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Abstract 

Biofilms are communities of microorganisms that attach to various surfaces and are widely 

associated with infections in animals and plants. This investigation is focussed on a current and 

growing concern: the distribution and formation of biofilms in washing machines. Many 

countries wash clothes at reduced temperatures around 30°C to 40°C rather than at higher 

temperatures above 60°C that would kill many bacteria. Survival of the bacteria is associated 

with biofouling, malodour and an increased infection risk due to the distribution of human 

pathogens such as Pseudomonas aeruginosa into the environment. P. aeruginosa is one of the 

predominant bacteria found in washing machines and is highly resistant to many antibiotics. 

Little is known about environmental microniches present in biofilms. This work focuses on the 

pH variation throughout P. aeruginosa biofilms knowing that the pH can influence biofilm 

formation and could be an important aspect for the prevention of biofilm formation. Novel pH-

sensitive optical nanosensors were used that penetrate P. aeruginosa biofilms and emit 

fluorescence in response to variation in pH. Using time-lapse imaging, pH changes were tracked 

in real time at a microcolony and single cell level, which will ultimately facilitate monitoring of 

environmental changes induced as biocides penetrate biofilms. Furthermore, confocal laser 

scanning microscopy (CLSM) was used to reveal pH variation within single microcolonies where 

the core of the microcolonies was more acidic than the outside. Furthermore, a set of 

P. aeruginosa strains was isolated from household washing machines and identification 

confirmed by matrix-assisted laser desorption/ionization. Whole genome analysis was 

performed to identify different genomic features relevant to antimicrobial resistance (AMR) and 

biofilm formation. CLSM revealed an increased propensity of these isolates to form biofilms 

compared to the laboratory strain PAO1-N. In addition, the washing machine isolates had a 

decreased susceptibility to benzalkonium chloride, a biocide used in cleaning products as well 

as an increase in production of pyocyanin, a toxic substance mainly produced by P. aeruginosa. 

Furthermore, testing of different washing detergent formulations revealed that they possessed 

a range of abilities to disrupt biofilm formation or kill P. aeruginosa, which will facilitate the 

development of more effective washing agents to limit the emergence of AMR within biofilms 

resident in domestic appliances. 
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Chapter 1 Introduction 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative, highly adaptive, ubiquitous bacterium that can be 

found in a range of environments including water, soil, plants, and animals (Kung et al., 2010; 

Diggle and Whiteley, 2020). P. aeruginosa is a ~2 µm long, rod shaped bacterium and belongs to 

the largest genus of Gram-negative bacteria, Pseudomonas, with more than 144 different 

species (Gomila et al., 2015). As an opportunistic pathogen, P. aeruginosa can cause infections 

in immunocompromised patients including those suffering from burns, AIDS, wounds, urinary 

tract infections, and respiratory infections such as bronchiectasis, chronic obstructive 

pulmonary disease (COPD), and cystic fibrosis (CF), whereas infections of healthy individuals are 

rare (Kossel, 1908; Cross et al., 1980; Schimmelbusch, 1993; Gellatly and Hancock, 2013; Al-

Wrafy et al., 2017). These infections are challenging to treat, due to the intrinsic antibiotic 

resistance, which contributes to P. aeruginosa infections being the leading cause of morbidity 

for CF sufferers. P. aeruginosa belongs to the ESKAPE pathogens, a group of pathogens 

compromising Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumanii, P. aeruginosa and Enterobacter species, that are responsible for most 

nosocomial infections by “escaping” antibiotic treatments due to resistance mechanisms (Rice, 

2008). Because P. aeruginosa is prevalent in the environment, numerous potential reservoirs of 

infection exist. P. aeruginosa exerts its pathogenicity through the production of several virulence 

factors including those shown to play a key role in biofilm attachment such as extracellular DNA 

(eDNA) or polysaccharides (O'Toole and Kolter, 1998; Whitchurch et al., 2002; Rasamiravaka et 

al., 2015; Cai et al., 2016). To regulate the large number of virulence factors and to enable the 

adaptation to the various environments that P. aeruginosa can inhibit, the genome is relatively 

large (5-7 Mb), with 5,570 predicted open reading frames for strain PAO1 and a high proportion 

of regulatory genes (~10%). Many genes involved in transport and efflux of organic compounds, 
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chemotaxis, and catabolism provide the basis of its adaptability. Furthermore, a large amount 

of gene rearrangement and acquisition facilitates the high adaptability of the bacterium (Stover 

et al., 2000; Williams, 2007). P. aeruginosa strains produce multiple secondary metabolites and 

polymers and can use various carbon sources and electron acceptors, underlying its metabolic 

capacity to adapt to diverse environments (Moradali et al., 2017). 

1.1.1 Virulence 

P. aeruginosa produces many cell-associated and extracellular virulence factors that are 

associated with its pathogenicity during acute and chronic infections and facilitate host 

colonisation and damage. Most of these virulence factors are secreted by various secretion 

pathways, including the type I secretion system (T1SS), type II secretion system (T2SS), type III 

secretion system (T3SS), type V secretion system (T5SS), type VI secretion system (T6SS), efflux 

pumps, Sec pathway, Tat system, and diffusion (Moradali et al., 2017). Virulence factors include 

proteases, phenazines, siderophores, exoenzymes, exotoxins, rhamnolipids, pili, flagella, 

lipopolysaccharide (LPS), and exopolysaccharides. The regulation of the diverse virulence factors 

is complex and differs between acute and chronic infections, as shown in Figure 1.1. Phenotypes 

of acute infections are generally associated with motility and virulence (top panel), whereas 

chronic infections are associated with increased antibiotic resistance and biofilm formation 

(bottom panel). Following, some of the virulence factors will be outlined in more detail.  
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Figure 1.1: Schematic representation of virulence factors produced by P. aeruginosa during acute and 

chronic infections. Top: Acute infection involves the synthesis of flagella, type IV pili, secretion systems 

including T1SS, T2SS, T3SS, Sec and Tat, quorum sensing signals, and upregulation of extracellular 

virulence factors such as proteases, pyoverdine, pyocyanin, exotoxins, lectin A, siderophores, exotoxin A, 

rhamnolipids, and phospholipases. Bottom: Of importance for chronic traits are efflux pumps, the T6SS 

(biofilm associated and delivery of toxins to other bacteria), and the production of exopolysaccharides 

such as Psl, Pel, and alginate that are required for biofilm matrix production. Green and red arrows 

indicate up and down regulation, respectively. CM = cytoplasmic membrane, OM = outer membrane. 

 P. aeruginosa is known to produce at least four different proteases: (i) Alkaline protease, a zinc 

metalloprotease that can degrade host complement protein and host fibronectin and 

furthermore helps to avoid host immune systems by degrading flagellin monomers (Kipnis et al., 

2006; Bardoel et al., 2011; Laarman et al., 2012), (ii) Protease IV, which is involved in the 
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degradation of host lung surfactant proteins A, B and D during respiratory infections, which can 

inhibit the association of P. aeruginosa with host macrophages (Kipnis et al., 2006; Ben Haj 

Khalifa et al., 2011; Gellatly and Hancock, 2013), (iii) and (iv) the two elastases LasA and LasB 

that are both regulated by the las quorum sensing (QS) system (Toder et al., 1994; de Kievit and 

Iglewski, 2000). Both elastases can destroy host tissue and play a role in acute lung infections 

and burned wound infections (Bielecki et al., 2008; Rocha et al., 2019). LasA can enhance the 

activity of LasB, that is furthermore involved in host protein degradation, inactivation of immune 

systems, and is crucial for tissue invasion and infection (Toder et al., 1994; Hoge et al., 2010). In 

addition, another protease, Lon, produced by P. aeruginosa, was investigated, which is not 

secreted but degrades proteins inside the P. aeruginosa cells and has also roles in virulence 

(Marr et al., 2007; Breidenstein et al., 2012; Moradali et al., 2017). Generally, protease-deficient 

strains are less virulent than protease producers, especially in burn models (Holder and Haidaris, 

1979). 

Pyocyanin is a secondary metabolite and belongs to the phenazines. As a redox-active 

zwitterion, it can easily penetrate biological membranes to cause cellular damage and disrupt 

enzyme and ion balances (Lau et al., 2004a; Lau et al., 2004b). Furthermore, pyocyanin targets 

the host cell immune response and can induce neutrophil apoptosis (Mavrodi et al., 2001; Lau 

et al., 2004a). 

Pyoverdines and pyochelin are two kinds of siderophores produced by P. aeruginosa that are 

involved in iron scavenging and transport. Iron transport is important for both growth and 

biofilm formation, with pyoverdine mutants showing defective biofilms under iron starvation 

(Banin et al., 2005; Lamont et al., 2009). Furthermore, iron starvation is associated with changes 

in QS and twitching motility, which are important for biofilm formation (Patriquin et al., 2008). 

Pyoverdine is the primary siderophore of P. aeruginosa, with three different types of 

pyoverdines that can be produced (Meyer et al., 1997). Pyochelin has a lower affinity for iron 

than pyoverdine but was shown to also chelate other ions such as zinc and copper (Brandel et 
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al., 2012). However, pyochelin production is increased in the absence of pyoverdine, suggesting 

a supportive role of pyochelin. 

The four exoenzymes ExoS, ExoT, ExoY and ExoU are known virulence factors secreted by the 

T3SS of P. aeruginosa (Finck-Barbançon et al., 1997; Yahr et al., 1998; Sato et al., 2003). ExoS, 

ExoT and ExoY are involved in altering cellular cytoskeletal components, cell rounding and 

detachment, and inhibition of bacterial uptake and phagocytosis (Sato et al., 2003). In addition, 

ExoU possesses a unique cytotoxic effect, making P. aeruginosa strains capable of destroying 

cellular monolayers (Finck-Barbançon et al., 1997). Furthermore, ExoU is associated with lung 

injury and seems to play a role in the development of septic shock. The reference strain PAO1 

only contains exoS, exoT and exoY, but lacks exoU (Stover et al., 2000).  

Exotoxin A belongs to the two-component AB toxin family and is secreted by T2SS (Pillar and 

Hobden, 2002). It is composed of an A domain carrying enzymatic activity and a B domain that 

serves as cell binding subunit (Odumosu et al., 2010). Exotoxin A is the most toxic virulence 

factor of P. aeruginosa and can disrupt protein synthesis and lead to cell death (Iglewski and 

Kabat, 1975; Iglewski et al., 1977; Daddaoua et al., 2012; Michalska and Wolf, 2015). The 

production of exotoxin A is highly dependent on iron availability (Pillar and Hobden, 2002). 

Furthermore, P. aeruginosa produces rhamnolipids that primarily function as surfactant. 

However, they are also associated with antimicrobial activity, immune system modulation, 

biofilm formation, and surface motility (Van Delden and Iglewski, 1998; Davey et al., 2003; 

Moradali et al., 2017). Also involved in motility of P. aeruginosa are type IV pili and flagella, with 

type IV pili allowing twitching motility and flagella being important for swimming and swarming 

motility (O'Toole and Kolter, 1998; Köhler et al., 2000; Rashid and Kornberg, 2000; Persat et al., 

2015). Both virulence factors also have a role in biofilm formation, with flagella being involved 

in the initial biofilm formation, whereas type IV pili play a role in downstream events, for 

example during microcolony formation (O'Toole and Kolter, 1998). However, flagella can trigger 

host cell immune systems, which can help to clear cells (Amiel et al., 2010). Thus, flagella 
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mutants seem to have selection advantage during chronic infections, for example during CF 

(Luzar et al., 1985; Feldman et al., 1998).  

LPS forms the outer membrane permeability barrier in Gram-negative bacteria and promotes 

resistance to phagocytosis and serum. It typically consists of three parts, named lipid A, a core 

and O antigen chains (Rocchetta et al., 1999). However, CF isolates often show absence of 

O antigen and altered lipid A types, suggesting that the loss of O antigen chains reduces the 

activation of immune systems during invasion (Hancock et al., 1983; Lam et al., 1988; Rocchetta 

et al., 1999). Exopolysaccharides, such as Pel, Psl and alginate, form a major part of the 

extracellular biofilm matrix (Elder et al., 1995; Harmsen et al., 2010; Høiby et al., 2010; 

Kunacheva and Stuckey, 2014). The primary function of extracellular polysaccharides includes 

adhesion and protection of cells and will be discussed in more detail further on.  

Production of virulence factors is metabolically costly and is therefore under control of complex 

regulation systems. Many of the virulence factors are regulated by QS, including motility, 

motility-sessility switch and biofilm formation, antibiotic resistance mechanisms, and stress 

response, highlighting the important role of QS in P. aeruginosa, which will be discussed below 

(Williams and Camara, 2009; Moradali et al., 2017). 

1.1.2 Quorum sensing 

Cell-cell communication between bacteria allows the regulation of many different biological 

processes that are important for bacterial adaptation. QS pathways are one example of 

regulation that controls microbiological functions, with more than 10% of genes regulated by QS 

in P. aeruginosa (Moradali et al., 2017). During infections of P. aeruginosa, QS is critical for 

survival and host colonisation by coordinating phenotypic changes, for example after the initial 

attachment to host cells (González and Keshavan, 2006). A typical QS system consists of a 

signalling molecule called autoinducer (AI) and a receptor and can be described as the regulation 

of gene expression in response to a critical threshold of AI. Bacterial cooperation was first 
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discovered 50 years ago in Vibrio fischeri mediated through the induction of bioluminescence 

(Nealson et al., 1970). A schematic representation of quorum sensing in V. fischeri is shown in 

Figure 1.2. 

 

Figure 1.2: Schematic representation of quorum sensing in Vibrio fischeri. The left part represents low 

cell density, at which the level of the autoinducer acylated homoserine lactone (AHL) (yellow) synthesised 

by LuxI (orange) is below the threshold to activate the receptor LuxR (blue). AHL acts as a transcriptional 

activator of the luciferase genes luxICDABE. The right part represents high cell density, at which LuxI is 

upregulated and more autoinducer is produced. The threshold for the autoinducer is reached so that it 

binds to LuxR initiating the transcription of the lux operon and producing even more AHL. This 

autoinduction positive feedback of LuxI exponentially increases AHL levels leading to bioluminescence. 

Adapted from Bellezza et al. (2014). 

Involved in the regulation of bioluminescence in V. fischeri is the Lux pathway. At low cell 

density, the level of the AI synthesised by LuxI is small so that LuxR is not activated. At high cell 

density, more of the autoinducer is produced until a threshold is reached leading to the binding 

of the autoinducer to LuxR. This binding initiates the transcription of the lux operon resulting in 

bioluminescence (Bellezza et al., 2014). The responsible substance is N-Acyl homoserine lactone 

(AHL) (Eberhard et al., 1981). Bacteria are using AHL-signals to observe the density of their own 
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population and to selectively synchronise their gene expression. Other cell-cell communication 

signals of Gram-negative bacteria apart from AHL include the autoinducer-2 furanosyl borate 

diester (Al-2), cyclic thiolactone (AIP), hydroxypalmitic acid methyl ester (PAME), and methyl 

dodecenoic acid (DSF) (Pesci et al., 1999; Oh et al., 2001; Whitehead et al., 2001; Federle and 

Bassler, 2003; Zhang, 2003; Wang et al., 2004; Diggle et al., 2007; Kalia, 2013). Some bacteria 

host a complex hierarchical QS circuitry that are often composed of more than one QS system. 

For instance, P. aeruginosa possesses at least four different QS systems: (i) The las system at the 

top of the hierarchy including the LasR receptor and its AI N-(3-oxododecanoyl) homoserine 

lactone (OdDHL), (ii) the rhl system with the RhlR receptor and the AI N-butyrylhomoserine 

lactone (BHL), (iii) the pqs system, consisting of the receptor PqsR and the AI 2-heptyl-3-hydroxy-

4-quinolone (PQS), and (iv) the iqs system with IqsR as receptor and 2-(2-hydroxyphenyl)-

thiazole-4-carbaldehyde (IQS) as AI. All four systems were found to be involved in the 

pathogenicity of P. aeruginosa, including the regulation of virulence factor gene expression such 

as proteases, rhamnolipids, and pyocyanin (Lee and Zhang, 2015). However, it should be noted 

that the iqs system is controversial. In a short comment, Cornelis points out that IQS is a by-

product of the siderophore pyochelin or a degradation product rather than an autoinducer 

synthesised by the ambABCDE genes (Cornelis, 2019).  

As mentioned, the las system is on top of the hierarchy and activates the expression of the rhl, 

pqs and iqs systems in addition to positively activating its own regulon (Winson et al., 1995; Latifi 

et al., 1996; Pesci et al., 1997; Gallagher et al., 2002; Kiratisin et al., 2002; Déziel et al., 2004). 

Although the las system is often described as the most important QS system in P. aeruginosa, 

many QS-dependent virulence factors are predominantly activated by rhl (Latifi et al., 1995; 

Whiteley et al., 1999; Winzer and Williams, 2001; Schuster and Greenberg, 2007). Furthermore, 

PQS is able to enhance expression of the rhl QS system, but is negatively regulated by rhl, 

suggesting that the concentration of the AI OdDHL and BHL are important for the position of pqs 

(Pesci et al., 1999; Cao et al., 2001). Iqs, the most recent identified and controversial QS system, 
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is also regulated by las, although it was shown that environmental conditions such as phosphate 

depletion or oxygen deprivation can influence the hierarchy and can overcome non-functional 

las systems (Lee et al., 2013; Lee and Zhang, 2015). This is particularly interesting as a number 

of clinical isolates of P. aeruginosa from CF patients were found to have loss-of-function 

mutations within the las system (Hamood et al., 1996; Dénervaud et al., 2004; Schaber et al., 

2004; Smith et al., 2006; Wang et al., 2018). Las and rhl systems both mediate QS signalling at 

early stages of growth whereas the pqs pathway is active at late exponential growth phase (Choi 

et al., 2011). All four QS systems and their correlations are presented in Figure 1.3. 

  

Figure 1.3: Schematic representation of the four known quorum sensing systems in P. aeruginosa and 

their regulation with each other. Arrows indicate regulation (positive or negative). Additional systems 

that are regulated by one or more of the QS systems are listed in boxes next to the QS regulator. The AIs 

are synthesised by enzymes including LasI, RhlI, PqsABCD, and AmbBCDE, respectively. OdDHL = N-(3-

oxododecanoyl) homoserine lactone, BHL = N-butyrylhomoserine lactone, PQS = 2-heptyl-3-hydroxy-4-

quinolone, IQS = 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde. Adapted from Lee and Zhang (2015). 

As already mentioned, QS is influenced by environmental effects such as heat, oxygen, or 

starvation. Another factor that can affect AHL signal molecules is the surrounding pH. Uroz et al. 

for example found that AHLs are rapidly inactivated by pH-dependent lactonolysis (Yates et al., 
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2002; Uroz et al., 2005). It was shown that during growth of Yersinia and Pseudomonas, AHLs 

are inactivated and accumulated in an open-ring form as a consequence of a pH-dependent 

hydrolysis of the lactone ring due to an alkaline pH occurring during the stationary phase of the 

growth. Providing a pH of 2.0 or lower by acidifying the culture, the AHLs could be recovered 

(Yates et al., 2002). In contrast, Tinh et al. investigated the activity of a recombinant AHL-

lactonase originated from a Bacillus species under different pH and reported on optimal activity 

from pH 6 to pH 8, whereas there was a marked reduction at pH values below pH 6 and no 

activity below pH 4 (Tinh et al., 2013). In agreement with those findings, Pedroza et al. presented 

results indicating that a recombinant AHL lactonase showed an optimum activity at pH 8 but a 

reduced catalytic activity at decreasing pH indicating a change in the conformational structure 

of the AHL lactonase at low pH (Pedroza et al., 2014). These findings show that the 

environmental pH may play an important role in the pathogenesis of P. aeruginosa and should 

be kept in mind. 

In addition to the regulation of virulence factors, QS was also shown to play a role in biofilm 

development and maturation, with the las system being necessary for the establishment of 

differentiated P. aeruginosa biofilm (Davies et al., 1998) and the rhl system being activated 

during the maturation stage (De Kievit et al., 2001a). Furthermore, release of eDNA is controlled 

by the pqs QS system (Allesen-Holm et al., 2006). Biofilm formation by P. aeruginosa is 

particularly important for it to establish chronic infections for example within CF lungs and has 

therefore been studied intensively. 

1.2 Biofilms of P. aeruginosa 

A common misconception of microbial living is that bacteria exist as individual organisms in a 

“planktonic state”. Rather, microorganisms have been shown to naturally accumulate on a wide 

variety of surfaces, where they form sessile, sedentary communities. Those surfaces include 

household and industrial pipes, (bio)materials such as contact lenses, medical devices including 

implants and urinary catheters, as well as plant and animal tissues (Elder et al., 1995; Cortés et 
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al., 2011; Gupta et al., 2016). These accumulations of microorganisms of mono- or poly-

microbial aggregates are commonly referred to as a biofilm and can consist of diverse 

communities of bacteria and fungi (Elias and Banin, 2012). The close proximity of the 

microorganisms enables substrate exchange, distribution of metabolic products, and removal of 

toxic end products so that the different species can support each other (Davey and O'Toole, 

2000a). P. aeruginosa exerts its pathogenicity through several components that have been 

proven to have a key role in biofilm formation, for example eDNA or type IV pili (O'Toole and 

Kolter, 1998; Whitchurch et al., 2002; Klausen et al., 2003b; Fuxman Bass et al., 2010; Gloag et 

al., 2013; Jennings et al., 2015). Moreover, the structure of biofilm communities can protect the 

bacteria from attack by antimicrobials, sheer forces, and the immune system of host cells during 

infection (Lewis, 2001). It was shown that microorganisms located in a biofilm exhibited higher 

metabolic functional diversity and metabolic cooperation than those living in planktonic form 

(Tribedi et al., 2015). One example for the collaborating network between different organisms 

in a biofilm is the degradation of complex organic matter into methane and carbon dioxide 

during anaerobic digestion, which requires the involvement of at least three types of bacteria 

(Davey and O'Toole, 2000a; Gupta et al., 2016). This process is a type of symbiosis called 

syntrophism, where two metabolically distinct bacteria depend on each other to utilise certain 

substrates for their energy source (Davey and O'Toole, 2000a). Figure 1.4 shows three different 

options for the spatial distribution of a biofilm consisting of different species and their option 

for communication. In part a, the different species of the biofilm are separated. Part b shows a 

co-aggregation and part c the distribution in layers. The variable distribution affects the 

communication of the cells (Elias and Banin, 2012). 
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Figure 1.4: Spatial distribution of a biofilm of different species. The pictures were taken using confocal 

laser scanning microscopy. (a) Separate one-species microcolonies (Burkholderia sp. and Pseudomonas 

sp.) (Nielsen et al., 2000), (b) Co-aggregation of the species (Streptococcus oralis and Actinomyces 

naeslundii) (Rickard et al., 2006), (c) Distribution of the species in layers (Acinetobacter sp. and 

Pseudomonas putida) (Hansen et al., 2007). Taken from Elias and Banin (2012).  

1.2.1 Formation of biofilms 

Biofilm formation starts with the switch from a motile to a sessile state of bacteria. The whole 

process can be divided into five stages: (i) Initial reversible attachment, (ii) irreversible 

attachment, (iii) microcolony formation, (iv) maturation, and (v) dispersion (Sauer et al., 2002; 

Stoodley et al., 2002b). The initial contact of the moving planktonic bacteria with the surface is 

the starting point, which is still reversible at this stage. The bacteria will then start to form a 

monolayer and will produce an extracellular matrix or “slime” for protection. The matrix consists 

of polysaccharides, structural proteins, cell debris, and nucleic acids; referred to as extracellular 

polymeric substances (EPS). The initial steps of the matrix formation are dominated by eDNA, 

whereas polysaccharides and structural proteins take over later. In these stages, the formation 

of microcolonies takes place, which exhibit significant growth and cell-cell communication such 

as QS. The biofilm grows in a three-dimensional manner and the attachment is now irreversible. 
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In the last stage, some cells of the mature biofilm start to detach and disperse into the 

environment as planktonic cells again to potentially start a new cycle of biofilm formation. 

During this stage, different saccharolytic enzymes are produced by the organisms inside the 

biofilm, which break the biofilm stabilising polysaccharides so that these planktonic cells can 

attach to new surfaces. Pseudomonas fluorescens and P. aeruginosa for example release 

alginate lyase, Escherichia coli releases N-acetyl-heparosan lyase and Streptococcus equi 

produces hyaluronidase enzymes that help to break down the biofilm matrix (Sutherland, 1999). 

Additionally, the microorganisms start to upregulate flagella protein production to regain 

motility and attach to new surfaces (Gupta et al., 2016). It is also possible, that whole parts of 

the cell aggregate detach or a movement of the complete biofilm takes place (Tolker-Nielsen et 

al., 2000; Sauer et al., 2002). The typical biofilm formation is illustrated in Figure 1.5.  

 

Figure 1.5: Schematic representation of biofilm development. The formation begins with attachment of 

the planktonic cells followed by the adhesion to the surface. The bacteria then form a monolayer and start 

to produce an extracellular matrix. Next, a microcolony is formed where multilayers appear. During the 

final stage, cells start to detach, and the biofilm will disperse starting a new cycle. Adapted from 

Vasudevan (2014). 
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Movement of bacteria is a crucial part of biofilm formation and is dependent on environmental 

conditions, for example by consuming glucose as a carbon source, P. aeruginosa settles initially 

as a non-motile subpopulation (Klausen et al., 2003a). In contrast, using citrate as a carbon 

source, differentiation occurs into a motile phase (Klausen et al., 2003b). It has furthermore 

been described that twitching motility is favoured under iron limitation conditions (Singh et al., 

2002). Additionally, it has been reported that a rhamnolipid source results in increased 

hydrophobicity which enhances adhesiveness critical for biofilm formation (Zhang and Miller, 

1994). The nutritional conditions like carbon sources and iron level present in the growth 

medium also influence the shape of the formed biofilm of P. aeruginosa. Under some conditions, 

P. aeruginosa forms a flat biofilm without separate microcolonies whereas under different 

conditions it develops mushroom-shaped microcolonies composed of stalk and cap 

subpopulations (Klausen et al., 2003a; Klausen et al., 2003b; Yang et al., 2009a). Those 

subpopulations are in different physiological conditions and therefore have different tasks like 

producing “public goods” or expression of QS genes (De Kievit et al., 2001a; West et al., 2007). 

In addition, biofilm formation is largely strain dependent, for example the development of 

mushrooms or the formation of mucoid versus non-mucoid biofilms. 

1.2.2 Extracellular matrix 

After forming a biofilm, the microorganisms are located in a distinct extracellular matrix. Among 

other things, the matrix consists of extracellular polysaccharides, structural proteins, cell debris, 

and nucleic acids summarised as EPS (Elder et al., 1995; Harmsen et al., 2010; Høiby et al., 2010; 

Kunacheva and Stuckey, 2014). It was found that 75% of the extracted polymers of water-soluble 

EPS consisted of proteins, followed by eDNA and polysaccharides (Jahn et al., 1999). Overall, the 

amount of microorganisms only accounts for 10% of dry mass in most biofilms, with the other 

90% consisting of matrix components (Flemming and Wingender, 2010). However, the 

composition varies over time during the biofilm development depending on the production of 

EPS. 
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The extracellular matrix provides an increased tolerance against antimicrobials and a protection 

against the depletion of the biofilm. EPS retard the diffusion of antibiotics through the biofilm 

and can therefore increase drug resistance (Crossley et al., 2009). Due to the composition of 

EPS, biofilms are found to be hydrogels that exhibit viscoelastic behaviours allowing biofilms to 

withstand mechanical stress (Stoodley et al., 2002a; Hall-Stoodley et al., 2004). The viscoelastic 

properties of the biofilm affects its structure and adhesive properties (Peterson et al., 2015). 

P. aeruginosa and other biofilm-producing bacteria use biofilms as a mechanism of defence, for 

example against phagocytes (Jesaitis et al., 2003), osmotic and oxidative stress (Hall-Stoodley 

and Stoodley, 2009), antibiotics (Hassett et al., 2002), or antibodies (Cerca et al., 2006). The 

formation of a biofilm can furthermore facilitate gene transfer among bacteria leading to an 

increase of virulent strains (Lewis, 2001). The composition of the EPS varies between biofilms 

and is important for the attachment of the microorganisms, for example the EPS layer of 

P. aeruginosa has an increased adhesion strength when compared to B. subtilis because of the 

bigger portion of carbohydrate components like LPS, alginate, and Pel and Pls polysaccharides 

(Harimawan and Ting, 2016). The EPS content of the biofilm is influenced by environmental 

factors and conditions like sheer forces, high levels of oxygen (Bayer et al., 1990), limited 

availability of nitrogen (Jarman et al., 1978), desiccation (Ophir and Gutnick, 1994), low 

temperature (Junkins and Doyle, 1992), and low pH (Ryu and Beuchat, 2004). 

An important role is played by eDNA, which provides structural stability but does not carry any 

genetic information (Mann and Wozniak, 2012). The eDNA of P. aeruginosa is involved in the 

cellular communication and stabilisation of biofilms (Gloag et al., 2013). It was suggested that 

eDNA is generated from random chromosomal DNA and can be directly secreted through 

secretion systems, by lysis of sub-populations of the biofilm or by the release of small membrane 

vesicles (Spoering and Gilmore, 2006). Additional roles of eDNA include the contribution to 

cation gradients, genomic DNA release, antibiotic resistance, and activation of neutrophils 

during infection (Finkel and Kolter, 2001; Mulcahy et al., 2008; Fuxman Bass et al., 2010). eDNA 
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can cause cell lysis by chelating cations that under normal conditions stabilise LPS and the outer 

membrane and has therefore antimicrobial activity (Mulcahy et al., 2008). The anionic nature of 

eDNA can also cause binding of cationic antimicrobials to directly reduce the diffusion rate of 

antimicrobials through the biofilm matrix. However, this mechanism only provides a short-term 

protective effect until the matrix becomes saturated. During long-term antibiotic exposure, DNA 

chelation of cations such as Mg2+, Ca2+, or Mn2+ was shown to induce the PA3552-PA3559 operon 

via a PhoPQ and PmrAB-controlled response to cation limitations, which encode an LPS 

modification pathway that reduces the permeability of the outer membrane to cationic 

antimicrobial peptides leading to resistance. The minimal inhibitory concentration values for 

polymyxin B and aminoglycosides were up to 2560-fold and 640-fold increased within DNA-

enriched biofilms, respectively, as a result of DNA-induced expression of PA3552-PA3559 

(Mulcahy et al., 2008). The expression of the PA3552-PA3559 operon can also be induced by an 

acidic environment even in the presence of Mg2+, with an accumulation of eDNA being 

responsible for the acidification of the biofilm environment (Wilton et al., 2016). During 

starvation, eDNA as well as other components of the EPS can serve as nutrient source (Finkel 

and Kolter, 2001). In addition to eDNA, lipids, LPS as well as polymers like glycopeptides form a 

scaffold and hold the biofilm together (Flemming and Wingender, 2010). 

For P. aeruginosa, it has been reported that it produces three major polysaccharides, namely 

alginate, Pel (pellicle locus) and Psl (polysaccharide synthesis locus) that provide further stability 

to the biofilm (Gupta et al., 2016). Alginic acid is a heteropolymer of mannuronic and guluronic 

acids and is suggested to be the major polymeric substance component in mucoid P. aeruginosa 

biofilms, for example during chronic infections like CF, whereas Pel and Psl are primarily utilised 

by non-mucoid strains. PAO1 that is commonly used as laboratory (lab) strain does not produce 

alginate under normal conditions (Hunter and Beveridge, 2005). Alginate interacts with 

nutrients and water and is responsible for the supply of the nutrients to the biofilm 

(Rasamiravaka et al., 2015). Furthermore, alginate is involved in persistence and immune 
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evasion as well as the scavenge of free radicals released from neutrophils and macrophages 

(Simpson et al., 1989). Alginate is involved in the establishment of microcolonies as well as being 

involved in stability of mature biofilms. 

The glucose rich polysaccharide Pel and the mannose- and galactose rich pentasaccharide Psl 

act as scaffold for the biofilm structure and are mainly synthesised during in vitro biofilm 

formation (Govan and Deretic, 1996; Colvin et al., 2011; Franklin et al., 2011). The pel locus 

contains seven genes encoding proteins that are involved in synthesis and export of the 

polysaccharide (Franklin et al., 2011). It was first identified in mutants showing loss of pellicle 

formation, a form of biofilms at the air-liquid interface of static cultures but was also shown to 

be required for the formation of solid surface-associated biofilms (Friedman and Kolter, 2004). 

Experiments using non-piliated P. aeruginosa strains revealed that pel mutations have defects 

in the initial attachment process, suggesting that Pel is involved in the attachment process of 

early biofilm formation especially in the absence of other adhesins such as type IV pili (Vasseur 

et al., 2005). More recent studies revealed that Pel is a major structural component of the 

biofilm stalk where it cross-links eDNA (Jennings et al., 2015). Additionally, Pel is involved in 

antibiotic resistance of biofilms, especially aminoglycosides (Colvin et al., 2011). 

The psl locus includes 15 genes, although only 11 were found to be necessary for Psl synthesis 

and export (Jackson et al., 2004; Ma et al., 2007; Byrd et al., 2009; Ma et al., 2009). 

Overproduction of Psl leads to increased cell-surface and intercellular adhesion, underlying the 

importance of this polysaccharide in adhesion, initiation, and maintenance of biofilm structure 

(Ma et al., 2006; Byrd et al., 2009). Psl is anchored around cells in a helical arrangement during 

biofilm initiation in early stages of biofilm formation (Ma et al., 2009; Moradali et al., 2017). This 

arrangement enables cell-cell-interaction and cell-surface adhesion. During later stages of 

biofilm formation, Psl is accumulated on the periphery of 3D-structured microcolonies to 

provide structure support and subsequent biofilm dispersion (Ma et al., 2009). Furthermore, Psl 

can have a signalling role for two diguanylate cyclase enzymes to enhance intracellular cyclic 
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diguanylate monophosphate (c-di-GMP) production. C-di-GMP is a second messenger molecule 

involved in biofilm formation, and increased c-di-GMP concentration leads to a positive 

feedback in elevated Psl production (Irie et al., 2012). Additionally, Psl has roles in pathogenesis, 

antibiotic resistance, and protection against the immune system (Wei and Ma, 2013). An 

overview about the major components of P. aeruginosa biofilm matrix is listed in Table 1.1. 

Table 1.1: Roles of major biofilm matrix components in P. aeruginosa.  Taken from Wei and Ma (2013). 

Component Role Property 

Psl Initial attachment and adhesion 

Primary biofilm scaffold 

Proinflammatory signalling 

Antibiotic resistance 

Avoidance of host defence 

Signalling molecule to stimulate biofilm formation 

Neutral 
charge 

Pel Pellicle formation and solid surface-associated biofilm 
formation 

Aggregation of bacterial cells 

Antibiotic resistance 

Initial attachment in the absence of type IV pili 

Positively 
charged 

Alginate Persistence and immune evasion 

Antibiotic resistance 

ROS scavenges 

Mucoid phenotype 

Water and nutrient source 

Negatively 
charged 

eDNA Nutrient source 

Scaffold 

Antibiotic resistance 

Major proinflammatory component 

Negatively 
charged 

Flagella Initial cell-to-surface interactions - 

Type IV pili Formation of mushrooms - 
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1.2.3 The role of biofilms in pathogenesis 

Microbial biofilms occur in many different areas and can have positive impact, for example in 

microbial bioelectrochemical systems. Another positive occurrence of biofilms is in rhizospheric 

soil, where it has been found to increase the soil fertility and plant growth (Qurashi and Sabri, 

2012). Because of the poly anionic nature of EPS, biofilms can form complexes with positively 

charged metal cations and were therefore used to support the remediation of heavy metals (Pal 

and Paul, 2008). It was also reported that the degradation of polymer is more efficient if biofilms 

are present (Balasubramanian et al., 2010; Tribedi et al., 2015). Another example of a positive 

effect includes the biofilms of commensal bacteria such as Staphylococcus epidermidis, which 

can impede the colonisation of potentially pathogenic bacteria through the stimulation of host-

cell immune defences and the prevention of adhesion. However, biofilms are more often 

associated with many pathogenic forms of human diseases and plant infections. The biofilm 

population contributes to around 80% of the total microbial infection (Cortés et al., 2011). One 

common example is CF, the most frequently passed genetic disorder in Western Europe. CF 

patients have a defect in the cystic fibrosis transmembrane conductance regulator protein 

(CFTR), which results in a defective secretion system in the respiratory epithelium of the lung. 

When infecting the CF lung, P. aeruginosa undergoes a characteristic transition from an acute 

virulent pathogen to a CF-adapted pathogen, allowing it to persist in the lung for years or even 

decades. This is due to the overproduction of the matrix polysaccharide alginate, leading to the 

formation of a mucoid biofilm that tolerates antibiotics, components of both the innate and 

adaptive immune response, and resists phagocytosis. The persistence of these mucoid biofilms 

within the CF lung leads to the development of a distinct antibody response. This prompts 

chronic inflammation mediated by granulocytes, and results in severe damage to the lung tissue 

of CF patients (Figure 1.6a). A second example of biofilms in human health is dental plaque 

potentially leading to dental caries. The consumption of fermentable carbohydrates such as 

sugary treats or drinks causes an increase in the production and secretion of organic acids by 
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the bacteria found in dental plaque. If left untreated, the increased acidification of the biofilm 

leads to the demineralisation of the enamel and the formation of dental caries (Figure 1.6b). 

Both examples refer to polymicrobial biofilms.  

 

Figure 1.6: Schematic representation of a cystic fibrosis lung and dental plaque. (a) In a healthy lung, the 

epithelial cells of the airway are covered with a thin layer of mucus whereas the airway of a CF lung 

contains a thick, sticky mucus including bacterial biofilms leading to damaging of the cells and breathing 

problems. (b) Dental plaque is formed on top of the teeth where acid produced by the bacteria dissolves 

the tooth enamel leading to infections and dental caries. 

Other examples for the occurrence of biofilm forming bacteria include chronic wounds like 

diabetic foot ulcer, pressure sores, and venous ulcers where the infections are leading to a 
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persistence of the wounds (Bjarnsholt, 2013; Alhede and Alhede, 2014). As wounds usually 

involve loss of the skin integrity, it is easy for microbes to enter the wound and colonise the wet, 

warm, and often nutrient-rich environment (Alhede and Alhede, 2014). S. aureus and 

P. aeruginosa colonisation is found in many of those infections leading to a delay of the healing 

process (Bowling et al., 2009; Bjarnsholt, 2013).  

In addition to those diseases, biofilms are also found in device-related infections, were the 

biofilms form on foreign surfaces (Bjarnsholt, 2013). A common example are urinary catheters 

made of either latex or silicone. Bacteria involved in the contamination include S. epidermidis, 

E. coli, Proteus mirabilis, P. aeruginosa, K. pneumoniae, Enterococcus faecalis and other Gram-

negative bacteria. In addition, implants, artificial heart valves, teeth, contact lenses and other 

surfaces may involve chronic infections (Bjarnsholt, 2013). Furthermore, biofilms can also be 

found within the household environment, for example within dish washers or washing 

machines, causing potential infection risks due to the distribution of human pathogens as 

described in 1.2.4. 

Because of the increasing number of biofilms associated with diseases, the control of biofilms 

has high priority. The most efficient way to treat a biofilm infection is to remove the infected 

area if possible, for example dental caries, contaminated catheters, or infected organs. In cases 

where a removal is not possible, early aggressive antibiotic treatment before formation of a 

biofilm and suppressive antibiotic treatment should be considered (Bjarnsholt, 2013). However, 

as mentioned previously, the extracellular matrix is used as a diffusion barrier against antibiotics 

and other bactericidal substances (Fux et al., 2005; Hall-Stoodley and Stoodley, 2009). 

Therefore, preventing the initial attachment of the bacteria at the beginning so that no biofilm 

can be formed might be preferable. Several approaches are currently under investigation, for 

example the prevention of communication channels by QS signals or antibacterial coatings 

applied to indwelling surfaces. These approaches have already been investigated in various 

areas, including antimicrobial treatment on dental material surfaces or coating of biomedical 
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devices such as catheters (Danese, 2002; Li et al., 2010; Hook et al., 2012; Hook et al., 2013; 

Wang et al., 2014; Junter et al., 2016; Magennis et al., 2016; Zaltsman et al., 2017; Singh et al., 

2019). Surface colonisation as a result of bacterial attachment occurs through various 

mechanisms, such as hydrophobic and electrostatic interactions (Park et al., 1998; Ostuni et al., 

2001; Roosjen et al., 2004; Tedjo et al., 2007). Reducing the initial attachment of bacteria will 

prevent infection and reduce the necessity of antibiotic treatment and hence reduce the spread 

of antibiotic resistance. Bacterial attachment on surfaces can also occur through conditioning of 

a substrate that enhances bacterial attachment properties. Thus, surfaces that resist protein 

adsorption could also help prevent bacterial colonisation (Ostuni et al., 2001). Therefore, much 

research is directed toward preventing attachment and biofilm formation through either the 

development of anti-adhesive or bactericidal surfaces (Junter et al., 2016). Bactericidal coatings 

traditionally involved agents like antibiotics, copper, silver, and quaternary ammonium salts, 

that would subsequently be released into the environment causing antibiotic- and metal-

resistant bacteria and is therefore not favourable (Banerjee et al., 2011). Methods to improve 

the anti-adhesive properties of materials include modification of surface topography 

(roughness), enzymes, nanomaterials, photoactive agents, and physiochemistry such as 

hydrophilic or hydrophobic and cationic or anionic behaviour (Katsikogianni and Missirlis, 2004; 

Teughels et al., 2006; Banerjee et al., 2011; Zhang et al., 2013). An overview of various 

approaches to fabricate antifouling surfaces is given in Figure 1.7. 
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Figure 1.7: Schematic representation of various methods used for antifouling coatings. Different 

approaches are used to prevent protein fouling, bacterial attachment and specifically colonisation of 

marine organism. SAMs = self-assembled monolayers, PEG = poly(ethylene glycol) Figure taken from 

(Banerjee et al., 2011). 

One polymer that has been used for surface coating by many researchers is poly(ethylene glycol) 

(PEG) (Park et al., 1998; Ostuni et al., 2001; Roosjen et al., 2004). PEG can induce protein 

resistance to a substrate, possibly due to the large steric repulsion forces that impede the 

approach of bacteria towards surfaces (Banerjee et al., 2011). However, PEG undergoes 

oxidation and is therefore not suitable for long term use (Ostuni et al., 2001; Roosjen et al., 

2004). Other materials under investigation include chitosan or biological molecules like albumin 

or heparin, which are based on surfactants (Arciola et al., 2005; Banerjee et al., 2011). 

Additionally, combinatorial polymer microarrays are used to discover novel materials consisting 

of a broad resistance to bacterial attachment (Hook et al., 2013). A different approach to the 

use of polymers is the coating of materials by incorporating enzymes that either generate 

antimicrobial agents to prevent bacterial colonisation or that kill the bacteria directly on contact 

(Banerjee et al., 2011). However, stability and self-degradation of enzymes are major 

disadvantages for this method. Another focus lies on the development of surfaces consisting of 

various topographies. The microstructures lead to resistance of the surfaces to biofouling but 
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seems to be species dependent (Efimenko et al., 2009). Overall, a combination of surface 

topography and chemical composition seems to be a good approach for future antifouling 

materials. 

1.2.4 Biofilm formation in washing machines 

Communities of microorganisms can colonise humanmade inventions that incorporate water 

reservoirs, such as drains, water fountains, transvaginal ultrasound probes, urinary catheters, 

dishwashers, showerheads, household surfaces, or washing machines (WM) to form highly 

resilient biofilms (Rayner et al., 2004; Feazel et al., 2009; Gattlen et al., 2010; Zalar et al., 2011; 

Gupta et al., 2016). Since its invention in 1851 by James King, the drum-based WM has spread 

all over the world and is still in wide use today. In Germany and the UK, 95% and 93% of the 

households own their own WM, respectively (Pakula and Stamminger, 2010; 

Statistisches Bundesamt, 2017). In other regions like China, Turkey and East Europe, the 

ownership rate of WMs is lower (Figure 1.8).  

                         

Figure 1.8: Ownership rate of washing machines. Taken from Pakula and Stamminger (2010).  

Overall, laundering clothes is one of the most widespread housework worldwide and is 

responsible for 4% and 4.2% of electricity consumption for clothes washing in relation to total 

electricity consumption per household in Germany and the UK, respectively. The water 

consumption accounts for 9.8% in Germany, whereas no value is available for UK (Pakula and 
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Stamminger, 2010). Over the past decades, it has become apparent that clothes and laundry 

have the potential to be a part in the chain of infection transmission during normal daily 

activities similar to other hand contact sites (Bloomfield et al., 2011). Therefore, the important 

aspect of laundering to fight against bacteria that colonise textiles came into focus in addition 

to the removal of stains and dirt from clothes (Arild et al., 2003). The three main routes of 

reducing soil and microbial contamination of clothes include: (i) physical removal, (ii) thermal 

inactivation, and (iii) chemical inactivation (Arild et al., 2003; Bloomfield et al., 2013). During the 

physical removal, soil and microorganisms are suspended and the majority of microorganisms 

will be drained off during one of the multiple rinse steps. In addition to physical removal, 

microorganisms can be killed by heat achieved at high temperature washes, leading to thermal 

inactivation. Chemical inactivation can be obtained using detergents and bleaching agents (Arild 

et al., 2003). An overview about the process and the environmental aspects is presented in 

Figure 1.9.  

                            

Figure 1.9: Overview about laundry process and the environmental impact. Adapted from Bao et al. 

(2017). 

The washing procedures in different countries vary in temperature and show differences 

between the use of washing detergents. While eastern countries like China, South Korea, and 

Japan as well as the USA mainly use cold water, European countries wash at 30°C to 40°C, which 

offers favourable growth conditions for bacteria (Arild et al., 2003; Brusdal, 2003; Pakula and 
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Stamminger, 2010). Multiple studies have shown that temperatures below 60°C result in 

significant reduction of sterilisation (Raschle, 1983; Davis and Ainsworth, 1989; Perenich and 

Wilkinson, 1993; Terpstra, 1998). Mainly because of environmental reasons, the washing 

process has been adapted to sustain energy in order to conserve resources and reduce costs, 

which negatively impacts laundry hygiene by enabling the survival of microorganisms inside the 

WM and the washed laundry (Munk et al., 2001). Lower washing temperatures as well as lower 

rinsing efficiency to reduce water consumption have been reported to facilitate bacterial 

survival and even growth within WMs. In addition to reducing the thermal inactivation of 

microbes, lowering the temperature also diminishes the effectiveness of bleach agents of the 

detergents (Davis and Ainsworth, 1989). Additional energy saving steps has been introduced by 

shortening the overall wash cycles, leading to reduced soil removal and resulting in diminished 

hygienic quality (Terpstra, 1998; Munk et al., 2001). Furthermore, it was previously common to 

dry laundry outside, enabling an increased microbiocidal effect achieved from sunlight. 

Additional ironing caused reduction of the microbial load, both of which have largely 

disappeared in many households (Bloomfield et al., 2011). Therefore, steps have to be taken to 

ensure hygienic standards as the reduction of washing temperature increases the risk of 

bacterial survival and therefore results in cross-contamination of clothing in almost all 

performed washing procedures with pathogenic and non-pathogenic bacteria like P. aeruginosa 

(Davis and Ainsworth, 1989).  

There exist two main sources from which microorganisms enter and contaminate the WMs and 

clothes: On the one hand, the human body consists of diverse microbiota on the skin and on the 

other hand, the environment is colonised with ubiquitous terrestrial water- and airborne 

microbes. A higher risk is described for laundry worn during contact with pathogens like hospital 

uniforms as well as work clothing being in direct contact with soil (Kagan et al., 2002; Wilson et 

al., 2007; Bockmühl, 2011).  In addition, interactions with animals and pets can contribute to the 



C h a p t e r  1  -  I n t r o d u c t i o n  P a g e  |  2 7  

 
contamination of household textiles (Bockmühl, 2011). Various routes of transmission are 

presented in Figure 1.10. 

 

Figure 1.10: Transmission routes of infection involving clothing and household linens. Taken from 

Bloomfield et al. (2011). 

Biofilms can be formed on almost all surfaces that come into contact with an aqueous 

environment. WMs provide an optimal environment for biofilm formation, especially on the 

parts consisting of plastic such as the detergent drawer, which is favourable for adhesion of 

bacteria and therefore for the development of biofilms (Sheane, 2000). Nutrition for bacteria is 

supplied by the dirty laundry in the form of sweat and dead skin cells as well as by water (Munk 

et al., 2001; Nix et al., 2015). 

In a study by Gattlen et al., eleven different WMs from four different countries and three 

different continents were sampled, showing that amongst the 94 isolated strains, 30% were 

potential human pathogens (Gattlen et al., 2010). In contrast, Egert et al. only found 3.6% 

potential pathogens in toilet bowls (Egert et al., 2010b). Further studies investigated the 

microbial transfer within WMs showing that even sterile samples were cross-contaminated 

during wash steps by other laundry textiles, with a higher cross-contamination at lower 

temperatures (Arild et al., 2003; O'Toole et al., 2009). In a study by Callewaert et al., almost all 

bacterial genera that have been found on the initial cotton sample were still present after the 

wash procedure. The main bacterial isolates were proteobacteria, including Pseudomonas 
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species (Callewaert et al., 2015). Another study by Egert et al. also identified alpha-

proteobacteria as the main bacterial isolates (Egert et al., 2010a). Proteobacteria are known for 

their predominant presence in drinking water supplies, suggesting that cleaning-water is the 

main source of bacteria in WMs (Egert et al., 2010a; Bockmühl, 2011; Kwon et al., 2011).  

All those studies were based on traditional culturing methods. However, in the 1980s, the 

property of bacteria to be viable, but non culturable (VBNC) was identified with the potential to 

act as hidden reservoirs of infection (Xu et al., 1982). More recent studies therefore use culture-

independent techniques such as 454 pyrosequencing. Using this technique, Nix et al. have stated 

that different locations in twelve different WMs were highly colonised by biofilm-forming 

bacteria including VBNC microorganisms (Nix et al., 2015). Furthermore, thirteen domestic WMs 

were sampled at four different sites (detergent drawer, door seal, sump, and fibres collected 

from washing solution) using 16S rRNA gene pyrosequencing. The bacterial community was 

found to be significantly site-dependent with the highest diversity found inside the detergent 

drawer (Jacksch et al., 2019). In both studies, the majority of bacteria belonged to phylum of 

Proteobacteria as noted previously, with Pseudomonas identified as the predominant genera 

(Nix et al., 2015; Jacksch et al., 2019).  

The increase of bacterial population in the WM has been identified as the main reason for 

malodour even in freshly washed clothing (Gattlen et al., 2010; Kubota et al., 2012; Takeuchi et 

al., 2012). Additionally, laundry has been found as a route for potential disease development 

following infection outbreaks such as meningitis, Q-fever, and ringworm (Shah et al., 1988; 

Aleraj et al., 1990; Barrie et al., 1994; Standaert et al., 1994; Nguyen et al., 2005; Dohmae et al., 

2008; Elias et al., 2010). More recently, infection risks from WMs were demonstrated when 

thirteen new-borns and one child were colonised with Klebsiella oxytoca within a paediatric 

hospital in Germany between April 2012 and May 2013. K. oxytoca was isolated from the 

detergent drawer and the rubber door seal of a domestic WM that was used to wash laundry 

for the new-borns (Schmithausen et al., 2019). Only after the WM was removed, further 
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colonisation could be stopped. It was suggested that the strain was introduced by residual water, 

which reaches a much lower temperature in the area of the rubber door seal and the detergent 

drawer than the 65°C used for the laundry. Although the current focus is on resistant superbugs 

within hospital environments, infection risks has also become a rising concern in domestic areas 

(Bloomfield et al., 2011). For example, the number of persons being cared for in domestic 

settings is rising as well as the spread of multi resistant pathogens (Bockmühl, 2011). 

Additionally, fewer hospitals now launder staff uniforms. Instead, the staff is expected to use 

their own domestic machines to clean their uniforms, which mostly run at 40°C (Patel et al., 

2006).  

However, to safeguard our planet, it has become clear long ago that the water consumption and 

pollution as well as the energy usage has to be reduced (Terpstra, 1998). The reasons for this 

include (i) increased environmental awareness, (ii) economic reasons based on the report of the 

Club of Rome 1967, and (iii) the energy crisis. Therefore, laundry liquid and powder composition 

has been adjusted and temperature profiles of WMs have adapted. These adaptions are based 

in part on recent developments in the reduction of wash temperatures, the use of enzymes to 

achieve visible stain removal, and to enable hygiene during cold washes, reduced water usage, 

and the removal of bleaching agents, which is driven by the trend for liquid products, where 

bleaches cannot be stably incorporated (Terpstra, 1998; Munk et al., 2001; Laitala and Jensen, 

2010; Niehaus et al., 2011; Vojcic et al., 2015). However, as already stated, temperatures below 

60°C as well as reduced water consumption result in significant reduction of sterilisation 

(Raschle, 1983; Davis and Ainsworth, 1989; Ainsworth and Fletcher, 1993; Perenich and 

Wilkinson, 1993; Terpstra, 1998; Hall et al., 2009; Lakdawala et al., 2011; Honisch et al., 2014). 

Peroxidic bleach systems used in powder products are also less effective for bleaching and 

hygiene at lower temperatures. Therefore, higher temperatures above 60°C have been 

recommended for thermal disinfection of textiles, but are only applied to a limited selection of 

clothing due to the stress on the fibres (Munk et al., 2001; Bjarnsholt and Givskov, 2007; Gerba 
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and Kennedy, 2007; Department of Health, 2016). The International Scientific Forum of Home 

Hygiene Report in 2018 concluded that although lower temperatures are advisable in energy 

terms, steps have to be taken to ensure hygienic standards because the reduction of washing 

temperature increases the risk of bacterial survival resulting in cross-contamination of clothing 

in almost all performed washing procedures leading to the spread of antibiotic resistant strains 

such as MRSA (Davis and Ainsworth, 1989; International Scientific Forum on Home Hygiene, 

2018).  

1.2.5 Microniches within biofilms 

As already mentioned, bacteria are able to rapidly adapt to environmental changes by fine-

tuning their physiology and metabolism dependent on available resources and fluctuations. 

Within a biofilm, different microenvironments are likely to emerge with various characteristics 

such as the lack of oxygen, low pH, and high level of hydrogen peroxide (Moriarty et al., 2007; 

Jensen et al., 2017). These gradients can for example occur due to varied fermentation processes 

of different species within mixed biofilms, influences from outside of the biofilm that mainly 

affects the cells located close to the surface, or nutrient availability (Stewart and Franklin, 2008). 

Different growth rates could furthermore lead to heterogeneity of microniches within biofilms 

(Davey and O'Toole, 2000b). For instance, oxygen depletion by bacterial biomass and transfer 

limitation of the diffusive oxygen from the surrounding medium can lead to a decline in aerobic 

growth at the bottom of a biofilm (de Beer et al., 1993; Kühl et al., 2007; Jensen et al., 2017). 

In the literature, the observations of the relationship between pH and biofilm formation differ. 

For example, Ahmed et al. demonstrated that a trigger of biofilm formation in some bacteria, 

autoinducer-2-signalling (AI-2), is temperature dependent in Streptococcus intermedius but not 

pH-dependent (Vendeville et al., 2005; Ahmed et al., 2008; Hardie and Heurlier, 2008). In 

contrast, Sun et al. showed that a low pH together with glucose could improve AI-2 activity and 

that the addition of a low concentration of boric acid induces the synthesis of AI-2 (Sun et al., 

2016). Although this could be relevant for some bacteria, P. aeruginosa does not synthesize AI-2. 



C h a p t e r  1  -  I n t r o d u c t i o n  P a g e  |  3 1  

 
However, like many other bacteria, some of the molecules P. aeruginosa produces are AHLs, 

signal molecules for QS to mediate population density-dependent cell-cell communication. AHLs 

have been implicated in biofilm formation for many bacterial species. For instance, Yates et al. 

showed that the lactonolysis of AHLs is pH-dependent, with ring closure only taking place at 

reduced pH levels (Yates et al., 2002), whereas Hostacka et al. demonstrated an accelerated 

biofilm production for P. aeruginosa at pH 7.5 and pH 8.5 in comparison to pH 5.5 using crystal 

violet quantification (Hoštacká et al., 2010). A similar behaviour was described by Stoodley et al. 

who observed that P. aeruginosa biofilm thickness fell to 68% at a low pH of 3 (Stoodley et al., 

1997).  

In contrast, studying the Gram-positive bacteria S. aureus and S. epidermidis, Nostro et al. found 

biofilms were 2.5 to 3 times thinner at high pH levels suggesting this to be a possible way to 

control biofilm formation in this species (Nostro et al., 2012). Studies of Streptococcus 

agalactiae, whose infection can result in meningitis, have shown an accelerated biofilm 

formation in highly acidic conditions (D’Urzo et al., 2014). For other group B streptococcal 

isolates, the same behaviour was found in vaginal infections of pregnant women where clinical 

isolates showed a higher biofilm formation rate at a vaginal pH of 4.5 in comparison to pH 7 (Ho 

et al., 2013).  

Although biofilm microenvironments are good targets for specific diagnosis and treatment of 

biofilm related infection diseases, metabolic changes and environmental microniches within 

biofilms are still poorly characterised as the development of appropriate techniques is 

challenging (Benoit and Koo, 2016; Benoit et al., 2019). There exist various methods to measure 

intracellular pH, such as nuclear magnetic resonance spectroscopy (NMR), microelectrodes, 

surface-enhanced Raman scattering (SERS) and two-photon excitation microscopy (TPE) 

(Ramsing et al., 1993; Vroom et al., 1999; Kulichikhin et al., 2007; Søndergaard et al., 2014). 

NMR was used by Kulishikhin et al. to determine the effect of oxygen concentration on the 

intracellular pH of root tips of rice and wheat and can discriminate between cytoplasmic and 
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vacuolar pH (Kulichikhin et al., 2007; Søndergaard et al., 2014). Microelectrodes can also 

measure pH very accurately and have been used on a large variety of biological systems 

(Ramsing et al., 1993; Hidalgo et al., 2009). However, the resolution of microelectrode-based 

techniques is restricted for example by the tip size (Hunter and Beveridge, 2005; Hidalgo et al., 

2009). Furthermore, microelectrodes may only be used for larger tissues or whole small animals 

and not at a single-cell level as the insertion of the microelectrode can disturb the surroundings 

(Hunter and Beveridge, 2005; Søndergaard et al., 2014). SERS is another promising tool to 

measure intracellular pH at a single-cell level but the resolution is not yet comparable to 

fluorescence-based measurements (Søndergaard et al., 2014). TPE was described to provide 

images of biofilms four times deeper than CLSM without loss of contrast (Vroom et al., 1999). 

However, those technologies are not accessible to all laboratories. Therefore, most recently, 

fluorescent nanosensors are most widely implemented in approaches to pH measurement 

(Søndergaard et al., 2014; Elsutohy et al., 2017; Fulaz et al., 2019). 

1.2.6 pH-sensitive nanosensors 

Unlike metal nanoparticles, fluorescent nanoparticles exhibit higher hydrophilicity, 

biocompatibility, and stability under physiological conditions (Bae et al., 2012). With a size of 

<100 nm, the use of nanosensors enables insertion into biofilms without disrupting the biofilm 

structure or other physical perturbation. Typically, nanosensors are devices that can measure a 

variety of chemical or biological events with a subsequent release of signals as result of the 

interaction between analyte and nanosensor. For instance, optical nanosensors use 

fluorescence signals, as fluorescence is sensitive and easy to visualise. Studies have already used 

nanosensors to look at oxygen concentration, glucose, or pH.  

Different fluorophores are used to detect various pH levels in the neutral to acidic pH range, for 

example Oregon Green (OG), seminaphthorhodafluor-4F 5-(and-6) carboxylic acid (C-SNARF-4) 

and 5-(and-6)-carboxyfluorescein (FAM) (Hunter and Beveridge, 2005; Chauhan et al., 2013). 

However, it has been reported that free fluorophores can interact with their environment and 
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therefore influence the emission characteristics (Večeř et al., 2001). pH indicators like 

carboxyfluorescein can be affected by self-quenching and protein binding (Graber et al., 1986). 

Vecer et al. described changes of photophysical characteristics resulting from an interaction of 

the probe carboxy SNARF-1 with cell constituents like proteins, lipids or nucleic acids after 

exposure of the dye to the intracellular environment (Večeř et al., 2001). Furthermore, toxicity 

to cells, intracellular sequestration, and photo bleaching have been reported and must be 

considered (Graber et al., 1986; Morelle et al., 1994; Overly et al., 1995; Cohen-Kashi et al., 

1997). Therefore, publications focus on nanosensors where the indicator dyes are entrapped 

within a protective polymer matrix to minimise the undesired side effects and interactions 

between the fluorophores and cells (Conway et al., 1997; Panova et al., 1997; Clark et al., 1999; 

Søndergaard et al., 2014; Chauhan et al., 2016; Elsutohy et al., 2017; Fulaz et al., 2019). 

Incorporation of different pH-sensitive fluorophores in the correct ratio in a single nanosensor 

can enable the detection of the full physiological pH spectrum from pH 3.5 to pH 7.5 

(Benjaminsen et al., 2011; Chauhan et al., 2011; Sun et al., 2011). The nanosensor matrix enables 

the diffusion of ions to bind with the probe but prevents the release of the probe into the cell 

to reduce potentially harmful effects to the cells as well as protecting the dyes (Clark et al., 1999; 

Desai et al., 2014). The non-toxic matrix can consist either of silica or polyacrylamide, which is 

covalently bound to the fluorophores (Desai et al., 2014). Polyacrylamide and silica are both 

inert, hydrophilic, porous, and inexpensive to produce (Aylott, 2003). Polyacrylamide 

nanosensors reach sizes between 30 to 100 nm whereas silica sol-gel particles have a slightly 

larger size up to 300 nm (Aylott, 2003; Desai et al., 2014). Due to the small size, high quantities 

can be delivered with minimal cell perturbations (Clark et al., 1999). Although it is possible to 

only use one pH-sensitive fluorophore for the nanosensors, a combination of one (or more) pH-

sensitive dyes as indicator together with a pH-insensitive probe is often used. The pH-insensitive 

fluorophore acts as internal standard and is referred to as reference dye (Graber et al., 1986; 

Clark et al., 1999; Burns et al., 2006; Chauhan et al., 2013). The reference fluorophore constantly 

emits in a wavelength different to the analyte fluorophore and independent of the analyte 
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concentration (Desai et al., 2014). The use of both a pH-sensitive and a pH-insensitive 

fluorophore increases the accuracy of ratiometric pH measurements as the analyte 

concentration is measured independently of changes in the sensor concentration, whereas 

single-color sensor imaging can only give a qualitative description of the local environment (Clark 

et al., 1999; Sarkar et al., 2010). Examples for reference dyes include Cy5, rhodamine B, and 5-

(and-6)-carboxytetramethylrhodamine (TAMRA) (Burns et al., 2006; Chauhan et al., 2011; Sun 

et al., 2011). 

From the repertoire of pH-sensitive nanosensors available, polyacrylamide-based nanoparticles 

were selected in this study due to their small size and biocompatibility. To enable a physiological 

range between pH 3 and pH 8 to be measured and visualised, two pH-sensitive fluorophores, 

OG and FAM, were used. OG is pH-sensitive between pH 3.5 to 6.0, whereas FAM covers the 

range between pH 5.0 and 7.5. The excitation and emission spectra of both fluorophores lie at 

488 nm (excitation) and 520 nm (emission) and do not overlap with the emission spectra of 

TAMRA (580 nm) used as reference dye. Therefore, the fluorescence intensity at 580 nm 

remains the same while the fluorescence intensity measured at 520 nm decreases with 

increasing protonation, thus decreasing pH, enabling ratiometric measurements of the 

surrounding pH at high resolution (+/- 0.17 pH units) (Chauhan et al., 2013). The different stages 

of protonation are described in Figure 1.11, representative for FAM (fluorescein). The 

introduction of fluorine, an electron-withdrawing group, into fluorescein generates OG and 

lowers the pKa of the phenolic group (pKa = 3.3-6.1 for OG instead of pKa = 6.5 for fluorescein), 

leading to ionisation at lower pH (Sun et al., 1997). 
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Figure 1.11: Different derivates of fluorescein exhibit multiple, pH-dependent ionic equilibria.  At high 

pH, the fluorescein dianion is fluorescent with both the phenol and the carboxylic acid functional groups 

being ionised. Acidification of the dianion protonates the phenol, resulting in the monoanion, before the 

carboxylic acid becomes protonated to produce the neutral derivate of fluorescein. At very low pH, further 

acidification generates the fluorescein cation. Both the neutral and the cation are not fluorescent 

(Thermo Fisher Scientific, 2010b). 

All three fluorophores, OG, FAM and TAMRA, were covalently linked to a polyacrylamide 

nanoparticle matrix using APMA to synthesise ratiometric pH-sensitive nanosensors as 

described by Chauhan et al. (2013). APMA is used to conjugate the fluorophores to the 

polyacrylamide matrix formed of acrylamide and bisacrylamide. A schematic representation of 

the nanosensors can be found in Figure 1.12. 
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Figure 1.12: Schematic representation of extended dynamic range pH-sensitive nanosensors 

encapsulated in a matrix. The pH-sensitive dyes OG and FAM are both excited at 488 nm and show an 

emission peak at ~520 nm whereas the pH-insensitive dye TAMRA excites at 540 nm giving an emission 

peak at ~580 nm. Adapted from (Chauhan et al., 2013) 

This nanosensor design furthermore enables the simultaneous measurement of different 

analytes at the same time. Chauhan et al. constructed quadruple labelled oxygen and pH-

sensitive nanosensors using the cationic Pt porphyrin, the two pH-sensitive dyes FAM and OG 

and the reference fluorophore TAMRA (Chauhan et al., 2016). Those combined nanosensors 

were able to measure 0 to 100% oxygen content and a pH range from pH 3.5 to pH 7.5 (Chauhan 

et al., 2016). The nanosensors in this study were synthesised via an inverse nanoemulsion 

polymerisation reaction performed by using water and oil. Tetramethylethylenediamine 

(TEMED) and ammonium persulfate (APS) were used to catalyse the polymerisation of 

acrylamide and bisacrylamide to create the polyacrylamide matrix. The two pH-sensitive dyes as 
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well as the reference dye were encapsulated by conjugation to the N-(3-aminopropyl) 

methacrylamide (APMA) matrix. The quaternary ammonium cationic monomer (3-

acrylamidopropyl)trimethylammonium chloride (APTAC) was used to give a slight positive 

charge to the particles that are subsequently named positive nanoparticles/nanosensors as 

opposed to neutral nanosensors.  

1.2.7 Different biofilm models 

Most biofilm studies in the literature use in vitro biofilm models, as studying in vivo biofilms 

cause many difficulties. However, differences between laboratory and naturally occurring 

biofilms are likely to exist and require further comparison (Lebeaux et al., 2013; Roberts et al., 

2015). For example, in vitro biofilms of P. aeruginosa were shown to be very different to biofilms 

grown in vivo within CF patients, with in vitro biofilms being denser in contrast to only relatively 

small aggregates within the infected CF lung (Jensen et al., 2017).  

Nevertheless, there exist many different in vitro biofilm models that are used for research in 

various areas. In general, the in vitro models can be divided into closed static models and open 

dynamic systems (Lebeaux et al., 2013). Closed systems typically provide limited nutrients and 

aeration, but enable rapid quantification of biomass, for example using crystal violet or 

LIVE/DEAD staining. One of the most popular static models are microtiter plate (MTP)-based 

systems, where biofilms are grown on the bottom and walls of MTPs, mostly 96-well plates 

(O'Toole, 2011). Other popular systems include the Calgary Biofilm Device that is commercially 

available as minimal biofilm eradication concentration (MBEC) assay, where pegs are attached 

to the lids of 96-well MTPs (De Kievit et al., 2001b). While the lid is closed, the biofilm will form 

on the surface of the pegs and can subsequently be transferred to a second plate containing 

various solutions, for example different antibiotic concentrations. After the treatment, the lid 

can be transferred to a third plate containing growth medium to allow regrowth or the biomass 

attached to the lids can directly be quantified. This system enables simple evaluation of effects 
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of different antimicrobial agents on biofilm eradication. A schematic representation is shown in 

Figure 1.13. 

                  

Figure 1.13: Schematic representation of peg lids. (a) Peg lid with 96-well plate below. (b) Biofilms grown 

on pegs within 96-well plate showing bacteria in dark green, biofilm matrix in pale green and medium in 

beige. 

These closed systems are very user friendly because they are relatively cheap, only require small 

volumes of reagents, provide the opportunity to screen for large numbers of tests 

simultaneously, and enable the change of multiple parameters such as medium, incubation 

temperatures, humidity, and O2 and CO2 concentrations. However, closed systems are prone for 

environmental changes because of depleted nutrients and accumulation of molecules unless the 

medium is regularly replaced. 

In contrast to static models, open systems allow a continuous exchange of medium (fresh and 

waste) to provide fresh nutrients at the same time as removing waste and planktonic cells. One 

example is the modified Robbins device (MRD) that can be constructed from plastic or stainless 

steel and consists of several individual ports arranged in a row (Coenye and Nelis, 2010). Each 

port can be modified with a disc made of different materials on which the biofilm will form. After 

initial attachment of the cells to the discs, a continuous flow of growth medium is applied to 

allow biofilm formation. At the end of the experiment, the discs can be detached to evaluate 

the effect of the material on biofilm formation. Other open systems include flow-cells that 
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typically consists of a glass chamber connected to a pump to circulate the growth medium, a 

container with fresh medium, and another container to collect the waste. An advantage of these 

type of chambers is the use of glass channels that can be used for real-time non-destructive 

microscopic analysis during biofilm formation. In addition, biofilms within microfluidic devices 

are usually grown under more physiologically relevant conditions than using static models. As a 

result of the continuous flow of fresh medium, the chemical microenvironment can be 

maintained, leading to a distribution of nutrients and metabolites within the biofilm (Jensen et 

al., 2017). These gradients result in adaptation of the bacteria according to the actual chemical 

microenvironment leading to different growth zones and modes of metabolism. However, these 

simple customised chambers are often very limited in sample size and are therefore not ideal 

choices for larger screens. The more recently developed well plate microfluidic device called 

BioFlux (available through Fluxion Biosciences) allows high-throughput screening of biofilms 

under controlled environmental conditions using multi-channel plates that typically allow 12 

(24-well plate) or 24 (48-well plate) different biofilm set-ups in one experiment. The system uses 

pneumatic pressure to push fresh medium through microchannels from an inlet containing the 

fresh medium to an outlet to collect the waste. Special design of the 24-well plates may allow a 

switch of flow medium during the experiment, for example to enable the addition of 

antimicrobials or other supplements to the biofilm during maturation. This can be achieved by 

providing two separate inlet wells with fresh medium that are connected with one outlet well 

(waste collection) through a channel where the biofilms will grow. The inlet chamber can be 

switched during the experiment to change the medium or concentration of supplements, for 

example. In contrast, a 48-well plate only consists of one inlet connected with one outlet 

chamber. With its portable heating plate, the whole system can be applied to a microscope to 

visualise biofilm formation in real-time (Brown et al., 2019). A schematic figure of the BioFlux 

system using a 48-well plate with a single inlet is presented in Figure 1.14. 
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Figure 1.14: Schematic representation of the BioFlux flow-cell system. The system consists of the well 

plate, where each biofilm set-up includes an inlet well with fresh medium, the connected channel where 

the biofilm formation takes plate, and an outlet well to collect the waste. Air pressure is used to enable a 

continuous flow of fresh medium. The plate can be placed on a heating plate to allow temperature control, 

which consists of holes to enable real-time microscopy during the biofilm formation. 

Although all the mentioned in vitro biofilm models can be used to test effects of simple 

parameters on biofilm formation and structure, it is not possible to mimic the complex host 

environment where biofilms naturally occur (Bjarnsholt et al., 2013). Therefore, in vivo models 

were also developed, including Caenorhabditis elegans (round worm), Galleria mellonella (wax 

moth caterpillar), rats, mice, and guinea pig models (Lebeaux et al., 2013). However, the use of 

in vivo models involving animals should always be kept to a minimum. One workaround is the 

use of cell-culture models and ex vivo models, in which tissues or organs are extracted from 

organisms and placed in an artificial environment, such as the polymicrobial biofilm skin model 

by Jordana-Lluch et al. or the ex vivo lung model by Harrison and Diggle (Lebeaux et al., 2013; 
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Roberts et al., 2015; Harrison and Diggle, 2016; Jordana-Lluch et al., 2020). That way, a more 

controlled in vivo like environment can be provided. 

The variety of available biofilm models all have their advantages and disadvantages. A detailed 

description of methods can for example be found in Roberts et al. (2015), (Franklin et al., 2015), 

Lebeaux et al. (2013), or Coenye and Nelis (2010). It should be noted that several studies have 

shown that the choice of the biofilm system influences the outcome of experiments, for example 

when looking at the efficacy of antimicrobials on biofilm treatment (Coenye and Nelis, 2010). In 

addition, the method of choice to analyse the biofilm formation should carefully be considered, 

for instance time of flight-secondary ion mass spectrometry (TOF-SIMS) can visualise small 

molecules and biochemical gradients within bacterial biofilms, such as antimicrobials to 

determine penetration (Davies et al., 2017). However, TOF-SIMS usually requires ultrahigh-

vacuum conditions so that biofilm samples must be fixed and cannot stay hydrated, which can 

impact the biofilm structure and the molecular information obtained. As an alternative, it was 

shown that cryo-OrbiSIMS can be used to image biofilm samples consisting of >90% of water by 

preserving the native state using cryogenic sample handling and high-pressure freezing (Zhang 

et al., 2020). Confocal laser scanning microscopy (CLSM) using a variety of different fluorescent 

labels is another popular technique to study biofilm formation without disturbing the 

environment. However, this technique requires labelling and cannot provide detailed 

information on small molecules such as QS signals (Zhang et al., 2020). Alternatively, atomic-

force microscopy (AFM) could be used to image microbial communities to give high-resolution 

insights into the topography and material properties of biofilm matrix without the need for 

labelling, staining, or other sample preparations and therefore enables detailed analysis under 

physiological conditions (Gazze et al., 2016). In addition, many different methods exist to 

quantify in vitro biofilms using various (bio-)chemical/microbiological reference parameters, 

such as LIVE/DEAD fluorescence staining, standard plate counting (CFU method), a resazurin 

based assay, the BacTiter-Glo™ assay, and CV staining (Doll et al., 2016). Previous studies have 
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proven that LIVE/DEAD staining in combination with CLSM is a valid method for reproducible 

quantification of bacterial adhesion and biofilm formation (Doll et al., 2016). The kit combines 

two nucleic acid stains, SYTO 9 and PI, which compete for the same target areas. PI is excluded 

from cells with structurally intact cytoplasmic membranes because of the size and charge, 

whereas SYTO 9 can cross intact membranes to stain intracellular DNA (Hewitt and Nebe-Von-

Caron, 2004). Thus, the LIVE/DEAD kit enables differentiation between bacteria with intact or 

damaged cytoplasmic membranes, but bacterial metabolic activity cannot be assessed (Doll et 

al., 2016). Yet, cellular and membrane integrity can be used as one criterion to distinguish 

between viable and dead cells, as viable cells are assumed to have intact cell membranes that 

cannot be penetrated by staining compounds (Gregori et al., 2001; Stiefel et al., 2015). However, 

under some conditions, cells could be metabolically inactive while maintaining an intact cell 

membrane, whereas other cells could show reduced membrane integrity despite being viable, 

for example during exponential growth (Joux and Lebaron, 2000; Nebe‑von‑Caron et al., 2000; 

Shi et al., 2007; Trevors, 2012; Stiefel et al., 2015). Therefore, it should be considered that the 

environment and the physiological status of the cells can influence the outcome of the viability 

staining when analysing the results (Shi et al., 2007). It is therefore important to know the 

limitations of the systems and to choose a model that produces biofilms under conditions that 

are similar to the in vivo environment, where possible, and to use analysis techniques that 

enable appropriate examination of the sample. Additionally, different models should be used to 

confirm observations.  

1.3 Thesis aims 

Although biofilms have been studied extensively over the last decades, little is known about the 

miconiches that form within biofilms, mostly because of the lack of suitable analytical tools. The 

major aim of this work is to extend the understanding and characterisation of environmental 

microniches within biofilms to identify potential points of application for biocide penetration 

within the environment of washing machines by addressing the following questions: 
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• Can optical pH-sensitive polyacrylamide nanosensors be produced and used within 

planktonic as well as static and flow-cell biofilm models of P. aeruginosa? 

• How does the pH change over time within planktonic cells as well as biofilms and can 

those changes and gradients be measured and visualised using the pH-sensitive 

nanosensors? 

• How do bacteria isolated from household washing machines differ in their phenotypes 

and genotypes and are those strains better adapted to their environment within 

washing machines compared to lab strains? 

• What effects do commercially available laundry products have on biofilm formation of 

P. aeruginosa and can encapsulated biocides improve the hygienic effect? 

To answer these questions, established biofilm analysis will be combined with novel optical 

nanosensor technology. Initially, a system to monitor microniche pH in biofilms will be set up 

using P. aeruginosa as model organism. P. aeruginosa is involved in many biofilm-associated 

infections, is highly resistant to various antibiotics and has been shown to be the predominant 

organism found in biofilms grown in washing machines. In addition, there exist many robust, 

well characterised biofilm models for P. aeruginosa, making it an ideal choice for this study. One 

of the two most common lab strains, PAO1, was used as reference strain. PAO1 was originally 

isolated from a skin infection (chronic wound) in the 1950s and was the first sequenced 

P. aeruginosa strain (Stover et al., 2000). The biofilms grown in static and flow conditions on 

abiotic surfaces and their pH-microniches will be examined by CLSM. Fluorescently labelled pH-

sensitive nanosensors will be incorporated to detect pH changes in real time. Furthermore, the 

microbial ecology and environmental microniches of biofilms in washing machines will be 

characterised. Biofilms grown in situ within washing machines will be analysed using different 

methods to identify the organisms present. In addition, strains isolated from household washing 

machines will be included in this study to investigate phenotypic and genotypic diversity of 

environmental strains that act as a potential infection risk in naturally occurring biofilms. 
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Furthermore, commercially available laundry products to reduce microbial contamination and 

biofouling in washing machines will be evaluated to investigate the design of on-demand 

biocides that react upon pH changes to release formulations that can subsequently prevent 

biofouling. In summary, this work will advance knowledge in the field by elucidating pH-

microniches within biofilms of P. aeruginosa. These findings will eventually help to produce on-

demand biocides that respond to pH changes to reduce biofouling in washing machines and 

biofilm formation in general. 
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Chapter 2 Materials and Methods 

2.1 Chemicals 

Most chemicals used in this study were purchased from Sigma Aldrich if not stated otherwise. 

Oregon Green® 488 carboxylic acid (OG), 5-(and-6)-carboxyfluorescein (FAM), 5-(and-6)-

carboxytetramethylrhodamine (TAMRA), CellMaskTM Deep Red, 4′,6-diamidino-2-phenylindole 

(DAPI), YOYOTM-1, Concanavalin A Tetramethylrhodamine conjugate (ConA-TRITC), LIVE/DEAD™ 

BacLight™ Bacterial Viability Kit, hexane, ethanol absolute (99.5%), and phosphate buffer saline 

(PBS) were obtained from InvitrogenTM by Thermo Fisher Scientific. N-(3-Aminopropyl) 

methacrylamide hydrochloride (APMA, >98%) was obtained from Polysciences Inc. The liquid 

detergent, powder detergent, fabric conditioner and encapsulated benzalkonium chloride were 

provided by the industry partner Unilever. The composition can be found in Appendix A.  

2.2 Minimal medium (M9) and lysogeny broth (LB) 

Minimal medium (M9) was prepared by using 200 mL of 5x M9 salts (purchased by Sigma 

Aldrich), 2 mL MgSO4 (1M), 100 µL CaCl2 (1M) and 40 mL carbon source (0.5 M of glucose or 

succinate) in a total of 1 L. If not stated otherwise, succinate salt was used as sole carbon source 

(M9S). The initial pH at room temperature of M9 succinate was ~5.5, the pH of M9 glucose ~6.5. 

Lysogeny broth, (LB, Bertani (1951)) was prepared by using 10 g tryptone, 10 g sodium chloride 

and 5 g yeast extract in a total of 1 L. If LB agar was prepared, 15 g agar was added to the medium 

prior to autoclaving. The pH was adjusted to pH 7. 

2.3 Buffer solutions for pH-sensitive nanosensors  

Buffer solutions with a pH ranging from 3.0 to 8.0 in 1.0 steps were prepared using 0.2 M Sodium 

phosphate (Na2HPO4) and 0.1 M Citric acid (C6H8O7) as indicated in Table 2.1. The pH was 

adjusted using 0.2 M Sodium phosphate and 0.1 M Citric acid. 
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Table 2.1: pH buffer preparation using 0.2 M sodium phosphate and 0.1 M citric acid.  

pH Na2HPO4 [mL] C6H8O7 [mL] H2O [mL] 

2.5 1.08 8.92 10 

3.0 2.04 7.96 10 

3.5 3.02 6.98 10 

4.0 3.86 6.14 10 

4.5 4.5 5.45 10.05 

5.0 5.14 4.86 10 

5.5 5.68 4.32 10 

6.0 6.42 3.58 10 

6.5 7.1 2.9 10 

7.0 8.72 1.3 9.98 

7.5 8.99 1.015 9.99 

8.0 9.765 0.24 9.99 

        Na2HPO4 0.2 M sodium hydrogen phosphate, C6H8O7 0.1 M Citric acid, H2O water 

2.4 Bacterial strains and growth culture 

LB medium was used as standard growth medium (liquid or solid as agar plate) with the addition 

of gentamicin at 20 µg mL-1, where appropriate. P. aeruginosa was grown on plate or in liquid 

medium at 37°C for 16-20 h. Liquid cultures were prepared in 5 mL liquid media, inoculated with 

a single bacterial colony and shaken at 200 rpm. Strains were stored for the longer term as 

glycerol cultures that were made by using 500 µL overnight culture with 500 µL sterile 50% (v/v) 

glycerol and stored at -80°C. The bacterial strains used in this study are listed in Table 2.2. 
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Table 2.2: Bacterial strains used in this work. 

Strain Genotype/Notes Source 

Pseudomonas aeruginosa PAO1 
Nottingham WT 

Wild type, originally a wound 
isolate from Australia with a 
chloramphenicol resistance 

(Klockgether 
et al., 2010) 

PAO1 ∆psl Mutant derived from PAO1 with 
deletion of gene psl 

unpublished, 
Hardie lab 

PAO1 ∆pel Mutant derived from PAO1 with 
deletion of gene pel 

unpublished, 
Hardie lab 

PAO1 ∆tatA Mutant derived from PAO1 with 
deletion of gene tatA 

unpublished, 
Hardie lab 

WMB1.3, WM01D1, WM02F1, 
WM05D1, WM05D1R, WM05F1, 
WM05F1R, WM07C1, WM07D1 

P. aeruginiosa strains isolated 
from household washing 
machines 

unpublished, 
Hardie lab 

 

2.5 Nanosensor preparation 

Nanosensors were prepared as reported by Chauhan et al. (2013). 

Conjugation of the three fluorophores OG, FAM and TAMRA to APMA 

A 50 mM (pH 9.5) sodium tetraborate buffer in water was prepared and used to make a 

0.002 mM APMA solution (5 mg APMA in 2.5 mL buffer). For each fluorophore (OG, FAM and 

TAMRA), 1 mg was weighed out in separate vials and suspended in 200 µL of the APMA solution. 

The mixtures were sonicated for 5 min before being incubated on an oscillator at room 

temperature for 24 h in the dark to allow conjugation of the fluorophores to the APMA. The dyes 

were stored in the dark at -20°C for further use. 

Synthesis of polyacrylamide pH-sensitive fluorescent nanosensors 

For the synthesis of the nanosensors, 1.59 g dioctyl sulfosuccinate sodium salt (AOT) and 3.08 g 

Brij L4 were weighed out, mixed in a 250 mL round bottom flask, and deoxygenated for 15-

20 min using argon while being stirred. A 500 mL round-bottom flask was used to deoxygenate 

100 mL hexane for 30 min using argon before 42 mL of the deoxygenated hexane was added to 
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the AOT and Brij solution. The flask was sealed with a stopper and a balloon under an argon 

atmosphere with continuous stirring as shown in Figure 2.1. For the synthesis of neutral 

polyacrylamide nanosensors, 540 mg acrylamide and 160 mg bisacrylamide were dissolved in 

1.5 mL deionised water, whereas 513 mg acrylamide, 152 mg bisacrylamide and 119 µL (3-

acrylamidopropyl) trimethylammonium chloride (APTAC) were used for the preparation of 

positively charged polyacrylamide nanosensors. The APMA-fluorophore conjugates were added 

to the acrylamide solution using 15 µL OG-APMA, 15 µL FAM-APMA and 60 µL TAMRA-APMA. 

The mixture was deoxygenated and added to the flask containing the surfactants and hexane 

using a syringe. After 10 min, 30 µL of ammonium persulfate (APS, 10% (w/v)) and 15 µL 

tetramethylethylenediamine (TEMED) were added to initiate the polymerisation. The flask was 

deoxygenated again, sealed, wrapped in aluminium foil, and incubated on the stirrer for 2 h. 

After the incubation, the hexane was removed using a rotary evaporator at 30°C and 30 mL of 

ethanol (100%) was added. The mixture was transferred to a 50 mL falcon tube and spun down 

at 3800 x g for 3 min using a Hermle centrifuge (Z300). The supernatant was discarded, and the 

pellet re-suspended in 30 mL of ethanol (90% in water). The mixture was spun down again at 

3800 x g for 3 min and washed twice in 30 mL ethanol (100%) and then suspended in 10 mL of 

ethanol (100%). The mixture was transferred into a clean 250 mL flask and the ethanol was 

removed using the rotary evaporator at 30°C before the nanosensors were collected and stored 

at -20°C in the dark until further use.  
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Figure 2.1: Schematic representation of nanosensor preparation. Left = Suspension sealed under argon 

atmosphere. Right = Evaporation. 

2.6 Nanosensor characterisation and calibration 

Size and ζ-potential determination 

Dynamic light scattering (DSL) was performed using a Malvern Zetasizer Nano ZS. For the size 

determination of polyacrylamide nanosensors, 1 mg mL-1 nanosensors were prepared in PBS 

(10% (v/v)) and transferred into a cell disposable cuvette (Sarstedt). The mean diameter of the 

nanosensors was calculated from the intensity of scattered light measured by the Zetasizer. For 

the determination of the zeta potential (ζ-potential), 1 mg mL-1 nanosensors were prepared in 

PBS (10% (v/v) in water) and transferred into a disposable folded capillary cell (DTS1070, 

Malvern Panalytical) using a 2 mL syringe. Measurements were made at room temperature 

(25°C). 

Emission scans and calibration of nanosensors 

Polyacrylamide nanosensors were suspended in deionised water to a concentration of 

2 mg mL-1. Four-clear-sided cuvettes were prepared by adding 500 µL of buffer solution (see 0, 

Table 2.1) and 500 µL of the nanosensors to make a final concentration of 1 mg mL-1. The 

cuvettes were sealed with parafilm and inverted prior to each measurement. Emission scans 

were performed with an Agilent Fluorescence Spectrometer for each sample for OG-FAM and 

TAMRA using the settings indicated in Table 2.3. 
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Table 2.3: Excitation and emission settings for emission scans of nanosensors. 

 OG-FAM TAMRA 

Excitation wavelength 488 nm 540 nm 

Emission wavelength 500 to 555 nm 560 to 620 nm 

 

The ratio between OG-FAM and TAMRA was calculated using the highest fluorescence intensity 

for the emission scan at 520 nm and 580 nm, respectively. The linear part of the resulting 

sigmoid curve was taken to generate a linear regression, which was subsequently used to 

calculate the surrounding pH of nanosensors within biofilms or planktonic culture.  

Alternatively, the nanosensors were calibrated using a black 96-well plate (Greiner Bio-one 

CELLSTAR® F-bottom) with a Tecan plate reader (Infinite® 200 PRO, Tecan). For each pH buffer, 

200 µL containing 1 mg mL-1 polyacrylamide were added to a well. Single reads were taken with 

the settings as indicated in Table 2.4. 

Table 2.4: Excitation and emission settings for pH calibration using a Tecan plate reader. 

 OG/FAM TAMRA 

Excitation wavelength 488 nm 540 nm 

Emission wavelength 520 nm 580 nm 

 

For the nanosensor calibration using the Zeiss CLSM, polyacrylamide nanosensors were 

suspended in water and mixed with each of the individual buffers to make a final concentration 

of 5 mg mL-1. The suspensions were placed in an 8-well glass bottom chamber (Ibidi) with 200 µL 

in each well and imaged using the CLSM. Image acquisition settings for the microscope were set 

on the brightest fluorescent intensity sample from the corresponding experiment and were kept 

constant throughout the measurement. OG and FAM were excited using the laser at 488 nm and 

TAMRA at 555 nm. The fluorescence intensities were measured for each buffer using ImageJ. A 

ratiometric curve was produced and used as described above.  
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2.7 Nanosensor filter assay 

Neutral and positively charged polyacrylamide nanosensors were suspended in water at 

concentrations of 25 mg mL-1, 20 mg mL-1, 15 mg mL-1, 10 mg mL-1, 5 mg mL-1 and 1 mg mL-1. An 

Agilent Fluorescence Spectrometer was used to measure the fluorescence intensity of OG-FAM 

and TAMRA (Table 2.4) before the solutions were filter sterilised using 0.22 µm polyethersulfone 

(PES) filters (Minisart®, starlab). As the fluorescence intensity is proportional to the nanosensor 

concentration, a linear regression was calculated. After the filtration, the fluorescence intensity 

of the nanosensor solutions was measured again and the resulting concentration was calculated 

with the help of the linear regression.  

2.8 Sampling of strains from washing machines 

Sterile plastic loops were used to streak samples from the drum, the detergent drawer, and the 

rubber seal of 19 different household washing machines onto LB plates (Figure 2.2). Three of the 

washing machines were resampled again after six weeks. The plates were sealed with parafilm 

and incubated at 37°C overnight. Single colonies were picked and streaked onto fresh LB plates, 

grown overnight, and subcultured onto Pseudomonas isolation agar (PIA). Colonies grown on 

PIA were considered possible P. aeruginosa strains and taken forward for strain identification 

and characterisation. 
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Figure 2.2: Schematic representation of the strain sampling from household washing machines. 

2.9 Matrix-assisted laser desorption/ionisation (MALDI) time of 

flight mass spectrometry (TOF-MS) strain identification 

Bacteria isolated from washing machines were streaked from -80°C glycerol stocks onto LB 

plates and incubated overnight. A single colony was selected and restreaked onto LB for another 

incubation overnight. Plates were sent to the Nottingham Analytical and Scientific Service, 

University of Nottingham, and matrix-assisted laser desorption/ionisation (MALDI) coupled with 

time of flight mass spectrometry (TOF-MS) on single colonies of the plates to identify bacterial 

species was carried out.  

2.10 Whole genome sequencing 

Preparation of strains for whole genome sequencing was done in accordance with the guidelines 

provided by MicrobesNG, Birmingham. A single colony of the strain to be sequences was picked 

from a fresh LB plate, mixed in 100 µL PBS and streaked onto another fresh LB plate. Around 1/3 

of the plate was made a lawn of bacteria. After incubation of the plate at 37°C overnight, a large 

sterile loop was used to take all bacteria off the plate and mix into the barcoded bead tubes 

provided by MicrobesNG. The tubes were inverted ten times and sent off to MicrobesNG. DNA 

extraction and sequencing were performed by MicrobesNG and the sequences can be accessed 

following this link: https://microbesng.com/portal/projects/4EBB2167-5692-46DE-B2F9-

40C0BD349F31/. 

https://microbesng.com/portal/projects/4EBB2167-5692-46DE-B2F9-40C0BD349F31/
https://microbesng.com/portal/projects/4EBB2167-5692-46DE-B2F9-40C0BD349F31/
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2.11 Whole genome sequence analysis 

Trimmed raw reads of genomes provided by MicrobesNG were submitted to the Pathosystems 

Resource Integration Center (PATRIC) online platform (https://www.patricbrc.org/) (Wattam et 

al., 2017). Several services from PATRIC were used for further analysis of the genomes, including 

the comprehensive genome analysis, the construction of a phylogenetic tree, the variation 

analysis to identify single nucleotide polymorphisms (SNPs), the proteome comparison, and the 

integrated BLAST service (Boratyn et al., 2013). The phylogenetic tree was adjusted using iTOL 

5.6.2 (Ciccarelli et al., 2006). Variation analysis was performed using the aligner BWA-MEM with 

Free-Bayes as SNP caller and default parameters. Sequences of genes that were identified with 

SNPs were extracted from pseudomonas.com (Winsor et al., 2016) and inserted into the PATRIC 

BLAST service to identify sequence identity between genomes. Multiple sequence alignments 

(MSA) were generated to investigate the location and impact of the mutations. 

2.12 Optical density (OD600 nm) measurement 

A Thermo Fisher Scientific spectrometer was used to measure the optical density (OD) of 

planktonic cultures prior to normalisation. A volume of 1 mL was prepared in a 1:10 dilution of 

the overnight culture (900 µL medium with 100 µL culture) and placed into a clear disposable 

cuvette. OD readings were measured at 600 nm if not stated otherwise. OD measurements using 

a spectrometer are not directly comparable with OD measurements taken with a Tecan plate 

reader (Infinite® 200 PRO, Tecan), which is described in 2.16.10.  

2.13 DNA extraction 

Overnight cultures of P. aeruginosa strains of interest were prepared from fresh LB plates and 

DNA extraction was performed using the QIAmp DNA Mini Kit (QIAGEN) according to 

manufacturer’s instructions. Elution of the final DNA was carried out in 50 µL elution buffer 

instead of 200 µL to increase the final concentration. DNA concentration was measured using a 

Nanodrop and the extracted DNA was stored at -20°C until further use. 

https://www.patricbrc.org/
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2.14 Polymerase chain reaction (PCR) 

Polymerase chain reactions (PCR) were carried out according the manufacturer’s instructions 

(GoTag® Green Master Mix Usage Information by Promega) using a Geneflow SensoQuest Lab 

Cycler. The composition of a 25 µL reaction using GoTag® Green Master Mix (Promega) and the 

standard programme are listed in Table 2.5.  

Table 2.5: Components of GoTaq® PCR reaction and adjustment of the programme.  

Component Volume (µL)  PCR programme  

GoTaq® Green Master Mix 12.5  1) Initial denaturation 95°C, 5 min 

Forward primer (10 µM) 0.5  2) Denaturation 95°C, 1 min 

Reverse primer (10 µM) 0.5  3) Annealing 58°C, 30 sec 

DNA template (≤ 250 ng) 1-3   4) Elongation 72°C, 40 sec 

H2O 8.5-10.5  Repeat step 2) - 4) 35 times 

 25  5) Final elongation 72°C, 10 min 

 

P. aeruginosa specific 16S rRNA primers were used on extracted DNA to identify potential strains 

as P. aeruginosa. The sequences for primers can be found in Table 2.6 and were designed in a 

previous PhD project by Dina Lary. 

Table 2.6: Oligonucleotide primers used to amplify 16S rRNA of P. aeruginosa. 

Name Description Sequence 5’ – 3’ 

PA-16SrRNA/F 
16S rRNA P. aeruginosa 

ATCCAGCTTCTTCATAAGCTCC 

PA-16SrRNA/R GCGCTTCTTCACTTGACC 
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2.15 Agarose gel electrophoresis 

DNA molecules were separated in 1% (w/v) agarose gels in 1x TAE buffer (40 mM Tris, 20 mM 

acetic acid, and 1 mM EDTA) at 100 V by gel electrophoresis. SYBRTM Safe (Bio-Rad) was added 

to the gels for the detection of DNA via ultraviolet (UV) light. For PCR samples, the loading buffer 

was already included in the GoTaq® Green Master Mix (Promega) and 6 µL of each sample could 

be loaded directly to the gel. The 100 bp DNA ladder (New England Biolabs) was used for size 

determination. DNA fragments were visualised using the UV-trans illuminator (Bioline). 

2.16 Phenotypic assays 

2.16.1 Gram staining 

A sterile plastic loop was used to pick a single colony from a fresh LB plate, which was suspended 

in 0.9% (v/v) saline on a microscope slide. After air drying, the cells were fixed on the plate using 

a Bunsen burner. Gram staining was performed based on Smith and Hussey (2005). Carbol 

fuchsin was used as counterstain and stains were left for 30 sec. After successful staining, the 

slides were analysed using a Nikon Eclipse widefield microscope with a 100x objective. Gram-

negative bacteria were decolorized after the treatment and shown in pink whereas the thick 

layers of peptidoglycan of Gram-positive bacteria were stained in blue/violet. 

2.16.2 Oxidase 

Oxidase strips (Sigma Aldrich) were used on single colonies grown on LB plates. The colony to 

be tested was touched with the oxidase strip and observed for one minute. In presence of the 

enzyme cytochrome oxidase, the N,N-dimethyl-p-phenylenediamine and alpha-naphthol react 

to indophenol blue (dark purple colour), giving a positive result while no colour change indicates 

a negative result (Figure 2.3).  



C h a p t e r  2  -  M a t e r i a l s  a n d  M e t h o d s  P a g e  |  5 6  

 

                             

Figure 2.3: Schematic representation of oxidase assay using oxidase strips. 

2.16.3 Catalase 

Overnight cultures were normalised to an OD600 of 1 and 100 µL of culture was mixed with 

100 µL of 1% Triton X-100 and 100 µL hydrogen peroxide (H2O2). Samples are catalase positive 

if immediate bubble formation can be observed as a result of the catalase enzyme hydrolysing 

the hydrogen peroxide (Figure 2.4).  

                            

Figure 2.4: Schematic representation of catalase assay using hydrogen peroxide. 
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2.16.4 Swarming motility 

Agar was prepared using 2 g Bactoagar and 3.2 g nutrient broth powder in 400 mL distilled water 

(0.5% agar). After autoclaving, 20 mL of 20% (w/v) glucose was added, and 20 mL was used for 

each plate. Plates were left to set for 30 min with the lid on before the lid was removed until the 

agar was completely set (safety cabinet). Overnight cultures were normalised to an OD600 of 1 

and 3 µL were pipetted into the middle of the plate. Plates were incubated at 37°C overnight 

and motility observed by eye (Figure 2.5).  

                                      

Figure 2.5: Schematic representation of swarming motility. 

2.16.5 Swimming motility 

Agar was prepared using 4 g tryptone, 2 g yeast extract, 4 g natrium chloride (NaCl) and 3 g agar 

technical in 400 mL distilled water (0.75% agar). After autoclaving, 20 mL was used for each 

plate. Plates were left to set for 30 min with the lid on. Overnight cultures were normalised to 

an OD600 of 1 and 1 µL was pipetted into the middle of the plate. Plates were incubated at 37°C 

for 6 h and motility observed by eye (Figure 2.6).  



C h a p t e r  2  -  M a t e r i a l s  a n d  M e t h o d s  P a g e  |  5 8  

 

                                  

Figure 2.6: Schematic representation of swimming motility. 

2.16.6 Protease production 

Agar was prepared using 3.6 g of Bactoagar in 255 mL distilled water. After autoclaving, 45 mL 

skimmed milk was added, which has been sterilised by exposure to UV light for five minutes 

prior to addition, and 20 mL was used for each plate. Plates were left to set with the lids off until 

completely set. Overnight cultures were normalised to an OD600 of 1 and 10 µL were pipetted to 

the middle of the plate. Plates were incubated at 37°C overnight and protease activity 

determined by measuring the diameter of clearance (Figure 2.7).  

                                   

Figure 2.7: Schematic representation of protease assay. 
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2.16.7 Crystal violet (CV) attachment assay 

Attachment of bacteria was assessed using crystal violet (CV) staining as reported by O'Toole 

(2011). Briefly, overnight cultures of strains of interest were normalised to an OD600 of 1 and 

diluted 1:100 in LB broth. For each strain, 100 µL culture was added to the well of a clear 96-well 

plate (Nunc™ MicroWell™ 96-Well Microplates, polystyrene, Thermo Fisher Scientific). 

Following 24 h of static incubation at 37°C, the medium was poured off and the wells were 

washed three times with water to remove any planktonic cells. Wells were air dried before being 

stained with 125 µL of 0.1% (w/v) CV for 10 min at room temperature. Any free CV was poured 

off and wells were washed two times with water. After air drying of the plates, the remaining 

CV bound to the attached bacteria was released by adding 150 µL of 30% (v/v) acetic acid for 10 

min at room temperature before 125 µL was transferred to a new 96-well plate. The OD590 was 

measured using a Tecan plate reader (Infinite® 200 PRO, Tecan) indicating the amount of CV and 

hence the amount of bacteria attached to the wells. 

2.16.8 Pyocyanin production 

Pyocyanin levels were measured based on the absorbance of pyocyanin at 520 nm as described 

by Essar et al. (1990). Briefly, overnight cultures were normalised to an OD600 of 1 and diluted 

1:100 in 16 mL Mueller Hinton broth (MH, cation adjusted, Sigma Aldrich) using 100 mL shaking 

flasks. The flasks were incubated statically for 24 h at 37°C. After the incubation, 2 x 5 mL were 

removed and spun down at 10.000 rpm for 5 min. The supernatant was filter sterilised and 3 mL 

chloroform was added. The mixture was vortexed, and the bottom blue coloured chloroform 

layer was transferred to a fresh tube. The tubes were vortexed again with 1 mL of 0.2 M 

hydrochloric acid (HCl) and spun down at 10.000 rpm for 5 min. The top pink layer containing 

the HCl and pyocyanin was transferred into a disposable cuvette and the OD520 was measured 

using a spectrophotometer. Pyocyanin concentration in µg mL-1 was calculated by multiplying 

the measured OD by 17.072 as described in Essar et al. (1990).  
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2.16.9 Minimal inhibitory concentration (MIC) 

Overnight cultures of strains of interest were normalised to an OD600 of 1 and diluted 1:10 in 

Mueller Hinton broth (MH, cation adjusted, Sigma Aldrich). Benzalkonium chloride (BKC) was 

prepared in MH broth to obtain concentrations twice as high as the desired final concentration. 

For each of the concentrations, 100 µL was mixed with 100 µL of prepared cells in 96-well plates 

(Nunc™ MicroWell™ 96-Well Microplates, Thermo Fisher Scientific) to obtain final BKC 

concentrations and a start OD600 of 0.05. Plates were incubated statically for 24 h at 37°C before 

the OD600 was measured using a Tecan plate reader (Infinite® 200, Tecan). 

2.16.10 Growth measurement of planktonic cells 

Selected media were prepared with the addition of different supplements at selected 

concentrations (nanosensors = 1 mg mL-1 unless otherwise stated, liquid detergent = 

2.9 mg mL-1, powder detergent = 2.0 mg mL-1, fabric conditioner = 2.9 mg mL-1, BKC = 

0.2 mg mL-1, eBKC A and E = 0.51 mg mL-1, eBKC B, C, D, F, G, H, I = 0.55 mg mL-1). Concentrations 

of laundry product were selected in conjunction with Unilever to achieve concentrations 

comparable to a normal wash step in washing machines. Overnight cultures of P. aeruginosa 

grown in LB and adjusted to an OD600 of 0.05 in selected media were used to compare growth in 

clear 96-well plates (Nunc™ MicroWell™ 96-Well Microplates, polystyrene, Thermo Fisher 

Scientific). Each well was filled with 200 µL of the diluted culture. The plates were incubated at 

37°C using a Tecan plate reader (Infinite® 200 PRO, Tecan) for 12 h to 20 h. The plates were 

shaken every 15 min for 10 sec with a settle time of 5 sec before the OD600 was measured.  

2.16.11 pH measurement of planktonic cells  

For the pH determination of planktonic cultures, nanosensors were filter sterilised (0.22 µm PES 

filter, starlab) before being added to the growth medium at a final concentration of 1 mg mL-1. 

The fluorescence intensity for OG-FAM and TAMRA was taken every 15 min together with the 

OD600 during the growth measurement (2.16.10). Fluorescence was measured using the 
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following excitation and emission wavelengths: OG-FAM = 488 nm/ 520 nm, TAMRA = 540 nm/ 

580 nm. Black 96-well plates (CELLSTAR® F-bottom, Greiner Bio-one) were used to reduce 

crosstalk between wells. The excitation and emission settings can be found in Table 2.4. A Tecan 

plate reader (Infinite® 200 PRO, Tecan) was used for the measurement. To determine the pH, 

wells were included containing nanosensors suspended in pH buffers, which were used to 

generate a calibration curve (see 2.6). With the help of the calibration, the pH of the samples 

was determined taking the fluorescence intensity ratio of OG-FAM and TAMRA. 

2.16.12 Sugar challenge 

An overnight culture of P. aeruginosa in LB was spun down and re-suspended in PBS for 30 min 

as a starvation step. The cells were spun down again and re-suspended in saline before being 

mixed with filter sterilised (0.22 µm PES filter, starlab) positively charged nanosensors in saline 

to obtain an OD600 of 1 and a nanosensor concentration of 1 mg mL-1. The suspension was 

aliquoted into a black 24-well plate (PS, flat glass bottom, Greiner Bio-one) using 400 µL per well. 

Imaging was performed using a Nikon Eclipse Ti2-U inverted fluorescence microscope with a 

40x/0.6 lens (see 2.21). An image was taken for time point 0 min before 20 µL of either glucose, 

lactose, or saline to a final concentration of 1% (v/v) was added to their respective wells. Images 

were taken every 5 min for 30 min (see 2.21). Additional controls with glucose, lactose, and 

saline solution added to 1 mg mL-1 positively charged nanosensors in saline without bacteria 

were also imaged to confirm the absence of any pH change brought on by the solutions 

themselves. 

The calibration was performed using a fresh 24-well plate where pH buffers from pH 8 to pH 2.5 

were mixed with positively charged polyacrylamide nanosensors for a final concentration of 

1 mg mL-1. Images were taken from each pH using the same exposure settings as for the 

experiment. The fluorescence intensity ratio from each pH buffer was plotted and the equation 

of the linear regression calculated to determine the pH values from the fluorescence intensities 

generated during the experiment.  
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2.17 Viability assay 

BacTiter-Glo™ Microbial Cell Viability Assay (Promega) was performed according to the 

manufacturer’s instructions (Promega, 2019). Overnight cultures of P. aeruginosa were 

normalised to an OD600 of 1 in 1 mL LB medium containing no supplement, 2.9 mg mL-1 liquid 

detergent, 2 mg mL-1 powder detergent or 2.9 mg mL-1 fabric conditioner. After incubation at 

room temperature for 30 min, 100 µL were transferred into wells of a white 96-well plate (non-

treated, Thermo Fisher Scientific). To each of the wells, 100 µL of the provided BacTiter-Glo™ 

Reagent was added and mixed with the cells. After incubation for 5 min at room temperature, 

the luminescence intensity was measured using a Tecan plate reader (Infinite® 200 PRO, Tecan).  

2.18 Biofilm formation 

2.18.1 Static biofilm formation 

Overnight cultures of P. aeruginosa grown in LB were used to spin down 1 mL of cells in a fresh 

Eppendorf tube at 1000 x g for 1 min. The pellet was re-suspended in 1 mL PBS, spun down again 

at 1000 x g and re-suspended in 1 mL of minimal medium (M9S). The OD600 was taken and the 

cells normalised to an OD600 of 0.5 in 1 mL of minimal medium. Depending on the experiment, 

the following steps are described in 2.18.1.1 and 2.18.1.2. 
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2.18.1.1 Supplements were added at the beginning of the experiment 

Medium was prepared with the addition of supplements as shown in Table 2.7. 

Table 2.7: Initial and final concentrations of supplements added to biofilm growth medium. 

To obtain the desired final concentration of supplements and a starting OD600 of 0.05, the 

normalised cells (OD600 of 0.5) were combined with the prepared media suspensions as listed in 

Table 2.8. 

Table 2.8: Sample composition for static biofilm assays using M9 medium, normalised cells and M9 

medium containing different supplements. 

Supplement Initial concentration Final concentration 

Nanosensors 1.5 mg mL-1 1 mg mL-1 

Liquid detergent 4.35 mg mL-1 2.9 mg mL-1 

Powder detergent 3.0 mg mL-1 2.0 mg mL-1 

Fabric conditioner 4.35 mg mL-1 2.9 mg mL-1 

BKC 0.4 mg mL-1 0.2 mg mL-1 

eBKC A, E 1.02 mg mL-1 0.51 mg mL-1 

eBKC B-D, F-I 1.11 mg mL-1 0.55 mg mL-1 

Supplement M9 [µL] Cells (OD600 0.5) [µL] M9 containing supplement [µL] 

Control 675 75 - 

Nanosensors 175 75 500 

Liquid detergent 175 75 500 

Powder detergent 175 75 500 

Fabric conditioner 175 75 500 

BKC 637.5 75 37.5 

eBKC A, E 300 75 375 

eBKC B-D, F-I 300 75 375 
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To each well of an 8-well glass bottom chamber (Ibidi), 300 µL of the suspension was added in 

duplicates before the chamber was set in a box wrapped in aluminium foil to prevent bleaching 

of nanosensors and placed in a static incubator at 37°C. After an incubation of 48 h, the medium 

was carefully removed and replaced by 200 µL fresh medium containing 3.34 mM SYTO 9 and 

20 mM propidium iodide (PI, Thermo Fisher Scientific) to stain live and dead cells or 2.5 µg mL-1 

CellMaskTM Deep Red (Thermo Fisher Scientific) to stain the cell membrane. Experiments that 

included laundry products did not include the wash step, instead fresh medium containing 

SYTO 9 and PI was directly added to the wells. Chambers were incubated for 10 min at 37°C in 

the dark before the biofilms were imaged using a Zeiss CLSM and the appropriate laser settings 

for the fluorescence channels (see 2.22). 

2.18.1.2 Supplements were added after 48 h of biofilm formation during the imaging 

Dilutions of cells were prepared using 675 µL of medium and 75 µL normalised cells to obtain a 

starting OD600 of 0.05. To each well of an 8-well glass bottom chamber (Ibidi), 300 µL of the 

suspension was added before the chamber was placed in a static incubator at 37°C. After an 

incubation of 48 h, the medium was carefully removed and replaced by 200 µL fresh medium 

containing 3.34 mM SYTO 9 and 20 mM PI (Thermo Fisher Scientific) to stain live and dead cells 

or 2.5 µg mL-1 CellMaskTM Deep Red (Thermo Fisher Scientific) to stain the cell membrane. 

Medium was prepared with the addition of supplements at initial concentrations as shown in 

Table 2.9. 
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Table 2.9: Initial and final concentrations of supplements prepared in M9S, which were added to an 

established biofilm during the imaging process. 

The biofilms were imaged using a Zeiss CLSM and the appropriate excitation and emission 

settings for the fluorescence channels (see 2.22). After the initial image, the appropriate amount 

of the prepared solution (given in Table 2.9) was added to the well and the same spot as before 

was imaged every 5 min for 30 min. 

2.18.2 Flow-cell biofilm formation using the BioFlux system 

Liquid cultures of P. aeruginosa were prepared in 5 mL LB using a 1:100 dilution from an 

overnight culture and incubated at 37°C, 200 rpm until an OD600 of 0.4-0.6 was reached. The cells 

were normalised in 1 mL M9S to an OD600 of 0.05. The BioFlux channels were coated with 100 µL 

medium at a flow of 2 dyn cm-2 for 4 min before they were seeded with 50 µL of normalised cells 

for 3 sec at 2 dyn cm-2 (from the outlet to the inlet) and left for incubation on the heating plate 

at 37°C for at least 45 min. M9S with supplements at selected concentrations was prepared 

(nanosensors = 5 mg mL-1, liquid detergent = 2.9 mg mL-1, powder detergent = 2.0 mg mL-1, 

fabric conditioner = 2.9 mg mL-1, BKC = 0.2 mg mL-1) and 1 mL was used for the inlet of a 48-well 

plate or for inlet 2 of a 24-well plate. If a 24-well plate was used, 1 mL of plain M9S medium was 

Supplement Initial concentration Final concentration Volume added [µL] 

Nanosensors 3 mg mL-1 1 mg mL-1 100 

Liquid detergent 14.5 mg mL-1 2.9 mg mL-1 50 

Powder detergent 10 mg mL-1 2.0 mg mL-1 50 

Fabric conditioner 14.5 mg mL-1 2.9 mg mL-1 50 

BKC 2.2 mg mL-1 0.2 mg mL-1 20 

eBKC A, E 5.61 mg mL-1 0.51 mg mL-1 20 

eBKC B-D, F-I 6.05 mg mL-1 0.55 mg mL-1 20 
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added to inlet 1. The BioFlux (Fluxion Biosciences) was run from the inlet to the outlet at a flow 

of 0.2 dyn cm-2 for 24 h (48-well plate) or for 12 h using inlet 1 with a following switch to inlet 2 

for up to 12 h (24-well plate). A Nikon Eclipse Ti2-U fluorescent microscope was used for time-

lapse imaging every 15 min with the appropriate settings (see 2.21). End point images were 

taken using the Zeiss CLSM (see 2.22). A schematic view of the 48-well plate and 24-well plate is 

given in Figure 2.8. 

 

Figure 2.8: Schematic representation of 48-well BioFlux plate (top) and 24-well plate (bottom). 48-well 

plates consist of one inlet that is connected to one outlet, whereas 24-well plates have two inlets that are 

connected with one outlet. 

2.18.3 ConA and YOYOTM-1 staining 

The concanavalin A-tetramethylrhodamine (ConA-TRITC, Thermo Fisher Scientific) conjugate 

was used at a concentration of 50 µg mL-1 to stain the exopolysaccharide Psl, whereas YOYOTM-1 
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(Thermo Fisher Scientific) was used at 0.1 µM to stain extracellular DNA. The dyes were added 

to established static biofilms during the wash step or were directly added to the flow medium 

in flow-cell experiments. Red (ConA-TRITC) and green (YOYOTM-1) filter settings were used for 

the widefield microscopy (see 2.21) and the 555 nm laser and 488 nm laser for the CLSM (see 

2.22). 

2.18.4 Colony forming unit (CFU) experiments of static biofilms 

P. aeruginosa biofilms were set up as described in 2.18.1. Instead of 8-well glass bottom 

chambers (Ibidi), clear 24-well plates (Corning® Costar® TC-Treated Multiple Well Plates, Sigma 

Aldrich, CLS3526) were used to increase sample throughput, with each well containing 1 mL of 

culture with or without the addition of laundry products or BKC/eBKC (see 2.18.1 for final 

concentrations). After 48 h of static incubation at 37°C, the remaining growth medium was 

removed, and 1 mL of PBS was added to each well. If the growth medium contained laundry 

products, the medium was not removed, and 1 mL of PBS was directly added to the biofilms. If 

established biofilms were treated with laundry products or BKC/eBKC after the 48-h growth, the 

remaining growth medium was removed and replaced with medium containing the supplement 

at the desired concentration for 30 min. Following, the plate was sonicated for 30 sec (Ultrasonic 

cleaning unit Elmasonic S) before the biofilm was scratched from the surface and resuspended 

using 1 mL pipette tips. Dilutions (1:10) were prepared in PBS (10-1 to 10-8) and 5 µL of each 

dilution was pipetted onto fresh LB plates in triplicates. Plates were incubated overnight at 37°C 

and single colonies were counted for the dilution in which single colonies were countable (Figure 

2.9). 
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Figure 2.9: Schematic representation of colony forming unit experiments. Two replicates for the control 

(wells A1 and A2 (C)) and each treatment (wells B1 and B2 (T1), wells C1 and C2 (T2) and wells D1 and D2 

(T3)) are presented in the same colour displayed in the 24-well plate. One replicate is taken as 

representation for the preparation of the dilutions. Subsequently, the dilutions of the control are taken 

forward for the plating. C = control, T = treatment 

2.19 Structured illumination microscopy (SIM) of planktonic cells 

Overnight cultures of P. aeruginosa were prepared in 5 mL LB broth with and without the 

addition of 1 mg mL-1 positive or neutral nanosensors. For all three overnight cultures, 1 mL was 

taken, spun down at maximum speed and resuspended in fresh LB broth. The wash step was 

performed twice to remove all nanosensors. Agarose pads were prepared by adding 1% (w/v) 

molten agarose in water to a fresh squared petri dish plate (~5 mm thick). Once the agarose was 

set, small cubes (~0.5 cm x 0.5 cm) were cut out of the gel to be used as base for the cells to 

prevent movement of bacteria. Fluorescent TetraSpeck™ Microspheres (0.1 µm, Thermo Fisher 

Scientific) were vortexed and diluted 1:10 in sterile MiliQ water before 0.5 µL were applied to 

an agarose cube and mixed with 4.5 µL cells (washed or unwashed). Once the cells were soaked 

into the agarose, the cube was placed into a glass bottom dish (Matek Life Sciences, 35 mm dish 

with 20 mm glass microwell, coverslip no. 1.5) upside down with the cell surface facing the 
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bottom of the plate. A Zeiss Elyra PS.1 with structured illumination microscopy was used with a 

Zeiss C-Apochromat 63x/1.2 W Korr M27 water objective lens. Images were processed using Zen 

black and blue software. 

2.20 Scanning electron microscopy (SEM) to investigate initial 

attachment of bacteria 

Differently coated glass disks (round, 1.5 cm diameter, Unilever) were transferred to a clear 

12-well plate (Thermo Fisher Scientific), one per well. Overnight cultures of P. aeruginosa were 

normalised to an OD600 of 0.05 in tryptic soy broth (TSB, Sigma Aldrich) and 2 mL of the culture 

were added per well to completely cover the glass disk. The plate was incubated at 37°C for 3 h. 

For the fixation of the cells, 2 mL of 2.5% glutaraldehyde (Sigma Aldrich) were transferred into 

the wells of a fresh 12-well plate and glass disks were transferred into the new wells for 2 h at 

4°C. During the incubation, Ethanol was prepared in different concentrations (20%, 40%, 60%, 

80% and 100% (v/v)) and 2 mL were added to wells of a fresh plate (one plate for each 

concentration). The glass disks were transferred to each concentration for ½ h, starting with the 

lowest concentration going upwards to enable dehydration of the sample. Following, the glass 

disks were transferred to an empty plate and stored at 4°C until further use. 

For the imaging, the glass disks were mounted on aluminium stubs using silver (Acheson Silver 

DAG 1415M, agar scientific) and stored in a desiccator overnight. The samples were sputtered 

with chromium for 10 sec at 120 mAmp (Quorum Q150T, Quorum Technologies). A Hitachi S-

4800 scanning electron microscope was used for the imaging. 

2.21 Widefield microscopy 

To generate widefield images, a Nikon Eclipse Ti2-U inverted fluorescence microscope was used 

fitted with a 10x Plan Fluor DIC L N1 lens, a 20x/0.45 S Plan Fluor ELWD lens, or a 40x/0.6 S Plan 

Fluor ELWD lens. Images were captured by using a Photometrics CoolSNAP MYO camera 

connected to the NIS-Elements software. Excitation and emission wavelength were used as 
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follows: OG-FAM, SYTO 9 or YOYOTM-1 = 460/525 nm, TAMRA, PI or ConA = 550/620 nm, and 

CellMaskTM Deep Red = 550/650 nm. 

2.22 Confocal laser scanning microscopy (CLSM) 

To generate detailed images, a Zeiss LSM 700 compact CLSM was used fitted with a HAL 100C 

lamp for light illumination and a Zeiss Plan-Apochromat 63x/1.40 Oil DIC M27 objective or a C-

Apochromat 40x/1.20 W Korr M27. Images were captured by using an AxioCam digital 

microscope camera connected to ZEN software and analysed using Zen black and blue software. 

Lasers were used as follows: SYTO 9 or YOYOTM-1 = 488 nm, PI or ConA = 555 nm, CellMaskTM 

Deep Red = 639 nm, OG-FAM = 488 nm, and TAMRA = 555 nm. 

2.23 Image analysis using Zen and ImageJ 

Image analysis was performed using Zen blue/black (CLSM, Zeiss) and ImageJ/FIJI (Abràmoff et 

al., 2004).  

2.24 Automated image analysis using MATLAB 

Automated pH analysis of CLSM images using MATLAB (MathWorks) was based on a previously 

reported protocol by our research group (Chauhan et al., 2013). Biofilms consisting of 

nanosensors were imaged using a Zeiss CLSM with an image size of 1024 × 1024 pixels (see 2.22). 

For the calibration of the nanosensors, fluorescent images of nanosensors in pH buffers (see 0) 

and background images (buffer without nanosensors) were taken for each corresponding pH 

value. Background-corrected ratiometric images were generated automatically using MATLAB 

after subtraction of the background images from the corresponding ratiometric fluorescent 

images. The calibration curve was constructed using the mean of the pixel ratios of two 

background-corrected images. The biofilm images were processed in the same way. ImageJ was 

used to construct a false colour heat map of the pH images as well as a 3D rendering of the 

biofilms.  
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2.25 Statistical analysis 

Statistical analysis was preformed using GraphPad Prism. Prior to a significance test, all data was 

tested for normal distribution using a Kolmogorov-Smirnov test. If the data passed the normality 

test with alpha = 0.05, the results were classified statistically significant or not significant using 

an ordinary one-way ANOVA or two-way ANOVA with Sidak’s multiple comparison test. 

Unpaired t-tests were used if only two conditions were compared. If data could not be 

considered normal distributed, a non-parametric Mann-Whitney test was used for grouped data 

or if only two conditions were compared. Otherwise, a non-parametric Kruskal-Wallis test was 

performed. Although testing for normal distribution was performed for each data set, only the 

subsequently applied significance test was stated in each figure legend based on the outcome 

of the normality test. 

Significance levels were given as follows: p<0.05 (indicated as *), p<0.01 (indicated as **), 

p<0.001 (indicated as ***), and p<0.0001 (indicated as ****). 

Number of replicates were indicated as n = a x b, with a specifying biological replicates and b 

technical replicates for each biological replicate. If only technical replicates were available or the 

differentiation was difficult, the number was indicated as n = a. 
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Chapter 3 Preparation and characterisation of 

fluorescent, pH-sensitive polyacrylamide 

nanosensors for the use in planktonic and 

biofilm models of P. aeruginosa 

3.1 Introduction 

3.1.1 Background 

The biofilm communities that bacteria form on surfaces are dynamic and complex. The 

architecture of biofilms and the identity of extracellular components have been characterised in 

vitro for a variety of biofilms, although there is discussion in the literature about how 

representative this is of in vivo bacterial communities (Lebeaux et al., 2013; Chua et al., 2015; 

Roberts et al., 2015; Brackman and Coenye, 2016; Fernandez-Barat et al., 2018). Whilst there is 

evidence for fluid channels and microcolonies within in vitro biofilms, the characterisation of the 

environmental microniches these create has been limited due to the absence of analytical tools 

that are suitably sensitive at the required resolution. In this work, the application of fluorescent 

nanosensors capable of dynamic pH monitoring of the environmental microniches within 

biofilms is demonstrated using the model organism P. aeruginosa. 

Nanoparticles have the potential for applications in the prevention of some disease if employed 

at early stages (Bae et al., 2012). Biodegradable polymer based nano- and microparticles can, 

for example, be used to encapsulate antibiotics to ensure a targeted release of the antimicrobial 

substance (Xiong et al., 2014; Ikuma et al., 2015; Singh et al., 2019). Therefore, it is important to 

understand the interaction between the nanoparticles and the biofilm and to establish the 

penetration of nanoparticles into the biofilm. Penetration usually occurs by diffusion where the 

nanoparticles are interacting with either the bacteria or the biofilm matrix components (Peulen 

and Wilkinson, 2011; Forier et al., 2014; Ikuma et al., 2015). The diffusion characteristics of the 
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nanoparticles mostly depend on their size and charge but are also influenced by pore size of the 

biofilm, the charge and chemical gradient of the biofilm matrix, and the hydrophobicity of the 

environment (Habimana et al., 2011; Peulen and Wilkinson, 2011; Sahle-Demessie and Tadesse, 

2011; Ikuma et al., 2015). An increasing size and negative charge of silver nanoparticles has been 

reported to reduce their diffusion into P. fluorescens biofilms (Peulen and Wilkinson, 2011). A 

similar behaviour was seen for anionic liposomes added to a S. aureus biofilm, where the 

liposomes could not penetrate the biofilm, possibly due to the negative surface charge of the 

bacteria (Ahmed and Jones, 2003). On the downside, a positive charge of particles and 

surfactants has been shown to play a role in antimicrobial action of these compounds (Enomoto 

et al., 2007; J. Li et al., 2018), which should be borne in mind when choosing appropriate 

nanosensors. As different laboratories use a variety of nanoparticles, characterisation of the 

interaction of nanoparticles with bacteria and biofilm components is required. For their use in 

biological systems, it is important that the nanoparticles do not alter the metabolism and 

behaviour of the cells.  

3.1.2 Aims of this chapter 

This chapter aimed to answer the following questions in order to develop the optical nanosensor 

tools for application in the mechanistic studies presented in the subsequent chapters: 

• Can good quality functional pH-sensitive nanosensors be reproducibly prepared? 

• Will the nanosensors inhibit planktonic cell growth? 

• Do the nanosensors influence biofilm formation? 

• Can the nanosensors enter P. aeruginosa cells during incubation? 

• Do the nanosensors interact with the cells and/or biofilm components during biofilm 

formation? 

• Can the nanosensors penetrate an already established biofilm? 

• Will the nanosensors be washed away from biofilms during downstream manipulations?  
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3.2 Results 

The penetration and interactions of the nanosensors within biofilms of P. aeruginosa were 

characterised in this chapter using different kinds of polyacrylamide nanoparticles. To evaluate 

the influence of charge, both neutral and positively charged versions of the nanosensors were 

produced. In addition, nanoparticles without fluorophores and particles consisting only the red 

fluorophore (TAMRA only) or green fluorophores (OG-FAM only) were prepared to investigate 

the effects of the nanoparticles and their charge on biofilm formation. Furthermore, preparation 

of single-coloured nanoparticles enabled the use of additional dyes to simultaneously stain 

biofilm components while being able to track the location of the nanoparticles. Two different in 

vitro biofilm models were used and compared throughout the study; one static model using 

glass-bottom chambers and one flow-cell model using the BioFlux flow-cell system as described 

in 2.18.1 and 2.18.2. 

3.2.1 Preparation and characterisation of different kinds of fluorescent 

polyacrylamide nanoparticles 

Dynamic light scattering (DLS) was performed on nanosensor preparations to determine the size 

and zeta potential (ζ-potential) of the nanoparticles as described in 2.6. DLS is based on the 

assumption that nanoparticles are a spherical shape. The ζ-potential specifies the magnitude of 

the charge repulsion or attraction between particles and describes the potential difference 

between the dispersion medium and the layer of fluid attached to the dispersed particles. For 

all nanoparticle batches, the average size, polydispersity index (PDI) and ζ-potential were 

determined using a Zetasizer (Malvern Panalytical) and are listed in Table 3.1. The PDI is used to 

estimate the average uniformity of the particle solution and indicates nanoparticle aggregation. 

The index is dimensionless; however, PDI values that fall below 0.2 are commonly deemed 

acceptable for polymer-based nanoparticle work, whereas values bigger than 0.7 indicate that 

the samples have a very broad particle size distribution and are not suitable for dynamic light 

scattering analysis (Danaei et al., 2018). 
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Table 3.1: Size, PDI and ζ-potential of polyacrylamide nanoparticles used in this study. PDI polydispersity 

index, n number of batches analysed, +/- represents standard error between different batches of 

nanoparticles. 

Polyacrylamide nanoparticles Size (nm) PDI ζ-potential (mV) 

neutral (n = 5) 38.86 +/- 1.61 0.126 +/- 0.024 -2.17 +/- 1.15 

positive (n = 13) 39.9 +/- 1.48 0.186 +/- 0.02 18.26 +/- 1.66 

positive no fluorophores (n = 1) 46.41 0.167 17.7 

positive TAMRA only (n = 1) 46.53 0.097 13.7 

positive OG-FAM only (n = 1) 39.37 0.134 18.9 

 

All nanoparticles have a size between 38 nm and 47 nm with a PDI < 0.24. The ζ-potential of 

positive nanoparticles ranges between 13.7 mV and 18.26 mV, whereas the neutral nanosensors 

show an average ζ-potential of -2.17.  

To investigate the responsiveness of the pH-sensitive, fluorescent nanosensors, emission scans 

were performed using a range of pH buffers and a spectrophotometer. Representative emission 

graphs are presented in Figure 3.1a and b and were subsequently used for the pH calibration of 

the nanosensors, shown in Figure 3.1c. All measurements were conducted at room temperature. 
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Figure 3.1: Emission scans and pH calibration of pH-sensitive neutral and positive polyacrylamide 

nanosensors. Fluorescence intensity of (a) neutral and (b) positive nanosensors is shown against the 

emission wavelength between 500 nm and 555 nm for OG-FAM (excitation wavelength = 488 nm) and 

between 560 nm and 620 nm for TAMRA (excitation wavelength = 540 nm). Sodium phosphate and citric 

acid buffer solutions with a pH ranging from 2.5 to 8.0 in 0.5 steps were used. (c) pH calibration of neutral 

and positive nanosensors was performed by calculating the fluorescence intensity ratio between OG-FAM 

at 520 nm and TAMRA at 580 nm. Error bars represent standard error, where n = 3. All measurements 

were performed at room temperature. 

The emission scans for both nanosensors show the highest fluorescence intensity for OG-FAM 

at pH 8 with decreasing intensity when pH is descending. The TAMRA fluorescence intensity is 

consistent between pH buffers, with a slightly lower intensity for pH values below 3.5. For the 

calibration of the nanosensors, the ratio of OG-FAM to TAMRA was calculated, using the 

maximum intensity values of the emission scans, measured at 520 nm for OG-FAM and at 

580 nm for TAMRA. The resulting pH calibration curves look very similar between nanosensors, 

showing a linear slope between pH 4 to 7 with plateaus at high and low pH. Instead of using a 

spectrophotometer, the calibration of the nanosensors can also be performed using a Tecan 

plate reader or a fluorescence microscope.  
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For most of the experiments, the nanosensors were filter sterilised with 0.22 µm 

polyethersulfone (PES) filters prior to the use to avoid contamination of the growth culture. 

Therefore, a filter assay was carried out to ensure that no significant loss of nanosensors occurs. 

The fluorescence intensity of nanosensors at a known concentration was measured before and 

after the filtration using a spectrophotometer. The concentration after the filtration was 

calculated based on the measured fluorescence intensity and is shown in Table 3.2. 

Table 3.2: Minimal loss occurs during filter sterilisation of neutral and positive nanosensor preparations. 

Original concentration is shown on the left and calculated concentration after the filtration for both 

nanosensors on the right. 

Original concentration 
[mg mL-1] 

Concentration after filtration [mg mL-1] 

Neutral Positive 

25 23.88 24.56 

20 19.9 19.41 

15 16.41 16.9 

10 9.98 9.72 

5 3.02 4.4 

1 1 0.8 

 

For both nanosensors, the loss of concentration after the filtration was low, indicating that the 

filtration does not affect the experiments. The increase for the concentration of 15 mg mL-1 is 

likely due to variation in the fluorescence intensity measurement.  

3.2.2 The planktonic growth of PAO1-N is unaffected by the presence of 

neutral or positively charged nanosensors 

For further experiments, it was important to examine whether the nanosensors have an effect 

on the bacterial growth during incubation. Therefore, a growth measurement over 24 h in 

96-well plates was performed to detect any growth inhibition caused by the nanosensors in 
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planktonic cultures. Different concentrations of neutral and positively charged polyacrylamide 

nanosensors ranging from 0.1 mg mL-1 to 25 mg mL-1 were examined in liquid culture using the 

P. aeruginosa strain PAO1-Nottingham wild type (subsequently called PAO1-N) (Figure 3.2). 

                   

Figure 3.2: Nanosensors at concentrations below 25 mg mL-1 have no effect on the growth of PAO1-N. 

PAO1-N was inoculated into a 96-well plate at an OD600 of 0.05 in LB media containing 0.1 to 25 mg mL-1 

of (a) neutral or (b) positive nanosensors and incubated for 24 h at 37°C, during which the OD600 was 

measured automatically every 15 minutes and is shown on a log scale against time. No path length 

correction was applied. Error bars represent standard error, where n = 3x3. 

Comparing the growth of PAO1-N with different concentrations of neutral or positive 

polyacrylamide nanosensors, no significant difference could be detected for any concentration 

below 25 mg ml-1. Positively charged polyacrylamide nanosensors at a concentration of 

25 mg mL-1 showed a slight reduction in growth between 7 and 16 h, however the OD600 reached 

almost the same level as the other samples after 18 h.  
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3.2.3 Neutral and positively charged nanosensors do not enter PAO1-N 

cells during incubation 

To get a better understanding of the behaviour of polyacrylamide nanosensors during 

incubation with overnight liquid cultures of P. aeruginosa, planktonic cells were examined under 

a Zeiss PS1 Super Resolution Microscope. In particular, the question whether the nanosensors 

are able to enter the cells during incubation was investigated. This is particularly important to 

know because uptake of the nanosensors into the cell would influence the analysis in future pH 

measurements as the measured pH would point to the internal cell environment rather than the 

pH around the cells or within the biofilms. Overnight cultures of PAO1-N without nanosensors 

or with either neutral or positive nanosensors were prepared and samples were taken for the 

microscopy on the following day as described in 2.19. Unwashed samples as well as cells washed 

in LB were analysed. To enable post-channel alignment of the images, 0.1 µm fluorescent beads 

(Thermo Fisher Scientific) were mixed with the cells prior to the imaging (Figure 3.3). 
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Figure 3.3: Representative images of PAO1-N show some leftover positive nanosensors stuck between 

cells after being washed but no fluorescence inside the cells. PAO1-N overnight cultures were incubated 

in LB with or without 1 mg mL-1 positive or neutral nanosensors at 37°C. Washed or unwashed cells were 

imaged using a Zeiss Elyra PS.1 with structured illumination microscopy and a 63x objective. Four coloured 

(green, red, blue, far-red) fluorescent TetraSpeck™ Microspheres were used for image processing. 
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All images show distinct green and red fluorescence spots representing the fluorescent beads 

that were used for the channel alignment. Other than that, no fluorescence and no differences 

between washed and unwashed samples were detected in the control images without 

nanosensors. Images taken of the unwashed sample containing neutral nanosensors show 

nanosensor fluorescence evenly distributed throughout the image. After the wash, no more 

fluorescence was detected. In contrast, the image of the sample with positive nanosensors 

before the wash step shows fluorescence signal within the medium and bright signals between 

the cells. The zoom-in view reveals that this fluorescence is present all around the cells but does 

not seem to be inside the cells. The sample that has been washed in LB confirms this observation, 

where most of the fluorescence has been removed. Only a few parts of the image still report 

fluorescence. Those parts indicate regions where bigger cell clumps are found as seen in the 

overlay images.  

3.2.4 Depending on their charge and concentration, polyacrylamide 

nanoparticles affect biofilm thickness and structure differently 

After having confirmed that the presence of the nanosensors within planktonic culture of 

PAO1-N has no effect, the influence of nanosensors on biofilm growth was investigated. In most 

cases within this study, the cells were stained with CellMaskTM Deep Red (InvitrogenTM), a 

membrane stain fluorescing in the far-red region. CellMaskTM was chosen in preference to DAPI, 

a commonly used nucleic stain fluorescing in the blue wavelength, for two reasons: (i) 

CellMaskTM exhibits a reduced background signal, and (ii) the blue auto fluorescence of PAO1 

interferes with the DAPI stain. A few experiments carried out early in this study using DAPI 

however are included since the result was unequivocal.  

To analyse the effects of the nanosensors on biofilm formation, the nanosensors were 

suspended in the culture medium prior to the incubation with bacteria as described in 2.18.1.1. 

The resultant biofilms, grown with and without nanosensors under static conditions, were 

analysed after 48 h using fluorescence CLSM. In addition to the neutral and positive pH-sensitive 
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nanosensors, positive nanoparticles without fluorophores were included in this study. 

Representative images and related quantifications are shown in Figure 3.4.  

       

Figure 3.4: The charge of nanosensors can influence the biofilm formation of PAO1-N. PAO1-N was 

inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in M9S containing no nanoparticles 

(left panel), 1 mg mL-1 neutral polyacrylamide nanosensors (left central panel), 1 mg mL-1 positive 

nanosensors (right central panel) or 1 mg mL-1 positive nanoparticles containing no fluorophores (right 

panel). The cells were incubated at 37°C under static conditions for 48 h and stained with CellMaskTM. 

Z-stack images were taken with a Zeiss CLSM using a 63x objective. Quantitative Comstat analysis of the 

biofilm images was performed using ImageJ. (a) Representative confocal images of PAO1-N with the top 

row showing a 3D view from the top of the biofilm, the middle row showing a 3D view from the front of 

the biofilm and the bottom row representing an angled 3D view from the top. Graphs represent (b) 

biomass and (c) surface to biovolume ratio. Error bars represent standard error measured for different 

biofilm images, where n = 10 (control), n = 7 (neutral nanosensors and positive nanoparticles without 

fluorophores) and n = 8 (positive nanosensors), with p<0.05 = * (non-parametric Kruskal-Wallis test). 
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The neutral pH-sensitive nanosensors dispersed throughout the P. aeruginosa biofilm without 

altering their architecture or thickness. Interestingly, biofilms grown together with the positively 

charged pH-sensitive polyacrylamide nanosensors were approximately four times thicker 

(40 µm) compared to biofilms grown in the absence of nanosensors or with neutral pH-sensitive 

nanosensors (~10 µm) (Figure 3.4a). The general structure of the biofilms grown with positively 

charged pH-sensitive nanosensors was also notably different, showing a very dense structure. 

To exclude the possibility that the dyes incorporated within the polymer matrix of the positively 

charged pH-sensitive nanosensors were responsible for the enhanced biofilm formation, 

positively charged polyacrylamide nanoparticles featuring the same characteristics in size and 

charge were produced without inclusion of the fluorophores (Table 3.1). The addition of these 

nanoparticles led to the similar increases in biofilm thickness and robustness as the positively 

charged nanosensors.  

Quantitative analysis of the images using Comstat, an open source programme used to analyse 

image stacks of biofilms, revealed that there is no significant difference between the biofilms 

produced in the absence of nanoparticles or with neutral nanosensors (Figure 3.4b and c). 

Furthermore, a significantly lower biomass for biofilms grown without nanosensors or with 

neutral nanosensors was confirmed compared to the positively charged particles (p<0.05, non-

parametric Kruskal-Wallis test). In contrast, no significant difference in biofilm biomass was 

detected between formation in the presence of positively charged pH nanosensors and the 

positively charged nanoparticles without dyes. In addition, a significantly higher surface area to 

biovolume ratio for biofilms grown without nanosensors or with neutral nanosensors than those 

grown with positively charged nanosensors was observed (p<0.05, non-parametric Kruskal-

Wallis test).  

To investigate whether higher concentrations of nanosensors would lead to an even thicker 

biofilm than using the normal previously selected concentration of 1 mg ml-1, biofilms were 
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grown under the same conditions using 10 mg mL-1 or 20 mg mL-1 positively charged 

nanosensors. Representative images and the related quantifications are shown in Figure 3.5. 

   

Figure 3.5: Enhanced PAO1-N biofilm formation as a result of positively charged nanosensors is 

concentration dependent. PAO1-N was inoculated into an 8-well glass bottom chamber at an OD600 

of 0.05 in M9S containing no nanoparticles (left panel), 1 mg mL-1 positive polyacrylamide nanosensors 

(left central panel), 10 mg mL-1 (right central panel) or 20 mg mL-1 (right panel). The cells were incubated 

at 37°C under static conditions for 48 h and stained with CellMaskTM. Z-stack images were taken with a 

Zeiss CLSM using a 63x objective. Quantitative Comstat analysis of the biofilm images was performed 

using ImageJ. (a) Representative confocal images of PAO1-N with the top row showing a representative 

3D view from the top of the biofilm, the middle row showing a 3D view from the front of the biofilm and 

the bottom row an angled 3D view from the top. Graphs represent (b) biomass and (c) surface to 

biovolume ratio. Error bars represent standard error measured for different biofilm images, where n = 10 

(control), n = 8 (1 mg mL-1), n = 12 (10 mg mL-1) and n = 13 (20 mg mL-1), with p<0.05 = *, p<0.01 = ** and 

p<0.001 = *** (non-parametric Kruskal-Wallis test). 

CLSM revealed that a higher concentration of positively charged nanosensors does not seem to 

further enhance the biofilm formation, instead the thickness is reduced compared to when 
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1 mg mL-1 nanosensors were introduced. This was again underlined using Comstat for 

quantitative analysis of the different conditions, where a significant reduction in biomass was 

observed for biofilms grown with 10 or 20 mg mL-1 compared to 1 mg mL-1 nanosensors (p<0.01, 

non-parametric Kruskal-Wallis test). 

Further investigation was required to confirm that the positive charge of the nanoparticles is 

responsible for the increase in biofilm thickness of PAO1-N. Therefore, the positively charged 

nanoparticles were exchanged with commercially available positively charged amidine latex 

beads (InvitrogenTM) at a concentration of 1 mg mL-1. According to the manufacturer, these 

beads are larger than our nanosensors with a size of 0.2 µm. To confirm the size and charge, the 

beads were characterised using a Zetasizer (Table 3.3). 

Table 3.3: Size, PDI and ζ-potential of amidine latex beads used in this study. PDI polydispersity index. 

 Size (µm) PDI ζ-potential (mV) 

Amidine beads 1.56 0.78 18.1 

 

As expected, the beads are larger than our nanoparticles, being 1.56 µm compared to ~40 nm. 

The PDI is also relatively high (0.78), indicating a polydispersed suspension. However, the ζ-

potential of 18.1 mV is very similar to our positively charged nanoparticles. 

Biofilms were grown with the addition of the amidine beads under the same conditions as before 

using 1 mg mL-1 amidine beads and representative images as well as quantification can be found 

in Figure 3.6.  
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Figure 3.6: Positively charged amidine beads can lead to enhanced biofilm formation of PAO1-N. 

PAO1-N was inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in M9S containing no 

beads (left panel) or 1 mg mL-1 amidine beads (right panel). The cells were incubated at 37°C under static 

conditions for 48 h and stained with DAPI. Z-stack images were taken with a Zeiss CLSM using a 63x 

objective. Quantitative Comstat analysis of the biofilm images was performed using ImageJ. 

(a) Representative confocal images of PAO1-N with the top row showing a 3D view from the top of the 

biofilm, the middle row showing a 3D view from the front of the biofilm and the bottom row representing 

an angled 3D view from the top. Graphs represent (b) biomass and (c) surface to biovolume ratio. Error 

bars represent standard error measured for different biofilm images, where n = 2, with ns = not significant 

(non-parametric Mann-Whitney test).  

As previously seen with the positively charged nanoparticles, the cationic amidine beads at a 

concentration of 1 mg mL-1 led to increased biofilm formation of PAO1-N. However, elevated 

levels of clumping of the bacteria in the biofilm was evident. Using a non-parametric Mann-

Whitney test, the biomass and surface to biovolume was not significantly changed, probably due 

to the low number of replicates (n=2), but the trend was very apparent (Mann-Whitney test). 

Interestingly, the increase in thickness for biofilms grown with positively charged particles was 

only seen with the static biofilm model but not for biofilms grown with the BioFlux flow-cell, as 

presented in Figure 3.7. 
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Figure 3.7: Positively charged nanosensors do not alter biofilm formation of PAO1-N in a flow-cell 

system. PAO1-N was inoculated into a 48-well BioFlux flow-cell plate at an OD600 of 0.05 in M9S containing 

neutral polyacrylamide nanosensors (left panel) or positive nanosensors (right panel) at 5 mg mL-1. The 

cells were incubated at 37°C under flow conditions (0.2 dyn cm-2) for 24 h and stained with CellMaskTM. 

Z-stack images were taken with a Zeiss CLSM using a 63x objective. Quantitative Comstat analysis of the 

biofilm images was performed using ImageJ. (a) Representative confocal images of PAO1-N. Images 

represent a 3D view from the front of the biofilm. Graphs represent (b) biomass and (c) surface to 

biovolume ratio. Error bars represent standard error measured for different biofilm images, where n = 3, 

with ns = not significant (non-parametric Mann-Whitney test). 

Although no effect of nanosensors on the biofilm formation was observed, structural differences 

between biofilms grown under static conditions compared to flow conditions were evident. 

Especially striking was enhanced microcolony formation and the development of characteristic 

mushrooms, which was only observed when using the BioFlux flow-cell system.  

3.2.5 Both neutral and positive nanosensors can penetrate already 

established biofilms in a static as well as a flow-cell model 

To investigate if nanosensors can penetrate an already established P. aeruginosa biofilm, 

nanosensors were added to a 48-h matured biofilm. Penetration of the sensors was assessed 

using fluorescence CLSM. To ensure that a thick biofilm could be used for the analysis, controls 

were included where the bacteria were pre-grown with positively charged nanoparticles without 
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fluorophores. After imaging the biofilm, positively charged or neutral nanosensors were added 

to the cultures and the biofilms were immediately imaged again without washing (2.18.1.2). 

Penetration of the biofilm by the nanosensors was assessed by tracking the fluorescence of the 

nanosensors throughout the thickness of the biofilm. Representative images are shown in Figure 

3.8.  
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Figure 3.8: Neutral as well as positive nanosensors can penetrate established PAO1-N biofilms under 

static conditions. PAO1-N was inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in M9S 

containing no nanoparticles (left panel) or 1 mg mL-1 positive nanoparticles without fluorophores (right 

panel). The cells were incubated at 37°C under static conditions for 48 h and stained with CellMaskTM. 

Z-stack images were taken with a Zeiss CLSM using a 63x objective. (a) Representative confocal images of 

PAO1-N show cells stained with CellMaskTM (magenta) and TAMRA fluorescence of nanosensors (yellow). 

For the purpose of these images, TAMRA has been false coloured to yellow to facilitate visualisation of 

nanoparticle distribution. Top panel = Before the addition of positively charged pH-sensitive nanosensors. 

Bottom panel = After the addition of positively charged pH-sensitive nanosensors to a final concentration 

of 1 mg mL-1. (b) Representative confocal images of PAO1-N with same conditions as in (a), but with the 

addition of 1 mg mL-1 neutral pH-sensitive nanosensors. 

Fluorescence within the whole biofilms was observed after 3 min following the addition of the 

nanosensors suggesting that the nanosensors enter the biofilm very quickly and without obvious 

resistance. This behaviour was observed for both the neutral and the positively charged 

nanosensors. Interestingly, when the biofilms were grown initially without the positive 

nanoparticles, the structure of the biofilm was disrupted when positively charged nanosensors 

were added but not when neutral nanosensors were added, supporting the observation that 

growing PAO1-N together with the positive nanoparticles results in a more robust biofilm. It can 

also be noted, that the addition of neutral nanosensors to the biofilms led to a more even 

distribution of the nanosensors as opposed to the positive nanosensors, that can immediately 

be co-localised with the bacteria, as already observed in 3.2.2. 

In addition to a static biofilm, the flow-cell BioFlux system was used to investigate penetration 

of biofilms by both neutral and positive nanosensors. In a first attempt, biofilms of PAO1-N were 

either grown with or without the addition of 5 mg mL-1 positively charged nanosensors for 

12:30 h in a 24-well plate, before the medium was switched to medium with or without 

nanosensors, respectively (2.18.2). Images were taken every 15 min using a Nikon Ti Eclipse 

fluorescent microscope and representative images at the start (0 h) or after 12:30 h (right before 

the switch), 12:45 h (right after the switch) and 14:30 h are shown in Figure 3.9.  
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Figure 3.9: Time-lapse images reveal interaction of nanosensors with biofilms of PAO1-N. PAO1-N was 

inoculated into a 24-well BioFlux flow-cell plate at an OD600 of 0.05 in M9S. The cells were incubated at 

37°C under flow conditions (0.2 dyn cm-2) for 24 h. Time-lapse images were taken with a Nikon Eclipse Ti-

U fluorescent microscope using a 20x objective. Representative widefield images show cells (brightfield, 

grey) and TAMRA fluorescence of nanosensors (yellow). For the purpose of these images TAMRA has been 

false coloured to yellow to facilitate visualisation of nanoparticle distribution. (a) PAO1-N biofilms were 

initially grown for 12:30 h with 5 mg mL-1 positive nanosensors before the medium was switched to 

medium without nanosensors. (b) PAO1-N biofilms were initially grown without nanosensors before the 

medium was switched to medium with 5 mg mL-1 positive nanosensors.  

As indicated in the images in Figure 3.9a, nanosensor fluorescence was still detected after the 

medium was switched to a medium without nanosensors. At the same time, the overall 

fluorescence within the medium was greatly reduced, as expected. On the other hand, 

nanosensors were detected within the biofilm when introduced after 12:30 h of initial growth 

without nanosensors, as shown in Figure 3.9b. However, it is not possible to determine whether 

the nanosensors penetrated the microcolonies and interact with the biofilm or if the 

fluorescence that was detected only represents the nanosensors that are dispersed within the 

flow medium. Therefore, further experiments were conducted to confirm penetration of 

biofilms under flow conditions. After biofilms were initially grown for 12 h in the absence of 

nanosensors, the inlet of the flow medium was switched to a medium containing nanosensors 
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for 5 h followed by a switch back to medium without nanosensors for another 5 h. CLSM was 

performed at the end point and images are shown in Figure 3.10.  

            

Figure 3.10: Penetration of established PAO1-N biofilms by nanosensors under flow conditions was 

independent of the charge of the nanosensors. PAO1-N was inoculated into a 24-well BioFlux flow-cell 

plate at an OD600 of 0.05 in M9S. The cells were incubated at 37°C under flow conditions (0.2 dyn cm-2). 

Biofilms were initially grown for 12 h without nanosensors before the medium was switched to medium 

with 5 mg mL-1 (a) positive or (b) neutral nanosensors for 5 h followed by a switch back to medium without 

nanosensors for another 5 h. Z-stack images were taken with a Zeiss CLSM using a 63x objective. 

Representative images show cells stained with CellMaskTM (magenta) and TAMRA fluorescence of 

nanosensors (yellow). For the purpose of these images TAMRA has been false coloured to yellow to 

facilitate visualisation of nanoparticle distribution. 

CLSM at the end point showed that there were nanosensors incorporated within the biofilm 

indicating penetration of the biofilm by the nanosensors under flow conditions. Although the 

medium was switched back to medium without nanosensors, fluorescence was still detectable, 
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confirming interaction between the nanosensors and the biofilm components. No nanosensor 

fluorescence was detected within the medium, as expected. 

3.2.6 Positively charged polyacrylamide nanoparticles show interaction 

with biofilm components 

Previous experiments have revealed an interaction between PAO1-N biofilms and nanosensors, 

especially with the positively charged nanoparticles. To further investigate this interaction, 

single-coloured, positively charged nanoparticles containing only the green fluorophores OG 

and FAM or the red fluorophore TAMRA were prepared featuring the same characteristics in 

size and charge (Table 3.3). Combining these single-coloured nanoparticles with dyes that were 

used to stain specific biofilm components like exopolysaccharides or eDNA enabled 

identification of interactions between the nanosensors and the components.  

Firstly, biofilms of PAO1-N were grown together with OG-FAM nanosensors for 48 h under static 

conditions or for 24 h under flow conditions. Concanavalin A, a lectin that selectively binds to α-

mannopyranosyl and α-glucopyranosyl residues, was used as conjugate with 

tetramethylrhodamine (TRITC, orange-red dye) to stain the exopolysaccharide Psl produced by 

PAO1-N. Static biofilms were stained right before the imaging, whereas biofilms grown in the 

BioFlux system were stained from the beginning of the experiment by adding the dye to the 

growth medium. No membrane staining was included for the flow-cell system. Representative 

images for both models are presented in Figure 3.11. 
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Figure 3.11: Positive polyacrylamide nanoparticles do not directly interact with the exopolysaccharide 

Psl within biofilms of PAO1-N. Representative images show cells stained with CellMaskTM (magenta), 

ConA-TRITC bound to Psl (cyan) and OG-FAM fluorescence of nanoparticles (yellow). For the purpose of 

these images, ConA-TRITC has been false coloured to cyan and OG-FAM has been false coloured to yellow 

to facilitate visualisation of nanoparticle interaction. Z-stack images were taken with a Zeiss CLSM using a 

63x objective. The top row is a 3D view from the top of the biofilm, the middle row shows a 3D view from 

the front of the biofilm and the bottom row represents an angled 3D view from the top. (a) PAO1-N was 

inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in M9S containing 1 mg mL-1 positive 

OG-FAM nanoparticles. The cells were incubated at 37°C under static conditions for 48 h. Staining with 

ConA-TRITC at 50 µg mL-1 was performed right before imaging. (b) PAO1-N was inoculated into a 48-well 

BioFlux flow-cell plate at an OD600 of 0.05 in M9S containing 5 mg mL-1 positive OG-FAM nanoparticles and 

50 µg mL-1 ConA-TRITC. The cells were incubated at 37°C under flow conditions (0.2 dyn cm-2) for 24 h. 

Biofilms grown under static conditions (Figure 3.11a) exhibit distinct Psl staining visible as lumps 

within the biofilm. No direct co-localisation can be observed between the Psl and the positive 

nanoparticles. The biofilms grown in the BioFlux flow-cell (Figure 3.11b) show much more Psl 

staining distributed throughout the whole biofilm. Some co-localisation between Psl and 

nanoparticles was detected. To further investigate the impact of Psl on the nanosensor 
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interaction with the biofilm, two mutant strains were analysed, PAO1 ∆pel and PAO1 ∆psl. The 

first mutant, PAO1 ∆pel, overproduces the polysaccharide Psl, whereas the second mutant, 

PAO1 ∆psl, lacks the gene for the synthesis of Psl. Biofilms of the two strains were grown with 

OG-FAM nanoparticles under static conditions and stained with ConA-TRITC as previously 

described (Figure 3.12).  

 

Figure 3.12: Altered synthesis of the exopolysaccharide Psl has no effect on nanosensor interaction with 

biofilms of PAO1-N. (a) PAO1 ∆pel and (b) PAO1 ∆psl were inoculated into an 8-well glass bottom chamber 

at an OD600 of 0.05 in M9S containing 1 mg mL-1 positive OG-FAM nanoparticles. The cells were incubated 

at 37°C under static conditions for 48 h. Staining with ConA-TRITC at 50 µg mL-1 was performed right 

before imaging. Representative images show cells stained with CellMaskTM (magenta), ConA-TRITC bound 

to Psl (cyan) and OG-FAM fluorescence of nanoparticles (yellow). For the purpose of these images, ConA-

TRITC has been false coloured to cyan and OG-FAM has been false coloured to yellow to facilitate 

visualisation of nanoparticle interaction. The top row is a 3D view from the top of the biofilm, the middle 

row shows a 3D view from the front of the biofilm and the bottom row represents an angled 3D view from 

the top. 
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Both mutants, PAO1 ∆pel and PAO1 ∆psl, show the same structure and ConA staining as 

previously seen for the WT. PAO1 ∆pel shows a slightly increased amount of Psl production, 

where the bigger lumps of Psl seem to be co-localised with the nanoparticles. However, the 

nanoparticles were detected throughout the whole biofilm and fluorescence was not restricted 

to regions of Psl production. Although the mutant strain PAO1 ∆psl is not producing any Psl, 

ConA-TRITC was still detected in lumps within the biofilm.  

In addition to investigating the potential of an interaction between the nanosensors and 

polysaccharides within the biofilm, the possibility that positive nanoparticles interact with eDNA 

was investigated. For this purpose, single-coloured TAMRA nanoparticles were used and eDNA 

was stained with YOYOTM-1 (green dye). Representative images for static and flow-cell biofilms 

of PAO1-N are shown in Figure 3.13.  
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Figure 3.13: Positive polyacrylamide nanoparticles co-localise with eDNA of PAO1-N biofilms. 

Representative images show cells stained with CellMaskTM (magenta), YOYOTM-1 bound to eDNA (cyan) 

and TAMRA fluorescence of nanoparticles (yellow). For the purpose of these images, YOYOTM-1 has been 

false coloured to cyan and TAMRA has been false coloured to yellow to facilitate visualisation of 

nanoparticle interaction. Z-stack images were taken with a Zeiss CLSM using a 63x objective. The top row 

is a 3D view from the top of the biofilm, the middle row shows a 3D view from the front of the biofilm and 

the bottom row represents an angled 3D view from the top. (a) PAO1-N was inoculated into an 8-well 

glass bottom chamber at an OD600 of 0.05 in M9S containing 1 mg mL-1 positive TAMRA nanoparticles. The 

cells were incubated at 37°C under static conditions for 48 h. Staining with YOYOTM-1 at 0.1 µM was 

performed right before imaging. (b) PAO1-N was inoculated into a 48-well BioFlux flow-cell plate at an 

OD600 of 0.05 in M9S containing 5 mg mL-1 positive TAMRA nanoparticles and 0.1 µM YOYOTM-1. The cells 

were incubated at 37°C under flow conditions (0.2 dyn cm-2) for 24 h. 

The resulting images look very similar between static and flow-cell model with regards to the 

distribution of the nanoparticles and the eDNA. Nanoparticles and eDNA were detected 

throughout the whole biofilm with co-localisation visible. However, nanoparticles were also 

located in areas where no eDNA was observed.  

To investigate if an interaction between eDNA and the positive nanosensors is necessary and 

responsible for the enhanced biofilm formation observed in 3.2.4, the PAO1 ∆tatA mutant was 

exploited. TatA is a Sec-independent translocase protein, shown to indirectly affect the PQS-

dependant  release of eDNA in PAO1 but not the synthesis of PQS signal (Yang et al., 2009b). 

Therefore, the amount of eDNA found in biofilms of this mutant is highly reduced, resulting in a 

very fragile biofilm formation. Biofilms were grown with and without the addition of positively 

charged pH-sensitive nanosensors under static condition (Figure 3.14).  
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Figure 3.14: Enhanced PAO1-N biofilm formation as a result of positively charged nanosensors is 

independent of eDNA presence. PAO1 ∆tatAl was inoculated into an 8-well glass bottom chamber at an 

OD600 of 0.05 in M9S containing (a) no nanosensors and (b) 1 mg mL-1 positive nanosensors. The cells were 

incubated at 37°C under static conditions for 48 h. Representative images show cells stained with 

CellMaskTM (magenta) and TAMRA fluorescence of nanoparticles (yellow). For the purpose of these 

images, TAMRA has been false coloured to yellow to facilitate visualisation of nanoparticle interaction. 

The top row is a 3D view from the top of the biofilm, the middle row shows a 3D view from the front of 

the biofilm and the bottom row represents an angled 3D view from the top. Quantitative Comstat analysis 

of the biofilm images was performed using ImageJ. Graphs represent (c) biomass and (d) surface to 

biovolume ratio. Error bars represent standard error measured for different biofilm images, where n = 3, 

with p<0.05 = * and p<0.01 = ** (non-parametric Kruskal-Wallis test). 

Under normal conditions, PAO1 ∆tatA did not produce structured biofilms due to the lack of 

eDNA (Figure 3.14a). However, when positive nanosensors were present, a thick and dense 

biofilm was formed similar to the wild type PAO1-N (Figure 3.14b). The nanosensors are co-

localised with the cells as already observed before. This was again underlined by Comstat 

quantification showing that the biomass of biofilms grown with the positive nanosensors is 
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significantly increased (p<0.05, non-parametric Kruskal-Wallis test), whereas the surface to 

biovolume ratio is significantly decreased (p<0.01, non-parametric Kruskal-Wallis test), 

indicating a rescue of biofilm formation for eDNA- mutants and an interaction between positive 

nanosensors and eDNA. 
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3.3 Discussion 

Recent research pointed out the importance of improving the understanding of biofilm 

formation and its environmental microniches to enhance possible treatment options against 

pathogenic bacteria like P. aeruginosa (Hidalgo et al., 2009; Bjarnsholt, 2013; Fulaz et al., 2019). 

It has been shown that the environmental pH can influence many different physiochemical 

properties of bacteria and thus it is important to characterise (Hunter and Beveridge, 2005; 

Wilton et al., 2016; Fulaz et al., 2019). In this study, pH-sensitive nanosensors are used to 

investigate pH microniches during biofilm formation of the model organism P. aeruginosa.  

The selection of appropriate nanosensors, especially with regards to their charge, is crucial for 

the analysis of microbial biofilms. For this study, fluorescently labelled, neutral and positive 

polyacrylamide nanosensors were manufactured, consisting of the two pH-sensitive dyes OG 

and FAM and the reference dye TAMRA. It was shown that pH-sensitive polyacrylamide 

nanosensors penetrate biofilms of P. aeruginosa. Moreover, in static models, nanosensors with 

a positive charge supported the formation of thicker P. aeruginosa biofilms. Interaction between 

positive nanosensors and the negative surface of the bacteria as well as with the negative eDNA 

was observed. Furthermore, different biofilm models were used and compared, revealing 

structural differences between static and flow-cell models.  

3.3.1 Different kinds of neutral and positively charged polyacrylamide 

nanoparticles can be produced in a reproducible manner 

The production of both neutral and positively charged polyacrylamide nanoparticle was 

reproducible with batches showing a size between 38 nm and 47 nm with PDIs below 0.2 (Table 

3.1), which correlates with the nanoparticles reported by Chauhan et al. (2013). The ζ-potential 

was also reproducible between batches, with ~-2.17 mV for neutral nanosensors and 13 mV to 

18 mV for positively charged particles (Table 3.1). The small standard errors indicate the 

reproducibility of the production both in size and ζ-potential. Furthermore, optical 
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characterisation through emission scans confirmed responsiveness of the nanosensors to their 

pH environment (Figure 3.1). The fluorescence intensity of the pH-sensitive dyes OG and FAM 

was reduced as the pH decreased from 8 to 3.5. On the other hand, the fluorescence intensity 

of TAMRA was not affected between pH 4 and 8, making it a useful reference fluorophore. 

Additionally, the excitation and emission spectra between the pH-sensitive dyes and the 

reference dye TAMRA are significantly different, reducing crosstalk between the fluorophores 

during pH measurement. However, TAMRA can become pH-sensitive at very low pH (<3.5) as 

observed in the scan (Thermo Fisher Scientific, 2010a). The ratio between the pH-sensitive dyes 

OG and FAM and the pH insensitive dye TAMRA produced a sigmoidal curve that can be used 

for the calibration of the nanosensors to measure pH gradients of planktonic cultures or within 

biofilms.  

3.3.2 Polyacrylamide nanosensors neither influence planktonic growth of 

PAO1-N nor do they get internalised by the cells 

Because of their small size and other characteristics, such as surface charge, nanoparticles can 

be harmful to their environment (Sajid et al., 2015). For instance, the particles may (i) release 

toxic substances such as free Ag+ ions from silver particles, (ii) participate in surface interactions 

with media to produce toxic substances such as reactive oxygen species, or (iii) interact directly 

with the biological targets, for example with membranes or DNA (Ma et al., 2013). Cationic 

nanoparticles were found to be more toxic than anionic particles that were non-toxic (Goodman 

et al., 2004; Makabenta et al., 2020). Furthermore, the toxicity increased with a rising positive 

surface charge (El Badawy et al., 2010). However, for most research on negative effects of 

nanoparticles to their environment, materials are used that are believed to be harmful to cells 

in order to identify suitable anti-bacterial materials. These materials include metals like copper, 

zinc, and silver, whereas the nanosensors in this study consist of polyacrylamide, which is 

considered to be non-toxic. To exclude influences of the nanosensors used in this study on 

P. aeruginosa, toxicity of the nanoparticles was assessed. The comparison of the growth of 
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PAO1-N in LB medium with different concentrations of pH-sensitive polyacrylamide nanosensors 

revealed that concentrations below 25 mg mL-1 do not have any negative effects on the 

planktonic growth (Figure 3.2). Higher concentrations do inhibit the growth of the bacteria, 

which is likely due to the accumulation of nanoparticles resulting in reduced cell wall 

permeability and cell death (Abbaszadegan et al., 2015). The positive charge could increase this 

effect, as a bigger impact was seen for the cationic nanosensors at a concentration of 25 mg mL-1 

compared to the neutral sensors. However, those high concentrations of nanosensors are not 

reasonable and were only tested to identify the cut off. This study was performed at working 

concentrations of 1 mg mL-1 for planktonic cultures and static biofilm formation and at 5 mg mL-1 

for flow-cell experiments, which were proven to not harm the cells. Comparable concentrations 

(0.5 and 1 mg mL-1) of nanosensors at similar size were used for static biofilms in other studies, 

justifying this choice (Fulaz et al., 2019). 

Apart from toxic effects due to cationic surface charges of nanoparticles, applying a positive 

charge to nanosensors has previously been used to facilitate the internalisation of nanoparticles 

to eukaryotic cells (Sun et al., 2009; Elsutohy et al., 2017). In order to exclude that the 

nanosensors enter the bacterial cells of P. aeruginosa during incubation, structured illumination 

microscopy (SIM) was performed. Imaging of samples of PAO1-N incubated overnight with 

neutral or positive nanosensors showed nanosensor fluorescence throughout the samples 

(Figure 3.3). The most apparent difference was seen between the dispersal of the nanosensors, 

where positive nanosensors showed increased fluorescence signal around cells and cell clusters, 

which was not the case for the neutral nanosensors. Most bacteria carry a negative surface 

charge, including P. aeruginosa PAO1, due to the high number of carboxylate groups present in 

the B-band LPS resulting in a negative charge (Jucker et al., 1996; Shephard et al., 2008). 

Therefore, the coating of the cells by the positive nanosensors suggests an interaction of the 

positive charge with the negative surface charge of the bacteria. This behaviour has also been 

described by Li et al., where cationic nanoparticles diffused into biofilms of Gram-positive 
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bacteria, whereupon they attached to the bacteria without killing them (J. Li et al., 2018). LPS 

mutants could help to confirm a direct interaction between the positive particles and the surface 

of PAO1-N.  

Using SIM furthermore revealed that the polyacrylamide nanosensors do not seem to enter the 

P. aeruginosa cells, as no or only little fluorescence was detected after two simple wash steps 

of the cells in LB medium. This finding will be relevant when analysing the pH of biofilms as any 

pH variation that will be measured by the nanosensors indicate pH changes inside of the biofilm 

and not inside of the cells. Some fluorescence of positive nanosensors was still observed after 

the wash step, suggesting that the nanosensors were trapped between cell clusters, where the 

interaction between the sensors and bacteria was strong enough to withstand the simple wash 

step.  

3.3.3 Neutral and positive nanosensors show incorporation within the 

biofilm matrix of PAO1-N, with positively charged nanosensors 

promoting biofilm formation 

After characterisation of the neutral and positive nanosensors in planktonic cultures of 

P. aeruginosa, biofilm formation with the addition of the various nanoparticles was investigated. 

It was shown that biofilms grown initially with positively charged nanosensors were 

approximately four times thicker than biofilms grown with neutral nanosensors or without 

nanosensors (Figure 3.4). Due to the negative surface charge of PAO1, it is likely that the 

positively charged nanosensors are interacting directly with the bacteria. This interaction could 

facilitate the bacteria to attach to each other and form a denser biofilm as seen in this study. 

The positive nanosensors did in this case function as “glue”, sticking the cells together and 

enable biofilm development. The biofilm thickness promoting effect of the positively charged 

polyacrylamide nanosensors upon static PAO1-N biofilms was independent of the incorporation 

of fluorophores and conferred an enhanced robustness to the biofilms. Positively charged 

amidine beads equally promoted biofilm formation, although increased clumping of the cells 
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was observed, likely due to the size of the beads (>1 µm), supporting the hypothesis that the 

positive charge and the resulting interaction is responsible for enhanced biofilm formation 

(Figure 3.6). 

When neutral nanosensors or negatively charged particles are used, the interaction between 

nanosensors and cells is non-existent, or even reversed, most likely due to the same charge of 

the bacteria and nanoparticles leading to repulsion instead, which has been shown for 

negatively charged nanoparticles (Hidalgo et al., 2009). In contrast, Li et al. found that treatment 

of PAO1 biofilms with engineered silver (Ag) or graphene oxide (GO) nanoparticles led to thicker 

biofilms of approximately 70 µm and 60 µm, respectively, compared to the control biofilm 

(30 µm) (N. Li et al., 2018). Both nanoparticles carried a negative surface charge of -21.35 mV 

and -16.4 mV, respectively, and were therefore unlikely to promote biofilm formation in the 

same way. Instead, Li et al. showed enhanced N-3-oxo-dodecanoyl homoserine lactone (3OC12-

HSL) production induced by Ag and GO nanoparticles as well as promoted protease production 

and LasR expression (N. Li et al., 2018). The LasR protein is the transcriptional activator of one 

of the two acyl-homoserine lactone quorum sensing systems of P. aeruginosa, and functions 

jointly with its autoinducer molecule, 3OC12-HSL, to coordinate the expression of target genes, 

including genes that encode factors to promote biofilm formation (Kiratisin et al., 2002). 

Therefore, induction of the QS pathway by our nanosensors should be considered and 

investigated in future assays. 

Nanosensor-dependent enhanced biofilm formation was not observed when biofilms were 

grown in the BioFlux flow-cell system (Figure 3.7). Due to the constant flow of medium, it could 

be postulated that the bacteria are less influenced by the nanosensors and therefore their 

adherence to each other is not modulated by the sensors. In addition, differences in the 

structure between static and flow-cell biofilms were observed, with mushrooms only forming 

when flow conditions were applied, underlying the importance of using different biofilm models 

(Lebeaux et al., 2013).  
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Furthermore, the increased thickness of static biofilms was dependent on the concentration of 

the nanosensors, where higher concentrations of up to 20 mg mL-1 did not intensify the effect, 

but instead led to a biofilm which was less uniform and robust compared to the biofilms 

incubated with the working concentration of nanosensors (1 mg mL-1, Figure 3.5). Nanosensor 

concentrations below 20 mg mL-1 did not affect the growth of planktonic PAO1-N (Figure 3.2). It 

follows that a higher concentration could simply result in flooding of the biofilm with positively 

charged particles. Too many positively charged nanosensors would be predicted to lead to a 

repulsion between the nanosensors and possibly other positively charged biofilm components, 

and consequently less adherence between bacteria, which would in turn reduce the robustness 

of the biofilm and potentially adversely affect its uniformity.  

Penetration of biofilms by nanoparticles usually occurs by diffusion, with particles interacting 

with the bacteria and the biofilm matrix components (Stewart, 2003; Jefferson et al., 2005; Rani 

et al., 2005; Takenaka et al., 2009). When positively charged nanosensors were added to biofilms 

that were initially grown without nanosensors, the biofilm structure was disrupted (Figure 3.8). 

This behaviour was not seen when biofilms were grown with positively charged nanoparticles 

from the beginning. One hypothesis that could be drawn from this is that biofilms initially grown 

with positive nanoparticles were more robust. The less robust biofilms formed in the absence of 

positively charged nanoparticles might be susceptible to disruption upon introduction of 

positively charged nanoparticles capable of interacting with the bacterial cell surface or matrix 

components. This has also been observed by Li et al. who used positively charged block 

copolymer nanoparticles to disperse established biofilms of multidrug-resistant Gram-positive 

bacteria, probably due to the enhanced solubility of the bacteria-nanoparticle complex by the 

nanoparticle dextran shell (J. Li et al., 2018). The situation appears to differ in flow-cell biofilms 

since both neutral and positively charged nanosensors were able to penetrate an already 

established biofilm that had been grown for 12 h without causing disruptions (Figure 3.9 and 

Figure 3.10). Even after changing the flow-cell back to a medium without nanosensors, the 
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nanosensors were still detectable and incorporated within the biofilm. This has the practical 

application for future investigation as it indicates that the nanosensors can be added at later 

timepoints for pH analysis if needed. 

3.3.4 Positively charged nanoparticles show interaction with various 

biofilm components 

Interaction of the nanosensors, especially positively charged nanoparticles, with PAO1-N 

biofilms was observed and described above. To investigate this interaction in more detail and to 

identify possible components of the biofilm that are involved in the interaction, single-coloured, 

positively charged nanoparticles were used together with selectively binding dyes. One of these 

dyes is the tetramethhylrhodamine conjugate ConA-TRITC. ConA is a lectin that selectively binds 

to α-mannopyranosyl and α-glucopyranosyl residues, which makes it a suitable stain for the 

exopolysaccharide Psl, produced by PAO1. Extracellular polysaccharides, amongst other things, 

account for a large proportion of biofilm matrix and function as a structural scaffold and 

protective barrier in P. aeruginosa. This study revealed no direct interaction between Psl 

(neutral charge) and the OG-FAM positive nanoparticles in a static biofilm model; though a 

partial co-localisation was observed in the flow-cell model (Figure 3.11). It is likely that the 

staining of the statically grown biofilm with ConA-TRITC is not optimal as it was applied after 

biofilm formation, whereas within the flow-cell model the staining was undertaken during 

biofilm growth. It is thus possible that non-uniform staining of the static biofilm occurred. 

Nevertheless, an interaction between Psl and the nanosensors was suggested, and requires 

further investigation. Another polysaccharide with important roles in biofilm formation in 

P. aeruginosa is Pel, a cationic exopolysaccharide that cross-links extracellular DNA within the 

biofilm matrix (Jennings et al., 2015). In this study, the two mutants PAO1 ∆psl and PAO1 ∆pel 

were used in a static model to examine the effects of the mutations on the distribution of the 

positive nanosensors. It was previously shown that Pel and Psl may have redundant functions as 

structural scaffolds, probably to help preserve the capacity to produce biofilms (Colvin et al., 
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2012). Consequently, the deletion of psl results in overproduction of Pel and vice versa. The 

imaging showed slightly increased detection of Psl within the biofilm of PAO1 ∆pel, as expected, 

with some co-localisation with the nanoparticles (Figure 3.12). However, no differences were 

observed regarding the general distribution of the nanoparticles within the biofilm. The mutant 

PAO1 ∆psl still showed ConA-TRIT binding although no Psl should be present, resembling the 

wild type strain. It would have been reasonable to expect structural changes as a result of the 

enhanced cationic Pel production, which could lead to a repulsion with the also positively 

charged nanoparticles. This finding furthermore implies that the staining with ConA is not 

restricted to Psl and other molecules containing α-mannopyranosyl and α-glucopyranosyl 

residues are present within the biofilm matrix. Strathmann et al. showed that alginate, the third 

major exopolysaccharide produced during P. aeruginosa biofilm formation, is involved in the 

interaction of ConA with the biofilm matrix (Strathmann et al., 2002). Alginate is another anionic 

component of the biofilm and could therefore be a valid target for interaction with the positive 

nanoparticles. Using additional mutants such as ones capable of alginate overproduction or that 

are deficient, could help shed more light on this. Overall, no precise conclusion about a direct 

interaction between exopolysaccharides and the nanosensors can be drawn from the results 

and experiments involving polysaccharide mutants should be repeated and performed using a 

flow-cell model to enable consistent staining of the polysaccharides. 

Another negatively charged component of a biofilm that plays an important role in the formation 

of biofilms is eDNA. The cell-impermeable nucleic stain YOYO™-1, fluorescing in green and 

staining eDNA, was used in combination with red fluorescing, positively charged TAMRA 

nanoparticles to investigate an interaction. CLSM revealed co-localisation between eDNA and 

positive nanoparticles within both biofilm models, suggesting that the positive nanoparticles can 

stick to the negatively charged eDNA (Figure 3.13). In a study using 0.2 μm positively and 

negatively charged fluorescent polystyrene nanoparticles with Burkholderia cepacia it was 

shown that the addition of DNase to the biofilm enhanced the diffusion coefficient of the 
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positively charged nanoparticles, suggesting that there is an interaction between positively 

charged nanoparticles and the eDNA. This could further increase the “glue” effect and enhance 

biofilm formation (Messiaen et al., 2013). Since the polyacrylamide nanosensors used in our 

study penetrated biofilms so rapidly (within seconds to minutes), diffusion gradients would be 

challenging to measure. Instead, the eDNA deficient mutant PAO1 ∆tatA was used to determine 

if the positive nanosensors would still promote biofilm formation without or with only little 

eDNA being present. The amount of eDNA found in biofilms of PAO1 ∆tatA is highly reduced due 

to a mutation in the Sec-independent translocase protein TatA that is involved in the secretion 

of eDNA in PAO1 (Paul Williams, unpublished). Despite the lack of eDNA, biofilm formation of 

PAO1 ∆tatA was significantly enhanced, confirming that an interaction between the 

nanoparticles and the eDNA is not alone responsible for the biofilm promoting effect (Figure 

3.14). It is more likely that the enhanced biofilm formation is a result of a combination of 

components including the negative surface charge of bacteria, eDNA, and other factors that 

were beyond this study and will form part of future investigations. 
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3.4 Conclusion 

The selection of appropriate nanosensors, especially with regards to their charge, is crucial for 

the analysis of microbial biofilms. The nanosensors chosen for this work show distinct 

characteristics, including monodispersity, pH responsiveness, and interaction with biofilm 

components such as eDNA and the bacteria itself. Being able to increase the thickness of biofilms 

has beneficial implications. For example, the positively charged nanosensors could be employed 

in future studies to elucidate the mechanistic steps of biofilm formation by combining them with 

mutants defective in defined aspects of biofilm formation. On the other hand, neutral 

nanosensors could be the better choice to study biofilms that closely mimic the natural 

physiological or environmental conditions, as no structural change in biofilm formation 

behaviour was observed when they were applied to our models. 

Extrapolating from the influence of nanoparticle charge on biofilm formation, it is interesting to 

speculate that the charge of antimicrobials could influence the structure of biofilms. For 

example, antimicrobials with a positive charge could not only have biocidal effects such as 

benzalkonium chloride (Enomoto et al., 2007), but also interact with cells in a way that could 

enhance quorum sensing, biofilm formation, or dispersal (N. Li et al., 2018). It would follow that 

this might affect medical treatment or anti-biofouling regimens. 
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Chapter 4 Analysis of pH changes within 

planktonic cell cultures and biofilms of 

P. aeruginosa 

4.1 Introduction 

4.1.1 Background 

As already raised, it is important to characterise the environmental pH of microorganisms 

because it can influence many different physiochemical properties such as polymer-polymer, 

ion-polymer and macromolecule-polymer interactions (Hunter and Beveridge, 2005). pH 

gradients in biofilm infections together with other factors can lead to an increased degree of 

physiological heterogeneity, which is correlated with the susceptibility of bacterial cells to 

antibiotics and biocides and can lead to the development of drug resistance (Gilbert et al., 2002). 

The formation of chemical gradients (such as pH, redox potential, and ions) within the biofilm 

community can provide indications about microbial metabolism (Villaverde et al., 1997; Allan et 

al., 1999; Vroom et al., 1999; Williamson et al., 2012; Wan et al., 2018). One example of biofilm-

generated chemical gradients is dental caries, where the pH drops dramatically within a dental-

plaque biofilm while the pH within the saliva remains neutral. It has been reported that biofilms 

of plaque forming bacteria comprise of pH 5.6 to 6.5 whereas the pH of resting saliva is ca 6.7 

(Kleinberg, 1970; Moreno and Margolis, 1988). Whilst the biofilm matrix creates a diffusion-

limiting polymer matrix, which protects the biofilm-forming community, sugars are fermented 

within the matrix resulting in a highly acidic microenvironment (Vroom et al., 1999; Bowen and 

Koo, 2011; Horev et al., 2015). Dental biofilms can reach pH values of 4.5 and even lower, often 

after exposure to sucrose, starch and cariogenic food products (Firestone et al., 1987; Fejerskov 

et al., 1992; Lingström et al., 1993; Horev et al., 2015). The low pH results in acid-dissolution of 

tooth-enamel and eventually carious lesions (Vroom et al., 1999; Koo et al., 2013). 
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A range of different pH nanosensors has already been applied in biological research, for example 

in cancer research where it has been suggested that low oxygen concentration and low pH 

increase the potential of cancer metastasis and reduce the treatment prognosis for patients with 

advanced stage cancers (Höckel et al., 1993). Horev et al. reported a low pH responsive 

nanoparticle approach where nanoparticles destabilise by approaching the low pH niches in 

dental biofilm leading to a controlled disruption of the biofilm (Horev et al., 2015). Using this 

approach, a 4-fold enhanced disruption of Streptococcus mutans biofilms using the antibacterial 

drug farnesol loaded onto nanoparticles was achieved compared to application of free farnesol 

(Horev et al., 2015). Within microbiology, silica based nanosensors were used to analyse pH 

microenvironments in microbial biofilms of E. coli (Hidalgo et al., 2009). Hidalgo et al. could show 

local variation in pH from the neutral outside surface of the film to the acidic core. Nanosensors 

with a single fluorescent ratiometric pH-sensitive probe were used to reveal pH heterogeneity 

throughout a P. aeruginosa biofilm (Hunter and Beveridge, 2005). A slightly acidic biofilm 

environment was reported with a pH range between 5.6 within the biofilm and 7.0 in the bulk 

fluid (Hunter and Beveridge, 2005). More recently, Fulaz et al. reported the use of pH-sensitive 

nanosensors to detect pH gradients in biofilms, but did not extend their study to real time 

analysis of the environmental microniches under flow conditions (Fulaz et al., 2019). 

4.1.2 Aims of this chapter 

Having characterised the penetration and responsiveness of pH-sensitive ratiometric 

polyacrylamide nanosensors in a biofilm context in Chapter 3, the goal here was to determine 

whether the nanosensors afford the sensitivity and resolution to accurately measure 

physiological pH in biofilm microniches by addressing the following questions: 

• Are pH measurements of P. aeruginosa cultures comparable between the pH-sensitive 

nanosensors and devices available on the market? 

• Are the nanosensors pH-responsive to induced pH changes within biofilms? 

• Can pH changes be measured over time in planktonic growth experiments? 
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• Can pH changes within biofilms be tracked over time using a flow-cell model?  

• Are real-time pH gradients within microcolonies detectable using the nanosensors? 
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4.2 Results 

In this chapter, the fluorescent pH-sensitive polyacrylamide-based nanosensors that were 

introduced in Chapter 3 were used to investigate the pH microenvironments of P. aeruginosa 

liquid cultures and biofilms. The effects of various carbohydrates on the external pH of a culture 

was analysed. In addition, the use of nutrient flow and time-lapse imaging enabled real-time 

reporting of pH modulation within a biofilm to be monitored. Alternative dyes that could be 

used within our systems were furthermore investigated. 

4.2.1 pH-sensitive fluorescent nanosensor pH measurements are 

equivalent to those of commercially available devices, and are 

responsive to induced pH changes within biofilms 

Prior to further use of the nanosensors, they were compared to other devices available on the 

market. For this purpose, a needle-type pH microsensor NTH-HP5 (PreSens) was chosen, which 

is designed to measure the pH in small volumes. The microsensors are only responsive between 

pH 5.5 and 8.5 and cannot be easily applied to experiments where the pH should be measured 

continuously over time. Furthermore, although the needle is very small, there is still a chance to 

disrupt fragile structures such as biofilms. 

The pH of M9 glucose (M9G, initially at a pH of ~6.5) incubated in falcon tubes (Greiner Bio-One, 

50 mL) without bacteria was measured at the beginning (0 hours), after 10 h and after 26 h using 

the nanosensors and the microsensor at room temperature (Figure 4.1). The nanosensors and 

microsensor were calibrated at the beginning of the experiment using pH buffers.  
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Figure 4.1: Microsensors and nanosensors determine the same pH of a liquid sample over time. Falcon 

tubes were used to incubate 5 mL of M9G at 37°C and 200 rpm in triplicates with positively charged 

polyacrylamide nanosensors at a concentration of 1 mg mL-1. After 0 h, 10 h and 26 h, 200 µL of each tube 

were transferred into a black 96-well plate and the pH was measured using a microsensor (PreSens) before 

the fluorescence intensity of the nanosensors was measured using a Tecan plate reader (both at room 

temperature). pH calibration of the nanosensors was performed using pH buffers in a 96-well plate at 

room temperature. n = 3, with ns = not significant (non-parametric Mann-Whitney test). 

The first pH measurement at the beginning of the experiment was slightly different between the 

nanosensors (pH 5.9) and the microsensor (pH 6.3). However, this was not statistically significant 

using a non-parametric Mann-Whitney test. No differences were detected after 10 h (pH 6.8 and 

6.9) and 26 h (pH 6.8 and 6.9). 

To confirm the responsiveness of the nanosensors to their pH environment, biofilms of PAO1-N 

were grown statically with positively charged nanosensors (2.18.1) and treated with 100 µL of 

3% (v/v) acetic acid, pH ~2.4. The biofilms were imaged before and after the treatment to 

identify pH changes caused by the acetic acid at room temperature (Figure 4.2). The 

nanosensors calibration was performed under the same conditions at room temperature. 
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Figure 4.2: pH-sensitive fluorescent polyacrylamide nanosensor respond to induced pH changes within 

their environment. PAO1-N was inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in 

M9G containing 1 mg mL-1 positive nanosensors. The cells were incubated at 37°C under static conditions 

for 48 h. (a) Cells were stained with CellMaskTM (magenta) and nanosensor channels are presented for 

OG-FAM (green, pH-sensitive) and TAMRA (red, reference). Z-stack images were taken with a Zeiss CLSM 

using a 40x objective before the treatment (left) and 30 min after the treatment with 3% (v/v) acetic acid 

(right). Top images represent 3D top view, bottom images 3D side view of biofilms. (b) Maximum Z-

projection of OG-FAM/TAMRA overlay before the treatment (left) and after the treatment (right). (c) 

Calibration curve of nanosensors using pH buffers. The linear part (pH 4.0 to 7.0) was taken to calculate 

the linear regression (red) for the pH determination of the biofilm. (d) Calculated pH of the biofilms before 

and after the treatment with 3% (v/v) acetic acid. Error bars represent standard error measured for 

different biofilm images, where n = 2, with ns = not significant (non-parametric Mann-Whitney test). 

Imaging and calibration of nanosensors was performed at room temperature. 

The biofilms showed a pH of 5.5 before the treatment with 3% (v/v) acetic acid, which lowered 

the pH down to 3.3 after 30 min (Figure 4.2d). Although the difference was not statistically 

significant based on a non-parametric Mann-Whitney test (likely because of the low number of 

replicates for this measurement), the trend was apparent. This pH-drop was also observed in 

the images, where the fluorescence intensity of the pH-sensitive dyes OG and FAM decreased 

massively after the addition of the acid, indicating a pH reduction (Figure 4.2a). Because the 

fluorescence intensity of the red dye (TAMRA) is constant at any pH whereas the fluorescence 

intensity of the green dyes (OG and FAM) decreases with pH, overlay images appear red, yellow 
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or green depending on the pH. Almost no green fluorescence was detected after 30 min, 

resulting in a red coloured maximum Z-projection of the overlay channels as opposed to a yellow 

colour before the addition (Figure 4.2b).  

4.2.2 The addition of glucose reduces the pH of the growth medium when 

added to planktonic PAO1-N 

After testing of different carbon sources for the growth of PAO1-N, glucose and succinate were 

used for a growth measurement together with a pH determination over 18 h using positively 

charged polyacrylamide nanosensors (Figure 4.3). The growth and the pH were determined 

using a Tecan plate reader (2.16.10 and 2.16.11). Both carbon sources showed a reasonable 

growth in preliminary experiments. Additionally, M9S medium has a lower initial pH (~5.5) 

compared to M9G (~6.5) making the two carbon sources ideal for a pH comparison. For the pH 

determination, pH buffers ranging from pH 2.5 to pH 8.0 were used to perform the calibration 

of the nanosensors for each individual time point.  
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Figure 4.3: The pH of M9S during planktonic growth of PAO1-N increases over time whereas the pH of 

M9G slightly decreases. PAO1-N was inoculated into a black 96-well plate at an OD600 of 0.05 in M9G or 

M9S containing 1 mg mL-1 positive nanosensors. The OD600 and fluorescence intensity was measured 

automatically every 15 min at 37°C. Nanosensor calibration was performed using a range of pH buffers. 

No path length correction was applied. Error bars represent standard error, where n = 3x4. (a) OD600 is 

shown on a log scale against time. (b) pH is shown against time. 

The growth of PAO1-N in M9S and M9G was comparable at the beginning but was enhanced for 

M9S after 6 h. The final OD600 was higher for bacteria grown in M9S than in M9G. 

The calculated pH of the succinate samples with and without bacteria at the beginning of the 

measurement was around pH 5.5 and was therefore much lower than the pH from the glucose 

samples, which was around pH 6.5. The pH of the M9G with PAO1-N showed a slight decrease 

over time, reaching pH 5.7 after 18 h. However, the control with M9G medium alone also 

showed a slight decrease in the pH over time. In contrast, the pH of M9S containing PAO1-N 

increased over the first 12 h from pH 5.5 to 6.3, whereas the control without bacteria shows a 

slight decrease from pH 5.5 to 5.2.  
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Next, the response of starved planktonic P. aeruginosa to the introduction of a fermentable 

carbon source (glucose) versus a non-fermentable carbon source (lactose) was analysed, with 

the aim of detecting any pH changes in the medium as an indirect measurement of the 

fermentation of a carbon source (Figure 4.4). The carbon sources were added to planktonic 

PAO1-N cells and the pH was observed over 30 min using a fluorescence microscope (2.16.12). 

For the pH determination, pH buffers ranging from pH 2.5 to pH 8.0 were used to perform the 

calibration of the nanosensors. 

                           

Figure 4.4: Fermentation of glucose but not lactose or saline by PAO1-N visualised with pH-sensitive 

nanosensors. Positively charged pH-sensitive nanosensors at a concentration of 1 mg mL-1 were added to 

planktonic PAO1-N grown overnight and normalized to an OD600 of 1. Time-lapse images were taken with 

a Nikon widefield fluorescent microscope every 5 min at room temperature. (a) Representative 

fluorescence images of cells in saline before the addition of either glucose, lactose, or saline to a final 

concentration of 1% (v/v) (top panel) or after 30 minutes (bottom panel). An overlay image of the 

fluorescence channels for green (OG-FAM) and red (TAMRA) is shown. (b) The pH of each condition at the 

indicated time points was calculated and plotted against the time of addition. Controls without cells are 

included. Error bars represent standard error measured for different images, where n = 2. 

Fluorescence microscopy revealed that the control with saline remained unchanged throughout 

the experiment. This was also the case following the introduction of the non-fermentable 

lactose, which resulted in a very slight decrease of the pH during the first 5 min before being 
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constant during the following 25 min period. In contrast, during the same period, the addition 

of glucose to the starved cells led to a reduction in pH from pH 5.2 to ~pH 4.4.  

4.2.3 pH changes can be observed during biofilm formation in a flow-cell 

system at a microcolony level using polyacrylamide nanosensors 

and time-lapse imaging 

Time-lapse imaging together with the nanosensor technology was used to investigate pH 

changes during biofilm formation of PAO1-N over time in a BioFlux flow-cell system. Images 

were taken every 15 min for 16 h using a Nikon widefield (2.18.2). A red region of interest 

indicates a low pH, due to diminishing signal from OG and FAM under acidic conditions, whereas 

green to orange indicate relatively higher pH values, due to an increase in fluorescence from OG 

and FAM (Figure 4.5). 
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Figure 4.5: A streamer of acidic pH is evident in the downstream flow of PAO1-N biofilm microcolonies. 

PAO1-N was inoculated into a 48-well BioFlux flow-cell plate at an OD600 of 0.05 in M9S containing 

5 mg mL-1 positively charged polyacrylamide nanosensors. The cells were incubated at 37°C under flow 

conditions (0.2 dyn cm-2) for 16 h. (a) Time-lapse imaging of a PAO1-N biofilm grown in a BioFlux flow-cell 

after 7 h (start of microcolony formation), 10 h, 13 h and 16 h. Images were taken using a fluorescence 

Nikon widefield microscope. Red streaks being released downstream by the microcolonies into the 

medium after 13 h of growth are indicated by the white arrows. Scale bars represent 50 µm. 

(b) Fluorescence intensity of OG-FAM and TAMRA was measured using widefield images in ImageJ and 

the ratio is plotted against the time of incubation starting after 7 h when microcolony formation occurred. 

Error bars represent standard error measured for different areas of the images, where n = 6. 

During the first couple of hours as microcolony formation starts, the pH increased slightly as 

observed by a colour shift from a more orange colour (lower pH) towards a more greenish colour 
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(higher pH) (Figure 4.5a). Once the microcolonies started to form after 10 h, the colour around 

the microcolonies changed to red indicating an acidification during the microcolony formation. 

Red streaks could be observed after 13 h coming from the microcolonies and being taken away 

by the flow. Subsequently, the colour continued changing towards red until the whole biofilm 

was acidified. This observation was confirmed by analysing the fluorescence intensity of the 

green channel (pH-sensitive dyes) and red channel (reference dye) within specific regions using 

ImageJ (Figure 4.5b). Over the first hours when microcolonies started to form, the fluorescence 

intensity ratio of OG-FAM and TAMRA increased slightly from 1.5 to 1.6, indicating a pH increase. 

The fluorescence intensity around the microcolonies starts to decrease after 10 h before the 

intensity of the medium declines. After 16 h of biofilm growth, the fluorescence intensity ratio 

around the microcolonies as well as within the medium reaches 1.25, indicating an acidification 

of the whole biofilm. 

In addition to time-lapse imaging, CLSM was used to look at the pH variation of single 

microcolonies of a PAO1-N biofilm grown within a BioFlux flow-cell after an incubation time of 

14 h. The biofilm was imaged in 1 µm steps up to 25 µm (Figure 4.6).  
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Figure 4.6: PAO1-N microcolonies in flow biofilms have an acidic centre. PAO1-N was inoculated into a 

48-well BioFlux flow-cell plate at an OD600 of 0.05 in M9S containing 5 mg mL-1 positively charged 

polyacrylamide nanosensors. The cells were incubated at 37°C under flow conditions (0.2 dyn cm-2) for 

14 h. (a) Confocal 3D Z-stack image (top view) of a single microcolony. (b) and (c) MatLab analysis of 

confocal images shows a lower pH of 3.5 – 4.5 within the core of microcolonies and a higher pH of 6.0 – 

7.0 at the outer parts. Images represent 3D rendering of the biofilm Z-stack (b) and individual pH maps at 

the bottom of the biofilm (0 µm) and 5 µm, 10 µm, 15 µm and 20 µm from the bottom into the biofilm 

(c). Scale bars represent 10 µm. pH measurement and calibration was performed at room temperature. 

The 3D Z-stack shows a colour change from orange within the core of the microcolonies towards 

yellow at the outer parts (Figure 4.6a). After calibration of the nanosensors using pH buffers 

ranging from pH 3 to 8, pH maps and a 3D rendering of the Z-stack of the biofilm were generated 

using the software MatLab (Figure 4.6b and c). The values of the pH maps correlate with the 

observations from the 3D Z-stack showing a low pH within the microcolonies (~pH 3.5 – 4.5) and 

a more neutral pH towards the outside (~pH 6.0 – 7.0). 

4.2.4 Examination of the pH independent dye rhodamine B as alternative 

to TAMRA 

The pH-independent dye TAMRA used with our nanosensors showed a slight decrease in 

fluorescence intensity over time in some cases. Therefore, Rhodamine Red™-X (Rho, Thermo 
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Fisher Scientific), another pH-independent red fluorescence dye was investigated as an 

alternative to TAMRA. Nanosensors consisting of OG-FAM and Rho were prepared according to 

the protocol (2.5) and characterised as presented in Table 4.1. 

Table 4.1: Size, PDI and ζ-potential of polyacrylamide nanosensors using Rhodamine Red™-X. PDI 

polydispersity index 

Polyacrylamide nanosensors Size (nm) PDI ζ-potential (mV) 

positive OG-FAM and Rho 66.9 0.216 12.86 

 

The size of the Rho nanosensors (66.9 nm) was slightly larger compared to the TAMRA 

nanosensors (~40 nm), whereas the ζ-potential was slightly lower with 12.86 mV compared to 

~18 mV.  

Subsequently, both kinds of nanosensors (TAMRA and Rho) were used to measure the 

fluorescence intensity over time in a range of pH buffers with a Tecan plate reader (Figure 4.7).  
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Figure 4.7: Fluorescence intensity of Rhodamine Red™-X stays constant over time when present in a 

range of pH buffers. OG-FAM with TAMRA nanosensors (left) or OG-FAM with Rho (right) were suspended 

in pH buffers ranging from pH 4 to pH 6.5 at a concentration of 1 mg mL-1. A black 96-well plate was used 

with 200 µL of each buffer condition to measure the fluorescence intensity of OG-FAM and 

TAMRA/rhodamine every 15 min for 18 h at 37°C. (a) Fluorescence intensity of OG-FAM (488 nm/520 nm, 

green) shown against time. (b) Fluorescence intensity of TAMRA (540 nm/580 nm) and rhodamine 

(560 nm/580 nm, red) shown against time.  

The fluorescence intensity of OG-FAM was constant over the whole period for both 

nanosensors, with a slightly lower overall intenstiy of the Rho nanosensors. The TAMRA 

fluorescence intensity decreased slightly over time from 30000 RFU at the beginning to 

~20000 RFU after 18 h. In contrast, the fluorescence intensity of Rho was unaltered over the 

whole period with some small fluctuations between time points. 
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4.3 Discussion 

This chapter has shown that pH-sensitive polyacrylamide nanosensors report on pH modulation 

during planktonic growth of the chosen model bacterium, P. aeruginosa. Furthermore, once 

nanosensors have been integrated into biofilms, they are capable of real-time pH quantification 

in static model systems at high temporal, spatial and measurement resolution. This chapter also 

includes time-lapse imaging that reveals acidification downstream of microcolonies as well as 

an acidic core in a flow biofilm model of P. aeruginosa. 

4.3.1 Polyacrylamide nanosensors are pH responsive in planktonic and 

biofilm studies 

pH-sensitive microsensors (PreSens) were used to investigate the comparability of our 

nanosensors with commercially available products. The pH of liquid medium was measured at 

three different time points using both methods (Figure 4.1). At the beginning (0 h), a slight 

discrepancy was observed between microsensor (pH 6.3) and nanosensors (pH 5.9). However, 

after the first measurement, the pH of the samples increased for both measurement types to 

pH 6.8 (microsensor) and 6.9 (nanosensors), respectively, where it stayed constant. The 

differences between both methods at the first time point as well as the pH increase could be a 

result of the temperature rise from room temperature at the beginning to 37°C during the rest 

of the experiment. Overall, it was shown that the nanosensors deliver a pH measurement that 

is equivalent to that of devices on the market. The nanosensors could even be considered 

superior; for example, due to their pH-sensitivity within the whole physiological range (pH 3.5-

8.0) compared to the microsensors, that are only responsive between pH 5.5 and 8.5. Another 

advantage is the applicability of the nanosensors for real time experiments over time, as they 

can easily be added to the planktonic cells or biofilms enabling pH measurements without 

disrupting the experiment. 
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The pH responsiveness of the nanosensors within matured biofilms was confirmed by CLSM. 

Biofilms of P. aeruginosa with nanosensors incorporated were imaged before and after 

treatment with 3% (v/v) acetic acid (Figure 4.2). Fluorescence measurements showed rapid 

response of the nanosensors to the addition of the acid, detectable by a drop in fluorescence 

intensity of OG and FAM (Figure 4.2). Using pH buffers, the nanosensors were calibrated and the 

pH was calculated, showing a drop from pH 5.5 before the treatment to pH 3.3 after 30 min, 

confirming the suitability of the nanosensors to measure pH changes within biofilms. 

Furthermore, by utilising the biological system of P. aeruginosa, where carbohydrate 

supplementation can induce a pH response, the effectiveness of the pH-sensitive polyacrylamide 

nanosensors as a real-time tool to accurately determine pH changes in extracellular media was 

illustrated. Firstly, the effect of different carbon sources on the pH during the growth was 

examined using the pH-sensitive polyacrylamide nanosensors in planktonic cultures of PAO1-N 

(Figure 4.3). Glucose and succinate were chosen as carbon sources for this experiment as both 

carbon sources are well-established as growth supplements for bacterial culture (Miller and Ku, 

1978; Kirner et al., 1996; Frimmersdorf et al., 2010). A preferred growth with succinate 

compared to glucose was observed in this study and has been described previously (Tiwari and 

Campbell, 1869; Ng and Dawes, 1973; Frimmersdorf et al., 2010). Glucose is a less preferred 

carbon source of P. aeruginosa because the Entner-Doudoroff pathway is less efficient than the 

tricarboxylic acid (TCA) cycle, and is controlled by catabolite repression (Entner and Doudoroff, 

1952; Suh et al., 2002; Silo-Suh et al., 2005). Catabolite repression facilitates catabolism of 

substrates in an ordered way, where short-chain fatty acids, amino acids, polyamines, and C4-

dicarboxylates such as succinate are amongst the preferred carbon und nitrogen sources 

(Stanier et al., 1966; Lessie and Neidhardt, 1967; Tricot et al., 1994; Valentini and Lapouge, 

2013). Although less preferred, sugars such as glucose can also be efficiently metabolised and 

are commonly found in the environment. Furthermore, succinate is known to alkalinise the 

medium during growth what makes it a suitable carbon source for this pH assay (Terpe et al., 
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1999). The results presented in this study confirm those findings. After an initial pH of 5.5 for 

M9S, the pH increased up to 6.3. Metabolome analysis could be used to determine whether the 

pH increases due to the uptake and consumption of the succinic acid during the TCA cycle or 

because of the subsequent production of alkaline metabolites that are released to the medium. 

For some bacteria, acidification of the medium during growth has been reported using glucose 

as sole carbon source (Marty-Teysset et al., 1996). This behaviour was also observed in this study 

for M9G but only with a slight pH decrease instead of a rapid acidification described by Marty-

Teysset et al. However, Sánchez-Clemente et al. did not observe any pH changes during growth 

experiments of Pseudomonas putida when glucose was used as sole carbon source (Sánchez-

Clemente et al., 2018). 

In a following experiment, starved PAO1-N cells were used to investigate pH changes over a 

short time period (30 min) as a result of fermentation of different carbon sources (Figure 4.4). 

With the addition of the simple monosaccharide glucose, a rapid reduction in the pH was 

observed, as Pseudomonas is capable of metabolising glucose via three different pathways to 

produce 6-phosphogluconate (6PG, Figure 4.8): After glucose has entered the periplasm via 

outer membrane porins, (i) the glucose can be transported to the cytoplasm, where it is 

phosphorylated via a glucokinase before the resulting glucose-6-phosphate is converted to 6PG; 

or the glucose can be oxidised to gluconate within the periplasm, which (ii) can be transported 

into the cytoplasm where it gets phosphorylated to 6PG; or (iii) oxidised to 2-ketogluconate, 

which is subsequently transported to the cytoplasm and reduced to 6PG (Whiting et al., 1976; 

del Castillo and Ramos, 2007; del Castillo et al., 2007; del Castillo et al., 2008; Daddaoua et al., 

2009). The 6PG is subsequently fed into the Entner-Doudoroff pathway and metabolised into 

glyceraldehyde 3-phosphate and pyruvate (Entner and Doudoroff, 1952; Fuhrer et al., 2005). 

Glyceraldehyde 3-phosphate is further metabolised, while pyruvate is either decarboxylated to 

acetyl-CoA and enters the TCA cycle, where it eventually gets metabolised into succinate, or is 

converted into organic acids such as lactate or formate (Daddaoua et al., 2009). The 
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fermentation of pyruvate gets especially important for P. aeruginosa under oxygen limiting 

conditions, where it can achieve anaerobic growth by substrate-level phosphorylation, for 

example during lung infections in cystic fibrosis patients, where the diffusion of oxygen is limited 

by thick layers of mucus.  

 

Figure 4.8: Glucose and succinate metabolism pathways in P. aeruginosa. Glk = glucokinase, Zwf = 

glucose-6-phosphate dehydrogenase, Pgl = 6-phosphogluconolactonase, Edd = 6-phosphogluconate 

dehydratase, Gcd = glucose dehydrogenase, Gad = gluconate oxidase, KguK = 2-ketogluconate kinase, 

KguD = 2-ketogluconate-6-phosphate dehydrogenase, GnuK = gluconate kinase, TCA = Tricarboxylic Acid 

Cycle. 

The activation of the glycolysis due to the glucose addition could result in enhanced production 

of gluconate and 2-ketogluconate within the periplasm (pathways (i) and (ii)), which could in 

turn lead to the secretion of excess acid and subsequent acidification of the extracellular 

medium. Another possibility is the increased production of organic acids as result of enhanced 

glucose metabolism. Solé et al. reported a rapid extracellular acidification of starved Serratia 

marcescens cells induced by glucose addition (Solé et al., 2000). The feeding of the cells with 
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glucose led to the production of lactic, acetic, citric, and pyruvic acid, which could also have 

occurred in this study. However, Solé et al. reported no increased concentrations of organic 

acids or a pH drop using P. aeruginosa under shaking conditions.  

In contrast, with the addition of lactose, the external pH was unchanged throughout the 

experiment with only a very slight drop during the first 5 min. This was a result of lactose being 

non-fermentative by P. aeruginosa due to the lack of β-galactosidase activity (Drahos et al., 

1986; Iglewski, 1996). Genetic modifications would be needed to introduce lacY and lacZ from 

E. coli, which encode β-galactosidase and lactose permease, to produce a strain that can grow 

in M9 lactose (Drahos et al., 1986; Koch et al., 1988).  

In addition to planktonic pH changes, this study has shown for the first time that pH-sensitive 

polyacrylamide nanosensors can be used to visualise pH changes over time during biofilm 

formation of PAO1-N within a BioFlux flow-cell system at a microcolony level (Figure 4.5). At the 

beginning of the biofilm formation, the pH increased very slightly while the bacteria start to 

adapt to the environment, as previously reported. After 10 h, acidification of the biofilm was 

observed during microcolony formation and subsequently while the biofilm continued to form. 

The acidic streaks that were released by the microcolonies could be exoproducts from the 

bacteria, produced during metabolism (Hidalgo et al., 2009). Another possibility is that acidic 

molecules are released by the cells to help form the biofilms. These molecules could for example 

be eDNA or exopolysaccharides (Wilton et al., 2016). Furthermore, the EPS could serve as an 

energy reserve, where enzymatic degradation of glucans and fructans take place to release 

monosaccharides that could in turn lead to the production of acidic by-products (Costa Oliveira 

et al., 2017). The importance of the EPS for the acidification of biofilms was shown by using EPS-

degrading dextranase, which led to neutralisation of the biofilms (Hwang et al., 2016). It could 

also be that the cells are actively lowering the pH when biofilm formation is initiated, to facilitate 

the process, for example to enable better attachment or to increase the pH-dependent turn-

over and release of QS molecules like AHLs (Yates et al., 2002). Furthermore, it was shown that 
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acidic pH promotes the P. aeruginosa antibiotic resistance phenotype and can be attained by 

the accumulation of eDNA in biofilms (Wilton et al., 2016). Therefore, acidification of the biofilm 

can act as a protection of the bacteria against antibiotic treatment, suggesting that 

neutralisation of the environmental pH could help to combat biofilm related infections. 

Following the pH changes observed over time within the whole biofilm, pH variation was also 

detected within single microcolonies, showing a more acidic environment within the core of the 

microcolonies (pH 3.5 - 4.5) and a more neutral pH at the outside edge of the colonies 

(pH 6.0 - 7.0) (Figure 4.6). Similar observations have been reported for biofilms of P. fluorescens 

and E. coli with pH gradients ranging from pH 5 to 7 (Hidalgo et al., 2009; Fulaz et al., 2019). 

However, these biofilms were grown under static conditions as opposed to flow-cell systems. 

The acidic cores could result from the production and release of acidic metabolites during 

growth and biofilm formation. These acidic metabolites are likely to accumulate within the EPS 

of the biofilm due to reduced diffusion rates. Furthermore, oxygen will likely be depleted within 

the core and no fresh oxygen would reach the inner part of the microcolonies resulting in 

fermentation processes of the cells, which would then lead to the production of acidic products, 

reducing the pH (Allan et al., 1999; Hidalgo et al., 2009).  

4.3.2 Alternative pH-independent dyes to replace TAMRA 

During long-term experiments, a slight decrease in fluorescence intensity was observed for the 

pH-insensitive fluorophore TAMRA (Figure 4.7). Rhodamine dyes are among the most 

photostable fluorescence reagents that are currently available (Thermo Fisher Scientific, 2010a). 

Furthermore, most of these rhodamine dyes are insensitive to pH changes between pH 4 and 10 

as opposed to fluoresceins that are used for many biological applications. 

Tetramethylrhodamine (TMR) dyes such as the carboxylic acid of TMR, 

carboxytetramethylrhodamine (TAMRA), are relatively hydrophobic compared to their 

fluorescein counterparts carboxyfluorescein (FAM) and fluorescein isothiocyanate (FITC) 

(Thermo Fisher Scientific, 2010a). Consequently, these dyes tend to aggregate in aqueous 
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solutions when the labelling density is sufficient to permit dye-dye interactions. These 

interactions can subsequently lead to self-quenching, reducing the fluorescence output of the 

conjugate, which could explain the slight decrease of TAMRA fluorescence intensity observed in 

some experiments. Rhodamine Red™-X was chosen as alternative to TAMRA, where the X refers 

to the fluorophore’s extra julolidine ring, which prevents rotation about the nitrogen atoms, 

resulting in a shifting in the fluorophore’s spectra to longer wavelength and usually an increase 

in its fluorescence quantum yield (Thermo Fisher Scientific, 2010a). Therefore, conjugates of 

Rhodamine RedTM-X are generally more fluorescent than those of LissamineTM Rhodamine B and 

the succinimidyl ester is more stable in water. Nanosensors consisting of rhodamine instead of 

TAMRA were slightly larger (66.9 nm compared to 40 nm) and showed a slightly lower ζ-

potential (12.86 mV compared to 18 mV), but the differences were considered negligible. 

Preliminary experiments comparing both nanosensors showed no loss in fluorescence signal for 

rhodamine over the whole period of the experiment independent on the pH of the buffers, 

confirming rhodamine as appropriate alternative to TAMRA (Figure 4.7). Other options include 

the Alexa Fluor® dyes, that show less dye-dye interactions and self-quenching than TAMRA and 

are more polar and water-soluble (Thermo Fisher Scientific, 2010a). Other nanosensors that 

have been used in recent research furthermore include trisodium 8-hydroxypyrene-1,3,6-

trisulfonate (HPTS), rhodamine B isothiocyanate (RITC), or Cy5 as reference dyes. 
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4.4 Conclusion 

The nanosensors were shown to provide flexibility as a screening tool to measure pH changes in 

high throughput fluorescence assays. Additionally, the nanosensors can be used as a more 

focused tool, to track changes in the pH microenvironment of established biofilms over time, 

and to map 3D pH microenvironments as highlighted by the flow-cell analysis. 

Future work will further explore the molecular mechanisms underpinning the detected 

acidification of the biofilms and microcolony centres. For example, different fluorophores could 

be used to stain eDNA or EPS components (see Chapter 3) to investigate whether either 

correlates with the acidic streaks observed. Furthermore, adding or changing dyes in the 

nanosensors could enable more powerful tools to be developed for monitoring broader 

environmental microniche changes within biofilms in real-time and at high resolution. In 

addition to pH, the nanosensors could be altered to measure oxygen, redox potential, or ion 

concentrations such as Ca2+ and Mg2+ at the same time.  
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Chapter 5 Isolation and characterisation of 

bacteria from washing machines with a focus 

on P. aeruginosa 

5.1 Introduction 

5.1.1 Background 

 Recent studies about biofilm formation within washing machines indicated that an increase in 

infection rates is associated with less effective laundry processes, such as using lower 

temperatures, less bleach, or using communal laundry, which enables pathogen transfer 

(Bloomfield et al., 2011). It has been reported that bacteria isolated from WMs show a higher 

tolerance to chemical detergents and antimicrobials in comparison to control strains (Gattlen et 

al., 2010; Gattlen et al., 2011). One example is the elevated frequency of β-lactamase genes 

present in WM isolates that pose a potential risk for cross-contamination and horizontal gene 

transfer of genes encoding resistance against clinically important β-lactam antibiotics (Rehberg 

et al., 2017). Additionally, the constant challenge of microorganisms by a gradient of biocide 

concentration at a subinhibitory level in domestic, health-care, and industrial growth 

environments can lead to enhanced biocide tolerance (Mc Cay et al., 2010). The biocide 

benzalkonium chloride (BKC) was detected across diverse environments at concentrations of 

1.9 µg L-1 in surface water, 170 µg L-1 in wastewater influent and up to 6.03 mg L-1 in hospital 

water (Kim et al., 2018). BKC is a widely used cationic surfactant in disinfectants including 

cleaning products and belongs to the quaternary ammonium compounds (QACs) used as 

bactericide (Bajpai and Tyagi, 2007; Bridier et al., 2011b). The chemical structure of BKC can be 

found in Figure 5.1. 
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Figure 5.1: Chemical structure of BKC. 

Disinfectants have a broad spectrum of antimicrobial activity and act on several targets as 

opposed to most antibiotics (Bridier et al., 2011a). BKC is a membrane-active compound and is 

therefore considered to be less effective against Gram-negative bacteria due to the presence of 

the outer membrane that can limit the uptake of antibacterial agents (Murtough et al., 2001; 

Bridier et al., 2011a). The biocidal activity of BKC against microbial, algal, fungal, and viral 

organisms is based on the following five modes of action collated by Kim et al. (2018): (i) 

adsorption and penetration of the BKC into the cell wall, (ii) interaction with the cytoplasmic 

membrane (lipid or protein) followed by membrane disorganisation, (iii) leakage of intracellular 

low-molecular-weight material, (iv) degradation of proteins and nucleic acids, and (v) cell wall 

lysis by activity of autolytic enzymes (Salton, 1968; McDonnell and Russell, 1999; Kim et al., 

2018). Increased concern has emerged that BKC released into the environment via laundry 

products can lead to antimicrobial resistance and hence increased infection risks (Russell, 1998; 

Price et al., 2002; Russell, 2002; Langsrud et al., 2003; Karatzas et al., 2007; McMahon et al., 

2007; Mc Cay et al., 2010; Kim et al., 2018). Strains exhibiting an increased tolerance to BKC 

were also identified showing a co-resistance to other QACs, including the membrane-active 

disinfectants cetylpyridinium chloride and cetrimide as well as the antibiotics chloramphenicol 

and polymyxin B (Adair et al., 1969; Loughlin et al., 2002; Kim et al., 2018). Further studies 

confirm the hypothesis of decreased susceptibilities to selected antibiotics as a result of 

exposure to biocides (Moken et al., 1997; Akimitsu et al., 1999; Price et al., 2002; Karatzas et al., 

2007; McMahon et al., 2007). 
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5.1.2 Aims of this chapter 

The aim of this chapter was to isolate, identify, and characterise bacteria from household WMs. 

Phenotypic analysis and whole genome sequencing of selected strains was used to answer the 

following questions: 

• Can bacteria be isolated from household WMs and is P. aeruginosa amongst them? 

• How do the phenotypes of WM isolates differ from the lab strain PAO1-N? 

• Are WM isolates different in their susceptibility to antimicrobials? 

• Do WM isolates show altered biofilm formation compared to PAO1-N? 

• Can differences in the pH microenvironments of biofilms be detected? 

• Can differences be identified between the genomes of the isolated strains compared to 

the lab strain? 
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5.2 Results 

In this chapter, the bacterial colonisation of 19 different domestic WMs was investigated with a 

focus on the model organism P. aeruginosa and close relatives. Isolates were phenotypically 

analysed using diverse microbiological assays. Special attention was paid to attachment abilities 

and biofilm formation of the strains as well as the tolerance to the biocide BKC. In addition, 

whole genome sequencing was performed on selected strains to examine genotypic differences 

that can help to explain the observed phenotypic differences. 

5.2.1 Various bacterial species were isolated and identified from different 

sections of household washing machines 

Throughout the whole study, 19 different household WMs were sampled to investigate the 

presence of bacteria and to specifically identify P. aeruginosa species. Three of the WMs were 

resampled again after six weeks, leading to a total of 22 samplings (subsequently referred to as 

22 WMs, which includes the three resampled WMs). For each WM, samples were taken from 

three different sites that all came into contact with water: the detergent drawer, the rubber seal 

and the metal drum. The swabbing was performed using sterile plastic loops and samples were 

directly streaked onto LB agar plates for initial cultivation without selection. Bacterial growth 

was observed for all WMs and all three sites with the exception that not all WMs had growth for 

the drum and most bacteria were grown from the drawer. In total, 413 single colonies of 

different morphology were picked and subcultured onto Pseudomonas Isolation Agar (PIA) to 

preliminary screen for Pseudomonas species, covering all WMs and all sites where possible. 

Most bacteria could be isolated from the drawer (45.28%, 187 colonies), followed by the seal 

(31.72%, 131 colonies) and the drum (23.00%, 95). From all 413 colonies, 265 colonies were able 

to grow on PIA under aerobic conditions and at 37°C, which is 64.16% of the selected isolated 

colonies, still covering all three sites and all WMs, with most isolates coming from the drawer 

(53.21%) (Figure 5.2).  
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Figure 5.2: Distribution of bacterial samples isolated from different sites of 22 household washing 

machines. Drawer = green, Seal = purple, Drum = blue. (a) Initial sampling from WMs onto LB agar, where 

a total of 413 colonies were picked from all three sites and grown on LB agar. (b) 413 selected single 

colonies were subcultured onto PIA, resulting in 265 colonies from all three sites to grow. 

To further narrow down the number of potential P. aeruginosa isolates, oxidase, catalase, and 

Gram-staining was performed on 115 selected strains (Figure 5.3). The strains were selected to 

cover all WMs and sites and colonies with different morphologies were included. 

 

Figure 5.3: Phenotypic distribution of strains used for P. aeruginosa identification by three assays. 

(a) Oxidase assay showing the number of oxidase positive (green) or negative (purple) strains. (b) Catalase 

assay showing the number of catalase positive (green), negative (purple) or undefined (blue) strains. 

(c) Gram-staining, showing the number of Gram-negative bacilli (green), Gram-positive cocci (purple), 

Gram-negative cocci (light blue), Gram-positive bacilli (dark blue) or undefined (grey) strains. 

Again, all three sites and all sampled WMs were included, where 62 strains were oxidase positive 

(53.91%), 90 strains were catalase positive (78.26%) and 80 strains were Gram-negative 

(69.57%). The Gram-staining revealed some diversity including Gram-positive cocci (15, 13.04%), 
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but also Gram-negative coccibacilli (15, 13.04%) and Gram-positive bacilli (2, 1.74%). Three 

strains could not be identified.  

Overall, 43 Gram-negative bacilli strains from 15 different WMs (including all three reswabbed 

WMs) showed both oxidase and catalase activity, which matches the phenotype of 

P. aeruginosa. These 43 strains were taken forward for a conclusive identification (Figure 5.4).  

 

Figure 5.4: Distribution of P. aeruginosa strains isolated from different washing machines and sites. 

(a) Number of strains showing a positive (green) or negative (purple) result for 16S rRNA PCR using 

P. aeruginosa specific primer. (b) Distribution of strains identified by MALDI-TOF MS including 

P. aeruginosa (green) and 7 other strains (purple). (c) Final distribution of WM sites from which confirmed 

P. aeruginosa were isolated.  

Genomic DNA extraction was preformed to enable strain identification by PCR. DNA 

amplification was conducted using 16S rRNA primers specific for P. aeruginosa (see Table 2.6), 

which was positive for 35 of the strains (81.40%). To confirm correct identification, 32 strains 

were sent for matrix-assisted laser desorption/ionization (MALDI) coupled with time of flight 

mass spectrometry (TOF MS). During the MALDI-TOF MS process, intact cells can be used to 

identify the strain type based on their peptide mass fingerprint (PMF), mainly represented by 

ribosomal proteins and a few housekeeping proteins. However, identification can only be 

successful if the database already contains the peptide mass fingerprint of the specific strain. 

Out of the 32 strains, 25 were confirmed as P. aeruginosa (78.13%) and 5 as other species, 

including Pseudomonas stutzeri (2), Pseudomonas alcaliphila (1), Pseudomonas nitroreducens 
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(1), Micrococcus luteus (1), and Se. marcescens (1). Only one strain could not be identified. The 

25 confirmed P. aeruginosa strains were collected from 11 different WMs including all three 

WMs that were resampled. In one of them, P. aeruginosa was collected within the reswab but 

not within the initial sampling. In the end, 16 of the confirmed strains were isolated from the 

drawers (64%), 9 were picked up in the seals (36%) and none came from the drum. A summary 

about the steps including an overview about the number of strains, WMs and sites at each time 

point is presented in Figure 5.5. 

 

Figure 5.5: Overview about the selection process from the washing machine sampling-up until the strain 

identification using MALDI-TOF MS. For each step, the number of strains that showed a positive result 

for the specific P. aeruginosa phenotype is given together with the quantity of different WMs and sites 

that are still involved. The numbers given between the experiments highlight the number of strains (and 

the corresponding number of WMs and sites) that were picked for the following assay. 

5.2.2 Phenotypes such as growth, attachment, and antimicrobial 

resistance differ between washing machine isolates and the lab 

strain PAO1-N 

After twenty-five strains were identified as P. aeruginosa, isolated from eleven different WMs, 

nine strains were chosen for further phenotypic analysis, covering five different WMs and two 

sites: (i) Drawer: WMB1.3, WM01D1, WM05D1, WM05D1R, WM07C1, and WM07D1. (ii) Seal: 
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WM02F1, WM05F1, and WM05F1R. Two of the strains, WM05D1R and WM05F1R, were isolated 

from the same WM as WM05D1 and WM05F1 when it was resampled again after six weeks.  

Firstly, the planktonic growth in LB medium was assessed and compared to the lab strain PAO1-N 

using a Tecan plate reader with 96-well plates (2.16.10). Two separate graphs were prepared as 

the experiments were performed under slightly different conditions, where the lid of the 96-

well plate was removed for the experiment with WMB1.3 but not for the other strains, resulting 

in slight path differences of the readings (Figure 5.6). 

               

Figure 5.6: Two washing machine isolates show reduced growth compared to PAO1-N, whereas all other 

isolates only show minor reduction or equal growth. PAO1-N and nine WM isolates were inoculated into 

a 96-well plate at an OD600 of 0.05 in LB medium. The OD600 was measured automatically every 15 min at 

37°C and is shown on a log scale against time. No path length correction was applied. Error bars represent 

standard error. (a) PAO1-N and WMB1.3, where n = 3x4. (b) PAO1-N, WM01D1, WM02F1, WM05D1, 

WM05D1R, WM05F1, WM05F1R, WM07C1, and WM07D1, where n = 2x4. 

All strains were culturable in LB liquid medium showing no differences in growth over the first 

4 h. At the end of the experiment, five strains (WM01D1, WM05D1, WM05F1, WM07C1, and 
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WM07D1) showed reduced growth compared to PAO1-N, although only the diminished growth 

of WM07C1 and WM07D1 was considered biologically significant. All four other strains 

(WMB1.3, WM02F1, WM05D1R, and WM05F1R) did not show altered growth.  

Subsequently, the motility and protease production of all strains was assessed and compared to 

PAO1-N. The motility of bacteria plays an important role in colonisation and can contribute to 

the virulence of pathogenic bacteria. Furthermore, protease is an important virulence factor 

that can cause damage to host cells. Representative images for all three assays are shown for 

PAO1-N and the WM isolate WM01D1 in Figure 5.7.  

           

Figure 5.7: Representative images show swarming, swimming, and protease production for PAO1-N, 

whereas WM01D1 shows negative results for all three assays. Overnight cultures of PAO1-N and 

WM01D1 were normalised to an OD600 of 1. Swarming and swimming motility were assessed by adding 

3 µL or 1 µL of cells, respectively, to the middle of a swarming agar plate (left) or swimming agar plate 

(middle). Motility was determined after 24 h incubation at 37°C by eye. Protease production was 

measured by adding 10 µL cells to skimmed milk agar plates (right), where the zone of clearance was 

assessed after 24 h incubation at 37°C.  

PAO1-N showed both swarming motility and swimming motility indicated by extensive 

movement of the cells on the plates. In addition, protease production was observed resulting in 

a zone of clearance around the cells where the milk was degraded by the protease. All three 
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phenotypes are characteristic for P. aeruginosa. In contrast, the WM isolate WM01D1 showed 

negative results for all three assays. An overview of all nine WM strains is presented in Table 5.1. 

Table 5.1 Overview of swarming motility, swimming motility, and protease production of PAO1-N and 

nine washing machine isolates. Positive results (observed motility and protease production) are indicated 

with a green “Yes”, whereas negative results are specified with a purple “No”. 

Sample ID Swarming Swimming Protease 

PAO1-N Yes Yes Yes 

WMB1.3 Yes Yes No 

WM01D1 No No No 

WM02F1 No No Yes 

WM05D1 Yes Yes Yes 

WM05D1R Yes No Yes 

WM05F1 Yes Yes Yes 

WM05F1R Yes No Yes 

WM07C1 Yes No Yes 

WM07D1 Yes No Yes 

 

Overall, all WM isolates but WM01D1 and WM02F1 showed swarming motility, whereas only 

three isolates were able to swim (WMB1.3, WM05D1, and WM05F1). Protease production was 

observed for seven strains, with only WMB1.3 and WM01D1 not producing any protease. Two 

strains, WM05D1 and WM05F1, were positive for all three assays and one strain, WM01D1, 

showed entirely negative results.  

To investigate the potential of the strains to form biofilms, a crystal violet (CV) attachment assay 

was performed (2.16.7). The amount of attachment can indicate how easy bacteria can form 

biofilms on surfaces (Figure 5.8).  
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Figure 5.8: Selected washing machine isolates show enhanced attachment abilities in 96-well plates. 

PAO1-N and nine WM isolates were inoculated into a 96-well plate at an OD600 of 0.05 in LB medium and 

incubated for 24 h at 37°C in a static incubator. Planktonic cells were removed and attached cells were 

stained using crystal violet. Acetic acid was used to release the bound crystal violet before the OD550 was 

measured and normalised to the reference strain PAO1-N. Error bars represent standard error, where 

n = 3x3 for WMB1.3, n = 4 for WM05D1R and WM05F1R, n = 3x4 for all other strains, with p<0.05 = *, 

p<0.01 = **, p<0.0001 = ****, ns = not significant (non-parametric Mann-Whitney test). 

The CV staining revealed four strains with statistically significant elevated attachment abilities 

(p<0.0001 and p<0.001) compared to PAO1-N, including WMB1.3, WM05D1R, WM07C1, and 

WM07D1. The attachment of the other five strains (WM91D1, WM02F1, WM05D1, WM05F1, 

WM05F1R with p<0.05, p<0.01 and p<0.0001), with WM01D1 and WM02F1 showing 

attachment at the same level as the negative control without cells (LB).  

Furthermore, the susceptibility of the strains to the biocide BKC was analysed (2.16.9). BKC is 

commonly used in cleaning products and was therefore chosen for this study (Figure 5.9).  
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Figure 5.9: Selected strains isolated from washing machines show reduced susceptibility against BKC. 

PAO1-N and nine WM isolates were inoculated into a 96-well plate at an OD600 of 0.05 in MH medium 

containing BKC ranging from 40 mg L-1 to 80 mg L-1 in 10 mg L-1 steps. The plate was incubated for 24 h at 

37°C in a static incubator before the OD600 was measured. (a) The OD600 is shown against the concentration 

of BKC. Error bars represent standard error, where n = 3x3, with p<0.05 = *, p<0.001 = ***, 

p<0.0001 = ****, ns = not significant (two-way ANOVA test). Statistical significance was calculated 

between the strains and the LB control representing no bacterial growth. (b) Minimal inhibitory 

concentration against BKC for each of the strains. 

The minimal inhibitory concentration against BKC of the lab strain PAO1-N was 60 mg mL-1, 

which was also the case for the WM isolates WM01D1, WM05F1R, and WM07C1. The two 
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isolates WM05F1R and WM07D1 were less tolerant to BKC with an MIC of 50 mg mL-1. In 

contrast, the remaining four isolates were less susceptible to BKC, with an MIC of 70 mg mL-1 for 

WM02F1 and 80 mg mL-1 for WMB1.3, WM05D1, and WM05F1. An overview of all examined 

strains and their individual phenotypes is presented in Table 5.2. 

Table 5.2 PAO1-N and nine washing machine isolates show phenotypic variation. Information on sample 

ID, isolation site within the WM, growth, swarming and swimming motility, protease production, crystal 

violet (CV) attachment, and minimal inhibitory concentration (MIC) against BKC is presented. A green 

“Yes” indicates positive results, whereas a purple “No” specifies negative results. The green “+” means 

enhanced phenotype, purple “-“ reduced phenotype and yellow “=” same phenotype compared to 

PAO1-N. 

Sample ID Location 
Planktonic 

growth 
Swarming Swimming Protease 

CV 

attachment 

MIC 

BKC 

PAO1-N / / Yes Yes Yes / / 

WMB1.3 Drawer = Yes Yes No + + 

WM01D1 Drawer = No No No - = 

WM02F1 Seal = No No Yes - + 

WM05D1 Drawer = Yes Yes Yes - + 

WM05D1R Drawer = Yes No Yes + - 

WM05F1 Seal = Yes Yes Yes - + 

WM05F1R Seal = Yes No Yes - = 

WM07C1 Drawer - Yes No Yes + = 

WM07D1 Drawer - Yes No Yes + - 

 

5.2.3 Washing machine isolate WMB1.3 shows elevated pyocyanin 

production and biofilm formation 

The WM isolate WMB1.3 showed enhanced attachment abilities as well as increased resistance 

against the biocide BKC compared to the lab strain PAO1-N and was therefore selected for 
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further analysis. As enhanced pigment production was observed for WMB1.3 in previous 

experiments resulting in a dark blue colour of the culture medium, the pyocyanin production 

was investigated (2.16.8, Figure 5.10). Pyocyanin is a blue/green phenazine toxic metabolite 

produced in large quantities by P. aeruginosa (Lau et al., 2004a; Blankenfeldt and Parsons, 

2014).  

 

Figure 5.10: The washing machine isolate WMB1.3 shows increased production of the toxic substance 

pyocyanin. (a) Representative images of PAO1-N (left) and WMB1.3 (right) liquid cultures in MH medium 

after 24 h growth at 37°C in a 96-well plate. (b) PAO1-N and WMB1.3 were inoculated into a 100 mL round 

bottom flask at an OD600 of 0.05 in LB medium. The flasks were incubated for 24 h at 37°C in a static 

incubator before pyocyanin was extracted and quantified. The pyocyanin concentration is shown against 

the strains. Error bars represent standard error, where n = 2x2, with p<0.05 = * (non-parametric Mann-

Whitney test). 

Enhanced pyocyanin production was confirmed for the WM isolate WMB1.3 with 2.5 µg mL-1 of 

pyocyanin compared to PAO1-N that only produced 1 µg mL-1. 

After having observed increased attachment of WMB1.3 (see Figure 5.8), the biofilm formation 

of the isolate was analysed. In a first experiment, the thickness and structure of a statically 

grown biofilm was compared to PAO1-N (2.18.1, Figure 5.11). 
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Figure 5.11: The washing machine isolate WMB1.3 grows thicker biofilms under static conditions than 

the lab strain PAO1-N. PAO1-N and WMB1.3 were inoculated into an 8-well glass bottom chamber at an 

OD600 of 0.05 in M9S. The cells were incubated at 37°C under static conditions for 48 h and stained with 

CellMaskTM. Z-stack images were taken with a Zeiss CLSM using a 63x objective. (a) Representative images 

of PAO1-N (left) and WMB1.3 (right). The top row shows a 3D view from the top of the biofilm, the middle 

row shows a 3D view from the front of the biofilm and the bottom row an angled 3D view from the top. 

Quantitative Comstat analysis of the biofilm images was performed using ImageJ. Graphs represent (b) 

biomass and (c) surface to biovolume ratio. Error bars represent standard error measured for different 

biofilm images, where n = 20, with p<0.001 = *** and p<0.0001 = **** (non-parametric Mann-Whitney 

test). 

Biofilms of WMB1.3 were approximately 1.6 times thicker than biofilms of PAO1-N, with a 

biomass of 1.4 µm3 µm-2 compared to 2.3 µm3 µm-2. The structure was also different with 

biofilms of WMB1.3 showing a dense structure resulting in a smaller surface to biovolume ratio 

(6.5 µm2 µm-3 compared to 10.5 µm2 µm-3). 

Furthermore, the influence of the positive polyacrylamide nanosensors on the biofilm formation 

of WMB1.3 was investigated as the positive charge was shown to alter biofilm formation of 

PAO1-N (Chapter 3). At the same time, the pH distribution within static biofilms was analysed 

with the help of the nanosensors (Figure 5.12). 
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Figure 5.12: The presence of positive nanosensors does not influence the density of biofilms grown by 

WMB1.3. PAO1-N and WMB1.3 were inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 

in M9S containing 1 mg mL-1 positive nanosensors. The cells were incubated at 37°C under static 

conditions for 48 h and stained with CellMaskTM. Z-stack images were taken with a Zeiss CLSM using a 63x 

objective. Representative images of (a) PAO1 and (b) WMB1.3 show cells (magenta) and OG-FAM/TAMRA 

overlay fluorescence of nanosensors (green and red). The top row shows a 3D view from the top of the 

biofilm and the bottom row shows a 3D view from the front of the biofilm. 

Unlike with the lab strain PAO1-N, the presence of the positive nanosensors does not seem to 

alter the biofilm structure of WMB1.3. Biofilms of WMB1.3 grew slightly thicker, which has 

already been shown for biofilms grown without nanosensors. No pH difference between strains 

was detected when grown under static conditions. The investigation of pH variation within 

biofilms of WMB1.3 grown under flow conditions can be found in Figure 5.13 (2.18.2).  
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Figure 5.13: pH maps of biofilms grown under flow conditions show similarities between the two 

different P. aeruginosa strains, PAO1-N and WMB1.3. PAO1-N (left) and WMB1.3 (right) were inoculated 

into a 48-well BioFlux flow-cell plate at an OD600 of 0.05 in M9S containing 5 mg mL-1 positive nanosensors. 

The cells were incubated at 37°C under flow conditions (0.2 dyn cm-2). Z-stack images were taken with a 

Zeiss CLSM using a 63x objective. Representative images show OG-FAM/TAMRA overlay fluorescence of 

nanosensors (green and red). The top row shows a 3D view from the top of the biofilm and the bottom 

row shows a 3D view from the front of the biofilm. 

In Chapter 4, pH variation within single microcolonies of PAO1-N biofilms grown within the 

BioFlux flow-cell system was reported. This variation was also observed for WMB1.3, with a 

slightly more acidic core of the microcolonies represented by a darker orange colour as opposed 

to a more yellow colour at the edges of the microcolonies. No differences were detected 

between the two strains.  

5.2.4 Whole genome sequencing reveals genotypic differences between 

strains 

The genomes of nine WM isolates that were used for the phenotypic analysis were sequenced 

alongside the reference strain PAO1-N, which was used throughout this study. Genome analysis 

including assembly and annotation was performed using the online platform PATRIC, with good 

quality of all genomes based on the annotation statistics and comparison to other genomes 

within the same species in PATRIC. All strains were confirmed to belong to the species group 

Pseudomonas aeruginosa. Information on the genome length, GC content, number of contigs, 
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coding sequences (CDS), and single nucleotide polymorphisms (SNPs) can be found in Table 5.3. 

Each SNP represents a difference in a single nucleotide of the DNA compared to the reference 

PAO1-N, for example a cytosine instead of a thymine at a specific position. 

Table 5.3: Genome analysis information for all ten sequenced genomes. Strain ID, genome length, GC 

content of genome, number of contigs, number of coding sequences (CDS), and number of single 

nucleotide polymorphisms (SNPs) are presented. 

Strain Genome Length [bp] GC Content [%] # Contigs # CDS # SNPs 

PAO1-N 6,183,409 66.56 75 5869 - 

WMB1.3 7,360,329 65.43 219 7357 28293 

WM01D1 6,556758 66.3 146 6273 52369 

WM02F1 7,209,158 65.6 104 7091 22794 

WM05D1 7,186,925 65.69 236 7199 51277 

WM05D1R 7,400,566 65.46 182 7380 51737 

WM05F1 7,537,775 65.22 178 7648 51434 

WM05F1R 6,810,583 66.02 120 6587 59181 

WM07C1 7,440,876 65.49 153 7448 26546 

WM07D1 7,437,979 65.49 154 7446 26561 

 

The total genome length for all strains was between 6,183,409 bp (PAO1-N) and 7,537,775 bp 

(WM05F1), showing that the lab strains PAO1-N has the smallest genome compared to the WM 

isolates. The GC content was very similar between all ten strains, ranging between 65.22% and 

66.56%. The number of CDS lies between 5869 (PAO1-N) and 7380 (WM05F1), showing a 

correlation between the genome length and the number of CDS. The quantity of SNPs between 

the reference PAO1-N and the individual WM isolates ranges between 22794 (WM02F1) and 

59181 (WM05F1R), giving a first indication about the similarity between the isolates and the lab 

strain. Additionally, a phylogenetic tree was constructed using PATRIC to illustrate the family 

relationship (Figure 5.14). Besides the ten sequenced genomes, the two cystic fibrosis Liverpool 
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epidemic strains LESB65 and LESB58 (Jeukens et al., 2014), as well as the highly virulent clinical 

strain PA14 (Lee et al., 2006) and the published reference strain for PAO1 (Stover et al., 2000) 

were included. LESB58 is a hypervirulent human CF lung isolate and known to be a biofilm 

hyperproducer (Winstanley et al., 2009).  

 

Figure 5.14: Phylogenetic tree showing the relationship between nine washing machine isolates, the 

lab strain PAO1-N, the reference genome PAO1, PA14, LESB65, and LESB58. Green/blue colours indicate 

the WM, of which the strain was isolated, purple highlights the lab strain PAO1-N and grey the three 

strains taken from the reference database. 

As expected, the reference sequence for PAO1 and the lab strain PAO1-N are clustered, with 

WM02F1 being the closest relative. Both LESB strains are clustered, as well as WM07C1 with 

WM07D1 and WM05F1 with WM05D1. Overall, the strains isolated from WM05 and WM01 are 

more related to the clinical strain PA14, whereas isolates from WM07, WM02 and WMB1.3 are 

closer related to PAO1. PA7, another reference strain that forms a separate clade to PA14 and 

PAO1, was originally included but showed no close relationship to any of the WM isolates and 

was therefore excluded from the figure. 

Furthermore, PATRIC was used to analyse and compare the proteome of all strains as well as to 

identify SNPs between WM isolates and the reference strains PAO1-N and PAO1. If SNPs occur 

within the coding sequence of genes, it can cause amino acid changes during the translation, 

which in turn can lead to the loss of functionality, for example if a stop codon is introduced or 

essential amino acids within the catalytic regions are exchanged. Even if SNPs are found between 
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genes within the untranslated region, it can lead to the disruption of promotor binding sites and 

other positions essential for the functionality and regulation of transcription. Therefore, SNPs 

as well as differences in the overall proteomes could explain phenotypic differences between 

the isolates and give indications on virulence potential or biofilm formation. An overview of the 

proteome comparison can be found in Figure 5.15.  

        

Figure 5.15: Proteome comparison of PAO1-N, WMB1.3, WM02F1, WM01D1, WM05D1, WM05D1R, 

WM05F1, WM05F1R, WM07C1 and WM07D1. Regions in dark blue indicate high similarity, regions in red 

show high discrepancies up to complete absence of the protein families. The numbers show the location 

of the proteins on their contigs, based on the size, starting with the largest contig. 
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Based on the proteome comparison, regions with very low protein sequence identity were 

observed between WM isolates and PAO1-N. Overall, 17 protein families were found in PAO1-N 

that are missing in all 9 WM isolates, whereas 46 protein families are present in all WM isolates 

but not in PAO1-N. In both cases, most of these proteins are hypothetical proteins with unknown 

function to date. Additionally, from the total of 370,192 SNPs found in all 9 WM isolates, 246,552 

SNPs were present in more than one isolate, leading to 123,640 singular SNPs. SNPs with a low 

fraction (<0.95, indicating the fraction of the variant read depth among all the reads that cover 

this region) and low variant coverage (<30, indicating the average read depth of the variant) 

were removed, resulting in 97,730 SNPs. Predictions showed that most of these SNPs only have 

low or moderate effects; and only SNPs with a predicted high effect were further analysed in 

this study. A quantitative overview about the proteome analysis and SNPs can be found in Figure 

5.16 

    .  

Figure 5.16: Overview about protein families and SNPs found in the sequences of PAO1-N and nine 

washing machine isolates. Top: Number of protein families. Bottom: Number of SNPs. 
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For a more targeted approach towards the goal of this study - associate the genomics with 

phenotypes such as virulence, motility, and biofilm formation - mutations were extracted within 

genes annotated as virulence factors or involved in motility, antibiotic resistance, and biofilm 

formation. With the availability of the PAO1 genome sequence on the World Wide Web, 

sequences of the PAO1 proteins found in the Pseudomonas genome database 

(www.pseudomonas.com) were compared with sequences from WM isolates and PAO1-N.  

Pilin and flagellin are the two major adhesins identified in P. aeruginosa and are associated with 

surface attachment, motility, biofilm formation, and virulence (Leid et al., 2009; Burrows, 2012; 

Okuda et al., 2013; Persat et al., 2015). Mutations in the gene clusters of pil genes, required for 

the assembly of type IV pili, as well as morA, fli and flg gene clusters involved in flagella assembly, 

were identified, and the protein sequence identity was quantified using the PATRIC BLAST 

service (Figure 5.17). Some of the mutations are SNPs, resulting in only slight sequence changes, 

whereas other genes/proteins are not present at all (highlighted in dark red).  

http://www.pseudomonas.com/
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Figure 5.17: Protein heat maps of Pil, MorA and Fli/Flg show sequence differences between strains. The 

percentage of protein sequence identity is highlighted by colour, ranging from blue (100% identity) to 

dark red (not available). 

All nine WM strains are lacking large parts of the pilA gene. WM01D1 furthermore shows low 

sequence identity within multiple other genes of the pil cluster, including pilCENOPQVWXY1Y2. 

In contrast, WM02F1 only demonstrates low sequence diversity for most of the genes. WM02F1 

lacks the end of the MorA protein (amino acids 1327-1418) that is a membrane-localised 

regulator controlling the timing of flagella development and affects motility, chemotaxis, and 

biofilm formation (Choy et al., 2004). Looking at the proteins of Fli and Flg, it is striking that 

WMB1.3, WM01D1, WM05D1, WM05F1, WM07C1, and WM07D1 are all lacking FliC and FliD as 

well as a large proportion of FlgK and FlgL. Additionally, WM02F1, WM07C1, and WM07D1 only 

show 80% percentage protein sequence identity for FliP. By generating multiple sequence 

alignments (MSA) of proteins with moderate/low identity or genes with SNPs, it was possible to 
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investigate whether the changes are likely to have an effect on the function of the protein or 

not. A representative MSA is presented in Figure 5.18for the protein sequence of FliP. 

 

Figure 5.18: Multiple sequence alignment of FliP shows missing start of the protein in WM02F1, 

WM07C1 and WM07D1. The alignment represents the first 76 amino acids and was generated using the 

PATRIC BLAST service. 

Within all three strains, WM02F1, WM07C1, and WM07D1, the start of the protein FliP is 

missing, whereas the rest of the protein sequence is complete and identical with the reference 

strain PAO1-N.  

Furthermore, three genes associated with biofilm formation were identified showing changes 

between strains (see Figure 5.19). BfmR and BmfS (biofilm maturation factor R and S) are two 

proteins belonging to a two-component system that becomes phosphorylated during biofilm 

formation and is required for the development and maintenance of biofilm architecture 

(Petrova and Sauer, 2009). BfmSR is also associated with virulence of P. aeruginosa during 

chronic infection in CF lungs (Cao et al., 2014). The arr gene (aminoglycoside response regulator) 

encodes a phosphodiesterase that is essential for the induction of biofilm formation following 

exposure to subinhibitory concentrations of aminoglycoside antibiotics and leads to subsequent 

biofilm specific aminoglycoside resistance (Hoffman et al., 2005). 
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Figure 5.19: Protein heat maps of Bfm and Arr show sequence differences between strains. The 

percentage of protein sequence identity is highlighted by colour, ranging from blue (100% identity) to 

dark red (not available). 

 Both genes encoding for BfmSR are missing in WM01D1, WM05D1, WM05D1R and WM05F1. 

Furthermore, none of the WM isolates possesses the arr gene.  

More sequence differences were identified in the phenazine cluster as shown in Figure 5.20. The 

two phenazine operons phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2 are homologous and 

each one is sufficient for the production of phenazine-1-carboxylic acid (PCA), the precursor of 

the toxic substance pyocyanin (Mavrodi et al., 2001). The conversion of PCA to pyocyanin is 

mediated by PhzM and PhzS, a putative phenazine-specific methyltransferase and a flavin-

containing monooxygenase, respectively. 
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Figure 5.20: Protein heat map of Phz cluster shows sequence differences between strains. The 

percentage of protein sequence identity is highlighted by colour, ranging from blue (100% identity) to 

dark red (not available). 

WM01D1 and WM02F1 are lacking both PhzA proteins as well as the intergenic region between 

phzM and phzA1, containing the promoter regions and multiple binding sites including a LasR 

and RsaL binding site. WM05F1, WM07C1, and WM07D1 only show 90% sequence identity for 

PhzA1. PhzF1, PhzF2, PhzG1, and PhzG2 all show low sequence identity for multiple strains, and 

further differences and SNPs were found in some of the other proteins, including PhzM and 

PhzS.  

Amongst the many virulence factors identified in P. aeruginosa are LPS. P. aeruginosa can 

express two forms of LPS, A-band and B-band LPS (Burrows et al., 1996). Genes of the wbp gene 

cluster, which are involved in the synthesis of the B-band O antigen are known to be differently 

expressed in various P. aeruginosa serotypes (Burrows et al., 1996; Rocchetta et al., 1999). This 

was confirmed for the strains in this study, as the genome sequencing revealed that some of the 

WM isolates show very low sequence identity with the whole gene cluster of PAO1-N as shown 

in Figure 5.21. 
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Figure 5.21: Protein heat map of Wbp cluster shows sequence differences between strains. The 

percentage of protein sequence identity is highlighted by colour, ranging from blue (100% identity) to 

dark red (not available). 

WMB1.3, WM01D1, WM05D1, WM05D1R, and WM05F1 lack most of the Wbp proteins from 

PAO1-N involved in B-band O antigen regulation, whereas WM07C1 and WM07D1 only have 

mutations within three proteins. WbpM is known to be conserved throughout most 

P. aeruginosa serotypes and is the only protein that has a high sequence identity for all WM 

strains. Interestingly, PAO1-N also shows some sequence variation within WbpM compared to 

the reference strain PAO1. In contrast, within the A-band proteins, only some SNPs were 

observed, with all sequences showing at least 99% identity with PAO1.  

Two protein clusters that are involved in antibiotic resistance (mainly β-lactam and polymyxin B 

resistance) were identified with changes between strains (Figure 5.22). Mex proteins regulate 

the T3SS in P. aeruginosa and are involved in multidrug resistance (Köhler et al., 1997; Jin et al., 

2011). PmrAB is a two component system that regulates resistance to polymyxin B and cationic 

antimicrobials (McPhee et al., 2003). 
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Figure 5.22: Protein heat maps of Mex and Pmr clusters show sequence differences between strains. 

The percentage of protein sequence identity is highlighted by colour, ranging from blue (100% identity) 

to dark red (not available). 

Both clusters contain multiple SNPs in all the WM isolates. However, only the SNPs in MexF and 

ArmR were predicted to have a high impact on the protein structure/function. PAO1-N lacks the 

first 344 amino acids of the MexF protein. ArmR is an anti-repressor for MexR, which negatively 

regulates the efflux operon mexAB-oprM and shows increased sequence differences within 

strains WM01D1, WM05D1, WM05F1, and WM05F1R (Daigle et al., 2007).  
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5.3 Discussion 

The phenotypic diversity of bacteria and especially P. aeruginosa in household WMs was 

explored in this study by taking samples from 19 different WMs. The age of WMs and treatment 

of the WMs was not considered for this study. It was shown that household WMs are colonised 

by a variety of different bacteria, including P. aeruginosa species, and that these strains exhibit 

different phenotypes such as lower susceptibility against BKC or increased biofilm formation. 

Following phenotypic characterisation with a focus on phenotypes traditionally associated with 

pathogenicity, whole genome analysis was performed to compare virulence associated regions 

between strains. Although no mutations were observed in regions that could clearly explain the 

various phenotypes, some mutations provided guidance for further analysis that could help to 

identify key differences, for example by looking at transcriptome data. It became apparent that 

the use of WM isolates instead of lab strains to characterise and improve current washing 

products especially with respect to antimicrobial resistance is important and that it is crucial to 

find out more about WM strains to help eliminate biofilm formation in WMs. 

5.3.1 A variety of bacteria was successfully isolated from three different 

sites of domestic washing machines  

Previous studies have shown that domestic WMs act as a reservoir of microorganisms, including 

non-pathogenic and pathogenic bacteria such as S. aureus, Acinetobacter spp. and P. aeruginosa 

(Davis and Ainsworth, 1989; Gattlen et al., 2010; Callewaert et al., 2015; Nix et al., 2015). In this 

study, 19 WMs were investigated, of which three were resampled after six weeks. All WM 

revealed bacterial contamination showing a variety of bacteria that were isolated from all three 

tested sites: the detergent drawer, the rubber seal, and the metal drum (Figure 5.2). The site 

showing the highest number of isolates was the detergent drawer, followed by the rubber seal 

and the metal drum, confirming reports that biofilms can be found abundant at places within 

the WM that come into contact with water, with increased biofilm formation on the plastic filter 

and rubber tubes (Gattlen et al., 2010). In contrast to this study, Gattlen et al. was not able to 
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isolate any strains from the metal drum, but highlighted the surprisingly high occurrence of 

bacteria within the detergent drawer, where the extremely concentrated detergent is added 

(Gattlen et al., 2010). However, it has been suggested that a lower water temperature at the 

rubber seal within the door and the detergent drawer could result in reduced thermal 

disinfection and therefore lead to the elevated biofilm infestation (Kim et al., 2018).  

From the 115 strains that were taken forward for identification of possible Pseudomonas 

species, 69.57% were Gram-negative bacilli and 13.04% Gram-negative cocci, making a total of 

82.61% Gram-negative bacteria (Figure 5.3). Studies by Nix et al. identified 90% of their WM 

isolates as Gram-negative, confirming these findings (Nix et al., 2015). However, it should be 

noted that only strains that grew on PIA were taken forward for this study, which biased the 

outcome of the test. Furthermore, a cultivation-based approach was chosen to assess the 

bacterial growth within WMs, which neglects the vast majority of micro-organisms that cannot 

be easily cultivated and that can thus only be detected by molecular methods (Xu et al., 1982; 

Rappé and Giovannoni, 2003). For this study, a cultivation-based method was used as it was 

crucial to verify growth for future use of the WM isolates in culture-based assays. Based on basic 

identification tests such as oxidase, catalase, and Gram-staining, isolated strains in this study 

could include Staphylococcus spp. such as S. aureus or S. epidermidis, Micrococcus spp. such as 

M. luteus, or Acinetobacter spp. such as A. baumannii, most of which have been isolated from 

WMs in various studies (Callewaert et al., 2015; Nix et al., 2015; Jacksch et al., 2019). S. aureus, 

S. epidermidis, and A. baumannii all belong to the human skin microbiota and could therefore 

be introduced to the WMs through dirty laundry. M. luteus is a ubiquitous bacterium that can 

often be found in dust and the soil surface, making it easy to settle on clothes. Detailed strain 

identification would be needed to draw any further conclusions, which was not proceeded any 

further as only strains showing phenotypes characteristic for P. aeruginosa were selected. In this 

respect, 43 of the strains were oxidase and catalase positive as well as Gram-negative, 

highlighting them as potential P. aeruginosa strains, with 35 strains being positive for 16S rRNA 
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PCR using P. aeruginosa specific primers (Figure 5.4). In a final identification step, MALDI-TOF MS 

was used to confirm the isolated species, which has been used in previous studies (Nix et al., 

2015; Rehberg et al., 2017; Schmithausen et al., 2019). The process is rapid, sensitive, cost-

effective, and does not require much preparation of the bacteria as identification can be 

performed directly from single colonies grown on agar plates. However, identification of the 

organism is only possible when the database already contains information about the strain 

specific peptide mass fingerprint (Singhal et al., 2015). 

Out of the 32 strains sent for MALDI-TO MS identification, 25 strains were correctly identified as 

P. aeruginosa. From these strains, 16 were isolated from the detergent drawer and 9 from the 

rubber seal, all collected from 11 different WMs including one that has been resampled. The 

other seven strains included P. stutzeri (2x), P. alcaliphila (1x), P. nitroreducens (1x), 

M. luteus (1x), and Se. marcescens (1x). One strain could not be identified. P. stutzeri and 

P. nitroreducens were also isolated from WMs in a study by Rehberg et al., who investigated 

eleven WMs and four dishwashers (Rehberg et al., 2017). P. stutzeri is an opportunistic human 

pathogen that is widely distributed in the environment, whereas P. nitroreducens is a 

ubiquitously distributed soil bacterium known for its denitrifying capabilities and is closely 

related to P. aeruginosa (Lalucat et al., 2006; Iyer et al., 2017). In contrast, P. alcaliphila is an 

alkaliphilic bacterium first isolated from sea water in Japan in 2001 (Yumoto et al., 2001). 

Interestingly, both species, P. nitroreducens as well as P. alcaliphila, are cold-loving 

extremophiles, with P. nitroreducens being a psychrotroph and P. alcaliphila being a 

psychrophile (Yumoto et al., 2001; Iyer et al., 2017). Psychrotrophic bacteria are cold-tolerant 

with the ability to grow at low temperatures, but having an optimal growth temperature 

between 15°C and 20°C, whereas psychrophilic bacteria have an optimal growth temperature at 

temperatures around 15°C or lower and cannot grow at higher temperatures above 20°C 

(Witter, 1961; Morita, 1975; Moyer and Morita, 2007). Both species are often found in cold 

regions such as the poles or the deep sea (Moyer and Morita, 2007). Therefore, colonisation of 
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WMs by these species was unexpected, as temperatures within the WM should exceed 20°C 

even during a normal 30°C or 40°C wash cycle. However, cultivation of both strains at 37°C was 

successful, suggesting that the MALDI-TOF identification was incorrect and should be repeated. 

It could be that these strains are new species closely related to the ones identified but able to 

grow at higher temperatures. 

Another identified species was Se. marcescens, a Gram-negative bacterium, that can widely be 

found in food and is known to be an important cause of nosocomial infection (Hejazi and 

Falkiner, 1997). As opposed to the afore mentioned species, M. luteus is a Gram-positive 

bacterium that can be isolated from skin, soil, and water. M. luteus can enter a dormant state 

that permits the bacterium to survive for extended periods when reasonable growth conditions 

are not available, which could be the case when found in WMs (Mukamolova et al., 2002).  

5.3.2 Selected P. aeruginosa strains exhibit different phenotypes such as 

production of virulence factors and antimicrobial resistance 

For further characterisation, nine P. aeruginosa strains were chosen from five different WMs, 

including seven strains isolated from the drawer (WMB1.3, WM01D1, WM05D1, WM05D1R, 

WM05F1, WM07C1, and WM07D1) and three from the seal (WM02F1, WM05F1, and 

WM05F1R). Strains WM05D1R and WM05F1R were isolated from the same WM and site as 

WM05D1 and WM05F1, respectively, when the WM was resampled after six weeks. 

To exclude that potential differences in phenotypes result from different growth behaviours, 

the growth of all strains including the control strain PAO1-N was analysed (Figure 5.6). Only two 

strains isolated from the same WM, WM07C1 and WM07D1, showed diminished growth after 

18 h. However, both strains were culturable and only showed reduced growth after 9 h, when 

the OD600 started to slightly decrease over time instead of being constant during the stationary 

phase. Following, phenotypes such as motility, protease production, attachment, and BKC 

susceptibility were analysed. 
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5.3.2.1 Motility 

 A subsequent investigation of different virulence factors for the selected strains included 

swarming and swimming motility (Figure 5.7). Motility is an important factor enabling biofilm 

formation, as it allows bacteria to move on surfaces to find suitable spots to start biofilm 

formation. Swimming is termed as the movement in liquid medium, whereas swarming occurs 

on the top of surfaces, often associated with an increase in the number of flagella per cell 

(Kearns, 2010). P. aeruginosa is able to both swim and to swarm using flagella and pili. During 

swarming, P. aeruginosa retains its polar flagellum, but may produce additional flagella and 

synthesises an alternative motor required to propel movement on viscous surfaces (Köhler et 

al., 2000; Rashid and Kornberg, 2000; Doyle et al., 2004; Toutain et al., 2005). In this study, only 

three of the nine WM isolates showed swimming motility (Table 5.1). In contrast, all but two 

strains were able to swarm, where both strains without swarming motility also lacked swimming 

motility. Although both modes of movement involve flagella under normal conditions, it was 

shown that swarming can still occur using type IV pili when flagella are lost, suggesting that 

strains showing swarming but no swimming primary use type IV pili instead of flagella, as flagella 

seem to be absent based on the observed phenotypes (Rashid and Kornberg, 2000; Kaiser, 

2007).  

Flagellar biogenesis is complex and involves the expression of more than 40 different genes 

(Choy et al., 2004). The analysis of the whole genome sequencing revealed high protein 

sequence identity for most of the proteins of the Fli and Flg clusters except FliC, FliD, FliP, FlgK, 

and FlgL for strains WMB1.3, WM01D1, WM02F2, WM05D1, WM05F1, WM07C1, and WM07D1. 

Particular striking were proteins FliC and FliD, that showed very low identity for six of the nine 

WM isolates compared to PAO1 (Figure 5.17). FliC is the flagellin protein which polymerises and 

forms the filaments of the flagella, whereas FliD is required for the elongation of the flagellar 

filament and furthermore forms a capping structure that prevents the leakage of flagellin 

subunits (Yokoseki et al., 1995; Brimer and Montie, 1998; Dasgupta et al., 2004). Furthermore, 
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FliD is essential for motility and responsible for adhesion to mucin (Arora et al., 1998). A 

schematic representation of the flagellar apparatus including the three main components, the 

filament, the hook, and the basal body, can be found in Figure 5.23. 

                     

Figure 5.23: Flagellar apparatus consisting of its three main components (i) filament, (ii) hook, and (iii) 

basal flagellar motor. CM = cytoplasmic membrane, OM = outer membrane, PL = Peptidoglycan layer. 

Adapted from (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2019) 

https://www.genome.jp/kegg/pathway/eco/eco02040.html 

  

https://www.genome.jp/kegg/pathway/eco/eco02040.html
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FliC and FliD can both be divided into two subgroups within P. aeruginosa strains, type a (PAO1 

reference) and b (PAK reference) (Lányi, 1970; Arora et al., 2000). As PAO1 was used as reference 

strain for the protein comparison, all WM isolates were compared with type a FliC and FliD. 

Based on the very low protein identity of FliC and FliD for some of the strains, the genomes were 

also blasted against type b proteins, resulting in 99-100% sequence identity for all six strains, 

confirming that these strains possess type b proteins. It has been suggested that the expression 

of different types of flagellar cap proteins (FliD) enables P. aeruginosa to escape immune 

recognition by presenting different variants of a surface epitope (Arora et al., 2000). Thus, it 

would be interesting to investigate whether the WM isolates of this study, which possess type 

b proteins, differ in their adhesion, pathogenesis, and ability of host invasion compared to the 

strains that express type a proteins. Although none of the other Fli and Flg proteins are grouped 

into different types of proteins, studies have shown low sequence similarity between different 

isolates of P. aeruginosa for multiple other proteins, including FlgK and FlgL (Dasgupta et al., 

2004; Subedi et al., 2018). The FlgK protein of PAK only shows 88% protein identity compared 

to PAO1, and FlgL 69%, which is equivalent to sequence identities for the same proteins in 

WMB1.3, WM01D1, WM05D1, WM05F1, WM07C1, and WM07D1 (Dasgupta et al., 2004). 

Detailed analysis of FliP, a protein showing only 80% sequence identity for WM02F1, WM07C1, 

and WM07D1, showed that the start of the protein sequence is missing for all three strains 

whereas the sequence was identical after the first 66 amino acids (Figure 5.18), suggesting that 

this protein might not be functional in these strains. FliP plays a role in the flagellum-specific 

transport system, but it is not clear if the protein is essential for flagellar assembly. Although it 

could be shown that all WM isolates possess genes potentially enabling flagellar assembly, seven 

of the nine strains were negative for swimming motility, with two of these strains also being 

negative for swarming, suggesting that these phenotypes may only be explained by altered 

transcription or post-transcriptional and post-translational regulation rather than by genomic 

variations. 
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One of the regulators affecting flagellar development and biofilm formation in Pseudomonas 

species is MorA, a protein showing mutations in WM02F1, which are predicated to have a high 

impact (Figure 5.17). MorA is a membrane-localised negative regulator of flagellar formation, 

with morA mutants of P. putida showing a constitutive expression of flagella (Choy et al., 2004). 

Although no effects on motility were observed in mutants of P. aeruginosa, biofilm formation 

was reduced and secretion of LasB protease through the T2SS was increased (Choy et al., 2004; 

Ravichandran et al., 2015). From the total of 1415 amino acids of MorA, WM02F1 is missing the 

last 92. WM02F1 was non-motile, but positive for protease production/secretion and showed 

reduced attachment in CV assays, which could be a result of the loss of MorA function. 

In addition to variations within genes involved in flagellar biosynthesis, genome sequencing also 

revealed deletions and SNPs within proteins of the Pil cluster (Figure 5.17). Pil proteins are 

required for the assembly of type IV pili that are essential for twitching motility and are 

furthermore involved in swarming motility, bacterial adherence, DNA uptake, and invasion of 

cells (Doig et al., 1988; O'Toole and Kolter, 1998; Whitchurch et al., 2005; Burrows, 2012; Okuda 

et al., 2013; Persat et al., 2015). Type IV pili can be divided into two subgroups, type IVa and 

type IVb, based on differences between major and minor pilin subunits (Burrows, 2012). In this 

study, many sequence differences were observed between Pil proteins of PAO1 and the WM 

isolates, especially within the PilA protein (Figure 5.17). PilA is a 15-kDa protein and the major 

unit of the pilus that is located on the surface of the bacteria. The pilus can be visualised as a 

thin filament composed of thousands of PilA subunits that are processed by PilD prior to 

assembly (Giltner et al., 2011; Burrows, 2012). In addition to PilA, the minor pilin proteins FimU 

and PilVWXE are incorporated into the pilus fibre after PilD processing, although the exact 

functions are not yet clear (Giltner et al., 2010; Giltner et al., 2011). Over 40 genes are involved 

in the assembly and regulation of the type IV pili system, and a schematic representation of the 

structures of the type IV pili assembly subcomplex components are shown in Figure 5.24. 
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Figure 5.24: Schematic representation of type IV pili. The assembly system consists of four subcomplexes: 

(i) outer membrane subcomplex (PilF and PilQ, highlighted in blue), (ii) inner membrane motor 

subcomplex (PilB, PilC, PilD, PilT, and PilU, highlighted in red), (iii) alignment subcomplex (PilM, PilN, PilO, 

PilP, and FimV, highlighted in green), and (iv) pilus subcomplex (minor pilins (mp) FimU, PilV, PilW, PilX, 

PilE and PilA, highlighted in white). OM = outer membrane, CM = cytoplasmic membrane. Adapted from 

(Burrows, 2012). 

With more than five different groups of PilA existent in P. aeruginosa strains, variations within 

the type IV pilin pil locus are very common in P. aeruginosa, likely because of random mutations 

within a strain or by recombination with other strains and species (Paranchych et al., 1997; Kus 

et al., 2004; Winstanley et al., 2009). Therefore, sequence differences to the reference genome 

of PAO1 within Pil proteins do not necessarily indicate changes or loss of function. PAO1 

expresses a group II pilin, that is similar to WM02F1. In contrast, sequence analysis revealed that 

WM05D1, WM05D1R, and WM05F1 all possess PilA similar to LESB58, with more than 80% 

sequence identity, whereas PilA of WM01D1 is 99% identical with PilA from PA14. It is therefore 

likely that all WM isolates possess PilA of one of the groups, although it does not seem to be the 

same as for PAO1, except for WM02F1. Apart from WM01D1, all WM isolates show high protein 

sequence identity of 90-100% for all other proteins of the Pil cluster. However, as mentioned 

previously, a single SNP could already result in the loss of function of the protein, although none 
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of these SNPs were predicted to have a high effect. Comparison of WM01D1 with other 

P. aeruginosa pil sequences revealed high sequence identity of several proteins with strain 

PA14, as already observed for PilA. Twitching motility was not assessed in this study, and 

microscopy was not used to confirm the assembly of pili on the bacterial surface. However, as 

swarming but no swimming motility was observed for some of the WM isolates, it can be 

suggested that type IV pili are expressed and functional despite the observed sequence 

differences. However, further experiments should be carried out to verify these findings. 

Overall, the observation of WM isolates being able to swarm but not swim is very interesting, 

as, unlike swimming motility, where the movement takes place as individual cells, swarming 

motility occurs in multicellular groups (Kearns, 2010). Therefore, swarming requires not only an 

increase in flagella biosynthesis or type IV pili formation, but also cell-cell interactions and the 

presence of a surfactant. P. aeruginosa uses rhamnolipids as surfactant, which is commonly 

regulated by QS (Ochsner and Reiser, 1995; Köhler et al., 2000; Kearns, 2010). Therefore, QS 

could be used by the bacteria to ensure surfactant production and hence swarming is only active 

when sufficient bacteria are present. Although genome analysis did not reveal any discernible 

changes between strains looking at QS genes, changes in QS regulation could be present. 

In addition, flagella can initiate inflammatory responses of host cells, whereas non-flagellated 

mutants seem to have selection advantage during chronic infections (Luzar et al., 1985; Feldman 

et al., 1998). As swarming was widespread between the isolates, but flagella seemed to be 

absent, these strains could be primed for infection. However, flagella and type IV pili are also 

involved in attachment, biofilm formation, and microcolony formation, and loss of flagella and 

pili could indicate reduced biofilm formation of these strains (O'Toole and Kolter, 1998). Looking 

at the biofilm formation of WMB1.3, the only strain that was assessed for biofilm formation, no 

differences in microcolony formation was observed, and biofilm formation was enhanced, 

suggesting that type IV pili biosynthesis in this strain is intact and functional regardless the type 

differences (see 5.3.2.3).  
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5.3.2.2 Protease production 

Seven of the nine WM isolates showed protease production (Table 5.1). P. aeruginosa is known 

to produce at least five different proteases that are involved in virulence and can cause bleeding 

and tissue necrosis in respiratory infections, although one of the proteases, Lon, is not secreted 

(see 1.1.1). The secretion of proteases from most of the isolates under the tested conditions 

underpin the potential pronounced virulence of the strains. The genome analysis of the two 

isolates not showing protease production did not reveal any changes in genes directly involved 

in the synthesis of proteases, but regulators could be affected by SNPs that were not detected. 

Furthermore, protease production can be upregulated by QS systems, but as already mentioned, 

no discernible differences within QS systems were observed based on the whole genome 

analysis (Jaffar-Bandjee et al., 1995; Lee and Zhang, 2015). 

5.3.2.3 Attachment and biofilm formation 

After growth for 24 h in 96-well plates, CV staining revealed enhanced attachment for four of 

the nine WM isolates, whereas the remaining five strains showed diminished attachment 

compared to the reference (Figure 5.8). This finding confirms the results of a study by Gattlen et 

al., who found that nine of their fifteen WM isolates showed enhanced CV staining after 24 h of 

growth (Gattlen et al., 2010). Interestingly, the two isolates that were unable to swarm or swim 

also showed reduced CV attachment, confirming a link between the absence of flagella/pili and 

attachment. Additionally, an increased attachment was observed for both strains showing a 

significantly reduced growth (WM07C1 and WM07D1), suggesting that growth alone is not an 

evidence for biofilm formation. Although CV staining is not a direct indication for the formation 

of biofilms, an increased attachment can still point towards improved biofilm formation. For 

example, CLSM of static biofilms of WMB1.3 revealed slightly increased biofilm formation 

compared to PAO1-N with a biomass of 2.3 μm3 μm-2
 compared to 1.4 μm3

 μm-2, which could be 

a consequence of the enhanced attachment observed for the CV staining (Figure 5.11). That 

means this WM isolate seems to be well adapted to a biofilm forming lifestyle, allowing the 
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bacteria to protect themselves against biocidal effects of laundry products within the WMs. In 

future studies, CLSM of biofilm formation should be investigated for all isolates. That way, the 

composition of the biofilms could also be analysed by looking at matrix components such as 

eDNA and EPS, as Gattlen et al. observed enhanced EPS production for some of their WM 

isolates (Gattlen et al., 2010). 

Looking at the genome analysis, two clusters were identified, which are involved in biofilm 

formation and showed changes between strains (Figure 5.19). The BfmSR two-component 

system is one of three systems involved in biofilm formation following transition to the surface 

attached lifestyle (Petrova and Sauer, 2009). BfmSR is an OmpR-like system that becomes 

phosphorylated during biofilm formation. Inactivation of the response regulator BfmR leads to 

arrested biofilm formation, and discontinuation of bfmR expression in already established 

biofilms result in the collapse of biofilms (Petrova and Sauer, 2009). Furthermore, deletion of 

bfmS was shown to lead to the activation of BfmR, which directly binds to the promoter of the 

rhlR gene, encoding the QS regulator RhlR. Binding of the promoter in turn results in decreased 

expression of rhlR, causing inhibition of the whole rhl QS system (Cao et al., 2014). Additionally, 

BfmS is involved in the expression of 202 other genes, and deletion of bfmS leads to reduced 

virulence, but enhanced invasion (Cao et al., 2014). Specific SNPs in BfmS can already be 

sufficient to result in activation or repression of BfmR and can subsequently cause inhibition of 

the rhl QS system (Cao et al., 2004). Four WM isolates, WM01D1, WM05D1, WM05D1R, and 

WM05F1, lack both proteins, BfmR and BfmS, suggesting that the rhl QS system is not repressed, 

and production of the QS signal molecule N-butanoyl-L-homoserine lactone would be enhanced. 

Unless these strains possess a homologous two-component system, that can replace the BfmSR 

function, alterations in virulence factor production between these four strains and the 

remaining six strains would be expected as a result of increased QS activation and should be 

investigated in future studies, for example by looking at the transcriptome or the production of 

QS molecules.  



C h a p t e r  5  -  D i s c u s s i o n  P a g e  |  1 7 2  

 
Another protein involved in biofilm formation is Arr, that is missing in all WM isolates (Figure 

5.19). It was shown that Arr in P. aeruginosa is essential for the induction of biofilm formation 

after exposure of the bacteria to subinhibitory concentrations of aminoglycoside antibiotics. 

Additionally, Arr contributes to biofilm-specific aminoglycoside resistance (Hoffman et al., 

2005). Arr encodes an inner-membrane phosphodiesterase with c-di-GMP as its substrate, and 

arr mutants showed diminished c-di-GMP phosphodiesterase activity and reduced tobramycin 

resistance within biofilms (Hoffman et al., 2005). Although in many cases, induction and 

overproduction of phosphodiesterases result in reduction of c-di-GMP concentration and 

subsequently suppression of biofilm formation, it was shown that the activity of Arr is linked to 

tobramycin-inducible biofilm formation, suggesting that the effects of c-di-GMP might be 

dependent on which phosphodiesterase or diguanylate cyclase is affected (Gotoh et al., 2008). 

Future experiments could investigate if the WM isolates show altered biofilm formation under 

exposure to subinhibitory concentrations of aminoglycoside antibiotics as a result of the missing 

arr gene.  

5.3.2.4 Antimicrobial resistance 

In addition to enhanced biofilm formation, previous studies found that WM isolates were 

generally more resistant to the laundering process compared to lab strains, even when the lab 

strains were carrying antibiotic resistance genes (Rehberg et al., 2017). Rehberg et al. isolated 

fifteen strains from different WMs and dishwashers carrying genes for β-lactamase production 

(Rehberg et al., 2017). Furthermore, studies demonstrated resistance and adaptation towards 

sanitisers like active chlorine compounds or quaternary ammonium bases, such as BKC 

(Sundheim et al., 1998; Yildiz and Schoolnik, 1999; Langsrud et al., 2003; Russell, 2004). In this 

study, the tolerance of the WM isolates and the lab strain PAO1-N against BKC was investigated. 

The MIC of PAO1-N was 60 mg L-1, which was similar to the three WM isolates WM01D1, 

WM05F1R, and WM07C1 (Figure 5.9). Two isolates were less tolerant against BKC with an MIC 

of 50 mg L-1 (WM05D1R and WM07D1), while the remaining four strains showed enhanced 
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resistance with 70 mg L-1 (WM02F1) and 80 mg L-1 (WMB1.3, WM05D1, and WM05F1), 

respectively. These results are consistent with other studies, showing an average MIC between 

50-70 mg L-1 for Pseudomonas test strains, and much higher concentrations for some isolated 

strains (MIC up to 200 mg L-1) (Langsrud and Sundheim, 1997). Some studies showed that 

Pseudomonas strains can even be adapted to a BKC concentration of over 240 mg L-1 or 

350 mg L-1, respectively, when being continuously exposed to BKC (Mc Cay et al., 2010; Kim et 

al., 2018). P. aeruginosa ATCC 15442, a strain used as organism in the European standard 

method for testing bactericidal activity of chemical disinfectants, also showed an MIC of 

60 mg L-1 against BKC (Langsrud et al., 2003). It has been suggested that efflux pumps are 

amongst the major contributors to an enhanced tolerance against biocides and specifically BKC 

(Mc Cay et al., 2010). One of the systems involved in decreased susceptibility of 

P. aeruginosa strains against BKC is the multiple efflux (Mex) pump system (Mc Cay et al., 2010; 

Kim et al., 2018). It was shown that the susceptibility of isolates against BKC increased 

enormously in the presence of an efflux pump inhibitor from an MIC >350 mg L-1 BKC to 

50 mg L-1. Furthermore, the expression of mex genes was increased in BKC-adapted 

P. aeruginosa isolates (Mc Cay et al., 2010; Kim et al., 2018).  

Mex pumps belong to the resistance-nodulation-cell division (RND) superfamily of transporters 

(Li and Plésiat, 2016). The RND family in P. aeruginosa consists of 17 systems, with 12 RND efflux 

pumps being well characterised, including two divalent metal cation transporters, nine Mex 

efflux pumps and one triclosan pump (Stover et al., 2000; Lister et al., 2009; Li and Plésiat, 2016). 

RND pumps are typically composed of three systems that form a channel throughout the entire 

membrane enabling drug transport from the periplasmic space and cytoplasm to the 

extracellular environment: (i) A periplasmic membrane fusion protein (MFP), (ii) an outer 

membrane factor (OMF), and (iii) a cytoplasmic membrane (RND) transporter (Lister et al., 

2009). Substrates of the pumps include antibiotics, biocides, dyes, detergents, and homoserine 

lactones and differ from system to system. An extensive overview about the different RND 
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pumps, their function, regulation, and substrates can for example be found in reviews by Lister 

et al. and Li and Plésiat (Lister et al., 2009; Li and Plésiat, 2016). The nine Mex systems are named 

MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexXY, MexGHI-OpmD, MexVW, MexPQ-OpmE, and 

MexMN. Genes encoding the pumps are organised into operons composed of at least two genes 

coding for the MFP and RND transporter, with six operons additionally possessing an OMF gene. 

Furthermore, some of the Mex systems contain a gene that encodes a regulator (activator or 

repressor) for the specific pump, for example MexR of the MexAB-OprM system or NfxB of the 

MexCD-OprJ pump. In this study, SNPs were discovered in many of the Mex proteins of the 

various systems, including MexS and ArmR, two proteins involved in regulatory roles of the 

MexEF-OprN pump and the MexAB-OprM pump, respectively. Mutations within any of the 

pump components can increase the susceptibility of the bacteria against diverse antimicrobial 

agents, whereas overproduction of the systems contributes to multidrug resistance and was 

observed in clinical isolates, where mutations in repressor proteins occurred (Li and Plésiat, 

2016). However, most of the mutations that were detected in this study were predicted to have 

no, low or moderate effects, and only the mutations within MexF and ArmR were further 

analysed.  

The RND transporter MexF in the lab strain PAO1-N is missing the first 344 amino acids, 

suggesting that the protein and thus the whole MexEF-OprN system is not functional in this 

strain (Figure 5.22). Substrates of the MexEF-OprN include fluoroquinolones, chloramphenicol, 

trimethoprim, biocides, and aromatic hydrocarbons (Lister et al., 2009). However, none of these 

substrates are specific to only MexEF-OprN and can also be transported via at least one of the 

other RND efflux pumps. In addition, it was found that the MexEF-OprN pump is not well 

expressed in wild type cells of P. aeruginosa, leading to only small or no changes in antimicrobial 

susceptibility after inactivation (Köhler et al., 1997; Li and Plésiat, 2016). MIC experiments in this 

study using the biocide BKC also showed no reduced susceptibility of PAO1-N compared to 

published MICs of other wild type strains, suggesting that the absence of a functional MexEF-
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OprN pump in PAO1-N has no phenotypic effects. Other possible reasons include a missing start 

site, which was not picked up by the sequence analysis or a sequencing error. However, another 

view at the region of interest could not support this hypothesis. 

ArmR is the anti-repressor of MexR, whereby MexR is a repressor of the mexAB-OprM 

transcription. Thus, expression of mexAB-OprM is positively regulated by ArmR, and disruption 

of ArmR is associated with enhanced MexR activity and subsequent reduced MexAB-OprM 

expression, which compromises multidrug resistance (Cao et al., 2004; Daigle et al., 2007; Wilke 

et al., 2008). Under normal conditions, MexAB-OprM is constitutively expressed in wild type 

strains and therefore significantly contributes to intrinsic drug resistance, where inactivation of 

any component of the system makes the wild type strain hypersusceptible (Li and Plésiat, 2016). 

Interestingly, all four strains that showed SNPs within ArmR were either less susceptible to BKC 

or equal with the wild type strain, suggesting that these SNPs have no negative impact on the 

function of ArmR.  

Furthermore, in a study by Kim et al., mutations within the QS regulator gene lasR, which 

regulates various efflux pump genes, led to a loss of BKC resistance (Kim et al., 2018). However, 

in this study, no mutations within lasR were observed for mutants showing increased BKC 

susceptibility. The use of efflux pump inhibitors as well as transcriptome analysis could be used 

in future studies to confirm a role of efflux systems in the tolerance of the WM isolates of this 

study against BKC.  

Another system involved in resistance of P. aeruginosa to polymyxin and other cationic 

antimicrobials is the two-component system PmrAB (McPhee et al., 2003). PmrAB is involved in 

the regulation of the arnBCADTEF-pmrE operon, that encodes enzymes required for lipid A 

modification of LPS that are associated with polymyxin resistance and reduction of negative 

surface charge (Moskowitz et al., 2012). In response to antimicrobial exposure, the sensor kinase 

PmrB activates the transcriptional regulator PmrA, resulting in elevated arnBCADTEF-pmrE 

transcription. It was shown in multiple studies that gain-of-function mutations of PmrB can lead 
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to enhanced activation of PmrA and subsequent elevated polymyxin resistance (Abraham and 

Kwon, 2009; Barrow and Kwon, 2009; Schurek et al., 2009). In all three studies, the substitution 

of single amino acids within PmrB were shown to be the cause for the observed phenotype. 

Another study by Kim et al. also identified PmrB mutations as consequence of exposure to BKC, 

whereby BKC is a membrane-disrupting agent, similar to polymyxin (Kim et al., 2018). However, 

mutations in different parts of PmrB can also lead to the loss of BKC resistance, making the 

correct interpretation of the genome data difficult (Kim et al., 2018). In this study, four amino 

acid substitutions within PmrB were observed in WM01D1 and WM05D1R, and three changes 

in WM05F1R (Figure 5.22). WM01D1 and WM05F1R both showed the same MIC against BKC 

than PAO1-N, whereas the MIC of WM05D1R was lower. However, no amino acid changes were 

detected in strain WM07D1, which also showed reduced BKC resistance. These results indicate 

that a change in PmrB activity is possible but cannot be linked with the observed phenotype of 

BKC resistance using the present data. 

Another reason for developed BKC resistance can be the dealkylation of BKC to benzyl 

dimethylamine (BDMA), as BDMA is 500 times less toxic than BKC (Tezel et al., 2012; Oh et al., 

2014). The amount of BDMA produced by the WM isolates could be measured to determine if 

the dealkylation of BKC could be a reason for the enhanced BKC resistance in some of the strains. 

Furthermore, the surface charge, cell surface roughness, cell surface hydrophobicity, and fatty 

acid components on the cell surface can influence the membrane permeability and hence BKC 

resistance and should be further analysed (Nagai et al., 2003; Tezel and Pavlostathis, 2015; Kim 

et al., 2018). The finding in this study, that almost 50% of the WM isolates were more tolerant 

against BKC than lab strains used for the testing of detergents highlights the demand to use 

environmental strains to test detergent efficiency, as the use of lab strains can easily 

overestimate the effectiveness compared to real conditions in WMs. 
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5.3.2.5 Pyocyanin production 

One isolate that was able to swarm and swim and showed enhanced CV attachment and 

tolerance against BKC was WMB1.3. This isolate was one of the first isolates and especially 

noticeable because of enhanced pigment production during cultivation resulting in a dark 

blue/green culture medium (Figure 5.10). One of the most prominent blue pigments produced 

by P. aeruginosa is pyocyanin, a phenazine toxic metabolite. Phenazine compounds are 

metabolites produced by Pseudomonas species and are involved in microbial competitiveness 

and virulence (Winstanley et al., 2009). More than 90% of all P. aeruginosa isolates produce the 

redox-active phenazine compound pyocyanin, with high concentrations of pyocyanin leading to 

tissue damage in chronic lung infections (Wilson et al., 1988a; Mavrodi et al., 2001). The toxic 

effects of pyocyanin against eukaryotic cells are widespread as it acts in a range of ways, 

including inhibition of cell respiration and epidermal cell growth, inactivation of catalases, 

induction of apoptosis in neutrophils, and inactivation of α1 protease inhibitors and therefore 

contributing to the imbalance of protease-antiprotease activity in CF lungs (Wilson et al., 1988b; 

Sorensen and Joseph, 1993; Britigan et al., 1999; Usher et al., 2002; O’Malley et al., 2003; Lau et 

al., 2004b) 

Measurement of the pyocyanin concentration produced by the WM isolate WMB1.3 compared 

to the lab strain PAO1-N confirmed an elevated production for WMB1.3 (2.5 µg mL-1 compared 

to 1 µg mL-1). An increased pyocyanin production could therefore indicate enhanced infection 

potential of the WM isolate. Genome analysis revealed that, as for many P. aeruginosa 

genomes, all WM isolates contain two clusters of genes (phzA1B1C1D1E1F1G1 and 

phzA2B2C2D2E2F2G2) encoding proteins of the phenazine biosynthesis pathway responsible for 

the synthesis of phenazine-1,6 dicarboxylate (PDC) or PCA, with some isolates missing sets of 

genes or showing mutations (Figure 5.20). Three additional genes, phzM, phzS, and phzH, 

encode enzymes that are involved in the conversion of PCA to pyocyanin, 1-hydroxyphenazine 
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(1OH-PHZ) or phenazine-1-carboxamide (PCN) (Mavrodi et al., 2001). The phenazine 

biosynthesis pathway is illustrated in Figure 5.25. 

 

Figure 5.25: Phenazine biosynthesis pathway in P. aeruginosa PAO1. Top: Phenazine operon 

phzA1B1C1D1E1F1G1 located between phzM and phzS. Bottom: Mechanism for the synthesis of 

phenazine-1,6 dicarboxylate, pyocyanin, 1-hydroxyphenazine and phenazine-1-carboxamide. 

WM01D1 and WM02F1 both lack PhzA1, PhzA2, and the intergenic region between phzM and 

phzA1. Additionally, sequence identities of 90% and lower were found within different 

phenazine proteins of WM01D1, WM02D1, WM05D1, WM05F1, WM05F1R, WM07C1, and 

WM07D1. Interestingly, in most cases, both homologous proteins were affected, which means 

that if PhzF1 showed reduced sequence identity, its homologue PhzF2 also showed low 

sequence identity. It is therefore unlikely that the loss of function of one of the proteins could 
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be compensated by the homolog. Based on the relatively low protein sequence identity of at 

least two genes in WM01D1, WM02F1, WM05D1, WM05F1, WM05F1R, WM07C1, and 

WM07D1, is can be suggested that the phenazine production is altered in these strains 

compared to PAO1-N. However, WMB1.3 was the only strain that was examined for pyocyanin 

production. WMB1.3 showed sequence variation within the intergenic region of phzM and 

phzA1, where promoter regions as well as a LasR binding site is predicted. In the pyocyanin 

production assay, elevated pyocyanin production was observed, suggesting that the changes 

within the promoter region might lead to enhanced transcription of the phenazine genes. 

Furthermore, changes within the LasR binding site could have a positive impact on the efficiency 

of LasR, which is a transcriptional activator of P. aeruginosa virulence genes including the 

phzA1B1C1D1E1F1G1 operon (Whiteley et al., 1999; Kiratisin et al., 2002). Measurement of 

pyocyanin as well as PCA, PCN, PDC and 1OH-PHZ concentrations for all isolates could give a first 

indication of which proteins are functional and how the mutations affect their functionality. 

Transcriptome analysis could furthermore confirm if the differences within the intergenic region 

of WMB1.3 leads to enhanced transcription. 

5.3.2.6 Lipopolysaccharides 

One of the major components of Gram-negative bacteria are LPS, that can be divided into three 

main parts: (i) The hydrophobic lipid A component that ensures that the molecules stay within 

the outer membrane, (ii) a central core oligosaccharide region that links the lipid A region to the 

O antigen, and (iii) the O antigen region of repeating polysaccharides (Rocchetta et al., 1999). If 

attachment of the O antigen to the core-lipid A occurs, LPS is often described as smooth, 

whereas rough LPS describes the lack of O antigen. LPS is relevant for the initial bacterial 

attachment to surfaces, evasion of host immune systems, and the establishment of infection, 

where it was shown that smooth LPS is more effective compared to rough LPS, suggesting that 

intact O antigen is important for virulence of P. aeruginosa (Rocchetta et al., 1999). Two 

different forms of O antigen are produced by P. aeruginosa: (i) A-band O antigen, composed of 
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D-rhamnose homopolymers and (ii) B-band O antigen, containing heteropolymers (di- to 

pentasaccharide repeating units of various monosaccharides) (Rocchetta et al., 1999; Lam et al., 

2011). The exact B-band composition varies between serotypes of P. aeruginosa and 20 

different O serotypes were identified to date, with PAO1 belonging to the O5 O antigen 

serotype. A schematic representation of O5 LPS is shown in Figure 5.26.  
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Figure 5.26: Schematic representation of rough and smooth LPS, with the B-band O antigen of the O5 

serotype of P. aeruginosa. The length of A-band and B-band O antigen can differ depending on serotype, 

mutations, and environmental influences. Yellow circles represent phosphate groups. n = variable number 

of repeats. D-Glc = D-Glucose, D-GalN-L-Ala = D-Galactosamine-L-Alanine, L-D-Hep = L-D-Heptose, 

Kdo = Ketodeoxyoctonic acid, GlcNAc = 2-acetamido-2-deoxy-D-glucopyranose, D-ManNAc3NAmA = 2-

acetamido-3-acetamidino-2,3-dideoxy-d-mannuronic acid, D-FucNAc = 2-acetamido-2,6-dideoxy-D-

galactopyranose, D-Rha = D-Rhamnose, L-Rha = L-Rhamnose. Adapted from Lam et al. (2011). 

Interestingly, studies have shown that chronic P. aeruginosa isolates from CF patients often 

completely lack B-band O antigen, while only producing A-band O antigen (Penketh et al., 1982; 

Hancock et al., 1983; Fomsgaard et al., 1988; Lam et al., 1988; Rocchetta et al., 1999). 

Furthermore, it was found that the loss of B-band O antigen indicates resistance to 

aminoglycosides (Bryan et al., 1984; Kadurugamuwa et al., 1993).  
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In this study, all strains showed very high protein sequence identity (>99%) for all proteins of the 

Wbp A-band cluster, which was expected as the gene cluster for A-band O antigen is highly 

conserved in P. aeruginosa (Figure 5.21). In contrast, high sequence diversity was observed for 

proteins of the Wbp B-band for WMB1.3, WM01D1, WM05D1, WM05D1R, and WM05F1 in 

almost all proteins except WbpM. WM07C1 and WM07D1 showed sequence variations within 

three proteins, whereas WM02F1 and WM05F1R proteins were almost identical to PAO1, 

suggesting that these four strains belong to the same O5 serotype as PAO1. As WM07C1 and 

WM07D1 show very low sequence identity for WbpK, and WbpK is necessary for B-band 

synthesis, it should be investigated if these two strains are still able to successfully synthesise B-

band O antigen. For WMB1.3, WM01D1, WM05D1, WM05D1R, and WM05F1, it is very likely 

that these isolates belong to a different O serotype than PAO1 and thus produce B-band antigen 

that differs from PAO1. However, further identification of serotypes was not part of this study 

and should be investigated in the future. Interestingly, Makin and Beveridge reported complete 

loss of B-band O antigen when PAO1 was grown at high temperature around 45°C (Makin and 

Beveridge, 1996b). It is likely that the WM isolates were exposed to high temperatures while 

growing in WMs, suggesting that they could have completely lost B-band production as a result.  

Additionally, B-band O antigen are highly anionic and influence the cell surface charge of 

bacteria (Makin and Beveridge, 1996a). If no B-band O antigen is produced, the surface charge 

is increased, which could influence antibiotic resistance and interaction with other cationic 

particles, such as the cationic nanosensors used in this study as well as the cationic biocide BKC. 

Thus, one possible explanation for altered surface charge could be the observed changes within 

the LPS gene cluster and should be further investigated. 

5.3.2.7 pH variation within biofilms 

The pH microenvironments of WMB1.3 and PAO1-N were analysed using pH-sensitive 

polyacrylamide nanosensors and both models, static and flow-cell, with no differences being 

observed between strains (Figure 5.12 and Figure 5.13). As for PAO1-N, microcolonies of 



C h a p t e r  5  -  D i s c u s s i o n  P a g e  |  1 8 3  

 
WMB1.3 formed in a flow-cell show a more acidic core and a more neutral pH towards the edges 

(also see Chapter 4). The presence of the positively charged pH-sensitive nanosensors during 

static biofilm growth also led to the formation of a thicker biofilm, as previously seen for PAO1-N 

(Chapter 3). However, the WMB1.3 cells are less aggregated, suggesting that the effect of the 

positive charge of the nanosensors is reduced. One possible reason could be that the surface 

charge of WMB1.3 cells is less negative, which would underpin the previous hypothesis that 

changes in the surface charge could be a reason for enhanced BKC resistance, for example as a 

result of altered LPS.  

5.3.3 Genome analysis reveals that different P. aeruginosa strains co-

develop within the same washing machine 

Comparison of the whole genome sequencing enabled insights into the relationship between 

different WM isolates and well-characterised P. aeruginosa strains, including PAO1 and PA14 

(Figure 5.14). It was apparent that strains isolated from WM05 and WM01 are more related to 

PA14, whereas isolates from WMB1.3, WM07, and WM02 are closer related to PAO1. Although 

the two isolates from WM07, WM07C1 and WM07D1, are directly linked with each other, this 

is not the case for all four isolated strains from WM05. WM05D1 and WM05F1 were isolated at 

the same time from the same WM but from different locations (drawer and seal, respectively) 

and are located within one branch. In contrast, WM05D1R and WM05F1R, both isolated six 

weeks after the first sampling, do not cluster together and are furthermore not directly linked 

with the strains WM05D1 and WM05F1. Although in general, all isolates are somehow clustered, 

none of the strains from different WMs are identical. This was confirmed by looking at the 

general genome analysis information, where most of the strains varied in genome length, 

number of contigs, number of CDS, and number of SNPs (Table 5.3). Only WM07C1 and 

WM07D1 were very similar, suggesting that one single strain from WM07 was isolated twice. 

This observation confirmed previous findings, where both strains showed the same phenotypes 

for almost all assays (Table 5.2).  
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Proteome comparison revealed that some protein clusters are missing completely in WM 

isolates, whereas some proteins exist in the WM strains but are missing in PAO1-N (Figure 5.15 

and Figure 5.16). However, most of these proteins are hypothetical proteins with unknown 

function. The same was observed for most of the SNPs found with a predicted high effect on the 

gene transcription or protein translation and function. Nevertheless, some mutations in genes 

and proteins were identified that could impact motility, biofilm formation or virulence and were 

discussed above to potentially link observed phenotypes with genome features. Furthermore, 

analyses of genes typically associated with phenotypes such as biofilm formation and virulence 

were conducted, for example by looking at QS genes. However, if no anomalies were observed, 

these results were not described in more detail. 
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5.4 Conclusion 

The isolation of a variety of bacteria from household WMs, including P. aeruginosa, emphasises 

the need for improved washing products and a change in WM design to reduce infection risks 

and malodour. Although the identification of the entire spectrum of bacterial species grown in 

WMs was not a purpose of this study, it was demonstrated that many pathogenic bacteria can 

be found in WMs, which exhibit phenotypes such as increased antibiotic resistance, biofilm 

formation, and virulence factor production. The finding of this study points out the importance 

to use environmental strains instead of lab strains to develop and test the efficiently of new 

antimicrobial agents and biocides in washing products. 

Furthermore, whole genome sequencing revealed that different P. aeruginosa strains coexist in 

the same WMs, with no direct ancestry to each other based on phylogenetic analysis and 

genome comparison. Overall, it was difficult to link the identified mutations with the phenotypic 

diversity of the strains, suggesting that adaptations have occurred at a different level, such as 

cell physiology, transcriptional/translational regulation, or post-transcriptional/translational 

regulation. Therefore, transcriptome analysis should be conducted in future studies in order to 

identify mechanisms for adaptation to WM environments. However, multiple differences 

between genomes with respect to LPS modifications were identified that could promote 

changes in surface charge, biofilm formation, and antimicrobial resistance and should be 

investigated in more detail. 
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Chapter 6 Laundry formulations and 

ingredients including the antimicrobial BKC 

differ in their ability to inhibit growth and 

viability of P. aeruginosa 

6.1 Introduction 

6.1.1 Background 

A number of potential approaches exist to reduce bacterial colonisation of WMs; two of those 

are focussed in this chapter: (i) Altering laundry products to be more effective at killing bacteria 

at the new low temperature profiles and (ii) changing WM surfaces to prevent bacterial 

adherence. Reduction of bacterial colonisation can be achieved by using active oxygen bleaching 

agents and optimising rinsing to deliver a higher dilution of bacteria (Munk et al., 2001; 

Bloomfield et al., 2013). However, conventional bleaching systems are not applicable to liquid 

washing agents (Munk et al., 2001). Nevertheless, sale numbers for washing powders that may 

consist of bleaching agents have decreased over time. In 1999, powder detergents accounted 

for 44% of the U.S. market and in 2019, sale numbers for washing powder only reached 11% in 

the U.S. (Teng, 2000; Munk et al., 2001; IRI, 2020). Thus, development of new laundry products 

is required, which are effective in reducing biofilm formation at lower temperatures at the same 

time as being environmentally friendly and mild to fabrics. 

As already discussed in Chapter 5, one biocide that is widely used in various hygiene products is 

BKC (Kim et al., 2018). BKC is one of the only non-bleach biocides allowed in laundry products 

as listed in Annex 1 of the Biocidal Products Regulation BPR, No.528/2012 (European Union, 

2012). Due to its chemical properties, BKC cannot be incorporated readily into non-ionic 

surfactant based detergent products. It is significantly less effective in the presence of anionic 

surfactants, which are required for high performing stain and particulate soil cleaning, and 
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account for almost all mainstream laundry detergent products (both powders and liquids). 

Hence, methods are being under investigation to enable the stable incorporation of BKC to 

laundry products by preventing complexation of the cationic biocide with anionic surfactants, 

which generally results in precipitation and loss of activity. A specific approach that can be 

considered is to compartmentalise the BKC though encapsulation. However, as mentioned in 

Chapter 5, increased concern has risen that BKC released into the environment can lead to 

antimicrobial resistance and therefore increased infection risks (Russell et al., 1998; Price et al., 

2002; Russell, 2002; Langsrud et al., 2003; Karatzas et al., 2007; McMahon et al., 2007; Mc Cay 

et al., 2010; Kim et al., 2018). Consequently, alternatives to biocides are being investigated to 

prevent bacterial attachment and biofilm formation in WMs.  

One option is the use of surface treatments and coatings that prevent the initial attachment of 

bacteria or reduce the strength of microbial attachment rendering them easier to remove. 

Coating of biomedical devices has already proven to be very successful (Danese, 2002; Li et al., 

2010; Hook et al., 2012; Hook et al., 2013; Wang et al., 2014; Junter et al., 2016; Magennis et 

al., 2016; Zaltsman et al., 2017). The potential coating of WMs has the advantage over 

biomedical devices that specific properties of the antibacterial material need not be considered, 

such as sustained cell adhesion of permanent implants when devices are integrated into the 

foreign body (Junter et al., 2016). Currently used materials include chitosan and derivates, 

although microbial polysaccharides and antimicrobial peptides might become more focussed in 

the future (Junter et al., 2016). In this study, four different materials were used for the coating 

of glass disks to investigate anti-attachment properties against P. aeruginosa: Poly(2-ethyl-2-

oxazoline) 500 (PEOX 500), triblock poly(ethylene oxide) 18-poly(propylene oxide) 62-

poly(ethylene oxide) 18 copolymer (Pluronic P-123), poly(ethylene glycol methacrylate 350)-

PEG500) 29:1 copolymer (P19), and polydimethylsiloxane (PDMS). All materials have previously 

been used for other biofilm related studies within the Unilever group. Amongst other things, 

peg lids were coated with the materials to investigate biofilm formation and oxygen 
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concentration over time. It was shown that PEOX 500 and P-123 significantly reduced oxygen 

consumption (p<0.001), whereas PDMS significantly increased oxygen consumption over time 

(p<0.005) (Perkins, unpublished). 

6.1.2 Aims of this chapter 

This chapter aimed to analyse effects of laundry products and formulations on biofilm formation 

and eradication by addressing the following questions: 

• Can the addition of laundry ingredients and full formulations prevent planktonic cell 

growth and biofilm formation, and can the addition of the ingredients or products to an 

established biofilm kill the cells? 

• Is there a difference between the addition of free BKC compared to silica encapsulated 

BKC with regards to planktonic cell growth, biofilm formation, and biofilm eradication? 

• Can the combination of encapsulated BKC with liquid detergent improve killing effects 

on biofilms? 

• Can we identify materials that can effectively prevent biofilm formation on surfaces to 

be used as alternative to biocides?  
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6.2 Results 

In this chapter, testing of currently used household laundry products was performed to provide 

insight into the effectiveness of these products to reduce biofilm formation in WMs and identify 

areas for future improvement. A liquid detergent, a powder detergent, and a fabric conditioner, 

provided by Unilever, were tested. Their effects on growth, biofilm formation, and killing of 

P. aeruginosa were assessed using PAO1-N and the WM isolate WMB1.3. The latter has been 

characterised in Chapter 5 and was chosen for this study to investigate if a WM isolate that was 

already in contact with washing formulations is better adapted to laundry products compared 

to the lab strain. The “free” (unencapsulated) biocide BKC was included in this study alongside 

encapsulated BKC (eBKC) samples provided by Unilever. The samples consist of a silica-based 

coating to shield the incorporated BKC from the detergent during product manufacture and 

storage as well as in use during the main wash stage (pre-rinse). In addition, some samples 

contain a zein protein layer which can be degraded by microbial enzymes to give another 

protective barrier preventing the BKC from being leaked. The encapsulates are designed to 

become entrapped in biofilm structures during the wash cycle and be retained after the 

detergent product has been drained during the water rinse step, which would remove the 

interfering detergent. Subsequently, the zein protein layer of selected samples would be 

degraded by microbial enzymes if bacteria or biofilm formation is present, so that the BKC would 

slowly diffuse out of capsule. As the interfering anionic detergent had been removed by the 

rinse, the BKC would be available to give optimum antibacterial performance. The samples were 

supplied as dried powders and the composition of nine different samples of eBKC is shown in 

Table 6.1.  
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Table 6.1: Composition of encapsulated BKC samples. The material amount of span 80, glycerol, BKC, 6-

amino-fluorescein, zein protein, silica, epoxy-silica, and glutaraldehyde is given in % for each of the eBKC 

sample A-I. 

Material A B C D E F G H I 

Span 80 [%] 10.43 9.64  9.63 9.62 10.43 9.64 9.63 9.62 9.62 

Glycerol [%] 19.56 18.08 18.06 18.04 19.55 18.07 18.05 18.03 54.09 

BKC [%] 39.13 36.15 36.12 36.08 39.11 36.13 36.1 36.06 0 

6-amino-
fluorescein [%] 

0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Zein protein [%] 0 0 0.1 0.2 0 0 0.1 0.2 0.2 

Silica [%] 30.85 28.5 28.48 28.45 30.84 28.49 28.46 28.43 28.43 

Epoxy-Silica [%] 0 7.61 7.6 7.59 0 7.6 7.6 7.59 7.59 

Glutaraldehyde 
[%] 

0 0 0 0 0.05 0.05 0.05 0.05 0.05 

Total [%] 100 100 100 100 100 100 100 100 100 

 

Span 80 is used as emulsification surfactant for the encapsulation synthesis, glycerol is needed 

as BKC carrier, 6-amino-fluorescein functions as fluorescent tag to allow fluorescence 

microscopy characterisation of the capsules such as aggregation and rate of leakage, the zein 

protein serves as a protease responsive capsule, epoxy-silica is a silica capsule precursor, and 

glutaraldehyde is used as protein cross-linking agent. The main differences lie in the composition 

of the outer coating: The presence of zein protein, the provision of epoxy-silica, and the 

availability of glutaraldehyde. eBKC I does not contain any BKC and was included as a negative 

control to investigate side effects of the capsules.  

Under normal conditions, the silica shell is porous and the water soluble BKC will therefore 

diffuse out of the capsule following dispersion in water. Selected capsules were therefore coated 

with a low solubility protein (zein) layer to slow BKC leakage into the surrounding medium. The 

zein was optionally cross-linked with glutaraldehyde to further reduce the water solubility of the 
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coating. Extracellular biofilm protease enzymes would then degrade the protein coating, 

providing triggered release of the encapsulated biocide. Critically, this approach would 

segregate the cationic BKC biocide, protecting it from interaction with and deactivation by 

anionic surfactants. The protein coating would prevent premature leakage of the biocide during 

the main wash process (while the detergent was present) and the protease triggered release 

mechanism would subsequently allow the biocide to be released directly on or within the biofilm 

allowing optimum efficacy. A schematic overview showing a capsule including the zein protein 

coating is shown in Figure 6.1. 

 

Figure 6.1: Schematic representation of eBKC containing zein protein. Left part: Intact particle, where 

BKC and fluorescein is encapsulated in a silica-zein matrix. Right part: BKC and fluorescein gets released 

when the particles come in contact with proteases released by bacteria, which degrade the zein protein. 

The eBKC samples were included in the study to explore (i) if BKC can be delivered more 

efficiently allowing improved performance from low BKC inclusion levels (for fabric conditioners) 

while minimising environmental loadings, and (ii) if BKC can be allowed to be delivered from 

anionic based laundry detergent products. Since chemical treatment of bacteria can lead to 

resistance and non-biocidal approaches to hygiene are of interest as a route to reduce the 

environmental biocide loading, four different polymers that can be used for surface coating 

were analysed to investigate whether they could reduce initial attachment of P. aeruginosa.  
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6.2.1 The planktonic growth of P. aeruginosa is inhibited by the addition 

of powder detergent 

Firstly, the effects of household laundry products on the planktonic growth of the P. aeruginosa 

lab strain PAO1-N and the WM isolate WMB1.3 was assessed (Figure 6.2). The base formulations 

of the products can be found in Appendix A. A growth measurement over 18 h in 96-well plates 

was performed to detect growth effects on PA01-N and WMB1.3 caused by a liquid detergent 

(LD, UK Persil Non-Bio, 2.9 mg mL-1), a powder detergent (PD, UK Persil Non-Bio, 1 mg mL-1), or 

a fabric conditioner (FC, UK Comfort, 2.9 mg mL-1) in liquid culture (M9S, 2.16.10). The given 

concentrations were chosen in collaboration with Unilever, and the concentrations reflect the 

typical product dosages under EU conditions and resulting “in wash” product concentrations for 

conventional UK front loader WMs. If not otherwise stated, the same concentrations were used 

throughout the whole study.  
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Figure 6.2: The addition of powder detergent reduces the growth of PAO1-N and WMB1.3 in M9S 

whereas liquid detergent and fabric conditioner only have minimal effects. PAO1-N and WMB1.3 were 

inoculated into a 96-well plate at an OD600 of 0.05 in M9S containing liquid detergent (LD, 2.9 mg mL-1), 

powder detergent (PD, 1 mg mL-1) or fabric conditioner (FC, 2.9 mg mL-1). The OD600 was measured 

automatically every 15 min at 37°C and is shown on a log scale against time. No path length correction 

was applied. Error bars represent standard error, where n = 3x6. 

Comparing the growth between the two strains, differences were observed for all conditions 

after 18 h, with a slightly elevated growth for samples grown in M9S LD. However, these changes 

are not considered biologically relevant and the differences may be a reflection of the high 

number of replicates. Additionally, samples with the addition of laundry products had a higher 

starting OD600 that is likely to be attributed to the background solution turbidity due to the 

formulation than bacterial growth. The OD600 of the fabric conditioner-containing sample 

reduced over time in the control without bacteria, culminating in a clear medium after ~11 h. 

M9S FC samples inoculated with bacteria showed growth starting after ~9 h; growth before that 

time point was presumably masked by the high starting OD600. For PAO1-N, no growth was 

observed in M9S PD over the whole period, whereas WMB1.3 still showed slight growth at the 

end when powder detergent was added. However, due to the changes in OD as a consequence 

of product additions, interpretation of the growth data was difficult. 
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6.2.2 The addition of powder and liquid detergent to cells of P. aeruginosa 

can reduce biofilm formation, both in a static and a flow-cell model 

 Microorganisms located in a biofilm exhibit higher metabolic functional diversity and metabolic 

cooperation than those living in planktonic form (Tribedi et al., 2015). Furthermore, the 

extracellular matrix of the biofilm provides an increased tolerance against antibiotics and a 

protection against disruptive forces. Therefore, it is crucial that biocidal effects shown for 

planktonic cells are also assessed in biofilm models. To do so, static biofilms of PAO1-N and 

WMB1.3 were grown in 8-well glass bottom chambers for 48 h at 37°C with the addition of 

laundry products to analyse effects on biofilm formation (2.18.1). After incubation, the cells 

were stained with SYTO 9 and propidium iodide (PI) using the LIVE/DEAD™ BacLight™ Bacterial 

Viability Kit (Thermo Fisher Scientific). The green dye, SYTO 9, is membrane permeable and 

stains all cells, living and dead, whereas the red dye, PI, can only pass through damaged 

membranes where it subsequently displaces SYTO 9 due to its higher affinity to DNA (Stocks, 

2004). Hence, live bacteria, or bacteria with intact membranes, fluoresce green whereas 

bacteria with permeable membranes fluoresce red and are considered dead. All biofilms were 

imaged using CLSM. Quantification of the images was performed using ImageJ to count the live 

and dead cells of each sample (Figure 6.3).  
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Figure 6.3: Representative images of PAO1-N and WMB1.3 show reduced biofilm formation when 

grown statically in M9S LD or PD, whereas no difference is apparent for the addition of FC. (a) PAO1-N 

(top panel) and WMB1.3 (bottom panel) were inoculated into an 8-well glass bottom chamber at an OD600 

of 0.05 in M9S containing no supplement, liquid detergent (LD, 2.9 mg mL-1), powder detergent (PD, 

2 mg mL-1), or fabric conditioner (FC, 2.9 mg mL-1). The cells were incubated at 37°C under static 

conditions for 48 h. Live cells were stained with SYTO 9 (green) and dead cells with PI (magenta). Z-stack 

images were taken with a Zeiss CLSM using a 63x objective and 3D top view images are presented. 

(b) Biofilm images were quantified by counting live (lower bars, PAO1-N green, WMB1.3 blue) and dead 

(upper bars, PAO1-N purple, WMB1.3 pink) cells of the individual channels (SYTO 9 and PI) using ImageJ. 

The logarithm of the number of cells is shown against the bacterial strains grown in M9S containing liquid 

detergent (LD), powder detergent (PD) or fabric conditioner (FC). Error bars represent standard error 

measured for different biofilm images, where n = 6. Statistical difference was calculated using the total 

cell numbers, with p<0.5 = *, p<0.0001 = ****, ns = not significant (ordinary one-way ANOVA test). 
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The total number of cells and hence biofilm formation was reduced when liquid or powder 

detergent was present in the growth medium for both strains, PAO1-N and WMB1.3, with 

powder detergent being more effective than liquid detergent. Furthermore, the effect of the 

powder detergent appeared to be more pronounced for the WM isolate WMB1.3 compared to 

the lab strain PAO1-N. In addition, the proportion of live cells differs between samples and 

strains, with 65% and 70% for M9S, 31% and 45% for M9S LD, 10% and 0.2% for M9S PD, and 

90% and 81% for M9S FC for PAO1-N and WMB1.3 respectively. This is interesting as for the 

addition of fabric conditioner to PAO1-N, the number of total cells was significantly reduced 

(p<0.0001, ordinary one-way ANOVA test), while the proportion of live cells was simultaneously 

higher compared to medium alone. 

To verify the results obtained using CLSM and image quantification, colony forming unit (CFU) 

experiments were undertaken (2.18.4). The biofilms were grown under the same conditions as 

before with the exception that 24-well cell culture treated plates (Thermo Fisher Scientific, 

Nunc™ Cell-Culture Treated) were used to increase the number of replicates in one experiment. 

After 48 h of incubation, the cells were resuspended in PBS, diluted, and plated onto LB agar 

plates. The number of colonies grown after 24 h at 37°C was counted and the CFUs per mL were 

calculated (Figure 6.4).  
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Figure 6.4: CFUs of PAO1-N and WMB1.3 biofilms show a reduction in viable cells for PAO1-N biofilms 

grown in M9S powder detergent under static conditions. PAO1-N (green) and WMB1.3 (blue) were 

inoculated into a 24-well plate at an OD600 of 0.05 in M9S containing liquid detergent (LD, 2.9 mg mL-1), 

powder detergent (PD, 2 mg mL-1), or fabric conditioner (FC, 2.9 mg mL-1). After 48 h of static incubation 

at 37°C, cells were resuspended and dilutions plated onto LB plates. The number of CFUs was counted 

after 24 h and is shown against bacterial strains and conditions. Error bars represent standard error, 

where n = 3x6, with p<0.0001 = ****, ns = not significant (non-parametric Mann-Whitney test). 

A significant reduction in CFUs was observed for PAO1-N treated with powder detergent 

(p<0.0001, non-parametric Mann-Whitney test). All other conditions contained comparable 

numbers of viable cells, with strain WMB1.3 CFUs being generally lower than those of PAO1-N. 

In addition to the static biofilm model, the BioFlux flow-cell system was used to analyse biofilm 

formation since this would mimic conditions in a WM more closely (2.18.2). After seeding of the 

bacteria, a constant flow of media with LIVE/DEAD staining and different laundry products was 

applied for 24 h before the biofilms were imaged using CLSM and quantified using ImageJ (Figure 

6.5). 
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Figure 6.5: Representative images of PAO1-N and WMB1.3 show reduced biofilm formation when 

grown in M9S with liquid or powder detergent in a flow-cell system whereas no reduction is shown for 

the addition of fabric conditioner. (a) PAO1-N (top panel) and WMB1.3 (bottom panel) were inoculated 

into a 48-well BioFlux flow-cell plate at an OD600 of 0.05 in M9S containing no supplement, liquid detergent 

(2.9 mg mL-1), powder detergent (2 mg mL-1), or fabric conditioner (2.9 mg mL-1). The cells were incubated 

at 37°C under static flow of 0.25 dyn cm-2 for 24 h. Live cells were stained with SYTO 9 (green) and dead 

cells with PI (magenta). Z-stack images were taken with a Zeiss CLSM using a 63x objective and 3D top 

view images are presented. (b) Biofilm images were quantified by counting live (lower bars, PAO1-N 

green, WMB1.3 blue) and dead (upper bars, PAO1-N purple, WMB1.3 pink) cells of the individual channels 

(SYTO 9 and PI) using ImageJ. The logarithm of the number of cells is shown against the bacterial strains 

grown in M9S containing liquid detergent (LD), powder detergent (PD), or fabric conditioner (FC). Error 

bars represent standard error measured for different biofilm images, where n = 6. Statistical difference 

was calculated using the total cell numbers, with p<0.05 = *, p<0.0001 = ****, ns = not significant 

(ordinary one-way ANOVA test). 
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A clear reduction in biofilm formation in the presence of liquid and powder detergent was 

observed, with the reduction being most pronounced for PAO1-N with the powder detergent. 

No biofilm reduction was observed with the fabric conditioner for any of the two strains. 

Comparing both strains with each other, WMB1.3 was less affected by the powder detergent, 

resulting in more cells overall, both live and dead, compared to PAO1-N under the same 

conditions. Furthermore, as already described for the static model, the proportion of live cells 

for PAO1-N grown in M9S FC (85%) was higher than for the control grown in M9S (55%). No CFU 

counting could be performed because of technical barriers using the BioFlux flow-cell system.  

6.2.3 Addition of powder and liquid detergent to an established biofilm 

affects cells of P. aeruginosa  

To investigate if laundry products have effects on already established biofilms, biofilms were 

grown in plain M9S for 48 h under static conditions before liquid detergent, powder detergent, 

or fabric conditioner was added to the biofilms. The biofilms were stained with LIVE/DEAD 

staining and imaged before the addition as well as every 5 minutes after the addition of the 

laundry products for 30 min using CLSM. For the quantification, the percentage of live cells in 

each condition and each replicate was taken and normalised to the value before the addition of 

that specific sample. That way, each sample starts with a value of 1 for live cells before the 

addition of laundry products. This is to reduce variation that exists between individual biofilms 

(Figure 6.6). 
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Figure 6.6: Representative images of PAO1-N and WMB1.3 show liquid or powder detergent added to 

established biofilms kill bacteria, whereas fabric conditioner does not. (a) PAO1-N (top panel) and 

WMB1.3 (bottom panel) were inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in M9S. 

The cells were incubated at 37°C under static conditions for 48 h. Live cells were stained with SYTO 9 

(green) and dead cells with PI (magenta). Images presented were taken before the addition (top) and 

30 min after the addition (bottom) of M9S containing no supplement, liquid detergent, powder detergent, 

or fabric conditioner to the established biofilms to give a final concentration of 2.9 mg mL-1 (LD and FC) or 

2 mg mL-1 (PD). Z-stack images were taken with a Zeiss CLSM using a 63x objective and 3D top view images 

are presented. (b) Biofilm images of PAO1-N and WMB1.3 were quantified by counting live and dead cells 

of the individual channels (SYTO 9 and PI) using ImageJ before (PAO1-N green, WMB1.3 blue) and after 

(PAO1-N purple, WMB1.3 pink) the addition of M9S with liquid (LD), powder (PD), or fabric conditioner 

(FC). The normalised percentage of live cells before and after the addition is shown against the conditions. 

Error bars represent standard error measured for different biofilm images, where n = 2, with ns = not 

significant (non-parametric Mann-Whitney test). 

No detectable change was observed for either strain PAO1-N or WMB1.3 when M9S or fabric 

conditioner was added to established biofilms. In contrast, looking at PAO1-N, the addition of 

M9S LD and M9S PD both resulted in a reduction of the proportion of live cells after 30 min up 

to a 0.4-fold change. This change was also observed for the addition of M9S PD to biofilms of 

WMB1.3. However, no killing activity was detected for WMB1.3 with the addition of M9S LD. All 

changes were not statistically significant based on a non-parametric Mann-Whitney test, likely 

because of the low number of replicates (n=2). 

CFU experiments were performed to confirm the results obtained using CLSM. The experimental 

set up was the same as before, where biofilms of both strains were grown for 48 h before M9S 

containing laundry products was added to the biofilms. After 30 min, the cells were suspended 

in PBS, diluted, and spotted onto LB plates. After 24 h of incubation, the colonies were counted 

and the CFUs per mL were calculated (Figure 6.7).  
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Figure 6.7: CFUs of PAO1-N and WMB1.3 biofilms reveal that bacterial viability in established biofilms 

is not altered by the addition of laundry supplements. PAO1-N (green) and WMB1.3 (blue) were 

inoculated into a 24-well plate at an OD600 of 0.05 in M9S. After 48 h of static incubation at 37°C, cells 

were treated with liquid detergent, powder detergent, or fabric conditioner for 30 min to give a final 

concentration of 2.9 mg mL-1 (LD and FC) or 2 mg mL-1 (PD). Subsequently, cells were resuspended and 

dilutions plated onto LB plates. The number of CFUs was counted after 24 h and is shown against bacterial 

strains and conditions. Error bars represent standard error, where n = 3x6, with ns = not significant (non-

parametric Mann-Whitney test). 

In contrast to the observations using CLSM, no significant difference in CFUs was detected 

between the addition of medium compared to the laundry products to established biofilms of 

PAO1-N or WMB1.3. 

After the analysis of the data sets, discrepancies existed between both chosen methods, CLSM 

and CFUs, to investigate the viability of the cells under the given conditions. Therefore, the 

BacTiter-Glo™ Microbial Cell Viability Assay (Promega, 2019) was performed on an overnight 

culture of PAO1-N to further explore if the addition of laundry products to cells can impede the 

viability of the bacteria (2.17). After normalising the OD600 to 1, the laundry products were added 

to the planktonic cells for 30 min. Following the incubation, the cell viability assay kit was used 

to measure the adenosine triphosphate (ATP) present by looking at the luminescence. ATP is 

used as an indicator for metabolically active cells. The luminescence signal is proportional to the 
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ATP present and hence proportional to the number of viable cells in culture. Therefore, less 

luminescence signal means less ATP, and therefore less viable cells within the sample (Figure 

6.8). 

           

Figure 6.8: Fewer viable planktonic PAO1-N cells detected following exposure to powder detergent. 

PAO1-N was inoculated into a 1 mL centrifuge tube at an OD600 of 1 in M9S containing no supplement, 

liquid detergent (LD, 2.9 mg mL-1), powder detergent (PD, 2 mg mL-1), or fabric conditioner (FC, 

2.9 mg mL-1). After 30 min of static incubation at room temperature, 100 µL of cells were used for the 

viability assay in a 96-well plate and luminescence was recorded using a Tecan plate reader. The 

luminescence intensity is shown against conditions. Error bars represent standard error, where n = 6 for 

PAO1-N and n = 3 for medium without cells, with p<0.0001 = ****, ns = not significant (ordinary one-way 

ANOVA test). 

The luminescence intensity was significantly lower (p<0.0001, ordinary one-way ANOVA test) 

for the sample where M9S powder detergent was added compared to the control sample with 

M9S, indicating less viable cells after 30 min. For both other conditions, the addition of M9S LD 

and M9S FC, no significant reduction in metabolic activity of cells could be observed. Controls 

consisting of the different media without cells confirmed minimal background luminescence in 

this assay. Overall, these results showed fewer effects than observed by CLSM, where both liquid 

and powder detergent showed effects after 30 min, but more effects than noted by CFU 
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experiments, where no differences were observed for any of the additions. Hence, further 

investigation was needed to find out why the LIVE/DEAD staining showed a bigger effect of the 

laundry products on biofilm formation compared to other methods. To exclude the possibility 

of a direct interaction between the dyes used for staining (SYTO 9 and PI) with the laundry 

products, medium was prepared without dyes, with single dyes, and with both dyes and was 

mixed with liquid detergent, powder detergent, or fabric conditioner. Subsequently, the green 

(SYTO 9) and red (PI) fluorescence intensity was measured for each sample (Figure 6.9).  

 

Figure 6.9: Fluorescence intensity measurement shows SYTO 9 and PI fluorescence for medium with 

and without laundry supplements. Medium containing no supplement, liquid detergent (LD, 

2.9 mg mL-1), powder detergent (PD, 2 mg mL-1), or fabric conditioner (FC, 2.9 mg mL-1) was supplemented 

with SYTO 9 (green), PI (purple), or both dyes simultaneously (orange) and 200 µL were used to measure 

fluorescence intensity using a Tecan plate reader at room temperature. The fluorescence intensity is 

shown against conditions. (a) Fluorescence intensity of SYTO 9 (green fluorescence, 480 nm/515 nm). 

(b) Fluorescence intensity of PI (red fluorescence, 490 nm/635 nm). 

When no dyes were present in the medium, neither green nor red fluorescence was detected 

for any of the conditions, excluding the possibility of background fluorescence from the laundry 

products. With SYTO 9 present, green as well as some red fluorescence was measured, but the 

red fluorescence intensity was very low. The green fluorescence was much higher for the 

medium containing liquid detergent or powder detergent and slightly increased for M9S FC 

compared to the control with just M9S. No green fluorescence was detected in any of the media 

where only PI was present, as expected, whereas red fluorescence was measured in all four 



C h a p t e r  6  -  R e s u l t s  P a g e  |  2 0 5  

 
samples. When both dyes were added to the medium, both green and red fluorescence was 

detected. The overall signal intensity for the green fluorescence was higher when only SYTO 9 

was present compared to both dyes. This was not the case for the red fluorescence intensity. 

Additionally, a detailed analysis of the images taken after addition of the liquid and powder 

detergent to the established biofilm of PAO1-N was performed to investigate which cells are 

stained with SYTO 9 (green), PI (magenta), or not stained at all over time. Images taken before 

the addition and every 10 min after the addition were chosen and the staining of the cells was 

investigated including the brightfield channel to have an overview about the total cells present. 

Representative images using liquid detergent are shown in Figure 6.10.  
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Figure 6.10: Representative images of PAO1-N cells stained with SYTO 9 show loss of fluorescence signal 

over time when liquid detergent is added to the cells. PAO1-N was inoculated into an 8-well glass bottom 

chamber at an OD600 of 0.05 in M9S. The cells were incubated at 37°C under static conditions for 48 h. 

Live cells were stained with SYTO 9 (green) and dead cells with PI (magenta) and images were taken with 

a Zeiss CLSM and a 63x objective. M9S containing liquid detergent was added to the established biofilm 

to give a final concentration of 2.9 mg mL-1 and imaged every 5 min over a period of 30 min. 

Representative 2D images before the addition as well as 10 min, 20 min, and 30 min after the addition are 

presented. Right panel shows a zoom-in view of the square indicated in the overlay images. 

Before the addition of liquid detergent, most cells were stained with SYTO 9 (green, live) and 

some cells, mostly clustered, were stained with PI (magenta, dead). Looking at the zoom-in, no 

cells could be detected that are not stained. The same could be seen 10 min after the addition 

of the liquid detergent to the biofilm. However, at the later time points, the same cells as before 
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were stained with PI, but fewer cells were stained with SYTO 9. Instead, a lot of cells were not 

stained at all as seen in the zoom-in images. That means that the overall number of cells stained 

with PI stayed the same, but the number of cells stained with SYTO 9 decreased markedly over 

time. These cells were not stained with PI instead but stayed unstained. The same was observed 

for the addition of powder detergent but less pronounced (Appendix A). 

In summary, the addition of both powder and liquid detergent to established biofilms can reduce 

the number of live cells, with WMB1.3 showing slightly increased. However, observations differ 

between methods, with LIVE/DEAD staining revealing more effects than CFU counting. Further 

examination of these discrepancies between methods showed effects of the laundry products 

on the staining ability of the dyes, which needs more extensive investigation. 

6.2.4 Free BKC prevents biofilm formation of P. aeruginosa more than 

encapsulated BKC 

BKC is one of the biocides commonly used in hygiene products, mainly in hard surface cleaning 

products. However, it cannot be easily incorporated into laundry detergents due to charge 

interactions with anionic surfactants that reduces its biocidal action. Furthermore, there are 

concerns that the release of BKC into the environment can result in antimicrobial resistant 

bacteria (Russell, 1998; Russell, 2002; Langsrud et al., 2003; McMahon et al., 2007; Mc Cay et 

al., 2010). Chapter 5 also revealed increased BKC resistance of some P. aeruginosa strains 

isolated from WMs compared to PAO1-N. In this chapter, BKC was compared to different 

versions of encapsulated BKC to assess their relative abilities to prevent planktonic growth and 

biofilm formation or kill bacteria in an already established biofilm. The concentration of the eBKC 

samples were adjusted so that the BKC concentration was the same as the free BKC 

(0.2 mg mL-1). The chosen BKC concentration was based on previous studies investigating the 

minimal concentration to remove already established biofilms of P. aeruginosa performed by 

Unilever and was therefore much higher than the MIC observed in Chapter 5 (60 mg L-1). In 

addition to the usual control without addition (M9S), a control for the eBKC samples was added, 
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which consisted of the empty capsule without BKC incorporated (eBKC I). Due to the low 

availability of eBKC samples, the experiments were only performed using strain PAO1-N.  

To look at effects on planktonic growth, cells were grown in 96-well plates and the OD600 was 

measured every 15 min for 22 h using a Tecan plate reader (Figure 6.11). Two separate graphs 

were prepared as the experiments were performed under slightly different conditions, where 

the lid of the 96-well plate was removed for the experiment with unencapsulated BKC but not 

for the eBKC, resulting in slight path differences of the readings. 
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Figure 6.11: Addition of free BKC or eBKC A-H prevents the growth of PAO1-N in M9S, whereas the 

addition of eBKC I (control without BKC) shows normal growth. PAO1-N was inoculated into a 96-well 

plate at an OD600 of 0.05 in M9S containing free BKC or different samples of eBKC. The OD600 was measured 

automatically every 15 min at 37°C and is shown on a log scale against time. No path length correction 

was applied. Error bars represent standard error, where n = 3x7 for free BKC and n = 3x8 for eBKC samples. 

(a) Free BKC (0.2 mg mL-1). (b) eBKC (0.51 mg mL-1 for A and E, 0.55 mg mL-1 for B-D and F-I). 

 The addition of free BKC as well as all eBKC samples led to complete inhibition of cell growth 

over the whole time period with the exception of eBKC I, the negative control, which grew 

normally. The overall OD600 for controls with eBKC and no cells was slightly higher than the M9S 

alone, likely because of the formulations of the eBKC. 

As presented in Table 6.1, all eBKC samples contain 0.02% 6-amino-fluorescein, which fluoresces 

in green (490 nm/525 nm). Therefore, any interference with the LIVE/DEAD staining was 
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excluded before conducting further imaging experiments. To do this, biofilms were grown with 

selected samples of eBKC for 48 h and bacteria were stained with PI. Using CLSM, no green 

fluorescence was observed, indicating that the fluorescein dye cannot be detected in the sample 

(Appendix D). Hence, LIVE/DEAD staining including the green dye SYTO 9 to stain live cells could 

be used for experiments containing eBKC.  

To compare the effects between different eBKC samples and free BKC on biofilm formation, 

PAO1-N biofilms were grown statically with the addition of free BKC or eBKC for 48 h, stained 

with SYTO 9 and PI and imaged using CLSM. Overlay images with SYTO 9 and PI as well as the 

individual images were chosen to highlight differences between samples. Representative images 

and the quantification can be found in Figure 6.12.  
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Figure 6.12: Representative images of PAO1-N show altered biofilm formation when grown statically in 

M9S with the addition of free BKC or different eBKC samples. (a) PAO1-N was inoculated into an 8-well 

glass bottom chamber at an OD600 of 0.05 in M9S containing no supplement, free BKC (0.2 mg mL-1), or 

eBKC A-I (0.51 mg mL-1 for A and E, 0.55 mg mL-1 for B-D and F-I). The cells were incubated at 37°C under 

static conditions for 48 h. Live cells were stained with SYTO 9 (green) and dead cells with PI (magenta). 

Z-stack images were taken with a Zeiss CLSM using a 63x objective. Top images represent 3D top view, 

bottom images 3D side view of biofilms. (b) Biofilm images were quantified by counting live (lower bars, 

green) and dead (upper bars, purple) cells of the individual channels (SYTO 9 and PI) using ImageJ. The 

logarithm of the number of cells is shown against the strain grown in M9S containing free BKC or eBKC A-

I. Error bars represent standard error measured for different biofilm images, where n = 8 for M9S and 

M9S eBKC I, n = 6 for M9S BKC, n = 4 for M9S eBKC A-H. Statistical difference was calculated using the 

total cell numbers compared to the control M9S, with p<0.05 = *, p<0.01 = **, p<0.0001 = ****, ns = not 

significant (non-parametric Kruskal-Wallis test). 

The addition of unencapsulated BKC to the growth medium led to highly reduced biofilm 

formation of PAO1-N, where only one layer of cells was formed at the bottom of the chamber. 

Interestingly, when looking at the individual channels, it seemed that the cells were stained with 

both SYTO 9 and PI at the same time. The majority of the eBKC samples (eBKC A, B, C, D, E, F, 

and H) resulted in a structural change of the biofilm formation with lots of clumps being formed. 

Sample G looked like the WT control although some clumps could still be detected, especially in 

the green channel. The negative control, eBKC I, formed a non-homogenous biofilm with some 

parts comparable to the WT, whereas other parts showed less cells and some clumping. The 
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clumps in all samples were mostly pronounced in the green channel and as already described 

for free BKC, there seemed to be regions that were stained with both dyes at the same time. 

Overall, less cells were detected for the samples containing BKC although some biofilms were 

thicker due to the clumping. The quantification mostly confirmed the results seen in the images, 

although the clumping complicated the quantification. As already indicated, the addition of free 

BKC as well as all eBKC samples to the growth medium at the beginning of the biofilm formation 

resulted in less live cells compared to the control. However, the reduction of total cells with the 

addition of eBKC A, B, E, F, G, and H was not significant, likely due to the low number of 

replicates. It should be noted that the negative control, eBKC I, that does not contain any BKC 

led to a significant reduction of biofilm formation (p<0.01, non-parametric Kruskal-Wallis test). 

In addition to CLSM, CFU experiments were performed as previously described (Figure 6.13).  

                       

Figure 6.13: CFUs of PAO1-N biofilms show reduced number of viable cells for all biofilms grown with 

the addition of free BKC or eBKC apart from eBKC I (control) under static conditions. PAO1-N was 

inoculated into a 24-well plate at an OD600 of 0.05 in M9S containing no supplement, free BKC 

(0.2 mg mL-1), or eBKC A-I (0.51 mg mL-1 for A and E, 0.55 mg mL-1 for B-D and F-I). After 48 h of static 

incubation at 37°C, cells were resuspended and dilutions plated onto LB plates. The number of CFUs was 

counted after 24 h and is shown against conditions. Error bars represent standard error, where n = 3x6, 

with p<0.5 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****, ns = not significant (non-parametric Kruskal-

Wallis test). 
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The CFU counting confirms the results obtained with CLSM with all eBKC samples leading to 

significantly reduced biofilm formation (non-parametric Kruskal-Wallis test) apart from eBKC I 

that showed no significant difference, which is in contrast to the CLSM results where the control 

led to reduced biofilm formation and clumping of the cells. Free BKC showed the biggest effect 

whereas eBKC G had the smallest reduction in viable cells. 

To analyse the killing ability of the different samples, free BKC or eBKC was added to established 

biofilms of PAO1-N grown for 48 h and stained with SYTO 9 and PI. Images were taken before 

the addition and subsequently every 5 min during a period of 30 min using CLSM. Representative 

images and quantification can be seen in Figure 6.14.  
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Figure 6.14: Representative images of PAO1-N show killing effects at different intensities when free BKC 

or eBKC was added to established biofilms for 30 min. (a) PAO1-N was inoculated into an 8-well glass 

bottom chamber at an OD600 of 0.05 in M9S. The cells were incubated at 37°C under static conditions for 

48 h. Live cells were stained with SYTO 9 (green) and dead cells with PI (magenta). Images presented were 

taken before the addition (top) and 30 min after the addition (bottom) of M9S containing no supplement, 

free BKC, or eBKC A-I to the established biofilms to give a final concentration of 0.2 mg mL-1 (free BKC), 

0.51 mg mL-1 (A and E) and 0.55 mg mL-1 (B-D and F-I). Z-stack images were taken with a Zeiss CLSM using 

a 63x objective and 3D top view images are presented. (b) Biofilm images were quantified by counting 

live and dead cells of the individual channels (SYTO 9 and PI) using ImageJ. The normalised percentage of 

live cells before (green) and after (purple) the addition of M9S, free BKC, or eBKC A-I is shown against the 

conditions. Error bars represent standard error measured for different biofilm images, where n = 6 for 

M9S, n = 2 for M9S BKC and n = 1 for eBKC A-I, ns = not significant (non-parametric Mann-Whitney test). 

As already seen previously, the addition of M9S to the biofilm did not lead to any changes of the 

biofilm. However, when the negative control eBKC I was added, a lot of the biofilm got disrupted 

and clumping occurred. The addition of eBKC A, B, G, and H also led to clumping including an 

increase in dead cells especially for eBKC B, G, and H. When free BKC or eBKC C, D, E, or F were 

added, some killing of cells was observed but not much clumping. Based on the images, free BKC 

as well as eBKC B, G, and H showed the highest effects on biofilm eradication. Looking at the 

quantification, all BKC samples, including the negative control eBKC I, showed a reduction in the 

percentage of live cells within the biofilm after 30 min. It should be noted that, due to limited 
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sample availability and high expenditure of time, this experiment was only performed once for 

each eBKC sample. Free BKC was the only sample apart from the control with M9S where two 

replicates were performed, but the reduction of live cells was found not significant based on a 

non-parametric Mann-Whitney test. CFU experiments were performed as described before and 

the results are shown in Figure 6.15. 

                      

Figure 6.15: CFUs of PAO1-N biofilms show killing activity when free BKC or eBKC A, C, G, or H was added 

to established biofilms for 30 min. PAO1-N was inoculated into a 24-well plate at an OD600 of 0.05 in M9S. 

After 48 h of static incubation at 37°C, cells were treated with free BKC or eBKC A-I for 30 min to give a 

final concentration of 0.2 mg mL-1 (free BKC), 0.51 mg mL-1 (A and E), and 0.55 mg mL-1 (B-D and F-I). 

Subsequently, cells were resuspended and dilutions plated onto LB plates. The number of CFUs was 

counted after 24 h and is shown against conditions. Error bars represent standard error, where n = 6, with 

p<0.01 = **, p<0.0001 = ****, ns = not significant (non-parametric Mann-Whitney test for BKC, rest 

ordinary one-way ANOVA test). 

 No significant differences in CFU counts were observed for eBKC B, D, E, F, and I compared to 

the control M9S. The addition of free BKC or eBKC A, C, G, and H led to a significant reduction in 

CFUs, where free BKC, eBKC C, and eBKC H showed the biggest effect. The addition of 

unencapsulated BKC was especially striking as no colonies at all were formed following the 

30 min addition for none of the six replicates. 
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In the previous experiment, the eBKC samples were added for 30 min to look for any effects on 

the already established biofilm. However, the eBKC samples might need more time to deploy 

their whole killing capability due to the BKC being incorporated inside the capsules. Therefore, 

three samples were chosen for further experiments where the eBKC was added to the biofilms 

for an elongated time of 24 h, before the biofilms were imaged again. During the additional 24 h, 

the biofilms were incubated at 37°C in a static incubator. After prior consultation with Unilever, 

eBKC D, H, and I were chosen for the further experiments. Representative images and 

quantification can be found in Figure 6.16, where Figure 6.16a represents the previous images 

showing the addition for 30 min as well as the results for the 24 h addition. It should be noted 

that for the 24 h addition, the images were not taken at the same spot as the image before the 

addition as this was technically not possible.  
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Figure 6.16: Representative images of PAO1-N biofilms show increased killing effects of selected eBKC 

samples when added to established biofilms for 24 h. (a) PAO1-N was inoculated into an 8-well glass 

bottom chamber at an OD600 of 0.05 in M9S. The cells were incubated at 37°C under static conditions for 

48 h. Live cells were stained with SYTO 9 (green) and dead cells with PI (magenta). Images were taken 

before M9S containing no supplement or eBKC D, H, or I was added to the established biofilms to give a 

final concentration of 0.55 mg mL-1. Subsequently, cells were incubated for another 24 h at 37°C and 

imaged again (bottom panel). For comparison, addition of supplements for 30 min taken from previous 

experiments is also shown (top panel). Z-stack images were taken with a Zeiss CLSM using a 63x objective 

and 3D top view images are presented. (b) Biofilm images were quantified by counting live and dead cells 

of the individual channels (SYTO 9 and PI) using ImageJ. The normalised percentage of live cells before 

(green) and after (30 min purple, 24 h pink) the addition of M9S or eBKC E, H, or I is shown against the 

conditions. Error bars represent standard error measured for different biofilm images, where n = 6 for 

M9S 30 min, n = 1 for M9S eBKC D, H and I 30 min, n = 2 for all conditions 24 h, with ns = not significant 

(non-parametric Mann-Whitney test). 

No significant changes were observed for M9S after 30 min and 24 h. The negative control eBKC I 

also showed no significant difference in the percentage of live cells after 24 h as opposed to 

30 min, where a decrease was observed. An increased killing effect was seen for eBKC D for both 

time points, with an increase in killing between 30 min and 24 h. No difference was detected 

between 30 min and 24 h for the addition of eBKC H. However, there was still a decrease in the 

percentage of live cells for both time points overall. However, due to the low number of 

replicates, no statistical significance could be determined. It should also be noted that clumping 

was observed for the addition of eBKC D and H, with only a few clumps detected for eBKC I. 

Results for the performed CFU experiments can be found in Figure 6.17. 
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Figure 6.17: CFUs of PAO1-N biofilms show increased killing activity when eBKC D was added to 

established biofilms for 24 h. PAO1-N was inoculated into a 24-well plate at an OD600 of 0.05 in M9S. After 

48 h of static incubation at 37°C, eBKC D, H, or I was added to the biofilms to give a final concentration of 

0.55 mg mL-1 and incubated for another 24 h. Cells were resuspended and dilutions plated onto LB plates. 

The number of CFUs was counted after 24 h (blue) and is shown against conditions. Results obtained for 

30 min (green) of treatment from previous experiments are shown for comparison. Error bars represent 

standard error, where n = 6, with p<0.05 = *, p<0.0001 = ****, ns = not significant (two-way ANOVA test). 

After 24 h of treatment, all samples resulted in a significant decrease of CFUs compared to the 

control with M9S. The decrease was bigger for eBKC D and H than for eBKC I. Comparing the 

length of the treatments, eBKC D was only effective when added for 24 h whereas eBKC H 

showed killing effects for both time points, 30 min and 24 h. The addition of eBKC I only had a 

slight effect following the longer treatment of 24 h. 

In a meeting with our industrial partner Unilever, the treatment of biofilms with a combination 

of eBKC together with liquid detergent was discussed. Due to the anionic properties of BKC, free 

BKC cannot be combined with liquid detergent. The idea is that the encapsulation of the eBKC 

would protect the BKC in such a way as to enable it to be stably incorporated to laundry 

detergents. To test the effectiveness, the previously selected samples eBKC D, H, and I were 

combined with liquid detergent and added to an already established PAO1-N biofilm. The cells 
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were stained with SYTO 9 and PI and imaged before and after the addition for 30 min using CLSM 

(Figure 6.18).  
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Figure 6.18: Representative images of PAO1-N show no increased killing effects of selected eBKC 

samples when added together with liquid detergent to established biofilms for 30 min. (a) PAO1-N was 

inoculated into an 8-well glass bottom chamber at an OD600 of 0.05 in M9S. The cells were incubated at 

37°C under static conditions for 48 h. Live cells were stained with SYTO 9 (green) and dead cells with PI 

(magenta). M9S containing no supplement or eBKC D, H, or I together with liquid detergent was added to 

the established biofilms to give a final concentration of 0.55 mg mL-1 (eBKC) and 2.9 mg mL-1 (liquid 

detergent) (top panel). Biofilms were imaged before the addition and after 30 min. For comparison, 

addition of supplements without liquid detergent from previous experiments is also shown (top panel). 

Z-stack images were taken with a Zeiss CLSM using a 63x objective and 3D top view images are presented. 

(b) Biofilm images were quantified by counting live and dead cells of the individual channels (SYTO 9 and 

PI) using ImageJ. The fold change of the percentage of live cells before (green) and after (30 min purple, 

24 h pink) the addition of M9S or eBKC D, H, or I with or without liquid detergent is shown against the 

conditions. The results were normalised to the percentage of live cells before the addition for each 

condition. Error bars represent standard error measured for different biofilm images, where n = 6 for 

M9S, n = 1 for eBKC without liquid detergent, n = 2 for eBKC with liquid detergent, with ns = not significant 

(non-parametric Mann-Whitney test). 

As previously seen, the addition of M9S did not lead to any changes, whereas the combination 

of eBKC D, H, and I with liquid detergent resulted in a reduction of live cells. However, as 

described in 6.2.3, this could be due to the cells losing the SYTO 9 staining rather than a killing 

effect. The decrease in percentage of live cells for the addition of eBKC D with liquid detergent 

was increased compared to no liquid detergent. However, for eBKC H, the killing effect was 

reduced when liquid detergent was present. No difference was observed for the addition of 

eBKC I with or without liquid detergent, but a killing activity was still detected for both 

conditions. Due to the low number of replicates, observed differences were not statistically 

significant. No clumps were observed for any of the samples containing liquid detergent. The 

results for CFU experiments are shown in Figure 6.19.  
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Figure 6.19: CFUs of PAO1-N biofilms show no killing activity when eBKC was added to the biofilms 

together with liquid detergent for 30 min. PAO1-N was inoculated into a 24-well plate at an OD600 of 0.05 

in M9S. After 48 h of static incubation at 37°C, eBKC D, H, or I was added to the biofilms together with 

liquid detergent to give a final concentration of 0.55 mg mL-1 (eBKC) and 2 mg mL-1 (liquid detergent). 

After 30 min, cells were resuspended and dilutions plated onto LB plates. The number of CFUs was 

counted after 24 h and is shown against conditions (blue). Results obtained without liquid detergent are 

shown for comparison (green). Error bars represent standard error, where n = 6, with p<0.0001 = ****, 

ns = not significant (two-way ANOVA test). 

Looking at the CFU counts, no significant changes were observed compared to M9S for any of 

the three eBKC samples when liquid detergent was present. This is in contrast to the results 

obtained without liquid detergent, where the addition of eBKC H to the biofilm for 30 min 

resulted in a significant reduction of CFUs.  

6.2.5 Different materials used for the coating of glass disks can reduce 

initial attachment of PAO1-N 

Instead of using biocides that could cause bacterial resistance and are associated with 

environmental concerns, material coating was investigated as an alternative to prevent biofilm 

formation. The ability of PAO1-N to form biofilms on differently coated glass disks was analysed 

using scanning electron microscopy (SEM). The disks were coated by Unilever using four 
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different materials: PEOX 500, P-123, P19, and PDMS. For this experiment, PAO1-N was grown 

on coated glass disks for 3 h before being fixed and imaged using SEM (2.20). For each sample, 

three images were taken at a magnification of 2,000x and the number of attached cells was 

counted. A control disk without coating was included in the experiment. Representative images 

at 2,000x and 20,000x magnification and quantification are shown in Figure 6.20. 

 

Figure 6.20: Representative SEM images show different attachment of PAO1-N to various coatings. 

PAO1-N was inoculated into a 12-well plate consisting of glass disks (uncoated or coated with PEOX500, 

PL123, P19, or PDMS) at an OD600 of 0.05 in TSB medium. After 3 h of static incubation at 37°C, cells were 

fixated and disks were prepared for SEM. (a) Images were taken with a Hitachi S-4800 SEM at 

magnification of 2000x (top) and 20,000x (bottom). (b) Image quantification by counting attached cells of 

2000x magnification. The number of cells is shown against the coating material. Error bars represent 

standard error measured for different biofilm images, where n = 3 for uncoated and PDMS, n = 4 for P123 

and n = 5 for PEOX500 and P19, with p<0.05 = *, ns = not significant (non-parametric Mann-Whitney test). 

 

Looking at the images taken with 2000x magnification, cells were observed for all conditions 

except PEOX 500, where only very few cells or no cells were detected. In contrast, more cells 

were detected for the disk coated with P-123. Furthermore, a closer look with the 20,000x 
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magnification revealed differences in the cell shapes. Bacteria grown on P19 looked elongated 

compared to the control grown on uncoated glass. A lot of flagella were observed for cells grown 

on P-123, whereas dead cells were detected on the PEOX 500 coated surface. The quantification 

show that the attachment of bacteria was significantly reduced (p<0.05, non-parametric Mann-

Whitney test) when the disk was coated with PEOX 500 whereas the attachment was 

significantly increased (p<0.05, non-parametric Mann-Whitney test) for coating with P-123. No 

significant difference was detected for P19 and PDMS. However, this experiment was only 

performed once, and biological replicates are required for a more secured analysis. 
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6.3 Discussion 

This chapter aimed to investigate the impact of different laundry products on the growth and 

biofilm formation of two P. aeruginosa strains, the lab strain PAO1-N and the WM isolate 

WMB1.3. Furthermore, the practicality and effectiveness of using encapsulated BKC instead of 

free BKC in laundry detergents was investigated. A secondary aim was the investigation of 

materials that can be used for surface coating to prevent bacterial attachment and biofilm 

formation as an alternative to the treatment using biocides potentially harmful to the 

environment. 

6.3.1 Various laundry products have different effects on growth, biofilm 

formation and biofilm killing of P. aeruginosa  

Previous research has indicated that different laundry products have various effects on the 

hygiene of laundry. Because of the presence of active bleaching agents in powder detergents, 

these were found to be more effective in reducing bacterial colonisation of WMs compared to 

liquid detergent (Munk et al., 2001). Furthermore, the use of fabric conditioners was proposed 

as alternative for washes at lower temperatures due to its bacteriostatic properties (Davis and 

Ainsworth, 1989). Previous studies have also found evidence that the use of biocides in laundry 

products can lead to bacterial resistance (International Scientific Forum on Home Hygiene, 

2018). Therefore, the WM isolate P. aeruginosa WMB1.3 that was characterised in Chapter 5 

was included in this study to compare the effects of the laundry products on this strain with the 

lab strain PAO1-N.  

The analysis of three different laundry products - a liquid detergent, a powder detergent, and a 

fabric conditioner, all provided by Unilever - revealed differences between the products but also 

between the two strains. Growth experiments carried out in minimal medium with the addition 

of the laundry products at defined concentrations showed no initial growth for both strains 

when powder detergent was present (Figure 6.2). After 17 h, WMB1.3 started to grow very 
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slightly, possibly because the WM isolate is slightly more resistant to the powder detergent due 

to previous exposure within the WM. Overall, as the powder detergent contains bleaching 

agents, the presence was likely to reduce the growth of bacteria (Munk et al., 2001). This is not 

the case for the liquid detergent or fabric conditioner that are rather used to leach out stains 

and soil and to soften the clothes than to kill bacteria. Therefore, the addition of liquid detergent 

or fabric conditioner showed no reduced growth; instead, the growth was even slightly 

enhanced with the addition of liquid detergent for both strains. However, this increase was 

considered not to be biologically relevant and more due to the high number of replicates.  

Besides the analysis of planktonic growth, biofilm formation and killing abilities of the laundry 

products were assessed. For this study, CLSM of LIVE/DEAD staining and CFU experiments were 

chosen to investigate the effects of the laundry products on biofilm formation and biofilm 

eradication. The LIVE/DEAD™ BacLight™ Bacterial Viability was used in this study for microscopic 

quantification of the biofilms to look for general biofilm formation on the one hand but also to 

investigate viability of these biofilms under various growth conditions.  

In a first approach, the laundry products were added to the growth medium of PAO1-N and 

WMB1.3 before cells were incubated for 48 h at 37° under static conditions or for 24 h with a 

constant flow of medium (Figure 6.3 and Figure 6.5). Imaging of the biofilms revealed reduced 

biofilm formation for both strains PAO1-N and WMB1.3 when powder detergent was present in 

the growth medium under static as well as flow condition. As already discussed for the 

planktonic growth, this effect can be explained by the presence of active bleach agents in the 

powder detergent. Interestingly, the presence of liquid detergent in the growth medium also 

resulted in reduced biofilm formation for both strains and both biofilm models. This was 

unexpected as normal growth was observed in the growth assay. One possible explanation is 

that the presence of the liquid detergent in the medium leads to reduced attachment ability of 

the bacteria. In this case, the flow of the BioFlux system would remove all unattached bacteria 

and no biofilm formation can occur. However, under static conditions, no wash step was 
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included before the imaging because the biofilms became very viscous when cells were grown 

statically in medium containing either liquid or powder detergent. A wash step prior to imaging 

would have disrupted and removed most of the biofilm. Therefore, decreased attachment 

abilities of the cells due to the liquid detergent cannot explain the reduced biofilm formation 

seen here. Looking at the different procedures between growth measurement and biofilm 

formation, the incubation time of the bacteria within medium containing the detergents is 

double the time for the static biofilm formation than for the growth experiment. A longer 

exposure to the detergent could hence lead to cell death and subsequently reduced biofilm 

formation after 48 h. Furthermore, no shaking was applied in the static biofilm model whereas 

the cells during the growth experiment were shaken every 15 min to ensure even cell dispersion 

within the wells. Without shaking, the liquid detergent is likely to settle down at the bottom of 

the wells over time, resulting in increased concentrations on the surface. This increased 

concentration could lead to enhanced toxicity and cell death at the same time as reducing 

nutrient availability essential for cell growth and biofilm formation.  

Although LIVE/DEAD staining is a valid method to investigate biofilm formation and viability, 

there is a need to compare the results to classical microbiological techniques. Therefore, the 

most traditional way to quantify bacteria was chosen: CFU experiments (Doll et al., 2016). 

Unfortunately, due to technical limitations, it was not possible to perform these experiments for 

the flow-cell model. For statically grown biofilms, the only significant change in CFUs was 

observed for the presence of powder detergent in growth medium of PAO1-N, as presented in 

Figure 6.4. No reduced biofilm viability was shown for WMB1.3 under the same conditions and 

none of the other products (liquid detergent and fabric conditioner) led to changes in CFUs. This 

is in contrast to the results obtained using CLSM, where the addition of powder as well as liquid 

detergent led to reduced biofilm formation for both strains. One reason for these discrepancies 

could be that the powder detergent in the medium does not completely kill the WMB1.3 cells 

but instead the bacteria can recover under non-selecting conditions. The same could be true for 
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the effect of the liquid detergent on both strains. As previously described, the two dyes used for 

the staining differ in their ability to cross intact membranes, where cells with an intact 

membrane are considered viable. Thus, if powder or liquid detergent influence the membrane 

permeability, PI could enter the cells where it would displace the SYTO 9 due to its stronger 

affinity for nucleic acids (Stocks, 2004). Subsequently, this could lead to overestimation of dead 

cell as viable cells in this experiment could be incorrectly detected as dead although still 

culturable as seen in the CFU counting. Previous studies have shown that the addition of 

ethylenediaminetetraacetic acid (EDTA) to cells of Gram-negative bacteria destabilises the outer 

membrane by chelating divalent cations responsible for the cross-linking of the 

lipopolysaccharide layer (Leive, 1965). Therefore, EDTA can be used to facilitate translocation of 

macromolecules into Gram-negative bacteria without the loss of viability (Hitchener and Egan, 

1976; Marvin et al., 1989). EDTA is not biodegradable and cannot be used for laundry products 

in Europe due to environmental concerns, but other chelators can be used in both liquid and 

powder laundry products designed to work in hard water, which could potentially enhance 

membrane integrity when detergents are present and could explain the observed results 

(Hinton Jr and Ingram, 2012).  

Overall, lower CFUs were recorded for WMB1.3 after 24 h growth in M9S compared to the 

control for PAO1-N. In previous studies, it was shown that WMB1.3 forms a thicker biofilm under 

control conditions compared to PAO1-N (Figure 5.11). One possible explanation for reduced 

CFUs could be that although WMB1.3 forms thicker biofilms, more cells are dead compared to 

biofilms of PAO1-N. These dead cells would not be detected in the CFU experiments; yet would 

be visible by membrane staining. However, LIVE/DEAD staining of both strains did not support 

this hypothesis; instead, biofilms of WMB1.3 even appeared more viable showing more green 

cells. A more likely explanation for the reduced WMB1.3 CFUs is the stronger attachment ability 

that was shown for the WM isolate compared to PAO1-N by performing CV attachment assays 

(Figure 5.8). CFU experiments rely on the detachment and separation of all individual cells of the 
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biofilm while maintaining their viability. In this study, these steps included a short sonication 

followed by a manual scratching of the cells using blue pipette tips and subsequent resuspension 

by pipetting up and down. The frequency and time of the treatment is crucial as a short 

treatment with high frequency cannot provide enough separation of cells, whereas long 

exposure to ultrasound affects cell viability (Qian et al., 1997; Joyce et al., 2003; Kobayashi et 

al., 2007; Doll et al., 2016). Due to the increased attachment properties of WMB1.3, change of 

sonication length or frequency as well as treatment of the biofilms with enzymes to promote 

detachment should be considered for future experiments. Comparing LIVE/DEAD staining and 

CFUs, it should also be highlighted that CFUs cannot be directly linked to the number of viable 

cells. One bacterial colony can be generated from more than a single cell, which is especially 

notable for genera like staphylococci and streptococci that grow in clusters and chains (Doll et 

al., 2016). Hence, the total cell number can easily be underestimated in CFU experiments, which 

could be the case for WMB1.3. 

In addition to analyse how laundry products affect the formation of biofilms, the ability of these 

products to disrupt and kill an already established biofilm was assessed using CLSM and CFUs 

(Figure 6.6 and Figure 6.7). Laundry products were added to already established biofilms of 

PAO1-N or WMB1.3 for 30 min, where the biofilms were imaged every 5 min to look for changes 

in the LIVE/DEAD staining. For both detergents, liquid and powder, a reduction in live cells was 

observed after 30 min, suggesting that these products can kill a good proportion of bacteria of 

an established biofilm within minutes. However, when comparing these results with the 

performed CFU experiments, the bactericidal properties could not be confirmed. No differences 

in CFUs were observed for any of the strains and conditions after 30 min of treatment. Again, 

this discrepancy could be explained by the detergents not completely killing the cells, as 

illustrated above. It was discussed that the environment, stress, and physiological state of the 

cell affect the membrane permeability leading to overestimation of the number of dead cells 

because bacteria with compromised membranes could still be capable of recovering and 
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reproducing. If the addition of the powder or liquid detergents to the cells results in changes in 

membrane integrity but not viability, LIVE/DEAD imaging could show less vital cells whereas CFU 

counting would still detect these cells as viable resulting in differences between both methods.  

Another possibility in this case is bleaching of the SYTO 9, as biofilms were imaged before 

treatments, and subsequently an additional six times every 5 min. Bleaching of SYTO 9 has been 

reported in previous studies, where cells stained with SYTO 9 were imaged every 5 minutes. The 

loss of signal intensity accounted for 4-8% every five minutes depending on the physiological 

state of the cell and cell number (Stiefel et al., 2015). However, if bleaching of SYTO 9 was the 

reason for the results obtained, this would have been expected to occur for all samples including 

the control, which was not the case. Yet it is possible that liquid and/or powder detergent 

enhances the bleaching properties of SYTO 9 so that only these samples show a reduced number 

of live cells after 30 min. Nevertheless, these results were rather unexpected and further 

investigation was undertaken.  

As described above, various methods are available to investigate viability of cells and the 

effectiveness of treatments, such as new antimicrobials. In addition to LIVE/DEAD staining and 

CFU counting, the BacTiter-Glo™ assay (BacTiter-Glo™ Microbial Cell Viability Assay, Promega, 

Mannheim, Germany) was used to investigate the effects of laundry products on the viability of 

PAO1-N cells (Promega, 2019) (Figure 6.8). A significant reduction in viable cells was observed 

for the treatment with powder detergent (p>0.0001) after 30 min but not for the other 

conditions, confirming results that the powder detergent influences PAO1-N cell viability, which 

could not be revealed by looking at CFUs. However, no effect was seen for the addition of liquid 

detergent. It should be noted that this method is based on the quantification of ATP within cells, 

which is only produced within phases of metabolic activity, is not stored inside cells, and is 

rapidly degraded after cell death (Doll et al., 2016; Promega, 2019). That means, that only effects 

on the metabolic activity of the cells will be detected but no other physiological aspects like 

membrane permeability. Therefore, it could be that the liquid detergent has indeed an effect on 
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the cells as observed by CLSM that cannot be picked up by this method. It must also be pointed 

out that, due to practicability and time, this method was only applied to planktonic cells and not 

to 48 h matured biofilms, which could lead to different results and should therefore also be 

investigated in the future. Moreover, instead of analysing whole cells, the supernatant of the 

cultures could be examined to gain insights into the effects of the laundry products on 

membrane integrity. If the membrane becomes porous, ATP could leak out of the cells and 

would be picked up with the assay, whereas no ATP would be measured when cell membranes 

are intact.  

Another possible explanation for the reduced green fluorescence that was detected in CLSM 

experiments could be a direct interaction between SYTO 9 and the liquid or powder detergent 

that inhibits the fluorescence capability of the dyes. To further examine this hypothesis, samples 

were prepared consisting of M9S with or without laundry products and either SYTO 9, PI, or both 

dyes. A fluorescence measurement using a Tecan plate reader revealed no background 

fluorescence for any of the conditions when looking at the intensity of both dyes, green and red 

(Figure 6.9). Green fluorescence was detected for all samples when SYTO 9 was present alone 

as well as when both dyes were available in the medium. The same was observed for red 

fluorescence when PI alone or both dyes were added. The green fluorescence intensity was even 

increased when liquid or powder detergent was present in the medium, disproving the 

hypothesis that the laundry products alone reduce the fluorescence of SYTO 9. Interestingly, the 

overall fluorescence intensity for SYTO 9 was reduced when both dyes were present as opposed 

to when only SYTO 9 was available. This lower emission could be a result of the PI absorbing 

parts of the SYTO 9 emission due to an overlapping emission spectrum of SYTO 9 with the 

excitation spectrum of PI resulting in resonance energy transfer and quenching (FRET) (Stocks, 

2004). Furthermore, some fluorescence signal was detected for the red channel when only 

SYTO 9 was present in the medium but no PI. Again, this can be explained by the overlapping 

excitation and emission spectra of both dyes. It was previously shown that SYTO 9 has a much 
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stronger emission intensity than PI (Stocks, 2004). Exciting SYTO 9 at a higher wavelength that 

is usually chosen for PI (490 nm instead of 480 nm) can therefore still result in notable emission 

of SYTO 9 without PI being present, which has also been reported before (Stiefel et al., 2015). 

To exclude that cross-talk of the dyes led to false assumptions, biofilms grown with or without 

the addition of laundry products were single-dye stained and imaged using CLSM as suggested 

by Stiefel et al. (Stiefel et al., 2015). However, no difference could be observed compared to the 

biofilms simultaneously stained with both dyes, suggesting that cross-talk does not play a big 

role in this study (Appendix C).  

As investigating the interaction of the dyes with the laundry detergents did not lead to any new 

evidence, time-lapse images taken after the addition of liquid detergent to the matured biofilms 

were analysed again in detail with regards to the single cell staining (Figure 6.10). It was noted 

that almost all cells were stained at the beginning of the experiment, either with SYTO 9 (green) 

or PI (magenta). Already 20 min after the addition of liquid detergent to the biofilm, the majority 

of cells that were previously stained in green no longer show fluorescence signal. After 30 min, 

only very few cells were fluorescing in green, leading to the assumption that the cells were killed 

by the liquid detergent. However, when looking at the magenta channel, the number of cells 

stained with PI remained constant instead of increasing, which would be expected when the 

cells die. One of the earlier hypotheses was that liquid and powder detergent can increase the 

membrane permeability of the cells leading to a displacement of the SYTO 9 dye by PI. This 

seems to be questionable because although the cells lose SYTO 9 signal, it is not the result of PI 

displacing the SYTO 9. Instead, the SYTO 9 dye seems to exit the cells leaving behind intact cells 

without staining. Interestingly, is has been reported that ethidium bromide (EB), another nucleic 

acid stain, can cross intact cell membranes like SYTO 9 but is actively pumped out of the cell via 

non-specific proton antiport transport systems in healthy cells (Midgley, 1987; Hewitt and Nebe-

Von-Caron, 2004). Stiefel et al. also described the active export of SYTO 9 from the bacterial 

cytoplasm as a possible explanation for the absent staining of intact Gram-negative bacteria 
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(Stiefel et al., 2015). Hence, in this case, the addition of liquid and powder detergent could result 

in enhanced activity of transport systems within the intact cells leading to the export of SYTO 9, 

leaving behind unstained, viable cells that cannot be detected by LIVE/DEAD staining but 

through CFU counting.  

6.3.2 Encapsulated BKC as alternative to free BKC does not show 

enhanced biocidal effects  

Biofilm formation in WMs is a rising concern, therefore new approaches are needed to tackle 

this issue. This section focusses on the improvement of existing laundry products to prevent 

biofilm formation in its early stages. BKC is one of the commonly used biocides in hygiene 

products (Kim et al., 2018). The idea was to facilitate the addition of BKC into liquid and powder 

laundry detergents by encapsulating the BKC, as addition is not possible with free BKC. Different 

capsule compositions were tested to find out the most effective formulation. All eBKC samples 

were compared to the treatment of biofilms with free BKC, where the concentration of the 

capsules was set to equalise the concentration of free BKC (0.2 mg mL-1 for all conditions). The 

concentration for BKC was chosen based on previous studies by Unilever showing a minimal 

biofilm eradication concentration between 0.2 mg mL-1 and 0.3 mg mL-1 of BKC for biocidal 

activity against biofilm formation of PAO1 (unpublished).  

Firstly, the effects of eBKC on planktonic PAO1-N growth were assessed and compared to free 

BKC (Figure 6.11). It was shown that all samples led to the inhibition of growth, except eBKC I, 

which is the negative control without BKC incorporated. This was as expected because BKC at 

the chosen concentration should kill planktonic cells as already shown and discussed in Chapter 

5. The eBKC samples were able to release the incorporated BKC to prevent bacterial growth, 

whereas the capsules alone without biocide (eBKC I) did not influence planktonic growth.  

Secondly, the ability of PAO1-N to form biofilms when grown in medium consisting of free BKC 

or eBKC was investigated using LIVE/DEAD staining with CLSM and CFU counting, as previously 
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discussed (6.3.1). Although all eBKC samples contain 0.02% fluorescein, a green fluorescent dye, 

CLSM imaging has shown that the fluorescence was not detectable when biofilms were grown 

in medium with eBKC present (Appendix D). Consequently, LIVE/DEAD staining could be used in 

this approach. Both methods, CLSM and CFU, led to similar trends with reduced viable cells for 

all samples and reduced number of total cells for most of the eBKC samples after 48 h of 

incubation (Figure 6.12 and Figure 6.13). The main exception was the negative control eBKC I 

that showed reduced biofilm formation and live cells for the LIVE/DEAD staining but no 

difference in viable counts for the CFU experiment. If the negative control eBKC I has an effect 

on the biofilm formation, it must be considered that all effects seen for the other samples could 

be a consequence of the capsules itself being toxic to the cells rather than the incorporated BKC. 

However, as no growth defect was observed neither for the planktonic growth nor for the CFU 

experiment, it is more likely that the results obtained from eBKC I for the LIVE/DEAD staining are 

explainable by the negative charge of the control particles (see Appendix E) and artifacts like 

simultaneous staining of live and dead cells. A negative charge of nanoparticles could negatively 

influence biofilm formation as a result of repulsion between the particles and the anionic nature 

of the biofilm matrix (see Chapter 3). Overall, the results indicate that the eBKC is working as 

the presence within the growth medium inhibits biofilm formation for most of the samples and 

leads to a reduced number of viable cells. However, the effect is lower than for free BKC 

although the concentration of BKC present is the same. One possible explanation is the time 

that it takes for the capsules to release the BKC to the medium. The free BKC can work and 

inhibit biofilm formation right from the beginning of the experiment, whereas for samples with 

eBKC, cells can start biofilm formation before the BKC is being released. Hence, some 

microcolonies can already exist that are subsequently protected against the BKC because of the 

biofilm structure and matrix (Tribedi et al., 2015). Even though the BKC can subsequently inhibit 

further growth and extended biofilm formation, more viable cells would be detected after 48 h 

compared to the treatment with free BKC. Interestingly, these results are in contrast to the 

planktonic growth experiment showing no growth at all for all samples underlaying the 
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difference between planktonic growth and biofilm growth as well as the importance of 

experiments investigating both aspects. 

Looking at the images taken of the matured biofilms it was striking that almost all eBKC samples 

resulted in clumping of the cells, which was not seen for the free BKC. This is likely to be a side 

effect from the capsules, that are relatively large with a size of 11-18 µm (Appendix E). In Chapter 

3, the addition of cationic amidine beads with a size of 1.56 µm also resulted in clumping of the 

cells during biofilm formation, which was suggested to be a result of the size. It was not possible 

to determine whether the clumps consisted only of cells or also of other artefacts like 

components of the capsules that were unintentionally stained with the LIVE/DEAD kit and 

should be further investigated. Either way, the clumping led to difficulties in determining the 

exact cell numbers for live and dead cells as a large clump usually only gets counted as one cell. 

Therefore, underestimation for both the live and the dead numbers of cells can occur. 

It should also be noted that simultaneous colouring was observed for live and dead staining at 

the same time when comparing the two individual channels. This was especially true for the 

biofilms grown in medium with free BKC and for the regions with accumulated clumping. Thus, 

determination between live and dead cells was difficult and could have led to overestimation of 

live or dead cells, respectively. Simultaneous staining of cells using the LIVE/DEAD™ BacLight™ 

Bacterial Viability Kit has been reported in the literature (Stocks, 2004; Müsken et al., 2010; 

Stiefel et al., 2015). One possible explanation is that SYTO 9 is not completely displaced by PI in 

dead cells; hence these cells are still fluorescing in green at the same time as in red (Müsken et 

al., 2010). Stiefel et al. even reported an 18-fold stronger SYTO 9 fluorescence intensity for dead 

P. aeruginosa cells than for live cells, which was still the case after counterstaining with PI (Stiefel 

et al., 2015). This effect of stronger SYTO 9 staining of dead cells was also shown for other Gram-

negative bacteria, such as E. coli, but not for Gram-positive species (Stiefel et al., 2015). Although 

it is widely known and one of the advantages of both dyes that the fluorescent signal is strongly 

enhanced when bound to nucleic acid, up to 100-fold for SYTO 9 and 20 to 30-fold for PI, this 
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does not explain the enhanced SYTO 9 signal for dead cells compared to live cells (Stocks, 2004; 

Stiefel et al., 2015). Instead, Stocks et al. assumes that the reason for the dual staining arise from 

the equal fluorescence intensity of SYTO 9 and PI at 600 nm emission when bound to DNA. It 

seems to be important to provide PI in excess to DNA to stain all nucleic acid present whereas 

the concentration of SYTO 9 is less important and can be adjusted to optimise fluorescence 

intensity (Stocks, 2004). In this work, the recommended ratio and amount of dye was used 

following the manufacturer’s advice. For future experiments, an increased concentration of PI 

should be considered to secure an excess of the dye and thus reduce simultaneous staining with 

both dyes. Additionally, alternative dyes to stain DNA, such as SYBR green, should also be taken 

into account. SYBR green shows similar properties like SYTO 9 with regards to fluorescence 

enhancement upon binging and membrane permeability, but problems with stronger staining 

of dead cells in Gram-negative bacteria was also reported (Barbesti et al., 2000; Berney et al., 

2007). Other dyes are often less suitable, for example due to high background fluorescence 

signal. Instead of staining live cells, genetic engineering could be used to label cells with the 

green fluorescence protein (GFP) or other derivates. One advantage is that only viable cells 

would be detected, whereas dead cells could still be stained using PI. However, it can take some 

time for GFP to be degraded again, even when using the half-life version, which could again lead 

to green and red fluorescence at the same time. Cross-talk between GFP fluorescence and 

autofluorescence of PAO1 could also impede the analysis. In addition, labelling strains with GFP 

involves genetic modification, which is not always appropriate especially for environmental 

strains. Furthermore, the production of a large molecule like GFP might alter the cell metabolism 

and could therefore influence the outcome of the experiment. 

In a third approach, BKC was added to established biofilms for 30 min to investigate killing 

effects (Figure 6.14 and Figure 6.15). Again, LIVE/DEAD staining and CFU counting showed the 

same trends indicating that free BKC as well as some eBKC samples have a negative effect on 

cell viability after 30 min. CLSM demonstrated killing ability for free BKC as well as for all eBKC 
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samples (although not statistically significant due to low number of replicates), whereas CFU 

counting resulted in significantly reduced viability of cells when unencapsulated BKC and eBKC 

A, C, G, or H was added. As already discussed, LIVE/DEAD staining and CFUs cannot directly be 

linked to each other. Nevertheless, both experiments show a partial functionality of the eBKC 

samples to combat biofilm formation, although free BKC is more effective than encapsulated 

BKC. Equally to the previous experiment, the addition of some eBKC samples (namely A, B, G, H, 

and to some extent I) led to clumping that was observed with CLSM, likely because of their size. 

Again, it was not clear whether the clumps consist of mostly cells or other fragments and 

quantification as well as interpretation was difficult. Looking at Table 6.2, it seems that the 

clumping is independent of the different components of the capsules. 

Table 6.2: Overview about the presence or absence of zein protein, epoxy-silica and glutaraldehyde 

used for the outer coating of the eBKC samples. n = no, not present (highlighted in purple), y = yes, 

present (highlighted in green), yy = yes, present with double the amount (highlighted in yellow) 

Sample Zein Epoxy-Silica Glutaraldehyde Description 

A n n n no outer coating 

B n y n Epoxy-Silica only 

C y y n Zein and Epoxy-Silica 

D yy y n Zein (2x) and Epoxy-Silica 

E n n y Glutaraldehyde only 

F n y y 
Epoxy-Silica and 
Glutaraldehyde 

G y y y 
Zein, Epoxy-Silica and 
Glutaraldehyde 

H yy y y 
Zein (2x), Epoxy-Silica and 
Glutaraldehyde 

I yy y y 
Zein (2x), Epoxy-Silica and 
Glutaraldehyde (no BKC) 
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Sample A has no additional outer coating but still led to clumping when added to the biofilm. In 

contrast, G, H, and I all contain zein, epoxy-silica and glutaraldehyde and still resulted in cell 

clumping as well as sample B, which only consists of epoxy-silica. Furthermore, no obvious 

relation can be found between the composition and the effectiveness of the different samples.  

Another possible factor that could influence the interaction of the capsules with the biofilm is 

the charge of the eBKC. All eBKC samples that consist of BKC are positively charged, whereas the 

control without BKC, eBKC I, contains a negative surface charge (Appendix E). In Chapter 3 it was 

shown that the surface charge of the particles can influence the biofilm structure when added 

to an established biofilm, with positively charged particles being more disturbing. However, as 

clumping was observed for both positively and negatively charged samples, it is unlikely that the 

charge alone is responsible for the observed side effects in this study. 

Overall, it was shown that free BKC has a stronger negative effect on biofilm formation and 

viable cells compared to the eBKC samples, even though eBKC also seems to work to an extent. 

Especially notable was the CFU result for free BKC, which showed no cell recovery at all after 

30 min of treatment, indicating entire killing of the cells. That means that under the tested 

conditions, a concentration of 0.2 mg mL-1 unencapsulated BKC is enough to enable biofilm 

eradication. This result was not as evident in the CLSM; however as mentioned above, this could 

be a result of simultaneous staining of SYTO 9 and PI leading to overestimation of live cells. One 

influencing factor that has been discussed before is time. The treatment of the biofilms with BKC 

was performed for 30 min, which might not be long enough for the eBKC to fully display its whole 

effect. To investigate if a longer treatment with encapsulated BKC would lead to the same 

complete eradication of biofilms as seen for unencapsulated BKC, three samples were chosen 

for further experiments: eBKC D, H, and I, the negative control. The samples were selected in 

consultation with Unilever and based on the results discussed so far. 

Using LIVE/DEAD staining, it was shown that a longer treatment with eBKC D for 24 h instead of 

30 min resulted in increased killing represented by a reduced percentage of live cells (Figure 
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6.16). In contrast, treatment with eBKC H did not lead to higher biofilm eradication after 24 h. 

The negative control eBKC I showed no difference in viability after 24 h of treatment compared 

to before the addition of the sample, although some clumping was still observed. This supports 

the hypothesis that the previous results showing an effect of eBKC I on the viability are not 

trustworthy but rather an experimental artefact. Results for the CFU counting support these 

studies showing an increased effect for eBKC D and an unchanged impact of eBKC H (Figure 

6.17). However, even after a 24 h treatment, viable cells were still detected and cells were able 

to reproduce, validating the observation that free BKC is more effective than eBKC.  

As already mentioned, recent data shows that consumers buy more liquid products than powder 

detergent, which can lead to reduced hygienic effects due to the absence of bleaching agents in 

liquid products. However, unencapsulated BKC cannot be included in liquid or powder products. 

Therefore, liquid detergent was combined with selected samples of eBKC to investigate the 

possibility of incorporating BKC into liquid products. The same three eBKC samples were 

selected as before (eBKC D, H and I), mixed with liquid detergent and added to established 

biofilms for 30 min. Interestingly, the CFU experiments show a diminished effect of the 

treatment compared to the eBKC alone, with no reduction in viable cells for any of the samples 

(Figure 6.19). In contrast, data for the LIVE/DEAD staining still show a reduction in live cells after 

30 min, with an increased lowering in viable cells for eBKC D when liquid detergent was included 

(Figure 6.18). However, it is very likely that these observations are a result of the cells losing the 

SYTO 9 signal due to the addition of liquid detergent rather than a real effect of the combined 

treatment. One possibility is that the chemical properties of the liquid detergent are preventing 

the BKC from being released, although this is rather unlikely. More likely, it can be speculated 

that the liquid detergent still mitigates the biocidal effect of encapsulated BKC because of charge 

neutralisation as result of the interaction between the cationic BKC with anionic surfactants. 

This problem could be overcome by including a wash step to remove the liquid detergent after 

a certain time, so that only the eBKC stays within the biofilm sample while the BKC gets released. 
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However, due to the viscosity of the biofilm samples when liquid detergent was present, no 

wash step could be conducted as the whole biofilm would have been disrupted. A possible work-

around would be the use of a flow-cell system such as the BioFlux. However, the rather big size 

of the eBKC samples would have led to congestion of the BioFlux channels and was therefore 

not performed. Instead, the use of other more suitable flow-cell systems should be considered 

for future experiments involving the eBKC samples.  

6.3.3 Surface coating with anti-attachment materials could be a valid 

alternative to biocides to prevent biofilm formation in washing 

machines 

Recent research pointed out that BKC and other biocides that are released into the environment 

via cleaning products can lead to antimicrobial resistance and therefore increased infection risks 

(Russell et al., 1998; Price et al., 2002; Russell, 2002; Langsrud et al., 2003; Karatzas et al., 2007; 

McMahon et al., 2007; Mc Cay et al., 2010; Kim et al., 2018). Moreover, the accumulation of 

released biocides is harmful for the environment and should ideally be suspended. One of the 

currently favoured options over the application of biocides is the use of surface materials that 

prevent the initial attachment of bacteria.  

To investigate the anti-biofouling properties of the four investigated materials in this study, 

attachment of PAO1-N was assessed using scanning electron microscopy (SEM) after 3 h of static 

incubation (Figure 6.20). Quantification of the images revealed significantly reduced attachment 

for the coating with PEOX, whereas P-123 led to significantly increased attachment of PAO1-N. 

Both other materials, P19 and PDMS, did not result in significant changes compared to the 

uncoated glass disk. The lower attachment of bacteria on the glass disk coated with PEOX 500 

was not surprising as anti-attachment properties of PEOX, also known as PEtOX, has already 

been outlined in multiple publications, for example by Tauhardt et al., who observed a clear 

reduction of bioadhesion by up to 66% compared to uncoated glass (Tauhardt et al., 2014). 

Antifouling benefits and reduced protein contamination of surfaces that have been coated with 
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PEOX was also shown by Wang et al (Wang et al., 2011). PEOX is found to be a suitable material 

for biomedical application due to its biocompatibility, stealth behaviour, low critical solution 

temperature in water, and little immunogenicity (Lin et al., 1988; Woddle et al., 1994; Zalipsky 

et al., 1995; Mero et al., 2008; Hoogenboom, 2009; Moreadith et al., 2017; Salmanpour et al., 

2017). Because of these properties, PEOX is investigated as an alternative coating material to 

PEG, which is a widely used polymer for biopassive and repellent coatings, but undergoes 

degradation by auto-oxidation that reduces its long term application (Amiji and Park, 1993; 

Bearinger et al., 2003; Banerjee et al., 2011; Tauhardt et al., 2014). Furthermore, the preparation 

of PEOX yields well-defined polymers with controlled molar masses and low polydisperity index 

values whilst at the same time being less labour intensive than the preparation of PEG (Tauhardt 

et al., 2014).  

In contrast, the coating with P-123 led to inverse effects of increased attachment of bacteria. 

P-123 is another biocompatible polymer that has been studied mostly for its use in drug delivery 

systems (Zhang et al., 2011; Wang et al., 2013). P-123 is a hydrophobic block polymer and was 

found to be extremely non-toxic to human cells whilst being active against promastigotes and 

amastigotes of the parasite Leishmania amazonensis (Amin and Dannenfelser, 2006; Oyama et 

al., 2019). Zoom-in images showed enhanced flagella production for the cells grown on P-123 

coated glass, which could improve the attachment of cells and subsequently increase biofouling. 

Further investigation is needed to work out if this observation was a false negative result due to 

the lack of replicates or if not, why flagella production and attachment of PAO1-N was enhanced. 

Both other materials, P19 and PDMS, did not show any significant anti-attachment properties, 

which was as expected for PDMS. PDMS is a very hydrophobic polymer that has been widely 

used in biomedical applications such as catheters, contact lenses, disease diagnostics, and drug 

delivery (Abbasi et al., 2001; Abbasi et al., 2006; Pirmoradi et al., 2011; Zhang et al., 2011). The 

material is biocompatible, shows a low toxicity, is gas permeable, and low in manufacturing 

costs, making it an attractive target (Zhang et al., 2011). However, due to its high hydrophobicity, 
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PDMS-based devices are affected by low wettability and biofouling problems caused by 

nonspecific protein adsorption and bacterial adhesion leading to acute and chronic healthcare-

associated infections (Zhang et al., 2011; Magennis et al., 2016). In contrast, P19 is a Unilever 

developmental material that has not been used in other studies published to date. 

Overall, good anti-attachment properties were observed for the coating of glass disks with 

PEOX 500, which should be further investigated. However, this study only provides preliminary 

data with only one replicate for each material being analysed, making it difficult to draw any 

secure statements.   
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6.4 Conclusion 

Various methods were used to demonstrate that different laundry products have diverse effects 

on planktonic cell growth and biofilm formation of P. aeruginosa. Both techniques that were 

used, LIVE/DEAD staining combined with CLSM as well as CFU counting, are valid methods to 

investigate cell viability. Although LIVE/DEAD staining exhibited some challenges, microscopy 

was proven to be crucial to detect structural changes under the various conditions that would 

get lost otherwise, such as the clumping of the cells during the presence of eBKC samples. 

Powder detergent was shown to be the most effective product out of the three laundry products 

to prevent bacterial growth and biofouling. Although literature suggested fabric conditioner as 

alternative to improve hygiene in WM, this could not be validated. Furthermore, the WM isolate 

WMB1.3 showed partially increased resistance to the laundry products, as expected. LIVE/DEAD 

staining of biofilms was shown to be affected by the presence of liquid and powder detergent, 

hypothesising that efflux pump activity might be enhanced, which needs further investigation, 

for example by using efflux pump mutants. All experiments were conducted at 37°C, which lies 

within the temperature mostly used for laundry in European countries (30°C-40°C). However, 

the experiments should also be investigated under different temperature profiles. 

Encapsulated BKC as alternative to free BKC was shown to reduce biofilm formation of PAO1-N; 

however, unencapsulated BKC was more effective independent on the length of the treatment. 

Furthermore, a functional combination of eBKC with liquid detergent could not be shown under 

the tested conditions. In addition, the controlled release of the BKC turned out to be difficult 

because of the leakage of the capsules, that could not retain the water soluble BKC inside the 

capsules (Unilever, unpublished), so that no advantages of the eBKC over unencapsulated BKC 

could be demonstrated. Moreover, preliminary data on material coating confirmed studies 

showing that the polymer PEOX 500 could be a suitable alternative to biocides by effectively 

preventing initial bacterial attachment in coated WMs. 
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Chapter 7 Final Conclusion and Future Aspects 

7.1 Summary 

A major goal of this study was the investigation of pH microniches within biofilms of 

P. aeruginosa using novel pH-sensitive optical nanosensors. In addition, special attention was 

given to biofilm formation within WMs, which has become a growing concern because of the 

spread of opportunistic human pathogens like P. aeruginosa in domestic environments. The 

main questions of this work were as follows and could successfully be answered throughout this 

study: 

• Can optical pH-sensitive polyacrylamide nanosensors be produced and used within 

planktonic as well as static and flow-cell biofilm models of P. aeruginosa? 

• How does the pH change over time within planktonic cells as well as biofilms and can 

those changes and gradients be measured and visualised using the pH-sensitive 

nanosensors? 

• How do bacteria isolated from household washing machines differ in their phenotypes 

and genotypes and are those strains better adapted to their environment within 

washing machines compared to lab strains? 

• What effects do commercially available laundry products have on biofilm formation of 

P. aeruginosa and can encapsulated biocides improve the hygienic effect? 

Chapter 3 describes the successful production, characterisation, and examination of different 

types of nanosensors used in two different in vitro P. aeruginosa biofilm models. pH-sensitive 

nanosensors were fabricated using three fluorophores, the two pH-sensitive fluorophores OG 

and FAM and the pH-insensitive fluorophore TAMRA, that were incorporated into an inert 

polyacrylamide matrix to enable fluorescence signal detection corresponding to the surrounding 

pH. The size of the nanoparticles ranged between 38 nm and 47 nm, with batches of 
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nanosensors prepared containing a neutral charge (~-2.17 mV) or a positive charge (13 mV-

18 mV). The nanosensors were responsive to changes in their pH environment, which was 

analysed using different pH buffer solutions ranging between pH 2.5 and pH 8. The fluorescence 

response of the reference dye TAMRA remained stable independent of the pH, whereas the 

fluorescence signal of OG and FAM decreased with declining pH, as expected (Chauhan et al., 

2013). 

It was shown that both neutral and positively charged polyacrylamide nanosensors at 

concentrations below 25 µg mL-1 had no effect on planktonic growth and could thus be used to 

analyse the pH microenvironments. Furthermore, SIM was used to confirm that the nanosensors 

did not get internalised by the cells, meaning that any future pH measurements represented the 

environment outside of the cells rather than within the bacteria. Optical characterisation using 

CLSM was performed revealing that both types of nanosensors were able to penetrate biofilms 

of P. aeruginosa while being well distributed throughout the whole structure. However, a 

positive charge of the nanosensors was shown to influence static biofilm formation by enhancing 

biomass and making the biofilm more robust, probably because of interactions between the 

positive charge of the nanosensors and the negative charge of the cells and matrix components 

such as eDNA or polysaccharides. This thickness promoting effect was not observed in flow-cell 

biofilm models, suggesting that a continuous flow of medium prevents a stronger interaction 

between the nanosensors and the biofilm components. The interaction between positively 

charged nanosensors and the biofilm components was investigated in more detail using mutant 

strains, selectively binding dyes, and single-coloured nanoparticles, exhibiting the same 

characteristics as the pH-sensitive nanosensors. Initially, no direct interaction was observed 

between positive particles and the two exopolysaccharides Psl (neutral charge) and Pel (positive 

charge). However, staining of the specific polysaccharides was found to be challenging so that 

an interaction could not be excluded. In contrast, co-localisation of eDNA and nanoparticles was 

observed suggesting a direct interaction between both components. Additionally, SIM revealed 
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coating of the negative surface of bacteria with positively charged nanosensors. It is therefore 

likely that the nanosensors interacted with multiple components of the biofilm, probably neutral 

or negatively charged. 

Chapter 4 investigated the pH responsiveness of the nanosensors during planktonic and biofilm 

growth of P. aeruginosa and revealed pH gradients inside biofilm microcolonies. The pH of 

planktonic cell cultures was measured over time and compared using the pH-sensitive 

nanosensors and commercially available microsensors (PreSens). It was shown that both 

systems delivered equivalent pH measurements, with the nanosensors being a more suitable 

tool for biofilm analysis as they can be incorporated within planktonic cultures and biofilms. 

Responsiveness of the nanosensors to pH changes within matured biofilms was also assessed, 

with a sharp drop in pH after the addition of acetic acid to the biofilm, as expected, and served 

as a proof of concept. During growth measurements of P. aeruginosa cell cultures, pH changes 

using nanosensors were observed, which were dependent on the two different carbon sources 

used: glucose and succinate. While the consumption of succinate over time led to an obvious 

increase of pH possibly as a result of acid uptake, the metabolisation of glucose only resulted in 

a small pH drop. However, when starved cells were fed with glucose, a rapid reduction in the pH 

was observed because of enhanced glucose metabolism.  

For the first time, a release of acidic products was shown during biofilm formation under flow 

conditions using time-lapse imaging. After 10 h of biofilm development, a red streak was 

observed coming from the microcolonies that was taken away by the flow, indicated by a colour 

change of the nanosensors. The visualised acidic streaks could consist of eDNA or 

exopolysaccharides that are released by the cells to help biofilm formation. Other possible 

explanations include the active lowering of the pH by the cells to initiate biofilm formation, for 

example to increase the pH-dependent turn-over of QS signalling pathways. In addition to pH 

changes observed between microcolonies, pH variation was also detected within single 

microcolonies using CLSM, showing a more acidic core with a neutral pH at the outside. These 
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findings were in accordance with observations by Hidalgo et al. and Fulaz et al. and are likely a 

result of oxygen depletion within the core of microcolonies as well as accumulation of acidic 

metabolites due to reduced diffusion rates (Hidalgo et al., 2009; Fulaz et al., 2019).  

A schematic overview about the influence of the charge of the nanosensors on biofilm formation 

in static biofilm models and the pH heterogeneity is given in Figure 7.1. 

 

Figure 7.1: Schematic model of static biofilm formation of P. aeruginosa with positive (top) or neutral 

(bottom) pH-sensitive nanosensors. A positive charge of the nanosensors leads to enhanced biofilm 

thickness, with nanosensors interacting with eDNA, cells, and possibly polysaccharides, whereas a neutral 

charge has no effect on biofilm thickness, suggesting that no direct interaction between nanosensors and 

biofilm components occurs. 

In addition to TAMRA as reference dye, Rhodamine RedTM-X was tested after a slight decrease 

of TAMRA fluorescence signal was observed in long-term experiments, possibly due to self-

quenching as consequence of aggregation within aqueous solutions. Rhodamine RedTM-X has 
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similar excitation and emission wavelength as TAMRA, and nanosensors fabricated using this 

dye showed comparable characteristics. Preliminary experiments confirmed the usability of 

Rhodamine RedTM-X as alternative to TAMRA, with no reduction in fluorescence intensity over 

time. 

Chapter 5 focussed on the isolation, identification, and characterisation of bacteria from biofilms 

grown in household WMs. Biofilm formation in WMs by bacteria such as P. aeruginosa are a 

cause of malodour and pose potential infection risks, especially to immunocompromised 

patients in their household environment. Investigation of environmental strains and their 

comparison with lab strains should help to identify weak points that can be used to prevent 

biofilm formation in WMs. Various bacteria were successfully isolated from three different sites 

of 22 household WMs, including three WMs that were resampled after six weeks. Isolation was 

performed using swabs and conventional microbiology methods, meaning that a large number 

of bacteria could not be picked up, for example because they are not culturable. However, as 

this study focused on the isolation of P. aeruginosa, this downside was not of relevance. Most 

bacteria were isolated from the drawer, followed by the seal and the drum. To reduce the 

number of samples for further characterisation, phenotypic assays were performed to 

specifically screen for P. aeruginosa strains, including Gram-staining, oxidase and catalase 

assays, 16S rRNA PCR, and MALDI identification. Although the culturing was biased towards 

P. aeruginosa strains, a variety of bacteria was identified, such as P. stutzeri, P. alcaliphila, 

P. nitroreducens, M. luteus, Se. marcescens, and P. aeruginosa. Some of these strains were likely 

introduced to the WMs through dirty laundry that came into contact with skin, whereas other 

species might have entered through the water. Nine P. aeruginosa strains were picked for 

analysis of virulence factor production, including swimming and swarming motility, protease 

production, surface attachment, and susceptibility against BKC, a biocide used in cleaning 

products. The results were broad with a mix of phenotypes. Most strains were able to swarm 

but not to swim, which could be an indication that these strains have increased cell-cell 
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communication, because swarming as opposed to swimming occurs in multicellular groups. 

Furthermore, four strains showed reduced susceptibility against BKC, suggesting that the 

exposure of the strains to washing products within the WMs led to resistances. Enhanced biofilm 

formation as well as elevated pyocyanin production, a toxic substance produced by 

P. aeruginosa, was observed for one of the WM isolates, which could refer to increased infection 

potential of the WM isolate and enhanced protection against environmental stresses like 

biocides when forming biofilms. Whole genome sequencing was performed for all nine WM 

isolates and the reference strain to identify changes between genomes that could explain the 

observed phenotypes and give indications about the pathogenesis of these strains. A possible 

reduced surface charge of some WM isolates was suggested based on multiple phenotypic 

observations, which could be a result of altered LPS production indicated by genome differences 

and should be followed up in future experiment. Although many more SNPs and mutations were 

identified between strains that could affect genes and proteins involved in motility, antibiotic 

resistance, and virulence, no other direct link could be confirmed between genotypes and 

phenotypes, suggesting that other regulations are involved such as post-transcriptional and 

translational regulation. However, this study showed that household WMs are colonised by 

many different bacteria including opportunistic human pathogens that can cause infection risks 

and malodour, and that all analysed strains have the potential to become virulent, which 

highlights the need for improved hygienic concepts of WMs. 

To address this issue, Chapter 6 describes the use of common laundry products and their 

effectiveness against bacterial colonisation and eradication. In addition, different formulations 

were tested to analyse the effectiveness of encapsulated BKC compared to free BKC in laundry 

products, with the aim to eventually better control the release of BKC into the environment and 

to improve the hygienic effects of existing products. Different in vitro models were used to 

assess successful biofilm formation, including static and flow-cell biofilm models combined with 

LIVE/DEAD staining and CLSM as well as CFU counting of suspended biofilms. Overall, it was 
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found that the powder product reduced biofilm formation more effectively than liquid product 

or fabric conditioner, but results differed between used models. LIVE/DEAD staining of bacteria 

that was analysed using CLSM showed reduction in bacterial growth and biofilm development 

for both powder and liquid detergent, whereas CFU counting did not reveal changes between 

treatment and control. Further investigations suggested that the addition of laundry detergents 

to the cells might enhance efflux pumps, leading to the release of molecules including the dyes 

that were used for staining. It can only be speculated that an enhanced activation of efflux 

pumps as a result of washing product addition could also lead to the efflux of biocides present 

in the detergents, which in turn could negate the effect of the biocide.  

Furthermore, it was shown that regardless of the formulation or incubation time, free BKC was 

more effective in biofilm prevention than eBKC, suggesting that alternative formulations or 

methods need to be investigated to improve current products. One popular idea is to initially 

prevent biofilm formation instead of treating it, which would reduce the amount of detergents 

being released to the environment and subsequently lower the number of antimicrobial 

resistant strains. Some preliminary experiments were conducted to look at materials that could 

be used for coating of WMs to prevent initial attachment of bacteria. Using SEM to look at early 

attachment of P. aeruginosa on differently coated glass discs, one material, PEOX 500, was 

successfully identified that significantly reduced bacterial colonisation and should be further 

investigated. 

7.2 Future aspects 

Understanding the microenvironments within biofilms is crucial to develop new methods to 

treat and prevent biofilm infections in healthcare. However, most techniques used so far show 

limitations that need to be overcome, for example the disruption of biofilms during the 

measurements. The use of nanosensors can help overcome these limitations and were shown 

to provide a useful tool to analyse pH microniches in biofilms of P. aeruginosa. Although 

acidification of biofilms and microcolonies was shown in this study, it is not yet clear why 
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acidification takes place and what the mechanisms are, which should be investigated in the 

future to find potential weak points that can be approached to prevent biofilm formation. 

Reporter systems could be used to look at the transcription or translation of specific genes or 

proteins during acidification, although the combination with the nanosensors might be 

challenging due to the colour limitation of suitable fluorescence proteins. Future work should 

also explore the molecular mechanisms underpinning the detected acidification of the biofilms 

and microcolony centres, for example by looking at the metabolome of specific regions. 

Potential techniques could involve TOF-SIMS, cryo-OrbiSIMS, or Raman spectroscopy of biofilms 

(Davies et al., 2017; Barzan et al., 2020; Zhang et al., 2020). In addition, other parameters than 

pH could be monitored using polyacrylamide nanosensors within the same system by 

substituting the pH-sensitive fluorophores to alternative compounds that can monitor oxygen, 

glucose, or enzymes such as proteases by adding the substrate to the surface of the 

nanosensors, which can be cleaved off when the enzyme is present, releasing fluorescence 

signals (Welser et al., 2011). Monitoring these additional parameters could provide further 

insights into the heterogeneity of biofilm microniches. Apart from biofilms, the nanosensors 

could also be applied to other systems to improve understanding of pH variation, even in ex vivo 

or in vivo models. A practical application of our nanosensor system could be envisioned for 

testing oral hygiene products or sweetener alternatives in soft drink production, in order to 

determine the impact on pH changes. The nanosensors would provide flexibility as a screening 

tool to measure pH changes in high throughput fluorescence assays. However, the choice of the 

nanosensors should be well considered as interaction of the positively charged nanosensors 

with negatively charged particles of the biofilm was observed. This behaviour should be further 

analysed, for example to exclude the possibility that positively charged antimicrobials have a 

stimulating effect on biofilm formation rather than a negative impact. Furthermore, the 

interaction of the positive nanosensors with other negatively charged molecules of the matrix 

such as alginate could be analysed in more detail, for example by using various mutants. DNase 

could be added to biofilm assays to reduce the amount of eDNA, which could confirm 
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interactions between the cationic nanosensors and the negatively charged eDNA. Detailed 

information on the impact of the nanosensors on the transcriptome is also missing, although no 

reduction in growth was observed. However, Li et al. showed enhanced QS signal production 

upon addition of Ag and Go nanoparticles, and examination of transcriptome and proteome data 

should be considered for the effects of nanosensors used in this study (N. Li et al., 2018). In 

addition, QS reporters could be used to investigate QS activity and QS regulator expression, and 

production of QS signalling molecules could be measured. 

Another aim of this study was the characterisation of biofilms within WMs, including their 

colonisation and use of laundry products. This is important because biofilms in WMs pose 

infection risks and malodour due to changes in washing behaviours and increasing population 

of antimicrobial resistant bacteria in the environment. Although it was shown that phenotypes 

and genotypes of bacteria isolated from WMs differ from commonly used lab strains, it is not 

yet clear how these changes can affect the pathogenesis and virulence of the isolates. 

Transcriptome analysis would help to identify changes in the regulation systems such as quorum 

sensing or virulence factor production. Additionally, transcriptome analysis, e.g. RNASeq, would 

be interesting to perform during exposure of biofilms to laundry products, as enhanced efflux 

pump activation was suggested and shown by Kim et al. during the exposure of bacteria to BKC 

(Kim et al., 2018). These findings could help to improve current laundry products and make them 

more effective in treating WM colonisation in the future. The isolation of the environmental 

isolates provides a broad range of strains that will help to investigate new antimicrobial 

approaches in the future, as this study confirmed the importance to not only use lab strains, 

because relevant differences exist such as antimicrobial susceptibility.  

The approach to use coatings to prevent biofilm formation in WMs instead of treatment with 

antimicrobials should be followed up, as first trials were promising and could significantly reduce 

infection risks, malodour, and environmental pollution by detergents in the future. Examples for 

the discovery of materials that are resistant to bacterial attachment already exist using non-



C h a p t e r  7  F i n a l  C o n c l u s i o n  a n d  F u t u r e  A s p e c t s  P a g e  |  2 5 5  

 
biased polymer screenings, and the coating of medical devices such as catheters to reduce 

biofilm formation in the clinical environment has already been followed up as a promising 

approach (Danese, 2002; Hook et al., 2012; Hook et al., 2013; Magennis et al., 2016; Mikulskis 

et al., 2018; Dundas et al., 2019). 
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Appendices 

Appendix A Base formulations of laundry products 

Appendix Table A: Base formulations of laundry products. 

Product Ingredients 
Inclusion 
level (%) 

Function 

Liquid 
detergent 

Sodium linear alkylbenzene 
sulphonate (Na LAS) 

5.8 Surfactant 

 Sodium lauryl ether sulphonate 
(SLES) 3EO 

4.4 Surfactant 

 Alcohol ethoxylate C12-C18-7EO 4.4 Surfactant 

 Fatty acid (C12-C18), sodium salts 0.9 Surfactant, rheology control 

 Glycerol 2 Solvent, rheology control 

 Triethanolamine (TEA) 8.8 pH adjustment, rheology 
control 

 Citric acid 1 pH adjustment 

 Methylisothiazolinone/ 
Benzothiazolinone 

0.02 Preservatives 

 Demineralised water to 100 Solvent 

Powder 
detergent 

Sodium linear alkylbenzene 
sulphonate (Na LAS) 

20 Surfactant 

 Alcohol ethoxylate C12-C18-7EO 8 Surfactant 

 Sodium silicate 2 Builder, flow aid 

 Sodium sulphate 45 Filler, electrolyte 

 Sodium carbonate 20 Alkalinity adjustment 

 Sodium carboxymethylcellulose 
(SCMC) 

1 Soil antiredeposition polymer 

 Minors to 100 Processing aid polymers, 
perfume, optical whitener, 
moisture 
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Fabric 
conditioner 

C16-18 Triethanolamine Esterquat 
(TEA-quat) 

4.7 Softener 

 Fatty alcohol (C12-C18) 0.4 Co-surfactant, rheology 
control 

 Minors 0.08 Processing aid polymers, 
perfume, optical whitener, 
moisture 

 Water to 100 Solvent 
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Appendix B Addition of powder detergent to an established biofilm of PAO1-N. 

    

Appendix Figure A: Representative images of PAO1-N cells stained with SYTO 9 show slight loss of 

fluorescence signal over time when powder detergent is added to the cells. PAO1-N was inoculated into 

an 8-well glass bottom chamber at an OD600 of 0.05 in M9S. The cells were incubated at 37°C under static 

conditions for 48 h. Live cells were stained with SYTO 9 (green) and dead cells with PI (magenta) and 

images were taken with a Zeiss CLSM and a 63x objective. M9S containing powder detergent was added 

to the established biofilm to give a final concentration of 2 mg mL-1 and imaged every 5 min over a period 

of 30 min. Representative 2D images before the addition as well as 10 min, 20 min, and 30 min after the 

addition are presented. Right panel shows a zoom-in view of the square indicated in the overlay images. 
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Appendix C Single dye staining (SYTO 9 and PI) of biofilms grown in M9S with or 

without the addition of liquid detergent, powder detergent, or fabric 

conditioner. 

 

Appendix Figure B: Representative images of PAO1-N show reduction of viable cells when grown 

statically in M9S with liquid or powder detergent, whereas no reduction is apparent for the addition of 

fabric conditioner for biofilms either stained with SYTO 9 or PI. PAO1-N was inoculated into an 8-well 

glass bottom chamber at an OD600 of 0.05 in M9S containing no supplement, liquid detergent (LD, 

2.9 mg mL-1), powder detergent (PD, 2 mg mL-1), or fabric conditioner (FC, 2.9 mg mL-1). The cells were 

incubated at 37°C under static conditions for 48 h. Live cells were stained with SYTO 9 (green, top panel) 

or dead cells with PI (magenta, bottom panel). Images shown represent different biofilms stained with 

either SYTO 9 or PI. Z-stack images were taken with a Zeiss CLSM using a 63x objective and 3D top view 

images are presented. 
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Appendix D CLSM imaging of biofilms grown with eBKC A or eBKC B does not reveal 

any fluorescein signal of the eBKC samples. 

             

Appendix Figure C: Representative images of PAO1-N grown with eBKC A or eBKC B do not show any 

fluorescein signal of the eBKC samples. PAO1-N was inoculated into an 8-well glass bottom chamber at 

an OD600 of 0.05 in M9S containing eBKC A (top, 0.51 mg mL-1) or eBKC B (bottom. 0.55 mg mL-1). The cells 

were incubated at 37°C under static conditions for 48 h. Dead cells were stained with PI (magenta). Z-stack 

images were taken with a Zeiss CLSM using a 63x objective and 3D top view images are presented. 
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Appendix E Size and ζ-potential of encapsulated BKC samples. 

Appendix Table B: Size and ζ-potential of encapsulated BKC samples used in this study. 

eBKC sample Size (µm) ζ-potential (mV) 

A 12 35.2 

B 11 32.3 

C 15 31.5 

D 17 30.2 

E 14 35.3 

F 13 33.9 

G 17 32.5 

H 18 32.7 

I 16 -24.3 

 

 

 

 

 

 

 

 


