
 

 1

Actvity of ortho-phthalaldehyde against 

biofilm bacteria using an in-vitro model 

system  

 

 

Jennifer Claire �eame Shackelford 

 

A thesis submitted in partial fulfilment 

of the requirements of the University of 

Brighton for the degree of Doctor of 

Philosophy 

 

�ovember 2007 



 

 2

Abstract 

 

Biofilm associated infections relating to endoscopic procedures may result in 

asymptomatic colonisation to potentially death. An appropriate high-level disinfectant 

and adequate pre-cleaning steps are therefore required to prevent the risk of hospital 

acquired infections relating to endoscopes. Ortho-phthalaldehyde (OPA) is an 

alternative high-level disinfectant to glutaraldehyde (GTA) used for the disinfection of 

endoscopes.  

The aims of this thesis were to: i) investigate the efficacy of OPA against planktonic, 

surface dried bacteria and bacterial biofilm ii) to develop and test a novel in-vitro 

sodium alginate biofilm method for the testing of OPA iii) to develop a predictive 

mathematical model for measuring the effect of OPA against bacterial biofilm and iv) to 

investigate the effect of in-situ re-processing steps used to re-process endoscopes 

colonised with bacterial biofilm. 

The efficacy of OPA was tested against Pseudomonas aeruginosa, Mycobacterium 

chelonae and a GTA-resistant mycobacterial strain (Mycobacterium chelonae Epping), 

using a quantitative suspension test, quantitative carrier test and using bacteria grown as 

sedimentation biofilms. OPA (0.5 % w/v) was shown to be an effective high-level 

disinfectant against M.chelonae, M.chelonae (Epping) and P.aeruginosa in suspension 

and carrier tests. The efficacy of OPA against the three bacterial strains grown as 

sedimentation biofilms was however reduced, in comparison to the planktonic and 

surface dried cells.  

Bacteria grown using the novel in-vitro alginate biofilm system showed an increased 

resistance to OPA in comparison to the sedimentation biofilms. The novel biofilm 

protocol was demonstrated to be highly reproducible, simple and robust, in comparison 

to the sedimentation biofilm methodology. 

A comparison between the biofilm and planktonic outer membrane protein (OMP) 

profiles of P.aeruginosa cells was undertaken using 1-Dimensional and 2-Dimensional 

SDS-PAGE. However it was not clear if the novel sodium alginate biofilms exhibited a 

biofilm OMP profile, although bacterial resistance to disinfection indicated a biofilm 

phenotype.   

A mathematical model was produced using extensive efficacy testing data. The 

predictive model was shown to be very accurate in predicting the efficacy of variable 

concentrations of OPA, in the presence of variable concentrations of organic load, 

against mycobacterial biofilm. 

Finally, P.aeruginosa, M.chelonae and M.chelonae Epping biofilms were treated with 

OPA and subsequently re-incubated. Re-growth was observed for all bacterial strains. 

The pre-cleaning steps used in endosopce reprocessing were shown to reduce surface 

attached biofilm by an average of 2-3 log reductions. In addition, the adherence of 

bacteria to surfaces after endoscope reprocessing steps and the surface quality of 

polypropylene discs was investigated using scanning electron microscopy. Bacteria 

were observed on all surfaces even after complete reprocessing steps had been 

undertaken. 

This study further highlighted the necessity for testing the efficacy of biocides against 

bacterial biofilms and the value of using an organic load. The production of biofilms 

using the novel sodium alginate methodology in conjunction with the predictive 

mathematical model produced in this thesis, was shown to have the potential to  

represent a faster, less labour intensive method to study the efficacy of biocides, in 
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comparison to the standard methods used currently. The importance of adequate 

reprocessing steps for endoscopes using appropriate biocides has also been further 

highlighted.  
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Chapter 1 

General Introduction 

 

1.1 Biofilm associated infections 

 

Hospital acquired infections (HAIs) represent an enormous social and economic 

burden. HAIs represent a cost burden of more than 1 billion pounds per year to the 

health service (National Audit Office. 2004). Patients with a HAI have also been 

documented to spend an additional 23 days in hospital compared with patients not 

affected with HAIs (Esatoglu et al. 2006). The role of bacterial biofilm is increasingly 

recognised in the recalcitrance of many hospital infections to therapy, particularly 

those associated with implanted medical devices. A biofilm is defined as a microbially 

derived sessile community characterised by cells that are irreversibly attached to a 

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

polymeric substances, that they have produced, and exhibit an altered phenotype with 

respect to growth rate and gene transcription (Donlan and Costerton 2002). It has been 

estimated that 65% of human bacterial infections involve bacterial biofilm (Costerton 

et al. 1999).  Infections caused by bacterial biofilm are difficult and expensive to treat, 

which is the result of an altered physiology, promoting evasion of host immune 

defences and therefore decreasing susceptibility to antimicrobial agents (Donlan and 

Costerton 2002). One of the major sources of hospital acquired infections is from 

items of medical equipment used on patients directly after use on a previous patient 

(Cookson 2005). An example is endoscopes, in which infections resulting from their 

use can range from asymptomatic colonisation to death (Rutala and Weber 1999). 
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Investigations into the effect of antimicrobial agents, such as biocides, against bacterial 

biofilm on medical surfaces should therefore be of paramount importance. The 

standard efficacy testing methods used to test the efficacy of biocides however, often 

employ the use of planktonic cells or planktonic cells that have been dried on a hard 

surface carrier (i.e. CEN 1997; CEN 2001).  

Bacterial biofilms have been found extensively in the environment ranging 

from food fermentors, ship hulls, pipes, tubing, the paper making industry and on 

medical devices (Reid et al. 1999; Pajkos et al. 2004a; Ko et al. 2007). The presence 

of biofilm can be both positive and detrimental, depending upon the context. A few of 

the more positive aspects of bacterial biofilms are described in Table 1.1.  

Although bacterial biofilms can be in some cases beneficial (Table 1.1), many 

conditions including dental plaque, upper respiratory infections, peritonitis, urogenital 

infections and diseases associated with medical devices are complicated by the 

presence of bacterial biofilm.  

Infections associated specifically with medical devices and biofilms include 

ventricular assist device associated infections (Padera et al. 2006), central venous 

catheter infection (Nickel and Costerton 1989; Stickler et al. 1998; Padera et al. 2006), 

urethral stent infection (Pearle and Roehrborn 1997), keratitis infection as a result of 

biofilm accumulation on contact lenses (Elder et al. 1995), and a range of infections 

relating to endoscopes. The complex structure of bacterial biofilms is described in 

section 1.2. 
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Table 1.1  Examples of beneficial biofilms.  

Bacterial strain Use Reference 

Bacillus subtilis A bio-control agent for 

fungal and bacterial 

disease. 

Branda et al. (2001) 

Bacillus brevis Inhibition of mild steel 

corrosion. 

Zuo and Wood (2004) 

Sulphate reducing bacteria Accumulation of copper 

in the form of copper 

sulfide. 

White and Gadd (2000) 

Mixed biofilm Accumulation of heavy 

metals such as cadmium 

and zinc. 

Costley et al. (2001) 

Methylosinus 

trichosporium 

Degradation of azo dyes  

e.g.  methylosinus 

trichosporium 

Zhang et al. (1995) 

Mixed culture of herbicide 

degrading bacteria. 

Degradation of the 

herbicide MCPP; 2,4 

dichlorophenoxyacetic 

acid  

Oh et al. (1991) 

Pseudomonas spp. 

Rhodococcus spp. 

Degradation of 

chlorophenols, including 

2,4,6 –trichlorophenol  

Puhakka et al. (1995) 

Mixed culture biofilms Breakdown of 

xenobiotics; obtained as 

by-products in the 

chemical and process 

industries  

Nicolella (2005) 
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1.2  Biofilm structure  

 

1.2.1 Introduction to biofilms 

 

The structure of biofilms is extremely complex and as described in section 1.1 is a 

population of bacteria that grow attached to a surface, encased in an exopolysaccharide 

matrix. The matrix of extracellular substances is often termed the exopolysaccharide 

matrix (EPS) and was originally described in 1936 (Zobell et al. 1936). The EPS helps 

to facilitate the adherence of bacteria to solid objects and has been shown to enhance 

bacterial resistance to biocides (Lewis 2001). Biofilms occur as described, on 

practically every surface imaginable, in the natural environment, on living organisms 

and on industrial equipment (provided it is an aqueous environment) (Dunne et al. 

2002) and are non-homogenous structures.  

 

Figure 1.1  Diagram of a biofilm’s structure (adapted from Potera 1998) 

void

channel

cell cluster

streamer

bulk fluid
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 A biofilm is made up of a number of other different components, apart from the 

bacteria themselves. The biofilm matrix is thought to consist of approximately 97% 

water, depending on the model examined. This water exists within capsules within the 

microbial cells or simply as a solvent (Zhang et al. 1998).  The cell mass itself is 

thought to only contribute 10-15% of the total biofilm (Frolund et al. 1996).  Other 

molecules that have been isolated from biofilms include proteins, polysaccharides, 

DNA, RNA, phospholipids and a number of other macromolecules (Costerton et al. 

1994). These molecules are densely concentrated around the micro-colonies of cells, 

and where the distribution of cells is more sparse, provide functional water channels. 

These channels permit delivery of nutrients to the individual cells and removal of 

metabolic agents, providing a form of multicellular life for the sessile bacteria 

(Costerton et al. 1994). The water channels are thought to form as a result of 

individual micro-colonies detaching from the surface, leaving behind hollow remnants 

(Stoodley et al. 2002).  In aerobic biofilms the voids produced by detached cells have 

been shown to facilitate oxygen transport from the bulk liquid through the biofilm, 

supplying approximately 50% of the total oxygen consumed by the cells (DeBeer et al. 

1994). Differentiation inside the micro-colonies has been observed by a number of 

groups (Lawrence 1991; DeBeer et al. 1994; Danse et al. 2000). It has been 

hypothesised that cell death, as well as cell detachment, in Pseudomonas aeruginosa, 

may function in multicellular biofilm development. It is thought that killing and lysis 

occur in localised regions in wild-type P. aeruginosa biofilms, inside microcolonies, 

by a mechanism that involves a genomic prophage of P. aeruginosa (Webb et al. 

2003). This may allow the dispersal of a subpopulation of surviving cells and 

differentiation of the biofilm by the creation of voids (Webb et al. 2003).    
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Scanning Confocal Laser Microscopy (SCLM) has been used to visualize fully 

hydrated microbial biofilms (Lawrence et al. 1991) and shows that there is significant 

species-specific architecture.  For example Pseudomonas species were shown to have 

the highest concentration of cells at their attachment surfaces and became more diffuse 

near the outer regions, whereas Vibrio parahaemolyticus biofilms exhibited the 

opposite trend (Lawrence et al. 1991). The architecture of the biofilm enables 

communities to develop considerable thickness and complexity while keeping 

individual cells (some of which are physiologically specialised) in optimal nutrient 

situations in many locations within the biofilm (Stoodley et al. 2002). 

1.2.2 The EPS 

The production of the EPS is important for the structure of the biofilm. The EPS 

provides the mechanical stability of a biofilm and fills and forms the space between 

the bacterial cells and keeps them together (Korstgens et al. 2001a.). The EPS forms a 

temporary network of fluctuating junction points, and because of the presence of 

different kinds of fixed ions, dipoles, free ions etc the charged macromolecules have a 

tendency to aggregate. Depending on the presence of different ions, the biofilm may 

have a more gel-like quality (Korstgens et al. 2001b), which has been observed in the 

presence of calcium ions. The biofilm matrix develops an inherent internal tension, 

which is in equilibrium with the shear stress under which the biofilm is formed. The 

EPS strengthens the cohesive forces within the biofilm and therefore contributes to an 

enhanced inherent biofilm mechanical stability (Stoodley et al. 1999). The 

exopolysaccharides (EPS) synthesized by microbial cells
 

vary greatly in their 

composition and hence in their chemical
 
and physical properties. Some are neutral 

macromolecules, but
 
the majority are polyanionic due to the presence of either uronic
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acids (D-glucuronic acid being the commonest, although D-galacturonic
 

and D-

mannuronic acids are also found) or ketal-linked pyruvate (Sutherland 2001a). In 

biofilms the polysaccharides do not exist alone but may interact
 
with a wide range of 

other molecular species, including lectins,
 
proteins and lipids, as well as with other 

polysaccharides.
 
The resultant tertiary structure comprises a network of polysaccharide

 

and other macromolecules, in which cells and cell products are trapped (Sutherland 

2001b). 

 

1.2.3 Alginate  

 

The best characterised component of the EPS is the bacterial product alginate, 

produced by P.aeruginosa. The presence of alginate has been shown to be important in 

P.aeruginosa biofilm structure, but is not thought to be important in the initial 

attachment of cells to a surface (Allison and Sutherland 1987). It may act as an 

intercellular material, required for formation of thicker 3-dimensional biofilms (Nivens 

et al. 2001). Other EPS polysaccharides have been shown to have similar structural 

roles, for example colonic acid, an EPS of Escherichia coli K-12, has been shown to 

be critical for the formation of the complex 3-dimensional structure and depth of E. 

coli biofilms (Danse et al. 2000). The EPS is thought to provide the framework into 

which microbial cells are inserted and may even provide a nutrient source for the cells 

(Sutherland 2001b). 

The production of alginate is mediated by the activation of the alginate 

biosynthetic gene cluster, which contains several genes essential for alginate synthesis 

and its modification, including algD and algC. The production of alginate is mediated 

by the activation of the alginate promoter algD and has been shown to take place as a 
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result of nitrogen limitation, presence of ethanol (DeVault et al. 1990), variations in 

oxygen tensions (Bayer et al. 1990) and as a result of exposure to high osmolarity 

levels (DeVault et al. 1990). The gene algC, which encodes the enzyme 

phosphomannomutase, is also an essential enzyme for biosynthesis of alginate and a 

key point of regulation in the alginate pathway. In P.aeruginosa biofilms the specific 

activity of the alg reporter gene product has been studied and shown to be 19 times 

higher than in planktonic bacteria. As soon as the bacteria are shed from the biofilm 

the algC gene is then down-regulated (Davies and Geesey 1995). The over production 

of alginate in mucoid strains of P.aeruginosa has been shown to have significant 

effects on the architecture of biofilm and increases resistance of biofilm bacteria to 

some antibiotics. This is a result of the alginate representing a physical and chemical 

barrier and reduction in metabolic activity of cells deep within the biofilm (Hentzer et 

al. 2001).  

 

1.2.4 Hydrodynamics and biofilm structure 

 

The structure of a biofilm is also affected by the hydrodynamics of the environment in 

which the biofilm is produced, and affects its density and strength. It has been 

suggested as one of the most important factors affecting biofilm structure and activity 

(Pereira et al. 2001). In general, biofilms grown at higher shear have been found to be 

thinner, smoother, denser, more rigid and stronger than those grown at low shear 

(Viera et al. 1993; Stoodley et al. 1999; Wijeyekoon et al. 2000; Liu and Tay 2002). It 

is thought that biofilm grown at higher shear stresses produce more exopolymers per 

unit, to create an effective adhesion and at the same time reduce the void fraction in 

the biofilm (lower thickness, higher density). This may impart greater cohesion to the 
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biological matrix (Pereira et al. 2001). This phenomenon may be the result of a 

selection process by which only those bacteria that produce strong EPS remain 

attached and divide, or may be the results of genetic processes (Stoodley et al. 2002).  

The thickness of a biofilm is variable and uneven from between 13-60 µm and 

is determined by an equilibrium between growth of the biofilm and detachment of 

bacteria into the environment (Hoiby et al. 2001). The thickness and density have an 

influence on the microbial metabolism in the film, as they may introduce diffusional 

limitations, as well as affect the composition of the microenvironment surrounding the 

cells within the matrix (Pereira et al. 2001). 

 Surfaces have also been shown to affect the physiology of biofilms, for 

example, biofilms grown on hydrophobic surfaces have been observed to form tightly 

packed biofilms consisting of single or paired cells, whereas those forming on 

hydrophilic surfaces exhibit sparse colonisation of the surface and the formation of 

chains in excess of 100µm, anchored at the surface by the terminal (colonising) cell. 

This may be the result of cells colonising a hydrophobic surface having limited 

adhesion sites (Dalton et al. 1994).  

 

1.2.5 �utrient availability and biofilm structure 

 

The structure of the biofilm matrix varies greatly, depending on the microbial cells 

present, their physiological status, the nutrients available and the physical conditions 

of the environment (Sutherland 2001b). In general higher levels of nutrients lead to 

thicker biofilm (Kolenbrander and London 1993). The architecture, thickness, cell 

density and growth rates also depend on substrate. For example bacteria grown using a 

herbicide carbon source (Diclofop methyl) as opposed to Tryptone Soya Broth (TSB) 
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developed very different biofilms. The differences in biofilm architecture were thought 

to be the result of the requirement of the cells to be in a specific spatial arrangement to 

degrade the herbicide to avoid accumulating toxic intermediates. Genes responsible for 

the structural architecture of the biofilm were expressed in the herbicide grown cells, 

as a response to the absence of other labile carbon sources (Wolfaardt et al. 1994). 

This study showed that changes in biofilm architecture may allow bacteria to degrade 

different carbon sources. 

As described above the biofilm matrix is a dynamic environment with a 

structure that is determined by a number of factors, which are ultimately controlled by 

genes involved in formation of the biofilm.  

 

1.3 Biofilm formation 

 

Biofilm formation can be divided into a minimum of five stages, described as 

reversible attachment, irreversible attachment, maturation-1, maturation-2 and 

detachment/dispersal. These different stages of development have been described in 

detail for P. aeruginosa by Sauer et al. (2002) and are largely regulated by a number 

of genes, notably the Las quorum sensing and Rhl quorum sensing systems. A 

schematic diagram of biofilm formation is shown in Figure 1.2. 

 

1.3.1 Reversible attachment 

 

Initial attachment occurs when cells come into contact with a surface and are often 

only transiently fixed. Motility has been shown to be vital for this 1
st
 stage of biofilm 

formation. The planktonic cells are thought to initiate interactions with a surface, as a 
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response to various signals including the nutritional status of the environment 

(O’Toole and Kolter 1998). The use of non-motile mutants has been shown to result in 

a significant decrease in attachment efficiency, in comparison to flagellated cultures, 

therefore suggesting that the presence of flagella during the planktonic phase of the 

biofilm growth-cycle appears to enhance reversible attachment (Sauer et al. 2002).  

 

Figure 1.2  Biofilm formation (adapted from Costerton 1987) 

 

 

 

 

 

It is thought that flagella motility is important for the cells to make initial contact with 

an abiotic surface and to bring the cell within close proximity of that surface. This 

allows the bacteria to overcome repulsive forces between the bacterium and the 

surface to which it will eventually attach. The flagella may also act as an adhesin, as 

previously suggested for Pseudomonas fluorescens (Lawrence et al. 1987).  

 Formation of microcolonies  

Dispersal  

Irreversible  
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Initial reversible 
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The initial events in bacterial adhesion are often explained as resulting from 

electrostatic and van der Waals forces between the cell and the surface, as described by 

the DLVO theory developed by Derjaguin, Landau, Verwey, and Overbeek (Verwey 

and Overbeek 1948). This theory predicts two distances of separation at which there is 

a net attraction between the surface and an approaching bacterium. First there is the 

‘secondary minimum’ the larger separation distance at which the bacterium is weakly 

held near the surface and easily removed by shear forces (reversible attachment). 

Closer approach is hindered by electrostatic repulsion, however if the bacteria 

overcomes this barrier it may be bound at the closer separation distance the ‘primary 

minimum’ where mutual forces are stronger and the attachment is irreversible (Rutter 

and Vincent 1980) as described in Section 1.3.2. 

The presence of type IV pili are also thought to be important in the early stages 

of irreversible attachment to eukaryotic cell surfaces and in producing a form of 

surface-associated movement termed twitching motility (Tang et al. 1995). The 

presence of type IV pili are thought to be required for reversible attachment 

downstream of flagella as described in a study by O’Toole and Kolter (1998). Mutants 

defective in type IV pili were still able to form a dispersed monolayer of cells. 

However the wild-type strain eventually formed a much denser layer of tightly packed 

cells punctuated by micro-colonies (O’Toole and Kolter 1998). It is likely that the type 

IV pili have a role in stabilizing interactions with abiotic surfaces, that may have been 

initiated via flagella or flagella mediated motility, and/or in the cell-to-cell interactions 

required to form a microcolony (O’Toole and Kolter 1998). It is also likely that 

flagella are necessary for bacteria within a developing biofilm to move along a surface 

and therefore facilitate biofilm spread and chemotaxis required for the bacteria to 

swim towards nutrients associated with a surface (Pratt and Kolter 1998). The role for 
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pili and flagella in biofilm formation is dependent on the number that they possess. For 

example in E. coli, type IV pili are thought to be essential for initial attachment, 

whereas in P. aeruginosa the twitching motility associated with the presence of type 

IV pili is proposed to facilitate movement along an abiotic surface. The type IV pili are 

thought to extend and retract and therefore propel the bacteria across the surface. The 

twitching mediated motility is therefore likely to contribute to the formation of micro-

colonies within a developing biofilm (O’Toole and Kolter 1998; Pratt and Kolter 

1998).  

 

1.3.2 Irreversible attachment  

 

The second stage of biofilm formation, irreversible attachment, occurs when cell 

clusters have commenced their development, after coming into contact with the 

surface. Bacteria lock onto the surface by production of exopolysaccharides and or 

specific ligands such as pili or fimbriae that may complex with the surface (Dunne et 

2002). At this stage motility is observed to stop potentially as a result of loss of 

flagella and many changes in gene activity occur. The Las quorum sensing system 

becomes activated and there are observable physiological differences between 

planktonic and early attached cells. This is a result of the activation of the Las quorum-

sensing system in irreversibly attached cells (Sauer et al. 2002). The formation of a 

dense monolayer of cells is often observed at this stage along with the formation of 

micro-colonies (O’Toole and Kolter 1998).  
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1.3.3 Maturation-1 

 

The next stage of biofilm development is termed Maturation-1. The second quorum 

sensing regulon (rhlA) becomes active with significant up-regulation of a number of 

genes, for example Arc proteins, which have been shown to be responsible for 

anaerobic processes. This may be required as a result of oxygen limitation within the 

growing biofilm (Sauer et al. 2002). The Las quorum sensing system is also involved 

at this stage of development with for example the formation of cell clusters (Davies et 

al. 1998).  

 

1.3.4 Maturation-2 

 

The fourth stage of development, maturation-2, occurs when the cell clusters become 

increasingly layered with further changes in gene regulation. This stage in biofilm 

development occurs when the cell clusters have achieved a thickness of around 

100µm, which has been shown to occur after about 6 days of growth (Sauer et al. 

2002). Biofilms amass high numbers of cells attached to surfaces and pathogen cell 

densities can reach as much as 10
7
 cells/cm

2
 (Hall-Stoodley and Lappin-Scott 1998). 

This stage of growth is where the biofilm achieves maximum thickness and the biofilm 

bacteria are profoundly different to their planktonic counterparts. For example more 

than 50 % of all detectable proteins undergo changes in regulation between planktonic 

growth and the maturation-2 stage with the majority being upregulated (Sauer et al. 

2002). Genes found to be unexpressed in mature biofilms were genes encoding 

proteins involved in translation, metabolism, membrane transport and/or secretion and 

gene regulation (Whiteley et al. 2000). 
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1.3.5 Detachment and Dispersal 

 

After around 9 days, detachment can occur, resulting in alterations in the structure of 

the biofilm including the dispersion of bacteria from their interior portions (Stoodley et 

al. 2002). Detachment from biofilms has been considered both a passive and active 

process and is important for the survival of bacteria as it means that bacteria are able to 

colonize new surfaces and therefore potentially spread infection. The removal of intact 

viable cells may be the result of oxygen mass transfer rate limitations in thick biofilms, 

or under hydrodynamic stress, due to shear generated by liquid moving past the 

biofilm. The role of nitric oxide, an endogenous product of anaerobic metabolism, has 

been described as an elicitor for biofilm dispersal. It is a by-product of anaerobic 

reduction of nitrite and is involved in the regulation of anaerobic metabolism in P. 

aeruginosa. Low levels of nitric oxide are thought to induce a transition from biofilm 

mode to planktonic and may have a key role in regulating differentiation and 

developmental processes in prokaryotes (Barraud et al. 2006). The role of cell division 

may also be an important cell-cycle mediated event. It has been observed that cell 

hydrophobicity decreases with growth rate of bacteria and the production of daughter 

cells. Cells which had divided from the biofilm and subsequently dispersed, were 

shown to be more hydrophilic resulting in a potential increase in the chance of 

colonisation of a new surface (Allison et al. 1990). The production of EPS was also 

shown to be reduced (Allison et al. 1998). It is thought that bacteria in a biofilm are 

sessile cells that are in a physiological state different from that of planktonic cells. 

However it has been suggested that bacteria in biofilms display both temporal and 

spatial variation with respect to differentiation (Tolker-Nielsen et al. 2000). It has been 

observed using CLSM that bacteria in biofilms consisted of both non-sessile cells and 
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cells that occasionally swam from one micro-colony to another. After 3 days growth, 

presumably after the microcolony had reached critical size, the bacteria started to swim 

rapidly in circles, the compact microcolonies were dissolved and loose structures 

containing bacteria from different colonies were formed (Tolker-Nielsen et al. 2000). 

This ability for a fraction of bacteria in a biofilm to respond as planktonic cells and 

disperse may allow the biofilm community to respond efficiently to changing 

environments. Purevdorj-Gage et al. (2005) observed this phenomenon using 

P.aeruginosa biofilms where differentiation was observed within interior micro-

colonies into motile phenotypes while the bacteria surrounding the micro-colonies 

remained non-motile. This observation is thought to suggest that P.aeruginosa exhibits 

coordinated behaviour and that dispersal is an extremely important formation phase of 

biofilms (Purevdorj-Gage et al. 2005).  

Nutrient-induced dispersal is another factor that may induce biofilm dispersion. 

A number of studies have shown that biofilm formation appears to be induced under 

nutrient limiting conditions, or conversely repressed in nutrient rich environments for 

example in the presence of a rapidly metabolized carbon source (Bowden and Li 1997; 

Watnick et al. 1999; Chandy and Angles 2001; Wen and Burne 2002; Stanley et al. 

2003). Local starvation induced biofilm dissolution may be an integrated part of 

biofilm development that causes structural arrangements (Gjermansen et al. 2005).  

The formation of a biofilm is a complex process in response to a decreased 

availability of nutrients. The availability of nutrients plays a major role in dispersion, 

by regulating the formation of new biofilms and limiting them to periods when 

nutrients are in excess (James et al. 1995). The dispersal of cells as a result of nutrient 

limitation and the fact that dispersing biofilm cells revert to a planktonic mode of 

growth shows that the biofilm developmental life comes full circle (Sauer et al. 2002).  
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1.3.6 Gene and protein expression in biofilm and planktonic bacteria.  

 

Bacterial biofilms display a number of specific physiological differences in 

comparison to their free-living counterparts. Outer membrane protein expression has 

been shown to be differentially expressed in planktonic and biofilm bacteria. For 

example gel entrapped E. coli cells, incubated for 48h, accumulated 35 proteins and 

under produced 59 proteins compared to planktonic bacteria (Villain et al. 2004). A 

number of other studies have shown that the outer membrane protein profile of 

planktonic and biofilm bacteria have significant differences (Gilbert et al. 1998; 

Wirtanen et al. 1998). Whiteley et al. (2000) used DNA microarrays to analyse gene 

expression of P. aeruginosa and they showed that 73 genes showed differences in 

regulation when comparisons were made between planktonic and biofilm cells, some 

of which are quorum sensing related genes. Welin et al. (2004) showed using image 

analysis that synthesis of 25 proteins in Streptococcus mutans biofilms were enhanced 

and that of 8 proteins was diminished in comparison to planktonic cells. 

 

1.3.7 Quorum sensing 

 

The phenomenon of quorum sensing (QS) is a cell density-dependent signalling 

mechanism which allows bacteria to modulate gene expression. QS was first 

characterised in Vibrio fischeri and Vibrio harveyi, two bioluminescent marine 

symbionts of some fish and squids (Nealson et al. 1970). There are a number of 

different QS systems used by bacteria, with the  best characterised system being that 

of Gram-negative bacteria, the acylhomoserine lactone system. This system uses 

small lipid-based molecules, a homoserine lactone moiety (derived from amino acid 
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metabolism) linked to a variable acyl sidechain (derived from fatty acid synthesis) 

termed acyl-homoserine lactones (AHLs). Bacteria have been shown to produce a 

number of different AHLs each having different effects on phenotype (Swift et al. 

1996). These molecules allow the bacteria to communicate within and sometimes 

across species. These chemical signals are used to control specific genes in response 

to cell population, with up to 4% of the estimated 6000 P. aeruginosa genes being 

controlled by quorum sensing (Whiteley et al. 2000). QS with AHLs is a fairly 

simple process; AHLs are synthesised at a low basal level by acyl-HSL synthases of 

the Lux1 family of acyl-HSL synthases.  Newly synthesised acyl-HSL signals are 

rapidly removed from the cell by diffusion down their concentration gradient. 

Increased population density can elevate the local acyl-HSL signal concentration. At 

a threshold level the acyl-HSL signal interacts with a transcription factor, which 

modulates expression of quorum sensing-regulated genes (Fuqua et al. 2001). The 

length of the acyl side chain provides signal specificity.  

 Gram-positive bacteria  use a different system of QS, in which they utilise 

small secreted peptides that activate two-component signalling pathways. The 

signalling mechanism is a phosphorylation/dephosphorylation cascade. In brief; 

secreted peptide autoinducers increase in concentration as the population density 

increases. Two-component sensor kinases are the detectors for the secreted peptide 

signals and their interaction inititates a series of phosphorylation events that 

culminate in the phosphorylation of a cognate response regulator protein. 

Phosphorylation of the response regulator activates it, allowing it to bind and alter 

the transcription of the quorum-sensing controlled target gene(s). 

 Quorum sensing has been linked to biofilm maturation of naturally occurring 

biofilms (McLean et al. 1997). As quorum sensing is a density dependent system it 
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would not be expected to be involved in the initial stages of biofilm formation and 

studies have shown that it may be important in differentiation of individual cells into 

the complex muticelluar structures common to many biofilms (Davies et al. 1998). 

Mutants that did not have the quorum-sensing inducer gene las1 produced biofilms 

which were flat and undifferentiated (Davies et al. 1998). 

 The physiological processes regulated by QS are numerous, including biofilm 

formation and virulence in the pathogenic bacterium P. aeruginosa (Shiner et al. 

2005). There are no publications on the existence of quorum sensing in the Non-

Tuberculosis Mycobacteria (described in Section 1.8), however Banaiee et al. (2006) 

have suggested that M. tuberculosis regulates the expression of certain genes in 

response to environmental signals, present in vivo, which are consistent with a model 

of regulation by quorum sensing, suggesting a similar mechanism may be used by the 

NTM. 

 The formation of biofilms as described is a complex process, which is 

regulated by a number of genes and has been shown to confer resistance to biocides 

and antimicrobial agents. 

 

1.4 Biocides 

 

A biocide is described as a broad-spectrum chemical agent that inactivates 

microorganisms. They are compounds with antiseptic, disinfectant or, in some cases 

preservative activity (Russell 2003) and can be inorganic, natural or synthetic organic 

molecules (Chapman 2003). Biocides are typically used against microbes in 

suspension or surfaces and can be applied at concentrations much greater than the 

minimum inhibitory concentration (MIC) (White and McDermott 2001). The level of 
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disinfection required for an item or surface is dependent on the intended use of that 

item i.e. critical, semi-critical or non-critical (Rutala and Weber 1999).  

 

1.4.1 Critical items  

 

Critical items are items that if contaminated with any microorganisms, including 

bacterial spores, represent a high risk of infection. Therefore sterilisation (the complete 

destruction of all forms of microbiological life) is required. Critical items are items 

that enter sterile tissues or the vascular system and include surgical instruments, 

cardiac and urinary catheters, implants and needles. In most cases the items are 

purchased sterile or are autoclaved. (Rutala and Weber 1999). However if autoclaving 

is not possible the objects require chemical sterilants such as ethylene oxide. 

 

1.4.2 Semi-critical items 

 

Semi-critical objects are termed objects that come in to contact with mucous 

membranes or skin that is not intact. These items must be free of all microorganisms 

except spores. Intact mucous membranes are generally resistant to infection by 

common bacterial spores. This group of objects includes endoscopes, respiratory 

equipment and thermometers. Semi-critical items require high-level disinfection using 

chemical disinfectants or wet pasteurisation. Glutaraldehyde, hydrogen peroxide, 

peracetic acid, ortho-phthalaldehyde, peracetic acid plus hydrogen peroxide have all 

been cleared for use in the USA for high-level disinfection since 2006 

(http://www.fda.gov/cdrh/ode). 
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1.4.3 �on-critical items  

 

These items come into contact with intact skin but not mucous membranes and include 

bedpans, bedrails, linens, some food utensils, bedside tables and floors. Intact skin acts 

as an effective barrier to most organisms and therefore sterility is not thought to be 

crucial. There is little risk of transmitting infections to patients via non-critical items 

(Rutala and Weber 2004a) however these items can potentially contribute to secondary 

transmission by contamination of the hands of healthcare workers, or by contact with 

medical equipment that will come into contact with medical equipment which will 

subsequently come into contact with patients (Rutala and Weber 2004a). The use of 

detergent and water cleaning and low-level disinfection using 70-90% isopropyl 

alcohol, 100ppm sodium hypochlorite or quaternary ammonium germicidal detergent 

solution are often used (Favero and Bond 1993).  

 

1.5 Interaction of biocides with bacteria 

 

Biocides are thought to have 3 basic interactions with bacteria, which result, in some 

cases, with the destruction of the cell. These are interactions with the cell wall, the 

cytoplasm and particularly the cytoplasmic membrane (Denyer et al. 1998a). The cell 

wall plays a vital role in bacterial growth and survival in hostile environments. Its 

functions include support of the delicate cytoplasmic membrane against high internal 

osmotic pressure, control of cell shape, mediation of adhesion to surfaces and other 

cells and involvement in the export of cellular products (Lambert 2002a). The cell wall 

represents in some cases, an area for passive diffusion of biocides into the cell but is 

not a major target for biocides (Russell 1998). The cytoplasmic membrane is 
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composed of phospholipid bilayers with embedded integral and peripheral proteins, 

and functions as a semi-permeable regulator of solutes into and out of the cell 

cytoplasm (Maillard 2002). It is associated with a number of important enzymes and is 

considered a major target site for biocides. The cytoplasm contains the cell nucleic 

acid, ribosomes and other enzymes, however these components are not thought to be 

the primary target sites for a biocide, as the biocide has to penetrate the cell to reach 

the components and as a result the cytoplasm is usually the last region for biocide 

accumulation (Denyer and Stewart 1998b).  

For an effective kill a biocide needs to reach target sites within the cell and 

reach concentrations high enough to damage the bacteria. The molecular weight of a 

biocide is of importance in the uptake of the substance into the bacterial cell, for 

example hydrophilic biocides of molecular weights less than 600Da are likely to pass 

easily through water filled porins of Gram-negative cells, whereas larger molecules 

may find it difficult to enter the cell (Russell 1991). As a result biocides with higher 

molecular weights may need to have a destabilising effect in the outer membrane to 

allow for penetration, such as ethylenediaminetetraacetic acid (EDTA).  The efficacy 

of a biocide is also known to be affected by concentration, temperature and pH, which 

means that knowledge of the mechanisms of action of a biocide are important factors if 

it is desired to increase their efficacy.  

A number of biocides act by interacting with outer cell components, for 

example the cross-linking agents ortho-phthalaldehyde (OPA) and glutaraldehyde 

(GTA) (McDonnell and Russell 1999). These aldehydes are cross-linking agents, 

which act by preventing the bacterial cell from undertaking a large proportion of their 

essential degradation functions and therefore have a biocidal effect, potentially 
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promoting their own uptake so that they are able to reach target sites within the cell 

cytoplasm (Russell 1991).   

The complex bacterial cell allows for a number of bacterial-biocide target sites. 

The cytoplasmic membrane is thought to be one of the most common target sites for 

biocides as this area has a high number of biochemical processes occurring within it 

(Denyer and Stewart 1998a). There are a wide range of biocides in use, and these have 

a number of mechanisms by which they may cause damage to cells, for example, 

inhibition of respiration, disruption of replication, loss of membrane integrity resulting 

in leakage of essential intracellular constituents and lysis, a summary of these are 

shown in Table 1.2. 
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Table 1.2  A summary of the antibacterial effect of some antiseptic and 

disinfectants; adapted from McDonnell and Russell (1999).  

Target 
Antiseptic or 

disinfectant 
Mechanism of action  

Cell envelope (cell 

wall, outer membrane) 

Glutaraldehyde/ OPA Cross-linking of proteins  

EDTA, other 

permeabilizers 

Gram-negative bacteria: removal of 

Mg
2+

, release of some LPS  

Cytoplasmic (inner) 

membrane 

Quaternary ammonium 

compounds (QACs) 

Generalized membrane damage 

involving phospholipid bilayers  

Chlorhexidine 

Low concentrations affect 

membrane integrity, high 

concentrations cause congealing of 

cytoplasm  

Diamines Induction of leakage of amino acids  

Polyhexamethylene 

biguanide (PHMB), 

alexidine 

Phase separation and domain 

formation of membrane lipids  

Phenols Leakage; some cause uncoupling  

Cross-linking of 

macromolecules 

Formaldehyde 
Cross-linking of proteins, RNA, and 

DNA  

Glutaraldehyde 
Cross-linking of proteins in cell 

envelope and elsewhere in the cell  

DNA intercalation Acridines 

Intercalation of an acridine molecule 

between two layers of base pairs in 

DNA  

Interaction with thiol 

groups 
Silver compounds 

Membrane-bound enzymes 

(interaction with thiol groups)  

Effects on DNA 

Halogens Inhibition of DNA synthesis  

Hydrogen peroxide, 

silver ions 
DNA strand breakage  
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Oxidizing agents 

Halogens 

Oxidation of thiol groups to 

disulfides, sulphoxides, or 

disulphoxides  

Peroxygens 

Hydrogen peroxide: activity due to 

from formation of free hydroxy 

radicals (·OH), which oxidize thiol 

groups in enzymes and proteins; 

PAA: disruption of thiol groups in 

proteins and enzymes 

 

 

1.5.1 Alcohols 

 

There are a number of alcohols that are bactericidal, and affect a number of different 

components within the bacterial cell including inhibition of DNA, RNA, protein and 

peptidoglycan syntheses. Inhibition of the enzymes involved in glycolysis, fatty acid 

and phospholipids syntheses and effects on solute uptake, are all thought to result 

directly from an ethanol-induced disruption of membrane structure and permeability 

(Russell 2003), potentially arising from their penetration into the hydrocarbon core of 

the interior (Seiler and Russell 1991). Phenylethyl alcohol (phenylethanol, PEA) and 

phenoxyethanol (POE) also produce membrane disruption but at low concentrations 

have more specific effects. POE has been shown to act as an uncoupling agent and 

causes proton translocation at low concentrations in E.coli, inducing marked leakage 

of cytoplasmic constituents and causing disorganisation of the outer 

lipopolysaccharide-rich regions of the cell envelope (Gilbert et al. 1977).  PEA inhibits 

the growth of a range of Gram-negative bacteria but not Pseudomonas fluorescens or 

P. aeruginosa, at low concentrations (0.2%), whereas Gram-positive cocci are 
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inhibited at a higher concentration, making PEA one of the select compounds which 

are more inhibitory to Gram-negative bacteria than Gram-positive bacteria. 

Mycobacterium smegmatis and Mycobacterium phlei have also been shown to be 

inhibited at 0.2% (Fraud et al. 2003a) suggesting that the solubility of PEA in lipids 

could pay a major role in its selective action, since the Gram-negative bacteria contain 

a greater content of lipid material in their cell walls than do Gram-positive bacteria 

(Berrah and Konetzka 1962). 

High concentrations of alcohols have been commonly used for disinfection 

especially on laboratory surfaces, and have been shown to be mycobactericidal at a 

concentration of at least 70% (Russell 1996) however they are flammable are not 

sporicidal and weaken the structure of certain materials used in the construction of 

medical devices. For example the softening of ethanol treated catheters using 70% 

ethanol (McHugh et al. 1997). 

 

1.5.2 Phenols 

 

 Phenols are thought to induce the progressive loss of intracellular constituents, 

producing generalised membrane damage with intracellular coagulation occurring at 

higher concentrations (McDonnell and Russell. 1999). Mycobacteria are also thought 

to be inactivated by phenolics as a result of membrane damage (Denyer 1995). 

Phenolics are however irritating to the skin and may cause corrosion of certain bio-

materials found in medical instruments including endoscopes. 
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1.5.3 Cationic biocides 

 

Chlorhexidine salts (CHX) and quaternary ammonium compounds (QACs) are 

examples of cationic biocides and are known to cause significant damage to a number 

of different types of micro-organisms, including Gram-negative and Gram-positive 

bacteria (Denyer and Stewart. 1998a). Although the cytoplasmic/plasma membrane in 

various organisms varies widely, the target sites, for example phospholipids, are 

thought to be similar. There is little information about the mode of action of CHX and 

QACs against mycobacteria. Low concentrations have been observed to be 

mycobacteriostatic but not generally mycobactericidal. This effect is thought to be the 

result of low concentrations causing some damage to the cytoplasmic membrane, but 

not enough to cause a cidal effect (Russell 1996). 

 Other cationic biocides such as polyhexamethylene biguanides have slightly 

different mechanisms of entry into bacteria, in particular a process known as ‘self-

promoted uptake,’ in which the biocide displaces cations in order to damage the cell 

and to facilitate uptake. Quaternary ammonium compounds are thought to induce 

leakage of intracellular components, which is indicative of membrane damage 

(Takassaki et al. 1994) and also combine with membrane phospholipids causing 

disruption of the cytoplasmic membrane (Takassaki et al. 1994).  

 

1.5.4 Chlorine compounds 

 

Chlorine releasing compounds initiate a number of different responses from micro-

organisms and are widely used for biological control of water systems. Chlorine-

releasing agents such as hypochlorites are oxidising agents that are thought to be 
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multi-target reactors (Gilbert et al. 2001a). They are thought to act on cell walls and 

the amino groups in proteins, with a primary effect believed to be a combination of the 

progressive oxidation of thiol groups to disulphides, sulphoxides and disulphoxides, 

destroying the cellular activity of proteins (McDonnell and Russell. 1999). The use of 

chlorine releasing agents is limited as, for example, although halogens such as 

povidone-iodine have been shown to be mycobactericidal against planktonic cells 

(Rikimaru et al. 2000) but are irritants, produce staining, are highly corrosive and are 

inactivated by soiling agents and the presence of biofilm (Tachikawa et al. 2005). The 

most important chlorine-releasing agents are sodium hypochlorite, chlorine dioxide 

and the N-chloro compounds, such as sodium dichloroisocyanurate (NaDCC) with 

chloramines-T being used to some extent. Sodium hypochlorite (bleach) and NaDCC 

are used for hard-surface disinfection but NaDCC provides a higher concentration of 

available chlorine (McDonnell and Russell 1999). Chlorine dioxide has been shown to 

be effective against most bacteria, fungi and viruses but also rapidly destroys resistant 

atypical mycobacteria and spore bearing bacteria (Babb et al. 1981; Coates 2001). 

Tristel one-shot a chlorine dioxide product has been shown to be rapidly microbiocidal 

against Staphylococcus aureus and Bacillus subtilis under simulated dirty conditions, 

however unpleasant irritating fumes are given off (however less so than with 

glutaraldehyde). Evidence suggests that long-term use of chlorine releasing agents can 

result in damage to the outer plastic coat of the insertion tube of flexible endoscopes 

(Coates 2001).  Sterilox is a chlorine releasing agent which is produced when a sodium 

chloride solution is passed over coated titanium electrodes to produce super-oxidised 

water, HOCL (Hypochlorous Acid), and chlorine. The presence of an organic load 

however reduces the biocidal effect of Sterilox and is therefore not suitable for grossly 

soiled instruments, although most instruments are cleaned before disinfection (Tanaka 
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et al. 1996; Selkon et al. 1999). However in clean conditions Sterilox has been shown 

to be effective against the mycobacteria, including GTA resistant M. chelonae, P. 

aeruginosa, M. avium and Helicobacter pylori, however these investigations were 

undertaken using adaptations of the suspension test (Isomoto et al. 2006).  

 

1.5.5 Ozone 

Ozone is a powerful bactericidal, sporicidal and fungicidal agent and is a potential 

alternative to chlorinated sanitizing agents. Ozone is produced when energy in the form 

of radiation, electricity or heat, is applied to gaseous oxygen, which is passed through a 

high voltage electrical field (Annel et al. 1992). The actual mode of action of ozone 

disinfection is poorly understood, with various researchers suggesting that ozone alters 

proteins and the unsaturated bonds of fatty acids in the cell membrane, or that it affects 

cell DNA. However a study undertaken by Hunt and Mariñas (1997) showed that 

noticeable changes in the interior of E. coli cells (after ozone application) did not take 

place until most of the cells in the sample were non-viable. This suggests that in most 

cases inactivation was due to damage of the cell membrane, and that DNA damage 

might occur, but only if ozone dosages were very high (Gehr et al. 2003). An often-

cited disadvantage of using ozone as a disinfectant is its high instability, making it 

difficult to predict how ozone reacts in the presence of organic matter (Cho et al. 2003). 

1.5.6 High-level disinfection of endoscopes 

 

The high-level disinfection of endoscopes currently uses a variety of different 

chemical agents, the advantages and disadvantages of which are summarised in Table 

1.3.  
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Table 1.3 A summary of the advantages and disadvantages of liquid chemical 

sterilants used for high-level disinfection (adapted from Rutala and Weber 1999). 

  

High-level 

disinfection method 

Advantages Disadvantages 

Peracetic acid No activation required, no 

odour and little irritation 

Materials incompatibility, 

limited clinical use 

Hydrogen peroxide No activation required, 

may enhance removal of 

organisms, no disposal 

issues, no odour or 

irritation problems , does 

not coagulate blood or fix 

tissues  

Material compatibility 

concerns for brass, nickel and 

copper and causes serious 

eye damage.  

Peracetic acid and 

hydrogen peroxide 

No activation required 

odour and irritation 

problems not significant  

Materials compatibility 

concerns (lead, brass, copper, 

zinc) for both cosmetic and 

functional purposes. Limited 

clinical use.  

Glutaraldehyde Relatively inexpensive 

and has excellent 

materials compatibility  

Carcinogenic, slow 

mycobacterial activity, 

coagulates blood and fixes 

tissues, pungent and irritating 

odour 

Ortho-phthalaldehyde Fast acting high-level 

disinfectant, no activation 

required, excellent 

materials compatibility 

Stains skin, clothing and 

environmental surfaces, 

limited clinical use.  
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1.5.6.1 Hydrogen peroxide 

 

Hydrogen peroxide is a peroxygen whose lethality occurs through the formation of 

hydroxyl radicals (-OH), which oxidise thiol groups in enzymes and other proteins 

(Gilbert et al. 2001b) and can attack lipids, DNA and other essential cell components 

(Rutala 1996). One commercial product Sporox 
TM

 (Reckitt Benckiser, Montvale, New 

Jersey) contains a mixture of 7.5% hydrogen peroxide and 0.85% phosphoric acid 

(which maintains a low pH). The manufacturer claims a 10
6
 reduction in 

Mycobacterium bovis within 20 minutes, however cosmetic changes have been 

observed using Sporox, for example discolouration of black anodised metal finishes.    

   A new product based on accelerated hydrogen peroxide (AHP) technology has 

been described (Omidbakhsh 2006). AHP is a synergistic blend of commonly used 

safe ingredients that when combined with low levels of hydrogen peroxide, 

dramatically increase its germicidal potency. AHP has been shown to produce a 

reduction in bacterial numbers of 6 log within 5 minutes against M. terrae and other 

vegetative bacteria (Omidbakhsh 2006).  

 

1.5.6.2 Peracetic acid 

 

Peracetic acid is widely believed to be the most important peroxygen and is 

bactericidal, fungicidal and sporicidal with its major target believed to be the free 

radical oxidation of enzyme and protein thiol groups (Denyer et al. 1998b) and 

disruption of cell wall permeability (Rutala and Weber 1999).  Nu-Cidex 
TM 

(Johnson  

& Johnson LtD, Gargrave UK) contains 0.35% peracetic acid and has been shown to 

be effective against a broad range of microorganisms, including GTA resistant 
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mycobacteria (Holton et al. 1995) producing a 5-log reduction in bacterial numbers 

within 5 minutes with or without an organic load (Lynam et al. 1995).  

Steris system –1 
TM

 is a liquid sterilisation process for reprocessing endoscopes 

and consists of 35% peracetic acid, diluted to 0.2% with filtered water at a temperature 

of 50°C and has been shown to possess rapid microbial activity (Alfa et al. 1998).  

However materials incompatibility has been highlighted with this product and the 

procedure is more expensive than routine high-level disinfection. 

Although peracetic acid products are powerful oxidising agents (McDonnell 

and Russell 1999) the products are slightly corrosive and have the ability to fix 

biofilm, depending on their formulation, therefore antimicrobial activity and non-

fixing ability should be considered when choosing peracetic acid products (Henoun 

Loukili et al. 2006).  

 

1.5.6.3 Peracetic acid and hydrogen peroxide 

 

Cidex PA 
TM

 (Advanced Sterilisation Products, Irvine CA) is a combination of 0.08% 

peracetic acid plus 1.0% hydrogen peroxide and has been used as a high level 

disinfectant. There are however concerns over its use on endoscopes as a result of 

chemical damage (Rutala and Weber 1999).  The oxidising properties of peroxygens 

may however be harmful to some components of endoscopes so are limited in their in-

house use. It has also been shown to fix proteins to surfaces (Kampf et al. 2004).  
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1.5.6.4 Glutaraldehyde 

 

Two important aldehydes which are used for the disinfection of endoscopes are OPA 

and GTA (Figures 1.3 A and B). 

 

 

 

 

 

 

 

 

Figure 1.3  Chemical structures of (A) ortho-phthalaldehyde (OPA) and (B) 

glutaraldehyde (GTA)  

 

Before being withdrawn from the UK market in 2002, GTA at a recommended 

concentration of 2% (v/v) (Jette et al. 1995) was the biocide of choice for the 

disinfection of endoscopes. GTA is non-corrosive to metals, rubber and lenses (Russell 

1994) and has a broad range of activity against microorganisms, (Best et al. 1988; 

Rutala 1996; Walsh et al. 1999a). The biocidal activity of GTA results from its 

alkylation of sulphydryl, hydroxyl, carboxyl, and amino groups which alters RNA, 

DNA and protein synthesis within microorganisms (Rutala 1996).  

There are however a number of disadvantages relating to GTA that highlighted 

the need for an alternative biocide to replace it. GTA has been shown to be highly 

irritating to the skin and eyes and may cause occupational asthma (DiStefano et al. 
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1999) and has a possible carcinogenic effect. GTA has also been shown to have a 

limited shelf life, as a result of polymerisation under alkaline conditions and 

subsequent loss of free aldehyde groups (Scott et al. 1991). A study in 1993 suggested 

that alkaline GTA may become ineffective against non-enveloped viruses and 

mycobacteria in less than 14 days (Mbithi et al. 1993). There are also concerns over an 

increase in resistance of various bacteria to GTA, including strains of non-tuberculosis 

mycobacteria. In the laboratory GTA has been shown to be ineffective against 

mycobacteria (GTA resistant) in suspension and carrier tests (VanKlingeren and 

Pullen 1993; Griffiths et al. 1997; Fraud et al. 2001; Walsh et al. 2001). Furthermore a 

number of studies have shown that GTA fixes protein, is not able to remove dried 

blood from surfaces and application of the aldehyde can result in complete fixation of 

test soil onto surfaces (Kampf et al. 2004). As a result GTA has been banned in a 

number of countries including France and the UK, for use as a high-level disinfectant 

(Russell 1994). 

  

1.5.6.5. Ortho-phthalaldehyde 

 

OPA is an aromatic dialdehyde and has been shown to have the potential to replace 

glutaraldehyde (GTA) as a high-level disinfectant for endoscopes (Walsh et al. 1999b; 

Fraud et al. 2001)
 
as a result of its different mechanisms of action. OPA received 

clearance by the Food and Drug Administration in 1999 for use as a high level 

disinfectant (Rutala and Weber 2001). OPA and GTA both react strongly with amino 

acids, particularly at low pH (Walsh et al. 1999b) which means that the cell is unable 

to undertake most, if not all of its metabolic and other functions. In comparison to 

GTA, OPA does not need to be activated, has an almost undetectable odour and is 
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stable over a wide pH range (pH 3-9). OPA does however stain clothing and skin 

requiring frequent glove changes up to every 12 minutes (Herruzo-cabrera et al. 2004).  

 It is thought that OPA cross-links the outer membrane of Gram-negative 

bacteria to a lesser extent than that of GTA (Walsh et al. 1999b; Simoes et al. 2005). 

This reduced cross-linking ability would be thought to reduce the antimicrobial 

activity of OPA, however this is compensated for by the lipophilic nature of the 

biocide, which enhances its uptake within the lipid-rich cell of mycobacteria, including 

GTA resistant mycobacteria. The extensive cross-linking of GTA at the bacterial cell 

surface, may in fact decrease the ability of the biocide to penetrate into the cell, 

conversely the reduced cross-linking of OPA at the cell surface allows OPA to 

penetrate the cell membrane un-hindered (Fraud et al. 2003). OPA at 0.45 % (w/v) was 

first shown to effectively disinfect endoscopes in 1994, producing a ≥5 log reduction 

in bacterial counts, within 5 minutes (Alfa et al. 1994). Since then, there have been 

other studies confirming the antimicrobial efficacy of this aldehyde against a wide 

range of bacteria including mycobacteria and spores. OPA has been found to be 

rapidly bactericidal to non-sporulating bacteria, including GTA-sensitive and -resistant 

mycobacteria in standard suspension and carrier tests, (Fraud et al. 2001; Walsh et al. 

1999a; 2001; Herruzo-Cabrera et al. 2004)
 
and sporicidal (Cabrera-Martinez et al. 

2002).  

 

1.6 Mechanisms of bacterial resistance to biocides and 

antimicrobial agents. 

 

The description of biocide resistance in bacteria dates back to around 1952, when 

Serratia marcescens was found to be resistant to alkyl-dimethyl-benzyl-ammonium 
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chloride (Chaplin 1952).  Bacteria residing in a biofilm have been shown to be up to 

1000 times less susceptible than their free living counterparts to antimicrobials such as 

biocides (Allison et al. 2000). In the clinical environment biofilms have been 

implicated in up to 60% of chronic infections (Costerton et al. 1994) and therefore this 

resistance to antimicrobials should be an obvious concern.  

There are a number of possible reasons for this increased resistance, ranging 

from the effect of the EPS, reduced growth rate and adoption of resistance phenotypes, 

with resistance ranging widely depending on the micro-organism in question.  

Diffusion of biocides is reduced in biofilms as a biocide concentration gradient 

is produced.  Bacteria at the surface are exposed to a high concentration of biocide, but 

those in the centre of the biofilm are exposed to a reduced concentration (Russell et al. 

2003).  

 

1.6.1 The exopolysaccharide matrix (EPS) 

 

The exopolysaccharide matrix described in Section 1.2.2 provides a thick covering of 

the cells within the biofilm. Up-regulation of the EPS occurs within minutes of the 

irreversible attachment of a cell to a surface (Davies et al. 1995) and proceeds in its 

development over a number of hours. It is thought that the biofilm matrix produced, 

may have the potential to modify the response of enveloped cells to antimicrobial 

treatments, through its action as a diffusion barrier and reaction sink (neutraliser) 

(Gilbert et al. 2002). The vast number of charged ions and particles within the EPS 

may allow for a number of ion-biocide interactions, which may reduce its penetration 

into the biofilm. Alternatively it is thought that the biocide may interact chemically 
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with the various ions within the EPS and essentially neutralise the biocide on 

penetration.  

Biofilms in nature have been shown to be heterogeneous in structure and 

therefore this consortium of sessile micro-organisms may exhibit different 

physiological and metabolic properties from their planktonic counterparts in response 

to pH, oxygen and nutrient gradients (Mah et al. 2001). A mature biofilm is made up 

of a number of layers of bacteria surrounded by exopolysaccharides (EPS), therefore 

the bacteria that are in the deepest layers of the biofilm are exposed to lower levels of 

nutrients than those on the outer edges (Gilbert et al. 2002). In the innermost regions 

the concentrations of nutrients, oxygen and other substrates will be substantially 

reduced and as a result these cells experience slower growth rates (Gilbert et al. 2002). 

It is widely reported that slow growth of biofilm cells reduces their susceptibility to 

biocides and other antimicrobials, for example penicillins. Penicillins only kill actively 

growing cells, with the rate of killing being proportional to the growth rate (Costerton 

et al. 1999).  

 

1.6.2 Persister cells 

 

A newly described mechanism of bacterial resistance within biofilms is the existence 

of persister cells, which are more resistant to biocide attack. The physiology of such 

cells is not well understood, but their existence has been demonstrated (Desai 1998; 

Lewis 2001; Keren et al. 2004). These persister cells have been observed in P. 

aeruginosa biofilms, whereby even after continued exposure to biocides had reduced 

the number of bacterial cells by 99%, the final 1% was not killed (Keren et al. 2004). 

It is thought that this small proportion of persister cells is responsible for the very high 
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resistance of biofilms to killing (Brooun et al. 2000). The existence of persister cells is 

more of a problem in patients whose immune systems are not operating properly. In a 

healthy human, killing the majority of pathogens can be just as effective in eliminating 

an infection as killing all of the cells, as the immune system is thought to work 

together with antibiotics and may mop up the remaining persister cells (Lewis 2001). 

In the case of medical implants the existence of these persister cells, after exposure to 

high level disinfectants, may represent a reservoir of infection, which may be 

detrimental to the health of patients. 

 

1.6.3 Cell walls 

 

The cell walls of bacteria can also confer some resistance to antimicrobials and are 

vital in bacterial growth and survival in hostile environments. They have a number of 

functions including support of the delicate cytoplasmic membrane against high internal 

osmotic pressure and control of cell shape (Lambert 2002a).  The level of resistance is 

dependent on the type of cell wall, e.g. Gram-negative, Gram-positive, or 

mycobacteria. Figures 1.4 - 1.6 show some of these differences in cell wall structure.  
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Figure 1.4  Gram-negative cell envelope (adapted from Maillard 2002) 

 

 

Figure 1.5 Gram-positive bacterial cell envelope (adapted from Maillard 2002) 

 

 

 

   

 
Cytoplasmic 

membrane 

peptidoglycan 

Peptidoglycan 

Outer 

membrane 

Periplasmic 

space 

Cytoplasmic 

membrane 

Lipoprotein 

Porin 

Lipopolysaccharide 

Lipid 

bilayer 

Lipid 

bilayer 



 

 68

Figure 1.6 Mycobacterial cell envelope (adapted from Maillard and Russell 2002) 

 

The structure and composition of the outer membrane differ widely between micro-

organisms and it is accepted that the bacterial outer membrane is responsible for the 

different responses of bacteria to biocides.  

The mycobacteria are particularly resistant to biocides as a result of their lipid-

rich cell envelopes (Manzoor et al. 1999), which provide a permeability barrier. 

Mycobacterial cell envelopes consist of peptidoglycan, a mycolate of arabinogalactan, 

various lipids and peptides, which results in limited uptake of antimicrobials (Maillard 

and Russell 2000).  

Gram-negative bacteria possess intrinsic resistance mechanisms as a result of 

the outer membrane, particularly organisms such as P. aeruginosa. The high Mg
2+

 

content in their outer membrane is thought to aid in producing strong 

lipopolysaccharide–lipopolysaccharide links, stabilising the cell membrane and 

making it less vulnerable to biocide attack (Russell 2001).   
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The peptidolglyan of Gram-negative bacteria consists of a polymer of a 

disaccharide repeating unit (a dimer) of two different N-acetylated amino sugars (N-

acetyl-muramic acid and N-acetyl glucosamine) cross linked by short peptide chains, 

conferring shape and mechanical strength to the bacterial cell. This is bound to the 

outer membrane of the wall and may act as a permeability barrier to biocides, or as a 

way of strengthening by holding together the outer membrane (Lambert et al. 2002a).  

Gram-negative bacteria have the ability to reduce the penetration of biocides 

into their cells by increasing the impermeability barrier function of their outer 

membrane.  For example P. aeruginosa grown in the presence of the quaternary 

ammonium compounds (QACs) didecyldimethylammonium bromide (DDAB) and 

benzyldimethyltetradecylammonium chloride (C14) were observed to develop 

increased resistance to the biocides, as a result of altering the fatty acid compositions 

of their outer membrane (Guerin-Mechin et al. 2000). These changes in fatty acid 

composition appeared to be specific to DDAB and C14, which would suggest that the 

responses were not a general response to stress but a fine adjustment in membrane 

structure to endure the imposed environmental stress (Guerin-Mechin et al.1999). 

Alterations in outer membrane proteins, cell surface charge and hydrophobicity and 

fatty content of the cytoplasmic membrane have further been observed in P. 

aeruginosa as a result of increasing concentrations of benzalkonium chloride. The 

changes were shown to be strain specific suggesting that adaptation to biocides is 

unique to each strain and does not result from a single mechanism shared by a whole 

species (Loughlin et al. 2002). P. aeruginosa is also thought to be able to efflux 

certain antimicrobials such as triclosan (Chuanchuen et al. 2001). 

 Gram-positive bacteria are the most sensitive bacteria to the effects of 

biocides partly as a result of their cell envelopes allowing easier penetration of 
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antimicrobial agents (Maillard 2002). The cell envelopes of Gram-positive bacteria 

have an open hydrophilic structure, with the major component being peptidoglycan 

which accounts for 50% of the cell envelope weight (Koch 2000). This 

peptidoglycan network forms an open network that is accessible to molecules of 

molecular weights in the region of 30,000-57,000 Da (Scherrer et al.1973). As a 

result Gram-positive bacteria are sensitive to a number of antimicrobial agents as 

many can penetrate the envelope with ease (Russell 1998), for example phenols, 

alcohols and aldehydes.  

 

1.6.4 Acquired resistance to biocides 

 

Acquired resistance to biocides does occur, but at a much lower rate than acquired 

resistance to antibiotics, and tends to be the result of intrinsic properties of the 

organisms, some of which have been described above (McBain and Gilbert 2001). A 

major mechanism of acquired biocide resistance is thought to be the result of 

alterations in biocide access, for example the loss of porin proteins through gene 

deletion may reduce the susceptibility of a bacterium to biocide (Heir et al. 1995). 

Mutation and the acquisition of genetic elements; plasmids and transposons, can also 

confer resistance to bacteria, particularly those found within biofilms, as the close 

proximity of the bacteria allows genetic exchange to occur (Russell et al. 2003). 

Plasmid mediated resistance to biocides has been noted in Gram-negative bacteria for 

example, plasmid encoded changes in outer membrane proteins are associated with 

decreased susceptibility to formaldehyde in E. coli and S. marcescens (reviewed by 

Russell 1998). 
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 Non-plasmid induced resistance may occur as a result of growth in gradually 

increasing concentrations of a biocide (as described above), although this resistance 

may be unstable. In practice the concentrations of a biocide may vary widely and 

therefore resistance to low concentrations of a biocide may be possible (Thomas et al. 

2000). In hospitals for example, the practice of ‘topping up’ of biocide solutions has 

been described, which may reduce the concentration of the biocide, potentially 

inducing increased resistance of the bacteria to the chemical being used (Russell 

2003). Although acquired resistance may have some part to play in the reduced 

susceptibility of certain bacteria to biocides, it is thought that intrinsic resistance, 

particularly in Gram-negative bacteria, is of greater significance (Russell 1998). 

The mechanisms of resistance described above highlight only a small number 

of the complex ways in which bacteria in biofilms are able to evade elimination. In the 

hospital environment a vast number of infections can be attributed to biofilms, 

including those derived from surgical instruments. It is therefore imperative that these 

bacteria are removed effectively to reduce infections attributed to such instruments as 

endoscopes. 

 

1.7 Endoscopes 

 

Flexible endoscopes are widely used in hospitals to increase visual access to hollow 

organs, vessels and body cavities (Table 1.4). They are however extremely expensive 

and as a result are often used many times for different patients (Ayliffe et al. 2000).   

Flexible endoscopes include the gastrointestinal endoscopes and bronchoscopes, and 

share the common feature of being fragile and heat sensitive, with small, long lumens, 

cross connections, mated surfaces, sharp angles, springs and valves, occluded dead 
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ends, absorbent materials and rough or pitted surfaces (Rutala and Weber 1999). Rigid 

endoscopes in comparison, which include laparoscopes and arthroscopes, are small, 

smooth and easy to clean and are not used in such heavily colonised parts of the body. 

A brief description of some of the categories of endoscopes used clinically is described 

in Table 1.4.  
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Table 1.4 Categories of endoscopes  

Type of 

endoscope 

Inserted into 

or through 

Body area  

Examined 

�ame (s) of procedure 

 

Bronchoscope Mouth or 

nose 

Trachea and 

bronchi 

Bronchoscopy, flexible 

bronchoscopy 

Colonoscope Anus Colon  Colonoscopy 

Colposcope Vagina Cervix and 

vagina 

Colposcopy 

Cytoscope urethra Urinary bladder Cystoscopy or 

cystourethroscopy 

Esophagogastro-

duodenoscope 

Mouth Esophagus, 

stomach, 

duodenum 

Esophagogastro-

duodenoscopy (EGD), upper 

endoscopy, gastroscopy  

Hysteroscope Vagina Inside the 

uterus 

Hysteroscopy 

Laparoscope Incision in 

abdomen 

Abdomen and 

pelvis space 

Laproscopy, peritoneal 

endoscopy 

Laryngoscope Mouth or 

nose 

Larynx Laryngoscopy 

Mediastinoscope Incision 

above 

sternum 

Mediastinum Mediastinoscopy 

Sigmoidoscope Anus Rectum, 

sigmoid colon 

Sigmoidoscopy, flexible 

sigmoidoscopy and 

proctosigmoidscopy  

Thorascope  Incision in 

chest  

Space between 

lungs and chest 

wall  

Thoracoscopy  
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1.7.1 Endoscopes and microorganisms 

 

Endoscopes that are used in humans are exposed to a number of microorganisms 

including bacteria, fungi, viruses and parasites (Alfa et al. 1994). These 

microorganisms are divided into two categories; those organisms that are part of the 

normal flora and those that are not normal flora, but are primary pathogens (Alfa et al. 

1994). Flexible endoscopes are heavily contaminated with micro-organisms after use 

on patients. Chu et al. (1998) observed an average bio-burden of 7.0 x 10 
9
 cfu per 

device in functional channels of endoscopes after patient use.  

The most common route of infection, between patients is thought to be derived 

from bacteria residing in the digestive tract (Ayliffe et al. 2000). Consequently, 

patients are at a heightened risk of becoming ill as a result of gastrointestinal 

procedures, particularly those that are immuno-compromised (Rutala et al. 1991). 

These endoscopes must therefore be sterilised effectively to prevent cross-infection 

between patients (Babb et al. 1995).  

The rate of gastrointestinal infection as a result of endoscopy is estimated to be 

in the region of 1 in 1.8 million procedures (Multi-Society Guideline for Reprocessing 

Flexible Gastrointestinal Endoscopes 2003). Other studies suggest this figure to be an 

underestimate as a result of clinics and practices not wanting their documented 

endoscope related infections to be published. Endoscope related infections are in fact 

the most frequently reported infection associated with a medical device (Heeg 2004). 

The rate of infection could be as high as 10-25%, following colonoscopies and 

gastroscopies respectively (Casas et al. 1999). If the rate of infection, as a result of 

endoscopies, is as low as 1 in 1.8 million, even low decontamination failures could 

represent a significant risk to public health (Obee et al. 2005). In a study by Obee et al. 
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(2005), the efficacy of reprocessing endoscopes was investigated and it was found that 

out of 504 sites tested throughout the decontamination process, bacterial growth was 

determined on 32 occasions and from 3 fully decontaminated products. In a study by 

Spach et al. (1993), 281 infections were found to be transmitted by gastrointestinal 

endoscopy and 96 transmitted by bronchoscopy (which were identified through articles 

published between 1966 to 1992). Biofilms have been shown to develop within 

endoscope tubing, even when valid endoscope reprocessing protocols have been 

undertaken and the accumulation of biofilm has been linked to the failure of 

decontamination (Spach et al. 1993; Strulens et al. 1993; Vickery et al. 2004;  Bissett 

et al. 2006; Marion et al. 2006). Biofilms found within medical devices such as 

endoscopes (particularly within the endoscope tubing) are of great concern as they 

represent not only a potential reservoir of infection, as a result of detachment of cells 

from biofilms, but also a source of endotoxins that may enter the circulation system of 

patients, through ruptured mucosae and cause systemic disorders (Bloss et al. 2004). 

Although bacterial accumulation may be low during endoscopy, bacterial 

accumulation can lead to biofilm accumulation and can lead to a vicious cycle, as 

biofilms decrease the efficacy of decontamination procedures and therefore lead to 

further biofilm accumulation (Marion et al. 2006). 

 

1.7.2 Recommendations for reprocessing of endoscopes 

 

Current recommendations for endoscope reprocessing include a cleaning step, 

involving brushing the device using an enzymatic detergent, and flushing the entire 

equipment (including all channels) with a high-level disinfectant (Vickery et al. 2004). 

The smaller endoscope channels cannot be brushed and are simply flushed with high-
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level disinfectant. This has resulted in reports of contamination in air and water 

channels of endoscopes as a result of inaccessibility and therefore inadequate 

decontamination (Ishino et al. 2001). The cleaning process is particularly imperative, 

as it has been shown that the presence of organic load compromises the efficiency of 

the disinfection/sterilisation process, resulting in inadequately decontaminated 

instruments and therefore provides a potential source of hospital acquired infection 

(Struelens et al. 1993).  

In a study using the duck hepatitis B model and angioscopes, inadequately pre-

cleaned scopes resulted in 90% of subjects becoming infected. This infection rate was 

despite glutaraldehyde disinfection or ethylene oxide sterilisation after inadequate 

cleaning (Chaufour et al. 1999). The difficulty of soil removal within channels is well 

documented. For example in sphinctertomes, manual cleaning and automated washing 

has been shown not to remove soil and bacteria from within certain channels (Alfa and 

Nemes 2003). Deva et al. (1998) describe how inadequate brushing of internal 

channels may result in persistent hepatitis C and hepatitis B viral nucleic acid. 

The presence of an organic load has been shown to be solidified in the presence 

of certain biocides, such as glutaraldehyde, which may allow the formation of a 

biofilm and therefore provide a barrier to disinfection (Ishino et al. 2001).  Manual 

cleaning is therefore an extremely important first stage of endoscope reprocessing and 

has been shown to produce up to 4-log reductions in bacterial numbers before high-

level disinfection (Foliente et al. 2001), but can be as low as 0.4-log reductions 

depending on the study described (Zuhlsdorf et al. 2005). The effect of worst-case 

soiling on flexible endoscopes showed that pre-cleaning steps effectively reduced or 

eliminated many compounds to as much as a ten fold reduction and the average load of 

viable bacteria from 5 log to 3 log cfu/ml. This suggests that cleaning can reduce the 
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organic soil but substantial viable bacteria and proteins may remain (Alfa et al. 1999), 

making high-level disinfection after pre-cleaning imperative.  

Cleaning processes vary greatly in efficacy (Zuhlsdorf et al. 2002) and are used 

to dissolve blood residues, reduce bioburden and remove any proteinaceous load.  

Enzymatic detergents are thought to be the most effective cleaners as they work at 

neutral pH and have a less damaging effect on the medical devices and are more 

effective than water at cleaning endoscopes (Stafeldt 2005). This observation has been 

contradicted by other groups who claim the use of water alone is more effective than 

some cleaning agents (Zuhlsdorf et al. 2004).   

The practice of cleaning and disinfecting endoscopes varies widely across the 

UK with 82% of endoscope departments using purely soap and water for pre-cleaning 

of endoscopes and only 8% used specialised enzymatic detergent solutions (Lim and 

Gupta 2006). Guidelines do exist for the cleaning of endoscopes but they recommend 

broad principles rather than specific steps, leading to variation in practice (Health 

Technical Memorandum 2030, NHS Estates, Department of Health UK). The 

differences in cleaning efficacy of individual enzymatic cleaners also vary. For 

example in one study of the efficacy of enzymatic cleaners, Bodedex forte 
TM

 (Bode 

chemicals, Hamburg), removed dried x-ray contrast medium in 99% of cases whereas 

conventional cleaners such as Cidezyme 
TM

 removed 69% (Bloss and Kampf 2004).  

Disinfection practices for endoscopes and other semi-critical items vary dramatically 

and highlight the need for more minimally acceptable disinfection procedures to be 

implemented (Rutala et al. 1991).  
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1.7.3 Automated washer disinfectors 

 

Automated washer disinfectors supplied by a mains supply of water are regularly used 

for the decontamination of endoscopes after the pre-cleaning step and can increase the 

effectiveness of the cleaning regime. It has been shown that automated washer 

disinfectors can increase the number of effectively cleaned endoscopes from 51% to 

89% (Bader et al. 2002) in comparison to manual processing, but do however produce 

different results in terms of efficacy (Martiny et al. 2004).  These are now widely used 

as opposed to manual washing as they offer greater efficiency than manual procedures, 

avoid contact with any toxic irritating fumes and economise on work (Burge 1989). 

The supply of water to the washer disinfectors has been shown to be the source of 

some environmental microbes including mycobacteria, legionellae and Gram-negative 

bacilli which may contaminate the washer-disinfector or the endoscope (Brown et al. 

1993). In a study of water samples taken from a tank supplying water to washer 

disinfectors, only 24% of outlet samples were shown to be negative for environmental 

microbes (Cooke et al. 1998). Biofilm growth within washer disinfectors is a further 

problem in endoscope reprocessing (Alvarado and Reichelderfer 2000; MacKay et al. 

2002; Zuhlsdorf et al. 2004). Although bacterial adherence may be low during an 

endoscopy session, bacterial accumulation can occur over time within the washer 

disinfectors and lead to the development of a mature biofilm. Therefore a biofilm 

detaching agent may have the potential to reduce the build up of biofilm within the 

washer disinfectors and reduce transmission of pathogenic bacteria (Marion et al. 

2006). Pronetron 
TM 

(Kazieltys Laboratoire, Lyon, France) a biofilm detaching agent 

that includes enzymes and detergents and has been shown to prevent the build-up of 
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biofilm and move mature biofilms of approximately 10
8
 CFU/cm

2
, which could 

represent a new approach to biofilm control (Marion et al. 2006)  

A number of bacterial species have been isolated from washer-disinfectors 

themselves including Mycobacterium abscessus and Mycobacterium chelonae 

(Nomura et al. 2004). These are two species frequently implicated in hospital acquired 

infection outbreaks (Koga et al. 2000). Worryingly there have been suggestions that 

there might be an association between GTA tolerance and antibiotic resistance in M. 

chelonae (Nomura et al. 2004). Disinfection of washer disinfectors with biocides to 

remove build up of bacteria is important in the reduction of bacterial numbers. The 

biocide choice is however extremely important as for example, despite the daily 

treatment of washer disinfectors with chlorine dioxide M. chelonae and Acremonium 

spp have still been isolated from washer disinfectors. This suggests the potential 

existence of biofilms within the machine (Parnell and Wilcox 2001). Black pigmented 

fungi have been isolated from endoscope washer-disinfectors, which on culture yielded 

a complex bacterial mixture of P. aeruginosa and Stenotrophomonas maltophilia. This 

build-up of biofilm and fungi occurred even with regular maintenance and 

decontamination of the pipework and filters. This raises the importance of a supply of 

clean (sterile or filtered) bacteria-free rinse water (Phillips et al. 1998) to be used to 

wash all invasive endoscopes. The endoscope washers and filtering units should also 

undergo regular timely maintenance, in order to remove any material which could 

cause plugging, reducing flow of liquid into the channels themselves and into the wash 

tank. The plugging of endoscope washer disinfector channels has been shown to 

seriously compromise disinfection (Marchetti et al. 2000). For example the transfer of 

Pseudomonas infection between patients (Schelenz and French 2000) was shown to be 

the result of extensive limescale and biofilm formation in a bronchoscope washer 
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disinfector. The machine isolated did not have a water softener or bacterial filter 

(Schelenz and French 2000). In another study amongst 156 patients subjected to 

laparoscopy over a six month period, 35 were identified as having atypical 

mycobacterial infections (AMI) after laparoscopy procedures. The cause of the 

outbreak was isolated as biofilm of M. chelonae growing in the rinse water of the 

machines. The biofilm is thought to have re-contaminated the freshly prepared 

disinfectant solutions after surviving the initial disinfection treatment. It is thought that 

the instruments soaked in the disinfectant picked up some of the biofilm each time 

they were taken out of the tray. Therefore the M. chelonae were transferred to patients 

and caused AMI (Vijayaraghaven et al. 2006)  

The storage of endoscopes may also result in contamination. Endoscopic 

procedures tend to occur during the day and therefore most of the endoscopes are 

stored overnight. This has been shown to allow for the growth of micro-organisms 

particularly within the channels (Marchetti et al. 2000). Other studies claim that the 

growth of micro-organisms in endoscope channels overnight may be the result of wash 

liquid residence in the endoscope tubes where the microclimate may facilitate growth. 

To avoid this problem it has been recommended that at the end of the disinfection 

process the use of alcohol in the channels may reduce any traces of moisture and 

prevent microbial growth (Merighi et al. 1996). Dust proof cabinets have been 

evaluated to determine the durability of high-level disinfection of endoscopes. 

Endoscopes were free from bacteria immediately after high-level disinfection and only 

four out of 135 were positive during the subsequent five day periods (Rejchrt et al. 

2004). The authors suggest that as a result of their studies that reprocessing may not be 

necessary after endoscopes have been stored in appropriate cabinets for five days. This 
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is unlikely to be relevant to many hospitals as there is usually a high turnover of 

endoscopes. 

 The growth of biofilms on endoscopes is a contributor to hospital acquired 

infections, as a result of endoscope procedures. It has been reported that the routine 

cleaning of endoscopes does not always reliably remove biofilm which is thought to 

partly explain the occurrence of hospital acquired infections (Pajkos et al. 2004a and 

b). A number of important pathogens have been associated with endoscope related 

hospital acquired infections, particularly some strains of non-tuberculosis 

mycobacteria (Reeves and Brown 1995) (including glutaraldehyde-resistant 

mycobacteria) and P. aeruginosa. The growth of biofilms in endoscope channels 

decreases cleaning efficacy and protects resident bacteria from disinfectant action. In a 

study of 13 biopsy and 12 auxiliary endoscopes taken from a variety of different 

hospitals, biofilm was observed in every channel examined suggesting that insufficient 

cleaning may be a widespread problem (Vickery et al. 2004) and may even select for 

biocide-resistant bacteria (Vickery et al. 2004). In another study by Pajkos et al. 

(2004a) of 13 suction/biopsy channels investigated from endoscopes obtained from 13 

different hospital endoscopy units, 5 demonstrated bacteria entrapped in soil and in 

one, extensive biofilm formation was demonstrated. All 13 endoscopes had 

documentation of being properly decontaminated.  As described above, biofilm has 

been observed to develop on the internal channels of endoscopes during routine use 

and may therefore be a contributor to the failure of decontamination process. This 

suggests that the current cleaning and disinfection processing of endoscopes is 

inadequate with surface defects promoting the accumulation of micro-organisms and 

soil. More efficacious cleaning agents are required to remove soil and biofilm from the 

endoscope surface along with a change in endoscope design to allow the channels to 
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be more accessible to physical cleaning (Pajkos et al. 2004a). Unfortunately, during 

endoscopy, the environment provides optimal conditions for growth of biofilms. 

Biofilms represent a reservoir of infection, that can detach and infect the patient, but 

also a source of endotoxins that may enter the circulation of the patient and cause 

systemic disorders (Bloss and Kampf 2004).  

The meticulous cleaning of endoscopes is imperative including channels, ports, 

and valves which create a number of potential sites to which organic soil accumulates 

(Obee et al. 2005). The high-level disinfection process described by manufacturers 

should therefore be strictly adhered to particularly with regard to specific contact time, 

temperature and concentration, and finally the prevention of recontamination post-

disinfection (Obee et al. 2005).  

 

1.8 �on-tuberculosis bacteria. 

 

The non-tuberculosis mycobacteria (NTM) are classed as those mycobacteria that do 

not belong to the Mycobacterium tuberculosis complex. There are currently 138 

identified species in the genus mycobacterium (http://www.bergeys.org/). The NTM 

such as Mycobacterium chelonae are widely distributed in the environment and are the 

cause of a number of opportunistic hospital acquired infections in immuno-

compromised patients (Covert et al. 1999; Philips and vonReyn 2001; Katoch et al. 

2004). Since 1982 the frequency of diseases attributed to the NTM has increased, 

particularly as a result of an increase in the numbers of patients with AIDS. Among the 

mycobacteria M. abscessus, M. chelonae and Mycobacterium fortuitum are the main 

pathogens, causing a range of diseases such as pulmonary disease and peritonitis 

(Dailloux et al. 1999). Pulmonary diseases occur in immunocompetent patients with 
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predisposing lung conditions such as smoking, chronic obstructive pulmonary 

diseases, pneumoconiosis and silicosis (Le Dantec et al. 2002). Disseminated 

infections due to the NTM especially M. avium are frequent in AIDS patients and in 

fact NTM infection is now one of the criteria used to diagnose AIDS in human 

immunodeficiency virus-positive patients (Inderlied et al. 1993) 

Mycobacteria are Gram-positive, aerobic bacteria that exhibit acid-alcohol 

fastness (resist decolourisation with acidified alcohol after staining with carbonyl 

fuschin) have genomic DNA with a high G-C content and have similar mycolic-acid 

structures (Shinnick et al. 1994). The mycobacteria are divided into two groups on the 

basis of their growth rate, with slow growing mycobacteria requiring more than seven 

days to produce visible colonies and fast growing which take less than seven days. The 

rapidly growing mycobacteria, such as M. chelonae are normally found in soil or 

water, with many reports of biofilms/bacteria found in drinking water supplies 

(Falkinham et al. 1996; Covert et al. 1999; Falkinham et al. 2001). This wide-spread 

detection of the mycobacteria suggests that the contamination may be from an 

environmental source, particularly as the NTM have been shown to be able to persist 

and grow in distilled water attaining levels 10
4
 to 10

6
 cfu/ml (Carson et al. 1978). 

After a period of 1 year the total viable count of mycobacteria had only reduced 

slightly within the distilled water, showing that the NTM are able to utilise trace 

elements of nutrients. Mycobacteria starved for 2 years have been subsequently 

cultured on agar; the only change noticeable was that their acid-fast status in most 

cases had disappeared. This reduction in acid-fastness is thought to be the result of a 

reduction in respiration of the cells during starvation and therefore a change in the 

oxygen potential of the cell which would be expected as a result of a reduced 

metabolism (Nyka 1973). Other studies showed the survival of Mycobacterium 
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smegmatis after 650 days of carbon, nitrogen or phosphorus starvation with an increase 

in resistance to acid and osmotic stress (Smeulders et al. 1999). These forms of 

starvation survival, persisting despite very low levels of nutrients, have been 

documented by a number of research groups. This makes the mycobacteria the hardiest 

prokaryotic forms, next to spores (Russell 1996). Clumping of cells is also thought to 

promote stationary phase survival as cells stuck to each other would be able to use 

cellular contents released by dying neighbours. It is also thought that the energy 

required by cells entering stationary phase may come from utilisation of storage 

components, in addition to degradation of unnecessary proteins and mRNA in the cell 

(Smeulders et al. 1999) and internal lipid stores (Archuleta et al. 2005). The ability to 

successfully survive stationary or starvation phases may be a factor in the widespread 

isolation of the NTM especially in water supplies.  

The mycobacteria have a very complex cell envelope (Figure 1.6 and Section 

1.6.3). The cell wall consists of three components, an outside layer of mycolic acids, a 

complex mixture of long chained alpha-branched beta –hydroxy fatty acids which are 

arranged in a densely packed monolayer. The mycolic acids are covalently linked to 

arabinogalactan, which is in turn attached to a peptidoglycan layer. This cell wall is 

then surrounded by a capsule of non-covalently bound polysaccharides, proteins and 

some lipids which include the species and type specific glycopeptidolipids and 

phenolics glycolipids. 

The NTM have a cell wall that is extremely rich in lipids, principally mycolic 

acid, which accounts for up to 60 % of the weight of the wall (Jarlier et al. 1990). This 

high lipid content is thought to reduce the efficacy of various biocides and antibiotics 

against the mycobacteria as a result of providing a permeability barrier particularly 

against aqueous antimicrobials (Howard and Byrd 2000). There have been a number of 
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studies indicating an increase in resistance of non-tuberculosis mycobacteria (Griffiths
 

et al. 1997; Manzoor et al. 1999; Walsh et al. 1999a; Fraud et al. 2001; Walsh et al. 

2001; Fraud et al. 2003) against biocides particularly GTA. This is of concern as NTM 

are increasingly isolated from endoscope washer/disinfectors, rinse water and 

processed endoscopes (Lynam et al. 1995).  

The NTM have been isolated from natural municipal water, soil, aerosols, 

protozoans, animals and humans (Primm et al. 2004). The prevalence of many NTM in 

water drinking supplies may be explained by their high innate resistance to both 

chlorine and biocides (Taylor et al. 2000). Results of disinfectant studies have shown 

that M. chelonae is very resistant to chlorine with up to 60% survivors at 60 minutes 

exposure to 0.3µg of free chlorine per ml (Carson et al. 1978). Whereas waterborne 

Gram-negative bacteria such as Pseudomonas were inactivated by 5 minutes of 

exposure to 0.15 or 0.35 µg of free chlorine. The susceptibility of mycobacteria to 

chlorine has also been shown to be reduced in water grown cells, potentially as a result 

of slow growth rate, which therefore increases the likelihood of a reservoir in water 

supplies (Taylor et al. 2000). 

The mycobacteria have been documented to form biofilms but not in the same 

way as other well researched bacteria, such as P. aeruginosa. Most biofilms form as 

described in section 1.3, with the production of a number of exopolysaccharides, 

proteins and sometimes nucleic acids. However the mycobacteria are not able to 

produce exopolysaccharides, yet they produce remarkable biofilms either attached to 

hydrophobic solid surfaces or as pellicles on the surface of liquid culture media. 

(Zambrano and Kolter 2005).  

 The mycobacteria are non-flagellated microorganisms but can however spread 

on a surface by a sliding mechanism, which has been described as “a kind of surface 
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translocation produced by expansive forces in a growing culture in combination with 

special properties of the cells resulting in reduced friction between the cell and the 

substrate. The micro-morphological pattern is that of a uniform sheet closely packed 

cells in a single layer. The sheet moves slowly as a unit” (Zambrano and Kolter 2005). 

It has been hypothesised that as bacterial translocation over surfaces requires a 

reduction in friction between the cells and the surface, that this motility may involve 

surface-active compounds such as capsular glycopeptidolipids (GPLs). Martinez et al. 

(1999) showed that GPL defective mutants were unable to spread. Therefore GPL may 

be involved in the initial surface attachment during biofilm formation. This is unlikely 

to be the only component required in mycobacterial spreading motility, as a mucoid 

clear material or slime layer of unknown composition has been observed around the 

cells  (Martinez et al. 1999) potentially imitating the exopolysaccharides found in 

many other biofilm forming bacteria.  

 

 

1.9 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a species of gamma proteobacteria, belonging to the larger 

family of pseudomonads. P. aeruginosa is a Gram-negative, aerobic, rod-shaped 

bacterium with unipolar motility, ranging from 0.5 to 0.8 µm by 1.5 to 3.0 µm. It is a 

ubiquitous bacterium commonly found in the environment including soils and water (De 

Kievit and Iglewski 1999). It is also an opportunistic pathogen which causes major 

problems in immuno-compromised individuals and patients with cystic fibrosis, but is 

controlled by an intact immune system (Lyczak et al. 2000). P. aeruginosa is a leading 

cause of hospital acquired infections and is thought to be responsible for 10% of these 

infections (Aloush et al. 2006). These infections include those associated with the 

urinary tract, respiratory tract, bloodstream, burns and other wounds and medical 
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devices (Jarvis et al. 1992). Cross infection from other patients does occur and is 

encouraged by suppression of the patients’ normal flora with broad spectrum 

antibiotics, to which the organism is usually resistant (Enoch et al. 2007). P. aeruginosa 

has a number of virulence factors which result in a highly successfully challenge to 

combat host defences. These factors include flagellum, pili, alginate production, mucoid 

phenotypes in cystic fibrosis, lipopolysaccharide, type III secretion factors, secreted 

proteases, oxidative factors and toxins (Enoch et al. 2007). These factors are capable of 

causing extensive tissue damage and promote blood stream infections (Lyczak et al. 

2000). Many of the factors that contribute to the pathogenesis of P. aeruginosa are 

controlled by quorum sensing systems (Wagner et al. 2004). P. aeruginosa has been 

shown to be a highly resistant to antibiotics and may possess above-average resistance 

to biocides, in comparison to many other Gram-negative bacteria (Russell 2001; 

Guerin-Merchin et al. 2004). P. aeruginosa tolerates high levels of QACs and is also 

more resistant to chlorhexidine than many other types of Gram-negative organisms 

(Russell 1998). P. aeruginosa increased resistance to biocides may be the result of a 

number of factors for example the strong lipopolysaccharide (LPS) - LPS links which 

are strengthened by the high Mg
2+ 

content found in P. aeruginosa. Chelating agents 

such as ethylenediaminetetraacetic acid (EDTA) has been shown to render P. 

aeruginosa susceptible to chemically unrelated inhibitors, potentially as a result of 

affecting the strong LPS-LPS links by removal of Mg
2+

 (Ayres et al. 1999). Efflux is 

also a potentially important resistance mechanism in P. aeruginosa and has been 

observed with triclosan (Chuanchuen et al. 2001). Alterations in outer membrane 

permeability may also, in some cases, represent a further resistance mechanism whereby  

molecules with a molecular weight greater than 250-400 can be prevented from entering 

the cell (Morton et al. 1998).  



 

 88

P. aeruginosa has been implicated in a number of outbreaks of infection in endoscopy 

units as a result of inadequate disinfection and faulty endoscopes (Struelens et al. 1993; 

Merheb et al. 2004). Other outbreaks have been related to contaminated washer 

disinfectors (Alvarado et al. 1991; Schelenz and French. 2000). The NTM and 

P.aeruginosa are two groups of bacteria that represent a risk to patients undergoing 

endoscopic procedures, particularly if they are present in biofilm form.  

 

1.10 Efficacy testing protocols 

 

Investigations into the efficacy of disinfectants were described soon after the detection 

of bacteria, when Robert Koch described a disinfectant test in the article Uber 

Desinfektion (Koch 1881). Since this time there have been a variety of efficacy tests 

described in the literature. The most highly standardised efficacy testing method is the 

standard quantitative suspension test (CEN 1997). The standard suspension test is used 

routinely to assess the microbicidal activity of disinfectants against test organisms 

suspended in solution. There is intimate contact between the disinfectant solution and 

the bacterial cells and as a result the tests can be well standardised (Reybrouck 1998).  

Standard quantitative carrier tests are also employed for the testing of 

disinfectants, in which a carrier surface is inoculated with a bacterial culture that is left 

to dry and then exposed to a biocide (CEN 2001). The design of standard carrier tests 

has taken an appropriate step towards a better correlation of the efficacy of a 

disinfectant, between in vitro and in situ situations, in comparison to suspension tests. 

However standard carrier tests still suffer from a number of drawbacks. These 

drawbacks (apart from those involving drying steps) are shared with the suspension 

test and are involved mainly with the preparation of the test inocula; for example the 
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use of bacterial suspension with high-metabolic activity and loss of viability following 

a drying step on a carrier (Best et al. 1988, Walsh et al. 1999a; Fraud et al. 2001). The 

survival of the inoculum on the carrier is also not constant and is therefore hard to 

standardise (Reybrouck 1998). The major drawback of the methodologies is that they 

fall short of testing the antimicrobial effect of a product against biofilm cells. This is 

particularly pertinent since microorganisms associated with surfaces are often found as 

a biofilm, rather than single cells. In addition, biofilms are often more resistant to 

disinfection than cells grown in suspension (Allison et al. 2000). As for other practical 

tests, the standardization of the “biofilm inoculum” would be of paramount 

importance.   

 The model alginate system has been shown to have the potential to replace 

conventional suspension and carrier tests for the testing of disinfection efficacy against 

bacteria (Gardner and Mawford 2000). An advantage of the system is that it has been 

shown to exhibit a similar phenotype to a natural biofilm, i.e. reduced susceptibility to 

antimicrobials (Gardner and Mawford 2000), which may be the result of a number of 

factors. One of the mechanisms by which a biofilm is rendered more resistant to 

biocides is due to restricted transport of biocide into the biofilm, due to the existence 

of the EPS. This EPS is simulated in the alginate films by sodium alginate, cross-

linked with calcium chloride and is likely to hinder the entry of the biocide into the 

film in a similar way to a natural biofilm. As described previously cells deep within a 

biofilm grow at a substantially slower rate than those at the surface, potentially as a 

result of reduced oxygen, nutrients and therefore changes in gene expression (Gilbert 

et al. 1998).  The alginate film is likely to induce these conditions in a fully hydrated 

state (Gardner and Mawford 2000) and as a result may induce changes in the 

phenotype of the bacteria within the deep parts of the alginate, to mimic a natural 
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biofilm. The alginate film model appears to represent a more robust system that is 

easier and quicker to produce than a natural mature biofilm, and will result in more 

relevant information then that which can be achieved using suspension or carrier tests.  

 

1.11  Aims and objectives 

 

The aims and objectives of this study were to develop and validate a biofilm model 

system for studying biocidal efficacy. 

 

The activity of OPA will be assessed against two mycobacterial strains and a P. 

aeruginosa strain, using standard efficacy testing methods (i.e. CEN 1997; CEN 2001) 

and using a novel biofilm model system, which will be validated. 

 

The effect of reprocessing conditions on simulated endoscope material will be 

evaluated to determine the efficacy of pre-cleaning and high-level disinfection on the 

surface quality of endoscopes and the re-growth of bacteria. 

 

The information obtained from the efficacy testing methods will be used to produce a 

predictive mathematical model to predict the effect of OPA against bacterial biofilm 

and to provide a more appropriate methodology to evaluate the bactericidal efficacy of 

high-level disinfectants on surfaces and particularly medical surfaces such as 

endoscopes.   
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Chapter 2 

General Materials and Methods 

 

2.1 Materials 

 

2.1.1 Chemicals 

 

• OPA (99%, OPA) was provided by Cidex, Advanced Sterilisation Products, 

Irvine, California. 

• Calcium chloride, sodium alginate and hydrochloric acid were purchased from 

BDH Chemicals Ltd. Poole, UK. 

• 3-[3-chloamidopropyl)dimethylammonio]-1propanesulfonate, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), acetic acid, 

bromophenol blue, disodium phosphate, citric acid, ethanol, formaldehyde, 

glycerol, iodoacetamide, β-mercaptoethanol, methanol, mineral oil, phosphate 

buffered saline tablets (PBS 0.01 M phosphate buffer, 0.137 M NaCl, 0.027 M 

KCL, pH 7.4), silver nitrate solution, sodium carbonate, 10% sodium dodecyl 

sulphate solution, thiourea, and urea, were purchased from Fisher Scientific Ltd. 

Loughborough, UK. 

• Amidosulfobetaine, ammonium persulphate, bovine serum albumin, carbol 

fuchsin, carrier ampholytes (pH 3.5-10), cocadylate buffer, glycine, 

glutaraldehyde, 4-lauryl sarkosine, safranin, sodium bisulphite, sodium chloride, 

sodium thiosulphate, N,N,N,N-Tetramethylethylenediamine (Temed), 
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thiosulphate, tributylphosphine, 1.5M Tris and Tris-HCL, were purchased from 

Sigma, Dorset, UK.   

• Cetrimide agar, nutrient broth, tryptone soya agar and tryptone soya broth were 

purchased from Oxoid, Basingstoke, UK. 

• Middlebrook ADC enrichment, containing albumin, dextrose and catalase, 

Middlebrook OADC enrichment containing oleic acid, albumin, dextrose, 

catalase, 7H11 agar and 7H9 broth were purchased from Difco laboratories, 

Surrey, UK. 

• Klerzyme 
TM 

enzymatic cleaner was purchased from Shield Medicare, Farnham, 

UK.  

• Bis-acrylamide, Bradford dye reagent, coomassie Brilliant Blue R250, Precision 

Plus Protein Standards, RCDC Protein assay reagent and Quick start TM were 

purchased from Bio-Rad laboratories, Hemel-Hempstead, UK.  

• Dithiothreitol was purchased from Invitrogen, Paisley, UK 

• Immobiline Dry Strips (18cm pH 3-10, non-linear) were purchased from 

Amersham Biosciences. Cardiff, UK.  

• Decon was purchased from Decon laboratories. Hove, East Sussex, UK. 

 

2.1.2 Materials 

 

• Polypropylene carriers: 19.6 mm in diameter and 0.8 mm thick were supplied by 

Cidex, Advanced Sterilisation products, Irvine, California.  

• Perspex moulds were supplied by the University of Brighton, UK. 

• Cryovials (1.5mL), dialysis clips, eppendorf tubes (1.5mL), magnetic stirrers (4 

mm in diameter), petri dishes, Spectra/Por Biotech RC dialysis membrane 
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tubing and un-drilled glass beads (4mm in diameter) were purchased from Fisher 

Scientific Ltd. Loughborough, UK. 

• Cell culture inserts with a pore size of 0.45 µm were purchased from Millicell, 

Milton Keynes, UK. 

• Six well plates and vented cell culture flasks were purchased from Costar, USA.  

• Medica Brush was supplied by Medica Europe.  

• Velcro squares were purchased from B&Q, Brighton, UK.  

• API 20NE were purchased from Biomerieux, Basingstoke, UK. 

 

2.1.3 Equipment  

 

The following equipment was used for the experimental work described in the thesis:  

 

• Immobiline dry strip reswelling tray was purchased from Amersham 

Biosciences Cardiff, UK.  

• Janke and Kunkel Ikawerk Drill and Stuart CB160 ceramic hotplate were 

purchased from Fisher Scientific, Loughborough, UK.  

• Magnetic stirrer was purchased from Bibby Stuart, UK.  

• Perkin Elmer Lambda 12 UV spectrophotometer, was purchased from Perkin 

Elmer Beaconsfield, UK. 

• Reciprocal Mixer was purchased from Denley, UK,  

• SO1 orbital shaker was purchased from Stuart Scientific, UK  

• Unicam Heλios spectrophotometer was purchased from Spectronic Unicam 

Cambridge, UK. 
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• Heating block (QBTII) was purchased from Grant Instruments Ltd, Cambridge 

UK. 

• Flurochem TM chemiluminescence imaging system, was purchased from Alpha 

Innotech, Staffordshire, UK 

• Mini protean II SDS tank, GS-800 imaging desitometer and Powerpac 300 were 

purchased from Bio-Rad laboratories. Hemel-Hempstead, UK. 

• BIOBlock STS was purchased from Fisher scientific. Loughborough, UK. 

• Protean Biotech Multiplor II was purchased from Pharmacia biotech, Sweden. 

• Innova 2000 mechanical shaker was purchased from New Brunswick, St Albans, 

UK. 

• Polaron SC 7640 sputter coater was purchased from Quorum Technologies, East 

Sussex, UK.  

• JEOL6310 Scanning Electron Microscope ;  JEOL. Hertfordshire, UK. 

 

2.2 General methods 

 

2.2.1 Biocide solutions 

 

Biocide solutions were made up fresh on the day of use and diluted to the required 

solution using sterile deionised water. The water was purified using reverse osmosis and 

then passed through a UV filter using an Elga system.  (ElgaLabwater. High Wycombe, 

UK) 
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2.2.2 Bacterial strains 

 

The strains chosen to carry out this study were Pseudomonas aeruginosa NCIMB 

10471, Mycobacterium chelonae NCIMB 1474 and Mycobacterium chelonae Epping 

(obtained from Dr P.A. Griffiths, City Hospital NHS Trust, Birmingham, UK). 

 

2.2.3 Storage and routine subculture 

 

Stock cultures for the mycobacteria were made on Middlebrook 7H11 agar plates, 

supplemented with 0.2% (v/v) glycerol and 10% (v/v) Middlebrook OADC enrichment, 

or tryptone soya agar plates for P.aeruginosa and stored. 

Stock cultures were grown overnight in tryptone soya broth (TSB) for 

P.aeruginosa and 7H11 broth for 4 days for the mycobacteria. The cultures were then 

supplemented with 10% glycerol and divided into 12mL aliquots and frozen at -24 ºC 

overnight in cryovials. After this time the vials were transferred to -80 ºC for long-term 

storage. 

Each month a new vial was defrosted and a loop-full was spread onto four 

separate TSA or 7H11 agar plates for the P.aeruginosa or mycobacteria respectively. A 

fresh plate was used each week. The identification of P.aeruginosa was determined 

using an API 20NE Biomerieux, cetrimide agar and through visualisation of the bacteria 

through a light microscope.  The Ziehl-Neelsen method was used to visualise the 

mycobacteria.  

Ziehl-Neelsen staining procedure: One drop of distilled water was placed onto a 

clean slide and a small amount of the bacterium from the agar surface was mixed 

thoroughly into the water droplet to form a thin film and allowed to completely air dry. 
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The slide was passed through a Bunsen flame to heat fix.  The slide was then flooded 

with carbol fuchsin and steamed for around 5 minutes on a hot plate. The slide was then 

decolourised with alcohol and rinsed with distilled water. The slide was then 

counterstained with malachite green and rinsed with water. Slides were visualised under 

oil immersion using a light microscope. Cells which retained the primary stain (carbol 

fuchsin) through the acid-alcohol treatment were stained red; and could be identified as 

acid-fast organisms. Mycobacterium cells characteristically appear as clusters of long, 

red rods, all other cells are blue. 

 

2.2.4 Culture and growth. 

 

Bacterial inocula used for experiments, were prepared from one single colony. For the 

mycobacteria, the colonies were inoculated into 10 mL of 7H9 broth supplemented with 

0.2% glycerol and 10% Middlebrook ADC enrichment, in vented cell culture flasks 

(Costar) and incubated at 30°C ± 0°C for four days. P. aeruginosa was inoculated into 

10 mL of tryptone soya broth and grown for 18 h at 37°C ± 3°C using an Innova 2000 

mechanical shaker (New Brunswick) on its lowest setting.  

 

2.2.5 Viable counts 

 

The number of colony forming units, were determined using either the drop counting 

method (Miles and Misra 1938) for the mycobacteria or the spread plate method for 

P.aeruginosa. For the drop counting method; bacterial suspensions were serially diluted 

(series of 1:10 dilutions) in sterile HEPES and 3 x 20µL were plated onto the surface of 

7H11 agar plates. After a drying period of approximately 10 minutes at room 
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temperature, the plates were inverted and incubated at 30°C for 4 days. The number of 

colonies present in a countable dilution was then used to calculate the bacterial 

concentration expressed as colony forming units/mL (cfu/mL).  

For the spread plate method; bacterial suspensions were serially diluted as above 

in sterile HEPES and using a sterile glass spreader a 100µL aliquot of bacterial 

suspension was spread across the surface of a tryptone soya agar plate. After a drying 

period of approximately 10 minutes at room temperature the plates were inverted and 

incubated at 37 ºC for at least 18 hours or until visible colonies were developed.  

 

2.2.6 Measurement of optical density 

 

In order to produce accurate starting inocula, experiments were undertaken to determine 

the number of cfu/mL present for corresponding optical density (OD). This allowed the 

production of standard curves, which could be used to determine the number of cfu/mL 

in a suspension by using corresponding optical density measurements. Bacterial cultures 

grown in 7H9 broth supplemented with 0.2% glycerol (v/v) and 10 % (v/v) 

Middlebrook ADC enrichment for the mycobacteria (incubated at 30ºC for 4 days) or in 

TSB overnight at 37º C for P.aeruginosa, were centrifuged at 3000g for 15 minutes and 

washed 3 times with sterile HEPES. The OD of the washed suspension was taken at 

500nm and serial dilutions were made in sterile HEPES and plated out onto 7H11 agar 

(supplemented with 0.2% glycerol and 10% (v/v) Middlebrook OADC enrichment) for 

the mycobacteria and onto TSA for P.aeruginosa. The original suspension was then 

serially diluted in HEPES to produce a new OD500 and the process was repeated until a 

standard curve could be obtained. Results were plotted to give a standard curve (Figures 

2.1 to 2.3).  
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For all experiments optical density measurements were performed using a Unicam 

Heλios spectrophotometer at 500nm.  

 

Figure 2.1  M.chelonae (epping) calibration curve. 

 

 

Figure 2.2  M.chelonae NCIMB 1474 calibration curve 
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Figure 2.3  P.aeruginosa NCIMB 10421 calibration curve 
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Chapter 3 

The efficacy of OPA against planktonic, surface dried 

bacteria and bacterial biofilm 

 

3.1 Introduction 

 

OPA is an aromatic dialdehyde and has been shown to have the potential to replace 

glutaraldehyde (GTA) as a high-level disinfectant for endoscopes (Walsh et al. 1999a; 

Fraud et al. 2001). Alkaline GTA at 2% (v/v) has a broad range of activity against 

bacteria, but has been shown to be highly irritating to the skin and eyes and has a 

possible carcinogenic effect (Russell 1994). There are also concerns over an increase 

in resistance of various bacteria to GTA, including strains of non-tuberculosis 

mycobacteria (Griffiths et al. 1997).  

The non-tuberculosis mycobacteria have been increasingly identified as a 

source of hospital acquired infection, particularly with the advent of the AIDS 

epidemic, with diseases ranging from cervical lymph node and skin infection, to 

pulmonary disease (Inderlied et al. 1993; Koga et al. 2000; Le Dantec et al. 2000; 

Schelenz and French 2000; Vijayaraghaven et al. 2006). Since the advent of AIDS the 

number of people infected with non-tuberculosis disease has increased, with 25-50% 

of AIDS patients in the United States and Europe being infected (Falkinham 1996). 

The non-tuberculosis mycobacteria are also increasingly isolated from endoscopes and 

endoscope washer disinfectors which therefore represent a reservoir of infection 

(Parnell and Wilcox 2001; Nomura et al. 2004; Pajkos et al. 2004; Zuhlsdorf et al. 

2004) Increasing the exposure time of endoscopes to GTA, during the reprocessing 
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period, may improve the kill rate against resistant organisms (Collins 1986), but the 

high volume of endoscope use in the clinical setting and the potential carcinogenic 

effect of GTA, mean that reprocessing of endoscopes needs to be as short as possible 

(Isomoto et al. 2006). This reiterates the need for an alternative biocide for the high-

level disinfection of endoscopes that would reduce reprocessing times and which 

would be far less toxic.  

In 1994, OPA at 0.45 % (w/v) was first shown to effectively disinfect 

endoscopes, producing a ≥ 5 log reduction in bacterial counts, within 5 minutes (Alfa 

and Sitter, 1994). Since then there have been other studies confirming the 

antimicrobial efficacy of this aldehyde against a wide range of bacteria, including 

mycobacteria and spores. OPA has been found to be rapidly bactericidal to non-

sporulating bacteria, including GTA-sensitive and resistant mycobacteria in standard 

suspension and carrier tests, (Walsh et al. 1999a; 2001; Fraud et al. 2001), and 

sporicidal (Cabrera-Martinez et al. 2002). The mechanism for its increased efficacy, 

compared to GTA is thought to be the result of its ability to penetrate the lipid rich 

permeability barriers of mycobacteria more efficiently (Fraud et al. 2003). 

Standard quantitative suspension and carrier tests are routinely used to assess 

the microbiocidal activity of disinfectants (e.g. CEN 1997; 2001). However, these 

methodologies suffer from some drawbacks, mainly with the preparation of the test 

inocula (e.g. use of bacterial suspensions with high-metabolic activity, loss of viability 

following a drying step on a carrier, etc.) (Best et al.1988; Walsh et al. 1999a; Fraud et 

al. 2001). Although the design of standard carrier tests has taken an appropriate step 

towards a better correlation of the efficacy of a disinfectant between in vitro and in situ 

situations, it falls short of testing the antimicrobial potential of a product against 

micro-organisms grown as a biofilm. This is particularly pertinent since micro-
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organisms associated with surfaces are often found as a biofilm rather than single cells. 

In addition, biofilms are often more resistant to disinfection than cells grown in 

suspension (Allison et al. 2000). As for other practical tests, the standardization of the 

“biofilm inoculum” would be of paramount importance.  

This study compared the efficacy of OPA against selected bacteria with 

standard suspension and carrier tests and using bacteria grown as sedimentation 

biofilms, in order to evaluate, and potentially improve, routinely used efficacy testing 

methods for the bactericidal efficacy of high-level disinfectants on surfaces, and 

particularly medical surfaces.   

 

3.2 Materials and methods 

 

3.2.1 Bacterial strains  

 

Three different organisms were used in the suspension tests and sedimentation 

biofilms; P.aeruginosa NCIMB 10421, Mycobacterium chelonae NCIMB 1474 and a 

GTA-resistant washer disinfector isolate, Mycobacterium chelonae Epping (obtained 

from Dr P.A. Griffiths, City Hospital NHS Trust, Birmingham, UK). P.aeruginosa 

was omitted from the carrier tests as preliminary experiments showed low survival 

rates when the cells were dried onto polypropylene carriers (Cidex, Advanced 

Sterilisation Products, Irvine, California). 
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3.2.2 Suspension tests 

 

3.2.2.1 Preparation of test suspension 

 

One mL samples of the washed and re-suspended bacterial suspensions were taken 

from overnight (P. aeruginosa) or four day (mycobacteria) cultures (described in 

2.2.4) and used as the test inocula. The final concentration in the biocide at time zero 

was approximately 1.5 x 10
8
- 5 x 10

8 
cfu/mL.  

 

3.2.2.2 Suspension test methodology 

 

The suspension test methodology was adapted from CEN (1997). One mL of bacterial 

culture was added to 9 mL of an appropriate concentration of OPA (prepared fresh for 

each experiment) and left for a specific contact time with or without organic load, 

(3g/L BSA, 0.3g/L BSA or 0g/L BSA). After the specific contact time, a one mL 

sample was removed and added to nine mL of sodium bisulphite neutraliser. 

Neutralisation was allowed to occur for 15 minutes and residual viability was 

determined by using a Miles-Misra (Miles and Misra 1938) drop counting method for 

the mycobacteria or the spread plate method for P. aeruginosa (Section 2.2.5.). At the 

same time a one mL sample of untreated bacterial suspension was serially diluted 

using HEPES and used as a control. 

 Log reduction was calculated as follows:  

 ME = Log Nc – Log Nb  
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where ME = the microbiocidal effect, Nc and Nb represent the numbers of cfu/mL in 

the control and biocide solutions respectively. 

 

3.2.3 Carrier tests 

 

Fifty µL aliquots of washed and re-suspended mycobacterial suspension were taken 

from the four day cultures and inoculated onto polypropylene carriers, (19.6 mm in 

diameter and 0.8 mm thick, Advanced Sterilisation Products, Irvine, California) and 

left to dry for approximately one hour in a laminar air flow cabinet. The concentration 

of bacteria in contact with the biocide at time zero was approximately 1.5 – 5 x 10
8
 

cfu/mL.  Test carriers were exposed to 0.1 mL of OPA at the appropriate concentration 

with or without an organic load. After a specific contact time, 0.9 mL neutraliser was 

added and neutralisation was allowed to occur for at least 15 minutes. Sterile magnets 

(Fisher, UK) were then added to the solutions aseptically, and a magnetic stirrer 

(Bibby Stuart, UK) was used to re-suspend the cells from the carrier surface for 15 

minutes at approximately 200rpm. The removal process was validated to ensure 

optimal removal of cells from the carrier surface. Viable counts and Log reduction 

were determined as described above.  

 

3.2.4  Sedimentation biofilms  

 

Polypropylene discs were aseptically placed into the bottom of 6 well plates containing 

7mL of TSB or 7H9 broth (for the mycobacteria). Twenty µL samples of bacterial 

suspension were then added to the 6 well plates, to give a final concentration of 

approximately 1.4 x 10
6
 cfu/mL. The six well plates were then incubated at 37ºC for 4 
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hours to allow for attachment of the bacteria to the polypropylene discs. After the 4 

hour residence time the broth was removed and replaced with a further 7mL of fresh 

TSB or 7H9 broth and the 6 well plates incubated overnight for P. aeruginosa or 4 

days for the mycobacteria. The discs were then removed and the biofilms were placed 

into sterile Petri dishes containing 20mL of OPA, at the appropriate concentration with 

or without organic load, the concentration of bacteria in contact with the biocide after 

incubation at time zero, was approximately 1 x 10
7
 – 1 x 10

9
. After the required 

contact time (1, 2, 5, 10, 20, 30 and 60 min) the polypropylene discs were transferred 

aseptically to centrifuge tubes containing 10mL of neutraliser and 10 glass beads 

(5mm in diameter, Fisher Scientific, UK).  Neutralisation was allowed to occur for at 

least 15 minutes after which the centrifuge tubes were vortexed for 10 minutes with 10 

glass beads (5mm in diameter, Fisher Scientific, UK) to re-suspend the cells from the 

polypropylene surface. The removal of cells from the polypropylene discs was 

validated to ensure optimal removal of cells from the disc surfaces. Viable count and 

log reductions were carried out as described above.  

 

3.2.5 Controls 

 

Before testing the bactericidal activity of OPA, neutralization tests were carried out to 

check the efficacy of the neutraliser 0.5% sodium bisulphite (w/v) to quench the 

activity of the aldehyde and to determine its toxicity against the test organisms  
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3.2.5.1 �eutraliser efficacy tests 

 

3.2.5.2 �eutraliser efficacy test for suspension test 

 

One mL of bacterial culture, adjusted to approximately 1.5 x 10
8
- 5 x 10

8 
cfu/mL

 
was 

added to eight mL of neutraliser and 1 mL of OPA, at the required concentration 

(prepared fresh for each experiment). Viable counts and log reductions were 

determined as described in section 3.2.2.2.  

 

3.2.5.3 �eutraliser efficacy test for carrier test 

 

A 0.9 mL sample of neutraliser and 0.1 mL of OPA was added to a 50 µL dried sample 

of bacterial culture, adjusted to approximately 1.5 x 10
8
- 5x 10

8 
cfu/mL and left for at 

least 15 minutes. Sterile magnets were then added to the solutions aseptically, and a 

magnetic stirrer was used to re-suspend the cells from the carrier surface. The number 

of remaining cfu/mL was determined as described in section 3.2.2.2. 

 

3.2.5.4  �eutraliser efficacy test for sedimentation biofilms 

 

Two biofilms were produced for each test. The first film was added to 20 mL of 

neutraliser and 0.2 mL of OPA at the required concentration. The second film was 

added to 20 mL of neutraliser and 0.2 ml of sterile distilled water. Both films were left 

for at least 15 min at room temperature. The films were then removed from the 

solution and placed into a boiling tube containing 20 mL of HEPES buffer and 8 glass 

beads (5mm diameter) were added to re-suspend the cells from the polypropylene disc 
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surface. Viable counts and log reductions were determined as described in section 

3.2.2.2. 

 

3.2.6 �eutraliser toxicity tests  

 

3.2.6.1 �eutraliser toxicity tests for suspension tests 

 

One mL of bacterial culture, adjusted to approximately 1.5 x 10
8
- 5 x 10

8 
cfu/mL

 
was 

added to eight mL of neutraliser and 1 mL of sterile distilled water. The log reduction 

was determined as described in section 3.2.2.2.  

 

3.2.6.2  �eutraliser toxicity tests for carrier tests 

 

A 0.9 mL sample of neutraliser and 0.1 mL of sterile distilled water was added to a 50 

µL dried sample of bacterial culture, adjusted to approximately 1.5 x 10
8
- 5x 10

8 

cfu/mL and left for at least 15 minutes. Sterile magnets (2 cm in length) were then 

added to the solutions aseptically, and a magnetic stirrer was used to re-suspend the 

cells from the carrier surface. The number of remaining cfu/mL was determined as 

described in section 3.2.2.2.   

 

3.2.6.3  �eutraliser toxicity tests for sedimentation biofilms 

 

Two biofilms were produced for each test. The first film was added to 20 mL of 

neutraliser and 0.2 mL of sterile distilled water. The second film was added to 20 mL 

of HEPES buffer. Both films were left for at least 15 minutes at room temperature. The 
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films were then removed from the solution and placed into a boiling tube containing 

20 mL of HEPES buffer and 8 glass beads were added to re-suspend the cells from the 

polypropylene disc surface. Viable counts and log reductions were determined as 

described in section 3.2.2.2.  

 

3.3 Results 

 

3.3.1 Controls 

 

For the suspension test, 0.5% (w/v) sodium bisulphite was found to be a satisfactory 

neutraliser for 0.5%, 0.2% and 0.0182% (w/v) OPA (Table 3.1) as an average log 

reduction in bacterial numbers of 0.39 was observed. In the carrier test, the use of 

0.5% (w/v) sodium bisulphite was found to be an effective neutraliser for 0.5, 0.2 and 

0.0182 % (w/v) OPA with M. chelonae and M. chelonae Epping (Table 3.2), with 

average log reductions of 0.36. For the sedimentation biofilms the use of sodium 

bisulphite 0.5% (w/v) was found to be a satisfactory neutraliser to quench the activity 

of OPA at the different concentrations investigated (Table 3.3), with average log 

reductions of 0.38 observed. Sodium bisulphite 0.5% (w/v) also proved to be non-toxic 

to the test organisms used in this study as an average of 0.41, 0.3 and 0.43 log 

reductions were observed for P.aeruginosa, M.chelonae and M.chelonae Epping 

respectively (Table 3.4). However, a 1.41 log reduction was observed when using P. 

aeruginosa (Table 3.5), which could be partly attributed to the drying process. 

Therefore P. aeruginosa was not used in the carrier test investigations. 
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Table 3.1  Efficacy testing of 0.5% sodium bisulphite to quench the activity of 

OPA, against M.chelonae NCIMB 1474 and M.chelonae (Epping), and P.aeruginosa 

NCIMB 10421, using the suspension test. n = 3. 

 

Bacterial strain OPA concentration 

(w/v) neutralised by 

0.5%  (w/v) sodium 

bisulphite 

Log reduction ± SD 

P.aeruginosa  0.5 0.51 (0.21) 

0.2 0.25 (0.14) 

0.0182 0.17 (0.13) 

M.chelonae 0.5 0.33 (0.18) 

0.2 0.48 (0.29) 

0.0182 0.19 (0.11) 

M.chelonae (Epping) 0.5 0.71 (0.32) 

0.2 0.57 (0.24) 

0.0182 0.31 (0.19) 
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Table 3.2  Efficacy testing of 0.5% sodium bisulphite to quench the activity of 

OPA against M.chelonae NCIMB 1474 and M.chelonae (Epping), dried on 

polypropylene carriers. n = 3. 

 

Bacterial strain OPA concentration 

(w/v) neutralised by 

0.5%  (w/v) sodium 

bisulphite 

Log reduction ± SD 

M.chelonae 0.5 0.39 (0.12) 

0.2 0.22 (0.34) 

0.0182 0.42 (0.16) 

M.chelonae (Epping) 0.5 0.61(0.14) 

0.2 0.12 (0.09) 

0.0182 0.44 (0.15) 
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Table 3.3  Efficacy testing of 0.5% sodium bisulphite to quench the activity of 

OPA, against M.chelonae NCIMB 1474, M.chelonae (Epping), and P.aeruginosa 

NCIMB 10421, grown as sedimentation biofilms. n = 3. 

 

Bacterial strain OPA concentration 

(w/v) neutralised by 

0.5%  (w/v) sodium 

bisulphite 

Log reduction ± SD 

P.aeruginosa  0.5 0.17 (0.14) 

0.2 0.57 (0.2) 

0.0182 0.51 (0.13) 

M.chelonae 0.5 0.44 (0.16) 

0.2 0.31 (0.24) 

0.0182 0.16 (0.15) 

M.chelonae (Epping) 0.5 0.25 (0.2) 

0.2 0.84 (0.62) 

0.0182 0.21(0.11) 
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Table 3.4 Toxicity testing of 0.5% sodium bisulphite against M.chelonae NCIMB 

1474, M.chelonae (Epping), and P.aeruginosa NCIMB 10421, grown as planktonic or 

dried cells, or sedimentation biofilms.   n = 3. 

 

Bacterial strain 
Test methodology 

Log reduction ± SD 

P.aeruginosa  Suspension test 0.26 (0.17) 

Sedimentation biofilm 0.34 (0.22) 

M.chelonae Suspension test 0.16 (0.11) 

Carrier test 0.49 (0.27) 

Sedimentation biofilm 0.31 (0.37) 

M.chelonae (Epping) Suspension test 0.41 (0.29) 

Carrier test 0.69 (0.32) 

Sedimentation biofilm 0.54 (0.39) 
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Table 3.5 Effect of the drying process on P.aeruginosa NCIMB 10421, 

M.chelonae NCIMB 1474 and M.chelonae Epping on polypropylene carriers n = 3.   

 

Bacterial strain Log reduction ±±±± SD 

P.aeruginosa 1.41 (0.36) 

M.chelonae 0.12 (0.08) 

M.chelonae (Epping) 0.18 (0.11) 

 

 

3.3.2 Suspension tests  

 

It was observed that 0.2% and 0.5% (w/v) OPA were very effective against all three 

test organisms, resulting in a ≥ 5 log reduction in viability within a one minute contact 

time, in both ‘clean’ and ‘dirty’ conditions (Tables 3.6- 3.8), with one exception for 

P.aeruginosa at 0.2% OPA (w/v) in dirty conditions which required a two minute 

contact time.  The lower concentration of 0.0182% OPA (w/v) had varying 

bactericidal effects against the different test organisms, requiring up to 20 minutes to 

produce a ≥ 5 log reduction in ‘clean’ conditions for M. chelonae NCIMB 1474 and M. 

chelonae Epping and 30 minutes to produce only a 2 log reduction in ‘dirty’ conditions 

(Tables 3.7 and 3.8). A 0.0182% OPA (w/v) solution was shown to be more 

bactericidal against P. aeruginosa producing ≥ 5 log reductions within one minute in 
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‘clean’ conditions and without organic load and within 10 minutes in ‘dirty’ conditions 

(Table 3.6). It was interesting to note that for the mycobacteria, the presence of a low 

organic load (i.e. 0.3 g/L) had a profound effect on the activity of a low concentration 

of OPA (i.e. 0.0182 % (w/v)) (Tables 3.7 and 3.8). In addition, although a high organic 

load did not affect the mycobactericidal activity of high concentration of OPA (0.2 and 

0.5% w/v)), it did have a quenching effect when the initial (i.e. within 1 min contact) 

efficacy of OPA 0.2% (w/v) was investigated against the pseudomonads (Table 3.6). 
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Table 3.6 Effect of OPA against P. aeruginosa �CIMB 10421 using a 

standard suspension test. n = 5. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 ≥5.63 (0.32) ≥5.78 (0.01) ≥5.78 (0.01) 

2 ≥ 5.63(0.32) ≥ 5.78(0.01) ≥ 5.78(0.01) 

5 ≥ 5.63(0.32) ≥ 5.78 (0.01) ≥ 5.78 (0.01) 

10 †― ― ― 

0.2 1 ≥5.56(0.12) ≥ 5.81(0.04) 1.01(0.1) 

2 ≥5.56(0.12) ≥ 5.81(0.04) ≥ 6.61(0) 

5 ≥5.56 (0.12) ≥ 5.81 (0.04) ≥ 6.61 (0) 

10 ― ― ― 

0.0182 1 ≥ 5.65(0.12) ≥ 5.92(0.05) 1.22 (0.18) 

2 ≥ 5.65(0.12) ≥ 5.92(0.05) 3.76 (0.7) 

5 ≥ 5.65 (0.12) ≥ 5.92 (0.05) 4.15 (0.89) 

10 ― ― ≥ 5.16 (0) 

 

* �O�E: no bovine albumin; CLEA�: 0.3. g/L bovine albumin and DIRTY: 3 

g/L bovine albumin, †―, �ot done. 
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Table 3.7 Effect of OPA against M.chelonae �CIMB 1474 using a standard 

suspension test. n = 5. 

 

Mean log reduction (± S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 ≥ 5.86 (0.05) ≥ 5.84 (0.14) ≥ 5.91(0) 

2 ≥ 5.86 (0.05) ≥ 5.84 (0.14) ≥ 5.91(0) 

5 ≥ 5.86 (0.05) ≥ 5.84 (0.14) ≥ 5.91(0) 

10 ≥ 5.86 (0.05) ≥ 5.84 (0.14) ≥ 5.91(0) 

0.2 1 ≥ 5.82 (0) ≥ 5.61 (0) ≥ 5.37(0) 

2 ≥ 5.82 (0) ≥ 5.61 (0) ≥ 5.37(0) 

5 ≥ 5.82 (0) ≥ 5.61 (0) ≥ 5.37(0) 

10 ― ― ― 

0.0182 1 ≥ 5.19 (0) 1.59 (0.43) 0.35 (0.93) 

2 ≥ 5.19 (0) 2.33 (0.80) 0.48 (0.39) 

5 ≥ 5.19 (0) 3.15 (1.09) 0.89 (0.35) 

10 ≥ 5.19 (0) 4.4  (0.65) 1.22 (0.42) 

20 ― ≥ 5.86 (0) 1.63 (0.48) 

30 ― ≥ 5.86 (0) 2.50 (0.58) 

 

* �O�E: no bovine albumin; CLEA�: 0.3. g/L bovine albumin and DIRTY: 3 

g/L bovine albumin, †―, �ot done. 
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Table 3.8 Effect of OPA against M. chelonae (Epping) using a standard 

suspension test. n = 5.  

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 ≥ 5.8 (0.16) ≥ 5.36(0) ≥ 5.79(0) 

2 ≥ 5.8 (0.16) ≥ 5.36(0) ≥ 5.79(0) 

5 ≥ 5.8 (0.16) ≥ 5.36(0) ≥ 5.79(0) 

10 ≥ 5.8 (0.16) ≥ 5.36(0) ≥ 5.79(0) 

20 †― ― ― 

0.2 1 ≥ 5.63 (0) ≥ 5.38 (0) 5.26 (0.62) 

2 ≥ 5.63 (0) ≥ 5.38 (0) ≥ 5.86 (0) 

5 ≥ 5.63 (0) ≥ 5.38 (0) ≥ 5.86 (0) 

10 ≥ 5.63 (0) ― ― 

20 ― ― ― 

0.0182 1 ≥ 5.1 (0) 1.39 (0.75) 0.34(0.55) 

2 ≥ 5.1 (0) 1.69 (0.77) 0.95(0.43) 

5 ≥ 5.1 (0) 2.50 (0.52) 1.24(0.48) 

10 ― 2.84 (0.63) 1.44 (2.03) 

20 ― ≥ 5.67 (0) 2.04(0.52) 

30 ― ― 2.27(0.39) 

 

* �O�E: no bovine albumin; CLEA�: 03. g/L bovine albumin and DIRTY: 3 g/L 

bovine albumin, †―, �ot done. 
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3.3.3 Carrier test  

 

A 0.5% OPA (w/v) was extremely effective against surface-dried M.chelonae NCIMB 

1474 with a ≥ 5 log reduction achieved within 1 minute in both ‘dirty’ and ‘clean’ 

conditions (Table 3.9). 0.2 % OPA (w/v) had a similar efficacy with a ≥ 5 log 

reduction in cell viability being achieved within 1 minute, although a two minutes 

contact time was required in ‘dirty’ conditions (Table 3.9). The biocidal effect of the 

lowest concentration of OPA (0.0182% w/v) was significantly reduced requiring two 

minutes to produce a ≥ 5 log reduction without bovine albumin, and 30 minutes in 

‘clean’ conditions. The presence of bovine albumin (3 g/L) had a severe effect on the 

mycobactericidal activity of the aldehyde with less than 3 log reduction obtained 

within 60 minutes (Table 3.9).    

Overall the activity of OPA (even at the highest concentration of 0.5% OPA 

(w/v)) against the GTA-resistant strain M. chelonae (Epping) was much lower when 

compared to the standard strain M. chelonae NCIMB 1474 (Table 3.10). However a ≥ 

5 log reduction was observed after ten minutes with or without the presence of bovine 

albumin. A 0.2% OPA (w/v) only produced a ≥ 5 log reduction in ten minutes without 

an organic load, and after 20 minutes in ‘clean’ and ‘dirty’ conditions. The lowest 

concentration of OPA (0.0182% w/v) failed to inactivate M. chelonae (Epping) in the 

presence of bovine albumin, but produced a ≥ 5 log reduction in bacterial number after 

20 minutes without organic load  (Table 3.10). 
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 Table 3.9 Effect of OPA against M. chelonae �CIMB 1474 using a standard 

carrier test n = 5. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 

1 

≥ 5.39(0) 

 ≥ 5.88 (0) ≥ 5.83 (0) 

2 

≥ 5.39 

(0) ≥ 5.88 (0) ≥ 5.83 (0) 

5 

≥ 5.39 

(0) ≥ 5.88 (0) ≥ 5.83(0) 

10 †― ― ― 

20 ― ― ― 

0.2 1 ≥ 5.85 (0) ≥ 6.62 (0) 4.1 (0.68) 

2 

≥ 5.85 

(0) 

≥ 6.62 

(0) ≥5.33(0) 

5 ≥ 5.85 (0) 

≥ 6.62 

(0) ≥5.33 (0) 

10 ― ― ― 

20 ― ― ― 

0.0182 1 3.5(0.53) 0.72 (0.50) 0.33 (0.22) 

2 ≥ 5.62 (0) 1.21 (0.39) 0.78 (0.48) 

5 ≥ 5.62 (0) 2.05 (0.09) 1.17 (0.42) 

10 ― 2.38 (0.34) 1.45 (0.43) 

20 ― 3.64 (0.54) 1.92 (0.54) 

30 ― ≥ 5.7 (0) 2.40 (0.45) 

60 ― ― 2.54 (0.34) 
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* �O�E: no bovine albumin; CLEA�: 03. g/L bovine albumin and DIRTY: 3 g/L 

bovine albumin†―, �ot done. 

 

 

 

Table 3.10  Effect of OPA against M. chelonae (Epping) using a standard 

carrier test  n = 5.  

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 2.41 (0.66) 2.82 (1.49) 1.09 (0.43) 

2 3.07 ( 0.98) 4.08 (1.34) 2.43 (0.81) 

5 4.32 (0.33) 4.79 (1.49) 4.35 (0.37) 

10 ≥ 5.72 (0.07) ≥ 6.40 (0.77) ≥ 5.56 (0.25) 

20 ≥ 5.72 (0.07) ≥ 6.40 (0.77) ≥ 5.56 (0.25) 

30 †― ― ― 

0.2 1 1.69 (0.74) 1.59 (0.60) 1.37 (0.54) 

2 3.41 (0.38) 2.52 (0.42) 1.88 (0.46) 

5 4.49 (0.12) 4.01 (0.12) 2.55 (0.61) 

10 5.64 (0.48) 4.85 (0.58) 4.68 (0.75) 

20 ≥5.78 (0.08) ≥ 5.86 (0.33) ≥ 5.73 (0.18) 

30 ― ― ― 

0.0182 1 1.23 (0.54) 0.39 (0.25) 0.17 (0.12) 

2 1.64 (0.38) 0.83 (0.29) 0.41 (0.17) 

5 2.12 (0.53) 1.05 (0.31) 0.66 (0.38) 

10 3.18 (0.66) 1.33 (0.39) 0.78 (0.36) 

20 ≥ 5.55 (0.33) 1.65 (0.40) 0.92 (0.26) 

30 ― 2.04 (0.53) 1.25 (0.18) 
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60 ― 2.43 (0.41) 1.45 (0.33) 

 

* �O�E: no bovine albumin; CLEA�: 03. g/L bovine albumin and DIRTY: 3 g/L 

bovine albumin, †―, �ot done. 

 

3.3.4 Sedimentation biofilms  

 

It was observed that 0.2% and 0.5% (w/v) OPA were very effective against P. 

aeruginosa grown as 24h sedimentation biofilms, resulting in a 5 log reduction in 

viability within 1 minute in ‘clean’ and ‘dirty’ conditions. The lower concentration of 

0.0182% OPA (w/v) required up to 20 minutes to produce a 5 log reduction without 

organic load, 30 minutes in ‘clean’ conditions and only a 4.51 log reduction observed 

after 60 minutes in ‘dirty’ conditions (Table 3.11).  

In comparison, the fastest 5 log reduction in bacterial numbers using 

M.chelonae and 0.5% OPA, was observed after 10 minutes without organic load. 

When an organic load was present or the concentration of OPA was reduced, the 

activity of OPA was reduced. At the lowest concentration of 0.0182%, in clean and 

dirty conditions, OPA failed to achieve more than 3.64 log reductions after 60 minutes 

(Table 3.12) 

The activity of OPA against M.chelonae Epping was further reduced, in 

comparison to the other two test bacteria, with a 5 log reduction of bacterial numbers 

occurring only after 20 minutes at 0.5% OPA with no organic load. In clean conditions 

at 0.5% OPA, 20 minutes were required for a 5 log reduction, and 30 minutes for 0.2% 

OPA without organic load and in clean conditions. Using 0.2 % OPA (w/v) in dirty 

conditions and 0.0182% OPA in clean and dirty conditions and without organic load, a 

5 log reduction in bacterial numbers was not observed even after 60 minutes.  
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Table 3.11 Effect of OPA against P.aeruginosa NCIMB 10421 grown as 

sedimentation biofilms n = 5. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 ≥ 5.36 (0) ≥ 5.51 (0) ≥ 6.71 (0) 

2 ≥ 5.36 (0) ≥ 5.51(0) ≥ 6.71 (0) 

5 ≥ 5.36 (0) ≥ 5.51 (0) ≥ 6.71 (0) 

10 †― ― ― 

0.2 1 ≥ 4.46 (0) ≥ 5.59 (0) 5.95 (0) 

2 ≥ 4.46 (0) ≥ 5.59 (0) 5.95 (0) 

5 ≥ 4.46 (0) ≥ 5.59 (0) 5.95(0)  

10 ― ― ― 

20 ―   

0.0182 1 1.14 (1.08) 0.99 (1.35) 0.32 (0.47) 

2 2.07 (1.32) 1.31 (1.25) 0.49 (0.43) 

5 2.67 (1.17) 1.65 ( 0.98) 1.31 (0.97) 

10 3.81 (1.71) 2.94 (2.17) 1.58 (0.97) 

20 5.47 (1.14) 4.67 (2.24) 2.21 (0.82) 

30 5.47 (1.14) 5.82 (0.91) 3.79 (1.11) 

60 ― 5.82 (0.91) 4.51 (0.55) 

 

* �O�E: no bovine albumin; CLEA�: 0.3. g/L bovine albumin and DIRTY: 3 

g/L bovine albumin, †―, �ot done 
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Table 3.12 Effect of OPA against M.chelonae �CIMB 1474 grown as 

sedimentation biofilms n = 5. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 1.11 (0.71)  0.43 (0.42)  0.32(0.38) 

2 1.58 (2.81)  1.16 1.01)  1.10 (0.8) 

5  4.28 (1.54)  2.53 (1.25)  1.31(0.82) 

10  5.63 (0.64)  3.61 (0.73)  1.78(0.85) 

20 †―  4.58 (0.72)  2.1(0.92) 

30 ― ― 2.37 (0.9) 

60 ― ― 3.06 (1.13) 

0.2 1 0.003 (0.1) 0.53 (0.62) 0.12 (0.506) 

2 0.36 (0.44) 0.95 (1.01) 0.13 (0.72) 

5 1.36(0.31)  2.1 (1.26) 1.4(138)  

10 1.98(0.25) 3.31 (2.30) 2.62 (1.74) 

20 2.94 (1.14)  3.71 (2.05) 4.41 (2.65) 

30 ≥5.32 (0.50) ≥ 5.59 (0.45) 3.99 (2.81) 

60  ― 6.58 (3.49) 

0.0182 1 0.05(0.46) 0.46 (0.35) 0.26 (0.15) 

2 0.66(0.79) 1.07 (0.6) 0.60 (0.43) 

5 1.22 (0.90) 1.49 ( 0.52) 0.90 (0.71) 

10 1.96 (0.87) 2.07 (0.68) 1.23 (0.74) 

20 3.04(0.69) 2.49(0.75) 1.52 (0.75) 

30 3.64 (0.72) 3.16(0.81) 2.49 (0.65) 

60 5.02 (1.31) 3.64(0.86) 2.91 (0.90) 

 

* �O�E: no bovine albumin; CLEA�: 0.3. g/L bovine albumin and DIRTY: 3 

g/L bovine albumin, †―, �ot done. 
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Table 3.13 Effect of OPA against M.chelonae Epping grown as sedimentation 

biofilms. n = 5. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1  0.54 (0.50)  0.50 (0.51)  0.45 (0.4) 

2 1.72 (0.98)  1.39(0.54) 0.99 (0.93) 

5 3.17 (1.32)  1.78 (0.50) 1.24 (1.01) 

10 4.49 (0.83) 3.32 (0.64) 1.78 (0.93) 

20 5.66 (0.04) 5.82 (0.65) 2.26 (1.18) 

30 †― 6.13 (0.46) 1.96 (1.03) 

60 ― ― 3.17 (0.64) 

0.2 1 0.28 (0.44)  0.68 (0.56) 0.17 (0.43) 

2 0.84 (0.75)  1.55 (0.81) 0.51 (0.52) 

5 1.27 (0.85)  1.98 (0.86) 0.88(0.48)  

10 2.20 (0.30) 3.45 (1.18) 0.92 (0.41) 

20 3.07 (1.39) 4.78 (0.87) 1.16 (0.38) 

30 5.14 (0.8) 6.02 (0.64) 1.58 (0.37) 

60 ― ― 2.69 (0.67) 

0.0182 1 0.33 (0.52) 0.206 (0.09) 0.27 (0.22) 

2 0.52 (0.20) 0.50 (0.27) 0.44 (0.28) 

5 0.94 (0.23) 0.70 ( 0.36) 0.71 (0.24) 

10 1.29 (0.24) 0.79 (0.32) 1.25 (0.26) 

20 1.62 (0.49) 1.20 (0.33) 1.73 (0.64) 

30 1.93 (0.41) 1.74 (0.50) 1.96 (0.73) 

60 2.41 (0.55) 2.21 (0.91) 1.68 (0.55) 

* �O�E: no bovine albumin; CLEA�: 0.3. g/L bovine albumin and DIRTY: 3 

g/L bovine albumin, †―, �ot done. 
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3.4 Discussion  

 

In this study, the efficacy of OPA was tested against planktonic, dried and 

sedimentation biofilm bacteria using three different microorganisms. When evaluated 

with the standard suspension and carrier test, OPA showed a high bactericidal and 

mycobactericidal activity at high concentrations (i.e. ≥0.2 % w/v). The European 

standard suspension and carrier tests require that a biocide must produce a 5 log 

reduction in bacterial numbers within 5 minutes, to be classed as a high-level 

disinfectant. This investigation confirmed and extended our knowledge from recent 

studies (Fraud et al. 2001; Walsh et al. 1999a; 2001) that showed that 0.5% OPA (w/v) 

is an effective high-level disinfectant against M. chelonae, M. chelonae (Epping) and 

P. aeruginosa in suspension and carrier tests. At these concentrations, the presence of 

high organic load, in the form of bovine albumin, had little effect on the aldehyde 

efficacy.  At the lowest concentration (0.0182 % w/v) however, bovine albumin had a 

profound quenching effect on the activity of the aldehyde. This was particularly 

noticeable with the two mycobacterial strains for which less than a 3 log reduction in 

bacterial number was achieved within 60 minutes.  In essence these results justify the 

use of organic load when the efficacy of a surface disinfectant is investigated. The 

drop in activity of low concentrations of the aldehyde in the presence of bovine 

albumin is not unexpected since, by nature, the aldehyde is a cross-linking agent 

(Simons et al. 2000) and as such its activity should be quenched by a high-level of 

proteins.  

The effect of OPA against P.aeruginosa grown as sedimentation biofilms was 

increased in comparison to the mycobacterial strains. However, overall, the activity of 

OPA against the sedimentation biofilms was found to be less effective, in contrast with 
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the suspension and carrier tests, which would be expected as a result of the increased 

resistance to biocides associated with bacterial biofilm.  

The sedimentation biofilm results showed some high standard deviations. This 

could be explained, in part, by the nature of the methodology used to produce the 

biofilms. The method involves the transfer of the biofilms between vessels, which may 

result in the dislodging of some of the biofilm and therefore differences in the bacterial 

number within the biofilm is likely to occur. The standardisation of the bacterial 

inoculum is also likely to be uncontrolled as the formation of the biofilm required 

random attachment of cells to the polypropylene surface. These factors are likely to 

alter the reproducibility of the results, for example, the cfu/mL counted between 

experiments, and may therefore be partly responsible for the variability. The 

standardisation of bacterial innoculum within an efficacy testing protocol is of 

paramount importance to provide a clear indication of the efficacy of a biocide.  

The results showed that OPA had varying effects on the different test micro-

organisms. This could be the result of a number of factors.  P. aeruginosa is usually a 

resilient vegetative Gram-negative bacterium, although it is overall more sensitive than 

the mycobacteria (McDonnell and Russell. 1999; Maillard et al. 2002).  The resistance 

of mycobacteria to biocides has been reported to be somewhere between bacterial 

spores and non-sporulating non-acid fast bacteria (McDonnell and Russell 1999). The 

intrinsic resistance of mycobacteria to biocides is likely to be the result of high-levels 

of mycolic acid found in the cell wall (Lambert, 2002a). This results in an increased 

impermeability of the mycobacterial cell wall, limiting biocide uptake into the cell 

(Russell, 1996). The P. aeruginosa cell wall lacks the lipid rich layers and notably the 

mycoyl-arabinogalactan component and as a result is more susceptible to biocides than 

mycobacteria. The reason for the reduced mycobactericidal effect of OPA against the 
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GTA-resistant in M. chelonae (Epping) in some occasions, is at present unclear, 

although a combination of a higher hydrophobicity (Manzoor et al. 1999) together 

with a reduced OPA availability might explain partly such observations.  

The marked differences in lethal activity of OPA when tested with the 

suspension, carrier and sedimentation biofilms, and with different concentrations of 

organic load, may be the result of a number of factors. As mentioned above, OPA is a 

cross-linking alkylating agent, although its cross-linkage ability is less than GTA 

resulting in a better penetration within the cell (Fraud et al. 2001; 2003). The available 

concentration of OPA will therefore be reduced to some extent by the proteomic 

organic load resulting in a decrease in activity, particularly noticeable at a low 

concentration of the aldehyde.  By comparison the homogenous planktonic bacteria, in 

the suspension test, are the most readily accessible to biocides, whereas cells dried 

onto carriers might provide an extra challenge for biocide accessibility (Fraud et al. 

2001; Walsh et al. 1999; 2001). Natural biofilms are enclosed within an exopolymer 

matrix that can restrict the diffusion of substances and bind antimicrobials. In some 

cases the exopolymer matrix simply postpones the death of cells rather than providing 

protection from antimicrobials (Anderl et al. 2000). The sedimentation biofilms are 

likely to have built up some of this protective exopolymer matrix, but will not 

represent a mature exopolymer matrix, which would provide further resistance to 

biocide action, as they were only grown for 1 day.  

Generally, the use of biofilms as test inocula should simulate a more in vivo 

reflective situation (Fine et al. 2001; Cappelli et al. 2003). The sedimentation biofilms 

used in this study to test the effect of OPA against bacterial biofilm, did however 

produce large standard deviations, which suggests that there is a need for a more 

reproducible and simple method of testing biocides against bacterial biofilm, 
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especially mature biofilms which represent a further challenge to the efficacy of a 

biocide. 

Effective disinfection of semi-critical surgical instruments, such as endoscopes 

is not reliant on the action of a biocide alone, as prior cleaning is essential for adequate 

disinfection (Sattar et al. 1995; Rutala et al. 1999). This study highlighted that the 

variation in efficacy of OPA between the three methodologies may be the result of 

changes in the bio-availability of OPA together with differences in bacterial 

phenotypes. Artificial dislodgement (prior cleaning) of the biofilms used in this study, 

before disinfection, may allow OPA to penetrate into the deeper layers of the biofilm 

and result in increased effectiveness. Prior cleaning also utilises enzymatic detergents 

which help to digest any organic load present on the used endoscope. Increasing the 

pH of the biocide (Walsh et al. 1999b)
 
and pre-treatment with cell wall synthesis 

inhibitors (Fraud et al. 2001) has also been shown to increase the efficacy of the 

biocide, which could be used in conjunction with prior cleaning.  In conclusion, OPA 

at 0.5% (w/v) is an effective high-level disinfectant against planktonic and dried P. 

aeruginosa and mycobacteria, but its efficacy is reduced against bacterial biofilm. The 

results using the sedimentation biofilms also highlighted the need to develop a simple 

and reproducible method for producing biofilms in the laboratory for the efficacy 

testing of biocides.  

 

 

 

 

 

 



 

 130

Chapter 4 

Development of a sodium alginate biofilm for the testing of 

OPA 

4.1 Introduction   

 

The term ‘high level disinfectant’ is used for those disinfectants that eliminate all 

microorganisms i.e. all mycobacteria, fungi, viruses and bacteria although a small 

number of spores may remain (Rutala and Weber 2004b). The status of a high-level 

disinfectant is currently achieved by using a number of different efficacy testing 

methods, including the quantitative surface carrier test and the quantitative suspension 

test (e.g. CEN 1997; 2001). Using these standard efficacy testing methods a 

disinfectant qualifies as a high level disinfectant if it can reduce bacterial numbers by a 

factor of 5 log reductions within a 5 minute contact time.   

Suspension tests are one of the most simple disinfectant tests and include the 

qualitative suspension test, the test for the determination of the phenol coefficient 

Rideal and Ainslie-Walker 1903) and the quantitative suspension tests. They do not 

require specialised or expensive laboratory equipment, and apart from labour costs are 

cheap to perform. They are also repeatable and reproducible as they are well defined 

and allow the operator to test a wide range of variables such as contact time, 

temperature, micro-organisms and interfering substances such as bovine serum 

albumin or food residues (Holah et al. 1998). There is an intimate contact between the 

disinfectant solution and the bacterial cells and therefore the tests are well 

standardised. 
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 Surface carrier tests are used to mimic the effect of drying on a surface and like 

the suspension test are relatively simple to undertake and are inexpensive (Bloomfield 

et al. 1994). The main shortcoming of the carrier test is that the survival of the 

innoculum on the carrier is not constant and is therefore hard to standardise. Another 

shortcoming of the carrier and suspension tests is the use of bacteria that are 

planktonic or dried, which does not represent the most common mode of growth, the 

bacterial biofilm. Bacterial biofilm has been shown to have an increased resistance to 

disinfection (Allison et al. 2000) and therefore the use of planktonic and dried bacteria 

does not necessarily represent the true in-situ state of bacteria, particularly in the 

clinical setting. A biocide may therefore be given the status of a high-level 

disinfectant, but may be ineffective against biofilm bacteria, which represent the more 

common and resistant mode of growth, potentially representing a reservoir of 

infection.  

To effectively evaluate the efficacy of a biocide, its effect against bacterial 

biofilm is of paramount importance. There are however limitations with growing natural 

bacterial biofilm in the laboratory, as parameters such as bacterial density, bacterial 

distribution (Abrahamson et al. 1996), composition of the exopolysaccharide layer and 

biofilm thickness can vary from experiment to experiment, meaning that the results may 

be difficult to interpret or reproducible results are difficult to obtain (Chuard et al. 

1993). Currently used in-vitro models vary considerably in complexity, from growth on 

solid nutrient media to colonisation of inert surfaces during batch or continuous 

incubation periods. A few examples of the numerous biofilm production techniques 

which are in common use are shown in Table 4.1.  
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Table 4.1  Biofilm production techniques.  

Protocol  Brief description 

The modified Robbins 

device (Johnston & Jones 

1995) 

The MRD allows for the growth of different biofilms 

simultaneously in different growth media, with the action 

of shear force. The resultant biofilms are thought to be 

consistent and can be tested and evaluated in situ. The 

method is expensive and requires specialised equipment. 

Microtitre plate method 

(Christensen et al. 1985) 

The microtitre plate method grows biofilms on the bottom 

of microtitre plates and evaluates the numbers using 

optical destiny measurements. Requires long growth 

periods 

Sedimentation biofilms Described in section 3 

MBEC TM assay system 

(Bardouniots et al.2001)  

This system consists of a 96-peg plate and a ridged trough 

into which a standardised inoculum is added. The device is 

then placed on a rocking platform where a shear force is 

created against the pegs, forming 96 equivalent biofilms; 

requires specialised equipment and long growth periods. 

Erlenmeyer chemostat 

(Whiteley et al. 1997) 

An inexpensive chemostat using an Erlenmeyer flask with 

custom-blown ports for aeration and waste/removal/direct 

sampling. A third port is attached that allows the micro-

organisms in the flask to be circulated through a modified 

robbins device and returned via the mouth of the flask; this 

method requires specialised equipment. 

Alginate gel beads 

(Smidsrod and Skjak-

Braek 1990; Elasri and 

Miller 1999) 

Sodium alginate beads are formed by dropping into a 

calcium chloride solution or strontium chloride solution; 

this method does not represent biofilm attached to surfaces 

Glass wool (Seyer et al. 

2005) 

Glass wool is inoculated and incubated under agitation for 

48 hours; this method does not use biofilm attached to 

surfaces.  

Cell culture inserts  A bacterial suspension is placed onto cell culture inserts, 
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(Shigetea et al. 1997)  placed into 6 well plates and incubated for 5 days; a 

method more suitable for measuring permeation of 

antibiotics through biofilms 

Stainless steel slides hung 

within a well stirred 

reactor containing a batch 

bacterial culture (Pereira 

and Vieira 2001)  

Requires specialist machinery. 

Flow chambers (Moller et 

al. 1998)  

Biofilms are grown in continuous-culture flow cells at 

room temperature using peristaltic pumps; this method 

requires specialist equipment  

Biofilm Tubular reactor 

(Horn and Morgenroth 

2006)  

A tubular reactor with several segments, a mixing tank and 

a gear pump for re-circulation is step up; This method 

requires regular cleaning to prevent build up of biofilm 

outside of the tank and pump and requires specialist 

equipment.  

Flow through dialysis 

apparatus (Hoyle et al. 

1992) 

Biofilm is grown on cellulose dialysis membrane within a 

dialysis cell; requires specialised equipment.  

Fixed bed recyle reactors 

(Huang and Pinder 1994) 

Biofilm is grown for 70 days in anaerobic conditions; 

requires specialist equipment and long incubation timers.  

Incubation with Teflon 

(Ishida et al.1998) 

Bacteria are incubated with Teflon sheets for 6 days and 

then recovered; this method requires long incubation 

period.  

Flat-plate, open channel 

reactor (Jackson et al. 

2001) 

Biofilms are grown on glass slides on the bottom of the 

reactor, with channels for air and waste lines; This method 

requires a 4 day incubation and only 3 biofilms can be 

produced in one cycle  

Agar- entrapped bacteria 

(Jouenne et al. 1994) 

Cells are entrapped in agar gel layers and incubated; this 

method does not use biofilm attached to surfaces  

Poloxamer gels (Gilbert et 

al. 1998) 

Poloxamer cells are produced with entrapped bacteria; the 

gels are not robust. 
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Many of these techniques require the use of specialised and expensive equipment or 

alternatively do not produce biofilms grown on surfaces.  

Bacteria entrapped in hydrogels (including sodium alginate) have been used in 

a number of studies to represent artificial biofilms to test the efficacy of biocides and 

other antimicrobial agents (Smidsroid and Skjak-Braek 1990; Gilbert et al. 1998; 

Stewart et al. 1998), in the form of flat agar layers (Jouenne et al. 1994; Tresse et al. 

1995; Perrot et al. 1998), bacteria encapsulated within alginate beads (Basan 1986; 

Stewart et al. 1998; Idris and Suzana 2006) and overlaying bacteria on glass slides 

with alginate (Abrahamson et al. 1996). Sodium alginate has been shown to be a 

hydrogel which is a useful tool to form artificial biofilms. 

Sodium alginate is the sodium salt of alginic acid and is a polyelectrolyte. It is 

a copolymer consisting of β-D-mannuronate (M) and C-5 epimer α-L-guluronate (G). 

Alginate is one of the few polysaccharides that can be obtained from both eukaryotes 

and prokaryotes. It is a structural polymer in numerous species of brown seaweed, 

particularly members of the genera Ascophyllum, Ecklonia, Fusarium, Laminaria and 

Macro-cystis. Alginates make up between 14 and 40% of the dry weight of these 

marine plants (Lee et al. 1996). Many different species of bacteria produce alginate-

like exopolysaccharides including P.aeruginosa. The most conspicuous difference 

between bacterial and seaweed alginates is that the bacterial polymer is randomly 

organized and the mannuronic acid residues are acetylated (Davidson et al. 1977). In 

the biofilm mode of growth, bacteria often produce a set of polymeric substances or 

exopolysaccharides, with polysaccharides being one of the major components of the 

EPS. The EPS can be involved in the initial stages of attachment such as surface 

colonisation, or are produced later during the formation of micro-colonies (Tielen et 

al. 2005) and the maturation of biofilms (Davey and O’Toole 2000). The EPS is 
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thought to have some effect on the diffusion of biocides through the biofilm, acting as 

a diffusion barrier to antimicrobial agents. Diffusion through a biofilm may be affected 

by (i) charge (ionic) interactions between the EPS and the biocide (ii) an increase in 

the distance that the agent must diffuse (iii) by molecular sieving (size exclusion) and 

(iv) the viscosity of the EPS (Cloete 2003). Other suggestions are that the thick EPS 

must be saturated with an antimicrobial agent before bacteria can be killed. Therefore 

the EPS matrix contributes to the resistance of biofilm bacteria to antimicrobial agents, 

as a result of binding the cells to each other and the EPS and therefore increases the 

time required to suspend cells in the antimicrobial agent to contact cells that remain 

attached in the deepest part of the biofilm (Anderson 1989).  

The production of artificial biofilms grown using alginate or agar, which 

represents the EPS, usually have defined parameters and serve as a useful tool in 

which to produce biofilms under controlled and reproducible conditions (Abrahamson 

et al. 1996). Artificial biofilms may also be less time consuming than conventionally 

used production of natural biofilms. The methods described above do not incorporate 

the effect of biofilm on medical surfaces such as endoscopes. The need to determine 

the effect of biocide against biofilms growing on medical surfaces, particularly 

endoscopes, shows, that a different method which not only incorporates the quick, 

simple and reproducible aspects of the artificial biofilms described above, but which is 

robust and can be used to evaluate biocide efficiency on medical surfaces would be a 

useful tool. 

 In the present study, a novel in vitro biofilm system was developed and tested 

using sodium alginate as the biofilm matrix. The effect of OPA against the model 

biofilms was extensively tested to determine the usefulness of the alginate model for 

the efficacy testing of biocides. The effect of organic load, alginate concentration and 
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depth of alginate on the penetration of OPA into the alginate biofilms was also 

investigated.  

 

4. 2 The effect of sodium alginate concentrations on the diffusion of 

OPA  

 

4.2.1 Materials and Methods 

 

4.2.2 Chemicals and biocides  

 

Solutions of 5 mg/mL, 2 mg/mL and 0.182 mg/mL OPA (w/v), (Cidex, Advanced 

Sterilisation products, Irvine, California) were freshly prepared for each experiment in 

deionised water. Sodium alginate solutions (2, 3, 4, and 5% w/v) were also prepared 

freshly for each experiment in deionised water (BDH chemicals LTD, Poole, 

England). 

 

4.2.3 Test methodology 

 

Different concentrations of sodium alginate solutions were made up as described in 

section 4.15 and allowed to cool using ice for approximately 20 minutes. Then two mL 

aliquots of sodium alginate solution (to provide a thickness of 2.5mm) at the required 

concentration, were added to cell culture inserts (Millicell, UK), with a pore size of 

0.45 µm, and left for a one hour residence time in solutions of 2% (w/v) calcium 

chloride (BDH chemicals, Poole, UK). Cell inserts were then removed and placed into 

six well plates (Costar, USA). Deionised water (three mL) was added outside the cell 
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insert (reservoir) and two mL of OPA at the required concentration was added into the 

cell insert. The well plates were placed on top of an SO1 orbital shaker (Stuart 

Scientific, UK) at 200 rpm to ensure an even mix of the diffused OPA (Figure. 4.1). 

A one mL sample from the reservoir was taken after 1, 2, 5, 10, 20, 30, and 60 minutes 

and placed into 1.5 mL eppendorf tubes (Fisher Scientific, UK). A one mL aliquot of 

deionised water was then replaced into the reservoir to maintain a constant volume.  

Absorbance readings were taken using a Perkin Elmer Lambda 12, UV 

spectrophotometer. The results were corrected to account for the reduction in 

concentration on addition of the one mL deionised water.    

    

Figure 4.1 Diffusion apparatus 

 

 

 

4.2.4 UV spectrophotometry 

 

A calibration curve was produced by using results from three repeats using eight 

different concentrations of OPA ranging from 0.02 % (w/v) to 0.0025 % (w/v). One 

mL samples were then tested for their absorbance and a calibration curve was 
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produced at 258nm (Figure. 4.2). Assays of the samples for the diffusion studies were 

produced in a similar method with five repeats for each experiment.  

 

Figure 4.2 OPA calibration curve 
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4.2.5 Controls 

 

Before testing the effect of different concentrations of alginate on the diffusion of 

OPA, several controls were carried out.  

The first was to determine if the membrane of the cell culture insert had any effect on 

the diffusion rate of OPA. This was carried out as described above except OPA (2 

mg/mL) was added directly to the cell culture insert in the six well plate without the 

addition of alginate .  
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Figure 4.3 Diffusion of OPA through the membrane filter without alginate 

(control)  
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The second control was carried out to determine if the removal and replacing of 

samples from the well plate had an effect on the diffusion gradient, as a result of 

diluting the reservoir. Five repeats were performed with a six well plate set up as 

described in section 4.1.3, using 2 mg/mL OPA and 3 % alginate. In the first instance, 

plates were left for 60 min without any other samples being removed from the same 

well and OPA concentration calculated. Secondly the OPA concentration was 

calculated after 60 min from plates for which samples were taken (including repeated 

removal) and replaced with deionised water (Table 4.1).  
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Table 4.2 Effect of multiple sample removal and deionised water replacement and 

OPA concentration measured after 60 min 

 

Time (min) Mean* OPA (mg/mL ) 

Control 

Mean* OPA (mg/mL) 

multiple samples  

60 0.036  ± 0.019 0.047 ± 0.023 

* mean of 5 samples taken. 

 

 

4.2.6 Statistical analysis 

 

One-way ANOVAs were used to determine the p<values and therefore statistical 

differences between the results. 

 

4.3 Results 

 

It was observed that the cell culture membrane had little or no effect on the percentage 

recovery of OPA and therefore the method was deemed appropriate (Figure 4.3). It 

was also determined that the diluting of the reservoir had a negligible effect on the 

diffusion gradient (p< 0.078) (Table 4.1) 

Figures 4.7 – 4.9 show the amount of OPA that was recovered through the 

sodium alginate matrix after the different time points (1, 2, 5, 10, 20, 30 and 60 

minutes), using three different starting amounts of OPA and four different 

concentrations of sodium alginate. Table 4.2 shows a summary of the amount of OPA 

(mg/mL) which was recovered through the alginate after 20, 30 and 60 minutes for all 

concentrations of alginate and OPA. The concentration of sodium alginate was not 

shown to have a significant affect on the diffusion of 5% mg/mL OPA, after the full 60 
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minute diffusion period. p = 0.397, 0.911 and 0.16  when comparing 2 and 5 %, 5 and 

4% and 5 and 3 % alginate respectively.   

At 2mg/mL after 60 minutes, no significant difference in recovery was 

calculated for the different alginate concentrations, p = 0.76, 0.74 and 0.48 for 5-4%, 

5-3% and 5-2 %. At 0.0182% OPA (w/v) p = 0.27, 0.58 and 0.03 for 5-2%, 5-4% and 

5-3% respectively. However as expected the higher the starting amount of OPA the 

higher the final recovery of OPA (Table 4.2).   
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Figure 4.4 Amount of OPA recovered through 2% alginate. OPA amounts: A) 5 

mg/mL, B) 2mg/mL and C) 0.182 mg/mL 
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Figure 4.5 Amount of OPA recovered through 3% alginate. OPA amounts: A) 5 

mg/mL, B) 2mg/mL and C) 0.182 mg/mL 
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Figure 4.6 Amount of OPA recovered through 4% alginate. OPA amounts: A) 5 

mg/mL, B) 2mg/mL and C) 0.182 mg/mL 
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Figure 4.7 Amount of OPA recovered through 5% alginate. OPA amounts: A) 5 

mg/mL, B) 2mg/mL and C) 0.182 mg/mL 
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Table 4.3 Average amount of OPA that diffused through the sodium alginate 

matrix after 20, 30 and 60 minutes. 

 

Concentration 

of alginate 

(%) 

Starting amount of 

OPA (mg/mL) 

Amount (mg)  

OPA 

recovered 

after 20 min 

Amount (mg) 

OPA 

recovered 

after 30 min 

Amount (mg)  

OPA  

recovered  

after 60 min 

2 5 0.06 ±0.04 0.14 ± 0.12 0.52 ± 0.47 

2 0.18 ± 0.25 0.19 ± 0.13 0.32 ± 0.19 

0.182 0.126 ± 0.13 0.127 ± 0.07 0.128 ± 0.10 

3 5 0.16 ± 0.09 0.18 ± 0.05 0.39 ± 0.12 

2 0.07 ± 0.02 0.136 ± 0.13 0.265 ± 0.09 

0.182 0.06 ± 0.01 0.067 ± 0.01 0.08 ±0.01 

4 5 0.03 ± 0.01 0.114 ± 0.10 0.25 ± 0.17 

2 0.067± 0.04 0.078 ± 0.05 0.23 ± 0.130 

0.182 0.02 ± 0.007 0.039 ± 0.006 0.046 ± 0.01 

5 5 0.054 ± 0.04 0.08 ± 0.017 0.24 ±0.09 

2 0.14 ± 0.0520 0.152 ± 0.04 0.206 ± 0.080 

0.182 0.03 ± 0.007 0.039 ± 0.08 0.0528 ± 0.010 

 

 

4.4 Discussion 

 

The concentration of sodium alginate was found to have an insignificant effect on the 

diffusion of OPA through the alginate matrix, however overall there was little 

diffusion. This factor would suggest that the presence of alginate hinders the 
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penetration of OPA through the matrix. As a result the alginate matrix (when used as a 

model biofilm) is likely to have an impact on the antimicrobial effect of OPA in a 

similar way to the EPS of a natural biofilm. There were a few inconsistencies with the 

results, for example at an alginate concentration of 5 % using a starting concentration 

of 2mg/mL OPA, after 30 minutes, 0.152 mg/mL OPA was recovered, however using 

the same experimental variables with a starting concentration of 5 mg/mL OPA, only 

0.08 mg/mL OPA was  recovered. It would be expected that an increase in starting 

concentration of OPA would increase the recovery of OPA through the matrix, 

however the differences in recovery were small and could be explained by 

experimental error.   

The effect of a 1 % increase in alginate concentration on the recovery of OPA 

was also in some cases inconsistent; for example using a concentration of 4% alginate, 

2mg/mL OPA after 20 minutes 0.067mg/mL OPA was recovered however using the 

same variables with 5 % alginate 0.1 mg/mL of OPA was recovered. This 

inconsistency may be the result of a negligible effect of the alginate on the diffusion of 

OPA, when the increase of alginate concentration was small, for example between 4 

and 5%. Increasing the concentration of alginate did not have a significant effect on 

the recovery of OPA, it may therefore require a much larger increase in alginate 

concentration for an effect to be observed.  
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4.5 Effect of organic load on the diffusion of OPA  

 

The following experiments were undertaken to determine if the reduced efficacy of 

OPA in the presence of bovine albumin (Section 3.3) against P. aeruginosa, M. 

chelonae and, M. chelonae Epping could be attributed to a quenching effect from the 

organic load.  

 

4.6 Materials and Methods 

 

4.6.1 Biocide 

 

Solutions of 5 mg/mL, 2 mg/mL and 0.182 mg/mL OPA (Cidex, Advanced 

Sterilisation products, Irvine, California) were freshly prepared for each experiment in 

sterile deionised water. 

 

4.6.2 Organic load 

 

Bovine albumin (Oxoid Ltd., Basingstoke, UK) was added to the biocide solutions in 

order to determine whether the presence of organic material would affect the diffusion 

of OPA. Three g/L was added for ‘dirty’ conditions and 0.3 g/L was added for ‘clean’ 

conditions. In addition, for all methodologies investigated, the diffusion of OPA was 

investigated with no bovine albumin. 
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4.6.3 Treatment of glassware 

 

All glassware and dialysis clips, were soaked overnight (between uses) using Decon 

made up to 5% in deionised water. The glassware was then rinsed seven times with 

deionised water and then soaked in 5 % HCL (BDH chemicals, Poole, UK) for up to 

four hours. Finally, the glassware was given 5 final rinses with deionised water and 

left to air dry.  

 

4.6.4 Preparation of chemicals and dialysis tubing 

 

Five mL aliquots of OPA at the required concentration, with or without organic load, 

were transferred into previously prepared Spectra/Por Biotech RC dialysis membrane 

tubing (Fisher Scientific UK) with a molecular cut off of 3500 Da. This molecular cut 

off would allow the OPA to diffuse through the membrane, leaving the bovine albumin 

with a higher molecular weight retained in the dialysis tubing.  The dialysis tubing was 

then placed into beakers containing 50 mL of deionised water (reservoir), stirred at 

300 rpm using an SO1 orbital shaker  (Stuart Scientific, UK) and left for a specific 

contact time (1, 2, 5, 10, 20, 30 and 60 min). After the specific contact time one mL 

samples were taken from the reservoir and placed into eppendorf tubes (Fisher 

Scientific UK). One mL aliquots of deionised water were then replaced into the 

reservoir to maintain a constant volume.  
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4.6.5 UV spectrophotometry 

 

The one mL samples taken at the specific time points were assayed using the 

previously described UV spectrophotometer and calibration curve (Section 4.2.4 and 

Figure 4.2). 

 

4.7 Controls 

 

Before testing the effect of organic load on the diffusion of OPA a number of controls  

were carried out. Previous experiments showed that the presence of bovine albumin 

was  

detectable at 258nm. As a result, if any organic load was to leak through into the 

reservoir it would be detected at the wavelength used in the UV analysis protocol 

described above. Bovine albumin solutions of 0.3 g/L and 3 g/L made up in deionised 

water were added to previously prepared dialysis tubing and assayed using the UV 

protocol described in section 4.2.4. Five repeats were undertaken and no protein was 

detected.  

To determine if the cleaning protocol (described above) had removed all OPA 

residues, 50 mL of deionised water was added to the beakers, placed onto the orbital 

shaker for at least 30 minutes and then the remaining solution assayed using the UV 

spectrophotometer. It was determined that there was no detectable contamination of 

the glassware after five repeats.  
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4.8 Results 

 

It was observed that the passage of OPA through the dialysis membrane was reduced 

in the presence of BSA (Figures 4.8 - 4.10), especially when a high concentration (i.e. 

3g/L) was used (Table 4.3).  

A reduction in the amount of OPA recovered was particularly noticeable using 

2 mg/ml OPA (w/v) (p=2.54 x 10
-4

). The difference in recovery of OPA was also 

significant (p=1.73 x 10
-7

) between the different starting concentrations of OPA, with 

the highest percentage recovery rate observed using 2 mg/mL OPA with (0.3 g/mL) 

and without an organic load.  

The diffusion of OPA through the dialysis membrane over time according to 

the concentration of OPA and BSA is presented in Figures 4.8 - 4.10. It was clear that 

the diffusion of OPA through the dialysis membrane was severely impaired by BSA, 

particularly when 3g/L of BSA were used (p= 9.87 x 10 
-6

) and the concentration of the 

di-aldehyde was high (above 2 mg/mL). 
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Figure 4.8 Recovery of 5mg/mL OPA through a dialysis membrane; with BSA 

concentration A) 0% control, B) 0.3g/L and C) 3g/L. 

 

 
 

 
 

 

C) 

A) 

B) 
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Figure 4.9 Recovery of 2mg/mL OPA through a dialysis membrane; with BSA 

concentration A) 0% control, B) 0.3g/L and C) 3g/L. 

 

 
 

 

A) 

B) 

C) 
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Figure 4.10 Recovery of 0.182 mg/mL OPA through a dialysis membrane; with 

BSA concentration A) 0% control, B) 0.3g/L and C) 3g/L. 

 

 

 

 

A) 

C) 
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Table 4.4 Summary of the percentage of OPA recovered after diffusion through 

the dialysis membrane for 60 min. 

 

Concentration of  

OPA (mg/ml) 

Concentration of BSA 

(g/L) 

Percentage OPA amount 

recovered after 

60 minutes 

0.182 0 8.32 ± 0.025 

0.3 5.0 ± 0.005 

3 3.6 ± 0.015 

2 0 16.5 ± 0.01 

0.3 6.1 ± 0.009 

3 7.95± 0.006 

5 0 5.27 ± 0.003 

0.3 2.47± 0.0010 

3 1.59 ± 0.040 
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  4.9 Discussion  

 

The addition of an organic load was shown to have a profound effect on the amount of 

OPA diffusing through the dialysis tubing. This was particularly pronounced with the 

addition of 3 g/L of BSA (p< 9.87 x 10 
-6

). These reductions in the percentage recovery 

of OPA suggest that the binding of OPA to the protein load reduced its ability to 

diffuse. This interaction of OPA with the organic load would not be unexpected since 

by nature the aldehyde is a cross-linking agent (Simons et al. 2000). Such interaction of 

the di-aldehyde with the organic load is likely to reduce the efficacy of OPA against 

biofilm bacteria, especially if surfaces are not pre-cleaned before high-level disinfection 

occurs.  

 

4.10 The effect of alginate depth on the diffusion of OPA  

 

The following experiments were undertaken to determine if the thickness of the alginate 

biofilm would have any effect on the diffusion of OPA.  

 

4.11 Materials and methods 

 

4.11.1 Chemicals and Biocides  

 

Solutions of 5 mg/mL, 2 mg/mL and 0.182 mg/mL OPA (w/v), (Cidex, Advanced 

Sterilisation products, Irvine, California) were freshly prepared for each experiment in 

deionised water. Sodium alginate solutions (3 % w/v) were also prepared freshly for 

each experiment in deionised water (BDH chemicals LTD, Poole, England) and the 

volumes required to produce films of 1, 1.2, 1.4, 1.6, 1.8 and 2 mm thickness were 

determined.  
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 4.11.2 Experimental method 

 

Solutions of 3 % (w/v) sodium alginate were made up as described previously and 

allowed to cool using ice for approximately 20 minutes. Then the required aliquots of 

sodium alginate solution, were added to cell culture inserts (Millicell, UK), with a pore 

size of 0.45 µm, to provide thicknesses of 1, 1.2, 1.4, 1.6, 1.8 and 2 mm. The films 

were then left for a one hour residence time in solutions of 2% (w/v) calcium chloride 

(BDH chemicals, Poole, UK). Cell inserts were then removed and placed into six well 

plates (Costar, USA). Deionised water (three mL) was added outside the cell insert 

(reservoir) and two mL of OPA at the required concentration was added into the cell 

insert. The well plates were placed on top of an SO1 orbital shaker (Stuart Scientific, 

UK) at 200 rpm to ensure an even mix of the diffused OPA. 

A one mL sample from the reservoir was taken after 1, 2, 5, 10, 20, 30, and 60 minutes 

and placed into 1.5 mL eppendorf tubes (Fisher Scientific, UK). A one mL aliquot of 

deionised water was then replaced into the reservoir to maintain a constant volume and 

absorbance readings taken using a Perkin Elmer Lambda 12, UV spectrophotometer. 

The results were corrected to account for the reduction in concentration on addition of 

the one mL deionised water.    

 

4.12 Results 

 

Figures 4.11 - 4.19 show the amount of OPA recovered through the sodium alginate 

matrix at the different time points (1, 2, 5, 10, 20, 30, and 60 minutes), using three 

different amounts of OPA and 6 different depths of sodium alginate (1, 1.2, 1.4, 1.6, 1.8 

and 2 mm).  

The difference between the recovery of 5mg/mL OPA (w/v), between 1mm and 

2mm after 60 minutes was shown to be significantly different (p=0.00356) (Table 4.4). 
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The difference in recovery of 2mg/mL OPA (w/v) was also shown to be significantly 

different between 1mm and 2mm depth (p = 0.0013) The difference in recovery of OPA 

after 60 minutes using 0.182mg/mL OPA was not found to be significant (p=0.18)  

Variation in the results, however were evident, for example at a starting 

concentration of 2mg/mL OPA, after 60 minutes, and alginate at a depth of 1mm, 

97.16% had been recovered, 31.5 % OPA had been recovered at a depth of 1.6mm and 

60.4 % recovered using 2mm alginate.  

The recovery of OPA through the alginate matrix was observed not to be linear 

and an increase in recovery rate can be observed between 30 and 60 minutes.  
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Figure  4.11 Amount of OPA recovered through 1mm thick 3% alginate. OPA 

amounts: A) 5mg/mL B) 2mg/mL and C) 0.182 mg/mL 
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 Figure 4.12  Amount of OPA recovered through 1.2mm thick 3% alginate. OPA 

amounts : A) 5mg/mL, B) 2mg/mL and C) 0.182 mg/mL 
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Figure 4.13 Amount of OPA recovered through 1.4mm thick 3% sodium alginate. 

OPA amounts: A) 5mg/mL B) 2mg/mL and C) 0.182 mg/mL 
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Figure 4.14 Amount of OPA recovered through 1.6mm thick 3% alginate. OPA 

amounts: A) 5mg/mL, B) 2mg/mL and C) 0.182 mg/mL  
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Figure 4.15 Recovery of OPA through 1.8mm thick 2% sodium alginate. OPA 

amounts : A) 5mg/mL, B) 2mg/mL and C) 0.182 mg/mL 
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Figure  4.16 Recovery of OPA through 2mm thick 3% alginate. OPA amounts: A) 

5mg/mL, B) 2mg/mL and C) 0.182 mg/mL   
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Table 4.5 Average percentage recovery of OPA through the sodium alginate matrix 

after 20, 30 and 60 minutes. 

 

Depth of 

alginate (mm) 

Starting 

amount of OPA 

(mg/mL) 

% OPA 

recovered after 

20 min 

% OPA 

Recovered 

after 30 min 

% OPA 

recovered after 

60 minutes 

1 5 7.47 ± 0.17   19.4 ± 0.74   69.4 ± 0.87  

2 9.12 ± 0.10  28.21 ± 0.15  97.16 ± 0.72 

0.182 21.97 ± 0.05 32.96 ± 0.06 79.67 ± 0.13 

1.2 5 33.4 ± 0.28 43.2 ± 0.32 64.4 ± 0.69 

2 1.92 ± 0.28 37.5 ± 0.32 89.8  ± 0.69 

0.182 61.1 ± 0.08 65.9 ± 0.13 98.3 ± 0.18 

1.4 5 8.26 ± 0.24 14.6 ± 0.18 40.6 ± 0.25 

2 22.56 ± 0.07 33.5 ± 0.04 54.5 ± 0.38  

0.182 71.4 ± 0.03 76.9 ± 0.03 87.7 ± 0.06 

1.6 5 7.61±0.22 25.4±0.47 54.4 ± 0.84 

2 7.58 ± 0.04 15.3 ± 0.13 31.5 ± 0.14 

0.182 43.94 ± 0.02 71.47 ±0.14 82.4 ±0.09 

1.8 5 5.083 ± 0.14 14.4 ± 0.18 45.2 ± 0.28 

2 4.026 ± 0.04 15.5 ±0.05 44.9 ± 0.23 

0.182 30.76 ± 0.02 65.9 ± 0.11 87.9 ± 0.09 

2 5 18.83 ± 17.8 25.6 ± 1.32 47.6 ± 1.12 

2 9.02 ± 0.06 34.5 ± 0.05 6.04 ± 0.02 

0.182 5.12 ± 0.02 71.4 ± 0.07 76.9 ± 0.05 
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4.12 Discussion 

 

The thickness of the alginate film was shown to have some varying effects on the 

recovery of OPA. The results were, in some cases, inconsistent with the thickness of 

the alginate used, but there was a significant change in the amount of OPA recovered 

particularly between 1mm and 2mm thickness, of alginate using OPA amounts 

5mg/mL and 2mg/mL (p = 0.00356 and p = 0.0013 respectively). It is likely that small 

changes of depth may not have a significant effect on the recovery rate, and therefore 

the inconsistencies could be explained by the technique used not being sensitive 

enough to discern any differences. The depths of alginate chosen were not intended to 

represent the true depth of a biofilm in nature but are consistent with the depth of the 

alginate biofilms used in the sodium alginate efficacy tests. It would appear that 

increasing the thickness of the alginate affected the recovery of OPA. This would be 

expected simply as a result of the time required for the biocide to diffuse into the 

biofilm. Similar studies using different sized alginate bead artificial biofilms, have 

shown that the degree of kill measured depended on the size of the gel bead. The 

increase in bead radius represented a larger area for the diffusion of the biocide into 

the biofilm (Stewart et al. 1998).  

The results obtained suggested that the biggest impact on the recovery of OPA 

through the alginate matrix was the initial amount of OPA used. Although the smaller 

amounts of OPA used (i.e. 0.182 mg/mL) resulted in a higher percentage recovery 

(Table 4.4) the overall amount of OPA recovered was higher using higher initial 

amounts of OPA  i.e. 5 mg/mL OPA (Figures 4.11- 4.16). The efficacy tests described 

previously (Chapter 3) showed that it is was the higher concentrations of OPA that were 

required to produce a 5 log reduction in bacterial numbers, potentially as a result of 
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saturating the EPS with sufficient OPA to eliminate the biofilm cells. Therefore it can 

be hypothesised that it is not the rate at which the biocide enters the biofilm that is 

important for bacterial kill but the amount that enters the biofilm and is retained within 

the EPS. 

 

4.14 Efficacy testing using the sodium alginate film model 

 

4.14.1 Materials and Methods  

 

4.14.1.1 Bacterial strains 

 

Three different organisms were grown as sodium alginate biofilms. P.aeruginosa 

NCIMB 10421, Mycobacterium chelonae NCIMB 1474 and a GTA-resistant washer 

disinfector isolate, Mycobacterium chelonae Epping (obtained from Dr P.A. Griffiths, 

City Hospital NHS Trust, Birmingham, UK).  

 

4.14.1.2 Sodium alginate surface film test 

 

A one mL sample of bacterial suspension, adjusted to approximately 1.5 - 5 x 10
8
 

cfu/mL was added to a cooled 3% (w/v) sodium alginate solution (BDH chemicals 

LTD, Poole, England). The final concentration in the bacteria-alginate mixture was 

approximately 1.5- 5 x 10
6
 cfu/mL. Sterile polypropylene discs were added aseptically 

to specially designed sterile Perspex moulds and 0.4 mL aliquots of alginate-bacteria 

were pippetted onto the surface of the discs. The moulds were lowered into sterile 

beakers containing 100 mL of 2% (w/v) calcium chloride (BDH chemicals, Poole, 
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UK) and left for 5 min. The polypropylene discs were then removed and placed into 90 

mm petri dishes containing 40 mL of 2% calcium chloride solution. After one hour 

residence time the discs were rinsed with five changes of 10 mL sterile distilled water 

to remove unbound organisms. The washed surfaces were then placed into sterile 

beakers containing 30 mL of nutrient broth (Oxoid, Basingstoke, UK) with 0.2% (w/v) 

calcium chloride and incubated for 18-24 hours for P.aeruginosa or four days for the 

mycobacteria. After the incubation time, any remaining unbound organisms were 

removed by rinsing with five changes of 10 mL sterile distilled water. 

Biofilms grown as sodium alginate films were exposed to 20 mL OPA at the 

appropriate concentration, with or without organic load as described above.  After the 

required contact time, the polypropylene discs were aseptically transferred to a 5 cm 

Petri dish containing 20 mL neutraliser. Neutralization was allowed to occur for at 

least 20 minutes. The films were then rinsed in five changes of 10 mL sterile distilled 

water and placed into a 25mL centrifuge tube (Fisher Scientific,Loughborough, UK)  

containing 10 mL of McIlvaine’s buffer (21g/L 0.1 molar citric acid and 35.6g/L of 0.2 

molar disodium phosphate at pH 7.4, Fisher Scientific, Loughborough, UK). The 

centrifuge tube was then vortexed intermittently for approximately 20 minutes. Viable 

counts and Log reduction were determined as described above.     

 

4.14.1.3 Controls 

 

Before testing the bactericidal activity of OPA, using the sodium alginate surface film 

model, neutralization tests were carried out to check the efficacy of the neutralizer, 

0.5% sodium bisulphite (w/v), to quench the activity of the aldehyde and to determine 

its toxicity against the test organisms. The effect of calcium ions on the activity of OPA 

was also investigated.  
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Calcium is known to have some effect on the MICs of certain antimicrobials, 

however its effect is largely unclear. Bacterial membranes are thought to be stabilised 

by divalent ions such as calcium and magnesium (Denyer et al. 1998). In a study using 

dendrimer biocides, high concentrations of calcium ions have been shown to reduce the 

antimicrobial effect from 6 log reductions to only 2 (Chen and Cooper 2002).  The 

activity of gentamicin against P. aeruginosa has also been shown to be reduced in the 

presence of calcium ions (D’Amato et al. 1975). The reason for the decreased activity of 

biocides in the presence of calcium is unclear but it appears that calcium is crucial for 

the proper function of a cell and the structure of its membrane. These ions provide 

stabilisation of phospholipid bilayers by binding with the polar (anionic residues) of the 

lipid head groups (Chen and Cooper 2002). The alginate surface film test uses elevated 

levels of calcium to form the sodium alginate gels and as a result it is likely that there is 

an interaction with the calcium ions and the bacterial membrane, potentially reducing 

the efficacy of OPA. Therefore investigations were undertaken to determine the effect 

of calcium on strain resistance to OPA. 

 

4.14.1.4 �eutraliser toxicity tests 

 

Two alginate films were produced for each test (as described in section 4.14.1.2) The 

first film was added to 20 mL of neutraliser and 0.2 mL of sterile distilled water. The 

second film was dissolved in McIlvaine’s buffer as described previously. Both films 

were left for at least 15 minutes at room temperature. After the required contact time 

the 1
st
 film was dissolved in McIlvaine’s buffer and the films were then plated out onto 

TSA for enumeration of P. aeruginosa or 7H11 for the mycobacteria.  
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4.14.1.5 �eutraliser efficacy tests 

Two alginate films were produced for each test (as described in section 4.14.1.2). The 

first film was added to 20 mL of neutraliser and 0.2 mL of OPA at the required 

concentration. The second film was added to 20 mL of neutraliser and 0.2 mL of 

sterile distilled water. Both films were left for at least 15 minutes at room temperature. 

The films were then rinsed five times using sterile distilled water, dissolved in 

McIlvaine’s buffer and plated out onto TSA for enumeration of P. aeruginosa or 7H11 

for the mycobacteria.  

 

4.14.1.6 The effect of calcium on strain resistance to OPA, Selection of OPA 

and calcium chloride concentrations 

 

OPA was used at a test concentration of 0.0182% (w/v), as previous studies in Chapter 

3 had shown that 0.5 and 0.2% (w/v) would not produce countable log reductions in 

bacterial numbers, which could be used as a comparison with the bacteria treated with 

OPA supplemented with calcium chloride.  Calcium chloride (0.2 and 2 % w/v) were 

chosen as the supplementary concentrations to the solutions of OPA. Neutraliser 

efficacy tests were undertaken to determine the efficacy of the neutraliser 0.5 % 

sodium bisulphite to quench the activity of OPA in the presence of calcium chloride.  

 

4.14.1.7 Test methodology 

 

Suspension tests (as described in section 3.2.2.2) were undertaken with a few 

alterations; two groups of experiments were set up;  

i. one mL samples of washed and resuspended bacteria were added to solutions 

of 0.0182 % OPA.  
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ii  one mL samples of bacteria were added to solutions of 0.0182 % OPA (w/v) 

supplemented with either 0.2% or 2% calcium chloride and left for a specific contact 

time.  

After the specific contact time, a one mL sample was removed and added to nine mL 

of neutraliser. Neutralisation was allowed to occur for 15 minutes and residual 

viability was determined by using a Miles-Misra drop counting method (mycobacteria) 

or the spread plate method (P. aeruginosa), in comparison to suspension tests 

undertaken without the incorporation of calcium chloride.  

 

4.15 Results  

 

4.15.1 �eutraliser efficacy and toxicity tests 

 

Sodium bisulphite (0.5 % w/v) was found to be a satisfactory neutraliser to quench the 

activity of OPA at the different concentrations investigated, with average log 

reductions of 0.54, 0.25 0.26 observed for P.aeruginosa, M.chelonae and M.chelonae 

Epping respectively (Table 4.5).  Sodium bisulphite 0.5% (w/v) also proved to be non-

toxic to the test organisms used in this study as an average of 0.39, 0.28 and 0.36 log 

reductions were observed for P.aeruginosa, M.chelonae and M.chelonae Epping 

respectively (Table 4.6).  



 

 172

Table 4.6 Efficacy testing of 0.5% sodium bisulphite to quench the activity of 

OPA using M.chelonae NCIMB 1474 and M.chelonae (Epping), and P.aeruginosa 

NCIMB 10421, grown as sodium alginate surface films. 

 

Bacterial strain OPA concentration 

(w/v) neutralised by 

0.5%  (w/v) sodium 

bisulphite 

Log reduction ± SD 

P.aeruginosa  0.5 0.71 (0.15) 

0.2 0.11 (0.09) 

0.0182 0.37 (0.29) 

M.chelonae 0.5 0.29 (0.16) 

0.2 0.41 (0.17) 

0.0182 0.14 (0.16) 

M.chelonae (Epping) 0.5 0.32 (0.19) 

0.2 0.54 (0.23) 

0.0182 0.24 (0.21) 
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Table 4.7 Toxicity testing of 0.5% sodium bisulphite against M.chelonae NCIMB 

1474 and M.chelonae (Epping), and P.aeruginosa NCIMB 10421, grown as sodium 

alginate surface films 

 

Bacterial strain Log reduction ± SD 

P.aeruginosa 0.26 (0.11) 

M.chelonae 0.67 (0.39) 

M.chelonae (Epping) 0.51 (0.28) 

 

 

4.15.1.3 The effect of calcium chloride on the resistance of bacterial strains 

to OPA 

 

The addition of CaCl2 was found to have no effect on the resistance of P.aeruginosa, 

M.chelonae and M.chelonae Epping to OPA in suspension tests (Tables 4.7 - 4.9). In 

the presence of 0.2 and 2% (w/v) calcium chloride, 5 log reductions in bacterial 

numbers were still observed.  

 

Table 4.8 The effect of CaCl2 on the activity of OPA against P.aeruginosa 

NCIMB 10421  

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

0 % CaCL2 0.2% CaCL2 2% CaCL2 

0.0182 1 5.13 (0) 5.76 (0) 5.87 (0) 

2 ― 5.76 (0) 5.87 (0) 
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Table 4.9 The effect of CaCl2 on the activity of OPA against M.chelonae NCIMB 

1474 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

0 % CaCL2 0.2% CaCL2 2% CaCL2 

0.0182 1 5.23 (0) 5.67 (0) 5.24 (0) 

2 ― 5.67 (0) 5.24 (0) 

 

 

Table 4.10 The effect of CaCl2 on the activity of OPA against M.chelonae Epping  

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

0 % CaCL2 0.2% CaCL2 2% CaCL2 

0.0182 1 5.51 (0) 5.37 (0) 5.77 (0) 

2 ― 5.37 (0) 5.77 (0) 

 

 

4.15.1.4 Sodium alginate surface film test 

 

The sodium alginate surface film test produced some marked differences in 

inactivation results when compared to the two standard methodologies described in 

Chapter 3. For example the difference between MLR across the three methodologies 

for M.chelonae and M.chelonae (Epping) after a 1 minute contact time with 0.5% OPA 

(w/v), without an organic load were: p = 1.29 x 10
–10

 and p = 1.66 x 10
–24

 respectively. 

For P.aeruginosa, the p values calculated for the differences between suspension and 
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sodium alginate film test, after a 1 minute contact time with 0.5% OPA (w/v) in dirty 

conditions was p = 3.22 10
– 12

. The overall efficacy of OPA in all test conditions and 

with the three test micro-organisms was severely reduced. A concentration of 0.5% 

OPA (w/v) without organic load produced a ≥5 log reduction within one minute 

against P. aeruginosa and within five minutes under ‘clean’ and ‘dirty’ conditions 

(Table 4.10). The bactericidal effect of 0.2% OPA (w/v) was similar but required a 10 

minute contact time to achieve a ≥ 5 log reduction in P. aeruginosa in ‘dirty’ 

conditions. However, the biocidal efficacy of the aldehyde was reduced further at a 

concentration of 0.0182 % (w/v) requiring a 30 minute contact time for a ≥ 5 log 

reduction in ‘clean’ conditions and without an organic load. When a high organic load 

was present, this concentration of OPA failed to produce a 5 log reduction within 60 

minutes (Table 4.10).  

The lack of mycobactericidal activity of OPA was very pronounced when its 

efficacy was tested with the sodium alginate film test in comparison to the suspension 

and carrier test (Chapter 3) (Tables 4.11 and 4.12).  Only a concentration of 0.5% 

(w/v) tested without bovine albumin produced a 5 log reduction in M. chelonae 

NCIMB 1474 and M. chelonae Epping within 60 minutes exposure (Tables 4.11 and 

4.12). In the presence of organic load, OPA 0.5% (w/v) produced some 

mycobactericidal effect. However, at a concentration of 0.2% (w/v), bovine albumin 

had a substantial quenching effect, particularly when the GTA-resistant strain was 

investigated. At the lowest concentration, OPA failed to produce a 5 log reduction,  

even without organic load (Tables 4.11 and 4.12).  
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Table 4.11 Effect of OPA against P. aeruginosa NCIMB 10421 using the sodium 

alginate surface film test. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 ≥ 5.29 (0.14) 3.24 (0.41) 2.49 (0.43) 

2 ≥ 5.29 (0.14) 3.65 (0.53) 3.12 (0.49) 

5 ≥ 5.29 (0.14) ≥ 5.75 (0.52) 5.11 (0.41) 

10 †― ― ― 

20 ― ― ― 

30 ― ― ― 

60 ― ― ― 

0.2 1 ≥ 5.26 (0) 2.32 (0.27) 1.14 (0.48) 

2 ≥ 5.26 (0) 3.41 (0.51) 1.9 (0.55) 

5 ≥ 5.26 (0) ≥ 5.9 (0.14) 2.85 (0.89) 

10 ― ≥ 5.9 (0.14 ≥5.04 (0.11) 

20 ― ― ≥5.04 (0.11) 

30 ― ― ― 

60 ― ― ― 

0.0182 1 0.98 (1.21) 0.69 (0.54) 0.56 ( 0.7) 

2 1.72 (0.26) 2.06 (0.13) 0.64 (0.11) 

5 3.01 (0.51) 2.99 ( 0.87) 1.73 (0.21) 

10 3.88 (0.1) 3.17( 0.11) 2.44 (0.96) 

20 4.02 (0.78) 3..25 (0.67) 2.91 (0.30) 

30 ≥ 5.6 (0) 5.30 (1.76) 3.1 (0.68) 

60 ≥ 5.6 (0) ≥ 5.42 (0) 4.43 ( 0.7) 

 

* �O�E: no bovine albumin; CLEA�: 03. g/L bovine albumin and DIRTY: 3 g/L 

bovine albumin, †―, �ot done. 
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Table 4.12 Effect of OPA against M. chelonae NCIMB 1474 using the sodium 

alginate surface film test. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 0.59 (0.39) 0.37 (0.26) 0.14 (0.11) 

2 0.82 (0.35) 0.84 (0.43) 0.46 (0.24) 

5 1.39 (0.47) 1.20 (0.48 ) 0.70 (0.31) 

10 1.76 (0.31) 1.48 (0.44) 1.15 (0.42) 

20 2.38 (0.19) 1.87 (0.22) 1.37 (0.54) 

30 5.26 (0.43 ) 2.89 (0.22) 1.89 (0.16) 

60 5.71 (0 ) 4.81 (1.04 ) 2.20 (0.13 

0.2 1 0.31 (0.17) 0.44 (0.34) 0.24 (0.35) 

2 0.65 (0.13) 0.67 (0.40) 0.45 (0.28) 

5 0.96 (0.14) 0.93 (0.44) 0.63 (0.31) 

10 1.16 (0.23 ) 1.20 (0.52) 0.83 (0.35) 

20 1.66 (0.30) 1.37 (0.62) 1.08 (0.20) 

30 1.84 (0.17) 1.68 (0.63) 1.17 (0.21) 

60 2.04 (0.31) 1.97 (0.52) 1.4 (0.13) 

0.0182 1 0.16 (0.17) 0.04 (0.06) 0.02 (0.02) 

2 0.25 (0.27) 0.09 (0.2) 0.04 (0.2) 

5 0.29 (0.23) 0.24  (0.14) 0.11 (0.04) 

10 0.36 (0.29) 0.26 ( 0.20) 0.17 (0.11) 

20 0.52 (0.40) 0.29 (0.67) 0.25 (0.16) 

30 0.64 (0.44) 0.30 (0.26) 0.29 (1.15) 

60 0.82 (0.49) 0.33 (0.19) 0.34 (0.15) 

 

* �O�E: no bovine albumin; CLEA�: 03. g/L bovine albumin and DIRTY: 3 g/L 

bovine albumin 
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Table 4.13 Effect of OPA against M. chelonae (Epping) using the sodium alginate 

surface film test. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 0.19 (0.24) 0.04 (0.64) 0.1 (1.2) 

2 0.33 (0.26) 0.17 (1.1) 0.14 (0.1) 

5 0.37 (1.1) 0.26 (0.22) 0.23 (0.7) 

10 0.39 (0.29) 0.29 (0.91) 0.30 (0.84) 

20 1.42 (0.52) 0.37 (0.13) 0.32 (0.9) 

30 3.04 (0.12) 0.99 (0.84) 1.30 (0.54) 

60 5.96 (0)  2.19 (0.26)  2.0 (1.3) 

0.2 1 0.09 (0.5) 0.09 (0.2) 0.02 (0.10) 

2 0.29 (0.07) 0.12 (0.74) 0.027 (0.92) 

5 0.32 (0.3) 0.17 (0.19) 0.07 (0.17) 

10 0.34 (0.15) 0.19 (0.24) 0..091 (0.59) 

20 0.49 (0.11) 0.23 (0.22) 0.11 (0.27) 

30 1.09 (0.87) 0.3 (0.25) 0.17 (0.43) 

60 2.09 (0.4) 0.91 (0.17) 0.29 (0.16) 

0.0182 1  0.01 (0.1) 0.04 (0.35) 0 (0) 

2 0.11 (0.13) 0.078 (0.57) 0.05 (0.15) 

5 0.19 (0.24) 0.084 (0.2) 0.056 (0.3) 

10 0.23 (0.17) 0.095 (0.14) 0.068 (0.28) 

20 0.25 (0.56) 0.1 (0.12) 0.076 (0.37) 

30 0.32 (0.15) 0.16 (0.21) 0.079 (0.67) 

60 0.43 (0.31) 0.19 (0.39) 0.087 (0.19) 

 

* �O�E: no bovine albumin; CLEA�: 03. g/L bovine albumin and DIRTY: 3 g/L 

bovine albumin 
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4.16 Discussion 

 

 

The results obtained from the new sodium alginate film test proved interesting, 

particularly in comparison with the sedimentation biofilms described in section 3.3.4. 

In nature a biofilm is made up of a number of cell aggregates, which are interspersed 

throughout an extensive exopolymer matrix (Costerton et al. 1995).  Sodium alginate 

should simulate this matrix. Indeed the efficacy of OPA against the three test 

organisms was greatly reduced even at a high concentration of OPA (0.5 % w/v), 

particularly against the mycobacterial strains, for which a 5-log reduction in number 

was only achieved within 30 to 60 minutes without bovine albumin. Against the 

pseudomonads, a 5-log reduction was obtained within 5 minutes, regardless of the 

organic load.  

The results from the sedimentation biofilm tests (Section 3.3.4), compared to 

the alginate biofilms are of interest particularly with reference to the reproducibility of 

the results. The activity of OPA against the sedimentation biofilms was found to be 

reduced in contrast with the suspension and carrier tests. However the results show 

that the efficacy of OPA against P. aeruginosa grown as sedimentation biofilms was 

increased in comparison to those grown as sodium alginate films. The sedimentation 

biofilms were produced using a method that was comparable with the sodium alginate 

film test, in respect to contact time, growth conditions and materials. However the 

alginate biofilms are likely to produce a biofilm phenotype that is more comparable to 

a mature biofilm than 1 day old sedimentation biofilms, as the alginate biofilms are 

thought to mimic the basic structure of a living hydrated biofilm. The bacteria within 

the alginate films also showed an increased resistance to OPA in comparison with their 

planktonic counterparts (Section 3.3.2). This reduced susceptibility to biocides was 

similar to that of biofilm cells and may suggest that the alginate films are simulating a 
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biofilm phenotype. Calcium was shown to have no effect on the susceptibility of the 

bacterial strains to OPA, using a test based on planktonic cells. It would have been 

very interesting to have undertaken experiments using the sodium alginate films, 

without the presence of calcium ions, to determine if there was any reduction in 

bacterial numbers. However by nature the alginate films require CaCl2 to cross link the 

gel and therefore that was not possible.  

The alginate films were shown to be highly reproducible, which may be the 

result of a number of factors. The alginate forms a robust matrix which may allow the 

biofilm to be handled more easily than a conventionally grown sedimentation biofilm. 

In addition, the assumed “biofilm” nature of the micro-organisms in the film test 

would account for the reduced efficacy of the biocide, particularly if most of the 

bacteria have a low metabolic activity.  The alginate matrix is expected to simulate this 

matrix and may therefore represent a diffusion barrier to the penetration of OPA as 

described in the diffusion experiments. The alginate biofilms were shown to have the 

highest resistance to OPA in comparison with the other test methodologies, which may 

be the result of a heightened resistant biofilm phenotype and potentially a reduced 

penetration of the biocide into the biofilm matrix.  

The inoculum size is likely to be better standardised and controlled using the 

alginate films in comparison to the sedimentation films (Section 3.3.4), which required 

random attachment of cells to the polypropylene surface. These factors are likely to 

alter the reproducibility of the results, for example the cfu/mL counted between 

experiments using the sedimentation biofilms and may therefore be partly responsible 

for the differences in results. To determine if the sodium alginate films were indeed 

exhibiting a biofilm phenotype a comparison of outer membrane proteins was 

undertaken using planktonic, sedimentation biofilms and sodium alginate films.   
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4.17 Confirmation of biofilm phenotype: comparison of biofilm and 

planktonic P.aeruginosa cells using sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). 

 

4.17.1 Materials and Methods 

 

4.17.1.1 Bacterial strain 

 

P.aeruginosa NCIMB 10421 was used as the test organism for comparison of the 

phenotype between biofilm and planktonic cells.  

 

4.17.1.2 Preparation of sodium alginate films, sedimentation biofilms and 

planktonic cells for outer membrane extraction 

 

Sodium alginate biofilms were prepared as described in section 4.14.1.2 and allowed 

to incubate for 24 hours. After the required incubation time the alginate films were 

removed from incubation and placed aseptically into centrifuge tubes containing 10 

mL of Mc’Ilvaines buffer. Dissolution of the films was allowed to occur for around 20 

minutes and vortexed intermittently. After complete dissolution the cells were washed 

once using HEPES, centrifuged at 3000g and finally re-suspended in 5 mL of sterile 

distilled water. For the sedimentation biofilms; after the preparation as described in 

Section 3.2.4, the biofilms were removed from the 6 well plates and placed into 

centrifuge tubes containing 10 ml of HEPES and vortexed for ten minutes. The culture 

was then washed in HEPES once, centrifuged at 3000g and resuspended in 5 mL of 

sterile distilled water. Planktonic cells were harvested by centrifugation at 3000g and 
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re-suspended in 5mL of distilled water. Two different outer membrane extraction 

methods were undertaken as described in section 4.17.1.3 and 4.17.1.4. 

 

4.17.1.3 Outer membrane protein extraction  

 

Outer membrane protein extractions were prepared using the sarkosyl method described 

by William and Gledhill (1991). The three different preparations of cells were sonicated 

(3 x 60s with a 30s cooling period on ice between each burst). The sonicate was 

centrifuged at 180 x g for 20 minutes at 4°C to remove cell debris and unbroken cells. 

The supernatant fluid was then added to 0.5ml of 20% w/v N-Lauryl sarcosinate 

(sarkosyl). The mixture was then incubated at room temperature and shaken 

intermittently for 30 minutes to solubilise the cytoplasmic membrane. The suspension 

was then centrifuged at 6500 x g for 60 min at 4°C. The cell pellets were washed twice 

and re-suspended in sterile distilled water and stored at -80°C until required.  

 

4.17.1.4 Outer membrane protein extraction  
 

 

Outer membrane protein suspensions for the three preparations of cells were prepared 

using the method described by Gilbert et al. (1998) Cells were centrifuged at 10,000g 

for 10 minutes. The resultant cell pellets were resuspended in 500µL of sterile saline 

and placed into 5 mL eppendorf tubes. These were sonicated for 1 minute at 4°C and 

10% w/v N-lauryl sarkosine (sarkosyl) was added to give a final concentration of 2 % 

(w/v). The samples were re-sonicated for 30 seconds and centrifuged at 10,000g for one 

hour at 4°C. The pellets were then resuspended  in sterile distilled water and store at –

80°C until required. 
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4.17.1.5 SDS-PAGE  

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE 

electrophoresis) is a technique used to separate proteins according to their size.  

Proteins to be analysed are mixed with the detergent SDS, which applies a negative 

charge to each protein in proportion to its mass. Without SDS, different proteins with 

similar molecular weights would migrate differently, due to differences in folding and 

charge.  The denatured proteins are loaded at one end of a layer of polyacrylamide gel, 

submerged in a suitable buffer. An electric current is applied across the gel, causing the 

negatively-charged proteins to migrate across the gel. The following protocol was based 

on the Laemmli method (1970).   

 

4.17.1.6 Quantification of outer-membrane proteins  

 

Bovine gamma-globulin standards were prepared from a 2mg/mL stock (Bio-Rad).  

Samples of unknown concentrations were diluted 1/1000 in deionised water. 150µL of 

Quick start 
TM 

Bradford dye reagent (Bio-Rad) was added to equal volumes of standards 

and unknowns in a 96 well plate and incubated for 5 minutes at room temperature on an 

orbital mixer (Denley). The absorbance of the standards and unknowns were read using 

a spectrometer (Thermo Fisher Scientific, Loughborough, UK) at a wavelength of 

595nm.  Standards and unknowns were prepared in triplicate. The protein extracts for 

both outer membrane protein preparations did not dissolve sufficiently to produce 

readings and as a result proteins were loaded blind to the gels at volumes of 2, 5, 10 and 

20 µL after potential dissolution after boiling for 5 minutes in sample buffer (sodium 
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dodecylsulphate, 2% w/v; mercaptoethanol, 5% w/v, glycerol, 10% w/v, bromophenol 

blue, 0.125% w/v in 0.5 M Tris buffer).  

 

4.17.1.7 Casting of gels 

 

A 12% resolving gel was prepared as described in Table 4.13 and allowed to set. A 

4.75% stacking gel was then added on top of the resolving gel (Table 4.14) to 

concentrate the protein sample. Protein samples were then prepared by addition into 

sample buffer (1 mL of 0.5M Tris HCL at pH 6.5, 0.8 mL of glycerol , 1.6 mL of 10% 

SDS, 0.4 mL of 0.05% bromophenol blue, 4 mL of deionised water and 0.4mL of β-

mercaptoethanol) and then boiled for 5 minutes using a heating block (Grant 

Instruments Ltd (QBT1; Cambridge, UK).  Samples were left to cool and then loaded 

into the gel, with Precision plus protein 
TM

 standards (Bio-Rad).
  

 The gel was then electrophoresed at a constant voltage of 120V for 

approximately 1 hour in running buffer (3.3 g of 0.025M Tris, 14.4 g of 0.192M 

glycine, 10 mL of 10 % SDS , 200mL of 100% methanol made up to 1 L with deionised 

water) using a Tank-Bio-Rad (mini protean II), using the. Bio-Rad Powerpac (Power 

Pac 300/ Power Pac 1000). After the electrophoresis was completed, the gels were 

visualised using coomassie blue staining (Section 4.17.1.6).  



 

 185

Table 4.14 Resolving gel formula 

Solution 12% 

30% Bis Acrylamide 29:1 4 mL 

1.5 Tris pH 8.8 2.5 mL 

10% SDS 0.1 mL 

dH2O 3.34 mL 

Temed 0.01 mL 

10% APS 0.050 mL 

 

 

Table 4.15  4.75 % stacking gel formula 

Solution 12% 

30% Bis Acrylamide 29:1 1.7 mL 

1.5 Tris pH 8.8 2.5 mL 

10% SDS 0.1 mL 

dH2O 5.8 mL 

Temed 0.01 mL 

10% APS 0.050 mL 

 

 

4.17.1.8 Coomassie blue staining 

 

A solution of Coomassie© Brilliant Blue Staining Solution was made up as follows: 1g 

of coomassie blue was dissolved in 400 mL of 100% methanol and 100 mL of acetic 

acid made up to 1L and stirred using a magnetic stirrer.  After electrophoresis the gel 

was removed and placed into the stain for 20-30 minutes at room temperature on an 

orbital shaker. After this time the stain was removed and the gel rinsed twice with de-

stain (40% methanol, 10% acetic acid and 50% deionised water) for 10 minutes on an 
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orbital shaker. After the first two rinses the de-stain was changed every 40-60 minutes 

until the stain was removed sufficiently. The gels were then visualised using a 

FluorchemTM chemiluminescence imaging system (Alpha Innotech; Staffordshire, 

UK). 

 

4.18 Results 

 

The results of the outer-membrane protein extractions and subsequent SDS-PAGE 

were inconclusive. Figure 4.17 shows an example of the protein bands which were 

produced for the sodium alginate biofilms, sedimentation, and planktonic cells, using 

the outer membrane protein extraction protocol described by Tattawasart et al. (2000). 

Figure 4.18 shows the protein bands obtained using the outer membrane protein 

extraction method described by Gilbert et al. (1998). For both of the protocols used 

total protein extracts were produced for P.aeruginosa and do not show isolated outer-

membrane protein bands.  
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Figure 4.17  An example of an SDS-PAGE gel for lanes 1) molecular weight 

markers. 2) sodium alginate film, 3) sedimentation biofilm, 4) planktonic P.aeruginosa 

NCIMB 10421 and 5) molecular weight markers, using the Tattawasart et al. (2000) 

outer membrane protein extraction protocol.   

                1                     2                            3                   4                 5 
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Figure 4.18 An example of an SDS-PAGE gel of protein profile of lanes 1: 

molecular weight markers. 2, 5 and 8: planktonic cells. 3, 6 and 9: sedimentation 

biofilm. 4, 7 and 10: sodium alginate film of P.aeruginosa NCIMB 10421, using the 

methodology described by Gilbert et al. (1998). 

 

4.19 Discussion 

 

Figures 4.17 and 4.18 show that the extraction of protein was successful, however a 

total protein profile was produced and therefore no difference in the protein patterns 

could be made. The reason for a total protein extraction being produced instead of just 

outer membrane proteins is at present unclear as the methods trialled have been used 

successfully in the past (Gilbert et al. 1998; Tattawasart et al 2000). Therefore further 
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investigation of the outer membrane proteins was undertaken using 2-Dimensional gel 

electrophoresis described in section 4.20.   

 

4.20 Comparative proteomic analysis of planktonic, sedimentation 

biofilms and sodium alginate films using 2D- gel electrophoresis 

 

4.20.1  Introduction 

 

To further investigate whether the sodium alginate films were exhibiting a biofilm 

phenotype, a 2-Dimensional electrophoresis approach was attempted based on the work 

of Vilain et al. (2004). 2-Dimensional electrophoresis is a method used to separate 

proteins according to two independent properties in two discrete steps. The first-

dimension step, isoelectric focusing (IEF) is an electrophoretic method that separates 

proteins according to their isoelectric points (pI) (GE Healthcare Handbook 2004).  

Proteins are amphoteric molecules that carry either a positive, negative or net zero 

charge, depending on the pH of their surroundings. The net charge of a protein is the 

sum of all the negative and positive charges of its amino acid side chains and amino-and 

carboxyl-termini. The isoelectric point (pI) is the specific pH at which the net charge of 

the protein is zero. Proteins are positively charged at pH values below their pI and 

negatively charged at pH values above their pI. If the net charge of a protein is plotted 

versus the pH of its environment, the resulting curve intersects the x-axis at the 

ioselectric point. The presence of a pH gradient is critical to the IEF technique. In a pH 

gradient and under the influence of an electric field, a protein will move to the position 

in the gradient where its net charge is zero. A protein with a net positive charge will 

migrate toward a cathode becoming progressively less positively charged as it moves 



 

 190

thorough the pH gradient, until it reaches its pI and vice versa for proteins with net 

negative charges. If a protein should diffuse away from its pI it immediately gains 

charge and migrates back. This is the focusing effect of IEF, which concentrates 

proteins at their pIs and allows proteins to be separated on the basis of very small 

charge differences (GE Healthcare Handbook 2004).   

The second dimension separation step (SDS-PAGE) separates proteins 

according to their molecular weights (as described in section 4.17.1.4) and therefore 

each spot on a resulting two-dimensional gel potentially responds to a single protein in 

the sample. Thousands of different proteins can therefore be separated and information 

such as the protein pI, the apparent molecular weight and the amount of each protein 

can be obtained (GE Healthcare Handbook 2004). Therefore this technique was 

undertaken to analyse the outer membrane protein profiles of planktonic, sedimentation 

biofilms and sodium alginate films.   

 

4.21.1 Bacterial strain 

 

P.aeruginosa NCIMB 10421 was used as the test organism for comparison of biofilm 

and planktonic cells.  

 

4.21.2 Preparation of sodium alginate films, sedimentation biofilms and 

planktonic cells for outer membrane extraction 

 

Sodium alginate films, sedimentation biofilms and planktonic cells were prepared as 

described in section 4.17.1.2. 
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4.21.3 Preparation of crude protein extracts  

 

Bacterial suspensions in phosphate buffer were centrifuged at 3000g and the resulting 

cell pellets were resuspended in 2mL of IEF buffer (5M urea, 2M thiourea, 2% 3-[3-

(chloamidopropyl)dimethylammonio]-1-propanesulfonate, 2M tributyl phosphine, 

10mM dithiothreitol, 2 % (vol/vol) carrier ampholytes (pH 3.5-10; Sigma), and 0.4% 

(w/v) coomassie blue). Cells were then disrupted by thermal shock (from –24°C to 

20°C), followed by ultrasonication at 4°C (15 pulses of 2 seconds, separated by 2 

second breaks). Protein extracts were then centrifuged at 10,000g to eliminate cell 

debris. Protein amounts were evaluated using the Bio-Rad protein assay described in 

section 4.17.1.4 and supernatants stored at -80°C. 

 

4.21.4 Two-Dimensional gel electrophoresis 

 

The first dimension gel separation was carried out using Immobiline Dry Strips (18cm, 

pH 3-10, nonlinear, Amersham Pharmacia Biotech). 200µg of protein were added to 

400µL of IEF buffer (5M urea, 2M thiourea 0.1 % amidosulfobetaine, 2mM tributyl 

phosphine, 2% v/v coomassie brilliant blue) and pippetted into the wells of a Pharmacia 

Biotech immobiline dry strip reswelling tray. Mineral oil was they added to cover the 

strips and left to rehydrate overnight. After the overnight incubation (a minimum of 10 

hours) the strips were removed from the tray and washed once in deionised water to 

remove the mineral oil. The strips were then placed into a Pharmacia Biotech Multiplor 

II and the first dimension was completed using the following parameters: 1h 150v, 15 

minutes 350v, 45 minutes 750v, 1h 1500v and 22h at 3500 v (1mA constant). After the 
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required time the strips were removed, rinsed with distilled water and either kept at 4°C 

or prepared for the second dimension gel electrophoresis. 

 To prepare the strips for the second dimension gel electrophoresis, the strips 

were hydrated by washing with distilled water and placed into 0.3g Dithiothreitol 

(DTT), diluted in 15mL of a solution made up of Tris-HCL (pH 8), 185 µL of 50mM 

Urea, 72g Glycerol, 60 mL SDS 4g and then made up to 200mL with milliq- water. 

The strips were left in the solution for 15 minutes and rocked at minimum speed using 

a BIOBlock STS. The strips were then removed and placed directly into a solution 

made up of 0.375g iodoacetamide in 15 mL of the above solution, with 500µL of 1% 

(w/v) coomassie blue R250 and left rocking for a further 15 minutes. The strips were 

then washed gently with distilled water and were ready to be loaded into the SDS gel 

 

4.21.5 Preparation of resolving gel for SDS-PAGE. 

 

The resolving gel was prepared using the following chemicals. 15.075 mL of 40% 

acrylamide, 8.385 mL 2% Bis-acrylamide, 19.35 mL of 1M Tris pH 8.9 and 7.707 mL 

distilled water. The solution was then stirred in a 100mL beaker and any gas was 

removed using a vacuum pump for 10 minutes. The solution was subsequently 

maintained at 4°C for 10 minutes. After this period the following chemicals were 

added; 258µL of 20% SDS, 40.5µL of 6.6M Temed and 40.6µL of 10% ammonium 

persulphate and finally the gel was allowed to set completely overnight.  



 

 193

4.21.6 Stacking gel 

 

A stacking gel was made up of the following components. 0.923 mL of 40% 

acrylamide, 0.491 mL of 2% Bis-acrylamide, 1.015 mL of 1M Tris (pH 6.8)  and 5.583 

mL of distilled water. The sample was degassed for ten minutes and then placed at 4°C 

for ten minutes. After this time the following reagents were added: 40.6 µL of 20% 

SDS, 26.5 µL of 6.6M Temed and 40.6 µL of 10% ammonium persulphate. The IEF 

strips were then placed into the gel and second dimension gel electrophoresis was then 

undertaken using a protean II Xi cell Biorad SDS tank, using the following parameters, 

10mA gel for 45 mA /gel volts 32.  

 

4.21.7 Silver staining 

 

The gels were removed from the SDS tank and washed with a solution made of 50 mL 

of distilled water and 50mL of ethanol, and rinsed twice for 10 minutes. The gels were 

then rinsed three times in distilled water. The gels were then placed into a solubilising 

solution for 10 minutes containing 4mL of 2% thiosulphate, made up to 400mL using 

distilled water. The gels were then placed into a solution containing 2mL of 20% silver 

solution and 398 mL water and left for 30 minutes covered in foil. Development of the 

stain was then undertaken using 200µL of 37% formaldehyde solution, 200µL sodium 

carbonate, 80 µL of 2% sodium thiosulphate, made up to 2 litres with distilled water. 

The gel was added to 200mL of the developing solution for 1 minute. The development 

stain was removed and replaced with 600 mL of fresh solution for 1 minute which was 

subsequently removed and replaced until the desired staining intensity was produced. A 
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stop solution consisting of 5% acetic acid in 500mL of water was added for ten minutes 

and then the gels were finally rinsed in 2 changes of distilled water.  
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4.21.8 Visualisation of 2D gels 

 

After staining the gels were analysed using the GS-800 imaging densitometer (Bio-

Rad, Hemel Hempstead, UK)   

 

4.22 Results 

 

Figures 4.18 to 4.19 show examples of protein maps obtained after 2-Dimensional gel 

electrophoresis. The protein maps for the sedimentation (Figure 4.19) and planktonic 

cells (Figure 4.20) show a full protein profile for P.aeruginosa. Figure 4.20 shows an 

example of a protein map obtained for P.aeruginosa grown as sodium alginate films. 

For the sodium alginate film neither an outer membrane protein profile or a full protein 

profile was obtained. The gels also show horizontal streaking, which may be the result 

of incompletely focused protein spots, or poorly solubilised protein samples. The 

example of a sodium alginate gel (Figure 4.21) shows evidence of impurities as a result 

of the gap in the 2D pattern, which could be attributed to alginate residues remaining in 

the sample. The 2-Dimensional technique used in this thesis is notoriously difficult to 

undertake (personal communication; Yohan Nigauid) and can take more than 6 months 

to optimise the conditions to produce useable gels. As a result of time and financial 

restraints only 6 gels for each condition were produced. 
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Figure 4.19  An example of a protein map for P.aeruginosa NCIMB 10421 grown 

as a sedimentation biofilm. 

 

 

 

Figure 4.20  An example of a protein map for P.aeruginosa NCIMB 10421 

planktonic cells. 
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Figure 4.21 An example of a protein map for P.aeruginosa NCIMB 10421grown as 

a sodium alginate film. 

 

4.23 Discussion 

 

The three outer membrane extraction methodologies used in this Chapter were not 

successful in producing just outer membrane protein profiles and for all three 

methodologies total protein profiles were observed. As a result it is not clear if the 

sodium alginate films do exhibit a biofilm phenotype. The efficacy testing results 

described in section 4.15.1.4 do however suggest that the alginate films are producing 

a resistant phenotype in comparison to planktonic cells (Section 3.3.2). A biofilm 

phenotype has been determined for artificial biofilms in the past using hydrogels such 

as sodium alginate (Gilbert et al. 1998; Vilain et al. 2004). It is therefore likely that the 
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sodium alginate films do exhibit a biofilm phenotype. The sodium alginate films could 

therefore represent a reproducible and simple methodology to test the efficacy of 

biocides against resistant, biofilm type cells.   
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Chapter 5 

 

Mathematical modelling of the effect of OPA against bacterial 

biofilms.  

 

5.1 Introduction 

 

Modelling the process of disinfection is important for extracting the vital information 

required to either improve current methods or design and innovate new ones (Lambert 

2001).  It is also much more advantageous to analyse disinfection rate data as opposed 

to one point testing methods, which are used frequently in the disinfection industry. For 

example the quantitative suspension and carrier tests (CEN 1997 and CEN 1998) 

require that a disinfectant can be classed as a high-level disinfectant if it produces a 5log 

reduction in bacterial numbers after 5 minutes. This results in very few testing points 

being evaluated and therefore little information about the process of disinfection can be 

deduced. However, undertaking many testing points over a longer period of time can be 

used to allow the construction of predictive models to enhance knowledge of the 

disinfection process.  

The original method of mathematically modelling the destruction of micro-

organisms by lethal treatments is based on an analogy with first order kinetics. A 

relationship between disinfection and contact time was originally described by Chick in 

1908, in which a relationship between survival and exposure to a disinfectant was 

illustrated. In Chick’s paper, the rate of inactivation is given by: 

 

 Eq 1.1  r =  -d4 / dt = K4  
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where r is the inactivation rate, 4 is the concentration of micro-organisms at time t, 

d4/dt is the rate of kill and K is the first order inactivation rate constant. This means that 

the change in number of bacteria per unit of time is proportional to the number present, 

which produces an exponential decay curve. Therefore as the number of surviving 

organisms decreases, the chance of any one organism reacting with the disinfectant also 

decreases producing a first order curve. Since the model assumes that the plot of the 

number of survivors against the exposure time will result in a linear relationship, it is 

also known as the ‘log-linear model’. Equation 1.1 was further improved by Watson 

(1908) by taking into account the concentration of the disinfectant, producing the 

following equation:   

 

Eq 1.2  Log R = KC
n
t 

 

where C is the concentration of the disinfectant, n is the dilution coefficient which 

describes the effect of dilution on the activity of a biocide, t is the exposure time 

required to give a specific log reduction, and K is an empirical parameter that varies 

with the disinfectant, micro-organisms and the extent of inactivation for a specific 

environmental condition. This improved equation for disinfection kinetics essentially 

equates the logarithmic change in survivors with the linear change in time of 

disinfection and the concentration of the disinfectant. Integration of the Chick and 

Watson model gives the following equation: 

 

Eq 1.3  Ln N/N0 = K'C
n
t 

 

where N and N0    are the concentrations of viable micro-organisms at time t and time 0 
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and K’ is an empirical parameter that varies with the disinfectant, micro-organisms and 

the extent of inactivation for a specific environmental condition. 

The Chick-Watson model of disinfection is based on the exponential decay of 

bacteria, in which the decay is predicted as straight lines. This model is based on the 

assumption that the disinfection process is a purely physicochemical phenomenon and 

obeys the same laws as chemical reactions. This assumption led to the Chick-Watson 

model, being termed the mechanistic hypothesis of disinfection (Lambert and Johnston 

2000). Departures from the Chick-Watson, log-linear law are however not uncommon, 

as inactivation kinetics are dependent on so many variables. For example it is not 

uncommon to observe that the rate of kill may increase or decrease with time. An 

increase may be attributed to the possibility that the disinfectant may diffuse through the 

cell wall and reach a lethal concentration in a number of centres in the organism before 

the organism actually dies (Hom 1972). Hom (1972) developed a flexible model to 

describe the curvilinear relationship between bacteria survival ratio and disinfectant 

contact time: 

 

Eq 1.4  d4/dt =  -km4C 
n
t 

m-1 

 

where 4 is the number of survivors, k is the disinfection rate constant, C is the 

concentration of biocide m is the Hom dilution coefficient, t is the elapsed time, d4/dt is 

the rate of kill and h is the Hom time exponent.  

Hom’s model for disinfection is therefore frequently applied to data showing 

deviations from the Chick-Watson law of inactivation. This hypothesis known as the 

vitalistic hypothesis was developed to describe deviations from the linear log 

relationship, which manifest as ‘lags’ or ‘tails’ on graphs of log reduction against time 
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(Johnston et al. 2000). These ‘tails’ or ‘lags’ have been hypothesised to be the result of 

a number of different factors. These deviations may be a result of the presence of 

variations in population resistance (Chick 1908), or could be attributed to local 

variations in temperature or disinfectant concentration during treatment, clumping of 

cells during treatment, or inherent errors in the methodology for enumerating survivors 

(Cerf 1977). Another hypothesis is that the deviations may result from an inconstant 

concentration of biocide, whereby the concentration of free biocide molecules decreases 

through an experiment, resulting in the rate of disinfection falling (Johnston et al. 

2000). 

Inoculum size may also have an effect on the disinfection process, whereby an 

intrinsic self-quenching of the biocide by the microbes during the course of the 

disinfection test occurs. This is thought to be the result of the level of free biocide 

decreasing, which in turn reduces the rate of reaction, giving rise to the tails of the log 

reduction/time curves. (Johnston et al. 2000; Lambert and Johnston 2000). The growing 

body of evidence showing that microbial survival curves are not always linear means 

that the standard Chick-Watson model of first order kinetics could be inappropriate 

(Peleg and Cole 2000; Lambert et al.2003).  

Mathematical models have been used to investigate numerous aspects of 

disinfection (Lambert and Johnston 2000; Lambert 2001; Johnston et al. 2003: Salih 

2002; Labas et al. 2005) thermal inactivation (Cole et al. 1993), antimicrobial resistance 

(Cogan et al. 2005), biofilm structure, uptake of oxygen and carbon sources into biofilm 

(Semmens et al. 2001) microbial growth (Corradini and Peleg 2006) biofilm formation, 

the existence of persister cells and many more (Cogan 2006). These models invariably 

use the basic principles produced by Chick, Watson and Hom, with added 

modifications. Some examples which have succeeded in a similar field to the 
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mathematical model produced in this section are described below.   

 Johnston et al. (2003) used an equation to model the leakage of components 

from cells after administration of antimicrobials which is similar to that used for the 

non-linear disinfection of microbes (Lambert 2001). 

 

Eq 1.5  Leakage = M (1-exp{-x/P1)
p2 

t
h
}) 

 

where M is the maximum pool available, x is the concentration of the biocide, P1 and P2 

are parameters to be fitted by non-linear regression analysis (P1 is the concentration 

parameter, P2 is the slope parameter akin to the dilution coefficient of biocides 

(Johnston et al. 2003), h is the time exponent, a Hom-type constant (Hom 1972) with t 

being the contact time. Using this equation with some modification the authors were 

able to demonstrate that cellular leakage after application of mixed combinations of 

phenolics was enhanced in the same manner as described for the log reductions of 

bacteria (Johnston et al. 2003).  

Lambert and Johnston (2000) developed the intrinsic quenching model (IQ), a 

mechanistic model based on the hypothesis that the biocide may not be in great excess 

over the microbes as is normally assumed; the micro-organisms are thought to, in clean 

conditions, to intrinsically quench the bulk of the biocide.   

 

Eq 1.6  logR = k0/Q (1-e
-Qt

) 

 

where logR is the log reduction, k0 is the rate at which the micro-organisms 

die/observed disinfection rate constant, Q is the intrinsic quenching effect of the 

bacteria, and t is contact time.  
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Lambert and Johnston (2001) modelled the effect of soil on the disinfection process 

using the fat-soil model. They found that the reduction in efficacy of a disinfectant is a 

result of interfering substances which can be quantified through adaptations to current 

disinfection models.  

 

Eq 1.7  fa = exp {-K (1 + f (soil)) 
m
t
P3

} 

 

Where fa is the fractional area (the ratio of the test area to control area, obtained from 

the OD time curves and is equivalent to measures of microbial inactivation when 

analysed by the Bioscreen method), (1 + f (soil))
 m

 is an empirical function of soil, m is 

the maximum number of log reductions achievable, P3 is the time exponent and K is 

directly related in some way to the initial inoculum size.  

This equation can be made to encompass the intrinsic quenching (IQ) model of 

disinfection. The intrinsic quenching hypothesis is the ability of microbes, in clean soil-

free conditions, to intrinsically quench the bulk concentration of biocide and makes 

efforts towards explaining the observation of non-linear log survivor curves.  

 

Eq 1.8  fa=exp {-K(1+f(soil))
m
(1-exp(-Qt)/Q)} 

 

where Q is the intrinsic(microbial ) quenching. 

Hsiao and Siebert (1999) attempted to construct a mathematical model that 

would predict the magnitude, or in some cases the direction of the change in inhibitory 

effect of organic acids, upon substituting different organic acids used in the food 

industry to prevent spoilage for example benzoic, lactic and sorbic acids.  This study 
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attempted to predict the inhibitory effects of specific organic acids as a function of 

their chemical and physical properties against a particular micro-organism.  

The effect of hypochlorite inactivation of several lactococcal bacteriophages, has 

been modelled (Avsaroglu et al. 2007) using the following empirical equation described 

by Peleg (2003). 

 

Eq 1.9  Log10 S (t) = - [1 + bt
n
] /K1 + k2 t  

 

Where S(t) is the survival ratio  i.e. S(t) = 4(t)/40, 4(t) and 40 are the number of 

survivors after an exposure time t and initial number of micro-organisms. The 

parameters b, n, K1 and k2 are concentration dependent coefficients, however the 

parameters of the model did not have biological significance as they were simply 

modelling the shape of sigmoid curves (Avsaroglu et al. 2006).  

Lambert (2001) produced a model to help describe observed kinetics of several 

disinfectants, based on the advancement of the mechanistic hypothesis. This model 

built on the Chick-Watson model and took into account how much biocide is required 

to inactivate a given culture in a given time. 

A mathematical model was developed using inactivation data of Yersinia 

enterocolitica using citric and lactic acid to describe the survival curves of 

Y.enterocolitica (Virto et al. 2005). The equation used was as follows: 

 

Eq 2.0  Log 10 S (t) = - (t/δ)
p  

 

where Log10S(t) represents the decimal reduction ratio at time t; parameter δ represents 

the time of the first decimal reduction and parameter p is the so-called shape parameter. 
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The survival curve is linear if p=1, concave upward if p<1 and concave downward if 

p>1.  

The importance of the described and future mathematical models in the 

disinfection industry is to allow for a better understanding of the disinfection process. 

The models in the literature do however have a number of limitations, for example they 

do not model the effect of biocide against bacterial biofilm or bacteria associated with 

surfaces. A model that would be able to determine the concentration of biocide that 

would be required to inactivate a given biofilm on medical devices (e.g. endoscopes) in 

a given time and in the presence of a specific organic load, would be useful to improve 

the disinfection process, particularly against biofilms on medical devices such as 

endoscopes.  

 The mathematical model presented in this chapter was produced from a vast 

quantity of data and can be used to increase the knowledge of the effect of OPA against 

bacterial biofilm and the effect of an organic load on the disinfection process.   

 

 

5.2 The development of the mathematical model  

 

The mathematical model was developed using data collected from the efficacy testing of 

OPA, against M.chelonae and M.chelonae (Epping), grown as sedimentation and 

sodium alginate biofilms (described previously in Chapters 3 and 4). The efficacy 

testing data produced for P.aeruginosa were not used to develop the model as the mean 

log reductions (MLRs) recorded were not across a big enough range of time points, as 

OPA had been effective (in most cases) against the bacterial strain after a short period 

of time. The data were then used to generate approximate equations for the prediction of 

the value of MLR, given the values of the variables, organic load, OPA concentration 
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and contact time. The data consisted of MLRs for specific concentrations of OPA and 

organic load, at a number of different contact times. Table 5.1 shows an example of the 

data used to develop the model for M.chelonae NCIMB 1474 grown as sedimentation 

biofilms, using three different concentrations of OPA (0.5, 0.2 and 0.0182 % (w/v)), 

three concentrations of organic load (0, 0.3 and 3 g/L) and at different contact times (1, 

2, 5, 10, 20, 30 and 60 minutes).  

The first stage in determining the appropriate equations for the predictive model was to 

study the data to see if there were any consistent trends. This was achieved by entering 

the data into Microsoft Excel, which was then used to plot charts of the data points. 

Figure 5.1 shows the MLR for M.chelonae NCIMB 1474 grown as sedimentation 

biofilms.  

The graphs developed from the experimental data all showed a distinct trend of 

the values of MLR falling off over time, and the curves becoming horizontal (i.e. when 

the maximum MLR is reached). This was in agreement with a number of studies 

(Lambert et al. 1999; Johnston et al. 2000; Lambert 2001) which have shown that MLR 

curves are related to Ln (Time) (where Ln is Natural Log) and producing curves with 

similar exponential shapes  (Note that if x = exp (a) then a = ln (x)).  
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Table 5.1 The original efficacy testing data for the effect of OPA against 

M.chelonae NCIMB 1474 grown as sedimentation biofilms. 

 

Mean log reduction (±S.D) at OPA concentration (w/v) 

OPA 

concentration 

(w/v) 

Contact time 

(min) 

�O�E* CLEA�* DIRTY* 

0.5 1 1.11 (0.71) 0.43 (0.42) 0.32(0.38) 

2 1.58 (2.81) 1.16 1.01) 1.10 (0.8) 

5 4.28 (1.54) 2.53 (1.25) 1.31(0.82) 

10 ≥ 5.63 (0.64) 3.61 (0.73) 1.78(0.85) 

20 †― ≥ 4.58 (0.72) 2.1(0.92) 

30 ― ― 2.37 (0.9) 

60 ― ― 3.06 (1.13) 

0.2 1 0.003 (0.1) 0.53 (0.62) 0.12 (0.506) 

2 0.36 (0.44) 0.95 (1.01) 0.13 (0.72) 

5 1.36(0.31) 2.1 (1.26) 1.4 (1.38)  

10 1.98(0.25) 3.31 (2.30) 2.62 (1.74) 

20 2.94 (1.14) 3.71 (2.05) 4.41 (2.65) 

30 ≥5.32 (0.50) ≥ 5.59 (0.45) 3.99 (2.81) 

60  ― 6.58 (3.49) 

0.0182 1 0.05(0.46) 0.46 (0.35) 0.26 (0.15) 

2 0.66(0.79) 1.07 (0.6) 0.60 (0.43) 

5 1.22 (0.90) 1.49 (0.52) 0.90 (0.71) 

10 1.96 (0.87) 2.07 (0.68) 1.23 (0.74) 

20 3.04(0.69) 2.49(0.75) 1.52 (0.75) 

30 3.64 (0.72) 3.16(0.81) 2.49 (0.65) 

60 ≥5.02 (1.31) 3.64(0.86) 2.91 (0.90) 

 

* �O�E: no bovine albumin; CLEA�: 0.3. g/L bovine albumin and DIRTY: 3 

g/L bovine albumin, †―, �ot done. 
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Figure 5.1  The effect of 0.5 % OPA (w/v) against M.chelonae NCIMB 1474 grown 

as sedimentation biofilms : without organic load :0.3g/LBSA :3g/L BSA 

 

 

To determine the quality of the fit of the curves, the curve-fitting feature of Excel was 

used and Ln curves were plotted for each of the data lines, with a reasonable fit 

produced in all cases. Ln curves were fitted to the data points as they proved to be the 

most accurate fit to the slope of the data. Figures 5.2-5.4 show the curve fits for the 

example data for M.Chelonae NCIMB 1474, with the equation for each line expressed 

on the graph.  

Figures 5.2–5.4 show the curve fittings for the effects of 0.5, 0.2 and 0.0182% 

OPA (w/v) at 3 different organic loads and 7 different contact times. The equations for 

all of the lines for both of the mycobacterial species and biofilm methodology take the 

form of: 

 

Eq 2.1  Y = nLn(x)+c 
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Putting names to the variables used to produce the graphs mean that Eq 2.1 translates 

as:  

 

Eq 2.2   MLR = R x Ln(time) + C       

 

Where: MLR, is the Mean Log Reduction, shown as the vertical (Y) axis, R is the Rate 

of MLR for the selected bacterial strain and biofilm method, Ln(time) is the natural 

logarithm of time, shown as the horizontal (X) axis, C is a constant, which is the value 

of MLR at time 0 (zero), which should be zero, but represents an Error value, given that 

the original data are not smooth.  

The equations show that there is some relationship between the MLR and log of 

time and the rate R, of MLR.  The value of R may be controlled by a number of factors, 

it may be a constant for all values of OPA concentration or organic load (the 

independent variables) or may be dependent on the values of OPA and BSA 

concentration, which is likely as they are the only variables given that the biocide, 

bacterial strain and biofilm methodology are fixed. To determine what controlled the 

value of rate, tables of fixed concentration of OPA against changing BSA 

concentrations and conversely fixed BSA concentration against changing OPA 

concentrations were tabulated against the rate, R, and the error, C, to determine any 

patterns.  
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Figure 5.2 The effect of 0.5% OPA (w/v) against M.chelonae NCIMB 1474 grown 

as sedimentation biofilms : without organicload :0.3g/LBSA :3g/L BSA 

 
 

Figure 5.3 The effect of 0.2 % OPA (w/v) against M.chelonae NCIMB 1474 grown 

as sedimentation biofilms : without organic load   :0.3g/LBSA :3g/L BSA 
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Figure 5.4  The effect of  0.0182 % OPA (w/v) against M.chelonae NCIMB 1474 

grown as sodium sedimentation biofilms : without 

organicload :0.3g/LBSA :3g/L BSA 

 

 

 

 

Tables 5.2 and 5.3 show the calculated values of R (rate) and C (error). Table 5.2 shows 

that with a fixed concentration of OPA, as the organic load concentration increases the 

rate decreases and conversely as the organic load concentration decreases the rate 

increases for a fixed value of OPA. Table 5.3 shows that for a fixed load of BSA, as the 

concentration of OPA increases the rate increases and as the concentration of OPA 

decreases the rate decreases. This pattern was observed for both M.chelonae and 

M.chelonae (Epping) bacterial species and biofilm methodology for the concentrations 

of OPA and BSA tested. The error or C, was found to be so small across the whole data 

set and was not related to the other variables of OPA and BSA and was therefore not 

used in the next part of the development of the model.  
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Table 5.2 R and C values for M.chelonae NCIMB 1474 using the sodium alginate 

surface film test, for a fixed OPA concentration against changing BSA concentration 

 

OPA 

concentration 

BSA 

Concentration 

Rate, R.  Error, C. 

 

0.5 

 

 

 

0 

 
1.25 -0.5 

0.3 

 
1 -0.4 

3 

 
0.55 -0.16 

 

0.2 

 

 

 

0 

 
0.49 0.15 

0.3 

 
0.45 0.08 

3 

 
0.33 0.025 

 

0.0182 

 

 

 

0 

 
0.18 0 

0.3 

 
0.086 0.01 

3 

 
0.084 -0.02 
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Table 5.3  R and C values for M.chelonae NCIMB 1474 using the sodium alginate 

surface film test, for a fixed BSA concentration and changing OPA concentration  

 

 

BSA 

Concentration 

OPA 

concentration 

Rate, R.  Error, C.  

0 

 

0.5 
1.25 -0.5 

 

0.0182 
0.18 0 

 

0.2 
0.49 0.15 

0.3 

 

0.5 
1 -0.4 

 

0.2 
0.45 0.08 

 

0.0182 
0.086 0.01 

3 

 

0.5 
0.55 -0.16 

 

0.2 
0.33 0.025 

 

0.0182 
0.084 -0.02 
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Tables 5.2 and 5.3 would suggest that the rate is proportional to the concentration of 

OPA; i.e. as the OPA concentration increases the rate increases and that the rate is 

inversely proportional to the concentration of BSA: as the concentration of BSA 

increases the rate decreases. This can be displayed as: 

 

Eq 2.3 Rate ~ OPA / BSA. 

 

Where OPA = Concentration of OPA, BSA = concentration of BSA 

 

It is obvious that the concentration of OPA, divided by the concentration of BSA is not 

equal to the rate, so there will be a coefficient or scaling factor which is multiplied by 

the concentrations of OPA and BSA to determine the R value (or rate). The first form of 

the equation was assumed to be of the form:  

 

Eq 2.4  Rate = k OPA / BSA  

 

where k is a constant for the different variables; i.e. biocide and organic load 

concentrations, bacterial strain, biofilm methodology. 

It can be noted that there may be a linear relationship between OPA, BSA, the 

coefficient and rate (as shown) or the equation may rely on powers of the parameters for 

example concentration OPA 
2
 or BSA 

2
. 

 As shown above, there is a relationship between the rate, organic load and OPA 

concentration at the fixed concentrations that were used to produce the original efficacy 

data. For the model to be used to predict the effect of an unknown concentration of OPA 

or BSA, against specific mycobacteria, using either the sedimentation or sodium 
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alginate biofilm production protocols, a second stage in development was required. This 

stage was to determine if it was feasible to interpolate for other concentrations of 

organic load and OPA. This was achieved by plotting a 3-Dimensional chart of the rate 

against concentration of OPA and concentration of BSA. The 3-Dimensional chart 

(Figure 5.5) shows an overall shape that is approximately a flat surface (i.e. there are no 

dramatic peaks or troughs), this suggests that the rate is proportional to the 

concentration/ organic load. In addition, as the curve is a continuous smooth shape, both 

in direction of increasing OPA and increasing BSA, the intermediate values are likely to 

lie on the curve, and therefore it is likely that it will be possible to interpolate for other 

values of BSA and OPA.  
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Figure 5.5 A three dimensional chart of rate R, against concentration of OPA and 

concentration of BSA. 

 

0
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Taking equation 2.2  MLR = rate is proportional to Ln (time ) + c and replacing rate 

with equation 2.4 at this stage the equation appears to be in the form of Eq 2.5 

 

Eq 2.5  MLR = k(OPA / BSA)LogT + C 

Where LogT is Logarithm of time T, and C is a constant 

 

The next stage of the development of the model came in two parts. The first was to find 

the correct form of equation 2.5, as equation 2.5 is just the starting point of exploring 

the possible forms of the equation. The second part was to determine the correct values 

for any coefficients in the correct equation that would be specific for each bacterial 

strain and biofilm methodology used.  

This was achieved using an interactive custom built genetic algorithm (GA), 

using a least squares curve fitting method, which was used to adjust the form of the 

equation to find the best match between the equation and the experimental data and the 

coefficients and the equation.  
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5.3 Genetic algorithms 

 

A genetic algorithm (GA) is a search technique used in computing to find true or 

approximate solutions to optimization and search problems.  Genetic algorithms are a 

particular class of evolutionary biology that use techniques inspired by evolutionary 

biology such as inheritance, mutation, selection and recombination. GA are 

implemented as a computer simulation in which a population of abstract representations 

(called chromosomes) of candidate solutions (called individuals, creatures or 

phenotypes) are optimized by evolution, toward better solutions (Goldberg 1989). The 

evolution usually starts from a population of randomly generated individuals and 

happens in generations. In each generation the fitness of every individual in the 

population is evaluated, multiple individuals are stochastically selected from the current 

population (based on their fitness) and modified (recombined and possibly mutated) to 

form a new population (based on their fitness). The new population is then used in the 

next iteration of the algorithm. The algorithm usually terminates when either a 

maximum number of generations has been produced, or a satisfactory fitness level has 

been achieved for the population. A number of different functions can be used to 

determine the fitness level of the data, in the development of this model a least square 

fitting system was selected, as this fitness function is able to determine the best between 

evolved solutions generated by the GA and the experimental data (Goldberg 1989).  

 Least squares (using Figure 5.6 as an example) determine the line (or curve) 

through experimental points, such that it minimises the total length of the red lines (the 

difference between the calculated point for each value of the x-axis and the 

experimental value) thereby generating a function which closely approximates the data 

(a best fit) (Attwood et al. 2001)  
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Figure 5.6  An example of a least squares fitting function 

 

 

 

In the case of this mathematical model the correct form of the equation was produced by 

using different combinations of the original equation 2.5, which were selected 

interactively by the user, and using the GA process to calculate the best fit using the 

least square fitting function. By looking at the results it was possible to see which 

adjustments to the equation were required and then to set a new form of the equation. 

These equations were subsequently run through the GA and the level of fitness for that 

equation was determined until a suitably accurate equation was developed.  

Using equation 2.5 in the GA fitting programme it became apparent that the 

equation needed two immediate changes.  

 

1) at time t = 0, ln (t) = - infinity  

 

This is inappropriate as a value for time t (0) should result in a value of MLR= 0. 

Therefore the equation required ln (t+1) as the expression of time which results in the 

following expression: 
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2) T=0, ln (t+1) = ln (1) = 0  

 

The second alteration with the original equation was that when a value of 0 organic load 

was used in the equation, then concentration/load is also infinity. Looking at other 

equations in the literature (Lambert and Johnston 2001) it is apparent that the equation 

should be conc./(1+load), such that when load = 0, this becomes conc/1, being solely 

proportional to the concentration of OPA.  

These changes give the following equation:  

 

Eq 2.6   MLR = A.((B. OPA)/(1+BSA.C)).Ln (t+1) + D 

 

Where MLR is mean log reduction, OPA is the concentration of biocide, BSA is the 

concentration of organic load, Ln is the natural log, t is contact time, A is a rate constant 

for each set of variables i.e. biocide and organic load concentration, bacterial strain, 

biofilm methodology,  B is a scaling factor for biocide concentration, C is a scaling 

factor for the organic load and D is the inherent error as a result of errors in the original 

data.  

It can be noted that when applying the new form of the equation (1+BSA) the load must 

be multiplied by a new coefficient (C) so that the value is correctly scaled or 

normalised.  

 

Some examples of other equations that were run through the GA and which did not 

produce accurate results are shown below 

 

Eq 2.7  MLR = A * OPA / (1 + BSA.C).Ln(t) + D 
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Eq 2.7 performed well, but the following performed better: 

 

Eq 2.8  MLR = A * (1 + OPA . B) / (1 + BSA * C) . Ln(t) + D 

Other equations which were tested (but which performed badly) included: 

 

Eq 2.9  MLR = A * OPA
2
 / (1 + BSA . C) . Ln(t) + D 

Eq 3.0  MLR = A * OPA / (1 + BSA . C) . Ln(t
2
) + D 

Eq 3.1  MLR = A * OPA / (1 + BSA . C) . t + D 

 

Further experimental GA runs were performed by running the programme for 100 

generations (iterations) 20 times, and the best fitness value recorded (i.e. the smallest 

value of difference between the experimental and calculated values). This fitness value 

was compared to the fitness values determined for the other equation formats and the 

equation with the best fitness was taken as the actual form of the equation for the model.  

 

Eq 3.2  MLR = A .( 1 + B.OPA)/( 1 + BSA.C).Ln(T+1) + D 

  

Using equation 3.2 the fitness value equivalent to the sum of the absolute difference 

between the observed and the calculated values for the various different combinations of 

bacterial strain and biofilm methodology was calculated. The fitness value (i.e. the total 

difference across all predicted and calculated values) was in the range of 15-17, giving 

an average difference of 0.22 MLR over the 72 calculated points. The average value of 

MLR was in the range of 2-3 so a percentage difference of 7-11% was calculated 

between the experimental and predicted results, which was considered to be 

satisfactory. Parameters (A, B, C, D) were introduced to enable the various different 
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experimental factors to be modelled. Equation 3.2 is intended to be the model for the 

different mycobacterial species and biofilm methodology.  

 The GA was then used to search for the best coefficients to determine values for 

the parameters of A, B, C and D for the specific bacterial species and biofilm 

methodology. This was achieved using the selected form of the equation with initially 

random values for each parameter (coefficients). In each case the GA tended to end up 

with similar final ‘best fit’ coefficients that would give the most accurate MLR using 

the new form of the equation.  The values for the ‘best fit coefficients generated by the 

GA are shown in Table 5.4.  

 

Table 5.4  The values for the coefficients A, B, C and D for M.chelonae NCIMB 

1474 and M.chelonae (Epping)  

 
 

Bacterial 

strain 

Biofilm 

protocol 

Value of A Value of B Value of C Value of D 

M.chelonae 

NCIMB 

1474 

Sodium 

alginate film 
0.14 12.47 0.32 0.01 

Sedimentation 

biofilm 
0.07 11.67 1.14 0.01 

M.chelonae 

(Epping) 

Sodium 

alginate film 
1.00 1.14 0.34 -0.03 

Sedimentation 

biofilm 
0.55 4.03 0.41 0.00 

 
 

 
 

Where A = the overall Rate for a given Mycobacteria/Biocide combination. This varies 

from 0.07 to 1.00. 
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B = the effectiveness of the Concentration, with the higher the value of B, the higher the 

effectiveness of the Biocide (i.e. a much lower concentration is needed to cause a higher 

rate). 

 

C = the effect of the Organic Load, interestingly in three cases this is between 0.3 and 

0.4, which suggests that the effect of Organic Load is constant between different 

Biocide/Micro-organisms experiments. 

 

D = the value of MLR at time 0, and should, in theory be equal to 0. The values shown 

are very small and represent errors in the original data. This suggests that the original 

data values are reasonably accurate, and that the generated equations are a reasonable 

representation of the data.  

An example of a GA run is shown in Figure 5.7, showing the best values for one 

particular run for M.chelonae NCIMB 1474 grown as sedimentation biofilms.  
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Figure 5.7 An example GA run for M.chelonae NCIMB 1474 at OPA concentration 

of 0.5, 0.2 and 0.0182 % (w/v) 1: bacterial species; 2: selected equation; 3: experimental 

MLR; 4: predicted MLR using the equation and best fit A, B, D and E values; 5: best fit 

values for parameters A, B, C and D after 100 iterations using the selected equation; 6: 

previous iterations generated using the GA; 7: concentration of OPA (w/v); 8: 

concentration of organic load (g/L) 

 

 

 

Finally, a small program was developed (Figure 5.8) to allow the equation to be used to 

determine any of the three main variables given values of the other two. Using this 

program MLR can be calculated given Concentration and Time or Concentration can be 

calculated given MLR and Time or Time can be calculated given MLR and 

Concentration. It is likely that the coefficient A may be a constant value for a given 
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method of biofilm production and bacterial strain used. So the next stage of the 

development of the model was to determine if this was true and if so, the values of the 

coefficients for each of the different experiments used i.e. for each bacterial strain and 

biofilm method. 

 

 

Figure 5.8  The MLR calculator programme  

 

 
 

 

 

5.4 Validation of model 

 

To determine if the mathematical model was accurately predicting the MLRs of the 

original data it was necessary to validate the original MLRs, which were used to 

develop the model, against the MLR values predicted by the mathematical model for 
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the same values of OPA and BSA. The validation was performed by plotting graphs of 

the original data against the predicted values in Microsoft Excel (Figures 5.9-5.20). 

The standard deviations of the original data were expressed on the graphs to determine 

if the model was predicting the MLRs within the range of the error of the original data.  

 

5.4.1 Results 

 

Figures 5.9-5.20 show the predicted and experimentally derived MLR for sedimentation 

and sodium alginate biofilms for M.chelonae and M.chelonae (Epping) across all 

concentrations of OPA and organic load. An examination of the results showed that 

78.14 % of the predicted values fell within the error range of the original data. To 

determine the accuracy of the model a non-parametric two tailed Spearman’s correlation 

was undertaken on all of the sets of predicted and experimentally produced results (the 

closer the value to 1 the more accurate the correlation). These values are presented in 

Tables 5.4 and 5.5, and also as an overall spread of p values for M.chelonae and 

M.chelonae (Epping) for both sedimentation and sodium alginate biofilms in Figure 

5.21.  The average p value for the sedimentation and sodium alginate biofilms was 

0.880 and 0.845 respectively. 
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Figure 5.9  The validation of 0.5% OPA (w/v) M.chelonae (Epping) grown as 

sedimentation biofilms A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = 

experimental results ± standard deviation and = Predicted results  

 

 

 

 

A) 

B) 

C) 
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Figure 5.10  The validation of 0.2% OPA (w/v) M.chelonae (Epping) grown as 

sedimentation biofilms A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = 

experimental results ± standard deviation and = Predicted results  
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Figure 5.11  The validation of 0.0182% OPA (w/v) M.chelonae Epping grown as  

sedimentation biofilms A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA  

= experimental results ± standard deviation and = Predicted results  

 

 

 

A) 

B) 

C) 
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Figure 5.12  The validation of 0.5% OPA (w/v)  M.chelonae grown as sedimentation 

biofilms A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA  = experimental results ± 

standard deviation and = Predicted results  

 

 
 

 
 

B) 

C) 

A) 
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Figure 5.13  The validation of 0.2% OPA (w/v) M.chelonae grown as sedimentation 

biofilms A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = experimental results ± 

standard deviation and = Predicted results  

 

 

 

 
 

 

C) 

B) 
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Figure 5.14  The validation of 0.0182% OPA (w/v) M.chelonae grown as 

sedimentation biofilms A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = 

experimental results ± standard deviation and = Predicted results  

 

 

 
 

 

B) 

C) 
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Figure 5.15  The validation of 0.5% OPA (w/v) M.chelonae Epping grown as sodium 

alginate films A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA   = experimental 

results ± standard deviation and = Predicted results  

 

 
 

 

B) 

C) 

A) 
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Figure 5.16  The validation of 0.2% OPA (w/v) M.chelonae Epping grown as sodium 

alginate films A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA  = experimental 

results ± standard deviation and = Predicted results  

 

 

 

 
 

B) 

C) 
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Figure 5.17  The validation of 0.0182 % OPA (w/v) M.chelonae Epping grown as 

sodium alginate films A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = 

experimental results ± standard deviation and = Predicted results  

 

 

 
 

 

 

B) 

A) 
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Figure 5.18  The validation of 0.5% OPA (w/v) M.chelonae grown as sodium 

alginate films A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = experimental 

results ± standard deviation and = Predicted results  

 

 
 

 

 

B) 

C) 
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Figure 5.19  The validation of 0.2% OPA (w/v) M.chelonae grown as sodium alginate 

films A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = experimental results ± 

standard deviation and = Predicted results  
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Figure 5.20  The validation of 0.0182% OPA (w/v) M.chelonae grown as sodium 

alginate films A) 0 g/L BSA, B) 0.3/L BSA and C) 3g/L BSA = experimental 

results ± standard deviation and = Predicted results  
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Table 5.5  P Values for the effect of OPA against M.chelonae NCIMB 1474 and 

M.chelonae (Epping) grown as sedimentation biofilms.  

 

OPA 

Concentration 

(w/v) 

BSA 

Concentration 

(g/L) 

Bacterial strain P value 

0.0182 

 

0 M.chelonae 0.89 

0.3 0.884 

3 1 

0 M.chelonae (Epping) 0.904 

0.3 0.984 

3 0.941 

0.2 

 

0 M.chelonae 0.945 

0.3 0.886 

3 0.775 

0 M.chelonae (Epping) 0.895 

0.3 0.872 

3 0.877 

0.5 

 

0 M.chelonae 0.932 

0.3 0.818 

3 0.805 

0 M.chelonae (Epping) 0.893 

0.3 0.914 

3 0.775 
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Table 5.6  P Values for the effect of OPA against M.chelonae NCIMB 1474 and 

M.chelonae (Epping) grown as sodium alginate films.  

 

OPA Concentration 

(w/v) 

BSA Concentration 

(g/L) 

Bacterial strain P value 

0.0182 

 

0 M.chelonae 0.556 

0.3 0.582 

3 0.849 

0 M.chelonae 

(Epping) 

0.963 

0.3 0.883 

3 0.574 

0.2 

 

0 M.chelonae 0.914 

0.3 0.743 

3 0.846 

0 M.chelonae 

(Epping) 

0.957 

0.3 0.931 

3 0.964 

0.5 

 

0 M.chelonae 0.95 

0.3 0.92 

3 0.917 

0 M.chelonae 

(Epping) 

0.914 

0.3 0.959 

3 0.959 
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Figure 5.21  The overall spread of p values calculated for all validations between the 

experimental results use to produce the model and predicted results.  M.chelonae 

(Epping) sodium alginate films M.chelonae (Epping) sedimentation 

biofilms M.chelonae NCIMB 1474 sodium alginate film M.chelonae NCIMB 

1474 sedimentation biofilms 

 

 

 
 

 

5.4.2 Discussion 

 

The validation of the mathematical model with the data used to produce the 

mathematical model was very encouraging (Figures 5.9 - 5.20). Looking at the overall 

spread of the data produced from the Spearman’s correlation statistical test in figure 

5.21 it is clear that a large proportion of the values are near the 100% accuracy value of 
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1.  The unusually low values of 0.556, 0.582 and 0.574 for M.chelonae at 0.0182 % 

OPA and 0 BSA, M.chelonae 0.0182% OPA with 0.3 g/L BSA and M.chelonae Epping 

at 0.0182 % OPA and 3g/L BSA, grown as sodium alginate biofilms respectively, could 

be explained by a number of factors. The mathematical model produced in this chapter 

does not represent the actual fit of the original data, as it represents a smooth curve that 

best fits the data. As a result it would be unlikely that every single predictive MLR 

would be accurate to the original efficacy testing data used to produce the model. The 

low correlation of some of the results discussed above may be the result of these values 

being outliers that do not fit to the curves produced by the mathematical model.  

 

5.5 Validation of mathematical model with experimental data.  

 

5.5.1 Introduction 

 

To further determine the accuracy of the model, the effect of OPA against M.chelonae 

and M.chelonae (Epping) grown as sedimentation and sodium alginate biofilms was 

tested, using concentrations of OPA and BSA, which had not already been used to 

develop the model.  

 

5.5.2  Bacterial strains  

 

Mycobacterium chelonae NCIMB 1474 and a GTA-resistant washer disinfector 

isolate, Mycobacterium chelonae (Epping) (obtained from Dr P.A. Griffiths, City 

Hospital NHS Trust, Birmingham, UK) were used to validate the mathematical model.  
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5.5.3 Determination of experimental variables for testing of mathematical 

model  

 

The concentrations of OPA and BSA used to test the accuracy of the mathematical 

model were 0.05 % OPA (w/v) and 0.4g/L BSA and 0.1 % OPA (w/v) and 0.4g/L 

BSA. The contact time points tested were 1, 2, 5, 10 and 20 minutes.  

 

5.5.4 Controls 

 

5.5.4.1 �eutraliser efficacy tests 

 

Neutraliser efficacy tests were undertaken to check the efficacy of the neutraliser, 

0.5% sodium bisulphite, against the new test concentrations of OPA (0.1 and 0.05 % 

(w/v), using sedimentation and sodium alginate biofilms. These were carried out as 

described in section 3.2.6.3 and 4.1.1. Neutraliser toxicity tests were not undertaken as 

the toxicity of the neutraliser had already been evaluated in section 3.2.7.3 and 4.15.1.

   

5.5.4.2 Effect of 0 % BSA and 0% OPA  

 

To determine if the mathematical model was accurately predicting the effect of OPA 

and organic load at time 0, i.e. before the addition of OPA or BSA, a set of controls 

were undertaken. This would determine if the assumption used in the model, that 0 log 

reductions of bacteria had occurred at time 0 was indeed true. Two biofilms, either 

sedimentation or sodium alginate biofilms were produced for each test (as previously 

described in section 3.2.6 and 4.1.3). The first biofilm was rinsed three times with 
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sterile distilled water and then left for 1, 30 or 60 minutes in fresh HEPES solution. 

After the required time the biofilm was removed from the HEPES solution and placed 

in a boiling tube containing 20 mL of HEPES and 8 glass beads (diameter). The 

second film was placed directly into a boiling tube, at time 0, containing 20mL HEPES 

and 8 glass beads. Log counts were then performed as described in section 2.2.2  

 

5.5.4.3  Test methodology for validation of experimental and predicted 

mean log reductions  

 

Bacteria grown as sedimentation and sodium alginate biofilms (as described in 

sections 3.2.4 and 4.14.1.2 respectively) were used to test the efficacy of OPA, using 

the previously defined experimental variables  

 

5.6 Results  

 

5.6.1 �eutraliser efficacy tests 

 

For the sedimentation and sodium alginate biofilms the use of sodium bisulphite 0.5 % 

(w/v) was shown to be a satisfactory neutraliser to quench the activity of OPA at both 

0.1 and 0.05 % (w/v). The log reductions for both M.chelonae NCIMB 1474 and 

M.chelonae (Epping) were all less than 1 (Tables 5.6 and 5.7). An average log 

reduction in numbers was calculated as 0.427 ± 0.20 and 0.415 ± 0.29 for the 

sedimentation and sodium alginate films respectively.  



 

 245

Table 5.7  Efficacy testing of 0.5% sodium bisulphite against M.chelonae NCIMB 

1474 and M.chelonae (Epping) grown as sedimentation films, using OPA 

concentrations of 0.05 and 0.1 % (w/v). n = 5. 

 

Bacterial strain OPA concentration 

(w/v) neutralised by 

0.5%  (w/v) sodium 

bisulphite 

Log reduction ± SD 

M.chelonae 0.05 0.22 (0.14) 

0.1 0.33 (0.11) 

M.chelonae (Epping) 0.05 0.69 (0.31) 

0.1 0.47 (0.23) 

 

Table 5.8 Efficacy testing of 0.5% sodium bisulphite against M.chelonae NCIMB 

1474 and M.chelonae (Epping) grown as sodium alginate films, using OPA 

concentrations of 0.05 and 0.1 % (w/v). n = 5 

 

Bacterial strain OPA concentration 

(w/v) neutralised by 

0.5%  (w/v) sodium 

bisulphite 

Log reduction ± SD 

M.chelonae 0.05 0.82 (0.45) 

0.1 0.71 (0.18) 

M.chelonae (Epping) 0.05 0.37 (0.37) 

0.1 0.36 (0.19) 
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5.6.2 Effect of 0 BSA and 0 OPA against bacterial numbers 

 

For the sedimentation and sodium alginate biofilms, there was an average change in 

bacterial numbers for all time points (1, 30 and 60) of 0.155 ± 0.13 (Table 5.8). Using 

M.chelonae (Epping) grown as sodium alginate films after an incubation time of 60 

minutes a log change of 0.49 (0.09) was observed. This was significantly higher than 

the other values observed and could be put down to experimental error or the 

inevitable fluctuation in bacterial numbers over a period of time. This was 

satisfactorily low as to satisfy the assumption that without an organic load or addition 

of OPA that the MLR at time 0 would be 0.   

 

5.6.3 Validation of experimental and predicted mean log reductions  

 

The predicted and experimental values for the new concentrations of OPA and BSA 

are shown tables 5.9 – 5.16 and in Figures 5.22 - 5.29, with the standard deviations 

shown for the experimental data, to determine if the predicted values fell within the 

error range of the experimental data. Observing Figures 5.22-5.29 it becomes clear that 

there is a definite correlation between the experimental and predicted data sets. To 

determine if this observation was accurate a Spearmans rank, non-parametric 

correlation was used to determine if there was a statistical correlation in the data, 

which is shown in Table 5.17 and Figure 5.30. 
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Table 5.9 The effect of 0 % organic load and 0 % BSA on bacterial numbers in 

sedimentation and sodium alginate biofilms.  

 

Bacterial strain Biofilm 

methodology 

Incubation time 

(min) 

Log change ± SD  

M.chelonae sedimentation 

biofilm 

1 0.11 (0.05) 

30 0.07 (0.02) 

60 0.25 (0.11) 

M.chelonae 

(Epping) 

sedimentation 

biofilm  

1 0.01 (0.01) 

30 0.08 (0.06) 

60 0.13 (0.12) 

M.chelonae sodium alginate 

film 

1 0.06 (0.03) 

30 0.09 (0.1) 

60 0.13 (0.2) 

M.chelonae 

(Epping) 

sodium alginate 

film 

1 0.18 (0.17) 

30 0.27 (0.19) 

60 0.49 (0.09) 

 

It was observed that the experimental log reductions for M.chelonae Epping, grown as 

sodium alginate films, for the two conditions investigated; 0.05% OPA (w/v) and 

0.4g/L BSA and 0.1 % OPA + 0.4g/L BSA, had a correlation of 0.949 and 0.962 to the 

results predicted by the mathematical model respectively.  

At 0.1 % OPA + 0.4g/L BSA against M.chelonae Epping grown as 

sedimentation biofilms, the experimental log reductions had a correlation of 0.973 to 

the predicted results and using 0.05% OPA and 0.4g/L BSA a correlation of 0.957 was 
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observed.  

It was observed that the experimental log reductions for M.chelonae, grown as 

sedimentation biofilms, for the two conditions investigated; 0.05% OPA (w/v) and 

0.4g/L BSA and 0.1 % OPA + 0.4g/L BSA, a correlation of 0.981 and 0.977 was 

observed.  

Using the highest concentration of OPA tested, 0.1% (w/v) and 0.4g/L BSA, 

M.chelonae grown as alginate biofilms produced a correlation of 0.875. At a 

concentration of 0.05 % OPA and 0.4g/L BSA, M.chelonae grown as sodium alginate 

films produced a correlation of 0.957 with the MLR predicted by the mathematical 

model. 
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Figure 5.22  The correlation between experimental and predicted MLR for 0.05 % 

OPA (w/v) and 0.4 g/L BSA, against  M.chelonae (Epping) grown as sedimentation 

biofilms; = experimental results ± standard deviation and = Predicted results  

 

 

Figure 5.23 The correlation between experimental and predicted MLR for 0.05 % OPA 

(w/v) and 0.4 g/L BSA, against M.chelonae (Epping) grown as sodium alginate films;  

= experimental results ± standard deviation and = Predicted results  

 

 



 

 250

Figure 5.24  The correlation between experimental and predicted MLR for 0.1 % 

OPA (w/v) and 0.4 g/L BSA, against  M.chelonae (Epping) grown as sodium alginate 

films; = experimental results ± standard deviation and = Predicted results  

 

 

Figure 5.25  The correlation between experimental and predicted MLR for 0.1 % 

OPA (w/v) and 0.4 g/L BSA, against  M.chelonae (Epping) grown as sedimentation 

biofilm; = experimental results ± standard deviation and = Predicted results  
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Figure 5.26  The correlation between experimental and predicted MLR for 0.1 % 

OPA (w/v) and 0.4 g/L BSA, against  M.chelonae NCIMB 1474 grown as 

sedimentation biofilm; = experimental results ± standard deviation and = 

predicted results  

 

Figure 5.27  The correlation between experimental and predicted MLR for 0.1 % 

OPA (w/v) and 0.4 g/L BSA, against  M.chelonae NCIMB 1474 grown as sodium 

alginate films  
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Figure 5.28 The correlation between experimental and predicted MLR for 0.05 % OPA 

(w/v) and 0.4 g/L BSA, against  M.chelonae NCIMB 1474 grown as sedimentation 

biofilms; = experimental results ± standard deviation and = Predicted results  

 

 

Figure 5.29 The correlation between experimental and predicted MLR for 0.05 % OPA 

(w/v) and 0.4 g/L BSA, against  M.chelonae NCIMB 1474 grown as sodium alginate 

films; = experimental results ± standard deviation and = Predicted results  
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Table 5.10  P values determined using a spearman’s rank nonparametric 

correlation, to determine the accuracy of the models’ predictions (the closer the p 

value to a value of 1 the more accurate the correlation). 

 

OPA 

Concentration 

(w/v) 

BSA 

Concentration 

(g/L) 

Bacterial 

strain 

P value Biofilm 

methodology 

0.05 0.4 M.chelonae 0.957 Sodium 

alginate 
0.1 0.4 0.875 

0.05 0.4 0.981 Sedimentation 

0.1 0.4 0.977 

0.05 0.4 M.chelonae 

(Epping) 

0.949 Sodium 

alginate 
0.1 0.4 0.973 

0.05 0.4 0.957 Sedimentation 

0.1 0.4 0.962 
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Figure 5.30  The overall p value spread for all values shown in table 5.17 for 

M.chelonae NCIMB 1474 and M.chelonae (Epping) grown as sedimentation biofilms 

and sodium alginate films  

 

 

 

5.7 Discussion 

 

The mathematical model produced in this chapter was developed entirely using 

efficacy testing data that had been produced against M.chelonae (Epping) and 

M.chelonae NCIMB 1474. The model proved to be very accurate in predicting the 

effect of unknown concentrations of OPA and BSA against the two test organisms. An 

average p value across all of the test conditions, biofilm methodology and bacterial 

strains was calculated as 0.90 ± 0.03. In cases where there was a lower p value 

calculated for the predicted/experimental values this could be explained by the nature 

of the mathematical model. The mathematical model produced in this chapter is 
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essentially an equation that produces smooth curves that best fit the original efficacy 

testing data. The actual efficacy data used to develop the model do not conform to a 

smooth curve, as a result of a number of factors for example experimental error and 

variations in inoculum size. As a result the experimental data would be unlikely to 

always fit to the predicted values.   

A review of the literature showed that there are a number of models developed 

for similar processes, in particular those that model the growth or decay of organisms 

due to disinfection, quenching or (as in the case of this thesis) biocides. One equation 

developed to model MLR is that of Lambert and Johnston (2000) who formulated a 

disinfection model to describe the effect of an intrinsic quenching of a biocide by the 

bacteria themselves. This equation was based on the Chick-Watson and Hom models 

of disinfection producing the following equation: 

 

Eq 3.3   LogR = Ko/Q * (1-exp(-Qt)) 

 

This model equates the log reduction of bacterial numbers, by taking into account the 

quenching effect of the bacteria and uses an exponential curve to model the data. The 

use of exponential curves to model disinfection kinetics have been published in the 

literature (Chick 1908, Lambert 2001, Lambert and Johnston 2001) and are used in a 

variety of situations, such as modelling changes in population size, in the spread of 

diseases, and in the growth of investments. They can also accurately predict types of 

decline typified by radioactive decay. Many physical processes pass away as a 

(natural) exponential function of the time. Processes that decrease over time are 

usually modelled with an exponential curve, with a negative parameter: exp(-t), 

whereas processes that grow over time and rise towards a limit, are modelled using the 
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inverse of the exponential function – the natural logarithm: ln(t). The exponential 

function can also be used to model curves similar to the natural logarithm, if they are 

of the form (1 – exp(-t)) –, where the curve starts at zero and rises to a limit at 1. The 

model described in this chapter uses a natural log curve as this was found to match the 

shape of the data collected in the experiments.   

Although this model and that of Lambert and Johnston (2000) are describing 

disinfection processes under different experimental conditions, there are similarities 

between the two. Both have a quenching factor built in to their equation; for the model 

proposed in this thesis, it was an organic load and for Lambert and Johnston (2000) it 

was the quenching effect of the bacteria themselves. The two studies also produce 

disinfection curves with similar shapes. To check the effectiveness of this new model 

it was deemed necessary to evaluate if it was predicting the MLR better than the 

existing (most similar) model developed by Lambert and Johnston (2000). To test this, 

the experimental GA system was recoded to use an equation based on the form of the 

one developed by Lambert and Johnston (2000), whose equation is: 

 

Eq 3.4  LogR =Ko/Q * (1-exp(-Qt)).  

 

The equivalent equation was determined as:  

 

Eq 3.5  MLR = A * Conc / (1 + Load*B) * (1 - exp(-D * Load * t) + C  

 

whereby the intrinsic quenching factor (Q) was replaced by the quenching factor, 

organic load, to make the equation relevant to the experimental conditions described in 

this thesis. Lambert and Johnston’s (2000) altered equation was then run through the 
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GA fitter (described previously) to determine the quality of fit to the efficacy testing 

data obtained in chapters 3 and 4. Using the altered equation a best fit value was found 

to be 40.76, in comparison to the best fit value of 15.03 using the model produced in 

this thesis. This meant that the form of equation, derived in this chapter, using the 

natural logarithm (ln) was a more accurate fit to the shape of the data used, and 

therefore more effective in predicting the MLR than an equation based on the 

exponential curve (exp). This suggests that using a natural logarithm for experiments 

with biocides and organic load is more effective than using an exponential curve, but it 

is likely that the quenching effect (described by Lambert and Johnston 2000) is better 

modelled using an exponential curve.  

An advantage of the model developed in this chapter relates to it being developed 

from first principles and entirely from experimental data, which is unusual, as many 

models published in the literature tend to use existing disinfection models as the basis 

for their equations. For example the Chick-Watson model is the basis of a number of 

models (Reichart 1994; Cochran et al. 2000; Lambert and Johnston 2001; Peleg 2002; 

Virto 2005). The model developed in this chapter has been shown to be valuable for 

the prediction of the effects of biocides with varying concentrations and organic loads, 

and could well be useful as the basis for further refinement in similar experimental 

areas. 

The mathematical model produced in this study is also the first study to 

mathematically model the effect of OPA against M.chelonae NCIMB 1474 and 

M.chelonae (Epping) biofilms. The model represents a predictive method which could 

be used to predict the effect of other biocides against different bacterial strains given a 

set of preliminary efficacy data. These preliminary data could then be fed into the GA 

fitting programme which would then produce new coefficients which would be 
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specific for those bacterial strains and biocide type. This would be important as the 

production of efficacy data is a very time consuming process. Therefore a model that 

could predict the effect of a biocide against specific bacterial strains (after a set of 

preliminary efficacy testing data was collected), would reduce the work load required 

to produce a thorough analysis of a biocides effect against specific micro-organisms. 

As described the model was produced entirely from experimental data which were 

produced at a constant temperature and pH and with a starting inoculum that was 

constant. As a result the model would not necessarily be able to predict the effect of a 

biocide with alterations to these parameters. However in all commonly used efficacy 

testing methods, i.e. CEN 1997 and CEN 1998, bacterial inoculum size, temperature 

and pH are required to be standardised. Therefore this mathematical model does have a 

potential practical application.  

In this study a new mathematical model for testing the effect of OPA against two 

mycobacterial strains, with and without organic load was developed. This was tested 

and found to be a viable method in which to predict MLRs at specific time points. 

Further work would be important to determine if the model could accurately predict the 

effect of alternative biocides, against different bacterial species. If this was deemed 

possible the model could be used as a new, faster mechanism by which to predict the 

efficacy of new biocides, as opposed to the standard laborious efficacy testing methods 

used at present.   
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Chapter 6. 

 

Effect of in situ reprocessing conditions; quality of surfaces and re-

growth.  

 

6.1 Introduction 

 

The reprocessing of endoscopes is extremely important in reducing the risk of cross-

contamination between patients. There are however, a number of studies that have 

demonstrated evidence of pathogenic micro-organisms remaining on endoscopes after 

standard hospital infection control procedures (i.e. pre-cleaning steps and high-level 

disinfection) (Spach et al. 1993; Struelens et al. 1993; Chu et al. 1998; Chaufour et al. 

1999; Ishino et al. 2001; Alfa and Nemes et al. 2003; Heeg et al. 2004; Obee et al. 

2005). It was estimated in 1999, by the Centers for Disease Control and Prevention 

(CDC 1999) that up to 270,000 infections may be transmitted by flexible endoscopes 

each year, as a result of inadequate reprocessing. 

The importance of pre-cleaning endoscopes prior to high-level disinfection is an 

important step to increase the success of reprocessing and has been widely discussed in 

the literature (Struelens et al. 1993; Deva et al. 1998; Alfa et al. 1999; Ishino et al. 

2001; Zuhlsdorf et al. 2002; Pajkos et al. 2004a and b; Staffeldt 2005). Inadequate 

removal of soil and biofilm from endoscopes may result in subsequent compromised 

disinfectant action and may even lead to selection of biocide-resistant bacteria (Vickery 

et al. 2004). Current recommendations for endoscope reprocessing include pre-cleaning 

steps, involving immersion of the endoscope in a detergent, brushing of the larger 
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channels and flushing of all other channels, followed by high-level disinfection or 

chemical sterilisation (Vickery et al. 2004). It has been noted that microscopic damage 

to endoscope linings may contribute to biofilm survival, since it is known that rough-

surface topography plays a role in enhanced resistance to antimicrobial agents, by 

hindering the penetration of antimicrobial agents, thereby protecting (Korber et al. 

1997) and encouraging the adherence of bacteria to surfaces (Hood and Zottola 1997; 

Gough et al. 1998). The brushing action undertaken in the pre-cleaning steps may have 

the potential to affect the surface quality of the endoscope, producing a rougher surface, 

which may increase the numbers of bacteria adhering to the surface. 

Surface roughness is defined as the relatively fine-spaced deviations, or 

irregularities that establish a predominant surface pattern (Taylor et al. 1998). A study 

using steel that had been polished or left rough, showed that greater numbers of bacteria 

adhered to the rough surfaces, in comparison to the polished surfaces, potentially as a 

result of a larger surface area (Barnes et al. 1999).  

Surface roughness can induce immobilisation of cells and therefore irreversible 

attachment may be more easily achieved. A study using chopping boards and 

Salmonella typhimurium, showed that if bacteria had attached to the surface and were in 

the reversible attachment phase, the bacteria could be easily removed by rinsing. 

However by the irreversible attachment phase, stronger mechanical forces, such as 

scrubbing were required to remove the bacteria (Gough et al. 1998). The influence of 

surface roughness on the adherence of bacteria is in some cases inconsistent. For 

example Pasmore et al. (2001) found that the initiation of P.aeruginosa biofilm on a 

surface increases with surface roughness on polyethylene and cellulose acetate. 

However, Hilbert et al. (2003) found that surface roughness did not have an affect on 

the adherence of P.aeruginosa to stainless steel and Eginton et al. (1995) found that the 
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colonisation of P.aeruginosa was independent of surface roughness to glass, stainless 

steel and polystyrene. There are few studies investigating the effect of surface 

roughness on the adherence of mycobacteria to surfaces, however it has been shown that 

hydrophobic surfaces are likely to increase the initial adherence of mycobacteria 

(Knoell et al. 1999).  

The adherence of bacteria to surfaces may also be influenced by the composition 

of the surface (Jeyachandran et al. 2006). For example, a study using Listeria 

monocytogenes, found that in comparison to a number of other materials, including 

stainless steel, polycarbonate, polyurethane, PVC and rubber, polypropylene had the 

fewest adherent cells (Beresford et al. 2001). A study using Legionella pneumophila 

showed that counts of attached cells were highest on latex surfaces and followed in 

decreasing order by ethylene-propylene, chlorinated polyvinyl chloride, polypropylene, 

mild steel , stainless steel, unplasticised polyvinyl chloride, polyethylene and glass 

surfaces (Rogers et al. 1994). 

These differences in adherence of bacteria are the result of a number of factors. 

Materials can be divided into two main classes 1) high-surface energy materials, which 

are also hydrophilic, frequently negatively charged and usually inorganic such as glass, 

metals or minerals and 2) low-energy surfaces which are relatively hydrophobic, low in 

electrostatic charge and are generally organic polymers such as plastics (Fletcher 1990). 

Therefore because of the complicated physicochemical characteristics of material 

surfaces and also that of bacteria, micro-organisms will adhere to different material 

surfaces differently (An and Friedman 1997; Garcia-Saenz et al. 2000; Ploux et al. 2007 

and Zhao et al. 2007). This adherence will be dependent on, for example, different cell 

surface hydrophobicities, the ability to aggregate, cell size, the presence of capsular 

polymers (Rijnaarts et al. 1993), different mechanisms of adhesion and strain of 
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bacteria (Cerca et al. 2005).  The ability of certain materials, such as latex and other 

plastic surfaces to leach out nutrients into the surrounding medium is also thought to 

encourage biofilm development. If the bacteria are able to adhere to a surface 

effectively and are provided protection within any surface cracks, these bacteria may be 

protected from a biocide challenge and exhibit re-growth when transferred to a nutrient 

medium. 

Bacterial re-growth is a term used to describe any increase in bacterial numbers 

in a system, downstream of the disinfection process (Firsov et al. 1997). Re-growth 

could also be attributed to a microbial population shift occurring, where some 

organisms become resistant to the biocide and subsequently survive (Cloete 2003).   

A number of studies have described the phenomenon of re-growth of bacteria 

after apparent disinfection with biocides. A study using biofilm and planktonic cells of 

P.aeruginosa showed that after treatment with anolyte for 6 hours, planktonic and 

biofilm cells had been killed, however, after re-incubation with fresh growth medium, 

re-growth of cells was observed after 24 and 72 hours for biofilm and planktonic cells 

respectively (Thantsha and Cloete 2006). A similar observation was made by Broezel 

and Cloete (1992) whereby bacterial re-growth was observed 24 hours after treatment 

with dichlorophen or thiocarbamate.  

Re-growth of sub-lethally injured cells usually occurs after a lag period, which 

relates to the suppression of bacterial re-growth, following short exposures to 

antimicrobial agents (Fuursted et al. 1997). The lag period is the time taken to repair 

sub-lethal injury, which varies in time depending on the antimicrobial agent used, the 

bacterial species and contact time. A short lag period before re-growth indicates that the 

injury involved is repaired rapidly. For example E.coli has shown re-growth within 60 

minutes after exposure to 0.3 M sodium acetate, but using mandelic-lactic acid against 
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the same bacterial species of E.coli, a lag phase of 1.2 - 2.1 hours was observed 

(Fuursted et al. 1997). In contrast, the exposure of Bacillus megaterium to 12µM 

chlorhexidine for five minutes was shown to require a 1-2 hour period for recovery from 

the injury (Nadir and Gilbert 1982). Application of chlorhexidine for 1 hour against 

planktonic P.aeruginosa has been shown to require a 4.3 hour repair period, whereas for 

the same species using chloramine with a contact time of 1 hour, a one hour and ten 

minutes was required for repair and subsequent re-growth (Fuursted et al. 1997).   

The extent of bacterial re-growth after antiseptic challenge could be dependent 

on a number of factors, including the nutrients available in the system for subsequent re-

growth, the roughness of the surface in contact with the bacteria and growth as a 

biofilm. The extent of re-growth may also be a reflection of how many log cycles of kill 

have taken place; for example it would take longer for a culture to reach visible 

turbidity starting from 1 cell per mL than it does from 10000 cells per mL. A study 

using E.coli after sub-lethal injury showed that the cells were able to re-grow on 

substrates that were termed low-stress, such as trypticase soy agar tryptone soya broth, 

or R2A medium, but were unable to re-grow on high stress substrates such as violet red 

bile agar (Przybylski and Witter. 1979). In some cases cells maintain viability after 

experimental stresses but appear to lose culturability  (Caro et al. 1999, Fuster-Valls et 

al. 2008) and as a result represent a potential reservoir after apparent disinfection.  The 

biofilm mode of growth is also likely to afford bacteria some protection from biocide 

challenge. Firstly, as a result of a physical barrier, whereby bacteria grown in the 

deepest parts of the biofilm may avoid the lethal effects of the biocide (Gilbert et al. 

2002; Russell et al. 2003) and have the potential to exhibit re-growth when the biocide 

challenge is withdrawn. Secondly, the existence of persister cells may represent a 

population of cells that may be able to re-grow after the removal of a biocide challenge 
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(Keren et al. 2004) and finally the adoption of resistance phenotypes and reduced 

growth rate.    

The re-growth of bacteria after disinfection is important, particularly in the 

hospital setting where it could have implications in the reprocessing of endoscopes. 

Endoscopes that undergo high-level disinfection may have sub-lethally injured bacteria 

surviving in cracks or within biofilms, that had escaped disinfection and could therefore 

represent a reservoir of infection. This study investigated i) the re-growth of bacterial 

biofilms after high-level disinfection with OPA ii) the effect of the surface quality of 

polypropylene discs (a material used in the manufacture of endoscopes) on the 

adherence of bacteria iii) the efficacy of reprocessing procedures on the reduction of 

bacterial numbers. This was achieved by following an adapted protocol obtained from 

the Brighton General Hospital, on the cleaning and high-level disinfection regimen in 

place at this hospital.  

 

6.2 The assessment of re-growth of bacterial strains on 

polypropylene discs, after reprocessing treatments.  

 

6.2.1 Materials and methods 

 

6.2.1.1 Bacterial strains 

 

Three different organisms were used to determine if there was any re-growth of 

bacteria after application of OPA with or without enzymatic detergent. P.aeruginosa 

NCIMB 10421, M.chelonae NCIMB 1474 and a GTA-resistant washer disinfector 
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isolate, M. chelonae Epping (obtained from Dr P.A. Griffiths, City Hospital NHS 

Trust, Birmingham, UK) were used as the test organisms. 

 

6.2.1.2 Selection of OPA concentration, contact time and biofilm test methodology 

 

A concentration of 0.5% OPA (w/v) was selected with contact times of 5 and 10 

minutes. These experimental parameters were chosen as previous studies in Chapter 3 

had shown that a 5-log reduction was produced using these contact times and 

concentration of OPA. The sedimentation method of biofilm production was used, as 

preliminary tests showed degradation of sodium alginate biofilms after disinfection with 

OPA and subsequent re-incubation.    

 

6.2.1.3 Effect of a single exposure to 0.5% OPA (w/v) (group 1) 

 

P.aeruginosa, M.chelonae and M.chelonae (Epping) were grown as sedimentation 

biofilms as described in Chapter 3; overnight for P.aeruginosa and 4 days for 

M.chelonae and M.chelonae Epping. After the required incubation period the 

polypropylene discs were rinsed gently with sterile distilled water and placed into Petri 

dishes (5cm in diameter), containing OPA at 0.5% OPA (w/v). After the required 

contact time (5 or 10 minutes) the discs were transferred aseptically into sterile Petri 

dishes containing 20 mL of sodium bisulphite neutraliser. Neutralisation was allowed to 

occur for at least 15 minutes. After the neutralisation period the discs were rinsed gently 

with sterile distilled water and placed into 6 well plates, containing 7 mL of fresh TSB. 

The discs were then incubated at 37ºC for 24 hours for P.aeruginosa, or at 30 ºC, for 76 
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hours for the mycobacteria. After this time viable counts were undertaken to determine 

the level of re-growth of the bacteria within the biofilm, as described in Chapter 2.  

 

6.2.1.4  The effect of a second exposure to 0.5% OPA (w/v) group 2  

 

A second set of experiments (group 2) were undertaken to determine the effect of two 

consecutive exposures of 0.5 % OPA (w/v) to sedimentation biofilms, after an initial 

disinfection procedure and subsequent exposure to OPA. This was undertaken as 

described in section 6.2.4 however after the first re-incubation the polypropylene discs 

were exposed to a second contact with OPA for 5 or 10 minutes and then re-incubated 

for a further 24 or 72 hours dependent on the bacterial species. After this second 

incubation, discs were processed as described above (Section 6.2.1.3) and viable counts 

were then undertaken as described in section 2.2.5. 

 

6.2.1.5  The effect of enzymatic detergent and high-level disinfection using 0.5% 

OPA (w/v) against P.aeruginosa �CIMB 10421. 

 

The third set of experiments was undertaken to determine the level of re-growth after 

the full endoscope reprocessing procedure was undertaken. Sedimentation biofilms were 

produced as described previously. After the required incubation periods the biofilms 

were scrubbed for 1 minute in the presence of enzymatic detergent (Klerzyme 
TM

, 

Shield Medicare) rinsed gently with sterile distilled water and then placed into petri 

dishes containing 20 mL of 0.5% OPA (w/v). After a contact time of 10 minutes the 

discs were neutralised for 15 minutes.  The discs were then rinsed gently with sterile 

distilled water and placed into 6 well plates, containing 7mL of fresh TSB. The discs 
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were then incubated at 37°C or 30°C dependent on the bacterial strain. After this time 

viable counts were undertaken as described in section 2.2.5.  

 

6.2.1.6 Controls 

 

Three sets of controls were undertaken before testing for re-growth of bacteria. The first 

set of controls was undertaken to ensure that (as described in Chapter 3) the 

sedimentation biofilms, which had been exposed to 0.5% OPA, exhibited a 5-log 

reduction in bacterial numbers when viable counts were performed immediately after 

the initial disinfection procedure. Bacteria grown as sedimentation biofilms were treated 

with OPA at 0.5% (w/v), for 5 or 10 minutes and neutralised using 0.5% (w/v) sodium 

bisulphite as described previously (Section 3.2.4). After the neutralisation period the 

discs were removed and vortexed for at least 10 minutes with 10 glass beads, to re-

suspend the cells from the polypropylene surface. 

The second and third sets of controls were undertaken for comparative purposes. 

The second set of controls comprised sedimentation biofilms which had not been treated 

with OPA and incubated for 24 hours for P.aeruginosa or 76 hours for the 

mycobacteria. Viable counts were then performed as described previously in section 

2.2.5 and used as comparative controls for group 1 and 3.  

A third set of sedimentation biofilms were produced, which were incubated for 

24 or 72 hours, removed, rinsed with sterile water and then replaced into 6 well plates 

containing 7mL of TSB, and incubated for a further 24 or 72 hours. Viable counts were 

then performed as described previously in section 2.2.5 and used as comparative 

controls for group 2.  
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6.2.2 Results.  

 

6.2.2.1 Controls 

 

The effect of 0.5% OPA (w/v) against bacteria grown as sedimentation biofilms and 

immediately disinfected after incubation was in agreement with section 3.3.4, whereby 

after a 5 or 10 minute contact time no detectable survivors were detected (i.e. 5 log 

reduction in bacterial numbers was achieved). (Table 6.1).   

 The effect of single and consecutive incubations on bacterial numbers within the 

sedimentation biofilms are shown in Table 6.2. The data were used as comparative 

controls to determine and show that the untreated sedimentation biofilms were 

exhibiting expected growth behaviour.   

 

Table 6.1 The effect of 0.5% OPA (w/v) against P.aeruginosa, M.chelonae and 

M.chelonae Epping. n =3. 

 

Bacterial strain Contact time  Log reduction ±±±± SD 

P.aeruginosa 5 5.79 (0) 

10 5.79 (0) 

M.chelonae 5 6.01 (0) 

10 6.01 (0) 

M.chelonae Epping 5 5.11 (0) 

10 5.11 (0) 
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Table 6.2 The effect of single and consecutive incubations on bacterial numbers 

growing within the sedimentation biofilms without OPA treatment. n = 3.  

 

Bacterial strain Experimental conditions cfu/cm
-2

 log ± SD 

P.aeruginosa  Single incubation 7.00 (0.62) 

Two consecutive 

incubations 

8.60 (0.75) 

Single incubation (for 

OPA and enzymatic 

detergent treatment) 

8.62 (1.06) 

M.chelonae Single incubation 8.39 (0.73) 

Two consecutive 

incubations 

7.81 (0.57) 

Single incubation (for 

OPA and enzymatic 

detergent treatment) 

8.69 (0.60) 

M.chelonae (Epping) Single incubation 8.78 (0.94) 

Two consecutive 

incubations 

8.40 (0.67) 

Single incubation (for 

OPA and enzymatic 

detergent treatment) 

8.48 (0.63) 
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6.2.2.2 Effect of reprocessing treatments on the re-growth of bacteria 

 

It was observed that for all three bacterial strains, for both groups 1 and 2, there was a 

substantial re-growth of bacteria, after contact with 0.5% OPA (w/v), for 5 or 10 

minutes and subsequent re-incubation for 24 or 72 hours for P.aeruginosa, or the 

mycobacteria respectively (Figures 1 and 2). For the first group (single contact with 

OPA, figure 6.1) a 4.21 log increase in bacterial numbers was observed using 

P.aeruginosa, after a 5 minute contact with 0.5% OPA (w/v). A similar result was 

observed using both of the mycobacterial strains. For M.chelonae, after a 5 minute 

contact time with 0.5% OPA, an increase in bacterial numbers of 4.78 log was 

observed.  For M.chelonae Epping using the same conditions, a 5.16 log increase of 

bacteria was observed. A significant difference in re-growth between 5 and 10 minutes 

contact with OPA was observed, with p values of 0.013, 0.00177 and 0.0063, calculated 

for P.aeruginosa, M.chelonae and M.chelonae Epping respectively.  

The re-growth experiments using group two (double contact with OPA, figure 

6.2) produced some interesting results. For P.aeruginosa an increase in bacterial 

numbers of 6.36-log and 5.43-log was observed for 5 and 10 minutes respectively 

(figure 6.1). Re-growth values of 6.94 and 7.04 log increases were observed for 

M.chelonae for 5 and 10 minutes respectively (Figure 6.2) and 5.97 and 6.95 log 

increases in bacterial numbers for M.chelonae Epping (Figure 6.3). These values were 

in most cases significantly higher than those recorded for the first application of OPA 

and subsequent re-incubation. P values calculated for P.aeruginosa to determine the 

difference in re-growth, between groups 1 and 2 were as follows 0.6333 and 0.00018, 

for 5 and 10 minutes respectively; for M.chelonae, 2.18 x 10
-5

 and 0.000275 (for 5 and 

10 minutes respectively) and for M.chelonae Epping, 0.00037 and 4.07 x 10
-6

 for 5 and 
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10 minutes. There was not a significant difference between the re-growth between the 

two mycobacteria strains, for either 5 or 10 minutes contact with OPA; p values ranged 

from 0.11 to 0.85. There was however, in most cases, a significant difference in the re-

growth of the mycobacteria in comparison with P.aeruginosa; with p values ranging 

from 0.161 - 0.00247 between M.chelonae and P.aeruginosa and 0.01 – 0.000505 

between P.aeruginosa and M.chelonae Epping.  

 Group 3, which had undergone treatment with enzymatic detergent, scrubbing 

and high-level disinfection, had the lowest level of re-growth of bacteria.  Average log 

increases after a 5 minute contact time with 0.5 % OPA (w/v) of 3.14, 4.16 and 3.91 for 

P.aeruginosa, M.chelonae and M.chelonae Epping respectively were recorded. A 10 

minute contact with 0.5% OPA (w/v), after subsequent regrowth, produced log 

increases of 2.98, 3.21 and 3.75 for P.aeruginosa, M.chelonae and M.chelonae Epping 

respectively (Figure 6.3). There was not a significant difference in re-growth between 

the two mycobacterial strains with p values of 0.44 ad 0.08 calculated for 5 and 10 

minutes repetitively.  
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Figure 6.1 Comparison of the re-growth of 1: P.aeruginosa NCIMB 10421 2: 

M.chelonae NCIMB 1474 and 3: M.chelonae Epping after a single contact with 0.5% 

OPA (w/v) for 5 or ten minutes.  
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Figure 6.2 Comparison of the re-growth of 1: P.aeruginosa NCIMB 10421 2: 

M.chelonae NCIMB 1474 and 3: M.chelonae Epping after 2 consecutive treatments 

with 0.5% OPA (w/v) for 5 or ten minutes.  
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Figure 6.3 Comparison of the re-growth of 1: P.aeruginosa NCIMB 10421 2: 

M.chelonae NCIMB 1474 and 3: M.chelonae Epping after treatment with Klerzyme and 

0.5% OPA (w/v)   for 5 or ten minutes.  

 

 

 

6.2.3  Discussion 

 

In this study the effect of OPA at 0.5% (w/v) against P.aeruginosa, M.chelonae and 

M.chelonae Epping was tested, and the subsequent re-growth of bacteria on the same 

polypropylene discs was evaluated after one or two separate exposures to OPA or after 

treatment with OPA and enzymatic detergent.  Under all experimental conditions and 

for each bacterial strain, re-growth was observed after a subsequent re-incubation, in 

comparison to the control biofilms. The control biofilms treated with 0.5% OPA, 

exhibited greater than 5 log reductions in bacterial numbers (i.e. no survivors were 

detected).  Interestingly the level of re-growth of bacteria was increased after a second 

application of OPA and subsequent re-incubation, in comparison to just a single contact 
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period with the biocide. The re-growth of bacteria after treatment with both enzymatic 

detergent and OPA was the lowest recorded in comparison to the other groups.  

The re-growth of bacteria, observed for all sets of conditions, may be the result 

of a number of factors. Sub-lethally injured cells have been demonstrated to recover 

after application of a biocide challenge and grow when transferred to growth medium 

(Scheusner et al. 1971; Pszybylski and Witter 1979; Nadir and Gilbert 1982; Broezel 

and Cloete 1992; Fuursted et al. 1997; Thantsha and Cloete 2006).  

The physical removal and separation of the attached bacteria, post-treatment 

with biocides, is also thought to stress any sub-lethally injured micro-organisms that 

have been successfully removed from the surface, which may lead to over estimation of 

disinfection (Gilbert et al. 2001c). As described in section 6.1 there is a lot of evidence 

to suggest that surface topography has a large part to play in encouraging the adhesion 

of bacteria to a surface. This adhesion to surface cracks and imperfections is thought to 

hinder the penetration of antimicrobial agents, thereby protecting the bacteria from 

biocidal action. It is likely that the polypropylene discs used in this study may have a 

number of scratches. This would increase the irreversible adherence of bacteria to the 

surface and subsequently provide small niches, which may have protected a portion of 

the bacteria from exposure to OPA. These bacteria may have been undetected in the 

original efficacy tests (Chapter three) and could have initiated the re-growth of bacteria 

observed in this study.  

The interesting factor in this study was the increased re-growth of bacteria 

observed in group 2 (2 consecutive exposures to OPA), in comparison to group 1. This 

could be partly explained by the fixing effect of OPA. OPA is by nature, a cross-linking 

agent (Simons et al. 2000) and as a result has protein fixing qualities. Simoes et al. 

(2003) evaluated the effect of OPA on the removal of biofilm from metal slides and 
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found that after exposure to OPA, the biofilm remained attached to the surface even 

when inactivated. This solidification of proteins by aldehydes such as GTA and OPA, 

may protect the bacteria and promote re-formation of biofilm (Ishino et al. 2001). This 

fixing affect would inevitably decrease the success of that and subsequent chemical 

treatments. It is however unlikely that after two disinfection procedures, as described in 

this study, that this affect would be very important. The fixing effect exhibited by OPA 

does however represent a potential problem in its use to disinfect medical instruments. 

Simoes et al. (2005) have however observed that the fixing ability of OPA is to a 

slightly lesser degree than GTA. 

The reduced re-growth observed in group three in comparison to the biofilms 

subjected to just OPA, is likely to be the result of the pre-cleaning step before high-level 

disinfection with OPA. As described in Section 6.6.2 pre-cleaning may reduce levels of 

bacteria by up to 3 log reductions and also break up biofilms and aggregates of bacteria. 

Therefore, allowing for easier contact with the remaining bacteria when a biocide 

challenge is introduced to the system.  

The phenomenon of re-growth has been described by a number of groups and 

represents a worrying aspect of the current efficacy testing methods (Fuursted et al. 

1997; Cloete 2003; Thantsha and Cloete 2006).  Endoscopes which are often made in 

part, from polypropylene, could represent a potential reservoir of bacteria. The re-

growth of bacteria in this study, after the use of a high concentration of OPA, could 

represent a possible concern in the efficacy testing techniques currently used to evaluate 

the efficacy of high-level disinfectants, as these methods do not require the use of 

biofilm bacteria. The pre-cleaning step used in endoscope reprocessing is therefore 

extremely important to increase the success of high-level disinfectants by encouraging 

the removal of bacteria from the surface especially if the surface is scratched. As a 
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result experiments were undertaken to determine the effect on surfaces of pre-cleaning 

steps using a scrubbing technique described by the Brighton General Hospital  

endoscopy unit on the reduction in bacterial numbers.   

 

6.3 The effect of pre-cleaning steps on the reduction of P.aeruginosa 

sedimentation biofilms with or without soiling.  

 

6.3.1 Introduction 

 

The pre-cleaning of endoscopes has been well documented to be an extremely 

important stage in the reprocessing of endoscopes (Struelens et al. 1993; Deva et al. 

1998; Foliente et al. 2001: Zuhlsdorf et al. 2005). It removes contaminants, including 

organic matter (e.g. body fluids and faeces) and some micro-organisms. Wherever 

possible endoscopes require a through initial brush followed by washing with an 

enzymatic detergent either by hand or in a machine (Ayliffe et al. 2000). The cleaning 

process has been shown to reduce bio-burden levels by around 2-4 log reductions (Alfa 

et al. 1999; Foliente et al. 2001; Zuhlsdorf et al. 2001). The following study was 

undertaken to determine the effect of pre-cleaning, using the enzymatic detergent 

Klerzyme on biofilms grown on polypropylene discs. This pre-cleaning was 

undertaken with or without an organic load to determine if the presence of an organic 

load reduced the effectiveness of the enzymatic detergent in removing bacterial cells. 
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6.3.2 Materials and methods 

 

6.3.2.1 Bacterial strains 

 

P.aeruginosa NCIMB 10421 was used as the test organism for the effects of pre-

cleaning on bacterial numbers.  

 

6.3.2.2 Test methodology 

 

P.aeruginosa NCIMB 10421 was grown as sedimentation biofilms described previously 

in Chapter 3. After the required 24 hour incubation period the discs were removed and 

placed into petri dishes. The apparatus to simulate the scrubbing of an endoscope was 

adapted from a technique used by Messager et al. (2004) to simulate hand washing. The 

petri dish containing the sedimentation biofilm was mounted on top of a balance and 

fixed in to place using Velcro. 20 mL of sterile distilled water was added to the petri 

dish, with or without enzymatic detergent or in ‘clean’ or ‘dirty conditions, or without 

organic load. The Medica Brush 
TM

 (Medica Europe) was fixed to a steel rod using 

Velcro to allow mechanical rotation via an electric motor (Janke and Kunkel Ikawerk 

Drill). The scrubbing brush was put into contact with the sedimentation biofilm 

(attached to the Petri dish using Velcro), exerting a weight of approximately 140 g and 

the brush rotated at 200rpm for the required contact time (1, 2, 5 or 10 minutes). After 

the required scrubbing period, the polypropylene discs were removed from the petri dish 

and rinsed gently with sterile distilled water. The discs were then placed into centrifuge 

tubes containing 10 mL of HEPES and 10 glass beads. The centrifuge tubes were 
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vortexed for 10 minutes to re-suspend cells from the surface. Viable counts were then 

undertaken to determine the number of cells removed from the surfaces (chapter 2).  

 

6.3.2.3 Controls 

 

A control was used to determine if the enzymatic detergent alone i.e. without the 

scrubbing had any effect in reducing bacterial numbers. Sedimentation biofilms were 

produced as described previously and placed into sterile petri dishes. 20 ml of 

enzymatic detergent was then added with or without organic load. The enzymatic 

detergent was left in contact with the sedimentation biofilms for 1, 2, 5 or 10 minutes. 

After the required contact time the discs were removed, rinsed gently twice in sterile 

distilled water and then placed into centrifuge tubes containing 10 mL of HEPES. The 

centrifuge tubes were then vortexed for 10 minutes with 10 glass beads and viable 

counts performed as described previously.  

 

6.3.3 Results 

 

6.3.3.1 Controls 

 

The effect of enzymatic detergent with or without organic load on P.aeruginosa 

numbers had varying results. A comparison of a 1 minute submersion in clean and dirty 

conditions or without organic load, resulted in a significant difference in the remaining 

cells p = 0.002 (Table 6.2) For a 2 and 5 minute submersion the results were 

insignificant (p = 0.4689 and 0.077 respectively) and for a 10 minute submersion the 

results were significantly different p = 0.0123. The highest log reduction observed was 
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0.6 (0.18) after a one minute soak in clean conditions, with most of the other values 

observed lying below 0.23. The variation in significance values may be the result of 

natural fluctuations within the bacterial population.   

 

Table 6.3 The effect of enzymatic detergent on log reductions of P.aeruginosa 

NCIMB 10421, using 0.3g/L, 3g/L BSA or without organic load and without 

mechanical removal. n=3. 

 

Contact 

time (min) 

CLEA� 

0.3g/L BSA 

DIRTY 

3g/L BSA 

no organic load  

1 0.6 (0.18) 0.12 (0.04) 0.37 (0.10) 

2 0.13 (0.04) 0.18 (0.30) 0.23 (0.09), 

5 0.17 (0.09) 0.10 (0.02)       0.14 (0.12) 

10 0.09 (0.17) 0.06 (0.04) 0.59 (0.35) 

 

 

6.3.3.2  The effect of pre-cleaning steps on survival of P.aeruginosa �CIMB 10421 

grown as sedimentation biofilms, with mechanical removal.  

 

The effect of scrubbing on P.aeruginosa NCIMB 10471 grown as sedimentation 

biofilms was evaluated in both ‘clean’ and ‘dirty’ conditions and with and without 

enzymatic detergent. A maximum reduction in bacterial numbers of 3.65 log was 

observed after 10 minutes scrubbing in clean conditions with Klerzyme
 TM

 (Table 6.4).  

The presence of an organic load, or the use of Klerzyme
 TM

, was shown to be 

insignificant in the log reductions observed. P values of 0.16, 0.98, 0.55 and 0.87 for 1, 
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2, 5 and 10 minutes scrubbing were calculated across the full set of experimental 

conditions.  

The difference in log reduction of bacteria between 1 and 10 minutes scrubbing 

was also found to be statistically insignificant, with p values of 0.166, 0.175, 0.1256, 

0.94 and 0.389 for clean conditions without detergent, clean conditions with enzymatic 

detergent, dirty conditions without detergent, dirty conditions with detergent and 

without an organic load respectively.  

 

Table 6.4 The effect of pre-cleaning steps on log reductions of P.aeruginosa 

NCIMB 10421 in ‘clean’ and ‘dirty’ conditions, grown as sedimentation biofilms.  

 

 

Scrubbing 

time 

(min) 

CLEA� 

0.3g/L BSA 

(without 

Klerzyme
TM

) 

CLEA� 

0.3g/L BSA 

(with 

Klerzyme
TM

) 

DIRTY  

3g/L BSA 

(without 

Klerzyme
TM

) 

DIRTY  

3g/L BSA 

(with 

Klerzyme
TM

) 

no organic 

load 

(without 

Klerzyme
TM

) 

1 1.59 (0.86) 

 

2.07 (1.21) 1.96 (1.58) 3.13 (1.22) 2.45 (1.31) 

2 2.84(1.12) 

 

3.18 (0.98) 3.01 (0.82) 2.97 (0.81) 3.24 (1.19) 

5 

 

1.89 (1.02) 2.64 (0.89) 2.87 (0.61) 2.11 (1.23) 2.57 (0.69) 

10 

 

2.73(1.38) 3.65 (1.82) 2.95 (0.47) 3.24 (1.43) 3.16 (0.62) 

 

 

6.3.4 Discussion 

 

The pre-cleaning step in the re-processing of endoscopes is thought to be the most 

important stage for minimising microbial colonisation and removing attached micro-

organisms. In this study there was little difference in log reduction of bacteria between 1 

and 10 minutes scrubbing with p values ranging from 0.166 – 0.94. The presence of 
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enzymatic detergent did not significantly increase the removal of bacteria, in 

comparison to water alone, with p values ranging from 0.16 – 0.87. These observations 

are similar to another study using high pressure processing, to clean food preparation 

surfaces, where treatment times above 1 second did not significantly increase the 

removal of P.aeruginosa bacterial biofilms (Gibson et al. 1999). Gibson et al. (1999) 

also found that cleaning using a rotating floor scrubber brush for 5 seconds, produced a 

1 log reduction in bacterial numbers and that detergents did not significantly improve 

removal of P.aeruginosa from stainless steel coupons. Therefore this study would 

suggest that the pre-cleaning process is important in removing around 3 log of bacteria, 

but there is little advantage in extended the scrubbing beyond 1 minute. The use of 

Klerzyme 
TM

 without scrubbing may also not be useful in reducing numbers of bacteria. 

This will be advantageous to endoscope units as the re-processing period needs to be as 

short as possible to keep up with demand although the treatment still needs to be 

effective.   

 

6.4 The effect of endoscope reprocessing steps and surface quality on 

the adherence of bacteria to polypropylene discs. 

 

6.4.1 Introduction 

 

To further examine the effectiveness of pre-cleaning and the high-level disinfectant 

OPA on reducing bacterial numbers on endoscope material (polypropylene), scanning 

electron microscopy (SEM) was used to evaluate the effect of reprocessing treatments 

on the numbers of bacteria left adhering to polypropylene discs. The effect of surface 
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roughness and quality on bacterial adherence was also investigated. The SEM images 

could then be used to further explain the re-growth of bacteria discussed in section 6.  

 

6.4.2 Materials and Methods 

 

Sedimentation biofilms (produced as described in Chapter 3) were grown on previously 

un-used discs and discs which had been scrubbed for 1 hour at approximately 200 rpm 

(as described in Section 6.5.2). After the required incubation time the biofilms were 

exposed to three different treatments. The first set were rinsed gently in sterile water, to 

remove unbound organisms and placed into petri dishes containing 20 mL of OPA at 

0.5 % for 10 minutes. After the required contact time the discs were removed and 

neutralised for 15 minutes. The second set of biofilms, were scrubbed at 200 rpm for 1 

minute, in the presence of enzymatic detergent. After the one minute contact time the 

discs were rinsed gently with sterile distilled water. The third set, were scrubbed for 1 

minute at approximately 200 rpm, in the presence of enzymatic detergent, rinsed gently 

with sterile distilled water and then placed into petri dishes containing 20 mL of 0.5% 

OPA (w/v). After a contact time of 10 minutes the discs were neutralised for 15 

minutes.    

 

6.4.2.1 Preparation of samples for SEM  

 

The discs were prepared for SEM by fixation with 2% GTA, in 2% cacodylate buffer 

for 1 hour. After this time the samples were rinsed three times in HEPES buffer and 

then serially dehydrated using 25%, 50%, 75% and two sets of 100% ethanol for 15 

minutes, for each alcohol concentration. The samples were then air dried overnight. The 
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fixed and dehydrated samples were sputter coated using a Polaron SC7640 sputter 

coater, with gold. Secondary electron images were made using a JE0L6310 scanning 

electron microscope. At least 20 different fields of view were analysed, on two different 

discs for each treatment and 4 different discs for the untreated biofilms.  

 

6.4.2.2 Controls 

 

Two sets of controls were set up to validate the experiment. The first set consisted of 

two sets of discs which were used to determine if the GTA and cacodylate buffer had an 

effect on the polypropylene discs. This was achieved by examination of un-used and 

used discs treated with or without GTA and cacodylate buffer. The second set of 

controls consisted of sedimentation biofilms (described in chapter 3) which were left 

untreated, to compare the effect of the 3 treatments on the numbers of bacteria left 

attached to the discs.  

 

6.4.3 Results  

 

6.4.3.1 Controls 

 

There was no observable difference (when examined by eye) in the surface quality or 

colour of polypropylene discs treated with or without GTA and cacodylate buffer 

(Figures 6.4). Surface scratches are defined in the following section as indents on the 

surface of the discs.  
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6.4.3.2 The effect of endoscope reprocessing steps and surface quality on the 

adherence of bacteria to polypropylene discs 

 

The SEM micrographs in Figures 6.4 - 6.12 show examples of polypropylene disc 

surfaces and bacteria, which were representative of the fields observed. The pictures 

show substantial numbers of bacteria remaining attached to the polypropylene discs, 

after treatment with enzymatic detergent (Figures 6.7-6.8), OPA (Figures 6.9-6.10), or 

both enzymatic detergent and OPA treatment (Figures 6.11-6.12), in comparison to the 

untreated discs (Figures 6.5 – 6.6). There was not an observable difference between the 

surface quality of the discs which had been scrubbed or un-scrubbed, across all of the 

fields of view analysed in this study (Figures 6.4 – 6.12). In some cases the un-used 

discs appeared more scratched than the scratched discs (Figure 6.7 (A), Figure 6.8). 

It was observed that after treatment with just OPA there was an apparent 

reduction in bacterial numbers (Figures 6.9-6.10), in comparison to the control biofilms 

(Figures 6.5 – 6.6). A substantial number of bacteria were however left attached to the 

surface, particularly within the cracks, in comparison to the smoother parts of the 

material (Figure 6.10 (A)). There were also a number of areas across the discs where 

solid deposits were observed which had formed over bacterial clumps (Figure 6.9 (A) 

and 6.10 (B)). The presence of bacteria left on the disks after treatment with OPA, could 

be in agreement with the previous re-growth results in section 6.2, in which bacteria 

grown as biofilm, were observed to re-grow after prior treatment with OPA. However 

the bacteria could have been dead and their structure preserved by the application of 

OPA. 

The discs which had undergone treatment with enzymatic detergent and 

scrubbing, showed a reduction in bacterial numbers, in comparison to the control 
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biofilms (Figures 6.5-6.6), but had visibly more bacteria left on the surface than the 

OPA treatment (Figures 6.7-6.8). This was in agreement with the results found in 

section 6.4, whereby a reduction of around 3 log was observed after treatment with 

enzymatic detergent.  

 The discs which had been subjected to both enzymatic and OPA treatment had 

the fewest number of bacteria left attached to the smoother parts of the surface, but there 

were still substatial numbers still adhering within the surface imperfections as shown in 

Figures 6.11-6.12. This result was also in agreement with section  where the 

combination of pre-cleaning and high-level disinfection produced the lowest bacterial 

re-growth in comparison to groups 1 and 2.  
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6.4.3.3 SEM micrographs 

 
 

 

 

 

 
 

 

Figure 6.4 Examples of: A) unused polypropylene disc, B) used polypropylene 

disc.  

SCRATCH 

SCRATCH 

SCRATCH 

A 

B 
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Figure 6.5 A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 

sedimentation biofilm grown on A) un-used polypropylene discs and B) used 

polypropylene discs.  

A 

B 
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Figure 6.6 A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 grown 

on used polypropylene discs.  

B 
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Figure 6.7 A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 after 

treatment with enzymatic detergent on un-used polypropylene discs.  
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Figure 6.8 A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 after 

treatment with enzymatic detergent on used polypropylene discs.  
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Figure 6.9 A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 after 

treatment with 0.5% OPA (w/v) on un-used polypropylene discs. 

B 

A 

Solid deposit; helping 

bacteria clump 



 

 292

 

 
 

 

 

 

 

 
 

 

Figure 6.10  A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 after 

treatment with 0.5% OPA  

B 

A 



 

 293

 

 

 

 

 

 

 

Figure 6.11  A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 after 

treatment with enzymatic detergent and 0.5% OPA (w/v) on un-used polypropylene 

discs.  
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Figure 6.12 A) and B) Examples of Pseudomonas aeruginosa NCIMB 10421 after 

treatment with enzymatic detergent, and OPA treatment on used polypropylene discs. 

 

 

B 
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6.4.4 Discussion 

 

The SEM study described in this section was undertaken to determine i) the effect of the 

scrubbing action, used in the pre-cleaning step of reprocessing endoscopes, on the 

surface quality of polypropylene discs: ii) if there were more bacteria attached to the 

scratched discs in comparison to un-used discs and iii) if there were any bacteria 

attached to the polypropylene discs after treatment with OPA or enzymatic detergent or 

both.  

Bacteria were observed on all discs after treatment with OPA, enzymatic 

detergent or both, even after the discs had been through the complete reprocessing 

stages of pre-cleaning and high-level disinfection. The discs which had undergone the 

complete reprocessing treatment, did however have observably fewer bacteria attached 

to the smooth parts of the surface, in comparison to the other two treatments. However a 

substantial number of bacteria were still found in the numerous cracks that were found 

across the discs. This observed greater reduction in bacterial numbers using the 

complete treatment (in comparison to the other two treatments) would be expected as 

enzymatic detergent and scrubbing alone has been shown to be the most effective 

method in which to reprocess endoscopes, in comparison to just pre-cleaning or high-

level disinfection used alone (Ishino et al. 2001; Zuhlsdorf et al. 2002; Pajkos et al. 

2004;  Staffeldt 2005).  

The solid deposits which were observed in the SEM micrographs after OPA 

treatment, could represent a problem with the use of OPA as a biocide. If these deposits 

were indeed crystals of OPA formed over the bacteria, this could afford the bacteria 

some protection from the biocidal action of OPA and increase the likelihood of re-

growth. These deposits were observed exclusively on biofilms treated with only OPA, 
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and may be the result of a denser layer of bacteria on the surface, encouraging the 

formation of crust, in comparison to biofilms which were broken up as a result of the 

pre-cleaning steps.  However the solid deposits are also likely to be an artefact of the 

alcohol and drying treatments used to prepare the samples for the SEM.  

 The similarities in surface quality between the scratched and unscratched discs, 

was in some ways not surprising. The brush used to scrub the discs (used by the Sussex 

Hospital to clean their endoscopes) was extremely soft and made no observable impact 

on the surface quality even though the discs were subjected to 1 hour of scrubbing at 

200 rpm on the same 1 cm area. This study suggests that the original surface quality of 

the discs has a larger impact in encouraging or discouraging the adherence of bacteria 

than the action of pre-cleaning on the surface quality of the discs. This highlights the 

need for medical devices to be developed using material that is manufactured to a high 

surface quality. This could potentially reduce the numbers of bacteria that are protecting 

from biocide action within surface imperfections during the reprocessing process. The 

Medica brushes 
TM

 used to pre-clean the polypropylene disc surfaces were the same 

type used to clean endoscopes at the Brighton General Hospital. The lack of an effect on 

the disc surface may suggest that these brushes are an appropriate tool for the pre-

cleaning of endoscopes, by limiting the production of scratches on the endoscopes, 

which may encourage the adherence of bacteria. 

 The observed results extend and confirm the re-growth experiments described in 

section 6.2. The results do however represent a worrying aspect that is often overlooked 

by the current efficacy testing methods. There are no legal requirements to undertake re-

growth experiments when assessing the efficacy of a biocide. This study suggests that 

there may be a need to assess the re-growth of bacteria after high-level disinfection of 
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medical instruments, particularly if there are likely to be surface imperfections within 

the material.   
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Chapter 7 

General Discussion 

 

7.1 The reprocessing of endoscopes 

 

The reprocessing of endoscopes is extremely important to prevent the transmission of 

infection between patients. Cross-infections involving a wide range of pathogens have 

been reported when using flexible endoscopes for diagnostic and therapeutic procedures 

(Spach et al. 1993; Casas et al. 1999; Chaufour et al. 1999; Obee et al. 2005). 

Compliance with guidelines is however variable and often poor and as a result 

failures in the management of endoscope reprocessing steps (as well as failure due to 

biocide resistance) has an impact on cross-infection between patients. Cheung et al. 

(1999) reported an FDA inspection, in which only 5% of endoscopy clinics properly 

dried their endoscopes: a procedure necessary to prevent growth of bacteria during 

storage. In addition, almost half of the clinics had at least one patient-ready endoscope 

visibly encrusted with material derived from a previous patient. Both of these 

situations represent potential reservoirs of infection. Such inadequate or incomplete 

reprocessing procedures have led to disease transmission between patients, some 

examples are outlined below.   

Skinner et al. (2006) reported an incident in which a gastroscope was pre-

cleaned with an enzymatic solution, but then left on a cart awaiting further treatment. 

This scope was used on a second patient without high-level disinfection as a result of 

inadequate labelling. 
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Leung and Wilson (2005) reported cases of endoscopes, which had undergone 

the full reprocessing procedure but were found to be contaminated during routine spot 

checks. These failures could be attributed to poor technique used by untrained, part time 

technicians, defective automated endoscope reprocessors, improper storage and/or 

damaged scopes (Mikhail et al. 2007).  

There is strong evidence to suggest that if endoscopes are properly reprocessed 

to accepted standards (appropriate pre-cleaning and high-level disinfection steps) 

transmission of infection is relatively low (Ciancio et al. 2005). Therefore to ensure that 

endoscopes are properly reprocessed, collaboration between physicians, nurses and 

endoscope technicians needs to be enforced to prevent infection between patients.  

Sykora et al. (2006) describe the implementation of an endoscopy resource kit, 

which included a step-by-step guide for all aspects of endoscope reprocessing that was 

given to all staff within an endoscope unit. Colour coded tag systems have been 

implemented within some health care areas to differentiate endoscopes at different 

stages of the reprocessing procedure (Skinner et al. 2006). The routine culture of 

endoscopes to monitor the effectiveness of reprocessing has also been highlighted as a 

method to maintain high standards. In these schemes reprocessed endoscopes are 

selected at random from storage and cultured quarterly. These routine scope 

examinations are important to identify the presence of, or confirm absence of 

contamination and also to detect damaged endoscopes and justify repair (Leung and 

Wilson 2005). 

Washer disinfectors, which are routinely used in many endoscopy units, may 

also contribute to reprocessing failure. The washer disinfectors that are available on the 

current market, vary widely in their characteristics and level of performance. In a study 

by Kircheis and Martiny (2007), four washer disinfectors were tested to determine their 
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efficiency in cleaning endoscopes. Dramatic differences in cleaning efficacy were 

reported, with some producing clean endoscopes, where others were not even able to 

remove coagulated blood from within the channels. It is therefore also important to use 

tried and tested washer disinfectors, undertake regular spot checks to determine the 

efficacy of washer disinfectors, and to use both the automated washer disinfectors, 

detergents and high-level disinfectants in accordance with the manufacturer’s 

instructions. Using the washer disinfectors correctly means that a validated process can 

be confirmed (Kircheis and Martiny 2007). The use of sterile water for the final rinse 

has also been highlighted as a factor which may reduce contamination of endoscopes 

(Brown et al. 1993)  

Chapter 6 described the effect of reprocessing steps on the re-growth of 

bacteria after pre-cleaning and high-level disinfection, to mimic the endoscope 

reprocessing processes observed at the Brighton General hospital endoscopy unit. The 

importance of pre-cleaning has been widely accepted as a precursor to effective 

reprocessing, because the presence of soil can result in compromised disinfectant 

action if it is not effectively removed (Struelens et al. 1993; Deva et al. 1998; Alfa et 

al. 1999; Ishino et al. 2001; Zuhlsdorf et al. 2002; Burdick and Hambrick 2004; Pajkos 

et al. 2004; Staffeldt 2005). It was shown that pre-cleaning steps involving scrubbing 

and the use of the enzymatic detergent Klerzyme 
TM

 reduced bacterial numbers by an 

average of between 2 and 3 logs, independent of the organic load present. However 

there was not a significant difference between the log reductions in bacterial numbers 

with or without the presence of enzymatic detergent. There was also surprisingly little 

increase in log reduction observed after more than 1 minute of scrubbing.  These 

observations highlight the requirement for extensive pre-cleaning steps to remove 
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bacteria and organic load before the high-level disinfection stage and also suggest that 

enzymatic detergents may not be as efficacious as claimed by the manufacturers.  

The most significant outcome of the study in chapter 6 was the re-growth of 

bacteria after the complete reprocessing procedure had been undertaken (pre-cleaning 

with enzymatic detergent and high-level disinfection with OPA at 0.5% OPA (w/v)). 

Bacterial numbers had in some cases increased by more than 6 logs after re-incubation 

for 24 hours. It should however be noted that the re-incubation of the bacteria in the re-

growth experiments was undertaken in a nutrient rich environment at optimum 

temperatures, which does not represent the conditions in which endoscopes are stored. 

In an endoscopy unit endoscopes are usually stored overnight, (in cupboards or 

specially made storage units), as endoscopic procedures usually take place during the 

day. These cupboards will not represent optimum growth conditions for bacteria, 

however if the scopes are not successfully decontaminated or sufficiently dried, the 

storage period could represent conditions in which re-growth could occur. However, 

the important fact is that viable bacteria remain adhered to the endoscopes after re-

processing and these may, if provided with an appropriate environment, re-grow back 

to their original numbers.  

The studies undertaken in chapter 6 using the SEM, showed that bacteria were 

still present on polypropylene discs after treatment with OPA or enzymatic detergent, 

and even after complete reprocessing steps had been taken. Simoes et al. (2003) have 

also observed the presence of bacteria on surfaces after treatment with OPA and 

attribute this to the protein fixing qualities of OPA.  The number of bacteria recorded on 

these treated surfaces were very similar to untreated control biofilms. Simoes et al. 

(2003) suggest that biofilms treated with OPA can be inactivated, but the biofilm cells 

remain attached to the surfaces, therefore decreasing the success of the chemical 
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treatment. The observations by Simoes et al. (2003) and those made in this thesis could 

provide a suitable explanation for the large numbers of bacteria observed on the discs 

after treatment with OPA (Section 6.4). 

The bacteria remaining on the discs after the complete reprocessing steps were 

found largely within surface imperfections on the discs. It has been shown that surface 

imperfections give a degree of protection to bacteria against high-level disinfection 

and cleaning (Taylor et al. 1998). Therefore these bacteria could represent a 

population that were able to re-grow after high-level disinfection (Chapter 6). These 

protected cells may be exposed to different concentrations of OPA, compared to 

bacteria residing on smoother areas; therefore a small proportion of the cells may exist 

in a highly protected environment and coexist with neighbours that are potentially 

exposed to the full concentration of the biocide (Stewart and Costerton 2001). 

The observation of higher numbers of bacteria within surface imperfections, 

shows that the surface topography of medical surfaces needs to be of extremely high-

quality to help prevent the protection of pathogenic microorganisms from high-level 

disinfection. The production of high-quality materials for medical devices would be of 

benefit in reducing levels of attached bacteria. However the way in which endoscopes 

are handled during procedures and during reprocessing may also need to be evaluated. 

It has been observed that during the reprocessing procedures endoscopes are handled 

roughly (personal observation, J.C.N Shackelford 2005) which may increase the 

chances of surface imperfections occurring and lead to the accumulation of bacteria 

and bacterial biofilm, representing a reservoir of infection.  
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7.2 OPA as a high-level disinfectant 

 

OPA was shown in Section 3.1, to be an effective high-level disinfectant against 

planktonic and surface dried bacteria, but its effectiveness was reduced against bacterial 

biofilm, when an organic load was present or when it was used at concentrations lower 

than 0.5 % (w/v). Table 7.1 shows the time taken for 0.5% OPA (w/v) to reduce 

M.chelonae, M.chelonae (Epping) and P.aeruginosa grown as sedimentation or sodium 

alginate films, by 5-logs without an organic load.  
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Table 7.1  The time taken for OPA at 0.5% (w/v) to reduce P.aeruginosa NCIMB 

10421, M.chelonae NCIMB 1474 and M.chelonae (Epping) by 5-logs. 

 

Bacterial strain  Biofilm method Time taken (min) to 

achieve 5 Log reduction  

P.aeruginosa 

 

Sedimentation 1 

M.chelonae 

 

Sedimentation 10 

M.chelonae (Epping) Sedimentation 20 

P.aeruginosa Sodium alginate 1 

M.chelonae Sodium alginate 30 

M.chelonae (Epping) Sodium alginate 60 

 

For a biocide to be termed a high-level disinfectant, a 5-log reduction in bacterial 

numbers is required within 5 minutes. The results in Table 7.1 show that OPA (at 0.5% 

w/v) against M.chelonae and M.chelonae (Epping) grown as sedimentation biofilms and 

sodium alginate films, could not be classed as a high-level disinfectant, using those 

criteria. In contrast, 0.5 % (w/v), OPA against P.aeruginosa was effective as a high-

level disinfectant.  
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The failure of 0.5% OPA (w/v) to reduce M.chelonae and M.chelonae Epping 

numbers by 5 log reductions, when grown as a biofilm, may at first have implications 

for the further use of OPA as a high-level disinfectant for endoscopes, particularly as 

non-tuberculosis mycobacteria have been increasingly identified as a source of hospital 

acquired infection (Inderlied et al. 1993; Dailloux et al.1999; Le Dantec et al. 2002) and 

have been isolated from endoscopes and endoscope washer disinfectors (Lynam et al. 

1995). The failure of 0.5% OPA to deactivate M.chelonae and M.chelonae Epping 

grown as biofilms, and the reduced efficacy of OPA against the sodium alginate films in 

comparison to the sedimentation biofilms, highlights that the sodium alginate model 

may represent a better efficacy testing method for high-level disinfectants, when worst 

case scenarios are required. The recommendations for the reprocessing of endoscopes 

does however require pre-cleaning steps to remove organic load and break up biofilm 

prior to disinfection (therefore justifying the use of an organic load when efficacy of a 

surface is investigated). It is likely that if the pre-cleaning process is undertaken 

effectively prior to disinfection with OPA, the biofilm would have been broken up 

increasing the chances of success for the biocide.  

It was interesting to note that the newly formed sedimentation biofilms exhibited 

such a marked decrease in susceptibility to OPA compared to the planktonic and dried 

bacteria. Resistance in newly formed biofilms has however been reported, whereby 

even biofilms that are too thin to pose a barrier to the penetration of an anti-microbial 

agent have exhibited decreased susceptibility. Das et al. (1998) reported a 20-fold 

increase in susceptibility of E.coli to peracetic acid after growth as a biofilm for only 20 

hours and a 50% reduction in susceptibility to phenoxyethanol after six hours of biofilm 

formation, in comparison to planktonic cells. Cochran et al. (2000) observed reduced 

susceptibility of P.aeruginosa cells grown as thin biofilms after 24 hours. This 
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decreased susceptibility is likely to be the result of a phenotypic change, as the biofilms 

were too thin for transport limitation of anti-microbials into the system to be implicated.  

However the growth of the sedimentation biofilms on a surface may limit the transport 

of the biocide into the biofilm as a result of the cells being stuck to a surface. This may 

have resulted in less of the cell wall being available for transport of the biocide, which 

could also account for the reduced susceptibility of the sedimentation biofilms to OPA.  

It is therefore understandable that the sodium alginate films exhibited reduced 

susceptibility to OPA in comparison to the thinner sedimentation biofilms, partly as a 

result of reduced penetration to the OPA. This reduced penetration was observed in 

Chapter 4, whereby a surge in diffusion of OPA was observed after 30 minutes. The 

lag time before 30 minutes is likely to represent the time taken for the OPA to diffuse 

through the simulated EPS, and may account for some of the reduced susceptibility of 

the sodium alginate films in comparison to the sedimentation biofilms. 

This study confirms previous studies showing that biofilms have reduced 

susceptibility to OPA in comparison to planktonic cells (Cacador and Vierira 2002, 

Simoes et al. 2003). Simoes et al. (2003) suggest that this reduced susceptibility is the 

result of OPA’s ability to fix biofilm to a surface, as a result of the reaction of OPA 

with the proteins of the polymeric matrix. This biofilm fixing property of OPA was 

also observed in the SEM pictures undertaken in Chapter 6 whereby, after OPA 

treatment a high density of cells were still left attached to the surface of the 

polypropylene discs. The reduced susceptibility of all bacterial strains to OPA in the 

presence of an organic load could also be explained by the cross-linking and alkylating 

nature of OPA, which would reduce the available concentration of OPA resulting in a 

decrease in activity. The reduced susceptibility of the mycobacteria to OPA across all 
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of the efficacy tests in comparison to P.aeruginosa could be explained by other factors 

involving the intrinsic resistance of the mycobacteria. 

 

7.3 Penetration of mycobacterial cell walls and reduced susceptibility to OPA 

in comparison to P.aeruginosa. 

 

The lipid-rich mycobacterial cell wall represents a significant barrier to the penetration 

of anti-microbials. The mycolic acid layer is twice as thick as the outer membrane of 

Gram-negative bacteria and forms an efficient permeability barrier (Brennan and 

Nikaido 1995). The mycolic acids produced by mycobacteria are the longest fatty acids 

identified in nature (Niederweis 2003), with carbon chains between 60 to 90 in length, 

producing a highly hydrophobic cell wall (Brennan and Nikaido 1995). These long 

chains form a membrane which is thicker than any other known membrane, estimated to 

be 9-10nm (Brennan and Nikaido 1995). Therefore the lipid layer of the mycobacterial 

cell wall acts in a manner analogous to that of the outer membrane of Gram-negative 

bacteria (Trias et al. 1992; Niederweis 2003), providing a strong permeability barrier 

rendering mycobacteria naturally resistant to a wide range of anti-microbial agents 

(Niederweis et al. 1999). This intrinsic resistance could explain the reduced 

susceptibility of the mycobacteria to OPA, in comparison to the Gram-negative 

P.aeruginosa, which has a significantly thinner and less hydrophobic outer membrane. 

Although a difference in the mycobacterial lipids of M.chelonae and M.chelonae 

(Epping) has not been observed, it has been shown that the GTA resistant strain, 

M.chelonae Epping, is more hydrophobic than M.chelonae (Manzoor et al .1999) which 

may decrease the penetration of OPA through the lipid rich walls and could partly 

explain the decreased susceptibility of M.chelonae Epping to OPA in this study. 
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Another possible factor affecting the difference in susceptibilities between P.aeruginosa 

and the mycobacteria, may be the differences in porins within the outer membrane. 

Kaulfers et al. (1987) showed that resistance to the aldehyde formaldehyde in Serratia 

marcescens and E.coli was the result of loss of porin proteins and suggests that 

aldehydes may diffuse through the outer membrane, in these bacteria.   

Porins are found in the outer membranes of Gram-negative bacteria, eukaryotic 

mitochondria and have also been detected in Gram-positive mycobacteria (Trias et al. 

1992). They form pores that are accessible to solutes with an Mr of <1000 and are 

more polar than those of water-soluble proteins because they contain beta structure in 

contrast to the alpha helices of most other membrane proteins (Schulz 1996).  

A significant difference in the ‘outer membrane’ porins between the 

mycobacteria and gram-negative bacteria is the density of porins within the outer 

membrane. The number of porins found within the mycobacteria is around 15-fold less 

than in the outer membranes of gram-negative bacteria (Kessel et al. 1988). This is 

equivalent to a 45 fold less number of outer membrane pores, as only 1 channel per 

porin molecule exists (Cowan et al. 1992) in contrast to three channels per porin in 

E.coli.  

Although it has been suggested that OPA diffuses through the lipid domain of 

the mycobacteria, the reduction in porins may have an effect on the penetration of OPA 

or other antimicrobials into the mycobacterial cell and therefore reduce their 

susceptibility. It may therefore be possible that the reduced density of porins within the 

outer membrane of the mycobacteria may reduce the diffusion of OPA through the cell 

wall, in comparison to the more porous outer membrane of P.aeruginosa.  Alterations in 

porin structure or a reduction in the number of porins may also affect the diffusion of 

biocides through the outer membranes. It would be of interest to determine if enforced 
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resistance to OPA could be achieved and if this was the result of alterations in porins. 

Knowledge of the structure and the transport of porins would therefore be important to 

improve the transport of currently used biocides against the NTM.  

  

7.4 In vitro biofilm model: the novel sodium alginate film test 

 

This thesis confirms and extends the widely accepted observation that bacteria grown as 

biofilm are more resistant than their planktonic counterparts (Allison et al. 2000; 

Luppens et al. 2002). Although organisms associated with surfaces are often found 

within biofilms, most laboratories are not using biofilm methodologies to study the 

efficacy of biocides (Stewart and Costerton 2001, Aarnisalo et al. 2007). Instead 

standard quantitative and standard carrier test (e.g. CEN 1997; 2001) are widely in use 

for the testing of biocides, which use planktonic cells and dried bacteria as the test 

inocula.  

At present only one biofilm reactor and operating procedure has been approved 

in the USA by the American Society for Testing and Materials international (ASTM), 

method #E 2196-02 (ASTM International 2002). As a result tests of anti-biofilm 

efficacy are based predominantly on ad hoc disinfectant testing methods. There are 

numerous procedures used to develop biofilms in the laboratory and different groups 

recommend different growth conditions (Table 4.1).  Buckingham-Meyer (2007) 

recommended that the efficacy of a biofilm disinfectant must be measured by using a 

laboratory method where biofilm is grown under fluid flow conditions similar to the 

environment where the disinfectant will be applied. Buckingham-Meyer (2007) found 

that biofilms grown under high fluid shear conditions were less susceptible to 

disinfectant challenge than those grown under low shear. This observation has however 
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been contradicted by Blanchard et al. (1998) who found the opposite true using 

P.aeruginosa. Batch methods such as the sedimentation protocol have the disadvantage 

of using little or no shear force in the production of biofilm. This is thought to result in 

the cells being very loosely attached to the surface and therefore the resultant biofilms 

are not thought to be representative of biofilms in practice. However, it has been shown 

that young batch cultured biofilms grown in this way can exhibit increased resistance to 

biocides of 20-50 times that of planktonic biofilms (Das et al. 1998). The sodium 

alginate films may not have been produced under flow conditions but the cells are 

encased within an alginate matrix, which may simulate a mature biofilm matrix without 

the need for shear force. Further in this thesis the sodium alginate films were shown to 

be less susceptible to OPA than the sedimentation biofilms, so could represent a 

resistant biofilm regardless of the shear force.  

The sodium alginate films have a number of advantages over currently used 

techniques, in particular, a mature, thick, robust and reproducible biofilm can be 

produced within a short period of time. The films do not require specialised equipment 

and could therefore be a useful and inexpensive tool to analyse the effect of 

antimicrobial agents on biofilms found on numerous different surfaces in a range of 

clinical, industrial or food environments. The films are robust enough to survive 

disinfectant treatment without disintegrating, which is important to prevent disinfection 

from being overestimated (Johnston and Jones 1995).  

The sodium alginate films were also found to be highly reproducible and the 

efficacy tests carried out using these films produced low standard deviations and high 

reproducibility. By contrast, the sedimentation biofilms were highly variable which 

calls into question the reproducibility of sedimentation biofilms for the efficacy testing 

of biocides. It is likely that the standardisation of the bacterial inoculum is uncontrolled 
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in techniques such as the sedimentation biofilms whereas the inoculum for the sodium 

alginate films is much more standardised and therefore represents a better method in 

which to investigate the efficacy of biocides.  Production of artificial biofilms using the 

sodium alginate film method also removes variables such as biofilm thickness, as this is 

determined by the depth of the Perspex moulds used to produce the films. The 

equipment required to produce the films is readily available and the Perspex moulds are 

easy to produce. 

As described previously, in order to evaluate a biocide as a high-level 

disinfectant it is currently acceptable to test the agents against planktonic or dried 

bacteria, however efficacy tests should ideally be undertaken against bacterial biofilm, 

although at present there is no easy method to produce them This would normally 

require a mature biofilm grown for several weeks, however the sodium alginate tests 

can produce an in vivo reflective model of a mature biofilm that for many species of 

bacteria requires only 24 hours for production, allowing for quicker, more 

reproducible, simple testing of biocides.   

Although the tests to confirm the biofilm phenotype of the alginate films were 

inconclusive (Section 4.15), the efficacy tests carried out using the alginate films would 

suggest that the films do exhibit a biofilm type phenotype as a result of increased 

resistance to OPA in comparison to the planktonic or dried bacteria descried in section 

3.11. The presence of a biofilm phenotype within artificial biofilms produced as 

alginate beads and polyoxamer have been confirmed (Jouenne et al. 1994; Gilbert et al. 

1998). It is therefore likely that the alginate films may well be exhibiting a similar 

phenotype. It has been reported that the metabolism of entrapped cells can be changed 

due to mass transfer restrictions within hydrogels (Alvestrin and Axelsson 1991) which 

may lead to a similar biofilm phenotype within the sodium alginate.   
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7.4 Mathematical model 

 

The mathematical model developed in Chapter 5 was developed entirely from the data 

derived from efficacy tests undertaken in Chapter 3 and 4. The model represents the 

first study to mathematically model the effect of OPA against M.chelonae NCIMB 1464 

and M.chelonae Epping biofilms. The model was shown to be very accurate in 

predicting the effect of OPA against the mycobacteria at defined time points and 

experimental conditions. The model represents a possible method which, when adjusted 

for other biocides could provide a faster method to determine the efficacy of biocides 

against different bacterial biofilms. The model was produced using data from both 

sedimentation and sodium alginate biofilms. The sodium alginate biofilms as described 

in Chapter 4 have been shown to be quick to produce and highly reproducible and as a 

result may be suitable to create fast and accurate efficacy test predictions for bacterial 

biofilm. Therefore using the predictive mathematical model and the sodium alginate 

film test combined could represent an efficient method in which to assess the efficacy of 

biocides  

 

7.5 The safety of OPA  

 

Since the start of work on this thesis the safety of OPA has been called into question, 

with a number of articles claiming that the biocide can give rise to a variety of adverse 

reactions. These articles are reviewed below. 

Sokol et al. (2004) reported four patients who had experienced nine episodes of 

anaphylaxis, after procedures were undertaken using endoscopes reprocessed using 

OPA. It was thought that the patients had been sensitised over 4-5 procedures and then 



 

 313

experienced anaphylaxis after subsequent procedures. It is thought that the hospitals 

may have been using the rinsing procedures designed to remove the more water soluble 

GTA even though the biocide had been changed to OPA, which is less water soluble. 

Joshi (2004), reported urticaria and angiodema and anaphylaxis after cytoscopy using 

scopes which had been disinfected using OPA.  

OPA has been shown to stimulate the release of histamine resulting in 

anaphylaxis, by acting as a hapten after conjugation to a carrier protein such as albumin 

enabling it to illicit a histamine release from basophils. This is thought to be the result 

of repeated exposure to OPA disinfected equipment, which can sensitise patients. By 

rinsing the equipment for more than 15 minutes, enough residual OPA is removed to 

low enough levels which are not able to illicit a response in patients (Suzukawa et al. 

2006).  

Hamasuna et al. (2005), suggest that the relatively high number of reports of 

anaphylaxis in cytoscopy and urology, may be the result of mucosal injury within the 

bladder of the patients, which could allow chemical residuals of OPA on the cytoscopes 

to enter the vasculature and cause allergic reactions. The authors therefore suggested 

that endoscopes reprocessed using OPA should only be used on patients who did not 

have a history of bladder cancer as a result of potentially intact mucosa.  Sokol et al. 

(2004) recommended the discontinuation of OPA for cytoscopy and urology. 

As a result of the incidences of anaphylaxis, the instructions for the use of OPA 

have been revised by its manufacturers (Advanced Sterilisation Products) to contra-

indicate its use for the reprocessing of any urological instrumentation used to treat 

patients with a history of bladder cancer. Although the anaphylaxis episodes are 

alarming, Ayaki et al. (2007) have shown that OPA at 0.55% is less toxic than GTA for 

lumen corneal endothelial cells after routine washing. Marena et al. (2004) found that 
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OPA had a much lower air concentration of 8.4mg/m
3
 in comparison to 21279.3 mg/m

3
 

recorded for GTA within an endoscope unit. Therefore if endoscopes are correctly 

rinsed after high-level disinfection with OPA, the use of OPA as a high-level 

disinfectant is still viable and safer than the use of GTA.    

 

7.6 Conclusion 

 

Inadequate reprocessing of endoscopes is almost certain to result in outbreaks of 

infection in patients, as a result of the re-use of endoscopes between patients. The 

training of all staff within an endoscopy unit is imperative to ensure that 

decontamination is undertaken correctly, in-order to reduce the chances of infection as a 

result of endoscopic procedures. 

 

To ensure adequate disinfection is undertaken in all decontamination procedures, it is 

necessary to test a biocide against bacterial biofilms as these bacteria have been shown 

to be more resistant than their planktonic counterparts (Allison et al. 2000), in 

combination with an organic load.  

 

The sodium alginate surface film test represents a cheap, quick, highly reproducible, 

robust and simple method in which to test the efficacy of biocides against bacterial 

biofilm on surfaces. This biofilm production methodology in conjunction with the 

predictive mathematical model produced in this study could represent a faster, less 

labour intensive method to study the efficacy of biocides, in comparison to the standard 

methods used currently. The possibility of adding re-growth studies as part of standard 
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efficacy techniques has also been highlighted in order to correctly assess the efficacy of 

biocides. 

 

The decreased susceptibility of the mycobacterial strains to OPA investigated in this 

study in comparison to P.aeruginosa, may represent the need for a change in the 

reference strains used in current efficacy testing protocols, when the destruction of 

spores is not required.  
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7.7 Suggestion for further studies  

 

7.7.1 Visualisation of the distribution of bacteria within the sodium alginate 

films 

 

Biofilms are recognised as highly structured habitats with a heterogeneous distribution 

of bacteria (Wimpenney et al. 2000).  In order to further the analysis of the sodium 

alginate films, visualisation of the distribution of bacteria within the alginate films 

would be important, to determine if the alginate films display a heterogeneous 

distribution. Confocal scanning laser microscopy (CSLM) has been used to determine 

the three-dimensional structure of biofilms. A beam scans across the specimen to form a 

2-dimensional image, which can be altered to different depths so that many 2-

dimensional images can be stacked and a 3-dimensional image can be produced of the 

specimen (Wimpenny et al. 2000). Data describing bio-volume, surface area coverage 

in each layer, biofilm thickness distribution, average biofilm thickness and volumes of 

micro-colonies (Heydorn et al. 2000, Beyenal et al. 2004) have all been produced using 

various software packages. This technique could be used to determine the structure of 

the sodium alginate films.   

 

7.7.2 The prediction of the effect of alternative biocides against different 

bacterial strains  

 

The mathematical model produced in chapter 5 represents a predictive model that could 

potentially be used to predict the effect of other biocides against different bacterial 

strains. To achieve this, preliminary studies would be required over a number of contact 
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points, after which the data could be fed into the GA fitting programme and a new set of 

coefficients could be produced. This would allow for the prediction of the effect of 

different biocides against specific bacterial strains and could reduce the time consuming 

work required to produce a thorough analysis of the efficacy of new or currently used 

biocides.    

 

7.7.3 Analysis of outer membrane changes in response to OPA application 

 

In this thesis, the extraction of outer membrane proteins from bacteria grown within the 

sodium alginate films was not successful and inconclusive. The efficacy tests suggest 

that the alginate films are however expressing a biofilm phenotype as a result of 

increased resistance. It would be interesting to determine any outer membrane changes 

which occur in response to the application of OPA to M.chelonae and M.chelonae 

Epping and P.aeruginosa. OPA could be applied to sodium alginate films or 

sedimentation biofilms and subsequent outer membrane extraction could be undertaken 

and analysed on SDS-PAGE. This analysis may reveal possible resistance mechanisms 

of bacterial strains to OPA, particularly if OPA resistant strains could be developed by 

using slowly increasing concentrations of the biocide. These investigations may take 

appropriate steps to determine why the GTA resistant mycobacterial strain exhibited 

reduced susceptibility to OPA in comparison to the GTA sensitive strain. Although 

Walsh et al. (2001) did not report cross-resistance to OPA of their GTA-resistant strains 

of mycobacteria, this study found that the GTA resistant strain was less susceptible to 

OPA. The observation of Walsh et al. (2001) is likely to be the result of the use of 

surface dried planktonic bacteria as opposed to the biofilms used in this thesis. 

Therefore resistance mechanisms of the GTA resistant strain to OPA would be of value. 
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7.7.4  Quorum sensing 

 

Quorum sensing (QS) is a cell density-dependent signalling mechanism which 

allows bacteria to modulate gene expression and is thought to be involved in biofilm 

development (Fuqua et al. 2001). There have been a number of studies undertaken 

to detect AHLs produced by various bacteria and used as markers for biofilm 

development. A study using P.aeruginosa isolates from cystic fibrosis patients used 

a combination of thin layer chromatography (TLC) and biosensors to test for the 

presence of AHLs. Briefly, supernatant liquids of cultured P.aeruginosa were 

extracted using dichloromethane and were then separated using TLC. The AHLs 

were then detected using AHL biosensors and the bioluminescent spots detected by 

short exposure to x-ray film (Geisenberger et al. 2000). This method could be used 

to determine the levels of AHLs produced by P.aeruginosa and or peptide signals 

produced by M.chelonae alginate biofilms, in comparison with their planktonic 

counterparts. The production of homoserine lactone, could be measured following 

dissolution of the calcium-alginate matrix using an appropriate buffer, at various 

time intervals and also after exposure to disinfectants. This information could then 

be used in order to be ascertain if the model is exhibiting the behaviour of true 

biofilms.  

 

7.7.5 Mechanisms of action of OPA  

 

It is still unclear what the nature of the interaction of OPA is with micro-organisms i.e. 

chemical reaction or physical binding. Further studies are needed to determine the 

interaction of OPA with cell components so that improvements can be undertaken to 
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potentially increase the activity of OPA against bacteria. Agents such as ethambutol that 

interfere with cell wall synthesis have been used to increase the efficacy of biocides 

(Walsh et al. 2001). Ethambutol is an anti-tubercular drug that enhances the activity of a 

range of chemicals against mycobacteria, possibly as a result of opening up the 

mycobacterial cell wall. This allows for greater penetration of biocides and has shown 

to increase the susceptibility of mycobacteria to cationic biocides (Broadley et al. 1995). 

Pre-treatment of M.chelonae (Epping) with ethambutol or m-fluoro-DL-phenylalanine 

has been shown to enhance the activity of OPA from 5-10 minutes to 1-2 minutes after 

pre-treatment (Walsh et al. 2001). Increasing the pH of OPA to 8 has also been shown 

to increase the activity of OPA (Walsh et al. 1999). Further investigations into the 

action of these pre-treatments would be of interest and may improve the activity of 

OPA, in situations where decreased susceptibility is present.  

 

7.7.6 Efficacy testing using whole, intact endoscopes   

 

It would be of interest to undertake complete reprocessing steps using whole, intact 

endoscopes to enhance the knowledge of the effect of OPA in the hospital setting. 

Similar studies have been undertaken in the past, using biopsy lumens from 

endoscopes contaminated with artificial soil (Chan-Myers et al. 2004). This group 

showed that using an enzymatic detergent and an automated washer disinfector, 

removal of the soil was possible from the lumens (Chan-Myers et al. 2004). The use of 

simulated endoscope channels have also been successfully used to evaluate the effect 

of biofilm detaching agents (Marion et al. 2006). The effect of storage on the re-

growth of bacteria would also be of interest after different defined treatments i.e. 

simulated failure of decontamination to determine the effect on bacterial numbers.  
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7.7.7 Efficacy testing using pre-cleaned sedimentation and sodium alginate films 

 

The efficacy of OPA against the sodium alginate films was observed to be severely 

reduced, in comparison to planktonic or dried bacteria. To further investigate the effect 

of pre-cleaning steps on the efficacy of OPA it would be of value to undertake the 

efficacy tests described in chapters 3 and 4 using pre-cleaned sodium alginate biofilms. 

It is very likely that the efficacy of OPA would be increased and could represent a 

more accurate picture of the effectiveness of OPA as a high-level disinfectant for 

endoscopes.  

 

7.7.8 Efficacy tests using sodium alginate films of different depths 

 

It would be provide new insights to undertake efficacy tests using sodium alginate films 

of different depth. The different depths could then be potentially correlated with 

different ages of biofilm by producing natural biofilms in parallel. Therefore fast 

reproducible data could be produced in which the different depths represent different 

maturities of biofilms. Outer membrane protein profiles could also be undertaken over 

different depths to determine if there were any proteomic differences.  

 

7.7.9 The effect of OPA on mixed cultures of bacteria or viruses. 

 

Biofilms in nature are rarely homogenous in structure or bacterial species. There is 

evidence that mixed cultures of biofilm bacteria can increase resistance towards 

biocides. The bacteria or viruses that are present on endoscopes after use will not be 

pure cultures and as a result could represent a challenge to currently used biocides, 
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particularly if biofilm is present. It would therefore be of value to investigate the 

activity of OPA against mixed cultures of bacteria and/or viruses.  

 

7.7.10 The diffusion of OPA within bacterial cells.  

 

The diffusion of OPA into the sodium alginate films was investigated in Chapter 4, 

however it would be beneficial to investigate and track the diffusion of OPA through 

the bacterial cell to determine where the OPA interacts with cell.  
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