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II. Abstract 

Infrequent cleaning increases the risk of biofilms being formed on hot tub surfaces and pipes by 
Escherichia coli and Pseudomonas aeruginosa. This is aided by inappropriate use of biofilm control 
agents which promote antimicrobial resistance. This presents a challenge for water sanitation using 
biofilm prevention and removal products. 

This study analysed the efficacy of an environmentally friendly 3-step biofilm prevention and removal 
product designed for hot tubs called eco3spa. Eco3spa contains Active Oxygen and a water conditioner 
which was assessed for growth and biofilm prevention properties. Eco3spa biofilm remover was tested 
in combination with Active Oxygen for biofilm removal properties.  

E. coli K12 and P. aeruginosa PA01 cultures were grown and biofilms formed under static conditions at 
37oC, normal operating temperature and maintenance temperatures of 25oC. Various product 
concentrations were tested for growth and biofilm prevention from pH 5.2-8. Pre-formed biofilms 
were treated with biofilm removal products before subjection to dynamic forces to mimic the flushing 
of water and function of jets in hot tubs. 

Results revealed that recommended concentrations of Active Oxygen prevent growth and biofilm 
formation of E. coli and P. aeruginosa without losing efficacy from pH 5.2 to 8. Addition of the water 
conditioner does not enhance Active Oxygen activity in preventing growth and biofilm formation. 
Furthermore, Active Oxygen kills E. coli within 5 minutes and chemical stability is maintained for at 
least 7 days. Light and fluorescent microscopy illustrated that Active Oxygen in combination with the 
water conditioner may lead to viable but non-culturable cells.  

This study demonstrates the sanitising efficacy of eco3spa in hot tub environments where efficacy of 
Active Oxygen is maintained over a defined pH range. Therefore, the industrial sponsor has been 
provided with more insights into the sanitising efficacy of eco3spa which promotes a water treatment 
product with benefits over chlorine. 
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Chapter 1: Introduction  



2 
 

1.1 Hot tubs and infections associated with regular hot tub use  

During the outbreak of COVID-19 and the enforcement of lockdown restrictions, figures have shown a 

sharp increase in hot tub sales by 1080% (Gausden, 2020) with online searches for hot tubs rising by 

57% (van Gelder, 2020). It is estimated that approximately 100,000 hot tubs are in current use in the 

UK alone with Britain itself ranking in the top 10 of the hot tub world market (BISHTA, 2015). However, 

frequent cleaning regimes are an essential part of sanitising hot tub water, which, if not adhered to on 

a regular basis leads to the presence of bacterial biofilms causing water to adopt changes in colour as 

well as further growth of biofilms attached to pipes and corrosion (Camper, 2014; Hambsch et al., 

2014; van der Kooij et al., 2003). Recreational waters including spas, hot tubs and pools are known to 

be associated with fecal water contamination due to irregular water sanitation and management 

(Cosgrove and Loucks, 2015). A diverse range of microorganisms have been found in these 

environments such as Escherichia coli, Legionella spp, Cryptosporidium spp., Giardia spp, Shigella spp., 

Vibrio cholerae, Salmonella spp., Campylobacter jejuni and Pseudomonas aeruginosa which are 

commonly linked with infections (Leoni et al., 2018; Lugo et al., 2021; Tirodimos et al., 2018). Other 

sources of contamination include faeces from individuals, animals e.g. pet dogs and wild birds and 

bodily secretions such as vomit, mucus and saliva (Thorolfsdottir and Marteinsson, 2013). Hot tubs 

pose a potential health risk because they can be a breeding ground for bacteria which can cause 

infections. In particular, elderly individuals that have damaged immune systems and suffer from 

anatomical and functional defects are more susceptible to infections (Beeson, 1985; Schneider, 1983; 

Yoshikawa, Norman and Grahn, 1985).       

Escherichia coli is a gram negative and rod-shaped bacterium linked with urinary tract infections, sepsis 

and food poisoning. Previous research has identified 54% of E. coli strains in recreational waters which 

have originated from a human source (Meyer et al., 2005). Recent data has shown 19 pathogenic 

outbreaks of E. coli and high prevalence of Shiga-toxin producing E. coli in specific regions of the United 

States where four strains were discovered to be closely linked through whole genome sequencing 

(Vanden Esschert et al., 2020; Graciaa et al., 2018). Butler et al (2021) discovered that high levels of E. 

coli found in recreational waters was correlated with the detection of Salmonella and Cryptosporidium. 

This led to the conclusion that E. coli is a good indicator of contamination and pathogen load. E. coli 

may also confer resistance to antibiotics such as β-lactams by having genes that code for enzymes that 

inactivate antibiotics from exhibiting their function (Poirel et al., 2018). Tocut et al (2022) investigated 

mortalities in sepsis patients in response to cephalosporins, a class of β-lactam antibiotic. Results 

revealed that altogether, 97 out of 118 patients with sepsis caused by E. coli resistant to cephalosporins 

died within 1 year. This emphasises the need for routine inspection of water for microorganisms that 

can cause infections and be fatal if not maintained regularly.   



3 
 

Pseudomonas aeruginosa is a gram-negative bacterium found in water and soil which is commonly 

associated with lung infections in cystic fibrosis patients as well as bloodstream, respiratory and 

urinary tract infections (Bhagirath et al., 2016; CDC, 2012; Newman et al., 2022; Zhao et al., 2020). 

There has also been a marked increase in the prevalence of skin infections caused by P. aeruginosa 

such as hot tub folliculitis, a skin infection that occurs around the lower parts of hair follicles. 

Previously, water samples taken from a hot tub party have been identified to contain P. aeruginosa 

with genetic analysis showing a banding pattern similarity index of 98.9% between patient and hot tub 

isolates (Yu et al., 2007). Swabbed samples from a male patient using a hot tub led to the growth of P. 

aeruginosa and further physical examination led to the diagnosis of hot tub folliculitis. It was later 

discovered that the hot tub was not cleaned thoroughly leading to residual water being contained 

within the systems of the hot tub (Osborne et al., 2021). Other cases of P. aeruginosa have been 

reported in hot tubs after microbiological analysis. One study investigated samples using pulsed-field 

gel electrophoresis and found identical bands between P. aeruginosa strains found in the patient’s 

sputum and hot tub filter (Crnich, Gordon and Andes, 2003). Huhulescu et al (2011) analysed water 

samples taken from a hot tub and detected 37,000 colony-forming units of P. aeruginosa/100 ml. This 

suggested a high degree of biofilm formation in the bath circulation and lack of hygienic maintenance .  

In addition to the problems created by irregular sanitation, the rise in multidrug-resistant strains of P. 

aeruginosa are responsible for 32,600 infections documented in the United States with 2,700 

mortalities highlighting the significance of sanitation procedures (CDC, 2019). 

1.2 Biofilm formation  

The process of biofilm formation consists of five stages: primary adhesion, secondary/irreversible 

adhesion, proliferation, maturation and dispersion of cells from the biofilm. Figure 1.1 shows a 

schematic of the biofilm formation process.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Stages of biofilm formation (Zhou et al., 2022).  
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1.2.1 Conditioning films  

 

Prior to biofilm formation, conditioning films are a structure by which adsorption of macromolecules 

influences the physicochemical properties of a surface (Lorite et al., 2011). Conditioning films are 

known to contain polysaccharides, proteins, lipids, humic acids, nucleic acids and aromatic amino acids 

which facilitate the attachment of bacteria to a surface (Bakker et al., 2004). Analysis of organic carbon, 

nitrogen and amino acid content shows that conditioning films are primarily composed of degraded 

organic matter which provides a source of nutrients which bacteria can feed on to encourage 

attachment in the initial stages of biofilm formation (Bhosle et al., 2005).   

 

1.2.2 Primary adhesion  

Initial attachment of cells to a particular surface can be abiotic (e.g. plastic, glass and metal implants) 

as well as biotic (e.g. human skin). A range of environmental factors such as temperature, pH, repulsive 

electrostatic and hydrodynamic forces in a liquid medium can impede biofilms from forming (Liu, 

Zhang and Ji, 2020). However, bacteria such as E. coli possess peritrichous flagella which enables them 

to surpass these barriers acting as a foundation in which it provides motility and frequent interactions 

between the bacterium and the surface (Pratt and Kolter, 1998). This is the first time where cell-to-

surface contact occurs resulting in adhesion to the surface (Sharma et al., 2016). Additionally, 

chemotaxis which involves directional movement in response to concentration gradients drives the 

biofilm formation process. Previous research illustrates that P. aeruginosa PA01 biofilms grown in 

glucose minimal medium can be produced by mechanisms involving non-motile and motile bacterial 

populations. The proposed method of biofilm formation by motile bacteria is attributed to their build-

up on the top of caps by climbing mushroom stalks which is facilitated by the action of pili  (Klausen et 

al., 2003). Chemotaxis mutants of P. aeruginosa PA01 are unable to form the typical mushroom-like 

structures conveying links between biofilm formation, chemotaxis and motility (Sheraton et al, 2018). 

The ability of E. coli mixed-species populations to form biofilms suggests that there are similar profiles 

of biofilm formation between motile and non-motile cells which is based on the actions of flagellar 

motility (Benyoussef et al., 2022).   

1.2.3 Secondary adhesion   

Following primary adhesion, bacteria enter secondary adhesion where synthesis of the flagella is 

inhibited by signalling molecules such as cyclic diguanosine monophosphate (c-di-GMP) which 

increases in concentration during the biofilm formation process. Biofilm quantitation assessed by 

crystal violet assays displays significantly higher levels of biofilm in P. aeruginosa PA01 strains in 

comparison to strains deficient in c-di-GMP (Zhang et al., 2020). These results support data obtained 

by Cole and Lee (2016) where PA14 strains mutated to confer overexpression of diguanylate cyclases 
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revealed colony counts similar to control strains. It is now known that type 1 fimbriae and curli fimbriae 

are the organelles responsible for irreversible attachment of E. coli (Prüß et al., 2006). Type 1 fimbriae 

encoded by the fim gene participates in reversible and irreversible attachment while curli fimbriae 

encoded by csg genes play an important role in attachment to surfaces by facilitating cell-to-surface 

interactions as well as cell-to-cell communication (Carter et al., 2016).   

1.2.4 Maturation  

During the maturation phase, cells adapt a formation where they accumulate through cell-to-cell 

interactions and begin to construct the extracellular matrix which gives the biofilm its three-

dimensional structure (Flemming and Wingender, 2010). The key elements which are essential for 

biofilm maturation are autotransporters and extracellular polymeric substances (EPS).   

Autotransporter proteins are able to translocate themselves to the outer membrane without the 

requirement for accessory proteins. Antigen 43 is a well-known autotransporter protein encoded by 

the flu gene which contributes to the aggregation process and three-dimensional structure of the 

biofilm. Biofilm assays conducted by Taghadosi et al (2017) show that antigen 43 plays a role in E. coli 

biofilm formation. In addition, transporter proteins such as AidA and TibA have been identified in some 

strains of E. coli which participate in the aggregation process (Klemm et al., 2006).  

The EPS is a gel-like matrix which enhances cell-to-cell and cell-to-surface interactions creating a 

support medium which aids in the three-dimensional structure of the biofilm. Water comprises a large 

proportion of the EPS but other components include proteins, nucleic acids, lipids and extrapolymeric 

compounds (Flemming and Wingender, 2010). Previous work carried out by Dogsa et al (2005) isolated 

EPS by trichloroacetic acid/ethanol extraction techniques and investigated components of the EPS 

using chromatography methods. Analysis of EPS structure found that it contained the 

monosaccharides glucose and galactose and that the influence of pH caused alterations in the EPS 

structure.   

Bacteria also carry out a chemical signalling system called quorum sensing (QS), which results in the 

release of signalling molecules known as autoinducers. Autoinducers facilitate cell-to-cell 

communication and regulate gene expression during the biofilm formation process (Waters and 

Bassler, 2005). The presence of high concentrations of autoinducer leads to interactions with other 

proteins which in turn can influence gene, motility and fimbriae expression (Sturbelle et al., 2015).  

1.2.5 Dispersal 

In the final stage of biofilm formation, bacteria detach from the biofilm and revert to a planktonic 

phase from which the process can repeat again. Single amino acid changes from glutamate to 
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glutamine at position 50 in the protein BdcA isolated from E. coli enhances biofilm dispersal of P. 

aeruginosa through binding of c-di-GMP leading to increased motility and lower rates of extracellular 

polysaccharide production (Ma et al., 2011; Ma et al., 2011). Certain stimuli can encourage the 

detachment of bacteria from the mature biofilm such as enzymatic degradation and as a direct 

consequence of QS signalling pathways because of fluctuations in nutrition content and oxygen 

depletion (Sawyer and Hermanowicz, 1998).   

1.3 Structural components of biofilms  

The composition of biofilm matrices comprises of three typical structures: exopolysaccharides, 

extracellular proteins and extracellular DNA (eDNA).  

1.3.1 Exopolysaccharides 

Biofilms formed by opportunistic pathogens such as P. aeruginosa have been discovered to contain 

three polysaccharides that have been well characterised: alginate, Psl and Pel. Previous research shows 

that through creating mutant constructs deficient in these polysaccharides, alginate has a functional 

role in the viability of cells in biofilms and is dependent on the presence of Psl and Pel as constructs 

which only produce alginate were unable to form biofilms (Ghafoor et al., 2011). Additionally, E. coli 

biofilms contain the exopolysaccharides cellulose, β-1,6-N-acetyl-D-glucosamine polymer and colanic 

acid (CA). CA has previously been shown to have an essential role in formation of the three-

dimensional structure of biofilms through transposon mutagenesis experiments disrupting the wcaF 

gene needed to produce colonic acid (Stevenson et al., 1996). By comparing CA positive and negative 

strains grown in Luria-Bertani broth in polyvinylchloride wells, macroscopic analysis illustrated clear 

differences in the appearance of biofilms through a 45-hour period between the wild type and CA 

defective strain. These results confirm that colonic acid production contributes to biofilm formation 

and when absent affects surface attachment (Danese et al., 2000).  

1.3.2 Extracellular proteins  

In vitro models demonstrate that curli in E. coli can interfere with the classical complement pathway 

in the immune system by binding to proteins and inhibiting their functions (Biesecker et al., 2018). 

Additionally, extracellular proteins such as aminopeptidase in P. aeruginosa PA01 is known to 

contribute significantly to biofilm architecture. Deletion of aminopeptidases leads to increased cell 

death which is consistent with biofilm dispersal through degradative activity of the exopolysaccharide 

matrix by glycosyl hydrolases released from dead bacteria into the biofilm matrix environment (Yu et 

al., 2015; Zhao et al., 2018).    
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1.3.3 eDNA   

Many studies have indicated that eDNA is an essential component required for biofilm formation. 

Whitchurch et al (2002) employed a flow chamber system where fluorescently tagged P. aeruginosa 

was added in combination with minimal media with or without the addition of DNase I. After 3 days, 

channels without DNAase I were covered with high levels of bacteria whereas only a small amount was 

observed with the presence of DNase I. Confocal microscopy results indicated that when medium was 

changed to that containing DNase I at 12, 36 and 60 hours, P. aeruginosa biofilms were dissolved. 

These results confirm that eDNA is required for biofilm formation. Qin et al (2007) showed that the 

atlE gene which codes for an autolysin AtlE in Staphylococcus epidermis is responsible for producing a 

large proportion of eDNA which promotes biofilm formation. Furthermore, studies have demonstrated 

that eDNA generation requires acylhomoserine lactone and Pseudomonas quinolone signalling, flagella 

and type IV pili (Allesen-Holm et al., 2006). There is also evidence that eDNA generation during biofilm 

formation cross-links single cells present in microcolonies contributing to mechanical stability 

(Lappann et al, 2010; Schlafer et al., 2017).  

1.4 Role of horizontal gene transfer in biofilm formation   

Horizontal gene transfer is the exchange of genetic material which has been linked to biofilm formation 

in bacteria. Generally, the rate of horizontal gene transfer is increased in biofilms in comparison to 

planktonic cells (Madsen et al., 2012). Previous data supports this concept by indicating that high rates 

of conjugation between E. coli are observed in biofilms (Hausner and Wuertz, 1999). Results obtained 

by May et al (2010) indicate that the transfer of plasmids during conjugation of pili in E. coli K12 act as 

a mechanism of cell-to-cell interaction. Following conjugation, it is suggested that pili are replaced by 

adhesion factors which aid in preserving biofilm integrity.  

1.5 Effect of shear stress on biofilm formation in dynamic and static 

environments   

Hydrodynamic forces generated by pumps and water jets in hot tubs produce dynamic environments 

which assist in biofilm formation. Biofilm viability is significantly reduced in static compared to dynamic 

environments at 37oC as observed by Santos et al (2019). Other studies demonstrate that E. coli K12 

strains subjected to shear stress encourage colonisation and contain less flagella providing a 

foundation for which more cells can adhere to the surface (Thomen et al., 2017; Wang and Li, 2022). 

This is supported by epifluorescence results obtained by Saur et al (2017) where increases in shear 

stress from 0.09 Pa to 7.3 Pa encourage a higher degree of bacterial attachment with cells aggregating 

as clusters.   
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1.6 Role of phenazines in biofilm formation  

There are several Gram-positive and Gram-negative strains of bacteria including P. aeruginosa which 

can produce nitrogen-containing compounds called phenazines. Phenazines are redox-active 

molecules that participate in electron transport through redox-active reactions which are commonly 

known to influence gene expression, increase biofilm formation and promote bacterial survival 

(Pierson and Pierson, 2010). The most widely studied phenazines in Pseudomonas spp. are pyocyanin, 

pyoverdine and phenazine-1-carboxylic acid. Confocal laser scanning microscopy of P. aeruginosa PA01 

strains mutated in genes that code for production of phenazines demonstrate that biofilm structure is 

drastically affected and is highly dependent on autoinducer and QS molecules such as acyl-homoserine 

lactones (Díaz‑Pérez et al., 2022).  

1.7 Biocide tolerance in gram negative bacteria  

Biocides are classed as chemical substances which kill or control the growth of microorganisms 

(Unamuno, van de Plassche and van der Wal, 2022). Examples of biocides include the use of 

disinfectants for water disinfection (refer to section 1.11). The use of biocides in water disinfection has 

shown increasing concern due to the development of biocide tolerance mechanisms in bacteria. This 

allows bacteria to grow and proliferate contributing further to the spread of antimicrobial resistance 

(AMR) with a higher chance of infection. The number of AMR-related deaths is expected to rise 

exponentially from 700,000 to 10 million by 2050 which surpasses the number of deaths due to cancer 

(O’Neill, 2016). This highlights the importance of relevant studies to elucidate these mechanisms and 

understand how bacteria are able to survive in the presence of biocides.  

Repeated exposure with chloramines which are produced in swimming pools when chlorine reacts 

with ammonia results is linked with increased tolerance in E. coli (Daer et al., 2022). Wastewater 

effluents treated with chlorine at a concentration of 0.5 mg/L show low efficacy in the inactivation of 

E. coli demonstrating high levels of tolerance (Owoseni, Olaniran and Okoh, 2017). In addition, 

tetracycline-resistant E. coli shows higher tolerance to chlorination as the hemi-inhibitory 

concentration which is a measure of survival in the bacterial population increased compared to 

ultraviolet disinfection (Huang et al., 2013). Montagnin et al (2022) tested different disinfectants 

against E. coli and P. aeruginosa to validate the recommended concentrations documented by the UK 

Department for Environment, Food and Rural Affairs’ disinfectant-approval scheme. Differences 

between bacterial strains were observed where P. aeruginosa was more tolerant to chlorine containing 

disinfectants. Therefore, it is necessary to assess the effectiveness of biocides against different 

bacterial strains. Common mechanisms responsible for biocide tolerance include changes in gene 
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expression, horizontal gene transfer and alterations in the structure of the cell membrane (Chen et al., 

2021).  

1.7.1 Changes in gene expression and horizontal gene transfer  

Gram negative bacteria exhibit higher tolerance to biocides due to the presence of an outer membrane 

rich in lipopolysaccharide material which lowers membrane permeability (Slipski, Zhanel and Bay, 

2018). Efflux pump genes such as cepA, qacEΔ1 and qacE have been found to be associated with 

reduced susceptibility to biocides containing quaternary ammonium compounds, dimethanol and 

isopropanol alcohol in multidrug resistant strains of P. aeruginosa (Goodarzi et al., 2021). Amsalu et al 

(2020) showed that there is a link between biocide use and AMR in benzalkonium chloride (BAC) 

tolerant strains of P. aeruginosa resulting in higher levels of the MexAB-OprM efflux pump due to 

mutations in the amino acid residues of regulators MexR, NalC, or NalD. Previous research illustrates 

that mutant strains of E. coli deficient in the fabI gene have lower binding affinity for triclosan leading 

to higher tolerance. This occurs through the activation of enoyl-ACP reductase isoenzymes which have 

functional roles in lipid biosynthesis (Sivaraman et al., 2003). Furthermore, the expression of the fabI 

gene can be increased by 40-fold in triclosan-resistant E. coli strains including efflux pump genes ydcV, 

ydcU, ydcS, ydcT, cysP, yihV, acrB, acrD and mdfA as shown by Zeng et al (2020) in qRT-PCR 

experiments. This is consistent with studies conducted in other gram negative bacteria such as 

Acinetobacter baumannii where fabI and the efflux pump genes adeG, adeJ and adeM displayed a 5-

fold and 2-fold increase in expression following treatment with triclosan (Yu et al., 2020). P. aeruginosa 

are able to survive in the presence of high concentrations of BAC due to changes in gene expression of 

spermidine synthase gene PA4774 which encode for polyamines which bind lipopolysaccharide 

material as a protective mechanism to stabilise the charge on the cell membrane preventing oxidative 

damage (Johnson et al., 2012; Kim et al., 2018). Tolerance to hypochlorous acid (HOCl) has been 

attributed to the presence of the rcsA gene in P. aeruginosa PA01 which encodes an alkyl 

hydroperoxidase D-like protein which functions as an antioxidant. Protein sequence analysis showed 

that amino acid residues such as Cys60, Cys63 and His67 are needed for the degradation of HOCl 

leading to tolerance. The expression of vectors containing the rcsA gene derived from P. aeruginosa 

also results in increased tolerance to HOCl in E. coli K12 suggesting that the transfer of genetic material 

between bacterial strains by horizontal gene transfer promotes bacterial tolerance to HOCl 

(Nontaleerak et al., 2020). Jin et al (2020) discovered that the transformation frequency of plasmids in 

chlorine-injured E. coli and P. aeruginosa can be increased by more than 200-fold. This led to higher 

bacterial survival and facilitated the exchange of genetic elements such as antibiotic resistance genes 

promoting the re-emergence of antibiotic resistant bacteria. Therefore, it can be deduced that chlorine 
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disinfection can increase the rate of horizontal gene transfer within a bacterial population in response 

to oxidative stress. Other literature shows that 3010 complete or fragmented plasmids have been  

found in P. aeruginosa populations which may contain resistance or virulence genes highlighting the 

pivotal role of horizontal gene transfer in biocide tolerance (Freschi et al., 2019).  

1.7.2 Modified structure of the cell membrane  

Gundlach and Winter (2014) showed increased levels of outer membrane protein A and antioxidant 

proteins such as KatG, AhpC and F in E. coli cells treated with HOCl. Further analysis of gene transcript 

levels by qRT-PCR revealed that oxyS and dps genes which are part of the OxyR regulon are highly 

expressed. Interestingly, the oxidation state of the OxyR regulon assessed by thiol trapping needed to 

be partially oxidised. Therefore, induction of the OxyR regulon is responsible for the elevated levels of 

outer membrane and antioxidant proteins leading to HOCl tolerance. Elevated levels of the outer 

membrane porin OmpC have been identified in E. coli suggest that changes in the lipid content limit 

the rate of diffusion of biocides into the cell (Fernández and Hancock, 2012; Ishikawa et al., 2002).  

Further evidence demonstrates that the inner membrane protein YejM in E. coli exhibits phosphatase 

activity with a 100-fold increase in activity in the presence of Mg2+. This suggests that YejM plays a role 

in membrane alteration through direct involvement in the biosynthesis of lipopolysaccharides (Gabale 

et al., 2020).  

1.8 Structural differences in the cell wall of gram positive bacteria  

Gram positive bacteria contain wall teichoic acids (WTA) which are defined as glycopolymers 

containing phosphodiester linked units which are attached covalently to peptidoglycan present in the 

cell wall (van Dalen, Peschel and van Sorge, 2020). The typical structure of WTAs consists of a polymer 

backbone containing a variety of side chain moieties such as D-alanine, glycans or phosphorylcholine 

groups which contributes greatly to structural diversity in WTA structure (Mistretta et al., 2019; van 

Dalen, Peschel and van Sorge, 2020; Waldow et al., 2018). WTAs are known to play essential roles in 

cell metabolism, maintenance of cell shape, biofilm formation, cell division, resistance to antimicrobial 

agents and horizontal gene transfer (Brown, Santa Maria and Walker, 2013; van Dalen, Peschel and 

van Sorge, 2020). Together, the different structural adaptations that WTAs can have and its functional 

roles highlights that gram positive bacteria have evolved over time and are acquiring new mechanisms 

to maintain bacterial survival in response to antimicrobial agents.   
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1.8.1 D-alanylation  

Previously, it has been shown that dltA mutants which are deficient in D-alanine esters attached to 

WTAs result in a 3-fold higher susceptibility to vancomycin treatment. Tolerance to vancomycin can 

only be observed when S. aureus strains undergo complementation with plasmids containing the 

active dltABCD operon which plays an essential role in D-alanine transfer to WTAs in the cell wall of S. 

aureus. The binding capacity of vancomycin to S. aureus was also assessed by reverse phase high 

performance liquid chromatography. Results revealed that in wild type S. aureus, 46% of the added 

vancomycin was bound to cells whereas 61% was bound to dlt mutant strains (Peschel et al., 2000). 

Tolerance to vancomycin and polymyxin B is also shown by other gram positive bacteria such as 

Clostridium difficile which is also attributed to the dlt operon. This was consistent with findings that 

the D-alanine content in the cell walls of dltD mutants are 100-times lower than wild type strains with 

normal levels being restored through complementation with plasmids containing the active dltDABC 

operon (McBride and Sonenshein, 2011). 

1.8.2 Glycosylation   

In methicillin-resistant S. aureus (MRSA), WTAs can be modified by β-O-GlcNAcylation, α-O-

GlcNAcylation or D-alanylation. Brown et al (2012) previously identified a glycosyltransferase enzyme 

which adds β-O-GlcNAc residues to WTAs labelled TarS. High performance liquid chromatography 

showed that when TarS is incubated with poly (RboP)-WTA and UDP-GlcNAC or UDP-Glc, the most 

dominant peak observed is for UDP-Glc. This demonstrated that UDP-Glc is the preferred donor 

substrate used by TarS during the glycosylation process. Further experiments revealed that TarS is only 

able to glycosylate substrates which contain multiple RboP units as polyacrylamide gels showed that 

other intermediates such as CDP-ribitol, ribitol phosphate and lipoteichoic acid could not undergo 

glycosylation under the action of TarS. Complementation using plasmids containing an active form of 

TarS in mutant constructs of MRSA and quadruple time-of-flight mass spectrometry provided 

additional evidence that tarS mutants lack the glycosyltransferase enzyme required to glycosylate the 

WTA where lower m/z ratios were detected. Also, quantitative real-time PCR demonstrated that there 

was 4-fold increase in gene expression levels of tarS. The structure of TarS has been found to exist as 

a trimer with a molecular weight of 200kDa identified through size exclusion chromatography-

multiangle light scattering along with many carbohydrate binding motifs (Sobhanifar et al., 2016). 

Further evidence indicates that MRSA can produce alternative glycosyltransferase enzymes such as 

TarP which are involved in the catalysis of GlcNAc residues onto the hydroxyl group of WTAs which 

decreases immunoglobulin G levels by up to 40-fold in mice (Gerlach et al., 2018). Therefore, the 
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development of TarS and TarP inhibitors is important to prevent the re-emergence of resistance or 

protection against infection.   

1.9 Strains for analysis  

1.9.1 Escherichia coli K12 (E. coli K12) 

E. coli is a fecal indicator of contamination in water distribution systems. In addition, E. coli K12 has 

the ability to form biofilms on pipe walls which are a reservoir for pathogens in hot tub systems 

highlighting the importance of regular sanitation (Liu et al., 2014). Proteomic and spectrometry 

methods have proposed mechanisms by which E. coli K12 confer tolerance to disinfectants. This occurs 

as a result of upregulation of outer membrane proteins involved in membrane permeability and 

structural integrity conveying that changes in protein expression lead to export of biocides and 

reduced permeability in the outer membrane for subsequent uptake into bacterial cells (Zhang et al., 

2011). Q-PCR experiments conducted by Lu et al (2014) reveal a method for detection of E. coli K12 on 

pipe biofilms. This provides increasing concern that E. coli K12 may form biofilms in the pipes of hot 

tubs. Therefore, the use of the E. coli K12 strain in this study was of great importance.  

1.9.2 Pseudomonas aeruginosa PA01 (P. aeruginosa PA01)  

Pseudomonas aeruginosa is a gram-negative bacterium found in water and soil which is commonly 

associated with lung infections in cystic fibrosis patients as well as bloodstream, respiratory and 

urinary tract infections (Bhagirath et al., 2016; CDC, 2012; Newman et al., 2022; Zhao et al., 2020). 

Specific locations in hot tubs where high levels of biofilm are found include gutter drains, jets and 

strainer baskets. Regardless of high disinfection levels, 96% of P. aeruginosa strains resistant to 

common antimicrobial agents and antipseudomonal drugs have been found in hot tubs and swimming 

pools (Lutz and Lee, 2011). In addition, exposure to chlorine disinfectants has been shown to cause 

resistance in Pseudomonas populations by the activation of oxidative stress responses in which 

antioxidant enzymes are upregulated, limiting the extent to which oxidative damage can occur (Jin et 

al., 2020; Tong et al., 2021). This highlights the demand for sanitation products which can overcome 

problems associated with AMR. As a result, P. aeruginosa PA01 is a relevant bacterium of study.  

1.10 Enzymes in water sanitation and biofilm removal  

Enzymes are the catalysts of chemical reactions in biological systems which are commonly used within 

the water treatment industry due to their ability to degrade organic pollutants. The basis of enzyme 

action revolves around the induced fit model where upon binding of a substrate, the shape of the 

active site present on enzymes is altered to adopt a complementary formation allowing cleavage of 
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chemical bonds within molecules (Berg et al., 2015). The rate at which enzymes can speed up a 

chemical reaction is dependent on pH and temperature where optimum conditions enhance enzyme 

activity (Robinson, 2015). Therefore, enzymes are an attractive option for use in water treatment 

systems for sanitation and biofilm removal. Enzymes have been produced with optimal protease, 

amylase and lipase activity at pH 6 at 37oC and have been reported to cause removal 99% of pathogens 

making them useful tools in water treatment applications (Arun and Sivashanmugam, 2015; Arun and 

Sivashanmugam, 2017).  

1.10.1 Proteases 

Proteases digest proteins by hydrolytic reactions using the additional of water to cleave peptide bonds 

in molecules. Most proteolytic enzymes are sourced from Bacillus spp. and their sanitising potential as 

single enzyme preparations is known to be effective (Puspitasari, 2010). Alkaline proteases have pH 

stability at values from 7 to 12 with 135.8% of residual activity maintained at optimum pH of 11 and 

are stable at temperatures from -10 to 80oC where activity is not hindered by the presence of 

surfactants or detergents (Beena et al., 2012; Beena, 2014). In addition, Zhang et al (2022) illustrate 

that exposure to a protease containing enzyme preparation causes lower molecular weight of proteins 

detected by gel electrophoresis in the presence of water-softening agents.  

1.10.2 Amylases  

The functional role of α-amylases is to catalyse the cleavage of α-1,4-glycosidic linkages in starch and 

glycogen. α-amylases are derived from Bacillus and Aspergillus spp and have been known to be 

effective in water treatment applications. Using combination enzyme treatments of protease and α-

amylase can successfully remove E. coli biofilms by 78% after treatment for 2h at 37oC (Jee et al., 2020). 

Furthermore, the effect of α-amylases on P. aeruginosa causes dispersal of biofilms by degrading 

carbohydrates present in the EPS leading to significantly reduced thickness of biofilms by more than 

56% (Kalpana et al., 2012).  

1.10.3 Lipases  

Lipases comprise of a group of enzymes which degrade triacylglycerols into free fatty acids and 

glycerol. Various sources of lipases include Aspergillus and Penicillium spp. Lipase activity can be 

detected in samples containing ethyl butyrate as a substrate with a water activity of 0.33-0.75, a term 

used to describe the level of unbound water which determines the reaction rate of an enzyme 

(Chowdary and Prapulla, 2002). Lipases transferred onto polymer surfaces containing E. coli revealed 

a 7 times and 5 times reduction in carbohydrate and biofilm protein content which was supported by 

changes in the amount of lactate dehydrogenase being released (Prabhawathi et al., 2014). 
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1.11 Typical water sanitation products and their detection 

1.11.1 Chlorine  

The hot tub chlorine granules used in this project contain the active compound sodium 

dichloroisocyanurate (NaDCC) shown in Fig. 1.2A. NaDCC is the sodium salt of a chlorinated cyanurate 

frequently used as a source of HOCl and free available chlorine (FAC) for water disinfection (Wahman, 

2018). FAC is defined as the oxidising power of chlorine in a compound and is reported as a percentage 

(Pinto and Rohrig, 2003). The level of FAC in the dihydrate form of sodium dichloroisocyanurate 

recorded by the manufacturer of the chlorine granules is 55.10%. In comparison to sodium 

hypochlorite, the active component in bleach, NaDCC is advantageous in terms of stability since 

previous data shows that the level of available chlorine can be maintained for up to 40 months when 

stored in a dry environment (Coates, 1987).   

When NaDCC comes into contact with water, it undergoes a hydrolysis reaction which leads to the 

liberation of FAC where various equilibrium reactions exist between six chlorinated and four non-

chlorinated compounds (Fig. 1.2B).  

 

 

 

 

 

 

Figure 1.2. Chemical structure of sodium dichloroisocyanurate shown in A (Wahman, 2018) and model 

for hydrolysis of chlorinated cyanurates in drinking water (B). Equilibrium reactions are observed 

between six chlorinated and four non-chlorinated compounds with chlorine being released as 

hypochlorous acid (HOCl) or hypochlorite ions (OCl-). Highlighted in grey are typical cyanurate 

containing species expected in drinking water conditions (Wahman et al., 2019).  

The levels of total available chlorine, temperature, pH and equilibrium constant values are determining 

factors in the concentration of each species (Kuznesof, 2004). Figure 1.3 illustrates the effect of pH on  

A B 
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the level of different chlorine species. Low pH values result in hydrolysis of nearly all Cl2 whereas raising 

the pH higher than 4 causes degradation of HOCl into OCl- (Deborde and Gunten, 2008).  

 

 

 

 

 

 

 

 

Figure 1.3. Distribution of chlorine species as a function of pH at 25oC (B). Optimal activity is observed 

around pH 7.4 where deviations in pH lead to subsequent breakdown of chlorine species (Deborde and 

Gunten, 2008).  

Clasen et al (2007) carried out randomised controlled trials giving half of households NaDCC tablets to 

treat drinking water and the other half a placebo. Routine sampling of water illustrated a considerable 

difference between the coliforms of bacteria found between treatment groups where no bacteria was 

detected in 61.7% of samples taken from households using NaDCC tablets. The use of NaDCC at a 

concentration of 200ppm has been shown to cause a log reduction greater than 1.95 in coliforms of E. 

coli after 15 minutes of exposure (Nascimento et al., 2003). Zhang and Hu (2012) used a combination 

treatment of P. aeruginosa phages and sodium hypochlorite to investigate their effects on biofilms and 

found that 88% of biofilms were removed. Chlorine disinfection has also proven effective against 

Legionella biofilms developed on galvanised steel and polyvinyl chloride with a reduction rate of 2.8 

log10 after exposure to 150 mg/L of chlorine (Assaidi et al., 2020). String et al (2020) revealed that 

higher reductions in levels of bacteria were observed when surfaces were sprayed with chlorine in 

comparison to wiping highlighting the need for surfaces to be wetted to obtain optimal disinfection.    

There are various methods used to measure the levels of FAC in water samples. The simplest method 

is the use of test strips which are placed into water samples and compared against a standard colour 

chart. Test tube kits are also used where vials are filled with sample and reagents followed by 

comparison to standard charts. Murray and Lantagne (2015) examined different methods of measuring 

FAC using colorimeters, test tube kits and test strips. Results found that test strips are associated with 
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high probability of error accounting for 32% of false negatives and 43% of false positive outcomes. 

Using test strips is disadvantageous since they can be difficult to read by eye and are subject to 

interpretation making them a less reliable option for measuring FAC in water samples.  Another option 

is to use electronic meters such as colorimeters to measure absorbance at specific wavelengths 

dependent on colour intensity. N,N–diethyl–p–phenylenediamine (DPD) testing and amperometric 

titration is applied in routine water testing since there is a direct reaction with free chlorine (Wahman, 

Alexander and Dugan, 2019). DPD testing is colorimetric where a coloured reagent is indicative of the 

concentration of FAC (Moberg and Karlberg, 2000) whereas amperometric titration utilises 

phenylarsine oxide which undergoes a chemical reaction with the sample and is measured by 

reductions in current (Hernlem and Tsai, 2000). Iodometric titration utilises potassium iodide and an 

indicator such as starch solution which absorbs any iodine that is released. This results in a colour 

change from dark blue to colourless following titration with sodium thiosulphate which resembles the 

end point of the titration. As a result, the level of iodine released is indicative of the FAC levels present 

(Rajachar et al., 2021; Saberi et al., 2019).  

There is no set equation used to calculate FAC levels since each method uses a different detection 

method such as changes in current or through colorimetric methods. However, the way in which FAC 

can be calculated as shown in the following equation:  

FAC = TC – CAC  

where TC represents total chlorine and CAC represents combined available chlorine. Total chlorine is 

defined as the sum of free chlorine and combined available chlorine. Combined available chlorine is 

the amount of chlorine available following the disinfection process (Patterson, 2020).  

Furthermore, addition of disinfecting agents to water also leads to the possible formation of 

disinfection by-products (DBP) of which the most prevalent class are trihalomethanes (THMs). THMs 

include chloroform, bromodichloromethane, dibromochloromethane and bromoform. There are 

major concerns regarding the formation of THMs since previous research has linked exposure to THMs 

with heightened risk of rectal cancer, bladder cancer and negatively impacts on the male reproductive 

system (Bove et al., 2007; Villanueva et al., 2004; Zeng et al., 2016). THMs are known to be associated 

with the addition of chlorinated disinfectants (Kristensen et al., 2010) with chloroform being found in 

80% of samples isolated from recreational waters. This suggests that regular dosing of chlorine results 

in increasing levels of THM formation (Stack et al., 2000). Therefore, it is important to monitor the 

levels of chlorine present in water systems.   
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Determination and quantitation of cations and anions in water samples is routinely performed using 

ion-exchange chromatography (IEC). IEC quantifies ionic species in response to interactions with an 

analytical column which is composed of a polymeric resin. Cations and anions are separated based on 

their retention time, a term used to describe the amount of time taken for an analyte to pass through 

a column. Common anions detected are chloride, fluoride, bromide, nitrate, sulphate and phosphate 

as well as oxyhalide anions chlorite and chlorate (Paun et al., 2020). As previously described, the use 

of chlorine containing disinfectants can lead to DBPs such as chlorite and chlorate of which anion levels 

must be monitored. Chlorite and chlorate are generated following disinfection with chlorine dioxide 

and sodium hypochlorite (Veschetti et al., 2005) with studies showing an association of chlorite 

exposure with haemolytic anaemia (Hulshof et al., 2019).  

Figure 1.4 illustrates a schematic of the apparatus which make up the ion chromatography system. The 

first component of IEC is the eluent, a liquid which aids the separation of ions which is pushed through 

the system by a pump which operates at high pressure. Then, the sample of interest is injected 

manually with a syringe or through automated controls. The pump is able to push the eluent and 

sample through an analytical column where ion exchange occurs. Often, guard columns are fitted in 

order to eliminate contaminants that could interfere with measurements. As sample ions migrate 

through the analytical column, they are separated due to their contact with ion exchange sites before 

passing through a suppressor. Suppressors are advantageous since they increase analyte response and 

reduce background signals significantly. The final stage involves electrical conductance of sample ions 

by a conductivity detector which generates a signal on a chromatogram which is relayed to a data 

collection system for data visualisation.  

 

 

 

 

 

 

 

Figure 1.4. Components of ion chromatography systems. The eluent and sample is pushed through the 

system by pumps operating at high pressures before being separated on analytical col umns and being 

detected by a data analysis software to create a chromatogram (Thermo Scientific, 2016).  
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1.11.2 Bromine  

Bromine is an alternative option to using chlorine which does not exhibit a strong smell, is less irritant 

to skin and is effective at a wider range of pH levels. However, it has higher costs compared to chlorine 

and is broken down at a faster rate on exposure to sunlight requiring the addition of more product to 

compensate for its breakdown (Patterson, 2019).  

When bromine is added to hot tubs and swimming pools it exhibits a similar process to the reactions 

described with using chlorine. Instead, hypobromous acid (HOBr) and bromide is formed as products 

of the reaction. Ammonia can react with HOBr resulting in bromamines. Bromamines are known to 

have a higher sanitation efficacy due to its hydrolysis equilibrium being favoured more towards the 

formation of HOBr than that of chloramines which results in low levels of HOCl. In addition, bromine 

is more effective at higher pH levels as HOBr ionises to a lower extent compared to HOCl at pH 8.7 

(Water Technology, 2015).  

El-Athman et al (2021) showed that HOBr and HOCl exhibits similar disinfection efficacy against E. coli, 

P. aeruginosa, S. aureus and E. faeceium. Schmidt et al (2012) employed a wash method by spraying 

HOBr at concentrations of 220ppm and 500ppm on cattle hides obtained after slaughtering. At the 

concentrations tested, the prevalence of E. coli O157:H7 was reduced by more than 10% whereas this 

value was greater than 20% for Salmonella. Plate counts illustrated that applying 500ppm of HOBr to 

cattle hides can cause a 3.3 log reduction in colony forming units. These findings have been replicated 

in other literature described by Owens (2011) where the high efficacy of hypobromous acid on 

pathogen reduction has been shown. Lim et al (2012) treated lettuce inoculated with E. coli, Salmonella 

typhimurium and Staphylococcus aureus with sodium hypochlorite alone and in combination with 

HOBr. Their findings demonstrate that HOBr treatment can extend biocidal activity for longer periods 

of time since sodium hypochlorite treatment alone showed increased populations of bacteria which 

was suggested to be due to chlorine loss over the study period of 10 days.  

1. 12 Active Oxygen 

Since there are health risks associated with both chlorine and bromine, the use of Active Oxygen 

substances for sanitation has been a field that has been gaining attention in a variety of research areas. 

It is an attractive option as it is odourless and does not cause irritation to the eyes and skin. Active 

Oxygen species is a term used to describe chemical species that originate from oxygen molecules but 

exhibit more reactive characteristics (Murphy et al., 2022). Often such compounds are also referred to 

as reactive oxygen species. Several Active Oxygen species have been identified such as singlet oxygen, 

superoxide anion, hydroxyl radicals and sulphate radicals (Fig. 1.5). Common examples of active 

oxygen-containing substances include hydrogen peroxide and ozone.   
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Figure 1.5. Overview of Active Oxygen species. Created with BioRender.com.  

Ozone contains an additional oxygen atom in its chemical structure which allows it to react with other 

organic compounds making it a strong oxidant. In response to reacting with an organic compound, it 

can facilitate breakdown and exhibit biocidal activity. The use of ozone generators has proven 

successful in the eradication of E. coli and P. aeruginosa levels as evidence has showed no colony 

forming units detected after ozone treatment (Fontes et al., 2012). As a result, Active Oxygen has 

widespread applications in refrigerators, washing machines and dental applications (Cunha et al., 

2019; Sheridan, 2016).  

1.12.1 Singlet oxygen  

Proposed mechanisms regarding inactivation of planktonic E. coli cells in the dark have been previously 

documented using photoactivated singlet oxygen. A method known as singlet oxygen priming has been 

put forward which involves reactions with an alkene surfactant leading to the formation of hydrogen 

peroxides and subsequent production of peroxide radicals which encourage disinfection. E. coli cells 

pre-treated with singlet oxygen are positively correlated with biocidal activity and increasing levels of 

hydrogen peroxides being detected over a 1h period. This gave speculation that there may be 

interactions between the light and dark processes where the presence of singlet oxygen leads to the 

priming which occurs through removal of hydrogen ions and radical formation (Jabeen et al., 2020). 

Photosensitisers which absorb visible light and induce the formation of Active Oxygen species via the 

movement of electrons also play a role in the loss of viability of P. aeruginosa PA01 cells grown in 

glucose minimal media. P. aeruginosa stains harbouring a mutation in the phzA1 gene involved in 

phenazine synthesis have been found to exhibit higher levels of viable bacteria compared to other 

mutant strains and controls in response to photosensitisers. This indicates a possible role of phenazine 

pigments in adopting a protective mechanism against singlet oxygen leading to survival (Orlandi  et al., 

2015).  

1.12.2 Superoxide anion  

The antibacterial activity of the antioxidant astaxanthin has been demonstrated against E. coli and P. 

aeruginosa strains grown in Mueller-Hinton broth. Measurement of superoxide anions indicated that 

astaxanthin caused elevated levels of superoxide anions in comparison to cells treated with dimethyl 

sulfoxide which resembled the same effect in cells treated with common antibiotics (Aribisala et al., 
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2021). Sviridova et al (2021) utilised two luminescent biosensors based on E. coli K12 which contain a 

recombinant plasmid with the lux operon fused with promoters of the soxS and colicin colD gene. 

Results found that the antimicrobial compound dioxidine was able to stimulate the SOS response in 

relation to DNA damage as high levels of luminescence were detected which is reliant on the 

concentration of superoxide anion in cells. Electrophoretic analysis revealed that DNA degradation is 

positively correlated with increasing dioxidine concentration which was reduced when cells were 

treated with antioxidants. This illustrated that superoxide anion radical formation was responsible for 

loss of viability in response to increasing concentrations of dioxidine since antioxidants dampen the 

induction of the SOS response leading to fewer superoxide anion radicals being generated. Similar 

results have been replicated by Ajiboye et al (2017) showing consistent decreases in optical density, 

viability of E. coli and P. aeruginosa and higher levels of DNA degradation following exposure to 

protocatechuic acid. Treatment also caused levels of superoxide anions of both strains to rise by 12.44 

and 27.34-fold as well as inhibition of components of the electron transport chain. Therefore, these 

results indicate that protocatechuic acid stimulates the formation of superoxide anions in E. coli and 

P. aeruginosa by mechanisms involving DNA fragmentation and lipid peroxidation which results in 

bacterial cell death.  

1.12.3 Hydroxyl radicals  

Hydroxyl radicals can be formed from hydrogen peroxide via catalytic reactions with transition metal 

ions (e.g. Fe2+ and Fe3+) or as a result of radiation (Halliwell et al., 2021). Wang et al (2022) concluded 

that hydrogen peroxide exhibits antibacterial activity against E. coli by undergoing a radical 

propagation reaction generating hydroxyl radicals. The ability to oxidise methylene blue was strongly 

associated with levels of Fe3+ due to reduction reactions to Fe2+. This suggested that the change in 

oxidation state from Fe3+ to Fe2+ was attributed to oxidation of E. coli cells which caused reductions in 

viability and cell damage. Interestingly, mutational defects in the superoxide dismutase enzyme (SOD) 

which converts superoxide anions into peroxide show that E. coli have protective mechanisms which 

allow them to evade cell death when treated with quinolone antibiotics. This indicated that due to the 

inability of SOD to convert superoxide anions in peroxides, accumulation of superoxide anions 

dominated the protective effects which are observed in response to mutations in the SOD enzyme 

(Wang and Zhao, 2009). Suspension tests conducted by Boateng et al (2011) demonstrate potent 

antibacterial activity of hydrogen peroxide against E. coli and P. aeruginosa in the presence of iron 

catalysts  achieving log reductions of 4.76 and 5.59 following treatment after 1h. Additionally, exposing 

E. coli to hydrogen peroxide and incubating for 24h displays antibacterial activity (Khurshid et al., 

2019). Recent literature has investigated the effects of hydroxyl radicals on bacterial gene expression 

of PA01 strains of P. aeruginosa. Ultraviolet induced activation of hydrogen peroxide caused a 33.914-
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fold change in expression level of the PA3237 gene in comparison to controls. Further experiments 

using a radical scavenger tert-butanol to inhibit oxidation processes revealed that higher expression 

levels of the PA3237 gene were linked to hydroxyl radical formation since its presence diminished 

expression levels (Aharoni et al., 2018).  

1.12.4 Sulphate radicals    

The antibacterial effect of sulphate radicals on E. coli has been widely investigated. Peroxydisulfate 

(PDS) is effective at inactivating E. coli K12 through sulphate radical formation in the presence of Fe2+ 

when applied at concentrations with a molar ratio 1:5 of Fe2+ to PDS. Supporting evidence shows that 

addition of PDS at a concentration of 9.10-5 M combined with light, heat and Fe2+ activator significantly 

enhances complete killing of E. coli which was achieved within 1h (Marjanovic et al., 2018). In PDS 

systems combined with ultraviolet in PBS solutions at pH 7, sulphate radicals are one of the most 

dominant species produced which has been shown to cause a 5-log reduction in E. coli (Sun et al., 

2016). Further evidence demonstrates that sulphate radicals lead to the loss of E. coli cell viability five 

times faster than that seen with hydroxyl radicals. This suggests that sulphate radicals may react with 

components located on the surface of E. coli cell membranes in order to elicit their killing action 

(Wordofa et al., 2017). Optimal antibacterial activity of peroxymonosulphate (PMS) against E. coli and 

P. aeruginosa following exposure to ultraviolet radiation is observed at 0.5 mmol/L causing 5-log 

reduction within 15 minutes of treatment (Berruti et al., 2021). This adds further evidence of the 

biocidal activity of PMS due to the generation of sulphate radicals. Activation of PDS following 

exposure to visible light causes a 4.5-log reduction in P. aeruginosa and complete inactivation of E. coli 

within 120 minutes. Mechanistic studies involving measurement of SOD and catalase (CAT) levels show 

that at the start of bacterial inactivation, biocidal activity progresses slowly whereas SOD and CAT 

activity sharply increases which acts as a host bacterial cell defence system against damage. Towards 

the later stages of bacterial inactivation, there is a decline in SOD and CAT activity which is concurrent 

with enhanced disinfection indicating that the high levels of sulphate radicals being produced surpass 

the protective mechanisms exhibited by the defence system leading to subsequent death of cells 

(Wang et al., 2019). Recent development of synthetic gels in the presence of PMS and visible light has 

led to loss of viability of E. coli which is attributed to the generation of Active Oxygen species confirmed 

by radical scavenger assays (Karbasi et al., 2020).  

 

 



22 
 

1.13 Pentapotassium peroxymonosulphate 

The Active Oxygen sanitiser tablets used in this project contain the active compound pentapotassium 

peroxymonosulphate (KMPS) which is shown in Fig. 1.6.  

 

 

 

 

 

 

 

 

 

Figure 1.6. Chemical structure of KMPS (Kim et al., 2021).  

When KMPS comes into contact with water, it causes a peroxymonosulphate ion to generate a hydroxy 

radical and sulphate ion radical which is shown in equations 1-4 (Fig. 1.7). These radicals can be formed 

from other Active Oxygen species such as organic peroxyacids, hydrogen peroxide or PDS (Kennedy 

and Stock, 1960).   

 

 

 

    

 

Figure 1.7. Formation of hydroxyl and sulphate radicals following the use of KMPS (Kennedy and 

Stock, 1960).  

KMPS is the active antimicrobial agent in the common disinfectant Virkon. Virkon at 1% concentrations 

are effective against E. coli and P. aeruginosa after 5 minutes of exposure causing log reductions 

greater than 5 (Hernndez et al., 2000). Previous literature shows that Virkon solutions at 1% are able 

to eradicate E. coli and P. aeruginosa within 30 seconds whereas at 0.5% concentration, 15 minutes is 



23 
 

required to kill both bacteria (Chakraborty et al., 2014). E. coli and P. aeruginosa have been identified 

in over 95% of water samples in a study conducted by Kamal et al (2019) which have been discovered 

to express chlorine resistance. Results showed that the addition of KMPS was able to kill E. coli and P. 

aeruginosa within 15 minutes of exposure in comparison to other disinfecting agents such as 

quaternary ammonium compounds where only 3 out of 19 chlorine resistant strains were killed. KMPS 

causes a 2-log reduction and 4-log reduction in E. coli colony counts in combination with cobalt after 

1h of exposure (Anipsitakis et al., 2008). In addition, at recommended concentrations and at 

concentrations down to 0.125x more dilute, Kunanusont et al (2020) revealed that although there were 

no marked differences in E. coli colony counts, longer incubation times were required in order to 

achieve the same killing effect. Moslehifard et al (2015) inoculated dental stone casts with bacteria 

and after exposure to 1% Virkon, demonstrated complete killing of P. aeruginosa.    

There are a limited number of studies that discuss the effect of temperature on the ability of PMS to 

remove organic contaminants. Ji et al (2016) revealed that addition of PMS in the presence of 

tetracycline was not able to facilitate breakdown. This was only observed when heat was applied at a 

temperature of 50oC with aqueous solutions at pH 4 and 7. This suggests that subjecting PMS to higher 

temperatures stimulates the generation of sulphate radicals. Similarly, Zhou et al (2019) used a 

temperature range of 30-60oC and showed that the effect of increasing temperature promotes the 

decomposition of PMS leading to higher levels of sulphate radicals being formed. The influence of pH 

on PMS has not been discussed widely in research. Available literature gives insight that increasing pH 

from 8 to 10 causes increased degradation of chemical pollutants due to elevated rates of PMS 

photolysis leading to marked increases in hydroxyl and sulphate radical levels (Guan et al., 2011).  

1.14 Aims and objectives   
 

Eco3spa has designed an environmentally friendly water treatment product for the hot tub sector 

which is a 3-step product consisting of a hot tub cleaner for biofilm remover as well  as Active Oxygen 

sanitiser tablets and water conditioner which are to be used in combination with each other. The 

manufacturer instructions state using the hot tub cleaner first to remove biofilms followed by two 

sanitiser tablets with the water conditioner for optimal sanitation. For subsequent sanitation of the 

hot tub, one tablet of Active Oxygen is added to the water.  

Previous research has revealed that the Active Oxygen sanitiser tablets are effective over a set pH 

range which do not lose their biocidal activity even in the presence of the water conditioner. In 

addition, the product produced results relative to the use of chlorine at the recommended 

concentrations for hot tub sanitation (Karagianni, 2022). Following these results, the company wanted 
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to assess how quickly the Active Oxygen sanitiser tablets kill bacteria and for how long they remain 

active in the water. In regards to the water conditioner, attempts were made to isolate the protein 

present but protein quantification procedures did not show the presence of any protein.  

Therefore, this current project aimed to answer the following questions using Eco3spa’s products: 

• What is the time dependency of the Active Oxygen sanitiser tablets? 

• How long do the Active Oxygen sanitiser tablets remain active in the water after differing periods 

of time? 

• What Active Oxygen species are present in the Active Oxygen sanitiser tablets? 

• What chlorine species are present in the chlorine granules?  

• What effect does pH have on the sanitising efficacy of the Active Oxygen tablets and how does 

this differ from the use of chlorine? 

• Does the water conditioner contain active enzymes contributing to water sanitation? 

1.15 Impact on research 

Due to ion chromatography experiments being conducted for the first time and only towards the later 

stages of the project, experiments were performed under N=1 conditions. Also, further delays were 

experienced for lab reoccupation following fire and water damage to the building and chemical 

engineering labs. Therefore, IEC training could only be taken once labs were fully reinstated with 

equipment fully tested and validated prior to other users being given access. In addition, since this was 

a one-year project, biofilm removal experiments could only be conducted on both strains at 37oC to 

best represent the usage of the products at operating temperatures of the hot tub.  
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Chapter 2: Materials and Methods  
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2.1 Media composition  

Table 2.1. Media used in this study  

Medium   g/L  

Luria-Bertani (LB) Casein Digest Peptone  10 

  Yeast extract 5 

  NaCl 5 

  Agar  15 (only for solid media) 

      

Minimal media (M9) Na2PO4 33 

  KH2PO4 15 

  NH4Cl 5 

  NaCl 2.5 

  MgSO4 2 

  Glucose  20 

  CaCl2 0.1 

 

2.1.1 Media preparation  

LB broth and agar  

To make LB broth, 20g of LB Broth powder (Melford) was added to 1 litre of distilled water in a 1L 

sterile glass bottle. The bottles were then autoclaved at 121oC for 15 minutes. To make LB agar, 10g of 

Lennox L Broth powder was added 500ml of distilled water in a 1L sterile glass bottle. This was followed 

by adding 7.5g of agar (Sigma-Aldrich) and autoclaving the solution at 121oC for 15 minutes. The media 

was then poured into a series of 90mm sterile petri dishes and allowed to solidify in a preparation flow 

hood at room temperature for 20 minutes. Once solidified, the plates were placed in autoclavable 

plastic bags and kept in a cold room set at 4oC. Plates were used within a week of preparation.  

M9 Minimal media  

56.4g of M9 Sigma-Aldrich UK minimal salts (5X) was added to 1 litre of distilled water and dissolved. 

Following sterilisation, 400μl of 1M MgSO4 was added to 40ml of M9 minimal salts and 156ml distilled 

water and autoclaved at 121oC for 15 minutes. Then, 4ml of glucose 20% and 20μl of CaCl2 was added 

aseptically to create total volume of 200ml.  

2.2 Buffers and dyes  

Live-Dead staining 

For live-dead staining procedures, SYTO 9 (Invitrogen, S34854, 5 mM) and Propidium iodide 

(Invitrogen, L7012, 20 mM) were used. For 200μl of samples from biofilm prevention assays, 0.6μl of 
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SYTO 9 and propidium iodide were added to microtiter wells and thoroughly mixed. Then, the 

microtiter plate was covered in foil and incubated in the dark for 15 minutes. Then, 10μl samples were 

pipetted onto a microscope slide and viewed using a Zeiss fluorescent microscope (schematic shown 

in Fig. 2.1). Alexa Fluor 488 and Rhodamine Red-X were the fluorescent filters used which are described 

in Table 2.2. Zen 3.1 software was used for data analysis and images were captured using an Axiocam 

MR R3 camera for fluorescent images and an Axiocam 503 camera for light microscopy images.   

Table 2.2. Excitation and emission wavelengths of fluorescent filters 

Filter  Colour  Excitation/Emission wavelength (nm) 

Alexa Fluor 488 (AF488) Green  494/517 

Rhodamine Red-X (RhReX) Red 573/591 

 

Figure 2.1. Schematic of the fluorescent staining process using SYTO 9 and propidium iodide. Created 

with BioRender.com.  

Phosphate buffered saline (PBS) 

PBS is a liquid based salt solution consisting of sodium phosphate and sodium chloride with a pH of 

7.25. The composition of PBS (Melford) was Potassium phosphate (monobasic) 0.14g, Sodium chloride 

9g and Trisodium phosphate 0.795g. To make a 1x PBS solution, one tablet weighing 1.033g was 

dissolved in 100ml distilled water followed by autoclaving at 121oC for 15 minutes.  

Crystal violet solution (0.1% w/v) 

0.1g of crystal violet powder (Sigma-Aldrich UK) was dissolved in 100ml of distilled water in a glass 

bottle. The solution was then shaken to ensure thorough mixing, wrapped in tin foil and stored away 

from light to prevent the risk of photodegradation.  
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MOPS-SDS Running Buffer  

To prepare 500ml of 20x MOPS SDS Running Buffer (50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM 

EDTA, pH 7.7), 104.6g of MOPS, 60.6g of Tris Base, 10g of SDS and 3g of EDTA was dissolved in 400ml 

of distilled water. The volume was adjusted with distilled water to reach a final volume of 500ml. 

Before electrophoresis, the buffer was diluted to 1x with water.  

Coomassie stain 

For staining of protein gels, 0.5g of Coomassie Brilliant Blue R-250 was dissolved in 400ml distilled 

water followed by 500ml methanol and 100ml glacial acetic acid.  

Coomassie gel destaining solution 

To prepare the destaining solution, 400ml of distilled water was added to a 500ml glass bottle followed 

by 50ml of glacial acetic acid (Fisher) and 50ml of methanol (Fisher). This gave a solution with 

concentration 10% acetic acid : 10% methanol v/v.   

2.3 Protein assays  

2.3.1 Enzymes  

The water conditioner product (Product 2) is stated to contain protease, amylase and lipase enzymes. 

Therefore, the following enzymes were purchased from Sigma (Table 2.3).  

Table 2.3. Enzymes used including origin and protein activity 

Enzyme  Origin  Protein activity  

Protease Bacillus amyloliquefaciens ≥ 0.8 U/g 

Lipase Aspergillus oryzae ≥ 20,000 U/g 

α-Amylase  Aspergillus oryzae ≥ 800 FAU/g 

 

2.3.2 Bicinchoninic Acid (BCA) and Bradford assays  

In order to quantify the concentration of protein within commercial enzyme solutions e.g. water 

conditioner, two colorimetric protein assays were performed. The Pierce Bicinchoninic Acid (BCA) 

protein assay kit (ThermoFisher, 23225) and Bradford Assay (Biorad, 5000202) were used for protein 

quantification. In each protein assay, bovine serum albumin standards were prepared from a stock at 

concentration 2000 μg/ml in accordance with manufacturer instructions to generate a standard curve.   
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2.3.3 Protein precipitation  

2.3.3.1 Acetone precipitation  

For acetone precipitation procedures, 50μl of water conditioner was added to a microcentrifuge tube 

followed by 200μl of cold acetone. The tubes were vortexed and incubated at -20oC for 30 minutes. 

The tubes were then centrifuged at 17,000 x g for 10 minutes and the supernatant was removed. In 

order to allow any remaining acetone to evaporate, the tubes were left at room temperature with the 

lid open for 30 minutes. Then, 50μl of ultrapure water was added to each tube and vortexed to dissolve 

any protein pellets.  

2.3.3.2 Trichloroacetic acid (TCA) precipitation  

For TCA precipitation, 50μl of water conditioner was added in a microcentrifuge tube followed by 450μl 

ultrapure water, 100μl sodium deoxycholate (Sigma) and 100μl of trichloroacetic acid 72% v/v (Fisher). 

Tubes were incubated at room temperature for 10 minutes before centrifugation at 17,000 x g for 10 

minutes. A protein pellet was formed and the supernatant removed. The protein pellet was 

resuspended in 200μl of 5% Sodium dodecyl sulphate (SDS) in 0.1M Sodium hydroxide (NaOH) and 

vortexed thoroughly to dissolve the protein pellet. 

2.3.4 Ultrasonic bath  

In order to thoroughly mix the contents of the water conditioner, the Fisherbrand™ 11203 Series 

Advanced Ultrasonic Cleaner was used. Samples of water conditioner were transferred to a 25ml 

plastic container. The container was placed in a 100ml beaker filled with distilled water. The ultrasonic 

bath was filled with distilled water and the water conditioner was incubated at a temperature of 30oC 

for 90 minutes using the pulse setting.   

2.3.5 Freeze-drying 

In order to further precipitate proteins from the water conditioner, freeze drying procedures were 

carried out using a Modulyo freeze dryer. Samples of water conditioner were placed into 50ml Falcon 

tubes and stored in a -80oC fridge until frozen. The following day, tubes were wrapped in foil and placed 

in a pipette box for transportation. Samples were placed under a bell jar in a plastic beaker with the 

vacuum pump was turned on and air valve tightened. Samples were left to freeze dry for 2 days (Fig. 

2.2).   
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Figure 2.2. Components of the Modulyo freeze dryer. The air valve (circled) was tightened (A) and 

samples were placed under a bell jar (B) before turning on the vacuum pump (C) to initiate the freeze-

drying process (Chau, 2022).  

2.3.6 Protein gel electrophoresis  

Novex Nupage 10% Bis-Tris Gels from ThermoFisher were used along with the MOPS-SDS running 

buffer with a final pH of 7.7. The protein ladder used to quantify the amount of protein was the 

PageRuler Prestained Protein Ladder 10 to 180kDa (Thermo Scientific, 26617). The XCell SureLock™ 

Mini-Cell apparatus was used for gel electrophoresis in accordance with manufacturer instructions. 

For analysis of the water conditioner, 150mg of freeze-dried product was added to 1ml dH2O and 

vortexed thoroughly. A small volume of each sample (Table 2.4) was added to a microcentrifuge tube 

followed by 4.2μl loading dye, 2μl 1M DTT and dH2O to make a total volume of 25μl. Tubes were then 

punctured with a needle and heated at 95oC for 5 minutes.   

Table 2.4. Enzymes used in study including volume of sample added 

Sample  Volume of sample added 

Protease (1:10 diluted) 1.5μl 

Amylase (1:100 diluted) 1.9μl 

Lipase (1:10 diluted) 4.5μl 

Water conditioner  3.2μl 

 

10μl of each sample (containing 10μg of protein) and 5μl of protein standards were loaded into the 

wells and electrophoresis was run at 200V at room temperature for 55 minutes. The gel was then 

removed and left to stain with Coomassie blue stain on a See-Saw Rocker (Cole-Parmer) for 30 minutes. 

The gel was then destained with 10% acetic acid:10% methanol until clear bands appeared and imaged 

using the Bio-Rad ChemiDoc™ Imaging System. Image analysis was performed using the Bio-Rad Image 

Lab Software ver 6.1. 

 

A B C 
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2.3.7 Lugol iodine amylase assay 

Lugol iodine solution was used (Sigma, 32922). 5g of soluble starch was added to 500ml of water and 

boiled until transparent. In an Eppendorf, 300μl of starch and 300μl of sample was added, vortexed to 

ensure thorough mixing and 100μl samples were withdrawn at different time points, mixed with 100μl 

of Lugol solution in a microtiter plate and the colour change was observed and compared to the 

positive control, which was the commercial amylase solution. 

2.4 Bacterial strains 

In this thesis, two strains were used: Escherichia coli K12 and Pseudomonas aeruginosa PA01 (Delaney, 

2018; Karagianni, 2022).  

2.5 Storage and treatment 

Each strain was grown overnight in LB media and 1ml of the overnight culture was added to 1ml of 

40% glycerol to create glycerol stocks. The glycerol stocks were stored in a -80oC fridge for long term 

storage.  

2.6 Components of Eco3spa 

Table 2.5. Overview of biofilm prevention and removal products 

Name  Appearance  Functional 
role  

Manufacturer instructions  Product 
number  

Eco3spa Hot 
tub cleaner  

Blue liquid  Removes 
biofilms from 
hot tubs, 
pipes and 
scale from 
surfaces   

Empty all contents into hot tub 
(1200L) 

1 

Eco3spa 
Water 
Conditioner  

Opaque 
liquid  

Stabilises 
water pH 
and alkalinity 

Add 300ml into hot tub (1200L) 2 

Eco3spa 
Active 
Oxygen 
tablets  

White 
tablets with 
blue specks   

Growth 
prevention  

Use two tablets upon first use 
(FA) and one tablet for 
subsequent use (SA) in hot tub 
(1200L) 

3 
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2.6.1 Product 1 (Hot tub cleaner) dilutions  

The product instructions state that 500ml should be added to hot tub water (1200L).  

Therefore, 500ml is needed per 1,200,000ml water 

If total volume of 480ml water is required,  

1,200,000/480 = 2500x less of product needed  

500/2500 = 0.2ml Hot tub cleaner required   

To make a stock solution of hot tub cleaner (2x concentrated), 400μl of hot tub cleaner was added to 

480ml water.  

2.6.2 Product 2 (Water conditioner) dilutions  

The product instructions state that 300ml should be added to hot tub water (1200L).  

Therefore, 300ml is needed per 1,200,000ml water 

If total volume of 500ml is required,  

1,200,000/500 = 2400x less of product needed  

300/2400 = 0.125ml Water Conditioner required   

To make a stock solution of water conditioner (2x concentrated), 250μl of water conditioner was added 

to 500ml water.  

2.6.3 Product 3 (Active Oxygen tablet) dilutions  

The product instructions state that two tablets should be added to hot tub water (1200L) for the first 

use (FA). Two of the Active Oxygen sanitiser tablets weigh approximately 40g.  

Therefore, 40g needed per 1,200,000ml water 

If total volume of 300ml water is required,  

1,200,000/300 = 4000x less of product needed  

40/4000 = 0.01g Active Oxygen powder required   
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To make a stock solution of Active Oxygen (20x concentrated), 0.2g of Active Oxygen powder was 

added to 300ml water heated to 37oC and mixed until thoroughly dissolved (Fig. 2.3).  

 

Figure 2.3. Preparation of Active Oxygen. Created with BioRender.com.  

 

Figure 2.4 describes the series dilutions required to dilute a stock solution of Active Oxygen (20x 

concentrated) to achieve standard operating procedure (SOP) concentrations at the first application 

(SOPFA) and follow on applications (SOPSA).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Dilution series of Active Oxygen from 20x concentrated stock solution. Created with 

BioRender.com.  
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2.7 96 well plates for static biofilm assays  

For planktonic and crystal violet measurements, 96 well plates purchased from Thermo Fisher 

Scientific were used (table 2.6).  

Table 2.6. Properties of 96 well plates used in this study 

Name Costar 3598 Nunclon Delta Surface 

Material Polystyrene  Polystyrene 

Surface treatment  Tissue culture treated  Nunclon Delta-Treated 

Well volume  360µl 400µl 

Well working volume  75-200µl 200µl 

Plate geometry Flat bottom  Flat bottom  

 

2.7.1 Static growth and biofilm prevention assays   

Using sterile tweezers, a colony of E. coli or P. aeruginosa was obtained from a streaked LB agar plate 

using a sterile toothpick and placed into 5ml of M9 minimal media in a 30ml universal tube. The universal 

was placed in a shaking incubator set at 37oC with a speed of 200 rpm for 18 hours. The overnight culture 

was diluted 1:100 by pipetting 60μl of overnight culture into 5940μl of double strength media . Samples 

were vortexed thoroughly and 100μl was aliquoted into the wells of a 96-well plate. Wells containing 

200μl of media were used as negative controls and positive control wells contained 100μl of bacteria in 

double strength media and 100μl dH2O. The bacteria were diluted in double strength media to achieve 

single strength as the final concentration. Separate plates were used for each bacterial strain. Then, 100μl 

of the Active Oxygen and water conditioner dilutions were added to the wells. The plates were covered 

with the lids and placed in two incubators set at 37oC and 25oC for 24h.  

After 24 hours, 50μl samples were pipetted into a new microtiter plate and the optical density was 

measured at 595nm (OD595) to determine planktonic growth in a Multiskan Skyhigh plate reader with the 

pathlength correction setting applied. Four biological repeats were used. For E. coli, wells were washed 

once with 200μl of PBS and three washes were carried out for plates containing P. aeruginosa. This was 

followed by tapping gently into a hazardous waste bag to discard the PBS. Plates were then left to dry 

inverted in the flow hood for 2 hours. Cells in the biofilm were then stained with 200μl of 0.1% crystal 

violet solution and incubated at room temperature for 15 minutes. The crystal violet was emptied into a 

biohazard bag by tapping gently and rinsed by submerging in tap water three times before allowing plates 

to dry overnight. The crystal violet was then re-solubilised with 30% acetic acid solution in order to 

dissociate the crystal violet stain from materials in the biofilm before transferring to a new microtiter 
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plate to measure absolute biofilm formation at OD595 in a Multiskan Skyhigh plate reader. Absolute biofilm 

readings were divided by planktonic growth readings to obtain values for specific biofilm formation.   

The following terms in relation to growth and biofilm are explained below:  

• Planktonic growth is measured by the OD595 of the liquid culture in the microtiter plate  

• Absolute biofilm formation is measured by the OD595 after staining adherent cells with crystal violet 

• Specific biofilm formation is calculated by dividing the absolute biofilm reading at OD595 by the 

planktonic growth reading at OD595 

2.7.2 Dynamic biofilm removal assays   

Biofilm removal assays were performed according to Abidi et al (2014) and Lim et al (2019) with several 

adaptations. Using sterile tweezers, a colony of E. coli or P. aeruginosa was obtained from a streaked 

LB agar plate using a sterile toothpick and placed into 5ml of M9 minimal media in a 30ml universal 

tube. The universal was placed in a shaking incubator set at 37oC with a speed of 200 rpm for 18 hours. 

The overnight culture was diluted 1:100 by pipetting 60μl of overnight culture into 5940μl of double 

strength media. Samples were vortexed thoroughly and 100μl was aliquoted into the wells of a 96-well 

plate. The plates were covered with their lids and placed in a static incubator set at 37oC for 24h. After 

24 hours, samples were emptied into a biohazard waste bag and washed once with PBS (three PBS 

washes were required for P. aeruginosa). Then, 200μl of the Active Oxygen dilutions or biofilm remover 

were added to the wells. For product combinations, 100μl of Active Oxygen dilutions was added to 

100μl of biofilm remover to reach SOP concentrations of Active Oxygen and the biofilm remover. Three 

replicate wells were used as a negative control containing 100μl of media and 100μl of dH2O was added 

as a positive control. Then, plates were placed in a Multiskan Skyhigh plate reader set at 37oC and 

shaken using the medium speed option for 1h. Following incubation for 1h with shaking, the contents 

of each well were emptied by tapping into a biohazard waste bag. Then, each well was washed once 

with PBS to remove any residual product in the wells. Cells in the biofilm were then stained with 200μl 

of 0.1% crystal violet solution and incubated at room temperature for 15 minutes. The crystal violet 

was emptied into a biohazard bag by tapping gently and rinsed by submerging in tap water once before 

allowing plates to dry overnight. The crystal violet was then re-solubilised with 30% acetic acid solution 

in order to dissociate the crystal violet stain from materials in the biofilm before transferring to a new 

microtiter plate to measure the absolute biofilm formation at OD595 in a Multiskan Skyhigh plate 

reader. Three biological repeats were used.  
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2.7.3 Benchmarking of plate readers  

Using sterile tweezers, a colony of P. aeruginosa was obtained from a streaked LB agar plate using a 

sterile toothpick and placed into 5ml of LB media in a 30ml universal tube. The universal was placed in 

a shaking incubator set at 37oC with a speed of 200 rpm for 18 hours. After growth of the overnight 

culture, the culture was diluted by a factor of 10 and OD measured in a spectrophotometer at OD595. 

Dilutions were prepared in microcentrifuge tubes corresponding to the following OD595 values: 0.01, 

0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1. These samples were measured in Kartell semi-micro 1.5 cuvettes 

(Fisher Scientific) of 1.5ml capacity and 1cm path length in a DU 730 UV/Vis spectrophotomer 

(Beckman Coulter) to ensure the correct OD595 readings had been achieved by diluting the overnight 

culture. Then, 50μl samples of each OD preparation were pipetted into the wells of a Costar 96-well 

plate and the absorbance measured at OD595 with pathlength correction setting activated. Three 

biological repeats were used for each OD preparation. Wells containing only LB media were used as 

controls to allow pathlength correction to be applied to measurements.  

2.7.4 Microplate readers   

The microplate readers used in this project were FLUOstar and POLARstar Omega Microplate readers 

(BMG Labtech) and a Multiskan Skyhigh microplate reader (Fisher Scientific).  

Omega Software v5.70 and MARS software was used for data visualization. SkanIt Software ver. 6.1.1.7 

was used for data outputs and analysis from the Multiskan Skyhigh plate reader. The pathlength 

correction setting was applied throughout all measurements. 

2.8 Generation of OD595 vs Total cell count vs CFU calibration curve  

Using sterile tweezers, a colony of E. coli or P. aeruginosa was obtained from a streaked LB agar plate 

using a sterile toothpick and placed into 5ml of M9 minimal media in a 30ml universal tube. The 

universal was placed in a shaking incubator set at 37oC with a speed of 200 rpm for 18 hours. After 

growth of the overnight culture, the culture was diluted by a factor of 10 and its OD measured in a 

spectrophotometer at OD595. Dilutions were prepared in microcentrifuge tubes (N=3) corresponding 

to the following OD values: 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1. These samples were measured in 

Kartell semi-micro 1.5 cuvettes (Fisher Scientific) in a spectrophotomer to ensure the correct OD 

readings had been achieved by diluting the overnight culture. A series of dilutions were prepared from 

each OD sample by diluting the sample 1:5, 1:10 and 1:50. 75μl samples of the diluted sample were 

pipetted onto a Helber Thoma Chamber (Hawksley), the cover slip was placed on top and cleaned with 

a Kim wipe to remove any excess liquid. Cells were counted in 16 squares under a light microscope 

using the 40x objective lens. If cell counts fell below 35, the lower dilutions of each OD were used 
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instead. The number of cells per ml of sample was calculated by dividing the number of cells per square 

by the volume of the square per ml. This was followed by multiplication by the dilution at which cells 

were counted to achieve the number of cells per ml of sample.  

In order to determine colony forming units (CFU) at each OD, 200μl of each sample was pipetted into 

a vertical row of wells in a sterile microtiter plate and serially diluted by pipetting 20μl of the first 

column into 180μl of water. A multichannel pipette was used to carry out each dilution and the mixing 

function was applied before moving onto the next serial dilution. Then, 10μl samples of each serial 

dilution were pipetted onto LB agar plates (N=3) and left to dry in a flow hood for 30 minutes before 

incubating at 16h at 37oC. Viable cell counts were determined at dilutions where an observable number 

of colonies could be counted using a manual cell counter. This gave the number of CFU per 10μl of 

sample. Therefore, to obtain the number of CFU per ml, the value was multiplied by 100. The final 

number of CFU/ml was calculated by multiplying by the dilution at which CFU were counted. These 

results allowed the generation of a calibration curve plotting the association between OD595, CFU and 

cell count for E. coli and P. aeruginosa (Fig. 2.5). Three biological repeats were used for each data point.  

 

Figure 2.5. Schematic of steps required to generate OD vs Total cell count vs CFU calibration curve.  

Created with BioRender.com.  

2.9 pH microelectrode measurements  

A glass pH microelectrode (Fisher, 11716908) with BNC connector was used in combination with a 

Jenway 570 pH meter to measure the pH of media in microtiter plates. Initially, 100μl of media was 

added followed by 100μl of prepared Active Oxygen dilutions. The pH microelectrode was conditioned 
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prior to use by soaking in 0.1M NaOH for 5 seconds followed by rinsing with distilled water and placing 

in water acidified with hydrochloric acid to a pH of 4.21 for storage. The instrument was calibrated 

using buffer solutions at pH 7 and 10 prior to measurements. For each measurement, three biological 

repeats were used. The pH microelectrode was washed with distilled water between measurements 

to prevent the risk of contamination.  

2.10 Time-kill assay  

Using sterile tweezers, a colony of E. coli was obtained from a streaked LB agar plate using a sterile 

toothpick and placed into 5ml of M9 minimal media at pH 7.4 in a 30ml universal tube. The universal 

was placed in a shaking incubator set at 37oC with a speed of 200 rpm for 18 hours. The OD595 of the 

overnight culture was measured in a spectrophotometer before being diluted with media to OD595 = 

0.5. Then, 100μl of the diluted overnight culture was aliquoted into the wells of the microtiter plate. 

Different concentrations of Active Oxygen were added, the plate covered with the lid and placed in a 

static incubator set at 37oC for differing time periods. Chlorine was used as a positive control in 

experiments.  

At set time points, samples were withdrawn and serially diluted by pipetting 20μl of sample into 180μl 

of diluent. Following serial dilution which took place within minutes of plating, the concentration of 

chlorine dropped significantly. Therefore, the shortest time following exposure to chlorine was used 

following incubation at 37oC. As a result, sodium thiosulphate was not used as a quenching agent to 

neutralise biocide activity. 10μl samples were pipetted onto LB agar plates and left to dry in a flow 

hood for 30 minutes. For each dilution, three biological repeats were used. Plates were then incubated 

at 30oC for 24h and colony forming units were determined by counting the number of colonies.  

2.11 Decay of Active Oxygen  

Using sterile tweezers, a colony of E. coli was obtained from a streaked LB agar plate using a sterile 

toothpick and placed into 5ml of M9 minimal media at pH 7.4 in a 30ml universal tube. The universal 

was placed in a shaking incubator set at 37oC with a speed of 200 rpm for 18 hours.  

The OD of the overnight culture was measured in a spectrophotometer before being diluted with 

media to OD595 = 0.5. Different concentrations of Active Oxygen were prepared in Eppendorf tubes, 

placed in a rack and incubated at 37oC for 1,3, 5 and 7 days before being added to 100μl of bacteria in 

96 well plates. Each sample was serially diluted by pipetting 20μl of sample into 180μl of diluent. Then, 

10μl samples were pipetted onto LB agar plates. For each dilution, three biological repeats were used. 

Plates were incubated at 30oC for 24h and colony forming units were determined by counting the 

number of colonies.  
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2.12 Ion chromatography (IC)   

IC analysis was performed using the Dionex™ Integrion™ HPIC™ System fitted with the Dionex IonPac 

AS14A-5μm analytical column (3 x 150 mm), IonPac AG14-5μm guard column (3 x 30 mm) and an 

electrolytic suppressor (AERS500, 2mm) as shown in Fig. 2.6. A mixture of 8.0 mM sodium carbonate 

and 1.0 mM sodium bicarbonate prepared in MilliQ Type 1 ultrapure water with a resistance of 18.2 

MΩ-cm was used as the mobile phase with a flow rate of 0.5 mL/min. The loop volume was 5μl for 

sample injection and Chromeleon 7.2 was used for data acquisition and analysis.   

Various standards of known concentrations ranging from 25mg/L to 200mg/L were prepared by 

dissolving 0.0330g of sodium chloride (Sigma Aldrich) and 0.0296g of sodium sulphate (Fisher) in MilliQ 

Type 1 ultrapure water which was also used to dilute samples. Chlorite (Thermo Scientific, 303167) 

and chlorate (Thermo Scientific, 303170) standards with a concentration of 1000mg/L in deionised 

water were purchased from Thermo Scientific. Calibration graphs were generated for each analyte of 

interest in order to quantify the concentration of anions in the chlorine granules and Active Oxygen 

tablets.   

 

 

 

 

 

 

 

 

 

Figure 2.6. Overview of the Dionex™ Integrion™ HPIC™ System. Created with BioRender.com.  

2.13 Statistical analyses  

The graphing software used throughout the project was GraphPad Prism 9.3.0 and SigmaPlot 10.0. 

Statistical analysis was performed using GraphPad Prism 9.3.0 and IBM SPSS Statistics 28. Tests of 

normality such as Shapiro-Wilk were used to determine whether the data was normally or non-

normally distributed. This resulted in parametric tests such as unpaired and paired t-tests, ANOVAs 

with Dunnett’s or Tukey’s multiple comparisons tests and non-parametric tests such as Mann Whitney 

U and Schreier-Ray-Hare tests being conducted. Significant p values in this thesis are shown by an 

asterisk in the following manner: * p<0.05, ** p<0.01 and *** p<0.001.   
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3.1 Introduction  

This chapter describes the experimental conditions that allow optimal results to be obtained in biofilm 

formation assays using E. coli K12 and P. aeruginosa PA01 strains which are common biofilm-forming 

microorganisms in hot tubs. Experimental parameters discussed along with their justification are 

media selection, incubation temperature, incubation time, washing/staining of biofilms and 

quantification of biofilms. In addition, the generation of a calibration curve in order to calculate log 

reductions, comparison of OD readings between plate readers and benchmarking of Active Oxygen 

against chlorine in preventing planktonic growth and biofilm formation is discussed here.  

3.1.1 Media selection  

LB media  

LB media is used in the cultivation of microbial cultures due to the nutrient rich environment it 

provides. This results in high yields and fast growth of many bacterial species. Therefore, E. coli and P. 

aeruginosa are commonly grown in LB media (Christofi et al., 2019; Sezonov et al., 2007). In addition, 

the nutrient-rich environment provided by LB media reflects the nutrient-rich environment of the hot 

tub piping.  

M9 minimal media  

M9 minimal media is a defined microbial culture medium which provides a source of nitrogen and salts 

which are often supplemented with a carbon source and amino acids. Only the metabolites needed 

for microbial growth are provided which makes M9 minimal media an appropriate choice of media for 

growing E. coli and P. aeruginosa (Carfrae et al., 2020; Paliy and Gunasekera, 2007). Also, the minimal 

nutrient conditions provided by M9 media simulate the hot tub water environment.  

3.1.2 Incubation temperature  

Incubation temperatures used this project were selected in order to replicate operating conditions 

found in hot tubs. At hot tub maintenance temperatures, water is kept at 25oC whereas a normal 

operating temperature of a hot tub is 37oC. E. coli K12 can form biofilms following incubation for 24 

hours at 37oC (Mathlouthi, Pennacchietti and Biase, 2018) while P. aeruginosa has the ability to form 

biofilms with rigid structure at 37oC and even temperatures as low as 20oC (Kannan and Gautam, 2015; 

Kim et al., 2020).  

3.1.3 Incubation time   

The amount of time required to grow an overnight culture of E. coli K12 and P. aeruginosa PA01 under 

shaking conditions was chosen as 18 hours based on literature which shows that this is required for 

growth at 37oC (Rasamiravaka et al., 2015). The incubation time of diluted overnight cultures in 96-
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well plates at 25oC and 37oC was selected in order to allow sufficient biofilms to grow. Previous studies 

demonstrate that 24-hour incubation time periods are needed for E. coli and P. aeruginosa to form 

biofilms (Cochran et al., 2000; Skandamis et al., 2009). Therefore, samples were incubated for 24 hours 

to allow sufficient biofilm formation.   

1.3.4 Phosphate Buffered Saline (PBS) washes  

PBS is a sterile salt solution often used in washing steps, transport media for cells or tissue and dilution 

steps. In this project, PBS was used to wash away any non-adherent planktonic cells prior to crystal 

violet staining so that quantification of biofilm formation and specific biofilm could be carried out. 

Successful removal of planktonic cells as well as excess dye is noted in literature (Hung et al., 2013). 

Furthermore, previous experiments show that three PBS washes are required to remove adherent 

planktonic cells of P. aeruginosa in 96 well plates (Anversa et al., 2019; Delaney, 2018; Kaya et al., 

2020). However, for E. coli, only one PBS wash is needed to remove E. coli planktonic cells since further 

washes lead to subsequent degradation of biofilms, under-quantification and large variance (Delaney, 

2018).  

1.3.5 Crystal violet solution  

Crystal violet is a vital part of the biofilm formation assay which stains adherent cells in biofilms by 

binding to negatively charged surfaces present in cell membrane surfaces or polysaccharides in biofilm 

matrices (Li, Yan and Xu, 2003). Several studies show that 0.1% solutions of crystal violet are 

appropriate for biofilm formation assays. After wells are washed with PBS, crystal violet is added and 

incubated at room temperature for 15 minutes which is consistent with published protocols for crystal 

violet staining for E. coli and P. aeruginosa by O’Toole (2011).  

1.3.6 Acetic acid solubilization 

Acetic acid is used to resolubilize cells stained by crystal violet. Appropriate concentrations of acetic 

acid are prepared as a 30% v/v solution which is commonly used in measuring biofilm formation levels 

of E. coli and P. aeruginosa (Buck et al., 2021; Hwang et al., 2021). Samples re-solubilized with 30% 

acetic acid is in accordance with published protocols (Merritt, Kadouri and O’Toole, 2005).  

1.3.7 Edge effect in microtiter plates   

A drawback of the biofilm formation assay conducted in 96 well plates is the edge effect which shows 

that corner and edge wells suffer from evaporation in comparison to inner wells of the plate. Addition 

of bacterial cells to outer wells can cause a 35% reduction in metabolic activity compared to central 

wells (Mansoury et al., 2021). Furthermore, planktonic cell growth and biofilm formation levels of E. 

coli K12 and P. aeruginosa PA01 in outer wells of microtiter plates have been found to exhibit higher 

optical densities compared to inner wells (Karagianni, 2022). Therefore, studies aim to mitigate the 
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edge effect by storing plates with adhesive seals to prevent evaporation or adding buffer or water in 

wells to reduce levels of evaporation (Shukla and Rao, 2017). Due to issues caused by the edge effect, 

experiments conducted in this project only utilised the inner wells of the 96 well plate.   

3.2 Results  

3.2.1 OD595 vs Total cell count vs CFU calibration curve   

Optical density measurements can vary between cell numbers, size and morphology (Stevenson et al., 

2016). Therefore, a calibration curve was required in order to relate total cell counts and colony 

forming units to OD measurements. In addition, assays conducted based on OD measurements 

required fewer resources and were much quicker as this was only a one-year project. Calibration curves 

were also needed in order to calculate log reduction data following exposure to Active Oxygen.  

 

 

 

 

 

 

 

 

 
 

 

Figure 3.1. Relationship between optical density at 595nm (OD595), total cell count (cells/ml) and colony 

forming units (CFU/ml) of E. coli K12 (A) and P. aeruginosa PA01 (B). Each bacterial strain was grown 

in LB media and diluted to optical densities ranging from 0.01 to 1. Trendline equations are shown for 

each set of data. N=3 for each data point with error bars illustrating standard error of the mean (SEM).  

Each calibration graph spans a range of 4 logs incorporating optical densities (OD595) between 0.01 and 

1 (Fig. 3.1). Trendline equations obtained for total cell counts per ml for both bacterial strains exceed 

A 

B 
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trendlines observed for CFU counts per ml. This is expected since total cell counts involve the counting 

of live and dead cells which would contribute to higher trendline values. In addition, the relationship 

between OD and CFU counts per ml for both bacterial species are denoted by trendline equations 

being y = 2E+07e4.3446x and y = 2E+07e4.0761x respectively.  

3.2.2 Benchmarking of plate readers  

Plate readers are useful instruments for measuring bacterial growth and biofilm formation levels based 

on OD readings. However, differences in readings between plate readers can arise based on 

background absorbance given off in neighboring wells and surface treatment (Pape-Bub, 2020). In 

addition, there is a lack of studies which compare OD measurements between different plate readers. 

Therefore, it was decided to assess the accuracy of different plate readers by comparing OD 

measurements taken from a spectrophotomer and several plate readers with pathlength correction 

applied.  

 
 

 

 

 

 

 

 

Figure 3.2. Comparison between optical density measurements of P. aeruginosa grown in LB media at 

595nm (OD595) in a spectrophotometer and in Skyhigh, FLUOstar and POLARstar plate readers. 

Pathlength correction was applied to each set of data. N=3 for each data point with error bars 

illustrating standard error of the mean (SEM).  

The optical densities measured in different plate readers and the spectrophotometer are shown in Fig. 

3.2. The Skyhigh plate reader gave the most accurate values which are in accordance with the 

theoretical optical densities expected. However, POLARstar optical density measurements deviated 

where values expected at OD= 1 were 40% lower. Extremely low OD values were obtained with the 

FLUOstar plate reader which did not match the theoretical OD values expected. However, it is 

important to note that previous damage to the FLUOstar plate reader may have affected these 
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readings. Based on these results, it was decided going forward that the Skyhigh plate reader was the 

best option for OD measurements in experiments. This provides insights into the comparisons of 

results in this study to those generated previously (Delaney, 2018; Karagianni, 2022).   

3.2.3 Benchmarking of Active Oxygen against chlorine    

In order to demonstrate the efficacy of Active Oxygen in comparison to common products used for 

water sanitation, recommended concentrations of chlorine in hot tubs (3ppm and 5ppm) were tested 

for their ability to prevent planktonic growth and biofilm formation. The pH values used in these 

experiments range from 7 to 8 based on literature by Deborde and Gunten (2008) which shows that 

chlorine displays optimal activity at around pH 7.4. The data was analysed statistically as referred to in  

Chapter 2 (see section 2.13). This led to unpaired t-tests and Mann Whitney U-tests being conducted. 

These tests were used to determine any significant differences in efficacy between chlorine and Active 

Oxygen in preventing planktonic growth and biofilm formation of E. coli and P. aeruginosa.      
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Figure 3.3. Impact of pH on chlorine and Active Oxygen to prevent planktonic growth (A and C) and 

biofilm formation (B and D) of E. coli K12 grown in M9 minimal media (indicated as OD595) at 25oC (top) 

and 37oC (bottom). Initial dosage is the addition of two Active Oxygen tablets to hot tub water (labelled 

as SOPFA) and recommended concentrations of chlorine are 3ppm and 5ppm. N=4 for each data point 

and error bars represent standard error of the mean (SEM). 

Figures 3.3 and 3.4 show the effect of pH on the efficacy of Active Oxygen and chlorine to prevent 

planktonic growth and biofilm formation at recommended concentrations used in hot tubs. Across all 

pH values tested, the use of Active Oxygen at the initial dosage in hot tubs resulted in very low levels 

of planktonic growth of E. coli at 25oC. In addition, higher levels of planktonic growth were observed 

at pH 7 and 8 using chlorine at recommended concentrations in hot tubs. A statistically significant 

difference was found between chlorine at 5ppm and SOPFA at pH 7 (p = 0.0209, unpaired t-test). Slightly 

higher levels of biofilm formation were observed for SOPFA at pH 7 in comparison to chlorine at 3ppm 

and 5ppm. However, the error bar shown for this data point is larger which would cause a higher value 

to be shown. At pH 7.4 and 8, adding Active Oxygen resulted in values below 0.02 whereas at pH 7.4, 

addition of chlorine appeared to increase biofilm formation. At 37oC, Active Oxygen was effective at 

preventing planktonic growth of E. coli without losing efficacy over all pH values tested. In particular, 
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at pH 7.4 all treatments were effective at preventing planktonic growth whereas higher planktonic 

growth was seen at pH 7 and 8 using chlorine at 3ppm and 5ppm. In regards to biofilm formation, little 

to no biofilm formation was seen across all pHs tested using Active Oxygen. Statistical analyses at pH 

7 and 7.4  showed statistically significant differences illustrating that Active Oxygen performs better 

than chlorine at preventing biofilm formation at 37oC (p = 0.0014, p = 0.0006 and p = 0.0015, unpaired 

t-test). It is also evident that at pH 7, higher levels of biofilm formation are observed using chlorine at 

3ppm with higher concentrations causing greater levels of biofilm to be formed.  

 

Figure 3.4. Impact of pH on chlorine and Active Oxygen to prevent planktonic growth (A and C) and 

biofilm formation (B and D) of P. aeruginosa PA01 grown in M9 minimal media (indicated as OD595) at 

25oC (top) and 37oC (bottom). Initial dosage is the addition of two Active Oxygen tablets to hot tub 

water (labelled as SOPFA) and recommended concentrations of chlorine are 3ppm and 5ppm. N=4 for 

each data point and error bars represent standard error of the mean (SEM).  

Following exposure to Active Oxygen at 25oC, Active Oxygen is able to completely inhibit planktonic 

growth of P. aeruginosa at pH 7.4 and 8. The highest levels of planktonic growth were observed at pH 

7 where Active Oxygen performed similarly to chlorine in preventing planktonic growth. Furthermore, 

Active Oxygen performed as well as chlorine in preventing biofilm formation across all pHs tested 
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whereas the efficacy of chlorine was affected at pH 7. Comparisons between chlorine at 3ppm and 

Active Oxygen returned significance at both pH 7 and 7.4 (p = 0.0014 and p = 0.0309, unpaired t-test). 

At 37oC, little to no planktonic growth was observed across all pH following treatment with Active 

Oxygen. Active Oxygen did not lose efficacy over the pH values tested whereas higher planktonic 

growth was observed when P. aeruginosa was treated with chlorine at pH 7.4 (p = 0.0286, Mann 

Whitney U-test). All treatments were able to completely prevent planktonic growth at pH 8 in 

comparison to other pHs. Active Oxygen performed optimally in preventing biofilm formation at pH 

7.4 and 8 in comparison to chlorine with OD595 values being below 0.01 which showed statistical 

significance (p = 0.0005 and p = 0.0022, unpaired t-test). In addition, chlorine was less effective at 

preventing biofilm formation at pH values outside its stated pH for optimal activity.    

3.3 Discussion  

3.3.1 OD595 vs Total cell count vs CFU calibration curve    

Cell counting using counting chambers and CFU enumeration are valuable tools for estimating the cell 

density of E. coli and P. aeruginosa in LB media (Bapat et al., 2006; Hazan et al., 2012; Nguyen et al., 

2018). E. coli cell counts obtained at OD of 0.4 are approximately 4 x 108 cells/ml. This is in accordance 

with cell counts observed by Stevenson et al (2016) at the same OD. In addition, E. coli cell counts at 

OD of 0.8 are approximately 2 x 109 cells/ml. This is in agreement with figures seen by Sohbatzadeh, 

et al (2010). With regards to P. aeruginosa, viable cell counts at ODs below 0.1 correspond with figures 

reported by Hsieh et al (2014) measured at OD595. Also, P. aeruginosa viable cell counts measured at 

OD of 1 are approximately 8 x 108 cells/ml which is consistent with P. aeruginosa PA01 cell counts 

stated in literature (Badar et al., 2010). Furthermore, linear relationships between OD and viable cell 

counts (CFU/ml) denoted by trendline equations for both species are y = 2E+07e4.3446x and y = 

2E+07e4.0761x which are closely related with trendline equations derived from calibration curves in 

previous studies (Kim et al., 2012).  

3.3.2 Benchmarking of plate readers  

There is a lack of information which discusses differences in OD measurements between microplate 

readers. Previous data has found that OD measurements between different spectrophotometers can 

vary significantly in liquid cultures of E. coli (Stevenson et al., 2016). Microplate measurements in this 

study used pathlength correction which normalises OD readings to give values that correspond with 

absorbance found in a standard cuvette with 1cm path length. Optical density measurements taken 

from a spectrophotometer, Skyhigh, FLUOstar and POLARstar plate reader with pathlength correction 

demonstrated that the Skyhigh plate reader gave the most accurate readings in comparison to 

theoretical ODs measured in cuvettes in a spectrophotometer whereas the FLUOstar plate reader 
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deviated at each OD. However, previous damage to the FLUOstar plate reader at the time of 

measurement is a major factor to be considered. Optical density measurements in the 

spectrophotometer and Skyhigh plate reader is replicated in studies by Abkar et al (2022) and Warren 

(2008) which both show similar OD readings in spectrophotomers and pathlength corrected readings 

from plate readers.  

3.3.3 Benchmarking of Active Oxygen against chlorine  

In planktonic prevention assays, Active Oxygen was found to perform better than chlorine at 

preventing planktonic growth of E. coli at pH 7 and 8 which was confirmed as significant by statistical 

testing between chlorine and Active Oxygen. This is in agreement with the distribution of chlorine 

species at 25oC described by Deborde and Gunten (2008) which indicates that chlorine loses efficacy 

at pH values outside of its optimum at around pH 7.4. Interestingly, at pH 7.4, the optimum pH for 

chlorine efficacy against planktonic cells, treatment appeared to cause increased levels of biofilm 

formation. Comparison between chlorine-based disinfectants against E. coli in biofilms after 2 hours 

of exposure a high number of bacteria are still able to survive (Farkas et al., 2014). This suggests that 

higher levels of biofilm formation could be linked with repeated exposure to chlorine. In addition, 

chlorine displayed optimal activity in preventing planktonic growth and biofilm formation of E. coli at 

pH 7.4 whereas activity was affected by changes in pH. Active Oxygen did not lose efficacy in preventing 

planktonic growth and biofilm formation across all pH values tested at 37oC. Significantly different 

levels of biofilm formation were found between chlorine and Active Oxygen treatments. This indicates 

that Active Oxygen exhibits higher efficacy than chlorine in preventing biofilm formation across all pHs 

tested.  

Furthermore, Active Oxygen completely prevented planktonic growth of P. aeruginosa at 25oC at pH 

7.4 and 8 whereas growth was still seen with cells treated with chlorine. Active Oxygen performed as 

well as chlorine in preventing biofilm formation across all pHs tested with statistical significance being 

found between chlorine and Active Oxygen treatments at pH 7. Strong efficacy against planktonic 

growth was observed at 37oC across all pH values for Active Oxygen except at pH 7.4 where higher 

levels of planktonic growth were observed which a Mann Whitney U-test found to be statistically 

significant. Loss of efficacy was observed for chlorine at pH values outside its optimum whereas the 

efficacy of Active Oxygen was generally maintained across all pH values. This was confirmed as 

statistically significant between chlorine and Active Oxygen treatments at pH 7.4 and 8.  

These results show that the efficacy of Active Oxygen to prevent planktonic growth and biofilm 

formation is maintained across a defined pH range from 7 to 8 at normal operating temperatures and 

maintenance temperatures in hot tubs. An explanation for the higher efficacy of Active Oxygen 
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compared to chlorine could be due to the effect of acetic acid used in the resolubilization of crystal violet. 

Acetic acid tested at concentrations of 0.31% v/v and lower has been shown to be effective in preventing 

biofilm formation of E. coli and P. aeruginosa in crystal violet assays. Further experiments show that 

acetic acid at concentrations from 0.16% to 5% v/v exhibit a dose dependent manner in preventing 

biofilm formation of P. aeruginosa (Halstead et al., 2015). This suggests that acetic acid could have a 

direct impact in preventing biofilm formation. Previously, acetic acid has been shown to have 

antibacterial activity against E. coli and P. aeruginosa both in the planktonic and biofilm states (Bjarnsholt 

et al., 2015). However, only the mechanisms involved in the killing of planktonic bacteria have been 

addressed with limited studies investigating the mechanisms on bacteria present in biofilm matrices. 

Kundukad et al (2017) utilised a microfluidic system to assess the effect of acetic acid on biofilms formed 

by P. aeruginosa. Live-dead staining procedures revealed that the absence of live cells stained with green 

fluorescent protein was due to the killing action of acetic acid. This conveyed that acetic acid penetrates 

the biofilm matrix and diffuses through the cell wall of P. aeruginosa causing acidification of cytoplasmic 

contents, protein denaturation and DNA damage resulting in cell death. 

In addition, loss of    activity of chlorine at pH values outside its optimum is consistent with previous 

project results (Karagianni, 2022) which coupled with degradation by sunlight highlights the need for 

an alternative sustainable option which can overcome these problems. Therefore, Active Oxygen is an 

attractive option for preventing planktonic growth and biofilm formation of E. coli and P. aeruginosa 

in hot tubs. 
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conditions including effects on cell viability 
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4.1 Introduction 

In this chapter, the efficacy of Eco3spa’s products were investigated for their ability to prevent 

planktonic growth and biofilm formation under static conditions. The Eco3spa Water conditioner 

(Product 2) is added every month which softens water and hydrates skin since it is comprised of 

coconut and plant extracts. The Water conditioner is intended for use in addition with Eco3spa Water 

Sanitiser tablets (Product 3) which form Active Oxygen species that exhibit antibacterial properties. 

Initially, two Active Oxygen tablets are added to the hot tub and follow on applications before using 

the hot tub requires one additional tablet. These are represented in experiments as SOPFA and SOPSA. 

As the company’s main focus was on Active Oxygen, various concentrations were tested for their 

efficacy in preventing planktonic growth and biofilm formation to generate a dose response curve. An 

important aim of the project was to assess the efficacy of Active Oxygen over a wider pH range. 

Therefore, biofilm prevention assays utilising Active Oxygen were conducted over a pH range from 5.2 

to 8. Log reduction experiments following exposure to Active Oxygen at different concentrations are 

also shown here which were derived from calibration curves shown in Chapter 3. The Water 

conditioner and Active Oxygen products were added alone or in combination with each other and their 

effect on planktonic growth and biofilm formation of E. coli K12 and P. aeruginosa PA01 is described 

here. The project also aimed to determine how long Active Oxygen takes to kill bacteria and the 

stability of Active Oxygen at first and follow on applications after being added to water. As a result, cell 

viability assays were conducted using E. coli K12 grown in minimal media M9 at pH 7.4 to investigate 

the time dependency and stability of Active Oxygen. Furthermore, previous project results indicated 

that Active Oxygen in combination with Product 2 could possibly lead to the cells adopting a viable but 

non culturable (VBNC) state. Therefore, it was decided to repeat light and fluorescent microscopy 

experiments under statistically robust conditions to confirm if the same observations were seen.   

4.2 Results  

4.2.1 Appearance of overnight cultures in M9 minimal media   

As additional pH values were investigated to provide more insights into the effect of pH on the efficacy 

of Active Oxygen, cultures of E. coli K12 grown in M9 minimal media were also observed for their 

appearance following overnight incubation (Fig. 4.1).  
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Figure 4.1. Appearance of overnight cultures of E. coli (A - from left to right: pH 5.2, 6.2, 7, 7.4, 8) and 

P. aeruginosa (B - pH 9.2) grown in M9 minimal media (Chau, 2022).  

The colour of overnight cultures of E. coli grown in M9 minimal media under shaking conditions 

changed from clear to a pale white colour following incubation at 37oC for 18 hours. However, E. coli 

overnight cultures grown in M9 minimal media at pH 5.2 showed a very pale white colour with low 

turbidity in comparison to all other pHs (Fig. 4.1A). Overnight cultures of P. aeruginosa also showed 

low levels of growth at pH 5.2 where the optical density measured at 595nm in a spectrophotometer 

was found to be 0.360. In addition, overnight cultures of P. aeruginosa were also grown in M9 minimal 

media at pH 9.2 to investigate the effect of extreme pH values. The colour of the media turned from 

clear to light yellow with no growth being observed which was confirmed by OD measurements in a 

spectrophotomer which was found to be zero (Fig. 4.1B). Therefore, it was decided to use overnight 

cultures grown in M9 minimal media at pH 5.2 as opposed to pH 9.2 for further experiments.  

4.2.2 pH microelectrode results  

To evaluate the effect of Active Oxygen on the pH of M9 minimal media, a glass pH microelectrode 

was used to measure the pH of media in microtiter plates following the addition of different 

concentrations of Active Oxygen (Fig. 4.2).  

 

 

 

 

 

Figure 4.2. Effect of Active Oxygen concentration on pH of M9 minimal media. N=3 for each data 

point.  

B A 
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Across all Active Oxygen concentrations, there were small changes in pH when added to media. The 

pH of media at pH 7, 7.4 and 8 remained relatively consistent upon addition of Active Oxygen at all 

concentrations. The most notable increases in pH were observed when Active Oxygen was added to 

the media at pH 5.2 and 6.2. The pH of media at 5.2 increased by 0.42 pH units at the Active Oxygen 

1:400 concentration whereas media at pH 6.2 rose by 0.34 pH units at the SOPSA concentration.   

4.2.3 Prevention of planktonic growth following treatment with Active Oxygen  

Various concentrations of Active Oxygen were tested for their efficacy in preventing planktonic growth 

of E. coli K12 (Fig. 4.3) and P. aeruginosa (Fig. 4.4) in M9 minimal media following static incubation at 

25oC or 37oC for 24h. Since there is a lack of information regarding the effect of pH on the activity of 

Active Oxygen and the previous project only tested pHs from 7 to 8, the following results show the 

activity of Active Oxygen over a pH range from 5.2 to 8. The initial dosage of Active Oxygen is two 

tablets added to hot tub water (SOPFA) and follow on applications prior to each hot tub use require one 

additional tablet (SOPSA).  

 

Figure 4.3. Impact of pH on efficacy of Active Oxygen to prevent planktonic growth of E. coli K12 in M9 

minimal media (indicated as OD595) at 25oC (A) and 37oC (B). Initial dosage is the addition of two Active 

Oxygen tablets to hot tub water (labelled as SOPFA) and follow on applications require the use of one 

additional tablet (SOPSA). N=4 for each data point and error bars represent standard error of the mean 

(SEM). 

At 25oC, addition of Active Oxygen at 10x, SOPFA and SOPSA concentrations successfully prevented 

planktonic growth of E. coli across all pHs tested (Fig. 4.3A). One-way ANOVAs with Dunnett’s multiple 

comparisons tests at the same concentrations confirmed that these were statistically significant 

reductions in planktonic growth compared to untreated controls across all pHs tested (all p<0.001). 
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Low levels of planktonic growth were also observed at the 1:10 Active Oxygen concentration whereas 

at sublethal concentrations (1:100,1:200,1:400 and 1:600), sharp increases in planktonic growth were 

observed. One-way ANOVAs found that Active Oxygen at 1:10,1:100, 1:200 and 1:400 concentrations 

were able to significantly reduce planktonic growth at pH 6.2 (all p<0.05). Additional statistical analyses 

between datasets in all other pHs did not return statistical significance. Optical density measurements 

across all treatments from pH 5.2 to 7 were similar with the highest OD595 values only exceeding 0.2. 

However, concentrations lower than 1:10 Active Oxygen at pH 8 caused sharp increases in planktonic 

growth which were more elevated in comparison to values obtained at the other pH values.  

Active Oxygen concentrations ranging from 10x concentrated to SOPSA also prevented planktonic 

growth of E. coli at 37oC across all pHs tested (Fig. 4.3B). This was confirmed by one-way ANOVAs with 

Dunnett’s multiple comparisons tests conducted across all pHs which were significantly different to 

control wells (all p<0.01). In addition, Active Oxygen concentrations 1:10 and lower led to higher levels 

of planktonic growth which was evident across all pHs tested. Despite there being a small difference 

in OD measurements between E. coli treated with Active Oxygen at 1:10 concentration and untreated 

control wells, one-way ANOVAs returned statistical significance was found at pH 7.4 (p=0.0071). The 

highest planktonic growth was found at pH 5.2 followed by pH 8, pH 7, pH 7.4 and pH 6.2. 

 

Figure 4.4. Impact of pH on efficacy of Active Oxygen to prevent planktonic growth of P. aeruginosa 

PA01 in M9 minimal media (indicated as OD595) at 25oC (A) and 37oC (B). Initial dosage is the addition 

of two Active Oxygen tablets to hot tub water (labelled as SOPFA) and follow on applications require 

the use of one additional tablet (SOPSA). N=4 for each data point and error bars represent standard 

error of the mean (SEM). 
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Furthermore, Active Oxygen at concentrations from 10x concentrated to SOPSA were effective at 

reducing planktonic growth of P. aeruginosa at 25oC (Fig. 4.4A). However, very low levels of planktonic 

growth could be seen at pH 5.2, 6.2 and 7. This was not observed at pH 7.4 and 8 where the same 

concentrations of Active Oxygen successfully prevented planktonic growth of P. aeruginosa. One-way 

ANOVAs showed statistical significance across all pHs tested for Active Oxygen concentrations ranging 

from 10x concentrated to SOPSA (all p<0.001). Active Oxygen concentrations at 1:10 resulted in higher 

levels of planktonic growth which was consistent across all pHs tested. Interestingly, sublethal 

concentrations of Active Oxygen were also found to cause significant reductions in planktonic growth 

at pH 7 (1:10, 1:100, 1:200 and 1:400) and pH 7.4 (1:10 and 1:100) where one-way ANOVAs returned 

statistical significance (all p<0.05). Interestingly, all concentrations of Active Oxygen returned 

significant outcomes in reducing planktonic growth of P. aeruginosa at pH 6.2 (all p<0.01).  

At 37oC, Active Oxygen at concentrations from 10x concentrated to SOPSA successfully prevented 

planktonic growth of P. aeruginosa across all pHs except 5.2 where growth was observed at the follow-

on application (SOPSA) as shown in Fig. 4.4B. One-way ANOVAs with Dunnett’s multiple comparisons 

tests showed statistical differences between Active Oxygen concentrations from 10x concentrated to 

SOPSA across all pHs tested (all p<0.001). All concentrations of Active Oxygen significantly decreased 

planktonic growth of P. aeruginosa at pH 5.2 and 7 (p<0.01). Active Oxygen at concentrations 1:400 

and 1:600 appeared to have higher efficacy in reducing planktonic growth of P. aeruginosa compared 

to other sublethal concentrations (1:10 to 1:200) at pH 6.2 and 7.4. This was confirmed by one-way 

ANOVAs which returned statistical significance at pH 6.2 at 1:400 and 1:600 concentrations (p<0.05).  

At pH 8, the only sublethal concentrations of Active Oxygen which caused significant reductions in 

planktonic growth were 1:10, 1:100 and 1:400 respectively (all p<0.01). In addition, the highest levels 

of planktonic growth were observed at the pH 5.2. whereas low levels of planktonic growth were 

observed at pH 8.    
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4.2.4 Prevention of biofilm formation following treatment with Active Oxygen  

 

Figure 4.5. Impact of pH on efficacy of Active Oxygen to prevent biofilm formation of E. coli K12 in M9 

minimal media (indicated as OD595) at 25oC (A) and 37oC (B). Initial dosage is the addition of two Active 

Oxygen tablets to hot tub water (labelled as SOPFA) and follow on applications require the use of one 

additional tablet (SOPSA). N=4 for each data point and error bars represent standard error of the mean 

(SEM).  

At the lowest pH tested, Active Oxygen concentrations from 10x concentrated ranging from 10x 

concentrated to 1:10 caused low levels of E. coli biofilm formation at 25oC (Fig. 4.5A) which one-way 

ANOVAs found statistically lower compared to control wells (all p<0.001). This was accompanied by a 

sharp rise in biofilm formation levels at Active Oxygen 1:100 concentration which was 66 times higher 

than that at the 1:10 concentration. The efficacy of Active Oxygen at the 1:400 concentration was 

higher than other sublethal concentrations at both pH 5.2 and 8 which also returned significant 

outcomes in one-way ANOVAs (p=0.0024 and p=0.0116). At pH 7, only 10x concentrated Active Oxygen 

was able to successfully prevent biofilm formation of E. coli which was followed by very low levels of 

biofilm formation detected at first and follow on applications. Active Oxygen at 1:200 and 1:400 

concentrations also displayed higher efficacy in comparison to the remaining sublethal concentrations  

at pH 7. One-way ANOVAs indicated that these Active Oxygen concentrations resulted in significantly 

lower biofilm formation levels (all p<0.05). Extremely low levels of biofilm formation were found at 

Active Oxygen concentrations from 10x concentrated to SOPSA across all pHs which one-way ANOVAs 

found statistically significant compared to control wells (all p<0.001) with the largest increases in 

biofilm formation levels observed at pH 7.4 and 8 as Active Oxygen concentration decreased. Sharp 
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rises in biofilm formation levels between SOPSA and 1:10 are seen at pH 6.2 and 7.4 whereas there was 

less variation between OD measurements at pH 7 and 8.  

At 37oC, low levels of biofilm formation were also observed at 10x concentrated, SOPFA and SOPSA 

concentrations of Active Oxygen across all pHs tested (Fig. 4.5B) which conducted one-way ANOVAs 

found statistically significant (all p<0.001). However, when E. coli was grown in M9 minimal media at 

pH 5.2, the 10x concentrated Active Oxygen appeared to be less effective than first and follow on 

applications at preventing biofilm formation. Differences in OD measurements were found between 

Active Oxygen at the SOPSA and 1:10 concentrations which were consistent across all pHs tested. 

Although the levels of biofilm formation were elevated, conducted one-way ANOVAs still found these 

to be statistically significant from control wells at pH from 5.2 to 7.4. This trend was more pronounced 

at pH 8 where the OD increased rapidly from 0 to 0.702. One-way ANOVAs with Dunnett’s multiple 

comparisons tests conducted between Active Oxygen at the 1:10 concentration and control wells did 

not return significant outcomes (p>0.05).   

 

 

 

 

 

 

 

 

Figure 4.6. Impact of pH on efficacy of Active Oxygen to prevent biofilm formation of P. aeruginosa 

PA01 in M9 minimal media (indicated as OD595) at 25oC (A) and 37oC (B). Initial dosage is the addition 

of two Active Oxygen tablets to hot tub water (labelled as SOPFA) and follow on applications require 

the use of one additional tablet (SOPSA). N=4 for each data point and error bars represent standard 

error of the mean (SEM). 

P. aeruginosa exhibited low levels of biofilm formation at 25oC across all pHs tested using Active 

Oxygen concentrations ranging from 10x concentrated to SOPSA (Fig. 4.6A). One-way ANOVAs with 

Dunnett’s multiple comparison tests demonstrated that these Active Oxygen concentrations 

significantly reduced biofilm formation across all pHs tested (all p<0.001). In addition, when P. 

aeruginosa was grown in M9 minimal media at pH 7, 7.4 and 8, biofilm formation levels were elevated 
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at sublethal concentrations (1:100 at pH 7, 1:400 at pH 7.4, 1:10 and 1:600 at pH 8). One-way ANOVAs 

conducted found statistical significance between 1:10 (p=0.0447) and 1:600 (p=0.0010) when 

compared against biofilm formation levels in control wells at pH 8.  

Stronger concentrations of Active Oxygen (10x concentrated to SOPSA) were also effective at 

preventing biofilm formation levels at 37oC across all pHs tested as shown in Fig. 4.6B which was 

statistically significant in one-way ANOVAs (all p<0.001). However, there was a detectable increase in 

absorbance from 0 to 0.468 at the SOPSA concentration at pH 5.2 which was followed by lower efficacy 

at Active Oxygen concentrations from 1:10 to 1:400 which exceeded biofilm formation levels observed 

in control wells. One-way ANOVAs illustrated that the levels of biofilm formation at these Active 

Oxygen concentrations were not significantly different to levels observed in control wells (all p>0.05). 

At pH 6.2, Active Oxygen at the 1:10 concentration resulted in higher levels of biofilm formation of P. 

aeruginosa whilst lower concentrations demonstrated higher efficacy in preventing biofilm formation.  

This was confirmed by one-way ANOVAs where all Active Oxygen concentrations lower than 1:10 were 

found to be statistically significant (all p<0.001).   
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4.2.5 Impact of pH and temperature on efficacy of Active Oxygen to prevent planktonic growth  

The results obtained in planktonic growth prevention assays were also used to provide insights into 

the effect of pH and temperature on the efficacy of Active Oxygen to prevent planktonic growth at 

specific pH values (Fig. 4.7).  

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.7. E. coli K12 and P. aeruginosa PA01 planktonic growth (indicated as OD595) in M9 minimal 

media at pH 5.2 (A), 6.2 (B), 7 (C), 7.4 (D) and 8 (E) grown at 25oC and 37oC in the presence or absence 

of Active Oxygen. Initial dosage is the addition of two Active Oxygen tablets to hot tub water (labelled 

as SOPFA) and follow on applications require the use of one additional tablet (SOPSA). N=4 for each data 

point and error bars represent standard error of the mean (SEM). 

At pH 5.2, the highest levels of planktonic growth were shown by P. aeruginosa at 37oC in control wells 

which were 79% higher than levels seen in control wells at 25oC (Fig. 4.7A). In addition, levels of 

planktonic growth displayed by P. aeruginosa were also 79% higher at 37oC compared to 25oC at the 

1:10 concentration of Active Oxygen. Levels of E. coli planktonic growth were found to be 82% higher 

at 37oC compared to 25oC in control wells. Interestingly, similar levels of planktonic growth were noted 

when E. coli and P. aeruginosa were grown at 25oC in the presence of Active Oxygen concentrations 
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ranging from 1:100 to 1:600. This trend was also observed when both strains were grown at 37 oC at 

the same Active Oxygen concentrations. One-way ANOVAs conducted with Tukey’s multiple 

comparisons tests indicated that planktonic levels were significantly different at Active Oxygen 

concentrations ranging from 1:10 to 1:600 between E. coli grown at 25oC compared against E. coli and 

P. aeruginosa grown at 37oC (all p<0.001). Statistically significant results were also observed between 

E. coli grown at 37oC and P. aeruginosa grown at 25oC as well as comparisons between P. aeruginosa 

grown at 25oC and 37oC (all p<0.001). Comparisons between planktonic levels of P. aeruginosa grown 

at 37oC at the SOPSA Active Oxygen concentration were found to be significantly higher than levels 

observed across all other temperature and strain conditions (all p<0.001).  

The highest levels of planktonic growth were also seen in control wells containing P. aeruginosa grown 

at 37oC in M9 minimal media at pH 6.2 (Fig. 4.7B). Active Oxygen at concentrations ranging from 1:100 

to 1:600 showed similar efficacy in preventing planktonic growth of E. coli and P. aeruginosa at 25oC. 

This was followed by slightly higher levels of planktonic growth in control wells containing P. 

aeruginosa compared to wells containing E. coli. Furthermore, the lowest concentration of Active 

Oxygen used in experiments (1:600) showed higher efficacy than levels of planktonic growth observed 

at 1:10, 1:200 and 1:400 concentrations when P. aeruginosa was grown at 37oC. One-way ANOVAs 

conducted with Tukey’s multiple comparisons tests revealed that planktonic levels were significantly 

different at 1:400 concentration between growth of E. coli grown at 25oC and P. aeruginosa grown at 

37oC and P. aeruginosa grown at 25oC and 37oC (p<0.05). Statistical significance was found between 

levels of planktonic growth at Active Oxygen concentrations from 1:10 to 1:400 between E. coli at 25oC 

and 37oC compared with P. aeruginosa at 37oC as well as P. aeruginosa grown at 25oC and 37oC (all 

p<0.05).  

The highest levels of planktonic growth were shown by P. aeruginosa at 37oC followed by E. coli at 37oC 

(Fig. 4.7C). Levels of planktonic growth in control wells were 63% and 68% higher at 37oC compared to 

25oC for both strains. Planktonic growth of E. coli at 37oC as well as P. aeruginosa at 25oC and 37oC was 

consistent across Active Oxygen concentrations ranging from 1:10 to 1:400. However, at the lowest 

Active Oxygen concentration tested, lower efficacy was observed. This differed when E. coli were 

grown at 25oC at sublethal concentrations were levels of planktonic growth were comparable to those 

observed in control wells. One-way ANOVAs conducted with Tukey’s multiple comparisons tests 

demonstrated that planktonic levels between E. coli 25oC compared with P. aeruginosa at 37oC and P. 

aeruginosa at 25oC and 37oC were significantly different at sublethal concentrations (all p<0.05). In 

addition, planktonic growth of E. coli was significantly higher at 37oC compared to 25oC at the 1:10 

concentration (p=0.0036).  
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At pH 7.4, the highest levels of planktonic growth were found at 37oC which were 52% and 62% higher 

than 25oC for E. coli and P. aeruginosa respectively (Fig. 4.7D). Planktonic growth of E. coli was 

consistent across Active Oxygen concentrations ranging from 1:10 to 1:600 at 25oC and 37oC. However, 

sublethal concentrations resulted in higher planktonic growth of P. aeruginosa at 25oC whereas at 

37oC, higher efficacy was displayed at sublethal concentrations. One-way ANOVAs conducted with 

Tukey’s multiple comparisons tests revealed that planktonic levels were significantly different  between 

E. coli at 25oC and 37oC and P. aeruginosa at 37oC at 1:400 and 1:600 concentrations (all p<0.05). 

Statistical significance was also found between levels of planktonic growth of P. aeruginosa at 25oC 

and 37oC at 1:400 (p=0.0022). Further statistical analyses demonstrated that levels differed at 1:10 and 

1:100 concentrations between E. coli at 25oC and P. aeruginosa at 37oC and P. aeruginosa at 25oC and 

37oC (all p<0.05). Levels of planktonic levels were significantly different between all datasets at 1:200 

except comparisons between E. coli and P. aeruginosa grown at 25oC (all p<0.05).  

Interestingly, similar levels of planktonic growth were observed in control wells containing P. 

aeruginosa at 37oC and E. coli at 25oC and 37oC (Fig. 4.7E). This was also evident at the 1:200 

concentration where OD measurements were close to each other. A small peak in planktonic growth 

was noted at the 1:400 Active Oxygen concentration when E. coli were grown at 25oC and 37oC as well 

as P. aeruginosa grown at 25oC. However, at the same Active Oxygen concentration P. aeruginosa 

grown at 37oC demonstrated similar efficacy in preventing planktonic growth which was comparable 

with that seen at 1:10 and 1:100 concentrations. One-way ANOVAs conducted with Tukey’s multiple 

comparisons tests showed that planktonic levels were significantly different between E. coli and P. 

aeruginosa grown at 25oC at 1:400 and 1:600 concentrations of Active Oxygen (p<0.05). This was also 

found between planktonic growth of P. aeruginosa at 25oC and E. coli at 37oC at 1:100 (p=0.0244). 

Several other comparisons showed statistical significance between levels of planktonic growth 

exhibited by E. coli at 25oC and 37oC and P. aeruginosa at 37oC including E. coli and P. aeruginosa at 

25oC and P. aeruginosa at 37oC (all p<0.05).  
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4.2.6 Impact of pH and temperature on efficacy of Active Oxygen to prevent biofilm formation   

The results obtained in biofilm prevention assays were also used to provide insights into the effect of 

pH and temperature on the efficacy of Active Oxygen to prevent biofilm formation at specific pH values 

(Fig. 4.8).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Quantitation of E. coli K12 and P. aeruginosa PA01 biofilm formation (indicated as OD595) in 

M9 minimal media at pH 5.2 (A), 6.2 (B), 7 (C), 7.4 (D) and 8 (E) grown at 25oC and 37oC in the presence 

or absence of Active Oxygen. Initial dosage is the addition of two Active Oxygen tablets to hot tub 

water (labelled as SOPFA) and follow on applications require the use of one additional tablet (SOPSA). 

N=4 for each data point and error bars represent standard error of the mean (SEM).  

Active Oxygen concentrations ranging from 10x concentrated SOPSA displayed low levels of E. coli 

biofilm formation across both temperatures. However, there was peak in OD at pH 5.2 to 0.4678 when 

P. aeruginosa were grown at 37oC in the presence of the SOPSA concentration which was not observed 

at 25oC (Fig. 4.8A). At the 1:10 concentration, sharp rises in biofilm formation were shown by P. 

aeruginosa at 25oC and 37oC whereas much lower levels of biofilm formation were exhibited by E. coli 

at both temperatures with higher efficacy found at 25oC compared to 37oC. Furthermore, E. coli biofilm 

formation appeared to be higher at 25oC compared to 37oC at 1:100, 1:200 and 1:600 Active Oxygen 

concentrations. The levels of biofilm formed by E. coli were almost identical at the 1:400 concentration 
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whereas this was found at the 1:100 and 1:200 concentrations with P. aeruginosa at both 

temperatures. One-way ANOVAs conducted with Tukey’s multiple comparisons test revealed that 

there were significantly different levels of biofilm formation of E. coli at 25oC and P. aeruginosa at 25oC 

as well as between E. coli at 37oC and P. aeruginosa at both temperatures (all p<0.05) at concentrations 

from 1:10 to 1:600.  

High efficacy was shown across both temperatures at pH 6.2 using both strains at Active Oxygen 

concentrations ranging from 10x concentrated to SOPSA (Fig. 4.8B). Levels of biofilm formation rose 

sharply at the 1:10 concentration where the OD reached a value of approximately 1.5 when P. 

aeruginosa was grown at 37oC which exceeded levels observed in the remaining sublethal 

concentrations. This was confirmed by one-way ANOVAs which showed that biofilm formation was 

significantly different to levels observed with E. coli at both temperatures including P. aeruginosa at 

25oC at the same concentration of Active Oxygen (all p<0.001). Varying patterns in biofilm were seen 

between E. coli and P. aeruginosa at sublethal concentrations. At 25oC, P. aeruginosa showed lower 

efficacy at lower concentrations of Active Oxygen whereas at 37oC, higher efficacy was found as Active 

Oxygen concentration fell. This trend was not observed for E. coli as sublethal concentrations of Active 

Oxygen resulted in relatively consistent levels of biofilm formation across both temperatures. 

Furthermore, similar levels of biofilm formation were shown by E. coli at 1:10 concentration for both 

temperatures whereas this was evident at the lowest Active Oxygen concentration with P. aeruginosa.  

High efficacy was shown across both temperatures at pH 7 using both strains at Active Oxygen 

concentrations ranging from 10x concentrated to SOPSA (Fig. 4.8C). There was a small difference in 

biofilm formation exhibited by E. coli at both temperatures at the 1:10 concentration whereas P. 

aeruginosa showed levels that were 43% higher at 25oC compared to 37oC. One-way ANOVAs 

confirmed that these levels were significantly different to P. aeruginosa grown at 37oC and E. coli at 

both temperatures at the same concentration (all p<0.001). Interestingly, the results showed that 

biofilm formation levels of P. aeruginosa were higher at 25oC compared to 37oC at sublethal 

concentrations of Active Oxygen which one-way ANOVAs found significantly different (all p<0.01).  

High efficacy was shown across both temperatures at pH 7.4 using both strains at Active Oxygen 

concentrations ranging from 10x concentrated to SOPSA (Fig. 4.8D). All Active Oxygen concentrations 

were effective in preventing biofilm formation of E. coli at both temperatures which is denoted by the 

low OD measurements. One-way ANOVAs conducted with Tukey’s multiple comparisons tests 

demonstrated that the levels of biofilm formation at all Active Oxygen concentrations except SOPSA 

were not significantly different between E. coli at 25oC and 37oC as OD measurements were similar 
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across all Active Oxygen concentrations (all p>0.05). In contrast, this did not occur with P. aeruginosa 

where the efficacy of Active Oxygen was lower at sublethal concentrations.  

High efficacy was shown across both temperatures at pH 8 using both strains at Active Oxygen 

concentrations ranging from 10x concentrated to SOPSA (Fig. 4.8E). At the 1:10 concentration, levels of 

biofilm formation shown by E. coli were 84% higher at 37oC compared to 25oC whereas there was only 

a 15% difference in biofilm formation levels of P. aeruginosa at the same concentration. One-way 

ANOVAs conducted with Tukey’s multiple comparison tests revealed levels of biofilm formed by P. 

aeruginosa at 37oC were significantly higher than levels observed with E. coli at both temperatures (all 

p<0.001). Furthermore, at Active Oxygen concentrations below SOPSA, levels of biofilm formation 

increased rapidly when P. aeruginosa was grown at 25oC and 37oC which was also observed with E. coli 

grown at 37oC.  

4.2.7 Prevention of biofilm formation following exposure to Active Oxygen (Specific biofilm 

formation)  

This section includes the specific biofilm formation of E. coli K12 and P. aeruginosa PA01 calculated by 

dividing the biofilm formation optical density by the planktonic cell optical density reading. These 

values represent the biofilm forming capacity of an organism per amount of biomass present. 

 

 

 

 

 

 

 

Figure 4.9. Levels of specific biofilm formation exhibited by E. coli K12 at 25oC (A) and 37oC (B) in M9 

minimal media at five different pHs in the presence or absence of Active Oxygen. Initial dosage is the 

addition of two Active Oxygen tablets to hot tub water (labelled as SOPFA) and follow on applications 

require the use of one additional tablet (SOPSA). N=4 for each data point and error bars represent 

standard error of the mean (SEM). 

Across both temperatures, the levels of biofilm formation exhibited by E. coli were low (Fig. 4.8). 

Therefore, the calculated values for specific biofilm formation were also low (Fig. 4.9). In addition, the 
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difference in OD measurements between planktonic and biofilm formation resulted in large spikes 

which are seen notably at SOPFA, SOPSA and 1:10 concentrations at 25oC as well as SOPSA concentration 

at 37oC.  

 

 

 

 

 

 

 

Figure 4.10. Levels of specific biofilm formation exhibited by P. aeruginosa PA01 at 25oC (A) and 37oC 

(B) in M9 minimal media at five different pHs in the presence or absence of Active Oxygen. Initial 

dosage is the addition of two Active Oxygen tablets to hot tub water (labelled as SOPFA) and follow on 

applications require the use of one additional tablet (SOPSA). N=4 for each data point and error bars 

represent standard error of the mean (SEM). 

At 25oC, stronger concentrations of Active Oxygen (10x, SOPFA and SOPSA) showed high efficacy which 

is denoted by the low levels of specific biofilm formation shown by P. aeruginosa across all pHs tested 

(Fig. 4.10A). Peaks in specific biofilm formation were most prominent at the 1:10 concentration across 

all pHs tested. The highest specific biofilm formation was observed at pH 6.2, 7 and 8 respectively. At 

concentrations lower than 1:10, there was a gradual decrease in specific biofilm formation which was 

seen across all pHs tested. Across all concentrations and pHs tested, Active Oxygen was more effective 

at 37oC compared to 25oC based on the lower scale plotted on the Y axis (Fig. 4.10B). There was no 

specific biofilm formation in the presence of Active Oxygen at the 10x concentration. This was followed 

closely by specific biofilm formation at the SOPFA and SOPSA concentrations of Active Oxygen where 

spikes in specific biofilm formation were noted at pH 5.2, 6.2 and 7. In contrast, at the SOPSA 

concentration, low levels of specific biofilm formation were maintained at the remaining pHs tested 

(pH 7.4 and 8).  
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4.2.8 Effect of Active Oxygen on cell viability    

4.2.8.1 Log reduction data (OD595-CFU derived)  

Due to time constraints and since this was only a one-year project, the results shown in this section 

reflect log reductions in cell viability of E. coli K12 and P. aeruginosa PA01. As previous results showed 

the generation of a calibration curve for E. coli and P. aeruginosa (Chapter 3), the OD of planktonic cell 

cultures was used to calculate log reductions in cell viability. 

   

 

 

 

 

 

 

Figure 4.11. Log reductions in cell viability of E. coli K12  grown in M9 minimal media (calculated from 

OD595-CFU calibration curves) following treatment with Active Oxygen at five different pHs at 25oC (A) 

and 37oC (B). Initial dosage is the addition of two Active Oxygen tablets to hot tub water (labelled as 

SOPFA) and follow on applications require the use of one additional tablet (SOPSA). N=4 for each data 

point with error bars illustrating standard error of the mean (SEM).  

The highest log reductions in E. coli at 25oC were observed at pH 8 where Active Oxygen concentrations 

ranging from 10x concentrated to SOPSA achieved log reductions higher than 1. In contrast, log 

reductions noted at other pHs fellow 0.5 across all Active Oxygen concentrations (Fig. 4.11A). 

Furthermore, Active Oxygen was most effective at reducing cell viability of E. coli at 37oC in M9 minimal 

media at pH 5.2 (Fig. 4.11B). Active Oxygen concentrations ranging from 10x concentrated to SOPSA 

resulted in an average log reduction of 1.42. This was followed closely by decreases in cell viability 

noted at pH 7 and 8 with log reductions higher 1. The lowest log reductions were seen at pH 6.2 which 

only resulted in log reductions of 0.5 at first and follow on applications of Active Oxygen (SOP FA and 

SOPSA) including at the 10x concentration.  
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Figure 4.12. Log reductions in cell viability of P. aeruginosa PA01 grown in M9 minimal media 

(calculated from OD595-CFU calibration curves) following treatment with Active Oxygen at five different 

pHs at 25oC (A) and 37oC (B). Initial dosage is the addition of two Active Oxygen tablets to hot tub water 

(labelled as SOPFA) and follow on applications require the use of one additional tablet (SOPSA). N=4 for 

each data point with error bars illustrating standard error of the mean (SEM).  

At 25oC, the highest log reductions were noted at pH 7.4 followed by 7, 6.2, 5.2 and 8 where higher 

concentrations of Active Oxygen only resulted in average log reductions of 0.3 (Fig. 4.12A). Active 

Oxygen showed higher efficacy in reducing cell viability of P. aeruginosa at sublethal concentrations in 

M9 minimal media at pH 5.2, 6.2, 7 and 7.4 compared to 8. At pH 8, P. aeruginosa treated with the 

lowest concentrations of Active Oxygen (1:400 and 1:600) did not result in log reductions in cell 

viability. In addition, Active Oxygen concentrations higher than 1:10 at 37oC resulted in log reductions 

of P. aeruginosa higher than 2 at pH 5.2 (Fig. 4.12B). This was followed closely with log reductions of 

higher than 1.5 at pH 7 and 7.4, 1.5 at pH 6.2 and 1.1 at pH 8. At sublethal concentrations of Active 

Oxygen, there was still a 1 log reduction in P. aeruginosa at pH 5.2 whereas at other pHs, log reductions 

fell below 1.     

4.2.8.2 Time-kill assays    

To determine how quickly the Active Oxygen tablets kill bacteria, overnight cultures of E. coli grown at  

in M9 minimal media at pH 7.4 were diluted to OD595 = 0.5 before addition of Active Oxygen at the 

initial dosage and follow on application (SOPFA and SOPSA). Samples were incubated at 37oC under static 

conditions for 0, 5, 10, 30 and 60 min as similar studies have observed decreased viability within 30 

min of treatment with KMPS (Oliveira et al., 2022). Ampicillin was chosen as a bactericidal antibiotic 
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and erythromycin as a bacteriostatic antibiotic to provide insights into the mechanism of action 

exhibited by Active Oxygen. Chlorine at 5ppm was also used as a positive control.   

  

 

 

 

 

 

 

 

 

Figure 4.13. Time-kill of E. coli K12 in M9 minimal media at pH 7.4 following treatment with Active 

Oxygen at first and follow on applications (SOPFA and SOPSA). Viable cell counts are expressed as Log10 

CFU/ml. E. coli K12 was used as a negative control. N=3 for each data point and error bars represent 

standard error of the mean (SEM). Paired t-test was conducted between treated and control samples 

at each time point and is indicated by **p<0.01;***p<0.001.  

Figure 4.13 shows the results from time-kill assays after counting the number of colonies on LB plates 

indicated as Log10 CFU/ml. After 5 minutes of exposure with Active Oxygen at both concentrations,  

there was an observable decrease in cell viability which a paired t-test found significantly lower (both 

p<0.01). Viable cell counts increased slightly at 10 and 30 minutes at the SOPSA concentration whereas 

there was a more observable decrease in cell viability at the SOPFA concentration which was denoted 

by statistical significance (both p<0.01). The most notable reductions in cell viability with SOPFA and 

SOPSA were observed after 60 minutes which declined by 18% and 25% respectively which were also 

statistically significant. Interestingly, viable cell counts at the SOPFA concentration  were higher 

compared to those observed at the SOPSA concentration where there was a more rapid decrease in 

viability between 30 and 60 min. Ampicillin showed bactericidal activity with subsequent reductions in 

cell viability after 60 minutes. In contrast, after 60 minutes of exposure to erythromycin the number 

of viable bacteria started to plateau. E. coli cells treated with chlorine at the recommended 

concentration of chlorine (5ppm) did not lead to any CFU formation after incubation (data not shown).  
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4.2.8.3 Decay of Active Oxygen   

In order to provide insights into the stability of Active Oxygen species, experiments were conducted to 

investigate the effect of different time periods of incubation on antibacterial activity against E. coli 

grown at 37oC in M9 minimal media at pH 7.4. Active Oxygen at the initial dosage (SOPFA) and follow 

on application (SOPSA) was incubated at 37oC under static conditions for 0, 1, 3, 5 and 7 days before 

being added to diluted overnight cultures of E. coli. It was decided to test the stability of Active Oxygen 

at 1, 3 and 5 days as product instructions indicate to add one tablet every day if hot tub water becomes 

“dull or foamy.” The stability of Active Oxygen was also tested after 7 days since product instructions 

state that prior to each hot tub use customers should add “at least two tablets each week to keep the 

water sanitised.”  

 

 

 

 

 

 

 

 

Figure 4.14. Stability of Active Oxygen at first and follow on applications (SOPFA and SOPSA) after 

incubation at 37oC for 1, 3, 5 and 7 days. Viable cell counts of E. coli K12 are expressed as Log10 CFU/ml. 

N=3 for each data point and error bars represent standard error of the mean (SEM).  

Figure 4.14 demonstrates the stability of Active Oxygen after incubation at 37oC for various time 

periods and counting the number of colonies on LB plates indicated as Log10 CFU/ml. After 7 days, 

viable cell counts remained relatively consistent with small fluctuations observed at day 3 and 7. Cell 

viability was almost identical at 1 and 5 days in comparison to 0 days where Active Oxygen was added 

directly to E. coli. In addition, at day 5, Active Oxygen at SOPFA concentration showed antibacterial 

activity against E. coli as cell viability dropped slightly.  
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4.2.9 Prevention of planktonic growth following treatment with Active Oxygen and Water 

conditioner (Product 2)   

This section shows the efficacy of Active Oxygen at various concentrations in combination with Water 

conditioner (Product 2) in preventing planktonic growth of E. coli and P. aeruginosa in M9 minimal 

media grown at 25oC or 37oC. The initial dosage of Active Oxygen is two tablets added to hot tub water 

(SOPFA) and follow on applications prior to each hot tub use require one additional tablet (SOPSA). Since 

the main focus of the project was on Active Oxygen, the pH range used in these experiments ranges 

from 7 to 8 to simulate the conditions in a hot tub. In addition, Product 2 was only tested at the SOP 

concentration.  

 

 

 

 

 

 

 

 

 

Figure 4.15. Planktonic growth of E. coli K12 in M9 minimal media at pH 7, 7.4 and 8 (indicated as 

OD595) in the presence of Active Oxygen or in combination with Product 2 at 25oC (A) and 37oC (B). 

SOPFA and SOPSA indicate the initial dosage and follow on applications of Active Oxygen. N=4 for each 

data point and error bars represent standard error of the mean (SEM). Paired t-test was conducted 

between treated and control samples and is indicated by *p<0.05.  

Across all Active Oxygen concentrations tested, low levels of planktonic growth exhibited by E. coli 

were observed across all pHs tested at 25oC (Fig. 4.15A). Active Oxygen in combination with Product 2 

led to higher levels of planktonic growth at all pHs tested compared with Active Oxygen alone. The 

highest levels of planktonic growth were observed at Active Oxygen 1:10 in combination with Product 

2 with an OD of 0.186 at pH 8. Product 2 showed a statistically significant effect in reducing planktonic 

growth of E. coli across all pHs tested (p=0.0118, p= 0.0344 and p=0.0283, paired t-test). Scheirer-Ray-
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Hare tests and two-way ANOVAs revealed that Active Oxygen, Product 2 and in combination with 

Product 2 had a significant effect in reducing planktonic growth across all pHs tested (all p<0.05).  

At 37oC, Active Oxygen concentrations ranging from 10x concentrated to SOPSA alone and in 

combination with Product 2 were effective at preventing planktonic growth of E. coli across all pHs 

tested (Fig. 4.15B). However, this was not evident at the 1:10 concentration alone and in combination 

with Product 2 where levels of planktonic growth increased rapidly. Addition of Product 2 by reduced 

planktonic growth of E. coli by 28%, 39% and 50% at all pHs tested. Paired t-test conducted between 

control and treated samples showed that Product 2 had a statistically significant effect in reducing 

planktonic growth of E. coli at pH 8 (p=0.0369). Two-way ANOVAs indicated that Active oxygen at 

concentrations 10x, SOPFA and SOPSA were effective at reducing planktonic growth across pHs tested 

(all p<0.001). However, the same Active Oxygen concentrations only showed a significant interaction 

in combination with Product 2 at pH 7.4 and 8 where Product 2 by itself also achieved statistical 

significance (all p<0.05).   

 

 

 

 

 

 

 

 

 

Figure 4.16. Planktonic growth of P. aeruginosa PA01 in M9 minimal media at pH 7, 7.4 and 8 (indicated 

as OD595) in the presence of Active Oxygen or in combination with Product 2 at 25oC (A) and 37oC (B). 

SOPFA and SOPSA indicate the initial dosage and follow on applications of Active Oxygen. N=4 for each 

data point and error bars represent standard error of the mean (SEM). Paired t-test was conducted 

between treated and control samples and is indicated by *p<0.05;**p<0.01. 

Active Oxygen showed high efficacy in preventing planktonic growth of P. aeruginosa at 25oC at 10x, 

SOPFA and SOPSA concentrations across all pHs tested (Fig. 4.16A). However, at the SOPSA in combination 

with Product 2 there was sharp rise in planktonic growth which gave similar OD measurements with 
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an average reading of 0.086 across all pHs. This was also seen at the Active Oxygen 1:10 alone and in 

combination with Product 2 which exceeded planktonic growth observed in control wells at pH 7 and 

8. Product 2 was only able to reduce planktonic growth at pH 7 whereas it promoted planktonic growth 

at pH 7.4 and 8 which achieved statistical significance (p=0.0261, paired t-test). Scheirer-Ray-Hare tests 

and two-way ANOVAs demonstrated that Active Oxygen at SOPFA and 10x concentrations significantly 

reduced planktonic growth of P. aeruginosa across all pHs tested (all p<0.01). Further statistical 

analyses showed that only Active Oxygen at the SOPSA concentration in combination with Product 2 

showed a significant interaction in reducing planktonic growth at pH 7 (p=0.0082) whereas Product 2 

was found to significantly lower planktonic growth at pH 7.4 and 8 (both p<0.05).    

Active Oxygen was also effective at concentrations ranging from 10x to SOPSA at 37oC in reducing 

planktonic growth of P. aeruginosa across all pHs tested (Fig. 4.16B). Similar to the observations found 

at 25oC, at the SOPSA concentration in combination with Product 2, there were higher levels of 

planktonic growth which rose as pH increased. Active Oxygen 1:10 showed higher efficacy with Product 

2 at pH 7 and 7.4 with levels of planktonic growth being 44% lower than that seen at the 1:10 

concentration alone at both pHs whereas planktonic growth was increased at pH 8. Product 2 

decreased planktonic growth of P. aeruginosa by 13% at pH 7 and 10% at pH 7.4 but caused the highest 

reduction at pH 8 by 46% which achieved statistical significance  (p=0.0092, paired-test). Scheirer-Ray-

Hare tests and two-way ANOVAs illustrated that Active Oxygen was effective in reducing planktonic 

growth of P. aeruginosa across all pHs tested (all p<0.05) but no significant effect was seen at 1:10 

concentration at pH 7.4 and 8. Active Oxygen at the SOPSA concentration in combination with Product 

2 showed a significant effect in decreasing planktonic growth at pH 7 and 7.4 (both p<0.05) whereas 

all product combinations including Product 2 alone significantly lowered planktonic growth at pH 8 (all 

p<0.01).  
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4.2.10 Prevention of biofilm formation following treatment with Active Oxygen and Water 

conditioner (Product 2)  

 

 

 

 

 

 

 

 

 

 

Figure 4.17. Quantification of E. coli K12 biofilm formation in M9 minimal media at pH 7, 7.4 and 8 

(indicated as OD595) in the presence of Active Oxygen or in combination with Product 2 at 25oC (A) and 

37oC (B). SOPFA and SOPSA indicate the initial dosage and follow on applications of Active Oxygen. N=4 

for each data point and error bars represent standard error of the mean (SEM). Paired t-test was 

conducted between treated and control samples and is indicated by *p<0.05;**p<0.01. 

Active Oxygen at all concentrations successfully prevented biofilm formation of E. coli at 25oC which is 

denoted by the low levels of biofilm formation observed across all pHs tested (Fig. 4.17A). At the SOPSA 

concentration in combination with Product 2, high efficacy was shown in preventing biofilm formation 

at pH 7.4 whereas there was a rapid increase in levels of biofilm formation observed at pH 7 and 8. 

Across all pHs tested, Active Oxygen 1:10 in combination with Product 2 resulted in high levels of 

biofilm formation. The addition of Product 2 caused small reductions in biofilm formation at pH 7 and 

7.4 whereas levels of biofilm formation decreased by 66% at pH 8. Statistical analyses found that 

Product 2 significantly lowered levels of biofilm formation at pH 7 and 8 (p=0.0381 and p=0.0028, 

paired t-test). Scheirer-Ray-Hare tests and two-way ANOVAs showed that Active Oxygen significantly 

reduced biofilm formation of E. coli at pH 7.4 and 8 (all p<0.01) which did not achieve statistical 

significance at the 1:10 concentration at pH 7 . All product combinations including Product 2 by itself 

caused a significant effect at pH 7 and 8 (all p<0.05) whereas this was only observed at the 1:10 

concentration in combination with Product 2 at pH 7.4 (p=0.0064).  
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At 37oC, low levels of biofilm formation were observed following treatment with Active Oxygen which 

increased at the 1:10 concentration as pH increased (Fig. 4.17B). All Active Oxygen concentrations in 

combination with Product 2 resulted in increases in biofilm formation with the most pronounced effect 

being observed at pH 7.4. In the presence of Product 2, there were low reductions in biofilm formation 

which ranged from 12% to 21% which statistical analyses did not find statistically significant (p>0.05).  

Scheirer-Ray-Hare tests and two-way ANOVAs confirmed that Active Oxygen at all concentrations 

significantly reduced biofilm formation across all pHs tested (all p<0.01). Active Oxygen at SOPSA and 

1:10 concentration in combination with Product 2 reduced biofilm formation at pH 7 and 7.4 whereas 

only Active Oxygen concentrations higher than 1:10 significantly reduced biofilm formation at pH 8 (all 

p<0.05). Product 2 had a significant effect on biofilm formation at pH 7 and 7.4 at the SOPSA 

concentration as well as at pH 8 at the 1:10 concentration (both p<0.01).  

 

 

 

 

 

 

 

 

 

Figure 4.18. Quantification of P. aeruginosa PA01 biofilm formation in M9 minimal media at pH 7, 7.4 

and 8 (indicated as OD595) in the presence of Active Oxygen or in combination with Product 2 at 25oC 

(A) and 37oC (B). SOPFA and SOPSA indicate the initial dosage and follow on applications of Active 

Oxygen. N=4 for each data point and error bars represent standard error of the mean (SEM). Paired t-

test was conducted between treated and control samples and is indicated by **p<0.01.  

Active Oxygen demonstrated high efficacy in preventing biofilm formation of P. aeruginosa at 25oC 

across all pHs tested (Fig. 4.18A). However, at SOPSA and 1:10 concentrations of Active Oxygen in 

combination with Product 2, elevated levels of biofilm formation were observed. Levels of biofilm 

formation at the 1:10 concentration in the presence of Product 2 were 33% and 11% lower at pH 7 and 

8 compared with 1:10 concentration alone whereas enhanced biofilm formation was seen at pH 7.4. 
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In all cases, the addition of Product 2 led to increased biofilm formation of P. aeruginosa across all pHs 

tested. Scheirer-Ray-Hare tests and two-way ANOVAs conveyed that Active Oxygen at all 

concentrations significantly reduced biofilm formation across all pHs tested (all p<0.05). Further 

analyses revealed that Active Oxygen at the 1:10 concentration in combination with Product 2 

significantly reduced biofilm formation whereas at the SOPSA concentration, Product 2 appeared to 

significantly reduced biofilm formation at pH 7 and 8 (all p<0.05).  

At 37oC, Active Oxygen concentrations except 1:10 prevented biofilm formation of P. aeruginosa across 

all pHs tested (Fig. 4.18B). Active Oxygen at the SOPSA concentration in combination with Product 2 

resulted in sharp rises in levels of biofilm formation. This was also observed at the 1:10 concentration 

where biofilm formation was higher by 53%, 25% and 11% compared with the 1:10 concentration 

alone. In the presence of Product 2, P. aeruginosa exhibited similar levels of biofilm formation to 

control wells at pH 7 and 7.4 whereas it was reduced at pH 8 which a paired t-test found statistically 

significant (p=0.0011). Scheirer-Ray-Hare tests and two-way ANOVAs indicated that all concentrations 

of Active Oxygen except the 1:10 concentration and Product 2 by itself significantly reduced biofilm 

formation (all p<0.05). Active Oxygen at SOPSA concentration in combination with Product 2 showed a 

significant interaction at pH 7 and 7.4 whereas all product combinations significantly lowered biofilm 

formation at pH 8.  

4.2.11 Effect of Active Oxygen in combination with Water conditioner (Product 2) on cell 

morphology  

In order to validate the conclusions based on single observations (N=1) in the previous project, light 

microscopy and live-dead staining procedures were performed on planktonic cell cultures used in 

growth and biofilm prevention assays following incubation under static conditions at 37oC. The 

fluorescent dyes used to assess cell viability were SYTO 9 and Propidium iodide. SYTO 9 is a green 

fluorescent stain which exhibits high affinity for DNA and penetrates bacterial cell  membranes by 

staining nucleic acids. In contrast, propidium iodide is a red fluorescent stain which binds to DNA or 

RNA through the action of intercalating between bases. As propidium iodide is impermeable to live 

cells and can only enter cells that have impaired membrane structures, it is widely used as a viability 

tool for viewing dead cells in a population. Therefore, SYTO 9 and propidium iodide is commonly used 

to assess the viability of E. coli and P. aeruginosa (Puthia et al., 2022). Due to time constraints, the 

results shown here were only carried out using E. coli grown in M9 minimal media at pH 7.4.  
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Figure 4.19.  Light and fluorescence microscopy images of E. coli K12 planktonic cell cultures grown in 

M9 minimal media at pH 7.4 for 24h at 37oC in untreated wells (A-D) and in the presence of chlorine 

at 5ppm (E-H). Brightfield and fluorescent images were captured using a Zeiss fluorescent microscope 

using a 63x objective lens. Live bacteria were stained with SYTO 9 (green) and dead bacteria were 

stained with propidium iodide (red). Scale bar represents 10 μm.  

Figure 4.19 shows the cell morphology of E. coli grown at 37oC for 24h in M9 minimal media at pH 7.4 

without treatment and in the presence of chlorine at 5ppm, the recommended concentration used in 

hot tubs. Untreated E. coli retained cell viability with a large proportion of cells staining green with and 

minimal numbers of cells fluorescing red. In contrast, wells treated with chlorine at 5ppm led to high 

numbers of dead cells being viewed under the fluorescent microscope with little to no live cells 

fluorescing green. 
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Figure 4.20. Light and fluorescence microscopy images of E. coli K12 planktonic cell cultures grown in 

M9 minimal media at pH 7.4 for 24h at 37oC in the presence of Active Oxygen at the initial dosage 

SOPFA (A-D), SOPFA concentration in combination with Product 2 (E-H) or Product 2 alone (I-L). 

Brightfield and fluorescent images were captured using a Zeiss fluorescent microscope with a 63x 

objective lens. Live bacteria were stained with SYTO 9 (green) and dead bacteria were stained with 

propidium iodide (red).  Scale bar represents 10 μm.    

As shown in figure 4.20, E. coli treated with Active Oxygen at the initial dosage (SOPFA) showed the 

presence of live cells and a small proportion of dead cells. This was also observed at the SOPFA 

concentration in combination with Product 2 which resulted in cells adopting a structure where they 

bunched together (circled in Fig. 4.20F). Comparing the fluorescent images taken between the SOPFA 

concentration of Active Oxygen and in combination with Product 2, similar numbers of red fluorescing 

dead cells were observed. Furthermore, the addition of Product 2 caused high levels of live cells to be 

observed with high fluorescent intensity in comparison to all other treatments. To some degree, red 

fluorescing dead cells were seen but a large proportion of cells remained in their viable state. Cell 

viability assays showed that addition of Product 2 led to no CFU formation.  
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Figure 4.21. Brightfield microscopy images of E. coli K12 in M9 minimal media at pH 7.4 grown at 37oC 

for 1h in the presence of Active Oxygen at SOPSA (A), 1:10 (B) and 1:200 (C) or in combination with 

Product 2 (D-F) using a 60x objective lens. Scale bar represents 10 μm.  

 

Further light microscopy was also undertaken in order to investigate the effect of different Active 

Oxygen concentrations alone and in combination with Product 2 on the cell morphology of E. coli. Due 

to the lack of accessibility to microscopes in the final stages of the project, the following images shown 

in Fig. 4.21 were captured using an EXi Aqua camera attached to a Nikon Eclipse E600 microscope as a 

result. In addition, since time kill assays demonstrated that Active Oxygen was able to kill E. coli cells 

within 1h, samples were only incubated for 1h before being pipetted onto a microscope slide. At follow 

on applications of Active Oxygen alone and in combination with Product 2, there was no observable 

change in the cell morphology of E. coli as the number and shape of cells seen under the microscope 

was similar (Fig. 4.21A and D). However, at the 1:10 concentration of Active Oxygen, cells appeared to 

aggregate in large clusters which were encased in a layer (Fig. 4.21B). This was not seen in combination 

with Product 2 where cell morphology was more dot-like (Fig. 4.21E). At sublethal concentrations of 

Active Oxygen (1:200) there was a marked increase in the number of cells viewed under the light 

microscope with the addition of Product 2 promoting the growth of E. coli as denoted by the higher 

number of cells (Fig. 4.21C and F).   

 

1:200 + 2 1:10 + 2 SOPSA + 2 

F E D 

1:200 1:10 SOPSA 
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4.3 Discussion 

4.3.1 Growth of overnight cultures 

Following overnight incubation for 18h at 37oC under shaking conditions, E. coli overnight cultures 

grown in M9 minimal media at pH 5.2 showed weak levels of growth with low turbidity. This agrees 

with results obtained by Tawfik et al (2019) which illustrated that E. coli K12 strains grown in M9 

minimal media under acidic conditions at pH 4.5 exhibit poor levels of growth. Recently, the optical 

density of E. coli K12 overnight cultures measured over a 4h period has been found to be extremely 

low with growth rates of less than 0.01 h-1 (Yang et al., 2022). Furthermore, overnight cultures of P. 

aeruginosa grown in M9 minimal media at extreme pH values (pH 9.2) showed no growth after 

overnight incubation. The slight change in colour from clear to clear yellow is most likely attributed to 

the production of the siderophore pyoverdine which gives P. aeruginosa its characteristic yellow-green 

colour. Siderophores such as pyoverdine are iron-chelating compounds which possess high affinity for 

the binding of iron. The method of iron uptake into P. aeruginosa cells is through the action of outer-

membrane receptors, ATP-binding cassette transporters, haem scavengers or protein channels 

through which ferrous ion (Fe2+) can diffuse directly from the outer membrane into the cytoplasm 

(Cartron et al., 2006; Dumas et al., 2013; Ochsner et al., 2000; Wandersman and Delepelaire, 2012). 

The presence of Pseudomonas strains in environments with high pH have been linked with a higher 

probability of pvdL being present but no pyoverdine production occurring (Butaitė et al., 2018). This 

suggests that high pH values restrict the ability of P. aeruginosa to produce pyoverdine by interfering 

with gene expression.  

4.3.2 pH microelectrode results  

From pH microelectrode measurements, the addition of Active Oxygen did not affect the pH of M9 

minimal media at pH 7, 7.4 or 8. Small deviations in pH were found when Active Oxygen at the 1:400 

concentration and SOPSA concentration were added to M9 minimal media at pH 5.2 and 6.2 

respectively. Despite this, the pH change was small and indicates that the addition of Active Oxygen 

does not influence the pH of the media.  

4.3.3 Planktonic growth – Effect of pH  

Active oxygen concentrations ranging from 10x concentrated to SOPSA prevented planktonic growth of 

E. coli and P. aeruginosa at both temperatures and all pHs tested with the exception of observable 

growth of P. aeruginosa at 37oC at the SOPSA concentration. One-way ANOVAs with Dunnett’s post-

hoc tests confirmed that these concentrations resulted in significantly lower planktonic growth across 

all pHs tested whereas all Active Oxygen concentrations had a significant effect in reducing planktonic 

growth of P. aeruginosa at pH 6.2 (25oC), 5.2 and 7 (37oC). Active Oxygen at the 1:10 concentration 
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showed higher efficacy at 25oC compared to 37oC across all pHs tested. In addition, Active Oxygen 

concentrations below 1:10 resulted in greater levels of planktonic growth which was found across both 

temperatures and pHs tested. These findings are consistent with results obtained in the previous 

project (Karagianni, 2022). However, the levels of planktonic growth exhibited by E. coli at 25oC were 

considerably higher at pH 8 in comparison to other pH values which showed similar growth. This is in 

agreement with previous studies have observed optimal growth of E. coli at pH 8 after a 24h incubation 

period (Rahman et al., 2012). The rise in levels of planktonic growth could also be attributed to 

upregulation of inner membrane proteins such as YqjA which transports sodium or potassium ions in 

order to maintain a cytoplasmic pH of approximately 7.6 which has been found to be essential for E. 

coli survival at alkaline pHs (Kumar, Tiwari and Doerrler, 2017). E. coli strains deficient in yqiA cannot 

grow under alkaline pH environments as the proton motive force required to facilitate transport of 

cations is unstable. Growth of E. coli can only be restored through overexpression of yqjA and under 

conditions where sodium and potassium concentrations in growth media exceed 100mM (Kumar and 

Doerrler, 2015). M9 minimal media is comprised of M9 salts containing disodium phosphate, 

potassium dihydrogen phosphate and sodium chloride with a concentration of 22mM in single strength 

media which could influence osmotic pressure encouraging the transport of cations sufficient to allow 

for further growth of E. coli under alkaline conditions.  

Interestingly, E. coli and P. aeruginosa grown at 37oC displayed highest levels of planktonic growth in 

M9 minimal media at pH 5.2. This was unexpected as overnight cultures of E. coli and P. aeruginosa 

did not grow to a large extent. This could give insights into the acid-tolerance response (ATR) systems 

that E. coli and P. aeruginosa possess which allow them to support further growth under acidic 

conditions. In response to acidic environments, there is increased expression of genes which are vital 

for the synthesis of unsaturated fatty acids such as fabA and fabB resulting in elevated protein and 

mRNA levels. The fabB gene appears to promote survival at higher temperatures and the ATR system 

has also been found to be conserved in P. aeruginosa PA01 strains where higher levels of protein and 

mRNA have also been detected (Xu et al., 2020). Therefore, the change in lipid composition influences 

membrane structure and activity of proton pumps as a mechanism to achieve a stable intracellular pH 

following exposure to acidic conditions. Recently, E. coli K12 has been investigated in the presence of 

organic acids at pH 4.8. Results showed that there were significantly higher growth rates in response 

to acid stress and genetic constructs containing a vector for insertion of the RffG gene was associated 

with survival rates higher than 4500-fold (Yang et al., 2022). The effect of eDNA on growth of P. 

aeruginosa planktonic cultures in LB media indicates that acidic environments with pH 5.5 result in the 

activation of cyoABCDE genes which code for a cytochrome that can only be produced under oxygen-

rich environments. In addition, the same study identified several antibiotic resistance genes which are 
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induced by eDNA which could suggest a shift towards an antibiotic resistant phenotype following 

treatment with Active Oxygen at pH 5.2 which is denoted by the higher levels of planktonic growth 

(Lewenza et al., 2020).  

4.3.4 Biofilm formation – Effect of pH  

Stronger concentrations of Active Oxygen (10x concentrated, SOPFA and SOPSA) showed high efficacy 

in preventing biofilm formation of E. coli and P. aeruginosa at both temperatures and all pHs tested. 

This was confirmed by one-way ANOVAs with Dunnett’s post-hoc tests which indicated that these 

concentrations significantly reduced planktonic growth across all pHs with the 1:10 concentrations also 

having a significant effect against E. coli at pH 5.2 (25oC) and pH values from 5.2-7.4 (37oC). At pH 5.2, 

Active Oxygen at the 10x concentration was less effective at preventing biofilm formation of E. coli in 

comparison to the first and follow on applications (SOPFA and SOPSA) whereas there was a slight 

elevation in biofilm formed by P. aeruginosa at the SOPSA concentration at 37oC. E. coli K12 has been 

shown to exhibit higher levels of biofilm formation in crystal violet assays at 37oC compared to 25oC at 

pH 5.5 which indicates that acidic pH environments can promote biofilm formation (Mathlouthi, 

Pennacchietti and Biase, 2018). In addition, peracetic acid is a disinfectant with low pH which, when 

employed at concentrations of up to 1500ppm has been shown to result in high viability of cells in P. 

aeruginosa biofilms. (Akinbobola et al., 2017). This suggests that high concentrations may lead to 

reduced susceptibility to disinfectants in low pH environments.   

Furthermore, the 1:10 concentration resulted in low levels of biofilm formation shown by E. coli grown 

at 25oC at pH 7 and 8 with little to no biofilm being detected at pH 5.2. Sublethal concentrations of 

Active Oxygen showed high efficacy at pH 5.2 and 8 (1:400) including at pH 7 (1:200 and 1:400) against 

E. coli grown at 25oC. This was not observed for P. aeruginosa grown at 25oC following treatment with 

sublethal concentrations of Active Oxygen since elevated levels of biofilm formation were detected at 

pH 7 (1:100), 7.4 and 8 (1:10 and 1:600). All sublethal concentrations at pH 6.2 were more effective 

compared to the 1:10 concentration in preventing biofilm formation of P. aeruginosa grown at 37oC. 

This differed at pH 5.2 where lower efficacy was demonstrated across Active Oxygen concentration 

from 1:10 to 1:400 resulting in biofilm formation levels which exceeded those seen in control wells.  

4.3.5 Planktonic growth – Effect of temperature  

The highest levels of planktonic growth were observed at pH values ranging from 5.2 to 7.4 in control 

wells containing P. aeruginosa grown at 37oC. This was confirmed by one-way ANOVAs and Tukey’s 

post-hoc tests which demonstrated that planktonic growth of P. aeruginosa at 37oC was significantly 

higher compared to 25oC and E. coli grown at both temperatures. At pH 8, it appeared that planktonic 

growth was similar in control wells between P. aeruginosa grown at 37oC and E. coli grown at both 
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temperatures. The lowest concentrations of Active Oxygen (1:400 and 1:600) resulted in greater 

planktonic growth of E. coli compared with P. aeruginosa at 25oC which was confirmed by statistical 

significance in a one-way ANOVA. These findings were also seen in the previous project where the 

media was half the strength with less nutrients available (Karagianni, 2022). There is evidence to 

suggest that activation of cold shock proteins or increased expression of stress response genes such as 

RpoS promotes growth of E. coli at lower temperatures. In response to low temperature environments, 

cold shock proteins function as RNA/DNA binding proteins which are stimulated and unfold the 

structure of RNA in order to enable translation to continue (Gottesman, 2018). This cold shock 

response acts as protective mechanism which facilitates bacterial growth. Overexpression of cold 

shock proteins such as CsdA promotes cell division whereas defective mutants negatively impact 

purine and ribose metabolic pathways which in turn affects translation rates in E. coli (Phadtare, 2012). 

DNA microarray analyses which assess gene expression levels have identified upregulated expression 

of genes involved in the cold shock response and stress response suggesting that the systems which 

regulate these processes may interact with each other. Gene expression levels measured by qRT-PCR 

also confirmed that the stress response genes otsA and ymgB are upregulated in E. coli at lower 

temperatures which was evident in both LB and M9 minimal media (White-Ziegler et al., 2008). Various 

sublethal concentrations led to similar levels of planktonic growth following treatment with Active 

Oxygen. These were noted at pH 5.2 (1:100 to 1:600) with both strains and temperatures, pH 6.2 (1:100 

to 1:600 with E. coli and P. aeruginosa grown at 25oC, pH 7 (1:10 to 1:400) with E. coli grown at 37oC 

as well as P. aeruginosa grown at both temperatures, pH 7.4 (1:10 to 1:600) with E. coli at both 

temperatures and pH 8 (1:10, 1:100 and 1:200) with P. aeruginosa grown at 37oC. At 37oC, sublethal 

concentrations of Active Oxygen demonstrated higher efficacy in preventing planktonic growth of P. 

aeruginosa at pH 6.2 (1:600) and pH 7.4 (1:200, 1:400 and 1:600) whereas at 25oC, planktonic growth 

increased at lower concentrations.   

4.3.6 Biofilm formation – Effect of temperature   

Active Oxygen concentrations ranging from 10x concentrated to SOPSA successfully prevented biofilm 

formation of E. coli and P. aeruginosa across both temperatures and all pHs tested except pH 5.2 where 

there was a rise in biofilm formation when P. aeruginosa grown at 37oC were treated with the SOPSA 

concentration. Overall, addition of the 1:10 Active Oxygen concentration caused sharp rises in biofilm 

formation across all pHs tested of which the effect was most pronounced with P. aeruginosa at 37oC. 

This was confirmed by one-way ANOVAs and Tukey’s post-hoc tests which demonstrated that P. 

aeruginosa biofilm formation at 37oC was significantly higher compared to 25oC and E. coli grown at 

both temperatures at pH 5.2, 6.2, 7.4 and 8. Active Oxygen concentrations below SOPSA led to higher 

levels of biofilm formation at pH 8 against E. coli at 37oC and P. aeruginosa at both temperatures 
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whereas at pH 6.2, sublethal concentrations showed similar efficacy in preventing E. coli biofilm 

formation at both temperatures. All Active Oxygen concentrations at pH 7.4 displayed high efficacy in 

preventing biofilm formation of E. coli at both temperatures. In contrast, sublethal concentrations of 

Active Oxygen were found to have lower efficacy against E. coli and P. aeruginosa biofilm formation at 

25oC compared to 37oC. These results were noted at pH 5.2 (1:100, 1:200 and 1:600) and pH 7 (1:10). 

Comparisons between P. aeruginosa grown at 25oC and 37oC showed that higher temperatures 

prevented biofilm formation by P. aeruginosa to a higher extent following treatment with sublethal 

concentrations of Active Oxygen at pH 6.2. Interestingly, P. aeruginosa exhibited increased biofilm 

formation at 25oC compared to 37oC and E. coli at both temperatures which one-way ANOVAs with 

Tukey’s post-hoc analysis found statistically significant at pH 7. These results are consistent with 

previous studies which show that at lower temperatures, P. aeruginosa can form strong biofilms with 

higher levels of c-di-GMP levels being observed (Kim et al., 2020; Townsley and Yildiz, 2015). In 

addition, transcription of the pel gene which encodes for proteins which contribute to the 

exopolysaccharide matrix architecture in P. aeruginosa biofilms is dependent on temperature with 

lower temperatures promoting β-galactosidase activity which contributes heavily to the glucose rich 

environment of the exopolysaccharide matrix (Sakuragi and Kolter, 2007). Transcriptomic analysis has 

also identified several phage proteins linked with the EPS matrix which are upregulated at lower 

temperatures which could explain the elevated levels of biofilm formation at lower temperatures at 

25oC (Bisht et al., 2021).  

4.3.7 Specific biofilm formation  

Active Oxygen resulted in low levels of specific biofilm formation shown by E. coli at both temperatures 

and all pHs tested. This is concurrent with E. coli K12 strains which have been shown to exhibit low 

specific biofilm formation in M9 minimal media supplemented with glucose (Nickerson and McDonald, 

2012). There was a more distinctive difference between specific biofilm formation levels of P. 

aeruginosa following treatment with Active Oxygen where higher efficacy was seen at 37oC compared 

to 25oC. This demonstrates that specific biofilm formation differs between strains. Comparative studies 

show that staining cells with crystal violet can result in variability in OD measurements between strains 

after 24h incubation periods (Peeters et al., 2008). Stronger concentrations of Active Oxygen (SOPFA, 

SOPSA and 1:10) resulted in peaks in E. coli specific biofilm formation with large error bars which was 

also seen with P. aeruginosa. This is consistent with observations illustrated by Delaney (2018) and 

Karagianni (2022). Mathematically, dividing by small numbers leads to large numbers with high 

variance which is evident in other studies which show the effect of essential oil components on specific 

biofilm formation of E. coli and P. aeruginosa (Niu and Gilbert, 2004).  
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4.3.8 Effect of Active Oxygen on cell viability  

4.3.8.1 Log reductions  

Active Oxygen was most effective at reducing cell viability of E. coli and P. aeruginosa at pH 5.2 when 

grown at 37oC with log reductions derived from planktonic readings taken at OD595 exceeding 1.4 and 

2 for both strains. Hydroxyl and sulphate radicals generated by potassium peroxymonosulfate are 

known to exhibit potent antibacterial activity against E. coli at 37oC as higher temperatures lead to the 

formation of larger amounts of Active Oxygen species (Xu et al., 2012). In addition, hydrogen peroxide 

which forms hydroxyl radicals like the Active Oxygen product, when employed at higher concentrations 

in low pH environments can enhance antibacterial activity against E. coli (Raffellini et al., 2008). In 

response to increased temperatures, disinfectants have also been shown to have improved efficacy in 

reducing cell viability of P. aeruginosa which has been found to be superior to existing disinfection 

products (Gedge et al., 2019). However, it should be noted that log reduction data was derived from 

OD595-CFU calibration curves which may not give an accurate representation as previous project results 

demonstrated that Active Oxygen can cause log reductions higher than 3.5 for both bacterial strains 

as determined by direct CFU measurements (Karagianni, 2022).  

4.3.8.2 Time-kill assay 

Time-kill assays assessed the time-killing effect of Active Oxygen by direct CFU enumeration. Active 

Oxygen at the first and follow on applications (SOPFA and SOPSA) exhibited antibacterial activity against 

E. coli within 5 minutes of exposure to Active Oxygen. Ampicillin and erythromycin were included as 

positive controls to determine whether Active Oxygen demonstrates either bactericidal or 

bacteriostatic activity against E. coli. After 60 minutes, there was a marked decrease in cell viability in 

response to Active Oxygen which followed a trend similar to bactericidal antibiotics such as ampicillin 

which has been shown previously (Kohanski et al., 2007; Xu et al., 2020). Paired t-tests confirmed that 

E. coli cells treated with Active Oxygen and antibiotics significantly decreased cell viability at all time 

points except with the SOPSA concentration at 10 min. Viable cell counts of E. coli appeared to be higher 

at the SOPFA concentration compared to SOPSA after 60 minutes of exposure. This was unexpected as 

it was hypothesised that stronger concentrations of Active Oxygen would lead to decreased cell 

viability. Chlorine used at recommended concentrations (5ppm) successfully killed E. coli within 5 

minutes of exposure (data not shown) which is in line with observations seen by Gallandat et al (2017) 

which revelated that NaDCC solutions prepared from granules as used in this project are effective 

against E. coli. Disk diffusion assays conducted in the previous project demonstrated that Active 

Oxygen reacts with organic material in the agar and loses efficacy with no halo being observed 

(Karagianni, 2022). Therefore, it can be deduced that between the time taken for serial dilution and 

plating on LB agar, the activity of Active Oxygen does not continue.  
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4.3.8.3 Decay  

Currently, there is no published data regarding the stability of KMPS. Cell viability experiments 

revealed that viable cell counts of E. coli were maintained throughout a period of 7 days without losing 

its antibacterial activity (Fig. 4.14). In similar applications where KMPS is used as a disinfectant, it has 

been reported that solutions of  once prepared remain active for up to 7 days (Griffin, 2012; Sykes and 

Weese, 2014). According to the European Chemicals Agency, in buffered solutions at pH 7, KMPS has 

a half-life of 53h at 30oC which would explain the increase in cell viability at day 3 (ECHA, 2022). Higher 

CFU counts may also be measured due to product instability.  

4.3.9 Planktonic growth – product combinations  

At 25oC, all Active Oxygen concentrations tested were effective at preventing planktonic growth of E. 

coli whereas at 37oC, there was observable growth at the 1:10 concentration. Active Oxygen 

concentrations from 10x to SOPSA in combination with Product 2 demonstrated higher efficacy at 37oC 

where little to no planktonic growth was observed. However, at 25oC, the SOPSA and 1:10 concentration 

in combination with Product 2 resulted in increased planktonic growth which was highest at pH 8 for 

both temperatures. Addition of Product 2 led to reductions in planktonic growth of E. coli across all 

pHs and both temperatures which were found to be significantly lower at all pHs at 25oC but only 

statistical significance could be found at pH 8 at 37oC. This was confirmed by Scheirer-Ray-Hare and 

two-way ANOVAs which showed that Active Oxygen alone and in combination with Product 2 at all 

pHs including Product 2 by itself at pH 7.4 and 8 causes a significant reduction in planktonic growth of 

E. coli.  

At higher Active Oxygen concentrations (10x, SOPFA and SOPSA), planktonic growth of P. aeruginosa 

was prevented at both temperatures which is denoted by the low OD measurements. The SOPSA 

concentration in combination with Product 2 enhanced planktonic growth at both temperatures and 

all pHs tested. Despite this, Schreier-Ray-Hare tests and two-way ANOVAs revealed that Active Oxygen 

and Product 2 alone including in combination with Product 2 at the SOPSA concentration at pH 7 and 

7.4 showed a significant effect in preventing planktonic growth at both temperatures whereas all 

product combinations were effective at pH 8 when P. aeruginosa were grown at 37oC. This was 

followed by further increases in planktonic growth at the 1:10 concentration with Product 2. The 

presence of Product 2 at pH 7 was only able to reduce planktonic growth of P. aeruginosa grown at 

25oC whereas it promoted growth at higher pHs which was significantly higher at pH 8. In contrast, 

Product 2 lowered planktonic growth across all pHs at 37oC but was most effective against P. 

aeruginosa at pH 8 which was statistically significant.  
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As the water conditioner contains the surfactant octyldimethylamine oxide it is suggested that it may 

exhibit antibacterial properties. Several surfactants have been shown to possess antibacterial activity 

against E. coli and P. aeruginosa (El-Bana et al., 2022). Previous research also suggests that 

octyldimethylamine may affect components of the electron transport chain through solubilisation of 

reaction centres and micelle formation (Gast et al., 1996). However, it is unknown whether the 

antibacterial activity is attributed to the surfactant or other components present within the water 

conditioner. 

4.3.10 Biofilm formation – product combinations  

High efficacy of Active Oxygen across all concentrations was demonstrated at 25oC whereas at the 1:10 

concentration, there were higher levels of biofilm formation exhibited by E. coli grown at 37oC. In 

general, Active Oxygen in combination in Product 2 led to elevated levels of biofilm formation at both 

temperatures with the exception of the SOPSA concentration in combination with Product 2 at 25oC 

where high efficacy was still observed at pH 7.4 in comparison to pH 7 and 8 which was comparable to 

SOPFA and 10x concentrations. Scheirer-Ray-Hare tests and two-way ANOVAs indicated that Active 

Oxygen is effective at reducing biofilm formation across all pHs and both temperatures. All product 

combinations at pH 7 and 8 were statistically significant at 25oC including at stronger Active Oxygen 

concentrations in combination with Product 2 at 37oC at pH 8 whereas this was observed at lower 

concentrations at pH 7 and 7.4. Product 2 showed a significant effect in reducing biofilm formation at 

all pHs across both temperatures except pH 7.4 at 25oC. Sharp rises in biofilm formation were seen at 

the 1:10 concentration in combination with Product 2 at both temperatures and pHs tested. Generally, 

the most substantial increase in biofilm formation was seen at 25oC whereas at 37oC, levels of biofilm 

formation were lower. Although Product 2 decreased biofilm formation of E. coli across both 

temperatures and all pHs, statistical significance was only achieved at pH 7 and 8 when E. coli were 

grown at 25oC. This suggests that surfactants such as octyldimethylamine oxide present in Product 2 

may have a role in preventing biofilm formation of E. coli. Surfactants have been known to interfere 

with curli-integrated film formation in E. coli, thus preventing the progression of the biofilm formation 

process (Wu et al., 2013).  

Active Oxygen concentrations ranging from 10x concentrated to SOPSA successfully prevented P. 

aeruginosa biofilm formation whereas the SOPSA and 1:10 concentrations in combination with Product 

2 resulted in sharp rises in biofilm formation across both temperatures and pHs tested. This was 

confirmed by Scheirer-Ray-Hare tests and two-way ANOVAs which demonstrated that Active Oxygen 

significantly reduced biofilm formation across all pHs including all product combinations at pH 8 

whereas this was only evident at 37oC in the presence of the SOPSA concentration at pH 7 and 7.4 as 

well as the 1:10 concentration at 25oC at pH 7 and 8. Product 2 showed a significant effect in reducing 
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biofilm formation at all pHs across both temperatures except pH 7.4 at 25oC. Furthermore, at the 1:10 

concentration in combination with Product 2, higher efficacy was shown at pH 7 and 8 in preventing 

biofilm formation compared to pH 7.4 where it enhanced P. aeruginosa biofilm formation. In the 

presence of Product 2, levels of biofilm formation were raised at all pHs at 25oC which surpassed levels 

observed in control wells. Similar trends were seen at 37oC where the addition of Product 2 showed 

no effect in preventing biofilm formation of P. aeruginosa at pH 7 and 7.4 denoted by levels 

comparable to that in control wells. However, Product 2 appeared to significantly reduce biofilm 

formation at pH 8. Surfactant-based dressings are known to be effective at preventing P. aeruginosa 

PA01 biofilm formation as no bacteria present in the biofilm could be detected after 24 hours (Yang et 

al., 2018). Further studies indicate that exposure to surfactants can prevent P. aeruginosa PA01 biofilm 

formation by significantly reducing the secretion of pyocyanin which is required for robust biofilm 

architecture (Piecuch et al., 2016).  

Therefore, it can be concluded that the addition of Product 2 lowers the efficacy of Active Oxygen in 

preventing biofilm formation of E. coli and P. aeruginosa at both temperatures and most pHs tested. 

It is important to note that Product 2 does not function as a biocide and is only used to improve skin 

hydration and enhance the skin experience. Product 2 contains sodium cocoate, citric acid, coconut 

fatty acids and a preservative used to prevent microbial contamination (eco3spa, 2023; Lonza Ltd, 

2013). In P. aeruginosa, regulatory systems such as TctD-TctE acts on opdH which encodes for a porin 

required for the necessary transport of carboxylic acids such as citric acid (Tamber et al., 2007). It has 

been shown previously that mutant constructs deficient in TctD-TctE display similar levels of biofilm 

formation regardless of the concentration of citric acid. This was confirmed by phenotypic microarrays 

which demonstrated that the same strains of P. aeruginosa could not grow in the presence of citric 

acid (Taylor, Zhang and Mah, 2019). Gas chromatography analysis shows that coconut contains a high 

proportion of saturated fatty acids such as lauric acid, myristic acid and palmitic acid followed by 

caprylic acid and capric acid in smaller amounts (Mahayothee et al., 2016). Further studies have used 

gas chromatography to investigate the fatty acid content of P. aeruginosa and S. typhimurium. Results 

revealed that more saturated fatty acids are present in the biofilm state compared to the planktonic 

state with higher biofilm thickness also being observed (Dubois-Brissonnet, Trotier, and Briandet, 

2016). This suggests that the level of saturated fatty acids such as lauric acid, myristic acid and palmitic 

acid provides nutrients for gram negative bacteria such as E. coli and P. aeruginosa which contributes 

to higher levels of biofilm formation. In addition, Product 2 is more effective at preventing biofilm 

formation of E. coli at 25oC whereas this is observed at 37oC for P. aeruginosa. This suggests that that 

the efficacy of Product 2 in preventing biofilm formation may be strain specific.     
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4.3.11 Light and fluorescence microscopy 

Light microscopy revealed a high number of cells in untreated wells which demonstrates that E. coli 

grows well at 37oC in M9 minimal media at pH 7.4 (Fig. 4.19A). This was in line with live-dead staining 

procedures as denoted by the high numbers of live cells which fluoresced green whereas treatment 

with chlorine at 5ppm resulted in a large number of dead cells which stained red (Fig. 4.19B and G). E. 

coli cells treated with Active Oxygen for 1h led to decreased cell motility which adopted a structure 

where cells aggregated into clump-like structures at the 1:10 concentration (Fig. 4.21B). At sublethal 

concentrations of Active Oxygen (1:200) there was a higher number of cells seen under the light 

microscope with the addition of Product 2 promoting the growth of E. coli (Fig. 4.21C and F). The 

clump-like structures identified using light microscopy at the 1:10 concentration were also observed 

in live-dead staining with the SOPFA concentration in combination with the water conditioner where 

cells present in the clumps were in an apparently viable state. This is in accordance with the 

observations found in the previous project which suggested that the product combination could lead 

to a VBNC state (Karagianni, 2022). Cells which adopt the VBNC state are unable to grow on agar and 

produce colony forming units which presents a challenge as they cannot be detected by common 

microbiology techniques and increases the risk of false-negative results (Ding et al., 2017). Confocal 

microscopy and live-dead staining using SYTO 9 and propidium iodide has identified cell clumping in 

other bacterial species which showed higher bacterial counts compared to CFU enumeration on agar 

(Auty et al., 2001). This signifies the important of cell viability staining as the VBNC state leads to 

underestimation of CFU enumeration because bacteria cannot be cultivated on agar. Pyruvate has 

been shown to play an important role in VBNC E. coli cells. Under conditions where nutrients are 

scarce, pyruvate sensing networks consist of histidine kinase-response regulator systems such as 

BtsS/BtsR and YpdA/YpdB which have been linked with activation of transporters BtsT and YhjX (Behr, 

Fried and Jung, 2014;Vilhena et al., 2019). Upon entering the VBNC state, pyruvate uptake is increased 

in E. coli K12 cells through the action of BtsT (Vilhena et al., 2019). This implies that in response to 

nutrient depletion, pyruvate uptake in E. coli cells which are VBNC are the primary carbon source as 

opposed to glucose because it does not require phosphorylation in order to be activated (Göing and 

Jung, 2021). The addition of Product 2 resulted in a large proportion of live cells with little to no dead 

cells being observed.  

Treatment with the water conditioner in cell viability assays led to no CFU formation which provides 

more evidence that it plays an important role in cell clumping and the VBNC state of E. coli cells. It is 

possible that components within the water conditioner may undergo chemical reactions with 

compounds present in the M9 minimal media which could lead to the VBNC state. An interesting study 

investigating the effect of surfactants and inorganic salts found a combinatorial effect which can induce 
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the VBNC state in E. coli (Robben et al., 2018). This suggests that the surfactant octyldimethylamine 

oxide present in the water conditioner could possibly also react with salts in the M9 minimal media 

and lead to VBNC E. coli cells.   
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Chapter 5: Dynamic biofilm removal using 

Active Oxygen, biofilm remover and Eco3spa 

product combinations  
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5.1 Introduction  

In this chapter, the aim was to assess the efficacy of two Eco3spa products for their biofilm removal 

properties. The first product is eco3spa Step 1 Hot Tub Cleaner (Product 1) which claims to remove 

biofilms and scale from pipework surfaces. Due to time constraints, the experiments conducted in the 

previous project (Karagianni, 2022) could not be repeated and the experimental design was adapted to 

obtain results within a shorter time-frame. The results described in this chapter demonstrate the efficacy 

of the biofilm remover, Active Oxygen and their product combinations against pre-formed biofilms grown 

for 24h.  

5.2 Results 

Due to time constraints as experiments were conducted in the final stages of this one-year project, several 

adaptations were made to the experimental design in order to obtain results within the remaining time 

of the project. Firstly, overnight cultures of E. coli and P. aeruginosa were diluted with double strength 

media instead of single strength media used in the previous project. Therefore, the final concentration of 

the media was single strength. Secondly, dynamic conditions were used in this study in order to simulate 

the flushing of water and/or action of jets within the hot tub system whereas static conditions were used 

previously (Karagianni, 2022). Also, most microtiter plate assays are performed under static conditions 

and less is known about the influence of hydrodynamics on biofilm formation. Furthermore, experiments 

were only conducted on E. coli and P. aeruginosa at 37oC based on manufacturer instructions which state 

that water should be at “operating temperatures of 35-40oC.” In addition, the previous project 

incorporated addition of products which were incubated for 24h. Due to time constraints, this time-frame 

was reduced to 1h based on manufacturer instructions that indicate that the biofilm removal product 

should be added to hot tub water and “run for at least 60 minutes where foaming occurs and dark 

coloured biofilm particulates are seen.”  

 



93 
 

5.2.1 Efficacy of Product 1 (biofilm remover) against pre-formed biofilms   

Figure 5.1. Quantification of E. coli K12 (A) and P. aeruginosa PA01 (B) biofilm formation in M9 minimal 

media at pH 7, 7.4 and 8 (indicated as OD595) in the presence and absence of Product 1 (biofilm remover) 

at 37oC. N=3 for each data point and error bars represent standard error of the mean (SEM). Paired t-test 

was conducted and statistical significance is indicated by *p<0.05;**p<0.01.   

In order to investigate the efficacy of Product 1 (biofilm remover), E. coli and P. aeruginosa biofilms were 

grown for 24h. Following the establishment of pre-formed biofilms, wells were treated with the biofilm 

remover at the SOP concentration before introducing dynamic conditions by shaking for 1h in a plate 

reader. The results of the biofilm removal assays are illustrated in figure 5.1. The presence of biofilm 

remover demonstrated minor effects on E. coli biofilm removal at pH 7 and 7.4 after 1h of treatment (Fig. 

5.1A) which paired t-tests did not find significantly different to control wells (p<0.05). Also, at pH 8, 

addition of biofilm remover appeared to increase biofilm formation levels. Furthermore, the addition of 

the biofilm remover reduced P. aeruginosa biofilm formation at pH 7 and 7.4 by 42.2% and 35.3% (Fig. 

5.1B). However, statistical analyses between treated and untreated controls showed that significant 

reductions were only observed at pH 7 and 8 (p=0.0150 and p=0.0073, paired t-test) which was not 

observed at pH 7.4 (p=0.0525, paired t-test).  
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5.2.2 Efficacy of Active Oxygen against pre-formed biofilms  

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Quantification of E. coli K12 biofilm formation in M9 minimal media at pH 7, 7.4 and 8 

(indicated as OD595) in the presence and absence of Active Oxygen at 37oC. SOPFA and SOPSA indicate 

the initial dosage and follow on applications of Active Oxygen. N=3 for each data point and error bars 

represent standard error of the mean (SEM). One-way ANOVA with Tukey’s post-hoc test for multiple 

comparisons was conducted and statistical significance is indicated by *p<0.05;**p<0.01;***p<0.001.  

Figure 5.2 demonstrates the efficacy of Active Oxygen in removing E. coli biofilms after treatment with 

Active Oxygen at various dilutions. Following treatment with Active Oxygen, only the 10x concentrated 

concentration was able to cause a decrease in biofilm formation by 77%, 58.5% and 76.8% across all 

pHs tested. In contrast, at SOPFA and SOPSA concentrations both treatments caused biofilm formation 

levels to be higher than controls which was observed across all pHs tested. One-way ANOVA testing 

between treated and untreated controls returned significantly different outcomes at each pH 

(p=0.0006, 0.0492 and 0.0094). Tukey’s post-hoc analysis revealed that comparisons between 10x 

concentrated Active Oxygen and control treatments returned statistically significant differences at pH 

7 (p=0.0034, -0.5112 to -0.1238, 95% CI). In addition, statistically significant differences were also 

found at pH 7  between 10x concentrated Active Oxygen, SOPFA (p=0.0014, -0.5588 to -0.1715, 95% CI) 

and SOPSA (p=0.0007, -0.5983 to -0.2109, 95% CI). Similarly, statistically significant differences were 

observed from Tukey’s post-hoc comparisons between the same treatments at pH 8 (p=0.0171, -

0.4059 to -0.04405, 95% CI; p=0.0105, -0.4266 to -0.06479, 95% CI). No statistical difference was found 

between treatments conducted at pH 7.4 in Tukey’s multiple comparisons tests.  
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Figure 5.3. Quantification of P. aeruginosa PA01 biofilm formation in M9 minimal media at pH 7, 7.4 and 

8 (indicated as OD595) in the presence and absence of Active Oxygen at 37oC. SOPFA and SOPSA indicate the 

initial dosage and follow on applications of Active Oxygen. N=3 for each data point and error bars 

represent standard error of the mean (SEM). One-way ANOVA with Tukey’s post-hoc test for multiple 

comparisons was conducted and statistical significance is indicated by *p<0.05;**p<0.01;***p<0.001.  

Active oxygen at 10x concentration also reduced biofilm formation of P. aeruginosa by 46.8%, 49.6% and 

36.4% across all pHs tested (Fig. 5.3). However, Active Oxygen at the SOPSA concentration was able to 

remove biofilms formed in the wells whereas the SOPFA concentration did not affect biofilm formation as 

OD readings were higher or equivalent to control wells. One-way ANOVA testing conducted between 

treated biofilms and untreated controls revealed that there were statistically significant differences in 

biofilm formation (p=0.0118, 0.0001 and 0.0069). Tukey’s post-hoc comparison tests revealed statistically 

significant differences between 10x concentrated Active Oxygen and controls (p= 0.0225, -3.672 to -

0.3030, 95% CI; p=0.0002, -3.079 to -1.301, 95% CI;  p=0.0144, -2.748 to -0.3406, 95% CI). Also, statistically 

significant differences were seen at pH 7.4 between SOPSA compared against untreated controls 

(p=0.0251, -1.916 to -0.1377, 95% CI). Several other comparisons showed statistically significant 

differences between 10x concentrated Active Oxygen and SOPFA at all pHs (p=0.0129, -3.888 to -0.5193, 

95% CI; p=0.0003, -3.005 to -1.227, 95% CI;  p=0.0074,  -2.940 to -0.5326, 95% CI), 10x concentrated Active 

oxygen and SOPSA (p=0.0129, -2.052 to -0.2740, 95% CI) and SOPFA and SOPSA (p=0.0362, 0.06405 to 1.842, 

95% CI) at pH 7.4.    



96 
 

5.2.3 Efficacy of Active Oxygen and Product 1 (biofilm remover) against pre-formed biofilms  

 

 

 

 

 

 

 

 

 

Figure 5.4. Quantification of E. coli K12 biofilm formation in M9 minimal media at pH 7, 7.4 and 8 

(indicated as OD595) in the presence and absence of Product 1 (biofilm remover) and Active Oxygen at 

37oC. SOPFA and SOPSA indicate the initial dosage and follow on applications of Active Oxygen. N=3 for each 

data point and error bars represent standard error of the mean (SEM). Two-way ANOVA was conducted 

and statistical significance is indicated by *p<0.05.  

The efficacy of product combinations (Product 1 and 3) against E. coli and P. aeruginosa biofilms is 

depicted in figures 5.4 and 5.5. The strongest efficacy against E. coli biofilms was observed at the 10x 

concentrated Active Oxygen in combination with biofilm remover where biofilm formation was 

reduced by 43.4% and 50.8% at pH 7 and 7.4. However, the same treatment did not appear to have 

any effect on biofilm formation at pH 8. In addition, biofilm formation levels were elevated at higher 

concentrations of Active Oxygen (SOPFA) compared to SOPSA in combination with biofilm remover. Two-

way ANOVA testing revealed that at pH 7 and 8, only 10x concentrated Active Oxygen at 10x 

concentrated (p<0.001 and p=0.0124) or biofilm remover alone (p=0.0259 and p=0.0028) was able to 

cause statistically significant reductions in biofilm formation. However, comparisons between 

treatments at pH 7.4 showed statistically significant reductions in biofilms treated with 10x 

concentrated Active Oxygen and in combination with biofilm remover (p<0.001 and p=0.0102, two-

way ANOVA).  
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Figure 5.5. Quantification of P. aeruginosa PA01 biofilm formation in M9 minimal media at pH 7, 7.4 and 

8 (indicated as OD595) in the presence and absence of Product 1 (biofilm remover) and Active Oxygen at 

37oC. SOPFA and SOPSA indicate the initial dosage and follow on applications of Active Oxygen. N=3 for each 

data point and error bars represent standard error of the mean (SEM). Two-way ANOVA was conducted 

and statistical significance is indicated by *p<0.05;**p<0.01;***p<0.001.  

Across all product combinations and pH values tested, reductions in P. aeruginosa biofilm formation 

were observed after 1h. When P. aeruginosa biofilms were treated with Active Oxygen at 10x 

concentrated, biofilm formation was reduced by 37.3% at pH 7 whereas at pH 7.4 and 8, reductions 

were lower (29.4% and 10.9%). 10x concentrated Active Oxygen alone was found to cause significant 

reductions in biofilm formation across all pHs tested (p=0.0474, 0.0264 and p=0.0127, Two-way 

ANOVA). This was also seen when 10x concentrated Active Oxygen was added in combination with the 

biofilm remover (p=0.0203, 0.0087 and 0.000, Two-way ANOVA). Compared to the initial dosage and 

follow on applications of Active Oxygen (SOPFA and SOPSA) in combination with the biofilm remover, 

similar reductions in biofilm formation were observed at both concentrations of Active Oxygen pH 7.4 

which were 38.9% and 39.7% respectively. Small differences in biofilm formation levels were also 

observed for both Active Oxygen concentrations in combination with biofilm remover at pH 8 which 

were 20.2% and 22.5%. However, the SOPSA concentration of Active Oxygen in combination with the 

biofilm remover caused a 15% higher reduction in biofilm formation at pH 7 compared to the SOPFA 

concentration of Active Oxygen. Statistical comparisons between treatments showed that across all 

pHs tested, only the biofilm remover caused significant reductions in biofilm formation (p=0.0037, 
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0.000 and 0.000, Two-way ANOVA). Further statistical analyses demonstrated that Active Oxygen at 

SOPSA concentration alone caused significant reductions in biofilm formation levels at pH 7.4 

(p=0.0108, Two-way ANOVA). Statistical significance was not observed in two-way ANOVAs conducted 

between product combinations using both Active Oxygen concentrations across all pHs tested 

(p>0.05).   

5.3 Discussion  

5.3.1 Anti-biofilm activity of Product 1 (biofilm remover) 

The biofilm remover (Product 1) was able to successfully decrease biofilm of both E. coli and P. 

aeruginosa after 1h of treatment. However, the addition of the biofilm remover appeared to cause an 

increase in biofilm of E. coli at pH 8 which was unexpected. This suggested that the biofilm remover 

which had a pH of 7, could have modified the structure of E. coli biofilms. However, this was unlikely 

since all other treatments led to less biofilm reduction. Furthermore, the biofilm remover 

demonstrated much stronger efficacy against P. aeruginosa biofilms in comparison to E. coli biofilms. 

This is consistent with previous project results which found that the biofilm remover was more 

effective at eradicating P. aeruginosa biofilms than E. coli biofilms at 37oC (Karagianni, 2022). Statistical 

analyses returned statistically significant differences between treated and untreated controls at pH 7 

and pH 8 demonstrating that the biofilm remover resulted in significant reductions in biofilm of P. 

aeruginosa. Statistically significant differences could not be found between treated P. aeruginosa 

biofilms and untreated controls at pH 7.4 despite the fact that a higher percentage of biofilm reduction 

was observed in comparison to pH 8. However, this could be attributed to the higher SEM bars plotted 

conveying a wider spread of OD readings obtained.   

5.3.2 Anti-biofilm activity of Active Oxygen  

Regarding the efficacy of Active Oxygen, the 10x concentrated Active Oxygen was the most effective 

concentration at eradicating pre-formed biofilms with percentage reductions of up to 77% for P. 

aeruginosa and 49.6% for E. coli. One-way ANOVA testing with Tukey’s post-hoc analyses illustrated 

statistically significant differences between 10x concentrated Active Oxygen and control wells in both 

bacterial strains. Interestingly, there were distinct differences in the activity of Active Oxygen at  SOPFA 

and SOPSA against E. coli and P. aeruginosa biofilms. Across all pHs tested, Active Oxygen at the SOPFA 

and SOPSA did not cause any reductions in biofilm formation of E. coli as OD readings were higher than 

control wells. In contrast, Active Oxygen at the SOPSA concentration was more effective at eradicating 

P. aeruginosa biofilms compared to SOPFA where biofilm formation levels were similar to control wells. 

These results demonstrate that the efficacy of Active Oxygen in eradicating biofilms may be strain 

dependent and that SOPFA and SOPSA concentrations are less effective at reducing biofilm formation 
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after 1h of treatment. In addition, Active Oxygen tablets which are recommended for usage in 

combination with water conditioner (Product 2) are recommended to be used at SOPFA (initial dosage) 

and SOPSA (follow on application) concentrations in hot tubs. These findings may indicate that although 

these Active Oxygen concentrations are effective at preventing biofilm formation, they may not 

necessarily be the optimal concentrations at eradicating E. coli and P. aeruginosa biofilms. According 

to the results shown, the 10x concentrated Active Oxygen would be more appropriate concentration 

for removal of biofilms in hot tubs. In addition, biofilm removal experiments in this project were only 

conducted at 37oC. Previous data demonstrates that P. aeruginosa retains its biofilm formation levels 

at 37oC compared with 25oC in the presence of Active Oxygen over a 24h incubation period (Karagianni, 

2022). This gives insights that changes in temperature from normal operating temperatures (37oC) to 

maintenance temperatures (25oC) and repeated exposure over a 24h period does not enhance the 

biofilm removal properties of the biofilm remover product under static conditions.  

5.3.3 Antibiofilm activity of Active Oxygen in combination with Product 1 (biofilm remover) 

Regarding the efficacy of product combinations, potent anti-biofilm activity was observed at pH 7 and 

7.4 when E. coli biofilms were treated with 10x concentrated Active Oxygen in combination with the 

biofilm remover. In contrast, this effect was not seen at pH 8 using the same treatment. In addition, as 

control wells showed low OD readings this suggests that E. coli did not form strong biofilms in the wells. 

Results from two-way ANOVA testing illustrated that at pH 7 and 8, addition of 10x concentrated Active 

Oxygen or biofilm remover alone led to statistically significant reductions in biofilm. This was different 

at pH 7.4 where 10x concentrated Active Oxygen alone and in combination with biofilm remover was 

able to result in significant reductions in biofilm formation. 

All product combinations were effective at reducing levels of P. aeruginosa biofilm across all pHs 

tested. The highest anti-biofilm activity was observed at pH 7 with 10x concentrated Active Oxygen in 

combination with biofilm remover which declined as pH increased. Two-way ANOVA testing denoted 

that 10x concentrated Active Oxygen alone and in combination with biofilm remover exhibits potent 

anti-biofilm activity against P. aeruginosa biofilms. Furthermore, Active Oxygen at SOPFA and SOPSA 

behaved similarly in combination with biofilm remover at pH 7.4 and 8 as optimal densities were very 

similar. This suggests that both treatments resulted in the removal of P. aeruginosa biofilms to the 

same extent. Similar biofilm removal products have shown minor differences in levels of P. aeruginosa 

biofilm formation in M9 minimal media at various dilutions. Also, despite experiments not being 

conducted in LB media, biofilm removal products have also been found to display similar levels of P. 

aeruginosa biofilm reduction in LB and M9 minimal media suggesting that the biofilm remover could 

have eradicated E. coli and P. aeruginosa biofilms to the same extent regardless of the media used 
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(Delaney, 2018). Moreover, Active Oxygen at SOPFA concentration in combination with biofilm remover 

at pH 7 led to greater levels of P. aeruginosa biofilm formation compared to SOPSA. This effect was also 

observed across all pHs for E. coli. Hydrodynamic forces generated by shaking in a microplate reader 

is an important factor that could have resulted in these fluctuations in OD readings. This is concurrent 

with experiments conducted by Samad et al (2019). This study investigated the difference between 

levels of P. aeruginosa biofilm formation in 96-well plates under static and shaking conditions. Results 

demonstrated that P. aeruginosa formed strong biofilms in 60% of isolates and that hydrodynamic 

forces which aided the mixing of fluids in the microtiter plate caused increased biofilm formation 

levels. This is replicated in other literature which shows that biofilms formed by Pseudomonas spp. at 

higher flow rates lead to an increase in nutrient availability and exopolymer production which in turn 

promotes biofilm formation (Pereira and Vieira, 2001).    
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6.1 Introduction  

Product 2 (Water conditioner) is said to contain a mixture of glycosides, coconut fatty acids, citric acid, 

sodium chloride, sodium cocoate, the surfactant octyldimethylamine oxide and the hydrolytic enzymes 

protease, amylase and lipase. However, the enzymatic contribution to the function of the product was 

unclear. Therefore, analysis of protein concentration and amylase activity was performed alongside 

commercial enzyme preparations. An ultrasonic water bath was used to thoroughly mix the water 

conditioner. Ultrasonic sonic baths generate high frequency ultrasound waves causing formation of 

cavitation bubbles. These cavitation bubbles enable the material to be dissolved due to strong forces 

being exerted and suck dirt particles towards the bubble (Chahine et al., 2016). Therefore, ultrasonic 

water baths are typically used for regular cleaning of glassware and surgical instruments. It was also 

not well understood which chemical species were exactly present in Product 3 (Active Oxygen tablets). 

Therefore, chemical species analyses were undertaken using ion chromatography. The aim of this 

chapter was to investigate protein concentration and measure enzyme activity of amylase in Product 

2 as well as characterise chlorine and Active Oxygen species present within the chlorine granules and 

Active Oxygen tablets.  

6.2 Results  

6.2.1 Protein quantitation by bicinchoninic acid (BCA) and Bradford assay 

In order to assess the levels of protein present in Product 2 (Water conditioner), the BCA assay was 

performed. Working concentrations of bovine serum albumin (BSA) standards ranging from 25 to 2000 

μg/ml were prepared in line with manufacturer instructions and incubated at 37oC for 30 min. Figure 

6.1 shows the standard curve generated using BSA standards. The linear relationship between protein 

concentration and absorbance at OD595 denoted by the trendline equation was used to calculate 

protein concentration in samples of commercial enzymes (protease, amylase and lipase) and water 

conditioner. However, no protein in the water conditioner was detected. The concentrations of 

commercial enzymes calculated using the standard curve from the BCA assay are described in table 

6.1.  

Since no protein was detected in the water conditioner in the BCA assay, a Bradford assay was also 

conducted to determine protein concentration in the water conditioner. Working concentrations of 

BSA standards ranging from 125 to 2000 μg/ml were prepared in line with manufacturer instructions 

and incubated at room temperature for 10 min. The OD595 was plotted against BSA concentration 

which the Bradford assay also failed show the presence of any protein in Product 2. The correlation 

coefficient obtained from the standard curve for the Bradford assay was also lower than that seen in 

the BCA assay. Therefore, subsequent experiments for protein quantitation utilised the BCA assay only.  
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Figure 6.1. Protein standard curve for BCA and Bradford assay. OD595 is plotted against BSA 

concentrations. N=3 for each data point with error bars representing standard error of the mean 

(SEM).  

Table 6.1. Protein concentration of commercial enzymes  

Sample  Protein concentration (μg/ml) 

Protease (1:10 diluted) 1866.6 

Amylase (1:100 diluted) 1432.0 

Lipase (1:10 diluted)  619.3 

 

6.2.2 Use of ultrasonic water bath and protein precipitation  

Previous attempts to precipitate proteins in the water conditioner to concentrate were conducted 

without shaking thoroughly before use as stated by manufacturer instructions (Karagianni, 2022). 

Therefore, the water conditioner was shaken vigorously before transferring an aliquot to an 

appropriate plastic container. Then, the water conditioner was placed in an ultrasonic bath to dissolve 

visible precipitates. Figure 6.2 illustrates the change in appearance of Product 2 before and after 

placing samples in an ultrasonic water bath. 
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Figure 6.2. Appearance of water conditioner before and after being placed in an ultrasonic water bath 

at 30oC for 90 minutes. Abbreviations are as follows: WC (shaken water conditioner) and WCB (water 

conditioner after being placed in ultrasonic water bath) labelled from left to right (Chau, 2022).  

 

From initial observation, Product 2 is a white cloudy liquid which loses its colour and turns clear once 

samples of water conditioner were placed in an ultrasonic water bath for 90 minutes at 30oC. In 

addition, after leaving samples for several hours at room temperature, the appearance of the water 

conditioner reverted back to cloudy white liquid. However, less visible white clumps were seen 

following mixing in the ultrasonic water bath.  

Prior to conducting protein assays on Product 2, acetone and trichloroacetic acid (TCA) protein 

precipitation procedures were performed in order to concentrate any protein in the sample. Any 

protein pellets which formed were resuspended in either ultrapure water or 5% SDS in 0.1M NaOH 

after which samples were used in protein assays. 

 

 

 

 

 

 

Figure 6.3. Appearance of tubes after acetone precipitation (A) and TCA precipitation (B) of Water 

conditioner samples following centrifugation. In both images, the first two tubes from left to right 

represent samples of shaken water conditioner and remaining tubes contain water conditioner 

following mixing in an ultrasonic bath (Chau, 2022).  

A B 
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Figure 6.3 shows the results of acetone and TCA precipitations on samples of water conditioner and 

samples placed in an ultrasonic water bath. Acetone precipitation did not allow the formation of 

protein pellets in any of the water conditioner samples (Fig. 6.3A) whereas successful pellet formation 

was observed with TCA precipitation in all samples (Fig. 6.3B). However, the BCA assay still failed to 

detect any protein in samples taken from TCA precipitation of the water conditioner.  

6.2.3 Concentrating proteins using freeze-drying  

Since no protein was detected in both protein assays using Product 2 taken from an ultrasonic bath 

and following acetone and TCA precipitation, it was decided to perform freeze-drying on samples of 

water conditioner. The freeze-drying process involves dehydration of products through the action of 

vacuum desiccation. Freeze-drying offers many advantages for concentrating proteins such as 

reductions in thermal inactivation and precipitation of proteins by the salting out effect including 

longer preservation of unstable materials (Adams, 2007). Samples of water conditioner (50ml) were 

subjected to freeze-drying for 2 days. Following this process, the freeze-dried material was powderised 

using a pestle and mortar and weighed in a universal to obtain the dry weight (N=3).   

 

 

 

 

  

 
 

Figure 6.4. Comparison of Product 2 before (A) and after freeze drying for 2 days (B). The general 

appearance of Product 2 is a white solution consisting of floating material (arrow). After freeze drying 

samples for 2 days, a fluffy and soft white material is observed (Chau, 2022).  

Figure 6.4 depicts the change in appearance of the water conditioner before and after subjection to 

freeze-drying procedures. Product 2 is a thick cloudy white liquid with clumps of floating material 

indicated by the black arrow (Fig. 6.4A). Following the freeze-drying process, the water conditioner 

adopts a fluffy white appearance (Fig. 6.4B). The dry weight of freeze-dried water conditioner and 

water conditioner placed in an ultrasonic water bath was found to be 0.1049g and 0.1140g 

respectively. The powder was dissolved in 1ml of dH2O before being used in protein assays. From BCA 

assays, it was determined that the freeze-dried water conditioner and water conditioner after mixing 

B A 
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in an ultrasonic bath contained 865.45 μg/ml and 260.083 μg/ml of protein. Since the freeze-dried 

water conditioner contained higher levels of protein, the same sample was used in gel electrophoresis 

experiments.   

6.2.4 Gel electrophoresis  

To provide a visual representation of proteins within the water conditioner, gel electrophoresis 

procedures were conducted. This would give insights into protein size and distinguish between 

proteins in commercial enzyme solutions. Each lane was loaded with 10 μg of protein on a NuPage 10% 

Bis-Tris gel and stained with Coomassie blue (Fig. 6.5).  

 

 

 

 

 

 
Figure 6.5.  Separation of proteins on a NuPage 10% Bis-Tris gel stained with Coomassie. Numbers to 

the left of each band indicate protein molecular weight in kDa. (1) Prestained protein ladder, (2) 10 μg 

protease, (3) 10 μg amylase, (4) 10 μg lipase and (5) water conditioner containing 10 μg of protein.  

Proteins bands were observed for protease at 38 and 60 kDa (lane 2) followed by a thick protein band 

for the amylase sample at 57 kDa (lane 3). The lipase sample contained protein bands at 34 and 58 kDa 

(lane 4). The lane with freeze-dried water conditioner product added (lane 5) did not show the 

presence of any protein bands which was supposed to contain 10 μg of protein.  

6.2.5 Lugol iodine amylase assay   

As protein electrophoresis could not detect the presence of protein, attempts were undertaken to 

assess enzyme activity within the water conditioner. Therefore, the Lugol-iodine amylase assay was 

set up in order to investigate amylase activity. Samples of water conditioner or amylase were added 

to 1% starch and thoroughly mixed before adding Lugol-iodine solution (N=3). If starch was absent, the 

Lugol-iodine remained amber-red whereas a colour change to blue-black was observed in the presence 
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of starch. An overview of the placement of samples and results from the Lugol-iodine amylase assay is 

shown in figure 6.6.   

 

Figure 6.6. Microtiter plate layout of samples used in Lugol-iodine amylase assay (A) and results of 

Lugol iodine amylase assay for determining amylase activity in Product 2 (B). N=3 for each sample. S 

(Starch), S + A (Starch + amylase), A (Amylase), S + P2 (Starch + Product 2 following incubation times of 

0, 1 and 24h at room temperature: B5-D5, B6-D6 and B7-D7) and P2 (Product 2). Rows E-G represent 

dilutions of amylase ranging from 10x diluted to 1011 times diluted added to 1% starch. 

 

Wells containing only starch instantly turned an intense black colour while samples containing amylase 

added to starch or amylase alone gave a dark amber-red colour in the presence of iodine (Fig. 6.6B). A 

weak amber-red colour was observed in wells containing Product 2 added to starch at 0h which shifted 

to an intense black colour as incubation time increased up to 24h. In addition, a combination of Product 

2 with iodine showed a bright amber-red colour indicating the absence of starch. Due to a cold room 

failure issue where the amylase was stored, it was also decided to confirm if the commercial amylase 

was still active after addition to starch. Rows E-G illustrate various dilutions of amylase added to starch 

which were stained with iodine. The results show that the enzyme activity of commercial amylase was 

maintained following the development of an amber-red colour which showed the absence of starch 

due to amylase-based degradation of starch.   

6.3 Ion exchange chromatography   

6.3.1 Preparation of calibration curves    

In order to identify and quantify anions in the chlorine granules and Active Oxygen tablets, ion 

chromatography procedures were performed. Based on the dissociation products of sodium 

dichloroisocyanurate present within the chorine granules, chloride, chlorite and chlorate anions were 

selected as standards for quantitation in samples. Selection of an anion standard for Active Oxygen 

A B 
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tablets was based on the structure of KMPS which contains the following compounds: potassium 

sulphate, sulphuric acid and peroxymonosulphuric acid. Initially, it was decided to use a standard 

containing peroxymonosulphate but unavailability led to the exploration of other possible options. It 

is also important to note that potassium bisulfate was proposed as a standard to detect hydrogen 

sulphate ions in Active Oxygen samples but time constraints meant that these experiments could not 

be conducted. Standards were prepared separately either from powder or purchased stock solutions 

and run through the Dionex™ Integrion™ HPIC™ System with a flow rate of 0.5 mL/min and loop 

volume of 5μl for sample injection.  

Calibration curves for each anion are given in Fig. 6.7. Peaks with high intensity were seen across all 

chloride standard chromatograms with a retention time of 3.1 min with the calibration curve having a 

correlation coefficient of 0.9947 (Fig. 6.7A). Strong signals were observed in chlorite standard 

chromatograms at retention times of 2.9 min and 3.1 min with high degree of linearity with correlation 

coefficient of 0.9919 (Fig. 6.7B). Standard chromatograms for chlorate and sulphate contained strong 

signals at retention times of 5.2 min and 6.9 min with correlation coefficients of 0.9977 and 0.9973 

respectively (Fig. 6.7C and D).   

 

Figure 6.7. Calibration curves of chloride (A), chlorite (B), chlorate (C) and sulphate (D) measured by 

ion exchange chromatography with retention times of 3.1 min, 2.9 min, 5.2 min and 6.9 min. Each 

graph is plotted including the equation of the line and the corresponding correlation coefficient (R 2).  

A B 

D C 
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Data analysis of chlorite standard chromatograms showed that between each peak, the increase in 

conductivity did not occur from baseline levels of conductivity (Fig. 6.8). Following the identification of 

the chloride anion with a retention time of 3.1 minutes, it was determined that the peak observed at 

a retention time of 2.9 min was chlorite. 

 

 

 

 

 

 

 

 

Figure 6.8. Chromatogram of a chlorite standard (200 mg/L). The column used was Dionex IonPac 

AS14A-5μm (3 x 150 mm) with the mobile phase as 8.0 mM sodium carbonate and 1.0 mM sodium 

bicarbonate (0.5 mL/min). Chlorite (1) and chloride (2) peaks are separated at retention times of 2.9 

min and 3.1 min. 

6.3.2 Chemical analysis of chlorine granules and Active Oxygen tablets 

Samples prepared using chlorine granules and Active Oxygen tablets were run using the same 

operating conditions as stated previously. Figure 6.9 shows the chromatogram of a chlorine granule 

sample at 5 mg/L, the recommended concentration used in hot tubs. Peaks with high intensity were 

observed at 3.1 min which represents the chloride ion followed by a small peak at 6.9 min which relates 

to a sulphate ion. The concentrations of chloride in the chlorine granules calculated using the standard 

calibration curve are shown in table 8.1. At recommended concentrations and very dilute samples, 

there is very little chloride content ranging from 0.3697-1.523 mg/L. Only the stock solution at 

concentration of 100 mg/L contained chloride levels within the range of the standard curve at 28.923 

mg/L.  
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Figure 6.9. Chromatogram of chlorine granules at 5 mg/L. The column used was Dionex IonPac AS14A-

5μm (3 x 150 mm) with the mobile phase as 8.0 mM sodium carbonate and 1.0 mM sodium bicarbonate 

(0.5 mL/min). Peaks with high intensity are found at 3.1 min followed by a marginal increase in signal 

at 6.9 min which was identified as chloride (1) and sulphate ions (2).  

The concentrations of chloride in the chlorine granules calculated using the standard calibration curve 

are shown in table 6.2. At recommended concentrations and very dilute samples, there is very little 

chloride content ranging from 0.3697-1.523 mg/L. Only the stock solution at concentration of 100 mg/L 

contained chloride levels within the range of the standard curve at 28.923 mg/L. However, since these 

experiments were conducted under N=1 conditions, repeats are required to confirm whether the same 

results are observed.  

Table 6.2. Concentration of chloride ions present in chlorine granules 

Concentration of chlorine granules (mg/L) Concentration of chloride ion present (mg/L) 

1 0.3697 

3 0.9607 

5 1.523 

50 13.112 

100 28.923 

 

Samples of Active Oxygen at different concentrations (1:600, 1:400, SOPSA and SOPFA) were run in order 

to provide a chemical analysis of the active compound KMPS present in the tablets. Chromatogram 

results from an Active Oxygen sample at the SOPFA concentration which relates to the first addition of 

the tablets are seen in figure 6.10. Several peaks were seen at retention times of 3.1 min, 5.7 min and 

6.9 min. Based on the retention times obtained from running calibration standards, chloride and 

sulphate were identified at 3.1 min and 6.9 min. Of interest is the unidentified anion with a retention 

1 

2 
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time of 5.7 min which could possibly represent a peroxide, peroxymonosulphate or hydrogen sulphate 

ion based on the structure of KMPS.  

 

 

 

 

 

 

 

 

 

Figure 6.10. Chromatogram of Active Oxygen sample at the SOPFA concentration (first application of 

Active Oxygen tablets). The column used was Dionex IonPac AS14A-5μm (3 x 150 mm) with the mobile 

phase as 8.0 mM sodium carbonate and 1.0 mM sodium bicarbonate (0.5 mL/min). Chloride (1) and 

sulphate (3) peaks are identified at retention times of 3.1 min and 6.9 min. The small peak (2) observed 

at retention time 5.7 min suggests the presence of a peroxide, peroxymonosulphate or hydrogen 

sulphate ion.  

 

Table 6.3. Concentration of sulphate ions present in Active Oxygen tablets  

Concentration of Active Oxygen tablets  Concentration of sulphate ion present (mg/L) 

1:600 1.464 

1:400 2.218 

SOPSA 8.626 

SOPFA 17.390 

 

Table 6.3 contains the sulphate ion levels present in the Active Oxygen tablets at different dilutions. 

Very dilute solutions gave low concentrations of sulphate ion from 1.464-2.218 mg/L which was 

expected. However, the highest concentration of Active Oxygen tested only contained 17.390 mg/L of 

sulphate which fell below levels used in the standard calibration range. Therefore, concentrations of 

Active Oxygen which are not typical in hot tubs are required to obtain levels within the calibration 

standard range.   
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6.4 Discussion  

6.4.1 Protein analyses of Product 2 (Water conditioner) 

Both protein assays conducted on the water conditioner failed to detect any protein, even after mixing 

in an ultrasonic water bath. However, it was noticed that the temperature of the ultrasonic water bath 

after 90 minutes had risen to 60oC which is known to reduce enzyme activity of protease, amylase and 

lipase (Ayansina et al., 2017; Kareem et al., 2014; Yossan et al., 2006). In addition, no pellet formation 

was observed following acetone precipitation which was apparent in TCA precipitation but despite 

this, protein assays did not show the presence of any protein. Since acetone precipitation could not 

form a protein pellet, it could be argued that several cycles of precipitation are required in order to 

obtain a protein pellet. An explanation for the absence of protein following TCA precipitation in the 

Bradford assay could be due to incompatible concentrations of SDS being used in the protein assay. 

According to the protein quantitation assay compatibility table, the maximum compatible 

concentration for SDS was 0.5% whereas in TCA precipitation procedures, protein pellets were 

resuspended in 5% SDS in 0.1M NaOH (Thermo Fisher Scientific, 2021). Freeze drying procedures 

provided more positive results with high levels of protein being detected for the freeze-dried water 

conditioner in the BCA assay. However, when samples of freeze-dried product were loaded onto a 10% 

Bis-Tris gel, no protein bands were detected. Higher volumes of product or adding the concentrated 

stock solution could possibly show the presence of protein bands. Lugol-iodine amylase assays failed 

to detect amylase activity upon addition of Product 2 to starch following incubation times of up to 24h 

since all wells remained dark brown or blue/black indicating the presence of starch. These observations 

lead to the conclusion that no active amylase was present which is consistent with previous results 

(Karagianni, 2022). Despite this, the freeze-dried product was able to react with the components used 

in the BCA assay which suggests that specific components present within Product 2 may be responsible 

for the protein detected in the protein assay.  

6.4.2 Ion chromatography analysis of chlorine granules and Active Oxygen tablets  

The calibration curves generated for each anion provide a good degree of linearity with correlation 

coefficients ranging from 0.9919 to 0.9978. This is in accordance with guidelines that state that for 

quantitation in instruments using suppressed conductivity, correlation coefficients are required to be 

greater than 0.99 (Nelson and Marbury, 2021). Chlorite standard chromatograms showed that each 

peak obtained did not originate from baseline levels of conductivity. This is consistent with chlorite 

standard chromatograms observed in other studies (Dillemuth, 2011). In addition, ion chromatography 

analysis of trace impurities provided in the certificate of analysis for the chlorite standard 

chromatogram state that the concentration of chloride ions is less than 200 mg/L which would explain 

the presence of chloride ions on chromatograms with chlorite standards. Based on the water chemistry 
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of sodium dichloroisocyanurate, dissociation into hypochlorite ions meant that chlorite ions were 

expected to be present in chlorine samples. However, ion chromatography experiments only showed 

the presence of chloride ions and failed to detect chlorite or chlorate species. Therefore, the stock 

solution at 100 mg/L and samples at 50 mg/L, 3 mg/L and 1 mg/L were also run to confirm if the same 

conclusions were made, which was conclusive. However, since these experiments were conducted 

under N=1 conditions, repeats are required to confirm whether the same results are observed. 

Chlorinated water and water taken from other sources are known to contain sulphate ions as 

contaminants in concentrations up to 55 mg/L (Dawood and Sanad, 2014; Mok, Prasadb and Li, 2000). 

However, only very dilute concentrations were investigated in this study which meant that levels of 

sulphate ions did not exceed 1 mg/L.    

Chromatograms obtained for Active Oxygen at the initial dosage in hot tubs (SOPFA) showed the 

presence of chloride and sulphate ions. The unidentified anion observed at a retention time of 5.7 min 

could represent a peroxide, peroxymonosulphate or hydrogen sulphate ion. This would confirm that 

KMPS was part of the product formulation. However, since calibration standards were not run for 

peroxide, peroxymonosulphate or hydrogen sulphate ions and retention times were not obtained, 

further experiments are required to clarify the identity of this peak. The appearance of sulphate ions 

in chlorine granules and chloride ions in Active Oxygen samples is most likely the result of residual 

sample from inefficient cleaning of the column or from trace anions present in the ultrapure water 

used to dilute samples which is known to contain chloride and sulphate (Lee et al., 2020).   
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Chapter 7: General Discussion and 

Conclusions   
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7.1 Introduction  

The product used in this project was Eco3spa, one of the leading distributors of water sanitation 

products designed specifically for the hot tub sector with an emphasis on creating environmentally 

friendly products. Previous work on the project provided insights into the efficacy of Eco3spa’s 

products in growth and biofilm prevention as well as biofilm removal properties against E. coli and P. 

aeruginosa over a hot tub relevant pH range from 7 to 8 (Karagianni, 2022). However, Eco3spa wishes 

to comprehend its scientific understanding of the efficacy of Eco3spa’s products in support of the 

product claims made. Therefore, further experiments were conducted as previous work limited the 

number of experiments due to the COVID-19 pandemic.  

This project aimed to extend the conclusions reached in the previous project by testing the efficacy of 

Eco3spa’s products for growth and biofilm prevention over a wider pH range (5.2-8) as well as biofilm 

removal properties. Time-kill assays and decay experiments were also conducted in order to 

investigate the killing effect and chemical stability of Active Oxygen once added to hot tub water. 

Further experiments were also performed to detect the presence of enzymes in the Water conditioner 

and assess the effect in combination Active Oxygen on cell viability by carrying out fluorescent staining 

procedures.  

7.2 Optimisation of studies  

In this project, there were many factors which needed to be considered in order to replicate conditions 

found in a hot tub environment. The strains selected in this study were Escherichia coli K12 and P. 

aeruginosa PA01 based on their high prevalence in water systems and ability to form biofilms on pipe 

surfaces (Butler et al., 2021; Huhulescu et al., 2011; Liu et al., 2014; Lu et al., 2014; Lutz and Lee, 2011). 

Also, both bacterial strains are known to exhibit resistance to disinfectants which presents a challenge 

for biofilm prevention and removal (Guo et al., 2015; Sagripanti and Bonifacino, 2000). The two 

temperatures used in this project (25oC and 37oC) were chosen in order to simulate the operation of 

hot tubs at maintenance and normal operating temperatures. In addition, the media of choice needed 

to reflect conditions where biofilm formation could occur. LB media was chosen to mimic the nutrient 

rich environment of the hot tub piping. Also, M9 minimal media was used in this study in order to 

simulate the nutrient poor environment of the hot tub water. These parameters led to the 

development of a biofilm assay using 96-well plates (Chapters 3, 4 and 5).  

Experimental conditions and plate design were also reviewed to ensure accurate results were 

obtained. Firstly, the edge effect which is associated with 96-well plates causes inaccuracies in OD 

readings between inner and outer wells (Delaney, 2018; Karagianni, 2022). Therefore, only the inner 

wells of the 96-well plate were utilised in this study. In addition, the number of PBS washes, drying and 
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staining times were chosen for each bacterial strain and an incubation period of 24 hours was required 

for biofilm formation to occur.  

As biofilm removal assays were conducted under time constraints, it was decided that the 

experimental parameters needed to reflect the conditions in which the biofilm removal product would 

be used. Therefore, experiments were only conducted at 37oC under shaking conditions for 1 hour 

which is in accordance with product instructions which state that the temperature of the water should 

be between 35oC and 40oC and jets should be run for at least 60 minutes. Therefore, the conditions 

chosen for these experiments simulate the flushing of water or action of jets within the hot tub system 

and application of the biofilm removal product as described in the product instructions (Chapter 5).  

Time-kill assays were conducted for the first time in this project in order to determine how quickly 

Active Oxygen takes to kill bacteria (Chapter 4). Therefore, it was important to decide on the incubation 

times of bacteria in the presence of Active Oxygen which were chosen based on available literature 

(Oliveira et al., 2022). Investigations into the chemical stability of Active Oxygen were tested over a 

period of 7 days based on product instructions which state that one tablet should be added every day 

if hot tub water becomes “dull or foamy” and prior to each hot tub use, customers should add “at least 

two tablets each week to keep the water sanitised.” 

Finally, the characterisation of chlorine and Active Oxygen species in the chlorine gra nules and Active 

Oxygen tablets was assessed using ion chromatography (Chapter 6). The anions chosen for detection 

were selected based on the structure of active components found within the chlorine granules (NaDCC) 

and Active Oxygen tablets (KMPS). Suitable standards such as chlorite, chlorate, chloride and sulphate 

were prepared in order to measure the concentration of anions in these products.  

7.3 Effect of pH  

Static growth and biofilm prevention assays demonstrated that Active Oxygen concentrations from 

10x concentrated to SOPSA successfully prevent planktonic growth and biofilm formation of E. coli K12 

and P. aeruginosa PA01 across a pH range from 5.2-8. This was accompanied by sharp rises in 

planktonic growth and biofilm formation at concentrations 1:10 and lower. This demonstrates that pH 

adjustment is not required when Active Oxygen tablets are added to hot tubs as pH adjustment and 

alkalinity, a term used to describe the buffering capacity of water which neutralises acids and bases in 

order to retain a stable pH (Water Science School, 2018) is a common issue in hot tubs. Also, the results 

convey that the recommended concentrations of Active Oxygen used in hot tubs, the initial dosage of 

Active Oxygen (SOPFA) and follow on applications (SOPSA) are correct and do not need to be adjusted.  
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Higher levels of planktonic growth were exhibited by E. coli at pH 8 when 25oC which could be 

attributed to the upregulation of inner membrane proteins such as YqjA which lead to transport of 

sodium and potassium ions from the surrounding environment into the cell which promotes further 

growth (Kumar and Doerrler, 2015; Kumar, Tiwari and Doerrler, 2017).  

Investigations into the effect of acidic pH environments (pH 5.2) revealed that both bacterial strains 

displayed the highest planktonic growth at 37oC. This gives interesting insights that acidic pH 

environments could be inducing acid tolerance mechanisms in E. coli K12 and P. aeruginosa PA01 

which act as a survival strategy for their survival. In response to low pH environments, genes found in 

E. coli required for survival at low pH environments such as fabB have been shown to be upregulated 

which is also conserved in P. aeruginosa (Xu et al., 2020). This causes changes in lipid composition of 

the cell membrane and activity of proton pumps as a method to achieve a stable intracellular pH. 

Evidence also suggests that eDNA results in the activation of cyoABCDE genes and antibiotic resistance 

genes in P. aeruginosa which would explain the higher levels of planktonic growth leading to reduce 

susceptibility to disinfectants (Lewenza et al., 2020). pH microelectrode measurements of the culture 

media after addition of Active Oxygen demonstrated that the pH remains relatively consistent as the 

higher pH change was only a difference of 0.4 pH units.   

7.4 Effect of temperature 

Regarding the effect of temperature, P. aeruginosa exhibited the highest levels of planktonic and 

biofilm formation at 37oC compared to 25oC and E. coli grown at both temperatures. This makes sense 

as P. aeruginosa grows well in M9 media supplemented with glucose which is used as a carbon source 

required for further growth. Interestingly, at the lowest concentrations of Active Oxygen tested (1:400 

and 1:600), planktonic growth of E. coli exceeded levels observed with P. aeruginosa at 25oC. These 

could be attributed to the upregulation of cold shock proteins which stimulate the cold shock response 

allowing further translation to occur or stress response genes which have been linked with cell growth 

at lower temperatures (Phadtare, 2012; White-Ziegler et al., 2008). In addition, the levels of biofilm 

formation shown by P. aeruginosa at 25oC appeared to be higher than seen at 37oC. Previous studies 

have demonstrated that lower temperature environments could increase levels of signalling molecules 

such as c-di-GMP which regulate the systems responsible for exopolysaccharide production in the 

biofilm process (Kim et al., 2020; Townsley and Yildiz, 2015). Upregulation of β-galactosidase activity 

contributes to the glucose rich environment found in the EPS matrix and identification of phage 

proteins shows that there is a link between low temperature environments and elevated levels of 

biofilm formation (Sakuragi and Kolter, 2007). 
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7.5 Effect on cell viability  

Log reduction data derived from OD595-CFU calibration curves indicated that Active Oxygen caused the 

highest reductions in cell viability of E. coli and P. aeruginosa at pH 5.2 when grown at 37oC which 

exceeded 1.4 and 2 for E. coli and P. aeruginosa. This makes sense as P. aeruginosa showed the 

maximum levels of planktonic growth and biofilm formation at the same experimental conditions. 

However, due to time constraints, the data obtained here reflects the difference in cell viability 

between control and treated samples calculated from OD595-CFU calibration curves which is not as 

accurate as performing cell viability assays on agar plates (Karagianni, 2022). Time-kill assays which 

were CFU based demonstrated that Active Oxygen tablets are able to kill E. coli within five minutes and 

follows the trend shown by bactericidal antibiotics such as ampicillin. E. coli treated with chlorine at 

the recommended concentration in hot tubs (5ppm) led to no CFU formation. In addition, 

investigations into the chemical stability of Active Oxygen revealed that efficacy can be maintained for 

up to 7 days. The active compound within the Active Oxygen tablets is KMPS which once prepared has 

been reported to be stable for at least 7 days (Griffin, 2012; Sykes and Weese, 2014). 

7.6 Benchmarking Active Oxygen against chlorine   

In general, Active Oxygen at the SOPFA concentration performed as well as chlorine at preventing 

planktonic growth and biofilm formation of E. coli and P. aeruginosa whereas the efficacy of chlorine 

was affected by pH values outside its optimum (pH 7 and 8). This is in line with previous literature 

which states that chlorine exhibits optimal activity at pH 7.4 but at pH values which are above and 

below, efficacy is affected as the distribution of chlorine species is highly dependent on pH (Deborde 

and Gunten, 2008). At 25oC, the efficacy of Active Oxygen to prevent planktonic growth and biofilm 

formation was slightly affected at pH 7 and 7.4 whereas at 37oC, Active Oxygen at SOPFA maintained 

efficacy across all pHs tested and both temperature for both bacterial strains. These results suggest 

that the Active Oxygen tablets work optimally under normal operating temperatures compared to 

maintenance temperatures in hot tubs without loss of efficacy in comparison to chlorine. Since cell 

viability assays showed that treatment with chlorine at 5ppm resulted in no CFU formation, it may 

explain the extremely low levels of planktonic growth demonstrated by E. coli and P. aeruginosa which 

limits the extent to which these bacterial strains can form biofilms.  

7.7 Efficacy of products alone and in combination  

Overall, Active Oxygen in combination with Product 2 (water conditioner) led to increased planktonic 

growth and biofilm formation of E. coli across all pHs tested and both temperatures. This effect was 

less pronounced when tested against P. aeruginosa as elevated levels of planktonic growth and biofilm 

formation were only observed at the SOPSA and 1:10 concentration in combination with Product 2 at 
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both temperatures. It is possible that certain components found within the water conditioner promote 

growth of E. coli and P. aeruginosa. However, it is uncertain which components are responsible for this 

effect which was observed at all pHs tested. The addition of Product 2 reduced planktonic growth and 

biofilm formation of E. coli across all pHs at both temperatures whereas it was only effective against 

planktonic growth of P. aeruginosa at 37oC with low efficacy in preventing biofilm formation. The 

ability of P. aeruginosa to form strong biofilms as denoted in biofilm prevention assays may indicate 

that it could resist the effects of the water conditioner whereas biofilms formed by E. coli are more 

susceptible to components found within the water conditioner.  

Light and fluorescent microscopy revealed that Active Oxygen in combination with Product 2 results in 

a high number of immotile cells which adopt a formation where clump-like structures are seen in a 

viable state. This is in accordance with results found in the previous project where the product 

combination could lead to cells entering the VBNC state. Further light microscopy experiments showed 

that Active Oxygen at the 1:10 concentration also generated clump-like structures. Therefore, this 

could suggest that Active Oxygen may interact with components present within the water conditioner 

product which have a synergistic effect in causing bacteria to revert to a VBNC state. Cell viability assays 

revealed that addition of the water conditioner led to no CFU formation which further suggests that it 

could play an important role in causing E. coli to enter the VBNC state as live cells were still observed 

in fluorescence microscopy experiments. 

The efficacy of the biofilm removal product (Product 1), Active Oxygen and product combinations to 

eradicate biofilms formed by E. coli and P. aeruginosa was also assessed. The biofilm remover tested 

at the SOP concentration was able to remove biofilms formed by E. coli at pH 7 and 7.4 whereas the 

product performed better in the eradication of P. aeruginosa biofilms at all pHs tested. Active Oxygen 

at 10x concentrated showed the most efficacy in removal of biofilms formed by E. coli and P. 

aeruginosa whereas at the SOPFA concentrations, this led to higher or similar levels of biofilm formation 

relative to control wells. Interestingly, the SOPSA concentration of Active Oxygen showed efficacy in 

eradication of P. aeruginosa biofilms which was not observed at the SOPFA concentration. It is possible 

that this could be an accidental experimental error or could suggest that dynamic conditions created 

by the action of jets in hot tubs or changes in pH could influence the efficacy of Active Oxygen. Active 

Oxygen was most effective at eradicating E. coli biofilms at the 10x concentrated and SOPSA 

concentrations at pH 7 and 7.4 with loss of efficacy at pH 8. This agrees with the conclusions reached 

using the biofilm remover against E. coli biofilms at pH 8 which also led to increased biofilm formation. 

This suggests that the biofilm remover product is less effective at eradicating E. coli biofilms at pH 8. 

All product combinations led to the removal of P. aeruginosa biofilms which was present across all pHs 

tested. Therefore, it can be deduced that the biofilm remover alone and in combination with Active 
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Oxygen is most effective in eradicating P. aeruginosa biofilms which is of more significance due to its 

high prevalence in water systems (Lutz and Lee, 2011).  

7.8 Protein analysis  

From protein assays, the BCA and Bradford assay did not show the presence of any protein in samples 

of water conditioner despite carrying out procedures such as protein precipitation and use of an 

ultrasonic water bath. Performing freeze-drying procedures in order to concentrate proteins within 

the water conditioner provided better insights into the protein levels in the water conditioner which 

were detected in BCA and Bradford assays. However, no bands were observed on the protein gel which 

confirmed that there was no protein present in the product. The Lugol iodine assay also confirmed the 

absence of amylase activity within the water conditioner product, even after 24 hours in the presence 

of starch. This was unexpected as the addition of water conditioner was effective at preventing 

planktonic growth and biofilm formation of E. coli which could be attributed to the presence of 

enzymes. These results signify that enzymes may be present in conditioner but in such low 

concentrations that they are undetectable by gel electrophoresis and enzyme activity. In addition, if 

proteases, amylases and lipases were present together, it suggests that they would digest each other 

which would explain the inability to detect the presence of bands on protein gels and the lack of 

enzyme activity.   

7.9 Characterisation of Active Oxygen and chlorine species 

Chemical analysis of chlorine species in the chlorine granules failed to detect the presence of chlorite 

or chlorate anions as only chloride was observed in chromatograms. This was unexpected since chlorite 

and chlorate are the chlorine reactive oxygen species responsible for its biocidal activity. Therefore, 

other methods may be required in order to detect the presence of chlorite or chlorate. In addition, 

samples of Active Oxygen were found to contain sulphate as expected based on the structure of KMPS, 

the active compound within the Active Oxygen tablets. The chromatogram also showed the presence 

of another anion which is possibly a peroxymonosulphate, peroxide or hydrogen sulphate ion. 

However, in the absence of an appropriate standard, the identity of the anion is currently unknown 

and warrants further investigation.  
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7.10 List of conclusions   

Following a literature review and the experiments addressed in this project, the results were critically 

analysed. Therefore, the questions asked at the start of the project as set out by the sponsoring 

company have been answered. The most important conclusions reached in this project are:  

• Active Oxygen performs as well as chlorine in preventing planktonic growth and biofilm formation 

of E. coli and P. aeruginosa without the loss of efficacy (Chapter 3).  

• Active Oxygen at the recommended concentrations used in hot tubs (SOPFA and SOPSA) are 

effective in preventing planktonic growth and biofilm formation of E. coli and P. aeruginosa at 25oC 

and 37oC over a pH range of 5.2 to 8 (Chapter 4).  

• There is no requirement for pH balancing when Active Oxygen tablets are added to hot tubs.  

• Active Oxygen kills bacteria within 5 minutes and chemical stability is maintained for up to 7 days 

(Chapter 4).  

• The water conditioner in combination with Active Oxygen increases planktonic growth and may 

lead to cell clumping and VBNC (Chapter 4).  

• Biochemical analysis of the water conditioner showed that enzymes could not be detected 

(Chapter 6).  

• Chlorine species such as chlorite and chlorate could not be detected in chlorine granules but it is 

possible that peroxide, peroxymonosulphate or hydrogen sulphate ions could be identified in the 

Active Oxygen tablets using ion chromatography (Chapter 6).  

7.11 Limitations 

Biofilm removal experiments were conducted in the later stages of the project which were rectified 

only in the last two weeks of the project. In addition to this, limited accessibility to the plate reader 

between students meant that several adaptations such as shorter incubation times were implemented 

in order to obtain results within a shorter time frame. Also, due to time constraints, log reductions in 

cell viability from growth prevention assays were calculated from CFU calibration curves to OD at low 

to very low OD.  Light and fluorescence microscopy experiments were conducted for the first time 

using different microscopes which showed some difficulty in obtaining optimal image capture. 

Furthermore, ion chromatography procedures were performed for the first time under N=1 conditions 

with not enough time to procure standards in time and optimise experimental parameters such as flow 

rate and choice of analytical column.  

7.12 Future work  

There are several ways in which the project could be improved based on the conclusions reached in 

this project. Firstly, as pH microelectrode measurements were only applied to samples where Active 
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Oxygen was added to M9 minimal media, the pH of E. coli and P. aeruginosa cultures could be 

measured following overnight incubation including after product addition to monitor the pH of 

samples as experiments progress. Since attempts to detect the presence of protein bands could not 

be achieved using the water conditioner product, the concentrated product of water conditioner i.e. 

stock solution of freeze-dried product prepared as described in section 2.3.6 should be tested on 

protein gels to further investigate if higher concentrations are required in order to be detected using 

gel electrophoresis. In addition, further experiments on the chemical stability of Active Oxygen should 

include a control which would be used to calculate reduction levels in cell viability. As there is a 

possibility that Active Oxygen in combination with the water conditioner may lead to cells adopting a 

VBNC state, components within the water conditioner could be tested in isolation and with Active 

Oxygen to determine if there is an interaction between them in causing cell clumping and VBNC states 

(Robben et al., 2018).   

Further experiments using the ion chromatography apparatus are required to confirm if the Active 

Oxygen tablets contain KMPS. Therefore, a potassium bisulfate or peroxide containing standard should 

be used to detect the presence of hydrogen sulphate or peroxide ions which would conform with the 

structure of KMPS. In addition, column selection and flow rates which could not be optimized due to 

time constraints could be tested to find optimal conditions for experiments. Other methods of 

detection such as liquid chromatography – mass spectrometry may be useful in determining the 

concentration of radical species (Li et al., 2003; Popa et al., 2010). In addition, since results from IEC 

did not identify the presence of chlorite or chlorate in chlorine granules, other methods of detection 

and quantitation may be required. Testing samples of the chlorine granules at different pH could be 

implemented as the distribution of chlorine species is pH-dependent as previously discussed. Another 

option could be to carry out colorimetric biochemical assays in 96 well plates to measure levels of 

hypochlorite. Since ion exchange chromatography cannot measure levels of radicals and only anions 

in solution, fluorescent probes such as 2′,7′-dichlorofluorescin-diacetate, fluorescein or benzoic acid 

for detection of ·OH or SO4
•– could be used to measure intracellular levels of Active Oxygen species in 

living cells (Huang et al., 2018; Jin et al., 2020; Zhang et al., 2016). Furthermore, radical scavenger 

assays using tert-butanol or isopropanol (radical scavenger for ·OH) and sodium chloride (radical 

scavenger for SO4
•–) could be implemented to confirm that the presence of Active Oxygen species is 

responsible for the loss of viability in biofilm formation assays. To determine the effects of Active 

Oxygen on metabolic activity in E. coli and P. aeruginosa, using metabolic dyes could be another option 

of interest. Metabolic dyes often referred to as  tetrazolium salts are used to investigate metabolic 

activity within bacterial cells as a measure of cell viability. Several tetrazolium salts such as resazurin 

and 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide are dependent on 
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dehydrogenase enzymes in live cells which reduce cofactors such as nicotinamide adenine dinucleotide 

and nicotinamide adenine dinucleotide phosphate (Freeberg, Kallenbach and Awad, 2019;  Pereira et 

al., 2023; Travnickova et al., 2019). This causes a precipitate known as a formazan to be formed which 

usually requires solubilisation steps before quantitation using spectrophotometers or plate readers. 

Furthermore, cationic tetrazolium salts which can permeate live cells such as 3-(4,5-dimethylthiazol-2-

yl)-2,5 diphenyl tetrazolium bromide have been used to assess metabolic activity in E. coli and P. 

aeruginosa (Grela, Kozłowska and Grabowiecka, 2018).     
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