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ABSTRACT 

 

Background: Periodontal disease, colloquially known as ‘gum disease’, contributes heavily 

to the global burden of chronic diseases known to affect between 35% and 50% of the world 

population. It is defined as a progressive loss of the supporting tissues of the teeth including 

the gingiva, alveolar bone and periodontal ligaments leading to tooth mobility or tooth loss 

and ultimately loss of function. It is a complex pathophysiology: characterised by a host 

inflammatory response against microorganisms in the sub-gingiva and their by-products.  

 

One of the key microorganisms that is responsible for the sequential maturation of 

subgingival plaque is Fusobacterium nucleatum (F. nucleatum). F. nucleatum plays a 

significant role as a bridging organism between the early colonisers including Gram-positive 

streptococci sp. and the late colonizers. It is the late colonizers that are disease causing and 

tissue destructing periodontopathogens including Porphyromonas gingivalis, Tannerella 

forsythia and Treponema denticola. Furthermore, F. nucleatum has been attracting wide 

attention due to, not only its pivotal role in disease progression, but also its role in other 

systemic disease such as adverse pregnancy outcomes, arthritis and colorectal cancer. 

Different subspecies of F. nucleatum have been located around the human body and have 

been contributing to different diseases processes. This is thought to stem from F. nucleatum 

subspecies having great genetic diversity. Therefore, this project looked at characterising the 

biofilm forming ability of four different subspecies, F. nucleatum subsp. nucleatum (FNN), 

polymorphum (FNP), fusiforme (FNF) and animalis (FNA).  

 

Current treatment of periodontitis includes mechanical debridement by a specialist and in 

severe periodontitis, antibiotics may be indicated. However, antimicrobial resistance is a 

serious problem due to over prescription of antibiotics and bacteria in biofilms exhibiting up 

to 1000- fold increase in antibiotic resistance compared to planktonic bacteria. Therefore, it is 

crucial to investigate other methods to control oral biofilms, such as the use of novel 

antimicrobial agents to reduce periodontal disease progression. In recent years, novel 

antimicrobial and antibiofilm compounds have emerged to combat this issue. These include 

D-amino acids (DAAs), silver nanoparticles (AgNPs) and gold (AuNPs) nanoparticles.  
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DAAs have been shown to have biofilm inhibiting and biofilm dispersion effects. A mixture 

of D-Leucine D-Methionine D-Tyrosine D-Tryptophan has been shown to reduce biofilm 

formation and initiate biofilm breakdown. Nanoparticles including silver (AgNPs) and gold 

(AuNPs) have also been of growing interest due to their antimicrobial activity showing both 

bactericidal and bacteriostatic effects on Gram-positive and Gram-negative bacteria including 

multi-drug resistant strains present in the oral environment.  

 

Successfully growing and characterising F. nucleatum biofilms is the first step in 

investigating the effectiveness of novel antimicrobial/antibiofilm agents. Our further 

understanding will contribute to the development of clinical treatments against F. nucleatum 

mediated pathologies including periodontitis. 

 

Aims: The aim of this project is to grow and characterise biofilms produced by F. nucleatum 

subsp. nucleatum (FNN), polymorphum (FNP), fusiforme (FNF) and animalis (FNA) to 

investigate if there are sub-species specific differences in biofilm formation. The second aim 

is to characterise and investigate the efficacy of novel antimicrobial/antibiofilm agents 

including DAAs and AgNPs and AuNPs. 

 

Methods: Single-species Fusobacterium nucleatum (F. nucleatum) were grown under 

anaerobic conditions and characterised through growth curves, crystal violet staining, viable 

cell counts, xCELLigence® platform, SEM and confocal imaging and Imaris software 

analysis. When the protocol was established, biofilms were treated with novel antibiofilm 

agents including D-amino acids (DAAs), and antibacterial agents: silver (AgNPs) and gold 

nanoparticles (AuNPs) to investigate their biofilm inhibiting abilities and biofilm dispersing 

abilities.  

 

Results: There were sub-species specific differences in F. nucleatum growth where FNP and 

FNA showed increase in sensitivity to oxygen. FNF and FNN consistently showed better 

growth with minimal sensitivity to oxygen. SEM imaging showed differences in cellular 

morphology amongst the four subspecies. Furthermore, protocol optimisation to improve F. 

nucleatum biofilm growth was successful for crystal violet staining and confocal imaging. 

Unfortunately, F. nucleatum biofilm growth was unable to be successfully detected by the 

xCELLigence® platform.  
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DAAs reduced the growth of FNP, FNF and FNN with minimal differences between the 

control and DAA treated growth curves for FNA. FNF and FNN treated with DAAs showed 

similar results when added at the start of the experiment where over the first 6 hours 

produced a 2-fold increase in doubling time (log phase) and stationary phase was reached 

earlier near 4 hours in the DAA treated groups. DAA treated FNP, FNF and FNN groups 

showed a reduced capacity to grow, reflected in a reduction of the maximum OD600nm 

reached. On the contrary, minimal differences were observed between the control and DAA 

treated growth curves for FNA, which was consistently observed throughout the experiment 

repeated in triplicate.   

 

SEM imaging further showed changes in biofilm architecture after DAA treatment where 

FNP and FNF showed absence of EPS compared to the control groups and FNA produced 

elongated cells. All four subspecies including FNN showed to have almost vesicular looking 

irregularities on the surface of the bacteria after DAA treatment.  

 

Qualitative results from confocal imaging further confirmed a decrease in bacterial cell 

numbers after DAA treatment for all 4 subspecies. Interestingly, contradictory to results seen 

through assessing growth in the spectrophotometer, DAA treated FNP showed minimal 

changes in biofilm volume, whereas FNF and FNN biofilms showed almost 4-fold decrease 

in mean volume and FNA showed almost 3-fold decrease in mean volume after quantitative 

analysis using Imaris Software. Furthermore, while decrease in bacterial cell numbers was 

observed, no significant difference in viability between DAA treated and control groups were 

observed through viable cell counts and Imaris analysis of viability (%). Similar results were 

observed for DAA treatment on established F. nucleatum biofilm where a decrease in biofilm 

volume due to biofilm dispersal, but no significant difference in viability was observed. 

Results from these experiments indicate that DAAs are a promising biofilm breaker with 

minimal effects of viability of F. nucleatum cells after treatment. 

 

AgNPs and AuNPs showed a concentration dependant effect where the concentration of 

nanoparticles was inversely proportional to viability. Confocal imaging showed that all four 

subspecies of F. nucleatum had a reduction in bacterial cell number after being treated with 

60g/ml AgNPs. Due to the Imaris analysis tool’s inability to differentiate between F. 

nucleatum and AgNPs, quantification analysis of the biofilms was unable to be performed.  
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Conclusion: This project successfully produced a protocol to successfully grow all four 

subspecies of F. nucleatum in a spectrophotometer.  DAAs showed promising results as a 

biofilm breaker with minimal effects of viability of F. nucleatum cells after treatment. On the 

other hand, AgNPs and AuNPs both exhibited potential bactericidal effects. Therefore, future 

studies may conduct investigations on effects of combinations of these novel antimicrobials 

and antibiofilm compounds on F. nucleatum biofilm. Clinically, incorporating these novel 

antimicrobials and antibiofilm compounds may have application in periodontitis treatment. 

This may overcome the issue of increased antibiotic resistance in the community and become 

a useful adjunct to mechanical removal of subgingival biofilm by the specialist, reducing the 

number of appointments and cost needed by the patient for periodontitis treatment in the 

future.  
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CHAPTER 1: INTRODUCTION 

1.1 Periodontal disease  

1.1.1 Prevalence of periodontal disease and cost to the health system 

Periodontal disease, also termed as ‘gum disease’ is known to affect between 35% and 50% 

of the world population according to the World Health Organisation (Petersen and Ogawa, 

2012). It is one of the most important oral disease contributing to the global burden of 

chronic diseases along with dental caries (Murray et al., 2012; Petersen and Ogawa, 2012). 

It is characterised by a host inflammatory response against microorganisms in the dental 

plaque and their by-products within the gingiva (gum tissues) (Genco, 1992). 

 

There is a spectrum of gum diseases with the least severe being gingivitis which is 

characterised by the reversible local inflammation of the gingival tissue along the gingival 

margin caused by bacteria (Page, 1986). However, if not treated, the condition can progress 

to periodontitis. The overall prevalence of severe periodontitis is estimated to be 11.2% 

which is equivalent to around 743 million people being affected globally (Kassebaum et al., 

2014). Periodontitis is characterised by chronic inflammation where bacteria and bacterial 

products in the subgingival region induces a host inflammatory response within the 

periodontal tissues resulting in a progressive loss of the supporting tissues of the teeth 

including the gingiva, alveolar bone and periodontal ligaments leading to tooth mobility or 

tooth loss and ultimately loss of function (Armitage, 1999; Loesche, 1996). Destruction of the 

periodontium can either be caused by local factors from bacteria in the dental biofilm or may 

reflect an inadequate host immune response. Unlike gingivitis, this tissue destructive process 

is irreversible. Due to its polymicrobial nature and complex interaction between the bacteria 

and inflammatory response of the host’s body, its temporal relationship contributing to the 

pathogenesis of periodontitis has been long debated. The most recently suggested theory 

termed Inflammation-Mediated Polymicrobial-Emergence and Dysbiotic-Exacerbation 

(IMPEDE) suggests pathogenesis of periodontitis is thought to be driven by inflammation 

which then modulates the polymicrobial biofilm in certain individuals who are suspectable to 

this disease (Van Dyke et al., 2020).  
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1.2  Oral biofilms 

1.2.1 Oral biofilms  

Bacterial biofilms in the mouth, more commonly known as plaque, are complex 

polymicrobial communities present on all oral surfaces including both the hard and soft 

tissues and are known to have a significant impact on the health and disease progression of 

the periodontium. Most of these species in the oral environment are considered as being 

commensal while some are considered pathogenic.  

 

There are two different types of biofilms that can exist on a tooth surface depending on its 

location. They differ in bacterial composition and have unique spatial organisations that 

changes as the biofilm grows and matures. Supragingival biofilm is dental plaque that exists 

on exposed enamel surfaces on the tooth that are not covered by the gingiva. There are 

various factors including the concentrations of Ca2+, PO4
3- and OH- in saliva, dietary intake, 

biofilm composition and host immune response (Marsh, 2003) that may transition the 

supragingival biofilm into a cariogenic biofilm. The latter being characterised by increased 

lactate production causing a decrease in localised pH leading to development and progression 

of caries (Becker et al., 2002; Marsh, 1994).  

 

Another biofilm that exists in the mouth is the subgingival biofilm that forms on the tooth 

below the gingival margin. When the subgingival biofilm transitions to a pathogenic biofilm, 

due to inadequate oral hygiene, this can lead to periodontal diseases also known has 

periodontitis (Socransky et al., 2002). Over 700 species of bacteria have been detected in the 

subgingival plaque of both healthy subjects as well as subjects with periodontal disease. Over 

half of the species are unable to be cultivated so detection relies on the use of 16S rRNA 

sequencing (Paster et al., 2006). Current theory on the causes of periodontal disease puts 

great emphasis on the subgingival biofilm. An imbalance in the proportion of bacteria present 

can drive autogenic changes that lead to disease progression. The link between disease and 

changes in the subgingival microbiota are described by the ecological plaque hypothesis, 

(Marsh, 1994, 2003). This recognises that no single bacteria causes periodontal disease but 

rather the changes in relative numbers of subgingival bacteria and increase in proportion of 

pathogenic bacteria ultimately leads to disease progression such as a shift from reversible 

gingivitis to irreversible periodontitis (Darveau et al., 1997; Kolenbrander et al., 2006; 

Marsh, 2003).  
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Figure 1: Schematic representation of ‘ecological plaque hypothesis’ relating to periodontal 

disease 

In the subgingival biofilm, accumulation of bacteria can evoke a host inflammatory host response 

which causes a microbial shift in favour of Gram-negative anaerobic bacteria which leads to the 

progression of periodontal diseases such as gingivitis and periodontitis.  

(Adapted from Marsh et al., 2011) 

 

Human oral bacteria within dental biofilm forms and matures in an ordered sequence through 

a process called coaggregation which results in a structurally and functionally organised 

microbial community. This process is defined as a specific cell-cell recognition that occurs 

between genetically distinct cell types through coaggregation mediators on their surface 

called adhesins and receptors (Kolenbrander et al., 2006). Coaggregation of different 

bacterial species is crucial for growth and development of the dental biofilms and it is 

thought that close cell-cell distance is key to driving biofilm formation in a spatiotemporal 

manner (Kolenbrander et al., 2010). 

 

A healthy oral cavity has a highly diverse but distinctive bacterial microbiota which is site 

and subject specific (Aas et al., 2005) and consists mainly of aerobic early colonizers which 

are primarily Gram-positive streptococci sp. and Actinomyces sp. (Diaz et al., 2006; Dige et 

al., 2009; Li et al., 2004; Nyvad and Kilian, 1987). These early colonizers possess surface 

components such as fimbriae and receptor polysaccharides (Clark et al., 1989; Palmer et al., 
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2003; Yoshida et al., 2006) which allows them to adhere directly to the salivary pellicle on 

the tooth surface, preventing them from being removed when food or saliva is swallowed.  

 

1.2.2 Supragingival biofilm 

Oral bacteria in the supragingival biofilm are exposed to the harsh open environment where 

they must constantly tolerate changes in the surrounding conditions, withstand fluid shear 

forces created by saliva as well as occlusion forces. Therefore, bacteria need mechanisms to 

cooperate within the biofilm to enhance resistance to environmental stress and increase their 

survival (Bowden and Hamilton, 1998; Haffajee and Socransky, 2005). Bacteria growing as a 

biofilm function as a cooperative consortium and secrete sticky extra-polymeric substances 

(EPS) also known as the extracellular matrix (Davey and O'Toole G, 2000; Marsh, 2005). 

EPS consisting of proteins, polysaccharides and nucleic acid helps maintain the biofilm 

structure, protect the bacterial community from the external environment as well as assist in 

adherence to surfaces and to act as a communication medium (Huang et al., 2011). Fluid 

filled channels traverse within the EPS, creating a primitive circulatory system that delivers 

nutrients such as oxygen but also removes metabolic wastes. This creates a highly regulated 

environment which increases bacterial survival in the oral environment (de Beer et al., 1994; 

Hall-Stoodley et al., 2004).  

 

1.2.3 Bacterial complexes in the subgingival biofilm 

Bacterial succession within the subgingival during transition to periodontal disease is 

characterised by a decrease in aerobic early colonizers and an increase in anaerobic Gram-

negative periodontal pathogens, also known as the late colonizers (Loe et al., 1965). This has 

been confirmed through culture studies using blood agar plates and Gram staining (Moore 

and Moore, 1994) as well as using whole genomic DNA probes and checkerboard DNA-

DNA hybridisation both using samples isolated from human subjects (Ximenez-Fyvie et al., 

2000). As the biofilm thickens, supply of nutrients become limited along with shortage of 

oxygen which promotes the survival of the mostly anaerobic species (Socransky et al., 2004).  

 

While exposure to shear forces within the oral environment can be one of the major stressors 

for the survival of the bacteria in the supragingival biofilm, this is less of a concern for 

bacteria in the subgingival biofilm due to protection by the gingiva. Furthermore, while 

exogenous nutrients are the main source of energy for the supragingival biofilm, subgingival 



 19 

bacteria derive energy from the increased production of gingival crevicular fluid (GCF), 

which is part of the host inflammatory response against bacteria. GCF contains a range of 

host proteins and glycoproteins that can be used as the alternative energy source (ter Steeg et 

al., 1987).  

 

Using DNA-DNA hybridization methods, subgingival bacteria have been grouped into 5 

major complexes based on how closely they are physically associated with one another as 

well as their pathogenic potential (Socransky et al., 1998). One of the complexes called the 

‘red-complex’ consists of Porphyromonas gingivalis (P. gingivalis), Tannerella forsythia and 

Treponema denticola (T. denticola). Elevated numbers of these periodontopathogens are 

frequently associated with periodontitis (Mira et al., 2019; Socransky et al., 1998). Further 

research has shown that P. gingivalis is a ‘key-stone pathogen’ in the remodelling of the 

subgingival biofilm from a healthy to a harmful microbiota and is last to colonise the biofilm 

(Slots, 1999). This can eventually progress to the destruction of host tissues as observed in in 

vivo models (Hajishengallis et al., 2011). Of the three that make up the red complex, P. 

gingivalis and T. denticola are usually found together (Kigure et al., 1995) and they show 

strong synergism as increased biofilm biovolume and thickness is observed when cultured 

together (Zhu et al., 2013). Furthermore, gingipains (cysteine proteases) are the major 

virulence factors produced by P. gingivalis which have a catalytic domain and a non-catalytic 

adhesin domain that may facilitate attachment with other bacteria and the host (Potempa et 

al., 2003). While P. gingivalis is considered to be the main periodontal disease-causing 

pathogen, its interactions with other bacteria such as T. denticola has an important role in 

biofilm maturation. 

 

Another group of bacteria collectively known as the ‘orange complex’ colonizers create 

environmental changes that are conducive to the growth of the red complex 

periodontopathogens. The orange complex consists of Fusobacterium nucleatum (F. 

nucleatum), Prevotella intermedia, Peptostreptococus micros and Eubacterium. Interestingly, 

members of the ‘red complex’ are only found when there was simultaneous presence of the 

‘orange complex’ and most importantly, F. nucleatum (Socransky et al., 1998). The microbial 

succession seen in subgingival plaque is highly dependent on specific interactions between 

certain bacterial species and is not considered a random occurrence (Dige et al., 2007; 

Kolenbrander et al., 2002; Mark Welch et al., 2016; Wecke et al., 2000). The complex 

interactions that bacteria exhibit within the biofilm highlights the importance of working with 
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multispecies bacteria rather than only using single species (axenic) as it more accurately 

simulates ecosystem diversity that exists within the oral environment.  

 

 

Figure 2: Schematic diagram of supragingival and subgingival biofilm on the tooth  

(A) Supragingival biofilm exists above the gingiva and is commonly populated by facultative 

anaerobes which leads to inflammation of the gingiva (gingivitis) but no destruction of the 

periodontium is observed (B) Subgingival biofilm exist below the gum line within periodontal 

pockets. Periodontal disease is driven by a small number of pathogenic anaerobic bacteria which 

leads to destruction of periodontal tissues including the gingiva, alveolar bone, and periodontal 

ligament. 

 

1.2.4 Altering host immune response 

Periodontal disease is characterised by an inappropriate regulation of the host defence 

mechanism in susceptible individuals with genetic predisposition (Van Dyke et al., 2020). 

Periodontopathogens including P. gingivalis and T. denticola from the red complex have 

shown to have the ability to modulate the host immune and inflammatory response (Graves, 

2008; Huang et al., 2001; Zhang et al., 2007). Endogenous “danger” molecules of which the 

members from the ‘red complex’ have been shown to release have immunomodulating 

abilities, which possibly contribute to the progression of periodontal disease (Jun et al., 

2017). Furthermore, P. gingivalis has been shown to down-regulate inflammasomes which is 

important in the activation of the innate immune system. Dampening of the host immune 

response may favour the survival of the bacteria in the subgingival biofilm (Belibasakis et al., 
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2013). By altering the host immune response, the periodontopathogens can increase the 

likelihood of survival and disease progression.  

 

1.2.5 Advantages of biofilm growth 

As the biofilm continues to mature, EPS plays an important role in bacterial survival. Not 

only is it important for protection, experimental evidences have suggested that EPS can act as 

a medium for horizontal gene transfer of antibiotic resistance genes (ARG) between 

microorganisms in the oral biofilm (Hannan et al., 2010; Roberts et al., 1999; Wang et al., 

2002). This contributes to the emergence of antibiotic resistant oral bacteria, seen more 

commonly in patients with periodontitis (Kim et al., 2011). Additionally, the matrix itself can 

act as a physical barrier for the antibiotics to penetrate and have an effect (Van Acker et al., 

2014; Xiao et al., 2012). Antibiotic resistance is problematic as it may reduce efficacy of 

antibiotic therapy on patients with periodontal disease (Sukumar et al., 2020; Teoh et al., 

2018).  

 

Besides physical interactions of oral bacteria within a biofilm, they can further interact 

through molecular mechanisms involved in bacterial communication (quorum sensing) within 

the same species as well as across different species. This process involves bacteria producing 

and detecting signalling molecules which detect bacterial numbers (quorum), thereby 

coordinating their gene expression and behaviour in a cell-density dependent manner to 

optimise virulence factors (Fuqua et al., 1994; Marsh, 2004). These virulence factors include 

adherence factors which are involved in biofilm formation, invasion factors contributing to 

progression of periodontal disease and activation of host immune response through release of 

endotoxins. This ability to communicate within and between species is an important 

mechanism to ensure survival of the bacteria in the harsh oral environment.  

 

1.3  Biofilm control 

1.3.1 Managing the oral biofilm 

As seen in periodontitis, the maturation of the bacterial biofilm triggers the host inflammatory 

response which contributes to destroying surrounding tissues. Current treatment regime for 

periodontitis can include prescription of antibiotics in conjunction to mechanical disruption 

of the biofilm through debridement (Haffajee et al., 2003; Kwon et al., 2021; Winkel et al., 

2001). However, antimicrobial resistance is a very big problem due to over prescription of 
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antibiotics. Dentistry accounts for 3-11% of all antibiotic prescription (Teoh et al., 2018) and 

within those prescriptions, 66% are not clinically indicated (Amy and Thayalan, 2020). 

Therefore, it is crucial to investigate other methods to control oral biofilm, such as through 

the use of novel antimicrobial agents to decelerate periodontal disease progression.  

 

There are two broad ways to control the oral biofilm. The first being through prevention of 

initial biofilm formation. The second is through disrupting already established biofilm. The 

latter can further be divided into two mechanisms. First through the physical destruction of 

the bacterial cell wall and the second is through interrupting the quorum sensing mechanisms. 

In recent years, novel compounds that can potentially inhibit biofilm maturation or growth 

have become an area of interest to avoid the over use of antibiotics and increase in numbers 

of antibiotic resistant bacteria (Kim et al., 2011). Some novel anti-microbial compounds 

include the use of metal nanoparticles, quorum sensing inhibitors as well as D-amino acids. 

 

1.3.2 Silver and gold nanoparticles 

In recent years, silver nanoparticles (AgNPs) has been of growing interest due to their 

antimicrobial activity showing both bactericidal and bacteriostatic effects on Gram-positive 

and Gram-negative bacteria as well as multi drug resistant strains present in the oral 

environment (Bahador et al., 2015; Hernandez-Sierra et al., 2008; Jia et al., 2016; Shahverdi 

et al., 2007). Additionally, their biocompatibility has been confirmed (Nunez-Anita et al., 

2014). AgNPs  interact with and disrupt bacterial cell membranes causing increased 

membrane permeability and subsequently lysis (Li et al., 2013). It is thought that uptake of 

AgNPs in Gram-negative bacteria is through porins on the outer-membrane (Radzig et al., 

2013). Furthermore, their nanoscale dimensions and increased surface-to-volume ratio allows 

them to penetrate effectively stopping further biofilm growth (Seil and Webster, 2012). 

Cationic AgNPs attracted to the negative charge on the microbial cell surface shows effective 

anti-biofilm effects on dental cariogenic biofilm consisting of S. mutans, Streptococcus 

sanguinis (S. sanguinis), Streptococcus sobrinus, and Actinomyces naeslundii and shows to 

be a promising dental antimicrobial, potentially just as effective as  chlorhexidine and silver 

fluoride (He et al., 2023). Although, very few studies have tested the effect of AgNPs on 

periodontal pathogens, it has been shown that periodontal anaerobic bacteria were less 

susceptible to AgNPs than aerobic oral bacteria (Lu et al., 2013). Furthermore, less studied 

than AgNPs, gold nanoparticles (AuNPs) have also shown to have both bactericidal and 
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bacteriostatic effects on oral bacteria at a higher concentration compared to AgNPs 

(Hernandez-Sierra et al., 2008), including F. nucleatum biofilm demonstrated through in vitro 

and in vivo experiments (Zhang et al., 2022a).Therefore, AgNPs and AuNPs have 

considerable potential as an alternative to antibiotic therapy that can be used to treat 

individuals with periodontitis.  

 

1.3.3 D-Amino Acids  

The general structure of amino acids consists of four functional groups connected to the 

central ⍺-carbon. The functional groups are an amine group (-NH2), a carboxyl group            

(-COOH), a hydrogen group (-H) and a side chain (-R) which varies depending on the 

particular natural amino acid. This structure makes the ⍺-carbon a stereogenic centre, creating 

two stereoisomers for each amino acid excluding glycine which has a hydrogen group (-H) as 

the side chain. Therefore, each amino acid has two forms it can exist in: the D-form and the 

L-form. 

 

L-amino acids (LAAs) are essential to living organisms and is used as ribosomal synthesis of 

protein. This makes it the predominant and natural form of amino acids. Conversely, D-

amino acids (DAAs) have minor function in biological processes but D-alanine (D-Ala) and 

D-glutamic acid (D-Glu) are routinely found as a constituent in the peptidoglycan (PG) cell 

wall in bacteria (Vollmer et al., 2008). Furthermore, other than the DAAs are incorporated 

ino PG, bacteria in mature biofilm release DAAs during stationary phase, known as non-

canonical D-amino acids (NCDAAs). They are released under stressful conditions to aid in 

modification and adaptation of the bacterial cell wall in accordance to surrounding 

environmental challenges as part of their protective mechanism (Cava et al., 2011; Lam et al., 

2009). Breaking down of biofilm and dispersing of bacteria from the site of stress allows for 

new biofilm to form elsewhere in the body increasing chances of survival (Donlan and 

Costerton, 2002).   

 

DAAs has also been demonstrated to have antibiofilm and biofilm breakdown effects. DAA 

mixture of D-Leucine (D-Leu), D-Methionine (D-Met), D-Tyrosine (D-Tyr), D-Tryptophan 

(D-Trp) at nanomolar concentrations shows prevention of Bacillus subtilis (B. subtilis) 

biofilm formation and initiates breakdown (Kolodkin-Gal et al., 2010), with D-Tyr being the 

most potent amino acid (Champney and Jensen, 1969). Through these experiments, it is 
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thought that the DAAs that are experimentally added can incorporate themselves into the 

peptide side chain of the PG cell wall in place of the naturally occurring D-Ala. This 

ultimately leads to the release of the TasA fibres from the cell wall and causes dispersion of 

the biofilm (Kolodkin-Gal et al., 2010). TasA fibres is a functional amyloid which plays an 

important role in providing structural integrity in a biofilm (Romero et al., 2010). Further 

investigations using B. subtilis concludes that DAAs may also have proteotoxicity effects 

contributing to the inhibition of biofilm formation (Leiman et al., 2013).  

 

DAAs also prevents biofilm formation of other oral bacteria such as Staphylococcus aureus, 

Pseudomonas aeruginosa (Brandenburg et al., 2013; Kolodkin-Gal et al., 2010). More recent 

studies shows that a DAA cocktail is a successful Enterococcus faecalis biofilm dispersing 

agent (Zilm et al., 2017) and similar effects are seen in biofilm formed in dental unit 

waterlines (Ampornaramveth et al., 2018). This has led to DAAs to be identified as a novel 

antimicrobial agent.  

 

These antibiofilm and antimicrobial effects makes DAAs an attractive possible alternative to 

antibiotics for the treatment of periodontitis. 

 

Figure 3: Diagram of structure of amino acids and example of Alanine stereoisomer  

(A) General structure of amino acids (B) D-Alanine– side chain CH3 (C) L-Alanine – side chain CH3 

Amine group (-NH2) is coded blue, carboxyl group (-COOH) is coded red, side chain is coded 

yellow and hydrogen group is coded green. Central ⍺-carbon is labelled with ⍺. Molecules were 

designed with MolView software.  

D-form L-form 
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1.3.4 Evolution of laboratory techniques to study dental biofilms 

For decades, much of our understanding of dental biofilms have been through the use of in 

vitro models. Over the years, number of in vitro models have been developed to help better 

understand not only biofilm biology, but also to study the response of the biofilm after 

exposure to external stimuli such as the addition of antibacterial agents and changes in pH of 

the surrounding environment (Subramanian et al., 2020). There are two approaches that have 

been developed to study biofilms. First, is the open system, also known as the flow cell 

system which provides a continuous supply of nutrients (Shu et al., 2000). The advantage of 

this method is that it more closely resembles in vivo conditions. However, multiple factors 

cannot be screened at once and the process can be laborious. Second is the closed culture 

systems, which allow the growth of oral biofilms on different surfaces including pegs (Kistler 

et al., 2015) and plastic multi-welled plates (Guggenheim et al., 2001).Closed systems 

typically grow biofilms over several hours and have the limitation of a finite supply of 

nutrients which does not accurately resemble in vivo conditions. The main advantage of this 

method is its high reproducibility, high yield and its ability to screen for multiple factors at 

once, making it a method frequently used to study biofilms at a macro level. In both open and 

closed system, the standard approach of analysing biofilms is through end-point analysis 

(Lemos et al., 2010; Yu et al., 2017a). This has the main limitation of only providing a single 

data point and is accompanied by the destruction of the biofilm. In addition, end point 

analysis provides limited data about the dynamics of the biofilm formation over time. 

Therefore, conventional end-point analysis only allows assessment at defined times, making 

real-time cell analysis over a certain period of time impossible.  

 

While these methods are still well accepted and practiced to study biofilms, other techniques 

have been developed to overcome these limitations. Microfluidics is a system that has been 

developed to have the ability to monitor cells continuously in a non-invasive manner while 

providing a stable microenvironment (Hung et al., 2005; Lam et al., 2016a). This method has 

been widely applied in oral biofilm studies due to its ability to mimic various oral 

environmental conditions such as changes in pH (Gashti et al., 2016), shear stress (Shumi et 

al., 2013), oxygen levels (Lam et al., 2016a) as well as testing of antimicrobial agents (Nance 

et al., 2013). Furthermore, another significant advantage of using microfluid systems is its 

ability to integrate microfabricated sensors including optical microsystems (Samarian et al., 
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2014) and impedimetric microsystems (Bruchmann et al., 2015) to have a more 

comprehensive understanding of the dynamics of biofilm structures and functions, allowing 

for real-time, non-invasive and non-destructive label free method to monitor biofilm 

composition.  

  

1.3.5 xCELLigence® 

One of the commercially available microfluidic cell analysers that integrates impendence-

based technology is xCELLigence®. The system has revolutionised biofilm research in the 

recent years (Mira et al., 2019) and unlike standard end-point cell assays, it is designed to 

allow continuous real-time cell analysis (RTCA) to monitor biofilm growth dynamics in a 

non-invasive and label free manner as well as producing accurate and reproducible results. 

Specialised E-plates have gold microelectrodes embedded within the bottom of surface of the 

microtiter wells. As the biofilm grows, the presence of adherent cells impedes the current 

flow. The magnitude of the impendence depends on the number and size of the cells, 

therefore being able to monitor both biofilm growth and breakdown in real time. As the 

biofilm develops, the impedance, measured as cell index also increases proportionally. Real-

time analysis of growth of both single- and multi-species oral biofilms have been successfully 

demonstrated using this system (Mira et al., 2019). To date, Streptococcus mutans (Mira et 

al., 2019; Muras et al., 2018), S. sanguinis, Candida albicans (Abrantes and Africa, 2020) 

and lactobacilli spp. (Martinez et al., 2020) are few of the oral microorganisms that have 

successfully shown to grow as biofilms using the xCELLigence® platform. These studies also 

demonstrate that the oral bacteria are not affected by the gold microelectrodes or the 

electrical potential present during biofilm growth. xCELLigence® has been proposed as a 

valid in vitro model to study oral biofilms due to its capability to monitor growth and 

development of biofilms in real-time. It also allows for the screening of newly developed 

antimicrobial agents that may destroy or disrupt biofilms, making it a promising new 

technology that may replace conventional cell culture of single- and multi-species oral 

biofilms.  

 

Previous oral biofilm studies have been predominately focused on characterising the 

supragingival biofilm which is most commonly populated by facultative anaerobes (Espinoza 

et al., 2018; Haffajee et al., 2008; Keijser et al., 2008). On the contrary, the in vivo 

investigation of obligatory anaerobes such as F. nucleatum and P. gingivalis residing in 
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subgingival biofilm has been proven to be difficult due to two main reasons. The first being 

the accessibility of the subgingival biofilm. To obtain and investigate the human subgingival 

microbiota, a dentist must first scale subgingivally. This process is invasive and 

uncomfortable compared to harvesting the supragingival biofilm which can easily be scraped 

off the tooth surface non-invasively. The second reason is that monitoring of the growth and 

development of subgingival biofilm can be more difficult due to its necessity of having a 

tightly controlled environment, especially oxygen requirements. Obligatory anaerobes such 

as P. gingivalis require a capnophilic environment in order to survive (Diaz and Rogers, 

2004). Therefore, to characterise the subgingival biofilm in vitro, great care must be taken to 

tightly regulate the surrounding environment. For these reasons, studies on subgingival 

biofilms are currently limited.  

 

 

 

Figure 4: Diagram of xCELLigence® platform set up 

(A) Single well of a xCELLigence® E-plate 16 outlined (red) (B) Side view of a single well of the E-

plate with gold electrodes embedded within the wells (not drawn to scale). Unimpeded electron flow 

from the negative to positive terminal in the presence of medium only (control sample) is reflected 

on the graph as low background reading (C) Once bacteria are added to the wells (experimental 

sample) and biofilm is formed, this impedes the electron flow from the negative to positive terminal. 

This is plotted as arbitrary units called Cell Index (CI). Cell adherence and breakdown can be 

monitored at real-time. xCELLigence® 16 wells E-plate is engaged into the (D) RTCA Multiplate 

Station, which is kept in the incubator which is further connected to the (E) RTCA Control Unit 

which is a laboratory computer with pre-installed RTCA software. This program allows for 

experimental protocol set-up, real-time data acquisition, numeric and graphic data display.  
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1.4  Fusobacterium nucleatum    

1.4.1 The Genus 

The bacterial genus Fusobacterium spp. traditionally includes a variety of Gram-negative 

bacteria that are fusiform shaped and ferment amino acids and glucose to produce butyric 

acid as a major end product (Jousimies-Somer, 1997). Now, Fusobacterium spp. includes 13 

species that are primarily anaerobic, non-motile, non-spore-forming Gram-negative rods that 

are opportunistic pathogens (Citron, 2002). Fusobacterium spp. can broadly be separated into 

passively invading and actively invading Fusobacterium species (Huggan and Murdoch, 

2008). Passively invading Fusobacterium species need additional factors such as coinfection 

to invade the host cell due to a lack of virulence-associated factors, this includes F. 

necrophorum and F. gonidiaformans (George et al., 1981; Tadepalli et al., 2009). In contrast, 

actively invading Fusobacterium species can independently invade host cells and include F. 

nucleatum and Fusobacterium periodonticum (F. periodonticum) both isolated from patients 

with periodontitis (Socransky et al., 2000). Compared to the passive invader genome, active 

invaders are larger in size and their genome contains twice as many genes which encode for 

membrane-associated proteins. Interestingly, MORN2 (Membrane Occupation and 

Recognition Nexus) domain of which its function is still not understood is the most frequent 

domain in active invader genomes and occurs near other genes encoding for adhesins, 

virulence-related proteins and membrane proteins, possibly suggesting its role in adhesion 

and invasion. From these findings, large comparative genome analysis suggests that the 

Fusobacterium genus likely underwent an adaptive radiation resulting in three linages 

(Manson McGuire et al., 2014). 

 

In recent years, genomic analysis has enabled accurate sequencing, investigating differences 

and similarities between the Fusobacterium spp. (Manson McGuire et al., 2014; Todd et al., 

2018). Amongst the Fusobacterium spp., F. nucleatum which has most frequently been 

isolated in humans, has steadily gained attention not only due to its presence in the oral cavity 

causing progression of periodontitis but also its role in extraoral infections (Han, 2015; 

Moore et al., 1982). This Gram-negative, obligate anaerobe is thought to have evolved as a 

lineage with F. periodonticum through adaptive radiation evident through having similar host 

cell adherence and invasion (Manson McGuire et al., 2014).  

 



 29 

1.4.2 Genetic diversity amongst F. nucleatum subspecies 

There are four subspecies of F. nucleatum which has been identified, subsp. nucleatum, 

polymorphum, fusiforme/vincentii and animalis (Gharbia and Shah, 1989; Kim et al., 2010; 

Kook et al., 2013; Nie et al., 2015). F. nucleatum subsp. fusiforme and vincentii has been 

classified as a single species due to its genetic similarity (Conrads et al., 2002; Gharbia et al., 

1990; Kim et al., 2010; Strauss et al., 2008). Determined through 16S-23S rRNA, the four 

confirmed type strains are F. nucleatum subsp. nucleatum (FNN) ATCC 25586, F. nucleatum 

subsp. animalis (FNA) ATCC 51191, F. nucleatum subsp. polymorphum (FNP) ATCC 10953 

and F. nucleatum subsp. fusiforme (FNF) ATCC 55190 (NCTC 11326).  

 

1.4.2.1 F. nucleatum subsp. nucleatum genomic analysis 

Genomic sequencing of these type strains of F. nucleatum has emphasised their 

heterogeneity. Most commonly found in the oral cavity in patients with periodontitis 

(Gharbia et al., 1990), the genomic sequence of FNN (Kapatral et al., 2002) shows that 

despite it being recognised as a Gram-negative bacterium, it has 27% GC content making it 

more closely related to Gram-positive bacteria. However, its inner and outer cells wall 

structures have characteristics that makes it Gram-negative (Mira et al., 2004). Out of 2,067 

ORFs (Open Reading Frames), 67% (1,394 OFRs) have putative functions and consequently 

32% (673 OFRs) have unknown functions. While F. nucleatum subsp. are known to prefer 

using amino acids such as glutamate, histidine, serine and lysine as their energy source 

(Bolstad et al., 1996; Rogers et al., 1998), further analysis of FNN shows that it only has 

biosynthetic pathways for only 3 amino acids: aspartate, asparagine and glutamate (Kapatral 

et al., 2002). Nutrients from the gingival crevicular fluid undergo fermentation to produce 

butyrate (Rogers et al., 1998) which may cause gingival inflammation through arresting 

fibroblast growth, thus preventing wound healing and promoting penetration of the 

epithelium (Bartold et al., 1991). Therefore, the remaining amino acids have to be obtained 

through degradation of small peptides. Furthermore, oral bacteria are able to secrete proteases 

that break down protein into amino acids which can be used for energy. Amongst the 1,394 

ORFs, 6% in the genome is known to be dedicated for transporters for sugar, peptides, metal 

ions and cofactors. In addition, ORFs of heat shock proteins and microbial resistance proteins 

were also identified. Interestingly, lack in choline-binding proteins may confine the 

organisms to the oral cavity and not the nasopharynx despite being connected (Kapatral et al., 

2002). Complete genomic sequencing of FNN has created a base line for other 
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Fusobacterium spp. and F. nucleatum subsp. genomic sequencing to be compared upon to 

analyse any similarities and dissimilarities.  

 

1.4.2.2 F. nucleatum subsp. vincentii genomic analysis 

The following year, partial genomic sequencing of FNV was published in comparison with 

the previously sequenced FNN (Kapatral et al., 2003). Sequencing of FNV, which also has 

been isolated from the oral cavity (Dzink et al., 1990), out of the 2,277 ORFs of which 69% 

(1576 ORFs) are genes with known functions, 26% (570 ORFs) are hypothetical proteins and 

5% (118 ORFs) are unique to FNN (Kapatral et al., 2003). Due to both FNN and FNV having 

a similar periodontal niche, it is expected that they share similar metabolic capabilities such 

as possessing ORFs for butyrate fermentation, similar to those of FNN (Kapatral et al., 2002). 

The same genes that contribute to antimicrobial resistance in FNN are also present in FNV. 

Although there is over 85% systeny between FNN and FNV, there are still 441 ORFs that are 

unique to FNV. This includes the presence of a ferrous iron transporter operon which is not 

seen in FNN. Ferrous iron transporters are commonly seen in anaerobes for soluble ferric iron 

transport under anaerobic conditions. Other unique genes encode for anaerobic sulphite 

reductase allowing conversion of sulphide from sulphite that may play a role in accepting 

electrons during oxidative phosphorylation (Kapatral et al., 2003).  

 

1.4.2.3 F. nucleatum subsp. fusiform genomic analysis 

Most recently, draft sequencing of FNF shows that 73.8% (1,344 ORFs) were known proteins 

(Park et al., 2012). While FNN has shown to synthetise three amino acids (Kapatral et al., 

2002), FNF has shown a different amino acid biosynthesis of at least four amino acids: 

aspartate, asparagine, glutamate and glutamine. Analysis has revealed 4% of the genes are 

transport related and it possesses genes for virulence factors and oxidative stress. However, 

further genomic sequencing will be needed before further comparisons with the previous 

subspecies. 

 

1.4.2.4 F. nucleatum subsp. polymorphum genomic analysis 

The sequencing of FNP (Karpathy et al., 2007) revealed that FNP has the greatest number of 

genes compared to FNN and FNV, yet only 62% (1,514 ORFs) of the genes are shared, 

consequently, 38% of the genes are completely unique to FNP. Although genomically more 

similar to FNN (213 ORFs), this is not conclusive as the FNP genome is only partially 
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sequenced. Furthermore, 25% (627 ORFs) have no ortholog in either FNN or FNV. Out of 

the 287 hypothetical proteins, 38 ORFs were unique to FNP and was involved in transport of 

amino acid, oligopeptide and metal ions. Most interestingly, the presence of LuxS gene is 

responsible for encoding for AI-2 synthase (Schauder et al., 2001), important for AI-2 

synthesis suggests FNP has the ability to communicate with other bacteria through quorum 

sensing, which is not seen in the previous two F. nucleatum strains (Karpathy et al., 2007). 

This confirmation that FNP synthesises AI-2 involved in bacterial communication makes it 

potentially a target for biofilm disruption. 

 

1.4.2.5 High throughput genomic sequencing  

More recently, DNA sequencing technologies have shown rapid evolution through the use of 

short-read technologies such as Illumina and longer-read technologies such as MinION 

(Wick et al., 2017a, b). Currently FNN and other Fusobacterium spp. have been sequenced 

using this platform (Todd et al., 2018). This combination has made genomic sequencing more 

time and cost efficient as well as increased accessibility through readily available online 

platforms (Sanders et al., 2018). Genomic sequencing has allowed a better understanding of 

the genetic, metabolic and pathogenic features within Fusobacterium spp, and F. nucleatum 

subsp. allowing further microarray and proteomics experiments to be conducted. 

 

The difference in genomic composition of the four different subspecies of F. nucleatum is 

reflected by their virulence. F.nucleatum subsp. fusiforme/vincentii is often isolated from 

healthy site in normal oral cavity flora whereas F. nucleatum subsp. nucleatum is associated 

with periodontal disease (Gharbia et al., 1990). The subspecies associated with extraoral 

translocation leading to adverse pregnancy outcomes is F. nucleatum subsp. polymorphum 

and animalis (Han and Wang, 2013), the latter also known to be associated with 

inflammatory bowel disease (Strauss et al., 2011) and colorectal cancer (Ye et al., 2017).  

 

A genomic study analysing the 16S rRNA, rpoB, zinc protease and 22 other housekeeping 

genes of each F. nucleatum subspecies found only 59% of the orthologs being shared 

amongst the different subspecies making them genetically divergent enough to be considered 

a separate species (Kook et al., 2017; Manson McGuire et al., 2014). This was confirmed 

through different methods such as DNA-DNA hybridisation (Kook et al., 2017) and matrix-

assisted laser desorption ionization-time of flight mass spectrometry (MADI-TOF MS) (Nie 
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et al., 2015). A more recent study has shown that different F. nucleatum subsp. shows various 

growing capabilities in the biofilm which consequently affects interactions with surrounding 

species and the biofilm architecture. Late colonizers have been shown to grow better in the 

presence of F. nucleatum subsp. nucleatum in a subgingival biofilm model (Thurnheer et al., 

2019). This emphasises the importance of recognising which F. nucleatum subsp. to work 

with when doing experiments.  

 

1.4.3 The role of F. nucleatum in dental biofilm  

F. nucleatum is found in abundance in the oral cavity of both healthy and diseased 

individuals (Han, 2015). It is the only bacteria that is known to coaggregate with both early 

and late colonizers (Kapatral et al., 2002; Kolenbrander and London, 1993) making it a 

unique bacterium which plays a critical role in biofilm formation and periodontal disease 

progression. Many other bacteria only coaggregate with a few specific partners 

(Kolenbrander et al., 2006). Its fusiform shape allows it to interact with many other 

microorganisms including bacteria such as S. sanguinis, an early colonizer and when co-

cultured they organise themselves into a highly ordered corncob like structures (Lancy et al., 

1983), thus playing a crucial role in structural organisation of the dental biofilm.  

 

F. nucleatum has surface adhesins that binds to both early/initial colonizers as well as late 

colonizers (Kolenbrander et al., 1989), playing a crucial role for coaggregation and the 

advance in biofilm formation. RadD is an adhesin which coaggregates with early colonizers 

through binding to SpaP adhesin of Streptococcus mutans (Guo et al., 2017). F. nucleatum 

mutants that lacked RadD adhesins showed significantly decreased coaggregation with the 

early colonizer, S. sanguinis (Kaplan et al., 2009). Interestingly, it is not limited to binding 

only to bacteria, it also has the ability to bind to other microorganisms such as the fungus 

Candida albicans present in the oral environment (Grimaudo and Nesbitt, 1997). This 

coaggregation is again mediated through RadD (Wu et al., 2015). Furthermore, FomA is a 

major outer membrane protein that is thought to play an important role in coaggregating F. 

nucleatum with late colonizers such as P. gingivalis by functioning as a non-specific 

hydrophilic channels in the lipid bilayer membranes called porins (Kleivdal et al., 1995).     

F. nucleatum is also able to attach to oral mucosal cells through another adhesin called FadA 

(Babu et al., 1995; Han et al., 2005). Interestingly, its adherence properties differ amongst the 

subspecies (Xie et al., 1991) which leads to the speculation that there are strain dependent 
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differences in biofilm formation and development further supporting the idea of genetic 

diversity amongst the F. nucleatum subspecies.  

 

1.4.4 The role of F. nucleatum in periodontal disease 

If an individual has inadequate oral hygiene, the growth and maturation of a pathogenic 

dental biofilm causing an inflammatory response subgingivally may eventually lead to 

periodontitis (Lertpimonchai et al., 2017). F. nucleatum achieves this through its ability to 

coaggregate with disease causing anaerobic late colonizers including P. gingivalis (Rickard et 

al., 2003) through various adhesins including RadD, Fap2 and FomA (Coppenhagen-Glazer 

et al., 2015; Liu et al., 2010; Park et al., 2016). These two bacteria have a positive symbiotic 

relationship where F. nucleatum helps create a capnophilic environment enabling maximal P. 

gingivalis growth (Bradshaw et al., 1998; Diaz et al., 2002), therefore enhancing biofilm 

formation when co-cultured together (Saito et al., 2008b). Furthermore, co-culture of F. 

nucleatum and P. gingivalis shows increased in invasion of gingival epithelial cells (Saito et 

al., 2008a; Saito et al., 2012), which is also reflected in the observations made in the mouse 

model where the co-infected mouse developed larger lesions than when infected with a single 

strain (Feuille et al., 1996). This evidence implicates that these two oral bacteria 

cooperatively work together to evade destruction by the host immune system during 

periodontitis. F. nucleatum is known to be a physical ‘bridge’ between early and late 

colonizers, thus playing a crucial role in the growth of the biofilm (Bradshaw et al., 1998; 

Kolenbrander, 2000). When F. nucleatum is not present in the biofilm, there is a significant 

decrease in numbers of late pathogenic colonizers (Ding and Tan, 2016). This makes it a 

possible target for inhibiting biofilm maturation that may lead to progression of periodontitis 

which can eventually lead to tooth exfoliation as a result of the destruction of the periodontal 

supporting tissues (Polak et al., 2009). 
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1.4.5 F. nucleatum aids survival of P. gingivalis, a late colonizer 

F. nucleatum within the dental biofilm complex will be exposed to constant changes within 

the surrounding oral environment. Therefore, it needs mechanisms to increase its chances of 

survival. Although F. nucleatum is an obligate anaerobe, it also possesses Gram-positive like 

characteristics (Kapatral et al., 2003). Being the important physical bridge between early and 

late colonizers, F. nucleatum may also play a crucial role in aiding survival of 

periodontopathogens that are more vulnerable to changes in the surrounding environment.  

 

 

 

Figure 5: Schematic diagram of dental biofilms architecture 

F. nucleatum (orange) coaggregates with various microorganism in the oral environment. It is able 

to coaggregate with early colonizers such as S. sanguinis (yellow) as was as periodontopathogens 

such as P. gingivalis (red). Therefore, F. nucleatum has been labelled as the physical ‘bridge’ that 

plays a pivotal role in the spatiotemporal succession and development of the oral biofilm that may 

ultimately contribute to the progression of periodontitis. (Diagram adapted from Kolenbrander et al., 

2002) 
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Bacteria in the oral environment may experience changes in oxygen and carbon dioxide 

levels, especially those residing in the subgingival biofilm deep in the periodontal pockets 

that may be exposed to residual amounts of oxygen (Marquis, 1995). Although being an 

obligate anaerobe, F. nucleatum is capable of growing in culture containing 20% oxygen 

which is much higher than normal oxygen content in air, possibly mediated through NADH 

oxidase activity (Diaz et al., 2000b). This cannot be said about P. gingivalis where it is 

unable to survive in culture with more than 6% oxygen. Additionally, P. gingivalis was able 

to survive in increasingly oxygenated environment when co-cultured with F. nucleatum, 

suggesting the role of F. nucleatum in protecting P. gingivalis during exposure to toxic levels 

of oxygen. Interestingly, F. nucleatum cells grew to 5 times their normal length in culture 

with 20% oxygen compared to anerobic conditions (Diaz et al., 2002). Although F. 

nucleatum itself is not thought to be pathogenic, it seems to play in direct role in the 

progression of periodontal diseases through supporting and protecting P. gingivalis and 

possibly other periodontal pathogens by creating a capnophilic environment.  

 

Additionally, the pH of the oral environment is subject to constant changes not only through 

host diet but also through changes in bacterial metabolic activities, the latter the more 

important in subgingival biofilm. Studies show that P. gingivalis is acid sensitive (McDermid 

et al., 1988; Takahashi and Schachtele, 1990) while F. nucleatum strains were more acid 

tolerant and grew with or without glucose. Its metabolic flexibility to changes in surrounding 

pH in the oral environment could explain its wide distribution in periodontal sites (Takahashi 

et al., 1997). Furthermore, F. nucleatum has the highest acid-neutralising activities producing 

hydroxyl ions as a result of amino acid fermentation producing nitrogenous compounds 

which elevate the localised pH. This has the potential of creating a more suitable environment 

for acid-sensitive P. gingivalis which prefers to grow at a neutral pH (McDermid et al., 1988) 

seen in the subgingival biofilm (Eggert et al., 1991). Unlike F. nucleatum, P. gingivalis  

exclusively uses peptides as their source of energy (Stegink et al., 1987). Conversely, P. 

gingivalis initiates metabolic changes in F. nucleatum via gene expression modulation which 

can further accelerate biofilm formation (Yamaguchi-Kuroda et al., 2023).  

 

These are several examples of how F. nucleatum is important in the development of mature 

biofilm and has a supportive role of late colonising periodontopathogens that are more 

sensitive to the changes in the environment. Therefore, F. nucleatum may be a potential 

target for biofilm disruption, thus leading to decrease periodontopathogen load. 
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1.4.6 Immunological pathways triggered by F. nucleatum and late 

colonizers in periodontitis 

Periodontitis is caused by a complex interaction between periodontopathogens and the host 

immune response causing an inflammatory response, ultimately leading to destruction of the 

periodontium. F. nucleatum may play a role in periodontal disease progression by directly 

shaping the host immune response and increase infectivity of other periodontal pathogens.  

Studies have shown that F. nucleatum can significantly increase the production of 

proinflammatory cytokines including IL-8 and TNF- and increased phagocytic elimination 

of neutrophils (Kurgan et al., 2017) as well as initiating apoptotic cell death of neutrophils as 

a protective effect by dampening the host innate immunity (Jewett et al., 2000). F. nucleatum 

and P. gingivalis both possess virulence factors and they work synergistically to ensure 

survival by modulating the host immune-inflammatory response. Inflammasomes are an 

important part of the host immune response to infections and/or cellular stress which activate 

caspases which produce proinflammatory cytokines to induce a type of cell death called 

pyroptosis (Almeida-da-Silva et al., 2016; Broz and Dixit, 2016). NLRP3, a well 

characterised inflammasome and secretion of IL-1 are critical in the host defence against 

infection, P. gingivalis (Yamaguchi et al., 2017) is known to supress F. nucleatum-mediated 

inflammasome activation (Bui et al., 2016) through reduced endocytosis (Taxman et al., 

2012) which is a protective mechanism against the host immune response which ensures 

survival and progression of periodontitis. More recently, F. nucleatum has demonstrated 

polymicrobial synergy with S. gordonii and P. gingivalis promoting invasion of dendritic 

cells and consequently negatively affecting the host immune response (El-Awady et al., 

2019) 

 

F. nucleatum may also influence the host’s adaptive immunity due to the chronic nature of  

the disease. It is suggested to play an immune-modulating role, synergistically interacting 

with P. gingivalis (Feuille et al., 1996) which affects the T-cell immune response (Choi et al., 

2001). Both bacteria are also known to be associated with osteoclastic reabsorption leading to 

alveolar bone loss (Polak et al., 2009) possible through CD4+  T cells and the 

proinflammatory cytokines they secrete which is an important effector of bone loss during 

periodontitis (Baker et al., 1999). This experimental evidence demonstrates that periodontitis 

is a complex disease involving the microbial community and the host immune system. F. 
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nucleatum and P. gingivalis can synergistically cooperate to subvert both innate and 

adaptative host immunity, thereby promoting bacterial invasion, survival, and progression of 

periodontitis.  

 

1.5  F. nucleatum beyond the oral cavity  

1.5.1 Systemic effects of F. nucleatum  

Considerable evidence has shown that the effects of periodontitis can go beyond the oral 

cavity resulting in systemic effects originating from bacteria and bacterial products as well as 

inflammatory mediators from the inflamed periodontium. However, its role in other 

pathologies remain unclear. While it can have a symbiotic relationship in the oral 

environment it is known to display invasive characteristics causing opportunistic infections 

systemically through invasion of epithelial cells (Han et al., 2000; Saito et al., 2008a; Saito et 

al., 2012; Strauss et al., 2011), T cells (Kaplan et al., 2010) and macrophages (Weiss et al., 

2000) through adhesins such as FadA and RadD (Ikegami et al., 2009; Kaplan et al., 2010; 

Xu et al., 2007). Bacterial adherence is an essential virulence factor in infections and 

pathogenesis.  

 

F. nucleatum is a multifaceted bacterium that is thought to play a role in systematic diseases 

including gastrointestinal tract disorders (appendicitis (Swidsinski et al., 2011), inflammatory 

bowel disease (Strauss et al., 2011)) cardiovascular disease (Ford et al., 2006; Truant et al., 

1983) and rheumatoid arthritis (Temoin et al., 2012) causing morbidity and mortality in the 

population (Arimatsu et al., 2014; Han and Wang, 2013). Currently there are ongoing debates 

on whether F. nucleatum is a causative or indirect agent of these infections and their route of 

infection still remains to be clarified (Tjalsma et al., 2012).  

 

1.5.2 Adverse pregnancy outcomes  

Interestingly, there is some evidence for F. nucleatum to be involved in adverse pregnancy 

outcomes (Han, 2011) including chorioamnionitis (Altshuler and Hyde, 1988), early onset 

neonatal sepsis (Wang et al., 2013) and still birth (Han et al., 2010). Pre-clinical studies have 

shown that intravenous administration of F. nucleatum in mouse models have shown to 

localise in the placenta which leads to still birth, suggesting that the route of infection could 

be hematogenous (Han et al., 2004). It has also be shown that F. nucleatum translocates and 
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invades murine placenta through binding and crossing of the endothelium then progressing 

onto colonising the amniotic fluid and the fetus through activation of Toll-like receptor 4, 

resulting in prematurity and other adverse pregnancy outcomes (Han et al., 2004; Liu et al., 

2007). FadA adhesins have been implicated to play an important role in placental invasion 

and colonisation (Ikegami et al., 2009; Xu et al., 2007) possibly through loosened cell-cell 

junctions (Han and Wang, 2013).  

 

1.5.3 Association with colorectal cancer (CRC) 

More recently, there are increasing evidence that F. nucleatum is an oncobacterium as it is 

found in overabundance in human colorectal carcinoma specimens compared to healthy 

specimens confirming its invasive nature in the gut (Komiya et al., 2019; Zepeda-Rivera et 

al., 2024). According to the ‘driver-passenger’ model, it has been speculated that F. 

nucleatum may be a bacterial passenger rather than a driver of intestinal dysbiosis resulting in 

CRC and driven by the gut microbial community (Koliarakis et al., 2019; Tjalsma et al., 

2012). However, its involvement in pathogenesis and tumorigenesis is still unknown 

(Castellarin et al., 2012). More strikingly, patients with poorer prognosis had higher 

abundance of F. nucleatum (Kostic et al., 2012; Mima et al., 2016) which could be explained 

by its ability to promote resistance to chemotherapy through autophagy (Yu et al., 2017b). 

Furthermore, F. nucleatum is known to promote the progression of CRC in both in vitro and 

in vivo systems (Kostic et al., 2013; Rubinstein et al., 2019). However, it is still uncertain if 

F. nucleatum is a marker for prognosis and management of patients with colorectal cancer 

(Kunzmann et al., 2019).  

 

F. nucleatum is known to actively invade colon epithelial cells (Han, 2015; Kostic et al., 

2013) through its surface adhesins. The FadA adhesin is thought to be responsible for preterm 

labour and has also been shown to up-regulate Annexin A1 expression thorough E-cadherin 

and β-catenin activation in the Wnt signalling pathway promoting growth of cancerous cells 

(Rubinstein et al., 2019; Rubinstein et al., 2013). Wnt pathways are important in cell 

development which is commonly affected during cancer (White et al., 2012). Another 

adhesin that may be responsible, in part, for promoting F. nucleatum invasion is Fap2, which 

directly interacts with natural killer cells to inhibit immune cell activity therefore dampening 

the host immune response (Gur et al., 2015). Furthermore, Fap2 is also thought to mediate 

adeno-carcinoma specific binding to the host factor D-galactose-β(1–3)-N-acetyl-D-
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galactosamine (Gal-GalNac) which is known to be over expressed in colorectal cancer cells, 

leading to localisation of F. nucleatum in the area (Abed et al., 2016). More recent studies 

show that F. nucleatum may spread through a hematogenous route of infection and enhances 

the host’s tumour environment by altering gene expression which promotes the hosts 

inflammatory response (Cochrane et al., 2020). These findings support the idea that F. 

nucleatum is not only localised and enriched in the CRC cells but may have a role in tumour 

development and growth.  

1.6  F. nucleatum virulence 

Bacterial pathogens exhibit virulent phenotypes through expression of surface exposed and 

secreted proteins that interact with other bacteria as well as host cell receptors (Casadevall 

and Pirofski, 1999; Ham et al., 2011). F. nucleatum spp. have steadily gained attention 

through implication in multiple clinical pathologies not only within the oral cavity but also 

systemically. However, due to its complex interactions with other microbes, the mechanisms 

of pathologies are still not well understood. 

 

Experimental evidences show that F. nucleatum is unique in that they lack all varieties of 

protein secretion machinery expect for type 5 secreted autotransporters, and yet they are 

highly invasive, opportunistic pathogens that can invade different cells around the body (Liu 

et al., 2019; Umana et al., 2019).  

 

1.6.1 Adhesive and invasive properties of F. nucleatum  

Attachment precedes invasion; hence it is these surface adhesins that play a pivotal role in the 

disease initiation and progression. F. nucleatum possesses numerous outer membrane 

proteins called adhesins which are important in the maturation of plaque through bridging 

between the early colonisers and the late colonizers. RadD and CmpA are type 5a 

autotransporters which are known to be important for coaggregation to early colonizers (Guo 

et al., 2017; Kaplan et al., 2009; Lima et al., 2017). As the biofilm matures, F. nucleatum can 

further coaggregate with late colonizers such as P. gingivalis through FomA (Kleivdal et al., 

1995) and Fap2 (Coppenhagen-Glazer et al., 2015). This demonstrates the importance of 

adhesins as a virulence factor of F. nucleatum which can contribute disease initiation and 

progression of periodontitis.  
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Other than attaching to other bacteria, F. nucleatum can bind to various mammalian cell types 

including epithelial cells (Babu et al., 1995; Han et al., 2000), endothelial cells (Han et al., 

2004; Zhang et al., 2022b), PMNs, erythrocytes, fibroblasts, HeLa cells (Ozaki et al., 1990) 

as well as human immunoglobulin G (IgG) (Kleivdal et al., 1999). The ability to bind to 

various cell types permits an oral bacterium like F. nucleatum to colonise and disseminate 

away from the oral cavity and contribute to other diseases beyond the oral cavity.  

 

More recent whole genome sequencing has brought more insight to potential virulence 

factors contributing to the invasion of host cells (Manson McGuire et al., 2014; Umana et al., 

2019), but FadA is by far one of the best-characterised adhesins on F. nucleatum (Han et al., 

2005). FadA is a novel adhesin unique to oral Fusobacteria and has been associated with 

preterm births, still births as well as promoting CRC (Han et al., 2004; Rubinstein et al., 

2013). FadA deletion mutants in mice show defective host cell attachment in vitro (Ikegami 

et al., 2009).  

 

Furthermore, FadA is not only an adhesin but also an invasin, having ability to invade various 

cells including normal host cells (Han et al., 2000), host immune cells (Kleivdal et al., 1999; 

Xu et al., 2007), tumour cells (Rubinstein et al., 2013) and placental cells (Ikegami et al., 

2009). FadA has been observed to bind to cadherins on colorectal cancer cells (Rubinstein et 

al., 2013) and loosen the cell-cell junction molecules. Through this mechanism it is thought 

that F. nucleatum is able invade numerous tissues and body sites. In addition, FadA can also 

alter endothelial integrity by binding to cadherins on endothelial cells which can allow it to 

cross the blood barrier leading to systemic dissemination (Fardini et al., 2011). It is evident 

that F. nucleatum has various adhesins and invasins that are crucial for disease initiation and 

progression. 

 

1.6.2 Interaction and evasion of host immune system  

F. nucleatum can directly engage with the host immune system and induce an array of 

responses. FomA, which plays a role in plaque formation, is not only an adhesin (Kleivdal et 

al., 1995) but is also a known virulence factor which can facilitate the evasion of the host 

immune system by binding to human immunoglobulin G (IgG) (Kleivdal et al., 1999). 

Interestingly, E. coli-based vaccination against surface FomA of F. nucleatum has shown that 

after 3 days of inoculation of F. nucleatum and P. gingivalis, FomA immunised mice showed 
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supressed gingival swelling compared to the control mice. Gingival swelling was quantified 

through calculation of gingival volume through of digital caliper (Liu et al., 2010). Therefore, 

concluding that FomA on F. nucleatum plays an important role in progression of periodontitis 

through immunomodulatory effects.   

 

Furthermore, F. nucleatum can activate lymphocyte apoptosis through Fap2 and RadD 

(Kaplan et al., 2010), stimulate inflammatory cytokine release including interleukin-8 and 6 

(Han et al., 2000; Park et al., 2014) as well as influencing natural killer (NK) cells which can 

ultimately affect the outcome of periodontitis (Chaushu et al., 2012). In mouse studies, F. 

nucleatum shows activation of Toll-like receptor-4 (TLR4) mediated inflammatory responses 

in the placenta which can lead to preterm births and still births (Han et al., 2004; Liu et al., 

2007). It can also promote colorectal cancer through induction of inflammatory and 

tumorigenic response via FadA (Rubinstein et al., 2013). Therefore, F. nucleatum has been 

termed as an opportunistic pathogen due to its ability to interact with host immune system to 

increase its chances of survival within the host.  

 

1.6.3 Other virulence Factors 

1.6.3.1 MORN2 

Other potential virulence factors include MORN2 family domain which is another type 5 

autotransporter of which its exact functions are still unknown but it is speculated to enhance 

adhesin and possibly invasion due to its location near other known adhesins and virulence 

proteins including FadA and RadD (Umana et al., 2019). It is highly specific to the 

Fusobacterium genome (Manson McGuire et al., 2014). Furthermore, the previous belief that 

passive invaders need additional factors such as coinfection to invade the host cell has been 

challenged. Whole genomic sequencing has revealed that passive invader F. necrophorum 

has the ability to bind to colonocytes even with the lack of the whole MORN2-domain 

(Umana et al., 2019) 

 

1.6.3.2 CbpF and other unidentified adhesins  

Recently, CbpF, a Trimeric Autotransporter Adhesin (TAA) protein family consisting of 

important virulence factors has been identified on F. nucleatum and is shown to bind to 

human cells (Brewer et al., 2019). In other Gram-negative bacteria, the TAA protein family is 

known to be important for invasion of cells (El Tahir and Skurnik, 2001; Raghunathan et al., 



 42 

2011). Although further research must be done, it is proposed that TAAs could potentially be 

another virulence factor that contributes to the invasive nature of F. nucleatum (Umana et al., 

2019) 

 

There are still genes within the F. nucleatum genome with unknown functions, therefore, 

further bioinformatic research must be done to identify the different virulence factors to 

further understand the virulence potential of F. nucleatum and the underlying mechanisms 

that makes it an opportunistic pathogen leading to systemic effects around the body. This will 

allow for future development of vaccines, screenings, and treatments to be designed against 

F. nucleatum mediated pathologies.  

1.7  Future directions and overall aim of the study  

1.7.1 Future directions 

Although over the recent years, the role of F. nucleatum in extra-oral disease such as in 

adverse pregnancy outcomes and colorectal cancer has been highlighted, understanding its 

role in the pathogenesis of periodontitis is just as pivotal due to the steady increase in the 

number of people with periodontitis with approximately 743 million people being affected 

globally (Kassebaum et al., 2014).  

 

F. nucleatum has been a focal point of oral biofilm research as it plays a crucial role in the 

growth of the oral biofilm due to its role in the subgingival biofilm development. It acts as a 

physical ‘bridge’, coaggregating between both early and late colonizers as well as other 

microorganisms. This causes a microbial shift from a healthy to a disease-causing biofilm 

when there is inadequate oral hygiene (Bradshaw et al., 1998; Kolenbrander, 2000). 

Furthermore, F. nucleatum has synergistic relationships with the periodontopathogen P. 

gingivalis to assist its survival in the subgingival biofilm (Diaz et al., 2002; McDermid et al., 

1988) as well as playing an active part in the progression of periodontitis through modulating 

the host immune response (Feuille et al., 1996). This makes it a promising potential target for 

biofilm disruption and prevention of the progression of periodontitis which can ultimately 

have a negative effect on the quality of life of an individual through its role in both intra and 

extra oral diseases.   

 

By F. nucleatum playing an important role in creating an organised biofilm in a 

spatiotemporal manner within the matrix produced by the bacteria, they have evolved to 
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obtain the ability to undergo horizontal gene transfer, transferring resistance genes that leads 

to antimicrobial resistance. Thereby, reducing the efficacy of antibiotic therapy on patients 

with periodontal disease (Hannan et al., 2010; Roberts et al., 1999; Wang et al., 2002).  

 

Thus, investigation of novel antimicrobial agents has steadily gained attention over recent 

years, including silver and gold nanoparticles. Nanoparticles is thought be a considerable 

potential as an alternative to antibiotic therapy through interaction and disruption of the 

bacterial cell membrane causing increased membrane permeability which subsequently leads 

to bacterial lysis (Li et al., 2013).  

 

Furthermore, development of accurate and readily available genomic sequencing of the type 

strains of F. nucleatum has not only indicated that the genome between the subspecies are 

vastly different enough to be considered different species, but also has enabled identification 

of various surface bound proteins thought to play an important role in virulence (Kook et al., 

2017; Manson McGuire et al., 2014; Wick et al., 2017a). However, there are still many 

domains with unknown functions. Therefore, further investigations of these adhesins are 

needed in order to identify the functions of the surface proteins, providing better 

understanding of the virulence potential of F. nucleatum and its role in disease, both intra and 

extra orally as an opportunistic pathogen.  

 

Standard approach to investigating oral biofilm has utilised end point analysis to assess 

biofilm dynamics (Lemos et al., 2010; Yu et al., 2017a). However, this involves destruction 

of the biofilm, therefore providing only a single data point with no information about the 

dynamics of the biofilm formation. However, more recent techniques overcome this 

limitation by integrating microfluidics and impendence technique, allowing for real-time, 

non-invasive and non-destructive label free method to monitor biofilm composition. The 

commercially available platform, xCELLigence® has revolutionised biofilm research by 

making Real-Time Cell Analysis (RTCA) of oral bacterial biofilms possible (Mira et al., 

2019). Therefore, using this platform allows real-time monitoring of biofilm dynamic as well 

as analysis of the effects of novel antimicrobial agents. 
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1.7.2 Aims of the investigation 

Thus, the first aim of this project is to grow and characterise the mono-species biofilm using 

F. nucleatum subsp. nucleatum, polymorphum, fusiforme and animalis to investigate if there 

are sub-species differences in biofilm formation. To achieve this, a protocol for growing 

anaerobic biofilm in a plate reader will need to be developed. For all aims, heart infusion 

broth (HIB) supplemented with Heamin and Vit K1 was utilised to culture the different 

subspecies of F. nucleatum including subsp. nucleatum ATCC 25586, subsp. polymorphum 

ATCC 10953, subsp. fusiforme ATCC 55190 (NCTC 11326) and subsp. animalis ATCC 

51191.  

 

The second aim will be to grow F. nucleatum subsp. nucleatum, polymorphum, fusiforme and 

animalis in the xCELLigence® platform under anaerobic conditions for real-time analysis of 

biofilm dynamics. To date, there is limited data of growing anaerobic single species oral 

bacteria in the xCELLigence® platform. This will then allow for further investigations such as 

the addition of antimicrobial agents that could potentially affect biofilm formation and 

maturation. 

 

Once the protocol for growing F. nucleatum biofilm was established, the third aim was to 

characterise and investigate the efficacy of alternative and novel antimicrobial agents 

including D-amino acids (DAA) (Ampornaramveth et al., 2018; Zilm et al., 2017) and silver 

and gold nanoparticles (Kim et al., 2011; Zhang et al., 2022a). This holds importance as 

current treatment of periodontitis includes the use of antibiotics (Kwon et al., 2021), 

however, due to increase in numbers of antibiotic resistant oral bacteria this can hinder 

treatment of periodontitis. For all novel antimicrobial agents, different concentrations were 

tested to find the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal 

Concentration (MBC).  

 

Successfully growing and characterising F. nucleatum biofilm was important to investigate 

the effectiveness of novel antimicrobial/antibiofilm agents that could potentially reduce 

biofilm formation and growth. This is clinically relevant, as further understanding contributes 

to the development of treatments against F. nucleatum mediated pathologies including 

periodontitis. 

 



 45 

CHAPTER 2: MATERIAL AND METHODS 

2.1  Growth Parameters 

2.1.1 Bacterial strains and growth conditions  

The bacterial strains used in this study were F. nucleatum subsp. nucleatum ATCC 25586, 

fusiforme, NCTC 11326, polymorphum ATCC 10953, animalis ATCC 51191. The bacteria 

were stored at -80°C and cultured on anaerobic blood agar plates (Thermo Scientific). Plates 

were incubated at 37°C in an anaerobic jar with Oxioid™AnaeroGen™ (Thermo Scientific) 

to create an anaerobic environment. Anaerobic conditions were confirmed using anaerobic 

indicator strips (Thermo Scientific). After 24 hours incubation, a single bacterial colony was 

transferred into 10ml of sterile heart infusion broth (HIB; Oxoid), enriched with yeast extract 

(5.0g/L Oxoid), L-Cysteine (0.5g/L; Aldrich), Haemin (5mg/L; Sigma) and Vitamin K1 

(2mg/L; Sigma), and maintained at 37°C under anaerobic conditions. After 24 hours, 

bacterial suspensions were transferred into modified HIB medium and incubated under 

anaerobic conditions until mid-exponential growth phase (4-6 hours) for all 4 subspecies 

(supplementary Figure 1). Culture purity was periodically assessed using Gram staining 

(Bartholomew and Mittwer, 1952) and mass spectrometry (MALD-TOF) and Biotyper 

software (Bruker). 

 

2.1.2 Biofilm formation in 96-well microtiter plates under anaerobic conditions 

in a spectrophotometer  

Once mid-exponential phase was reached, bacterial suspensions were adjusted to an optical 

density (OD600nm) of 0.3 using a NanoDrop 2000 spectrophotometer (Thermo Scientific™). 

200µl of cell suspension was then added into each well of 96-well microtiter plate in 

triplicate with the following methods to achieve anaerobic conditions within the plate reader 

(Figure 6). 

 

The microtiter plate was placed into a Synergy HTX multi-mode reader (Biotek) which was 

pre-heated to 37°C. Readings were taken every 15 minutes after 5 seconds of linear shaking 

at 600nm over 24 hours using Gen 5 software. 
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Figure 6: Schematic diagram of a cross-section of 96-well microtiter plate wells with 

different methods to create anaerobic environment most suitable for F. nucleatum biofilm to 

grow 

(A) Bacterial suspension only. (B) Bacterial suspension with AxySeal Plastic Sealing Film 

(Axygen®) covering the wells. (C) Bacterial suspension with either 50µl or 75 µl of sterile mineral oil 

placed on top of the culture. (D) Bacterial suspension with 50µl of sterile mineral oil and plastic film 

covering the wells. (E) Bacterial suspension with 75µl of sterile mineral oil and plastic film covering 

the wells. (F) Bacterial suspension with Oxioid™AneroGen™ sachet material added to outermost 

edges of the microtiter plate sealed with AxySeal Plastic Sealing Film film covering the wells 

 

2.1.3 Experimental protocol for Biofilm formation in a 96-well microtiter plate 

to test novel antimicrobial treatments 

The effects of novel antimicrobial treatments were assessed in two aspects: its effect on 

biofilm formation and established biofilm breakdown (Figure 7). To assess the inhibition of 

biofilm formation using novel antimicrobial compounds, each compound was added at the 

start of the experiment (Figure 7.A). A broth culture was grown in modified HIB and once 

mid-exponential phase was reached; bacterial suspensions were adjusted to an optical density 

(OD600nm) of 0.3 with a NanoDrop 2000 spectrophotometer (Thermo Scientific™). Then 20µl 

of cell suspension and 180µl of novel antimicrobial compounds diluted in modified HIB to 

different concentrations were added into each well of 96-well microtiter plate. Plates were 

incubated at 37°C in an anaerobic jar with Oxioid™AnaeroGen™(Thermo Scientific) to 

create an anaerobic environment. Anaerobic conditions were confirmed using anaerobic 

indicator strips (Thermo Scientific). Further experiments including viable cell counts, 

imaging (Confocal/SEM) and crystal violet staining of the biofilm were conducted afterwards 

to assess effectiveness of each treatment.  
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To assess the established biofilm breakdown of the novel antimicrobial treatments (Figure 

7.B), F. nucleatum biofilm was first grown for 24 hours in an anaerobic jar with 

Oxioid™AnaeroGen™(Thermo Scientific) sachet in an 37°C incubator. The particular 

treatment was then added to wells and plates which were incubated at 37°C for a further 24 

hours in an anaerobic jar to assess biofilm breakdown. Anaerobic conditions were confirmed 

using anaerobic indicator strips (Thermo Scientific). Further experiments including viable 

cell counts, imaging (Confocal/SEM) and crystal violet staining of the biofilm were 

conducted afterwards to assess effectiveness of each treatment.  



 

 

 

Figure 7: Flow diagram of experiments to assess biofilm inhibiting and biofilm breaking abilities by novel antimicrobial agents 

(A) biofilm inhibiting abilities where novel antimicrobial agents were added at the start of the experiment and (B) biofilm breakdown abilities where novel 

antimicrobial treatments agents were added to an already established biofilm 



2.2  Preparation of novel antimicrobial compounds  

2.2.1 D-amino acid and L-amino acid preparation  

Mixture of four D-amino acids, consisting of D-Methionine (Sigma-Aldrich; D-met), D-

Leucine (Sigma-Aldrich; D-Leu), D-Tryptophan (Sigma-Aldrich; D-Trp), D-Tyrosine 

(Sigma-Aldrich; D-Tyr) was dissolved in to HIB (Oxoid) and supplemented with yeast 

extract (5.0g/L Oxoid), L-Cysteine (0.5g/L; Aldrich), Haemin (5mg/L; Sigma) and Vitamin 

K1 (2mg/L; Sigma). Concentrations of DAA previously described by Zilm et al (2017) was 

used at 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr.  

 

The procedure was repeated using using L-Methionine (Sigma-Aldrich; L-Met), L-Leucine 

(Sigma-Aldrich; L-Leu), L-Tryptophan (Sigma-Aldrich; L-Trp) and L-Tyrosine (Sigma-

Aldrich; L-Tyr) at the same concentration as the D-amino acid mixture.  

 

2.2.2 Silver nanoparticle preparation  

Polycationic silver nanoparticles preparation was conducted by Yanping He as part of her 

PhD project (He et al., 2023). Synthesis was initiated by adding 1mL of aqueous silver nitrate 

(AgNO3; Sigma-Aldrich) solution and 1mL of prepared Branched PEI (BPEI) solution in 

6mL of deionized water while stirring in an ice bath for 15 minutes. Subsequently, 35µl of 

freshly prepared 45nM of sodium borohydride (NaBH4; Sigma-Aldrich) solution was added 

into the mixture in a dropwise manner under continuous stirring at 1100rpm for 2 days. After 

synthesis was completed, BPEI-Silver nanoparticles (BPEI-AgNP) suspension was 

centrifuged at 10,000g for 3 minutes, supernatant was removed and kept in the fridge until 

further use (He et al., 2023).  

 

2.2.3 Gold nanoparticle preparation  

Similar protocol to synthesising gold nanoparticles was conducted by Yanping He as part of 

her PhD project. Synthesis was initiated by adding 1mL of aqueous gold chloride (Au2Cl6; 

Sigma-Aldrich) solution and 30µL of prepared Branched PEI (BPEI) solution in 6mL of 

deionized water under stirring in an ice bath for 15 minutes. Subsequently, 30µl of freshly 

prepared 45nM of sodium borohydride (NaBH4; Sigma-Aldrich) solution was added into the 

mixture in a dropwise manner under continuous stirring at 1100rpm for 2 days. After 

synthesis was completed, BPEI-Gold nanoparticles (BPEI-AuNP) suspension was 
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centrifuged at 10,000g for 3 minutes, supernatant was then removed and kept at 4oC until 

further use. 

 

2.3  Viable cell count 

Bacterial growth after the conclusion of the experiments was assessed through viable cell 

counts. Bacterial suspensions were serially diluted (1:10) and 10µl of each dilution was 

dispensed as a drop on to anaerobic blood agar plates (Thermo Scientific) and incubated at 

37°C in an anaerobic jar with Oxioid™AnaeroGen™(Thermo Scientific) for 48 hours. Each 

experiment was conducted in duplicate or triplicate. Colonies were then counted and the 

number of cells in the initial sample was determined and expressed as Colony Forming Units 

(CFU)/ml. Only plates containing colony numbers between 10-100 were counted.  

 

2.4  Assessing F. nucleatum biofilm volume through crystal violet staining  

2.4.1 Biofilm quantification by crystal violet staining  

Crystal violet (CV) staining protocol was slightly modified from the method described by 

Muchova et al (2022). To quantify F. nucleatum biofilm, after experimental completion, 

biofilms were washed carefully with 100µl PBS, avoiding excessive biofilm dispersion. 

Plates were then air-dried at 37°C before stained with CV solution (200µl, 0.1% w/v) for 1 

hour at room temperature. Biofilms were then gently washed once with 200µl PBS and air 

dried for 3 hours in the incubator. To de-stain the biofilm, ethanol (100%, 200µl) was added 

then left at room temperature for 1 hour. Finally, each sample was diluted with sterile Milli-Q 

water (1:10) in a 96-well microtiter plate before absorbance was measured at 600nm using 

Synergy HTX multi-mode reader (Biotek). Each experiment was conducted using a row of 

96-well microtiter plate (12 replicates). 

 

2.4.2 Surface coating before crystal violet staining 

To investigate if F. nucleatum biofilm adherence could be increased before crystal violet 

staining, a row of wells in the 96-well microtiter plate were coated with either Poly-L-Lysine 

(PLL) or sterile saliva. 30µl of PLL (0.1% w/v) solution was added to evenly coat the bottom 

of the wells and left for 5 minutes at room temperature. Solution was then removed by 

aspiration and washed once with sterile PBS as per the manufacture’s recommendation. 

Plates were then left in the laminar flow hood to dry before use.  
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Saliva coating was performed by evenly coating the bottom of the wells with 30µl of filtered 

human saliva which was left to air dry in a fume hood for one hour. Any remaining saliva 

was removed, and the plate was dried for further one hour in the fume hood before 

experimental samples were added. 

 

2.4.3 Biofilm fixing before crystal violet staining  

After experimental completion, to decrease the dispersion of biofilms and decrease variability 

between replicates, some samples were fixed with 4% Formaldehyde for 10 minutes at room 

temperature before continuing with the crystal violet staining protocol mentioned above.  

 

2.5  Imaging   

2.5.1 Confocal Imaging  

To assess biofilm volume and viability of the bacteria within the biofilm, F. nucleatum single 

species were cultured with and without treatments in µ-Slide 8 Well ibidiTreat plates (Ibidi) 

in preparation for confocal imaging. 

 

Once mid-exponential phase was reached, bacterial suspensions were adjusted to an optical 

density (OD600nm) of 0.3 with a NanoDrop 2000 spectrophotometer (Thermo Scientific™).  

Some samples were further diluted 1:10 or 1:100 into modified HIB medium with or without 

novel antimicrobial compounds suspended in modified HIB media to give a total volume of 

200µl in each well. Experiments were conducted in duplicate.  

 

After completion of experiment, selected samples were fixed with 4% paraformaldehyde 

(Chem-supply) for 10 minutes. Then each well was stained following manufacturer’s 

instruction using the LIVE/DEAD™ Baclight™ Bacterial Viability Kit (Invitrogen™). One 

PBS wash was used to minimise dispersion and disruption of biofilms. Samples were then 

imaged immediately using Confocal Laser Scanning Microscopy (CLSM) using the Olympus 

FV3000 at 40x and 60x magnifications (Adelaide Microscopy, The University of Adelaide). 

 

Confocal microscopy images were analysed using Imaris 3D/4D 260 image visualization and 

analysis software was used to calculate biofilm volume and bacterial cell viability.   
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2.5.2 SEM imaging  

SEM imaging was conducted to examine axenic-subspecies F. nucleatum biofilm 

architecture. Biofilm was grown on 12mm diameter round cover glasses (Thermo Scientific) 

in 24 well cell culture plates (Costar®) overnight in an anaerobic jar. After the completion of 

the experiment, biofilms were then fixed for at least one hour in EM fixative solution (4% 

Paraformaldehyde/ 1.25% Glutaraldehyde in PBS with 4% sucrose, at pH 7.2). Washing 

buffer (PBS with 4% sucrose) was used to rinse the fixation solution for 5 minutes. 

 

Following fixation, biofilms were left in osmium tetroxide (OsO4) in water for 1 hour. 

Biofilms were then dehydrated with two changes of increasing ethanol concentrations (70%-

100%) for 15 minutes. 

 

Drying agent made up of hexamethyldisilane (HMDS; Electron Microscopy Sciences) 1:1 

with 100% ethanol was applied for 10 minutes before 2 changes of 100% HMDS was applied 

for 10 minutes each time. Remaining HMDS was removed, and coverslips were left to dry for 

at least 2 hours before they were mounted onto SEM specimen stubs (ProSciTech), coated 

with 3mm platinum, and visualised using scanning electron microscope (FEI ESEM Quanta 

450). Images were taken at 5,000x and 40,000x magnifications (Adelaide Microscopy, The 

University of Adelaide). 

 

2.6  xCELLigence® RTCA System  

2.6.1 Real-time biofilm analysis of F. nucleatum biofilms  

The xCELLigence® E-plates are equipped with gold electrodes at the bottom of each well 

(Figure 8.A). Electrical impedance between the electrodes is proportional to biofilm 

formation and expressed as an arbitrary unit called Cell Index (CI) by the RTCA Analysis 

Program (Figure 8.E).  

 

All four F. nucleatum subspecies were grown individually in the xCELLigence® E-plate 16  

PET (ACEA, Biosciences Inc.) to monitor biofilm dynamics. Experimental samples were 

prepared by transferring bacterial suspensions into modified HIB medium and incubating at 
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37oC under anaerobic conditions until mid-exponential growth phase (4-6 hours) for all 4 

subspecies. Bacterial suspensions were then adjusted to an optical density (OD600nm) of 0.3 

with a NanoDrop 2000 spectrophotometer (Thermo Scientific™). 200µl of cell suspension 

was then added into each well. The E-plates were incubated at 37°C for 24 hours and each 

experiment was conducted in duplicate (Figure 8.D). The xCELLigence® E-plate 16 VIEW 

(ACEA, Biosciences Inc.) was also used for confocal microscopy evaluation of biofilms.  

 

 

 

Figure 8: Using xCELLigence® RTCA system to monitor F. nucleatum biofilm formation 

(A) Image of xCELLigence® E-plate with 16 wells (single well outlined in red) (B) Magnified view of 

a single well of the xCELLigence® E-plate without any biofilm formation. No change in electrical 

impedance is reflected as no changes in CI. The number and size of electrodes are not drawn to 

scale and are for illustrative purposes. (C) When biofilm forms the electrical impedance is 

increased, this is reflected as increase in CI. (D) The E-plate is placed into a cradle within the 

RTCA station and is incubated at 37°C for 24 hours. (E) This data is then recorded via the RTCA 

Analysis Program installed into the computer which is then used for further analysis once 

experiment is completed.  

 

 

 

2.6.2 Creating anaerobic environment within xCELLigence® E-plates 

To create an anaerobic environment required for the F. nucleatum biofilm to develop, after 

bacterial suspensions were added into the xCELLigence® E-plate, AnaeroGen™(Thermo 
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Scientific) anaerobic sachet material was dispensed into the central evaporation wells (Figure 

9.A and B) and the lid was sealed with dental impression material (Honigum-Mono- DMG). 

Anaerobic conditions were confirmed using anaerobic indicator strip in an evaporation well 

(Thermo Scientific). 

 

 

Figure 9: Schematic diagram of xCELLigence® E-plate 16  

(A) Illustration of experimental set up in a xCELLigence® E-plate with 16 wells, modified to create 

an anerobic environment within the E-plate for F. nucleatum biofilm form. (B) Photo of modified 

xCELLigence® E-plate experimental setup to create an anaerobic environment. (C) Side view of 

xCELLigence® E-plate 

 

2.6.3 Human saliva collection  

Author’s own stimulated human whole saliva samples were collected into sterile 30ml tubes 

while chewing on sugar free gums for 5 minutes. Samples were diluted with sterile PBS to 

decrease viscosity and filtered using a 0.22µm MS® sterile syringe filter (Membrane 

solutions). Sterilised human saliva was stored at -20°C until required.  

 

2.6.4 Saliva coating xCELLigence® E-plates  

The xCELLigence® E-plate wells were coated with 100µl of filtered saliva which was left to 

air dry in a fume hood for one hour. Any remaining saliva was removed, and the plate was 

dried for further one hour in the fume hood before experimental samples were added.  
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2.6.5 Preparing xCELLigence® E-plates for confocal imaging  

The xCELLigence® E-plate 16 VIEW was used for confocal imaging due to the different 

arrangements of the gold electrodes embedded at the bottom of the wells which allows larger 

imaging windows (Figure 10.B; Green arrow) compared to the PET E-plates (Figure 10.A; 

Yellow arrow). In addition, the VIEW E-plates also have glass bottom wells suitable for 

imaging.  

 

After the completion of the experiment, the xCELLigence® E-plate 16 VIEW was prepared 

for confocal imaging by using the Bunsen burner to heat a scalpel blade which was used to 

score the periphery of the E-plates (Figure 11.A; Red dotted line). Caution was taken while 

using pliers to remove the plastic to ensure samples where not disrupted during the process 

(Figure 11.B). E-plates were customised to ensure there was no gap in between the bottom of 

the wells and the confocal microscopy lens, which could affect overall image quality (Figure 

12).  Once all 4 sides of the E-plate were removed, the modified xCELLigence® E-plate 16 

VIEW was prepared for confocal imaging (Figure 11.C).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 11: Schematic diagram of preparation of xCELLigence® E-

plates for confocal imaging  

(A) Open flame was used to heat up the scalpel to score the plastic 

xCELLigence® E-plate after completion of experiment (red dotted line) (B) 

Pliers were used to remove the sides of the E-plate along the scoring (C) 

Final result after all 4 sides of E-plate was removed in preparation for 

confocal microscopy 

  

 

 

Figure 10: Comparison of xCELLigence® E-plate 16 well PET and 

VIEW  

(A) Image of underside of xCELLigence® E-plate 16 well PET 

showing gold electrode arrangements. Group of electrodes under 

single well (red) is outlined and magnified with the arrow (orange) 

showing gap between the electrodes present. Bottom of the E-plate 

is constructed of plastic. (B) Image of underside of xCELLigence® E-

plate 16 well VIEW showing gold electrode arrangements. Group of 

electrodes under single well (red) is outlined and magnified with the 

arrow (green) showing larger gap between the electrodes present 

compared to the PET E-plate electrode arrangement (orange). 

Bottom of the E-plate is constructed with glass making it suitable for 

imaging. 



 

 

Figure 12: Comparison of xCELLigence® E-plate 16 well VIEW before and after 

customisation by removal of peripheral plastic  

(A) Schematic diagram if the peripheral plastic of the E-plate was not removed and confocal 

microscopy was attempted to image the biofilm. The significant gap between the bottom of the 

wells and the confocal microscopy lens (red arrows) affected overall image quality due to greater 

distance between the two entities (yellow arrow). (B) Schematic diagram showing how customising 

the E-plates by removing the peripheral plastic allows for the glass bottom to sit flush with the 

confocal stage to reduce distance between the bottom of the wells and the microscopy lens (yellow 

arrow).  

 

2.6.6 Confocal Imaging of xCELLigence® plates 

After completion of experiment, each well of the xCELLigence® E-plate 16 VIEW was 

stained following manufacturer’s instruction using the LIVE/DEAD™ Baclight™ Bacterial 

Viability Kit (Invitrogen™). One PBS wash was used to minimise dispersion and disruption 

of biofilms. Samples were then imaged using Confocal Laser Scanning Microscopy (CLSM) 

using the Olympus FV3000 at X40 magnification (Adelaide Microscopy, The University of 

Adelaide). 

 

2.7  Statistics and analysis  

Statistical analysis was conducted for appropriate data with help of Dr Tomas Sullivan 

(SAHMRI Biostatistics Unit). The results displayed as mean and standard deviations. Where 

applicable, data were analysed with Kruskal-Wallis test with Dunn’s multiple comparison 

post-hoc test or unpaired t-tests. GraphPad Prism version 8.4.3 for OS X, GraphPad Software 

LLC, San Diego, California USA (Ivashchenko, 2020). To be noted that ns denotes no 

significant difference, * denotes significant difference compared to the control (* p<0.05, ** 

p<0.01, ***p<0.001, **** p<0.0001). 
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CHAPTER 3: RESULTS  

3.1  Protocol optimisation to grow F. nucleatum in a spectrophotometer  

3.1.1 Developing protocol for creating an anerobic environment F. nucleatum 

species in 96-well microtiter plates in a spectrophotometer 

 

3.1.1.1 Growing F. nucleatum biofilm in a spectrophotometer 

Several growth conditions were used to maximise the growth of different F. nucleatum 

subspecies in 96-well microtiter trays. With the spectrophotometer pre-heated to 37°C but in 

the absence of a mineral oil layer or AxySeal Plastic Sealing Film (Axygen®), FNP and FNA 

showed minimal growth over 10 hours (Figure 13). FNF and FNN differed as log phase 

growth occurred over 7 hours reaching an OD near 1.0 at 8 hours, this was followed by a 

rapid decrease in OD.  

 

 

Figure 13: F. nucleatum growth curves in a 96-well plate with no film or oil layer 

Growth curves for each F. nucleatum subspecies with no film or mineral oil layer. Sterile modified 

HIB served as blank. Each experiment was conducted in triplicate. Error bars represent standard 

deviation. 
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3.1.1.2 Effect of mineral oil overlay to create anaerobic conditions for growth of 

F. nucleatum 

To create a more anerobic environment, sterile mineral oil was dispensed on the top of each 

well before the tray was placed into the spectrophotometer. Compared to the absence of 

mineral oil, FNP and FNA showed improved growth represented by an increase in OD600nm 

reaching maximum OD of 0.789 and 0.669 compared to 0.246 and 0.279 respectively (Figure 

14). In addition, the OD600nm remained steady after 10 hours compared to the decrease in 

OD600nm observed in the absence of mineral oil (Figure 14). Interestingly, the use of sterile 

mineral oil with FNN and FNF did not affect the log phase, however, the rapid decrease in 

OD600nm after around 8 hours was absent (Figure 15).  

 

3.1.1.3 Effect of mineral oil on growth of F. nucleatum  

FNP, FNN and FNF followed similar growth curves after addition of either 50l or 75l 

sterile mineral oil (Figure 14 & 15). Only FNA showed improved growth over 24 hours with 

75l mineral oil (maximum OD 0.669) and an increase in generation time (log phase) in the 

first 4 hours of the experiment compared to 50l (maximum OD 0.578) (Figure 14.B). For all 

subspecies, mineral oil maintained the OD600nm over the 24-hour period. In conclusion, 75l 

of sterile mineral oil created a sufficient anaerobic environment for the growth of all four 

subspecies (Figure 16). 



 

 

 

 

 

 

Figure 14: Effect on growth of different volumes of mineral oil to achieve anaerobic conditions for single species F. nucleatum growth  

Growth curves represented by OD at 600nm for (A) FNP and (B) FNA after addition of either 50l (red) or 75l mineral oil (green). Sterile modified HIB 

served as blank. Each experiment was conducted in triplicate. Error bars represent standard deviation. 
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Figure 15: Effect on growth of different volumes of mineral oil to achieve anaerobic conditions for single-species F. nucleatum  

Growth curves represented by OD at 600nm for (A) FNN and (B) FNF after addition of either 50l (red) or 75l mineral oil (green). Sterile modified HIB 

served as blank. Each experiment was conducted in triplicate. Error bars represent standard deviation. 
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Figure 16: Single-species F. nucleatum growth curves using 75l mineral oil 

Growth curves represented by OD at 600nm for ATCC 10953 (red), NCTC 11326 (green), ATCC 

25586 (purple) and ATCC 51191 (orange) with 75l mineral oil over 24 hours. Sterile modified HIB 

served as blank. Each experiment was conducted in triplicate. Error bars represent standard 

deviation. 

 

3.1.1.4 Effect of sealing 96-well microtiter plate with AxySeal Plastic Sealing 

Film to create anaerobic conditions for growth of F. nucleatum inoculum 

The effectiveness of sealing the 96-well microtiter plate with AxySeal Plastic Sealing Film 

was also compared to adding mineral oil to create an anaerobic environment. Improved 

growth was observed in FNP, FNN and FNF with sealing the plate with AxySeal Plastic 

Sealing Film compared to the mineral oil overlay. This increase in OD reached a maximum 

of 0.893, 1.260 and 1.187, compared to mineral oil where the maximal OD reached 0.696, 

1.040, and 0.985 respectively (Figure 17 and 18). FNA showed minimal difference between 

the use of AxySeal Plastic Sealing Film (maximum OD 0.766) and mineral oil only 

(maximum OD 0.671) (Figure 17). Interestingly, the combination of mineral oil and AxySeal 

Plastic Sealing Film did not have synergistic effects (Figure 17 and 18). Moreover, the use of 

film only appeared to have the greatest effect on improving growth (Figure 17 and 19).  
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Figure 17: Effectiveness of sealing AxySeal Plastic Sealing Film over 96-well microtiter plate in attempt to create anaerobic conditions in 

spectrophotometer  

Growth curves represented by OD at 600nm for (A) FNP and (B) FNA after sealing plate with AxySeal Plastic Sealing Film (red) or with combination of 

AxySeal Plastic Sealing Film and mineral oil (green). Sterile modified HIB served as blank. Each experiment was conducted in triplicate. Error bars 

represent standard deviation. 
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Figure 18: Effectiveness of sealing AxySeal Plastic Sealing Film over 96-well microtiter plate in attempt to create anaerobic conditions in a 

spectrophotometer  

Growth curves represented by OD at 600nm for (A) FNN and (B) FNF after sealing plate with AxySeal Plastic Sealing Film (red) or with combination of 

AxySeal Plastic Sealing Film and mineral oil (green). Sterile modified HIB served as blank. Each experiment was conducted in triplicate. Error bars represent 

standard deviation. 

 

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

Time (hours)

O
D

 (
6
0
0
n

m
)

ATCC 25586 (FNN)

Blank (HIB)

Only Film (No Oil)

Film + 75µl Oil

Only 75µl Oil (No film)

No Film or Oil

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

Time (hours)

O
D

 (
6
0
0
n

m
)

NCTC 11326 (FNF)

Blank (HIB)

Only Film (No Oil)

Film + 75µl Oil

Only 75µl Oil (No film)

No Film or Oil

A. B.

F. nucleatum 4 subsp. Growth Curves: Plastic film vs 75ml Mineral OilF. nucleatum subsp. Growth Curves: Plastic film vs 75l Mineral Oil 



 

3.1.1.5 Effect of combined use of AxySeal Plastic Sealing Film and anaerobic 

sachet material for growth of F. nucleatum in a spectrophotometer  

Additionally, additional experiments were conducted to further improve F. nucleatum growth 

in a 96-well tray in the spectrophotometer. Oxioid™AnaeroGen™ (Thermo Scientific) 

anaerobic sachet material was dispensed into peripheral wells of 96-well microtiter plates 

before being sealed with AxySeal Plastic Sealing Film (Figure 19). Initial growth of FNP and 

FNA, represented by an increase in OD600nm, was greater with the anaerobic sachet material 

sealed with film reaching maximum OD of 0.971 and 0.841 compared to film alone 

(maximum OD 0.893 and 0.768, respectively) (Figure 20). FNP improved the most of 

compared to the four subspecies with anaerobic sachet material and film (Figure 20). 

Interestingly, film only experimental samples showed slightly better growth in FNN and 

FNF, compared to the combination of sachet and film (Figure 21).  

 

 

 

Figure 19: 96-well microtiter plate set up to create an anaerobic environment in wells while 

placed in the spectrophotometer. Experimental samples surrounded by AnaeroGen™(Thermo 

Scientific) anaerobic sachet material was dispensed into the peripheral wells of 96-well  plates then 

sealed with a AxySeal Plastic Sealing Film before being placed into the spectrophotometer for 24 

hours at 37°C. 

 

 



 

 

 

 

 

 

 

Figure 20: Comparison of effectiveness of sealing 96-well plates with AxySeal Plastic Sealing Film with or without AnaeroGen™ anaerobic 

sachet material 

Growth curves represented by OD at 600nm for (A) FNP and (B) FNA after sealing plate with AxySeal Plastic Sealing Film only or with anaerobic sachet 

material. Sterile modified HIB served as blank. Each experiment was conducted in triplicate. Error bars represent standard deviation. 
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Figure 21: Comparison of effectiveness of sealing 96-well plates with AxySeal Plastic Sealing Film with or without AnaeroGen™ anaerobic 

sachet material 

Growth curves represented by OD at 600nm for (A) FNN and (B) FNF after sealing plate with AxySeal Plastic Sealing Film only or with anaerobic sachet 

material. Sterile modified HIB served as blank. Each experiment was conducted in triplicate. Error bars represent standard deviation. 
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3.1.1.6 Growth curves of 4 subspecies of F. nucleatum over 24 hours in the 

spectrophotometer  

All four subspecies of F. nucleatum was successfully grown under anaerobic conditions 

within the spectrophotometer created using anaerobic sachet material and plates sealed with 

AxySeal Plastic Sealing Film and growth curves were established for each subspecies of F. 

nucleatum (Figure 22). FNP, FNF and FNN all had similar growth curves while FNA 

appeared to have an increased doubling time during log phase. Doubling time was derived 

from these growth curves for all four subspecies (Supplementary Figure 1).  

 

 

Figure 22: Single-species F. nucleatum growth curves using 96-well plates and anaerobic 

sachet material and sealing with AxySeal Plastic Sealing Film 

Sterile modified HIB served as blank. Each experiment was conducted in triplicate. Error bars 

represent standard deviation. 
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3.1.2 Optimising the protocol for crystal violet staining in 96-well microtiter 

plates to assess F. nucleatum biofilm growth. 

F. nucleatum biofilms grown in modified HIB were more resilient and could withstand 

multiple washing and staining steps during the CV protocol compared to DAA treated 

biofilms. DAA treated biofilms appeared to be loosely attached which caused excessive 

disruption during the multiple washing steps, leading to greater variability in the results. This 

suggests that DAAs were disrupting the biofilm. This was less obvious in control groups 

where F. nucleatum was grown in modified HIB where minimal variability in the results was 

observed (Figure 23). Therefore, for the following experiments, DAA treated F. nucleatum 

biofilms were used to optimise the protocol for CV staining to achieve more consistent results 

and minimise the disruption of the biofilm. Subspecies, FNN (ATCC 25586) was used for 

these experiments.  
 

 

Figure 23: Scatter plot graph showing OD600nm representing F. nucleatum control biofilm vs 

DAA treated biofilm 

Distribution of results of four F. nucleatum subspecies comparing control (blue) and DAA treated 

(red) groups (n= 12) after crystal violet staining.  

 

3.1.2.1 Effect of saliva coating 96-well microtiter plate wells on F. nucleatum 

subsp. nucleatum biofilm adhesion 

Pre-coating the 96-well microtiter plate with sterile human saliva before growing the F. 

nucleatum biofilm treated with DAA did not improve the adhesion of biofilm. No significant 

differences (z-statistic for comparison = 0.07, p-value =0.47) in biofilm were observed 

between DAA treated FNN and DAA treated FNN grown in saliva coated 96-well plates 

(Figure 24). Saliva coating did not improve biofilm preservation during the CV staining 

protocol.  
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Figure 24: Table summarising results comparing different methods to optimise the crystal violet staining protocol  

Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test was conducted comparing DAA treated FNN biofilm and DAA treated FNN biofilm grown 

on saliva-coated wells (green highlighted). Top value represents z-statistic for comparison and the lower value represents p-value. Key is present on right 

hand side, which will be applicable for following Figures 25 and 27.  



 

3.1.2.2 Effect of coating 96-well microtiter plate with Poly-L-Lysine on FNN 

biofilm development. 

Pre-coating the 96-well microtiter plate with sterile 0.1% Poly-L-Lysine (PLL) before 

growing the F. nucleatum biofilm treated with DAA did improve the adhesion of biofilm. 

Significant differences (z-statistic for comparison = -2.98, p-value = 0.001) indicate that 

biofilm values were greater in the DAA treated FNN pre-coated with PLL compared to that 

of DAA treated FNN without PLL coating (Figure 25).  

 

 

 

 

 

Figure 25: Table summarising results comparing different methods to optimise crystal violet 

staining protocol. 

Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test was conducted comparing DAA 

treated FNN biofilm and DAA treated FNN biofilm grown on Poly-L-Lysine coated wells (green 

highlighted). Top value represents z-statistic for comparison and the lower value represents p-value 
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3.1.2.3 Fixing the FNN biofilm with 4% formaldehyde solution  

Additionally, DAA treated FNN biofilms were fixed with 4% formaldehyde (FA) to 

investigate if fixing the biofilm after the experiment would reduce biofilm dispersion during 

crystal violet staining. Significant differences (z-statistic for comparison = -3.27, p-value = 

0.0005) indicate that biofilm values were greater in the DAA treated FNN fixed with 4% FA 

compared to that of DAA treated FNN without fixation (Figure 27). Furthermore, less 

variability was observed when DAA treated FNN was fixed with 4% FA (Figure 26).  

 
 

 

Figure 26: Scatter plot graph showing effect of fixing DAA treated F. nucleatum biofilm with 

FA for crystal violet staining experiment 

Four F. nucleatum subspecies biofilm volume comparing DAA treated biofilm with and without FA 

fixation during crystal violet stain protocol (n= 12) 

 

Furthermore, additional experiments were conducted where DAA treated FNN biofilm was 

grown on PLL coated wells and then fixed with 4% FA after the end of the experiment. 

Significant differences (z-statistic for comparison = -3.66, p-value = 0.0001) indicate that 

biofilm values were greater in the DAA treated FNN biofilm grown on PLL coated wells and 

post-experimental fixation with 4% FA compared to that of DAA treated FNN without 

fixation or coating (Figure 27).  
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Figure 27: Table summarising results comparing different methods to optimise crystal violet 

staining protocol  

Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test was conducted comparing DAA 

treated FNN biofilm to DAA treated FNN fixed with 4% FA (green highlighted) and to DAA treated 

FNN grown on PLL coated wells and fixed with 4% FA (yellow highlighted). Top value represents z-

statistic for comparison and the lower value represents p-value 

 

3.1.3 Optimising confocal imaging protocol  

Initially two methods for growing F. nucleatum as a biofilm were performed before confocal 

imaging. Method 1 grew F. nucleatum biofilms on round glass coverslips placed into 24-well 

microtiter plates which were transferred onto glass slides after Live/Dead staining. This 

method showed extensive biofilm disruption during transferring the glass cover slips onto the 

glass slides and therefore gave variable results (Figure 28). Method 2 used µ-Slide 8 Well 

ibidiTreat plates as they allowed for immediate confocal imaging without transfer onto glass 

slides after Live/Dead staining (Figure 28). Furthermore, µ-Slide 8 Well ibidiTreat plates had 

more favourable qualities compared to normal glass slides such as having tissue culture 

treated well coatings for better adherence of the biofilm and a thinner polymer well base 

allowing for optimal confocal imaging (Figure 29).  

 

Due to their advantages, µ-Slide 8 Well ibidiTreat plates were used to grow single subspecies 

FNN (ATCC 25586) to optimise confocal imaging to allow biofilm analysis with Imaris 

software.  
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 Method 1 Method 2 

Coverslips in 24-well 

microtiter plate transferred 

onto Glass slides for imaging 

µ-Slide 8 Well ibidiTreat plate 

Max Volume 1ml 300l 

Well coating  Untreated Tissue culture-treated 

Thickness at the 

bottom of the wells 

Glass slides 

1mm 

Polymer coverslip #1.5 

180 µm (+10/–5 µm) 

Figure 29: Table comparing Method 1 and Method 2 for confocal imaging F. nucleatum 

biofilms.  

 

 

 

 

 

 

Figure 28: Schematic diagram showing workflow of Method 1 and Method 2  

Method 1; F. nucleatum grown on 13mm glass coverslips in 24-well microtiter plate transferred onto 

glass slides for confocal imaging. Method 2; F. nucleatum grown in µ-Slide 8 Well ibidiTreat plate 

for confocal imaging 
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3.1.3.1 Effect of reducing cell numbers in the starting inoculum on cell density 

per confocal image 

FNN was grown in µ-Slide 8 Well ibidiTreat plates (Ibidi) over 24 hours in an anaerobic jar 

to optimise Imaris analysis after Live/Dead florescent staining (Section 2.5.1). As expected, 

Live/Dead staining after 24 hours showed an abundance of live cells and minimal dead cells. 

However, there was no significant difference between samples, despite the 100-fold 

difference in OD of the starting inoculum (OD600nm range 0.3 to 0.003) (Figure 30). Analysis 

of FNN biofilm volume and viability (%) could not be determined on these samples using 

Imaris software due to excessive cell density and morphology interfering with program’s 

ability to identify each cell.  

 

 

Figure 30: Live/Dead fluorescent staining of FNN biofilm after 24 hours incubation 

Different starting OD600nm of (A) 0.3, (B) 0.1, (C) 0.03 and (D) 0.003 showed similar cell density per 

confocal image after Live/dead staining. All images were taken at X40 magnification with both live 

(green) and dead (red) channels combined. Scale bars 50m. 
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3.1.3.2 Reducing incubation time improved confocal imaging at at lower starting 

OD600nm 

The next parameter that was adjusted in an attempt to optimise the confocal microscopy 

protocol was modifying incubation time before Live/Dead staining and imaging. Incubation 

times of 7, 16 and 24 hours were assessed (Figure 31). Both starting OD600nm of 0.03 and 

0.003 showed similar trends where a decrease in incubation time from 24 hours to 16 and 7 

hours showed a proportional decreased in cell density per confocal image. Analysis after 16 

hours incubation using Imaris software was unable to be accurately completed due to the high 

cell density per confocal image (Figure 32). On the other hand, a more accurate analysis 

could be performed after 7 hours incubation where the software was able to identify and label 

each cell per confocal image more accurately (Figure 32). Henceforward, a starting inoculum 

of OD600nm of 0.003 and 7 hours incubation before staining the biofilm with Live/Dead 

staining and confocal imaging was considered the optimal protocol.



 

 

Figure 31: Live/Dead fluorescent staining of FNN biofilm after 7, 16 and 

24 hour incubation at two different starting OD600nm 

Different starting OD600nm of (A-C) 0.03 and (D-F) 0.003 incubated for 24 

hours (A and D), 16 hours (B and E) or 7 hours (C and F). All images were 

taken at X40 magnification with both live (green channel) and dead (red 

channel) stains combined. Scale bars 50m. 

 

 

 

 

 

 

 

Figure 32: Snapshot of analysis tool interface on Imaris software  

Each white dot represents Imaris software identifying each F. nucleatum 

cell. (A) At 16 hours incubation software is unable to identify each cell 

accurately, with many uncounted bacterial cells (yellow arrows). (B) At 7 

hours incubation, Imaris software can more accurately identify each F. 

nucleatum bacterial cell. All images were taken at X40 magnification with 

both live (green channel) and dead (red channel) stains combined. Scale 

bars 50m. 



 

3.1.3.3 Biofilm volume was significantly different depending on incubation time 

Another Imaris software analysis that aids in quantification of the biofilm is the calculation of 

biofilm volume through 3D rendering using CLSM Z-stack images after Live/Dead staining 

(Figure 33). There was a significant increase (p=0.0488) in biofilm volume after 24 hours 

incubation (mean biofilm volume 37.25 X104 m3; SD ±10.11) compared to 7 hours 

incubation (mean biofilm volume 6.03 X104 m3; SD ± 0.49) (Figure 34) This can also be 

confirmed visually after 3D rendering the biofilm where biofilm incubated for 24 hours is 

thicker than the biofilm incubated for 7 hours (Figure 33).  

 

 
 

 

Figure 33: Z-stack image and 3D rendering of Live/Dead fluorescent stained FNN biofilm 

comparing biofilm volume after 7 and 24 hours incubation  

Combined live (green) and dead (red) channels of FNN biofilm after (A) 24 hours incubation and 

(C) 7 hours incubation with (B,D) 3D rendered biofilm respectively. Scale bars 20m.  
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Figure 34: Comparison of volume of FNN biofilm incubated for 24 and 7 hours  

Graph of FNN biofilm volume comparing 24 hours to 7 hours (mean±SD, n= 3); ns denotes no 

significant difference, * denotes significant difference compared to the control (p< 0.05) using 

unpaired t-test (* p<0.05, ** p<0.01, ***p<0.001). 

 

 

3.1.3.4 Effect of using 4% Formaldehyde (FA) to fix FNN biofilm before 

live/dead staining  

Furthermore, to minimise disruption of biofilm during staining process, FNN biofilms were 

fixed with 4% FA for 10 minutes before Live/Dead stain and imaging under confocal 

microscope (Figure 35). FA appeared to interfere with the dead channel (red), dampening 

down the overall signal compared to control samples that were not treated with FA where 

dead cells appeared to be more clearly imaged. This phenomenon was consistently observed 

in samples with a different starting inoculum OD600nm of 0.03 and 0.003 (Figure 35).  
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Figure 35: Effect of 4% FA on Live/dead fluorescent staining of FNN biofilm after 7 hours 

incubation 

Confocal images comparing FNN biofilm with no fixing and fixing with 4% FA at two different 

starting inoculums (OD600nm of 0.003 and 0.03). White arrows indicates where dead bacterial cells 

are present. Images separated into three channels: Live (green), Dead (red) and Combined. All 

images were taken at X40 magnification. Scale bars 50m. 

 

3.1.3.5 Magnification X60 is more suitable for Imaris analysis of Live/Dead 

stained FNN biofilm  

The final parameter which was adjusted to improve confocal imaging protocol to permit 

Imaris software analysis was magnification of which the confocal images were taken. 

Originally all images were taken at X40 magnification, however after trial and error using 

Imaris software, a final decision was made to image at X60 magnification (Figure 36) which 

allowed for optimal cell density for the software to perform analysis more accurately (Figure 

37).  
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Figure 36: Confocal images of FNN biofilm after 7 hours incubation at two different 

magnifications 

Starting OD600nm of [0.003] and after 7 hours incubation, FNN biofilm was imaged at (A) X40 

magnification and (B) X60 magnification. Scale bars 50m. 

 

 

 

Figure 37: Snapshot of analysis tool interface on Imaris software  

Each white dot represents Imaris software identifying each F. nucleatum bacterial cell at (A) at X40 

magnification and (B) at X60 magnification. Both live (green channel) and dead (red channel) 

stains combined. Scale bars 50m. 
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3.2  Optimising xCELLigence® platform protocol to grow single species F. 

nucleatum biofilm under anaerobic conditions 

 

3.2.1 Use of anaerobic sachet material and dental impression material to create 

anaerobic conditions within xCELLigence® plate  

Similarly, to creating a more anaerobic environment in the 96-well microtiter plates by using 

anaerobic sachet material and AxySeal Plastic Sealing Film (Axygen®), anaerobic sachet 

material was added into the evaporation wells of the xCELLigence® plates followed by 

sealing of the lid with dental impression material (Figure 9). This adequately created an 

anaerobic environment, as seen from the colour change of the anaerobic indicator from pink 

to white over 24 hours (Figure 38).  

 

 

Figure 38: Assessing anaerobicity of xCELLigence® plate   

(A) Photo of xCELLigence® E-plate before experiment was placed in the incubator for 24 hours. 

Anaerobic indicator strip (green arrow) indicates oxygen was still present within the E-plate. (B) 

Photo of xCELLigence® E-plate after 24 hours in the incubator. Anaerobic indicator strip (red arrow) 

indicates sufficient anaerobicity of E-plate. 
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3.2.2 F. nucleatum biofilm growth in the xCELLigience® platform over 24 hours 

Electrical impedance detected between electrodes embedded within the xCELLigence® plate 

is proportional to biofilm formation and is expressed as an arbitrary unit called Cell Index 

(CI). Biofilm formation was therefore represented by an increase in CI. Although FNP, FNF 

and FNN appeared to form biofilm initially in the first hour, represented by increase CI 

(maximum CI 0.045, 0.068, 0.06 respectively), this was followed by decrease in CI to below 

zero. On the other hand, FNA immediately dropped and remained below. It is to be noted that 

CI curves for FNA were highly variable as reflected by large standard deviation error bars 

(Figure 41). Over 24 hours, all 4 subspecies of F. nucleatum (FNP, FNF, FNN, FNA) 

produced CI values below zero (Figure 39 and 40).  

 

Furthermore, to ensure that the negative impedance was not due to a technical error, FNA 

biofilm was grown under anaerobic conditions alongside Streptococcus mutans and 

Streptococcus sobrinus, both facultative anaerobes which produce biofilms that are known to 

be detected by the xCELLigence® platform. Both S. mutans and S. sobrinus produced 

increases in CI which correlated to formation of biofilm, whilst FNA showed negative CI as 

previously observed (Figure 41). 
 

 

Figure 39: Real-time Biofilm Analysis of FNP over 24 hours   

Experiments conducted in triplicate. Mean and SD of a single experiment shown and normalised to 

the control (Modified HIB).  
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Figure 40: Real-time Biofilm Analysis of FNF, FNN and FNA over 24 hours  

Experiments conducted in triplicate. Mean and SD of a single experiment shown and normalised to 

the control (Modified HIB). 

 
 

 

Figure 41: Real-time Biofilm Analysis of FNA, S. mutans and S. sobrinus over 24 hours   

Experiments conducted in triplicate. Mean and SD of a single experiment shown and normalised to 

the control (Modified HIB). 
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3.2.3 Effect of increasing the duration of the experiment longer than 24 hours  

To investigate if longer incubation period within the xCELLigence® platform will affect the 

CI readings of FNP biofilms, incubation time was extended to 48 hours (Figure 42). Although 

a slight increase in CI can be observed after 20 hours incubation, FNP CI remained negative, 

and biofilm remained undetected for the duration of the experiment (Figure 42).  

 
 

 

Figure 42: Real-time Biofilm Analysis of FNP over 48 hours   

Experiments conducted in triplicate. Mean and SD of a single experiment shown and normalised to 

the control (Modified HIB). 
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3.2.4 Effect of different starting inoculum   

FNP at two different starting inoculums of OD600nm 0.3 and 0.6 were tested to investigate if 

starting inoculum could potentially resolve the issue with the negative CI readings (Figure 

43). No apparent differences were observed even after doubling the starting inoculum. 

Therefore, it can be concluded that different starting inoculum does not contribute to the issue 

of negative CI reading on the xCELLigence® platform.  

 

 

 

Figure 43: Effect of different starting OD600nm of 0.3 and 0.6 on Real-time Biofilm Analysis of 

FNP over 24 hours  

Experiments conducted in triplicate. Mean and SD of a single experiment shown and normalised to 

the control (Modified HIB). 

 

3.2.5 Effect of saliva coating xCELLigence® plates 

Furthermore, xCELLigence® plate wells were coated with sterile human saliva to investigate 

if coating the wells could potentially resolve the issue with the negative CI readings (Figure 

44). However, similar CI curve patterns were observed between the saliva coated and non-

saliva coated wells where FNP CI remained in the negative values and biofilm grown was not 

detected through real-time biofilm analysis on the xCELLigence® platform. Saliva pre-

-0.25

-0.2

-0.15

-0.1

-0.05

0.0

0.05

0.1

0.15

0.0 5.0 10.0 15.0 20.0

B
as

e
lin

e 
C

el
l I

n
d

ex

Time (in Hour)

xCELLigence® - Real-time Biofilm Analysis of FNP with different 
starting inoculum

HIB (Blank) ATCC 10953 (FNP) [0.3] ATCC 10953 (FNP) [0.6]



 87 

coating the xCELLigence® plate wells did not contribute to improving FNP biofilm detection 

of the platform.   

 

 

 

 

 

Figure 44: Real-time Biofilm Analysis of FNP on Saliva Coated wells over 24 hours 

Experiments conducted in triplicate. Mean and SD of a single experiment shown and normalised to 

the control (Modified HIB). 

 

3.2.6 Confocal images of F. nucleatum biofilm after 24 hours  

From previous experiments, F. nucleatum is known to have formed biofilm after 24 hours, 

which is not reflected in the real-time biofilm monitoring system in the xCELLigence® 

platform where the CI remained constantly negative. Therefore, to confirm that F. nucleatum 

biofilm was forming over 24 hours in the xCELLigence® E-plate, confocal imaging using 

Live/Dead staining was conducted. To make the xCELLigence® E-plate 16 VIEW suitable for 
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confocal microscopy, the plates were modified to ensure adequate adaptation of the bottom of 

the bottom of the E-plate to the confocal microscope lens (Figure 11).  

 

Although the resolution of the confocal image is low, FNN biofilm can be visualised with 

mixture of live cells (green) and dead cells (red), as expected in a biofilm (Figure 45). After 

further investigations through contacting the manufacturer, xCELLigence® E-plate 16 VIEW 

was deemed not suitable for confocal microscopy imaging (Figure 45). 

 

 

 

Figure 45: Confocal image of FNN biofilm after 24 hours incubation with in xCELLigence® 

platform   

FNN biofilm was imaged at X10 magnification. Both Live (green) and Dead (red) channels are 

imaged. Scale bar 25m. 
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3.3  Novel antimicrobials and their effects on F. nucleatum  

3.3.1 Effect of D-amino acids on F. nucleatum  

3.3.1.1 Visual changes of F. nucleatum biofilm after DAA treatment 

All 4 subspecies of F. nucleatum were treated with DAA to investigate their effect on biofilm 

formation. After 24 hours incubation, the biofilms in the presence of DAA consistently 

showed a different appearance which was visually observed in microtiter plates (Figure 46). 

For all 4 subspecies, F. nucleatum biofilm grown in modified HIB and LAA appeared 

visually similar. Interestingly, FNF and FNN biofilm had a sunray appearance which differed 

from its modified HIB and LAA biofilm counterparts (Figure 46). This phenomenon was less 

obvious with FNP and FNA.  

 
 

 

Figure 46: Picture of F. nucleatum grown in 24-well microtiter plate 

Subspecies (A) FNP, (B) FNF (C) FNN (D) FNA grown in modified HIB (Control), DAA (treatment) 

and LAA for 24 hours 
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3.3.1.2 Concentration dependant effect of DAA on F. nucleatum growth  

DAAs used in experiments were dissolved in modified HIB and diluted to 50%, 25% and 

12.5% (Figure 47). A concentration dependant inhibitory effect was seen for FNP, FNF and 

FNN, but was less pronounced for FNA (Figure 47). While the concentration dependant 

effect of DAAs were most pronounced during log phase for FNF and FNN affecting the 

doubling time which decreased the maximum OD600nm reached, this was less obvious in FNP 

growth curves. No concentration dependant effect of DAAs were observed for FNA (Figure 

47). DAAs used at previously described concentration of 25mM for D-Leu, D-Met, D-Trp 

and 0.25mM for D-Tyr (Zilm et al., 2017) had greatest effects on FNP, FNF and FNN growth 

and was used for future experiments, further discussed in the following section.  

 

3.3.1.3 Effect of DAA on growth of F. nucleatum.  

All four subspecies of F. nucleatum were grown in the spectrophotometer over 24 hours to 

investigate the effect of DAAs on growth under anaerobic conditions (Section 2.1.3). For all 

subsequent experiments, DAAs were used at concentration of 25mM for D-Leu, D-Met, D-

Trp and 0.25mM for D-Tyr (Zilm et al., 2017). DAAs had similar effects on the growth of 

FNF and FNN where both the log phase and stationary phase were affected. Growth of FNF 

and FNN over the first 6 hours produced an increase in doubling time by 2-fold (log phase) 

and stationary phase was reached earlier near 4 hours in the DAA treated groups (Figure 48). 

DAA treated FNP, FNF and FNN groups showed a reduced capacity to grow, reflected in a 

reduction of the maximum OD600nm reached (0.96, 0.96 and 0.98 for control groups and 0.59, 

0.51 and 0.53 for DAA treated groups respectively). For FNF and FNN, the maximum 

OD600nm occurred at around 7 hours compared to ca. 10 hours for the control (Figure 48).  

  

On the contrary, minimal differences were observed between the control and DAA treated 

growth curves for FNA, which was consistently observed throughout the experiment repeated 

in triplicate. The final OD600nm after 24 hours were 0.76 and 0.66 for the control and DAA 

treated group respectively (Figure 48). Overall, DAA increased the doubling time and 

reduced maximum OD600nm for FNP, FNF and FNN. However, DAA treated FNA only 

reduced the maximum OD600nm seen at a lesser extent over 24 hours in a spectrophotometer 

(Figure 48).



 

  

 

 

 

Figure 47: Growth curves of F. nucleatum treated with different concentrations of DAAs at concentration of 25mM for D-Leu, D-Met, D-Trp and 

0.25mM for D-Tyr 

Growth curves represented by OD at 600nm for (A) FNP (B) FNF, (C) FNN and (D) FNA comparing control group and DAA treated groups. Sterile 

modified HIB and DAA in modified HIB served as blanks. Each experiment was conducted in triplicate. Error bars represent standard deviation. 
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Figure 48: Growth curves of F. nucleatum in the presence of DAAs at concentration of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr 

Growth curves represented by OD at 600nm for (A) FNP (B) FNF, (C) FNN and (D) FNA comparing control group (purple) and DAA treated group 

(orange). Sterile modified HIB and DAA in modified HIB served as blanks. Each experiment was conducted in triplicate. Error bars represent standard 

deviation. 

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

Time (hours)

O
D

 (
6
0
0
n

m
)

ATCC 10953 (FNP) 

Blank (HIB)

Blank (DAA)

10953 (Control)

10953 DAA

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

Time (hours)

O
D

 (
6
0
0
n

m
)

ATCC 25586 (FNN) 

Blank (HIB)

Blank (DAA)

25586 (Control)

25586 DAA

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

Time (hours)

O
D

 (
6
0
0
n

m
)

NCTC 11326 (FNF) 

Blank (HIB)

Blank (DAA)

11326 (Control) 

11326 DAA

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

Time (hours)

O
D

 (
6
0
0
n

m
)

ATCC 51191 (FNA)

Blank (HIB)

Blank (DAA)

51191 (Control)

51191 DAA

Growth Curves of four species of F. nucleatum

- DAA biofilm inhibiting effects

A. B.

C. D.

Growth Curves of subsp. F. nucleatum 
- DAA growth inhibiting effects 

 



 

3.3.1.4 The effect of DAAs on biofilm formation by F. nucleatum subspecies 

using crystal violet staining 

Crystal violet staining was used for F. nucleatum biofilm quantification in the presence of 

DAAs at a concentration of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr (Section 

2.4) add at the start of the experiment. After 24 hours, FNP and FNF treated with DAAs had 

a significant decrease in biofilm (Figure 49). FNP and FNF controls had a mean OD600nm of 

0.86 (SD± 0.09) and 1.02 (SD± 0.07) compared to DAA treated group of 0.67 (SD± 0.12) 

and 0.83 (SD± 0.09) respectively. On the contrary, the effect of DAA treatment of FNN and 

FNA was not significant (Figure 49).  

 

 

Figure 49: Effect of DAA on F. nucleatum subspecies biofilm formation using crystal violet 

staining  

DAA treatment (concentration of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr) was added 

at the start of the experiment. Graph comparing DAA treated and control (modified HIB) (A) FNP, 

(B) FNN (C) FNF and (D) FNA biofilm using crystal violet staining (mean± SD, n= 12); ns denotes 

no significant difference, * denotes significant difference compared to the control (p< 0.05) using 

unpaired t-test (* p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001). 
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3.3.1.5 Cellular morphology of F. nucleatum grown as a biofilm 

To assess F. nucleatum biofilm architecture, SEM imaging was performed after growing F. 

nucleatum in modified HIB on glass cover clips in 24 well microtiter plates for 24 hours in an 

anaerobic jar (Section 2.5.2). SEM images shows the fusiform shaped bacterial cells. 

Interesting, FNP and FNF showed the appearance of an extrapolymeric substance (EPS) on 

the bacterial surface which was not seen on FNN and FNA where coaggregation of bacterial 

cells were seen without EPS (Figure 50). 

 

3.3.1.6 DAA treated F. nucleatum shows changes in cellular morphology 

  

Subsequently, DAAs (concentration of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-

Tyr) were added at the start of the experiment which then F. nucleatum biofilms were imaged 

under SEM to assess changes in cellular morphology after 24 hours incubation in an 

anaerobic jar. EPS which was prominent in the FNP and FNF control group (as seen 

previously) was no longer present in the DAA treated groups although some extra-cellular 

material was present (Figure 50, yellow arrowhead). For all subspecies treated with DAAs, 

the biofilm appeared to have almost vesicular looking irregularities on the surface of the 

bacteria (Figure 50, red arrowhead). Interestingly, after DAA treatment, FNA cells became 

elongated (Figure 50.)  

 

 



 

 

Figure 50: SEM imaging of four F. nucleatum subspecies grown as a biofilm  

SEM images of (A) FNP, (B) FNF, (C) FNN and (D) FNA biofilms and DAA treated counterparts (E-H) grown on glass slides over 24 hours. DAAs at 

concentrations of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the experiment. Red arrow heads indicate vesicular 

looking structures and yellow arrowhead indicates extracellular material. Imaged at 40,000X magnification, scale bar 3m. Three random points of glass 

slides imaged.  



 

3.3.1.7 Confocal imaging and 3D analysis of F. nucleatum biofilms treated with 

DAAs 

Confocal imaging of F. nucleatum biofilms grown in modified HIB was conducted using µ-

Slide 8 Well ibidiTreat plates (Ibidi) grown in an anaerobic jar, where the biofilm was then 

Live/Dead stained for confocal microscopy (Section 2.5.1). A decrease in bacterial cell 

numbers after DAA treatment (25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr) was 

added at the start of the experiment can be observed for all 4 subspecies. This observation is 

reflected in the density of cells (Figure 51 and 52). Both live and dead cells are present in 

both control and DAA treated groups for all 4 subspecies. Interestingly, as seen in DAA 

treated FNA using SEM imaging, DAA treated FNP also appeared to show elongated cellular 

morphology (Figure 51). This was less prominent in the other DAA treated groups for FNF, 

FNN and FNA.   

 

Furthermore, after 3D rendering the Z-stack confocal images, there was a decrease in biofilm 

volume after DAA treatment for all four F. nucleatum subspecies (Figure 53 and 54). 



 

Figure 51: Confocal images of F. nucleatum biofilm comparing control and DAA treated group after Live/dead staining   

(A) FNP and (B) FNF control biofilm and DAA treated counterparts (C and D) were imaged at X60 magnification. DAAs at concentrations of 25mM for D-

Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the experiment. Both Live (green) and Dead (red) channels were imaged. Scale bar 

50m. 
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Figure 52: Confocal images of F. nucleatum biofilm comparing control and DAA treated group after Live/dead staining   

(A) FNN and (B) FNA control biofilm and DAA treated counterparts (C and D) were imaged at X60 magnification. DAAs at concentrations of 25mM for D-

Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the experiment. Both Live (green) and Dead (red) channels were imaged. Scale bar 

50m. 



 99 

 

 

 

 

Figure 53: 3D rendering of Live/Dead fluorescent stained FNP and FNF 

biofilm comparing control and DAA treatment 

3D rendered combined live (green) and dead (red) channels of (A,C) control 

and (B,D) DAA treated FNP and FNF. DAAs at concentrations of 25mM for 

D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the 

experiment. Scale bars 20m. 

 

 

 

 

Figure 54: 3D rendering of Live/Dead fluorescent stained FNP and FNF 

biofilm comparing control and DAA treatment 

3D rendered combined live (green) and dead (red) channels of (A,C) control 

and (B,D) DAA treated FNN and FNA. DAAs at concentrations of 25mM for 

D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the 

experiment. Scale bars 20m. 

 

 



 

3.3.1.8 F. nucleatum biofilm volume after DAA treatment 

The Imaris Analysis tool was used after confocal images were obtained for 3D rendering of 

the biofilm to compare the biofilm volume after DAA treatment was added at the start of the 

experiment. Due to the experiment conducted in duplicate, statistical analysis was not 

performed to conclude significance of the results. A decrease in volume was seen for FNF, 

FNN and FNA after DAA treatment compared to the control. DAA treated FNF and FNN 

biofilm showed almost 4-fold decrease in mean volume (1.95X104 m3; SD± 0.61 and 1.58 

X104 m3; SD± 0.49 respectively) compared to the control group (7.53X104 m3; SD± 0.85 

and 6.03 X104 m3; SD± 0.49 respectively). DAA treated FNA showed an almost 3-fold 

decrease in mean volume (2.09X104 m3; SD± 0.29) compared to the control group 

(5.92X104 m3; SD± 1.55). On the other hand, DAA treated FNP showed an increase in 

mean volume (5.21X104 m3; SD ± 0.06) compared to the control (4.12X104 m3; SD ± 

1.30) (Figure 55).   

 

 

Figure 55: Effect of DAA on F. nucleatum biofilm volume 

Graph of (A) FNP, (B) FNF, (C) FNN and (D) FNA biofilm volume comparing control and DAA 

treated groups (mean±SD, n= 2). DAAs at concentrations of 25mM for D-Leu, D-Met, D-Trp and 

0.25mM for D-Tyr were added at the start of the experiment. 
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3.3.1.9 F. nucleatum viability after DAA treatment  

Imaris Software was also used to compare the viability (%) of F. nucleatum after DAA 

treatment was added at the start of the experiment (Section 2.5.1). Due to the experiment 

conducted in duplicate, statistical analysis was not performed to conclude significance of the 

results. Mean viability (%) and SD showed DAA treatment produced a slight decrease and 

greater variability in the viability compared to controls, ranging from 84.64% (SD± 4.19) to 

94.42% (SD± 0.20). FNP biofilm had a decrease in viability of 1.73% (control group mean 

viability 96.15% SD± 4.46 and DAA treated group mean viability 94.42% SD± 0.20) 

compared to FNN biofilm which had a decrease in viability of 13.68% (control group mean 

viability 98.32% SD± 1.52 and DAA treated group mean viability 84.64% SD± 4.19). FNF 

biofilm had 8.79% decrease in viability (control group mean viability 97.57% SD± 2.64 and 

DAA treated group mean viability 88.79% SD±5.42) and FNA biofilm had 10.32% decrease 

in viability (control group mean viability 99.79% SD± 0.06 and DAA treated group mean 

viability 89.47% SD±0.51). In the control group, the viability of all 4 subspecies was 

between 96.15% to 99.79% (Figure 56).  
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F. nucleatum 

subspecies 

Live (%) 

Control 

Live (%) 

DAA treated 

Decrease in viability 

(%) 

FNP 96.15  

SD± 4.46 

94.42 

SD± 0.20 

1.73 

FNF  97.57 

SD± 2.64 

88.78 

SD± 5.42 

8.79 

FNN  98.32 

SD± 1.52 

84.64 

SD± 4.19 

13.68 

FNA  99.79 

SD± 0.06 

89.47 

SD± 0.51 

10.32 

 

Figure 56: Effect of DAA at concentration of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for 

D-Tyr on F. nucleatum biofilm viability (%)  

Viability (%) calculated after analysis using Imaris software tool of FNP, FNF, FNN and FNA control 

groups compared to its DAA treated counterparts (mean±SD, n= 2). DAAs at concentrations of 

25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the experiment. 

 

Furthermore, the viability of F. nucleatum after DAA treatment was added at the start of the 

experiment was also assessed using viable cell counts after 24 hours (Section 2.3). Due to the 

experiment conducted in duplicate, statistical analysis was not performed to conclude 

significance of the results. All four subspecies showed a decrease in viable cells compared to 

their control counterparts. DAA treated FNP showed 1.7-fold decrease (mean viable cell 

count of control 3.18X109 CFU/ml; SD± 0.95 and DAA treated, 1.80X109 CFU/ml; SD± 

0.42). FNA and FNF showed 3- and 4-fold decrease in the viable cell count after DAA 

treatment (1.37 X109 CFU/ml; SD± 1.60 and 1.20 X109 CFU/ml; SD±1.41 respectively) 

compared to the control group (4.15 X109 CFU/ml; SD± 0.57 and 4.88X109 CFU/ml; SD± 

1.38 respectively). FNN showed greatest decrease in viability of cells after DAA treatment 

with a 6-fold decrease where the control group had mean viable cells value of 4.15 X109 
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CFU/ml; SD± 0.28 compared to DAA treated mean value of 6.00 X108 CFU/ml; SD± 0.72 

(Figure 57).  

 

 

 

 

F. nucleatum 

subspecies 

Control 

(mean value CFU/ml) 

DAA treated 

(mean value CFU/ml) 

Effect 

FNP 3.18X109 CFU/ml 

SD± 0.95 

1.80 X109 CFU/ml 

SD± 0.42 

1.7-fold decrease 

FNF 4.88X109 CFU/ml 

SD± 1.38 

1.20 X109 CFU/ml 

SD± 1.41 

4-fold decrease 

FNN 4.15 X109 CFU/ml 

SD± 0.28 

6.00 X108 CFU/ml 

SD± 0.72 

6-fold decrease 

FNA 4.15 X109 CFU/ml 

SD± 0.57 

1.37 X109 CFU/ml 

SD± 1.60 

3-fold decrease 

 

Figure 57: Viable cell counts and table comparing F. nucleatum growth between control and 

DAA treated groups  

Graph of (A) FNP, (B) FNF (C) FNN and (D) FNA growth after viable cell counts comparing control 

with DAA treated samples in two separate experiments. DAAs at concentrations of 25mM for D-

Leu, D-Met, D-Trp and 0.25mM for D-Tyr were added at the start of the experiment. 
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3.3.2 Effect of D-amino acids on established F. nucleatum biofilms 

3.3.2.1 Effect of DAA on F. nucleatum biofilm dispersion  

Crystal violet staining and viable cell count experiments were also performed to investigate 

the ability of DAA to disperse an established biofilm (Section 2.1.3). DAAs used at 

concentrations of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr to treat already 

established F. nucleatum biofilm (previously incubated for 24 hours in an anaerobic jar), 

which was then further incubated for another 24 hours in an anaerobic jar (Section 2.1.3).  

 

There was a significant decrease in biofilm (crystal violet staining) after DAA treatment of 

biofilms for FNP, FNF and FNN with mean OD600nm readings of 0.96, 1.19 and 0.77 

compared to the control groups with mean OD600nm readings of 1.06, 1.60 and 1.36 (Figure 

58). The FNA biofilm showed a significant increase in biofilm, (mean value of OD600nm 0.63 

for control to 0.72 for the DAA treated group - Figure 58).  

 

 

 

 

 

F. nucleatum 
subspecies 

Control 
(Mean OD600nm) 

DAA treated 
(Mean OD600nm) 

P- value 

FNP 1.06 
SD±0.05 

0.96 
SD±0.08 

0.0020** 

FNF 1.60 
SD±0.17 

1.19 
SD±0.08 

<0.0001**** 

FNN 1.36 
SD±0.12 

0.77 
SD±0.08 

<0.0001**** 

FNA 0.63 
SD±0.10 

0.72 
SD±0.15 

0.0152* 
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Figure 58: Effect of DAA treatment on established F. nucleatum biofilms using crystal violet 

staining 

Graph of (A) FNP, (B) FNF, (C) FNN and (D) FNA biofilm after DAA treatment at 24 hours (mean± 

SD, n= 12). DAAs at concentrations of 25mM for D-Leu, D-Met, D-Trp and 0.25mM for D-Tyr were 

added to already established F. nucleatum biofilms; ns denotes no significant difference, * denotes 

significant difference compared to the control (p< 0.05) using unpaired t-test (* p<0.05, ** p<0.01, 

***p<0.001).  

 

For all four subspecies, there were no obvious changes in viability compared to the control 

seen from viable cell count results (Figure 59). Due to the experiment conducted in duplicate, 

statistical analysis was not performed to conclude significance of the results. 

 

 

Figure 59: Scatter plot showing viable cell counts comparing F. nucleatum growth between 

control and DAA treated groups  

Graph of (A) FNP, (B) FNF (C) FNN and (D) FNA viable cell counts comparing effect of DAA to the 

control in two separate experiments. DAAs at concentrations of 25mM for D-Leu, D-Met, D-Trp and 

0.25mM for D-Tyr were added to already established F. nucleatum biofilms 

 

3.3.3 Effect of Polycationic Silver nanoparticles (AgNPs)  

3.3.3.1 Effect of AgNPs on the growth of F. nucleatum  

 

Another novel antimicrobial agent that was used to investigate the effect on F. nucleatum 

growth was polycationic AgNPs (Section 2.2.2). Similar, to the DAA experiments, various 

concentrations (ranging from 10g/ml- 60g/ml) of pre-prepared AgNPs were added to a 

culture of each four subspecies of F. nucleatum grown in modified HIB at the start of the 
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experiment and incubated for 24 hours. The effect on the growth was evaluated by viable cell 

counts (Section 2.3). 

 

AgNPs at concentrations ranging from 10-60g/ml were used. Viable cell counts showed a 

concentration dependant trend for all four subspecies, where the concentration of AgNPs was 

inversely proportional to viability (Figure 60). Due to the experiment conducted in duplicate, 

statistical analysis was not performed to conclude significance of the results. FNP and FNA 

showed a decrease in viable cell numbers at a AgNP concentration of 40g/ml (mean of 5.74; 

SD±5.67 and 7.37 X109 CFU/ml; SD±3.03 respectively) compared to the control (mean of 

1.01; SD±1.30 and 1.28 X1010 CFU/ml; SD±0.85 respectively). FNF showed a decrease in 

viable cell numbers at a AgNP concentration of 20g/ml (mean of 0.18X109 CFU/ml; 

SD± 0.13) compared to control (mean of 16.93 X109 CFU/ml; SD±3.78) while FNN 

showed decrease at AgNP concentration 10g/ml (mean of 5.57 X109 CFU/ml; SD±3.04) 

compared to control (mean of 16.97; SD± 3.78 and 21.43 X109 CFU/ml; SD±0.75 

respectively). FNN was the most sensitive to AgNP treatment (Figure 60).  

 

Figure 60: Viable cell count of F. nucleatum treated with polycationic AgNP  

Viable cell counts of AgNP treated (A) FNP, (B) FNA (C) FNF and (D) FNN (mean± SD, n= 2).  
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3.3.3.2 Confocal imaging of Live/Dead stained F. nucleatum biofilms treated 

with AgNP  

Confocal imaging was performed on F. nucleatum biofilms after Live/Dead staining. F. 

nucleatum subspecies were treated with AgNPs (60g/ml) added at the start of the 

experiment (Section 2.5.1). Due to AgNPs being used at a high concentration of 60g/ml, it 

formed clumps which was visually observed when added into the µ-Slide 8 Well ibidiTreat 

plates (Ibidi) with F. nucleatum. Morphological differences between F. nucleatum and 

AgNPs can be seen as fusiform cells against the spherical clumps of AgNPs (Figure 61 and 

62). All four subspecies of F. nucleatum showed a significant reduction in bacterial cell 

number after being treated with 60g/ml AgNPs, represented by decrease in number of rod- 

shaped bacteria per confocal image (Figure 61 and 62). These were all qualitative 

observations, due to difficulty for Imaris analysis tool to differential between F. nucleatum 

and AgNPs.  
 

 

Figure 61: Confocal images of FNP and FNF biofilm comparing control and AgNP treated 

biofilm after Live/dead staining   

(C) FNP and FNF control biofilm and AgNP 60g/ml treated counterparts (F) were imaged at X60 

magnification. AgNPs at concentrations of 60g/ml were added at the start of the experiment. Both 

Live (green) and Dead (red) channels are imaged (A-F). Scale bar 50m. 
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Figure 62: Confocal images of FNN and FNA biofilm comparing control and AgNP treated 

biofilm after Live/dead staining   

(C) FNN and FNA control biofilm and AgNP 60g/ml treated counterparts (F) were imaged at X60 

magnification. AgNPs at concentrations of 60g/ml were added at the start of the experiment. Both 

Live (green) and Dead (red) channels are imaged (A-F). Scale bar 50m. 

 

 

 

3.3.3.3 Effect of F. nucleatum biofilm volume after AgNPs (60g/ml) treatment  

Due to the Imaris analysis tool’s inability to differentiate between F. nucleatum and AgNPs, 

this interfered with the analysis of the biofilms. Therefore, biofilm viability (%) and volume 

(X104 m3) were unable to be assessed after AgNPs were added at the start of the 

experiment. However, through Z-stack confocal imaging, all four subspecies showed a 

dramatic reduction in biofilm volume which can be visually seen from the dispersion of 

bacterial cells after 3D rendering (Figure 63 and 64). Moreover, AgNPs non-specifically 

bound to both the Live (green) and Dead (red) stain, appearing orange in colour due to 

colocalization of the stain (Figure 63 and 64). 
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Figure 63: Z stack images and 3D rendering of Live/Dead fluorescent stained FNP and FNF 

biofilm comparing control and AgNP 60 treated biofilm volume  

Comparison of confocal images of (A) FNP and (D) FNF control groups and AgNP 60 treated (B,E) 

biofilm with (C,F) 3D rendering. Combined live (green) and dead (red) channels are imaged. 

AgNPs at concentrations of 60g/ml were added at the start of the experiment. Scale bars 20m.   

 

 

Figure 64: Z stack images and 3D rendering of Live/Dead fluorescent stained FNN and FNA 

biofilm comparing control and AgNP 60 treated biofilm volume  

Comparison of confocal images of (A) FNN and (D) FNA control groups and AgNP 60 treated (B,E) 

biofilm with (C,F) 3D rendering. Combined live (green) and dead (red) channels are imaged. 

AgNPs at concentrations of 60g/ml were added at the start of the experiment. Scale bars 20m.   
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3.3.4 Effect of Gold Nanoparticles (AuNPs)  

3.3.4.1 Effect of AuNPs on the growth of FNN  

The final novel antimicrobial agent tested was AuNPs. AuNPs were added to FNN inoculum 

at the start of the experiment, which was then incubated over 24 hours before undergoing 

viable cell counting (Section 2.1.3). Due to time constraints, only FNN subspecies was used 

for the following experiments. 

 

AuNPs at concentrations ranging from 10-60g/ml were investigated. AuNPs followed a 

similar result to AgNPs where viable cell numbers decrease as the concentration of AuNPs 

increased (Figure 65). Due to the experiment conducted in duplicate, statistical analysis was 

not performed to conclude significance of the results. At AuNP concentration of 10g/ml, 

there was a 4.4-fold decrease in viable cell numbers (mean value of 4.95 X109 CFU/ml; 

SD±4.03) compared to the control (mean value of 22.0 X109 CFU/ml; SD±0.71). There was 

a greater decrease in viability when FNN was treated with AuNP at a concentration 20g/ml 

or greater (Figure 65). 

 

 

Figure 65: Viable cell counts of FNN when treated with AuNP  

Viable cell count scatter plots of control and FNN treated with AuNPs at various concentrations 

from 10g/ml-60g/ml. Duplicates in the same experiments were plotted with mean values.    
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CHAPTER 4: DISCUSSION AND CONCLUSION 

4.1  Protocol optimisation  

4.1.1 Overcoming difficulties creating an anaerobic environment in the 

spectrophotometer to measure growth of F. nucleatum  

Early in the project, a major issue was faced in creating an anaerobic environment to facilitate 

growth of F. nucleatum, an obligate anaerobe, within the spectrophotometer at 37°C. When 

the four subspecies of F. nucleatum were grown without any interventions to achieve 

anaerobic conditions, FNP and FNA showed minimal growth as expected. Surprisingly, 

although F. nucleatum is known to only grow under strict anaerobic conditions and can be 

susceptible to atmospheric oxygen (Spaulding and Rettger, 1937), FNN and FNF showed 

significant growth (Figure 13).  

 

Although there is no current literature on using mineral oil to grow F. nucleatum specifically, 

sterile mineral oil is a well-known method used to create anaerobic conditions (Hall, 1929; 

Hanisakova et al., 2022; Jacobson et al., 2004). Therefore, sterile mineral oil was overlayed 

on samples in each well to achieve anaerobic conditions. However, although growth of FNP 

and FNA improved as seen by the increase in log phase and decrease in doubling time, 

growth was still not comparable to FNN and FNF (Figure 14). In this project we have shown 

that there are sub-species specific differences in F. nucleatum growth. FNP and FNA showed 

increase sensitivity to oxygen compared to FNN and FNF, current literature has not addressed 

these differences, however, it could be possibly to due to in genetic differences (Gharbia and 

Shah, 1989; Kim et al., 2010; Kook et al., 2013; Nie et al., 2015). The ability for the four 

subspecies to produce NADH oxidases to remove oxygen differed. Further examination of 

their genetic sequences may provide clarification. For all four subspecies, the volume of 

mineral oil (50l vs 75l) had minimal effects on the growth (Section 3.1.1.2-3). The mineral 

oil overlay also provided technical challenges when adding antimicrobial/antibiofilm 

treatments to established biofilms.  

 

Mineral oil was therefore replaced with AxySeal Plastic Sealing Film. At experimental 

completion, if further experiments were needed, samples were able to be accessed by making 

a small opening through the plastic film with a sterile surgical blade and re-sealed with 

AxySeal Plastic Sealing Film. FNP and FNA showed improved growth when a combination 
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of anaerobic sachet material and AxySeal Plastic Sealing Film was used (Figure 19). While 

other creative methods such as OVAMO (use of Oxyrase enzyme to remove dissolved 

oxygen, applying a partial VAcuum to remove oxygen in the air and Mineral Oil) has been 

suggested to generate an in situ anaerobic environment within the 96-well microtiter plate 

(Lam et al., 2018), the combination of anaerobic sachet material and AxySeal Plastic Sealing 

Film was deemed more appropriate and effective (Section 3.1.1.5). Furthermore, it is to be 

noted that to reduce static and risk of anaerobic sachet material dispersing into samples when 

sealing the plate, spraying the AxySeal Plastic Sealing Film lightly with 80% alcohol before 

sealing was very effective.  

 

Moreover, this may be less of a problem for spectrophotometers that enable the lid to be 

placed on the microtiter tray. If so, the use of a mineral oil overlay and sealing the lid with a 

thin layer of Vaseline may be effective.   

 

4.1.2 Optimisation of the Crystal Violet (CV) staining protocol to minimise 

disruption of the F. nucleatum biofilm 

 

As previously discussed in Section 3.1.2, F. nucleatum biofilms grown in modified HIB 

resisted multiple washing and staining steps during the CV protocol. However, DAA treated 

biofilms were loosely attached, displaying excessive and unpredictable dispersion during the 

CV protocol, leading to greater variability in the results (Figure 23). Similar observations 

with the difficulty of staining F. nucleatum biofilms was reported by Muchova et al. (2022). 

Therefore, this study used different well preparations including sandblasting glass surface, 

artificial saliva, fibronectin, gelatine, and Poly-L-Lysine to investigate if adhesion of the 

biofilm improves. They concluded that Poly-L-Lysine and sandblasting glass surface was the 

most effective. Furthermore, due to time constraints, one subspecies FNN (ATCC 25586) 

was chosen to develop the protocol.  

 

Kruskal Wallis test with Dunn’s multiple comparison post-hoc test comparing DAA treated 

FNN and DAA treated FNN with well coatings (sterile human saliva or Poly-L-lysine and/or 

fixation with 4% formaldehyde) showed that Poly-L-lysine showed significantly better 

adhesion of FNN biofilm (Section 3.1.2.2). Poly-L-lysine coating has been recommended to 

promote bacterial adhesion in E. coli (Benn et al., 2019; Cowan et al., 2001) and F. 
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nucleatum (Muchova et al., 2022). Furthermore, fixating DAA treated FNN biofilms with 4% 

formaldehyde reduced the variability within the sample groups (Figure 26).  

 

While the PLL well coating showed a significant decrease in the dispersal of biofilm, fixing 

the DAA treated biofilm with 4% formaldehyde post-experiment for 10 minutes gave the best 

results (Section 3.1.2.3). Therefore, this method was chosen for CV staining and was just as 

effective amd less time consuming as PLL coating microtiter plates as PLL coating can take 

more than an hour to prepare (Section 2.4.2). It was concluded that fixating biofilm with 4% 

formaldehyde at the end of the experiment for 10 minutes sufficiently increased 

reproducibility of the results and reduced detachment of the F. nucleatum biofilm.  

 

4.1.3 Optimising the confocal imaging protocol for Imaris analysis of F. 

nucleatum biofilms 

Optimising the confocal imaging process was time consuming but important to visually 

assess the quality as well as quantify the biofilm through viability (%) and volume (X104 

m3) analysis using Imaris Software. This was performed after the biofilm was Live/Dead 

stained and Z-stack images were captured. Due to time limitations, FNN was chosen to 

optimise the confocal imaging protocol. 

 

Initially, biofilms with and without DAA treatments were grown on 13mm glass cover slips 

in a 24-well microtiter plate which were then prepared for confocal imaging following 

Live/Dead staining (Elliott, 2020). However, as previously discussed in Section 3.1.2, DAA 

biofilms were unable to withstand the multiple washing and staining stages as well as the 

physical transfer onto glass slides for confocal imaging, leading to large variability in the 

biofilm analysis (Figure 28 – Method 1).  

 

Therefore, µ-Slide 8 Well ibidiTreat plates (Ibidi) were investigated. The ibidiTreat (tissue 

culture-treated) surface allowed for optimal cell adhesion and the smaller well size allowed 

for more controlled washing and staining with minimal disruption to the biofilm (Figure 29) 

Furthermore, this method allowed for a better optical quality image due to its very thin 

180µm polymer coverslip base which could immediately be used for confocal microscopy 

without the need to transfer elements to glass slides (Figure 28- Method 2).  
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An additional challenge was to try to achieve representative Z- stack confocal images of the 

biofilm which enables the Imaris Analysis software to quantify the viability (%) and biofilm 

volume (X104 m3). For the software to be able to analyse these parameters, it needs to be 

able to detect and count each bacterial cell (Figure 32 and 37). High cell density per confocal 

image and fusiform shape of the bacteria interferes with the software function, leading to 

inaccurate results in measuring the number of live and dead cells.  

 

Reducing the incubation time from 24 hours to 7 hours as well as reducing the initial 

inoculum to OD600nm 0.003 produced the best outcome (Figure 36), allowing the Imaris 

Software to count individual bacterial cells accurately and perform quantitative analysis of 

the biofilm (Figure 37).  

 

While fixation of samples is common in SEM imaging, it is not routinely carried out for 

confocal imaging. However, fixating the biofilm with 4% formaldehyde (FA) was carried out 

to investigate if disruption to the biofilm during Live/Dead staining could be minimised 

(Section 3.1.3.4), following a similar to protocol to Muchova et al. (2022). Initial concerns 

were that fixation of the biofilm with 4% FA may kill the cells and over represent dead cells 

after Live/Dead staining, however this was not the case as samples fixed and not fixed with 

4% FA showed similar live to dead ratio per confocal image, 4% FA appeared to interfere 

with the dead channel (red), dampening down the overall signal (Figure 35). Therefore, 4% 

FA fixation was chosen not to be used.  

 

Finally, X60 magnification was more suitable than X40 magnification, as greater 

magnification of the field allows for Imaris software to identify each cell and perform 

quantitative analysis more accurately (Figure 37). For subsequent confocal microscopy 

experiments using novel anti-microbial compounds, the F. nucleatum inoculum (OD600nm of 

0.003) in modified HIB was incubated for 7 hours in µ-Slide 8 Well ibidiTreat plates in 

anaerobic jars. Live/Dead staining was conducted, and confocal microscopy was performed 

at X60 magnification. To date, there are no such detailed protocol that has been described in 

the literature investigating optimisation for F. nucleatum biofilm analysis on Imaris Software, 

making this a novel protocol.  
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4.1.4 Optimising the xCELLigence® protocol to facilitate F. nucleatum growth 

for real-time biofilm analysis  

The xCELLigence® platform is a microfluidic cell analyser that integrates impendence-based 

technology, revolutionising biofilm research in the recent years (Mira et al., 2019). Unlike 

standard end-point cell assays, it is designed to allow continuous real-time cell analysis to 

monitor biofilm growth in a non-invasive and label free manner as well as producing accurate 

and reproducible results. While extensive studies have been conducted for growing aerobic 

biofilms for Streptococcus mutans, Streptococcus sanguinis, Candida albicans and 

lactobacilli spp. (Abrantes and Africa, 2020; Martinez et al., 2020; Mira et al., 2019; Muras 

et al., 2018) in the xCELLigence® platform, to date, there is limited data for anaerobic oral 

bacteria, including F. nucleatum. This is most likely due to the fact that creating an adequate 

anaerobic environment within the xCELLigence® platform is difficult and has not yet been 

investigated. Therefore, one of the aims of this project was to grow F. nucleatum biofilm in 

the xCELLigence® platform under anaerobic conditions.  

 

Due to previous challenges creating an anaerobic condition within the spectrophotometer 

(Section 4.1.1) similar methods were used to create an anaerobic environment in the 

xCELLigence® platform. Anaerobic sachet material was dispensed into evaporation wells 

before the lid was sealed with dental impression material (Section 2.6.2). Anaerobicity was 

confirmed through the use of an anaerobic indicator strip (Oxoid) (Figure 38). 

 

Although FNP, FNF and FNN appeared to form biofilms in the first hour of the experiment, 

the CI soon dropped below zero. Usually, a decrease in CI indicates the dispersion of the 

biofilm. This is a phenomenon that has not yet been documented in other studies on oral 

bacteria (Abrantes and Africa, 2020; Martinez et al., 2020; Mira et al., 2019; Muras et al., 

2018). FNA had the most variable CI readings and the CI fell below zero at the start of the 

experiment. CI of all four subspecies of F. nucleatum remained below zero over 24 hours.  

While coating surfaces with sterile human saliva is a common method in vitro to mimic host 

environment and to increase growth and adherence of the biofilm (Vyas et al., 2022), coating 

the E-plate wells with sterile human saliva nor changing the inoculum concentration 

improved this issue (Section 3.2.4 and 3.2.5).  
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Further discussion occurred with Dr Alex Mira from the Oral Microbiome Laboratory at the 

FISABIO foundation in Spain who has extensive experience and knowledge in the use of 

xCELLigence® platform. However, it was concluded that possibly the xCELLigence® 

platform is unable to register the forming F. nucleatum biofilm where it could be attributed to 

the organism producing metabolites that may interfere with the electric current, affecting the 

CI readings.  

 

The crystal violet experiments demonstrated that biofilm formed for all four subspecies 

(Figurer 49) and F. nucleatum biofilm was also visualised in the E-plate 16 VIEW at 

experimental completion. To further confirm this using the xCELLigence® platform, E-plate 

16 VIEW plates with a glass bottom and bigger viewing window between the gold electrodes 

for imaging were used (Section 2.6.5). FNN was used for this investigation, however, without 

adjustments to the E-plate (Figure 11) confocal imaging was not possible due to the bottom 

of the well being too far away from the confocal microscope lens, making focusing on the 

image impossible. This was overcome by customising the E-plate to sit flush with the 

confocal stage (Figure 12).  

 

In addition, biofilm analysis was impossible as the final confocal image resolution was too 

low. However, the FNN biofilm was visualised with a mixture of both live and dead cells, 

confirming biofilm formation in the xCELLigence® platform (Figure 45). However, 

magnification greater than 10 times was unable to be used due to low image resolution. The 

manufacturer of the xCELLigence® E-plates was contacted and further investigation revealed 

that neither xCELLigence® E-plates PET nor VIEW are suitable for confocal imaging due to 

the thickness of the bottom of the E-plates being greater than 1mm which is too thick for 

confocal imaging (Elliott, 2020). Therefore, further investigation using confocal imaging was 

not able to be conducted.  

 

From these findings, it can be concluded that F. nucleatum biofilm is forming under 

anaerobic conditions in the xCELLigence® E-plates but is not being recognised as increased 

CI readings. Although one of my aims of this project was to grow F. nucleatum biofilm in the 

xCELLigence® platform and investigate the effect of novel antimicrobials, difficulties 

encountered getting the xCELLigence® platform to recognise F. nucleatum biofilms meant 

further experiments were not pursued.  
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4.2  Effect of novel anti-biofilm compounds on F. nucleatum – D-amino acids  

DAAs have previous been reported to be an effective biofilm dispersing agent in dental unit 

waterlines (Ampornaramveth et al., 2018) as well as potential antibiofilm agent to be used in 

endodontic treatment mixed into medicaments (Khider et al., 2021; Rosen et al., 2016; Zilm 

et al., 2017). However, currently literature has not investigated the effect of DAAs on F. 

nucleatum growth inhibition and biofilm dispersion.  

 

Interestingly, when DAAs were added to F. nucleatum at the start of the experiment, biofilms 

were visually different compared to the control, more obviously in FNF and FNN, having a 

sun ray appearance. For all subspecies DAA treated biofilm appeared to be loosely attached 

compared to the control (Figure 46) indicating a role of DAA’s in disrupting the biofilm.  

 

While various concentrations of DAAs ranging from 12.5mM of D-Leu, D-Met, D-Trp and 

and 0.125mM of D-Tyr (dissolved and diluted to 50% of original concentration) to 6.25mM 

of D-Leu, D-Met, D-Trp and 0.063mM for D-Tyr (dissolved and diluted to 12.5% of original 

concentration) were tested, the concentration of 25mM each for D-Leu, D-Met, D-Trp and 

0.25mM for D-Tyr as previously published by Zilm et al., (2017) was deemed most effective 

(Section 3.3.1.3). Therefore, for all experiments, this concentration of DAAs were used to 

treat F. nucleatum to investigate its antibiofilm effects. This combination of DAAs presents 

promising antibiofilm effects as seen in this project (Section 3.3) and previously published 

studies (Ampornaramveth et al., 2018; Zilm et al., 2017).  

 

Biofilm volume analysis supported by 3D rendering using Imaris software generally showed 

a decrease in biofilm volume, with exception of FNP, which will be further discussed in 

Section 4.2.1. Due to time constraints the experiment was only repeated twice, statistical 

analysis was not able to be conducted to conclude its significance. Nevertheless, 3D rendered 

images showed a decrease in biofilm volume therefore it can be assumed that DAAs were 

successful in biofilm dispersal. The differences in biofilm volume between the DAA treated 

F. nucleatum and the control were less obvious using crystal violet staining (Figure 49). 

However, this may be due to the longer incubation time of 24 hours for CV staining (Section 

2.4).   

 

Viability (%) through Imaris software analysis and viable cell counts showed similar results 

for all four subspecies where there were minimal effects on the viability after DAA treatment 
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at the start of the experiment. It is of note that even with the decrease in number of cells that 

can be seen after DAA treatment in the confocal images (Figure 53 and 54), viability 

remained unchanged where it consisted of mostly live cells (green) with minimal dead cells 

(red) (Section 3.3.1.7). This further emphasises the fact that DAAs are biofilm breakers and 

do not have bactericidal effects, shown through results from viable cell counts and viability 

(%) analysis suggesting DAAs reduced growth was only several fold difference and not 

significant log-fold differences. This is to be expected as DAAs are commonly found in 

nature being produced by Gram-negative bacteria such as Vibrio cholera and Pseudomonas 

putida (Espaillat et al., 2021; Radkov and Moe, 2018) as well as being routinely found as a 

constituent in the peptidoglycan (PG) cell wall in bacteria (Vollmer et al., 2008). Therefore, it 

is not surprising that DAAs do not have an effect on viability of cells after treatment. 

Therefore, in the DAA experiments, MIC and MBC was not determined as the biofilm 

dispersing ability was investigated over their bactericidal effects.  

 

While DAAs effect on F. nucleatum is unclear, current literature suggest that DAAs have 

various mechanism of action (Vahdati et al., 2022). Firstly, through inhibition of EPS 

production (Yu et al., 2016). This can be supported by our observation through SEM imaging 

where extra-cellular debris appeared to be found in the FNP and FNN biofilm after DAA 

treatment, possibly due to the breakdown of EPS which supports the biofilm (Figure 50). 

Secondly, through interference of peptidoglycan synthesis (Kolodkin-Gal et al., 2010). SEM 

images show changes in the surfaces of all four subspecies where vesicular looking structures 

appeared to be more prominent in the DAA treated F. nucleatum compared to controls 

(Figure 50). The third mechanism is through inhibition of quorum sensing (Autoinducer-2) 

which will be further discussed in Section 4.2.1. The differences in the results of this study 

may be related to the genetic differences among F. nucleatum subspecies (Gharbia and Shah, 

1989; Kim et al., 2010; Kook et al., 2013; Nie et al., 2015). Data presented in this project 

showed for the first time that DAA appears to be an effective biofilm inhibiting compound 

that could be used to inhibit F. nucleatum biofilms when added at the start of the experiment 

and used as an adjunct for potential periodontitis treatment if similar effects are seen with 

multispecies biofilms.  

 

 



 119 

4.2.1 ATCC 10953 (FNP)  

Interestingly, FNP biofilm volume appeared to be unchanged after DAA treatment compared 

to the control using Imaris software analysis (Figure 55). Compared to the other three 

subspecies, FNP appeared to have the least amount of biofilm volume. Similar observations 

were observed in the study by Muchova et al. (2022) where FNP failed to form a detectable 

and continuous layer of biofilm possibly due to having the least conservation of adhesion 

proteins investigated in silico. Moreover, from the confocal imaging and 3D rendering it 

appeared as though FNP cells became more elongated which is consistent with F. nucleatum 

experiencing stress (Diaz et al., 2000b; Silva et al., 2005). 

 

Furthermore, as discussed in Section 4.2, one of the proposed mechanism of action of DAA 

having antibiofilm effects is through inhibiting AI-2 (Autoinducer-2), which is an important 

signalling molecule for bacteria communication and biofilm formation (Li and Nair, 2012; 

McNab et al., 2003). Interestingly, D-Try has been shown to inhibit mixed culture biofilm 

formation through inhibition of AI-2 synthesis (Xu and Liu, 2011a; Xu and Liu, 2011b). FNP 

possesses the LuxS gene which is responsible for encoding for AI-2 synthase (Schauder et al., 

2001), while FNF and FNP lacks in this gene. Therefore, in the case of FNP biofilm 

disruption, this could be a unique target that could potentially be affecting bacterial 

communication leading to biofilm breakdown.  

 

4.2.2 NCTC 11326 (FNF) and ATCC 25586 (FNN)  

Previous genomic sequencing performed by Kapatral et al., (2002, 2003) showed that FNF 

and FNN have over 85% synergy and shared similar metabolic capabilities. This can be 

supported by our observation where DAA treated FNF and FNN appeared visually similar 

with a sunray appearance (Figure 46) and showed similar growth curves (Figure 47) when 

DAAs were added at the start of the experiment. Furthermore, both showed an almost 4-fold 

decrease in biofilm volume after DAA treatment (Section 3.3.1.8) and although signifiance 

was not able to be tested, they had greater proportion of dead cells compared the other two 

subspecies (FNP and FNA) after Imaris Software Analysis of viability (%) (Section 3.3.1.9).  
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4.2.3 ATCC 51191 (FNA)  

While FNA growth was least affected by DAA treatment, SEM images showed FNA biofilm 

cells becoming elongated and formed a woven-like structure (Figure 50). This has been 

previous documented where this change in cell morphology may be associated with oxidative 

stress which was achieved through aeration of continuous culture (Diaz et al., 2000a) and by 

atmospheric oxygen exposure (Silva et al., 2005).  

 

Currently, there is limited published research on the genomic sequencing of FNA and its 

comparison to other F. nucleatum subspecies. Of note, interestingly FNP and FNA appeared 

to have similar biofilm morphology (Figure 46), similar sensitivity to environmental oxygen 

and similar growth curves (Section 3.1.1.1). It would be interesting to see if FNP and FNA 

have genetic similarities.  

 

4.2.4 Dispersion Effects of DAAs on established F. nucleatum biofilms  

DAA treatment on established F. nucleatum biofilms grown over 24 hours showed a 

significant decrease in the biofilm volume through biofilm dispersion for all 4 subspecies 

(Figure 58). As seen in Section 4.2, viability was not affected (Figure 59). Due to time 

constraints, further investigations were not undertaken.  

  

4.3  Effect of polycationic AgNPs and AuNPs on F. nucleatum growth and 

biofilm formation  

4.3.1 AgNPs 

Recent research shows the effectiveness of silver nanoparticles on reducing the viability of 

aerobic oral microorganisms (He et al., 2023) as well their use as an intracanal medicament 

(AlGazlan et al., 2022). The novelty of the polycationic silver nanoparticles synthesised 

within our laboratory is that the AgNPs have a positive surface charge, which allows for 

better interaction with bacteria cells due to enhanced electrostatic interactions with the 

negative surface charge of the bacteria (He et al., 2023). However, to date, there is no current 

literature investigating the effect of the AgNPs on F. nucleatum. Therefore, this a novel 

aspect of this project.  
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While biofilm analysis was attempted to measure the effects of F. nucleatum biofilm volume 

after AgNP treatment, both crystal violet stain and real-time biofilm analysis using the 

xCELLgience® platform ran into technical complications. Crystal violet stain was attempted 

after AgNP treatment added at the start of the experiment, but the silver nanoparticles visibly 

clumped amongst the biofilm, influencing the crystal violet staining. Furthermore, due the 

complication of growing F. nucleatum in the xCELLgience® platform (Section 3.2), the 

biofilm could not be further assessed.  

 

Viable cell counts showed a concentration dependant effect for all four subspecies, with the 

concentration of AgNPs being inversely proportional to viability (Section 3.3.3.1). 

Interestingly, the FNN appeared to be most sensitive to AgNP treatment where a AgNP 

concentration of 10g/ml showed significant decrease in viable cell counts. FNP, FNA, FNF 

also showed a decrease in viability, with significant falls at a concentration of 40g/ml, 

40g/ml and 20g/ml respectively (Figure 60). Differences in sensitivity to AgNPs may be 

due to subspecies variability in membrane composition and metabolic activity (Gharbia and 

Shah, 1989; Kim et al., 2010; Kook et al., 2013; Nie et al., 2015). At a concentration of 

60g/ml, AgNPs exhibited a bactericidal effect (Figure 60). This was supported through 

confocal Z-stack images where the proportion of red (dead) stained cells increased (Figure 61 

and 62). This was a qualitative observation, due to difficulty for Imaris software to 

differential between F. nucleatum and AgNPs (Section 3.3.3.2). Some caution should be 

taken with interpretation of the results as AgNPs contributed to both red and green stains 

(live and dead). Due to this, Imaris analysis to quantify the viability (%) and biofilm volume 

(X104 m3) was unable to be performed.  

 

Interestingly, He et al., (2023) demonstrated for both aerobically grown S. mutans and S. 

sobrinus the MIC and MBC were 5g/ml and 10g/ml respectively. On the contrary, MIC 

and MBC were not able to be determined for F. nucleatum even at the high concentration of 

AgNPs (60g/ml) for all subspecies. This may be due to differences in structure in bacterial 

cell wall between Gram positive (S. mutans and S. Sobrinus) and Gram negative (F. 

nucleatum) bacteria (Beveridge, 1999). Current literature supports the mechanism of 

antibacterial action of AgNPs acting to penetrate the outer peptidoglycan layer to destabilize 

and damage the membrane (Dakal et al., 2016; Marambio-Jones and Hoek, 2010; Qing et al., 

2018). It may be due to the unique permeability of the barrier created by the outer membrane 
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of the Gram-negative bacteria, possibly making it more challenging for small molecules to 

cross and have an effect (Lam et al., 2016b) 

 

4.2.3 AuNPs  

Recent published research demonstrate that AuNPs have antimicrobial effects on F. 

nucleatum, Staphylococcus aureus, Staphylococcus epidermis, Bacillus subtilis and E. coli in 

vitro (Chen et al., 2021; Wang et al., 2021; Zheng and Xie, 2020). Chen et al., (2021) propose 

that AuNPs have antibacterial effects on F. nucleatum through a combination of oxidative 

stress and membrane damage. While exact mechanism of the effect AuNPs was not explored 

in this project, similar results were observed where a decrease in viability of FNN was 

observed as the concentration of AuNPs increased (Figure 65). However, due to time 

limitations, further investigations were not carried out.  

 

4.4  Limitation of investigations  

There are several aspects that can be considered limitations of this project. Firstly, this project 

focused on one species of bacteria: Fusobacterium nucleatum. As discussed throughout the 

thesis, oral biofilm is known for their complex architecture and relationship between over 700 

species of bacteria (Paster et al., 2006). Therefore further in vitro experiments must be 

conducted to replicate a subgingival biofilm model including early colonisers and late 

colonisers. Due to subgingival biofilm being very difficult to collect from patients, if this 

model is successfully grown in vitro, it will revolutionise periodontal treatment research and 

will allow better understanding of the architecture and the complex interactions of the 

subgingival biofilm.  

 

This leads onto the second limitation of this project where F. nucleatum biofilms were grown 

on polystyrene microtiter trays. While microtiter plates are commonly used to grow biofilms 

in vitro (Azeredo et al., 2017), they do not accurately simulate the tooth surface. Throughout 

the project, reoccurring issues of F. nucleatum biofilm being easily disrupted during 

experimental procedures was encountered. While different surface coatings such as sterile 

human saliva and Poly-L-lysine was investigated in this project, they had minimal 

improvement of F. nucleatum biofilm adhesion. Perhaps, other dental tissue substrates such 

as hydroxyapatite disks or dentine and cementum slices may have increased biofilm 

adhesion.  
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Thirdly, this project used a static biofilm model, which is not entirely representative of the 

oral environment which has number of different intraoral niches. The oral environment is 

dynamic where there are various factors present including different surfaces of bacterial 

attachment, changes in saliva flow and nutrient availability. Therefore, future studies may use 

an open system such as the flow cell which more closely resembles in vivo conditions.  

 

Lastly, due to the complications experienced when using the xCELLigence® platform, real-

time biofilm analysis was unable to be completed. Therefore, more conventional methods 

such as crystal violet staining, viable cell counts, Live/Dead staining and confocal 

microscopy had to be performed. Perhaps future studies will continue exploring the 

xCELLigence® platform, providing a more accurate system to study real time biofilm 

formation. 

 

4.5  Conclusion  

4.5.1 Growing F. nucleatum  

Protocol optimisation for growth curves in spectrophotometer, crystal violet staining, 

xCELLigence® platform and confocal microscopy had its challenges. This was not only 

because F. nucleatum is an obligate anaerobe and sufficient anaerobic conditions had to be 

created, but also due to its loosely attached biofilm making working with it a very delicate 

process even when grown in modified HIB. Therefore, protocol optimisation was necessary 

to improve the workflow and allow reproducibility.   

 

In conclusion, all four subspecies of F. nucleatum was successfully grown and sub-species 

specific differences were observed. For F. nucleatum growth curves in the 

spectrophotometer, method using anaerobic sachet material and AxySeal Plastic Sealing Film 

was optimal. Future experiments may include the maintenance of a controlled anaerobic 

environment using an anaerobic chamber as a positive control. This would allow the precise 

determination of the redox potential of the environment and how changes in this parameter 

may influence the growth of F. nucleatum. For crystal violet protocol fixing the F. nucleatum 

biofilm with 4% formaldehyde post-experiment for 10 minutes showed best results in 

minimising biofilm dispersion during experimental washes. Furthermore, successful Imaris 

software analysis was performed at X60 magnification using a defined cell number as an 
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inoculum (OD600nm 0.003). The protocol also used modified HIB as the growth medium and 

biofilms were grown for 7 hours using the µ-Slide 8 Well ibidiTreat plates (Ibidi) incubated 

in anaerobic jars. Lastly, F. nucleatum biofilm growth was unable to be successfully detected 

by the xCELLigence® platform. 

 

4.5.2 D-Amino Acids  

DAAs showed promising results as a potential antibiofilm compound as they successfully 

inhibited biofilm formation for all four subspecies of F. nucleatum (FNP, FNF, FNN and 

FNA) when added at the start of the experiment. FNA appeared to be the least affected by 

DAA treatment. When DAAs were added later to already established F. nucleatum biofilm, it 

had biofilm dispersing effects. DAAs as expected, showed minimal changes in viability. This 

is no surprise as DAAs are abundantly present in nature (Lam et al., 2009; Matsumoto et al., 

2018). Given the important role of F. nucleatum in periodontitis, the inhibition or dispersion 

of biofilms by DAAs may have importance in the treatment of periodontitis.  

 

4.5.3 AgNPs and AuNPs  

While AgNPs and AuNPs both appeared to have promising antibacterial effects, due to 

inability to perform biofilm analysis using crystal violet and the xCELLigence® platform, 

further investigation is needed to evaluate the effectiveness of these nanoparticles on F. 

nucleatum biofilms.  

 

 

4.5.4 Clinical Significance  

Although F. nucleatum has a central role in the development of periodontitis, it has also been 

a focal point of research due to its association with other systemic effects such as adverse 

pregnancy outcomes  (Han, 2011), arthritis (Ebbers et al., 2018) and colorectal cancer 

(Koliarakis et al., 2019; Tjalsma et al., 2012). However, antibiotics resistance is a major 

problem in the health industry, leading to reduced efficacy of periodontal treatment (Sukumar 

et al., 2020; Teoh et al., 2018). Therefore, the use of novel antibiofilm and antimicrobial 

compounds such as DAAs, AgNPs and AuNPs will have a very important role in treatment of 

periodontitis. 
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4.6  Future directions 

While this project provides us with useful protocols to grow F. nucleatum using unique 

methods to create an anerobic environment and show promising initial results investigating 

the effects of novel antimicrobial compounds such as DAAs and AgNPs and AuNPs, further 

investigations are necessary.  

 

Future work will involve a detailed analysis of the published sequences of each subspecies to 

further understand the differences observed in this project. Another aspect to consider is to 

investigate utilising dental specific substrates such as hydroxyapatite or cementum slices 

where subgingival biofilm is known to form.  

 

Further studies of effectiveness of DAAs, AgNPs and AuNPs must be investigated to ensure 

biocompatibility and to investigate possible host immune interactions. Future studies may be 

conducted on investigating effects of combinations of these novel antimicrobials and 

antibiofilm compounds on F. nucleatum biofilms. 

 

 

SUPPLEMENTARY FIGURES 

5.1 Doubling time for each F. nucleatum subspecies grown in modified HIB 

 

F. nucleatum subspecies Doubling Time (Hours) 

ATCC 10953 (FNP) 12.71 hours  

NCTC 11326 (FNF) 12.69 hours  

ATCC 25586 (FNN) 12.76 hours  

ATCC 51191 (FNA) 16.70 hours  

 

APPENDICES  

5.2 Calculation of CFU/ml for viable cell counts  

𝑪𝑭𝑼/𝒎𝒍  =  
𝑪𝒐𝒍𝒐𝒏𝒊𝒆𝒔 𝒇𝒐𝒓𝒎𝒆𝒅 𝑿 𝑻𝒐𝒕𝒂𝒍 𝒅𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓

𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒄𝒖𝒍𝒕𝒖𝒓𝒆 𝒑𝒍𝒂𝒕𝒆𝒅 (𝒎𝒍)
 

 

Example: after plating 0.01ml (10l) from 106  dilution, 72 colonies grew. Therefore  
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𝑪𝑭𝑼/𝒎𝒍 =  
(𝟕𝟐 𝒄𝒐𝒍𝒐𝒏𝒊𝒆𝒔 𝑿 𝟏𝟎𝟔)

  𝟎. 𝟎𝟏 𝒎𝒍 
 

 

                   =  7.2 𝑋 108 𝐶𝐹𝑈/𝑚𝑙 
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