations. The pool was then run on a Miseq Nano 300 cycle 

cartridge to check pooling and success of the library preparation. Libraries were 
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repooled based on the cluster formation from the Nano run. The new pool was then 

run on an SP 300 cycle v1.5 Nova Seq cartridge to sequence at the required depth 

of 20M reads per sample.  

 

Figure 5.2. Overview of the metagenomic sequencing process conducted at 
the School of Biosciences Genomics Hub at Cardiff University.  

5.2.8.4. Metagenomic sequencing analysis  

Firstly, the sequences required demultiplexing and conversion into fastq files, 

which was undertaken by Prof. Peter Kille (Cardiff University, School of 

Biosciences). Data analysis was conducted using Kraken2, which used k-mers to 

identify the taxonomy of the sequences in the samples by finding the lowest 

common ancestor that contains that k-mer (Wood and Salzberg 2014). The Krona 

interactive metagenomics tool (Ondov et al. 2011) was used to visualise the kraken 

output. The Kraken output was also run through the Pavian R package and a 

MultiQC (v1.9) report was created.  

All the bacterial species were selected from the excel file created from the kraken 

output of all organisms found in the samples. Any cells that had ‘NA’ (not 

applicable), were replaced with a 0 (zero). The top 500 species were selected for 

analysis, and the abundance values converted into percentages. The top 500 

Data analysis

New pool run on a Novaseq SP 300 cycle cartridge to sequence to required depth (20M reads per 
sample)

Libraries repooled based on cluster formation from Miseq Nano run

Pool ran on a Miseq Nano to check pooling and success of library preparation

Libraries pooled to equilmolar concentration

Libraries quantified using qPCR Collibri library quantification kit

Illumina DNA PCR free library preparation 
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species data and the metadata from the study was input into STAMP software 

(Parks et al. 2014). STAMP software was used to conduct statistical analyses 

between samples, testing the difference between proportions using the Storey 

FDR correction (Velsko et al. 2019). Some figures from the top 500 bacterial 

species were also constructed using Microsoft Excel. Assistance in using STAMP 

was provided by Dr Ann Smith (School of Health and Social Wellbeing, University 

of the West of England, Bristol).   
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5.3. Results  

5.3.1. Surface area coverage of Candida albicans SC5314-GFP 

in biofilms derived from saliva.  

Percentage surface area coverage of C. albicans SC5314-GFP in in vitro biofilms 

generated from whole and filtered saliva inocula was measured (Table 5.1). 

Representative images and S.E.M scans for one saliva sample is presented in 

Figure 5.3. Biofilms derived from three saliva samples ES001, ES003 and ES004 

(Figure 5.4a. A, B and C) showed significantly lower surface area coverage of C. 

albicans SC5314-GFP when grown in the whole saliva derived biofilm compared 

with the corresponding filtered saliva (P ≤ 0.0006, P ≤ 0.0003, and P ≤ 0.0001, 

respectively). In contrast, an opposite effect was observed in biofilms from saliva 

samples ES005, ES002 and ES007 (Figure 5.4a. and Figure 5.4b.). In these 

biofilms, those from whole saliva had a significantly higher C. albicans SC5314-

GFP surface area coverage than the corresponding filtered saliva biofilms (P ≤ 

0.0002, P ≤ 0.0002, and P ≤ 0.0008, respectively). The surface area coverage by 

C. albicans SC5314-GFP in the biofilm from saliva ES006 (Figure 5.4b.) exhibited 

no difference between whole (6.45%) and filtered saliva (8.97%). Biofilms from 

saliva ES006-2 (Figure 5.4b.), which was collected from the same volunteer as 

ES006, also showed equivalent levels of surface coverage by C. albicans SC5314-

GFP in the whole and filtered saliva derived biofilms (7.41%). In terms of surface 

area covered by C. albicans SC5314-GFP, saliva samples ES006 and ES006-2 

yielded consistent results with no significant differences (Figure 5.5). This was true 

for both whole and filtered saliva biofilms. There were small differences in C. 

albicans SC5314-GFP surface area coverage for ES006 and ES006-2 whole saliva 

samples (6.45% and 7.40%, respectively) and filtered saliva biofilms taken one 

month apart (8.97% and 7.41%, respectively). 
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Table 5.1. Mean surface area covered by C. albicans in filtered and whole 
saliva-derived biofilms. The mean surface area of C. albicans and the standard 

error of the mean (SEM) are presented in the table. *ES006-2 was collected from 

the same participant as sample ES006. 

 Surface area coverage by C. albicans (%) 

 Filtered Saliva Biofilm Whole Saliva Biofilm 

Saliva sample Mean  SEM Mean SEM 

ES001 12.65 1.99 4.36 0.82 

ES002 2.85 0.83 7.97 0.83 

ES003 4.13 0.46 1.47 0.45 

ES004 13.85 3.41 0.60 0.15 

ES005 4.09 0.79 16.94 2.97 

ES006 8.97 0.96 6.45 0.96 

ES007 2.99 0.24 8.67 1.49 

ES006-2* 7.41 1.29 7.41 1.17 
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Figure 5.3. Representative 3D projection images of C. albicans SC5314-GFP 
in biofilms from ES007 filtered (A) and whole saliva (B). Representative S.E.M 
images of ES007 filtered saliva (C) and whole saliva (D) on the polycarbonate 
coupon surface. For the 3D projection images, both a side view and a top-down 

view were created on Imaris software from the CLSM z-stack images. The white 

arrow indicates a hyphal cell, and the orange arrow indicates a yeast morphological 

form. Scale bars in the side view images are 20 µm and the scale bars for the top-

down views are 15 µm. S.E.M images show the topology of the surface to be 

irregular and the presence of cells can be seen on the surfaces.   
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Figure 5.4a. Mean percentage surface area coverage of Candida albicans-
GFP on polycarbonate coupon surfaces grown with whole saliva compared 
to filtered saliva from ES001 (A), ES003 (B), ES004 (C) and ES002 (D). Saliva 

samples were collected from volunteers, artificially contaminated with C. albicans 

SC5314-GFP and used to grow biofilms on the same day as collection. Max 

projection images from the CLSM z-stacks were analysed to determine the 

percentage surface area coverage of the C. albicans SC5314-GFP strain. 

Significance was tested using an unpaired t-test except for C) ES004 where the 

Mann-Whitney U test was used. * P ≤ 0.05. ** P ≤  0.01. *** P ≤  0.001. **** P ≤ 

0.0001..  
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Figure 5.4b. Mean percentage surface area coverage of Candida albicans-
GFP on polycarbonate coupon surfaces grown with whole saliva compared 
to filtered saliva from ES007 (E), ES005 (F), ES006 (G) and ES006-2 (H). Saliva 

samples were collected from volunteers, artificially contaminated with C. albicans 

SC5314-GFP and used to grow biofilms on the same day as collection. Max 

projection images from the CLSM z-stacks were analysed to determine the 

percentage surface area coverage of the C. albicans SC5314-GFP strain. 

Significance was tested using an unpaired t-test except for F) ES005 where the 

Mann-Whitney U test was used. ns = no significance * P ≤ 0.05. ** P ≤  0.01. *** P 

≤  0.001. **** P ≤ 0.0001.  
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Figure 5.5. Mean percentage surface area coverage by C. albicans SC5314-
GFP in biofilms derived from ES006 and ES006-2 saliva. The two saliva 

samples were collected from the same individual one month apart and biofilms 

were grown the same day as collection. Both the whole and filtered saliva were 

artificially contaminated with C. albicans SC5314-GFP. Max projection images 

from the CLSM z-stacks were analysed to determine the percentage surface area 

coverage of the GFP strain. Significance was tested using One-Way ANOVA (F (3, 

56) = 0.890, P ≤ 0.4520) with Tukey’s post hoc test for multiple comparisons. No 

statistical significance was found between the groups.  
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Comparison between surface area coverage by C. albicans in whole saliva derived 

biofilms from the different volunteers was undertaken (Figure 5.6). The biofilm 

derived from saliva ES006-2 was not included in the comparison, as it was taken 

from the same volunteer as saliva ES006. When comparing whole saliva biofilms 

from individual samples, several significant differences were evident (Figure 5.6). 

The ES004-whole saliva biofilm had the lowest level of mean surface area 

coverage by C. albicans SC5314-GFP (0.60%), which was significantly lower than 

five of the other whole saliva biofilm samples i.e., ES005 (P ≤ 0.0001), ES006 (P 

≤ 0.0011), ES002 (P ≤ 0.0001), ES001 (P ≤ 0.0448) and ES007 (P ≤ 0.0001). The 

ES003-whole saliva derived biofilm exhibited the second lowest surface area 

coverage (1.47%) and this was significantly different from biofilms from whole 

saliva ES002 (P ≤ 0.0013), ES005 (P ≤ 0.0001), ES006 (P ≤ 0.0325) and ES007 

(P ≤ 0.0021). In addition, the ES005-whole saliva biofilm had a significantly higher 

C. albicans SC5314-GFP surface area coverage than for the ES001-whole saliva 

biofilm (P ≤ 0.0219). The biofilm from ES005-whole saliva had the highest C. 

albicans SC5314-GFP percentage surface area coverage (16.94%) compared with 

whole saliva derived biofilms from all other individuals. 

Of the filtered saliva-derived biofilms (Table 5.1), the highest C. albicans SC5314-

GFP percentage surface area coverage was for saliva samples ES001 (12.65%) 

and ES004 (13.85%) (Figure 5.7). Biofilms from ES002 -filtered (2.85%) and 

ES007-filtered (2.99%) saliva had the lowest percentage C. albicans SC5314-GFP 

surface area coverage. Comparison of the percentage surface area coverage by 

C. albicans SC5314-GFP in biofilms of filtered saliva showed several significant 

differences (Figure 5.7). Biofilm from ES001-filtered saliva had significantly higher 

surface area coverage of C. albicans SC5314-GFP than biofilms from ES002 -

filtered (P ≤ 0.0001), ES005-filtered (P ≤ 0.0399) and ES007-filtered (P ≤ 0.0042) 

saliva. The ES002 -filtered saliva biofilm also showed significantly lower surface 

coverage by C. albicans SC5314-GFP than biofilms from ES004-filtered (P ≤ 

0.0008) and ES006-filtered (P ≤ 0.0009) saliva. Similarly to the ES002 -filtered 

saliva biofilm, biofilm from ES007-filtered saliva also exhibited significantly lower 

percentage surface area coverage of C. albicans SC5314-GFP than biofilms from 

ES004-filtered (P ≤ 0.0235) and ES006-filtered (P ≤ 0.0276) saliva samples.  
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Figure 5.6. Mean percentage surface area coverage of Candida albicans-GFP 
in biofilms derived from seven different whole saliva samples artificially 
contaminated with C. albicans SC5314-GFP. Saliva samples were collected 

from the volunteers, artificially contaminated with C. albicans SC5314-GFP and 

used to grow biofilms on the same day as collection. Max projection images from 

the CLSM z-stacks were analysed to determine the percentage surface area 

coverage of the C. albicans SC5314-GFP strain. Significance was tested using 

Kruskal-Wallis test (H (6) = 63.13, P ≤ 0.0001) with Dunn’s multiple comparisons 

test. * P ≤ 0.05. ** P ≤  0.01. *** P ≤  0.001. **** P ≤ 0.0001.  
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Figure 5.7. Mean percentage surface area coverage of Candida albicans-GFP 
in biofilms derived from seven different filtered saliva samples artificially 
contaminated with C. albicans SC5314-GFP. Saliva samples were collected 

from volunteers, filtered, artificially contaminated with C. albicans SC5314-GFP 

and used to grow biofilms on the same day as collection. Max projection images 

from the CLSM z-stacks were analysed to determine the percentage surface area 

coverage of the C. albicans SC5314-GFP strain. Significance was tested using 

Kruskal-Wallis test (H (6) = 39.68, P ≤ 0.0001) with Dunn’s multiple comparisons 

test. * P ≤ 0.05. ** P ≤  0.01. *** P ≤  0.001. **** P ≤ 0.0001.   
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5.3.2. Candida albicans SC5314-GFP filamentous morphological 

types in biofilms derived from saliva.  

The effect of saliva from different volunteers on the abundance of filamentous 

forms of C. albicans was investigated (Table 5.2). The percentage area of 

filamentous forms of C. albicans SC5314-GFP was compared for biofilms derived 

from the whole and filtered saliva from each volunteer (Table 5.2, Figure 5.8 and 

Figure 5.). Only two of the saliva samples (ES007 and ES006) yielded biofilms that 

had a significant difference in the area of C. albicans SC5314-GFP filamentous 

forms in the whole saliva compared to filtered saliva derived biofilms (P ≤ 0.0089 

and P ≤ 0.0357, respectively). In biofilms from ES007 and ES006 saliva samples 

(Figure 5.), the filtered saliva biofilm had a significantly higher level of C. albicans 

filamentous forms. All other samples were not significantly different, although in 

the ES005-saliva derived biofilms the whole saliva had a higher level of filamentous 

forms (0.093%) than the filtered saliva biofilms (0.0014%). The ES004-saliva 

biofilms showed a slight decrease in area of filamentous forms in the whole saliva 

compared to the filtered (0.015% and 0.036%, respectively). ES001, ES003, 

ES002 and ES006-2 saliva biofilms, all had consistent levels of C. albicans 

filamentous forms between the whole and filtered saliva biofilms (Figure 5.8 and 

Figure 5.). The quantity of C. albicans filamentous forms was compared for the 

ES006 and ES006-2 samples (Figure 5.9) and was significantly higher in the 

biofilm from the ES006-filtered saliva than in the biofilm from the whole ES006 

saliva and biofilms derived from the ES006-2 whole and filtered saliva (P ≤ 0.0045 

and P ≤ 0.0061, respectively). 

Biofilms from the whole saliva of each volunteer mainly exhibited a consistent level 

of filamentous forms of C. albicans ranging from 0.0052% to 0.0145% (Figure 

5.10). An exception was ES005, which was higher at 0.093%, although not deemed 

to be statistically significant. Comparison between mean areas of filamentous 

forms of the C. albicans between filtered saliva from the different volunteers 

showed no significant differences (Figure 5.11). However, biofilms derived from 

the ES006, ES004 and ES007 saliva all had observably higher areas of C. albicans 

filamentous forms than ES001, ES002, ES003 and ES005 biofilms. Saliva ES006 

biofilm had the highest C. albicans filamentous morphology percentage area 

(0.073%) and ES005 had the lowest (0.0014%).  
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Table 5.2. Mean percentage area of C. albicans filamentous morphologies in 
filtered and whole saliva-derived biofilms. The mean percentage area of C. 

albicans filamentous forms and the standard error of the mean (SEM) are 

presented in the table. * ES006-2 was collected from the same participant as 

sample ES006. 

 C. albicans filamentous morphology area (%) 

 Filtered Saliva Biofilm Whole Saliva Biofilm 

Saliva sample Mean SEM Mean SEM 

ES001 0.0070 0.0026 0.0052 0.0033 

ES002 0.0028 0.0028 0.0080 0.0060 

ES003 0.0094 0.0028 0.0106 0.0084 

ES004 0.0364 0.0304 0.0145 0.0063 

ES005 0.0014 0.0001 0.0930 0.0453 

ES006 0.0729 0.0175 0.0126 0.0082 

ES007 0.0264 0.0017 0.0116 0.0026 

ES006-2* 0.0064 0.0030 0.0031 0.0017 
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Figure 5.8a. Mean percentage area of Candida albicans-GFP filamentous 
forms on polycarbonate coupon surfaces grown with whole saliva compared 
to filtered saliva from ES001 (A), ES003 (B), ES004 (C) and ES002 (D). Saliva 

samples were collected from volunteers, artificially contaminated with C. albicans 

SC5314-GFP and used to grow biofilms on the same day as collection. Max 

projection images from the CLSM z-stacks were analysed to determine the 

percentage surface area coverage by the filamentous morphological forms of the 

GFP strain. Statistical significance was tested using an unpaired t-test. No 

significant differences were found.  
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Figure 5.8b. Mean percentage area of Candida albicans-GFP filamentous 
forms on polycarbonate coupon surfaces grown with whole saliva compared 
to filtered saliva from ES007 (E), ES005 (F), ES006 (G) and ES006-2 (H). Saliva 

samples were collected from volunteers, artificially contaminated with C. albicans 

SC5314-GFP and used to grow biofilms on the same day as collection. Max 

projection images from the CLSM z-stacks were analysed to determine the 

percentage surface area coverage by the filamentous morphological forms of the 

GFP strain. Statistical significance was tested using an unpaired t-test. * P ≤ 0.05. 

** P ≤  0.01. *** P ≤  0.001. **** P ≤ 0.0001.  
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Figure 5.9. Mean percentage area of Candida albicans-GFP filamentous 
forms in biofilms derived from ES006 and ES006-2 saliva artificially 
contaminated with C. albicans SC5314-GFP. The two saliva samples were 

collected from the same individual one month apart and biofilms were grown the 

same day as collection. Both the whole and filtered saliva were artificially 

contaminated with C. albicans SC5314-GFP. Max projection images from the 

CLSM z-stacks were analysed to determine the percentage surface area coverage 

by the filamentous morphological forms of the GFP strain. Statistical significance 

was tested using One-Way ANOVA  (F (3, 8) = 11.25, P ≤ 0.0031) with Tukey’s 

post hoc test for multiple comparisons. * P ≤ 0.05. ** P ≤  0.01. *** P ≤  0.001. **** 

P ≤ 0.0001.  
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Figure 5.10. Mean percentage area of Candida albicans-GFP filamentous 
forms in biofilms derived from whole saliva artificially contaminated with C. 
albicans SC5314-GFP. Saliva samples were collected from volunteers, artificially 

contaminated with C. albicans SC5314-GFP and used to grow biofilms on the 

same day as collection. Max projection images from the CLSM z-stacks were 

analysed to determine the percentage surface area coverage by the filamentous 

morphological forms of the GFP strain. Statistical significance was tested using 

Kruskal-Wallis test (H (6) = 5.764, P ≤ 0.4502) with Dunn’s multiple comparisons 

test. No statistical significance was found between the groups.   
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Figure 5.11. Mean percentage area of Candida albicans-GFP filamentous 
forms in biofilms derived from filtered saliva artificially contaminated with C. 
albicans SC5314-GFP. Saliva samples were collected from volunteers, filtered, 

artificially contaminated with C. albicans SC5314-GFP and used to grow biofilms 

on the same day as collection. Max projection images from the CLSM z-stacks 

were analysed to determine the percentage surface area coverage of the C. 

albicans SC5314-GFP strain. Significance was tested using Kruskal-Wallis test (H 

(6) = 14.24, P ≤ 0.0270) with Dunn’s multiple comparisons test. * P ≤ 0.05. ** P ≤  

0.01. *** P ≤  0.001. **** P ≤ 0.0001.  
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5.3.3. Metagenomic shotgun sequencing 

All 18 biofilm samples, ES001 – ES007 and ES006-2 whole and filtered saliva 

samples plus whole saliva samples of ES001-2 and ES002-2 (Table 5.3), were 

successfully sequenced with very good quality calls for the FastQC sequence, 

mean quality scores and per sequence quality scores in the MultiQC report. A total 

6,383 species of bacteria were identified in the 18 samples and an example of the 

bacterial diversity seen in the whole saliva-derived biofilms samples is shown in 

Figure 5.12. The percentage of reads that were classified, and the percentage that 

were classified as bacterial reads in each sample, are summarised in Table 5.3. 

The biofilms from filtered saliva showed that around 90% of the raw sequence 

reads were unclassified. Importantly, the database through which the data was run 

did not include fungi and so the unclassified reads likely included C. albicans that 

had been added to the samples, and potentially other fungal species. The 

exception to this was the ES007 filtered saliva biofilm sample, which only had 

43.97% of the reads unclassified and 53.86% of the classified reads were bacterial. 

The filtered saliva biofilms were expected to have some bacterial DNA present, as 

this would not have been removed by filtration. However, the ES007 filtered saliva 

biofilm sample was different in terms of classification of percentages compared to 

the other filtered saliva biofilm samples.  
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Figure 5.12. Snapshot of the Krona visualisation of the bacteria in the ES005 whole saliva-derived biofilm. Presented as 

an example of the bacterial diversity seen in the whole saliva-derived biofilm samples.   
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Table 5.3. Summary of the raw number of reads and read classification for 
each sample from the MultiQC report. The table shows the number of raw reads 

and the percentage of those reads that were able to be classified for each saliva-

derived biofilm. The table also shows the percentage of reads that were classified 

as bacterial reads.  

 

AA001 Filtered

AA001 Whole

AA002 Filtered

AA002 Whole

ES003 Filtered

ES003 Whole

EW001 Filtered

EW001 Whole

EW002 Whole

HB001 Filtered

HB001 Whole

MW001 Filtered

MW001 Whole

MW002 Whole

RN001 Filtered

RN001 Whole

SR001 Filtered

SR001 Whole

ES006 Filtered 

ES006-2 Filtered 

ES003 Filtered 

ES002 Filtered

ES002-2 Whole 

ES007 Whole 

ES001 Whole 

ES004 Whole 

ES004 Filtered 

ES005 Filtered 

ES005 Whole 

ES001-2 Whole 

ES001 Filtered 

ES007 Filtered 

ES002 Whole 

ES003 Whole 

ES006-2 Whole 

ES006 Whole 
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The top 500 bacterial species were analysed to assess compositional changes 

between the samples (Figure 5.13). The proportion of the top 500 species showed 

that Streptococcus salivarius, Streptococcus oralis, Streptococcus mitis, Rothia 

mucilaginosa and Streptococcus parasanguinis were on average the top five 

species in the biofilms (Table 5.4 and Table 5.5). The top 5 species made up 

53.58% (ES007) to 74.24% (ES001-2) of the abundance of the bacterial species 

in the whole saliva-derived biofilm samples. Of note was that species used in 

experiments in Chapter 4, namely S. salivarius, S. gordonii, S. sanguinis, and S. 

mutans, were all present in the top 500 species of the 10 whole saliva-derived 

biofilm samples, and on average were ranked as 1st, 22nd, 27th, and 59th of the most 

abundant species, respectively (Table 5.4).  

A principal component analysis (PCA) was conducted to assess how the whole 

saliva-derived biofilms clustered in terms of composition of the top 500 

species/genera (Figure 5.14). PCA showed a lack of clustering, indicating the 

samples were quite distinct from each other, especially ES003. From this analysis, 

it can be inferred that ES004, ES002 and ES006 were more similar to each other, 

and that ES001, ES005 and ES007 were more similar to each other in the 

composition of the top 500 species, but there was no clear overlapping and 

clustering.  
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Figure 5.13. Proportion (%) of the top 500 bacterial species in each whole 
saliva-derived biofilm sample. Percentages were calculated for the abundance 

of the top 500 bacterial species in each whole saliva-derived biofilm. The top 100 

species made up of the top 98.43 – 99.56% of the top 500 species and the last 400 

species were combined into a single group for the construction of this figure. The 

100 species included are labelled in the legend on the right-hand side.   
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Table 5.4. Summary of selected bacterial species abundance across 10 
whole saliva-derived biofilm samples from the top 500 bacterial species data.  

Bacterial Species 

Rank In 
Top 500 
Species 

Mean 
Abundance (%) SEM 

Range 
(%) 

Streptococcus salivarius 1 24.87 3.46 31.83 

Streptococcus oralis 2 14.30 3.46 40.23 

Streptococcus mitis 3 11.26 2.37 21.00 

Rothia mucilaginosa 4 9.15 1.69 18.17 

Streptococcus parasanguinis 5 4.48 1.07 9.36 

Streptococcus gordonii 22 0.76 0.15 1.62 

Streptococcus sanguinis 27 0.51 0.08 0.78 

Streptococcus mutans 59 0.05 0.01 0.14 
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Table 5.5. Proportions of the top five most proportionate species in the top 500 ranked species of each of the whole 
saliva-derived biofilms.  

 

 Proportion of the 5 most proportionate species in the whole saliva-derived biofilm samples (%)  

Species ES001 ES002 ES003 ES004 ES005 ES006 ES007 ES001-2 ES002-2 ES006-2 

S. salivarius 18.90 30.51 15.14 40.19 17.87 36.54 4.71 31.38 22.37 31.05 

S. oralis 7.48 6.62 42.56 2.33 15.25 11.56 17.21 15.16 10.36 14.47 

S. mitis 23.21 3.37 7.74 2.21 12.51 13.75 19.96 18.26 3.13 8.50 

R. mucilaginosa 8.10 5.10 6.01 2.51 13.46 5.69 10.67 6.53 20.68 12.74 

S. parasanguinis 2.67 10.38 2.07 9.79 1.16 3.61 1.02 2.91 6.73 4.48 

Total proportion 60.35 55.99 73.51 57.02 60.25 71.14 53.58 74.24 63.27 71.24 
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Figure 5.14. Principal component analysis (PCA) plot comparing species-level taxonomic profiles of seven whole saliva-
derived biofilms. The top 500 bacterial species were compared using STAMP to perform PCA.  
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5.3.3.1. Comparisons between the proportions of the top 500 species 

in selected whole saliva-derived biofilm samples.  

Assessment of the differences between the proportions of the top 500 species in 

the whole-saliva derived biofilms was conducted. The ES005 and the ES004 whole 

saliva derived-biofilm samples were selected for comparison as they exhibited the 

highest and lowest level of surface area coverage of C. albicans. No significant 

differences were found in the proportions of the top 500 species in these biofilms. 

To identify differences that did not reach the threshold for statistical significance, 

statistical tests were run without the multiple test correction and some differences 

were highlighted between the ES004 and ES005 whole saliva-derived biofilms for 

six of the 500 species (Figure 5.15). S. salivarius, Veillonella atypica and S. 

parasanginius were a greater proportion in the ES004 biofilm than the ES005 

biofilm. Conversely, Rothia mucilaginosa, S. oralis and S. mitis were all greater in 

proportion in the ES005 compared to the ES004 biofilm. Even though the results 

are not statistically significant they could represent a biological significance.  

In addition, ES005 and ES001 whole saliva derived-biofilm samples were also 

compared as biofilms from those samples exhibited the highest and lowest levels 

of filamentous forms of C. albicans, respectively. No significant differences were 

found in the proportion of the top 500 bacterial species in those biofilms. Testing 

differences in proportions without a statistical correction resulted in a difference in 

the Streptococcus mitis proportions, with the ES001 whole saliva-derived biofilm 

having a greater proportion of S. mitis than the ES005 sample.  
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Figure 5.15. Comparison between the proportion of the top 500 species in 
the ES004 or ES005 whole saliva-derived biofilms. Analysis was conducted 

using STAMP differences in proportions test with no correction to highlight whether 

there may be differences that are not statistically significant but could be 

biologically significant. The blue bars indicate the ES004 whole saliva-derived 

biofilm sample and the orange bars indicate ES005 whole saliva-derived biofilm 

sample. These differences were not deemed statistically significant.  
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Figure 5.16. Comparison between the proportion of the top 500 species in 
the ES005 and ES001 whole saliva-derived biofilms. Analysis was conducted 

using STAMP differences in proportions test with no correction to highlight whether 

there may be differences that are not statistically significant but could be 

biologically significant. The blue bars indicate the ES001 whole saliva-derived 

biofilm sample and the orange bars indicate ES005 whole saliva-derived biofilm 

sample. These differences were not deemed statistically significant.  
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5.3.3.2. Comparison of the differences in proportion of the top 500 

species in the whole saliva-derived biofilms that were taken from 

the same individual at two different timepoints.  

Comparisons were made between biofilms from samples that were taken from the 

same individual at two separate timepoints: ES006 and ES006-2, ES001 and 

ES001-2, and ES002 and ES002-2. No significant differences were found in 

proportions of the top 500 species in any of these samples. For the ES006 and 

ES006-2 whole saliva-derived biofilms, comparison of proportions showed no 

significant differences. Therefore, the proportions of the top 500 species in these 

samples were similar from both collections of saliva from the same individual used 

to inoculate the biofilm. However, some differences were detected when no 

correction was implemented in the ES001 and ES001-2 comparisons for the top 

500 species differences in the proportions test (Figure 5.17). Streptococcus 

salivarius was a greater proportion of the ES001-2 sample than the ES001 sample. 

Additionally, when no correction was implemented in the ES002 and ES002-2 

comparisons, Rothia mucilaginosa and Klebsiella pneumoniae species were both 

found to be a greater proportion of the ES002-2 sample (20.68% and 7.40%, 

respectively) than the ES002 sample (5.10% and 0.0169%, respectively) (Figure 

5.18). K. pneumoniae was found at the highest proportion in the ES002-2 sample 

and second highest in the ES001 sample (3.59%); the remaining eight whole 

saliva-derived samples had low levels between 0.0004% and 0.0169%. However, 

these differences were not significant and overall bacterial proportions in the 

biofilms from the saliva of the same individual showed stability between collection 

time points.  
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Figure 5.17. Comparison between the proportion of the top 500 species in 
the ES001 and ES001-2 whole saliva-derived biofilms. Analysis was conducted 

using STAMP differences in proportions test with no correction. The blue bars 

indicate the ES001 whole saliva-derived biofilm sample and the orange bars 

indicate ES001-2 whole saliva-derived biofilm sample.  

 

 

Figure 5.18. Comparison between the proportion of the top 500 species in 
the ES002 and ES002-2 whole saliva-derived biofilms. Analysis was conducted 

using STAMP differences in proportions test with no correction. The blue bars 

indicate the ES002 whole saliva-derived biofilm sample, and the orange bars 

indicate ES002-2 whole saliva-derived biofilm sample.   
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ES001-2
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5.4. Discussion 

Knowledge of how the highly complex and diverse oral microbial community 

influences C. albicans is important for understanding the risk factors of oral 

Candida-associated infections. The aims of this study were to determine whether 

biofilms derived from the saliva of separate healthy individuals differentially 

affected C. albicans, and whether these biofilms had different bacterial 

compositions. Previous studies frequently pool saliva from many individuals to form 

saliva derived biofilms (Edlund et al. 2013; Janus et al. 2017). However, research 

indicates that the salivary microbiome is highly individualised in people (Hall et al. 

2017). This study investigated the effect of relatively complex in vitro biofilms on 

the growth and morphology of C. albicans to gain a better understanding of how 

different healthy people may vary in susceptibility to C. albicans infection based on 

the composition of their oral microbiomes. Biofilms grown from saliva inocula would 

select only cultivatable microorganisms and those able to adhere to the 

polycarbonate coupon supported biofilms. The biofilms were grown in an aerobic 

environment for 24 h, which may also affect the biofilm composition by limiting 

numbers of slow-growing and anaerobic species. 

Whole and filtered saliva-derived biofilms were compared. The filtered saliva- 

biofilms acted as controls and represented only the effects of filterable saliva 

molecules rather live microbial cells. The absence of microorganisms in the filtered 

saliva was confirmed with no growth observed on TSA and SDA plates. Whole 

saliva would be indicative of the impact that both microbial cells and salivary 

components had on C. albicans. Comparing the whole and filtered saliva biofilms 

from each individual indicated that the live microbial cells integrated into biofilms 

had different effects on surface area coverage and extent of filamentous 

morphology C. albicans SC5314-GFP. Depending on the source of the saliva, 

some biofilms exhibited significantly higher C. albicans, whilst other biofilms had 

significantly lower surface area coverage than filtered saliva controls. These 

findings suggest that the biofilm microbiome originating from the saliva was a 

contributor to the changes observed for C. albicans in the biofilms.  

Different effects on the C. albicans with saliva from different volunteers indicates 

that the composition of the microbiome itself was important. This was further 
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supported by the surface area coverage of C. albicans being significantly different 

depending on the individual the whole saliva was obtained from. Significant 

differences were also found when comparing the filtered saliva-derived biofilms, 

highlighting that the salivary components also varied between individuals and had 

an effect on the C. albicans surface area coverage. These findings indicate that 

saliva from healthy individuals varied both in salivary components and microbial 

content. Evidence from previous research does support that the salivary 

microbiome is different between individuals (Belstrøm 2020).  

As C. albicans filamentous morphotypes are more associated with virulence 

(Kumamoto and Vinces 2005b), the amount of filamentous morphology present 

was used to determine whether the saliva from different healthy individuals could 

potentially influence the virulence of C. albicans. In most of the saliva-derived 

biofilms, the amount of filamentous morphology observed in the whole saliva 

compared to the filtered saliva biofilms was relatively similar, apart from significant 

differences observed for ES007 and ES006 derived biofilms. These biofilms 

showed significantly higher quantities of C. albicans filamentous morphology in the 

filtered saliva-derived biofilm. This suggests that morphology was perhaps 

influenced more by salivary components and could possibly indicate that hyphal 

levels in these saliva samples were reduced to a lower level when microbial cells 

were present. The ES005 whole saliva exhibited higher levels of filamentous forms. 

However, this was not statistically significant possibly due to greater variability in 

the ES005 filamentous morphology data as shown by the standard error of the 

mean. The whole saliva-derived biofilm from different individuals did not exhibit 

significant differences in filamentous morphology, remaining consistent between 

the saliva from different individuals. The ES005 whole saliva-derived biofilm also 

displayed higher levels of filamentous C. albicans, than the other biofilms, but this 

was not statistically significant. Filtered-saliva derived biofilms also did not show 

statistically significant changes in the levels of filamentous morphology between 

the saliva from different individuals. Notably, the amount of filamentous 

morphology observed across the filtered saliva derived biofilms was less consistent 

than between the whole saliva biofilm samples. However, even though they are 

not statistically different there could still be biologically significance in the results 

and could indicate the possibility of promoting infection.  
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Whole genome shotgun metagenomic sequencing was used to investigate 

whether differences in bacterial composition in whole saliva-derived biofilms could 

be responsible for differential effects on C. albicans. A large number of the 

sequence reads were unclassified, this was partly due to the database used for 

analysis not including fungal data. Future work should involve incorporating a 

fungal database not only to determine the proportion of the biofilm that was C. 

albicans SC5314, but also whether C. albicans or other fungal species were 

already present in the samples. It could be hypothesised that samples which 

already contained C. albicans may have resulted in a difference in the response of 

C. albicans SC5314. Conceivably, prior interaction between C. albicans existing in 

saliva and the bacteria could have altered the microbiome before experiments 

were undertaken and be ‘primed’ to interact with C. albicans. 

The top 500 bacterial species were used to compare bacterial biofilm composition. 

All four Streptococcus species used in Chapter 4 were found to be present in the 

biofilms based on sequencing. The majority of the bacterial biofilm composition 

(53.58% to 74.24%) of whole saliva-derived biofilms consisted of the top five 

bacterial species, namely S. salivarius, S. oralis, S. mitis, R. mucilaginosa and S. 

parasanguinis. Notably, the highest ranked species in whole-saliva derived biofilms 

was S. salivarius, which was found in Chapter 4 to increase C. albicans surface 

area and filamentous morphology in dual species biofilms. This finding was 

supported by Edlund et al. (2013), who also reported that S. salivarius was the 

most abundant species in biofilms developed in an in vitro human oral microbiome 

model which was derived from human saliva but pooled from multiple individuals. 

Additionally, Edlund et al. (2013) found that S. parasanguinis was the most 

dominant species in the first 3 h of development and whilst it then decreased in 

proportion, it remained as one of the top five most abundant species in the biofilms. 

However, they found that the top 5 bacterial species in their biofilms at 16 h and 

48 h, were S. salivarius, Lactobacillus fermentum, Streptococcus vestibularis, 

Streptococcus parasanguinis and Klebsiella pneumoniae. This previous study did 

not have a 24 h assessment so was not directly comparable to the findings 

presented here. This study pooled saliva from multiple individuals and did not 

investigate differences between saliva from different individuals. Differences in the 

most abundant species could be due to the presence of C. albicans. Previous 
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research states that the presence of C. albicans changes the bacterial microbiome 

of early in vitro biofilms (Janus et al. 2017). However, they state that the presence 

of C. albicans allowed for colonisation of facultative and strict anaerobic bacteria 

under oxygen rich conditions and biofilms without C. albicans contained more 

Neisseria, Rothia, and Streptococcus species. None of the top five species 

reported here were considered to be abnormal or unexpected for a saliva-derived 

biofilm, and all are common residents of the oral cavity (Yamashita and Takeshita 

2017; Zaura et al. 2017; Coker et al. 2022).  

Sequencing of ES004 and ES005 saliva derived biofilms was used for comparison, 

as these exhibited the highest and lowest levels of C. albicans surface area 

coverage. Results showed that there were no overall significant differences in the 

proportions out of the top 500 bacterial species present. However, there was a 

difference found in the proportions of six of the species, which included all the 

species ranked as the five most proportionate species. While not statistically 

significant, this could indicate possible biological significance in contributing to the 

effects observed on C. albicans. ES005 and ES001 derived biofilms were also 

selected for comparison as these resulted in the highest and lowest amounts of C. 

albicans filamentous morphologies. For these, the only difference detected was 

between the S. mitis proportions, where the ES001 biofilm had higher S. mitis and 

the lowest level of C. albicans filamentous forms. Research does show that S. mitis 

is capable of inhibiting hyphal production (do Rosário Palma et al. 2019). 

PCA showed distinction between the different whole saliva-derived biofilms 

through lack of clustering, however, the PCA did not show significance. Previous 

research has highlighted that the salivary microbiome is highly individualised 

(Hasan et al. 2014; Hall et al. 2017; Belstrøm 2020). Cameron et al. (2015), found 

there were seasonal changes were observed in the salivary microbiome over a 

one-year period in terms of taxonomic composition and diversity but that changes 

appeared to be from individual differences rather than temporal changes. Stability 

has been found to be mostly temporary but there are personal features that persist 

over time (Hall et al. 2017). The source subjects in the study of Hall et al. (2017) 

were able to be identified from the profile of their oral microbiota one year later 

from the variable microorganisms present. They found supportive evidence for the 

fact that the healthy oral microbiota is both homeostatic and dynamic, bringing 
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together research from both sides of this debate (Darveau 2010; Ursell et al. 2012; 

Zarco et al. 2012; Xu et al. 2015). Saliva from different individuals has been shown 

to form biofilms of different microbial composition (Cieplik et al. 2019). The 

clustering of taxa in a PCA was observed to be based on the individual the saliva 

was collected from more than the oral niche (saliva, subgingival plaque, tongue 

and tonsils) (Cieplik et al. 2019). However, these biofilms were grown for a much 

longer period of time for 14 and 28 days.  

The comparable results from the ES006 and ES006-2 samples that were obtained 

from the same individual one month apart would tentatively support previous 

research that the salivary microbiome is consistent over time. However, there was 

an exception in relation to the levels of filamentous morphology in the filtered saliva 

from the second collection (ES006-2), which was significantly different from all 

three other conditions; ES006 whole, ES006 filtered and the ES006-2 whole 

samples. A possible explanation of this finding is that the significantly higher hyphal 

proportion was due to a salivary component that was negated by the presence of 

microorganisms in the microbiome. The fact that the whole saliva effect on C. 

albicans was the same for the ES006 and ES006-2 samples suggests stability in 

the composition of the microbiome. This was supported by metagenomic 

sequencing where comparison of the proportions of the top 500 bacterial species 

showed no significant differences. This suggests that the saliva from this individual 

was the same at both collection times.  

The biofilms derived from ES002 and ES002-2, and also ES001 and ES001-2 

salivas, were also compared as these were also from the same individuals, but 

after a longer period of time (5 months and 6 months apart, respectively). It is also 

important to note that the methodology was slightly different in that the second 

samples (designated 002) were sequenced from pooling a larger number of 

coupons and, therefore, there was more starting material. However, the analyses 

were assessing proportional differences. There were no statistically significant 

differences observed between the ES002 and ES002-2, or ES001 and ES001-2 

samples, however, unlike with the ES006 and ES006-2 samples, some differences 

were found when no multiple test correction was implemented. In the ES001and 

ES001-2 samples, the proportion of S. salivarius was higher in the second sample 

(ES001-2) and this could be relevant as in Chapter 4 S. salivarius when grown with 
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C. albicans resulted in an increase in filamentous forms of. C. albicans. 

Unfortunately, the ES001-2 and ES002-2 were not included in the experiments that 

determined effects on C. albicans because they were taken at a later date and only 

collected for sequencing to ensure enough material for sequencing analysis. 

Therefore, it cannot be determined whether this increased proportion of S. 

salivarius would have resulted in increased filamentous forms in these 

experiments. The EW derived biofilms also revealed some differences with Rothia 

mucilaginosa and Klebsiella pneumoniae being higher in proportion in the ES002-

2 samples. It was perhaps unexpected to detect K. pneumoniae at such a high 

prevalence in this sample as it was only present in small proportions in the rest of 

the samples. However, K. pneumoniae is known to occur in the oral microbiome 

(Li et al. 2014) and in vitro models have reported K. pneumoniae growing in human 

saliva-derived biofilms at a quite high proportions and is one of the top five most 

abundant microbial species (Edlund et al. 2013). Overall, when saliva was 

collected from the same individual at different time points  exhibited stability in the 

bacterial composition of the biofilms.  

Hall et al. (2017) describes a “core” microbiota and a “variable” microbiota in the 

salivary microbiome that is more personal to subject, persists over time and creates 

a unique microbial fingerprint by which an individual can be identified (Turnbaugh 

et al. 2007; Zarco et al. 2012). The research showed that some personalised 

features were maintained over time regardless of the rate of community drift which 

was not consistent between individuals. The most abundant microorganisms are 

the most resistant to change, with rarer microorganisms more likely to shift and be 

more transient (Shade et al. 2014; Lynch and Neufeld 2015; Hall et al. 2017). This 

finding could explain the consistency of the top five species in the whole saliva-

derived biofilms encountered in this research. However, it could also be that these 

species are more proportionate because they were selected for by the material of 

the surface (polycarbonate) and the culture conditions used. For example, Li et al. 

(2021), showed that reconstructed human gingiva, titanium and hydroxyapatite 

surfaces formed biofilms with different microbial composition even though the 

saliva was obtained from the same individual. Future work could involve looking at 

whether the proportions of bacterial species in the saliva-derived biofilms reflect 

the proportions found in the original saliva. The variable microbiota is considered 
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to be mostly functionally redundant meaning their influence is mitigated by other 

factors or other species are carrying out the same function (Turnbaugh et al. 2007). 

However, these species could have an important influence that is yet to be 

elucidated. This study in terms of the metagenomic sequencing focused on 

composition of the whole saliva-derived biofilm by proportion to determine whether 

proportion would be related to the effect seen. However, it could be that the more 

variable microorganisms have an impact on C. albicans surface colonisation and 

hyphal morphology, as the saliva from each individual elicited a significantly 

different response on C. albicans.  

However, the above comparisons were based on differences in proportions, but 

research has proposed that it may not be the most abundant species which are 

important, but the activity that is present and possibly the presence of keystone 

species (Hajishengallis et al. 2012). It could also be that proportionally there were 

no differences between the bacterial composition in biofilms, however, localisation 

and proximity of specific species may lead to altered interactions and effects. This 

could be investigated through looking at the functional capacity of the salivary 

microbiome through metabolomics or which could be explored using the 

metagenomic data that has been obtained in this research. Now that the species 

present in highest proportions in biofilms derived from the saliva of individuals 

using this methodology is known, future research could use species specific 

staining/probes to assess localisation within biofilms. In addition, the individual 

effects on C. albicans of each of these species (S. salivarius, S. oralis, S. mitis, R. 

mucilaginosa and S. parasanguinis) could be assessed.  

Future work could aim to combine metagenomic results with metatranscriptomics 

and metabolomics to assess not only taxonomic composition and diversity, but the 

functional aspect of the influence they are having and what they are expressing 

and bringing to the environment. The whole genome metagenomic sequencing 

obtained herein has only been used for species assessment and is available for 

analysis in subsequent work. In such studies genes of interest whose presence 

may be more important than the abundance of species could be determined. The 

depth of the sequencing performed is of sufficient quality to allow more 

sophisticated analysis, for example using metagenome-assembled genomes 

(MAGs) to assemble the microbes, contextualise them and their functions of 
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interest (Zhu et al. 2022; Gurbich et al. 2023). The sequencing data has also been 

run through the MEGARes AMR++ v3.0 pipeline (Bonin et al. 2023), however, this 

is beyond the scope of this thesis so the output has not yet been analysed but may 

be relevant in future work.  

In conclusion, biofilms from whole saliva encompassing both salivary components 

and microbial cells from different individuals promoted changes in C. albicans 

surface area coverage. However, C. albicans filamentous morphology was mostly 

unaffected by the saliva from the different individuals, resulting in relatively 

consistent levels of filamentous forms suggesting that virulence was not 

significantly increased in any specific sample. Sequence analysis of the bacterial 

species in the biofilms found that there were no statistically significant differences 

in the proportions of the top 500 bacterial species. More research is required to 

elucidate how the oral microbiome may modulate behaviour of C. albicans and 

which species may increase risk of Candida-associated infections.
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6.1. General Discussion  

Candida as a genus comprises over 350 species which are found ubiquitously in the 

environment, within animal hosts and in industrial settings (Williams and Lewis 2011). 

In the case of humans, Candida are known to colonise the skin, gut and moist mucosal 

surfaces, primarily of the mouth and vagina (Gulati and Nobile 2016; Lohse et al. 

2018). To facilitate colonisation of the host, Candida has inherent mechanisms to 

adhere and form biofilms, acquire nutrition from the immediate environment and 

successfully compete with other microorganisms as well as resist host responses to 

eradicate it (Williams and Lewis 2011; Dadar et al. 2018; Abuhajar et al. 2023).  

Whilst Candida is normally a harmless member of the normal microbiota, it is an 

opportunistic pathogen and under certain conditions of host debilitation can cause 

infection (Williams and Lewis 2011; Abuhajar et al. 2023). In 2022, the World Health 

Organisation composed a priority list to indicate the importance of research 

development and public health action for fungal pathogens, and C. albicans was one 

of four species placed in the critical priority category (World Health Organization 2022). 

Most frequently, Candida infections are superficial and managed by control of risk 

factors and topical antifungals. However, in immunocompromised patients, serious 

systemic disease can occur with high morbidity and mortality rates (Kadosh 2019; 

Abuhajar et al. 2023). Whilst several Candida species can cause human infection 

(candidosis), the most frequent cause is C. albicans (Ramage et al. 2006; Williams 

and Lewis 2011; Abuhajar et al. 2023). Unsurprisingly, this species is also reported to 

have highest expression of putative virulence factors, such as production of secreted 

aspartyl proteinases (SAPs), phospholipases (PLs), and hyphal transformation 

(Kumamoto and Vinces 2005b; Williams et al. 2011). Despite possessing virulence 

attributes, infection by C. albicans does not typically occur in otherwise healthy 

individuals and this highlights the importance of additional host factors in the initiation 

of disease. Known risk factors for oral candidosis include a high carbohydrate diet, 

nutritional deficiency, local and systemic immunodeficiencies, extremes of age (new-

born and elderly), the wearing of a denture prothesis alongside poor oral hygiene, 

hormonal imbalances and receipt of a broad-spectrum antibiotic (Shulman et al. 2005; 

Abuhajar et al. 2023). The latter is potentially indicative of the competition afforded by 

oral bacteria that might control Candida numbers and behaviour at oral sites.  
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Clearly, a wide range of variables can ultimately impact on the transition of C. albicans 

from a harmless oral commensal microorganism to one that is responsible for human 

infection. The overarching aim of the research presented was to explore several of 

these potential variables and their impact on the in vitro behaviour of C. albicans in 

terms of biofilm formation and development. Selected variables were the conditioning 

films for oral surfaces (Chapter 2), the topography of these surfaces (Chapter 3), the 

effect of individual species of oral bacteria within the biofilm (Chapter 4), and 

consideration of a more complex microbial community derived from whole human 

saliva (Chapter 5). An understanding of how these variables impacted upon Candida 

biofilm development was important as the knowledge generated could be used to 

inform both on the prevention of infection and its subsequent management. 

Research exploring the effect of surface conditioning used acrylic (polymethyl 

methacrylate; PMMA) as the surface material. This was considered clinically relevant 

because of the use of acrylic within dentures and the high prevalence of chronic 

erythematous candidosis amongst denture wearers (Williams and Lewis 2011; 

Abuhajar et al. 2023). An artificial saliva (AS) was incorporated as a preconditioning 

medium to create an environment more mimetic of the oral cavity. Given the higher 

incidence of oral candidosis, including chronic erythematous candidosis amongst 

tobacco smokers (Barbeau et al. 2003), it was hypothesised that the addition of 

tobacco components to precondition the acrylic surfaces would increase C. albicans 

virulence compared to controls. Tobacco condensate has been found to increase C. 

albicans biofilm thickness, induce hyphal transition and increase cell surface 

hydrophobicity (Awad and Karuppayil 2018; Gunasegar and Himratul-aznita 2019). C. 

albicans can also be successfully grown on tobacco agar which can be utilised to 

differentiate C. albicans from C. dubliniensis using phenotypic traits (Khan et al. 2004) 

The use of five different strains of C. albicans highlighted the diversity of this species, 

as strain dependent responses were encountered in terms of adherence, biofilm 

development and hyphal transformation. Evidence to support the hypothesis that a 

tobacco condensate (TC) would promote C. albicans virulence was seen with C. 

albicans 705/93. This was a clinically isolated strain and was found to demonstrate 

higher hyphal transformation after 24 h of growth on the TC treated acrylic.  
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It was expected that preconditioning with AS would cause a significant difference in 

adherence as previous research using the same AS formulation with PMMA 

significantly increased adherence to PMMA surfaces (Morse 2017). However, this 

research used a different strain of C. albicans and as shown the effect was strain 

dependent. Two clinical C. albicans strains did show increased surface coverage on 

the AS-preconditioned surfaces compared to water and TC treated surfaces. This 

could have been due the AS surfaces being significantly more hydrophilic, but it was 

interesting that not all C. albicans strains responded similarly. Cell surface 

hydrophobicity does vary dependent on the cell wall components present and is 

influenced by environmental factors (Panagoda et al. 1998; Ellepola et al. 2013; 

Danchik and Casadevall 2021). Variation in the literature concerning the adherence of 

C. albicans adherence due to saliva, both artificial and natural, preconditioning of 

surfaces in vitro may be due to the diversity and high intra-species variation of C. 

albicans (Hirakawa et al. 2015).  

Another potential surface variable that could conceivably impact on the behaviour of 

C. albicans in biofilms is the material surface topography. In the case of denture 

acrylic, whilst smooth and highly polished surfaces may originally be produced, these 

can become abraded based on intake of abrasive foods, and physical damage from 

handling or cleaning with abrasive products (Nikawa et al. 2003). Several studies have 

examined the impact of different surface topographies on adherence of oral 

microorganisms including Candida to acrylic and also bacteria to titanium (Radford et 

al. 1998; Nevzatoğlu et al. 2007). Results have indicated that there is an optimum size 

of surface irregularity that promotes adherence which is typically associated to the size 

of the microbial cell under study (Whitehead et al. 2004; Whitehead et al. 2005). In the 

research presented in Chapter 3, a range of acrylic surface topographies were 

produced by abrasion with different grades of polishing sandpapers. Results showed 

that these surfaces were different in respect of subsequent C. albicans adherence and 

biofilm formation. There was no direct correlation between colonisation and mean 

roughness value, which indicated that once an optimal mean roughness size was 

present, increasing or decreasing the roughness would negate its effects. Importantly, 

the retention of C. albicans within surface scratches was clearly evident in the 

micrographs generated and would likely represent problematic regions for any 

cleansing regimes.  
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Interestingly, previous studies have suggested that changing surface roughness can 

alter hydrophobicity, which in turn can affect microbial adherence (Mouhat et al. 2020). 

It has been observed that the more hydrophobic the denture-base surface (exact 

material not disclosed) the greater the level of adhesion of C. albicans (Minagi et al. 

1985). Significant differences in hydrophobicity between surfaces of varying surface 

roughness categories were not encountered in this research. However, it was 

interesting to note that differences in adherence and biofilm formation between the 

wild type C. albicans SC5413 and its Als3 deleted mutant occurred. This could, in part, 

relate to relative differences in cell surface hydrophobicity between the strains. The 

Als3 protein has been suggested to present hydrophobic domains that facilitate 

adherence (Beaussart et al. 2012). Measurement of cell surface hydrophobicity was 

not undertaken in this research and is an area for further work. However, in contrast 

other studies have found that hydrophobicity of PMMA surfaces does not correlate 

with C. albicans adherence (Murat et al. 2019). Another consideration of surface 

topography that could indirectly effect biofilm development would be higher retention 

of organic debris within surface irregularities. These areas could serve as ‘seeding’ 

regions with greater capacity for biofilm regrowth following inadequate surface 

cleansing (Vila et al. 2020).  

The hypothesis that differentially abraded surfaces would alter adherence of C. 

albicans was confirmed, though there was not a direct relationship between increasing 

roughness and adherence. Instead, findings supported those in the literature that 

stated that there was an optimum level of roughness and size of topological features 

for increased adhesion and retention (Whitehead and Verran 2006). However, it is 

important to note that abrasion of surfaces inevitably results in variation in roughness 

and size of topological features. The roughness was categorised by measuring the m 

Ra values and this has widely been used as a descriptor of surface roughness, not 

only in research but also in manufacturing and production industries (Rodriguez 

Fereira et al. 2011). Ra values do not however represent the extreme deviations on 

the surface that may impact on adherence and retention of C. albicans (Rodriguez 

Fereira et al. 2011). The optimum level of roughness for microbial cell adhesion and 

retention appears to be related to cell size (Whitehead et al. 2004). However, it would 

be difficult to define the optimum pore/surface feature size for increased C. albicans 

adherence given the highly polymorphic nature of this species yielding differently sized 
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fungal units (yeast and hyphae). It is also possible that the size of surface features 

that increases C. albicans adherence may be lower than the comparative size of C. 

albicans cells due to microbial interactions. Future work could explore the effect of C. 

albicans adherence on surfaces of different roughness in combination with selected 

bacterial species that have been shown to increase abundance of C. albicans on 

denture material surfaces. Oral Streptococcus species were found to increase C. 

albicans colonisation (Chapter 4), therefore, it could be hypothesised that if the 

adherence and retention of oral Streptococcus species was increased by smaller 

topological features, this may result in increased C. albicans presence due to 

interactions with Streptococcus cells. This would have clinical implications for the level 

of wear and roughness that enhances microbial adherence and retention may be lower 

than currently expected, which may increase the risk of infection and inform the level 

at which denture replacement may be advised due to levels of abrasion and damage. 

Having assessed non-biological effects of conditioning and abiotic surface abrasion, it 

was important to evaluate the role that other microorganisms could play in the 

behaviour of C. albicans within biofilms, and this was the focus of Chapters 4 and 5. 

The complexity of the oral microbiome and the networks of interaction that occur are 

extensive. Hypotheses of infection range from 1) the presence of single species being 

causative agents for infections, 2) groups of the most abundant species interacting, 

and 3) to the presence of keystone species not necessarily being the most abundant 

but coordinating oral microbiota in infection (Rosier et al. 2014). Investigating these 

complex network requires understanding interactions between single species that can 

then be considered in more complex systems in ecological studies (Zengler and 

Zaramela 2018). Understanding such a network of interactions would have 

implications in terms of prognosis and management of biofilm infections, not only in 

the mouth but also other biofilm infections. Findings from in vitro studies could be 

extrapolated to other microbiomes at different body sites, thereby having wider 

implications for human health.  

Investigating interactions between C. albicans and four selected oral Streptococcus 

species aimed to describe what would occur without interference of other members in 

a complex network and how these interactions may occur. The Streptococcus species 

selected for study are recognised as primary colonisers of the oral cavity to which C. 

albicans can bind, to facilitate its adherence and biofilm formation (Álvarez et al. 2022). 
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In addition, previous research has found that oral Streptococcus species can promote 

C. albicans hyphal production through suppression of farnesol-mediated inhibition 

(Bamford et al. 2009; Ponde et al. 2021). It was hypothesised therefore that dual 

species biofilms would increase colonisation of C. albicans on acrylic surfaces and 

occurrence of hyphal forms associated with increased pathogenicity. All four 

Streptococcus species studied, S. mutans, S, gordonii, S. salivarius and S. sanguinis, 

resulted in an increase in C. albicans colonisation when grown in dual species 

compared to single species controls at 24 h. The same result was not found using 

spent medium from the same species, indicating that live cells were required for this 

effect to be observed. 

Interactions between S. gordonii and C. albicans have previously been studied due to 

implications not only in the oral cavity, but also in vaginal health. This interaction has 

been described as being facilitated through the Als3 adhesin of C. albicans and the 

SspA and SspB proteins of S. gordonii (Silverman et al. 2010). Therefore, an Als3 

deleted mutant was used in these studies to ascertain whether changes would occur 

without the adhesin present and whether other selected species of Streptococcus 

exhibited the same effect. The hypothesis was that physical interaction between 

filamentous forms of the wild-type C. albicans would be higher than for the mutant C. 

albicans strain lacking Als3. In these studies, this hypothesis was supported for S. 

gordonii, S. sanguinis and S. salivarius though not for S. mutans. This was expected 

due to interactions between C. albicans and S. mutans previously being described as 

being independent of Als3 (Hwang et al. 2017; Yang et al. 2018). Interaction in biofilms 

in vivo involve C. albicans cell wall mannans binding to an S. mutans secreted 

exoenzyme beta glucosyltransferase (GtfB) that results in enhanced production of the 

glucan-matrix and modulates bacterial-fungal association (Hwang et al. 2017). 

Another pathway of interaction between S. mutans and C. albicans has reportedly 

been mediated through S. mutans antigen I/II and also independent of Als1 and Als3 

(Yang et al. 2018).  

Further research into whether biofilm development by the C. albicans Als3 mutant was 

affected by the presence of the individual Streptococcus species would have been 

useful. However, the Als3 mutant strain has previously been found to be unable to 

form biofilms; while the cells initially attach the hyphal forms then ‘lift away’ from 
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surfaces which would interfere with findings and also reaffirming the importance of 

Als3 in adherence and biofilm formation (Silverman et al. 2010).  

A limitation of this research was that the biofilms at the 72 h timepoint were exposed 

to disruption of the biofilm during media changes which was limited as much as 

possible but could have caused loss of material. Though this was the same for the 

controls and still representative in future studies, it may be better to use an alternative 

method such as using a CDC bioreactor as was used in Chapter 5. Using the CDC 

bioreactor for these experiments would have been more time consuming as a 

bioreactor would have been needed for each condition reducing the throughput of 

samples. However, biofilms grown in a CDC bioreactor batch or continuous flow 

system may be more representative as they form more robust biofilms due to 

experiencing shear flow throughout growth (Bowen et al. 2018; Johnson et al. 2021; 

Lindsay et al. 2022). 

After investigating the effects of selected individual oral species on C. albicans, a more 

complex biofilm derived from whole human saliva was used study the impact on C. 

albicans biofilm colonisation and morphology and ascertain if saliva from different 

individuals led to differences in these effects. This would help determine whether the 

salivary microbiome and components from healthy individuals might be a contributing 

factor in why some individuals are more susceptible to Candida infections than others.  

Each saliva sample, (filtered or whole) affected the biofilm colonisation of C. albicans 

on surfaces differently. Significantly elevated quantities of C. albicans in biofilms were 

found when using either filtered or whole saliva from the same individuals. This 

showed that the presence of microbial cells influenced to C. albicans levels on 

surfaces. The area of C. albicans on surfaces was also significantly different between 

filtered and whole saliva for different individuals. However, no differences in the C. 

albicans morphology between (saliva filtered or whole) from different individuals 

occurred. There was slightly more variation in the area of filamentous morphology 

between filtered saliva biofilms from different individuals than for the whole salivas 

which could suggest that the presence of live bacteria may regulate C. albicans hyphal 

transition. Two saliva biofilms had significantly fewer hyphal morphology in the whole 

compared to the filtered saliva, supporting this hypothesis.  
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To explore differences in saliva derived biofilms in respect of the bacterial microbiome, 

whole genome shotgun metagenomic sequencing was undertaken. The bacterial 

species present in the whole saliva-derived biofilms appeared similar with the top five 

bacterial species accounting for the majority of the bacterial component of the biofilms 

(53.58% to 74.24%). Streptococcus salivarius was the most abundant species in all 

whole-saliva derived biofilms and in Chapter 4 this species increased C. albicans 

colonisation and hyphal morphology. If the most abundant species was responsible 

for causing effects, it would have been expected that all the whole-saliva derived 

biofilms would have had this effect. However, there were no significant differences in 

the top 500 species of the whole-saliva biofilm, demonstrating the highest and lowest 

abundance of C. albicans on the surfaces, and also the highest and lowest levels of 

filamentous morphology. This suggests that effects on Candida were not due to 

differences in abundance of bacteria species. It may be that the effects on C. albicans 

were not caused by a more abundant species, but possibly due to localisation of 

species. Biofilms are highly heterogenous, with species not being equally distributed. 

Also, Streptococcus species, including S. salivarius interact with C. albicans both 

physically and chemically through QS molecules, which may contribute to the 

differences between filtered saliva biofilms if QS molecules (e.g. autoinducer-2) were 

present in the filtered saliva samples (Sztajer et al. 2008). All four bacterial species 

used in Chapter 4 were detected in whole saliva-derived biofilms, as well as many 

other Streptococcus species that may have elicited similar effects. Further research is 

required to understand which bacterial species may contribute to the effects on C. 

albicans. It may be that rather than species abundance it is the levels of specific gene 

expression from multiple species that is the determining factor on affecting C. albicans.  

To conclude, overall findings showed that C. albicans responded to environmental 

factors in a strain dependent manner for surface conditioning and the influence of 

tobacco condensates. Surface roughness of dentures was an important factor for C. 

albicans adherence and colonisation, which could imply that dentures with a high level 

of surface abrasion should be replaced to reduce Candida colonisation and risk of 

infection. In terms of microbial interactions, the four Streptococcus species 

investigated, namely S. mutans, S, gordonii, S. salivarius and S. sanguinis, increased 

C. albicans colonisation on acrylic surfaces and this could have resulted from physical 

interaction as the same effects did not occur using spent medium. Use of the C. 
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albicans Als3 mutant strain showed that S, gordonii, S. salivarius and S. sanguinis had 

higher localisation to the filamentous forms when Als3 was present, supporting 

previous research that this hyphal specific adhesin is involved in physical interactions 

of bacteria with C. albicans. However, S. mutans had higher localisation with the Als3 

mutant strain than the wild-type. It is unknown why it was higher on the mutant, but it 

is known that S. mutans interactions with C. albicans do not involve Als3. Biofilms from 

the saliva from healthy individuals had different effects on C. albicans and were seen 

with biofilms from filtered and whole saliva. Differences were seen in the presence and 

absence of bacteria, confirming that both live cells and salivary components contribute 

to effects. Analysis of metagenomic sequencing suggested that abundance/proportion 

of bacterial species was not a determining factor on C. albicans surface area coverage 

or filamentous morphology. The primary aim of this thesis was to determine whether 

key properties of C. albicans such as biofilm forming ability and morphological 

transformation in biofilms are modulated by specific local environment factors 

including surface conditioning, surface roughness and the presence of oral bacterial 

species. These factors were found to influence C. albicans properties and should 

therefore be taken into consideration in the management of C. albicans in the oral 

cavity and Candida-associated denture stomatitis.
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