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Summary 

Biofilms are surface-associated microbial communities that occur in all environments. 

Clinically, biofilms can be highly detrimental, colonising abiotic surfaces such as catheters and 

prosthetic devices, or biotic surfaces, resulting in diseases such as urinary tract infections, 

dental caries and native heart endocarditis. Infections with a biofilm component are 

particularly difficult to treat, as cells within a biofilm exhibit resistance to the host immune 

system and also to antibacterial agents such as antibiotics, biocides and disinfectants. The 

unique nature of biofilm development, the resistance to antimicrobials, and the costly 

complications associated with bacterial biofilm infections has driven increased research in this 

area. Pressure to discover useful and novel antibiofouling agents has led to the investigation of 

the effects of essential oils against biofilms. 

The essential oil of Melaleuca alternifolia, also known as tea tree oil (TTO), has been shown to 

be effective as an anti-inflammatory, antibacterial, antifungal, antiviral and antiprotozoal 

agent. Recent studies have indicated that TTO also has potential as an antibiofilm agent. The 

aim of this study was therefore to investigate whether TTO could destroy mature bacterial 

biofilms, and whether biofilm development was inhibited in the presence of TTO. In particular, 

the biomass and viability of biofilms treated with TTO was assessed. 

Biofilms of Staphylococcus epidermidis (n=12), Escherichia coli (n=28), Stenotrophomonas 

maltophilia (n=1), Vibrio harveyi (n=9) and Pseudomonas aeruginosa (n=1) were grown in 96-

well microtitre trays, with factors such as humidity, oxygenation and growth medium 

optimised for maximal biofilm biomass development. Increased humidity and oxygenation 

resulted in increased biofilm development for most bacterial species and isolates. Contrary to 

other studies, little to no biofilm development occurred when E. coli biofilms were grown in 

minimal media (MM). Crystal violet staining was used to indirectly measure biofilm biomass. 

Methodological variables such as 96-well tray washing (to remove planktonic cells) and biofilm 

fixation were also investigated with the aim of increasing biofilm biomass production. Washing 

by inversion resulted in a greater amount of retained biofilm in the microtitre tray wells prior 

to biofilm fixation than vacuum pipette washing. Heat was used to fix biofilms to wells prior to 

staining rather than methanol, as biofilm variability between wells was lower. It was useful to 

determine which conditions were optimal for maximal biofilm development because these 

factors are not normally consistent between studies using the 96-well microtitre tray method 

with crystal violet staining. Various methods for measuring biofilm viability were also explored, 

including staining with the colormetric viability indicator XTT, re-incubation with sterile growth 
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media, flow cytometry and confocal scanning laser microscopy (CSLM). While all these 

methods have advantages and disadvantages, further studies using flow cytometry would be 

the most cost and time efficient method for viability measurement of biofilms treated with 

TTO. 

To determine whether biofilms were destroyed by TTO, mature biofilms were exposed to 

0.125 – 4% (v/v) TTO for 24h. S. epidermidis and E. coli isolates that exhibited strong biofilm 

production either had decreased biofilm biomass after TTO exposure, or no change was 

observed. For all other isolates, generally no change was observed, although in some cases an 

increase in biofilm biomass was measured. As this increase was generally observed at 

concentrations greater than the minimum inhibitory concentration (MIC), it is possible that 

TTO caused a stress response that stimulated biofilm development. The biomass of 

S. maltophilia ATCC 13637 (moderate biofilm producing strain) was significantly reduced at all 

TTO concentrations compared to the non-treated control biofilm. All V. harveyi isolates 

exhibited no change except for the strong biofilm producing isolate, which increased in biofilm 

biomass when exposed to 4% TTO. When the weak biofilm producing P. aeruginosa strain 

NCTC 10662 was exposed to 0.25 – 8% TTO, biomass was reduced at all TTO concentrations 

with the exception of 4-8% TTO, where no change was observed. This study indicates that 

biofilm can effectively be destroyed by TTO, particularly when applied to strong biofilm 

producing bacterial isolates. Interestingly, the biofilm biomass and viable cells were still 

measurable at the highest TTO concentrations, demonstrating that bacterial cells in a biofilm 

have reduced susceptibility compared to a planktonic state. 

The viability of mature biofilms after TTO exposure was assessed using re-incubation with 

sterile growth media for S. epidermidis, P. aeruginosa, S. maltophilia and V. harveyi. A decrease 

in biofilm viability was observed at all TTO concentrations for S. epidermidis, S. maltophilia, 

and 44% of V. harveyi isolates. Decreased biofilm viability was also observed at various TTO 

concentrations for P. aeruginosa and 33% of V. harveyi isolates. There were no instances of 

increased biofilm viability after TTO exposure, demonstrating the effectiveness of TTO in 

reducing the viability of mature bacterial biofilms.  

To determine whether TTO inhibits biofilm development, biofilms of S. epidermidis (n=12), 

E. coli (n=12) and S. maltophilia (n=1) were allowed to form in the presence of TTO (0.125 – 

4%). At greater than the MIC, almost all biofilms were significantly reduced in biomass. 

Generally, concentrations less than or equal to the MIC did not affect biofilm biomass 

development, indicating that biofilm inhibition may have occurred due to planktonic cells 

being immediately inhibited when TTO was applied during biofilm development, therefore 
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reducing final biofilm biomass. In this manner, TTO was useful in preventing biofilm 

development of bacterial isolates. 

This study has demonstrated that TTO is effective in destroying biofilm biomass and viability at 

approximately the MIC and inhibiting biofilm development at the MIC and greater. As TTO 

compromises the structural and functional integrity of bacterial membranes, it is likely that 

biofilm destruction with TTO is caused by similar mechanisms. To determine if this was the 

case, confocal scanning laser microscopy (CSLM) and scanning electronic microscopy (SEM) 

could be used to visualise the changes in biofilm when TTO is applied. Additionally, using flow 

cytometry to measure the number of live and dead cells present in a biofilm after exposure to 

TTO would help determine the mechanisms of action of TTO against biofilms. Exploring the 

effects of TTO components such as terpinen-4-ol, α-terpinene and 1,8-cineole on biofilm 

destruction and inhibition would also demonstrate if the components of TTO work 

synergistically against biofilms. 

This novel antibiofouling agent was effective in both preventing bacterial biofilm development 

and reducing matured bacterial biofilms. Furthermore, TTO inhibited and reduced biofilms 

most successfully at approximately the MIC. While further research is required before TTO can 

be used for practical applications in clinical and food industries, its ability to prevent biofilm 

development and reduce mature biofilms makes it potentially useful in the fight against 

biofilms. 
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1 Introduction 

In natural ecosystems almost all microorganisms will tend towards community-based, sedentary 

lifestyles rather than living as free-floating individuals. These communities of microbes are known 

as biofilms. This surface-attached colonisation is ubiquitous across all bacterial genera and is most 

prevalent on wet surfaces in both natural and clinical environments (Costerton et al. 1999). A 

number of beneficial characteristics are conferred to bacteria contained in one of these complex 

communities, including protection from extreme environmental factors, antimicrobials and 

predators. The prevalence of this adaptation emphasises the necessity of biofilm formation as an 

advantageous trait that has been selected through evolution. 

Bacterial biofilms have been described as early as the seventeenth century when Anton Van 

Leeuwenhoek described microbes in tooth plaque, but modern scientific observation of 

communities enclosed in a matrix structure was not reported until 1978 (Costerton et al. 1978) 

when bacterial cells were observed adhered to solid surfaces, mostly in natural aquatic 

ecosystems. Biofilms were quickly shown to be ubiquitous in the environment, where 

approximately 99.9% of microbes assemble into sessile communities rather than remaining 

planktonic (free-floating) (Davey and O'Toole 2000; Dunne 2002).   

In the natural ecosystem, bacterial communities have been shown to play a major role in nitrogen 

fixation, photosynthesis, and the production and degradation of many pollutants (Davey and 

O'Toole 2000). These complex communities have also been found in extreme environments, 

including thermal springs, ice cover in Antarctica and in acid mine drainage systems (Davey and 

O'Toole 2000). Bacterial biofilms have been recognised in the last two decades as having 

enormous effects environmentally, industrially and clinically. 

1.1 Defining biofilms 

Biofilms can be defined in a number of ways. Donlan and Costerton (2002) described a biofilm as 

‘a microbially derived sessile community characterized by cells that are irreversibly attached to a 

substratum or interface or to each other, are embedded in a matrix of extracellular polymeric 

substances that they have produced, and exhibit an altered phenotype with respect to growth 

rate and gene transcription’. Another definition by Mah and O’Toole (2001) stated that ‘bacterial 
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biofilms are formed when unicellular organisms come together to form a community that is 

attached to a solid surface and encased in an exopolysaccharide matrix’. All definitions include 

three main aspects which define biofilms; firstly, they are comprised of microbes; secondly, they 

are contained within an exopolysaccharide (EPS) matrix; and thirdly, they are adhered to a surface 

(Dunne 2002).  

There are also a number of terms associated with biofilms that should be defined. Cells contained 

within a biofilm are referred to as sessile cells, while free-floating cells are known as planktonic 

cells. The EPS matrix has also been described as a glycocalyx (Costerton and Lappin-Scott 1989). 

Biofilms can form on any surface, which can be separated into abiotic (non-living surfaces) and 

biotic (living surfaces, e.g. human tissues). The surface to which biofilms adhere is also known as a 

substratum for biofilm formation. While biofilms are formed by both bacteria and fungi, this study 

will specifically be referring to biofilms formed by bacteria. 

1.2 Biofilm development 

Biofilm can form at any liquid / solid interface where bacteria are present. Generally, there are 

four main stages in the development of biofilm. These are 1) reversible attachment, 2) irreversible 

attachment, 3) biofilm maturation and 4) detachment and dispersal. Some studies also include an 

additional stage prior to initial attachment called surface conditioning (Dunne 2002). 

Staphylococcus epidermidis is a bacterial species that has great significance in biofilm-related 

clinical infections. As such, the development of S. epidermidis biofilms has been well-

characterised. Specific factors involved in S. epidermidis biofilm formation will be used as 

examples for each stage. Where relevant, examples of Escherichia coli biofilm development 

factors will also be included, as the virulence factors for these Gram-negative bacteria are also 

well documented. The genetic amenability of E. coli makes the species an ideal model for the 

investigation of biofilm development mechanisms. 

1.2.1 Surface conditioning 

In liquid environments, organic and inorganic substances will naturally settle out of the liquid and 

accumulate at a surface, forming a ‘conditioning film’ (Takhistov and George 2004; Lazarevic et al. 

2005; Siboni et al. 2007). Bacteria also move towards these conditioned surfaces where there is a 

higher concentration of nutrients than in the liquid column. This movement can be due to many 
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mechanisms, some which are passive like gravity, diffusion or turbulent liquid flow, while others 

are active like chemotaxis and thermophoresis. Conditioning surfaces using coating on various 

polymers also enhances biofilm formation (Hadjiev et al. 2007). Reduction in biofilm development 

has also been shown by conditioning surfaces with anti-adherent agents (Sousa et al. 2008; Das et 

al. 2009). Biofilms can form on almost any surface, and are not limited to abiotic surfaces such as 

stainless steel, aluminium and titanium; it is common for biofilms to form on living tissue as well 

(Kumar and Anand 1998). 

1.2.2 Reversible attachment 

In the first main stage of biofilm development, bacteria attach to a substratum in a process some 

refer to as ‘docking’. This reversible adhesion involves both attractive and repulsive forces such as 

hydrophobic, electrostatic and Van der Waals forces. This attachment is aided by bacterial motility 

and dynamic fluid forces increasing bacterial contact with a surface. In E. coli, the motility of the 

bacteria is particularly important, as increased motility has been directly correlated with increased 

initial attachment (Pratt and Kolter 1998; Barrios et al. 2006).  At this stage, bacteria can be 

removed with shear fluid forces. In a study examining S. epidermidis adhesion to polyethylene, a 

significant proportion of bacteria formed this initial attachment within five minutes (Ludwicka et 

al. 1985). 

For S. epidermidis, the major autolysin AtlE assists in this attachment stage. AtlE has been linked to 

hydrophobic interactions, as AtlE- mutants exhibited reduced surface hydrophobicity and impaired 

attachment (Rupp et al. 2001; Sivadon et al. 2009). Regulation of AtlE production is performed by 

the agr quorum sensing system, which will be discussed later (section 1.3.1). Additionally, teichoic 

acids play an important role by producing electrostatic forces which aid positioning of 

S. epidermidis (O'Gara 2007). Facilitation of primary attachment is also provided by surface 

proteins SSP-1 and SSP-2 (Veenstra et al. 1996; Banner et al. 2007) and adhesin Aae (Heilmann et 

al. 2003).  

It is interesting to note that weak initial adhesion increases surface colonisation rate. When E. coli 

binds to mannosylated surfaces utilising the adhesive protein FimH, weak adherence allows the 

cells to roll across the surface. As increased shear stress can switch FimH mediated adhesion from 

weak to strong, this is a unique system for allowing rapid colonisation (Anderson et al. 2007). 



4 
 

These findings indicate that initial strength of adhesion is not necessarily correlated to strength of 

biofilm development.  

1.2.3 Irreversible attachment 

Once bacteria have initially attached, the ‘locking’ process begins. Bacteria use appendages 

including flagella, fimbriae/pili, and exopolysaccharide fibrils to ensure strong adhesion. In 

addition, short range forces like dipole-dipole interactions, hydrophobic interactions and 

hydrogen, covalent and ionic bonding are used to create a strong bridge with the substratum. 

However, many bacteria have specific adhesins used to create strong attachment, some of which 

are known as microbial surface components recognising adhesive matrix molecules (MSCRAMM) 

(Mack et al. 2007). 

The adhesin binding targets are generally proteins which are contained in the surface of the cell, 

and are also prevalent on the walls of bacteria of the same species. In bacteria, examples of 

common proteins which are specific binding adhesins include fibronectin, fibrinogen, victronectin 

and collagen (Mack et al. 2007). A well-characterised MSCRAMM for S. epidermidis is fibrinogen-

binding protein Fbe, which harbours a domain necessary for covalent linking to peptidoglycans. 

Additionally, fibrinogen-binding protein Embp and collagen-binding GehD have also been 

identified (Mack et al. 2007). When a biofilm enters the locking stage, scrubbing or scraping is 

required for surface removal (Kumar and Anand 1998). Irreversible attachment in S. epidermidis 

occurs after 30-60min (Ludwicka et al. 1985). 

In E. coli, there are many surface proteins that are particularly important during this stage of 

attachment. The manno-oligosaccharide binding type 1 pili (also known as type 1 fimbriae) are 

important in biofilm development. Type 1 pili mutants are severely impaired in their biofilm 

forming ability (Wright et al. 2007). P fimbrial lectins recognise a digalactoside component 

abundantly positioned on the surface of urinary epithelial cells. In addition, S fimbriae and F1C 

fimbriae assist in the process of causing urinary tract infection (UTI) by binding to similar epithelial 

cells. Finally, thin aggregate fimbriae called curli may promote colonisation as curli expression has 

been observed in 50% of isolates causing UTIs (Ryu and Beuchat 2005; Rivas et al. 2007). Along 

with this, curli afford antimicrobial protection compared to planktonic cells. These are all adhesins 

that ensure strong attachment in E. coli cells (Emödy et al. 2003; Reisner et al. 2006b). 
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1.2.4 Maturation and microcolony formation 

Once locked, the sessile cells start replicating, then dying. The biofilm increases in density and 

complexity as extracellular components are generated and the bacteria interact with 

environmental organic and inorganic substances. At this stage, MSCRAMM proteins which assist in 

cell-to-cell attachment become more important, as intercellular adhesion allows the initial 

monolayer to develop into multicellular cell clusters. 

The glycocalyx is also created during this stage. When hydrated, the matrix consists largely of 

water (90-99%), and the remainder is made mostly of exopolysaccharides. It has also been 

suggested that during glycocalyx production extracellular DNA (e-DNA) is produced to create a 

large proportion of the EPS matrix. This is supported by evidence that the inclusion of DNase I in a 

Pseudomonas aeruginosa culture medium strongly inhibited biofilm formation (Whitchurch et al. 

2002). Interestingly, e-DNA has been reported to form grid-like structures through biofilms, and 

are distinct from cellular DNA (Steinberger and Holden 2005; Flemming et al. 2007). In Gram-

positive bacteria, e-DNA has been linked to increased initial adhesion and biofilm development, 

where ∆AtlE- mutants did not produce e-DNA (Das et al. 2010).  

As the matrix increases in size, channels and pockets are formed which assist in water, nutrient 

and waste transport around the biofilm (Donlan 2002). The matrix also traps organic and inorganic 

substances from suspension. Many aspects of the environment have an effect on maturation, 

including internal pH, oxygen perfusion, carbon source and osmolarity. 

Biofilm architecture is affected by a number of factors. The hydrodynamic environment where the 

biofilm is forming can directly affect its final shape. P. aeruginosa forms mushroom or pyramidal 

shaped biofilms (Bridier et al. 2010; Harmsen et al. 2010), however, P. aeruginosa biofilms which 

form in stagnant liquid have not been described with these projections. Furthermore, the non-

uniform distribution of cells in biofilms also affects biofilm architecture. The heterogeneity of 

biofilms results in a gradient of nutrients, waste products and signaling molecules within the 

complex community (Stewart and Franklin 2008). Maturation rates of biofilms vary depending on 

species and environment. Although E. coli biofilms on urethral catheters have been found to 

complete maturation at 12 to 24 hours (Koseoglu et al. 2006), S. epidermidis strains have also 

been reported to mature after 24 hours growth (Deighton et al. 2001). 
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Gene expression is not universal in biofilms. In areas where nutrient and waste transport is low, 

bacteria will enter a quiescent state where respiration is minimised, while cells with access to 

important nutrients will continue to replicate and contribute to the EPS matrix (Stewart and 

Franklin 2008). 

1.2.4.1 S. epidermidis maturation factors 

Two prominent factors in the maturation of S. epidermidis biofilms are icaADBC-encoded 

polysaccharide intercellular adhesin (PIA) and the accumulation associated protein (AAP) which 

both assist in cell-cell adhesion (Mack et al. 2004). PIA (also known as polymeric N-acetyl-

glucosamine or PNAG) is produced by the gene products of the icaADBC locus (Deighton et al. 

2001; Arciola et al. 2005). It is a homoglycan of β-1,6-linked N-acetylglucosamine residues existing 

as two polysaccharide species, PIA I and PIA II (Mack et al. 2007). The presence of an ica operon in 

S. epidermidis has been linked to increased pathogenicity, and the ica locus may be an important 

marker in determining contaminating strains (O'Gara 2007).  In conjunction with this, strains 

which produce higher amounts of PIA have been more pronounced virulence than others (Li et al. 

2005). The amount of PIA synthesis that occurs can be influenced by external conditions, including 

the stage of the tricarboxylic acid cycle (Mack et al. 2007; O'Gara 2007). 

Despite PIA being a significant factor in biofilm maturation, not all S. epidermidis that produce PIA 

form biofilms, and non-PIA producing S. epidermidis are able to develop biofilms. In one study, of 

67 strains isolated from implantable medical devices, 70% were ica gene positive, 85% contained 

AtlE (important in initial attachment), and 46% contained AAP. All 67 strains were determined as 

biofilm producers (Petrelli et al. 2006). Another study sampling 400 clinical isolates determined 

57% of organisms as ica positive and biofilm producing, while the majority of the non-biofilm 

producing strains were ica negative. As such, even though there is a definite correlation between 

the presence of the ica operon and biofilm production, it is clear that the presence of ica genes 

and/or PIA is not necessary to ensure biofilm formation (Chokr et al. 2006). 

An explanation of alternate methods of biofilm formation without a complete ica operon has been 

demonstrated in a study by Hennig et al. (2007) where an ica negative mutant spontaneously 

switched to proteinaceous biofilm formation. When the proteinaceous matrix was compared to 

the PIA-dependant glycocalyx, it was observed that the proteinaceous matrix lacked fibrous, net-

like structures that were present in the PIA-dependant biofilm. The proteinaceous matrix also had 

up-regulated transcription of accumulation-associated protein (Aap) (Banner et al. 2007; Hennig et 
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al. 2007; O'Gara 2007). Aap is an intercellular protein adhesin precursor that requires proteolytic 

processing for its activation (Otto 2009). Aap antibodies also exhibit moderate biofilm inhibition 

against S. epidermidis (Sun et al. 2005). Aap mediates adhesion independently of PIA, and can 

mediate biofilm development in ica negative mutants (Mack et al. 2007; O'Gara 2007). 

Additionally, the giant fibronectin-binding extracellular matrix-binding protein (Embp) has recently 

been found to contribute to biofilm accumulation by attachment to host extracellular matrix and 

biofilm development (Christner et al. 2010). From these studies, it is apparent that S. epidermidis 

has more than one mechanism to ensure biofilm development. 

1.2.4.2 E. coli maturation factors 

Biofilm maturation is initiated by many factors in E. coli, including antigen 43 (ag43), AIDA-1, 

MqsR, and the polysaccharide adhesin poly-β-1,6-N-acetyl-D-glucosamine (PGA). Ag43 is a surface-

located autotransporter protein that promotes bacterial adhesion, cell-to-cell aggregation and 

biofilm formation (Klemm et al. 2004; Wells et al. 2007). Synthesis of this self-recognising adhesin 

comes from the flu gene (also known as the agn43 gene), which is highly conserved in E. coli 

(Wells et al. 2007). The flu gene expression has been demonstrated to be up-regulated in sessile 

cells compared to planktonic (Schembri et al. 2003). Likewise, AIDA-1 is another short adhesin 

expressed on the surface of E. coli which assists in auto-aggregation (Wells et al. 2007). PGA 

production promotes cell to cell adherences and stabilisation of the mature biofilm structure, 

similarly to PIA in S. epidermidis. PGA is synthesized by the pgaABCD locus. Additionally, the wza 

gene (which is responsible for the production of colonic acid in the EPS matrix) and the ycfR gene 

(which encodes an outer membrane protein) are considered important in biofilm maturation in 

E. coli (Li et al. 2007; Zhang et al. 2007). Negative wza mutants have also demonstrated reduced 

biofilm formation. Similarly, ycfR gene expression is significantly induced in E. coli biofilms, and 

also in various stress conditions such as acid, heat, hydrogen peroxide and cadmium treatment 

(Wells et al. 2007; Zhang et al. 2007). 

It is noteworthy that in E. coli, larger structures that extend from the cell surface such as fimbriae, 

flagella, and the virulent capsule produced by E. coli all inhibit AIDA-1 and Ag43-mediated 

aggregation through physical interference (Schembri et al. 2004). Why this occurs in E. coli is not 

fully understood, but it is likely that E. coli coordinates expression between short adhesins and 

capsule formation (Schembri et al. 2004). This coordination would also be aided by fimbriae and 

flagella which are long polymers that extend beyond the capsule and assist with adhesion.  
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Interestingly, Reisner et al. (2006) found that in a mixed biofilm of genetically diverse E. coli 

strains, biofilm formation and maturation was stimulated compared to single strain biofilms. This 

was supported by another study, where spent media from cultures promoted biofilm formation in 

laboratory strains (Cabellos-Avelar et al. 2006). This synergistic effect was attributed to 

conjugative transmission of natural plasmids (Reisner et al. 2006a). 

As in the case of S. epidermidis, it has been demonstrated that flagella, type 1 pili, curli and Ag43 

are not exclusively necessary in biofilm maturation (Reisner et al. 2006b). It is suggested that cell-

cell adhesion factors may act as inducers of self-assembly factors, resulting in biofilms of differing 

architecture (Reisner et al. 2006b). Considering the significance of the adaptation to form biofilm, 

it would be anticipated that many bacterial species have biofilm formation factors that were 

dispensable to ensure the ability to produce biofilm in any environment (Patel 2005). 

1.2.5  Detachment and dispersal 

 Once a biofilm is well established and has aged, it reaches a critical mass. At this point, the 

outermost layer of the biofilm produces planktonic cells instead of sessile cells. These are 

detached or slough off the main biofilm, allowing dispersal to other surfaces to start the process of 

biofilm development anew. In the biofilm, cells close to the substratum either continue in a 

quiescent state or die due to nutrient and oxygen depletion and toxic waste buildup. It is 

important to note that while an increased amount of detachment occurs during the biofilm 

stationary phase, planktonic cells may also be released from biofilm during the maturation process 

(Bester et al. 2009). Oxygen concentration (Colón-González et al. 2004), nutrient concentration 

(Hunt et al. 2004) and degradation of EPS (Chambless and Stewart 2007) are all mechanisms that 

can trigger biofilm detachment prior to full maturation. 

After detaching from the biofilm, S. epidermidis planktonic cells are able to continue pathogenesis 

in the host body through the production of its single toxin, the δ-toxin. This is an N-formylated 

alpha-helical peptide, which is encoded by the hld gene located in the agr locus. The δ-toxin 

causes lysis in erythrocytes by forming pores in the cytoplasmic membrane, similar to a detergent 

(Vuong and Otto 2002). One phenol-soluble modulin (PSMγ) known as δ-toxin also plays a role in 

affecting biofilm structure and the detachment of planktonic cells, thereby assisting the migration 

of cells to new ecological niches (Vuong et al. 2003; Yao et al. 2005). S. epidermidis also attacks the 

immune system and host proteins by the production of extracellular metalloproteases and 
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cysteine proteases. Although it is known that these proteases degrade extracellular 

macromolecules, the importance of these proteases in pathogenesis is yet to be determined.  

1.3 Biofilm regulatory systems 

1.3.1 Quorum sensing (QS) 

Bacterial cells in a community are able to communicate by releasing signaling molecules into their 

environment, known as autoinducers. Certain autoinducers are released by specific species of 

bacteria implying intraspecies communication, while others are produced by many species of 

bacteria, indicating that interspecies communication within populations is also occurring (Xu et al. 

2006). Once these signaling molecules reach a certain concentration within the community, the 

entire population responds, with all cells changing gene expression. In this case, cells begin to 

express a general biofilm phenotype. It has been shown that quorum sensing controls a variety of 

important physiological functions dependant on gene expression switching in the cells. These 

include motility, conjugation, sporulation, virulence factors, luminescence and biofilm formation 

(Hammer and Bassler 2003a). This coordination of group behavior allows bacteria to accomplish 

tasks that would be impossible for an individual bacterium. 

Three main QS systems have been described in bacterial species. The first uses N-acylhomoserine 

lactones (HSL), which are produced by Gram negative bacteria including P. aeruginosa. The second 

is known as the LuxS/autoinducer 2 (AI-2) system which is common to both Gram positive and 

negative organisms. Lastly, oligopeptides are produced in many Gram positive species as signaling 

molecules (Xu et al. 2006; Mack et al. 2007).  

Two QS systems have been characterized for S. epidermidis, both of which are integral in 

influencing biofilm formation. The accessory gene regulator agr system has been studied 

extensively, and consists of four genes (agrA, agrC, agrD and agrB) (Batzilla et al. 2006; Mack et al. 

2007). This system produces a post-translationally modified peptide pheromone. Agr is activated 

during the transition from exponential growth phase to stationary growth, and diminishes the 

expression of several cell-surface proteins while increasing secretion of various virulence factors 

(Vuong et al. 2003). In studies where agr mutants have been used, the inactivation of this gene 

increases biofilm formation, attachment, and AtlE production (Vuong et al. 2003). Therefore, the 

agr system is considered a down-regulator of biofilm development (Mack et al. 2007).   
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 Agr also appears to be a QS system used to distinguish S. epidermidis cells from other species. The 

presence of the S. epidermidis pheromone produced by the agr system activates the system in 

other S. epidermidis isolates, while repressing the agr system in Staphylococcus aureus (Vuong et 

al. 2003; Mack et al. 2007). This bacterial competition enables some bacteria to have an advantage 

in establishing biofilms over others in certain ecological niches. 

The second S. epidermidis QS system results in the production of AI-2 through the luxS gene. 

Several studies investigating luxS mutants have shown that when the luxS gene was deactivated, 

biofilm growth, PIA synthesis and pathogenicity all increased compared to the wild type strain. 

This indicates that in S. epidermidis, luxS down-regulates icaADBC locus expression (Xu et al. 

2006).  

AI-2 is also an important autoinducer for E. coli. As in S. epidermidis and other bacteria, AI-2 is 

synthesised from the luxS gene. It has been demonstrated AI-2 presence stimulates biofilm 

formation by increasing MqsR production, which in turn up-regulates qseBC gene expression 

(Barrios et al. 2006). This results in increased motility and flagellum production in E. coli, and 

increases biofilm formation. The uptake of AI-2 is dependent on a regulatory network comprised 

of a transporter complex, LsrABCD (Li et al. 2007). This is directly affected by the repressor LsrR 

and the cognate signal kinase LsrK. In lsrR mutants, AI-2 is continually imported into cells, while in 

lsrK mutants, transportation is repressed. These genes also affect biofilm architecture directly, as 

the flu gene (responsible for Ag43 synthesis) was repressed in both these mutants. Additionally 

the csgE and htrE genes (responsible for curli assembly) were both down-regulated in the lsrR 

mutant (Li et al. 2007). These studies demonstrate that AI-2 synthesis is important in E. coli biofilm 

production. 

1.3.2 S. epidermidis regulatory systems 

In biofilm development, there are various regulatory systems that can up-regulate and down-

regulate factors. For S. epidermidis, at least 16 two-component response regulator systems are 

present. These include the previously mentioned agr system, and also the sae, alternative sigma 

factor σB, and eight sar (staphylococcal accessory regulator) homologous genes (Mack et al. 2007). 

Additionally, there are at least four unlinked regulatory gene loci. The icaR gene is one of these, as 

it negatively regulates icaADBC transcription by binding the icaADBC promoter region (Mack et al. 

2007). Biofilm formation and icaADBC transcription can be abolished by insertion of the 
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transposon Tn917 into three loci that are not the icaADBC promoter. One of these loci is the rsbU 

region, which is the positive regulator σB. Insertion of Tn917 into this region leads to a σB-negative 

phenotype, demonstrating that σB is required for icaADBC transcription. It has been established 

that σB acts by repressing the transcription of icaR, and therefore indirectly up-regulates icaADBC 

transcription (Mack et al. 2007).  

1.3.3 E. coli regulatory systems 

The protein MqsR is valuable in E. coli biofilm development. It has been shown to up-regulate the 

qseBC gene, which is responsible for bacterial motility and partially responsible for flagellum 

expression. In MqsR mutants that were paralyzed reduced biofilm formation was exhibited. It was 

also found that amplified MqsR production lead to increased biofilm production (Barrios et al. 

2006). CsrA from the Csr system also acts as a regulator in E. coli. The presence of CsrA down-

regulates expression by the pgaABCD locus (where PGA synthesis occurs). The absence of CsrA 

leads to increased PGA production and biofilm formation (Wang et al. 2005). 

The alternative sigma factor, rpoS, produced by the rpos gene and known as σs, is also 

instrumental in the regulation of E. coli biofilm formation. While this slow growth activated gene is 

considered a central stress regulator in E. coli, a number of studies have proposed that rpoS is 

necessary in biofilm development. The role of rpoS in biofilm formation is still unconfirmed, as 

some studies have indicated that E. coli mutants lacking the rpoS gene are unable to form as 

complex biofilm architecture and do not achieve the same amount of surface growth as wild type 

strains (Adams and McLean 1999; Ito et al. 2007; Collet et al. 2008). Contrary to this, others have 

reported increased biofilm forming ability in these negative mutants (Corona-Izquierdo and 

Membrillo-Hernández 2002), indicating rpoS down-regulates biofilm production. These 

inconsistencies are likely due to the differing experimental methods used in the studies. Despite 

these disparities, it is clear that rpoS is important in biofilm development. A number of proteins 

have been identified as being regulated by the rpoS gene, including 14 that were identified by 

Collet et al. (2008) as differentially expressed during biofilm formation compared to planktonic 

cells. Additionally, rpoS expression has been measured in all cells during biofilm development, 

while in mature biofilms rpoS expression is limited to cells located on the outside of the biofilm 

(Ito et al. 2009). These studies indicate that rpoS is important in the regulation of biofilm 

development.  
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The importance of biofilm production as an advantageous adaptation is emphasised by the 

number of systems used to ensure control of formation regardless of changing and varied 

environments. It has been established that cell attachment, biofilm maturation and the 

breakdown of biofilms are regulated by cell-to-cell signaling known as quorum sensing.  

1.4 Models, measurement and visualisation of artificial biofilms 

There are a number of difficulties inherent in studying biofilms. The creation of artificial biofilm in 

the laboratory that accurately reflects those in situ can be problematic. Various methods have 

been used for biofilm development in vitro, each with their advantages and disadvantages. There 

are many factors to take into account in each method. Even when addressing biofilm formation 

conditions only, media, substratum material, atmospheric conditions, incubation time and 

hydrodynamic conditions are some of the aspects to be considered. Although some of these 

choices depend on the aim of the study, parameters are generally based on methods developed in 

individual laboratories, leading to a wide range of methods being used in artificial biofilm creation. 

In the following examples, the studies have aimed for enhanced biofilm development, including 

increased speed and thickness of biofilm formation. 

The media used to enhance biofilm development are very dependent on the species of the 

bacterial biofilm. In the case of S. epidermidis, tryptone soya broth (TSB) supplemented with 

glucose is mostly used (Deighton et al. 2001), while for E. coli, Luria-Bertani broth (LBB) (first 

described in a study by Bertani in 1951) is a preferred medium. This preference can be attributed 

to the rapid growth and high biomass observed when E. coli is grown in LB media (Luria and 

Burrous 1957; Bertani 2004; Sezonov et al. 2007). These and other media such as brain-heart 

infusion broth (BHIB) and nutrient broth (NB) are common for growth of bacteria in laboratories. 

To promote biofilm formation, all types of minimal media (MM) have been used for a range of 

bacterial species. This is because biofilms are known to form in suboptimal conditions to confer 

protection to cells (Wood 2009). Some salts that are included in MM are phosphates and 

sulphates, often containing magnesium and potassium. MM must also be supplemented with 

glucose or other carbon compound which serves as both a carbon and energy source (Elbing and 

Brent 2002). The choice of media in experimentation has a critical effect on artificial biofilm 

development. 
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Where the study is not specifically investigating the substratum, the material that biofilms are 

formed on tends to be chosen based on the method of biofilm quantification that will be used. For 

example, if there is an intention to microscopically visualise biofilms, it necessary to form biofilm 

on a coverslip or another surface that can be used in conjunction with a microscope. In cases 

where there are a large number of strains being investigated for biofilm formation, 96-well 

polystyrene microtitre trays are used for time and financial economy. Some studies use cellulose 

or glass membrane filters as a biofilm substratum when intending to measure production of EPS 

molecules (Yasuda et al. 1999). Additionally, medically relevant polymers can be chosen as the 

surface for biofilm development. However, these results tend to be less reproducible because of 

the inherent physical and chemical properties of the biomaterials (Deighton et al. 2001). 

Levels of oxygen and carbon dioxide in the biofilm development environment strongly affect the 

level of formation that occurs (Stepanović et al. 2003; Cabellos-Avelar et al. 2006). In some strains 

of S. epidermidis, dissolved carbon dioxide and anaerobic conditions reduced the biofilm yield 

(Deighton et al. 2001). The non-pathogenic strain E. coli K-12 also exhibited inhibition of biofilm 

formation under anaerobic conditions (Colón-González et al. 2004).  

Biofilm development can also be affected by static or dynamic conditions (Stoodley et al. 1998; 

Donlan and Costerton 2002). Flow systems have been created to gain a better understanding of 

how biofilms form in shear stress conditions, similar to those experienced in natural ecology, some 

piping systems and intravascular environments. In a study performed by Pereira et al. (2002) 

investigating biofilm accumulation using flow cell reactors, a higher thickness of biofilm was 

obtained at low flow velocity, particularly over a longer period of time; however, differences in 

flow rate did not significantly affect biofilm accumulation. Additionally, stronger biofilm adherence 

was observed where biofilm developed in higher flow rates. A study focusing on the effect of flow 

conditions on P. aeruginosa biofilm formation has indicated that specific genes in this species are 

important only under dynamic conditions of biofilm formation (Ramsey and Whiteley 2004).  

Methods for quantifying biofilm production and development are diverse. Some parameters on 

which measurement is based include cell viability, biofilm biomass and biofilm thickness. There are 

indirect methods for measuring these biofilm aspects. Viable counting methods normally applied 

to planktonic cells tend to be used because they are simple to perform and inexpensive, although 

cells should first be liberated from the EPS matrix (usually by ultrasonication) (Deighton et al. 

2001). An inherent problem associated with viable counting methods is that many sessile cells are 
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non-culturable due to their quiescent state. Therefore, viable count methods may not give an 

accurate representation of cell viability. Additionally, no methods for freeing cells from the EPS 

matrix have been found to be 100% effective, also decreasing the validity of traditional viable 

count methods. Measurement can also be attempted where the liberation of sessile cells from the 

matrix is avoided. One study used bioluminescence assays to measure ATP production (Hussain et 

al. 1991). The measurement of cell metabolism using respiratory dyes such as 5-cyano-2,3-ditolyl 

tetrazolium chloride (CTC) also eliminates the need to release cells from the glycocalyx (Donlan 

and Costerton 2002; Pitts et al. 2003). Re-incubation of biofilm cells by immersion in sterile 

medium followed by spectrophotometric measurement has also been investigated to accurately 

quantify sessile cell viability (Niu and Gilbert 2004). The quantification of biofilm biomass is 

somewhat simpler than of cell viability. Polymers present in the EPS matrix, such as alginate 

production by P. aeruginosa and hexone production by S. epidermidis, have been measured in 

some studies to determine glycocalyx production. However, indirect staining is quite common for 

biofilm quantification. Biofilms are allowed to form on a substratum, and are washed to remove 

planktonic cells. They are then fixed and exposed to a stain that attaches to products in the EPS or 

to cells, without binding or staining the abiotic substratum. Some examples of stains that are 

frequently used are Hucker’s crystal violet (CV), safranin and Alcian blue (Deighton et al. 2001). 

The stain is then eluted, and quantified spectrophotometrically. Quick, efficient ways to detect 

biofilm biomass are also desirable for high throughput screenings. One study tested the efficacy of 

the BioFilm Ring Test©, where biofilms are formed in the presence of magnetic beads. After 

magnetic contact, magnetic beads mobilise where biofilms are not present. Specific software 

developed with the test was used to quantify biofilm biomass present (Chavant et al. 2007). 

One of the most frequently used methods for biofilm biomass quantification was first described by 

Christensen et al. (1985). The use of polystyrene microtitre trays for evaluating biofilm 

development is a preferential method for many laboratories because it is inexpensive, simple and 

allows the evaluation of many species or mutants simultaneously. Briefly, aliquots of bacterial 

cultures are inoculated into each well of a microtitre tray and allowed to form biofilms. After, the 

contents of all wells are carefully removed without disturbing the mature biofilm, and the tray is 

washed multiple times to ensure complete planktonic cell removal. The mature biofilm is then 

fixed to the polystyrene tray, and the fixed biofilm stained. After excess stain is washed from the 

wells, the remaining stain is eluted and quantified using a spectrophotometer. Since first 

described in 1985, variations have been made to every stage of this method, as was described by 
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Deighton et al. (2001) in Table 1.1. As such, direct comparison of generated data is difficult. 

Generally, this method is effective in distinguishing strains as strong, moderate, weak or non-

biofilm producers. 

Finally, visualisation and direct quantification is another method used to measure biofilms, but 

also presents unique problems. Significant technological advances for biofilm imaging have been 

made, with the most commonly used forms of microscopy being epifluorescence microscopy, 

transmission electron microscopy (TEM), scanning electron microscopy (SEM) and environmental 

SEM (ESEM), confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM) 

(Deighton et al. 2001; Kania et al. 2008; Hannig et al. 2010). Epifluorescent microscopy, using 

nucleic acid stains like acridine orange, and the fluorescent in situ hybridisation (FISH) technique 

have been used to directly quantify cells in a biofilm (Donlan and Costerton 2002; Rivas et al. 

2007).  

In brief, to prepare biofilms for SEM, biofilms are fixed and a thin layer of metallic dust is sprayed 

on the cells. The microscope then fires electrons at the sample, which bounce back in various 

directions. Based on these electrons, an image can be formed of the surface of the sample. Using 

SEM, very high resolution images can be collected, as can be seen in Figure 1.1 (Mack et al. 2007). 

These can be very advantageous in surface structure comparison of control and treated biofilms 

(Masako et al. 2005). Unfortunately, the accuracy of these images in representing the biofilm is 

dubious, as the fixation process dries biofilms. As the EPS matrix is composed of approximately 

90% water, dehydration could have profound effects on the biofilm architecture being visualised. 

The fixation process also kill cells, making imaging of a single biofilm’s growth over time 

impossible.  
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Table 1.1 - Protocols for quantitative biofilm assay, modified from Deighton et al. (2001). 

Reference Growth 
medium 

Inoculum Microtitre 
plate 

Culture 
conditions 

Washing 
procedure 

Fixation Stain Stain 
wavelength  

(Christensen et al. 
1985) Christensen 
et al. (1985) 

TSB 1:100 dilution of 
O/N culture 

Falcon and 
Corning 

18h, 37°C Four washes in 
PBS 

Bouin’s CV 570nm 

Hussain et al. 
(1991) 

TSB, 
HHW 

1×107 cfu/mL  18h, 37°C Two washes in 
saline 

Bouin’s Safranin (0.1% 
w/v) 

490nm 

Mack et al. (1992) TSB 1:100 dilution of 
O/N culture 

Nunc 20-24h, 37°C Four washes in 
PBS 

Bouin’s Gentian violet 570nm 

Baldassarri et al. 
(1993) 

TSB + 1% 
(w/v) 
glucose 

1:2 dilution of 
O/N culture 

Nunc 24h, 37°C Four washes in 
PBS 

1h, 60° CV 570nm 

Muller et al. (1993)  TSB 5×105 – 
5×106/mL 

Costar 18h, 37°C Four washes in 
PBS 

Bouin’s Safranin 490nm 

Wilcox (1994) TSB 1×106 cfu/mL Dynatech 37°C Three washes in 
saline 

Formalin 
(10% v/v) 

Crystal violet 
and Bouin’s 
crystal violet 

546 nm and 
600nm 

Stepanović et al. 
(2000) 

TSB and 
TSBG 

Not specified Spektar 24h, 37°C Three washes in 
saline 

Methanol CV 570nm 

Pitts (2003) TSB 1:10 dilution of 
overnight 
culture 

Costar 24h, 37°C Four washes in 
saline 

None Crystal violet 540nm 

Batzilla et al. 
(2006) 

TSB 1:200 dilution of 
O/N culture 

Greiner 37°C Once in PBS Heat fixed Crystal violet 595nm 

Brady et al. (2010) TSB 2×105 cfu/mL Not 
specified 

24h, 37°C Once in PBS Methanol Crystal violet 590nm 

Abbreviations: TSB, tryptone soya broth. PBS, phosphate buffer solution.  CV, Hucker’s crysal violet. HHW, Hussain, Hastings and White medium which 
is chemically defined (Hussain et al. 1991). TSBG, tryptone soya broth with glucose. O/N, overnight. 
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Figure 1.1 - Scanning electron micrograph of S. epidermidis biofilm formed on stainless steel 

(18h incubation) (Mack et al. 2007). 
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Additionally, SEM only takes an image on one focal plane, which is the surface of the biofilm. As 

biofilms are highly three dimensional structures, this limits the application of SEM imaging. 

Some of these disadvantages have been overcome with the development of ESEM. Using ESEM, 

no dehydration, coating or fixation of biofilm is required prior to imaging. However, development 

of three-dimensional images is still limited using this method (Hannig et al. 2010; Williams and 

Bloebaum 2010). 

The key benefit of CLSM technology is multiple planes of focus. Unlike SEM, samples do not have 

to be fixed, leaving the glycocalyx hydrated and increasing the likelihood of an accurate structural 

image. By taking images of different optical sections though a biofilm, a three-dimensional 

structure can be constructed. The requirement of sample fluorescence can be instrumental in 

differentiating relevant parts of the biofilm, as multiple stains can be used to label live and dead 

cells and the EPS matrix (Donlan and Costerton 2002; Kania et al. 2008). Bacteria like E. coli have 

been modified to express a green-fluorescent protein, allowing clear imaging of the biofilm 

without staining after the mature biofilm has developed (Maeyama et al. 2004; Lower et al. 2005). 

Computer software programs such as COMSTAT are also available and can be used in conjunction 

with CLSM imaging to determine biofilm thickness, total biomass, substratum coverage, average 

diffusion distance, and surface-to-volume ratio (Niu and Gilbert 2004; Hou et al. 2007). However, 

only a limited number of scans can be performed on a particular section of a sample, as the 

section becomes saturated after multiple scans by the microscope and can no longer be visualised. 

Additionally, CLSM does not produce images with as high resolution as SEM. 

Atomic force microscopy has also been used to visualise biofilms, as it has the advantage of 

acquiring high resolution images. A particular benefit of AFM is that samples can be viewed 

without a vacuum necessary, in buffer or in solid state. These forms of imaging are very useful 

depending on what aspects of the biofilm are being assessed, and both are commonly used to 

increase our understanding of biofilms. 

1.5 Consequences of biofilms 

In society, biofilms can be both beneficial and detrimental. Although industry has experienced 

both the positive and negative aspects of biofilm development, clinically, devastating effects of 

biofilms are observed.  
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One significant problem associated with biofilms is the increased protection sessile cells have in 

the environment. Cells in a biofilm have increased resistance to the host immune system including 

phagocytic white blood cells and complement mediated lysis (Leid et al. 2002; Patel 2005). 

However, it is the increased antibiotic resistance of sessile cells compared to planktonic cells that 

creates clinical difficulties. Cells within a biofilm can be 10-1000 times more resistant to 

antibacterial agents than their free-floating counterparts (Nickel et al. 1985; Davey and O'Toole 

2000). Antimicrobial resistance also increases with the age of the biofilm (Dunne 2002).  

1.5.1 Mechanisms of antimicrobial resistance 

Conventional mechanisms of resistance in planktonic cells includes antibiotic inactivation (e.g. 

production of β-lactamases), modification of targets to which the antimicrobials bind, or 

decreased access of the agents to their targets (e.g. using efflux pumps) (Petrelli et al. 2006). This 

resistance can be acquired through mutation or through genetic exchange. Sessile cells have 

biofilm-associated resistance, which (unlike most cases of conventional resistance) is reversible.  

The mechanisms of biofilm-associated resistance are still not clearly defined, but there are many 

hypotheses about how cells in a biofilm may acquire additional protection. One of these is that the 

glycocalyx acts as a physical barrier, increasing the difficulty of antibiotic penetration (Dunne 

2002; Patel 2005). Theoretically, the antimicrobial agent reacts with, or is absorbed by, 

components contained in the EPS matrix, leading to the limiting of transport of compounds to the 

sessile cells. There is evidence for and against this; mathematical models suggest that for many 

antibiotics, biofilm matrices should not act as a barrier (Mah and O'Toole 2001). Studies where 

antibiotics have been fluorescently tagged have also shown the antibiotic penetrating into the 

bulk of biofilms (Rani et al. 2005). Contrary to this, another study has shown that chlorine does not 

reach >20% of the bulk of a mixed species P. aeruginosa and Klebsiella pneumoniae biofilm (de 

Beer et al. 1994). Other studies have also demonstrated that alginate-overproducing strains of 

P. aeruginosa have a highly structured architecture and increased tobramycin resistance 

compared to non-mucoidal strains (Donlan and Costerton 2002). It appears that the effect of the 

glycocalyx as a barrier against antimicrobials is not only strain dependant, but also cannot wholly 

explain antimicrobial resistance. 

A recent study suggests that the EPS matrix does not affect the level of antimicrobial resistance in 

a biofilm. By comparing the MICs and MBCs of biofilms in a monolayer (formed by what was 
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described as biofilm-negative strains) to the MICs and MBCs of multilayer biofilms (formed by 

biofilm-positive strains), Qu et al. (2010) found that there was no significant difference. They 

suggested that the resistance was due to the adherent growth mode creating a high density of 

cells, rather than the production of EPS. Additionally, it is proposed that there are three 

subpopulations of cells in a biofilm; a small number of normal cells, a large number of stressed 

cells exhibiting biofilm resistance, and a small population of persister cells. This was based on 

bacterial killing curves which showed a drop in population corresponding with these three groups. 

The presence of a small amount of persister cells at high concentrations of antimicrobials is 

proposed as one of the keys of biofilm resistance (Qu et al. 2010). 

During biofilm development, physiological changes occur to cells in a biofilm. When a cell becomes 

starved of nutrients and oxygen, it enters a quiescent state, where its growth become slowed or 

stops completely (Dunne 2002; Patel 2005). This has also been implicated as a mechanism causing 

resistance to antimicrobials, particularly ones which rely on cell replication to deter bacterial 

growth (e.g. β-lactamases) (Patel 2005). Research has also indicated that for some antimicrobials, 

cells with a slowed growth rate had greater resistance regardless of whether they were planktonic 

or sessile cells (Evans et al. 1991; Duguid et al. 1992a; Duguid et al. 1992b). These studies have 

shown that cells with a reduced growth rate can be up to 15 times more resistant than more 

rapidly-growing cultures. While this is significant, it still is not comparable to the antimicrobial 

resistance of cells contained in a biofilm, once again implying that multiple mechanisms are at 

work (Mah and O'Toole 2001). 

It has also been suggested that the change in cell growth rate is not necessarily due to nutrient 

limitation alone. Sessile cells undergo physiological changes that are similar to stress responses 

(Stewart and Franklin 2008). It is possible that once cells are in a biofilm, a stress response is 

initiated protecting the cell from environmental stresses such as heat shock, cold shock, changes 

in pH and many chemical agents  (Zhang et al. 2007; Lee et al. 2009; Bossé et al. 2010; 

Tunpiboonsak et al. 2010). Biofilm formation has been strongly associated with stress genes in 

E. coli (Ren et al. 2004).  One study that supports this shows that the central regulator of stress 

responses, RpoS, is also induced in high cell densities like those found in biofilms (Fux et al. 2005; 

Houdt and Michiels 2005). 

Traditional forms of antimicrobial resistance have been thought to contribute to biofilm 

associated resistance. The horizontal transfer of conjugative plasmids has been observed in many 
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biofilms (Fux et al. 2005), including those created by E. coli, suggesting that resistance can be 

acquired through genetic exchange within complex communities (Maeda et al. 2006). Antibiotic 

degrading and hydrolytic enzymes have been observed in biofilms (Giwercman et al. 1991; Anwar 

et al. 1992; Stewart 1996). In E. coli, the surface-located protein Ag43 up-regulates biofilm 

formation and also increases resistance against hydrogen peroxide (Wells et al. 2007). This may 

also assist in enhancing resistance in E. coli. As biofilms are a heterogeneous environment, cells 

within biofilms can respond to antimicrobial agents with great variation depending on the location 

of the cell in the community (Fux et al. 2005; Folkesson et al. 2008). 

1.5.2 Industrial consequences 

In industry, biofilms can be extremely beneficial in nitrogen fixation, bioremediation and waste-

water treatment (Davey and O'Toole 2000). Biofilm can be used to treat wastewater, including 

waste from the dairy industry (Rodgers et al. 2006). Bacillus subtilis biofilms have been used to 

inhibit infection caused by plant pathogens and reduce mild steel corrosion (Morikawa 2006). B. 

subtilis has also been used to deliver novel antibacterial compounds, such as bactenecin and 

indolicidin, to significantly reduce numbers of the sulfate-reducing bacteria Desulfovibrio vulgaris 

and reduced corrosion caused by these bacteria (Jayaraman et al. 1999).  However, the problems 

caused by surface-associated microbial colonies are numerous.  

Various industries are detrimentally affected by biofilms. In the shipping industry, biofouling by 

algal and bacterial biofilms leads to lowered performance levels by the vehicle, as the biofilm 

reduces vehicle speed and increases fuel consumption (Carpentier and Cerf 1993). These 

communities can also decrease efficiency in periscopes and submarine probes (Cooksey and 

Wigglesworth-Cooksey 1992). Reduced efficiency is also observed in both water and oil piping, 

where bacterial colonisation blocks flow (Costerton 2005). Power station heat exchangers have 

seen significant reduction in output when biofilms form on surfaces in contact with cooling water 

(Criardo et al. 1994). Development of surface-associated communities in any filtration system can 

result in reduced permeability on filter membranes. Biofilms formed by sulphate-reducing or acid-

producing bacteria can lead to corrosion by creating anodes and cathodes on metal surfaces which 

cause currents in the metal (Costerton and Lappin-Scott 1989). 

The food industry also suffers detrimental effects resulting from biofilm development. The 

attachment of bacteria and other microorganisms to both food products and product surfaces 
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causes hygiene problems and economic loss due to food spoilage (Carpentier and Cerf 1993). 

Biofilm development can occur in machinery in contact with food; for example, biofilms of the 

heat resistant Streptococcus thermophilus have adhered in milk pasteurisers, contaminating the 

product (Bouman et al. 1981). Washing tanks in flour mills may contain a thick biofilm where 

pathogenic bacteria can colonise and be transferred to the flour (Carpentier and Cerf 1993). Waste 

water pipes, floors, rubber seals and conveyor belts are also common sources for biofilm 

proliferation (Kumar and Anand 1998).   

1.5.3 Clinical consequences 

Biotic biofilms are of great clinical significance, as they are endemic and naturally occurring in the 

human body. Biofilms of many lactic acid bacteria in the gut are integral in our digestion and 

protect against colonisation by pathogenic bacteria (Kumar and Anand 1998). The most common 

and well-known biofilm that causes infection and disease is dental plaque, where oral bacteria 

form complex communities on the surface of teeth and gums (Marsh 2004). Other examples 

include in the middle ear (otitis media), the heart valve and valve tissue (native heart endocarditis) 

and the prostate gland (chronic bacterial prostatitis) (Donlan and Costerton 2002). People 

suffering from the inherited disease cystic fibrosis are particularly susceptible to biofilms forming 

in the lungs as the disease causes the production of hyperviscous mucous leading to increased 

incidences of bacterial lung infections, particularly by P. aeruginosa (Donlan and Costerton 2002). 

Uropathogenic E. coli (UPEC) are known to attach to urinary epithelial cells, and are the primary 

cause of UTIs in developed countries (Anderson et al. 2004; Koseoglu et al. 2006). UTI is an 

affliction suffered by many women and, once initially infected, re-infection is common even with 

antibiotic treatment (Ulett et al. 2007b). Recently, it has been theorised that the cause of these re-

infections is by biofilms developing in the urinary tract, forming a bacterial reservoir (Anderson et 

al. 2004; Ulett et al. 2007b). 

Abiotic biofilm proliferation has also caused extreme detriment clinically. Biofilms form on contact 

lenses, causing infections such as conjunctivitis (Garcia-Saenz et al. 2002). Internal medical devices 

are a major technology that is used to increase lifespan and improve quality of life. Central venous 

and urinary catheters are used widely in medical treatment. Hundreds of thousands of people 

throughout the world use prosthetic devices such as heart replacement valves and joint 

replacements. This type of technology has always been problematic, as it is well documented that 

the introduction of a foreign body into human tissue increases the likelihood of infection at the 
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implant site. Biofilm formation also can occur on these foreign bodies, where their antibiotic 

resistance makes them difficult to treat. Once the biofilm has matured, planktonic cells also 

disperse throughout the body, finding niches to create new biofilms as well as causing infections 

like septicemia. Less than 10% of prosthesis recipients experience biofilm-related complications, 

but the cost to those patients is significant (Trampuz et al. 2003). 

Improvements in surgical techniques such as improved aseptic technique and disinfecting agents 

have reduced these risks. The implants are also being created using materials that are thought to 

be antimicrobial, including silver and antibiotic impregnated materials (de Carvalho 2007; 

Yakandawala et al. 2007; Percival et al. 2008; Chiu and Lin 2009). However, device related biofilms 

continue to cause infection. Treatment for patients who have developed infections from catheters 

is relatively straightforward, as the catheter is removed and antibiotics administered. When 

devices have been implanted in the body, infections can reoccur until the only option is implant 

removal.  In both cases, the cost to the patient is severe, both financially and emotionally (Donlan 

and Costerton 2002).  

S. epidermidis is among the five most frequent organisms causing nosocomial infections (Mack et 

al. 2007). This organism colonises the skin and mucous membranes of the human body. While 

being one of the most prominent commensal bacteria in humans, it has also become known as an 

opportunistic pathogen and is one of the most frequently isolated bacterial pathogens in 

hospitals. Infections caused by S. epidermidis are usually subacute or chronic, as these bacteria 

lack toxins that cause severe tissue-damage. In particular, S. epidermidis is frequently associated 

with infections of indwelling medical devices such as central venous catheters (Otto 2009). It is 

also highly pathogenic in immuno-compromised patients such as AIDS patients or those 

undergoing immunosuppressive therapy (Vuong and Otto 2002). Additionaly, S. epidermidis 

biofilms can form in wounds and delay reepithelialisation (Schierle et al. 2009). 

1.6 Control of biofilms 

Multiple strategies are used to manage biofilms. The main methods of biofilm control are 

prevention of contamination, minimising cell attachment, and destruction of biofilms that have 

already matured (Donlan and Costerton 2002). 
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1.6.1 Physical methods 

Physical methods to prevent biofilm attachment are particularly important when a foreign implant 

is being introduced into the body. It is essential that all measures are taken to ensure the implant 

is contaminant free. Asepsis has to be maintained in the manufacturing of the prosthetic device or 

catheter, and laminar air-flow surgical environments also contribute to the maintenance of 

asepsis. Specific hygienic procedures during surgery and the insertion of catheters are also 

employed. 

In terms of biofilm removal, the most conventional and demonstrated physical method for biofilm 

removal is scrubbing surfaces to physically detach cells, e.g. brushing one’s teeth. However, non-

invasive forms of biofilm removal have also been investigated, particularly for use on abiotic 

surfaces. Super-high magnetic fields, high pulsed electrical fields alone and in combination with 

acids, low electric fields alone and with biocides have all been investigated as methods for biofilm 

disruption (Donlan and Costerton 2002). Electrolysis against S. epidermidis biofilms has been used, 

resulting in the removal and inactivation of the biofilm within a few minutes. This method of killing 

was attributed to the increase in pH created by electrolysis leading to alkaline hydrolysis of the 

EPS matrix, with additional aid of hydrogen gas bubble production which pushed the biofilm away 

from the substratum (Rabinovitch and Stewart 2006). 

The use of ultrasounds to treat biofilms on abiotic surfaces has been quite successful. High sound 

frequencies form microscopic bubbles (cavitations) through the EPS matrix, leading to biofilm 

collapse. Studies have shown a frequency of 40kHz effective in removing up to four times more 

biofilm than conventional swabbing (Oulahal-Lagsir et al. 2000). Sonication has also been 

employed on explanted hip and knee prostheses to remove adherent bacteria for diagnostic 

purposes (Trampuz et al. 2007). 

1.6.2 Chemical and biological methods 

Disinfectants and antimicrobials are both used for biofilm control. Disinfectants are particularly 

used for prevention of contamination (Kumar and Anand 1998). When removing matured biofilms, 

detergents containing chelating agents such as EDTA are particularly effective. Chelators 

destabilise the outer membranes of cells by binding with calcium and magnesium ions. Oxidants 

such as peracetic acid, chlorine and hydrogen peroxide are also popular choices as anti-biofouling 
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disinfectants, as they are bactericidal and may even degrade the polymers contained in EPS 

(Kumar and Anand 1998; Parkar et al. 2004). 

In surgical procedures, prophylactic antibiotics such as vancomycin and rifampin are administered 

to reduce the chance of prosthetic device colonisation by bacteria (Rupp and Hamer 1998; Donlan 

and Costerton 2002; Vuong and Otto 2002; Chilukuri and Shah 2005). 

As mentioned previously, the compositions of implants have been investigated to optimise 

prevention of bacterial adherence (Costerton 2005). There are two main benefits to focusing 

biofilm control methods on the prosthetic device; it concentrates delivery of the antimicrobial 

specifically to the area of most impact, and it requires a lower concentration of antimicrobial, as 

the antimicrobial is not diluted throughout the bulk fluid before reaching its target. Materials that 

have shown resistance to biofilm colonisation (e.g. titanium and silver) are used as the main 

constituent of implants or to coat medical devices (Hou et al. 2007; Percival et al. 2008). The 

effects of excessive copper on S. aureus biofilm formation have also been investigated, where the 

repression of biofilm formation was demonstrated (Baker et al. 2010).  The development of 

implants impregnated with antibiotics has also assisted in biofilm prevention (Antoci et al. 2008; 

Valentin et al. 2008). Impregnation of antibiofouling agents in materials has also been used by 

industry, particularly in the development of antifoulant paints containing silver for use on ship 

hulls. 

Antibiotic impregnation has been taken further by the production of a polymer matrix made of a 

ciprofloxacin-retaining hydrogel which releases the antibiotic when ultrasound is applied (Norris et 

al. 2005). The hydrogel significantly reduces biofilm formation of P. aeruginosa when ciprofloxacin 

release was triggered by ultrasound (Norris et al. 2005). 

Utilising antibiotic combinations against biofilms has also been researched. To destroy 

S. epidermidis biofilms that had matured for 6, 24 and 48h, combinations of antibiotics were 

applied for 24h. Combinations with tetracycline were most effective, with significant killing of 

mature biofilms at less than four times the MICs of these antibiotics (Monzón et al. 2001). 

The use of enzymes to assist in antibiotic delivery has been explored (Donlan and Costerton 2002). 

To destroy preformed S. epidermidis biofilms, one study tested a series of enzymes’ effects on five 

staphylococcal strains, as well as their effect on the carbohydrate components PIA and teichoic 

acids which were purified from the biofilms. Unsurprisingly, certain enzymes degraded biofilms 
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with high amounts of PIA, others effectively degraded biofilm without PIA, and no enzymes were 

universally effective against biofilm (Chaignon et al. 2007). Despite this, multiple treatments could 

be useful in the eradication of biofilms (Kaplan 2009; Kaplan 2010).  

As the body of research regarding QS has increased, it has become clear that manipulation of 

autoinducers can be used to control biofilm development. The production of bacterially 

competitive QS molecules has been demonstrated by S. epidermidis (as mentioned previously) and 

certain E. coli. In E. coli that express group II capsules, a soluble polysaccharide is released into the 

environment that induces physiochemical surface alterations, preventing biofilm production in a 

wide range of Gram-positive and Gram-negative bacteria (Valle et al. 2006). In this study, group II 

capsular polysaccharides were used to treat abiotic surfaces, and E. coli and S. aureus were 

encouraged to adhere to these surfaces. Pretreatment with the capsular polysaccharides 

consistently showed a significant reduction in biofilm development (Valle et al. 2006). 

Manipulation of QS systems to manage biofilms has been attempted. To inhibit biofilm formation 

in S. epidermidis, monoclonal antibodies (MAb) were developed to block AAP. Although individual 

MAbs could only diminish biofilm formation by at most 66%, when MAb mixtures were used 

S. epidermidis accumulation was reduced by 79-87% (Sun et al. 2005). In another study, the QS 

inhibitor ribonucleic-acid-III-inhibiting peptide (RIP) was administered locally or systemically in 

animal models resulting in complete prevention of biofilm formation for many species of 

Staphylococcus, including methicillin-resistant S. aureus (MRSA), methicillin-sensitive S. aureus 

(MSSA) and S. epidermidis. RIP was also demonstrated to have synergistic activity with antibiotics 

and cationic peptides (Balaban et al. 2005).  

In all cases where disinfectants or antimicrobials are utilised, microbes have increased sensitivity 

once the EPS matrix has been disrupted. It is highly likely that this would also be the case for the 

various biological methods that are being explored in the control of biofilms. Therefore, for 

optimal minimisation of biofilm colonisation and destruction of matured biofilms, physical 

methods should also be employed in biofilm treatment. 

As has been established, one of the main difficulties in controlling biofilms is the augmented 

antimicrobial resistance of sessile cells compared to planktonic cells. The medical community has 

also been contending with an increase in antimicrobial resistance in planktonic cells, the most 

predominant being MRSA. With common antimicrobials decreasing in efficacy, essential oils have 
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been studied and found to be very successful in killing these resistant planktonic organisms 

(Nelson 1997; Chan and Loudon 1998; Hada et al. 2001; Reichling et al. 2002; Brady et al. 2006). 

This research has also been applied to various biofilms. In one study, the application of linalool-

rich oil from Croton cajucara Benth was toxic to an artificial biofilm of oral bacteria (Alviano et al. 

2005). The natural biocide carvacrol, a monoterpene (found in oregano, thyme, and majoram), has 

also been applied to dual-species biofilms of S. aureus and Salmonella subspecies enterica serovar 

Typhimurium. Exposure to carvacrol in the early stages of development greatly reduced S. aureus 

biofilm development (Alviano et al. 2005). Inhibition of the biofilm was also noted for both species 

of bacteria during the steady state of the dual-species biofilm (Knowles et al. 2005). Two terpenes, 

carveol (a terpenoid alcohol found in spearmint oil) and carvone (a terpenoid which is a principle 

component of caraway seeds) were effective as anti-adhesion agents, and dispersed Rhodococcus 

erythropolis cells which were aggregated (de Carvalho and da Fonseca 2007). Cinnamaldehyde (an 

aldehyde from cinnamon), eugenol (a phenylpropanoid from cassia) and citronellol (a 

monoterpenoid from citronella oil) reduced biofilm formation by up to 60% (Niu and Gilbert 

2004). Use of essential oils in preventing QS pathways has been explored, with promising results 

(Adonizio et al. 2006). In industry, the application of essential oils may be particularly useful, as it 

is necessary to eradicate spoilage and pathogenic bacteria while maintaining the populations of 

industrially-important bacteria, traits which are difficult to find in biocides (Masako et al. 2005; 

Lebert et al. 2007). 

The importance of finding novel and effective ways of controlling biofilm cannot be 

overemphasised. Successful methods for prevention and eradication of biofilm would have an 

enormous impact on both industry and medicine.  

1.7 Melaleuca alternifolia (tea tree) oil 

With the increasing popularity of alternative medicinal treatment, the study of various essential 

oils for their therapeutic properties has increased. One essential oil that has received much 

interest is Melaleuca alternifolia (tea tree) oil. 

Throughout the world, there are various types of plants that have been named as tea trees. 

However, oils derived from different plants with this common name have varying chemical 

composition and properties. Plants that are popularly known as tea trees include those of the 
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Leptopspermum genus and Kunzea ericoides (Christoph et al. 2000). References to M. alternifolia 

oil as ‘melaleuca oil’ can also be misleading, as oils are also extracted from other Melaleuca 

species such as M. cajuputi and M. quinquinervia (Craven 1999). As such, it is important to note 

that in this study, it is the oil of M. alternifolia that has been investigated and will be referred to as 

tea tree oil (TTO). 

1.7.1 Chemistry and production 

M. alternifolia trees naturally occur in low-lying, swampy, sub-tropical areas, and are only native 

to Australia (Swords and Hunter 1978). Historically, the medicinal properties of TTO were first 

reported by Penfold in the 1920s (Penfold and Grant 1923; Penfold and Grant 1925). Oral history 

by Australian Aborigines also refers to healing lakes, where M. alternifolia trees had dropped 

leaves which had decayed over time in the water. 

Today, there are plantations in Queensland and New South Wales where seedlings are sowed and 

raised in greenhouses before being planted in fields at high density. During harvesting, the whole 

plant is cut off close to the ground and chipped into smaller fragments. TTO is produced by the 

steam distillation of M. alternifolia leaves and terminal branches. From this, a clear to pale yellow 

oil is collected by separation from the aqueous distillate. Of the wet plant material, 1 to 2% is 

typically collected as oil. Commercial products usually contain about 5% TTO vol/vol. 

Chemically, TTO is composed of terpene hydrocarbons which are volatile, aromatic hydrocarbons. 

The majority of these are monoterpenes, sesquiterpenes, and associated alcohols. There are over 

100 components in TTO (Brophy et al. 1989) and a range of batch-to-batch variation occurs. 

Therefore, TTO composition is regulated by an international standard for “Oil of Melaleuca- 

terpinen-4-ol type”, where maximum and minimum concentrations of 14 components have been 

established. Carson et al. (2006) outlined these concentrations, which are shown in Table 1.2. 

There are also five other chemotypes of M. alternifolia oil, which are the terpinolene chemotype 

and four 1,8-cineole chemotypes (Homer et al. 2000). The terpinen-4-ol chemotype is used in 

commercial production, and contains between 30-40% terpinen-4-ol.  

The inclusion of a high concentration of terpinen-4-ol in this standard was to maintain biological 

activity in the oil, but other components were purposefully selected as part of the standard as 

they are difficult to artificially reproduce, therefore deterring the production of artificial tea tree 

oil. Some minor, potentially helpful components, such as sabinene, globulol and viridiflorol make 
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the creation of synthetic oil difficult or economically nonviable. Due to its hydrocarbon nature, 

TTO is also quite insoluble in water and is soluble with non-polar solvents.  

1.7.2 Antibacterial properties of TTO 

Although TTO has been demonstrated as an anti-inflammatory (Hart et al. 2000; Brand et al. 2001; 

Brand et al. 2002), antifungal (Nenoff et al. 1996; Hammer et al. 2003b; Hammer et al. 2004), 

antiviral (Chao et al. 2000; Schnitzler et al. 2001) and antiprotozoal agent (Peňa 1962; Mikus et al. 

2000), it is the antibacterial properties of TTO that are of particular interest in this study. In the 

past two decades, there have been many scientific studies which reported on the high bactericidal 

activity of TTO against a range of species (Atkinson and Brice 1955; Low et al. 1974; Beylier 1979; 

Wilkinson and Cavanagh 2005). Susceptibilities of some bacterial species were summarised by 

Carson et al. (2006) and is shown in Table 1.3.  

 

In the scientific community, the in vitro efficacy of TTO against MRSA has led to many studies 

being performed. When comparing the MICs of TTO against MRSA and MSSA, no significant 

differences have been reported, indicating that the bactericidal mechanisms exerted by TTO are 

not affected by antibiotic resistance mechanisms in MRSA (Chan and Loudon 1998; May et al. 

2000; Brady et al. 2006). 



30 
 

Table 1.2 - Composition of M. alternifolia (tea tree) oil 

Component 
Composition (%) 

ISO 4730 rangea Typical compositionb 

Terpinen-4-ol ≥30c 40.1 

γ-Terpinene 10-28 23.0 

α-Terpinene 5-13 10.4 

1,8-Cineole ≤15d 5.1 

Terpinolene 1.5-5 3.1 

ρ-Cymene 0.5-12 2.9 

α-Pinene 1-6 2.6 

α-Terpineol 1.5-8 2.4 

Aromadendrene Trace-7 1.5 

δ-Cadinene Trace-8 1.3 

Limonene 0.5-4 1.0 

Sabinene Trace-3.5 0.2 

Globulol Trace-3 0.2 

Viridiflorol Trace-1.5 0.1 
a ISO 4730, International Organization for Standardization standard no. 4730 (2004) 
b (Brophy et al. 1989) 
c No upper limit is set, although 48% has been proposed 
d No lower limit is set 
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Table 1.3 - Susceptibility data for bacteria tested against M. alternifolia oil. 

Bacterial species % (vol/vol) Reference(s) 

MIC MBC 

Actinomyces spp. 1 1 Hammer et al. (2003c) 
Bacillus cereus 0.3 0.06-0.12 Griffin et al. (2000) 
Bacteroides spp. 0.06-0.5 2 Hammer et al. (1999) 
Enterococcus faecalis 0.5->8 0.5-1 Banes-Marshall et al. (2001)  

Griffin et al. (2000) 
E. faecium (vancomycin 
resistant) 

0.5-1 0.25-4 Nelson (1997) 

Escherichia coli 0.08-2 0.25 Carson et al. (1995) 
Gustafson et al. (1998) 
Mann and Markham (1998) 

Klebsiella pneumoniae 0.25-0.3 2 Griffin et al. (2000) 
Hammer et al. (1996) 

Lactobacillus spp. 1-2 0.25-6 Hammer et al. (1999) 
Hammer et al. (2003c) 

Micrococcus luteus 0.06-0.5 0.25-6 Hammer et al. (1996) 
Peptostreptococcus 

anaerobius 

0.2-0.25 0.03->0.6 Hammer et al. (1999) 
Shapiro et al. (1994) 

Porphyromonas 

endodentalis 

0.025-0.1 0.025-0.1 Hammer et al. (2003c) 

P. gingivalis 0.11-0.25 0.13->0.6 Shapiro et al. (1994) 
Takarada 2005 (2005) 

Propionibacterium acnes 0.05-1.25 0.5 Carson and Riley (1994) 
Griffin et al. (1999) 
Raman et al. (1995) 

Pseudomonas aeruginosa 1-8 2->8 Banes-Marshall et al. (2001)  
Griffin et al. (2000) 
Hammer et al. (1996) 

Staphylococcus aureus 0.5-1.25 1-2 Banes-Marshall et al. (2001)  
Carson et al. (1995) 
Raman et al. (1995) 

S. aureus (methicillin 
resistant) 

0.04-0.35 0.5 Carson et al. (1995) 
Christoph et al. (2000) 
Mann and Markham (1998) 
Nelson (1997) 

S. epidermidis 0.45-1.25 4 Christoph et al. (2000) 
Hammer et al. (1996) 

S. hominis 0.5 4 Hammer et al. (1996) 
Streptococcus pyogenes 0.12-2 0.25-4 Banes-Marshall et al. (2001)  

Carson et al. 1996 (1996) 
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It was presumed that the mechanisms of action of TTO on bacteria were based on the 

hydrocarbon structure of terpenes, which would partition preferentially into biological 

membranes and disrupt vital functions (Sikkema et al. 1995). This was supported by observed 

actions of toluene, an alcoholic terpene, on E. coli cells. Toluene was added to E. coli cells during 

exponential phase, and although no cell lysis was observed, the cytoplasm did collapse to the 

centre of the cells and a loss of intercellular material and total ribonucleic acid (RNA) was noted 

(Jackson and DeMoss 1965). Another study of terpenes isolated from Douglas fir trees also 

demonstrated antimicrobial activity by destroying cellular integrity (Andrews et al. 1980). 

Continued research has supported this theory, including evidence of TTO permeabilising model 

liposomal systems (Cox et al. 2000). Additionally, treatment of S. aureus with TTO has resulted in 

reduced respiration and the leakage of potassium ions and 260-nm-light-absorbing materials. The 

loss of 260-nm-light-absorbing materials (nucleic acids) is indicative of cytoplasmic membrane 

leakage (Cox et al. 2001b; Carson et al. 2002; Hada et al. 2003). TTO treated E. coli exhibited 

reduced potassium homeostasis and glucose-dependant respiration (Cox et al. 1998). Although no 

whole cell lysis has been observed in TTO treated S. aureus (Carson et al. 2002), E. coli was lysed 

when treated with TTO (Gustafson et al. 1998; Carson et al. 2002). From this, it is clear that TTO 

compromises the structural and functional integrity of bacterial membranes (Cox et al. 2000). The 

effects of TTO occur to a greater degree when cells are in the exponential phase of growth, 

suggesting that TTO may act on additional targets than the cell membrane alone (Gustafson et al. 

1998). 

The antibacterial properties of TTO components have also been examined. The terpenes that have 

been investigated most comprehensively are terpinen-4-ol, α-terpineol and 1,8-cineole. One study 

found that terpinen-4-ol was more effective when used on its own than TTO. This was attributed 

to the non-oxygenated terpenes in TTO reducing terpenin-4-ol efficacy by lowering its aqueous 

solubility (Cox et al. 2001a). When terpinen-4-ol, α-terpineol and 1,8-cineole were applied 

individually to S. aureus, none were found to induce autolysis, but did cause leakage of 260-nm-

light absorbing material (Carson et al. 2002). Both TTO and its components act bactericidally by 

causing loss of intracellular material, decreasing respiration, and causing an inability for cells to 

maintain homeostasis (Carson et al. 2006). These are all consistent with loss of membrane 

integrity and function. 
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Resistance to TTO has also been studied. With an MIC of 1-8%, P. aeruginosa is considered a 

species with reduced susceptibility to TTO (Banes-Marshall et al. 2001; Papadopoulos et al. 2006). 

Discovering how such high concentrations of TTO are tolerated by these bacteria has been a major 

research focus. This tolerance has been linked to the outer membrane, as P. aeruginosa cells with 

permeabilised outer membranes are more susceptible to the effects of TTO, terpinen-4-ol or γ-

terpinene (Mann et al. 2000; Longbottom et al. 2004).  

De novo resistance in other species of bacteria has never been reported clinically, but induction of 

resistance in vitro has been attempted. This is accomplished by exposing bacteria to stepwise 

increases of TTO concentration. In one study performed by Nelson (1997), resistance was induced 

in three MRSA isolates to MICs as high as 16% v/v (where starting MICs were 0.25%). However, 

Hammer et al. (2008) attempted to induce single-step mutations in S. aureus and were unable to 

detect resistant mutants at two times the MIC. As TTO is a multi-component antimicrobial, the 

occurrence of mutations resulting in TTO resistance appears unlikely, as bacteria would have to 

develop multiple mechanisms of resistance. This idea is supported by Papadopoulos (2008) where 

TTO resistance was induced in P. aeruginosa using serial subcultural in the presence of 

subinhibitory concentrations of TTO and terpenin-4-ol. This study found that resistance to the 

single component of TTO was more easily induced than resistance to TTO. 

The investigation of antibacterial activity of essential oil vapours including TTO is potentially useful 

for application against respiratory tract pathogens (Maruzella and Sicurella 1960). One study 

examining essential oil vapours found those containing alcohol components were highly active 

against the bacteria tested. TTO and terpinen-4-ol had similar activity against all bacteria tested 

(Inouye et al. 2001). While the study did not focus specifically on vapourised essential oils, Hayes 

et al. (1997) determined the cytotoxicity of TTO on six different human cell lines and found that 

Mycoplasma cells were significantly more sensitive to TTO than the HeLa cell line (a epidermal 

lung cell line). This study concluded that potentially, inhalation administration of TTO could be 

used to treat pneumonia caused by these bacteria (Hayes et al. 1997). 

1.7.3 Clinical applications of TTO 

Given the bactericidal properties of TTO, the clinical efficacy of TTO has been investigated. 

Treatment of acne with 5% TTO compared to treatment with benzoyl peroxide resulted in 

comparable inflammation in lesions, and less scaling, pruritis and dryness, with fewer side effects 
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(Bassett et al. 1990). In a more recent double-blind clinical study, there was a significant reduction 

in acne lesions and acne severity in patients treated with 5% TTO gel (Enshaieh et al. 2007). 

TTO has also been studied for dental applications. In vitro studies have indicated that TTO was 

effective against oral bacteria (Hammer et al. 2003c), and essential oil mouthwashes are effective 

in reducing oral bacteria in situ (Pan et al. 2000; Ouhayoun 2003). Clinical studies with TTO 

mouthwashes and mouth gels have had varied results, with some studies showing reduction in 

oral bacteria, and others resulting in no change (Arweiler et al. 2000; Groppo et al. 2002). Another 

study which used a TTO gel showed that while TTO reduced gingival disease and papillary 

bleeding, plaque levels actually increased (Soukoulis and Hirsch 2004). This indicates that although 

TTO may reduce bacterial numbers, this does not correlate to plaque reduction.  

Use of TTO in handwashes has also been explored, as handwashing techniques are considered 

imperative in reducing nosocomial infections. A study focusing on the effect of TTO on transient 

and commensal skin flora suggested that TTO may be useful in removing transient bacteria such as 

S. aureus while maintaining commensal flora (Hammer et al. 1996). In two handwashing studies, 

5% TTO in 10% alcohol and 5% TTO in water performed better than soap (Messager et al. 2005a). 

Skin wash containing 5% TTO has also achieved a more than 104-fold reduction in P. aeruginosa 

and E. coli cell numbers after 5 mins. In addition, a combination of 5% TTO with alcoholic hygienic 

skin wash was found to be more active than medicated soft soap (Messager et al. 2005b). TTO 

may be a useful component in handwashes, as it is more desirable to use on hands than many 

current handwashes. This would encourage better handwashing compliance in hospitals. 

In all these applications, the toxicity of TTO needs to be considered. TTO can be toxic if ingested, 

though no human deaths from TTO have been reported in literature. TTO can also cause reactions 

as an irritant and an allergen. However, dilution of TTO and adequate storage of TTO does reduce 

the likelihood of a dermal reaction (Hammer et al. 2006).  

1.8 TTO and biofilms 

Although other essential oils have been applied to inhibit or eliminate bacterial biofilms, there has 

only been limited research performed regarding the effect of TTO on these surface-associated 

communities. Brady et al. (2006) exposed biofilms of 10 MSSA, 12 MRSA and nine coagulase-

negative staphylococci (CoNS) to 5% TTO for 1h. After this period, the study reported total killing 
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of all cells in MSSA and MRSA biofilms, complete eradication in five of the nine CoNS biofilms, and 

a reduction in biofilm in the remaining four biofilms. In another study, a clinical MSSA isolated 

from an explanted cochlear implant and known biofilm-producing strain S. aureus RP62A (ATCC 

35984) were allowed to form biofilms for 24h before exposure to 1% and 5% TTO, 0.5% terpinen-

4-ol, and 3% and 6% hydrogen peroxide. Full eradication of biofilms was observed after 24h 

exposure to both TTO concentrations, 1h 0.5% terpinen-4-ol exposure and 1h exposure to both 

hydrogen peroxide concentrations (Brady et al. 2010). While the sample size of both these studies 

is small, these findings indicate that TTO may be an effective essential oil in the removal of formed 

biofilms.  

In the present study, a range of concentrations of TTO were applied to mature biofilms formed by 

strains of S. epidermidis and E. coli to determine the effect of TTO in the destruction of biofilms. 

Biofilms of these bacteria were also formed in the presence of TTO to determine the effect of TTO 

in preventing biofilm development. 
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2 Materials and Methods 

2.1 Microbial isolates 

2.1.1 Reference strains 

Reference strains were obtained from the culture collections of the Discipline of Microbiology and 

Immunology at The University of Western Australia (UWA) and the Division of Microbiology and 

Infectious Diseases at PathWest Laboratory Medicine WA (PathWest). Reference strains are given 

in Table 2.1.  

2.1.2 Clinical and environmental isolates 

Clinical and environmental isolates were obtained from the PathWest culture collection and are 

shown in Table 2.2. 

All isolates were stored in 2% brain heart infusion broth (BHIB) with 20% glycerol (1-2mL), in 

cryotubes stored at -80°C. Prior to use, bacteria were subcultured on blood agar (BA) and 

incubated 37°C for 24h. These plates were stored at 4°C for up to one week, and experimental 

cultures were made from these plates. 

2.2 Materials 

2.2.1 Chemicals, reagents and desiccated media 

Chemicals, reagents and desiccated media are listed in Table 2.3. 

2.2.1.1 Melaleuca alternifolia (tea tree) oil 

Melaleuca alternifolia oil was supplied as a single batch (1216) by Tweed Ti Tree Products, 

Queensland, Australia. The composition of this batch was determined by gas chromatography-

mass spectrometry which was performed by the Wollongbar Environmental Laboratory, NSW 

Department of Primary Services, NSW, Australia, and is shown in Table 2.4. Levels of all 

components stipulated in the ISO Standard 4730 were determined. The oil complied with 

International Standard for Oil of Melaleuca, terpinen-4-ol type (tea tree oil) (ISO 4730) 

(Standardisation 2004). 
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Table 2.1 - Reference strains 

Organism Culture collection number Testing Set 

 ATCC
1
 NCTC

2
  

Escherichia coli  10418 A 
Escherichia coli 25922  A 
Escherichia coli  10538 A 
Escherichia coli  50237  
Pseudomonas aeruginosa  10662  
Staphylococcus epidermidis 14990 11047 A 
a
Staphylococcus epidermidis 27626  A 

Staphylococcus epidermidis 12228  A 
Stenotrophomonas maltophilia 13637   
1 American Type Culture Collection; 2 National Collections of Type Cultures 
a This strain is longer recognised as S. epidermidis. However it is considered one for the purposes 
of this study. 
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Table 2.2 - Clinical and environmental isolates 

Organism Clinical number Source Testing 

Set 

Escherichia coli 3079927U No microbiological tests performed* A 
Escherichia coli 5900456B Urine A 
Escherichia coli 0154500C Urine A 
Escherichia coli 4570775F Electrolyte test performed* A 
Escherichia coli 10339489C No microbiological tests performed* A 
Escherichia coli 5300757W No microbiological tests performed* A 
Escherichia coli 4366847Q No microbiological tests performed* A 
Escherichia coli 4562486T Midstream urine (MSU) A 
Escherichia coli 5100024Z Urine A 
Escherichia coli 2032374A Low vaginal swab (LVS) B 
Escherichia coli 4751838Y LVS B 
Escherichia coli 2032132R Sputum B 
Escherichia coli 2032413C Urine (catheter) B 
Escherichia coli 2032262G Urine B 
Escherichia coli 4508117P Urine B 
Escherichia coli 3013527D Urine B 
Escherichia coli 3013499A Urine B 
Escherichia coli 5252109F Urine B 
Escherichia coli 4508107X Urine B 
Escherichia coli 2032339N Urine B 
Escherichia coli 1005493W MSU B 
Escherichia coli 4358881J Urine B 
Escherichia coli 3013245L Urine B 
Escherichia coli 5052003U Urine B 
Staphylococcus epidermidis 26124 Blood culture IRD A 
Staphylococcus epidermidis 27314 Blood culture A 
Staphylococcus epidermidis 21249 Blood culture A 
Staphylococcus epidermidis 21081 Blood culture A 
Staphylococcus epidermidis 21137 Blood culture  A 
Staphylococcus epidermidis 26025 Peritoneal fluid  A 
Staphylococcus epidermidis 21248 Blood culture A 
Staphylococcus epidermidis 0166535B * A 
Staphylococcus epidermidis 4513735E Blood culture A 
Vibrio harveyi Vh1 Sea mullet surface  
Vibrio harveyi Vh6 Seawater (Cottesloe)  
Vibrio harveyi Vh12 Seawater (Fremantle Harbour)  
Vibrio harveyi Vh16 Seawater (Shoalwater Bay)  
Vibrio harveyi 618.1a Lobster tail blister  
Vibrio harveyi 654.3a Sea hare gonad  
Vibrio harveyi CO71 Aquaculture environment (QLD)  
Vibrio harveyi QL9.b Barramundi (QLD)  
Vibrio harveyi 417.8 Dhufish gill  
Vibrio harveyi M3662 *  

* Clinical source not stated 
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Table 2.3 - Chemicals, reagents and desiccated media 

Chemical, reagent or medium Supplier 

Ammonium chloride BDH Chemicals (AnalaR), England  
Ammonium oxalate BDH Chemicals (AnalaR), England  
Ammonium sulphate Biolab, Victoria, Australia 
Brain / heart infusion broth (BHIB) Oxoid, Hampshire, England 
BHIB with 20% glycerol Excel Laboratory Products, WA, Australia 
Calcium chloride BDH Chemicals (AnalaR), England 
Crystal violet BDH Chemicals (Gurr), High Wycombe, England 
Ethanol Rowe Scientific, WA, Australia 
Ferrous sulphate BDH Chemicals (AnalaR), England 
FluoresbriteTM Plain yellow-green    
     0.75 µm microspheres 

Polysciences Inc, Warrington PA, 
      USA 

Glacial acetic acid Ajax Finechem, NSW, Australia 
Glucose Ajax Finechem, NSW, Australia 
Glycerol BDH Chemicals (AnalaR), England 
Histidine Sigma-Aldrich, USA 
Lecithin MP Biomedicals, USA 
Leucine Sigma-Aldritch, USA 
Luria-Bertani broth (LBB) BD Difco, MD, USA 
Magnesium sulphate Ajax Finechem, NSW, Australia 
Menadione Sigma-Aldrich, USA 
Mueller Hinton broth Oxoid, Hampshire, England 
Potassium dihydrogen phosphate Ajax Finechem, NSW, Australia 
di-Potassium hydrogen       
      orthophosphate 

BDH Chemicals, England 

Propidium iodide (PI) 1.5M solution Invitrogen, California, USA 
Proteinase K Sigma-Aldrich, USA 
RNase A Sigma-Aldrich, USA 
Sodium hydrophosphate BDH Chemicals (AnalaR), England 
Sodium thiosulphate BDH Chemicals (AnalaR), England 
SYTO9 fluorescent dye Invitrogen, California, USA 
Thiamine Sigma-Aldritch, USA 
Thiamine hydrochloride Ajax Chemicals, NSW, Australia 
Trypticase soya agar (TSA) Oxoid, Hampshire, England 
Trypticase soya broth (TSB) Oxoid, Hampshire, England 
Tween 80 Sigma-Aldrich, USA 
XTT (3’-{1-[(phenylamino)- 
     carbonyl]-3,4-   
     tetrazolium}bis(4-methoxy-6- 
     nitro)benzenesulfonic acid  
     hydrate) 

Sigma-Aldrich, USA 
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Table 2.4 - Composition of Melaleuca alternifolia (tea tree) oil batch 1216. 

Component Composition (%) ISO 4730 Range (%) 

Terpenin-4-ol 42.4 30 – 48 
γ-Terpinene 20.1 10 – 28 
α – Terpinene 9.0 5 – 13 
1,8 – Cineole 3.7 trace – 15 
Terpinolene 3.2 1.5 – 5 
α – Terpineol 3.1 1.5 – 8 
ρ - Cymene 3.1 0.5 – 8 
α – Pinene 2.4 1 – 6 

Aromadendrene 1.1 trace – 3 

Limonene 1.1 0.5 – 1.5 

δ- Cadinene 0.8 trace – 3 

Ledene 0.6 trace – 3 

Sabinene 0.3 trace – 3.5 

Globulol 0.2 trace – 1 

Viridifloral 0.1 trace – 1 

Other 8.8  
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2.2.2 Buffers, solutions and stains 

Buffers and solutions were prepared in distilled water, sterilised by autoclaving for 15 min at 

121°C and were stored at room temperature unless stated otherwise. 

0.85% saline 

NaCl 8.5g 
Distilled water 1L 
 
2% Hucker’s crystal violet (CV) 

Crystal violet 20g 
Ethanol 200mL 
Ammonium oxalate 8g 
Distilled water 800mL 
 
Crystal violet was dissolved in ethanol, and the ammonium oxalate and distilled water were mixed 
together until dissolved. The two solutions were mixed together. This solution was not autoclaved. 
 
XTT / Menadione solution 

XTT 0.01g 
PBS 10mL 
Menadione 0.273g 
Acetone 10mL 
 
XTT was dissolved in PBS, and the menadione was dissolved in acetone. 1.25mL of the XTT/PBS 
solution was combined with 0.1mL menadione, making a final concentration of 200µg/mL XTT to 
0.2µM menadione. 
 

Neutraliser 

Tween 80 30g 
Lecithin 3g 
Histidine 1g 
KH2PO4 34g 
TSB 30g 
Sodium thiosulphate 5g 
Distilled water 1L 
All components with the exception of sodium thiosulphate were dissolved in distilled water and 
sterilised by autoclaving. After autoclaving, neutraliser without sodium thiosulphate was boiled for 
5 min, and stirred overnight. Sodium thiosulphate was dissolved in 5mL distilled water and filter-
sterilised (with 0.2µM membrane filter). Filtered sodium thiosulphate was then added (Messager 
et al. 2005a). 
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Phosphate buffered saline (PBS) (Hendrickson and Krenz 1991) 
NaCl 8g 
KCl 0.2g 
KH2PO4 0.12g 
Na2HPO4 0.91g 
Distilled water 1L 
 
Solution was adjusted to pH 7.2 prior to autoclaving. 
 

2.2.3 Culture media 

Blood agar was supplied by Excel Laboratory Products, Mt Claremont, Western Australia. 

Luria-Bertani broth and Mueller-Hinton broth were purchased as powders and prepared according 

to the manufacturers’ instructions. 

 

The following media were prepared according to the instructions given in each cited publication. 

Unless stated otherwise, all components were added to distilled water, dissolved and sterilised by 

autoclaving at 121°C for 15 min. 

 
Minimal medium M9 with supplements (M9) (Elbing and Brent 2002) 
(10x strength) 
Na2HPO4 151g 
KH2PO4 30g 
NaCl  5g 
NH4Cl 10g 
Distilled water 1L 
 
1mL of the above medium was combined with the following: 
MgSO4 (1M) 20µL 
CaCl2 (0.1M) 10µL 
Glucose (20%) 100 µL 
Luria-Bertani broth 500µL 
Distilled water 9.5mL 
 
Leucine and thiamine were then added to a make a final concentration of 1mg/mL for each. 
Minimal medium with supplements was filter-sterilised using a Nalgene bottle-top filter (PES 
membrane). 
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Minimal medium M63 with supplements (M63) (Elbing and Brent 2002) 
NH4SO4 2g 
K2HPO4 7g 
FeSO4 (1mg/mL) 0.5mL 
Glycerol (1.5M) 20mL 
KH2PO4 3g 
MgSO4 (0.5M) 2mL 
Thiamine - HCl (5mg/mL) 20mL 
Glucose 4g 
Distilled water 960mL 
The medium was filter-sterilised using a Nalgene bottle-top filter (PES membrane). 
 
Tryptone soya broth with 0.25% glucose (TSBG) (Mack et al. 1992) 
TSB 37g 
Glucose 2.5g 
Distilled water 1L 
 
Tryptone soya broth with 1% sodium chloride (TSBS) (Karunasagar et al. 1995) 
TSB 37g 
NaCl 10g 
Distilled water 1L 
 

Tryptone soya agar with 1% sodium chloride (TSAS) (Karunasagar et al. 1995) 
TSA 40g 
NaCl 10g 
Distilled water 1L 
 

2.2.4 Other consumables 

Other consumables are listed with their supplier in Table 2.5. Disposable plasticware such as 

pipette tips, transfer pipettes, plastic loops, microcentrifuge tubes and cryotubes were 

manufactured by Greiner bioOne and Eppendorf.  

2.3 In vitro susceptibility methods 

2.3.1 Adjusting inocula concentrations 

Overnight cultures were prepared in growth medium or saline as specified. In all cases where 

cultures were adjusted, overnight cultures were diluted in the same medium using a 

nephelometer to indicate approximate bacterial concentration. 
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Table 2.5 - Other consumables 

Consumable Supplier 

AeraSealTM sealing films Excel Scientific, USA 
Bottle-top filters with PES membrane NalgeNunc International, Roskilde, Denmark 
Flow cytometry tubes Falcon, NSW, Australia 
Microtitre trays (96-well,  
      polystyrene, flat-bottomed) 

NalgeNunc International, Roskilde, Denmark 

Microtitre trays (6-well, polystyrene,    
      flat-bottomed) 

NalgeNunc International, Roskilde, Denmark 

Sterile syringe filter, Acrodisc 25mm  
      with 0.2µm membrane 

Pall Corporation, Ann Arbor, USA 
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2.3.2 Minimum inhibitory concentration (MIC) assays 

MICs for TTO were determined for S. maltophilia ATCC 13637, 12 E. coli isolates (specified as Set A 

in Table 2.1 and Table 2.2) and all S. epidermidis isolates. MICs were determined to distinguish 

biofilm inhibition from planktonic cell inhibition. The MIC was defined as the lowest concentration 

of TTO that inhibited visible growth in wells. 

For S. maltophilia, overnight cultures were prepared by inoculating 1-2 colonies from BA plates 

into 10mL of TSB. Growth medium was incubated with shaking at 150rpm for 24h at 37°C. The 

overnight culture was diluted to approximately 1×108cfu/mL in MHB and viable counts were 

performed to confirm inoculum concentration using the Miles-Misra method (Miles and Misra 

1938). To prepare TTO dilutions, a TTO solution was prepared at 8% TTO in MHB with 0.002% 

Tween 80. Two-fold serial dilutions were performed in a 96-well microtitre tray from 4% TTO to 

0.125% TTO, leaving 100µL volumes in all wells.  

An aliquot of 100µL of prepared inoculum was added to all wells and trays were incubated at 37°C 

for 24h. The MIC was defined as the lowest concentration of TTO that inhibited visible growth in 

wells. 

MICs for S. epidermidis and E. coli in Set A (Table 2.1 and Table 2.2) were performed similarly with 

minor adjustments. Inocula were prepared by suspending 1-2 colonies from overnight cultures on 

BA plates in 0.85% saline and adjusting to 0.5 McFarland (1×108 cfu/mL) in saline. Serial dilutions 

were performed in saline to obtain the necessary inocula concentrations. Viable counts of inocula 

were not performed. MICs for all organisms were performed three times on different days and 

modal values selected. 
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2.3.3 Minimum bactericidal concentration (MBC) assays 

MBCs were determined to distinguish biofilm inhibition or destruction from planktonic cell death. 

MBCs were determined for all Set A S. epidermidis and 12 E. coli (specified in Table 2.1 and Table 

2.2) isolates by subculturing from incubated MIC trays. Non-turbid wells were mixed with a 

pipette, and 10µL of well contents were spot inoculated onto pre-dried BA plates. Plates were 

incubated for approximately 24h at 37°C. The MBC was determined as the lowest concentration 

where more than 99.9% of bacteria were killed.  

2.4 Protocol for optimal biofilm development 

2.4.1 Inoculum preparation 

All isolates were grown on BA plates for 18-24h at 37°C, with the exception of V. harveyi which 

was grown on TSAS at 28°C. From these plates overnight cultures were prepared by inoculating 1-

2 colonies into 10mL of the relevant growth medium and incubating cultures with shaking at 

150rpm for 24h at 37°C unless stated otherwise. S. epidermidis and P. aeruginosa isolates were 

grown in TSBG, S. maltophilia in TSB, E. coli in LBB and V. harveyi in TSBS (Mack et al. 1992; 

Karunasagar et al. 1995; Bertani 2004; Chang et al. 2005).  

Two methods of cell culture preparation were investigated to optimise biofilm development. In 

non-washed cell culture preparation, cells from an overnight culture were taken directly and 

diluted in the appropriate growth medium to approximately 1×107cfu/mL. In washed cell culture 

preparation, cells from 1mL of bacterial overnight culture were collected by centrifuging for 1min 

at high speed, then washed in saline and resuspended in the appropriate medium. Washed cells 

were standardised and diluted to approximately 1×107cfu/mL.  

2.4.2 Preparation of 96-well microtitre tray for biofilm development assays 

In a 96-well microtitre tray, 200µL of adjusted inoculum was added to all test wells and 200µL of 

the appropriate growth medium to control wells. Therefore, where a single isolate was tested, 

there was a total of 63 inoculated wells in each 96-well tray. In cases where multiple isolates were 

tested there was a total of 21 inoculated wells per isolate in each 96-well tray. Where trays are 

referred to as being sealed, wells were covered with the adhesive membrane AeraSealTM Sealing 

Film, which allowed full atmospheric exchange without bacterial contamination. All 96-well trays 



47 
 

were incubated at 37°C for 24h unless stated otherwise. Atmospheric conditions are specified 

below. 

2.4.3 Quantification of biofilm biomass using crystal violet staining 

After incubation, 96-well trays were inversion washed (2.4.4.1) once with 200µL PBS. Biofilm was 

fixed using heat fixation (2.4.4.2) unless stated otherwise. A 200µL volume of 0.3% CV was added 

to each well and left to stain for 5min at room temperature (approximately 22°C). Excess stain was 

rinsed off with large amounts of tap water until rinsing water ran clear, indicating all surplus stain 

was removed. Wells were left to air-dry for 10 min. A 200µL volume of 33% glacial acetic acid was 

added to each well to resolubilise the CV stain. Glacial acetic acid was left for 5 min and the optical 

density was determined at 570nm. All optical density measurements in this study were 

determined using a Spectramax 250 plate reader (Molecular Devices). Where OD570 values were > 

1 the solubilised stain was diluted in 33% glacial acetic acid in a second 96-well tray, unless 

otherwise stated. The optical density of the diluted stain was determined and multiplied 

appropriately to account for the dilution for use in final result calculations. 

2.4.4 Experimental variations and related experiments 

For this study, optimisation of biofilm development was determined by maximising biofilm 

biomass development in vitro. A number of variables were investigated to increase biofilm 

biomass formation, listed in Table 2.6. 

2.4.4.1 Washing variables 

An experiment was performed to determine the impact of non-washed and washed cell culture 

preparation on biofilm development. This experiment also determined whether inversion or 

vacuum pump washing was the superior method for removing planktonic cells with minimal well 

variation. Methods of cell culture preparation using non-washed cells and washed cells were 

described previously (2.4.1). Inversion washing was performed by simply inverting 96-well trays to 

remove all liquid well contents, which consisted of planktonic cells and spent medium. A 200µL 

volume of PBS was added to each well, and trays were once again inverted to remove well 

contents. Trays were then left for 10mins to air dry. Vacuum pump washing was performed by 

removal of well contents by suction using a vacuum pump attached to a modified multichannel 
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manual pipette. A 200µL volume of PBS was added to each well, and contents were removed with 

the vacuum pump. The 96-well trays were then left to air dry for 10min. 

To examine the effect of both inocula preparation and 96-well tray washing variables on biofilm 

production, two biofilm development trays were prepared with non-washed cell culture 

preparation and two using washed cell culture preparation of S. epidermidis clinical isolate 

4513735E.  

At wash stages, one tray of each set was washed by inversion and the remaining two trays by 

vacuum pump washing. Samples with OD570 > 1 were not diluted. From this experiment it was 

determined that cells which had been washed yielded more biofilm. Additionally, inversion 

washing was more effective in removing planktonic cells while leaving biofilm undisturbed. 

Therefore, the washed cell preparation method and the inversion washing method were used in 

subsequent experiments.  

2.4.4.2 Fixation of biofilm 

For methanol fixation, 200µL of 99% methanol was added to all wells and left for 15min. The 96-

well trays were emptied and left to air dry for 10min. For heat fixation of 96-well trays containing 

biofilm, trays were inversion washed twice with 200µL PBS and heated at 55°C in an incubator for 

75–90min prior to staining. Both of these methods fix biofilm to the substratum by dehydrating 

the biofilm, ensuring that any loosely bound sessile cells are not washed away during the 

numerous wash stages associated with this method (Lazarevic et al. 2005). As heat fixation 

reduced variability in optical density measurements in this study, all subsequent experiments were 

performed using heat fixation unless otherwise stated. 
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Table 2.6 - A summary of the experimental variables investigated during biofilm development 

optimisation, with preferential variation bolded. 

Variable Variations 

Inoculum washing a) Non-washed 
 b) Washed 

96-well tray washing a) Inversion 

 b) Vacuum pump 

Fixing a) Methanol 
 b) Heat 

Air exposure a) 96-well tray with tray lid only 
 b) Sealed with film only 

 c) Sealed with film with lid replaced 
 d) Sealed with film and placed in plastic containment 

Humidity a) Non-humid (no container of water) 
 b) Humid (open container of water in incubator) 

Incubator a) Walk-in incubator 
 b) Watson Victor incubator 
 c) Forma-Scientific incubator 

E. coli media a) M63 
 b) M9 
 c) LBB 

 d) TSBG 
 e) BHIB 

E. coli air exposure a) Sealed with film only 

 b) Sealed, with microtitre tray lid replaced 
 c) Sealed, placed inside plastic containment 
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2.4.4.3 Incubation atmospheric conditions – air exposure 

Previous research has demonstrated that strict anaerobic conditions significantly inhibit biofilm 

development by some E. coli isolates (Colón-González et al. 2004). To determine the optimal air 

exposure conditions for E. coli biofilm development, three identical biofilm development trays 

were prepared using washed cell culture preparation for E. coli strains NCTC 10418, NCTC 27522 

and clinical isolate 3079927U in LBB as described previously (2.4.1). All 96-well trays were sealed 

with AeraSealTM film. The first tray was incubated in a walk-in incubator with no additional 

covering, the second with the tray lid replaced, and the third in a plastic bag. Samples with OD570 > 

1 were not diluted. As biofilm development was optimal where greater air exposure occurred 

(where the 96-well tray was sealed with AeraSealTM film with no covering), subsequent 

experiments were performed with sealed trays only, regardless of the bacterial species. 

2.4.4.4 Incubation atmospheric conditions – humidity 

To determine the influence of humid or non-humid conditions on biofilm development, 96-well 

trays were prepared with non-washed cell culture preparation (section 2.4.1). Two trays were 

prepared with S. epidermidis strains NCTC 11047, ATCC 12228 and clinical isolate 4513735E grown 

in TSBG, and two trays with E. coli strains NCTC 10418, NCTC 27522 and clinical isolate 3079927U 

in LBB. One tray of S. epidermidis and one of E. coli were placed in the Watson-Victor incubator 

containing an open container of water (humid conditions) and the other trays were incubated in a 

walk-in incubator (non-humid conditions), both at 37°C. After 24h, biofilm biomass was measured 

as described (section 2.4.3). This assay was repeated three times. Samples with OD570 > 1 were not 

diluted. 

It was possible that evaporative loss of well volume resulted in inadvertently fixing planktonic cells 

to the sides of wells. To investigate whether non-humid conditions were fixing planktonic cells to 

the wells, two biofilm development trays were prepared containing E. coli strains ATCC 10418 and 

NCTC 50237 (a known non-biofilm producing strain) and each tray was incubated in either humid 

or non-humid conditions (Wakimoto et al. 2004). An increase in biofilm development by E. coli 

NCTC 50237 in non-humid conditions would indicate that planktonic cells were heat fixed to wells 

during incubation, as there should be negligible biomass measured for E. coli NCTC 50237 in either 

atmospheric condition. This experiment was repeated a further three times with adjustments. 

Duplicate trays were prepared using S. epidermidis strains NCTC 11047, ATCC 12228 and clinical 

isolate 4513735E grown in TSBG, and 96-well trays containing E. coli strains NCTC 10418, NCTC 
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27522, NCTC 50237 and clinical isolate 3079927U in LBB.  An increased amount of biofilm biomass 

was measured where NCTC 50237 was grown in non-humid conditions compared to humid 

conditions. Therefore, further experimentation was performed in humid atmospheric conditions. 

2.4.4.5 E. coli biofilm development conditions 

To optimise E. coli biofilm development, two main variables were investigated; growth medium 

and the incubator used. To determine the optimal biofilm formation medium for E. coli, a biofilm 

development experiment was performed using LBB, TSB, BHIB, M63 and M9. Overnight cultures of 

E. coli strains NCTC 10418, NCTC 27522 and clinical isolate 3079927U were grown in TSB, BHIB and 

LBB. A 1mL volume of TSB and BHIB cultures and three 1mL aliquots of LBB culture were removed. 

These were prepared using the washed dilution method (section 2.4.1) and resuspended in the 

appropriate growth medium, where two of the LBB pellets were suspended in either M63 or M9. 

One 96-well tray was prepared for each medium by the addition of 200µL of adjusted inoculum for 

each of the three isolates, totalling 21 wells of each organism per tray. Columns 10-12 of rows B-H 

were filled with 200µL of the relevant medium alone as a blank for the tray. Trays were sealed 

with AeraSealTM film and incubated at 37°C for 24h. Biomass was quantified as described in 

section 2.4.3. From this, LBB was determined as the optimal medium for maximum biofilm 

development. As only one clinical isolate of E. coli had been determined to be a strong biofilm 

producer (Table 2.7), an additional 15 clinical isolates were investigated for biofilm development 

(Set B, Table 2.2). Biofilm development trays were prepared for these isolates in LBB and biofilm 

biomass measured as described in sections 2.4.1-2.4.3. 

As some studies indicated that minimal medium increased the biofilm development of clinical 

isolates of E. coli (Danese et al. 2000; Schembri et al. 2003), further experiments were conducted 

to quantify biofilm development by clinical isolates in M9 and M63. Biofilm development trays 

were prepared for E. coli strains NCTC 10418, ATCC 25922, clinical isolate 4570775F and those 

listed in Table 2.2 as Set B (n = 18) with some changes. One 96-well tray of each medium was 

prepared by the addition of 200µL of adjusted inoculum for each isolate, totalling three wells of 

each organism in medium per tray. All 96-well trays were incubated in the humid Watson Victor 

incubator. Biomass was determined as described in section 2.4.3. This experiment was repeated 

three times. The level of biofilm produced by isolates was classified according to the criteria in 

Table 2.7. 
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A final medium optimisation experiment was performed to determine the effect of both medium 

and incubator conditions on biofilm development. The media were either M63 that had been 

prepared 6 months previously (Preparation 1, P1), or freshly prepared M63 (Preparation 2, P2) and 

incubator conditions were either the Watson Victor or the Forma-Scientific incubator. Overnight 

cultures of E. coli clinical isolates 2032413C, 3013245L and 5052003U were grown in LBB and from 

these inocula were prepared by the washed cell method. Two 96-well trays of inocula in M63 P1 

and two 96-well trays of inocula in M63 P2 were prepared. One of each tray was incubated in the 

Watson-Victor incubator, and the remaining two trays were incubated in the Forma-Scientific 

incubator. After 24h, biomass was determined as described previously (section 2.4.3). This was 

repeated three times. Strong biofilm development was determined according to the criteria in 

Table 2.7. 

To determine which incubator had optimal atmospheric conditions for E. coli biofilm development, 

96-well trays containing 24 clinical isolates and two reference isolates of E. coli (Set A and B 

isolates in Table 2.1 and Table 2.2) were prepared. Inocula were prepared in M63 P2 medium and 

96-well trays were made in duplicate. One tray was incubated in the Watson Victor incubator and 

the other in the Forma-Scientific incubator. After 24h, biomass was determined as described 

previously (section 2.4.3). This was repeated three times. Strong biofilm development was 

determined according to the criteria in Table 2.7. 

2.4.4.6 V. harveyi biofilm development conditions 

To optimise the incubation period of V. harveyi biofilm formation, biofilm development for 

isolates 618.a, Vh1 and Vh6 was quantified after 24, 48 and 72h incubation as described in 

sections 2.4.1-2.4.3 with minor variations. Incubation temperature was 28°C, the optimal growth 

temperature for V. harveyi (Harris et al. 1996). Additionally, 96-well trays were not sealed and 

were incubated with the microtitre tray lid replaced in non-humid conditions. Methanol fixing was 

used prior to staining with CV. Samples with OD570 > 1 were not diluted. This experiment was 

performed once. 
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Table 2.7 - Calculations used to classify isolates by quantity of biofilm development 

Level of 

biofilm 

development 

Equation (n = average of blank,  
c = standard deviation of the blank) 

Example (where c = 0.3 and  
n = 0.1) 

Non OD570 < c + 3n OD570 = 0.5 
c + 3n = 0.6 

Weak c + 3n ≤ OD570  < c + 5n 
 
 

c + 3n = 0.5 
OD570 = 0.7 
c + 5n = 0.8 

Moderate  c + 5n ≤ OD570  < c + 7n 
 
 

c + 5n = 0.8 
OD570 = 0.9 
c + 7n = 1.0 

Strong  c + 7n ≤ OD570 

 
c + 7n = 1.0 
OD570 = 1.2 
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2.4.5 Classification of strength of biofilm development 

To determine whether bacterial isolates were strong, moderate, weak or non biofilm producing 

isolates, calculations were performed based on the biomass produced by each isolate in the 

absence of TTO. Isolates were classified in one of the four categories established by Christensen et 

al. (1985), with defined cut-offs from Stepanović et al. (2000). These cut-offs determined 

classification by using multiples of the average to create a range and using multiples of standard 

deviation to compensate for variability between experiments (Stepanović et al. 2000). This created 

a clear range that can be applied to any bacterium or medium. 

These calculations focus on the OD570 measurement of the growth medium. The average reading 

and the standard deviation are found for a number of wells filled with growth medium only. These 

wells are referred to as the blank wells. Multiples of the standard deviation added to the average 

created upper and lower limits for each category of biofilm development. This can be seen in 

Table 2.7.  

2.4.6 Quantification of biofilm biomass using confocal scanning laser microscopy 

(CSLM) 

In this study, biofilm development was largely quantified in 96-well microtitre trays as this method 

is a cost effective and efficient way to test large numbers of isolates for biofilm development. 

However, when visualising samples using CSLM, biofilms must form on glass coverslips and 

samples must fluoresce. As the isolates being used in this study do not fluoresce naturally, 

fluorescent stains must be applied to sessile cells, and biofilm development on glass coverslips 

required optimisation.  

2.4.6.1 Optimisation of biofilm staining for CSLM 

S. epidermidis clinical isolate 4513735E was grown overnight in TSBG. This culture was washed, 

standardised and diluted to 107cfu/mL in TSBG. Three coverslips (size 1, 22mm × 22mm) were 

disinfected using 70% ethanol and placed in three wells of a 6-well tissue culture tray. A 5mL 

volume of inoculum was pipetted into each well. The tray was sealed with AeraSealTM film and left 

to incubate for 24h in the Watson Victor incubator.  

After incubation, growth medium was removed from wells with a transfer pipette, and wells were 

washed twice with PBS. Coverslips were removed from wells with tweezers and flooded with PBS 
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to ensure no planktonic cells remained. Two of the coverslips were immersed in wells in PBS, and 

one was immersed in 70% ethanol for 45min as a fixed sample. The fixed sample and one coverslip 

in PBS were removed and laid across two toothpicks. A 10µL volume of combined stain (0.84mM 

SYTO9 and 1.5M PI) was pipetted onto each coverslip and carefully distributed around the centre 

of the coverslip using a disposable loop, without touching the glass. Coverslips were left in the 

dark for 30min. Stain was then washed from the coverslips with PBS, and coverslips were 

immersed in PBS in wells of a 6-well tissue culture tray. The three coverslips (unstained, stained 

and fixed with staining) were imaged by Dr Paul Rigby from the UWA Centre for Microscopy, 

Characterisation and Analysis on the Leica confocal microscope located on the Crawley Campus of 

UWA. 

2.4.6.2 Extended incubation period 

Three coverslips were prepared as described in section 2.4.6.1 and incubated for 5d in the Watson 

Victor incubator. After 5d, coverslips were processed for confocal imaging as described (section 

2.4.6.1). The three coverslips (unstained, stained and fixed with staining) were imaged by Dr Paul 

Rigby as stated in section 2.4.6.1. 

2.4.6.3 Pretreatment of glass coverslips 

To increase biofilm development on glass coverslips, slips were pretreated with fibrinogen at 

several concentrations. Five glass slips were disinfected and placed in individual wells of a 6-well 

tissue culture tray containing 5mL of 0µg/mL, 0.1µg/mL, 1µg/mL, 5µg/mL and 10µg/mL of 

fibrinogen in saline. After incubation at 4°C overnight, slips were immersed multiple times in PBS, 

and excess PBS was removed by absorption with tissue paper. The five coverslips were placed in a 

new 6-well tissue culture tray. To prepare inocula, S. epidermidis clinical isolate 4513735E was 

grown overnight in TSBG. This culture was washed, standardised and diluted to 107cfu/mL in TSBG. 

A 5mL volume of inoculum was added to each well, and incubation proceeded for 5d as described 

previously (2.4.6.2). 

After 5d, growth medium was removed from wells with a transfer pipette, and wells were washed 

twice with PBS. Coverslips were removed from wells and immersed in PBS to ensure no planktonic 

cells remained. They were then immersed in 5mL of CV for 5min without fixation. Excess stain was 

removed by immersion in water, and absorption with tissue paper. Stain was eluted in 3mL of 
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glacial acetic acid and 200µL was transferred to a 96-well tray. The optical density of the eluted 

stain was determined at 570nm.  

2.5 Destruction of pre-formed biofilms using TTO 

2.5.1 Inocula preparation and biofilm development in 96-well microtitre trays 

Overnight bacterial cultures were prepared using washed cell culture preparation as described in 

section 2.4.1 unless otherwise stated. All isolates were distributed in 96-well trays were prepared 

as described in section 2.4.2. Sealed 96-well trays were incubated at 37°C in the humid Watson 

Victor incubator for 24h unless stated otherwise. 

2.5.2 Exposure to TTO 

After incubation, well contents were inversion washed once with 200µL PBS. A 200µL volume of 

TTO in PBS was added to each row, with 4%, 2%, 1%, 0.5%, 0.25%, 0.125% and 0% TTO in rows A-

H, respectively. All 96-well trays were incubated at 37°C for 24h in the humid Watson Victor 

incubator and were sealed with AeraSealTM Sealing Film.   

2.5.3 Quantification of biofilm biomass using crystal violet staining 

After exposure to TTO, 96-well trays were removed from incubation and well contents removed by 

inversion. A 200µL volume of neutraliser solution was added to all wells and left for 5min. All 96-

well trays were then washed twice with 200µL PBS per well. Biofilm was fixed using heat fixation 

unless specified otherwise. Biofilm was stained with CV and eluted as described in section 2.4.3. 

The optical density of the diluted stain was determined and multiplied appropriately to account 

for the dilution for use in final result calculations. 

2.5.4 Protocol variations and related experiments for TTO biofilm destruction 

For this study, optimisation of biofilm destruction was determined by maximising biofilm biomass 

development in vitro. A number of variables were investigated to increase biofilm biomass 

formation, as listed Table 2.6, with the time of TTO exposure (2, 4 and 24h) also investigated. The 

preferential length of TTO exposure time was 24h. 
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2.5.4.1 Washing of 96-well trays 

One 96-well tray containing S. epidermidis clinical isolate 4513735E was allowed to develop 

biofilm followed by TTO exposure as described previously (sections 2.5.1, 2.5.2). After exposure, 

the wells of the 96-well tray were emptied by vacuum using a modified multichannel pipette 

attached to a vacuum pump (described in section 2.4.4.1). TTO was deactivated using neutraliser 

(described in section 2.2.2), and after wells were washed, biofilm was methanol fixed to wells 

(section 2.4.4.2) prior to CV staining. This experiment using vacuum pump washing was performed 

once, and compared to previous experiments which utilised inversion washing.  

2.5.4.2 Length of TTO exposure 

When optimising length of exposure to TTO, all 96-well trays were prepared using S. epidermidis 

clinical isolate 4513735E with non-washed cell culture preparation. Three biofilm development 

trays were prepared as described in sections 2.5.1 and incubated with lids on in a plastic bag. Once 

TTO was applied to the developed biofilms (section 2.5.2), 96-well trays were incubated with lids 

on in plastic bags in a walk-in incubator at 37°C for 2h or 4h (for 1-4% TTO) or 24h (for 0.25-8% 

TTO). All 96-well trays were washed and TTO was deactivated using neutraliser. Trays were then 

fixed and stained as described previously (section 2.5.3). Samples with OD570 > 1 were not diluted. 

2.5.4.3 Incubation atmospheric conditions during TTO exposure – air exposure 

Two biofilm development trays of S. epidermidis clinical isolate 4513735E were prepared using 

non-washed cell culture preparation (section 2.5.1). At incubation stages, one tray had the Nunc 

tray lid replaced while the other was sealed with AeraSealTM Sealing Film and contained inside the 

plastic bag that had originally housed the 96-well tray. Both were incubated in the Watson Victor 

incubator. All 96-well trays were washed and TTO was deactivated using neutraliser. Trays were 

then fixed and stained as described previously (section 2.5.3). Samples with OD570 > 1 were not 

diluted. 

2.5.4.4 Incubation atmospheric conditions during TTO exposure - humidity 

To investigate the impact of humid or non-humid conditions on biofilms exposed to TTO, duplicate 

biofilm development trays were prepared using S. epidermidis strains NCTC 11047, ATCC 12228 

and clinical isolate 4513735E grown in TSBG, and E. coli strains NCTC 10418, NCTC 27522 and 

clinical isolate 3079927U in LBB (section 2.5.1). All 96-well trays were sealed with AeraSealTM film 

and biofilm was developed at 37°C.  
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One 96-well tray of S. epidermidis and one of E. coli was placed in the Watson Victor incubator 

containing an open container of water (humid conditions) and the other 96-well trays were placed 

in a walk-in incubator (non-humid conditions), both at 37°C. Biofilm was exposed to TTO for 24h at 

37°C. Trays were also sealed during TTO exposure. All 96-well trays were washed and TTO was 

deactivated using neutraliser. Trays were then fixed and stained as described previously (section 

2.5.3). This was repeated three times. Sample with OD570 > 1 were not diluted. 

2.5.4.5 Incubation atmospheric conditions during TTO exposure – humidity and heat fixation 

To determine if incubation at 37°C using AeraSealTM film in non-humid conditions was fixing cells 

to the side of the wells (section 2.4.4.3), two 96-well trays were prepared (section 2.5.1) using 

E. coli strain NCTC 10418 and NCTC 50237 (a non-biofilm producing reference strain) in LBB 

(Wakimoto et al. 2004). A total of 21 wells per strain were inoculated in each tray. All 96-well trays 

were sealed and one tray was placed in the humid Watson Victor incubator while the other was 

placed in a non-humid walk-in incubator, both at 37°C. Biofilm developed for 24h at 37°C, and 

trays were also incubated in the same conditions during TTO exposure. This was repeated twice. 

All 96-well trays were washed and TTO was deactivated using neutraliser. Trays were then fixed 

and stained as described previously (section 2.5.3). Samples with OD570 > 1 were not diluted. 

As samples with OD570 values > 1 were not diluted previously, biofilm destruction experiments 

investigating humidity effects were repeated. Samples with OD570 values > 1 were diluted to 

obtain more accurate results. This was achieved by preparing duplicate biofilm trays for 

S. epidermidis strains NCTC 11047, ATCC 12228 and clinical isolate 4513735E grown in TSBG, and 

E. coli strains NCTC 10418, NCTC 27522, NCTC 50237 and clinical isolate 3079927U in LBB, in the 

same conditions as stated previously (section 2.5.4.5). This was repeated three times, with 

dilutions when OD570 values were > 1. 

2.5.5 Test organisms 

The organisms used in biofilm destruction assays are listed as Set A in Table 2.1 and Table 2.2. 

Biofilm development trays were prepared, exposed to TTO and washed, neutralised, fixed and 

stained (sections 2.5.1-2.5.3). This experiment was repeated three times. Trays were prepared for 

E. coli clinical isolates 2032413C, 3013245L and 5052003U using M63 P2 growth medium. This 

experiment was repeated three times. 
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The effect of TTO on mature S. maltophilia, V. harveyi and P. aeruginosa biofilms was also 

investigated. For S. maltophilia ATCC 13637, trays for biofilm destruction assays were prepared 

with non-washed cell culture preparation using methods stated previously (section 2.5.1). After 

TTO exposure (section 2.5.2), 96-well trays were methanol fixed prior to staining (section 2.5.3). 

Samples with OD570 > 1 were not diluted. This experiment was repeated three times. 

For V. harveyi, biofilm was developed in 96-well trays for clinical isolates M3662, Vh1, Vh6, Vh12, 

Vh16, 618.1a, 654.3a, CO71, QL9.b and 417.8 in the medium TSBS for 48h at 28°C (section 2.5.1). 

TTO exposure was then performed for 24h also at 28°C (section 2.5.3). All 96-well trays were 

methanol fixed and stained (section 2.5.3). Samples where OD570 > 1 were not diluted. This 

experiment was performed once. From this experiment, QL9.b, Vh6, Vh16 and M3662 were 

determined as the four greatest biofilm biomass producers of the V. harveyi isolates tested. The 

same experiment was then repeated using only these four isolates. 

For P. aeruginosa, biofilm was developed in 96-well trays with a non-washed cell preparation of 

P. aeruginosa NCTC 10662 (section 2.5.1). During TTO exposure (section 2.5.2), the TTO 

concentrations used were 0, 0.25, 0.5, 1, 2, 4 and 8% TTO, as P. aeruginosa is relatively less 

susceptible to TTO compared to other bacterial species. All 96-well trays were incubated at room 

temperature (approximately 22°C) to avoid the development of the pellicle at the medium / air 

interface. After exposure to TTO, 96-well trays were methanol fixed prior to staining (section 

2.5.3). Samples where OD570 > 1 were not diluted. 

2.5.5.1 Assessment of biofilm viability using XTT / Menadione 

Metabolism of XTT / menadione is commonly used to determine cell viability, as during cell 

respiration XTT is reduced from its colourless state to a red/orange colour that can be measured 

spectrophotometrically at 490nm. In this study, XTT / menadione was investigated as a method of 

quantifying biofilm viability. To determine the optimal concentration to apply to biofilms, a range 

of concentrations were first applied to S. epidermidis clinical isolate 4513725E planktonic cells. The 

stock solution of XTT / menadione of 200µg/mL XTT to 0.2µM menadione was diluted to achieve 

XTT concentrations of 2µg/mL, 20µg/mL and 200µg/mL. These were added in varying amounts 

(0µL, 5µL, 10µL and 25µL) to the S. epidermidis isolate and allowed to incubate for 45min at 37°C. 

Colour change was observed visually. 
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To evaluate XTT metabolism by mature biofilms, one biofilm development tray was prepared using 

S. epidermidis clinical isolate 4513735E inoculated into nine wells. The tray was incubated with the 

lid on in a plastic bag. After 24h of biofilm development, wells were inversion washed twice with 

200µL of PBS. A 200µL volume of 200µg/mL XTT / 0.2µM menadione was added to each well and 

left at 37°C for 1h, 1.5h and 20h in the dark. Optical densities were determined at 1h, 1.5h and 

20h. 

To investigate XTT metabolism by TTO-exposed biofilms, three biofilm trays of S. epidermidis 

clinical isolate 4513735E were developed and exposed to TTO (sections 2.5.1 and 2.5.2). After 

neutralisation, one 96-well tray was stained with XTT / menadione (200µL of 200µg/mL XTT / 

0.2µM menadione) and incubated for 24h at 37°C in the dark prior to optimal density being 

determined at 490nm. The second tray had 200µL of sterile TSBG added to all wells and was 

incubated for 24h before growth in wells was determined visually. The third tray was fixed and 

stained with CV for biofilm biomass measurement (section 2.4.3).  

2.5.6 Assessment of biofilm viability using re-incubation with growth medium 

In this study, the methods described by Niu and Gilbert (2004) were modified to measure biofilm 

viability. After biofilms were exposed to TTO (sections 2.5.1 and 2.5.2), biofilms were incubated in 

growth medium for 24h and the optical density was measured at 600nm. Biofilm development 

trays were prepared using  S. epidermidis clinical isolate 4513735E and P. aeruginosa reference 

strain NCTC 10662, and were exposed to TTO concentrations ranging from 0-8%. After 

neutralisation of TTO, 96-well trays were inversion washed twice with 200µL PBS. A 200µL volume 

of TSBG was added to all wells and trays were re-incubated at 37°C. Optical densities were 

determined for all wells at 0, 2, 4, 6 and 8h at 600nm. The optical density of sterile TSBG was also 

determined. Despite meticulous care during inversion washing stages, cross-contamination 

between wells occurred. To compensate for this, wells that served as blanks were considered 

cross-contaminated where the OD600 was greater than the TSBG blank OD600 average and three 

times the standard deviation of the TSBG blank (blank average + 3x blank standard deviation). This 

experiment was repeated with TTO concentrations from 0-4% with optical densities determined at 

4 and 6h, and a third time with optical densities only determined after 6h. 
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The re-incubation viability assay was also performed for S. maltophilia ATCC 13637 as described 

above. Optical density of re-incubated growth medium was determined after 6h incubation. This 

was repeated three times. 

For V. harveyi, biofilm was developed in non-sealed 96-well trays for environmental isolates 

618.1a, Vh1 and Vh6 for 24h at 28°C, and exposed to 0-4% TTO for a further 24h using the same 

incubation conditions. After neutralisation and washing, 200µL of TSBS was added to all wells and 

the 96-well tray was re-incubated at 28°C. At 4, 6 and 8h, OD600 values were determined. As in the 

case of S. epidermidis and P. aeruginosa, the OD600 of sterile TSBS was also taken to determine 

when blank wells were cross-contaminated. 

Biofilm development trays were prepared for V. harveyi clinical isolates M3662, Vh1, Vh6, Vh12, 

Vh16, 618.1a, 654.3a, CO71, QL9.b and 417.8 in TSBS for 48h at 28°C (sections 2.5.1 and 2.5.2). 

These 96-well trays were not sealed during biofilm development or TTO exposure, and were 

exposed to TTO for 48h at 28°C before neutralisation. Inversion washing was performed, and 

200µL TSBS was added to all wells prior to re-incubation at 28°C. Optical density was determined 

after 6h re-incubation. This experiment was performed once. From this experiment, isolates 

QL9.b, Vh6, Vh16 and M3662 were determined as the greatest biofilm producers of all V. harveyi 

isolates tested (based on biofilm biomass development). The same viability experiment was 

repeated using only these four isolates. 

2.5.7 Assessment of biofilm viability using flow cytometry 

2.5.7.1 Optimisation of flow cytometry settings and stains using live and dead cell controls 

An overnight culture of S. epidermidis clinical isolate 4513735E was grown in TSBG with 0.002% 

Tw80. Two 1mL volumes were removed, centrifuged at high speed for 1min and then one was 

resuspended in 1mL of PBS (live cells) and the other in 1mL of 70% ethanol (dead cells). Samples 

were left at room temperature for 45min and both samples were vortexed every 15min. Samples 

were washed with 0.85% saline by centrifugation and resuspended in PBS. Four flow cytometry 

tubes were prepared from using live samples which were unstrained, stained with PI only, stained 

with STYO9 only, and stained with both. Four tubes were also prepared in this manner using dead 

samples. Flow cytometry tubes were prepared containing 977µL of PBS with 10µL of sample, and 

1.5µL of the appropriate stains and concentrations specified by the BacLight kit from Invitrogen 

(California, USA) (3.34mM for SYTO9 and 20mM for PI). These were left to incubate at room 
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temperature in the dark for 15min. A 5µL volume of 0.75µm FluoresbriteTM microspheres was then 

added to each sample. Samples were analysed by the Becton Dickinson FACSCaliburTM Flow 

Cytometer with assistance from Dr Kathy Heel and Ms Tracey Lee-Pullen from the UWA Centre for 

Microscopy, Characterisation and Analysis. The wavelength of the excitation laser used for STYO9 

was 488nm and collected with a 530/30 bandpass filter. The wavelength of the excitation laser 

used for PI was 488nm and the emission filter used to collect the signal was the 670 longpass (LP). 

This experiment was performed twice. It was then repeated with one modification; 20mM PI stain 

was replaced with freshly made 1.5M PI powder (diluted in distilled water). 

As SYTO9 was emitting fluorescence strongly, optimisation of STYO9 stain concentration was 

pursued. Using the above method for live and dead cell preparation, five samples were analysed 

on the flow cytometer; SYTO9 at 3.34mM (100% concentration specified by BacLight kit) with PI 

(1.5M), SYTO9 at 1.67mM (50%) with PI (1.5M), SYTO9 at 0.84mM (25%) with PI (1.5M), PI only 

(1.5M) and an unstained sample. Samples were processed and analysed by flow cytometry as 

described above (section 2.5.7.1). 

2.5.7.2 Sonication of planktonic cells with TTO exposure 

In order to use flow cytometry to quantify viable cells, cells must be a single cell suspension. 

Therefore, biofilm cells must be released from the exopolysaccharide (EPS) biofilm matrix prior to 

quantification using flow cytometry. Ultrasonication is one way to achieve this (Deighton et al. 

2001); however, if sonication conditions are not optimal, they can also lyse the cells contained in 

the biofilm. As TTO also compromises the cell membrane (Carson et al. 2002), cells that have been 

TTO treated could be particularly vulnerable to lysing during sonication.  

Experiments were conducted to determine the effect of TTO and sonication on the viability of 

planktonic cells prior to exposing sessile cells to the same conditions. A simplified diagram of this 

method is shown in Figure 2.1.  S. epidermidis clinical isolate 4513735E was grown overnight in 

50mL TSBG with 0.002% Tween80 (TSBGTw) at 37°C with shaking at 150rpm in a conical flask. The 

overnight culture was then divided into two samples; a control sample (20mL) and a test sample 

(18mL). A 1mL aliquot was removed from the control, and a viable count was performed using the 

Miles-Misra method. The control sample was then stored at 4°C. A 2mL volume of 5% TTO in 

TSBGTw was added to the test sample, resulting in a final concentration of 0.5% TTO. This was 

incubated for 2h at 37°C. The sample was then centrifuged for 15min and cells were resuspended 
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in 20mL TSBGTw. A 1mL aliquot was removed which was then used as the TTO treatment sample 

for flow cytometry. 

The remaining 19mL of the control and test samples were vortexed for 30s each. Samples were 

sonicated for 5min in an ultrasonication water bath at 20kHz and then vortexed for 30s. A 1mL 

aliquot was removed from each sample (sonication only and TTO treatment with sonication 

samples). A 5µL volume of RNase A (50µg/mL) and 20µL of proteinase K (25mg/mL) were added to 

the four 1mL sample aliquots and incubated for 40min at 37°C to remove free-floating DNA and 

proteins from lysed cells. Samples were centrifuged for 3min and cells were resuspended in 1mL 

PBS. Flow cytometry tubes were prepared and samples analysed by flow cytometry as described 

previously (section 2.5.7.1). 

This experiment was repeated using a lower concentration of SYTO9 stain (0.84mM, 25% of 

BacLight kit recommended concentration) and freshly made propidium iodide (1.5mM). For this 

experiment, RNAase A and proteinase K were not used. 
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Figure 2.1 - Sonication of planktonic cells with TTO exposure. Using this method, four samples 

can be quantified using flow cytometry; a) the control sample (no exposure to TTO, no sonication), 

b) the sonication sample (no exposure to TTO), c) the 5% TTO sample (no sonication) and d) the 

5% TTO treatment and sonication sample. 
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2.5.7.3 Planktonic cells with RNase A and proteinase K treatment 

To determine if RNase A, proteinase K or Tw80 contribute to cell death, two overnight cultures of 

S. epidermidis clinical isolate 4513735E were grown, one in TSBG and the second in TSBGTw. A 

1mL aliquot of each culture was removed. A 5µL volume of RNase A (50µg/mL) and 20µL of 

proteinase K (25mg/mL) was added to each aliquot and incubated for 40min at 37°C. Aliquots 

were centrifuged for 3min and cells were resuspended in 1mL PBS. Two flow cytometry tubes 

were prepared and samples analysed for flow cytometry as described previously (section 2.5.7.1) 

2.5.7.4 Sonication of biofilm formed on glass coverslips with TTO exposure 

To evaluate the effects of sonication and TTO exposure on the development of biofilm on glass 

coverslips, inoculum was prepared by culturing S. epidermidis clinical isolate 4513735E overnight 

in TSBG. This culture was washed, standardised and diluted to 107cfu/mL in TSBG (0% TTO) and 

TSBG with 0.5% TTO and Tween 80 (0.5% TTO). Two glass coverslips (size 1, 22mm × 22mm) were 

disinfected using 70% ethanol and placed in two wells of a 6-well tissue culture tray. A 5mL 

volume of inoculum in TSBG was aliquoted into one well, and inoculum with 0.5% TTO into the 

other. The tray was sealed with AeraSealTM film and left to incubate for 24h at 37°C in the Watson 

Victor incubator. 

After incubation, growth medium was removed from wells with a transfer pipette, and wells were 

washed twice with PBS. Coverslips were removed from wells and flooded with PBS to ensure no 

planktonic cells remained on the coverslip. Each coverslip was placed into a 50mL Schott bottle 

containing 20mL PBS. Samples were then sonicated for 5min in an ultrasonication water bath at 

20kHz and vortexed for 30s. The 20mL of PBS containing sonicated coverslips was removed and 

centrifuged, and the pellets resuspended in 1mL PBS. A viable count was performed on the 0% 

TTO sample. A 500µL volume of the 0% TTO sample was also centrifuged and resuspended in 70% 

ethanol for 45mins (with vortexing every 15min) to produce a dead control. 

Two flow cytometry tubes were prepared as described in section 2.5.7.1 with adjustments. The 

concentration of SYTO 9 was 0.84mM (25% of BacLight kit recommended concentration) and 

propidium iodide was 1.5mM. An additional flow cytometry tube was prepared with no stain 

present.  Samples were analysed as described in section 2.5.7.1. 

As no cells were measured by flow cytometry using the previous method of biofilm development 

on glass coverslips, with sonication, it was important to determine whether biofilm was forming 
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on glass coverslips. To achieve this, one glass coverslip was placed into one well of a 6-well tissue 

culture tray. An inoculum was prepared by culturing S. epidermidis clinical isolate 4513735E 

overnight in TSBG. This culture was washed, standardised and diluted to 106 cfu/mL. A 5mL aliquot 

of the inoculum was added to the well containing a coverslip. The tray was sealed with AeraSealTM 

film and left to incubate at 37°C in humidity. After 24h, the coverslip was removed and immersed 

in sterile distilled water. Excess water was removed by absorption with tissue paper. The slip was 

placed in a sterile coverslip container and left to heat fix for 1.25h at 55°C. It was then placed in 

0.3% CV solution for 5min, rinsed in water and destained with 33% glacial acetic acid. As this was a 

preliminary assay, resolubilised stain was assessed visually only as being a light or dark purple. 

2.5.7.5 Biofilm growth on Thermanox
TM

 coverslips 

As biofilm formation on glass coverslips was minimal, the coverslips coated with the polymer 

ThermanoxTM were investigated as a more suitable surface to promote biofilm formation, as these 

are also treated to promote cell culture. ThermanoxTM coverslips, which have a hydrophobic and 

hydrophilic side, were aseptically cut in half (24mm×15mm). Two halves were placed in two wells 

of a 6-well tissue culture tray with the hydrophobic side up (hydrophobic slip), and two more 

placed in two wells with the hydrophilic side up (hydrophilic slip). An inoculum was prepared by 

culturing S. epidermidis clinical isolate 4513735E overnight in TSBG which was then washed, 

standardised and diluted to 107 cfu/mL. A 1mL aliquot of the inoculum was added to 9mL of 

TSBGTw (control). A 5mL aliquot of this was added to one hydrophobic slip and one hydrophilic 

slip. A 1mL volume of the inoculum was also added to 9mL of 0.55% TTO in TSBG with Tw80. A 

5mL aliquot of the resulting 0.5% TTO solution was added to one hydrophobic slip and one 

hydrophilic slip. The 6-well tissue culture tray was sealed with AeraSealTM film and left to incubate 

at 37°C. After 24h, slips were washed, heat fixed, stained and visualised as described in section 

2.5.7.4.  

To determine whether sonication removed sessile cells from the ThermanoxTM coverslips, the 

previous experiment (section 2.5.7.5) was repeated as follows. Two ThermanoxTM coverslip halves 

were placed in two wells of a 6-well tissue culture tray. A 5mL aliquot of the S. epidermidis culture 

in TSBG with Tw80 was added to each well. After 24h incubation and washing of the coverslips, 

one coverslip was immersed in sterile distilled water for 5min in one well of a 6-well tissue culture 

tray. The other was suspended in 15mL of SDW and sonicated for 5min in an ultrasonication water 

bath at 20kHz. This sonicated coverslip was vortexed for 30s before being removed from the 
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water. Both coverslips were then placed in a sterile coverslip container and left to fix for 75min at 

55°C. They were stained with 0.3% CV for 5min, washed, eluted using 33% glacial acetic acid 

before visual assessment. 

2.5.7.6 Biofilms formed on Thermanox
TM

 coverslips with TTO and sonication treatment 

ThermanoxTM coverslips were prepared in 6-well tissue culture trays as described previously 

(section 2.5.7.5), using S. epidermidis clinical isolate 4513735E and 0% and 0.125% final 

concentrations of TTO. Tray incubation and washing was performed as described previously 

(section 2.5.7.5); however, sonication was only performed on the control coverslip grown with no 

TTO present, as no bacterial growth was observed in the well containing 0.125% TTO. A 1mL 

aliquot of sonicate liquid was centrifuged and resuspended in 1mL PBS for evaluation by flow 

cytometry.  

In one flow cytometry tube, 477µL of PBS, 1.5µL of SYTO 9 (0.84mM, 25% of BacLight kit 

recommended concentration) and 1.5µL of propidium iodide (1.5mM) was added. A 500µL volume 

of the resuspended sample was added and left to incubate at room temperature in the dark for 

15min. A 5µL volume of 0.75µm FluoresbriteTM microspheres was added to the sample. Samples 

were analysed as described in section 2.5.7.1. 

2.6 Inhibition of biofilm development using TTO 

2.6.1 Inocula preparation and biofilm inhibition in 96-well microtitre trays 

To investigate the effects of TTO on de novo biofilm development, an overnight bacterial culture 

was prepared using the washed culture preparation described in section 2.4.1. A 100µL volume of 

appropriate medium with 0.002% Tw80 was added to rows C-H of a 96-well polystyrene tray. A 

100µL volume of medium with 0.002% Tw80 and 8% TTO was added to rows B and C unless stated 

otherwise. Serial doubling dilutions were performed down the 96-well tray from row C to row G, 

with the excess 100µL from row G discarded. A 100µL aliquot of standardised inoculum was added 

to all wells in columns 1-9 barring row A. After, 100µL of medium with 0.002% Tw80 was added to 

all wells in columns 10-12 barring row A. Sealed trays were incubated at 37°C for 24h in the humid 

Watson Victor incubator unless stated otherwise. 
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2.6.2 Quantification of biofilm biomass using crystal violet staining 

After incubation, 96-well trays were inversion washed once with 200µL PBS per well. A 200µL 

volume of neutraliser was added to all wells and left for 5min after which time inversion washing 

was repeated. Biofilm was heat fixed unless stated otherwise. To stain fixed biofilm, 200µL of 0.3% 

CV was added to each well and left to stain for 5min at room temperature. Excess stain was rinsed 

with large volumes of water until rinsing water ran clear, indicating all surplus stain was removed. 

Wells were left to air-dry for 10min. To resolubilise stain, 200µL volumes of 33% glacial acetic acid 

were added to each well for 5min and the optical density of each well was determined at 570nm. 

Where OD570 values were > 1 the solubilised stain was diluted in 33% glacial acetic acid in a second 

96-well tray, unless otherwise stated. The optical density of the diluted stain was determined and 

multiplied appropriately to account for the dilution for use in final result calculations. 

2.6.3 Test organisms 

Biofilm inhibition assays were performed for the S. epidermidis and E. coli isolates listed as Set A in 

Table 2.1 and Table 2.2. Each organism was tested three times. Biofilm inhibition was also 

examined for E. coli clinical isolates 2032413C, 3013245L and 5052003U using M63 P2 as the 

growth medium. This experiment was repeated three times. Non-sealed 96-well trays were 

prepared using non-washed cell culture for S. maltophilia ATCC 13637 and incubated at 28°C in 

non-humid conditions. All 96-well trays were methanol fixed prior to staining. 

2.6.4 Statistical analysis 

Using SPSS, one-way ANOVA tests were performed comparing all treatments to each other. This 

was calculated using the optical density measurements for each well for each day. P values of ≤ 

0.05 were considered significant. 
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3 Results 

3.1 In vitro susceptibility data 

For all S. epidermidis isolates (n=12) tested, MICs were 1% TTO and the MIC50 and MIC90 were 

therefore both 1% TTO. MBCs were all 2% TTO. For the E. coli isolates (n=12) tested, MICS ranged 

from 0.25 – 1% TTO. The MIC50 was 0.5% TTO and the MIC90 was 1% TTO. MBCs ranged from 0.5 – 

1% TTO. The MIC and MBC for S. maltophilia ATCC 13637 was 1% TTO. 

3.2 Optimisation of biofilm development – experimental variations 

3.2.1 Inoculum preparation and 96-well tray washing 

A comparison of non-washed inoculum to washed inoculum (section 2.4.4.1) showed that 

significantly increased biofilm biomass was measured when cells were washed (P < 0.05) (Figure 

3.1). The use of a vacuum pump to assist in the removal of planktonic cells from tray wells was 

compared to inversion washing with the aim of reducing variability between experiments. When 

vacuum pump washing was utilised, it was visually noted that biofilm was occasionally removed 

from wells along with planktonic cells. Biomass measured by CV staining was lower in vacuum 

washed trays than inversion washed (Figure 3.1) (P < 0.05). Variability (SD) between wells was 

similar using either vacuum or inversion washing. Statistically significantly more biofilm developed 

using washed inocula preparation combined with inversion washing than all other treatment 

combinations (P < 0.05). 

3.2.2 Incubation atmospheric conditions – air exposure 

Two reference strains and one clinical isolate of E. coli (section 2.4.4.3) were used to determine 

which atmospheric condition during incubation promoted the greatest biofilm development for 

E. coli (Figure 3.2). The greatest biofilm development by all three isolates was observed when 96-

well trays were covered with AeraSealTM sealing film, compared to trays with both film and lid on, 

or film and contained in a plastic bag. Sealed trays were used for all bacterial species in further 

experiments. 
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Figure 3.1 – Biofilm biomass (mean and standard deviation) of S. epidermidis clinical isolate 

4513735E with varying inoculum preparation and tray washing techniques. Biomass was 
determined by measuring the optical density of CV stain.  This experiment was performed once, 
with three replicates. Significantly more biomass was produced when cells were washed 
compared to non-washed, and significantly more biomass was measured when inversion tray 
washing was used compared to vacuum pump washing (P < 0.05). 

 

Figure 3.2 - Biofilm biomass (mean and standard deviation) of three E. coli isolates when 

incubated in various air exposure conditions. Biomass was determined by measuring the optical 
density of CV stain. This experiment was performed twice with three replicates. Significantly more 
biofilm biomass was measured where only sealing film was used compared to the two other air 
exposure condition for all isolates (indicated by *) (P < 0.05).  
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3.2.3 Incubation atmospheric conditions - humidity 

The investigation of the influence of humidity on biofilm formation (section 2.4.4.3) showed that 

humid conditions did not have a major effect on S. epidermidis biofilm development, with a large 

quantity of biofilm developed under both conditions. A small increase in biofilm production for 

S. epidermidis 4513735E under humid conditions was statistically significant (P < 0.05). However, 

biofilm development by E. coli isolates was increased by over two-fold in non-humid conditions 

compared to humid (Figure 3.3). This increase was statistically significant for E. coli NCTC 10418. 

To determine if non-humid conditions resulted in excessive evaporative loss and the fixing of 

planktonic cells to wells (much like heat fixation) rather than increased biofilm biomass, biofilm 

development was measured for non-biofilm producing E. coli strain NCTC 50237 in both humid 

and non-humid conditions. Biofilm development was statistically significantly increased in humid 

conditions compared to non-humid conditions for E. coli NCTC 50237 (P < 0.05) (Figure 3.4), 

indicating that evaporative loss and fixation during incubation were unlikely to contribute to 

staining. 

The relationship between bacterial cell density and OD deviates from linearity at high cell densities 

due to secondary light scattering (Lawrence and Maier 1977). To compensate for this, samples are 

usually diluted until OD values are less than one. To determine more accurate OD values, the 

experiment shown in Figure 3.3 was repeated for the same S. epidermidis and E. coli isolates, with 

dilutions performed where OD570 values were > 1. This revealed a distinct increase in biofilm 

biomass measured in humid conditions; however, this was not statistically significant (Figure 3.5). 

Further experiments were performed in humid conditions. 
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Figure 3.3 - Biofilm biomass (mean and standard deviation) of three S. epidermidis and three 

E. coli isolates incubated in varying humidity conditions. Biomass was determined by measuring 
the optical density of CV stain. This experiment was repeated three times with six replicates. 
Statistically significant increases in biofilm biomass are indicated by *; specifically S. epidermidis 

4513735E biofilm in humid conditions, and E. coli NCTC 10418 in non-humid conditions (P < 0.05). 
OD570 > 1 were not diluted. 
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Figure 3.5 - Biofilm biomass (mean and standard deviation) of three S. epidermidis and four 

E. coli isolates grown in varying humidity conditions. Biomass was determined by measuring the 
optical density of CV stain. OD570 > 1 were diluted. This experiment was repeated three times with 
21 replicates. There were no statistically significant differences between humid and non-humid for 
any isolate (P > 0.05). 
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3.2.4 E. coli biofilm development conditions 

3.2.4.1 Optimising incubation conditions - growth media 

Two E. coli reference strains and one E. coli clinical isolate were used to determine whether LBB 

was the optimal medium for E. coli biofilm development (section 2.4.4.5), as LBB had been used 

for most experiments. Biofilm biomass of E. coli grown in LBB was compared to the biomass of 

E. coli grown in TSB, BHIB, M9 and M63. Statistically significantly more biofilm developed in LBB 

than M9 for E. coli NCTC 10418; than TSB, M9 and M63 for E. coli ATCC 25922; and than all other 

media for E. coli clinical isolate 3079927U (P < 0.05). Conversely, greater biofilm development was 

observed in TSB and BHIB than in LBB for E. coli NCTC 10418. However, this increase was only 14% 

and 8% where TSB and BHIB were used, respectively (Figure 3.6).  

Significant differences were also measured for E. coli NCTC 10418 where more biomass developed 

in TSB produced more biomass than M63, and all media resulted in more biomass than M9. 

Biofilm development for E. coli ATCC 25922 showed decreased production in M63 compared to 

TSB or BHIB, and significantly less biofilm biomass was produced in M9 than all other media 

(Figure 3.6). Therefore further experiments, particularly those using TTO to destroy or inhibit 

E. coli biofilms, used LBB as growth medium. 

As experimentation progressed, nine clinical isolates were allowed to form biofilms which were 

then exposed to TTO. Of these, only one isolate (4570775F) showed strong biofilm development. 

An additional 15 clinical isolates of E. coli were grown in LBB to identify strong biofilm producing 

clinical isolates. Of these, eight isolates (53%) were calculated (as described in Table 2.7) as being 

strong biofilm producers (Figure 3.7). The rest were classified as non-biofilm producing isolates. 

To determine if minimal media elicited stronger biofilm development in clinical isolates than LBB, 

16 clinical isolates and two reference strains (n=18) were examined for biofilm formation in LBB, 

M9 and M63 (Table 3.1). Of the 18 isolates, growth in LLB resulted in three isolates (16%) being 

identified as strong biofilm producers and five isolates (28%) as weak biofilm producers. Growth in 

M9 yielded one isolate (6%) that was calculated as a strong biofilm producer and two (11%) as 

weak biofilm producers, and growth in M63 resulted in 12 isolates (67%) determined as strong 

biofilm producers and one (6%) as a weak biofilm producer. These isolates were grown in the 

Watson Victor incubator which had been used for previous experimentation.  
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Figure 3.6 - Biofilm biomass (mean and standard deviation) for three E. coli isolates in various growth media. Biomass was determined by measuring 
the optical density of CV stain. This experiment was performed once with 21 replicates. Statistically significant decreases compared to LBB are indicated 
by the * and increases by †. 
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Figure 3.7 – Biofilm biomass (mean and standard deviation) of clinical E. coli isolates grown in LBB. Biomass was determined by measuring the optical 
density of CV stain. This experiment was performed three times with three replicates. Isolates calculated as strong biofilm producers are indicated by *. 
No weak or moderate biofilm producers were identified and all other isolates were non-biofilm producing. 
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Table 3.1 - Identification of strong biofilm developing E. coli clinical isolates in various media 

(mean and standard deviation). Biomass was determined by measuring the optical density of CV 
stain. This experiment was repeated three times with three replicates. For each isolate, the 
medium with statistically significantly increased biomass compared to both other media is 
underlined. 

E. coli isolate Medium 

 LBB M9 M63 

NCTC 10418 0.97 ± 0.09* 0.45 ± 0.45* 0.15 ± 0.08 
ATCC 25922 0.63 ± 0.06* 0.27 ± 0.30‡ 0.26 ± 0.08* 
5052003U 0.56 ± 0.18* 0.29 ± 0.36‡ 3.71 ± 1.33* 
3013527D 0.21 ± 0.24‡ 0.00 ± 0.01 0.53 ± 0.16* 
2032262G 0.21 ± 0.10‡ 0.00 ± 0.02 0.19 ± 0.20‡ 
4358881J 0.21 ± 0.03‡ 0.09 ± 0.11 0.67 ± 0.16* 
3013499A 0.20 ± 0.21‡ 0.04 ± 0.02 1.31 ± 1.29* 
2032132R 0.19 ± 0.19‡ 0.08 ± 0.06 0.35 ± 0.07* 
2032339N 0.18 ± 0.05 0.04 ± 0.11 1.82 ± 0.53* 
2032374A 0.15 ± 0.05 0.02 ± 0.02 0.43 ± 0.17* 
4570775F 0.13 ± 0.08 0.03 ± 0.10 1.28 ± 0.56* 
4751838Y 0.10 ± 0.04 0.01 ± 0.02 0.16 ± 0.07 
4508107X 0.09 ± 0.11 0.05 ± 0.05 0.02 ± 0.02 
3013245L 0.09 ± 0.09 0.13 ± 0.07 3.96 ± 0.99* 
2032413C 0.09 ± 0.07 0.02 ± 0.01 2.19 ± 0.63* 
1005493W 0.06 ± 0.06 0.10 ± 0.04 0.03 ± 0.02 
4508117P 0.05 ± 0.06 0.00 ± 0.03 1.63 ± 0.95* 
5252109F 0.05 ± 0.02 0.02 ± 0.04 0.00 ± 0.02 

* Strong biofilm producer; ‡ Weak biofilm producer; remainder non-biofilm producing. 
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3.2.4.2 Optimising incubation conditions - growth media and incubator 

Further biofilm destruction and inhibition experiments using freshly prepared M63 (P2) and the 

Forma-Scientific incubator resulted in diminished biofilm development compared to previous 

experiments performed using 6-month old M63 (P1) and the Watson Victor incubator (Tables 3.7 

and Table 3.16). To determine if the media preparation and/or the incubator affected biofilm 

development of clinical E. coli isolates, three isolates that had demonstrated strong biofilm 

development were selected for further experiments (Figure 3.8 and Figure 3.9). Results showed 

that biofilm formation for clinical isolates 3013245L and 5052003U was statistically significantly 

greater in the M63 P1 compared to M63 P2 in the Watson Victor incubator (Figure 3.8) and also 

for clinical isolate 2032413C in the Forma-Scientific incubator (Figure 3.9). Despite these results, 

P2 was used in all further experiments, due to time constraints. 

Incubation conditions in the Watson Victor incubator resulted in strong biofilm development by 

isolate 5052003U, but not in the Forma-Scientific incubator. Statistically significantly more biofilm 

was developed in the Watson Victor incubator for all isolates compared to the Forma-Scientific 

incubator depending on the biofilm development medium (data not shown). To further investigate 

what effect the Watson Victor incubator had on biofilm development compared to the Forma-

Scientific incubator, 24 clinical isolates and two reference strains of E. coli were grown in M63 P2 

(Table 3.2) in each incubator (n=26). 

Biofilm development by the 26 isolates in the Watson Victor incubator resulted in three isolates 

(12%) being classified as strong biofilm producers and one (4%) as a weak biofilm producer. In the 

Forma-Scientific incubator, one isolate (4%) was determined as strong, one (4%) as moderate and 

one isolate (4%) as a weak biofilm producer. Statistically, there was significantly more biofilm 

biomass produced by three isolates (12%) in the Watson Victor incubator compared to the Forma-

Scientific incubator. On the basis of this, further incubation of biofilms was performed in the 

Watson Victor incubator. 
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Figure 3.8 - Biofilm biomass (mean and standard deviation) of three clinical E. coli isolates in 

M63 P1 and P2 incubated in the Watson Victor incubator. Biomass was determined by measuring 
the optical density of CV stain. The experiment was performed three times with three replicates. 
Isolates determined as weak biofilm producers are indicated by the ‡ and strong biofilm 
development by *. All other isolates were classified as non-biofilm producing. This experiment was 
repeated three times. Significantly more biofilm was produced by 3013245L and 5052003U in M63 
P1 than M63 P2 (P < 0.05). 
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Figure 3.9 - Biofilm biomass (mean and standard deviation) of three clinical E. coli isolates in 

M63 P1 and P2 incubated in the Forma-Scientific incubator. Biomass was measured using CV 
staining. The experiment was performed three times with three replicates. Isolates calculated as 
weak biofilm producers are indicated by the ‡, and moderate biofilm producers by †. All other 
isolates were classified as non-biofilm producing. This experiment was repeated three times. 
Significantly more biofilm was produced by 2032413C in M63 P1 than M63 P2 (P < 0.05). 
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Table 3.2 - Biofilm biomass (mean and standard deviation) of all E. coli isolates in two 

incubators. Biomass was determined by measuring the optical density of CV stain. Biofilms were 
grown in M63 P2. This experiment was repeated three times with three replicates. For each 
isolate, the incubator which resulted in statistically significantly increased biomass compared to 
the other is underlined (P < 0.05).  

* Strong biofilm producer; † Moderate biofilm producer; ‡ Weak biofilm producer; remainder non-
biofilm producing. 
 
  

E. coli isolate Incubator 

 Watson Victor Forma-Scientific 

NCTC 10418 0.96 ± 0.17 * 0.43 ± 0.13 * 
ATCC 25922 0.56 ± 0.17 * 0.20 ± 0.07 ‡ 
5052003U 0.43 ± 0.18 * 0.23 ± 0.06 † 
2032339N 0.25 ± 0.09 ‡ 0.11 ± 0.02 
4751838Y 0.21 ± 0.09 0.09 ± 0.03 

5900456B 0.19 ± 0.05 0.08 ± 0.04 

3013245L 0.18 ± 0.04 0.11 ±0.03 

4570775F 0.17 ± 0.07 0.09 ± 0.03 

4358881J 0.14 ± 0.07 0.08 ± 0.04 

10339489C 0.14 ± 0.02 0.09 ± 0.03 

5300757W 0.13 ± 0.06 0.05 ± 0.02 
2032374A 0.08 ± 0.05 0.02 ± 0.01 
3013499A 0.08 ± 0.03 0.05 ± 0.02 
1005493W 0.07 ± 0.03 0.02 ± 0.01 
4508107X 0.06 ± 0.04 0.03 ± 0.04 
2032132R 0.06 ± 0.03 0.01 ± 0.01 
4508117P 0.05 ± 0.03 0.04 ± 0.03 
5252109F 0.05 ± 0.02 0.04 ± 0.02 
2032413C 0.04 ± 0.03 0.02 ± 0.01  
3013527D 0.04 ± 0.03 0.02 ± 0.01 
5100024Z 0.03 ± 0.03 0.02 ± 0.01 
3079927U 0.03 ± 0.01 0.03 ± 0.04 
2032262G 0.02 ± 0.04 0.00 ± 0.02 
4366847Q 0.02 ± 0.04 0.00 ± 0.01 
4562486T 0.02 ± 0.02 0.04 ± 0.03  
0154500C 0.02 ± 0.02 0.02 ± 0.02 
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3.2.5 V. harveyi biofilm development conditions 

Using the methods that had been employed for other isolates, biofilm development for V. harveyi 

isolates was initially measured after 24h growth. As the amount of biomass produced after 24h 

was low, incubation time was increased to 48 and 72h before biofilm development was measured.  

V. harveyi isolates 618.a, Vh1 and Vh6 produced the most biofilm at 24h, 48h and 24h, 

respectively. As there was no statistically significant difference measured between 48h and 72h 

for any isolate, 48h incubation was selected for further experiments using V. harveyi (Figure 3.10). 

3.2.6 Biomass assays using confocal scanning laser microscopy (CSLM) 

3.2.6.1 Optimisation of biofilm staining for CSLM 

Two main aspects of staining biofilms formed on glass coverslips for CSLM required optimisation. 

The first was the concentration of stain used, and the second was the amount of time the stain 

was applied to samples. When staining live and dead cells, SYTO9 stains all DNA and PI stains only 

DNA in dead cells. From initial stain optimisation experiments, very few cells were able to be 

imaged on any of the three samples (unstained, stained and fixed), and these did not appear in a 

biofilm but as individual cells attached to the coverslip. Some imaged cells appeared yellow, which 

was attributed to a combination of SYTO9 and PI being visualised where SYTO9 emitted strong 

fluorescence which overpowered that of the red PI. 

In this study, further optimisation focused on increasing the amount of biofilm to form on glass 

coverslips. Optimisation of staining this biofilm was not pursued due to time constraints.  

3.2.6.2 Extended incubation period 

To increase the amount of biofilm formed on glass coverslips, the incubation period for biofilm 

development was increased from 24h to 120h (5 days), where culture medium was replaced every 

24h. After incubation, biofilms were handled with extreme care, otherwise the biofilm would 

separate from the coverslip. When observed using CSLM, sessile cells were sparsely distributed on 

the coverslips, and had not formed mature, thick biofilms.  
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Figure 3.10 - Biofilm biomass (mean and standard deviation) of V. harveyi isolates over a 24h, 

48h and 72h period. Biomass was determined by measuring the optical density of CV stain. This 
experiment was repeated once with three replicates. Statistically significantly more biofilm 
formation occurred after 24h than 48 or 72h for 618.a and Vh6, while biomass increased 
significantly for Vh1 from 24h to 48h. The statistically significant increase is indicated by * and 
decrease is indicated by † compared to 24h biofilm formation (P < 0.05). 
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3.2.6.3 Pretreatment of glass coverslips 

As glass coverslips are required as the substratum when using CSLM to visualise biofilms, the 

extended biofilm development time was combined with pretreatment of glass coverslips with 

various concentrations of fibrinogen to encourage stronger biofilm attachment. Biofilm biomass 

was determined using CV staining. There was significantly more biofilm biomass measured on 

coverslips which had been fibrinogen-treated compared to the control (P < 0.05) (Figure 3.11). 

Large amounts of biomass were observed sloughing off the control coverslip, which was not 

treated with fibrinogen. Although 0.1 µg/mL fibrinogen pretreatment resulted in the most biofilm 

formation, the higher concentration of 5µg/mL was selected to ensure that sloughing did not 

occur during wash phases of the coverslips.   

3.3 Destruction of mature biofilms using TTO 

3.3.1 Protocol variations and related experiments 

3.3.1.1 Washing of 96-well trays 

The inversion washing of 96-well trays described in section 3.2.1 was used for the majority of 

experimentation. Vacuum pump washing was investigated as a potential tool for reducing 

variability in experiments. However, when vacuum pump washing was used to remove planktonic 

cells from wells, the removal of biofilm was observable and generally unavoidable. This result was 

also reflected by the measured biofilm biomass, where biomass was greatly reduced where 

vacuum pump washing was used compared to inversion washing. Inversion washing resulted in 

significantly more biofilm biomass than vacuum pump washing at all TTO exposure 

concentrations, with the exception of 4% TTO (Figure 3.12).  

3.3.1.2 TTO treatment conditions – time duration 

When determining the length of time to expose biofilm to TTO, 2 and 4h exposure times were 

initially investigated. After 2h exposure, significant reduction in biomass was only observed with 

2% TTO exposure. Similarly, after 4h, significant reductions were seen for 2 and 4% TTO only. 

Finally, after 24h, biofilm biomass was reduced compared to the control, although this was only 

significant at 0.25% TTO. This lack of significance is most likely due to the high variability that 

occurred during this experiment. In following experiments, all mature biofilms were exposed to 

TTO for 24h (Figure 3.13). 



86 
 

 

Figure 3.11 - Biofilm biomass (mean and standard deviation) of S. epidermidis when grown for 

five days on fibrinogen pre-treated glass coverslips. Biomass was determined by measuring the 
optical density of CV stain. This experiment was performed once. When washing the slip that had 
been treated with 0µg/mL fibrinogen, biofilm noticeably sloughed off the coverslip. Statistically 
significant increases in biofilm biomass compared to the 0µg/mL control are indicated by * (P < 
0.05).  
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Figure 3.12 - Biofilm biomass (mean and standard deviation) of S. epidermidis isolate 4513735E 

using vacuum pump or inversion washing. Biomass was determined by measuring the optical 
density of CV stain. This experiment was performed twice using vacuum pump washing, and four 
times using inversion washing, both with nine replicates. Statistically significant decreases in 
biofilm biomass compared to the 0% TTO are indicated by * and increases indicated by † (P < 
0.05). 
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Figure 3.13 – Biofilm biomass (mean and standard deviation) of S. epidermidis isolate 4513735E when exposed to TTO for various time periods. 

Biomass was determined by measuring the optical density of CV stain. The 0.25% and 0.5% TTO concentrations were not used for 2 and 4h exposure 
times. Statistically significant reductions in biofilm biomass compared to the 0% TTO control are indicated by * (P < 0.05). This experiment was 
performed once with nine replicates. 
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3.3.1.3 Atmospheric conditions during TTO treatment – air exposure 

As TTO is a volatile liquid and can be lost to the atmosphere over time (Carson et al. 2006), the 

amount of air that 96-well trays were exposed to during the TTO treatment period was 

investigated. Biofilm biomass was measured for biofilms exposed to TTO in AeraSealTM sealed 

microtitre trays compared to non-sealed (96-well tray lid replaced only). Significantly greater 

biomass was measured in sealed trays than in trays that had not been sealed for all concentrations 

with the exception of 1 and 4% TTO (P < 0.05). This indicated that sealing trays lead to greater 

biofilm biomass (Figure 3.14). 

In the non-sealed tray, significant reductions in biomass were seen at all TTO concentrations 

compared to the control biofilm. In contrast, in the sealed tray significant reductions were only 

observed for concentrations 0.5-4% TTO. This may indicate increased TTO efficacy when trays are 

not sealed, or that more TTO is lost when trays are sealed. Despite this, further experimentation 

used sealed trays as this produced increased biofilm biomass. 

3.3.1.4 Atmospheric conditions during TTO treatment – humidity 

As TTO is a highly volatile substance, the amount of humidity present during exposure of biofilm to 

TTO was investigated to determine if increased humidity resulted in greater TTO efficacy and less 

variability than in non-humid conditions (Figure 3.15 to Figure 3.16). 

Significantly more biofilm formed in non-humid compared to humid conditions for S. epidermidis 

isolates NCTC 11047 (0, 0.25 and 0.5%) and ATCC 12228 (2%), and for E. coli isolates NCTC 10418 

(0.125-4%), ATCC 25922 (0.5-4%) and 3079927U (2%) (P < 0.05). In contrast, humid conditions 

resulted in greater biofilm measured for S. epidermidis isolate 4513735E (at 0.5% TTO exposure) 

and E. coli isolate 3079927U (at 0% TTO exposure), compared to non-humid.  

S. epidermidis NCTC 11047 biofilms exposed to TTO had significantly more biomass remaining 

after exposure to 0.125, 0.5 and 1% TTO (humidity) and 0.25 and 0.5% TTO (non-humidity) than 

the control. Greater biofilm biomass was also measured for S. epidermidis ATCC 12228 at 1 and 4% 

TTO (non-humidity). S. epidermidis 4513725E biofilm was significantly decreased after exposure to 

2-4% TTO (humidity) and 0.5-4% TTO (non-humidity) compared to the control (Figure 3.15).  
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Figure 3.14 - Biofilm biomass (mean and standard deviation) of S. epidermidis 4513735E remaining after TTO exposure in sealed or not sealed trays. 

Biomass was determined by measuring the optical density of CV stain. This experiment was performed once with nine replicates. Statistically, the 
biofilm biomass measured in the sealed tray was significantly greater than those measured in the non-sealed tray (for all TTO concentrations barring 1 
and 4%). Statistically significant reductions in biofilm biomass measured compared to the 0% TTO control are indicated by the * (P < 0.05). OD570 > 1 
were not diluted.  
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Figure 3.15 - Biofilm biomass (mean and standard deviation) of three 

isolates of S. epidermidis remaining after TTO exposure in different 

humidity conditions. Biomass was determined by measuring the optical 
density of CV stain. OD570 values > 1 were not diluted. This experiment 
was repeated three times with three replicates. Significant differences in 
biofilm biomass measured in humid or non-humid conditions are 
indicated with an asterisk (*) (P < 0.05). 
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Figure 3.16 - Biofilm biomass (mean and standard deviation) of three 

isolates of S. epidermidis and E. coli remaining after TTO exposure in 

different humidity conditions. Biomass was determined by measuring 
the optical density of CV stain. Humid conditions are indicated by the 
blue bars, and non-humid conditions by the red. Biomass was measured 
using CV staining. OD570 values > 1 were not diluted. This experiment was 
repeated three times with three replicates. Significant differences in 
biofilm biomass measured in humid or non-humid conditions are 
indicated with an asterisk (*) (P < 0.05). 
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Biofilms of E. coli NCTC 10418 and E. coli ATCC 25922 had significantly less biomass than the 

control when exposed to all TTO concentrations (both humidity and non-humidity). For E. coli 

3079927U, significantly more biomass was measured when exposed to 2-4% TTO, compared to 

the control (Figure 3.16).  

In preliminary experiments, wells with optical density readings greater than one were not diluted 

(Figure 3.15, Figure 3.16). This experiment was therefore repeated with dilutions to increase the 

accuracy of results. Additionally, non-biofilm producing E. coli strain NCTC 50237 was also included 

in experiments to determine the effect that non-humid conditions had on the biomass produced 

by a non-biofilm producing strain (Figure 3.17 and Figure 3.18). 

In most instances, with the exception of S. epidermidis ATCC 12228 (where non-humid conditions 

resulted in greater biofilm biomass present after exposure), there was no statistically significant 

difference in biofilm biomass measured in non-humid conditions compared to humid conditions 

for biofilm producing isolates. However, some biomass measurements for E. coli NCTC 50237 

showed increased biofilm biomass in non-humid conditions compared to humid, with this 

difference being significant in the 0% TTO control. One possible explanation for this is that the 

evaporation of well contents led to planktonic cells being heat fixed to the sides of the wells 

during TTO exposure. Therefore further experimentation was continued using humid conditions 

during TTO exposure.  

3.3.2 Quantification of biofilm biomass remaining after TTO exposure (CV staining) 

3.3.2.1 S. epidermidis biofilm destruction 

After TTO exposure, five of 12 isolates showed statistically significant reductions (42%) compared 

to the control. Three of these 12 isolates (25%) had reduced biomass at all TTO concentrations, 

one isolate (8%) had reduced biomass at all concentrations except 4%, and one isolate (8%) 

showed reductions when exposed to 0.5 and 1% TTO. Two of 12 isolates (17%) had no significant 

increase or decrease when exposed to TTO. Significant increases in biofilm biomass were 

measured when exposed to TTO for five of 12 isolates (42%). These increases were at varying 

concentrations of TTO, including 0.125% (two isolates, 17%), 0.25% (three isolates, 25%), 0.5% 

(two isolates, 17%), 1% (one isolate, 8%), 2% (four isolates, 33%), and 4% (four isolates, 33%) 

(Table 3.3).  



94 
 

 

 

Figure 3.17 - Biofilm biomass (mean and standard deviation) of three 

isolates of S. epidermidis remaining after TTO exposure in different humidity 

conditions. Biomass was determined by measuring the optical density of CV 
stain. OD570 > 1 were diluted. This experiment was performed three times 
with three replicates. Statistically significant differences in biomass between 
humid and non-humid conditions are indicated by an asterisk (*). Biofilms of 
S. epidermidis NCTC 11047 had greater biofilm biomass remaining after being 
exposed to 4% TTO (humidity) than the 0% control; for S. epidermidis ATCC 
12228, there was significantly decreased biofilm biomass after exposure to 
0.125-4% TTO (humidity) and all TTO concentrations (non-humidity); for 
S. epidermidis 4513725E, the decrease was observed at 0.125 and 2% TTO 
(non-humidity) compared to the 0% TTO control (P < 0.05). 
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Figure 3.18 - Biofilm biomass (mean and standard deviation) of four isolates of E. coli remaining after TTO exposure in different humidity conditions. 

Biomass was determined by measuring the optical density of CV stain. E. coli NCTC 50237 is a non-biofilm forming strain. Biomass was measured using 
CV staining. OD570 > 1 were diluted. Statistically significant differences in biomass between humid and non-humid conditions are indicated by an 
asterisk (*). Biofilms of E. coli NCTC 10418 and E. coli ATCC 25922 had significantly decreased biofilm biomass when exposed to all TTO concentrations 
(both humidity and non-humidity); for E. coli NCTC 50237, a significant decrease in biofilm biomass was observed when exposed to 0.125-4% TTO 
compared to the 0% control. No significant difference in biomass was measured for E. coli 3079927U compared to the 0% TTO control (P < 0.05). 
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Table 3.3 - Biofilm biomass (mean and standard deviation) of S. epidermidis biofilms after exposure to TTO. Biomass was determined by measuring 
the optical density of CV stain. This experiment was performed three times with three replicates. 

Isolate 

 

TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

4513735E‡ 1.48 ±0.93 1.01 ±0.68* 0.89 ±0.64* 0.79 ±0.52* 0.70 ±0.44* 0.67 ±0.37* 0.66 ±0.40* 
21248‡ 0.85 ±0.34 0.66 ±0.24* 0.50 ±0.10* 0.39 ±0.10* 0.40 ±0.17* 0.47 ±0.20* 0.62 ±0.23* 
21137‡ 0.69 ±0.09 0.66 ±0.13 0.70 ±0.15 0.54 ±0.20* 0.58 ±0.32* 0.64 ±0.38 0.77 ±0.37 
ATCC 12228‡ 0.48 ±0.27 0.41 ±0.11* 0.28 ±0.10* 0.17 ±0.05* 0.14 ±0.08* 0.17 ±0.14* 0.26 ±0.11* 
NCTC 11047 0.17 ±0.05 0.14 ±0.05* 0.14 ±0.06* 0.13 ±0.04* 0.12 ±0.05* 0.12 ±0.07* 0.14 ±0.05 
21249 0.15 ±0.02 0.18 ±0.04 0.23 ±0.05† 0.21 ±0.04† 0.16 ±0.05 0.25 ±0.04† 0.24 ±0.08† 
ATCC 27626 0.14 ±0.06 0.16 ±0.07 0.14 ±0.06 0.13 ±0.12 0.09 ±0.11 0.10 ±0.11 0.17 ±0.03 
26124 0.14 ±0.14 0.12 ±0.08 0.17 ±0.12 0.13 ±0.09 0.11 ±0.07 0.15 ±0.15 0.12 ±0.09 
26025 0.11 ±0.04 0.12 ±0.02 0.12 ±0.02 0.10 ±0.03 0.12 ±0.04 0.14 ±0.06† 0.16 ±0.05† 
27314 0.08 ±0.03 0.13 ±0.07† 0.13 ±0.09† 0.14 ±0.10† 0.09 ±0.05 0.11 ±0.05† 0.10 ±0.05 
21081 0.07 ±0.03 0.09 ±0.04† 0.10 ±0.03† 0.09 ±0.04 0.11 ±0.07† 0.09 ±0.05† 0.10 ±0.06† 
0166535B 0.07 ±0.03 0.07 ±0.03 0.07 ±0.03 0.08 ±0.03 0.09 ±0.05 0.10 ±0.03 0.13 ±0.06† 

* Significantly decreased biofilm biomass compared to 0% TTO control (P < 0.05); † Significantly increased biofilm biomass compared to 0% TTO control 
(P < 0.05); ‡ Strong biofilm producer; remainder non-biofilm producing.
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No strains showed both significant increases and decreases in biofilm biomass compared to the 

0% control at varying TTO concentrations. 

Four of 12 isolates were calculated as strong biofilm producers (33%). Of these, three showed 

significant reductions in biofilm biomass at all TTO concentrations compared to the 0% TTO 

control, and the last showed significant reduction at 0.5 and 1%. For strong biofilm producing 

strain S. epidermidis ATCC 12228, biofilm production was reduced to moderate at 0.25%, non-

biofilm producing at 0.5-2%, and weak production at 4%. All other strong biofilm producers 

exhibited strong production at all TTO concentrations. 

Representative graphs (Figure 3.19) show some interesting trends when S. epidermidis biofilms 

were exposed to TTO. While there were significant reductions in biofilm biomass compared to 0% 

TTO at all TTO concentrations, the least biofilm biomass was measured at 0.5 and 1% TTO. Five 

isolates of 12 (42%) were significantly reduced at 0.5 and 1%.  

As mentioned previously, four out of 12 (33%) isolates had significantly increased biofilm 

formation at 2 and 4% TTO. The trends observed for S. epidermidis ATCC 12228 and clinical isolate 

S. epidermidis 21248 also have increased biofilm biomass at 2 and 4% TTO compared to lower 

concentrations of TTO. It is also important to note that the isolates showing increases in biofilm 

biomass were classified as non-biofilm forming isolates. 

As can be seen in Table 3.4, the biofilm biomass of the majority of isolates was not affected or was 

significantly reduced by exposure to all concentrations of TTO. 

3.3.2.2 E. coli biofilm destruction 

After TTO exposure, seven of 12 isolates showed statistically significant reductions in biofilm 

biomass (58%). Two of these 12 isolates (17%) showed significant reduction at all TTO 

concentrations, four isolates (33%) had biomass reduced at all concentrations except 4% and one 

isolate (8%) showed reduction when exposed to 0.25 and 0.5% TTO. One of the 12 (8%) isolates 

had significantly decreased biofilm biomass at 0.25% and 1% and significantly increased biofilm 

biomass at 4% TTO. Three isolates of 12 (25%) had no significant increase or decrease when 

exposed to TTO. A significant increase in biofilm biomass after TTO exposure was measured for 

only one isolate of 12 (8%), at all concentrations except 2% TTO (Table 3.5). However, this isolate 

was classified as a non-biofilm producer when exposed to all TTO concentrations, even where 

significantly greater biofilm biomass was measured. 
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Figure 3.19 – Biofilm biomass (mean and standard deviation) of mature S. epidermidis biofilms after TTO exposure. Biomass was determined by 
measuring the optical density of CV stain. This experiment was performed three times with three replicates. Significant decreases in biofilm are 
indicated by * and increases indicated by † compared to the 0% TTO control (P < 0.05). S. epidermidis ATCC 12228, and clinical isolates 21248 and 
4513735E are strong biofilm producers (indicated by ‡). S. epidermidis 21081 was calculated as non-biofilm producing. 
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Table 3.4 - Significant differences in S. epidermidis biofilms exposed to TTO concentrations compared to the 0% control (P < 0.05). The most 
frequently occurring response is indicated in bold. The MIC is indicated by *.  

TTO concentration (%) 0.125 0.25 0.5 1* 2 4 

Decreased compared to 0%  33% 33% 42% 42% 33% 25% 
Increased compared to 0% 17% 25% 17% 8% 33% 33% 
No change 50% 42% 42% 50% 33% 42% 

 

Table 3.5 - Biofilm biomass (mean and standard deviation) of E. coli biofilms after exposure to TTO. Biomass was determined by measuring the 
optical density of CV stain. This experiment was performed three times with three replicates. Strains NCTC 10418 and ATCC 25922 exhibited strong 
biofilm formation (indicated by ‡) while all other isolates were non-biofilm producing. 

Isolate TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

NCTC 10418‡ 1.33 ±0.46 0.44 ±0.10* 0.39 ±0.14* 0.39 ±0.09* 0.36 ±0.10* 0.37 ±0.10* 0.43 ±0.12* 
ATCC 25922‡ 0.37 ±0.11 0.28 ±0.03* 0.24 ±0.09* 0.22 ±0.05* 0.19 ±0.04* 0.23 ±0.06* 0.31 ±0.06* 
5900456B 0.17 ±0.10 0.08 ±0.03* 0.10 ±0.04* 0.09 ±0.05* 0.10 ±0.05* 0.11 ±0.05* 0.19 ±0.04 
4570775F 0.08 ±0.02 0.02 ±0.04* 0.01 ±0.02* 0.03 ±0.05* 0.04 ±0.03* 0.03 ±0.05* 0.05 ±0.08 
10339489C 0.07 ±0.04 0.05 ±0.03 0.04 ±0.02* 0.04 ±0.04* 0.07 ±0.02 0.06 ±0.03 0.05 ±0.04 
NCTC 10538 0.05 ±0.02 0.06 ±0.03 0.03 ±0.03* 0.04 ±0.02 0.04 ±0.02* 0.06 ±0.04 0.10 ±0.03† 
5300757W 0.04 ±0.03 0.02 ±0.03* 0.01 ±0.02* 0.01 ±0.04* 0.01 ±0.03* 0.01 ±0.03* 0.03 ±0.04 
4366847Q 0.03 ±0.03 0.02 ±0.08 0.01 ±0.08 0.02 ±0.03 0.02 ±0.01 0.01 ±0.02 0.01 ±0.03 
4562486T 0.01 ±0.02 0.00 ±0.04 0.00 ±0.03 0.01 ±0.01 0.03 ±0.02 0.00 ±0.02 0.01 ±0.02 
5100024Z 0.01 ±0.02 0.01 ±0.03 0.00 ±0.05 0.03 ±0.04 0.03 ±0.03 0.02 ±0.02 0.03 ±0.03 
3079927U 0.02 ±0.03 0.00 ±0.03* 0.00 ±0.03* 0.01 ±0.02 0.01 ±0.03* 0.00 ±0.06* 0.01 ±0.01 
0154500C 0.00 ±0.01 0.02 ±0.02† 0.01 ±0.02† 0.02 ±0.01† 0.01 ±0.02† 0.00 ±0.06 0.02 ±0.02† 

* Significantly decreased biofilm biomass compared to 0% TTO control (P < 0.05); † Significantly increased biofilm biomass compared to 0% TTO control 
(P < 0.05); ‡ Strong biofilm producer; remainder non-biofilm producing.
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Whilst more than half of the E. coli isolates had reduced biofilm biomass after exposure to 

TTO, only two isolates (17%) were classified as strong biofilm producers. Both of these had 

significantly less biofilm biomass when exposed to all TTO concentrations (Figure 3.20).  For 

strong biofilm producing strain E. coli ATCC 25922, biofilm production was reduced to 

moderate at 0.25%, weak at 0.5 and 2% and non-biofilm producing at 1%. The other strong 

biofilm producer, E. coli NCTC 10418, exhibited strong production at all TTO concentrations.  

The remainder of isolates tested were classified as non-biofilm producing. The greatest 

number of isolates showed statistically significant reduction at 0.25% (eight isolates, 67%) 

followed by seven isolates (58%) with reduction at 1% TTO. Two isolates demonstrated an 

increase in biofilm biomass at 4% TTO exposure (2 isolates, 17%). All non-biofilm producers 

were classified as such even when TTO exposure resulted in significantly more biofilm 

production than the 0% TTO control. Similar to S. epidermidis isolates, for most E. coli isolates 

the greatest decrease in biofilm biomass was not at the highest concentration of TTO. 

However, the validity of the results related to non-biofilm producing isolates is questionable as 

so little biofilm was formed.  

As seen in Table 3.6, the biofilm biomass of the majority of isolates was reduced when 

exposed to sub-inhibitory and inhibitory concentrations of TTO, whilst when exposed to 

greater concentrations of TTO, most isolates did not significantly differ in biofilm biomass 

compared to the non-exposed control. 

The growth medium used to investigate the destruction of mature E. coli biofilms was LBB. 

Using this medium, no strong biofilm developing clinical isolates had been identified (Table 

3.5). To identify strong biofilm producing clinical isolates, various media including M63 were 

used for the biofilm development of three E. coli isolates, followed by destruction with TTO. 

From this, no isolates were classified as strong biofilm producers (Table 3.7). One of the three 

isolates (33%) exhibited a statistically significant increase in biofilm biomass compared to the 

0% TTO control when exposed to 0.5% TTO. No other significant differences in biofilm biomass 

after TTO exposure were observed compared to the control. This experiment and a similar 

experiment where biofilm development was inhibited with TTO (Table 3.16) lead to 

optimisation of M63 media and incubator used. 
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Figure 3.20 - Biofilm biomass (mean and standard deviation) of mature E. coli biofilms after TTO exposure. Biomass was determined by measuring 
the optical density of CV stain. Significant decreases in biofilm are indicated by * and increases indicated by † compared to the 0% TTO control (P < 
0.05). E. coli NCTC 10418 and ATCC 25922 were strong biofilm producers (indicated by ‡). E. coli 4570775F and 0154500C were calculated as non-
biofilm producing. 

0.0

0.4

0.8

1.2

1.6

2.0

0 0.125 0.25 0.5 1 2 4

O
D

5
7

0

E. coli  NCTC 10418 ‡

0.0

0.1

0.2

0.3

0.4

0.5

0 0.125 0.25 0.5 1 2 4

E. coli ATCC 25922 ‡

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0 0.125 0.25 0.5 1 2 4

O
D

5
7

0

TTO concentration (% v/v)

E. coli 4570775F

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0 0.125 0.25 0.5 1 2 4

TTO concentration (% v/v)

E. coli 0154500C

* * * * * * 

* * 
* 

* 
* 

* 

* 

* 

* * * † 
† 

† † † 



102 
 

Table 3.6 - Significant differences in E. coli biofilms exposed to TTO concentrations compared to the 0% control. The most frequently occurring 
response is indicated in bold. The MIC is indicated by *. 

TTO concentration (%) 0.125 0.25 0.5 1* 2 4 

Decreased compared to 0% 50% 67% 50% 58% 50% 17% 
Increased compared to 0% 8% 8% 8% 8% 0% 17% 
No change 42% 17% 42% 33% 50% 67% 

 

Table 3.7 - Biofilm biomass (mean and standard deviation) of mature clinical E. coli biofilms developed in M63 P2 after TTO exposure. Biomass was 
determined by measuring the optical density of CV stain. This experiment was performed three times with three replicates. All isolates were classified 
as non-biofilm producing. 

Isolate TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

5052003U 0.11 ±0.15 0.09 ±0.09 0.13 ±0.17 0.19 ±0.20† 0.15 ±0.13 0.07 ±0.09 0.05 ±0.05 

3013245L 0.08 ±0.10 0.05 ±0.04 0.04 ±0.09 0.07 ±0.05 0.12 ±0.11 0.06 ±0.05 0.05 ±0.04 

2032413C 0.00 ±0.07 0.00 ±0.02 0.00 ±0.02 0.01 ±0.05 0.02 ±0.08 0.02 ±0.10 0.00 ±0.05 

† Significantly increased biofilm biomass compared to 0% TTO control (P < 0.05).
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3.3.2.3 S. maltophilia biofilm destruction 

When TTO was applied to mature biofilms of S. maltophilia ATCC 13637, significantly less biofilm 

biomass was seen at all TTO concentrations compared to the control (P < 0.05) (Figure 3.21). 

Interestingly, when 4% TTO was applied to mature biofilms, significantly more biofilm biomass 

remained than when any other TTO concentration was applied. Similar to E. coli and S. 

epidermidis, higher concentrations of TTO did not necessarily result in increased biofilm 

destruction. 

3.3.2.4 V. harveyi biofilm destruction 

Nine isolates of V. harveyi developed mature biofilms before being exposed to TTO (Table 3.8). Of 

these, four isolates (44%) had reduced biofilm biomass at one or more TTO concentrations. Three 

isolates (33%) had decreased biofilm biomass at 0.125% TTO, four (44%) at 0.25% TTO, two (22%) 

at 0.5% TTO, three (33%) at 1% TTO, two (22%) at 2% TTO, and four (44%) at 4% TTO. The 

remaining five isolates (56%) of V. harveyi exhibited increased biofilm biomass at various TTO 

concentrations. One isolate (11%) had greater biofilm biomass when 0.5% TTO was applied, one at 

1% TTO (11%) and three at 4% TTO (33%). Only one isolate (11%) exhibited strong biofilm 

development (Figure 3.22). This strain was classified as a strong biofilm producer at all TTO 

concentrations to which it was exposed, with a statistically significant increase in biofilm biomass 

when exposed to 4% TTO. Additionally, all other strains were classified as non-biofilm producers at 

all TTO concentrations.  Generally, when TTO was applied to mature V. harveyi biofilms, biofilm 

was reduced (four of nine isolates, 44%) or no effect was seen (five of nine isolates, 56%). After 

exposure to specific TTO concentrations, biofilm biomass of most isolates did not change 

compared to the non-exposed control, or a significant decrease in biomass was observed (4% TTO 

exposure) (Table 3.9). 
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Figure 3.21 - Biofilm biomass (mean and standard deviation) of mature S. maltophilia ATCC 

13637 biofilms after TTO exposure. Biomass was determined by measuring the optical density of 
CV stain. This experiment was repeated five times, with the exception of the 0.125% TTO 
concentration which was only repeated three times, each with nine replicates. Significant 
reduction in biofilm biomass compared to the 0% TTO control is indicated by a * (P < 0.05). In 
these conditions S. maltophilia exhibited moderate biofilm development. 
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Table 3.8 - Biofilm biomass (mean and standard deviation) of mature V. harveyi biofilms after exposure to TTO. Biomass was determined by 
measuring the optical density of CV stain. This experiment was only performed once, where the standard deviation was calculated using three replicate 
wells. QL9.b was the only isolate which exhibited strong biofilm development (indicated by ‡). All other isolates were calculated as non-biofilm 
producing. 

Isolate 

 

TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

QL9.b‡ 0.40 ±0.04 0.44 ±0.06 0.39 ±0.04 0.42 ±0.06 0.34 ±0.06 0.44 ±0.05 0.53 ±0.03† 
Vh16 0.03 ±0.00 0.02 ±0.01 0.03 ±0.01 0.03 ±0.01 0.04 ±0.00† 0.04 ±0.01 0.04 ±0.00 
654.3a 0.02 ±0.01 0.02 ±0.01 0.00 ±0.00* 0.01 ±0.01 0.00 ±0.01* 0.00 ±0.01* 0.00 ±0.01* 
Vh6 0.02 ±0.01 0.02 ±0.01 0.03 ±0.00 0.03 ±0.01† 0.03 ±0.01 0.03 ±0.01 0.02 ±0.00 
M3662 0.02 ±0.01 0.02 ±0.01 0.02 ±0.00 0.02 ±0.01 0.02 ±0.00 0.02 ±0.00 0.04 ±0.00† 
CO71 0.02 ±0.01 0.00 ±0.00* 0.00 ±0.01* 0.01 ±0.01 0.00 ±0.01* 0.00 ±0.00* 0.00 ±0.00* 
618.1a 0.01 ±0.01 0.00 ±0.01* 0.00 ±0.01* 0.00 ±0.01* 0.00 ±0.01* 0.00 ±0.00 0.00 ±0.00* 
Vh1 0.01 ±0.00 0.00 ±0.00* 0.00 ±0.01* 0.00 ±0.01* 0.00 ±0.01 0.01 ±0.00 0.00 ±0.00* 
Vh12 0.00 ±0.01 0.00 ±0.01 0.00 ±0.01 0.00 ±0.00 0.01 ±0.01 0.00 ±0.00 0.01 ±0.01† 

* Significantly decreased biofilm biomass compared to 0% TTO control (P < 0.05); † Significantly increased biofilm biomass compared to 0% TTO control 
(P < 0.05); ‡ Strong biofilm producer; remainder non-biofilm producing. 
 
Table 3.9 - Significant differences in V. harveyi biofilms exposed to TTO concentrations compared to the 0% control. The most frequently occurring 
response is indicated in bold. 

TTO concentration (%) 0.125 0.25 0.5 1 2 4 

Decreased compared to 0% 33% 44% 22% 33% 22% 44% 

Increased compared to 0% 0% 0% 11% 11% 0% 33% 
No change 67% 56% 67% 56% 88% 33% 
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Figure 3.22 – Biofilm biomass (mean and standard deviation) of mature V. harveyi QL9.b 

biofilms after TTO exposure. Biomass was determined by measuring the optical density of CV 
stain. Significant decreases in biofilm are indicated by * and increases indicated by † compared to 
the 0% TTO control (P < 0.05). V. harveyi QL9.b was a strong biofilm producer. 
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3.3.2.5 P. aeruginosa biofilm destruction 

When TTO was applied to mature biofilms of P. aeruginosa NCTC 10662, the application of 0.25-

2% TTO resulted in statistically significantly less biofilm biomass compared to the control, while no 

change was measured at 4-8% TTO (Figure 3.23). This strain was classified as a weak biofilm 

producer. As with E. coli, S. epidermidis, and S. maltophilia, higher concentrations of TTO did not 

necessarily result in increased biofilm destruction. 

3.3.3 Assessment of mature biofilm viability by XTT/menadione staining  

A number of methods were investigated to measure the viability of mature biofilms after TTO 

exposure. XTT/menadione staining was one method pursued. 

Various concentrations and quantities of XTT/menadione stain were first applied to planktonic 

cells to determine the optimal combination for viability measurement. As the red/orange colour 

indicative of viability staining by XTT/menadione was only observed at the highest concentration 

and amount of stain (where 25µL of 200µg/mL stain was added), a further experiment was 

performed where stain was applied to sessile cells and left to incubate for increased periods of 

time (Figure 3.24). As stain was left for longer time periods, there was a statistically significant 

increase in stain measured. However, an OD490 of approximately 0.45 (measured after 20h 

incubation) was still a relatively small amount of colour, particularly given that these sessile cells 

were not treated with TTO. 

  



108 
 

 

Figure 3.23 - Biofilm biomass (mean and standard deviation) of mature P. aeruginosa NCTC 

10662 biofilms after TTO exposure. Biomass was determined by measuring the optical density of 
CV stain. This experiment was repeated four times with the exception of exposure to 8% which 
was only performed twice with nine replicates each time. Significant reduction in biofilm biomass 
compared to the 0% TTO control is indicated by a * (P < 0.05). In these conditions P. aeruginosa 

exhibited weak biofilm development. 

 

 

Figure 3.24 – Biofilm viability (mean and standard deviation) of clinical isolate S. epidermidis 

determined by XTT/menadione staining. Viability was determined by measuring the optical 
density of XTT/menadione stain. Biofilm was not TTO treated. This experiment was performed 
once with nine replicates. There is a statistically significant increase in the amount of stain 
measured when comparing all time points (P < 0.05).  
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Three modified biofilm destruction assays were prepared for S. epidermidis. To compare viability 

methods to biomass measurement, one tray was stained with XTT/menadione after TTO 

treatment, one had 200µL of TSBG added to all wells and was re-incubated, and the third was 

measured for biofilm biomass using CV staining. All biofilms (including the control) stained with 

XTT/menadione had OD490 readings of 0.00, with the exception of the biofilm exposed to 8% TTO 

(where the OD490 was 0.126). When biofilms were re-inoculated with TSBG, the control and 0.25% 

TTO treated biofilms showed growth in all wells (100%). Biofilm treated with 0.5% TTO had growth 

in 11 of 12 wells (92%) and 1% TTO treated biofilm showed growth in 3 of 12 wells (25%). Where 

2-8% TTO was applied, no growth was observed in wells. Biofilm biomass was measured at all TTO 

concentrations, and there was no statistically significant difference between the treated biofilms 

and the control (Figure 3.25). CV staining indicated the presence of biofilm, and re-incubation with 

TSBG indicated the presence of viable cells in the biofilm. As the XTT/menadione assay was 

negative, it was concluded that XTT/menadione staining did not provide a sensitive measure of 

biofilm viability. 

3.3.4 Assessment of biofilm viability by re-incubation with growth medium 

The addition of growth medium to mature biofilms exposed to TTO followed by re-incubation was 

also investigated as a method of viability measurement. As S. epidermidis clinical isolate 4513735E 

was used for most optimisation experiments, TSBG was often used as the re-incubation medium. 

Initially, OD600 was measured at different time points to optimise the re-incubation period for 

S. epidermidis 4513735E and P. aeruginosa NCTC 10622 (Figure 3.26). 

For S. epidermidis, a statistically significant increase in optical density was measured after 4, 6 and 

8h re-incubation for the 0% control and 0.25% TTO compared to the relevant treatment at time 

zero. At higher concentrations of TTO, a significant increase in optical density was only observed 

after 8h re-incubation of biofilm treated with 1% TTO compared to this treatment at time zero. 

For P. aeruginosa, a statistically significant increase in optical density was measured after 4, 6 and 

8h re-incubation where biofilms were exposed to 0-2% TTO compared to the relevant treatment 

at time zero. A significant increase was also observed for 6 and 8h at 4% TTO exposure compared 

to the OD of this treatment at time zero. 
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Figure 3.25 - Biomass (mean and standard deviation) of S. epidermidis biofilm for 

comparison to XTT/menadione viability measurement methods. Biomass was 
determined by measuring the optical density of CV stain. This experiment was performed 
once with nine replicates. There was no statistically significant difference between the 
biomass of the 0% TTO control and the biomass of all TTO treatments (P < 0.05). 
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Figure 3.26 – Biofilm viability (mean and standard deviation) of TTO exposed mature 

S. epidermidis and P. aeruginosa biofilm after re-incubation with TSBG for a 0-8h period. 

Biomass was determined by measuring the optical density of CV stain. Biofilms were exposed to 
TTO for 24h. This experiment was performed once with nine replicates. Statistically significant 
differences compared to the 0h control are indicated by *. For both organisms there was a 
statistically significant decrease in optical density at all concentrations compared to the 0% TTO 
control at the 4h, 6h and 8h re-incubation periods, with the exception of 0.25% at 4h re-
incubation for P. aeruginosa. 
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Both organisms exhibited a statistically significant reduction in optical density where biofilms were 

exposed to 0.25-8% TTO compared to the 0% TTO control at 4, 6 and 8h re-incubation. While 4, 6 

and 8h re-incubation resulted in statistically significantly greater optical density than the 0h 

control in most treatments (Figure 3.26), there was evidence of cross-contamination at 8h. From 

this, another experiment was performed using 4 and 6h re-incubation (Figure 3.26). 

When mature biofilms exposed to TTO were re-incubated for 4 and 6h with TSBG, there was a 

statistically significant reduction in optical density for S. epidermidis at all TTO concentrations 

compared to the control. For P. aeruginosa, significant reductions were achieved when 2-8% TTO 

was applied. Additionally, a significant reduction in optical density was measured at 0.5% TTO 

when a 6h re-incubation period was used.  From these experiments, it was clear that the 6h re-

incubation period yielded higher optical density measurements than 4h re-incubation while 

achieving the same or similar statistically significant differences (Figure 3.27).  

One further experiment was performed using these two isolates and a 6h re-incubation period 

only. The viability of the mature S. epidermidis biofilm was significantly reduced at all TTO 

concentrations, whilst P. aeruginosa biofilm had significantly reduced biofilm viability at  

concentrations of greater than 1% TTO concentrations compared to the 0% TTO control (P < 0.05, 

data not shown). Further experiments using growth medium application to assess viability allowed 

incubation for 6h after TTO exposure. 

When TTO was applied to mature S. maltophilia biofilms, growth medium was applied to biofilms 

and re-incubated for 6h. The optical density measured at all TTO concentrations (0.125-4%) was 

statistically significantly less than at the 0% control (Figure 3.28).  

Similar to the optimisation experiments performed using S. epidermidis and P. aeruginosa, growth 

medium application for assessment of viability was performed using V. harveyi biofilms and the 

growth medium TSBS. TTO exposed biofilms were incubated for a 4, 6 or 8h period after TSBS was 

applied to trays (Table 3.10).  
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Figure 3.27 - Biofilm viability (mean and standard deviation) of TTO exposed mature S. epidermidis and P. aeruginosa biofilms after 4h or 6h re-

incubation with TSBG. Biomass was determined by measuring the optical density of CV stain. This experiment was performed twice with nine 
replicates. A 4h re-incubation period is represented by the blue bars, and a 6h re-incubation period by the red bars. Biofilm was treated with TTO for 
24h. Statistically significant reduction in optical density compared to the 0% TTO control is indicated by * (P < 0.05). When comparing 4h re-incubation 
to 6h re-incubation, there was a statistically significant decrease in optical density measured for S. epidermidis at 0% and 0.25%, and P. aeruginosa at 0-
2% TTO. 
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Figure 3.28 – Biofilm viability (mean and standard deviation) of TTO exposed mature 

S. maltophilia ATCC 13637 biofilms after 6h re-incubation with TSBG. Biomass was determined 
by measuring the optical density of CV stain. This experiment was conducted three times, barring 
the 0.125% TTO concentration which was only repeated twice, with nine replicates. Statistically 
significant decrease in optical density compared to 0% TTO was indicated with * (P < 0.05). 
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Table 3.10 - Biofilm viability (mean and standard deviation) of TTO exposed mature V. harveyi biofilms after re-incubation with TSBS for 4, 6 and 8h 

– preliminary experiment. Biomass was determined by measuring the optical density of CV stain. This experiment was performed once with three 
replicates. Blanks recorded at 8h re-incubation were highly contaminated; while the OD600 readings were included, blanks have not been removed in 
calculating the final viability measurement. When comparing 0% TTO controls, all isolates exhibited statistically significantly more biofilm viability at 6h 
than 4 or 8h (P < 0.05). 

Isolate Growth 

(h) 

TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

618.1a 4 0.04 ±0.02 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 
 6 0.26 ±0.01 0.06 ±0.03* 0.00 ±0.00* 0.02 ±0.01* 0.01 ±0.00* 0.00 ±0.00* 0.00 ±0.00* 
 8 0.11 ±0.03 0.04 ±0.01* 0.01 ±0.01* 0.03 ±0.01* 0.00 ±0.12* 0.00 ±0.03* 0.15 ±0.02 

Vh1 4 0.01 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.01 ±0.00 0.00 ±0.00 0.00 ±0.00 
 6 0.17 ±0.02 0.01 ±0.00* 0.01 ±0.00* 0.01 ±0.00* 0.02 ±0.02* 0.01 ±0.00* 0.00 ±0.00* 
 8 0.06 ±0.02 0.04 ±0.01 0.03 ±0.01* 0.03 ±0.01* 0.01 ±0.01* 0.01 ±0.00* 0.04 ±0.04* 

Vh6 4 0.01 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 
 6 0.12 ±0.03 0.01 ±0.00* 0.00 ±0.00* 0.00 ±0.00* 0.01 ±0.00* 0.01 ±0.01* 0.00 ±0.00* 
 8 0.07 ±0.01 0.03 ±0.01* 0.03 ±0.01* 0.03 ±0.01* 0.00 ±0.02* 0.04 ±0.00* 0.01 ±0.01* 

* Significantly decreased biofilm viability compared to 0% TTO control (P < 0.05).
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At 4h re-incubation with TSBS, no statistically significant differences were seen for any of the 

isolates when TTO exposed biofilms were compared to the 0% TTO control. At 6 and 8h, 

statistically significantly reduced optical density was measured at all TTO concentrations with the 

exception of 0.125% for Vh1. Additionally, all 0% TTO controls had the greatest measured biofilm 

optical density at 6h re-incubation.  As with S. epidermidis, P. aeruginosa and S. maltophilia, an 8h 

re-incubation period resulted in high levels of cross-contamination in tray blanks. Further 

experiments using re-incubation with TSBS used a 6h period after TTO exposure. 

Nine V. harveyi isolates were tested for biofilm viability using the medium application viability 

assay (Table 3.11). Seven of nine isolates (78%) had statistically significantly reduced optical 

densities where any TTO concentration had been applied compared to the 0% TTO control. Of 

these, four isolates (44%) had reduced optical densities at all TTO concentrations (0.125-4%) and 

three (33%) at one or two various TTO concentrations. The viability of the remaining two isolates 

was not significantly affected by TTO exposure (22%). 

The four greatest biofilm biomass producing V. harveyi isolates were selected for further 

experimentation. Of these, only one isolate (QL9.b) had measurable OD600 at the 0% TTO control 

(Figure 3.29). This isolate had a statistically significant reduction in optical density at all TTO 

concentrations (0.125-4%) compared to the control. 

3.3.5 Assessment of biofilm viability using flow cytometry 

Flow cytometry is a direct quantitative method which can analyse thousands of bacterial cells in a 

few minutes. Analysis is achieved by passing a single cell suspension of fluorescently dyed cells in 

front of multiple electronic detectors. This study stained cells with STYO9, a nucleic acid stain 

which binds to both live and dead cells and fluoresces green, and propidium iodide (PI) another 

nucleic acid stain which only penetrates dead cells and fluoresces red. 
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Table 3.11 - Biofilm viability (mean and standard deviation) of TTO exposed mature V. harveyi biofilms after exposure to TTO and re-incubation with 

TSBS for 6h. Biomass was determined by measuring the optical density of CV stain. The experiment was performed three times with three replicates. 
All isolates were calculated as non-biofilm producing. 

Isolate 

 

TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

654.3a 0.07 ±0.01 0.00 ±0.01* 0.00 ±0.01* 0.00 ±0.00* 0.00 ±0.00* 0.00 ±0.00* 0.01 ±0.02* 
618.1a 0.06 ±0.05 0.00 ±0.00* 0.01 ±0.00* 0.01 ±0.01* 0.01 ±0.01* 0.02 ±0.02* 0.01 ±0.01* 
M3662 0.05 ±0.03 0.01 ±0.02* 0.00 ±0.00* 0.00 ±0.01* 0.01 ±0.01* 0.00 ±0.00* 0.02 ±0.01* 
Vh16 0.05 ±0.03 0.05 ±0.04 0.02 ±0.01 0.02 ±0.01 0.02 ±0.01 0.01 ±0.01* 0.00 ±0.00* 
QL9.b 0.05 ±0.02 0.00 ±0.00* 0.02 ±0.00* 0.02 ±0.01* 0.01 ±0.01* 0.00 ±0.01* 0.01 ±0.01* 
CO71 0.02 ±0.06 0.00 ±0.01 0.00 ±0.00 0.00 ±0.00 0.00 ±0.01 0.00 ±0.00* 0.00 ±0.00 
Vh6 0.02 ±0.04 0.00 ±0.02 0.00 ±0.01 0.00 ±0.01 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01 
Vh12 0.02 ±0.02 0.02 ±0.00 0.01 ±0.01* 0.01 ±0.00 0.01 ±0.01 0.00 ±0.01 0.00 ±0.01* 
Vh1 0.00 ±0.00 0.00 ±0.01 0.02 ±0.01 0.02 ±0.02 0.00 ±0.01 0.00 ±0.01 0.00 ±0.00 

* Significantly decreased biofilm viability compared to 0% TTO control (P < 0.05). 
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Figure 3.29 –Biofilm viability (mean and standard deviation) of TTO exposed mature V. harveyi 

QL9.b biofilm after re-incubation with TSBS for 6h. Biomass was determined by measuring the 
optical density of CV stain. Statistically significant decreases in optical density compared to the 0% 
TTO control are indicated by * (P < 0.05). V. harveyi QL9.b was classified as a non-biofilm 
producing isolate. 
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3.3.5.1 Sonication of planktonic cells with TTO exposure 

The unstained control sample of S. epidermidis 4513735E was used to determine where the 

bacteria would appear on a forward scatter / side scatter plot. The stained control was then used, 

with data being viewed on a forward scatter / side scatter plot and a PI / SYTO9 plot. From this, it 

was determined that all cells in the live control were stained with PI, and therefore dead. 

However, viable counts showed viability to be > 109 cfu/mL. The false cell death that was 

measured using flow cytometry could have been attributed to a number of variables, including the 

presence of RNase A and/or proteinase K, and whether the stains had emitted fluorescence 

correctly. These variables were investigated further. The presence of Tween 80 was also 

investigated as a possible cause for cell death; however, since viable counts were performed from 

cells grown in 0.002% Tween 80, it was unlikely to be a significant factor. 

Additionally, the sample that had only been treated with sub-inhibitory concentrations of TTO and 

the sample that had only been sonicated showed less cells present, and more cell debris, leading 

to the conclusion that cells were being lysed by both treatments. Compared to these, the sample 

treated with TTO and sonication contained lower cell numbers and higher amounts of debris. This 

suggested that both sonication and TTO increased cell lysis. 

A repeat of this experiment using 0.84mM SYTO9 indicated that the sonication settings and the 

sub-MIC concentration of TTO did not cause significant cell lysis to S. epidermidis 4513735E 

planktonic cells, either individually or when both variables were applied (Figure 3.30 - Figure 3.32). 

This also indicated that the sonication of TTO treated biofilms is unlikely to lead to significant cell 

lysis, as sessile cells within a biofilm should have additional protection from sonication compared 

to planktonic cells. 

3.3.5.2 Planktonic cells with RNase A and proteinase K treatment 

To determine if the presence of RNase A, proteinase K or Tw80 contributed to increased cell 

death, an experiment was performed where cells were grown overnight and exposed to these 

reagents. Using the various samples, it was determined that the SYTO9 was emitted at a wide 

range of spectra that directly interfered with the emitting wavelengths of the PI stain. As a result, 

when cells were observed using the flow cytometer that were stained with PI (‘dead’ cells), the 

cells stained with SYTO9 also emit, giving the impression that they were stained with PI when they 

were not. As there was increased cell debris present in samples which had been RNase A and 

proteinase K treated, these treatments were omitted in further flow cytometry experimentation.  
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A)

 

B) 

 
Figure 3.30 - A) Live cells with no TTO or sonication treatment, and B) combined live and dead cells, where dead cells were killed by ethanol 

treatment. 1. Side scatter / forward scatter plot used to determine which events are bacteria. 2. PI / SYTO9 plot used to determine which bacteria are 
live and dead. 3. SYTO9 / side scatter plot used to determine the presence of cell debris. 4. Propidium iodide / side scatter plot used to determine the 
presence of cell debris. Live cells are green and dead cells are red. 
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A) 

 

B) 

 
 

 
Figure 3.31 - A) Live cells with TTO treatment only and B) live cells with sonication treatment only. 1. Side scatter / forward scatter plot used to 
determine which events are bacteria. 2. PI / SYTO9 plot used to determine which bacteria are live and dead. 3. SYTO9 / side scatter plot used to 
determine the presence of cell debris. 4. Propidium iodide / side scatter plot used to determine the presence of cell debris. Live cells are green and 
dead cells are red. When comparing these plots (particularly 3/4) to those in Figure 3.30 - A) Live cells with no TTO or sonication treatment, and B) 

combined live and dead cells, where dead cells were killed by ethanol treatment., there is no significant difference in the amount of cell debris 
present.  
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Figure 3.32 - Live cells with TTO treatment and sonication treatment. 1. Side scatter / forward scatter plot used to determine which events are 
bacteria. 2. PI / SYTO9 plot used to determine which bacteria are live and dead. 3. SYTO9 / side scatter plot used to determine the presence of cell 
debris. 4. Propidium iodide / side scatter plot used to determine the presence of cell debris. Live cells are green and dead cells are red. When 
comparing these plots (particularly 3/4) to those in Figure 3.30 - A) Live cells with no TTO or sonication treatment, and B) combined live and dead 

cells, where dead cells were killed by ethanol treatment., there is no significant difference in the amount of cell debris present. 
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3.3.5.3 Optimisation of flow cytometry settings and stains using live and dead cell controls 

This experiment was performed to determine the optimal settings for the flow cytometer and the 

concentrations of SYTO9 and PI stain. In a preliminary experiment, all cells (including live controls) 

measured on the flow cytometer were evaluated as dead. Further experimentation using freshly 

prepared PI resulted in a better separation of live (SYTO9 stained) and dead cells (SYTO9 and PI 

stained). Finally, an experiment was performed optimising the SYTO9 concentration used. Optimal 

separation of live and dead cells was measured at 25% of the recommended concentration 

(0.84mM). 

3.3.5.4 Sonication of TTO exposed biofilms 

While previous methods for quantification of biofilm viability used 96-well trays as a biofilm 

substratum, difficulties in ultrasonicating these trays required that glass coverslips were used in 

flow cytometry experiments. Evaluation of biofilms removed from glass coverslips by sonication 

showed that minimal cells were present, indicating that either biofilm did not form on coverslips, 

or that sonication was ineffective in removing biofilm. Additionally, the well containing 0.5% TTO 

was non-turbid after 24h incubation, indicating that 0.5% TTO inhibited growth of S. epidermidis in 

these conditions. To determine if biofilm developed on the glass coverslip substratum, biofilm 

biomass was measured using CV staining after 24h biofilm development. No CV stain was present, 

confirming that biofilm did not form on the glass coverslips. 

3.3.5.5 Biofilm growth on Thermanox
TM

 coverslips 

After 24h incubation, biofilm development on the control ThermanoxTM coverslips (0% TTO) and 

0.5% TTO coverslips was measured using CV staining. As seen previously, turbidity was not present 

in the well containing 0.5% TTO. After washing, the stain that was eluted from the control 

ThermanoxTM coverslips was a dark purple, whereas the 0.5% TTO coverslips had negligible 

staining. Biofilm development did not differ significantly with the hydrophobic or hydrophilic side 

facing up. 

In a further experiment, biofilms were allowed to develop for 24h on two ThermanoxTM coverslips 

with no TTO present. After, one slip was treated with sonication, and both slips were stained with 

CV. The sonication treated slip had a very pale purple eluate, whilst the non-sonication treated slip 

had a dark purple eluate. This indicated that sonication did remove biofilm from ThermanoxTM 

slips. 
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3.3.5.6 Thermanox
TM

 grown TTO exposed biofilms with sonication treatment 

Biofilms which had formed on ThermanoxTM coverslips with 0% or 0.125% TTO present were 

sonicated to remove biofilm, and removed biofilms examined using the FacsCaliberTM flow 

cytometer. No turbidity or biofilm formation was observed on the coverslip grown in 0.125% TTO. 

When sonicated biofilms from the 0% TTO control were examined by flow cytometry, both live 

and dead cells were present; however, 500µL of sample had to be used to achieve a large enough 

sample size of cells (rather than the 10µL ordinarily used) for this result to occur, indicating that a 

low concentration of valid events were present. 

3.4 Inhibition of biofilm development using TTO 

3.4.1 Quantification of biofilm biomass using crystal violet staining 

3.4.1.1 S. epidermidis biofilm inhibition 

When biofilms were formed in the presence of TTO, of the 12 S. epidermidis isolates, seven (58%) 

showed a significant decrease in biofilm development at one of more TTO concentrations, four 

(33%) isolates showed both increases and decreases in biofilm development at varying TTO 

concentrations, and one isolate (8%) exhibited increased biofilm development only (Table 3.12). 

Most isolates showed significantly decreased biofilm development when formation was in the 

presence of equal or greater than inhibitory concentrations (1-4% TTO) and no change in biofilm 

development at sub-inhibitory TTO concentrations (0.125-0.5% TTO) (Table 3.13). 

Eight of 12 isolates (66%) were classified as strong biofilm producers, and all of these showed 

inhibited biofilm formation at 2-4% TTO. While some isolates exhibited increased biofilm 

development in the presence of TTO at lower concentrations, the greatest number of isolates with 

increased biofilm biomass at a particular concentration was three (25% of isolates at 0.25% TTO), 

and only one isolate showed a trend of increased biofilm biomass where TTO was present 

(S. epidermidis NCTC 11047) (Table 3.13). In all cases, strong biofilm production continued when 

biofilm was developed in the presence of 0.125-1% TTO. 

Weak biofilm producer S. epidermidis NCTC 11047 had increased biofilm development at 0.125 – 

1% TTO, where the amount of biomass produced was classified as strong. 
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Table 3.12 - Biofilm biomass (mean and standard deviation) of mature S. epidermidis biofilms when grown in the presence of TTO. Biomass was 
determined by measuring the optical density of CV stain. This experiment was performed three times with three replicates. 

Isolate TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

4513735E‡ 3.25 ±1.80 0.73 ±0.62* 0.60 ±0.51* 0.65 ±0.65* 0.38 ±0.27* 0.17 ±0.16* 0.05 ±0.06* 
21137‡ 2.40 ±0.56 2.63 ±0.42 2.84 ±0.20† 2.13 ±0.53 1.82 ±0.31* 0.35 ±0.22* 0.37 ±0.34* 
ATCC 12228‡ 1.61 ±0.56 1.75 ±0.84 1.70 ±0.32 1.86 ±0.60 1.18 ±0.32* 0.44 ±0.10* 0.28 ±0.19* 
21248‡ 1.09 ±0.35 1.22 ±0.42 1.00 ±0.49 0.80 ±0.24* 0.62 ±0.19* 0.24 ±0.18* 0.08 ±0.09* 
26025‡ 1.02 ±0.47 1.27 ±0.57 1.39 ±0.66† 0.96 ±0.36 0.72 ±0.29* 0.12 ±0.12* 0.08 ±0.09* 
21249‡ 0.60 ±0.16 0.66 ±0.18 0.64 ±0.21 0.65 ±0.17 0.51 ±0.22 0.20 ±0.17* 0.13 ±0.13* 
NCTC 11047• 0.50 ±0.25 0.95 ±0.63† 1.15 ±0.75† 1.62 ±0.90† 1.36 ±0.67† 0.58 ±0.20 0.19 ±0.32 
21081‡ 0.35 ±0.10 0.32 ±0.30 0.33 ±0.11 0.40 ±0.11 0.36 ±0.06 0.05 ±0.07* 0.11 ±0.09* 
0166535B‡ 0.25 ±0.18 0.25 ±0.33 0.31 ±0.30 0.29 ±0.24 0.38 ±0.37† 0.04 ±0.05* 0.01 ±0.03* 
27314 0.19 ±0.11 0.26 ±0.20† 0.19 ±0.15 0.23 ±0.19† 0.12 ±0.15* 0.05 ±0.09* 0.03 ±0.05* 
ATCC 27626 0.14 ±0.12 0.12 ±0.06 0.11 ±0.08 0.19 ±0.13 0.15 ±0.09 0.09 ±0.06* 0.03 ±0.07* 
26124 0.12 ±0.04 0.12 ±0.04 0.11 ±0.06 0.11 ±0.04 0.07 ±0.07* 0.04 ±0.08* 0.03 ±0.02* 

* Significantly decreased biofilm biomass compared to 0% TTO control (P < 0.05); † Significantly increased biofilm biomass compared to 0% TTO control 
(P < 0.05); ‡ Strong biofilm producer; • Weak biofilm producer; remainder non-biofilm producing. 
 
Table 3.13 - Significant differences in S. epidermidis biofilms developed in the presence of various TTO concentrations compared to the 0% control. 

The most frequently occurring response of strains is indicated in bold. The MICs of these strains is indicated by *. 

TTO concentration (%) 0.125 0.25 0.5 1* 2 4 

Decreased compared to 0% 8% 8% 17% 58% 92% 92% 

Increased compared to 0% 17% 25% 17% 17% 0% 0% 
No change 75% 67% 67% 25% 8% 8% 
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3.4.1.2 E. coli biofilm inhibition 

When E. coli biofilms were developed in the presence of TTO, six of 12 the test isolates (50%) 

exhibited significantly reduced biofilm development when biofilm formed in the presence of 

various TTO concentrations. The remaining six isolates (50%) exhibited both decreased and 

increased biofilm development dependant on the concentration of TTO present (Table 3.14). 

Most isolates had decreased biofilm biomass when grown in the presence of 0.5-4% TTO. When 

grown in the presence of 0.125-0.25% TTO, most isolates developed similar biofilm biomass to the 

non-TTO exposed control (Table 3.15). Three isolates (25%) were classified as strong biofilm 

producers and one (8%) as a weak biofilm producer. For these isolates, a trend of reduced biofilm 

biomass where TTO was present was observed (Table 3.14). All strong biofilm producers were 

classified as such when grown in the presence of 0.125-1% TTO, and the weak biofilm producer 

was reduced to non-biofilm production at 0.5% and greater TTO concentrations. 

Further biofilm inhibition was performed using M63 medium instead of LBB. When three 

previously chosen E. coli isolates were allowed to develop in the presence of TTO (Table 3.16), 

biofilm formation was significantly reduced for two isolates at all concentrations where TTO was 

present (66%) whereas the remaining isolate was not affected by the presence of TTO (33%).  

3.4.1.3 S. maltophilia biofilm inhibition 

When S. maltophilia ATCC 13637 biofilms were grown in the presence of TTO, significant 

reductions in biofilm biomass were measured from 0.25-4% TTO. Where 0.125% TTO was present 

during formation, a significant increase in biofilm biomass was observed compared to the 0% TTO 

control (Figure 3.33). However this increase was only 6% compared to the control. 
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Table 3.14 - Biofilm biomass (mean and standard deviation) of mature E. coli biofilms when grown in the presence of TTO. Biomass was determined 
by measuring the optical density of CV stain. This experiment was performed three times with three replicates. 

Isolate TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

NCTC 10418‡ 2.07 ±0.71 1.89 ±0.46 1.46 ±0.52* 1.28 ±0.35* 2.50 ±1.22† 0.00 ±0.01* 0.00 ±0.01* 
ATCC 25922‡ 1.29 ±1.23 1.08 ±0.79* 0.88 ±0.44* 0.86 ±0.36* 0.73 ±0.51* 0.00 ±0.01* 0.00 ±0.02* 
4570775F‡ 0.27 ±0.15 0.27 ±0.11 0.22 ±0.11 0.17 ±0.05* 0.23 ±0.16 0.00 ±0.01* 0.00 ±0.01* 
5900456B• 0.15 ±0.08 0.27 ±0.14† 0.16 ±0.16 0.11 ±0.08* 0.02 ±0.02* 0.00 ±0.01* 0.00 ±0.01* 
10339489C 0.13 ±0.05 0.23 ±0.09† 0.19 ±0.06† 0.21 ±0.06† 0.26 ±0.12† 0.00 ±0.01* 0.00 ±0.01* 
NCTC 10538 0.10 ±0.04 0.16 ±0.05† 0.15 ±0.05† 0.13 ±0.04 0.16 ±0.07† 0.00 ±0.01* 0.00 ±0.01* 
4366847Q 0.09 ±0.05 0.08 ±0.06 0.08 ±0.06 0.10 ±0.06 0.32 ±0.29† 0.00 ±0.01* 0.00 ±0.01* 
4562486T 0.08 ±0.03 0.10 ±0.03 0.09 ±0.03 0.11 ±0.06 0.06 ±0.03 0.00 ±0.01* 0.00 ±0.01* 
5100024Z 0.07 ±0.09 0.10 ±0.14 0.11 ±0.10 0.08 ±0.10 0.07 ±0.06 0.00 ±0.02 0.00 ±0.01* 
5300757W 0.07 ±0.04 0.14 ±0.09† 0.08 ±0.04 0.09 ±0.03 0.05 ±0.04 0.00 ±0.01* 0.00 ±0.01* 
3079927U 0.07 ±0.02 0.07 ±0.03 0.03 ±0.06* 0.05 ±0.01* 0.01 ±0.02* 0.00 ±0.01* 0.00 ±0.02* 
0154500C 0.04 ±0.02 0.04 ±0.02 0.00 ±0.06* 0.02 ±0.01* 0.02 ±0.02* 0.00 ±0.01* 0.00 ±0.01* 

* Significantly decreased biofilm biomass compared to 0% TTO control (P < 0.05); † Significantly increased biofilm biomass compared to 0% TTO control 
(P < 0.05); ‡ Strong biofilm producer; • Weak biofilm producer; remainder non-biofilm producing. 
 
Table 3.15 –Significant differences in E. coli biofilms developed in the presence of various TTO concentrations compared to the 0% control. The 
larger number of strains is indicated in bold. The MICs of these strains is indicated by *. 

TTO concentration (%) 0.125 0.25 0.5 1* 2 4 

Decreased compared to 0% 8% 33% 50% 33% 92% 100% 

Increased compared to 0% 33% 17% 8% 33% 0% 0% 
No change 58% 50% 42% 33% 8% 0% 

 
  



128 
 

Table 3.16 - Biofilm biomass (mean and standard deviation) of mature E. coli biofilms when grown in M63 P2 and the presence of TTO. Biomass was 
determined by measuring the optical density of CV stain. This experiment was performed three times with three replicates. All Isolates were classified 
as non-biofilm producing. 

Isolate TTO (% v/v) 

0 0.125 0.25 0.5 1 2 4 

3013245L 0.08 ±0.09 0.01 ±0.09* 0.03 ±0.04* 0.01 ±0.03* 0.00 ±0.02* 0.00 ±0.01* 0.01 ±0.05* 

5052003U 0.08 ±0.06 0.00 ±0.06* 0.01 ±0.02* 0.01 ±0.00* 0.03 ±0.03* 0.00 ±0.03* 0.00 ±0.01* 

2032413C 0.04 ±0.04 0.00 ±0.10 0.01 ±0.03 0.05 ±0.10 0.00 ±0.01 0.00 ±0.02 0.00 ±0.04 

* Significantly decreased biofilm biomass compared to 0% TTO control (P < 0.05). 
 
 

 

Figure 3.33 - Biofilm biomass (mean and standard deviation) of S. maltophilia ATCC 13637 with TTO present during biofilm development. Biomass 
was determined by measuring the optical density of CV stain. In these conditions S. maltophilia exhibited strong biofilm development. Statistically 
significant decreases in biomass compared to 0% TTO control are indicated by * and increases indicated by † (P < 0.05). 
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4 Discussion and Conclusions 

As stated in the introduction, rather than existing as dispersed single cells, the majority of 

microorganisms live in matrix-embedded communities called biofilms (Donlan 2002; Flemming 

and Wingender 2010). Clinically, biofilm can cause chronic and persistent infection (Otto 2009; 

Høiby et al. 2010). In this study, Melaleuca alternifolia (tea tree) oil was examined for its potential 

to both prevent and destroy bacterial biofilms. 

4.1 Optimisation of biofilm measurement methods 

4.1.1 Bacterial species 

Several Gram positive and Gram negative species were investigated in this study. The 

development of biofilm on a foreign body surface is vital in the pathogenesis of these relatively 

less virulent organisms such as the coagulase-negative staphylococci (CoNS) Staphylococcus 

epidermidis (Otto 2009; Antunes et al. 2010; Clauss et al. 2010). Gram negative organisms also 

cause biofilm-related infections. Pseudomonas aeruginosa was investigated because it forms 

biotic biofilms in the lungs of cystic fibrosis patients and its mechanisms of biofilm development 

and structure have been highly documented (Bjarnsholt et al. 2010; Harmsen et al. 2010; Hassett 

et al. 2010). P. aeruginosa is more tolerant of tea tree oil (TTO) than other bacterial species 

(Hammer et al. 1996) and forms biofilm pellicles at the air-liquid interface (Friedman and Kolter 

2004), which made it difficult to investigate in the current study. Other Gram negative bacteria 

such as Stenotrophomonas maltophilia (a nosocomial pathogen where pathogenesis is biofilm-

associated) (Looney 2005; Nyc and Matejková 2010), Vibrio harveyi (a fluorescing bacterium with a 

well-documented quorum sensing system) (Ng and Bassler 2009; Rajamani and Sayre 2011) and 

Escherichia coli (Friedman and Kolter 2004) were investigated. As E. coli is extremely well-

characterised, it was one of the focuses of this study (Beloin et al. 2008; Wood 2009). Novel 

preventative and removal strategies are required to reduce the threat of biofilm-associated 

infections caused by organisms such as S. epidermidis and E. coli. 
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4.1.2 Biofilm development conditions 

In this study, TTO was applied preventatively (during development) or destructively (after biofilm 

maturation). To ensure that changes in biomass resulting from TTO application were accurate and 

appreciable, growth conditions were tailored to promote greatest biomass development. Biofilm 

was developed using 96-well polystyrene microtitre trays as a substratum and biomass quantity 

was determined by staining with CV (Christensen et al. 1985; Merritt et al. 2005; Eckhart et al. 

2007; Presterl et al. 2007). This method involves multiple steps, beginning with biofilm 

development conditions. 

 

Atmospheric conditions have a profound effect on biofilm development. This study determined 

that increased oxygen availability increased biofilm development for E. coli. This is contrary to 

studies which found that, for S. epidermidis, oxygenated conditions reduced biofilm development 

(Cotter et al. 2010) and, for P. aeruginosa, oxygen limiting conditions contributed to the 

persistence of chronic infections in cystic fibrosis patients (Cotter et al. 2010; Schobert and Tielen 

2010). However, literature related to E. coli supports the findings of this study that decreased 

oxygenation results in decreased biofilm development. Anaerobic conditions reduced biofilm 

development in E. coli K12 and Shiga-toxin producing strains, or completely inhibited biofilm 

formation (Colón-González et al. 2004; Cabellos-Avelar et al. 2006; Yoo and Chen 2009). Imaging 

of biofilms formed in both aerobic and anaerobic conditions shows that differences in biofilm 

architecture are one contributing factor to, or consequence of, suppressed biofilm development, 

as oxygenated growth media allowed mushroom-shaped colonies while anoxic media led to 

thinner biofilms being formed (Bjergbæk et al. 2006).  Biofilm development in oxygenated 

conditions was used in the present study, which may not have been optimal for non-E. coli 

species. 

 

Humidity is also important in biofilm development, which is unsurprising as biofilms require a 

liquid-solid interface to develop (Flemming and Wingender 2010).  This study determined that 

humid conditions increased bacterial biofilm development. While some studies do not specify 

reasons for using humid atmospheric conditions during biofilm development, others do so to 

emulate food processing facilities or prevent desiccation (Arnold 2008; Harrison et al. 2010; 

Kowalczuk et al. 2010; McLamore et al. 2010; Ohle et al. 2010; Shamir et al. 2010).  
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Bacterial growth is affected by inoculum preparation and growth medium. This is also the case 

with biofilm development (Kroukamp et al. 2010). The current study determined that washing 

cells after overnight growth increased biofilm development of S. epidermidis clinical isolate 

4513735E. As biofilm development increases during the exponential phase of cell growth, washing 

cells could remove waste products associated with the stationary phase, resulting in increased 

biofilm development (Kroukamp et al. 2010). Some studies have optimised inoculum 

concentration, but very few specify methodological details of culture preparation (Ulett et al. 

2007a; Yoo and Chen 2009).  

 

For all bacterial species, the biofilm development medium used varies between studies, 

particularly for E. coli. Factors including pH, salt and sugar concentrations also affect biofilm 

development (Kawarai et al. 2009; Yoo and Chen 2009). While many studies use enrichment 

media such as Luria-Bertani broth (LBB) to aid biofilm formation, minimal media such as minimal 

medium 9 (M9) are also commonly used (Sharma et al. 2005; Sommerfeldt et al. 2009; Furukawa 

et al. 2010; Shamir et al. 2010). In the current study, a comparison of E. coli biofilm formation in 

LBB, tryptone soya broth (TSB), brain-heart infusion broth (BHIB), M9 and minimal medium 63 

(M63) determined that growth in LBB resulted in the greatest biofilm biomass for most E. coli 

isolates. In contrast to previous studies, unexpected levels of biofilm were observed when 

formation occurred in the two minimal media. M9 was the least successful in promoting biofilm 

development of all media investigated, with very low or no biomass measured. Many other 

studies have successfully used M9 to develop biofilm (Sharma et al. 2005; Ulett et al. 2007a; Ong 

et al. 2009; May et al. 2010): differences in methodology and the E. coli strains studied may 

explain this discrepancy. 

 

In this study, unanticipated differences in biofilm development were observed in various 

conditions. Firstly, the use of older M63 resulted in increased biofilm development compared to 

freshly prepared M63, suggesting either that desirable changes had occurred in the media over 

time, or that minor variation between batches of M63 had significantly affected biofilm growth. 

Secondly, the use of two different incubators for biofilm development (at the same temperature 

and humidity, but with different sizes) resulted in significantly different amounts of biofilm. Lastly, 

some E. coli and V. harveyi isolates produced varying levels of biofilm in seemingly identical 

circumstances. Disparities in biofilm development may have stemmed from factors such as 
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humidity, oxygenation, pH, and various supplements added (Beloin et al. 2008; Yoo and Chen 

2009; Hoštacká et al. 2010; Houdt and Michiels 2010). These non-monitored growth variables 

must not have been constant between experiments, which would have affected biofilm 

development and dispersal. However, without further research and monitoring equipment, it was 

difficult to determine if biofilm was developing more slowly (leading to less biomass formed) or 

whether increased dispersal had occurred (decreasing biomass present).  

 

Biofilm development periods also affected final biomass measurements. While most biofilms were 

developed for 24h based on optimisation and previous literature, extended development periods 

for some V. harveyi biofilms led to significant decrease in biofilm biomass after 48 and 72h 

compared to 24h biofilm development (Ong et al. 2009; Cotter et al. 2010; Kowalczuk et al. 2010; 

May et al. 2010) (section 3.2.5) . A decrease in biofilm biomass after bacteria had reached 

stationary phase has been observed in E. coli, where biofilm detachment was signaled by a lack of 

oxygen (Colón-González et al. 2004). Biofilm detachment mechanisms include degradation of EPS 

and the presence of excess nutrients and starvation of nutrients (Hunt et al. 2004; Chambless and 

Stewart 2007). Further studies have indicated that planktonic cells can be released from biofilms 

prior to the biofilm reaching full maturation, although typically an increased amount of 

detachment occurs after the bacteria reach stationary phase (Bester et al. 2009). While the 

specific cause of the detachment is unknown, the finding that two isolates of V. harveyi had 

decreased biofilm biomass after 24h is supported by the literature (Colón-González et al. 2004; 

Hunt et al. 2004; Chambless and Stewart 2007; Bester et al. 2009). 

4.1.3 Biomass measurement 

As biofilms are heterogenous, there are a number of biofilm factors that can be measured as 

indicators of biofilm formation (Ponciano et al. 2009). One focus of this study was the 

measurement of biofilm biomass or the amount of biofilm that developed, including the amount 

of exopolysaccharide produced.  

4.1.3.1 Assessment using crystal violet staining 

As discussed previously, biofilm development and staining in 96-well microtitre trays involves 

multiple steps. After biofilm maturation, there are many different published methods for 

treatment and staining of the biomass. 
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Using the 96-well microtitre tray method, removal of planktonic cells can be problematic. This 

study compared rinsing trays using inversion washing to vacuum pipetting, and found inversion 

washing led to the greatest biofilm retention. While many studies specify that planktonic cells 

were washed from microtitre tray wells, many do not specify how this was done (Sandberg et al. 

2008; Viana et al. 2009; Tapiainen et al. 2010). Trays are usually washed by rinsing or pipetting, 

although no studies compare both methods of planktonic cell removal (Hübner et al. 2010). The 

finding that inversion washing retained more biofilm in this study is likely due to the higher 

shearing force elicited by vacuum pipetting compared to inversion, resulting in biomass removal. 

 

Biofilm is normally fixed using heat / dessication or a chemical fixative such as methanol (a 

denaturing fixative), glutaraldehyde or formalin (which are both cross-linking fixatives) (Deighton 

et al. 2001; Peeters et al. 2008; Ong et al. 2009; Ling et al. 2010; Shannon et al. 2010; Sharma et al. 

2010). In this study, heat and methanol fixation were compared, and heat fixation resulted in less 

experimental variation. While fixing is necessary to ensure biofilm is not removed during washing 

and staining, both heat and chemical fixation can vastly change biofilm architecture. As the EPS 

matrix contains large, numerous water pockets, desiccation using heat fixing clearly affects the 

overall biofilm structure (Flemming and Wingender 2010). Chemical fixing is more commonly used 

than heat fixing, presumably because chemical fixing is quicker than heat; however, the cross-

linking or denaturing of proteins also modifies biofilm architecture (Williams and Bloebaum 2010). 

Some studies using the 96-well microtitre method do not use a fixing step, but do not comment on 

whether significant biofilm was lost during the staining process (Sandberg et al. 2008; Viana et al. 

2009; Tapiainen et al. 2010). As the literature has investigated the effects of different fixing 

methods but does not address whether one method is superior to the other, heat was used to fix 

most biofilms in the current study. 

4.1.3.2 Assessment using confocal scanning laser microscopy (CSLM) 

Confocal scanning laser microscopy (CSLM) was investigated as another method to measure 

biofilm biomass, focusing on optimisation of growth on glass coverslip. S. epidermidis biofilms 

attached weakly to glass coverslips even when maturation time was increased. It is well-

documented that hydrophobic / hydrophilic interactions between biofilm and the substratum is 

important in determining whether initial attachment occurs, where attachment of S. epidermidis 

increases where surfaces are hydrophobic (Cerca et al. 2005; Houdt and Michiels 2010; Rohde et 

al. 2010). As glass is hydrophilic in character, pre-treating glass with adhesins was one option to 
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increase S. epidermidis attachment (Heilmann et al. 1996; Otto 2009). Fibrinogen treatment of 

glass effectively increased and secured biofilm attachment. This is supported by the literature, as 

during the second stage of biofilm development (irreversible attachment), proteins including 

fibrinogen can be specific binding adhesins (Bonifait et al. 2008).  

4.1.4 Methods to study biofilm destruction with TTO 

4.1.4.1 Biomass – TTO exposure 

While commercial TTO products normally contain approximately 5% TTO v/v, this concentration is 

far greater than the minimum inhibitory concentrations (MICs) that have been determined for 

many bacterial species, with the exception of P. aeruginosa (Wilkinson and Cavanagh 2005; Brady 

et al. 2006; Carson et al. 2006; Ferrini et al. 2006; Mayaud et al. 2008). Challenging bacterial 

biofilms with a range of TTO concentrations provides a more complete understanding of the effect 

of TTO on bacterial biofilms (Brady et al. 2006; Karpanen et al. 2008; Kwieciński et al. 2009). 

 

While TTO has not been studied extensively as an anti-biofouling agent, TTO has been applied to 

pre-formed biofilms of methicillin-sensitive and resistant S. aureus (MSSA and MRSA respectively) 

(Brady et al. 2006; Kwieciński et al. 2009; Brady et al. 2010) and S. epidermidis (Karpanen et al. 

2008) for 24h. In the current study, TTO was applied to mature S. epidermidis biofilms, resulting in 

a reduction in biofilm biomass and/or viability at equal to or greater than MICs. This is supported 

by the literature (Karpanen et al. 2008). 

 

As TTO is a volatile substance, atmospheric conditions are also influential in determining the 

effectiveness of TTO (McMahon et al. 2008; Vuuren et al. 2010). The volatile terpenes in TTO can 

make experimentation and results interpretation difficult (Hammer et al. 2008). In this study, 

increased oxygenation resulted in greater biofilm biomass after TTO exposure than when 

oxygenation was decreased. This could indicate greater TTO efficacy with decreased air exposure. 

It is likely that under these atmospheric conditions TTO remained in solution for a longer time 

period, or TTO concentrated as a vapour in trays. If this was occurring, it follows that greater 

biofilm reduction would be observed in these conditions. While antimicrobials which are more 

effective during cell replication tend to be less effective in oxygen-limited environments (Schobert 

and Tielen 2010), it has been demonstrated that the quaternary ammonium biocide (QAC) 

benzalkonium chloride had increased efficacy in anaerobic conditions (Bjergbæk et al. 2008). This 
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QAC targets cell membranes causing leakage of intracellular compounds, similar to the mechanism 

of TTO against bacteria (Carson et al. 2002; Bjergbæk et al. 2008). Therefore, the literature 

supports the finding that oxygen limiting conditions during TTO exposure decreased the amount of 

biofilm developed. 

4.1.4.2 Viability 

Gene expression by biofilm cells is not homogenous, and determines whether a cell is growing, 

dead, or quiescent in the EPS matrix (Rani et al. 2007; Stewart and Franklin 2008). While CV 

staining is effective for measuring biofilm biomass, it does not indicate biofilm viability. As such, 

methods for measuring sessile cell viability were explored with the aim of making a direct 

comparison between biomass and viability after biofilms were TTO treated.  Many studies use the 

reduction of tetrazolium salts to determine cell viability, such as 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) or 3’-{1-[(phenylamino)-carbonyl]-3,4-tetrazolium}bis(4-

methoxy-6-nitro)benzenesulfonic acid hydrate (XTT) with menadine stains. As these stains are 

reduced, a purple or red/orange colour is produced respectively (Knezevic and Petrovic 2008; 

Kwieciński et al. 2009).  Previous studies have demonstrated effective biofilm viability 

measurement using this staining, one of which used 96-well trays as the substratum (Linares et al. 

2006). This study found XTT/menadione staining ineffective for measuring sessile cell viability, 

possibly due to suboptimal amounts of biofilm being formed or differences in substratum and 

stain times used in this study compared to others. A similar observation was described when 

resazurin staining was applied to S. aureus biofilm screening assays (Sandberg et al. 2009). In 

another study conducted by Peeters et al. (2008), various biomass and viability methods were 

compared. While most methods demonstrated excellent repeatability, XTT staining was an 

expensive and time-consuming method for measuring biofilm viability compared to others such as 

resazurin and fluorescein diacetate assays (Peeters et al. 2008). Rather than continuing 

optimisation of XTT staining of biofilms, other methods of biofilm viability measurement with 

greater reproducibility were pursued. 

 

Flow cytometry is used for quantitative viability analysis as thousands of bacterial cells are able to 

be analysed within a few minutes. It has been used to measure biofilm viability previously 

(Williams et al. 1999; Hannig et al. 2010). The difficulty with using flow cytometry to analyse 

biofilm viability is that cells must pass through detection equipment in a single cell suspension; 

therefore, sessile cells must first be liberated from the biofilm matrix prior to flow cytometry 
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analysis (Williams et al. 1999; Gellé et al. 2003). In this study, sonication was used to successively 

remove biofilm from a substratum and create a single cell suspension of biofilm cells without 

significant cell lysis. This is consistent with previous literature (Matias et al. 2003; McDowell and 

Patrick 2005; Kobayashi et al. 2006; Kobayashi et al. 2009).  

 

Planktonic cells were treated with sonication and exposed to sub-inhibitory concentrations of TTO 

to determine if the combination increased cell lysis. As TTO causes leakage in bacterial cells by 

compromising the cell membrane, leading to a loss of intracellular components (Carson et al. 

2002; Carson et al. 2006), it was important to determine whether cell leakage was due to TTO 

exposure or sonication. This combination of both did not cause significant lysis of planktonic cells.  

 

Two substrata appropriate for sonication treatment and optimal for S. epidermidis biofilm 

development were identified in this study. These were ThermanoxTM coverslips (which are made 

of a polymer which has a hydrophilic, cell culture treated side, and a hydrophobic side), and glass 

coverslips which had been pre-treated with fibrinogen. As explained previously, the latter could 

also be used as a substratum for biofilms to be analysed using CLSM. Biofilm development 

conditions for flow cytometry analysis differed compared to the 96-well microtitre tray biofilm 

development, including different substratum material and size, and cell inoculation concentration. 

Biofilm development in 6-well microtitre trays also resulted in the sub-inhibitory TTO 

concentration 0.125% killing S. epidermidis cells added to the culture, as no turbidity was observed 

in the wells after 24h incubation, while the 0% control was opaquely turbid. This indicates that 

different environments and conditions will result in different levels of TTO effectiveness. 

 

An indirect assessment of sessile cell viability after exposure to TTO was also determined by the 

addition of sterile growth media into wells containing sessile cells followed by re-incubation (Niu 

and Gilbert 2004). At 6h re-incubation, a significant increase in OD560 in the 0% TTO control was 

observed compared to TTO exposed biofilms and the amount of planktonic cell cross-

contamination resulting from inversion washing was acceptable. Longer re-incubation periods 

resulted in unacceptable amounts of planktonic cell replication, leading to potential 

misinterpretation of results. OD600 measurements of media blanks were monitored and compared 

to an OD600 measurement of sterile media to determine if wells were significantly cross-

contaminated. This method appeared effective in determining the viability of biofilm cells, but was 
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limited due to cross-contamination concerns. Of the viability experiments that were performed in 

this study, flow cytometry appears to be the most accurate and replicable method for viability 

measurement. Further experimentation could apply this method to mature biofilms that have 

been treated with TTO, or have been grown in the presence of TTO.  

4.2 The effect of TTO on biofilms 

In this study, biofilms were exposed to TTO during development, described as biofilm inhibition, 

and after they had been allowed to mature, described as biofilm destruction. Using both 

experimental methods, the 0% TTO control was used to determine strength of biofilm production, 

ranging from non-biofilm producing to strong biofilm producing. Many bacterial species were 

exposed to TTO using these experimental protocols, with the main focus on S. epidermidis and E. 

coli.  

4.2.1 Destruction of matured biofilms 

For all strong biofilm producing isolates of S. epidermidis and E. coli, biofilm biomass was 

significantly reduced after exposure to TTO. For three S. epidermidis and all E. coli (n=2) strong 

biofilm producers, biofilm was significantly reduced at ≤ 0.125% TTO. The remaining S. epidermidis 

strong biofilm producer had reduced biofilm when exposed to 0.5-1% TTO.  

After exposure to concentrations equal to or greater than the MBC of any test organism in this 

study, biofilm remained viable. This implies that similar to other antimicrobials and antibiotics, 

cells in a biofilm have a reduced susceptibility to TTO compared to planktonic cells. Presumably, 

the mechanisms  for this reduced susceptibility would be similar to those for other antimicrobials; 

the glycocalyx or the dense growth of cells could be acting as a physical barrier impeding TTO 

penetration or absorbing TTO (Beloin et al. 2008; Flemming and Wingender 2010; Houdt and 

Michiels 2010), the quiescent state of many cells in biofilms (Stewart and Franklin 2008; Ponciano 

et al. 2009; Høiby et al. 2010) or the stimulation of stress responses in sessile cells (Houdt and 

Michiels 2010) could confer resistance to the cell-leakage caused by TTO, genetic resistances could 

be transferred more prolifically by cells in a biofilm (Flemming and Wingender 2010), the presence 

of persister cells in biofilm which are tolerant to TTO (Lewis 2007; Qu et al. 2010; Singh and Ray 

2010a), and/or conventional resistance such as efflux pumps may be present (Longbottom et al. 

2004; Høiby et al. 2010). Previous research into the mechanisms of action of TTO against cells 
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demonstrated that TTO compromises the structural and functional integrity of bacterial 

membranes, and that this effect is more pronounced when bacterial cells are in the exponential 

growth phase (Carson et al. 2006). Therefore, the inability of TTO to penetrate the glycocalyx or 

dormancy of cells would decrease the efficacy of TTO against biofilms. With regard to true 

resistance, the frequency of mutations resulting in TTO resistance is extremely low (Hammer et al. 

2008). As such, the transfer of multiple TTO resistance mutations between cells in a biofilm seems 

improbable, but not impossible. Initially, determining the amount of TTO penetration into the EPS 

matrix would increase understanding of the decreased susceptibility of biofilms to TTO (Singh et 

al. 2010b). 

In this study, more isolates had decreased biomass at equal to or greater than the MIC of TTO than 

concentrations greater than the MICs.  For S. epidermidis (n=12, MIC 1% TTO), 42% of isolates 

were reduced at 0.5-1% TTO, while only 25% were reduced at 4% TTO; for E. coli (n=12, MIC90 1% 

TTO), 57% of isolates were reduced in at 1% TTO, while only 17% were reduced at 4% TTO.  This 

could be due to biofilms exhibiting a strong stress response when high concentrations of TTO were 

applied. It is difficult to compare these results to other studies, as most studies either did not use 

a range of TTO concentrations, or did not measure biofilm biomass when applying TTO to 

established biofilms (Brady et al. 2006; Karpanen et al. 2008; Kwieciński et al. 2009). Other studies 

applying antibiotics to pre-formed biofilms have not reported this stimulated development at 

greater than MIC concentrations (Hoffman et al. 2005; Cargill and Upton 2009).  Ideally, these 

experiments should be repeated with a greater number of strains, preferably clinical isolates (as 

these are more likely to strongly produce biofilm), to determine if the trend observed in this study 

is indicative of when TTO is applied to all mature biofilms.  

 

In the current study, the viability of mature biofilms after TTO exposure was always reduced or 

unchanged, even at sub-inhibitory concentrations. For S. epidermidis (n=1), P. aeruginosa (n=1), 

S. maltophilia (n=1) and V. harveyi (n=9), a reduction in biofilm viability was measured from as low 

as 0.125% TTO, while no increase in biofilm viability was measured at any TTO concentration. This 

is contrary to findings by Kwieciński et al. (2008) where MTT staining consistently showed an 

increase in biofilm viability when sub-inhibitory TTO concentrations were applied to two 

established S. aureus biofilms. However, in the same study, CFU biofilm counts did not 

demonstrate this stimulated biofilm viability at sub-MIC concentrations. The authors attributed 

this to a potential stress response to TTO, resulting in stimulated metabolic activity but not 
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stimulated growth. Clearly, the method of viability measurement is important in allowing 

comparisons between studies, and in building a complete understanding of the effect of TTO on 

biofilm viability and metabolism. 

 

Comparison of biofilm viability to biomass after destruction with TTO shows several interesting 

trends. While the viability and biomass of S. epidermidis and S. maltophilia were both significantly 

reduced after exposure to all concentrations of TTO, the biofilm biomass of P. aeruginosa was 

significantly reduced from 0.25%-2% TTO, while viability was reduced from 1-4% TTO. The amount 

of biofilm biomass of this TTO tolerant bacterium does not necessarily correlate with the viability 

of the cells in that mass. This reduced viability in the larger biofilms could be due to sessile cells 

entering a quiescent state (Ponciano et al. 2009). To determine if this was the case, the 

introduction of fresh media to mature biofilms would stimulate cell reproduction (Colón-González 

et al. 2004). Alternatively, TTO could have been penetrating the biofilm EPS matrix and damaging 

the sessile cell membranes, reducing viability in the biofilm while the bulk of the biofilm structure 

remained intact. As stated previously, determining the level of TTO penetration into the EPS 

matrix would assist in determining the mechanisms of TTO against biofilm biomass and viability. 

Additionally, flow cytometry could be used to identify whether cells liberated from the EPS matrix 

were alive or dead. For a more direct comparison, CSLM could be used with a combination of live 

and dead stains to determine which cells were viable in the EPS matrix, and an additional stain 

could be used to dye the EPS matrix. This would demonstrate the effect of TTO on developed EPS 

matrices and cell viability. 

4.2.2 Inhibition of biofilm development 

In this study, the effect of TTO on biofilm formation was indirectly measured using CV staining. 

Similarly to the experiments investigating destruction of matured biofilms, there was a limited 

sample size used in the biofilm inhibition experiments performed in this study. However, trends 

were observed for S. epidermidis (n=12), E. coli (n=12) and S. maltophilia (n=1). The most apparent 

of these was that at concentrations equal to or greater than the MIC of TTO, isolates exhibited 

either a significant reduction in biofilm biomass or no change compared to the 0% TTO control. For 

all species, 92-100% of all isolates were reduced at 2-4% TTO. This is similar to previously 

published studies, where the substratum has been pre-treated with TTO components (Bazaka et 

al. 2010), or TTO is present in the biofilm growth medium (Brady et al. 2006; Karpanen et al. 2008; 
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Kwieciński et al. 2009; Bazaka et al. 2010). This lack of biofilm development may have occurred 

because the planktonic cells in the initial culture were inhibited or killed by the TTO 

concentrations in the growth medium, severely reducing the ability of remaining bacteria to form 

biofilms.  

 

While the majority of biofilms were not affected by sub-inhibitory concentrations of TTO during 

biofilm development, a number of isolates (including strong biofilm producers) showed increased 

biofilm development at sub-inhibitory TTO concentrations. Some S. epidermidis (17-25%) and 

E. coli (8-33%) isolates had increased biomass at 0.125-0.5% TTO, and S. maltophilia had increased 

biofilm biomass at 0.125% TTO. Stimulation of biofilm at sub-inhibitory concentrations of an 

antimicrobial has been demonstrated a number of times previously, including sub-inhibitory 

concentrations of vancomycin present during S. epidermidis biofilm development (Cargill and 

Upton 2009) and for multiple antibiotics applied to S. aureus biofilms  (Rachid et al. 2000; Cargill 

and Upton 2009). The application of sub-inhibitory concentrations of antibiotics to Gram-negative 

organisms during biofilm development has stimulated formation, including aminoglycoside 

antibiotics against E. coli and P. aeruginosa (Hoffman et al. 2005) and tobramycin, tetracycline, 

ciprofloxacin and norfloxacin against P. aeruginosa (Linares et al. 2006). Linares et al (2006) also 

postulated that low concentrations of antibiotics act as signaling molecules for biofilm 

development, inducing a change in gene expression in P. aeruginosa cells. While no studies have 

been performed specifically related to sub-inhibitory TTO concentrations applied during biofilm 

development, the current study demonstrates that sub-inhibitory TTO concentrations increased 

biofilm development similarly to sub-inhibitory concentrations of antibiotics. 

4.2.3 Effects of methods used in this study 

This study focused on using the 96-well microtitre tray method originally developed by 

Christensen et al. (1985). While this is commonly used for biofilm development investigation, 

many studies have worked on improving this method. Various studies have focused on automating 

or increasing the efficiency of processing 96-well trays to increase the number of isolates that can 

be tested (Sandberg et al. 2008; Harrison et al. 2010). Methods have also been developed to 

create a flow dynamic inside 96-well trays, which more closely emulates environmental conditions 

(Benoit et al. 2010). While using the original method made comparison to results from other 
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studies easier, these in vitro conditions are vastly different compared to the environments where 

these biofilms are normally found. 

 

It is also important to use a scale to categorise bacterial strains and isolates by various levels of 

biofilm production strength. While there have been various methods used to determine biofilm 

production, the method initially introduced by Christensen et al. (1985) and further developed by 

Stepanović et al. (2000) is logically sound. However, biofilm production strength is very dependent 

on the experimental conditions in which biofilms are being formed. This is clearly demonstrated in 

this study by the classification of S. epidermidis ATCC 12228 as a strong biofilm producer, while it 

is considered non-biofilm producing by others (Greco et al. 2008; Otto 2009; Antunes et al. 2010). 

However, other studies have also demonstrated biofilm formation by this strain (Kamgang et al. 

2007); possibly strain mis-identification or strain genetic variation plays a role in these 

discrepancies. 

 

Also in this study, more isolates were classified as higher biofilm production strength during 

inhibition experiments than in destruction experiments. There are two potential reasons for this, 

both of which occur during the destruction experiments’ second 24h exposure period where 0% 

TTO biofilm controls were exposed to PBS. Firstly, this 24h period in PBS reduced biofilm 

production enough to lower the biofilm strength classification. Or secondly, biofilms detached. 

The change in classification makes comparison of the same isolates in inhibition and destruction 

experiments difficult. Ideally, a standardised method would be developed to determine biofilm 

production classification in vitro, similar to MICs or MBCs. This would assist in comparisons of 

results between studies. However, this is impractical for in vivo experimentation, as environmental 

conditions differ markedly and strongly influence biofilm development.  

4.3 Further experimentation 

As mentioned throughout this study, there are many options for experimentation that would 

further our understanding of the effects of TTO on bacterial biofilms. In particular, optimisation 

and observation of biofilms using CSLM would increase our understanding of whether TTO affects 

cell viability, biofilm structure or both (Hunt et al. 2004; Bazaka et al. 2010; Flemming and 

Wingender 2010; Hannig et al. 2010; Qu et al. 2010). The use of scanning electron microscopy 

(SEM) would also give a high resolution image of biofilm structure before and after exposure to 
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TTO (Kwieciński et al. 2009; Bazaka et al. 2010; García et al. 2010; Nostro et al. 2010). Atomic force 

microscopy (AFM) is another method for visualizing biofilm topography at high resolution that 

does not require the metal or carbon coating used for SEM samples (Chaw et al. 2005; Dufrêne 

2008; Bazaka et al. 2010; Hannig et al. 2010). 

 

To measure biofilm viability after exposure to TTO, flow cytometry would be the most suitable 

method for accurate measurement. Further optimisation of this method would be beneficial. 

However, these results are more difficult to directly compare to the 96-well microtitre biomass 

measurement method used in this study. Furthermore, flow cytometry is more intensive and 

expensive than using media re-growth to determine biofilm viability. Ideally, the legitimacy of 

media re-incubation could be confirmed by direct comparison to flow cytometry results for the 

same isolate. Another method which would be ideal in comparing biofilm biomass and biofilm 

viability in 96-well microtitre trays could be the use of peg lids as the biofilm substratum, which 

can then be fitted into microtiter plates (Miller et al. 2005; Harrison et al. 2010). These peg lids 

could be stained with CV, or sonicated for samples to be processed using flow cytometry. 

 

Additionally, there are a number of factors associated with biofilm development that should be 

investigated in conjunction with the effects of TTO. For example, it would be beneficial to see 

whether TTO affects quorum sensing in biofilm development, and this could be determined by 

observing if TTO affects quorum sensing mediated gene expression such as luminescence (Njoroge 

and Sperandio 2009). Monitoring biofilm biomass and viability at each stage of biofilm 

development in the presence of TTO would increase knowledge of TTO’s ability to inhibit biofilm. 

Finally, applying the individual components of TTO such as terpinen-4-ol, α-terpinene and 1,8-

cineole in biofilm destruction, inhibition, and quorum sensing experiments would also increase our 

understanding of the mechanisms of TTO against biofilms (Carson et al. 2006; Bazaka et al. 2010).  

4.4 Practical applications 

As discussed previously, with increased bacterial resistance to antibiotics, there has been an 

increase in research focusing on alternative antimicrobials. TTO has been demonstrated as a 

particularly good antimicrobial agent, both for its efficacy and for the lack of development of TTO 

resistant organisms (Carson et al. 2006; Hammer et al. 2008). Additionally, inducing resistance to 

TTO in bacteria has also been relatively unsuccessful (Hammer et al. 2008). Clinically, there are 
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many applications for TTO in the prevention of biofouling, or biofilm destructions. Perhaps most 

importantly, TTO could be used for the topical treatment of antibiotic resistant strains such as 

MRSA (Carson et al. 1995; Brady et al. 2006; Ferrini et al. 2006) and methicillin-resistant 

S. epidermidis (MRSE), which forms biofilm resulting in increased virulence (Gill et al. 2005). TTO 

can also be used synergistically with other antimicrobials to increase antibiouling efficacy (Adams 

and McLean 1999; Vuuren et al. 2008; D’Arrigo et al. 2010; Rosato et al. 2010). 

 

Abiotically, TTO could be used to treat surfaces that have been contaminated by biofilms or have 

potential as biofilm substrata (Bazaka et al. 2010). These could include static surfaces that are 

regularly in the presence of liquid, such as sinks. TTO could also be applied to internal catheters 

that are prone to biofouling which can in turn lead to patient infection (Kowalczuk et al. 2010). 

Despite the fact that TTO is inappropriate for internal use (ie ingestion), it could be used in some 

aspects of the food industry, such as the handles of taps and hoses where biofilms proliferate 

(Kumar and Anand 1998; Houdt and Michiels 2005; Houdt and Michiels 2010).  

 

When applying TTO to plastics, there are also limits on the concentration of TTO that can be used, 

as TTO can dissolve plastic polymers. These are surmountable problems however, as there are 

currently many products on the market that combine essential oils with plastics. Development of 

TTO patches which include oleic acid to increase skin penetration and TTO retention has already 

commenced (Minghetti et al. 2009). Essential oils are also being incorporated into antioxidant and 

antimicrobial plastic films and into superabsorbent polymers (Flores et al. 2006; López et al. 2007; 

Bentayeb et al. 2009). With this technology, TTO combined with polymers could be used in 

antibiofouling coatings. 

 

TTO can also be used to prevent or destroy biofilms that have formed on biotic surfaces, 

particularly on the skin and teeth. As TTO has proved effective in killing oral bacteria, the addition 

of TTO to mouth washes could reduce plaque development (Ouhayoun 2003; Hammer et al. 

2003c; Soukoulis and Hirsch 2004). The use of TTO in handwashes has been studied with positive 

results in killing planktonic bacteria (Hammer et al. 1996; Messager et al. 2005a; Messager et al. 

2005b). Given that S. epidermidis is usually the cause of many clinical bacterial biofilms, the 

inhibition or reduction of S. epidermidis biofilms prior to clinical procedures requiring a sterile 

environment would be highly desirable. 
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4.5 Conclusions 

The main focus of this study was evaluating the effect of TTO on biofilm destruction and inhibition. 

This study has demonstrated that TTO is effective in destroying biofilm at approximately the MIC, 

and inhibiting biofilm development at the MIC and greater concentrations. However, sub-

inhibitory TTO concentrations is undesirable for preventing biofilm development as it could 

stimulate biofilm formation (McMahon et al. 2008). Use of sub-inhibitory concentrations of 

antibiotics has also been linked to an increase in bacterial mutations and resistance (Kaufmann 

and Hung 2010; Kohanski et al. 2010).   

 

The results from this and other studies demonstrate that TTO has potential to be effective in 

treating biofilms and preventing biofouling (Brady et al. 2006; Karpanen et al. 2008; Kwieciński et 

al. 2009; Bazaka et al. 2010; Brady et al. 2010). However, more research needs to be performed 

into both the effect of TTO on clinical biofilm-forming bacterial isolates, and the mechanisms of 

action of TTO against bacterial biofilms. 
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